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Introduction

Shape transformations in peptide—DNA
coacervates driven by enzyme-catalyzed
deacetylationf

Merlijn H. I. van Haren, 2 Nienke S. Helmers, Luuk Verploegen,
Viveca A. C. Beckers and Evan Spruijt 2 *

Biomolecular condensates formed by liquid—Lliquid phase separation (LLPS) are important organizers of
biochemistry in living cells. Condensate formation can be dynamically regulated, for example, by protein
binding or enzymatic processes. However, how enzymatic reactions can influence condensate shape
and control shape transformations is less well understood. Here, we design a model condensate that
can be formed by the enzymatic deacetylation of a small peptide by sirtuin-3 in the presence of DNA.
Interestingly, upon nucleation condensates initially form gel-like aggregates that gradually transform into
spherical droplets, displaying fusion and wetting. This process is governed by sirtuin-3 concentration,
as more enzyme results in a faster aggregate-to-liquid transformation of the condensates. The counter-
intuitive transformation of gel-like to liquid-like condensates with increasing interaction strength
between the peptide and DNA is recapitulated by forming condensates with different peptides and
nucleic acids at increasing salt concentrations. Close to the critical point where coacervates dissolve,
gel-like aggregates are formed with short double stranded DNA, but not with single stranded DNA
or weakly binding peptides, even though the coacervate salt resistance is similar. At lower salt
concentrations the interaction strength increases, and spherical, liquid-like condensates are formed. We
attribute this behavior to bending of the DNA by oppositely charged peptides, which becomes stronger
as the system moves further into the two-phase region. Overall, this work shows that enzymes can
induce shape transformations of condensates and that condensate material properties do not
necessarily reveal their stability.

regulators of BMC formation, as they adjust post-translational
modifications (PTMs) of the proteins forming BMCs.*

Life requires the presence of physically separated compart-
ments that isolate molecules and reactions. Cells achieve this
with organelles that are separated from their environment by
lipid bilayers, or by formation of phase separated biomolecular
condensates (BMCs)." Examples of these condensates include
stress granules, Cajal bodies and the nucleolus, which are often
formed by proteins and nucleic acids.> BMCs offer advantages
compared to membrane-bound organelles: they are dyna-
mic and their formation and dissolution can be regulated by
enzymes or local changes under environmental conditions,
which could be beneficial for cellular processes, such as the
sequestration of proteins or substrates.” Enzymes are key
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Coacervates are frequently used as in vitro models that
mimic specific aspects of BMCs found in living cells, as the
liquid-liquid phase separation (LLPS) underlying coacervate
formation is also responsible for the formation of BMCs.>®
Coacervates can be formed by proteins and nucleic acids based
on associative and segregative interactions. By studying enzy-
matic reactions in coacervates, processes such as nucleation
or growth of BMCs can be characterized.” Various enzymatic
reactions have been used to induce coacervation, such as
phosphorylation of peptides and nucleotides or the polymer-
ization of RNA.*'? These enzymatic reactions increase the
associative interactions between the positively and negatively
charged biomolecules, leading to a more stable coacervate.>"?

Previously, it has been shown how phosphorylation and
dephosphorylation of serine residues can dissolve and induce
formation of peptide/RNA coacervates.® The phosphorylation
of ADP has also been used to induce phase separation with
a lysine-rich elastin-like protein and create actively growing
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droplets, in which the growth speed could be tuned by the
enzyme concentration.'® In this case, coacervate droplets were
spherical from the moment they could be observed and
remained spherical and liquid-like throughout the reaction.
Another enzymatic reaction that gives rise to phase separation,
the polymerization of RNA, was found to give rise to transient
nonspherical coacervates that slowly relaxed to spherical
coacervates.”> It was shown that the enzyme activity was
correlated with the extent to which coacervates were driven
out of equilibrium and the deviation from sphericity. However,
the unknown coupling between enzymatic activity and the
viscoelastic material properties of the coacervates precluded a
simple explanation for this observation."?

In addition to phosphorylation, another important PTM in
biochemistry that can potentially impact the phase separation
propensity of biomolecules is lysine acetylation. Acetylation of
lysine side chains, which neutralizes the positively charged
amine group, results in weaker associative interactions with
negatively charged biomolecules and an inhibitory effect on
complex coacervation.'® The acetylation state of certain pro-
teins has been shown to have an effect on LLPS, as the presence
of acetylated lysine residues disfavors phase separation of Tau
and DDX3.">'® For synthetic complex coacervates like chitosan/
hyaluronic acid, an increasing degree of deacetylation for
chitosan promotes its ability to form coacervates with hyaluro-
nic acid.'” Most research on the acetylation state of lysine
residues has been performed in the field of chromatin research,
in which the acetylation state of histone tails determines the
conformation of the DNA wrapping chromatin. When histone
tails are acetylated, the DNA is in an open state and can be
transcribed, while deacetylated tails result in more condensed
chromatin. It has been speculated that condensate formation is
involved in the recruitment of certain transcription factors to
the accessible DNA, possibly linking the acetylation state of
histone tails to phase separation. Regarding this, it has been
shown that histone H1 can form condensates in vitro and
in vivo with single and double stranded DNA.'®'® The N-terminal
histone tail H3 can also undergo LLPS with DNA, depending on
which lysine residues are acetylated.*® Moreover, interactions of H3
with DNA can stabilize the double stranded duplex.”® Together, this
research shows that the acetylation state of histones and other
proteins can be important for phase separation. However, active
deacetylation of histone tail peptides has not been investigated in
detail, and it remains unknown how condensates emerge and
develop from this process.

