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Abstract—In the intricate molecular world, post-translational modifications play pivotal roles in modulating
protein activity and function. The Drosophila melanogaster genome encodes an array of enzymes to mediate
these processes. Here, we elucidate a previously unrecognized connection between the Drosophila transform-
ing growth factor-β-activated kinase 1 (dTak1) and the deubiquitinase Ovarian tumor (Otu). We demonstrate
that dTak1 mediates both the phase-separated condensation and the deubiquitinase enzymatical activity of
Otu in a manner independent of its kinase function. Using a combination of biochemical assays and in vivo
genetic interactions, our findings highlight the significance of dTak1 in orchestrating the assembly of Otu
condensates, and consequently, in the regulation of Otu’s biological functions. Our studies underscore the
multifaceted nature of protein-protein interactions and open up avenues for exploring non-traditional roles
of kinases in cellular processes.
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INTRODUCTION
The cellular milieu, once thought of as a well-

mixed solution of biomolecules, has in recent years
been re-envisioned as a dynamic tapestry of micro-
environments and structures (Ashfaq et al., 2020;
Chen et al., 2023; Esvelt et al., 2011). One of the
groundbreaking insights reshaping this understanding
is the phenomenon of phase separation—the propen-
sity of certain biomolecules, particularly proteins and
nucleic acids, to demix from the surrounding medium,
forming distinct, membrane-less compartments
within the cell (Hyman et al., 2011; Aguzzi and Alt-
meyer, 2016). These liquid-liquid phase-separated
domains, termed biomolecular condensates, are
believed to serve as specialized reaction hubs, seques-
tering specific sets of molecules to regulate biological
processes (Hyman et al., 2011; Chong et al., 2016).

While the principles governing phase separation are
progressively being decoded, what remains intriguing
is the regulatory mechanisms underpinning the for-
mation, maintenance, and dissolution of these biomo-
lecular condensates. Among the myriad of post-trans-
lational modifications that proteins undergo, phos-
phorylation stands out as a ubiquitous and versatile
regulator of protein function, localization, and inter-
action (Derouiche and Mijakovic, 2012; Pawson and
Scott, 2005). Given its dynamic and reversible nature,

phosphorylation has the potential to be a key modula-
tor of phase separation. For instance, phosphorylation
can add a negatively charged phosphate group to a
protein. This alteration normally leads to changes in
protein-protein interactions, promoting or inhibiting
phase separation depending on the context. Moreover,
phosphorylation may induce conformational changes
in proteins, which can expose or hide specific domains
responsible for mediating phase separation. In addi-
tion, by modifying specific residues, phosphorylation
enables to change the affinity between proteins, affect-
ing multivalent interactions that drive phase separa-
tion. Over the last decades, a series of proteins (e.g.,
FUS, Tau, and MYC) have been demonstrated to
undergo phase separation under the dynamical control
of phosphorylation (Lao et al., 2022; Owen and Shew-
maker, 2019; Li et al., 2022; Monahan et al., 2017;
Boyko and Surewicz, 2023; Das et al., 2023).

Ovarian tumour (Otu) is a typical deubiquitinase
(Dub) enzyme known for its critical roles in the ubiq-
uitination/deubiquitination system in Drosophila
melanogaster (Ji et al., 2017). A recent study revealed
that Otu is essentially involved in maintaining intesti-
nal homeostasis and delaying aging in adult f lies (Ji
et al., 2019). To fulfil these biological functions, Otu
needs to shape into phase-separated condensates,
thereby benefiting its Dub enzymatical activity (Ji
511



512 CHUCHU ZHANG et al.
et al., 2019). Yet, the dynamical regulation of such piv-
otal condensates remains to be deeply probed. Our
prior attention was of course focused on kinases,
regarding the broad involvements of kinase-mediated
phosphorylation in modulating protein phase separa-
tion and condensation. Drosophila transforming
growth factor-β-activated kinase 1 (dTak1) is a well-
known kinase traditionally recognized for its roles in
signal transduction pathways, particularly those
implicated in inflammation and stress responses
(Takatsu et al., 2000; Vidal et al., 2001; Sliverman
et al., 2003; Kleino et al., 2005). In the canonical
understanding, dTak1 functions primarily by phos-
phorylating specific substrates. This presents a com-
pelling premise: could kinase dTak1 engage in mediat-
ing the condensate assembly of Otu?

