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Enzymatic Regulation of Protein–Protein Interactions in
Artificial Cells

Thijs W. van Veldhuisen, Wiggert J. Altenburg, Madelief A. M. Verwiel,
Lenne J. M. Lemmens, Alexander F. Mason, Maarten Merkx, Luc Brunsveld,*
and Jan C. M. van Hest*

Membraneless organelles are important for spatial organization of proteins
and regulation of intracellular processes. Proteins can be recruited to these
condensates by specific protein–protein or protein–nucleic acid interactions,
which are often regulated by post-translational modifications. However, the
mechanisms behind these dynamic, affinity-based protein recruitment events
are not well understood. Here, a coacervate system that incorporates the
14-3-3 scaffold protein to study enzymatically regulated recruitment of
14-3-3-binding proteins is presented, which mostly bind in a
phosphorylation-dependent manner. Synthetic coacervates are efficiently
loaded with 14-3-3, and phosphorylated binding partners, such as the c-Raf
pS233/pS259 peptide (c-Raf ), show 14-3-3-dependent sequestration with up
to 161-fold increase in local concentration. The c-Raf domain is fused to green
fluorescent protein (GFP-c-Raf ) to demonstrate recruitment of proteins. In
situ phosphorylation of GFP-c-Raf by a kinase leads to enzymatically regulated
uptake. The introduction of a phosphatase into coacervates preloaded with
the phosphorylated 14-3-3-GFP-c-Raf complex results in a significant cargo
efflux mediated by dephosphorylation. Finally, the general applicability of this
platform to study protein–protein interactions is demonstrated by the
phosphorylation-dependent and 14-3-3-mediated active reconstitution of a
split-luciferase inside artificial cells. This work presents an approach to study
dynamically regulated protein recruitment in condensates, using native
interaction domains.
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1. Introduction

Spatial organization of intracellular pro-
teins is essential for the coordination of
the many distinct processes carried out
inside the cell. Cells have several ways
to regulate protein activity, for example
by placing interaction partners in close
proximity inside an organelle or at the
plasma membrane.[1,2] Alternatively, inter-
acting proteins can also be (co-)assembled
into supramolecular complexes by so-called
scaffold proteins.[1,3] Scaffold proteins are
key regulators of cellular signaling by spa-
tially coordinating proteins that are involved
in signaling pathways, leading to signal en-
hancement, allosteric effects, or tethering
of multiple proteins.[1,4] These scaffold pro-
teins generally have multiple binding sites
to allow for multivalent interactions with
a single target protein or binding to two
or more different target proteins, thereby
activating or deactivating certain signaling
pathways.[1] The protein–protein interac-
tions (PPIs) established on scaffold proteins
are often regulated by post-translational
modifications such as phosphorylation.[1,3]

Biomolecular condensates are intracel-
lular liquid–liquid phase separated (LLPS)
droplets comprised of proteins and/or
nucleic acids and are another example

of a dedicated molecular environment for organization and dy-
namic recruitment of proteins.[5–8] Such droplets have been
shown to be essential to intracellular organization of proteins
and signaling networks.[9–11] The recruitment into condensates
of client proteins, which are proteins that are non-essential to
condensate formation, is typically governed by protein–protein
or protein–nucleic acid interactions, involving disordered protein
domains or programmed interaction motifs such as folded pro-
tein domains.[5,6,10,12–14] Client proteins can have their function
altered by recruitment to condensates; kinases are for example
known to change their activity and expand their substrate speci-
ficity when inside condensates, leading to the phosphorylation of
non-canonical substrates and alteration in signaling pathways.[15]

Hence, condensates can serve as a regulatory hub for PPIs; the
protein network found in stress granules,[16,17] which are mem-
braneless organelles that respond to stress by promoting cell
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survival, was found to consist of a diverse proteome of more
than 200 proteins.[16] The protein composition of stress gran-
ules is dynamic and stress-dependent, where PPIs are thought
to regulate translational responses to stress.[16,17] These PPIs can
be enzymatically regulated by kinase recruitment to the stress
granule, which influences the assembly and activity of the stress
granule.[18] Altered stress granule dynamics and composition
have been found in for example amyotrophic lateral sclerosis
patients, linking condensates to neurodegenerative diseases.[16]

Furthermore, condensates were found to be able to accelerate
or decelerate the aggregation of the amyloidogenic protein 𝛼-
synuclein.[19]

