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Abstract

Phase separation of intrinsically disordered proteins (IDPs) is a remarkable feature of living cells
to dynamically control intracellular partitioning. Despite the numerous new IDPs that have been
identified, progress towards rational engineering in cells has been limited. To address this
limitation, we systematically scanned the sequence space of native IDPs and designed artificial
IDPs (A-1DPs) with different molecular weights and aromatic content, which exhibit variable
condensate saturation concentrations and temperature cloud points in vitro and in cells. We created
A-1DP puncta using these simple principles, which are capable of sequestering an enzyme and
whose catalytic efficiency can be manipulated by the molecular weight of the A-IDP. These results
provide a robust engineered platform for creating puncta with new, phase-separation-mediated
control of biological function in living cells.

Intrinsically disordered proteins (IDPs) are receiving recognition for their role in various
biological (dys)functions!-2. A subset of IDPs, termed biological condensates, physically
separate themselves from the cytoplasm to control the accessibility of a variety of
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macromolecules34. Although our ability to detect protein disorder has advanced rapidly
thanks to sophisticated statistical methods, the ability to predict phase separation has lagged
behind®. The factors that are broadly believed to control phase separation are: (1) amino acid
composition and patterning of the primary protein sequence®-8; (2) heterotypic interactions
with RNA or other macromolecules®19%; and (3) solvent quality}1-13. Many previous reports
note the challenge of predicting IDP phase behaviour, but few studies have directly tackled
this problem. Given the recognition of its importance to cellular function, this is now an area
of active research and many efforts are ongoing using computational'*-17 and experimental
approaches!®. However, most experimental methods to develop a sequence level
understanding of phase behaviour have relied on mutational strategies of native IDPs with
sweeping residue substitutions or domain deletions®.

We have taken a different and complementary approach to understand how phase behaviour
is encoded in polypeptides. Analogous to (and inspired by) synthetic polymers that exhibit
lower and upper critical solution temperature (LCST/UCST) phase behaviour, we began by
systematically scanning the sequence space of native IDPs to identify minimal peptide
motifs that will confer such phase behaviours when polymerized into a polypeptide20:2L,
With the greatly reduced sequence complexity of these repetitive polypeptides, we then
made rational changes in the amino acid repeat motif that systematically propagate along the
sequence. These artificial polypeptides also exhibit phase separation inside of cells22-25,

Informed by a heuristic knowledge of factors that drive phase separation in polypeptides, we
set out to create artificial IDPs (A-IDPs) that exhibit phase separation in living cells. Our
design began with (G1-Ry-G3-D4-Ss-Pg-Y7-Sg) xx (Where XX 'is the number of repeats,
between 20 and 80), a sequence that is inspired by Drosophilia Melanogastor Rec-1 resilin, a
protein known to exhibit UCST phase behaviour, which is thought to be more common in
native IDPs than LCST phase behaviour®11:1226 (Fig. 1a). We next created a set of A-IDPs
that comprised repeats of this parent (G1-Ry-G3-D4-S5-Pg-Y 7-Sg) xx motif and variants with
rational amino acid mutations. We characterized the UCST phase behaviour for this set of
IDPs to quantify the effect of various amino acid mutations and modifications to the chain
architecture on homotypic liquid-liquid phase separation.

We then used a subset of this library to engineer intracellular condensates in living cells. The
behaviour of intracellular condensates for these A-IDPs proved to be surprisingly
predictable, and enabled dynamic control over their cytoplasmic solubility and their
interaction with the surrounding environment. Capitalizing on these observations, we created
intracellular droplets capable of sequestering an enzyme whose catalytic efficiency can be
genetically encoded by modulating the molecular weight of the A-IDP.

Identification of a minimal IDP repeat from proteomic analysis and sequence heuristics.

We conducted a proteomic analysis of 63 IDPs that form membraneless organelles to
investigate their sequence composition3. We were particularly interested in categories of
amino acids that were suspected to drive phase behaviour via intrachain interactions, such as
charge—charge, cation— and hydrogen bonding via non-charged polar residues819:20.27-30
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(Fig. 1a). The composition of these 63 proteins is remarkably similar to previously identified
repetitive protein polypeptides that exhibit UCST phase behaviour and their side-chains
groups are chemically similar to synthetic UCST polymers20:29:30_ Using a combination of
our previously developed sequence heuristics and insights from this proteomic analysis, we
designed an octapeptide motif that we expected would exhibit UCST phase behaviour when
polymerized into a macromolecule under physiological solution conditions.

To manage the vast sequence space of all possible mutations of the octapeptide repeat, we
classify each amino acid into categories of intrachain interactions that could contribute to
UCST phase behaviour: N, Q, S, T are classified as polar, uncharged amino acids; R—K and
D-E are pairs of positively and negatively charged amino acids, respectively; and G and P
are placed into a separate category given their unusual structure and importance in
promoting a disordered polypeptide backbone (Supplementary Fig. 1)3132, The remaining
amino acids are classified as hydrophobic33:34. To ensure that we modulate the UCST phase
behaviour of the wild-type (WT) repeat, but do not abolish it completely, we make mutations
where the substituting amino acid only modulates the strength of the interaction within each
category. For example, R and K are both positively charged under normal physiological pH;
thus, by substituting K for R we maintain the charge neutral state of the polymeric
backbone, a parameter known to dramatically affect the observed phase behaviourl7:35-37,
Similarly, N, Q, Sand T are all capable of creating hydrogen bonds with water, and one
another, more readily than a hydrophobic amino acid. Each mutant thus has an equal humber
of residues per chain that are capable of forming each particular type of bond.

The WT repeat unit is (G1-Ry-G3-D4-S5-Ps-Y 7-Sg) 40, Where 40 refers to the number of
repeats. The molecular weight of the A-1DPs was varied between ~15 and ~70 kDa (by
varying the number of repeat motifs from 20 to 80) to account for observed molecular
weights in the intrinsically disordered regions (IDRs) of native IDPs (Supplementary Fig. 1).
The parent sequence is referred to as WT in this paper and we use a shorthand notation to
refer to sequences throughout the text, where the bracketed letter refers to a specific point
mutation. For example, a mutant with a complete substitution of Y7 in the WT repeat unit by
V would result in a notation of [V7]-XX, where XX is the number of octapeptide repeats in
the A-IDP. When a residue is only partially substituted in the A-1DP (for example, the partial
substitution of Y by V), we use the notation [BY :2V,], where the Bto Zratio represents
the ratio of Y to V in the variant and the subscript o is the position of that residue along the
repeat unit. For example, [Y7:VV7]-40 would hence represent 50% of all Y replaced with V,
whereas [3Y7:V7]-40 would represent a 25% substitution of V for Y. A double mutant, such
as 100% substitution of residues at the fifth and eighth position in the octapeptide repeat
with Q, would be denoted as [Qs g]-XX, whereas fractional substitution at these positions
with S and Q would be denoted as [BSs g:2Qs5 g]-XX, where Band Zrepresent the ratio of S
to Q. The sequence descriptions of common A-1DPs studied in the paper are in Table 1, and
a full description of all A-IDPs synthesized in this study are in Supplementary Tables 1 and
2.
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A-IDPs exhibit robust and reversible UCST phase behaviour in an agueous environment.

There are two main advantages to using protein polymers to engineer phase-separation
behaviour. First, protein polymers have a limited number of unique protein epitopes that
could cause heterotypic phase separation with other endogenous cellular components, such
as the short linear motifs present in some IDP genes38. Second, this preference for
homaotypic phase separation allows the A-IDPs to be purified without chromatography by
cycling between the one- and two-phase regime of their phase diagram. An example of this
purification process is shown in Fig. 1b, where the high titre A-IDP, [Qs g]-20, completely
phase separates from the soluble fraction of the cell lysate and can be isolated by
centrifugation. Subsequent removal of the protein-poor supernatant, dissolution of the
protein-rich pellet with urea and dialysis of the soluble fraction in water results in 95-99%
pure protein as observed by sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) (Fig. 1c and Supplementary Fig. 2).