Here, we investigate the effect of enzyme-catalyzed deacety-
lation of model histone tail peptides on their phase separation
with double stranded DNA (dsDNA). We use sirtuin-3 (SIRT3),
which is an NAD'-dependent deacetylase, to cleave the acetyl
groups of designer peptide substrates and recover the positively
charged lysine side chain. We found that the peptides without
acetyl groups formed more stable coacervates with dsDNA
because of their stronger associative interactions. When obser-
ving the deacetylation process using microscopy, we found
that nucleation of condensates started with the formation of
gel-like aggregates. Surprisingly, these aggregate-like structures
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gradually liquefied during the reaction and turned into sphe-
rical coacervates. We investigated these shape transformations
and found that counterintuitively, aggregate-like structures
form close to the coacervate salt resistance as a result of
screening of the associative interactions between the positively
charged peptides and dsDNA.

Experimental
Materials and methods

All chemicals and reagents were used as received from com-
mercial suppliers unless stated otherwise. Milli-Q water
(i.e., ultrapure deionized water, 18.2 MQ cm) from Millipore
Corporation was used. The following chemicals were purchased
from Sigma-Aldrich: volumetric 1.0 M sodium hydroxide, HEPES,
low molecular weight DNA from salmon sperm, NAD', DTT, NaCl,
poly-uridylic acid potassium salt, PDDA, protamine sulfate
(grade X), and complete EDTA-free Protease Inhibitor Cocktail.
The following oligopeptides were purchased from Alamanda
Polymers: poly-i-lysine hydrobromide (MW = 4200 Da, 20-mer),
poly-L-lysine hydrobromide (MW = 21000 Da, 100-mer), poly-t-
aspartic acid sodium salt (MW = 1400 Da, 10-mer), poly-L-
aspartic acid sodium salt (MW = 14000 Da, 100-mer),
poly-L-arginine hydrochloride (MW = 1900 Da, 10-mer), and
poly-t-arginine hydrochloride (MW = 5700 Da, 30-mer). Pep-
tides GRK,.RG, GRK, . RGRK,.RG, FAM-GRK,.RGRK,.RG, and
(KKacASL)3 and complementary DNA sequences ACTGACT-
GACTGACTGACTGACTG and CAGTCAGTCAGTCAGTCAGTC
AGT-Cy5 were obtained from GenScript. Peptide SRRRR was
ordered from CASLO ApS as a trifluoroacetate salt. SIRT3L-12
was a gift from John Denu (Addgene plasmid # 13736; https://
n2t.net/addgene:13736; RRID:Addgene_13736) Adenosine
5'-triphosphate disodium salt was purchased from Bio-Connect.
pLL-¢{3.5]-PEG was purchased from SuSoS. Alexa Fluor™ 555 NHS
ester was bought from Thermo Fisher. ELP-K;,, which is a fusion
protein of GFP and an elastin-like sequence [VPGKG],,, was
expressed and purified as described in previous work."

SIRT3 expression and labeling

A procedure previously described by Hallows et al. was adapted
for SIRT3 expression. E. coli BL21 (DE3) cells were transformed
with a pQE-80 SIRT3L-12 plasmid containing ampicillin resis-
tance using a standard heat-shock protocol.>* Overnight cul-
tures were used to inoculate large flasks containing 2x YT
medium (32 g of tryptone, 10 g of yeast extract, 5 g of NaCl
in 1 L of MilliQ water, and pH 7.0) supplemented with
0.10 mg mL~' ampicillin. Cells were grown at 37 °C till an
optical density ODg(, of 0.7 was reached. IPTG was added to a
final concentration of 1.0 mM and the cultures were shaken at
250 rpm at 25 °C for 8 hours and cooled to 4 °C overnight, after
which the cells were harvested by centrifugation. The pellet
was resuspended in lysis buffer (50 mM Tris-HCl pH 7.5,
250 mM NaCl, 20 mM imidazole, 1.0 mM B-mercaptoethanol)
and 1 tablet of complete EDTA-free Protease Inhibitor Cocktail
(Roche) per 10 g of cells. The resuspended cells were lysed

This journal is © The Royal Society of Chemistry 2024
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using a homogenizer. The lysate was centrifuged (45000 X g,
30 min, 4 °C) and the clarified supernatant was loaded onto
a 5 mL HisTrap FF column (Cytiva, Marlborough, Ma, USA).
After loading, the column was washed with 50 mL of lysis
buffer, and SIRT3 was eluted using elution buffer (50 mM
Tris-HCl, pH 7.5, 250 mM NacCl, 1.0 mM B-mercaptoethanol,
and 500 mM imidazole). The eluted protein was dialyzed
against storage buffer (25 mM Tris-HCI pH 8.0, 100 mM NaCl
and 1.0 mM B-mercaptoethanol) and concentrated to 25.4 uM
using a centrifugal filter (MWCO 10 kDa, 15 mL, Amicon,
Merck) at 500 x g at 4 °C. Aliquots were frozen at —80 °C until
further use.