Despite their importance, our understanding of the dynamic
and often short-lived PPIs that play a role in recruitment to con-
densates is limited, partly because of the complexity of the liv-
ing cell, which makes a focused investigation of the recruitment
and organizational process challenging. Recent advances in the
field of artificial cell platforms offer well-defined systems that can
mimic the intracellular milieu.[20] Unlike other artificial cells or
organelles such as giant unilamellar vesicles and polymersomes,
synthetic LLPS droplets or coacervates are well suited for this pur-
pose, as they display a crowded interior that closely resembles the
dense molecular environment of the cytoplasm and membrane-
less organelles.[20,21] Engineered droplets reconstituted by recom-
binant proteins in solution[15,22–25] or expressed in cells[23,24,26–28]

have been applied to study biophysical phenomena or to regulate
cellular functions by recruitment of cargo proteins. The assembly
of such phase-separated droplets can be based on specific PPIs
such as rapamycin-induced interactions,[15,25,27] coiled-coil pep-
tide interactions,[24] or SH3 domain interactions.[29] Cells feature
many membraneless organelles that can coexist with metastable
properties, unlike engineered condensates which undergo Ost-
wald ripening and fusion unless stabilized.[21] Stabilized droplets
based on synthetic polyelectrolytes and a membrane-forming
triblock copolymer have previously been reported by us,[30–32]

and this system was applied to specifically recruit protein cargo
mediated by interactions between His-tags and polyelectrolyte
moieties,[32] with a coacervate stability of several days.[33]

Synthetic protein affinity pairs have been used for the recruit-
ment of client proteins such as fluorescent proteins[24,29] and
enzymes[15,25] to synthetic condensates in vitro, and of native cy-
tosolic proteins to synthetic condensates inside cells.[27] How-
ever, the recruitment of client proteins using native interaction
domains has not been studied extensively in engineered conden-
sates. Such synthetic systems present a unique platform in which
biologically relevant dynamic interactions could be studied in a
controlled manner.

One of the most important scaffold proteins found in the cell is
the dimeric 14-3-3 protein with a large interactome of more than
500 proteins,[34] such as the RAF kinases,[35,36] which are involved
in cell proliferation, and the tumor suppressor protein p53.[37,38]

Most of the 14-3-3 interaction partners bind in a phosphorylation-
dependent manner,[39] although there are also interaction part-
ners with a phosphorylation-independent binding mode.[40] Fur-
thermore, selected 14-3-3 PPIs can also be stabilized with small
molecules, making this also a pharmaceutically relevant target
class.[41] 14-3-3 has also been used as a model protein for bottom-
up synthetic signaling systems, employing programmable inter-
actions with its interaction partners.[42,43]

In this work, we present a coacervate platform, based on asso-
ciative liquid–liquid phase separation, which incorporates the 14-
3-3 scaffold protein to evaluate affinity-based and enzymatically-
regulated recruitment and binding of its interaction partners
within the dense condensate environment (Scheme 1). The syn-
thetic condensate is composed of positively charged quaternized
amylose (Q-Am) and negatively charged carboxymethylated amy-
lose (Cm-Am), with an overall excess of positive charge.[30,32] By
incorporating nitrilo triacetic acid modified amylose complexed
with Ni2+ (Ni-NTA-Am), His-tagged protein cargo can be embed-
ded in a programmed manner based on its affinity for Ni-NTA-
Am.[32] By anchoring His-tagged 14-3-3 (14-3-3-His) inside the
coacervates, non-His-tagged 14-3-3 binding partners (client pro-
teins) can be localized in the droplets. The coacervates are sta-
bilized with a semipermeable triblock copolymer membrane,[30]

yielding an artificial cell with a stability that allows us to study the
recruitment of client proteins and regulation of PPIs. Because
the affinity of the client proteins for 14-3-3 is dependent on their
phosphorylation state, uptake and release can be controlled by the
action of a kinase and phosphatase, respectively. The system pre-
sented here demonstrates that artificial cell platforms can be ex-
plored to mimic naturally occurring intracellular protein recruit-
ment processes in a highly controlled environment.

2. Results and Discussion

2.1. Affinity-Based Uptake of 14-3-3 Client Peptides in
Coacervates

Coacervates were prepared in a 3:0.8:0.2 charge ratio of Q-
Am/Cm-Am/NTA-Am, which was found to give the most sta-
ble coacervates with efficient uptake of His-tagged proteins. The
terpolymer membrane that coats the coacervate interface is dy-
namic, disordered, and semipermeable to macromolecular cargo
such as proteins.[31,32] Fluorescently labeled 14-3-3-His was se-
questered in the coacervates, with a median local concentration
of 64 ± 15 μм across three independent samples, as calculated
using a calibration curve of fluorescence intensity (Figures S1
and S2, Supporting Information). This represents a 640-fold lo-
cally enhanced concentration compared to a bulk concentration
of 100 nм. To evaluate the capacity of this platform for recruit-
ment, first several fluorescein isothiocyanate (FITC)-labeled pep-
tide derivatives of 14-3-3 binding partners were selected for eval-
uation of their 14-3-3-dependent uptake in coacervates. These
binding partners, reflecting a diversity of physicochemical prop-
erties, 14-3-3 affinity, and 14-3-3 binding modes,[44] are shown in
Table 1. The peptides ChREBP and BiExoS were added to repre-
sent phosphorylation-independent clients; the ChREBP 𝛼2 helix
is known to bind to 14-3-3 mediated by electrostatic as well as
van der Waals interactions.[45] The BiExoS peptide was derived
from Exoenzyme S, which has a 14-3-3 binding motif with Asp
residues that interact with 14-3-3 in a similar manner as phospho-
rylated residues.[46] The non-phosphorylated c-Raf S233/S259
peptide was added as a non-binding, negative control. Fluores-
cence anisotropy (FA) assays in bulk were used to determine the
affinity of the peptides for 14-3-3 (Figure S3, Supporting Infor-
mation).

