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Phase-separated membraneless organelles or biomolecular condensates play diverse functions in cells,
however recapturing their characteristics using small organic molecules has been a challenge. In the
present study, cell-lysate-based screening of 843 self-assembling small molecules led to the discovery
of a simple organic molecule, named huezole, that forms liquid droplets to selectively sequester tubulin.
Remarkably, this small molecule enters cultured human cells and prevents cell mitosis by forming
tubulin-concentrating condensates in cells. The present study demonstrates the feasibility of producing
a synthetic condensate out of non-peptidic small molecules for exogenous control of cellular processes.
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Introduction

Compartmentalization is a defining characteristic of life. Cells
organize their contents into organelles, which have classically
been considered as membrane-separated architectures.
However, a growing number of studies have revealed newly
defined types of organelles that form via liquid-liquid phase
separation, a physical process whereby components in a solu-
tion separate into two coexisting phases.”” These so-called
membraneless organelles or biomolecular condensates can
concentrate or sequester specific biomolecules and thereby
potentiate or dampen specific biological reactions.

The phase-separated membraneless structures are associ-
ated with diverse cellular functions, including enzymatic reac-
tions, degradation pathways, cellular homeostasis, and
transcriptional control.>”> One prominent role of membraneless
organelles is the regulation of spindle formation during cell
division at centrosomes and spindle formation sites.® Centro-
some is formed and expanded through phase separation at least
in C. elegans,” condensing tubulin to catalyze the generation of
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microtubules for assembly of the mitotic spindle.® Spindle-
defective protein 5 (SPD-5), one of the key centrosome
proteins, forms phase-separated, spherical liquid condensates
in vitro, which possess centrosomal activity for nucleating
microtubules by recruiting tubulin and other centrosome
proteins.®* A number of other spindle and centrosome-
associated proteins, including BuGZ’ and TPX2," undergo
liquid-liquid phase separation to recruit and concentrate
tubulin for accelerating microtubule nucleation. Concentration
of tubulin through liquid-liquid phase separation is a critical
mechanism for regulating spindle formation during mitosis.

The widespread involvement of membraneless organelles in
cellular functions has inspired the design of synthetic, artificial
molecules that capture the characteristics of membraneless
organelles.”* Such artificial organelle-like architectures would
serve as models to further advance our understanding of the
determinants of phase separation in cells and also open new
opportunities for controlling biological processes. However, the
artificial organelles that have been reported typically exploited
biological components such as nucleic acids, proteins, and
peptide building blocks."*™® To date, only very limited success
has been achieved using small molecules in formulating
organelle-like structures that are capable of controlling biolog-
ical processes.’” Creating artificial membraneless organelles
with small organic molecules would offer simple models and
alternatives for recreating or controlling cellular events and also
enable unique opportunities for future drug discovery by
interfering with disease processes. In the present study, we have
taken a screening approach to search for small organic mole-
cules that form artificial organelle-like condensates.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Results and discussion
Discovery of huezole