A-1DPs [WT]-20 and [Qs g]-20 exhibit UCST phase behaviour in vitro. For clarity, the
UCST of a protein is the unique critical temperature above which the components of a
mixture are miscible in all proportions. However, in most cases in this manuscript, we
measure the cloud-point temperature; that is, the transition temperature for a specific
solution composition (salinity, concentration, pH). We employed three different techniques
to characterize these cloud points or transition temperatures ( 7;). First, we utilized droplet
microfluidics, where monodisperse water droplets are formed in oil that contains the A-IDP
solution (Fig. 1d). Phase separation can be directly visualized within the droplets to observe
the types of structures formed as one cools the surrounding medium. These A-IDPs exhibit
classic liquid-liquid phase separation where, on crossing the phase boundary, multiple
nucleation sites of condensates are observed (Fig. 1d, panel 2). These nucleation sites wet
one another and quickly coalesce into a single, spherical A-IDP-dense phase that is in
equilibrium with the surrounding A-IDP-poor phase (Fig. 1d panel 3 and 3-1/3-2). On
reheating, the A-IDP-rich phase shrinks in size, re-establishing equilibrium rapidly with the
dilute phase (Fig. 1d, panel 4-1/4-2). A wider field of view is shown in Supplementary Fig.
3. These data clearly show that A-IDPs exhibit reversible UCST phase separation via
coalescence and growth kinetics (Fig. 1e).

Second, we employed temperature-dependent dynamic light scattering (DLS). A solution of
[Qs5,8]-20 is heated to 80 °C and DLS data were collected at each step as the solution was
step-wise cooled in 2 °C decrements to 10 °C. We observe a transition from soluble A-1DP
molecules, with a hydrodynamic radius (A) of 4 nm, to aggregates larger than 1 pm (Fig. 1f
and Supplementary Fig. 4). This transition is remarkably sharp, as it occurs withina 2 °C
window.

Third, we employed temperature-dependent turbidity measurements at a fixed wavelength of
350 nm to characterize the UCST phase separation (Fig. 1g) and rapidly create partial phase
diagrams. At dilute volume fractions (¢) of [Qs g]-40, we observed different UCST cloud
points that increase as a function of the natural logarithm of A-IDP concentration. We also
confirmed the complete reversibility of the UCST phase behaviour of these A-IDPs, with a
<1 °C difference in UCST T7; after ten successive heating and cooling ramps (Supplementary
Fig. 5).
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Arginine composition, aromatic to aliphatic ratio, charge balance and molecular weight
define the UCST cloud point.

To understand the effects of a particular residue substitution in the octapeptide repeat on the
phase separation for the A-IDP, we created a set of mutant A-1DPs ranging from 100% of a
to 100% of b, where ais the WT repeat unit and & is the mutant repeat unit. The doping
scheme—uwherein bis periodically inserted into the WT sequence—is visually illustrated by
the colour-coded schematic in Fig. 2a. The mutant repeat is well mixed and is distributed
along the WT sequence to reduce blockiness of the copolypeptide, which has been known to
affect droplet formation in vitro3940. Due to experimental limitations, loss of function
(phase separation that cannot be detected) is operationally defined asa 7; <4 °C or >90 °C
at ¢ less than or equal to 0.1 in a 150 mM salinity aqueous buffer. A total length of 40
repeats was chosen for these A-IDPs to approximate the median length (~320 amino acids)
of native IDRs.

The 7; of each A-IDP mutant is a logarithmic function of its ¢ (Fig. 2b,c). At a specified ¢,
T; is a function of composition (/2 = 0.97), which demonstrates that the behaviour of the
mutant A-IDPs (block copolypeptides of aand &) can be linearly interpolated between that
of pure polypeptides of aand 4. This linear behaviour allows extrapolation of the UCST
phase behaviour for homopolymers that exhibit a UCST cloud point beyond the
experimentally observable range of detection, thus putting each point mutation on a single
relative scale (Supplementary Fig. 6).

We next tested the effect of fifteen different site-specific substitution mutations of the
reference (WT) repeat motif on the saturation concentration (Cgy;, defined as the
concentration at which the 7; is 37 °C) of the A-IDPs. We found that single residue changes
in the octapeptide repeat are capable of changing the Gy, of the repeat polypeptide by over
by two orders of magnitude at constant molecular weight (ranging from 1-800 pM) (Fig.
2d-f). We do not believe that the changes in chain conformation resulting from these
mutations are responsible for these effects on the 7; and Cyy, as circular dichroism
spectroscopy shows that the mutant A-IDPs are structurally disordered, consistent with their
G- and P-rich composition#142 (Supplementary Fig. 7).

These substitutions present quantitative evidence for the importance of interactions between
R and aromatic residues in the repeat motif of the A-IDP. When Y7 is substituted, we
observe dramatic shifts in the UCST cloud point at ¢ = 1073 (~25-30 uM), from 66 °C to
123 °C, 59 °C and ~2 °C for W, F and H, respectively (Supplementary Fig. 6). These data
indicate that interactions between the cationic side-chain of R and side-chain of W, F, Y and
H are important driving forces for phase separation, although the strength of these
interactions is side-group dependent with W >> Y > F >> H. Likewise, replacing R with K
lowers the UCST cloud-point temperature, and hence the phase boundary (Fig. 2e), and
increases the Gyt (Fig. 2f).

We next looked at the effect of A-IDP molecular weight on phase behaviour; we chose A-
IDPs with molecular weights between ~17 kDa and ~70 kDa, as this molecular weight range
covers 75% of native IDRs (Supplementary Fig. 1). Our results indicate that molecular
weight exhibits at least as large of an effect on the UCST cloud point as amino acid
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substitution (Fig. 3a). We observed that the effect of molecular weight on 7; (in the ~17-70
kDa range that we studied) can be approximated with a linear fit to the natural logarithm of
the molecular weight (Fig. 3b). By simply doubling the molecular weight of [WT]-40, we
were able to create A-IDPs with predicted Cg, values in the nanomolar regime (Fig. 3c),
similar to the Cyy exhibited by some native IDPs11:12. Notably, by varying both the
molecular weight and composition we can vary the Cg,: of A-IDPs by over seven orders of
magnitude, ranging from 10 to 102 uM.

In addition to the effect of composition, volume fraction (¢) and molecular weight on 7;,
there are several other parameters that have a measurable effect on UCST phase behaviour
but that do not eliminate UCST phase behaviour under physiologically relevant conditions.
Uncharged polar substitutions, the ratio of G/P, the syntax of the repeating polypeptide,
solution salt content, pH (in the absence of H) and identity of the negatively charged amino
acid (E versus D) all result in smaller changes to the UCST binodal phase boundary than
molecular weight, ¢, aromatic:aliphatic amino acid ratio and R content (Supplementary Fig.
6). The residue N-terminal to Pg seems to have a unique impact on the UCST binodal
boundary, where compositionally identical A-IDPs shifted the UCST binodal lines
depending on which polar non-charged reside is located at position five of the octapeptide
repeat. (Supplementary Fig. 8). We also produced and tested non-repetitive, but
compositionally identical versions of [WT]-20 and observed minimal effects of scrambling
the amino acid sequence on the UCST binodal (Supplementary Fig. 8). These results
collectively indicate that three parameters (aromatic:aliphatic ratio, ¢ and molecular weight)
are the most critical for controlling UCST phase boundaries or Cg; in vitro.

A-IDPs create dense phase-separated condensates at saturation concentrations mediated
by amino acid composition.

Polypeptides [WT]-20 and [Qs g]-20 express well for recombinant proteins, with yields of
~500 mg 171 in shaker flask culture, making it easy to purify over one gram of material to
directly measure the UCST cloud point behaviour at high volume fractions (¢ > 0.1). These
experiments were performed in a linear-temperature-gradient microfluidic device mounted
on an upright light microscope, wherein 7; could be quantified by a visible increase in light
scattering intensity. These experiments produce binodal phase boundaries similar to optical
turbidity measurements that are typically carried out in a ultraviolet-visible
spectrophotometer (Supplementary Fig. 9) and demonstrate that a ~25 °C gap between the
two binodal lines of [WT]-20 and [Qs g]-20 is maintained over the entire phase diagram.
This corresponds to an increase in A-IDP volume fraction in the dense phase (¢”) 3" UTR
from ¢” = 0.4 for [Qs g]-20 to ¢” = 0.55 for [WT]-20 at an isotherm of 37 °C. In addition to
these phase diagram descriptions, phase separations in the presence of low- (10 kDa) and
high- (40 kDa) molecular weight, fluorescently labelled dextran indicate that both [WT]-20
and [Qs g]-20 droplets are highly exclusionary, as we observed no fluorescence partitioning
of dextran into the dense phase (Supplementary Fig. 10). These data indicate that A-IDPs
form highly exclusionary droplets in vitro at physiological solution, temperature and pH
conditions (¢” > 0.4).
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A-IDPs have controlled Cg; in eukaryotic and prokaryotic cell lines.

