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ABSTRACT: Subcellular phase-separated compartments, known as biomolecular condensates, play an important role in the
spatiotemporal organization of cells. To understand the sequence-determinants of phase separation in bacteria, we engineered
protein-based condensates in Escherichia coli using electrostatic interactions as the main driving force. Minimal cationic disordered
peptides were used to supercharge negative, neutral, and positive globular model proteins, enabling their phase separation with
anionic biomacromolecules in the cell. The phase behavior was governed by the interaction strength between the cationic proteins
and anionic biopolymers, in addition to the protein concentration. The interaction strength primarily depended on the overall net
charge of the protein, but the distribution of charge between the globular and disordered domains also had an impact. Notably, the
protein charge distribution between domains could tune mesoscale attributes such as the size, number, and subcellular localization of
condensates within E. coli cells. The length and charge density of the disordered peptides had significant effects on protein expression
levels, ultimately influencing the formation of condensates. Taken together, charge-patterned disordered peptides provide a platform
for understanding the molecular grammar underlying phase separation in bacteria.
KEYWORDS: biomolecular condensate, membraneless organelle, complex coacervation, protein phase separation

■ INTRODUCTION
The compartmentalization of biomolecules is crucial for the
spatiotemporal organization of cells. In addition to the well-
known membrane-bound organelles that serve diverse
functions in eukaryotic cells, a host of naturally occurring
membraneless intracellular compartments have been discov-
ered and characterized in eukaryotes.1 Commonly referred to
as biomolecular condensates, these intracellular compartments
often concentrate proteins and nucleic acids and play
important roles in biological processes spanning molecular-
to cellular-length scales.2 New insights into the mechanism of
their formation gained over the last few decades have shed
light on numerous endogenous condensates in eukaryotes,
including the nucleolus, Cajal bodies, nuclear speckles,
paraspeckles, stress granules, and P granules.3−9 These phase-
separated assemblies have been implicated in a variety of
essential cellular processes, ranging from regulating cell
signaling to redirecting metabolic flux and adapting to stresses.

Recent work suggests that condensates also serve an equally
important role in the organization of the bacterial cyto-
plasm.10−15 However, despite significant progress toward
understanding the formation, composition, material properties,
and biological functions of condensates in eukaryotic cells,
such insights are still largely lacking when it comes to bacterial
cells.
The formation mechanism of bacterial condensates can be

elucidated by borrowing concepts from eukaryotic counter-
parts, where weak multivalent interactions between constituent
biomolecules are central to driving condensate assembly.16
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Here, valency refers to the number of interaction sites, which
can be surface regions on a folded protein or amino acid motifs
in an intrinsically disordered region or protein (IDR or IDP).
A simple yet powerful framework for describing multivalent
biomolecules is the stickers-and-spacers model from polymer
physics, where stickers are defined as specific interaction sites
that form physical cross-links through noncovalent interactions
such as hydrophobic, cation−π, aromatic, and electro-
static.17−19 Importantly, multivalent biomolecules above a
threshold concentration, cperc, can undergo a networking
transition known as bond percolation. Similarly, above a
threshold concentration csat, biomolecules can undergo a
density transition whereby specific biomolecules demix into
coexisting dilute and dense phases. Accordingly, phase
separation-aided bond percolation transitions have been
proposed as a potential mechanism for condensate formation
and dissolution in eukaryotic and bacterial cells.20

Compositionally, condensate constituents broadly comprise
scaffolds that drive phase separation and clients that are
recruited through interactions with the scaffold biomolecules.
Studies of both endogenous and synthetic eukaryotic
condensates have primarily focused on IDRs as condensate
scaffolds.21 In contrast to folded globular domains, the
hallmark of IDRs is a high degree of conformation
heterogeneity, which enables more flexible interaction modes.
A subset of IDRs known as low-complexity domains show
compositional bias toward a small set of amino acid stickers
such as aromatic or charged residues.22 Although IDRs are
ubiquitous in eukaryotic proteomes, comprising around 33% of

the proteome, they are relatively scarce in bacteria and make
up around 4% of bacterial proteomes.23 Despite this, IDRs
have been identified as drivers of phase separation in
prominent examples of endogenous bacterial condensates in
Caulobacter crescentus, including the intrinsically disordered
domain of Polar Organizing Protein Z (PopZ)24 and the
disordered C-terminal domain of RNase E, an essential
endoribonuclease involved in RNA degradation.25,26

Given the importance of IDRs and biomolecular con-
densates for molecular functions and cellular processes in
bacteria, several studies have engineered synthetic IDP-based
systems, often with simplified repetitive sequence motifs, to
uncover the sequence-determinants and molecular grammar of
bacterial condensates. Examples in Escherichia coli (E. coli)
include the recombinant overexpression of IDPs such as
elastin-like polypeptides, spider silk, and resilin to form
membraneless compartments,27,28 the de novo engineering of
condensates using artificial IDPs with different molecular
weights and aromatic content,29 and the use of synthetic
resilin-like polypeptides fused to functional domains to
increase gene transcription by enriching plasmids and key
components of the transcriptional machinery within con-
densates.30

Although significant progress has been made in under-
standing the sequence heuristics of IDP-driven phase
separation in bacterial cells, most studies have predominantly
focused on IDPs or IDRs while overlooking contributions from
globular protein domains to the overall phase behavior.
Previous work has shown that increasing the surface charge

Figure 1. Design of disordered cationic peptides with varying charge density to create synthetic biomolecular condensates in E. coli. (A)
Cumulative distribution of proteins in the E. coli proteome (UP000002032) by expected charge. Triangular markers indicate the predicted charge
of engineered isotropic proteins and arrows indicate the net charge increase from disordered cationic peptides. (B) Schematic for the design of
globular and C-terminal charge-patterned disordered peptide domains. (C) Cell population, cell, and condensate properties assessed from
fluorescence microscopy images. (D) Representative microscopy images of cells at 24 h post-induction shown according to overall net charge.
GFP(−6)-L2 and all protein variants with net charge ≥+12 form foci within the cell. Scale bars are 2 μm.
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of globular proteins can enable phase separation with nucleic
acids in bacteria via electrostatic interactions, even in the
absence of a disordered domain.31 It was subsequently shown
that achieving this high net charge (>+6) via a charged peptide
domain also resulted in protein condensation.32 Building on
that prior work, here, we engineered modular proteins with a
globular domain and a C-terminal charge-patterned disordered
peptide domain, given that many endogenous condensate
scaffolds consist of IDRs tethered to folded functional
domains. The use of minimal cationic peptides allowed us to
preserve the relative and contextual importance of the globular
domain in de novo condensates. We explored the interplay of
contributions from both domains by systematically construct-
ing a panel of proteins from three globular green fluorescent
proteins (GFP) derived from superfolder GFP (sfGFP) with
different surface charges, as has been done previously,32 and, in
this case, with two cationic disordered peptide motifs with
varied charge-patterning.
Specifically, we explored the charge, charge-patterning, and

concentration dependencies of intracellular phase separation
by overexpressing this panel of engineered proteins in E. coli to

form de novo condensates. We show that the formation of
electrostatically driven condensates is primarily dependent on
the net charge and in vivo concentration of the protein
scaffold. Important sequence-specific determinants, such as
amino acid composition, charge-patterning, and peptide length,
altered the interaction strength and influenced protein
expression levels. Refinement of reported image analysis
approaches enabled analysis of subcellular condensate features
and revealed that sequence-encoded features could tune
mesoscale attributes, such as the size, number, and subcellular
localization of condensates within E. coli cells, alluding to
intricate structure−form−function relationships that underlie
endogenous condensates. Taken together, the use of short
disordered peptides is a versatile approach to expanding our
fundamental understanding of the sequence parameters
governing biomolecular condensates in bacteria.

