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SUMMARY

Biomolecules may undergo liquid-liquid phase separation (LLPS) to spatiotempo-
rally compartmentalize and regulate diverse biological processes. Because the
number of tools to directly probe LLPS is limited (ie. FRAP, FRET, fluorescence mi-
croscopy, fluorescence anisotropy, circular dichroism, etc.), the physicochemical
traits of phase-separated condensates remain largely elusive. Here, we introduce
a light-switching dipyrene probe (Pyr-A) that forms monomers in either hydro-
phobic or viscous environments, and intramolecular excimers in aqueous solu-
tions. By exploiting their distinct fluorescence emission spectra, we used fluores-
cent microscopic imaging to study phase-separated condensates formed by
in vitro protein droplets and membraneless intracellular organelles (centro-
somes). Ratiometric measurement of excimer and monomer fluorescence inten-
sities showed that protein droplets became hydrophobic and viscous as their
size increased. Moreover, centrosomes became hydrophobic and viscous during
maturation. Our results show that Pyr-A is a valuable tool to characterize LLPS
and enhance our understanding of phase separation underlying biological
functions.

INTRODUCTION

Many subcellular compartments are formed by liquid-liquid phase separation (LLPS) of biomolecules. The
resulting condensates, which are free of lipid bilayers and therefore called membraneless organelles,
include large transcriptional apparatuses mediated by transcriptional coactivators (ie. Bromodomain pro-
tein, mediators), centrosomes, stress granules, nucleoli, processing bodies, Cajal bodies, nuclear speckles,
and many others (Alberti et al., 2019; Elbaum-Garfinkle et al., 2015; Feric et al., 2016; Franzmann et al., 2018;
Gomes and Shorter, 2019; Hernandez-Vega et al., 2017; Brangwynne et al., 2009; Hyman et al., 2014; Lang-
donetal., 2018; Posey et al., 2018; Shin and Brangwynne, 2017; Shin et al., 2018; Wegmann et al., 2018; Wei
etal., 2017; Zhang et al., 2019, 2020). In principle, phase-separated condensates can achieve a locally high
concentration of biomolecules without global upregulation of protein synthesis. LLPS therefore provides a
dynamic infrastructure for biological reactions (Alberti et al., 2019; Gomes and Shorter, 2019; Hyman et al.,
2014). In order to understand the molecular determinants of intracellular LLPS, it is important to establish
tools to investigate the microenvironment during growth and disassembly processes.

Several methods have been established to examine the properties of biomolecular condensates formed by
LLPS (Burke et al., 2015; Conicella et al., 2016; Ganser and Myong, 2020; Mitrea et al., 2018; Murthy and
Fawzi, 2020; Reichheld et al., 2017). Phase separation assays using bright-field imaging or fluorescence mi-
croscopy can measure the effect of various conditions on LLPS, measure droplet formation and dissolution
kinetics, and test the miscibility of differentially labeled molecules over time. Fluorescence recovery after
photo bleaching and particle tracking using microrheology probe the diffusion of molecules within drop-
lets, whereas droplet fusion assays, right angle imaging, and surface wetting determine droplet surface
tension (Mitrea et al., 2018; Ganser and Myong 2020; Murthy and Fawzi 2020). Additionally, NMR probes
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Figure 1. Schematic illustration of quantitative measurement of phase-separated regions using a light-switching
pyrene probe

(A) Evaluation of condensates in living cells using the fluorescent properties of the dual-pyrene probe pyr-A.

(B) Examples of phase-separated microenvironments, such as bromodomain-containing protein 4 (BRD4) coactivator
condensates (left) and centrosomes (right).

complexity, high molecular size, or increased viscosity. Moreover, data processing and interpretation yield
unclear results. Thus, there are currently no suitable, convenient tools to monitor phase separation pro-
cesses. Therefore, developing novel probes monitoring LLPS without complicated steps (e.g. protein pu-
rification, genetic engineering) will overcome methodological restrictions underlying current approaches.