Naturally occurring membraneless organelles often concentrate
or sequester specific proteins. In order to search for phase-
separating small molecules that specifically interact with
cellular proteins, we exploited our previously reported chemical
library of self-assembling small molecules.” Each of the
compounds in our library form particles detectable by one of
two environment-sensitive fluorescent probes, namely Nile Red
and 8-anilinonaphthalene-1-sulfonic acid (ANS), in PBS bulffer,
and display a variety of particle morphologies such as micelle,
fibers, crystals, and colloid aggregates.”® Each of the library
compounds (20 pM) was incubated with human cell lysates.
After this incubation period, the lysates were subjected to
centrifugation (Fig. 1A). The proteins which co-precipitated
with small-molecule assemblies were analysed by SDS-PAGE.
Over 95% of the 843 self-assembling molecules displayed
similar patterns of co-precipitated proteins, which either non-
specifically interacted with the assembled materials or
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Fig.1 Discovery of huezole. (A) A schematic diagram of the screening
procedure. (B) A representative silver-stained image of a screening gel
of self-assembly library compounds. The protein band specific for
huezole (1) is marked with an arrow. (C) Chemical structure of huezole.
(D) Dose-dependent co-precipitation of tubulin with huezole.
Immunoblots of supernatant and pellet fractions with indicated anti-
bodies are shown.
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denatured during the experiments (Fig. 1B). The screening led
to the discovery of the simple molecule which we named hue-
zole (1) (Fig. 1C). This molecule displayed the most selective co-
sedimentation with a particular protein (Fig. 1B). Repeated
experiments showed that the degree of the co-precipitation with
the ~50 kDa protein is dependent on the concentrations of
huezole (1) (Fig. S1t). Excision of the ~50 kDa band, followed by
in-gel digestion and LC-MS analysis, unambiguously estab-
lished the co-precipitated protein as tubulin, a cytoskeletal
heterodimer protein that consists of a and B subunits. Western
blot analysis of the co-precipitated proteins showed that hue-
zole co-precipitates with alpha, beta and gamma subunits of
tubulin but not with actin and GAPDH (Fig. 1D and S27).
Overall, these experiments indicate that tubulin subunits
associate selectively with the huezole assembly.

Huezole (1), as stored in the library, is a racemic mixture. To
examine the importance of its stereochemistry, we synthesized
its § and R isomers (2 and 3, respectively) and an achiral
analogue lacking the methyl group (4) (Fig. 2A). Dynamic light
scattering (DLS) measurements indicate that molecules 2, 3,
and 4 all form particles with 500-800 nm diameters (Fig. 2B).
Their assemblies co-precipitated with tubulin equally well at 50
uM in cell lysates (Fig. 2C), suggesting that the stereochemistry
at the piperazine group is dispensable for self-assembly and
tubulin interaction of huezole. In contrast, removal of the right-
hand half (molecule 5) eliminated the ability to self-assemble
and co-precipitate with tubulin (Fig. 2B, C, and S37), indi-
cating that the piperazine amide moiety is required for the
activity. Molecule 5 serves as a negative control for later studies.
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Fig. 2 Self-assembling properties of huezole analogues 2-4. (A)
Chemical structures of huezole analogues 2-5. (B) Average hydro-
dynamic diameters of the compounds at 50 uM in PBS. (C) Silver-
stained gel image showing the co-precipitation of tubulin with
analogues 2-5 in cell lysates.
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Analysis of huezole-tubulin condensates

We focused on R-huezole (3) for further in-depth analysis. The
sub-micron size of the R-huezole particles allowed us to monitor
their properties under a confocal microscope. The huezole
assemblies were visualized by Nile Red (100 nM), a typical
fluorescent probe for molecular
condensates.?*** R-huezole demixed in an aqueous solution and
formed liquid-like spherical droplets, which can fuse with one
another to generate larger spherical units in vitro (Fig. 3A). In
PBS buffer, the formation of droplets at 25 uM took 10 min to
complete (Fig. S4t). Such a slow saturation following an initial
fast demixing has been reported for biomolecular conden-
sates."™ To quantify the mobility of molecules inside droplets,
we conducted fluorescence recovery after photobleaching
(FRAP) experiments, in which the center of a Nile Red-doped
droplet of R-huezole was photo-bleached with high-intensity
laser light in a total internal reflection fluorescence micro-
scope, with the fluorescence recovery of the photobleached area
was followed thereafter. The half-maximal recovery time (¢;,,) of
the fluorescence was 9.8 £ 0.06 s (Fig. 3B), demonstrating that
Nile Red molecules are mobile within R-huezole assemblies and
exchange rapidly with the surroundings. In the presence of
tubulin, the recovery rate increased (¢;, = 20.3 + 0.3 s) but
remained comparable to those reported for phase-separated
fluidic liquid droplets of proteins.>®***> Collectively, these
results indicate that R-huezole gradually forms phase-separated
liquid-like droplets in an aqueous solution.