■ RESULTS AND DISCUSSION
Design of Disordered Cationic Peptides with Varying

Charge Densities. Along with an abundance of anionic
biomacromolecules such as RNA and DNA, the E. coli

Figure 2. Overall net charge, charge distribution, peptide charge-patterning, and protein concentration determine the phase separation behavior of
GFP variants. (A) The ratio of fluorescence intensity (FI) to cell density (OD600) was used as a proxy for intracellular GFP concentration. At 24 h
post-induction, the normalized FI/OD600 decreases with both peptide charge density and peptide length. Data was normalized to GFP(0)-H1 at 24
h as the maximum. Three biological replicates and the respective means are shown. Triangles, circles, and squares indicate isotropic variants, low-
charge density peptide variants, and high-charge density peptide variants, respectively. (B) At 24 h post-induction, the total area fraction and
median intensity ratio of condensates depend on the net charge and expression of the protein. Variants with high net charge and FI/OD600 tend to
form larger and brighter condensates. Marker size and shading indicate the median total area fraction and median average intensity ratio in cells
with condensates. Gray lines show the pairwise comparisons between peptides with different charge densities on the same globular domain. Gray
circles mark the FI/OD600 for variants that do not form condensates at 24 h post-induction. (C) Variants with a net charge of −7 or 0 do not form
condensates at 2, 8, or 24 h post-induction. Some variants with a net charge of +6 exhibit reversible condensate formation over time. The mean and
a minimum of three biological replicates for each variant are shown. Four biological replicates are shown for sfGFP, GFP(−6)-H2, GFP(−6)-L3,
GFP(0)-H3, and GFP(+6); five biological replicates are shown for GFP(+6)-H3; and eight biological replicates are shown for GFP(0)-L3 and
GFP(+6)-L3. At least 83 cells were analyzed per biological replicate. Triangles, circles, and squares indicate isotropic variants, low-charge density
peptide variants, and high-charge density peptide variants, respectively.
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proteome is also composed of negatively charged proteins
(Figure 1A). This allows us to leverage electrostatic attraction
and entropic gains from counterion release to drive the
partitioning of cationic proteins of interest in complex
coacervates. It was previously demonstrated that the negative
globular GFP could be supercharged with a C-terminal cationic
peptide to form phase-separated intracellular condensates
without the need to introduce additional anionic partners.32

Recent mounting evidence has also revealed the importance of
the arrangement of residues in the primary sequence in
modulating the strength of the weak, multivalent interactions
responsible for intracellular phase separation.32−35 To explore
the role of charge-patterning in the complex coacervation of
proteins in cells, we designed two cationic peptides with
differing charge densities (Figures 1B and S1). The low-charge
density peptide (Ln) has the amino acid sequence of
GRRGKKSRK, with neutral glycine and serine residues
interspaced between every 2 cationic residues, while the
high-charge density peptide (Hn) has the sequence KRRRKK
and only consists of cationic residues. Repeats of the base
peptide sequences were also studied to investigate the effects of
increasing peptide length, which alters both the net protein
charge and the balance of charge between the disordered
peptide domain and the globular protein domain. Here, we
also probed the relative importance of electrostatic interactions
from both folded and disordered domains by appending the
low- and high-charge density cationic peptides to engineered
GFP variants based on sfGFP, with anionic [GFP(−6)],
neutral [GFP(0)], or cationic [GFP(+6)] net charge. In
addition to the presence of phase separation within a cell
population, we aimed to elucidate the parameters governing
the number, size, and protein partitioning of engineered
condensates (Figure 1C). As a more conservative estimate of
protein partitioning, we calculated the average fluorescence
intensity of condensates relative to the cytoplasm rather than
comparing the maximum intensity within condensates to the
cytoplasm. We hypothesized that both the condensate size and
strength of protein partitioning would depend on the net
charge and the intracellular protein concentration. We also
postulated that proteins with equivalent net charge could have
different propensities for homotypic and heterotypic inter-
actions based on whether the charge resides primarily on the
folded domain or the disordered domain.
Role of Charge-Patterning in Promoting Bacterial

Condensate Formation. In cases in which the protein
interaction strength is sufficient for associative heterotypic
phase separation, condensates should form if cellular levels of
the protein are greater than the saturation concentration, csat.
Given the hypothesized importance of the intracellular protein
concentration in enabling phase separation, the fluorescence
intensity normalized by the cell density (FI/OD600) was used
as a proxy to estimate the mean cell protein concentration. At
24 h post-induction, both the OD600 and the FI/OD600 were
found to decrease with increasing peptide charge density and
length, suggesting that long charge-dense disordered peptides
have a significant effect on the host cell growth and protein
expression levels (Figures 2A and S2A,B).
To investigate the effects of charge-patterning on intra-

cellular phase separation facilitated by these short, disordered
peptides, each GFP variant was expressed in E. coli cells and
monitored by fluorescence microscopy for the presence of
bacterial condensates (Figure 1D). Consistent with previous
observations, the net charge was found to be a main governing

parameter for condensate formation, and all variants with net
charge ≥+12 showed observable condensates at 24 h post-
induction.32 Interestingly, GFP(−6)-L2 also demonstrated
intracellular phase separation at 24 h post-induction despite
having a net charge of +6. The existence of a critical net charge
for phase separation was also evident in in vitro turbidity assays
using purified protein and total RNA from torula yeast (Figure
S2F,G). Analysis of the size of condensates and the protein
partitioning in condensates according to the net charge and
intracellular protein concentration revealed only minor differ-
ences with respect to the peptide sequence at 24 h post-
induction for variants with the GFP(+6) domain (Figure 2B).
This suggests that small sequence modifications on the
disordered peptide domain have minor effects at long
expression times if the globular domain also facilitates phase
separation.
Although differences due to the charge density of the

peptide were largely overshadowed when appended to a
positive globular domain, the charge-patterning of the peptide
had noticeable effects when tethered to negative or neutral
globular domains. Notably, there were differences in the size
and fluorescence intensities between GFP(−6)-L3 and
GFP(−6)-H3 condensates, as well as between GFP(0)-L2
and GFP(0)-H2 condensates. As neither the GFP(−7) nor
the GFP(0) globular domains phase separated without
disordered cationic peptides, the peptide was likely the main
driver of phase separation for these proteins by facilitating
multivalent interactions with anionic macromolecules. Con-
sequently, the primary sequence of the peptide is particularly
important for negative or neutral globular domains. In contrast,
the peptide charge-patterning is less important when both the
globular and peptide domains have the potential for complex
coacervation, as with the GFP(+6) variants fused to cationic
peptides. Irrespective of the peptide charge density, GFP(+6)
protein variants formed larger and brighter condensates at 24 h
post-induction when compared to GFP(−6) or GFP(0)
variants with equivalent net charge.
Quantitative image analysis further revealed that the fraction