Pyrene is a polycyclic aromatic hydrocarbon consisting of four fused benzene rings and has dual fluores-
cence activity that is modulated by the solvent environment. Pyrenes can form excimers when an excited
pyrene monomer interacts with another monomer in the ground state (Somerharju, 2002) in a concentra-
tion-dependent manner. Therefore, lipid-linked pyrenes are suitable for studying biophysical properties
such as membrane fluidity (Gadella et al., 1990; Somerharju, 2002). For example, excimer formation by
monopyrene lipids provides a measure of lateral lipid diffusion, while dipyrene species, when present
at low concentrations, form only intramolecular excimers (Somerharju, 2002). Further, a conformational
expansion of pyrene-labeled proteins during phase separation was successively monitored by evaluating
intramolecular excimer emission (Majumdar et al., 2019). Recently, we used solvents with a wide range of
polarities, including poly(dimethylsiloxane) and oligo(dimethylsiloxane), to evaluate aromatic donor—
acceptor interactions between pyrene and pyromellitic diimide derivatives (Amemori et al., 2021).
Because the photophysical properties of pyrene are sensitive to solvent polarity and viscosity (Somer-
harju, 2002), dipyrene analogues can be further used to evaluate physicochemical dynamics of LLPS
(Figure 1A).

In this study, we developed a novel dipyrene analogue, Pyr-A, and used it to probe biomolecule conden-
sates formed by LLPS. These include in vitro droplets formed by intrinsically disordered regions (IDRs) of
bromodomain-containing protein 4 (BRD4) (Caputo et al., 2021; Colino-Sanguino et al., 2019; Sabari
et al., 2018), and centrosomes, which are dynamic and spherical membraneless intracellular organelles (Ti-
wary and Zheng, 2019) (Figure 1B). Centrosomes are surrounded by pericentriolar material (PCM) (Ander-
sen et al., 2003). During the cell cycle, centrosomes replicate in the S phase, sequentially expand the PCM
by assembling a set of proteins, organize the mitotic spindle to ensure equal distribution of duplicated ge-
nomes to two daughter cells (Figure 1B), and finally disassemble at the end of cell division (Tiwary and
Zheng, 2019). Using fluorescence microcopy, the above centrosome dynamics can be monitored in living
cells by imaging a fluorescently labeled centrosome component such as centrin-1 (Imai et al., 2010). Here,
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Figure 2. In vitro spectroscopic properties of Pyr-A

(A) Structure of Pyr-A.

(B-E) (B) UV-Vis absorption and (C) fluorescence emission spectra of Pyr-A were acquired in various solvents. The
fluorescence intensity ratio l470/400 of excimer emission (at 470 nm) and monomer emission (at 400 nm) was measured as a
function of (D) the solvent polarity parameter E+(30) and (E) the viscosity of methanol/PEG 400 mixtures ([Pyr-A] = 1.0 uM;
excitation wavelength, 358 nm). Viscosities of the solvent mixtures were calculated from the molar fraction of PEG 600,
based on the relationship reported previously (Mousavi et al., 2020).

we show that Pyr-A can identify increased hydrophobicity and viscosity during increase in size of phase-
separated molecular condensates.

RESULTS

Synthesis and photophysical properties of Pyr-A

We prepared the dipyrene analogue Pyr-A (Figure 2A), with attached water-soluble poly(ethylene glycol)
groups, from the substitution reaction between dipyrene derivative 4, with terminal hydroxyl groups, and
poly(ethylene glycol) methyl ether tosylate (average M, = 900 g mol~") according to Scheme S1. The dipyr-
ene derivative 4 was obtained from the Suzuki-Miyaura cross-coupling reaction between pyrene derivative
1 and diboronic acid derivative 3, the latter of which was synthesized from 2,2-dibutyl-1,3-propanediol in a
three-step process (see Scheme S1 and Data S1-57).

Absorption and fluorescence spectra of Pyr-A were measured in various solvents to elucidate its emission
behavior as a function of microenvironment (Figure 2). An intense absorption band was observed in the range
320400 nm (Figure 2B), which are similar to that observed for 1,6-diphenylpyrene derivatives (Imai et al., 2012)
and red-shifted, intensified, and broadened (or vibrationally unstructured) compared with unmodified pyrenes
due to the modification of the 7t-conjugation system of pyrene moieties by adjacent phenyl rings. An intense ab-
sorption band was observed in the range 320-400 nm (Figure 2B), similar to that observed for 1,6-diphenylpyrene
derivatives. The molar absorption coefficients in nonaqueous solutions (¢ = 7.6-8.2 x 10* cm™' M~ at the peak
wavelength (Table S1)) were approximately twice as large as those of 1,6-diphenylpyrene (e =4 x 10*cm™"M~"in
chloroform [Imai et al., 2012]), indicating that the spectroscopic properties of Pyr-A in the near-UV and visible re-
gions are attributable to their two 1,6-diphenylpyrene chromophores. These absorption bands were markedly
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broadened and weakenedin aqueous solution, observations that have previously been attributed to aggregation
of ground-state pyrene chromophores (Winnik et al., 1987).