With a set of A-IDPs that exhibit a range Cyyt vValues, we sought to (1) understand the
dynamics of droplet assembly in living cells and (2) elucidate whether mutations affect in
vivo phase separation similarly to in vitro. We chose a set of IDPs with Cg;; values ranging
from 1 to 815 pM (with molecular weights of either ~17 kDa or ~32 kDa) to explore these
two questions. To visualize localization of the A-IDPs within bacterial cells, each A-IDP
was genetically fused with a superfolder version of the green fluorescent protein (SfGFP)
(Fig. 4a).

Fusion of sSfGFP to A-IDPs and, in turn, to [WT]-20, [WT]-40, [3Y7:V7]-40 and [Y7:V7]-40
did not eliminate the phase behaviour but shifted the phase diagram (Fig. 4b and
Supplementary Fig. 11). Despite this shift, we were able to use confocal fluorescence
microscopy to observe the formation of intracellular droplets of [WT]-20-sfGFP in both
transfected human embryonic kidney (HEK) cells and E. coli (Fig. 4c,d, respectively). By
contrast to water-in-oil droplets, in HEK cells these dispersed puncta (2—4 pm) never
coalesced into a single coacervate droplet during the experimental timeframe
(Supplementary Fig. 12).

The initiation of the UCST phase transition in £. coliis similar to HEK cells (and in vitro)
where small densely fluorescent puncta form after the A-IDP concentration in the cell
exceeds Cyat, and then grow in size over time (Fig. 4g). The growth in the size of these
puncta is consistent with increasing sfGFP fluorescence from the bulk £. co/i population
normalized to the absorbance at 600 nm (ODgqg) (Supplementary Fig. 13). Unlike HEK
cells, but similar to in vitro experiments, these puncta in £. coli coalesce to form a single
coacervate droplet per cell (Supplementary Table 4). This result suggests that there are
cytoplasmic environment differences between prokaryotic and eukaryotic cells and that the
barriers to diffusion and coalescence of coacervate droplets in £. coliare far lower than in
HEK cells; the residual dilute regime simultaneously remains at a relatively constant
concentration (Supplementary Fig. 14). These results together suggest that as the global
concentration of the A-IDP within the cell increases with time, the cytoplastic concentration
of the protein is buffered (that is, remains constant), but the volume of the coacervate
increases depending on total A-IDP concentration.

Similar to phase separation in vitro, the molecular weight and aromatic:aliphatic content
affect droplet formation in £. coli. Doubling the molecular weight of [WT]-20-sfGFP to
[WT]-40-sfGFP decreases Cgyt enough to cause droplet formation even before A-IDP
induction, presumably because of leaky transcriptional regulation (Fig. 4d). Similarly,
increasing the aliphatic content with V at the expense of Y increases the Cg;; to a level that is
not measurable in the time course of these experiments (Fig. 4e). Although differences in
Csat are not as dramatic in vivo as predicted by in vitro experiments with A-IDP-sfGFP
fusions (Fig. 4f), perhaps because of the effect of intramolecular crowding within the cell,
we can modulate the intracellular Cgy; by at least an order of magnitude using either the
molecular weight or the aromatic:aliphatic ratio of the A-IDP.
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A-IDPs exhibit reversible UCST droplet formation in E. coli.

Just as one can cross a binodal line into the two-phase regime under isothermal conditions
by increasing polypeptide ¢, this line may be crossed under constant ¢ by decreasing solvent
quality or the chi parameter (/1/)6'43. Experimentally, this is most easily accomplished by
reducing the temperature of the bulk solution*3. Similar to the UCST phase behaviour of A-
IDPs in vitro, A-IDPs exhibit reversible UCST phase separation inside cells that is reversible
by repeated cooling and heating cycles (Fig. 5a). The phase separation exhibits minimal
hysteresis as the difference in the transition temperature of cooling (7; ¢) and the transition
temperature of heating ( 7; ) varies by less than 2 °C (Fig. 5b).

There are several interesting features about A-IDP puncta formation in £. coli. First, we
were able to demonstrate the selective permeability of these droplets in vivo (similar to the
in vitro experiment demonstrating dextran exclusion) with sequences of varying aromatic
content and hence varying binodals (Supplementary Fig. 15). We found that co-expression
of two A-IDPs (JWT]-40-sfGFP and [3Y7:V7]-40—-mRuby3) with similar in vitro phase
behaviour results in co-localized droplets that contain both IDPs co-localized inside the
bacterial cells. By contrast, co-expression of [WT]-40-sfGFP and [Y7:3V7]-40-mRuby3,
which exhibit different in vitro phase behaviour, results in the formation of isolated
intracellular droplets of [WT]-40-sfGFP. This is because [Y7:3V7]-40-mRuby3 never
reaches Cg,t under experimental conditions and is immiscible with [WT]-40-sfGFP. Second,
on multiple heating and cooling cycles, we observed that £. coli exhibit spatial phase
separation memory, with puncta forming in the same location as the first cycle
(Supplementary Fig. 16). Third, we observed cooling-triggered phase separation over a few
minutes results in a higher number of puncta per cell compared to isothermal conditions
where the intracellular concentration increases gradually over 24 h (Supplementary Fig. 17).
The greater number of puncta observed with higher molecular weight species indicates that
the number of puncta formed per cell is a function of their diffusion coefficient, consistent
with previous studies®4.

Increasing the molecular weight of the A-IDP increases the observed T; in E. coli (Fig. 5¢).
By manipulating the aromatic:aliphatic ratio while keeping molecular weight constant and
observing the formation of puncta within individual bacterium at various times post
induction, we were able to create partial intracellular phase diagrams as a function of 7; and
intracellular fluorescence (Fig. 5d). This result is important because it ties the observed
behaviour on cooling to a specific concentration for a given construct, essentially
normalizing the observed cloud point for differing overall levels of protein expression
throughout the cell population and different levels of protein expression which could occur
between various A-IDP sequences. Again, with increasing concentration we see an increase
in UCST cloud point. What is clear from these studies is modifications to the A-IDP that
lower Cgat, Such as increasing molecular weight or aromatic:aliphatic ratio, also result in a
shift upward of the entire phase diagram and vice versa. One can thus use this information to
rationally design A-IDPs or rationally mutate existing IDPs to tune the Cgyts in Vivo where
the observed change in Gy is strictly driven by a changing homotypic propensity of the A-
IDP to phase separate.
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De novo design of functional A-IDP droplets in cells.

To understand the potential of using spatially confined intracellular coacervate droplets to
carry out new functions, we asked the following questions: (1) could coacervate droplets in
cells recruit other molecules, and if so, what, if any, are the size limitations of such
molecules? And (2) could these molecules interact with the A-IDP to impart a new function
to the droplet?

To answer these questions, we first examined whether a small molecule can diffuse into and
react with the A-1DP in a coacervate droplet located within an £. coli cell. We designed and
expressed an A-1DP ([3Y7:V7]-40-UAA) that carries three copies of a unique biorthogonal
reactive group; that is, an azide (its primary amino acid sequence is listed in Supplementary
Table 2). After reaching intracellular concentrations greater than the Gyt Of [3Y7:V7]-40-
UAA, we incubated live £, cofiwith 1 mg mi~1 dibenzocyclooctyne-dye (DBCO-Alexa488)
for 10 min (Fig. 6a). We observed fluorescent condensates in the cells after removing excess
dye.

We next questioned whether larger molecules such as proteins are also capable of interacting
with an A-IDP puncta. To answer this question, we designed a droplet capture experiment
based on split green fluorescent protein (GFP). We first verified if the two components of a
split GFP can interact with each other to create a functional GFP molecule if one of the
components is fused with an A-IDP GFP-11-[3Y7:V7]-40-mRuby3 was co-expressed in the
presence of GFP-1-10; because the IDP is fused with mRuby3, the A-IDP condensates
fluoresce red and can be visualized by fluorescence microscopy within the cell. We see
fluorescently active GFP only in the interior of the condensates as seen by the co-
localization of green fluorescence with the red fluorescence from the A-IDP condensates,
indicating that the fragments GFP bind to each other to create an intact and functional GFP
molecules (Supplementary Fig. 18). By contrast, in the absence of GFP-1-10 induction,
there is minimal green fluorescent inside the red fluorescent condensates (Supplementary
Fig. 18).