The coacervates can sequester cargo based on its physico-
chemical properties; negatively charged macromolecules will
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Scheme 1. Schematic overview of coacervate preparation and affinity-based, enzymatically regulated uptake of 14-3-3 binding partners. Positively charged
Q-Am and negatively charged Cm-Am and Ni-NTA-Am are mixed to form coacervates. His-tagged 14-3-3 (14-3-3-His) is loaded and the terpolymer is
added to stabilize the coacervates with a semipermeable membrane. 14-3-3 binding partners (client proteins) can be taken up based on their affinity
for 14-3-3-His, which can be regulated by their phosphorylation state. In situ phosphorylation of binding partners by a kinase leads to an increase in
affinity for 14-3-3 and uptake. Addition of a phosphatase to the client protein-loaded coacervates yields in situ dephosphorylation and release of the
client protein upon a loss of affinity for 14-3-3-His.

readily partition to the coacervate phase with an excess of positive
charge.[32] Hence, the partitioning of the selected FITC-labeled
peptides between the bulk phase and the coacervates was eval-
uated in the absence and presence of 14-3-3-His, preloaded in
coacervates (Figure 1a). This process was first studied in absence
of 14-3-3 using confocal microscopy of coacervates in the pres-
ence of 100 nм of the peptides (Figure 1b; Figure S4a, Supporting
Information). Peptides showed different degrees of partitioning
based on their physicochemical properties. As coacervates were
prepared with an excess of positively charged Q-Am, positively
charged peptides experienced electrostatic repulsion while nega-
tively charged peptides were attracted to the coacervates. This is
demonstrated by the exclusion of the ChREBP peptide, which has
a +7 net charge, whereas the ER𝛼 peptide with a -4 net charge did
partition to the coacervate. Other nonspecific interactions also in-
fluenced partitioning; the BiExoS peptide (net charge: −4) and
the c-Raf pS233/pS259 peptide (net charge: −2) did not partition

effectively and we speculate this to be due to their relatively hy-
drophobic linkers.

Next, 100 nм of the peptides were added to coacervate sam-
ples preloaded with 100 nм of DyLight 650-labeled 14-3-3-
His, and the samples were analyzed by confocal microscopy
(Figure 1c; Figure S4b, Supporting Information). Peptides that
bind to 14-3-3-His with a KD that is below the local 14-3-3-His
concentration were expected to show enhanced partitioning in
the presence of 14-3-3-His. Microscopy images were quantified
to show the 14-3-3-His-dependent change in mean fluorescence
intensity (MFI), normalized to the coacervates with peptide only
(Figure 1d; Figure S4c, Supporting Information). Surprisingly,
the ChREBP peptide did not show an increase in uptake in the
presence of 14-3-3-His, although it should bind with reasonable
affinity (KD: 0.98 ± 0.06 μм). Its low uptake might be explained
by electrostatic repulsion with the coacervate core. The ER𝛼,
Tau, BiExoS, and c-Raf pS233/pS259 peptides showed enhanced

Table 1. Overview of 14-3-3 binding peptides used in this work. Affinities (KD) were determined by FA assay and presented as mean ± standard error.

Peptide name Amino acid sequence KD Chargee)

TAZ pS89 RSH(pS)SPASLQLGT 0.043 ± 0.008 μмa) −1

c-Raf pS233/pS259 QHRY(pS)TPHAFTFNTSSPSSEGSLSQRQRST(pS)TPNVH 0.050 ± 1 μмa),b) −2

ChREBP 𝛼2 RDKIRLNNAIWRAWYIQYVKRRKSPV 0.98 ± 0.06 μм +7

ER𝛼 pT594 AEGFPA(pT)V 1.2 ± 0.0 μм −4f)

BiExoS L423A QGLADALDLASGGGGGGGGGGQGLADALDLAS 5.2 ± 0.2 μм −4

Tau pS214 SRTP(pS)LPTPPTRE ≈100 μмc) −1

c-Raf S233/S259 QHRYSTPHAFTFNTSSPSSEGSLSQRQRSTSTPNVH n.m.d) +2

a)
Assay limit at a peptide concentration of 100 nм;

b)
Two binding events were observed; the second event was excluded from fitting (see Figure S3, Supporting Information);

c)
Upper plateau not observed;

d)
No binding response observed;

e)
Net charge at pH 7;

f)
ER𝛼 has a free C terminus, the other peptides are C-terminally acetylated.
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Figure 1. a) Schematic overview of 14-3-3-binding peptide uptake in empty coacervates or 14-3-3-His-loaded coacervates. b) Confocal micrographs
displaying the partitioning of different peptides (100 nм) in empty coacervates, shown as an overlay with Nile Red (magenta) as a membrane staining
agent. c) Confocal microscopy images displaying the uptake of peptides (100 nм) in 14-3-3-His-loaded (100 nм) coacervates, also shown as an overlay
with Nile Red (magenta) in the case of the FITC channel. d) Quantification of the 14-3-3-induced change in mean fluorescence intensity of coacervates,
normalized to the fluorescence intensity in coacervates without 14-3-3. The solid lines inside the violin plot represent the median, dashed lines represent
the upper and lower quartiles. N ≥ 43 coacervates. Scale bars: 25 μm. Uncropped images and a zoomed-in version of (d) are available in Figure S4,
Supporting Information.