Fluorescence emission spectra of Pyr-A comprised two bands near 400 nm and 470 nm, whose intensities varied
with solvent type (Figure 2C). The shorter- and longer-wavelength bands are similar to those of monomer and
excimer emission of other pyrenes except that sharp emission peaks in the monomer band were smeared out by
adjacent phenyl rings, as reported previously (Imai et al., 2012; Mizoshita and Inagaki, 2018). These assignments
were supported by time-resolved fluorescence measurements (Figure S1A, Table 1); although the fluorescence
lifetime was shorter than that of unmodified pyrenes due to the radiation decay rate enhanced by adjacent
phenyl rings, the longer-wavelength emission decayed slowly (tens of nanoseconds), whereas the shorter-wave-
length emission decayed rapidly (within several nanoseconds), consistent with the long-lived nature of pyrene
excimers (Weltman et al., 1973). The excimer emission was independent of Pyr-A concentration, indicating that
the excimer formation is intramolecular (Figure S1B). The emission spectrum in aqueous solution exhibited
peculiar behavior, with only the excimer band emerging with a markedly lower intensity. The fluorescence
quenching was also evidenced by a shorter fluorescence lifetime (Figure S1B), which likely results from intramo-
lecular dimer formation of ground-state pyrene chromophores (Lemmetyinen et al., 1991), considering the
modification of the absorption spectra. The resulting low-fluorescence quantum yield in aqueous solution
(Table S1) indicates that Pyr-A is an insensitive probe for water-rich environments.

In nonaqueous solutions, the excimer emission of Pyr-A was enhanced in polar protic and aprotic solvents
compared with less-polar solvents such as tetrahydrofuran and benzene. The excimer emission efficiency was
evaluated using the ratio of monomer (400 nm) and excimer (470 nm) emission intensities, l470/400- When plotted
as a function of the polarity parameter, E1+(30), of pure solvents (Figure 2D) and binary mixtures of methanol and
tetrahydrofuran (Figure S1C), the ly70/400 value was observed to increase at higher solvent polarities. The excimer
emission was more prominent in polar aprotic solvents with lower viscosities, such as acetonitrile (3.4 x 10~*Pa-s)
and acetone (3.0 x 107#Pa-s), than in more polar protic solvents with higher viscosities, such as 1-propanol (2.8 x
1073 Pa-s)and 1-octanol (7.4 x 1073 Pa-s). The influence of solvent viscosity was examined for binary mixtures of
methanol and polyethylene glycol 600 (PEG 600), whose viscosities increase monotonically as a function of the
molar fraction of PEG 600 (Mousavi et al., 2020), but whose E1(30) values remain almost unchanged (54.2-55.4).
The value of I470/400 was found to decrease with increasing viscosity of the solvent mixtures (Figure 2E), indicating
that the ratio of monomer and excimer fluorescence emissions of Pyr-A is sensitive to both the polarity and vis-
cosity of its surrounding environment. Notably, excimer emission was dominant in more polar and less viscous
environments, whereas monomer emission was dominant in less polar and more viscous environments, such
as those formed during LLPS.

Fluorescence microscopic analysis of LLPS in vitro and in vivo

BRD4 is a coactivator involved in transcription regulation and its IDR forms droplets in vitro (Sabari et al., 2018).
Therefore, we prepared a recombinant fusion protein comprising the IDR of BRD4 (BRD4-IDR) and monomeric
enhanced green fluorescent protein (NEGFP), and analyzed BRD4-IDR-mEGFP protein droplets using fluores-
cent microscopic imaging (Figure 3A). Consistent with a previous report (Sabari et al., 2018), we first confirmed
that the size distribution of BRD4-IDR-mEGFP droplets shifted to smaller values at high NaCl concentrations
(Figures 3B and 3C). Next, we probed BRD4-IDR-mEGFP droplets using 10uM of Pyr-A and found that Pyr-A
distributed inside microenvironments (Figure 3D). During these microscopic experiments, we detected mono-
mer and excimer emission at 425 nm and 490 nm, respectively, due to the used optical filter characteristics,
yielding the intensity ratios that show qualitatively similar solvent dependence to the case of 1470/400 (Figure 3E).
While a ratio metric measurement of the excimer/monomer fluorescence intensity (E/M) in buffer was around
2.2-2.3, the E/M values inside protein droplets showed an inverse relationship between E/M and droplet size
(Figure 3F), suggesting that the protein droplets became hydrophobic and viscous during maturation. Impor-
tantly, both the size and the physicochemical traits of protein droplets were independent of Pyr-A concentra-
tions (Figures S2A-S2D). In addition, the saturating concentrations of the protein droplets in the presence of
Pyr-A was similar with that in the absence of Pyr-A (Figure S3). Collectively, Pyr-A itself rarely alter the phase
behavior of the proteins by introducing some abnormal interactions.