The purified SIRT3 was labeled using AlexaFluor™ 555 NHS
Ester (Thermo Fisher Scientific) following a previously estab-
lished protocol.>* Excess dye was removed using a centrifugal
filter (MWCO 10 kDa, 2 mL, Amicon, Merck) at 500 x g at 4 °C
and washed with storage buffer until the flow-through con-
tained no more free dye. The final concentration of the protein
was measured using a NanoDrop OneC. A labeled SIRT3 stock
was then mixed with an unlabeled protein in a 1:9 ratio of
labeled to unlabeled protein, which was used for localization
experiments.

Deacetylation analysis of peptides

Samples with varying amounts of SIRT3 (100 nM-2.5 uM
SIRT3), acetylated peptide (100 pM-2.0 mM), NAD" (0 or
10 mM) and dsDNA (0 or 1.0 mg mL™ ") were incubated at
room temperature or 37 °C and aliquots were taken at various
timepoints. The aliquots were diluted 10x, filtered and char-
acterized using analytic LC-MS using a Thermo LCQ Fleet with
electrospray ionization in combination with a Shimadzu Biflex
MALDI-TOF (Bruker Daltonik, Bremen, Germany) and an
a-cyano-4-hydroxycinnamic acid matrix.

Coacervate formation

All experiments were performed in HEPES buffer (final concen-
tration 50 mM, pH 7.4) containing 1.0 mM DTT. Coacervates
were formed by subsequently adding NaCl, NAD", SIRT3, poly-
anion and polycation to the buffer. NaCl, NAD" and SIRT3 were
only added when applicable and in various concentrations.
Mixing was done by vortexing for 10 seconds at 2800 rpm,
except for samples containing SIRT3, in which case mixing was
done by pipetting up and down three times.

Coacervate salt resistance

The salt resistance of coacervates was assessed using a com-
monly used turbidity assay, combined with microscopy. 50 uL
coacervate suspensions containing 2.0 mM peptide and a
varying concentration of dsDNA in HEPES buffer (pH 7.4, final
concentration 50 mM) with 10 mM NAD" and 1.0 mM DTT were
added to 384-well plates (Greiner Bio-one, clear flat bottom)
and absorbance at 600 nm was measured using a microplate
reader (Tecan Spark M10) equipped with an automated injector.
After every readout, 2.0 puL of NaCl solution (500 mM) was
added to the coacervate suspensions and the samples were
mixed by shaking for 5 s. A total of 20 readouts were made, and
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all measurements were made in triplicate. Turbidity was calcu-
lated as 100 — T, with Ty, being the fraction of transmitted
light at 600 nm, calculated as Ty, = I/I, x 100% = 10 4P x
100%, where Abs is the measured absorbance at 600 nm of the
sample minus the absorbance at 600 nm of a solution contain-
ing 50 uL of HEPES buffer. Turbidity curves as a function of the
NaCl concentration were fitted to a Hill equation, following
previous reports by Keating and co-workers:>*** T([Na']) =
Timax(1/(([Na']/CSR)" + 1)) using a custom MATLAB script, where
T is the turbidity, Thax is the maximum recorded turbidity at
0 mM NacCl, CSR is the NaCl resistance of the coacervate, which
was defined as the concentration at the one-half y-maximum
and n is the fitting parameter ranging from 2 to 20, similar to
previous reports.”>** The mean salt resistance and standard
deviation were calculated by taking an average of the three CSR
values resulting from the fit.

Image and video acquisition

Coacervate samples were imaged on p-Slide 18 well slides (glass
bottom, Ibidi) and reaction samples on p-Slide VI 0.4 slides
(polymer coverslip, Ibidi), all of which were cleaned with an
oxygen plasma cleaner, incubated for 24 h with 0.10 mg mL ™"
pLL-g{3.5]-PEG (SuSoS, Diibendorf, Switzerland) dissolved in
10 mM HEPES, pH 8.0, and then washed and dried with Milli-Q
water and pressurized air, respectively. Before image acquisi-
tion, 50 puL coacervate samples were incubated for 1 h to allow
droplets to coalesce and settle on the glass surface. 100 pL of
enzyme reaction samples were imaged immediately after the
addition of the peptide. The samples were imaged using an
Olympus IX83 inverted fluorescence microscope equipped with
a motorized stage (TANGO, Mérzhéuser) and LED light source
(pE-4000 CoolLED). The images were recorded using a 40x
universal plan fluorite objective (WD 0.51 mm, NA 0.75, Olympus)
with a temperature controlled CMOS camera (Hamamatsu
Orca-Flash 4.0).

