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Abstract: Polyphosphate (PolyP) is one of the most compact
inorganic polyanionic biopolymers that participates in various
physiological processes. However, the mechanism of the
interaction between polyP and proteins remains poorly under-
stood. Herein, we report that polyP can interact with positively
charged green fluorescent protein, +36GFP, resulting in
liquid-liquid phase separation (LLPS) by intermolecular
electrostatic interactions in cells. Upon nutrient deprivation,
genetically engineered Citrobacter freundii accumulates intra-
cellular polyP at a rate of 210 ummin™, resulting in the
compartmentation of +36GFP at the cell poles within 1 h.
Medium chain-length polyP (60-mer) could induce the for-
mation of +36GFP coacervates in vitro at a protein concen-
tration as low as 200 nMm, which is of the same magnitude as
native proteins. In contrast, shorter polyP (14-mer) could not
induce LLPS under the same conditions. This may offer
a general approach to manipulate protein—protein interactions
through LLPS.

lnorganic polyphosphate (polyP) was first revealed by
Kornberg etal. to play key roles in the stress resistance,
colonization, and infection of microorganisms.""! PolyP is one
of the most compact polyanionic biopolymers due to its
structural simplicity. It emerged during prebiotic times and is
conserved from bacteria to Homo sapiens.”! Compared with
organic polyanionic biomolecules (nucleic acids), inorganic
polyP possesses the following distinct features: 1) no genetic
information involvement because of the lack of sequence
differences; and 2) no higher structure arising from the
monotonic repeat of phosphates. Later, work from other
groups demonstrated that polyP is implicated in blood
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clotting, bone mineralization, and apoptosis in eukaryotes.
This series of seemingly unrelated functions poses an intrigu-
ing question as to how a simple polyanion, such as polyP, can
fulfill these various roles. Early work by Kornberg et al.
showed that polyP could stimulate Lon-protease-mediated
degradation of ribosomal proteins.'® Pioneering studies from
Jakob et al. suggested that polyP might serve as a polyanionic
scaffold for protein functioning.! The significant break-
through made by Goto et al. demonstrated that polyP could
act with [,-miroglobulin, either through electrostatic attrac-
tion at acidic pH or via Hofmeister effects at neutral pH, to
exert affects in the progression of dialysis-related amyloido-
sis.”! Therefore, the interplay of polyP with proteins may be
one of the unifying principles through which polyP achieves
diverse physiological functions.

Pivotal progress was made by Alberti, Chen, and Hyman
who showed that eukaryotes spatially and temporally organ-
ize their cytoplasm and nucleoplasm via liquid-liquid phase
separation (LLPS), the supramolecular assemblies of pro-
teins, DNA, and RNA."® The driving forces of LLPS include
multivalent macromolecular interactions, proteins with mod-
ular domains, proteins with intrinsically disordered regions,
and patterned intermolecular electrostatic interactions
between acidic and basic tracts.”! Thus, we set out to explore
whether polyP, as the most compact intracellular polyanion,
can control the phase behavior of proteins through electro-
static interactions. In this study, we induced the assembly of
positively charged green fluorescent protein (+36GFP) into
liquid-like droplets in Citrobacter freundii engineered to
accumulate polyP. A routinely used cationic dye, DAPI, can
thoroughly abolish the occurrence of this process, indicating
that electrostatic effects are the major driving force. Subse-
quent in vitro results showed that polyP does indeed drive
+36GFP-droplet formation under physiological conditions.
These results indicate that inorganic polyanionic polyphos-
phate can be used to manipulate protein—protein interactions
through LLPS (Scheme 1).