uptake in the presence of 14-3-3-His in comparison to the coacer-
vates that were not 14-3-3-His-loaded. c-Raf pS233/pS259 showed
the highest fold-change (161-fold) in uptake induced by the pres-
ence of 14-3-3-His. Slight variations in 14-3-3-His-loading were
observed between the coacervate samples in Figure 1c, with a
maximum difference of 1.8-fold in median 14-3-3-His concentra-
tion (Figure S4d, Supporting Information), although these varia-
tions do not account for the differences in 14-3-3-His-dependent

uptake of the peptides. The non-phosphorylated c-Raf S233/S259
peptide, a control peptide that does not bind to 14-3-3, did
not show enhanced partitioning in the samples with 14-3-3-His
(data could not be quantified as fold change). Importantly, the
change in net charge (from +2 to −2) due to the two phos-
phorylated residues of c-Raf pS233/pS259 did not yield a de-
tectable increase in the mean fluorescence intensity, as shown in
Figure S5 (Supporting Information). Hence, for the c-Raf
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Figure 2. a) Schematic overview of affinity-based displacement experiment. Coacervates are loaded with 14-3-3-His (100 nм) complexed with the FITC-
BiExoS peptide (threefold molar excess with respect to 14-3-3 binding sites). Upon addition of the TAMRA-TAZ peptide (1.5-fold molar excess with respect
to 14-3-3 binding sites), the TAZ peptide displaces the BiExoS peptide from 14-3-3 due to a 100-fold difference in affinity. b,c) Confocal microscopy images
taken over time showing 14-3-3-His/BiExoS-loaded coacervates (b) and 14-3-3-His/BiExoS-loaded coacervates with the TAZ peptide added at t = 0 h (c).
Scale bar: 25 μm. d,e) Quantification of fluorescence intensity of BiExoS (d) and TAZ (e) in coacervates over time. Data were normalized to the intensity
at the initial timepoint and represented as mean ± standard deviation, N ≥ 31 coacervates at each timepoint. Uncropped images are available in
Figure S9, Supporting Information.

peptide, phosphorylation does not yield detectable charge-based
uptake and its uptake is purely 14-3-3-His-dependent.

Furthermore, to analyze the mobility of c-Raf pS233/pS259
bound to 14-3-3-His, a fluorescence recovery after photobleach-
ing (FRAP) experiment was carried out (Figure S6, Supporting
Information). Here, c-Raf and 14-3-3 were bleached simultane-
ously using dual color FRAP, and recovery of fluorescence inten-
sity was analyzed over time and the apparent diffusion constant
Dapp was derived for both samples. It was found that bound c-
Raf pS233/pS259 had a Dapp of 0.043 ± 0.001 μm2 s−1, whereas
14-3-3-His had a Dapp of 0.032 ± 0.000 μm2 s−1, which is in the
same order of magnitude. The FRAP experiment was performed
with c-Raf pS233/pS259 peptide in a coacervate sample in the ab-
sence of 14-3-3-His, where the free peptide was found to have a
higher mobility with a Dapp of 0.209 ± 0.018 μm2 s−1, although
the signal intensity was rather low due to the low partitioning of
the peptide. The 14-3-3-dependent change in diffusional mobility
was also validated with FRAP of ER𝛼 (Figure S7, Supporting In-
formation). The reduced diffusional mobility of peptides in the
presence of 14-3-3-His indicates the mobility of peptides to be
governed by the mobility of 14-3-3-His, mediated by binding to
Ni-NTA-Am.