of condensate-forming and noncondensate-forming cells
changes in the late-log, early stationary, and late-stationary
phases of cell growth at 2, 8, and 24 h post-induction,
respectively (Figure 2C). Variants with high-charge density
peptides at the net charge threshold of +6 formed reversible
condensates, whereby the fraction of cells with condensates
increased from 2 to 8 h and decreased from 8 to 24 h post-
induction. Condensate reversibility was previously demon-
strated with the isotropic GFP(+6) variant, and these findings
provide additional evidence that anisotropic proteins with
disordered peptides can also undergo similar reversible
condensate formation. In general, longer peptide lengths
appeared to enable a moderate fraction of the cell population
to form condensates even as early as 2 h post-induction, as
with GFP(−6)-L2, GFP(−6)-L3, GFP(−6)-H3, GFP(0)-H2,
GFP(+6)-L2, and GFP(+6)-H2. We hypothesized that this may
be due to an increase in the protein charge patchiness and the
radii over which the charge extends. For increasingly longer
peptide lengths, the reduction in protein expression likely
counteracted the increase in the interaction affinity. This is
shown for GFP(0) and GFP(+6) with 3 repeated motifs,
which have lower propensity to form condensates compared to
respective variants with 2 repeated motifs. Among the
complete charge matrix of variants that were able to form
condensates, we chose to examine variants with net charges of
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Figure 3. Variants with a net charge of +6 are at the net charge threshold for condensate formation and exhibit condensate reversibility at the
population level over time. The spatiotemporal properties of condensates vary with the charge distribution between the globular protein and
disordered peptide domains. (A) Schematic of the experimental charge matrix with the +6 net charge high-charge density peptide variants
highlighted. (B) Representative time-course microscopy images of cells from 2 to 24 h post-induction for GFP(−6)-H2, GFP(0)-H1, and GFP(+6).
All three variants show the formation and dissolution of condensates over time. Scale bars are 2 μm. (C) Normalized FI/OD600 over time for
GFP(−6)-H2, GFP(0)-H1, and GFP(+6). Data points and error bars indicate the mean and standard deviation of the three biological replicates.
Lines connecting the means of three biological replicates are shown. (D) Cells expressing GFP(−6)-H2 are approximately twice as large as cells
expressing GFP(0)-H1 or GFP(+6). The mean and standard deviation of three biological replicates are shown. (E) The peak fraction of cells with
condensates is higher, and the duration of condensate formation increases for more isotropic charge distributions. At least 134 cells were analyzed
per replicate and time point. The mean and standard deviation of three biological replicates are shown. (F) Among condensate-forming cells, a
majority of GFP(0)-H1 cells form 1 condensate per cell, while a majority of GFP(+6) cells form ≥2 condensates per cell. Data from all biological
replicates were consolidated. (G) As shown by binned, normalized, and aligned 1-pixel local maxima heat maps of all condensate-forming cells,
GFP(0)-H1 condensates (left) do not have a strong spatial localization preference, while GFP(+6) condensates (right) preferentially localize at the
cell poles in shorter cells and at the cell poles and midcell in longer cells. Outlines depict an approximate cell contour. (H) The pixel intensity
distribution of GFP(0)-H1 condensates shows a larger spread over time when compared to that of GFP(+6) condensates, suggesting greater cell-to-
cell variability of condensates when the short peptide domain is the primary driver of phase separation. Data is shown for the condensate-forming
subpopulation of consolidated biological replicates with a histogram bin width of 30. (I) Volume and shape changes during the cell cycle may
influence the formation and dissolution of condensates by concentrating or diluting the protein within the cell. The initial cell size increase of
GFP(−6)-H2 may hinder phase separation by decreasing the protein concentration below the saturation concentration. The number and
localization of condensates determine whether condensates will be asymmetrically or symmetrically inherited from the mother cell by the daughter
cell.
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+6 and +12 in more detail to understand the effects of charge
distribution and peptide charge density at and above the
charge threshold for intracellular phase separation in E. coli.
Reversible Condensate Formation at the Charge

Threshold Is Affected by Charge Isotropy. It was
previously observed that at a net charge of +6, both isotropic
variants and variants with a cationic disordered peptide had the
propensity to undergo reversible phase separation. This
behavior was shown to correlate with the growth phases,
with condensates forming during the late-log phase and
disassembling during the stationary phase. Here, fluorescence
microscopy revealed similar condensate reversibility at the bulk
population level among the variants with high-charge density
peptide domains (Figure 3A,B). The fraction of cells with
condensates increased throughout the late log-phase until 8 or
9 h post-induction (Figure 3E). The maximum fraction of cells
with condensates differed among the variants according to the
protein charge distribution. A very low fraction of cells
expressing GFP(−6)-H2 formed condensates by 8 h post-
induction, while around half of all cells expressing GFP(0)-H1
formed condensates by 9 h, and nearly all cells expressing
isotropic GFP(+6) formed condensates by 8 h. The lower
prevalence of condensates among cells expressing GFP(−6)-
H2 may be attributed to significantly lower protein expression
compared to cells expressing GFP(0)-H1 and GFP(+6)
(Figures 3C and S3). Interestingly, cells expressing
GFP(−6)-H2 initially increased in cell area during the late-
log phase and were approximately twice as long as cells with
GFP(0)-H1 or GFP(+6) in the stationary phase (Figure 3D).
As the late-log phase was shown to be a critical period for
initial condensate formation, we hypothesized that the dilution
of the protein via cell elongation could have further prevented
the formation of GFP(−6)-H2 condensates.
To examine this further, we characterized condensate

properties such as number, localization, and partitioning for
GFP(0)-H1 and GFP(+6). These two variants had very similar
protein expression levels and cell areas over time, enabling a
direct comparison with fewer confounding variables such as
intracellular protein concentration (Figure 3C,D). Interest-
ingly, among condensate-forming cells, GFP(0)-H1 preferen-
tially formed one condensate per cell, while GFP(+6) had a
tendency to form two or more condensates per cell (Figure
3F). Given the similar intracellular protein concentrations
between these two variants, the greater number of condensates
per cell for GFP(+6) may be attributed to more potential
nucleation sites and a wider phase separation window. It is
known that a higher connectivity between multivalent
molecules is key to network formation and phase separa-
tion.33,34 A positive isotropic globular domain potentially
provides more discrete nodes to initiate and support system-
spanning networks compared to a short, localized, charge-
dense peptide domain. However, both of these proteins also
contained a His6 peptide tag at the N-terminus that could
potentially account for differences between the two proteins.
While the His tag is unlikely to be positively charged at
physiological pH, the protonation state may vary between the
two proteins and could vary as a function of the growth phase.
In addition to differences in the number of condensates per
cell, GFP(0)-H1 condensates also did not exhibit preferential
subcellular localization within a given cell compared to
GFP(+6), which strongly localized to both cell poles. In
longer cells, GFP(+6) also had a strong preference for a third
foci localization at the midcell (Figure 3G).