Additionally, we used Pyr-A to probe centrosomes inside cells. Centrosomes consist of a pair of centrioles
embedded in PCM, whose constituents include centrin-1 and pericentrin (Figures 1B and 4A). After nuclear en-
velope breakdown, certain components of the nuclear pore complex, such as NUP62, localize to centrosomes
(Figure 4B) and are involved in PCM layer maturation. Unsurprisingly, the size of centrosomes (measured from
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Figure 3. In vitro fluorescence microscopic analysis of protein droplets

(A) Amino acid composition of BRD4 (upper). The blue bar represents the previously identified intrinsically disordered regions
(IDRs) of BRD4 (Sabari et al., 2018). Each row represents information pertaining to a single amino acid. Black bars represent the
occurrence of the indicated amino acid at that position in BRD4. Analysis of the BRD4 protein sequence for IDRs used the
IUPred2A (https://iupred?a.elte.hu) (Dosztanyi, 2018) combined web interface (lower). The amino acid position in the linear
sequence is plotted on the horizontal axis, and the disorder tendency (IUPRED Score) is displayed on the vertical axis.

(B) Representative images of droplets at different salt concentrations. Recombinant fusion protein comprising IDRs of
BRD4 and membrane-anchored enhanced green fluorescent protein mEGFP (BRD4-IDR-mEGFP) was diluted in droplet
formation buffer to a final concentration of 10 uM and the indicated NaCl concentration.

(C) Quantification of droplets in each salt concentration (n = 10, Mean + SD). **p<0.01, comparisons between groups
were made using an unpaired t test.

(D) Representative images of Pyr-A (10 uM) in droplets containing mEGFP (Upper) or BRD4-IDR-mEGFP (Middle). BRD4-
IDRs-mEGFP in the absence of Pyr-A stands as negative control (Bottom).

(E) The fluorescence intensity ratio 1490/425 of excimer emission (at 490 nm) and monomer emission (at 425 nm) as a
function of the solvent polarity parameter Et(30). The respective intensities were integrated over wavelength regions
covered by the used optical filters (397-453 nm for monomer and 470-510 nm for excimer).

(F) Ratiometric measurement of excimer/monomer fluorescence intensity (E/M). The E/M ratio inside droplets was
quantified (n = 24).

the spatial distribution of pericentrin fluorescence) in the mitotic phase was significantly larger than that in inter-
phase (Figure 4C). To visualize centrosomes in live cells, we first established cells stably expressing the centrin1-
GFP fusion protein (Figure S4). Next, we synchronized cells using thymidine blocking to enrich a mitotic popu-
lation. Last, 10 uM of Pyr-A was applied before fluorescence microscopic imaging. Importantly, Pyr-A did not
have any cytotoxic effects (Figure 4D).

Both excimer and monomer emissions were observed inside cells, indicating that Pyr-A is cell permeable (Fig-
ure 4E). To profile E/M values in centrosomes, we measured E/M using line profile analyses (Figures 4F-H). The
E/M value in the regions centered on centrin1-GFP signals was significantly lower in mitotic cells compared with
interphase cells (Figures 4G and 4H). These results suggested that centrosomes in dividing cells grow by ex-
panding the PCM and changing the microenvironment to be either more viscous or less polar.

DISCUSSION

In this study, we developed a light-switching pyrene probe, Pyr-A, to monitor physicochemical properties
of phase separation in centrosomes and purified protein. Importantly, monomer emission of Pyr-A was
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Figure 4. In vivo fluorescence microscopic analysis of centrosomes

(A and B) Confocal imaging of (A) centrosome markers centrin1 (green) and pericentrin (red) in Hela cells expressing
centrin1-GFP, and of (B) NUPé2 (green) and pericentrin (red) in untransfected Hela cells, acquired in the interphase and
during nuclear envelope breakdown (NEBD) in the mitotic phase (scale bar, 10 um).