In our previous work, we obtained a C. freundii derivative
(CPP) that overexpressed the native polyphosphate kinase
(PPK1) from a medium-copy plasmid.®! CPP did not accu-
mulate any detectable polyP when cultured in nutrient-rich
LB broth but initiated marked intracellular polyP synthesis
upon transfer to a nutrient-poor synthetic wastewater
medium (SMW). Using CPP as the initial strain, a compatible
tightly regulated pBAD33 plasmid that harbored the gene
encoding positively charged green fluorescent protein
(+36GFP, each GFP possesses a net positive charge of 36)
was introduced to obtain a new C. freundii derivative,
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Scheme 1. Summary diagram of protein phase separation reported to
be induced or buffered by nucleic acids (organic polyanions). PolyP
can mediate the phase separation of positively charged protein in this
work.

designated CPG. By doing so, a certain amount of intra-
cellular 4+ 36GFP could form during cultivation in LB broth,
and its concentration remained unaltered after the removal of
the LB broth and arabinose, the chemical inducer of +36GFP
expression. Therefore, we could investigate the possible phase
change of +36GFP in cells by changing the intracellular
polyP concentration while keeping the +36GFP concentra-
tion constant. As shown in Figure 1 A, when the CPG cells
collected from the LB medium were transferred to SMW, the
disperse + 36GFP signal condensed to both polar ends of each
CPG cell, a localization pattern that precisely matched what

+36GFP without ponP

Colocalization
DAPI-polyP Overlay

Figure 1. Intracellular polyP synthesis mediated +36GFP compartmen-
talization. A) Fluorescence microscopy images of CPG cells that were
sampled from nutrient-rich LB broth (left panel) and nutrient-poor
SMW (right panel). Scale bar, 2 um. B) Colocalization of intracellular
fluorescent foci of the +36GFP and DAPI-polyP complexes. Images
acquired from individual channels (bright field, GFP, and DAPI—polyP)
are shown, and the overlay indicates colocalization. Scale bar, 2 um.
The images shown in (A) and (B) are representative of at least ten
fields examined. C) A typical fusion event (red arrowheads) indicative
of the liquid-like property of the polyP/+ 36GFP complex. To reduce
photobleaching effects, only two photographs were sequentially per-
formed for one CPG cell with a time interval of 15 min. Scale bar,

2 um. The images are representative of at least three cells that were
subjected to sequential imaging. All solid lines were manually added
to the fluorescent images to indicate the bacterial outline. All the
experiments were conducted independently at least three times.
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we previously observed for polyP distribution in CPP.® This
result implied that polyP might interact with +36GFP and
guide the positioning of + 36 GFP via its own localization, thus
achieving intracellular compartmentation. To support this
hypothesis, we performed DAPI staining with CPG cells that
harbored +36GFP granules. The overlapping of fluorescent
foci emitted from +36GFP and DAPI-polyP complexes
demonstrated their colocalization, which indicated that the
compartmentation of +36GFP might be provoked by polyP
synthesis (Figure 1B). During the imaging process, we
observed a fusion event between two +36GFP plaques
(Figure 1 C), which raised the intriguing possibility that these
polyP/+ 36GFP complexes might possess liquid-like proper-
ties.