The number and localization of condensates can influence
the inheritance of condensates from mother cells to daughter
cells, which dictates the persistence of condensate-forming
cells in a population. In prior work, the selective spatial
localization of biomolecules has been shown to modulate the
differential cell fate of daughter cells and population-level
cellular behaviors.24,30,35,36 For example, engineering the
asymmetric segregation of plasmid DNA to a single position
within E. coli can lead to cells with distinct differentiated
states.35 Similarly, we observed that single polarly localized
condensates were typically asymmetrically inherited during cell
division, whereby only one of the daughter cells retained the
condensate (Figure 3I). This limited the maximum fraction of
condensate-containing cells in the population to roughly half of
the cell population, as with GFP(0)-H1 at 8 h post-induction.
Conversely, cells expressing GFP(+6) preferentially formed
condensates at both cell poles, resulting in a symmetric
inheritance. It was noted that dividing cells expressing
GFP(+6) also had a tendency to form a third condensate at
the midcell position in addition to condensates at the poles. In
this case, both daughter cells could inherit two condensates.
Regardless, GFP(+6) condensates were both more prevalent
and persistent in the cell population, suggesting that simply
altering the distribution of the net charge of the protein
scaffold could have broader population-level consequences.
In addition to differences in the number and localization of

condensates, the degree of protein partitioning between the
condensed phase and the surrounding cytoplasm was also
investigated for the GFP(0)-H1 and GFP(+6) variants. In
agreement with the FI/OD600 data, the mean cell fluorescence,
as calculated by the total cell fluorescence normalized by the
cell area, increased slightly from 6 to 12 h post-induction
(Figure 3H). The distributions of the mean cytoplasm
intensity and mean condensate intensity also increased as a
function of this. Although the average intensity ratio,
comparing the condensate intensity to the cytoplasm intensity,
did not change significantly from 6 to 12 h post-induction,
being ∼1.6−1.7 for GFP(0)-H1 and ∼1.5−1.6 for GFP(+6),
greater cell-to-cell variability was seen in the broadening
condensate intensity distribution of GFP(0)-H1. This suggests
that the earlier disassembly of GFP(0)-H1 condensates is a
result of exiting a narrower phase separation window.
Overall, the results suggest that even at similar protein

expression levels, the phase separation behavior of a protein
depends on whether the charge is isotropically distributed on
the globular domain or resides entirely on a highly charge-
dense peptide domain. Growth phase-specific phase separation
implies that changes in the biomolecule concentrations,
metabolism-dependent material properties, and overall chem-
ical environment within the cell cytoplasm can significantly
influence the phase separation of cationic proteins.37−39 In a
batch culture, the total RNA-to-protein ratio has been shown
to decrease with lower growth rates in the nutrient-limited
stationary phase, while ribosomes become inactive and
undergo ribosome hibernation.37,40 It is well known that
many other biophysical changes accompany the transition from
the log-phase to the stationary phase of cell growth, including
cell volume decrease, cell shape change, nucleoid compaction,
and cell wall thickening.41,42 On a single-cell level, proteins
may also be diluted by cell elongation or concentrated by cell
division as cells undergo rounds of cell division. All of these
growth phase-dependent processes can influence the phase
separation of proteins.
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Figure 4. For variants with a net charge of +12, the peptide charge density and charge distribution between domains affect interaction strength and
protein expression and, consequently, the condensate area, intensity, and number of condensates per cell. (A) Schematic of the experimental charge
matrix with the +12 net charge variants highlighted. (B) Representative microscopy images of cells at 2, 8, and 24 h post-induction for each variant.
All variants with net charge ≥+12 still have cells with foci at 24 h post-induction. Scale bars are 2 μm. (C) For negative GFP(−6) and neutral
GFP(0) globular domains, appending a high-charge density polypeptide results in lower normalized FI/OD600. Data was normalized to GFP(0)-L2
at 24 h post-induction as the maximum. Lines connecting the means of three biological replicates (data points) are shown. (D) The total area
fraction of condensates increases over time. The total area fractions of condensates formed with proteins that have cationic charge on both the
globular and disordered peptide domains are larger than those for protein variants that only have cationic charge on the peptide domain. (E) The
intensity ratio of condensates was used as a proxy for the degree of protein partitioning. On a negative globular domain, a high-charge density
peptide results in more protein partitioning in the condensate. The converse is true on a neutral domain, where a low-charge density peptide led to
more protein partitioning. On a positive globular domain, the partitioning is less affected by the charge density of the disordered peptide. GFP(+6)
variants show higher protein partitioning. For (D,E), data from condensate-forming cells from all biological replicates were consolidated and each
condensate was analyzed separately. At least 725 condensates were analyzed for each distribution. L peptide variants are light teal and H peptide
variants are dark teal. Differences between variants at 24 h post-induction were evaluated by the Mann−Whitney test, with **** indicating p <
0.0001. (F) Summary data of the median area fractions and median intensity ratios of condensates as a function of the normalized FI/OD600 at 2, 8,
and 24 h post-induction. The lower FI/OD600 of GFP(−6) variants may explain the smaller total area fraction and lower intensity ratios of the
condensates at 8 h post-induction. Although the FI/OD600 of GFP(0) variants is similar to that of GFP(+6) variants, a neutral globular domain may
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Protein Scaffolds with Higher Net Charge Maintain
Condensates at Later Time Points. In addition to protein
scaffolds with a net charge of +6, protein variants with a higher
net charge of +12 and longer disordered peptide domains were
also studied to elucidate the effects of charge and charge
distribution on condensate properties (Figure 4A). Microscopy
images revealed that condensates were present at 2, 8, and 24 h
post-induction (Figure 4B). In contrast with most +6 variants
that did not have condensates at 24 h post-induction, all +12
variants still had a moderate-to-high fraction of cells with
condensates at longer time points, which may be attributed to
greater overall net charge or longer peptide lengths, resulting in
a broader two-phase region.
The +12 variants could be categorized by the approximate

intracellular protein concentration (Figures 4C and S4).
Specifically, GFP(−6)-L3, GFP(−6)-H3, and GFP(0)-H2 all
had relatively lower protein expression levels. In the case of the
GFP(−6)-L3/H3 variants, this was likely due to the difficulty in
expressing highly anisotropic proteins with long stretches of
cationic residues. In the case of GFP(0)-H2, low expression
may be due to the moderately long but highly charge dense H2
domain as a similar reduction in expression was seen
previously with GFP(−6)-H2 (Figure 3C). The remaining
variants, GFP(0)-L2, GFP(+6)-L1, and GFP(+6)-H1, did not
exhibit significant reduction in protein expression when
compared to the respective unmodified globular domains at
2, 8, or 24 h post-induction (Figure S2A).
Several condensate properties were consistent with FI/

OD600 or intracellular protein concentration. Variants with a
higher FI/OD600 had condensates at 24 h post-induction that
altogether occupied a greater fraction of the cell (Figure 4D).
Interestingly, although the total area fraction of condensates
increased substantially over time for variants with higher FI/
OD600, the area fraction of individual condensates did not
increase significantly (Figure 4F). Instead, the increase in the
total area fraction occupied by condensates was a result of
more condensates being formed per cell (Figure 4G). Using
the total area fraction as a proxy for the total volume fraction of
condensates, this suggests that although there is a driving force
for increasing the total volume fraction of condensates, steric
occlusion or other effects may prevent the formation of larger
individual condensates or the fusion of multiple condensates.
The average partitioning of proteins in condensates generally

increased over time for all variants (Figure 4E). The effects of
the peptide charge density were most noticeable on the
negative GFP globular domain, with the high-charge density
H3 peptide leading to more protein partitioning in the
condensed phase. The converse was true on a neutral domain,
where a low-charge density peptide led to more protein
partitioning. On a positive globular domain, the average
intensity ratios were less impacted by the charge density of the
peptide. This supports the idea of a hierarchical relationship

among the different sequence parameters, where the overall net
charge and globular domain charge are important when the
peptide length is short, while the peptide charge density is
more relevant when the peptide is adequately long and serves
as the primary interaction domain.