14-3-3 has a wide range of binding partners with varying
affinity, which allows for competition experiments,[43] in which
affinity-based uptake and displacement are carried out using two
peptides with different affinities for 14-3-3-His (Figure 2a). Here,
coacervates were preloaded with 14-3-3-His and FITC-labeled
BiExoS L423A (KD: 5.2 ± 0.2 μм) using an incubation period
of 24 h. The BiExoS peptide showed strongly enhanced uptake
(13-fold) in the coacervates in the presence of 14-3-3-His. The
TAZ pS89 peptide (KD: 0.043 ± 0.008 μм) with tetramethylrho-
damine (TAMRA) fluorescent label was selected as the competing
peptide, because of its high affinity for 14-3-3-His. The TAZ pep-
tide also showed 14-3-3-His-dependent partitioning (Figure S8,
Supporting Information). Both peptides were added at an ex-
cess relative to 14-3-3-His binding sites to demonstrate a system
where the uptake of peptides is limited by the availability of 14-
3-3-His binding sites. TAZ was expected to displace BiExoS from
the coacervates over time due to the >100-fold lower KD for its in-
teraction with 14-3-3-His. Confocal micrographs were taken over
time, allowing for tracking of both peptides independently due
to their different fluorescent labels. No significant decrease in
fluorescence intensity was observed in coacervates loaded with
14-3-3-His and BiExoS during 8 h when there was no external
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addition of TAZ, as analyzed by confocal microscopy (Figure 2b;
Figure S9a, Supporting Information). An initial increase in fluo-
rescence intensity can be explained by the sedimentation of sev-
eral smaller coacervates with higher fluorescence intensity into
the focal plane. Upon addition of the TAZ peptide to coacervate
samples with 14-3-3-His and BiExoS, a decrease in BiExoS flu-
orescence intensity and an increase in TAZ fluorescence inten-
sity were observed (Figure 2c; Figure S9b, Supporting Informa-
tion). Quantification of the micrographs yielded a 64% release of
BiExoS, while TAZ was taken up with a 32-fold increase in MFI
compared to the initial timepoint (Figure 2d,e). Similar uptake
speed was observed when the TAZ peptide was added to coac-
ervates loaded with 14-3-3-His only (Figure S10, Supporting In-
formation); the time to reach equilibrium, therefore, does not
seem affected by the presence of BiExoS. Nonetheless, the up-
take of TAZ in coacervates with TAZ peptide-only was higher
compared to the sample which also contained BiExoS, which can
be explained by a remaining amount of the 14-3-3-BiExoS com-
plex. In a control experiment, the BiExoS peptide was added to
a coacervate sample with preloaded 14-3-3-TAZ complex, and no
displacement of the TAZ peptide was observed over time, as ex-
pected (Figure S11, Supporting Information). This demonstrates
that the displacement of BiExoS by TAZ is indeed based on a dif-
ference in affinity for 14-3-3-His, rather than on the order of ad-
dition of the peptides.

The displacement of BiExoS by TAZ demonstrates that the
uptake of 14-3-3 binding partners is both dynamic and ther-
modynamically controlled for 14-3-3-His. These results are in
good agreement with the intrinsic affinity measured in con-
ventional protein titration assays. Since BiExoS can bind in a
bivalent manner, thereby occupying both binding sites of a 14-
3-3 dimer, BiExoS, and TAZ are not expected to be able to bind to
the same 14-3-3 dimer. However, since the FITC-labeled BiExoS
peptide could undergo Förster resonance energy transfer (FRET)
with the TAMRA-labeled TAZ peptide upon excitation of FITC,
the samples were analyzed by fluorescence spectroscopy after the
displacement experiment (Figure S12, Supporting Information).
Gratifyingly, no signal for TAMRA was observed upon excitation
of BiExoS.

To offer additional insight into the displacement experiment, it
was simulated using a thermodynamic equilibrium model (Fig-
ure S13, Supporting Information). The estimated local concen-
trations of 14-3-3-His (64 μм) and BiExoS (64 μм of binding sites)
and the KD values determined from FA assays were given as in-
put, and the presence of each species was determined at varying
[TAZ]. It was calculated that 14-3-3-His should be occupied by
88% with TAZ when the TAZ concentration is at 64 μм, with 10%
of 14-3-3-His still bound to BiExoS. This supports the experimen-
tal findings of TAZ-mediated displacement with a minor fraction
of 14-3-3 still occupied with BiExoS. The slightly higher retention
of BiExoS observed experimentally than predicted by the model
may be due to a difference in net charge between the BiExoS (-4)
and the TAZ (-1) peptides.

2.2. Phosphorylation-Regulated Protein Recruitment

After establishing affinity-based uptake of peptide derivatives of
14-3-3 binding partners, we sought to analyze full-length pro-

tein recruitment. Green fluorescent protein (GFP) was selected
as a model protein as it was previously shown that it is mostly
excluded in this coacervate system, unless uptake was mediated
by a His-tag.[32] The c-Raf-S233/S259 binding domain was fused
to GFP, forming the 35 kDa GFP-c-Raf S233/S259 (GFP-c-Raf)
non-His-tagged fusion protein. The c-Raf peptide domain was
selected for its phosphorylation- and 14-3-3-dependent uptake
(Figure 1b,c). Protein kinase A (PKA, hereafter used to refer to
the catalytic subunit of PKA) is known to phosphorylate the S233
and S259 sites in c-Raf.[47] Hence, it was used for in situ phospho-
rylation of GFP-c-Raf S233/S259, leading to uptake in coacervates
upon external enzymatic regulation (Figure 3a).