To observe the interaction of the huezole droplets with
tubulin in vitro, HiLyte Fluor™ 488-labeled tubulin was incu-
bated with R-huezole in PBS buffer. Confocal imaging indicated
that tubulin was sequestered within the R-huezole droplets
(Fig. 4A). The interaction was competed off with an excess

environment-sensitive

) o
o O os
c c
51 Z D ..
o o
17 1723
o o
2 2
S S
3 S
i [

Time (sec)
R-huezole + Nile Red
+ Tubulin

Time (sec)
R-huezole + Nile Red

Fig. 3 Liquid-like phase separation of R-huezole (3). (A) Bright field
time-lapse images of coalescing puncta of R-huezole (3). Scale bars, 5
pum. (B) FRAP assays of Nile-Red-doped R-huezole particles (90 nM
Nile Red and 50 uM R-huezole). Recovery of the normalized fluores-
cence intensities indicated t;,, values in the absence (9.88 s) and
presence (20.3 s) of tubulin (200 nM). The blue lines indicate SEM, and
the red lines show the results of exponential fitting with the average
intensities of fluorescent particles (N = 30 for Nile Red + R-huezole
and N = 94 for Nile Red + R-huezole + tubulin, respectively).
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Fig. 4 Microscopic observation of the effects of R-huezole (3) on
tubulin in vitro. (A) In vitro tubulin sequestration with R-huezole (3).
Labeled tubulin (200 nM) was incubated with DMSO (1%) or R-huezole
(50 uM) for 30 min before imaging. Scale bars, 10 um. (B) Effects of R-
huezole (3) on Taxol-induced tubulin polymerization in vitro. Labeled
tubulin was dissolved in G-PEM buffer including Taxol (1 uM) followed
by incubation with 50 uM R-huezole (3) for 30 min at 37 °C prior to
imaging. Scale bars, 20 pm. (C) R-huezole-tubulin condensates under
a highly polymerization-inducing condition. Polymerization of labeled
tubulin (900 nM) was induced overnight by Taxol (50 uM) in the
presence or absence of 50 uM R-huezole (3) in PBS. Scale bar, 5 pm.

amount of non-labeled tubulin but not with actin, consistent
with the idea that the interaction is selective (Fig. S57).

Tubulin is capable of polymerizing in vitro to form micro-
tubules in a G-PEM buffer (80 mM PIPES, pH 6.9, 2 mM MgCl,,
1 mM GTP, and 0.5 mM EGTA) containing Taxol, a microtubule
stabilizer. In fact, under such a polymerization-enabling
condition, we were able to observe the microtubule fiber
formation of HiLyte Fluor™ 488-labeled tubulin under
a confocal microscope (Fig. 4B). R-huezole trapped HiLyte Flu-
or™ 488-labeled tubulin into its droplets to abrogate the
microtubule formation, while no tubulin droplets were
observed in the presence of molecule 5, which was the negative
control (Fig. 4B). Of note, the treatment with molecule 5 led to
slight shortening of the microtubules (Fig. S67).

To gain insights into their effects on polymerization speed,
we employed a kinetic mode, absorbance-based tubulin poly-
merization assay.>*** R-huezole (3) inhibited tubulin polymeri-
zation more potently than molecule 5 did (Fig. S71). However,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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the polymerization was not completely blocked by R-huezole (3),
suggesting that R-huezole is capable of ectopically squelching
tubulin but not fully disabling its polymerization. In fact,
extended incubation of the R-huezole-tubulin condensates
under a highly polymerization-inducing condition nucleated
microtubules to form a centrosome-like microtubule aster
similar to those previously observed in vitro with spindle-
forming protein condensates®** (Fig. 4C).

Cellular activities of huezole

Tubulin is a building block for microtubules, a protein
assembly that drives cell division and intracellular trans-
port.”*** Cellular sequestration of tubulin by R-huezole may
alter the growth of cultured human cells. Exposure of HeLa cells
to R-huezole for 2 days reduced the cell growth in a dose-
dependent manner with an ICs, value of 4.4 uM (Fig. S8%),
whereas molecule 5 had little effect even at 50 uM (Fig. 5A). The
anti-proliferation activity was confirmed by a passage-based
proliferation assay,” in which we treated HeLa cells with 5
uM of R-huezole and routinely counted, passaged, and re-
seeded the cells for 12 days. The results highlighted the
ability of R-huezole to retard cell proliferation over time
(Fig. 5B).