(C) Quantification of centrosome foci in the interphase and mitotic phase (n = 10). Box plot element: medians with
interquartile range and whiskers (min to max). **p<0.01, comparisons between groups were made using an unpaired

t test.

(D) The effects of Pyr-A on cell viability, evaluated using the MTT assay (n = 3, mean + SEM).

(E) Imaging of centrin1-GFP (green) and Pyr-A (monomer, purple; excimer, yellow) in HelLa cells expressing centrin1-GFP
(scale bar, 20 um).

(F=H) Line profiling of E/M in the centrosome region. (F) Intensity was normalized relative to the maximum GFP signal. E/M
values of centrin1 in interphase and mitotic centrosomes were compared (G) along the lines and (H) at their center
(interphase, n = 6; mitotic phase, n = 7; mean + SEM). *p<0.05, comparisons between groups were made using an
unpaired t test.

enhanced in hydrophobic and viscous solvents. The mean E/M value of Pyr-A reflects changes in the above
physiochemical conditions, and fluorescent microscopic imaging of Pyr-A successfully monitored LLPS in
in vitro protein droplets and centrosomes.

We demonstrated that the fluorescence emission of Pyr-A switched from excimer to monomer as the sol-
vents became less polar and more viscous. This emission behavior is related to the favorable energetics
and dynamics of the excimer formation. The intrinsically hydrophobic pyrene moieties favor intramolecular
association in water-rich environments but behave as isolated monomers in hydrophobic environments.
Excimer formation also requires a diffusion-controlled encounter between excited-state and ground-state
pyrene moieties. Because the lifetime of the excited pyrene is limited, it is difficult to form excimers as sol-
vent viscosities increase, resulting in predominant monomer emission.

Fluorescent proteins and chemical probes are valuable tools for studying dynamic processes within living
cells. However, one rarely achieves a quantitative biophysical/physiochemical understanding of
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condensates. Here, we have revealed that the hydrophobicity and viscosity of target regions can be
quantitatively probed by measuring the E/M ratio of Pyr-A. Although the current approach requires
counterstaining with specific markers to spatially define the targets, further modification with functional-
ized nuclear localization signal peptides or antisense sequences specific for target RNAs will allow us to
control the intracellular Pyr-A destination (Leung et al., 2018; Xu et al., 2010). These aspects will be ad-
dressed in the near future.

Centrosomes increase in size during mitosis by establishing a clouded PCM structure (Fu and Glover,
2012). Our results might reflect both the ability of the mitotic centrosomes to compartmentalize via
LLPS and the integrity of the assembled PCM, which could be critical for forming two equally sized spin-
dle poles during mitosis. Recent studies demonstrated that phosphorylation of the PCM by Polo-like
kinase 1 is required for PCM expansion (Cabral et al., 2019), and also phosphatase activity of protein
phosphatase 2A is involved in regulation of centrosome clustering in cancer cells (Antao et al.,, 2019).
In addition, acetylation/deacetylation of RNA helicase DDX3X controls LLPS and stress granule assembly
(Saito et al.,, 2019), and hyperacetylated proteins form amyloid-like intracellular aggregates (Olzscha
et al., 2017). These findings underscore the role of post-translational modifications in LLPS growth and
disassembly. Therefore, how these modifications affect the physicochemical dynamics of the microenvi-
ronment during LLPS needs to be addressed.

In conclusion, we have demonstrated that the bipyrene analogue Pyr-A can probe the polarity and viscosity
of the microenvironment within phase-separated liquid droplets. Integrative analysis of these physico-
chemical dynamics and biological processes could provide important steps toward understanding the mo-
lecular determinants of phase separation.

Limitation of the study

In this study, E/M ratio data of current Pyr-A reflect both polarity and viscosity. To improve this convo-
luted evaluation, adjusting hydrophobic properties of pyrene will be required to specifically evaluate
either polarity or viscosity. Nonetheless, we demonstrated that Pyr-A have great potential as chemical
probe to evaluate phase-separated condensates without complicated steps. Combined approach with
other analysis as such FRAP will enhance our understanding on LLPS, and we would like to address those
issue in near future.