Phosphorylation of GFP-c-Raf by PKA in bulk was investi-
gated by liquid chromatography quadrupole time of flight mass
spectrometry (LC-MS Q-ToF). Signals corresponding to GFP-c-
Raf S233/S259 with two and three phosphorylated residues were
found (Figures S14–S16, Supporting Information). Two of these
phosphorylation sites were located on the c-Raf S233/S259 do-
main, presumably on S233 and S259. Since the c-Raf S233/S259
domain was presumably correctly doubly phosphorylated, it was
assumed that binding to 14-3-3-His would not be impaired for the
triply phosphorylated species. Indeed, strong phosphorylation-
and 14-3-3-His-dependent uptake was confirmed for GFP-c-Raf,
as analyzed by confocal microscopy (Figure S17, Supporting In-
formation).

Next, PKA (non-His-tagged) was used for in situ external phos-
phorylation, uptake, and binding of GFP-c-Raf. In coacervates
with 100 nм of 14-3-3-His, 100 nм GFP-c-Raf S233/S259, and
PKA, omitting phosphorylation agent ATP yielded no increase
in GFP-c-Raf fluorescence intensity over time, as analyzed by
confocal microscopy (Figure 3b). Phosphorylation-mediated up-
take was observed via an increase in GFP-c-Raf fluorescence in-
tensity in the presence of ATP (Figure 3c). Phosphorylation by
PKA was found to yield a 72-fold enhanced uptake of GFP-c-Raf
(Figure 3d), after quantification of MFI at each time point. This
demonstrates that external stimuli can be applied to regulate the
protein composition of coacervates.

The timescale of PKA-mediated uptake of GFP-c-Raf was com-
pared with PKA-mediated uptake of the FITC-labeled peptide
(Figure S18, Supporting Information). It was found that FITC-
c-Raf was taken up more rapidly, with equilibrium reached af-
ter approximately six hours, indicating that diffusion might be
a limiting factor for PKA-mediated uptake of GFP-c-Raf. To as-
sess the importance of diffusion, pre-phosphorylated FITC-c-
Raf, and GFP-c-Raf were added to 14-3-3-loaded coacervates,
and their uptake was analyzed (Figure S19, Supporting Infor-
mation). The peptide was taken up within three hours, whereas
GFP-c-Raf took more than eight hours, which is likely an effect
of size of the clients, as GFP-c-Raf is more favorably charged
(net charge: −9 for the phosphorylated protein) for uptake in
the positively charged coacervates than the FITC peptide (net
charge: −2). This demonstrates that indeed diffusion into coacer-
vates requires more time for the GFP fusion protein, contribut-
ing to its relatively slow PKA-mediated uptake. Next, GFP-c-Raf
pS233/pS259 loaded in coacervates with 14-3-3-His was bleached
in a FRAP experiment to analyze its diffusivity. This yielded a
Dapp of 0.041 ± 0.001 μm2 s−1 (Figure S20, Supporting Infor-
mation), which is in good agreement with the Dapp values for
14-3-3-His and 14-3-3-His-bound FITC-c-Raf pS233/pS259. This

Adv. Mater. 2023, 35, 2300947 2300947 (6 of 11) © 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH

 15214095, 2023, 29, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202300947 by T
echnical U

niversity E
indhoven, W

iley O
nline L

ibrary on [25/07/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



www.advancedsciencenews.com www.advmat.de

Figure 3. Kinase-regulated uptake of GFP-c-Raf. a) Schematic overview of in situ phosphorylation of GFP-c-Raf S233/S259 by non-His-tagged (external)
PKA, leading to uptake of GFP-c-Raf in coacervates based on affinity for 14-3-3-His. b,c) Confocal microscopy images over time showing fluorescence
intensity of GFP-c-Raf and 14-3-3-His in samples with PKA in the absence of ATP (b) and in the presence of ATP (c). GFP-c-Raf (100 nм) was added
to coacervates with 14-3-3-His (100 nм), PKA (15 U μL−1). In the case of (c), ATP (100 μм) was added directly before microscopy. Scale bar: 25 μm.
d) Quantification of fluorescence intensity of GFP-c-Raf over time of experiment (b) and (c). Data were normalized to the intensity at the initial timepoint
and represented as mean ± standard deviation, N ≥ 31 coacervates at each timepoint.

demonstrates that the internal diffusional mobility of the GFP-
fusion protein, much like the FITC-peptide, was mostly governed
by the mobility of 14-3-3-His, and not by the size of the client
species.