These results show that two protein fragments of GFP can find and bind to each other in the
cell despite the steric hindrance imposed by an A-IDP and a fluorescent reporter. It does not
however, prove that a protein can be recruited after an A-IDP condensate has formed, as the
protein partners in the previous experiment are co-expressed and could bind in the cytoplasm
before phase separation that occurs once the intracellular concentration of
GFP-11-[3Y7:V7]-40-mRuby3 exceeds its Cg,t. To directly answer this question, we co-
transformed £. coli with two plasmids: a Lac-operon-regulated plasmid that encodes one
fragment of GFP (GFP-11) that is fused with [3Y7:V7]-40 and a second plasmid regulated
by araBAD operon that encodes the other fragment of GFP (GFP-1-10). Once expression of
GFP-11-[3Y7:V7]-40 at 37 °C proceeds long enough that its intracellular concentrations is
greater than its Cyg;, we removed the isopropyl-p-p-thiogalactoside (IPTG) induction media,
and replaced it with arabinose containing media that induces the expression of the larger
GFP fragment (GFP-1-10). We observed that subsequent to arabinose induction, both the ¢’
and ¢” fractions of the £. coli contained fluorescently active GFP (Fig. 6b). This result
suggests that the large GFP fragment is capable of penetrating the preformed condensate in
the cell, finding its binding partner and forming a fully functional molecule, despite the
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fusion to the A-IDP. Once a fully functional GFP molecule is recruited into the intracellular
droplets, it is possible to reversibly modify the solubility of the reconstituted GFP-A-IDP by
changing the temperature of the bulk (Supplementary Fig. 19).

These experiments clearly show that small molecules and proteins can be recruited into
intracellular coacervate droplets in £. coli.. These results suggested a path for the de novo
design of intracellular coacervate droplets with new enzymatic function. We chose
biocatalysis as the function of interest, as one of the proposed reasons for the evolutionary
development of biomolecular condensates is to modulate the kinetics of various biological
functions, including enzymatic reactions*>-48: however, there is little experimental evidence
demonstrating how the function of enzymes is modulated by phase separation in vivo.

We created an A-IDP fusion that can recruit an enzyme into intracellular droplets to
modulate its catalytic activity. We chose p-galactosidase for two reasons: first, it has a range
of small molecule substrates, one of which, fluorescein di-p-p-galactopyranoside (FDG), is
colourless, but will fluoresce green when cleaved by 3-galactosidase. By using a
combination of a red fluorescent protein tagged to our enzyme—A-IDP fusion and the green
florescence of fluorescein, we can thus track the co-localization of enzymatic reactions with
A-1DPs in real time. Second, we had concerns that a large enzyme fused with a large A-IDP
would not express at high enough concentrations in £. coli and thus not phase separate in
vivo. To alleviate this concern, we took advantage of the widely used p-galactosidase (LacZ)
blue—white screening system, where the so-called alpha peptide (ap) complements the
mutated enzyme LacZAM15 to create a functional B-galactosidase enzyme. In our system,
the ap is fused with a A-IDP-mRuby3 construct, such that enzyme activity is physically
linked to the A-IDP which in turn is physically linked to red fluorescence.

Our studies with the DBCO-Alexa488 and split GFP provided the basis for this more
complicated experiment. The DBCO-Alexa488 experiment suggested that a small molecule
such as an enzyme substrate can penetrate bacterial cell walls and puncta (Fig. 6a). The split
GFP experiment suggested that relatively large proteins can be recruited to A-1DP
condensates to form a functional proteins, suggesting that the same should be possible with
the split p-galactosidase system (Fig. 6b).

We thus genetically fused the ap from LacZ B-galactosidase to a A-IDP-mRuby3 construct.
Our hypothesis is that the ap—A-IDP—-mRuby3 protein can bind and recruit the other
inactive fragment of the enzyme (LacZAM15) that is expressed endogenously in genetically
modified £. coli (KRX, Promega) into intracellular droplets. After protein induction and
resulting condensate formation, we deliver the substrate FDG to the cell medium where it is
trafficked intracellularly, hydrolysed into fluorescein at the sites of active p-galactosidase,
and eventually exported outside of the cell (Fig. 6¢)490. By tracking the onset of the green
fluorescence of fluorescein with confocal microscopy we can specifically observe where and
when enzymatic activity is occurring and quantitatively track enzyme activity.

In our control experiment (ap—mRuby3) we observe limited persistence of fluorescence
within the cells. It is important to note that the ap itself is known to form inclusion
bodies®1:52 and therefore, even in this control experiment, we observe some puncta inside of
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the bacterial cells. However, on fusion with [WT]-20, we observe that the fluorescence co-
localizes long enough with the A-IDP condensates to be observed with confocal microscopy
(Fig. 7a). Despite this increased co-localization, the total fluorescent signal over time is not
remarkably different from the ap-mRuby3 control (Fig. 7b).

When we increase the molecular weight of the A-IDP, and thus decrease Cg;;, We observe a
dose-response effect in the total FDG fluorescence intensity as well as co-localization with
the ap—A-IDP-mRuby3 fusion (Fig. 7a). ap-[WT]-40-mRuby3 and apa[WT]-80-mRuby3
have 2.5- and 7.5-times greater FDG converted at 20 min compared with the ap—mRuby3
control (Fig. 7a and Supplementary Fig. 20). Quantification of the co-localization of green
and red fluorescence with Mander’s overlap coefficient®3 indicates increased co-localization
when the a-peptide is fused with A-IDPs compared to the fluorescent reporter alone
(Supplementary Fig. 21). To quantify the observed co-localization, we analysed individual
cells within the image frame with green fluorescence that were above the background
threshold at each timepoint. Higher-molecular-weight A-1DPs exhibit higher fluorescence
inside the cell normalized to the background at each point in time (Fig. 7c).

Quantification of fluorescence production at various substrate concentrations in vitro
suggests that the mechanism of this effect is a statistically significant increase in the
catalytic constant or turnover efficiency (Kg4t) of the enzyme with increasing molecular
weight. We observed a 1.4-, 1.6- and 4.2-times increase in the Ky for ap-[WT]-20-
mRuby3 (£test, £=0.025), ap-[WT]-40-mRuby3, (£test, P= 2.9 x 1074), ap-[WT]-80—
mRuby3 (£test, £= 7.4 x 107°) compared to the ap-mRuby3 control (Supplementary Fig.
22 and Supplementary Table 5). Considering our previous observation of increased co-
localization of product (fluorescein) and the labelled A-IDP as a function of molecular
weight, we propose that the observed increase in fluorescence is caused by increased co-
localization of the enzyme and substrate in the condensates, leading to a higher measured
Kzat- In contrast, the Michaelis—Menten constant (K,) which describes the affinity of the
enzyme for the substrate remained constant, suggesting that fusion of the A-1DP does not
change the binding kinetics of the enzyme-substrate complex. Using K5t and K, we can
define a catalytic efficiency which also supports our hypothesis of an increase in the
enzymes’ efficiency within condensates with increasing molecular weight of the A-IDP. This
enhancement in efficiency is on the order of magnitude of change observed by protein
engineering techniques used to improve Kgy; (refs. 94-56),

We also fused the LacZ ap to A-1DPs with differing levels of aromatic content at a constant
molecular weight (Supplementary Fig. 23). We hypothesized that differing levels of
aromatic content would affect FDG uptake into the droplets and therefore affect overall
enzymatic activity. Surprisingly, we observed similar overall levels of fluorescence between
ap-[WT]-40-mRuby3, ap-[3Y7:V7]-40-mRuby3 and ap-[Y7:V7]-40-mRuby3. However,
the dynamics of enzymatic activity are different, with A-IDPs with greater aliphatic content
allowing for faster uptake into the condensates (Supplementary Fig. 23). The difference
between the ratio of FDG fluorescence inside the cell and outside the cell between ap-A-
IDP—-mRuby3 fusions with different aliphatic content were not notable, indicating that
molecular weight is the primary driving force for fluorescein and/or FDG persistence inside
intracellular droplets (Supplementary Fig. 23). Completely deleting the aromatic residues
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from the repeat unit of the A-1DP results in apparently soluble enzymes that do not form
intracellular condensates, and whose activity is lower than the enzyme formed by
complementation of LacZAM15 with the ap—mRuby3 fusion that possess no A-IDP tag
(Supplementary Fig. 24).