Circularity calculations

Microscopy images and videos were processed and analysed
using the MATLAB 2021 Image Processing Toolbox. Objects
smaller than 1000 pixels were excluded from the analysis to
avoid false positives caused by dust grains, and the area was
extracted for every object in each frame. For circularity calcula-
tions, the perimeter of each object was calculated by taking the
sum of all pixels that were directly adjacent to the dilute phase
plus half the sum of all pixels that were only diagonally
adjacent to the dilute phase. The circularity of the object cross
section was then calculated as circularity = 4mA/P?, where 4 is
the area of the object and P is the perimeter. Subsequently, a
mean circularity and a standard deviation for each frame were
calculated.

Localization and FRAP measurements

To determine the partition coefficients of coacervate constituents,
a Leica SP8x confocal inverted microscope (Leica Microsystems,
Germany) equipped with a DMi8 CS motorized stage, a pulsed
white light laser, 2 PMT detectors, HyD SP GaAsP detectors and a
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Leica DRC7000 GT monochrome camera was used. All images
were recorded using an HC PLAPO 63x oil immersion objective
(WD 0.14 mm, NA 1.4) and a HyD detector in the emission range
of the used fluorophore. Samples were prepared with a final
concentration of 2 mM GRK2, 1 mg mL ™' dsDNA, 10 mM NAD",
1 mM DTT, 1 uM SIRT3 and 50 mM HEPES pH 7.4. For each
probed molecule, individual samples were prepared, one using
5% FAM-GRK2, one using an additional 10 uM [ACTG]s and
10 pM [CAGT]e-Cy5, and one using 10% SIRT3-Alexa555. For
each sample, three images were recorded and three background
images were taken using a sample containing the described
mixture, without any fluorescent molecules while using the
same laser intensities used for recording the labeled molecules.
Partition coefficients for each droplet were calculated using the
following formula: Kp = (I. — Irg)/(Ia — Ing), Where I is the mean
fluorescence intensity of a single coacervate, Iy is the mean
fluorescence intensity of the image with all of the coacervates
removed, and I, is the mean fluorescence intensity of the
background image, which did not contain labeled molecules.
The mean Kp and standard deviation were calculated by
taking the average Kp of all condensates from the three recorded
images.

For FRAP analysis, time-lapse videos were recorded using a
CSU X-1 Yokogawa spinning disk confocal unit attached to an
Olympus IX81 inverted microscope. Imaging was conducted
with a x100 piezo-driven oil immersion objective (NA 1.3) and
488 nm laser line. Emission was captured using an Andor iXon
EMCCD camera, acquiring 120 frames per minute. Photo-
bleaching was performed by selecting a small region of interest
in the center of a condensed droplet, using the 488 nm laser
line set to 100% power for 100 pulses of 100 ps each. Recovery
was subsequently imaged at 10% laser intensity. Recovery
profiles were analyzed using a custom MATLAB script, in which
fluorescence intensities were normalized and fitted to an
exponential decay function f(¢) = A(1 — e %) + C, following
the previous literature.>>?® The recovery half-life was calculated
as In(2)/b, and the maximum recovered fraction fluorescence
intensity was (A + C) x 100%.

Results and discussion

To investigate whether coacervation could be driven by deacety-
lation, we selected the enzyme sirtuin-3 (SIRT3), which is an
NAD'-dependent deacetylase originally found in the mito-
chondrial matrix of mammalian cells. SIRT3 acts on multiple
acetylated substrates in vivo, though it can also use small
synthetic acetylated peptides as substrates, using NAD" as a
cofactor, and yielding a deacetylated peptide, nicotinamide and
O-acetyl-ADP-ribose (OAADPr) as products.>”*® Deacetylation of
acetylated lysine residues of a peptide substrate will increase
its charge, which promotes phase separation with negatively
charged DNA (Fig. 1a). Three positively charged acetylated
peptides had been selected for the deacetylation assay: GRKA.RG
(GRK1,,.), which is a known substrate of SIRT3,”® an elongated
version GRK,.RGRK,.RG (GRK2,.), and a lysine-rich polypeptide
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[KKAASL]; (KKASL3 ) (Fig. 1b). The protein was expressed using
BL(21)DE3 E. coli transformed with a plasmid containing the
SIRT3 gene using IPTG induction, and purified with a Ni-NTA
affinity column to yield a 83% pure protein based on gel
intensity (Fig. 1c).”' The ability of SIRT3 to deacetylate these
peptides was investigated by incubating varying concentrations
of the enzyme with the peptide substrate and NAD'. For KKASL3
and GRK2, mono-, di- and tri-deacetylated (when applicable)
forms were found after incubation for 7 hours (Fig. S1, ESI{). For
GRK1, the deacetylated peptide could not be detected, as its m/z
value was lower than the detection limit. Next, the reaction was
performed in the presence of short double stranded DNA
(dsDNA), and again deacetylated forms of KKASL3 and GRK2
were detected, indicating that our selected substrates are recog-
nized by SIRT3 and dsDNA does not substantially inhibit the
deacetylation reaction (Fig. 1d).