In this discourse, we explore this very paradigm,
delving into the interrelationship between the Dub
Otu and the kinase dTak1. We show that dTak1 pro-
motes both the condensation and the Dub enzymati-
cal activity of Otu. Silencing dTak1 restricts Otu’s
functions in controlling gut integrity and fly lifespan.
Mechanistically, dTak1 positively contributes to Otu
condensation largely in a phosphorylation-indepen-
dent manner. Taken together, our studies advance our
comprehension of the regulatory manner of Otu con-
densation.

MATERIALS AND METHODS

Drosophila Strains

All f lies were maintained on the standard Drosoph-
ila medium (6.65% cornmeal, 7.15% dextrose, 5%
yeast, 0.66% agar, 2.2% nipagin, and 3.4 mL/L propi-
onic acid) at 25°C with a light/dark cycle of 12 h/12 h
and 65% humidity. For genetic experiments employ-
ing the UAS/Gal4 system, crossings were first carried
out at 18°C. After the eclosion of the progenies, f lies
were collected and maintained at 29°C for 5 to 7 d.
The dTak1 RNAi strain was obtained from the Tsing-
hua RNAi Center (#0756). The UASp-Flag-Otu trans-
genic f ly and the NP1-gal4; Tub-gal80 ts strain was
described previously (Ji et al., 2019; Zhu et al., 2021).

Antibodies

The following primary antibodies were utilized for
Western blot: Mouse anti-Otu (Ji et al., 2017); Rabbit
anti-dTak1 (Abcam, Cat#239353); Mouse anti-β-
Tubulin (Cwbio, Cat#CW0098M); Rabbit anti-Flag
(Medical and Biological Laboratories, Cat#PM020);
and Rabbit anti-Myc (Medical and Biological Labo-
ratories, Cat#562). The secondary antibodies include
Goat anti-Rabbit IgG H&L (Abcam, Cat#ab150078)
and Goat anti-Mouse IgG H&L (Abcam,
Cat#ab6789).
Semi-Denaturating Detergent Agarose Gel 
Electrophoresis (SDD-AGE)

The SDD-AGE assays were performed to deter-
mine the condensation status of Otu as previously
described (Hua et al., 2022). In detail, dissected gut or
S2 cell samples were lysed in buffer (50 mM Tris-HCl,
pH 7.5, 150 mM NaCl, 10% glycerol, 0.5% Triton
X-100). Samples were then centrifugated at 13000 rpm
for 10 min at 4°C. Supernatant was transferred to a
fresh tube and incubated with equal volume of loading
buffer (0.5× TBE, 10% glycerol, 2% SDS, 0.0025%
bromophenol blue) at room temperature. The agarose
(1.5%) gel was first run without samples for 15 min,
followed by sample loading and electrophoresis for 1 h
on ice. Protein condensates were transferred to a
PVDF membrane. The membrane was first blocked in
PBST (0.1% Tween-20 in PBS) buffer with 5% bovine
serum albumin for 30 min at room temperature, and
then incubated with indicated primary and secondary
antibodies serially. The blot was revealed by using the
enhanced chemiluminescence substrate (Bio-Rad,
Cat#1705061) in a Bio-Rad platform.

S2 Cell Transfection and Western Blot Assay
S2 cells were manipulated according to the meth-

ods described previously (Cai et al., 2022). Briefly,
cells were transfected with indicated expressing plas-
mids for 48 h using Lipofectamine 2000 reagents
(Invitrogen, Cat#11668019). Cells were then har-
vested and lysed in buffer (50 mM Tris-HCl, pH 7.5,
150 mM NaCl, 10% glycerol, 0.5% Triton X-100).
Samples were subjected to centrifugation at 13000 rpm
for 10 min at 4°C, followed by phosphorylase treat-
ment at 37°C for 30 min. Samples were then loaded on
an 8 to 15% gradient SDS-PAGE gel and separated by
electrophoresis, followed by transferring to a PVDF
membrane. The antibody treatment and Western blot-
ting were performed as described above.

Protein Purification in Eukaryotic System
HEK293 cells were cultured in DMEM Medium

(Hyclone, Cat#SH30285.FS) with 10% fetal bovine
serum (Gibco, Cat#10091155) and seeded in 10 cm
culture plates at 105 cells per well. Cells were then
transfected with 5 μg pcDNA3.0-Flag-Otu or
pcDNA3.0-Flag-dTak1 plasmids using Lipofectamine
2000 reagents (Invitrogen, Cat#11668019). 48 h after
transfection, cells were lysed in buffer (50 mM Tris-
HCl, pH 7.5, 150 mM NaCl, 0.5% Triton X-100,
10% glycerol with 1 mM phenylmethylsulfonyl f luo-
ride). Lysates were then subjected to centrifugation at
13000 rpm for 15 min at 4°C. The supernatants were
transferred into fresh EP tubes and immunoprecipi-
tated with Flag beads for 4 h, followed by washing
treatment for 1 h. Beads were then incubated with Flag
peptides (in 50 mM Tris-HCl, pH 7.5, 150 mM NaCl)
to elute Flag-Otu or Flag-dTak1 proteins from Flag
BIOLOGY BULLETIN  Vol. 51  No. 3  2024
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beads. To check the purification efficiency, 100 ng of
indicated proteins were subjected to Western blot
assays.