Discussion

We show A-IDPs comprising repeats of an octapeptide motif inspired by native IDPs exhibit
reversible UCST phase separation in aqueous solution. Despite the simplicity of their
sequence, they recapitulate many of the features seen in more complex, native IDPs. The
formation and dynamics of their phase separation into coacervate droplets are controlled by
two simple design parameters (the molecular weight of the A-IDP and the ratio of
aromatic:aliphatic residues in the octapeptide repeat) that are genetically encodable at the
sequence level. Using these two parameters, we were able to produce A-IDPs with Cgyts
ranging from nanomolar to millimolar concentrations. This work supports the growing
evidence of R-aromatic interactions that drive phase behaviour811:18.26.57.58 and also
provides additional evidence of the molecular hierarchy that exists between the aromatic
groups W, Y, F and H in modulating UCST phase behaviour. In particular, W and H require
further investigation as they are equally prevalent in IDPs as F and Y, as W exhibits an
extremely potent pair-wise interaction with arginine, whereas H exhibits a physiologically
relevant shift in phase behaviour between pH 6.0-7.4. Aromatic groups, in particular, are
interesting mechanistically for their propensity to promote lower Cgs for both UCST and
LCST systems whereas polar non-charged residues, charged residues and aliphatic residues
affect Gyt in UCST or LCST phase behaviour differently. It is possible that the key to
intracellular phase separation is the incorporation of these residues and structural disorder
into a sequence at a minimum threshold of the total sequence such that they phase separate
on expression®®. Finally, our results suggest that molecular weight may be more critical than
composition in defining the UCST binodal line. These results provide a rational approach to
mutate native IDPs and design A-IDPs de novo with bespoke properties.

These design parameters also faithfully translate from in vitro to intracellular environments.
The A-1DPs phase separate inside cells by the same principles that drive their UCST phase
separation in vitro, indicating that the same thermodynamic driving forces embedded in the
sequence and molecular weight also modulate droplet formation dynamics. A-1DPs behave
in vivo as their phase diagrams in vitro suggest—as their intracellular concentration
increases to a sequence-encoded Cyyt, Small phase-separating droplets form at individual
points in space that continue to grow in size with increasing overall A-IDP concentration.

Finally, these proteins can be used for the de novo design of functional intracellular droplets.
We rationally designed intracellular puncta capable of binding and recruiting a -
galactosidase deletion mutant, which could modify the catalytic efficiency of the enzyme-—
substrate complex, a complex that did not evolve to form intracellular condensates. The
catalytic efficiency of the reconstituted enzyme in phase-separated coacervate droplets is
molecular-weight dependent and increases with the molecular weight of the A-1DP. Higher-
molecular-weight A-IDPs more efficiently sequester the substrate in the enzymatically active
puncta, which results in a higher catalytic efficiency. These proof-of-concept experiments
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demonstrate that intracellular droplets can be engineered to have non-canonical functions in
live cells and provide a new platform for intracellular material manipulation. In summary,
with over 60 A-IDPs synthesized for this study that span a range of Cyys, and proof-of-
concept experiments recruiting proteins into coacervate droplets, these studies lay the
groundwork for the de novo design of functional intracellular condensates. We expect that
these A-IDPs will be useful as building blocks from which new biological condensates with
emergent behaviours can be constructed within living cells to better study the functional
significance of phase separation in living cells and encode for new cell behaviours. We also
anticipate that these IDPs will prove useful in other biomedical applications beyond the
design of intracellular droplets that can profit from the their tunable UCST phase behaviour.
This marriage of soft material science with biophysical characterization of subcellular
materials will continue to be an exciting space for engineering cells with new or improved
function and new biomaterials.

Proteomic analysis.

A search of the literature provided an excellent list of intrinsically disordered proteins or
protein regions that are present in genes known to form membraneless organelles®. Each
gene was divided into disordered regions and ordered regions according to the Predictor of
Natural Disordered Regions VSL2 algorithm, which is a metapredictor of protein disorder of
various lengths9. Amino acid quantity was normalized to total protein length.

Gene synthesis.

Each octapeptide amino acid motif inspired by our proteomic analysis was propagated
twenty times in silico. This repetitive amino acid sequence was fed into an algorithm that
creates an optimally non-repetitive DNA template from a repetitive protein gene. This 20-
mer repeat gene was then ordered from Integrated DNA technologies with Gibson assembly
overhangs for easy insertion into our in-house-modified pet24+ vector®l. To increase the
number of total repeats of the gene, we performed iterative cloning steps of recursive
directional ligation by plasmid reconstruction, adding an extra twenty repeats during each
step. This method has been described previously in ref. 82. Transformations were performed
in the desired E. coli cell line (BL21 (DE3)) for recombinant expression and single-plasmid
confocal experiments, and a modified BL21 (DE3) cell line termed KRX by Promega that
contains a mutated LacZ gene for enzymatic experimentation.

In experiments with dual expression, genes were inserted into the pPBAD33.1 vector by
cutting custom pet24+ vector and pBAD33.1 cut with HindlIll and Xbal. Gel purification
was used to isolate the gene of interest from the housing pet24+ vector, which was then
ligated into the similarly cut pBAD33.1 vector. Co-transformation was performed with ~1 ng
final concentration of each plasmid on kanamycin/chloramphenicol dual-selection plates.

Protein expression, purification and characterization.

Individual liquid cultures of BL21 E. coli strains each harbouring our gene of interest from
Supplementary Table 1 or 2 were inoculated into 5 ml of Terrific Broth (TB) medium from
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frozen glycerol stocks and grown to confluence overnight (16-18 h). Cultures were then
inoculated at a 1:200 dilution in 1 | TB media supplemented with 45 pg mlI~1 kanamycin.
Cells were grown at 37 °C in a shaking incubator (~200 r.p.m.) for 9 h, at which time protein
expression was induced by the addition of 500 uM IPTG (final concentration). Cells were
then incubated at 37 °C (shaking at ~200 r.p.m.) for an additional 18 h. Protein was then
purified from the insoluble cell suspension fraction. Cell pellets were isolated by
centrifuging cultures at 3,500 RCF and resuspending in 20 ml of milli-Q water. Cells were
then lysed by sonicating the cell solutions for 2 min, with 10 s of pulsing followed by 40 s of
rest on ice (Misonix)

Centrifuging each lysate suspension at 20,000 RCF for 20 min resulted in a soluble and
insoluble fraction. The supernatant was discarded with the insoluble fraction resuspended in
an approximately equal volume of 8 M urea + 150 mM PBS buffer (~6-8 ml). For proteins
with a fluorescent fusion tag, the insoluble fraction was resuspended in three-times insoluble
volume at a final concentration of urea of ~2 M to prevent protein misfolding. This
suspension was heated for 10 min in a 37 °C water bath and then centrifuged at 20,000 RCF
for 20 min. The supernatant was collected from this suspension and dialysed in a 10 kDa
membrane (SnakeSkin, Thermo Fischer Scientific) against a 1:200 milli-Q water solution at
4 °C. The dialysis water was changed twice over a 48 h period. From inside the dialysis bag,
both insoluble and soluble components were collected and centrifuged at 3,500 RCF for 10
min and 4 °C. The supernatant was removed and the remaining insoluble pellet containing
the protein of interest was lyophilized for a minimum of three days to remove all water from
the pellet.

Protein purity was characterized by 4-20% gradient tris-HCI (Biorad) SDS-PAGE and
staining with either 0.5 M copper chloride or SimplyBlue SafeStain (Thermo Fischer
Scientific). Protein yield was determined by weight after lyophilization.

Creation of water-in-oil droplets with chip microfluidics.

To create water-in-oil emulsion droplets, two liquid phases—a dispersed, aqueous phase
containing the protein of interest in 150 mM PBS, and an organic, continuous phase
comprised of 75/5/20% vol/vol TEGOSOFT DEC, ABIL EM 90 and mineral oil—were
injected into the microfluidic droplet generators at constant flow rates using precision
syringe pumps. The flow rates of the dispersed and continuous fluids were tuned to ensure
droplet formation in the dripping regime; in these experiments, the dripping regime was
achieved using a constant flow rate of 500 pl h™2 for the organic continuous phase and 50—
75 ul h™2 for the aqueous, dispersed phase. The production of droplets within the
microfluidic device was monitored using a x5 objective on an inverted microscope (Leica)
equipped with a digital microscopy camera (Lumenera Infinity 3-1 charge-coupled device).

Circular dichroism spectroscopy.