Modular Disordered Cationic Peptides Sequester
Multiple Proteins in Engineered Condensates. In
addition to encapsulating a single protein of interest in
phase-separated condensates, the modular nature of the
cationic peptides can be leveraged to colocalize multiple
proteins within the same condensed phase. This allowed us to
explore the sequence-determinants of multiprotein conden-
sates that are more representative of endogenous systems.
Here, we demonstrate that multiprotein condensates consisting
of GFP and another globular fluorescent protein, mCherry, can
be engineered in E. coli cells with the low- and high-charge
density peptide domains. Specifically, we coexpressed
GFP(−6)-H2 and mCherry(−6)-Ln, where n represents the
number of peptide motif repeats as before (Figure 5A). As a
control, we first expressed mCherry(−6)-Ln alone and
confirmed that like GFP(−6)-Ln, a net charge greater than
+6 was required for mCherry condensate formation (Figures
S5E and 2C). Minor differences in the phase separation
behavior between GFP(−6)-L2/L3 and mCherry(−6)-L2/L3
may be attributed to differences in the protein expression or
protein maturation times. Additionally, sfGFP-derived GFP
variants can weakly dimerize and may contribute to the overall
valency compared to mCherry, which remains monomeric.
We further hypothesized that the characterized phase

separation behavior of GFP and mCherry would largely
remain the same even if they were present in multiprotein
assemblies (Figure 5B). As such, we expected GFP(−6)-H2 to
still undergo reversible phase separation over time when
coexpressed (Figure 2C). Consistent with our expectations,
GFP(−6)-H2 formed reversible condensates regardless of the
net charge of mCherry, although a much higher fraction of
cells contained GFP(−6)-H2 condensates at 8 h post-induction
(Figures 2C and 5C). Given that RNA length has been shown
to modulate condensates,43,44 a potential explanation may be
that the longer mRNA transcripts can facilitate more
associative interactions with GFP(−6)-H2 to promote phase
separation. In the case of coexpression with mCherry(−6)-L2
or mCherry(−6)-L3, the synergistic effects of expressing two
proteins that are independently capable of phase separation
may also help promote GFP(−6)-H2 condensation.
Similar ly , mCherry(−6), mCherry(−6)-L1 , and

mCherry(−6)-L2 also behaved in a predictable manner when
coexpressed with GFP(−6)-H2 (Figures S5E and 5D). In the
case of mCherry(−6) and mCherry(−6)-L1, neither protein
had sufficient charge to phase separate when expressed alone
or when coexpressed with GFP(−6)-H2, as shown by the
average intensity ratio along the medial axis of the cell (Figure

Figure 4. continued

have lower interaction strength compared to a positive globular domain, resulting in smaller and less bright condensates overall. Markers for each
variant are in the order of time post-induction (2, 8, and 24 h). Dashed circles indicate the median area fraction of individual condensates, and the
solid circles indicate the median total area fraction of all condensates in a given cell. Although the total area fraction increases over time, the area
fraction of individual condensates appears to have an upper bound. (G) The FI/OD600 may affect the number of condensates per cell. GFP(−6)
variants have lower FI/OD600 at 24 h post-induction, and the majority of condensate-forming cells have 1 condensate. GFP(0)-L2 has slightly
higher FI/OD600 at 24 h post-induction and preferentially contains 2 condensates per cell, while GFP(0)-H2 has lower FI/OD600 and a majority do
not form condensates. GFP(+6) variants have sufficient interaction strength and FI/OD600 to preferentially form 2 or 3 condensates per cell. Data
from all biological replicates were consolidated.
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5E). Coexpression of charge-equivalent mCherry(−6)-L2 and
GFP(−6)-H2 revealed that mCherry(−6)-L2 behaved nearly
identically to GFP(−6)-H2 in terms of condensate prevalence
among the cell population, localization to the cell poles, and
formation and disassembly over time. This likely indicates that

the two proteins are forming a single condensed phase that
contains both proteins; however, due to the resolution of
traditional fluorescence microscopy, we cannot rule out the
possibility that the two proteins form heterogeneous, demixed
condensates that colocalize at the cell poles. In support of a

Figure 5.Modular disordered cationic peptides can be used to engineer reversible multiprotein condensates with GFP and mCherry. The degree of
mCherry partitioning can be tuned with the length of the peptide. (A) GFP(−6)-H2 and mCherry-Ln were coexpressed from a single transcript by
separate T7 promoters and ribosome binding sites. Experimental charge matrix shows the peptides used for each protein. (B) Schematic of the
reversibility and tunability of multiprotein GFP and mCherry condensates. (C) The fraction of cells with condensates containing GFP(−6)-H2 is
similar despite different coexpression partners, suggesting that GFP(−6)-H2 acts as a scaffold. The fraction of cells with condensates containing
mCherry-Ln is tunable and increases with the number of peptide motif repeats, n, at 8 h post-induction. Microscopy images from each fluorescence
channel were analyzed independently. The fraction of cells with condensates from each channel was calculated separately. Mean and standard
deviation of three biological replicates are shown. (D) Representative microscopy images at 8 h post-induction when nearly all cells form
condensates with at least one protein. GFP(−6)-H2 and mCherry-Ln show stronger colocalization with increasing cationic peptide length on
mCherry. Scale bar is 2 μm. (E) The intensity ratio along the medial axis shows preferential localization of GFP(−6)-H2 at the cell poles. mCherry-
Ln colocalizes with GFP(−6)-H2 when it is charge-equivalent or has slightly higher charge than GFP(−6)-H2. The intensity ratios along the medial
axis were normalized to the cell position and averaged. For cells containing one condensate, the medial profile was aligned with the condensate on
the positive end of the medial axis. Lines and shading indicate the mean and standard deviation of three biological replicates. Microscopy images
from each fluorescence channel were analyzed independently. (F) FI/OD640 for cells expressing a single protein show that the high-charge density
H2 peptide significantly reduced the protein expression of GFP(−6)-H2 compared to sfGFP. Increasing repeats of the low-charge density peptide
sequence moderately reduced the expression of mCherry-Ln when compared to mCherry. Data for GFP and mCherry variants were normalized to
sfGFP(−7) at 24 h and mCherry(−6) at 24 h as the maximum. The mean and standard deviation for three biological replicates are shown. GFP
and mCherry fluorescence were measured with an excitation/emission of 470/510 nm and 570/610 nm, respectively. OD was measured at 640 nm.
(G) When coexpressed, both GFP(−6)-H2 and mCherry-Ln show similar expression levels to that of GFP(−6)-H2 when expressed alone. Data for
GFP and mCherry variants were normalized to sfGFP(−7) at 24 h and mCherry(−6) at 24 h as the maximum. The mean and standard deviation
for three biological replicates are shown.
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single, well-mixed condensed phase, in vitro experiments with
GFP(−6)-H2 and mCherry(−6)-L2 also showed that the two
proteins formed homogeneous liquid-like droplets with RNA
at varying charge fractions (Figure S6). Interestingly,
coexpression with GFP(−6)-H2 appeared to slightly modify
the phase separation behavior of mCherry(−6)-L3. Although
when expressed alone, mCherry(−6)-L3 condensates were
present after 24 h post-induction, mCherry(−6)-L3 con-
densates seemed to disassemble earlier along with GFP(−6)-
H2 condensates when coexpressed. Taken together, both the
invariable phase behavior of GFP(−6)-H2 despite different
coexpression partners and the modulating effect it has on the
phase behavior of mCherry(−6)-L3 suggest that it acts as a
scaffold, potentially due to the earlier upstream expression of
GFP(−6)-H2, the higher charge density of the H2 peptide
domain, or a slightly higher expression level (Figure 5G).