STARXMETHODS
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Antibodies

anti-b-actin rabbit polyclonal antibody

anti-GFP mouse monoclonal antibody

anti-Nup62 rat monoclonal antibody

anti-Pericentrin rabbit polyclonal antibody

Goat anti-Mouse Secondary Antibody Alexa Fluor 488
Goat anti-Rabbit Secondary Antibody Rhodamine Red-X
Goat anti-Rat Secondary Antibody Alexa Fluor 488
Anti-mouse IgG, HRP-linked Antibody

Anti-rabbit IgG, HRP-linked Antibody

Cell Signaling Technology
FUJIFILM Wako Pure Chmicals
Sigma-Aldrich

Abcam

Invitrogen

Invitrogen

Invitrogen

Cell Signaling Technology
Cell Signaling Technology

Cat#4967; RRID:AB_330288

Cat#012-20461; RRID:AB_664697

Cat#N1163; RRID:AB_1079511
Cat#ab4448; RRID:AB_304461
Cat#A11029; RRID:AB_138404
Cat#R6394; RRID:AB_2556551
Cat#A11006; RRID:AB_141373
Cat#7076; RRID:AB_330924
Cat#7074; RRID:AB_2099233

Bacterial and virus strains

NEB 5-alpha Competent E. coli (subcloning Efficiency)

New England Biolabs

Cat#C2988J

Chemicals, peptides, and recombinant proteins

BamH1

Kpn1

pEGFP-C1

LB broth (Lennox)

Kanamycin Sulfate

PEG-Pyr

FBS

G418 Disulfate

Thymidine

Lipofectamine™ 2000 Transfection Reagent
Opti-MEM™

Penicillin- Streptomycin-AnphotericinB suspension
MTT 2-(4,5-dimethyl-2-thiazolyl)-3,5-diphenyl-2H-
tetrazolium, monobromide

DMF

Paraformaldehyde

BSA

ProLong™ Diamond Antifade Mountant with DAPI
Protease inhibitor cocktail (EDTA free) (100x)
Immobilon Western Chemiluminescent HRP Substrate
Immobilon-P PVDF

Tween20 Polyoxyethylene Sorbitan Monolaurate

TOYOBO

New England Biolabs

TaKaRa Clontech
Sigma-Aldrich

FUJIFILM Wako Pure Chmicals
this study

Gibco

Nacalai Tesque

FUJIFILM Wako Pure Chmicals
Invitrogen

Gibco

FUJIFILM Wako Pure Chmicals

Cayman Chemical

Nacalai Tesque

Nacalai Tesque

FUJIFILM Wako Pure Chmicals
Invitrogen

Nacalai Tesque

Merck

Merck

FUJIFILM Wako Pure Chmicals

Cat#BAH-111
Cat#R0142S
Cat#6084-1
Cat#L3022
Cat#117-00704
N/A
Cat#10270-106
Cat#16512-52
Cat#203-19423
Cat#11668019
Cat#31985-070
Cat#161-23181
Cat#21795

Cat#13016-65
Cat#26123-55
Cat#015-23295
Cat#P36962
Cat#03969-21
Cat#WBKLS0500
Cat#IPVHO0010
Cat#167-11515

Pyr-A This manuscript N/A
Experimental models: Cell lines

Hela ATCC N/A
Recombinant DNA

pEGFP-C1-Centrin1 This study N/A
Software and algorithms

Axio Vision 4.8 Zeiss N/A
FV10-ASW4.2 Olympus N/A

10 iScience 24, 102865, August 20, 2021

(Continued on next page)



iScience

¢? CellPress

OPEN ACCESS

Continued
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Graph Pad Prism 7 Graph Pad N/A

Multi Gauge V3.2 FUJIFILM Wako Pure Chmicals N/A

Other

35mm glass bottom dish MATSUNAMI Cat#D11130H
flow view FV10i Olympus N/A
LAS-4000 image analyzer FUJIFILM Wako Pure Chmicals N/A
Multiskan GO Thermo Fisher Scientific N/A

Zeiss LSM5 EXCITER confocal microscope Zeiss N/A

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, Masaharu Hazawa (masaharu.akj@gmail.com)

Materials availability

All unique reagents generated in this study are available from the lead contact with a completed Material
Transfer Agreement.

Data and code availability

All data reported in this paper will be shared by the lead contact upon request. This study did not generate
such unique code.

EXPERIMENTAL MODEL AND SUBJECT DETAILS
Cell lines and primary cultures

The following cancer cell lines were used in this study.