In cells undergoing cell division, the organized polymeriza-
tion of tubulin to microtubules at centrosomes allows forma-
tion of spindle fibers and polarized migration of duplicated
chromosomes during mitosis. The anti-proliferation activity of
R-huezole and the major role of tubulin in mitosis prompted us
to test the effects of R-huezole on the cell cycle. HEK293 cells
were transfected with the fluorescent ubiquitination-based cell-
cycle indicators (Fucci).* These probes exploit the cell cycle-
dependent proteolysis of Cdtl and geminin by E3 ligases,
enabling the visualization of G1 and G2/M phases in red and
green, respectively. Treatment with R-huezole induced a dose-
dependent increase in the geminin/Cdtl fluorescence ratio,
suggesting an increase in the cell population in G2/M (Fig. 5C
and S9At). A similar increase was also observed with the
microtubule-depolarizing agent nocodazole, which is known to
arrest cell cycle progression in G2/M (ref. 31) (Fig. 5C and S9AT).
As the Fucci probes are unable to distinguish between G2 and M
phases of the cell cycle, we examined the effect of R-huezole on
chromatin condensation in order to evaluate the percentage of
cells undergoing mitosis as shown in (Fig. 5D). It was found that
R-huezole increased the proportion of cells with visible chro-
mosomes from 1.5 to 14%. Fluorescence microscopy analysis
also showed incomplete chromosome congression at the
metaphase plate, suggesting that the cells are blocked in the
mitotic prometaphase (Fig. S9BT).

The potent cellular activity of R-huezole led us to investigate
whether R-huezole forms condensates with tubulin in cells as
observed in vitro. When we preincubated R-huezole in the
culture medium for 5 min before the exposure to the cells, the
anti-proliferation activity of R-huezole was compromised
(Fig. S107), indicating that the extracellular droplet formation of
R-huezole limited its availability within the cells. Considering
the slow assembling rate of R-huezole, it is likely that non-
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Fig.5 Effects of R-huezole (3) in cells. (A) HelLa cells were treated with
DMSO (0.5%), 5 (50 uM), or R-huezole (10 and 20 uM). Cell viability was
monitored by WST-8 assay after 48 h. (B) R-huezole (3) delays the
proliferation of Hela cells. Passage-based cell proliferation was
monitored at 4, 8, or 12 days after treatment with DMSO or R-huezole
(5 uM). (C) R-huezole (3) treatment leads to G2/M cell-cycle arrest.
HEK293 cells were transfected with Fucci fluorescent probes
mCherry-hCdtl (30/120) (red) and AmCyan-hGeminin (green) fol-
lowed by treatment with DMSO or R-huezole (3). An increase in
AmCyan-hGeminin (green) fluorescence indicates an increase in G2/
M cell population. Nocodazole (1 uM) was used as a positive control.
(D) Effects of R-huezole (3) on mitotic index (% of cells with condensed
chromatin). HEK293 cells were stained for nucleus with Hoechst
33342 after 48 h treatment with R-huezole. Data represent average
values mean + S.D (n = 3). The p values (*p < 0.05 and ****p < 0.0001)
were determined using one-way ANOVA followed by Dunnett's
multiple comparisons test with a 95% confidence interval. (E) Cellular
tubulin sequestration with R-huezole (3). Hela cells were transduced
with CellLight™ tubulin-GFP followed by treatment with DMSO or R-
huezole (50 uM) for 3 h prior to imaging. Hela cells were analysed for
puncta and 5 cells from at least 7 microscopic fields were quantified
with similar results from three independent experiments. Data repre-
sent average values mean + S.D (n = 3). The p value (*p < 0.05) was
determined by an unpaired two-tailed Student's t-test. (F) Represen-
tative confocal images of the 3-induced cellular tubulin sequestration.
DMSO-treated cells (left) show uniform tubulin-GFP expression; R-
huezole treated cells (right) show intracellular puncta indicating
sequestration with R-huezole.