To investigate the ability of these peptides to form complex
coacervates, KKASL3,. and GRK2,. were mixed with dsDNA at
different ratios. Additionally, the reaction mixtures of both
peptides after incubation with the enzyme were mixed at the
same ratios with dsDNA. GRK2 was able to phase separate with
dsDNA before and after incubation with SIRT3, whereas
KKASL3 did not phase separate (Fig. S2, ESIf). It has been
shown that arginine residues that are not present in KKASL3
interact stronger with nucleobases than lysine residues and
that arginine has a higher stabilizing effect on complex coa-
cervate formation.’®?' Additionally, KKASL3,. needs to have
three acetyl groups removed before it reaches a +6 charge, while
GRK2,. only contains two acetyl groups. Subsequently, the
coacervate salt resistance (CSR) of each sample was determined
by measuring the turbidity at 600 nm during a sodium chloride
titration. The turbidity data were fitted with a Hill equation,
and the parameter indicating the half-maximum was taken as
the CSR (Fig. S3, ESIT). GRK2 formed coacervates with dsDNA,
and samples that were incubated with SIRT3 had a higher CSR,
likely resulting from the positively charged lysine residues
after the deacetylation reaction. A phase diagram for GRK2
and dsDNA was constructed, which clearly depicts the stability
difference between the coacervates before and after the enzy-
matic reaction (Fig. 1e).

Having established that the deacetylation reaction can lead
to GRK2/dsDNA coacervates with a higher salt resistance,
we decided to follow the reaction using microscopy. A reaction
composition at 60 mM NaCl was selected, where dsDNA forms
coacervates with the deacetylated peptide but not with the
acetylated form according to Fig. 1e. At the start of the reaction,
a dilute solution containing aggregate-like structures was
observed. Over the course of the reaction, these aggregates
grew in size, became more rounded and finally transformed
into spherical droplets that displayed fusion and wetting
(Fig. 2a). This process is remarkable, as a regular LLPS process
involves nucleation of spherical droplets, and fusion of these
droplets into larger spherical droplets.*>** As the deacetylation
reaction increases the associative interactions between GRK2
and dsDNA, the CSR becomes higher and LLPS of GRK2 and
dsDNA occurs. Non-active model systems have shown that

This journal is © The Royal Society of Chemistry 2024
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(a) Schematic design of coacervation induced by deacetylation, SIRT3 (yellow) deacetylates peptide substrates (black), which results in a more

positively charged peptide (red) that phase separates with dsDNA (blue, green) to form condensates. (b) Peptides GRK1 (top, m = 1, sequence: GRKRG),
GRK2 (top, m = 2, sequence: GRKRGRKRG) and KKASL3 (bottom, sequence: KKASLKKASLKKASL) used to assess the activity of SIRT3. Incubation of the
peptide with the enzyme and NAD™ leads to deacetylation of the acetylated lysine side chains and formation of O-AADPR. Positively charged residues are
colored red. (c) SIRT3 purified by Ni-NTA affinity chromatography resolved by SDS/PAGE and detected by Coomassie, the calculated weight for SIRT3 is
33.4 kDa. (d) Mass spectrum of deacetylated KKASL3 (M + H* = 1601.9) after 8 h of incubation with SIRT3 and NAD*. (e) Phase diagram of GRK2,. before
(light blue) and after (dark blue) the deacetylation reaction with SIRT3. Shaded regions indicate standard deviation (n = 3). Mixture contains 2 mM GRK2,
10 mM NAD™, 1 mM DTT and 2.5 uM SIRT3 in 50 mM HEPES pH 7.4. For the pre-reaction sample, SIRT3 was incubated at 95 °C to ensure denaturation of

the enzyme.

increasing the interaction strength between two attracted spe-
cies by increasing multivalent interaction sites can lead to
aggregate formation.>® For example, poly-i-lysine and poly-1-
arginine with a length of 30 (K3, and Ry, respectively) form

This journal is © The Royal Society of Chemistry 2024

liquid droplets with ATP, while K;oo and Ry, form solid
aggregates, presumably because the associative interactions
are so strong that irreversible bonds are formed.>®> However,
here the opposite happens, as the deacetylation reaction
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Fig. 2 (a) Formation of amorphous gel-like condensates of GRK2. and dsDNA resulting from the deacetylation reaction. Over time, the gels relax and

get a spherical shape, indicative of liquid droplets. (b) Circularity of condensates formed during the reaction at different SIRT3 concentrations. Points are
mean circularities and shaded areas indicate the standard deviation. (c) The time it takes to reach spherical droplets decreases with a higher SIRT3
concentration. (d) GRK2, SIRT3 and dsDNA all localize to the coacervate phase. Molecules were labeled and their partition coefficient (Kp) was calculated
by their relative fluorescence intensity inside the coacervate phase compared to the dilute phase. Mixtures contain 2 mM GRK2, 10 mM NAD*, 1 mM DTT,
60 mM NaCl and varying SIRT3 concentrations in 50 mM HEPES pH 7.4. Scale bars are 10 pm.

increases the multivalent interactions and amorphous gel-like
aggregates slowly transform into spherical liquid droplets over
the course of hours (Fig. 2a and Movie S1, ESIt). This process is
driven by the enzymatic reaction, as samples without cofactor
NAD' or inactive SIRT3 show no shape transformation of the
amorphous gel-like structures (Fig. S4, ESIt).