In Vitro Deubiquitination Assay
Indicated amounts of proteins or BSA were incu-

bated with Ub-Rhodamine 110 (final concentration at
1 μM) in the reaction buffer (20 mM Tris-HCl, pH 7.5,
200 mM NaCl, 5 mM MgCl2, 2.5 mM dithiothreitol).
Ub-Rhodamine 110 is an exquisitely sensitive Dub
enzyme substrate for detecting ubiquitin C-terminal
hydrolytic activity, because cleavage of the amide
bond between the C-terminal glycine of ubiquitin and
rhodamine by Dub leads to an increase in rhodamine
fluorescence. The reaction mixture was added into a
black 384-well plate and incubated at room tempera-
ture by using MD SpectraMax M5 Microplate Reader.
Dynamic f luorescence was monitored with excitation
and emission wavelengths set at 485/20 and 535/20
nm, respectively. Fluorescence intensity for each con-
dition was averaged from triplicates and plotted as a
function of time.

“Smurf” and Lifespan Assays
In order to avoid sex dimorphism, female f lies were

utilized for “Smurf” and lifespan assays as previously
described (Zhu et al., 2021). In brief, fresh progenies
(d 1 to 2) were collected and raised on normal medium
for 2 d (for mating). Females were then collected and
transferred to new vials containing normal medium.
The number of f lies in each vial was between 30 to 35.
For lifespan analyses, f lies were counted for death
every 2-d throughout adult life. For “Smurf” assays,
f lies were transferred to medium containing blue dye
(2.5%, FD&C blue #1) at indicated time points (d 10,
30, and 50, respectively). 6 h later, the numbers of
“Smurf” f lies were counted.

Statistical Analyses
All statistical analyses were performed by using the

GraphPad Prism 9. Statistical significances in Figs. 1b,
1c, 2c, and 3a were determined by using the ANOVA
test. Statistical significances in Fig. 3b were calculated
by using the Log-Rank test. The p value of less than
0.05 was considered statistically significant. *, p < 0.05;
**, p < 0.01; ns, not significant.

RESULTS
dTak1 is Essential for Otu Condensation

To investigate whether dTak1 is involved in medi-
ating the phase-separated condensation of Otu, we
utilized the UAS/Gal4 system and generated f lies with
dTak1 RNAi in guts. We dissected guts from age-paired
NP1>dTak1 RNAi and the NP1>+ (wild-type control)
flies and examined the Otu condensates by performing
BIOLOGY BULLETIN  Vol. 51  No. 3  2024
the SDD-AGE assays as previously described (Hua
et al., 2022). Consistent with what was found previ-
ously (Ji et al., 2019), endogenous Otu underwent
condensation in intestinal cells (Figs. 1a and 1b).
Intriguingly, when dTak1 was knocked down, the level
of Otu condensates was markedly reduced (Figs. 1a
and 1b), indicating that the kinase dTak1 plays a pos-
itive role in governing the condensate assembly of Otu.
Notably, silencing dTak1 did not affect the protein
level of Otu (Figs. 1a and 1c).

dTak1 Mediates the Dub Enzymatical Activity of Otu

Condensation represents an active state of Otu effi-
ciently executing its Dub enzymatical activity (Ji et al.,
2019). We therefore examined whether dTak1 contrib-
utes to the Dub enzymatical activity of Otu. For this,
we purified Flag-Otu and Flag-dTak1 proteins from a
eukaryotic system (Fig. 1d). As demonstrated in the
in vitro Dub assays, additional dTak1 elevates the
enzymatical activity of Otu in cleaving ubiquitin from
substrates in a dosage-dependent manner (Fig. 1e).