assembled, diffused molecules of R-huezole penetrate the cell
membrane to undergo intracellular formation of condensates.
To detect these intracellular condensates, we treated HeLa cells
expressing tubulin-GFP with R-huezole. Using confocal
microscopy, we observed the formation of submicron-scale
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punctate assemblies of tubulin-GFP in the presence of R-hue-
zole (Fig. 5E and F). The average number of puncta per cell was
estimated to be 172 (Fig. 5E). Unlike centrosomes, the huezole
droplets were unable to nucleate spindle fibers in the cells due
to the inability to recruit other centrosome proteins required for
the spindle fiber formation. For example, huezole failed to
display apparent co-precipitation in vitro with pericentrin,
a centrosome protein involved in the spindle formation
(Fig. S27). Although we observed only a limited number of cells
undergoing metaphase, close inspection of those mitotic cells
suggests that the R-huezole-induced puncta of tubulin led to the
distortion of the spindle fibers (Fig. S11t). These results
collectively suggest that R-huezole prevents cell mitosis by
forming a large number of tubulin-concentrating, phase-
separated condensates in cells.

We examined whether 1,6-hexanediol, a widely used reagent
to dissolve liquid-liquid phase separated condensates, disrupts
the huezole assemblies. Particle formation of R-huezole was
monitored by DLS in the presence of 1,6-hexanediol. Increasing
concentrations of 1,6-hexanediol decreased the number of R-
huezole particles (Fig. S12A1). Confocal microscopic observa-
tion of R-huezole-sequestered labeled tubulin indicated that
1,6-hexanediol dissolves the R-huezole-tubulin assemblies in
vitro (Fig. S12B and Cft). Effects of 1,6-hexanediol on the R-
huezole-tubulin assemblies were also examined in HeLa cells.
Addition of 5% 1,6-hexanediol decreased the fluorescent
intensity of the R-huezole-induced puncta of tubulin-GFP in
cells (Fig. S12D and Ef). Due to the cytotoxicity of 1,6-hex-
anediol in HeLa cells (Fig. S12Ff), it was challenging to accu-
rately evaluate its effects on the anti-proliferation activity of R-
huezole in live cells.*” Nevertheless, normalized cell viability
data suggested that 1,6-hexanediol mitigated the anti-
proliferation activity of R-huezole (Fig. S12Gt). Overall these
results support the notion that R-huezole forms liquid-like
tubulin condensates in cells.

Modular structure of huezole

Our study indicates that the intracellularly formed condensates
of R-huezole sequester tubulin from centrosomes or spindle
formation sites to block cell mitosis. This is reminiscent of
naturally occurring biomolecular condensates that inhibit
protein functions by sequestering molecules from their sites of
action. In this regard, a number of synthetic approaches have
been developed to control biological events by sequestering
biomolecules to defined locations. Examples include the use of
coacervates,>*¢ hydrogels,*”*° micellar assemblies,** porous
materials** as well as peptide assemblies.”*** Although the
huezole condensates are not perfect mimetics of centrosome,
huezole may represent the small organic molecules that exert
biological activity by capturing characteristics of cellular
biomolecular condensates.

In the structure of huezole, we observe two features that
mimic naturally occurring proteins in membraneless organ-
elles. Namely a flexible tail for condensation and a more
ordered structure for association with other proteins. Our
structure-activity relationship study described above (Fig. 2 and
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5) showed that the piperazine amide tail of huezole is required
for self-assembly. To gain additional insights into the role of the
piperazine amide tail, we conducted solution-sate NMR spec-
troscopy experiments, in which we used an achiral version of
huezole (molecule 4) to simplify NMR signals. Given that
molecule 4 is completely soluble in DMSO but forms assemblies
in H,O, NMR studies in a mixture of D,O and DMSO-ds may
permit detection of an intermediate state to locate
condensation-prone segments of the molecule. Molecule 4 was
dissolved in DMSO-dg in the presence of varying amounts of
D,0, and NOESY spectra of the samples were recorded.
Although molecule 4 in 100% DMSO-d exhibited essentially no
negative NOE signals, increasing concentrations of D,O from
0 to 10% resulted in the appearance of clear negative NOE
crosspeaks among protons in the piperazine amide tail
(Fig. S131). The results suggest that this flexible segment has the
propensity to self-assemble in an aqueous solution, most likely
driving the droplet formation. On the other hand, no detectable
NOEs appeared for the benzylphenyl triazole moiety in the
presence of 10% D,O, suggesting that the more rigid aromatic
segment plays little or no role in driving the droplet formation.