To study whether this shape transformation was dependent
on the deacetylation reaction, we performed the reaction with
varying concentration of SIRT3 (Fig. S5, ESIT). By calculating
the circularity of the structures (circularity = 4n4/P*), the speed
at which shape transformations occur can be quantified."”
A higher concentration of SIRT3 increases the speed at which
structures form and how they liquefy to spherical droplets
(circularity = 1), indicating that the enzyme drives this trans-
formation process (Fig. 2b). Here, the deacetylation reaction
driven by SIRT3 increases the interactions between GRK2
and dsDNA by increasing multivalent positive stickers in the
peptide.

Nonspherical enzyme-driven coacervates have been reported
before by Spoelstra et al., where they reported a system that
polymerizes short polyU RNA into long RNA.'* This reaction
starts off with structures looking similar to the Fig. 2a, which
liquefy during the polymerization reaction. At high PNPase
concentrations, coacervates were less spherical at the start of
the reaction but reached a round shape in a similar time as
low PNPase concentrations. Additionally, when the substrate
concentration of UDP increased, condensates started out less
spherical than low concentrations and took longer to reach a
circular shape.'” The transformation we observe in the SIRT3
system is different, as coacervates with 2.5 uM SIRT3 reach a
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circular droplet state within 4 hours, while it takes around
7.5 hours for droplets with a lower enzyme concentration of
1.5 pM (Fig. 2c). Moreover, when we used inactivated enzymes
or no NAD", droplets remained nonspherical for 48 hours
(Fig. S4, ESIY).

To determine which molecules are enriched in the conden-
sates with respect to the aqueous phase, we calculated the
partition coefficient (Kp) of GRK2, dsDNA and SIRT3 by labeling
them with fluorescent probes. Using confocal microscopy,
FAM-GRK2 and a 24-mer dsDNA labeled with Cy5 at the
3’ end were homogeneously localized to the coacervate phase
with a Kp of 6.46 &+ 0.16 and 50.43 + 3.21, respectively (Fig. 2d).
SIRT3 was labeled with an Alexa555-NHS ester, and localized to
the coacervate phase with a Kp of 6.03 £ 0.40, albeit slightly less
homogeneous. Brightened spots were found around the inter-
face of the droplets, indicating a slight preference of the protein
for the coacervate interface. However, it is also possible that the
bright spots are aggregated clusters of SIRT3, as we observed
that the protein has a tendency to stay in insoluble fractions
during purification. These results show that the droplets we
form consist mostly of GRK2 and dsDNA and that the enzyme is
present inside the coacervates.

As the GRK2/dsDNA shape transformations are different
than the ones observed in the PNPase reaction, we have to
consider what happens to molecules constituting the coacer-
vate during the deacetylation reaction. As the reaction pro-
gresses, the system phase separates at its CSR and transitions
to a composition at which coacervates are significantly more
stable (Fig. 1e). Because of this, we investigated GRK2,./dsDNA
condensates at increasing salt concentrations. As the NaCl

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sm01091d

Open Access Article. Published on 11 November 2024. Downloaded on 12/9/2025 4:55:47 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Soft Matter

View Article Online

Paper

a 0 mM NaCl 60 mM NaCl 70 mM NaCl 80mMNaCl b _ - )
:)) 71' )’ ] ] P X ‘_’. e . .E,‘ 10' ( % !‘ ’Q‘
1002 O 0g kS \e, \%/ ‘8:‘\
® ® ,y) o - L ,oc‘,
e @) f;\ . . h :\\ § 0.51 19“ [ ; \
f)) ) 2 | § . L2 O g : & )
OORT FOR : '
"®® — © : 0.01— . . :
o9 -{at s - 0 60 70 80
c NaCl (mM)
o d
; Kao/dsDNA ELP-K2/dsDNA SRRRR/dsDNA
€
o
(&)
©
Zz
=
S
o
©
_ e
- _ 1.0 @ o 7
F e < = Al | °
e S § L
— S ] \ & ‘©
€ 0.21 0 mM Nacl 205 g\
o= " (@] &
3 3
0073 10 20 O e e o e ot
NVESIVE R\ 00?* Q@0 X @
Time (s) N S ?(o\")«\

Fig. 3

(a) GRK24./dsDNA coacervates form gel-like structures near their coacervate salt resistance. (b) Circularities of GRK2/dsDNA coacervates at

increasing NaCl concentrations. (c) FRAP measurements of GRK2,./dsDNA coacervates at no salt and 60 mM NaCl. The recovery half-life at 0 mM NaCl
was 3.07 seconds, while at 60 mM, it took 12.5 seconds to reach half-maximum recovery. Data were fitted with an exponential decay function f(t) =
Al — e ®) + C. (d) dsDNA forms nonspherical coacervates with K»o, ELP-K, and SRRRR near their CSR. (e) Circularities of dsDNA coacervates near their
CSR. Rjp and protamine form circular droplets, while other polycations form nonspherical droplets. When interactions between polycation and dsDNA
are relatively strong, no gel-like aggregates are found. Scale bars are 10 um.

concentration increases, droplets seem to become more gel-like
and slowly fuse (Fig. 3a), indicating that the gel-to-condensate
transition is an inherent property of GRK2,./dsDNA coacervates
and not caused by the presence of an enzymatic deacetylation
reaction. Additionally, the circularity of coacervates becomes
lower, which indicates that these droplets have a higher viscosity
(Fig. 3b).