1. HeLa cells (RRID: CVCL_0030). Origin: Human endocervical adenocarcinoma cell line obtained from
a 30-year-old female.

Hela cells were obtained from ATCC and cultured in Dulbecco’s Modified Eagle Medium (Invitrogen) with
10% fetal bovine serum and penicillin/streptomycin in a humidified atmosphere with 5% CO2 at 37°C. We
did not authenticate this cell line in our laboratory.

2. 5CC13 cells (RRID: CVCL_4029). Origin: Human skin squamous cell carcinoma cell line obtained
from a 56-year-old female.

SCC13 cells were kindly provided by Dr Timothy Chan (Memorial Sloan Kettering Cancer Center) and were
cultured in Dulbecco’s Modified Eagle Medium (Invitrogen) with 10% fetal bovine serum and penicillin/
streptomycin in a humidified atmosphere with 5% CO, at 37°C. The cell line was authenticated by short tan-
dem repeat analysis with the Geneprint 10 System Kit (B9510, Promega, Madison, WI, USA) in 2014
described previously (Hazawa et al., 2017).

METHOD DETAILS

Synthesis of Pyr-A

Synthesis of 1. The mixture of 1,6-dibromopyrene (1.80 g, 5.0 mmol), 4-(hydroxymethyl)phenylbronic
acid (0.76 g, 5.0 mmol), potassium carbonate (2 M in water, 13 mL) and toluene (80 mL) was deoxygenated
by bubbling with nitrogen gas for 40 min. To the mixture was added Pd(PPhs), (208 mg, 0.18 mmol) was
added to the mixture, and further deoxygenated by bubbling with nitrogen gas for 10 min, heated at
100°C under N,. While heating, deoxygenated ethanol (10 mL) was added to the mixture. After heating
for 20 h, the resulting mixture was cooled to room temperature, poured into water, then extracted with
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mixture of CH,Cl,. The organic layer was washed with water, dried over anhydrous Na,;SQOy, then evapo-
rated to dryness. The residue was purified by silica gel column chromatography (methanol/CH,Cl,=1/
99) to obtain 1 as a pale yellow solid (1.05 g, 2.7 mmol, 54%).

Synthesis of 2. Under N, 2,2,-dibutyl-1,3-propanediol (3.85 g, 20.5 mmol) in THF (70 mL) was slowly
added to NaH (60% dispersion in oil, 2.45 g, 61.4 mmol) in THF (110 mL) at 0°C. After the mixture was stirred
at0°C for 1 hour, 4-bromobenzyl bromide (15.36 g, 61.4 mmol) in THF (15 mL) was slowly added at 0°C, and
then warmed up to room temperature. Dry DMF (50 mL) was added to the mixture and stirred 1 week at
room temperature. The resulting mixture was poured into ice water and then extracted with mixture of hex-
ane and ethylacetate (3:1). The organic layer was washed with water, and dried over anhydrous Na,SOy,
followed by evaporation to dryness. The residue was purified by silica gel column chromatography
(CH,Cly/Hexane=5/95) to obtain 2 as a white solid (6.81 g, 12.9 mmol, 63%).

Synthesis of 3. The mixture of 1 (1.05 g, 2.0 mmol), bis(pinacolato)diboron (1.12 g, 4.4 mmol), potassium
acetate (1.30 g, 13.2 mmol) and dioxane (14 mL) was deoxygenated by bubbling with nitrogen gas for
40 min. [1,1-bis(diphenylphosphino)ferroceneldichloropalladium dichloromethane adduct (50 mg) was
added to the mixture, and further deoxygenated by bubbling with nitrogen gas for 20 min, heated at
80°C under N,. Additional Pd catalyst (50 mg) and bis(pinacolato)diboron (67 mg) were added to the
mixture. After heating for 30 h, the resulting mixture was cooled to room temperature, poured into water,
and then extracted with a mixture of hexane and ethylacetate (4:1). The organic layer was washed with
brine, and dried over anhydrous Na,SO,, followed by evaporation to dryness. The residue was purified
by silica gel column chromatography (Ethylacetate/Hexane=5/95) to obtain 3 as a transparent oil
(0.56 g, 0.9 mmol, 45%).