■ CONCLUSIONS
We previously demonstrated that condensate formation in E.
coli is dependent on the overall protein charge and that
appending repeats of the short peptide sequence,
GSSKKRKKR, onto various protein globular domains
promoted the protein phase separation. Here, we expand
upon our previous study and investigate additional cationic
peptide sequences of varying charge densities. Using
quantitative image analysis, we obtained further information
about mesoscale features, such as the number, size, local-
ization, and partitioning in synthetic condensates. Additionally,
we showed that these design principles can largely be extended
to engineer the colocalization of multiple proteins in synthetic
condensates.
Consistent with previous results, the overall net charge and

intracellular protein concentration were shown to be important
parameters governing the heterotypic phase separation of
cationic protein scaffolds with anionic biomolecules in the cell.
Proteins with negative or neutral net charge did not phase
separate in vivo, while most proteins with a net charge ≥+6
had sufficient valence to form condensates. At the phase
separation net charge threshold of +6, variants had the
propensity to undergo reversible phase separation at the bulk
population level, whereby condensates formed during the late-
log phase and disassembled in the stationary phase of cell
growth. Protein variants with a higher net charge of +12
formed condensates that could be maintained at longer time
points, corresponding to phase separation over a broader range
of protein concentrations. In the context of synthetic biology,
these short cationic peptides can be easily appended to other
globular proteins to control not only condensate formation but
also the reversibility or persistence of condensates in different
growth phases.
Furthermore, we found that the patterning of charged

residues in the disordered peptide domain had a significant
effect on protein expression and a more charge-dense motif
noticeably reduced the intracellular protein concentration.
When the disordered peptide domain was the sole contributor
of the net cationic charge, as with GFP(−6)-L3 and GFP(−6)-
H3, the peptide charge density had a noticeable effect on the
size and partitioning of proteins in the condensates.
Specifically, the higher-charge density KRRRKK peptide
motif led to slightly larger condensates and higher protein
partitioning than that of the GRRGKKSRK peptide motif.
Taken together, this suggests that when the peptide domain is
the primary driver of phase separation, highly charge-dense

sequences may increase the affinity of the protein toward
anionic biomolecules to facilitate phase separation. However,
this is balanced by a counteracting effect whereby highly
charge-dense sequences negatively impact cell physiology and
protein expression levels and consequently impede phase
separation. This suggests that although highly charge-dense
peptides can be used to provide additional interaction strength
for the phase separation of negative proteins, the metabolic
burden of expressing the engineered protein is a physiological
constraint that must be considered.
Although understanding the design parameters governing

the intracellular phase separation of a single protein is
invaluable, endogenous biomolecular condensates in bacteria
are multicomponent systems consisting of numerous proteins
and nucleic acids. As such, we also used the modular nature of
cationic peptides to elucidate the sequence-determinants of the
phase behavior and partitioning of two globular proteins, GFP
and mCherry, in multiprotein systems. We specifically studied
cases in which the cationic peptide was the main driver of
phase separation by coexpressing GFP(−6)-H2 with
mCherry(−6)-Ln. We varied the valence or net charge of
mCherry by changing the length of the attached disordered
peptide. Consistent with our previous observations, the net
charge dictated the degree of mCherry colocalization with
GFP(−6)-H2 in condensates. When both proteins were
equivalent in net charge, they exhibited almost identical
partitioning, localization, and condensate prevalence among a
given cell population. Other properties such as the overall
reversibility of the multiprotein condensate could be attributed
to GFP(−6)-H2, which demonstrated condensate reversibility
in single-protein condensates, although to a lesser extent.
Overall, the same sequence-determinants governing single-
protein systems can be extended to multiprotein systems,
laying the groundwork to use cationic peptides as a tool to
recruit multiple enzymes within a pathway for metabolic
engineering in synthetic condensates. When the use of these
cationic peptides for applications in synthetic biology is
designed, it is important to note that the peptides can have
some modest impacts on cell growth (Figure S2A). This is in
line with recent reports of the cellular toxicity of cationic
peptides and proteins.45,46 Interestingly, the peptide sequences
studied here also bear a close resemblance with antimicrobial
peptides, which are typically cationic and 10−25 amino acid-
long. Such peptides have been shown to inhibit transcription
and translation in vitro and form condensate-like clusters with
nucleic acids in bacteria.46

Given that proteins implicated in endogenous bacterial
condensates, such as C. crescentus PopZ and RNase E, often
have modular architectures consisting of folded globular
domains tethered to hypervariable disordered regions, it is
crucial to understand the effects of valence contributions from
both domains when designing synthetic systems.15 In
particular, blocky charge patterns in the disordered C-terminal
domain of RNase E appear to be key in enhancing driving
forces for phase separation.47 Our results also show that the
patterning of the charge on the disordered domain can affect
the size of condensates and protein partitioning within the
condensed phase. However, it should be noted that the
disordered domains of PopZ and RNase E are significantly
longer, with 75 and 450 amino acids, respectively, which may
alter the relative role of the disordered domain. Similarly, other
designed IDPs that promote phase separation in bacteria have
typically been longer, ranging from 160 to 640 amino acids in
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length, such that contributions from the globular domain were
largely ignored.27−30 However, we and others have shown that
short terminal disordered peptides can still affect intracellular
protein phase separation in a broad context. For example,
commonly used epitope tags such as FLAG, HA, and Myc tags
were shown to alter the phase separation propensity of proteins
when placed on the N-termini, whereby tyrosine residues
promoted phase separation, while negative residues inhibited
phase separation.48 We envision that a comprehensive
understanding of sequence-determinants such as the patterning
and strength of sticker-type interactions, such as the cationic
residues studied here, on globular and disordered domains will
help shed light on the functional significance of bacterial
condensates in key cellular processes.

■ METHODS
Material Availability. Further information and requests

for resources and reagents should be directed to and will be
fulfilled by the lead contact, Allie Obermeyer (aco2134@
columbia.edu). Plasmids generated in this study have been
deposited to Addgene (#205027−#205052). Raw microscopy
images are deposited on Figshare (doi: 10.6084/m9.fig-
share.23289650), and custom MATLAB codes are publicly
available on GitHub (https://github.com/Obermeyer-Group)
upon publication.
Plasmid Construction. The two different charge density

cationic peptides were designed by repeating the base peptide
motif, GRRGKKSRK or KRRRKK, 1−3 times for the L and H
peptides, respectively. These peptides were appended to sfGFP
variants or mCherry using a combination of PCR, restriction
enzyme digestion, and T4 ligation. An additional lysine residue
was included between the C-terminus of sfGFP and the
disordered peptide domain to establish charge equivalence
between sfGFP and mCherry. All variants contained an N-
terminal 6× His tag with either a GGA or GG linker for sfGFP
and mCherry, respectively. Primers (Integrated DNA Tech-
nologies) with engineered restriction enzyme sites were used
to clone cationic peptides onto the C-terminus of sfGFP. For
the sfGFP variants, the forward and reverse primers contained
NcoI and XhoI cut sites, respectively. For the mCherry
variants, the forward and reverse primers contained XbaI and
XhoI cut sites, respectively. Primers were diluted to 10 μM in
Milli-Q water. PCR reactions were performed using Phusion
polymerase as instructed by New England Biolabs (NEB).
Purified PCR products and the pETDuet vector backbone
were digested with restriction enzymes, NcoI and XhoI for the
sfGFP variants or XbaI and XhoI for the mCherry variants.
DpnI was added to the digestion reaction of the PCR amplified
sfGFP inserts. Reactions were run on a 1% agarose gel
(TopVision agarose), and bands were excised and purified
using a QIAquick gel extraction kit (Qiagen). The final
plasmid was assembled using T4 ligase (NEB) using a 5:1
molar ratio of insert to vector for the GFP variants and a 3:1
molar ratio of insert to vector for the mCherry variants. 2 μL of
the ligation reaction was used to transform chemically
competent NEB5α cells. Following sequence verification by
Genewiz, the plasmids were transformed into NiCo21(DE3)
cells (NEB). The bicistronic GFP(−6)-H2+mCherry-Ln
variant was constructed using HiFi Assembly. Briefly, PCR
reactions were performed to add overlapping regions. PCR
products were purified using a QIAquick PCR purification kit
(Qiagen). Purified fragments were assembled using NEBuilder
HiFi DNA Assembly Master Mix and annealed at 50 °C for 15

min to insert the mCherry gene downstream from GFP. The
assembled plasmid was transformed into NEB5α cells. After
sequence verification by Oxford Nanopore sequencing
(Plasmidsaurus), the plasmid was transformed to NiCo21-
(DE3) cells.