To test this idea, we set out to capture a series of images of
a single CPG cell to examine how this compartmentation
progresses. A typical compartmentation process is shown in
Figure 2A, which shows the intracellular +36GFP signal
transforming from homo- to heterogeneous, and ultimately
being sequestered at the polar regions within one cell. During
this process, we observed that highly heterogeneous + 36GFP
plaques collide and coalesce, which is accompanied by
enhanced fluorescence intensities, even though they were
subject to significant photobleaching due to continuous
imaging that therefore resulted in a rough edge instead of
a spherical edge. Gel analysis of CPG cells sampled at the
corresponding compartmentalizing stage showed that polyP
synthesis was a concurrent event, which further demonstrated
that the compartmentation of +36GFP is indeed driven by
polyP (Figure 2B). Considering their net charges, we inter-
preted that electrostatic attraction between +36GFP and
polyP was the major driving force.’l This interpretation is also
supported by the DAPI staining performed at the beginning
of this process, namely, transferring those CPG cells collected
from LB medium to SMW containing 10 um DAPI. The
addition of DAPI thoroughly abolished the occurrence of
+36GFP heterogeneity because the cationic dye DAPI
preferentially binds with polyP and counteracts its negative
charge (Figure 2C), thus eliminating the electrostatic inter-
action between +36GFP and polyP. Next, to better under-
stand the phase of these polyP/+36GFP complexes, we
sought to investigate the biophysical features of the + 36 GFP
condensates intracellularly. A previous study has shown that
the nutrient-rich cultivation of bacteria with intracellular
polyP, preformed under nutrient-poor conditions, can redirect
polyP metabolism from synthesis to degradation."” Accord-
ing to this principle, we performed a simple test by trans-
ferring CPG cells that harbored polyP/+36GFP granules
back to nutrient-rich LB medium. This resulted in the
shrinkage of the +36GFP compartments and their eventual
dissolution into the cytoplasm (Figure 2 D). This phenomenon
encouraged us to argue that the polyP/+36GFP granules
might be liquid-like droplets rather than solid protein
membrane-bound polyP entities. Thus, polyP-mediated intra-
cellular +36GFP compartmentation in CPG cells might
possibly be polyP-driven LLPS of + 36GFP.

To test whether the observed intracellular LLPS-like
phenomenon could be reconstituted independent of the
bacterial cytoplasmic environment, we performed in vitro
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Figure 2. Assembly and disassembly of liquid-like +36GFP droplets in
CPG cells. A) Nutrient-deprivation activated intracellular +36GFP
compartmentalization, representing the formation and assembly prog-
ress of +36GFP condensates. The point in time at which CPG cells
were transferred to SMW was set as 0 min, and a series images of one
CPG cell were captured at 15 min intervals. Colliding and coalescing of
the fluorescent plaques are indicated by red arrowheads. Scale bar,

2 um. The images are representative of at least three independent
experiments. B) TBE-Urea PAGE analysis of intracellular polyP forma-
tion in CPG cells during the compartmentalization progress. PolyP
molecules of given chain lengths served as the markers. PolyP bands
were visualized after negative staining; thus, dark regions represent
polyP, while the bright regions in contrast to the gray background are
DNA and RNA. The dashed line indicates the growth of polyP chains,
approaching the top of the 60-mer band and bottom of the 130-mer
band. C) Abolishment of +36GFP compartmentalization in CPG cells
by the addition of DAPI. Imaging was performed at the same time
interval as described in (A). Scale bar, 2 um. The compartmentaliza-
tion-abolishing phenomenon existed in all cells examined. D) Nutrient
increase induced the dissolution of +36GFP condensates. The point
in time when CPG cells that harbored polarly localized 4+ 36GFP
granules were transferred to LB (without arabinose) was set as 0 min.
Imaging was performed with CPG cells sampled from LB thereafter at
an interval of 30 min. Bright field images are given to show the
bacteria outlines. Scale bar, 2 um. The images are representative of at
least three independent experiments.

reactions with polyP and purified + 36GFP under physiolog-
ical salt conditions. First, intracellular + 36GFP concentration
and polyP content variation were measured to determine the
critical parameters that might determine the phase transition
of +36GFP. While + 36GFP remained unaltered at 100 nm
after the removal of the chemical inducer (i.e., arabinose),
intracellular polyP continuously accumulated at a rate of
210 pmmin~' (see the Supporting Information and Figure S1
in the Supporting Information for detailed analysis and
calculation) after the CPG cells were transferred to SMW.
Regarding the charge of the two molecules, we noticed that
the net charge molar ratio (R—/+) of polyP versus + 36GFP
remained greater than 1 throughout this process. This finding
is quite similar to the droplet-generating situation that occurs
between RNA (polyU, polyuridylic acid) and a positively
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charged peptide.'"! Therefore, we speculated that the surplus
of negative charge within the reaction system might be the
prerequisite of the +36GFP phase transition. To test this
hypothesis and to aid in visualization, 3.2 mM of commercially
available heterogeneous polyP,s was mixed with 5 pum
+36GFP to achieve an R—/4 of approximately 17.7. The
solution became turbid almost instantly, indicating the quick
initiation of a phase change. The condensates formed
possessed liquid properties, which was evidenced by either
gravity-mediated coacervation in a 1.5 mL tube (Figure 3 A,
inset) or by the microscopic observation that spherical
droplets formed on the glass bottom of Petri dishes (Fig-
ure 3 A, right panel). Furthermore, a typical fusion event was
also captured when the same components were mixed and
immediately subjected to continuous imaging with a DeltaVi-
sion™ Ultra microscope (Figure 3B and Supporting Infor-
mation, Movie S1). We next determined the phase distribu-
tion of polyP/+36GFP complexes by plotting the charge
molar ratio R—/4 against polyP,s concentration. Although
seemingly irregular, probably arising from the heterogeneity
of polyP,s, specific droplet formation regions could still be
found in the diagram where polyP,s caused +36GFP to
undergo LLPS ex vivo (Figure 3C).