To probe the fluidity of these coacervates, we used fluores-
cence recovery after photobleaching (FRAP) and measured the
diffusion of FAM-GRK2,. at low and high NaCl concentrations.>®
For both samples, vacuoles formed the moment the condensates
were bleached (Fig. 3c). These vacuoles did not hinder the
recovery analysis, and dissipated away by fusing, shrinking, or
moving to the edge of the coacervate. At 0 mM NacCl, coacervates
were more spherical and recovered faster, with a recovery half-life
of 3.07 seconds compared to 60 mM NaCl, where the coacervates
had a recovery half-life of 12.5 seconds. Under both conditions,
the droplets only recovered to approximately 50% of their original
fluorescence intensity as the bleached area was relatively large
compared to the droplet area, indicating that exchange from
the dilute phase to the condensate phase is substantially slower

This journal is © The Royal Society of Chemistry 2024

than diffusion within the condensate phase. The lower circu-
larity and diffusion coefficient of FAM-GRK2,. show that the
droplets at higher salt are more gel-like. This is the opposite of
what is expected in complex coacervates: increasing salt con-
centrations leads to electrostatic screening, resulting in weaker
associative interactions and a lower viscosity.'>***® GRK2 and
dsDNA form complex coacervates based on electrostatic inter-
actions and cation-pi stacking, both of which would be reduced
by the increasing salt concentration.

To investigate whether the structures were caused by the
presence of GRK2, dsDNA, or both, we replaced them with
other polycations and polyanions, respectively. When dsDNA
was replaced by polyU, polyA, D;qo Or E;00, Spherical coacervates
formed by complexation with GRK2 and no gel-like structures
were found when the salt concentration was increased until
the droplets dissolved (Fig. S6, ESIt). As none of the tested
GRK2/polyanion combinations formed nonspherical coacer-
vates, we conclude that the nonspherical structures are not
caused by the presence of GRK2. We then investigated the role
of dsDNA by exploring its phase separating behavior with a
variety of positively charged macromolecules at increasing NaCl

Soft Matter, 2024, 20, 9493-9502 | 9499
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concentrations. For several polycations, such as K,o, ELP-K;,,
a positively charged elastin-like polypeptide containing 72
repeats of VPGKG, the peptide SRRRR, and polydiallyldimethyl-
ammonium chloride (PDDA) we found nonspherical structures
just below the coacervate salt resistance (Fig. 3d and Fig. S7,
ESIT). However, other polycations with higher charge densities,
such as protamine, R;y, and Rz, never formed nonspherical
coacervates with dsDNA and only reduced in size with increas-
ing salt concentrations (Fig. 3e). Comparing the differences
between the polycations that are able to form nonspherical
coacervates and ones that are not, the polycations that only
form spherical coacervates have stronger interactions with
dsDNA. Protamine, R;, and Rz, consist of mainly arginine
residues, which have been shown to form strong bonds with
nucleotides.*® SRRRR also consists of mainly arginine residues,
but is shorter and can sustain fewer multivalent interactions
with the dsDNA.>* These results point to a mechanism in which
the polycation-dsDNA interaction strength determines the mor-
phology of the coacervates that form. During the SIRT3-induced
shape transformation shown in Fig. 2, the same mechanism
can explain the observed shape transformation. SIRT3 slowly
converts GRK2,., which forms gel-like structures with dsDNA,
to GRK2, which interacts more strongly with dsDNA and is able
to induce sufficient DNA bending to liquefy the peptide/dsDNA
condensates, resulting in spherical liquid droplets.

Previously, it has been shown how associative LLPS can
induce solubilization of dsDNA precipitates.>” This process
can be considered by the charge neutralization that occurs
when complex coacervation is induced. Polyelectrolytes consti-
tuting the coacervate may need to bend to maximize charge
neutralization, which requires sufficiently strong associative
interactions. When dsDNA is complexed with positively charged
peptides, the rigid molecules can bend in order to achieve
maximal charge neutralization, which leads to a liquid phase.*®
These observations could explain the gel-like structures near
the CSR of the condensates, as salt screens the electrostatic
interactions and weakens the peptide complexation with dsDNA,
leading to non-bended nucleic acid, which tends to form
aggregate-like structures. At low salt concentrations, the inter-
actions are not screened and the associative interactions are

a  Low[NaCl]
Strong polycations

High [NaCl]
Strong polycations

b Low [NaCl]