Strains and Growth Conditions. Glycerol stocks of
NiCo21(DE3) cells (NEB) transformed with each variant were
streaked onto LB agar plates with ampicillin (100 μg/mL, Gold
Biotechnology). A single colony was inoculated into sterilized
LB medium supplemented with ampicillin (100 μg/mL) and
grown in an incubator (Thermo Fisher Scientific MaxQ 6000)
for 16−18 h at 37 °C while being shaken at 225 rpm. The
overnight cultures were back-diluted to OD600 ∼0.1 in 25 mL
of LB media supplemented with ampicillin (100 μg/mL) in
sterile 125 mL Erlenmeyer flasks. Cultures were grown at 37
°C, with shaking at 225 rpm for 2−3 h. At OD600 = 0.7−1.0,
cultures were induced with 1 mM isopropyl β-D-1-
thiogalactopyranoside (IPTG, Gold Biotechnology) and then
maintained at 25 °C with shaking at 225 rpm for 24 h. Twenty
μL aliquots were taken from the cultures at various time points
after induction for imaging via optical microscopy.

Cell Growth and Protein Expression Assays. The
cellular growth of NiCo21(DE3) E. coli and fluorescent protein
production were monitored for the GFP variants studied here
using a plate-based growth assay. Three colonies containing
the plasmid for each variant were selected from a freshly grown
LB agar plate and grown to saturation overnight at 37 °C with
shaking at 225 rpm in 1 mL of LB supplemented with
ampicillin in a 24-well plate. The optical density (OD600) was
measured and each replicate was back-diluted to an OD600 of
∼0.1 with LB with added ampicillin, for a total volume of 1 mL
per culture. Three wells of 1 mL of LB were included to
measure the background media fluorescence. After 2−3 h,
when the cultures reached a corrected OD600 between 0.7 and
1.0, the cultures were induced with 1 mM IPTG. The plate was
then incubated at 25 °C. At 0, 2, 4, 6, 8, 10, 20, and 24 h post-
induction, the OD600 and GFP fluorescence (λex = 488 nm, λem
= 530 nm) were measured on an Infinite M200 Pro microplate
reader (Tecan). The data were analyzed by dividing the
background-corrected GFP fluorescence values by the back-
ground-corrected OD600 values. For variants coexpressing
mCherry, the OD at 640 nm was measured instead to avoid
interference with the protein absorbance. Time point measure-
ments were taken at 0, 1, 2, 4, 6, 8, 19, and 24 h for the single-
protein controls and at 2, 4, 6, 8, 19, and 24 h for the
coexpressed variants. To account for the instrument bandwidth
and ensure minimal crosstalk between proteins, GFP
fluorescence was measured at λex = 470 and λem = 510 nm
and mCherry fluorescence was measured at λex = 570 and λem
= 610 nm.

Fluorescence and Optical Microscopy. Cell samples
were applied to agarose pads for imaging. The agarose pads
were made by preparing 1% (w/v) agarose (TopVision) in
Milli-Q water. 50 μL of melted agarose was then pipetted onto
a 25 mm × 75 mm microscope slide and immediately covered
by an 18 mm × 18 mm #1.5 coverslip (Thermo Fisher
Scientific). After the agarose solidified, the coverslip was slowly
removed, and 2 μL of cell culture from the 20 μL aliquot was
added on top of the agarose pad. The agarose pad with the
sample was gently covered with a coverslip and sealed on all
four sides with clear nail polish. Cells were imaged on agarose
pads at 2, 8, and 24 h post-induction, or 2, 3, 4, 5, 6, 8, 9, 10,
12, and 24 h post-induction for the time course experiment
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(Figure 2). Images were taken using a 100× oil 1.40 NA
UPlanSAPO objective (Olympus) with illumination from the
EVOS GFP light cube (λex = 470/22 nm; λem = 525/50 nm),
EVOS Texas Red light cube (λex = 585/29 nm; λem = 628/32
nm), and brightfield channels on an EVOS FL Auto 2 inverted
fluorescent microscope. Approximately 10 fields of view were
taken for each sample to acquire images with a sufficient
number of cells per strain (>96 cells per biological replicate).
At least 3 biological replicates were performed for each strain
at each time point.
Protein Purification for In Vitro State Diagrams. An

overnight culture was inoculated into 1 L of LB medium
supplemented with ampicillin (100 μg/mL). The same growth
and protein expression conditions as those described above
were used. Following protein expression, cells were harvested
by centrifugation (Thermo Fisher Scientific Sorvall Legend
XTR) in a swinging bucket rotor (Thermo Fisher Scientific
TX-750) at 4000 rpm for 15 min and resuspended in lysis
buffer (50 mM NaH2PO4, 1 M NaCl, pH 8.0). The
resuspended cell pellet was then subjected to one freeze−
thaw cycle. RNase A (225 μg/L of culture) and DNase I (200
μg/L of culture) were added to the thawed resuspended cells
prior to lysis by sonication (cycle: 2 s on, 4 s off) at 40%
amplitude using a 1/8 in. probe for 10 min (Thermo Fisher
Scientific). Soluble proteins were separated from cell debris by
centrifugation in a fixed angle rotor (Thermo Fisher Scientific,
Fiberlite F15−8 × 50cy) at 10,000 rpm for 30 min at room
temperature. Proteins in the soluble fraction were collected
and purified by using immobilized metal affinity chromatog-
raphy. Briefly, 10−15 mL of His-Pur Ni-NTA resin (Thermo
Fisher Scientific) was used per 1 L of the cell culture. The resin
was initially equilibrated in 3 column volumes of lysis buffer
before incubation with the soluble cell lysate. Fractions of
unbound lysate, wash (lysis buffer containing 50 mM
imidazole), and elution (lysis buffer containing 250 mM
imidazole) were collected. Fractions were analyzed on a Bolt
4−12% Bis−Tris Plus gel (Invitrogen) to determine the
protein purity. Samples were prepared in 4× LDS loading
buffer and incubated at 95 °C for 10 min. 10 μL of each
sample was run at 200 V for 22 min. Gels were stained
following the SimplyBlue SafeStain protocol and imaged
(Figure S2C−E). Pure fractions were then dialyzed against a
50 mM HEPES-NaOH, pH 7.4, buffer for at least 3 h per
equilibration with a total of 7 exchanges of buffer. Dialyzed
protein samples were concentrated using Amicon Ultra
centrifugal filter units with a 10 kDa molecular weight cutoff
(Sigma-Aldrich).
Liquid Chromatography−Mass Spectrometry. LC−

MS was performed on select variants after purification. Protein
stock solutions were diluted to 0.1 mg/mL in Milli-Q water.
Reversed phase chromatography was performed using an
Agilent 1260 HPLC system equipped with a 1 mm × 75 mm
InfinityLab Poroshell 300Extend-C18 column (671750-902,
Agilent Technologies) with 0.1% formic acid in Milli-Q water
and acetonitrile as solvents A and B, respectively. The flow rate
was 0.4 mL/min, and the column temperature was set at 25
°C. The column was equilibrated with 3% B for 10 min, and a
sample volume of 5 μL was injected onto the column. The
gradient elution profile was from 3% to 90% B for 4 min,
followed by washing with 97% B for 1 min. Full mass data were
acquired with a range of 100−3000 m/z and an acquisition rate
of 1 spectra/s on an Agilent 6230 LC/TOF system. The
instrument was operated in the positive mode for intact

protein analysis. Mass spectrum was deconvoluted using
Agilent MassHunter BioConfirm software with the built-in
Maximum Entropy algorithm.