To test whether polyP molecules of different chain lengths
might differ with respect to their abilities to mediate + 36 GFP
phase separation, we determined the phase distributions of
polyP molecules of different chain lengths (namely, polyP,,,
polyPg,, and polyP,5,) with respect to +36GFP in the same
concentration region as for polyP,s. The results showed that
both the 60-mer and 130-mer polyPs could induce the
formation of +36GFP coacervate droplets when their
concentrations exceeded 200 um (Figures 3D,E), whereas
14-mer polyP showed no ability to induce droplet formation
even at an inorganic phosphate concentration as high as
3200 um (Supporting Information, Figure S2). When com-
pared with heterogeneous polyP,, homogeneous polyPs
(either 60-mer or 130-mer) mediated + 36GFP phase distri-
butions that were more regular and exhibited a clear concen-
tration-dependent effect. Furthermore, for a given polyP
concentration, as +36GFP concentration increased (corre-
sponding to decreases in R—/+; Figure 3D, right panel), the
apparent volume of the dense phase increased significantly as
indicated by the total droplet area in the corresponding
image. This result is consistent with the phenomenon of the
increased nucleic-acid-mediated droplet volume of an RNA-
binding protein with a decrease in the RNA-to-protein molar
ratio, which further demonstrates that the polyP-to-protein
net charge molar ratio is a critical parameter and that a lower
molar ratio may favor polyanion-induced protein coacervate
droplets formation.!"”’ Remarkably, 200 um 60-mer polyP was
sufficient to induce the detectable formation of liquid
droplets at +36GFP concentrations less than 200 nm, which
is of the same magnitude as the concentration of + 36GFP
detected in CPG cells. This finding indicates that long-chain
polyPs can shift the phase boundary of +36GFP to lower
protein content, enabling their LLPS under physiological
concentrations. Collectively, these results demonstrate that
1) polyP can indeed drive + 36GFP to perform LLPS either in
cells or in vitro; 2) the phase change promotion capacity of
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Figure 3. In vitro phase separation of +36GFP driven by polyP. A) Turbidity plot of +36GFP (blue circles) and +36GFP plus polyP (red circles) as
a function of time. Insets are photographs of a turbid solution and gravity-induced coacervation, respectively. Right panel: images captured with
the DIC module and GFP channel are given to show + 36GFP droplet wetting on a glass surface. Scale bar, 10 um. The images are representative
of all fields on the glass bottom of Petri dishes. B) Fusion of two 4 36GFP droplets. Time scale, seconds. Scale bar, 5 um. The images are
representative of at least five fused droplets. C) Phase distribution of +36GFP driven by heterogeneous polyP,s, with respect to polyP
concentration and the net charge ratio of polyP to +36GFP, R—/+. Solid red circles indicate polyP concentration for which spherical +36GFP
droplets were observed, while empty blue squares represent no coacervate droplets were observed. The solid green circle corresponds to the
given polyP concentration and R—/+, under which condition bulk liquid turbidity was determined in (A) and the fusion event was captured in (B).
D) Phase distribution of +36GFP driven by homogenous polyPg,. Images shown on the right side correspond to the icons indicated by the black
arrows on the plot, which were extracted to show the increased total droplet area as a function of decreasing R—/+. Scale bar, 5 um. E) Phase
distribution of 4+ 36GFP driven by homogenous polyP;3,. Scale bar, 5 um. The images shown in (C), (D), and (E) are representative of all fields on
the glass bottom of Petri dishes. Images shown on the left side correspond to the icons that are indicated by the dashed green line on the phase
plot, which were extracted to aid in the visualization of the phase boundary and for the comparison of polyP with different chain lengths. All the