View Article Online

Soft Matter

strong enough to induce complete charge neutralization. Poly-
cations such as protamine, Ry, and R;, have very strong
interactions with dsDNA, as the arginine residues can form
cation-pi bonds with the nucleobases and ionic bonds with the
phosphate backbone. Even at NaCl concentrations near the
CSR, these peptides still have enough interactions to bend the
dsDNA and keep it condensed (Fig. 4a). The other amine-based
polycations (Ko, PDDA and ELP-K;,) all have weaker inter-
actions with dsDNA and at a high enough NaCl concentration,
the associative interactions weaken enough to not fully neu-
tralize all the dsDNA, leading to gelation. The peptides SRRRR
and GRK2 do contain arginine residues, however are either too
short or have a low charge density, which leads to weaker
interactions. These weaker polycations are not able to fully
bend dsDNA near the CSR, leading to the formation of gel-like
aggregates (Fig. 4b).

Additionally, dsDNA has been shown to form liquid crystal
phases in complex coacervates.*’*° As the gel-like aggregates
found are reminiscent of the liquid crystalline structures
found, we studied GRK2/dsDNA coacervates at different NaCl
concentrations using polarized light microscopy. No combi-
nation we tested showed any birefringent signals. A reason for
this is that the liquid crystal phases observed by Fraccia et al.
were mostly present at low salt concentrations, whereas high
NaCl concentrations resulted in liquid droplets.*®

In a biological context, our findings on deacetylation of
lysine residues inducing phase separation with dsDNA could
have implications on histone dynamics. It has been shown that
several actively transcribed genes have hyperacetylated his-
tones, which indicates a role for histone acetylation facilitating
transcription.*® It would be interesting to compare the RNA
transcription in DNA coacervates containing acetylated and
deacetylated histones. It has been shown that coacervation
of cell lysate can enhance the transcription rate of T7 RNA
polymerase, though these coacervates consist mostly of poly-
ethylene glycol.* In complex coacervates, it has been shown
that ELP-K;,/DNA coacervates can support in vitro transcription
and a translation reaction, though it was the only working
system out of the eight tested.*> The histone H1 protein can
form coacervates with dsDNA and the phosphorylation state of

High [NaCl]

Weak polycations Weak polycations

Fig. 4 Schematic overview of complex dsDNA coacervates. (a) Strong polycations, such as Rig and protamine can bend dsDNA at high and low salt
concentrations to maximize charge neutralization, resulting in spherical liquid condensates. (b) Weak polycations, such as GRK2ac, Ko and PDDA cannot
bend dsDNA at high salt concentrations, resulting in spherical condensates with low salt and gel-like aggregates at high salt concentrations.
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the histone peptides could influence DNA partitioning.'® These
model systems could aid in the design of bottom-up phase-
separated transcription hubs, where peptide-DNA interactions
are regulated by enzymatically driven PTMs.

In a material science context, our results indicate that shape
transformations and concomitant changes in material proper-
ties from gel-like to liquid-like can be controlled by a balance
between intermolecular interaction strength (governed by
charge density, salt concentration, pH and temperature), and
the energy required to induce bending of the condensate
components, which depend mostly on the molecular structure.
Besides double stranded DNA, other polyanions or supramole-
cular polymers with comparable persistence lengths, such as
dsRNA, noncrosslinked diacetylene filaments, intermediate
protein filaments (IF), and FtsZ filaments, may also display
the same behavior. It would be interesting to investigate the
required degree of bending of DNA or other polymers for a gel-
to-liquid transformation, for instance, by molecular dynamics
simulations.

Conclusions

We have shown that enzymatically driven deacetylation can be
used to induce complex coacervation of DNA with a small
acetylated peptide substrate. The GRK2/dsDNA coacervates
appeared gel-like close to their coacervate salt resistance and
turned more liquid-like and spherical during the deacetylation
reaction. This process could be controlled by the enzyme
concentration, as a high SIRT3 concentration led to coacervate
formation in 4 h, while a low concentration required 10 h. FRAP
measurements confirmed that GRK2/dsDNA coacervates were
gel-like at high salt concentration, as the time to half-maximum
fluorescence recovery was four times as long for coacervates at
high salt concentrations compared to low salt concentrations.
The gel-like droplets were a result of the dsDNA, as GRK2 always
formed spherical condensates when dsDNA was substituted with
other polyanions. However, when coacervates were prepared with
other polycations and dsDNA, gel-like structures similar to GRK2/
dsDNA were found near the critical point. These shape transfor-
mations can be explained by the bending and charge neutraliza-
tion of dsDNA, as polycations containing mostly arginine residues
that can have strong associative interactions with dsDNA restrain
from forming aggregates. At high salt concentrations, the electro-
static interactions between polycations and dsDNA are screened,
leading to insufficient bending of the dsDNA and the formation of
more gel-like droplets or aggregates. Overall, this work shows
that enzymatic deacetylation can be used in vitro to actively form
coacervates and that complexation of polycations and dsDNA can
lead to liquid and gel-like coacervates, depending on the ionic
strength of the solution.
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