Turbidimetry Assay for In Vitro State Diagrams.
Protein concentrations were obtained by measuring absorb-
ance at 488 nm on a Cary 60 UV−vis spectrophotometer
(Agilent Technologies) and calculating concentrations using
Beer’s Law. The extinction coefficient for sfGFP (ϵ = 8.33 ×
105 M−1 cm−1) was used to calculate the concentration for all
supercharged GFP variants. Stock solutions of fluorescent
protein (20 and 0.2 mg/mL) and total RNA from torula yeast
type VI (2 and 0.02 mg/mL) (Sigma-Aldrich #R6625-25G)
were prepared in 50 mM HEPES-NaOH, pH 7.4. The pH of
the RNA stock was adjusted to 7.4 with 10 M NaOH
immediately after dissolution. Protein and RNA stock solutions
were filtered using a 0.22 μm SFCA Thermo Fisher Scientific
Nalgene 25 mm syringe filter. State diagrams were constructed
by mixing buffer, protein, and RNA at various mass ratios to a
total volume of 50 μL in a tissue culture-treated polystyrene
96-well half-area plate (Corning, #3697). The absorbance (A)
of each sample was measured at 600 nm immediately after
mixing on a plate reader (Tecan Infinite M200 Pro) at 25 °C
and converted to turbidity using the following equation:
Turbidity = 100 − 102−A. Heatmaps of the turbidity values at
each of the tested macromolecule concentrations were
generated in MATLAB. For GFP(−6)-L2, a filled contour
plot of turbidity isolines was also generated in MATLAB. For
in vitro experiments with GFP(−6)-H2, mCherry-L2, and
RNA, stock solutions of 8 mg/mL protein and 1 mg/mL RNA
were mixed to a total volume of 30 μL in 10 mM HEPES-
NaOH, pH 7.4 (Figure S6). The mass concentration ratio of
GFP(−6)-H2 to mCherry-L2 was 1:1. The total protein and
RNA concentration was fixed at 5 mg/mL, and the positive
charge fractions was varied (0.5, 0.6, and 0.8).

Electrostatic Maps of GFP Variants. The PDB file for
sfGFP (PDB ID: 2B3P) was obtained from the RCSB protein
data bank and loaded in PyMOL v2.5.5 (Schrödinger, LLC).
Using the PDB file for sfGFP as a template, GFP(0) and
GFP(+6) were made by introducing residue substitutions in
PyMOL.31 PDBs of the minimized peptide structures were
obtained using PEP-FOLD3.49 The C-terminus of the globular
domain was appended to the N-terminus of the disordered
peptides in PyMOL, and electrostatic surface maps were
generated by using the ABPS Electrostatics plugin.

Image Preprocessing and Cell Segmentation. Fluo-
rescence microscopy images were preprocessed using Fiji with
a plug-in. Briefly, images were compiled into stacks and were
subjected to a rolling ball background subtraction with a 100-
pixel radius. Stacks of images were individually thresholded
using the Li method in MicrobeJ, and cells that met specific
area, length, width, circularity, and angularity constraints were
identified and considered for analysis. The following
constraints were used for all image stacks: area = 100−2000
pixels2, length = 20−max pixels, width = 0−20 pixels,
circularity = 0.25−max, curvature = 0−max, sinuosity = 0−
max, solidity = 0−max, and intensity = 0−max. Bacteria were
detected using the fit shape, rod-shaped mode. Images of
individual cells identified by MicrobeJ were loaded into
MATLAB for the processing and identification of condensates.
Cell attributes, including the cell area, mean width, and length,
were also imported from MicrobeJ. A custom MATLAB script
was used to identify condensates and determine the fraction of

ACS Synthetic Biology pubs.acs.org/synthbio Research Article

https://doi.org/10.1021/acssynbio.3c00564
ACS Synth. Biol. 2024, 13, 598−612

609

https://pubs.acs.org/doi/suppl/10.1021/acssynbio.3c00564/suppl_file/sb3c00564_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssynbio.3c00564/suppl_file/sb3c00564_si_001.pdf
pubs.acs.org/synthbio?ref=pdf
https://doi.org/10.1021/acssynbio.3c00564?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


condensate-containing cells, the condensate area fraction, the
condensate intensity, and the condensate localization.
Condensate Thresholding within Cells. The 2D

interpolated cell arrays from MicrobeJ were stored. Any
remaining background pixels in the 2D array with an intensity
lower than the minimum intensity from the cell contour were
removed. The pixel intensity was sampled at three locations
along the medial axis of each cell to approximate the intensity
of a noncondensate area within the cell. In each of the three
locations, the intensities of nine adjacent pixels were averaged,
and the lowest of the three averages was taken as the
approximate average pixel intensity of the cytoplasm. All
regions in a given cell with 20% higher intensity than the cell’s
approximated average intensity and with at least 5 contiguous
pixels at this higher intensity were classified as condensates. All
other pixels were classified as the cytoplasm. Pixels from the
cytoplasm and identified condensates were stored as 2D arrays
along with the parent cell.
Fraction of Cells with Condensates. All cells were

classified as condensate-forming cells or noncondensate-
forming cells. The fraction of condensate-containing cells for
each replicate was calculated by dividing the number of
condensate-forming cells by the total number of cells.
Cell and Condensate Dimensions. Cell dimensions,

including the width, length, and area, were obtained from
MicrobeJ. The area of each condensate within a cell was
determined by MATLAB. Condensates were analyzed
separately for cells containing multiple condensates. The area
fraction of each condensate was calculated by dividing the area
of the condensate by the area of the cell. For cells with multiple
condensates, the area fractions occupied by all condensates
were summed up to obtain the total area fraction of
condensates per cell.
Cell and Condensate Pixel Intensities. The mean cell

intensity within each cell contour was obtained from MicrobeJ.
The mean intensities of the condensate and cytoplasm for each
cell were calculated with MATLAB. For cells containing
multiple condensates, the intensity was calculated separately
for each condensate. The intensity ratio was calculated as the
mean intensity of the condensate divided by the mean intensity
of the cytoplasm. Data from MATLAB was transferred to
GraphPad Prism (v. 9.5.1) for plotting and visualization.
Condensate Localization Heat Maps. Localization heat

maps were generated by binning the normalized cell position
of the 1-pixel maxima from all condensates into a 20 × 10
array. Cells containing one condensate were aligned with the
condensate at the positive end of the medial axis. A
representative cell contour was generated by binning back-
ground pixels into a 20 × 10 array and generating a contour
that represents 90% of all cells.
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