The importance of the piperazine amide tail was further
supported by molecular dynamics simulation, in which two
molecules of 4 in water were simulated for 10 ns. Simulation
details can be found in the ESI.¥ The simulation showed no
detectable hydrogen bonding or coordination between the
water solvents and the molecules, suggesting poor solvation
(Fig. S14Aft). The weak association of the two molecules were
mediated primarily by van der Waals (vdW) interactions
between phenyl and piperazine amide moieties (Fig. S14B-Df).
These interactions are hydrophobic in character and exclude
water molecules from the region between molecules. This
exclusion of water molecules is a necessary condition for phase
separation in aqueous solvent, and support the role of the
piperazine amide tail in forming liquid-like droplets.

We considered the possibility that the benzylphenyl triazole
moiety engages in the interaction with tubulin, as aromatic
group-rich compounds tend to bind to tubulin or microtubules.
To test the hypothesis, we synthesized a fluorescent probe
(probe 6) in which the piperazine amide tail of huezole was
replaced by TAMRA, a red-fluorescent small-molecule tag. The
probe (0.1 pM) was incubated with increasing concentrations of
tubulin, and the fluorescence polarization was measured.
Tubulin increased fluorescence of the probe but not that of free
TAMRA, indicating that the benzylphenyl triazole moiety
interacts with tubulin (Fig. S15t). The dissociation constant
(Kp) of the interaction was estimated to be 3.5 uM, comparable
to the IC;, value of 4.4 uM (Fig. S8t) for the anti-proliferation
activity of R-huezole. In line with this result, addition of
increasing concentrations of the benzylphenyl triazole moiety
alone (molecule 5) had little impacts on the particle diameters
of 1 and 3 as measured by DLS (Fig. S16AT).

Given that molecule 5 has weak affinity to tubulin, it could
influence the tubulin binding of 1 and 3. However, co-
precipitation assays with increasing concentrations (up to 4
times excess) of 5 exhibited limited effects on the tubulin co-
precipitation with 1 and 3 (Fig. S16B7). Confocal microscopic

© 2022 The Author(s). Published by the Royal Society of Chemistry
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observation of labeled tubulin also indicated that addition of
molecule 5 had no detectable effects on the tubulin sequestra-
tion with molecule 3 (Fig. S17A and Bf). These results suggest
a role of multivalency of the huezole assembly in enhancing its
interaction with tubulin and in forming tubulin-condensing
assemblies.

Consistent with the role of the benzylphenyl triazole moiety
in tubulin binding, both molecules 3 and 5 displayed inhibition
of tubulin polymerization, although molecule 3 did so more
potently than molecule 5 (Fig. S7t). Given that molecule 5 has
no detectable effects on cell viability, the consequence of R-
huezole (3) on cell viability is unlikely to stem solely from an
impact on microtubule polymerization. Intracellular formation
of tubulin-condensing assemblies could also influence cell
viability through microtubule-independent mechanisms.

Conclusions

The present study demonstrates the feasibility of producing
a synthetic condensate out of a non-peptidic small molecule for
exogenous control of cellular processes. The modular structure
of huezole presents an excellent framework for designing a class
of bioactive self-assembling small molecules that possess two
key features, a covalent conjugation of a protein ligand and
a self-assembling unit. Such self-assembling small molecules,
with their cell permeability, stability, and chemical tractability,
may open new possibilities for organelle-emulating molecules
that complement the more established peptide-or protein-
based artificial organelles.
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