dTak1 Is Dispensable for Affecting Otu Phosphorylation

dTak1 has been demonstrated to play crucial roles
in a series of biological processes, including immunity,
apoptosis, and organismal development in Drosophila
(Takatsu et al., 2000; Vidal et al., 2001; Sliverman
et al., 2003; Kleino et al., 2005). As a kinase, dTak1
normally phosphorylates the targeted substrates to
change the activity, stability, and/or function of the
phosphorylated proteins (Takatsu et al., 2000; Shin
et al., 2013; Chen et al., 2017). We therefore examined
whether dTak1 is involved in modulating Otu phos-
phorylation. For this, we dissected guts from adult
f lies and prepared lysates for phosphatase treatment.
As demonstrated in Fig. 2a, Otu was detected with a
smaller size in the samples with Alkaline treatment,
indicating that Otu is phosphorylated in gut cells.
However, silencing dTak1 didn’t affect the phosphor-
ylation status of Otu (Fig. 2a).

To explore whether the kinase activity of dTak1 is
responsible for its contribution to Otu condensation,
we utilized the kinase dead form of dTak1 (dTak1KD)
for SDD-AGE assays. As illustrated in Figs. 2b and 2c,
supplementation of dTak1KD still promoted Otu con-
densation. To obtain more evidence, we carried out
the in vitro Dub assays to test the potential role of
dTak1KD in regulating the enzymatical activity of Otu.
In this assay, the same amount of the wild-type dTak1
(dTak1WT) was used as the positive control. As
expected, additional dTak1KD indeed enhanced the
Dub enzymatical activity of Otu (Figs. 3d and 3e). Put
together, our results support the notion that dTak1
positively regulates Otu condensation and Dub enzy-
matical activity in a kinase-independent manner.
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Fig. 1. dTak1 mediates Otu condensation. (a) Guts were dissected from young (5- to 7-day) f lies including NP1>+ (wild-type
control) and NP1>dTak1 RNAi. Samples were lysed in lysis buffer and subjected to SDD-AGE to examine the condensate assem-
bly of Otu. SDS-PAGE assays were performed to determine the expression levels of indicated proteins. (b and c). Densitometry
analyses to quantify condensate (b) or protein (c) levels of Otu are shown. Each dot represents one biological replicate. Data were
collected from 3 independent replicates and shown as means plus standard errors. **, p < 0.01; ns, not significant. (d) 100 ng of
purified Flag-Otu or Flag-dTak1 were subjected to Western blot assay. (e) In vitro Dub assay showing that addition of dTak1
enhances the Dub enzymatical activity of Otu in a dosage-dependent manner.
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Silencing dTak1 Prevents Otu’s Roles in Modulating Gut 
Homeostasis and Fly Lifespan

Phase-separated condensation is essential for Otu
executing its functional assessments in controlling
intestinal homeostasis and Drosophila lifespan (Ji
et al., 2019). Since dTak1 plays a critical role in Otu
condensation, one would like to expect that dTak1
contributes to fulfilling Otu’s biological functions. To
prove this, we first carried out the “Smurf” assay as we
previously did (Zhu et al., 2021). We observed that
over-expression of Otu in intestinal cells reduced the
percentages of “Smurf” (Fig. 3a). However, knocking
down dTak1 markedly prevented the beneficial role of
Otu in maintaining gut barrier function (Fig. 3a).
Consistently, we obtained similar results when we per-
formed lifespan assays (Fig. 3b).