Circular dichroism spectroscopy was performed using an Aviv Model 202 instrument and a
1 mm quartz sample cell (Hellma). A-IDPs were prepared by dissolving the purified
lyophilized product in 5 mM PBS, pH 7.4 at a final concentration of 10 uM. The circular
dichroism spectra were obtained at 50 °C from 260 nm to 180 nm in 1 nm stepsata 0.5 s
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average time. Data points with a dynode voltage above 500 V were ignored in the analysis.
The circular dichroism spectra were corrected for the 5 mM PBS buffer signal at 50 °C. This
data collection was repeated in triplicate and the average of the three measurements was
represented as molar ellipticity.

Light scattering.

Dynamic light scattering measurements were performed over a temperature range of 10-80
°C using a Wyatt DynaPro temperature-controlled microsampler (Wyatt Technology).
Samples for the DLS system were prepared in 150 mM PBS and filtered through 0.02 pm
Whatman Anotop sterile syringe filters (GE Healthcare Life Sciences) into a 12 pl quartz
crystal cuvette (Wyatt Technology). Five acquisitions were taken at each temperature for a 5
s duration, and the results presented represent the mean /4, of the sample at each
temperature.

Temperature-controlled ultraviolet—visible spectrophotometry.

T; values were determined via temperature-controlled spectrophotometry using a Cary 300
(Agilent Technologies). Samples containing various concentrations of protein in 150 mM
PBS were cooled at 1 °C min~! while the absorbance at A = 350 nm was recorded at every 1
°C decrement. Absorbance was normalized to the absorbance at the highest temperature
point collected, corresponding to the more soluble point during a given experiment. The
cloud point was determined as the maximum in the first derivative of the absorbance as a
function of temperature.

The transition temperature was calculated by the point of minimum slope. Saturation
concentration was defined by the natural logarithm fit line created from a minimum of three
¢. Error bars represent the standard error of the mean from three repeats of a minimum of
three transition temperatures.

Dextran uptake experiments.

The uptake of dextran molecules into the phase-separated space of [WT]-20 and [Qs g]-20
was performed to quantify the isolation of A-IDPs from their surroundings. Fluorescein-
isothiocyanate-labelled dextrans (10 kDa, 40 kDa, Sigma-Aldrich) were added to 4 mg mI~1
solutions of unlabelled [WT]-20 and [Qs g]-20 at final concentrations of 4 mg ml~and 1 mg
ml~1, respectively, at 60 °C. Soluble samples were then transferred to room-temperature
glass slides and mounted with a 1.5 cover slip. Samples were imaged on an upright Zeiss
Axio Imager D2 microscope with a x20 objective and the appropriate filter set (excitation
laser 470/40 nm, emission filter 525/50 nm) after 1 h incubation below the transition
temperature. The fluorescent intensity was calculated from background corrected fluorescent
intensities inside/outside droplets in ImageJ portioned using bright field images of the phase-
separated space.

Sample preparation for temperature-gradient experiments.

High-concentration A-IDP stock solutions (60 wt%) were prepared by resuspending a mass
of lyophilized A-1DP pellets with an appropriate volume of PBS at a solution pH of 7.0. The
concentration was converted to milligrams per millilitre by assuming that the density of the
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A-IDP was 1 g mI~1. The A-IDP stock solution was heated in a water bath at 85 °C for 60
min and mixed periodically along with sonication to ensure homogeneity. Lower
concentration samples were made by mixing the initial stock solution volumetrically with
PBS at a pH of 7. To prepare for temperature-gradient microfluidics measurements, the
solutions were loaded into 12 mm x1 mm x 0.1 mm rectangular borosilicate glass capillary
tubes (VitroCom), by capillary action, and sealed with wax to avoid sample evaporation and
convection. The capillary tubes were held in contact with a hot plate at 85 °C housed within
an incubator at 65 °C during the loading process. The high-temperature environment ensured
that the A-1DP solutions were held above the critical phase transition temperature (~85 °C
for [WT]-20). Capillary arrays were prepared by taping several capillaries together. The
arrays were stored at 85 °C in an oven for 10 min before subjecting them to the temperature-
gradient experimentation.

Measuring phase transition temperatures on a temperature-gradient device.

The temperature-gradient device imposed a linear temperature gradient across the A-1DP
solutions. This was accomplished by placing the glass capillary array into thermal contact
with a heat source on one side and a cold sink on the other. The sample was then bathed in
white light. This light was scattered by phase-separated A-IDP droplets at a cold
temperature and was imaged via dark-field microscopy. The temperature gradient was
calibrated for each experiment using two reference solutions placed alongside the A-1DP
samples of interest. The cold temperature calibration reference contained 10 mg mi~1
poly(A-isopropyl acrylamide) with molecular weight = 1.868 x 10° g mol~1 in H,0
(Polymer Source). The hot temperature calibration reference contained 10 mg mi=1
poly(ethylene oxide) with a molecular weight of 9 x 10° g mol~1 in a 1 M NaCl aqueous
solution (Sigma-Aldrich). The LCST of each reference solution was obtained with a melting
point apparatus that measured the light scattering intensity as the temperature was increased
at a rate of 0.5 K min~. When placed onto the temperature-gradient device, the reference
solutions became cloudy at temperatures above the LCST. The pixel position of the LCST
was obtained by the onset of light scattering intensity relative to the low intensity baseline
on the cold side of the capillary. The temperature gradient was calculated using the pixel
positions and the LCSTs of the two samples, assuming a linear relationship between position
and temperature.

Fitting of phase diagram binodal.

Fits for the roughly dilute, overlap and semidilute regions of our obtained phase diagrams
were calculated using fitting methods for LCST polypeptides adopted for UCST
polypeptides as described previously®3,

Briefly, for low volume fractions (¢ < 0.1), A-IDPs exhibit roughly a logarithm-normal
dependence on UCST cloud point with respect to ¢ as seen with other repeat
polypeptides2%-2L, For the high-density regime (¢ > ~0.4), using surface tension scaling
methods previously described for elastin-like polypeptides®4, we determined the coefficients
of proportionality (A) and estimated theta temperature (6) to be A =-0.00092 and 6= 389
K for [WT]-20, and A = —0.00092 and €= 392 K for [Qs g]-20. In a poor solvent, the
surface tension of a dilute phase globule y can be written in the form y ~ C KTb2 ¢" 2
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where bis the polypeptide Kuhn length (6= 2.2 nm as measured by Fluegel and co-workers
for other repetitive polypeptides®®) and Can adjustable coefficient. On replacing the surface
tension y by kT¢” x A x (T - 6), we obtain an equation for the temperature dependence of
the coacervate ¢

v = |20 - e)]%

Using a least-squares fit in Igor (WaveMetrics), we adjust the coefficient C for this
temperature dependence to match the measured [WT]-20 and the [Qs g]-20 binodal points,
determining that C=0.62 and 1.05, respectively.

Closer to the critical point in the so-called Ginzburg zone*3, one needs to use the critical
Ising model to describe the phase behaviour of polymer solutions.

The phase boundary in the critical zone varies more gradually than predicted by mean-field
theory:

0.3
v =)

Where 7. =351.5 K for [WT]-20 and 7; = 332.3 K for [Qs g]-20; 0.3 is the critical Ising
exponent (Flory—Huggins mean-field value is 0.5) for both [WT]-20 and [Qs g]-20, and C; is
the fitting coefficient. We calculated fitting coefficients in Igor (WaveMetrics) equal to 1.29
and 1.27 for [WT]-20 and [Qs g]-20, respectively. Note that we calculated ¢” explicitly using
data collected with ultraviolet-visible spectrophotometry and according to natural logarithm
fits described in Supplementary Table 1.

Whole cell fluorescent intensity measurements.

Cells were grown overnight in 5 ml of TB media from glycerol stocks. In conjunction to
fluorescent or confocal imaging, cells were analysed for total sSfGFP fluorescence and
ODgqg. Briefly, 50 pl of cell culture at various time points was resuspended in 1 ml of 150
mM PBS. Using a combination of a ultraviolet—visible spectrophotometry signal from a
NanoDrop 1000 (Thermo Fisher Scientific) and fluorescent spectra from a NanoDrop 3300
(Thermo Fisher Scientific), we calculated the relative ratio of sSfGFP fluorescence
normalized to cell density. Using this information in conjunction with imaging analysis, we
were able to determine the intracellular saturation concentration normalized to cell density.

Temperature-controlled fluorescent microscopy of protocell droplets and E. coli. bacteria.