Recruitment of client proteins to biomolecular condensates is
typically reversible to allow for both activation and deactivation
of certain signaling pathways or processes.[6] We envisioned that
phosphatase activity would be able to reverse client protein bind-
ing, since binding is in our case based on phosphorylation state.
We, therefore, used a His-tagged construct of the catalytic do-
main of protein phosphatase 1𝛼 (PP1c-His), a Mn2+-dependent
serine/threonine phosphatase, for in-situ dephosphorylation of
the c-Raf pS233/pS259 domain (Figure 4a). PP1c-His was ex-
pressed in good purity, and its activity was analyzed by FA assay in
bulk, showing dephosphorylation of the c-Raf pS233/pS259 pep-
tide (Figures S21 and S22, Supporting Information). It should be
noted that in the FA assay, relatively high concentrations of phos-
phatase were used and full dephosphorylation was not achieved.
Since the c-Raf domain binds to 14-3-3 with a high affinity, it is
hypothesized that dephosphorylation was limited by the dissoci-
ation of the 14-3-3-c-Raf pS233/pS259 complex, which has been
suggested as a general regulatory mechanism of 14-3-3 for its
phosphorylated client proteins.[48,49]

Next, the activity of PP1c-His inside coacervates was analyzed
over time by confocal microscopy. In coacervates loaded with the
complex of 14-3-3-His (100 nм) and GFP-c-Raf pS233/pS259 (100
nм), relatively constant fluorescence was observed over time (Fig-
ure 4b). Upon the addition of PP1c-His (10 nм) directly before mi-
croscopy, a decrease in fluorescence intensity was observed (Fig-
ure 4c). This PP1c-His-mediated release of GFP-c-Raf was quan-
tified (Figure 4d) and found to yield a 29% release of GFP-c-Raf
at the 16 h timepoint. Full dephosphorylation was not observed,
which is in agreement with the results found in the bulk FA assay.
This system demonstrates the reversibility of phospho-regulated
uptake of client proteins. In a control experiment, the release of
FITC-c-Raf pS233/pS259 peptide from 14-3-3-His loaded coacer-
vates by PP1c-His was analyzed over time (Figure S23, Support-
ing Information). The fact that both peptide and protein were re-
leased with similar rates indicated that the limiting step is de-
phosphorylation rather than diffusion.

2.3. Phosphorylation-Regulated Binding of Preloaded Proteins

After demonstrating reversible, affinity-based recruitment of
client proteins to the 14-3-3-scaffold protein in artificial cells, we

Adv. Mater. 2023, 35, 2300947 2300947 (7 of 11) © 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 4. Phosphatase-regulated release of GFP-c-Raf from coacervates loaded with the phosphorylated GFP-c-Raf-14-3-3 complex. a) Schematic
overview of complex dissociation by in situ dephosphorylation of GFP-c-Raf pS233/pS259 after the introduction of PP1c-His, leading to the release
of GFP-c-Raf upon loss of affinity for 14-3-3-His. b,c) Confocal microscopy images over time showing fluorescence intensity of GFP-c-Raf (100 nм) and
14-3-3-His (100 nм) in the absence of PP1c-His (b) and in the presence of PP1c-His (10 nм) (c). PP1c-His was added directly before microscopy. Scale
bars: 25 μm. d) Quantification of fluorescence intensity of GFP-c-Raf over time of the experiments (b) and (c). Data were normalized to the intensity at
the 1 h timepoint because of the settling of coacervates in the first hour. The data are represented as mean ± standard deviation, N ≥ 93 coacervates at
each timepoint.

sought to investigate if 14-3-3 could also be used as a docking
station to bring together two proteins that were already local-
ized in the coacervate for the reconstitution of function. Hence,
a protein complementation assay using the split NanoLuc lu-
ciferase was used, which generates bioluminescence upon com-
plementation of two fusion proteins and conversion of its sub-
strate furimazine.[50] The split luciferase consisted of an 18 kDa
fragment, LgBiT, which was fused to the c-Raf S233/S259 do-
main (LgBiT-c-Raf S233/S259-His, LgBiT-c-Raf-His in short) to
facilitate protein expression and to mimic a full length protein.
The second part of the luciferase, a 1 kDa fragment named Sm-
BiT, was fused to a 14-3-3 dimer, yielding dT14-3-3-SmBiT-His.
Here, a recombinantly linked dimer of 14-3-3 was used to pro-
mote 1:1 split NanoLuc complex formation with bivalent LgBiT-
c-Raf-His. Several variants of the SmBiT have been reported with
a range of affinities for LgBiT. The lowest affinity SmBiT/LgBiT
pair was chosen (KD = 190 μм)[50] to prevent background comple-
mentation induced by affinity between LgBiT and SmBiT rather
than affinity between 14-3-3 and the c-Raf domain. LgBiT-c-Raf

S233/S259-His binds to dT14-3-3-SmBiT-His upon phosphoryla-
tion by PKA, promoting reconstitution of the split NanoLuc by an
increased local concentration of LgBiT and SmBiT (Figure 5a). To
allow phosphorylation inside the coacervates, a His-tagged con-
struct of PKA was designed, which was expressed in good purity
and found to rapidly phosphorylate FITC-c-Raf S233/S259 in an
FA assay (Figures S24 and S25, Supporting Information).