experiments were conducted independently at least three times. pm-P = phosphate concentration.

polyP molecules is chain-length dependent—the longer the
chain length, the more potent the driven force. Increasing the
chain length of polyanions might increase the probability of
the system crossing the critical point, which is a prerequisite
for the occurrence of LLPS."*

Increasing evidence has shown that the intracellular
environment in cells is organized into membraneless compart-
ments, termed biomolecular condensates because they are
formed by LLPS.[®" Cells could further spatially and
temporally organize their cytoplasm and nucleoplasm to
fulfil specific physiological functions. Interestingly, a recent
breakthrough by Knowles and Yan showed that LLPS is
a crucial step prior to the nucleation of supramolecular
nanofibrils with either amphiphilic amino acids or short
peptides in vitro.'™ In this study, we show that the endoge-
nous inorganic polyphosphate polyP can manipulate posi-
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tively charged proteins to perform LLPS in cells. This LLPS
mediated by polyP was related to intermolecular electrostatic
interactions. When mixing polyP with + 36 GFP, complexes of
oppositely charged polyions were formed to lower the net
charge and drive phase separation via a process referred to as
complex coacervation. As a result, both polyP and
+36GFP are recruited and highly concentrated in the
polymer-rich droplets. It is worth mentioning that there are
other interaction modes between polyP and its protein clients,
as listed in Table 1.

PolyP is conserved from bacteria to mammalian cells
where it is involved in vital physiological functions. Our
results suggest that polyP induces the phase separation of
positively charged proteins in the crowded cytoplasm where
high concentrations of negatively charged nucleic acids (DNA
and RNA) exist. A stronger binding ability of polyP, arising

Angew. Chem. Int. Ed. 2020, 59, 26792683
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[4] a) M. J. Gray, W. Y. Wholey, N. O.

Wagner, C. M. Cremers, A. Muel-

Target Protein Interaction Mode Biological Process Reference ler-Schickert, N.T. Hock. A.G.
Lon protease Domain binding Protein degradation; ageing  Kornberg et al.!"! Krieger, E.M. Smith, R.A.
+36GFP LLPS n/a This study Bender, J.C.A. Bardwell, U.
Luciferase Electrostatic repulsion Chemiluminescence; reporter  Jakob et al.*! Jakob, Mol. Cell 2014, 53, 689—
Citrate synthases Electrostatic attraction TCA cycle Jakob et al.l*" 699; b) C. M. Cremers, D. Knoe-
CsgA Electrostatic repulsion Biofilm formation; pathogenic  Jakob et al.! fler, S. Gates, N. Martin, J. U.
Human Tau Nucleation Amyloidogenic procession Jakob et al.l*” Dahl, J. Lempart, L.H. Xie,

Electrostatic repulsion (acid pH)
Hofmeister effects (neutral pH)

{,-microglobulin

Amyloidogenic procession

Goto et al.F! M. R. Chapman, V. Galvan, D. R.

Southworth, U. Jakob, Mol. Cell

[a] n/a= not applicable.

from its increased charge density compared to nucleic acids,
could account for this phenomenon. Our findings suggest
a general approach to manipulate protein—protein interac-
tions via inorganic polyP-mediated LLPS. Further studies on
the polyp-induced intracellular “phase-separating network”
are under way.
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