Water-in-oil droplets were collected on a glass microscope slide and cooled using a precision
Peltier heating and cooling stage (Linkam LTS120) equipped with a temperature control unit
(Linkam PE95). The spatial distributions of Alexa-Fluor-350-labelled (25% molar fraction
N-terminal labelled) [Qs g]-20 and Alexa-Fluor-594-labelled +4 Net were characterized via
fluorescence microscopy using an upright Zeiss Axio Imager D2 microscope with a x20
objective and the appropriate filter set. Similarly, intracellular pattering of A-IDP-
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superfolder GFP over time was characterized via fluorescence microscopy using an upright
Zeiss Axio Imager D2 microscope with a x20 objective and the appropriate filter set
(excitation laser 470/40 nm, emission filter 525/50 nm). Cell fluorescence was calculated
using ImageJ software. Temperature ramps began at various temperatures but always were
set to a constant speed of 5 °C min~1.

Transient transfection of [WT]-20—-sfGFP in HEK293 cells.

[WT]-20-sfGFP was extracted from the pet24(+) vector using the polymerase chain
reaction. Briefly, the forward and reverse primers were resuspended with 1 ng of pet24(+)
plasmid containing [WT]-20-sfGFP gene fusion. Using a polymerase-chain-reaction cycle
of (98 °C, 1 min; 65 °C, 30's; 72 °C, 2 min) x 30, followed by gel purification, the gene was
finally constructed with Gibson assembly. pcDNAS vector containing [WT]-20-sfGFP was
transfected into HEK293 cells according to manufacturer instructions (Expi293 Expression
System, Thermo Fischer Scientific). Cells were spun down at 500 RCF for 10 min at room
temperature on day five of transient transfection and resuspended in 150 mM PBS for
imaging.

Confocal imaging of A-IDP—sfGFP fusions for puncta formation and co-localization.

Cells were prepared as follows. A tube containing 5 ml of TB media was inoculated
overnight with protein of choice from bacterial glycerol stock. After 16 h of growth, cells
were induced with 1 mM IPTG and 2% L-rhamnose (Sigma-Aldrich) in each flask of
interest. Samples were collected at the indicated time points and prepared for imaging as
follows. 50 ul of cell suspension was pelleted under 20,000 RCF for 1 min at room
temperature. Cells were resuspended to ODggg = 0.15 at 1 cm path length. 50 pl of
resuspended bacterial cells were transferred to a 384-well plated with 1.5 glass bottom
(Cellvis). There was a 10 min equilibration period to the incubation chamber before each
time point data collection.

Images were collected at different time points with a x63 oil-immersion objective on a Zeiss
710 inverted confocal with temperature-controlled incubation (Car Zeiss AG). sfGFP
fluorescent was detected with a 488 nm excitation laser and 488/594 emission filter. Data
was primarily taken at 25 °C unless otherwise noted. All fluorescent quantification and cell
portioning analysis was performed in ImageJ.

In co-localization experiments, cells were grown overnight from glycerol stock in dual
antibiotic media containing 45 ug ml~1 kanamycin and 25 ug mi~1 chloramphenicol (final
concentration). After 16-18 h, pet24(+) expression was induced with 1 mM concentration of
IPTG (final concentration). After 24 h of IPTG induction, the medium was replaced with 5
ml of TB supplemented with 1 mM IPTG and 2% arabinose (final concentration) (Sigma-
Aldrich). After 9 h of induction with both, cells were prepared for confocal imaging by
spinning down 50 pl of culture at room temperature and resuspended in 150 mM PBS to
ODggp = 0.15 at 1 cm path length. All imaging details remain the same except that
mNeonGreen/sfGFP detection was performed with a 488 nm excitation laser and 488/594
nm emission filter, whereas mRuby3 detection was performed with a 561 nm excitation laser
and 488/561 nm emission filter.
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Spinning disc confocal imaging of LacZ ap—A-IDP gene fusions for localization and
quantification of enzymatic activity.

Cells were prepared as follows. A tube containing 5 ml of TB media was inoculated
overnight with the protein of choice from the bacterial glycerol stock. After 16 h of growth,
cells were induced with 1 mM IPTG and 2% r-rhamnose (Sigma-Aldrich) in each flask of
interest; ~24 h later, 50 pl of cell suspension was pelleted under 20,000 RCF for 1 min at
room temperature. Cells were resuspended in 150 mM PBS to ODggp = 0.15 at 1 cm path
length. Fifty microliters of sample were added to Culture-Insert 4 Well (1.5 coverslip, Ibidi)
petri dishes and allowed to incubate at room temperature for 10 min. After incubation, 2 pl
of 1 mg mI~1 FDG resuspended in 98% water, 1% DMSO and 1% EtOH was added.
Imaging began immediately (within 20 s) and images were captured every minute for 30 min
total.

Imaging was performed on an Andor Dragonfly Spinning Disk 500 series confocal on a
LeicaDMIi8 microscope stand (Oxford Instruments) with a x63 water immersion objective
and equipped with a Zyla 4.2 series camera. Converted FDG was detected with a 488 nm
excitation laser and 525/50 nm emission filter and mRuby3 fluorescence with a 561 nm
excitation laser and 600/50 nm emission filter.

Fluorescence spectroscopy for determining Ky, Vimax and Keat-

Liquid cultures of KRX E. coli containing plasmid of interest were grown from glycerol
stocks overnight (16-18 h). Cells were then induced with 1 mM IPTG and 2% L-rhamnose
(Sigma-Aldrich) for 24 h. Cells were pelleted and resuspended at ODggp = ~0.15 in 150 mM
PBS. Various concentrations of FDG were added while monitoring fluorescent intensity at
520 nm using NanoDrop 3300 (Thermo Fisher Scientific). The same instrument was used to
also calculate the fluorescent intensity of mRuby3 as a relativistic measure of expression
level of the various ap fusions. Plotting the observed fluorescent intensity at different times
provides a surrogate measure of the rate of hydrolysis at various concentrations of the
substrate (V4). These rates were then converted into typical Lineweaver—Burk conventions to
determine Vax and K. For consistency in units, [FDG] was converted into fluorescent
intensity using a fluorescein standard curve of = 185919 x [FDG in milligrams] + 1,045.
This conversion assumes that converted FDG into fluorescein has similar fluorescent
intensity profile to free fluorescein dye.
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Fig. 1|. Artificial intrinsically disordered polypeptidesinspired from native | DPs exhibit
reversible UCST phase behaviour.

a, Proteomic analysis of native IDPs that form biomolecular condensates reveal that they
have an abundance of G/P, charged and uncharged polar residues, yet exhibit a balance of
overall charge. b, An example of a dense, exclusionary phase formed by an UCST-exhibiting
A-1DP even in the complex medium of bacterial cell lysate. The coacervate shows almost
complete separation from all other cellular proteins and debris (non-labelled bands) that are
present in the cell lysate after centrifugation, facilitating purification of the A-1DP from the
insoluble cell lysate fraction without affinity tags. Even in this concentrated phase, one can
still identify the A-1DP with optical turbidity as it transitions between a two- and one-phase
solution on heating. ¢, An example SDS-PAGE gel of a set of A-IDPs ([Qs g]-20 to
[Qs,8]-80) with conserved sequence but increasing molecular weight, showing the high
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purity of the A-1DPs that is obtained by exploiting their UCST phase behaviour for
chromatography-free purification. d, Visualization of UCST phase separation of [Qs5 g]-20 in
water-in-oil droplets by fluorescence microscopy. On cooling, phase separation in a droplet
is initiated at multiple sites; the puncta that grow from each site slowly coalesce with one
another into a single dense phase. The equilibrium with the surrounding dilute phase is re-
established on reheating, leading to a higher-concentration dilute phase and smaller volume
occupied by the dense phase. ¢ = 0.0018 (100 pM); scale bar, 50 pm. e, A schematic UCST
phase diagram for a cooling-heating cycle of a UCST polypeptide in a water-in-oil droplet. f,
Dynamic light scattering data of [Qs g]-20, demonstrating the change in the hydrodynamic
radius following cooling. On reaching the cloud point, [Qs g]-20 transitions from soluble
unimeric polypeptides with a radius of hydration of 5-6 nm to micron-sized aggregates.
Data are collected at ¢ = 0.0043 (245 uM) in 150 mM PBS at pH 7.4. g, Upper critical
solution temperature cloud points are affected by ¢ of the polypeptide in solution. The inset
shows that this behaviour follows a natural-logarithm dependence in the dilute regime (A2 =
0.98).
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Fig. 2|. Control of the UCST cloud point using main-chain amino acid composition.
a, A schematic describing the methodology for doping repeat unit £ into a homopolymer of