DISCUSSION
The findings of this study provide compelling evi-

dence that in Drosophila, dTak1 mediates the conden-
BIOLOGY BULLETIN  Vol. 51  No. 3  2024
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Fig. 2. dTak1KD is dispensable for modulating Otu condensation and Dub enzymatical activity. (a) Guts were dissected from flies
including NP1>+ (wild-type control) and NP1>dTak1 RNAi. Samples were lysed and treated with phosphatase (Lanes 3 and 4),
followed by Western blot assays. (b) S2 cells were transfected with indicated combinations of expressing plasmids, followed by
SDD-AGE and SDS-PAGE assays. (c) Densitometry analyses to quantify Otu condensate are shown. Each dot represents one
biological replicate. Data were collected from 3 independent replicates and shown as means plus standard errors. *, p < 0.05; ns,
not significant. (d and e) In vitro Dub assays were performed to examine the effects of purified dTak1WT or dTak1KD on the Dub
enzymatical activity of Otu.
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sation and the Dub enzymatical activity of Otu in a
manner that is independent of its kinase activity. This
challenges the conventional understanding that the
primary role of dTak1 in cellular signaling is primarily
as a kinase.
BIOLOGY BULLETIN  Vol. 51  No. 3  2024
Phase separation, often observed as the formation
of biomolecular condensates, is emerging as a crucial
organizing principle in cellular biology (Hyman et al.,
2011; Aguzzi and Altmeyer, 2016; Chong et al., 2016).
These condensates can serve various cellular func-
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Fig. 3. Silencing dTak1 prevents Otu’s roles in regulating gut barrier function and fly lifespan. (a and b) Percentages of “Smurf”
(a) and lifespan curves (b) of f lies including NP1>+, NP1>Flag-Otu, NP1>dTak1 RNAi, and NP1>dTak1 RNAi;Flag-Otu. In (a),
each dot represents one biological replicate. Data were collected from 3 independent replicates and shown as means plus standard
errors. The numbers of f lies for “Smurf” assays are as follows. On day 10, NP1>+: 72, 67, 71; NP1>Flag-Otu: 68, 69, 66;
NP1>dTak1 RNAi: 69, 71, 65; NP1>dTak1 RNAi;Flag-Otu: 70, 66, 71. On day 30, NP1>+: 66, 64, 71; NP1>Flag-Otu: 70, 71, 67;
NP1>dTak1 RNAi: 65, 69, 73; NP1>dTak1 RNAi; Flag-Otu: 66, 68, 70. On day 50, NP1>+: 65, 68, 65; NP1>Flag-Otu: 67, 69,
70; NP1>dTak1 RNAi: 62, 68, 65; NP1>dTak1 RNAi; Flag-Otu: 67, 64, 69. *, p < 0.05; **, p < 0.01; ns, not significant. In (b), the
numbers of flies in lifespan assays are: NP1>+: 104; NP1>Flag-Otu: 102; NP1>dTak1 RNAi: 105; NP1>dTak1 RNAi;Flag-Otu: 104.
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tions, including signal transduction, RNA processing,
and DNA repair (Boeynaems et al., 2018; Mitrea and
Kriwacki, 2016). The data presented here suggest that
Otu undergoes phase-separated condensation, which
is mediated by dTak1. This is intriguing given that
many proteins that undergo phase separation are typi-
cally enriched in low complexity or intrinsically disor-
dered regions, which was also reported for Otu (Ji
et al., 2019). Further studies might delve into the spe-
cific domains or motifs in Otu responsible for this phe-
nomenon. It’s remarkable that the mediation of Otu
condensation by dTak1 is independent of its kinase
activity. As a kinase, dTak1 is typically associated with
the phosphorylation of target proteins, leading to the
activation or inactivation of various signaling pathways
(Takatsu et al., 2000; Vidal et al., 2001; Sliverman
et al., 2003; Kleino et al., 2005). The non-canonical
role of dTak1, as elucidated in this paper, opens ave-
nues for understanding the multifunctionality of
kinases beyond their enzymatic activity. Such kinase-
independent roles might be widespread and offer
alternative regulatory nodes that have been overlooked
in the analyses of traditional signaling pathways. One
strategy in the following studies is to utilize different
truncated forms of dTak1 proteins and to explore
which region(s) of dTak1 is (are) responsible for its
regulation on Otu condensation. Another challenge
moving forward will be deciphering the structural
basis for dTak1’s interaction with Otu. Does dTak1
bind directly to Otu? Or are there intermediate pro-
teins or other molecules involved in this process?
Identifying these interaction sites might provide new
insights into understanding how Otu forms functional
condensates.

The Dub enzymatical activity of Otu has been well
established in previous literature (Ji et al., 2017, 2019).
Ubiquitination is a post-translational modification
that plays a pivotal role in various cellular processes,
from protein degradation to DNA repair and signal
transduction (Pickart and Eddins, 2004). The finding
that dTak1 can modulate the Dub activity of Otu offers
a novel regulatory mechanism that might be crucial for
the fine-tuning of these processes. This dTak1-medi-
ated regulation of Otu’s Dub activity can provide the
cell with an efficient mechanism to respond to various
internal or external stimuli promptly. In this study, we
indeed observed that silencing dTak1 prevented Otu’s
functions in maintaining gut integrity and delaying
BIOLOGY BULLETIN  Vol. 51  No. 3  2024
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aging. Our current data of course cannot exclude other
biological roles of dTak1-mediated Otu condensates.
It would be worthwhile in the future to test this regu-
latory relationship in other biological processes in
Drosophila and potentially, other organisms.

In conclusion, the findings presented in this paper
shed light on a previously unrecognized aspect of
dTak1 function in Drosophila. By elucidating a kinase-
independent role of dTak1 in the regulation of Otu
condensation, this work broadens our understanding
of the intricacies of cellular regulation and offers excit-
ing avenues for future research.
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