The split NanoLuc assay was evaluated in coacervates using
bioluminescence spectroscopy (Figure 5b). dT14-3-3-SmBiT-His
(250 nм), LgBiT-c-Raf S233/S259-His (250 nм), and PKA-His
(25 nм) were loaded in the coacervates in the presence of ATP
and furimazine. Bioluminescence was enhanced sevenfold in
the PKA-His-containing sample compared to the control sample
without PKA-His. The reaction rate of split-NanoLuc inside the
coacervates was limited by partitioning of the substrate; biolu-
minescence spectroscopy over time revealed a relatively constant
signal in coacervates (Figure S26, Supporting Information). In
bulk solution, a higher initial bioluminescence signal was found,
with rapid decay of the signal over time.

Adv. Mater. 2023, 35, 2300947 2300947 (8 of 11) © 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 5. Split-NanoLuc complementation assay for preloaded interaction partners. a) Schematic overview of coacervates loaded with dT14-3-3-SmBiT-
His, LgBiT-c-Raf S233/S259-His, and PKA-His. Binding between the 14-3-3 and c-Raf domains upon phosphorylation by PKA-His yields complementation
of the split NanoLuc and restores enzymatic activity. Upon the conversion of its substrate furimazine, split NanoLuc generates bioluminescence. b)
Bioluminescence spectroscopy of coacervate samples with dT14-3-3-SmBiT-His (250 nм), LgBiT-c-Raf S233/S259-His (250 nм), and ATP (100 μм), in the
absence or presence of PKA-His. Samples were incubated overnight before furimazine was added (1:240 dilution) and the measurement was started,
with bioluminescence analyzed at 458 ± 12.5 nm. N = 3. c) Bioluminescence microscopy of samples with the same conditions as (b), with bright-field
images as reference (top), and images taken using a DAPI filter without excitation (bottom). Scale bar: 25 μm. Uncropped images are provided in Figure
S28, Supporting Information.

Confocal microscopy and bioluminescence microscopy were
used to verify that functional reconstitution of luciferase actu-
ally occurred within the artificial cells. With the former tech-
nique, it was demonstrated that dT14-3-3-SmBiT-His was taken
up in the coacervates (Figure S27, Supporting Information).
With the latter, a clear bioluminescence signal was observed
from inside the coacervates (Figure 5c; Figures S28 and S29,
Supporting Information), when evaluated alongside the bright-
field images. In accordance with spectroscopy, the sample with
PKA-His showed an enhanced bioluminescence signal in the
micrographs when compared to the control sample without
PKA-His. The heterogeneous distribution of bioluminescence
is likely caused by protein aggregation, which might be ex-
plained by the relatively high local concentration of proteins
and the strong multivalent interactions mediated by 14-3-3. The
protein cargo within those aggregates still yields a biolumines-
cence signal and is therefore thought to be functional despite
aggregation.

With the split NanoLuc system we demonstrate that 14-3-3-
loaded artificial cells are not only capable of reversible, enzyme-
mediated recruitment of client proteins externally, but also in-
ternally, which is even more relevant from a biological perspec-
tive. The dependence of substrate localization on phosphoryla-
tion is reminiscent of PKA regulation, where substrate tether-
ing, independent of the active site, is used to modulate activity
or specificity.[51,52] Likewise, PKA activity can also be regulated by
recruitment to condensates.[15] By showing modulation of kinase
activity and specificity by recruitment of the enzyme and/or the
substrate to condensates. Hence, our system represents an attrac-
tive model to study the principles of natural regulation of kinase
activity in condensates.

3. Conclusion

A coacervate-based artificial cell platform based on amylose-
derived polyelectrolytes was applied to reconstitute native inter-
actions between client peptides and proteins and the 14-3-3 scaf-
fold protein. The interactions of clients and 14-3-3 were depen-
dent on the client’s phosphorylation state, which can be enzymat-
ically regulated using phosphorylation and dephosphorylation
processes. 14-3-3-His was efficiently immobilized in the coacer-
vates, and it was shown that peptide cargo can be recruited to
the coacervates based on its affinity for 14-3-3. Furthermore, a
displacement experiment was used to demonstrate competitive
binding between two peptides governed by their different affin-
ity for 14-3-3. Besides peptides, proteins could be reversibly re-
cruited by in situ phosphorylation using a kinase. Similarly, the
addition of a phosphatase to coacervates led to release of the
client protein upon dephosphorylation. Besides uptake and re-
lease of client proteins into or from the artificial cell platform,
also intracellular organization was induced. For this purpose a
split-luciferase assay was used; the two parts of the enzyme were
preloaded in the coacervate but functionally tethered upon phos-
phorylation and binding to 14-3-3. This demonstrates that kinase
activity and specificity can be regulated by changes in localization
of the enzyme and substrate. This work serves as a model sys-
tem for studying native PPIs, with fundamental potential to study
biophysical phenomena such as regulated client recruitment to
LLPS droplets.

In future work, the mechanisms shown here could be applied
to study dynamically regulated scaffold protein interactions. This
could for example be used in a synthetic signaling context, where
communication between distinct populations of coacervates is
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regulated by PPIs. Applying enzymatically controlled native PPIs
for such synthetic signaling systems could offer insight into the
biophysical phenomena of chemical signaling.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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