a. The WT A-IDP, with a high UCST cloud point comprising 40 repeats of a (GRGDSPYYS),
is doped with increasing fractions of repeat & (GRGDQPYQ) to probe the loss of function of
UCST phase behaviour from polymers of a. The doping of binto ais designed to ensure
mixing of the two repeats along the polypeptide chain and minimize blocky behaviour. b,
Doping of binto aresults in mutant IDPs; the UCST 7; of each mutant IDP is a linear
function of the ¢ of the A-IDP. c, The effect of composition (degree of doping) is a linear
function of the degree of substitution of £into aat a constant ¢ of 1073 (25-30 pM) (A2 =
0.97). d, Substitution of aromatic Y residues by aliphatic V dramatically reduces 7;. e,
Substitution of R by K dramatically reduces 7;; 50% substitution lowers the 7; by more than
40 °C. f, The chemical composition can affect the saturation concentration by two orders of
magnitude at constant molecular weight (Cggt @ 37°C = 1-800 pM). This can be visualized
by normalizing to the saturation concentration of [WT]-40, which is conveniently ~1 uM
and is shown by the dashed horizontal line.
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a, The effect of the polypeptide molecular weight on 7;. b, 7; directly scales with the natural

logarithm of molecular weight. c. At constant chemical composition, it is possible to
modulate Cg,t by over five orders of magnitude by simply changing the molecular weight of
the A-IDP (Gt @ 37°C =1 nM - 400 uM). [WT]-40 has a Gyt of ~1 M. For reference, ¢ =
0.001 corresponds to concentrations of 58 pM, 30 uM, 20 UM and 15 puM for repeat lengths

of 20, 40, 60 and 80 octapeptides, respectively.
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Fig. 4 |. A-IDPs exhibit tunableintracellular droplet formation on the basis of the molecular
weight and ratio of aromatic to aliphatic content.

a, A schematic describing the use of two key parameters (the ratio of aromatic:aliphatic
content and the molecular weight) to control intracellular droplet formation by modulating
Csat- b, A partial in vitro binodal of A-IDP—sfGFP fusions in the dilute regime in 150 mM
PBS, pH 7.4. Similar to A-IDPs, A-IDP-GFP fusion proteins exhibit molecular weight and
aromatic content dependent phase behaviour. ¢, The [WT]-20-sfGFP fusion undergoes
phase separation in eukaryotic cells (HEK293 cells, day five). Instead of forming a single
droplet as seen in vitro in protocells (see Fig. 1c), many distinct droplets are formed that
indicate either diffusion- or arrest-limited coalescence. d, Confocal fluorescence images of
A-IDP-sfGFP as a function of induction time and molecular weight in E. coli. A higher
intracellular concentration is required for [WT]-20 versus [WT]-40 to form intracellular
droplets. It is noticeable that [WT]-40 has a lower ¢" (A-1DP poor) soluble phase outside of
the dense droplet phase compared with [WT]-20. e, Reducing the aromatic content increases
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Csat in @ dose-dependent manner. f, A-IDP-sfGFP fusions exhibit a one order of magnitude
shift in their Gyt as determined by their molecular weight and ratio of aromatic:aliphatic
content. g, The size of the intracellular droplets (¢” or dense phase) grows with induction
time. As the concentration of the A-IDP-sfGFP increases inside the cell, the soluble
concentration outside of the droplet does not change (Supplementary Fig. 14) but the size of
the intracellular droplets grows relative to the total cell area. Images are individual cells
from [3Y7:V7]-40-sfGFP cultures at various time points. Error bars represent the standard
error of the mean (n= 100 individual cells). All scale bars, 5 pm.
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Fig. 5|. A-IDPs exhibit reversible coacervation in E. coli determined by their molecular weight
and aromatic:aliphatic ratio.

a, Intracellular droplets comprised of [WT]-20-sfGFP can be formed and dissolved
reversibly via alternating cooling and heating cycles. This process is completely reversible
over four rounds of cooling and heating. Cooling rate = 5°C min~1 with an induction time of
4 h. b, 7y normalized to the intracellular fluorescence of sfGFP in each individual cell (n=
30) does not change substantially over four rounds of heating (red bars) and cooling (blue
bars) cycles. c, Intracellular 7; (similar to in vitro) is a function of A-IDP molecular weight
and aromatic content. Cooling ramp = 60°C — 10°C; cooling rate = 5°C min~1; A-IDP gene
induction time of 8 h. Whiskers indicate 10th-90th percentiles, whereas boxes indicate the
25th-75th percentiles. FI, fluorescence intensity. d, Intracellular binodal lines of various A-
IDP—sfGFP fusions. 7; increases as a function of cellular fluorescence (a surrogate of A-IDP
concentration) and aromatic content of the A-IDP. Data were analysed at 2, 4 and 8h for
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[WT]-40-sfGFP and [3Y7:V7]-10, and 4, 8 and 24 h for [Y7:V7]-40 (n=30). Error bars
represent the standard error of the mean.
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Fig. 6 |. Engineered intracellular dropletswith programmable function.
a, Site-specific labelling of droplets with a small molecule fluorescent dye. £. coli cells that

contain condensates that are formed by a [3Y7:V7]-40 variant with azidophenylalanine
(AzF) residues present a biorthogonal azide that can be labelled in situ with DBCO-
Alexa488. DBCO-Alexa488 mixture can diffuse into cells and into the A-IDP condensates
within the cell, labelling the azide groups within 10 min of incubation with live £. coli. b,
Reconstitution of function GFP in condensates by recruitment of a partner from the
cytoplasm using a split GFP system. A GFP-11-[3Y7:V7]-40 fusion protein is able to recruit
GFP-1-10 from the surrounding cytoplasm into intracellular droplets. On formation of
intracellular condensates after 24 h of IPTG induction of GFP-11-[3Y7:V7]-40 (left panel),
induction of GFP-1-10 by arabinose induction enables recruitment of GFP-1-10 into the
condensates and reconstitution of functional GFP-1-11 within existing intracellular
condensates within 12 h of GFP-1-10 induction (right panel). ¢, A schematic of the enzyme-
condensate experiment. The ap of LacZ is fused with a fluorescent reporter protein
(mRuby3) and expressed from an IPTG-inducible gene from a plasmid in the £. colistrain
KRX, which has a deletion mutant of the LacZ gene that produces a truncated, catalytically
inactive enzyme that lacks the ap. Complementation of LacAM15 by a ap-A-IDP-mRuby3
fusion creates an active enzyme that converts FDG into fluorescein that is then rapidly
exported from the intracellular space into the surrounding medium.
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Fig. 7|. Engineered intracellular dropletswith programmable function.
a, Confocal microscopy images showing the fluorescent conversion of fluorescein FDG.

Note that the puncta-like structures of ap-mRuby3 in the top panel are due to a fraction of
the fusion forming inclusion bodies in cells. When the ap is fused with [WT]-20-mRuby3,
the fluorescence is first observed at the sites of intracellular phase transition in coacervate
droplets, and the fluorescein then diffuses into the cytosol and then out of the cell into the
extracellular space. Increasing the molecular weight of the A-1DP leads to increased FDG
conversion at earlier timepoints and higher overall conversion after 20 min. Rebalanced
images of ap-[WT]-40-mRuby3 and ap-[WT]-80-mRuby3, with improved visualization
of the co-localization of intracellular droplets and converted FDG, can be found in
Supplementary Fig. 20. b, Intracellular concentration of fluorescein produced by catalytic
conversion of FDG, normalized to the mRuby3 fluorescence of each individual cell (7=
300). The catalytic efficiency increases with A-IDP molecular weight, as seen by the greater
ratio of green fluorescence resulting from FDG conversion to fluorescein normalized to the
red fluorescence of mRuby3 on a molar basis. Both ap—-[WT]-40-mRuby3 and ap-
[WT]-80—-mRuby3 exhibit statistically significant differences from the control (two-factor
ANOVA, F < 2 x 10713). Error bars indicate standard error of the mean. ¢, All ap-A-IDP-
mRuby3 fusions exhibit a higher ratio of green fluorescence inside the cell, indicating a
greater persistence of fluorescent FDG inside the intracellular space compared to the ap-
mRuby3 control. Error bars represent the standard error of the mean. 7= 300. All scale bars,
5 pm.
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