Synthesis of 4. The mixture of 3 (400 mg, 0.64 mmol), 1 (548 mg, 1.41 mmol), potassium carbonate (2 M in
water, 2 mL), ethanol (2 mL) and toluene (4 mL) was deoxygenated by bubbling with nitrogen gas for 30 min.
Pd(PPh3), (45 mg, 0.04 mmol) was added to the mixture and further deoxygenated by bubbling with nitro-
gen gas for 20 min, and refluxed under N, for 15 h. The resulting mixture was cooled to room temperature
and then filtrated. The residue was washed with water, methanol and CH,Cl,, and dried in vacuo to obtain
compound 4 as a pale yellow solid (531 mg). This compound was used for the next reaction without further
purification. HRMS(FAB) Calcd for C71Hg504 [(M+H)"]: m/z 981.4883, Found: m/z 981.4894.

Synthesis of Pyr-A.  NaH (60% dispersion in oil, 20 mg, 0.29 mmol) was slowly added to the mixture of 4
(36 mg, 0.06 mmol), dry THF (0.5 mL) and dry DMF (0.6 mL) at 0°C under Nj. After stirring for 2 h at 0°C, to
the mixture was added poly(ethylene glycol) methyl ether tosylate (M,, = 900 gmol™', 156 mg, 0.24 mmol)
and warmed up to room temperature, and then stirred for 35 h. The resulting mixture was poured into satu-
rated NH4Cl ag. and then extracted with CH,Cl,. The organic layer was washed with water, and dried over
anhydrous Na,SOy, followed by evaporation to dryness. The residue was purified by silica gel column chro-
matography (methanol/CH,Cl,=2/98 to 5/95) and size exclusion chromatography to obtain Pyr-A as a pale
yellow solid (48 mg, 0.019 mmol, 32%).

Instrumentation

1H and 13C NMR measurements were recorded on a Bruker Avance Neo 400 instrument (1H 400 MHz and
13C 100 MHz). Elemental analysis, FAB mass spectroscopy and El mass spectroscopy were performed at
the Research Institute for Instrumental Analysis, Advanced Science Research Center, Kanazawa University.

Cell proliferation assay

Cells were seeded into a 96-well plate at 3000 cells/well and cultured under the indicated concentrations of
Pyr-A. Cell viability was assessed using the MTT (3-(4, 5-dimethylthiazol-2-yl) -2, 5-diphenyltetrazolium bro-
mide) method (Hazawa et al., 2018, 2020). In brief, 10 uL of 12 mM MTT solution was added into each well
followed by 3 h incubation. The reaction was stopped by adding 100 uL of STOP solution (2% acetic acid,
16% SDS, 42% DMF). Samples were mixed thoroughly, and absorbance was measured at 570 nm.

cDNA vector

The centrin1-EGFP vector was made by cloning cDNA from Hela cells into a C1-EGFP vector using Kpnl/
BamH] restriction sites. IDRs of BRD4 (674-1357aa) was picked out from the pcDNA5-Flag-BRD4-WT vector
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(addgene # 90331) and ligated into the N1-EGFP vector using Xhol and Bamhl (TOYOBO, BAH-111) with
following primers: F1: 5-CTCGAGGCCACCATG TGTTTGCGGAAGAAAAGG-3'; R1: 5'-GGATCCCGAC
TCTGGAAATTCATG-3'. Further, BRD4-IDRs-EGFP was amplified with F2: 5'-GAATTCATGTGTTTGCGGA
AGAAAAGGAAACC-3'; R2: 5'-GCGGCCGCTTACTTGTACAGCTCGTC-3', and ligated into the pET28a
vector using EcoRI/Notl.

Transfection

DNA transfection was performed using Lipofectamine 2000 (Life Technologies). Hela cells stably express-
ing centrin1-EGFP were selected following G418 treatment.

Protein purification

Constructed pET plasmid was transformed into Arctic Express cells and grown as follows. A fresh bacterial
colony was inoculated into LB media containing kanamycin and grown 16 hours at 37°C. The LB solution
containing cells were diluted 1:50 in 1 L LB solution and grown 3 hours at 30°C. IPTG was added to
1 mM and growth continued for 24 hours at 13°C. Cells were collected and stored frozen at 80°C.

Pellets from 1L LB were resuspended in 30ml buffer A (50 mM Tris HCIl pH 7.5, 500 mM NaCl, 10 mM Imid-
azole) containing a protease inhibitor and disrupted using a French press. The supernatant obtained after
lysate centrifugation was applied to His Trap HP 1ml (Cytiva) pre-equilibrated with buffer A. The column
was washed with buffer A and eluted with buffer B (50 mM Tris HCI pH 7.5, 500 mM NaCl, 200 mM Imid-
azole) containing a protease inhibitor. Eluted protein was then concentrated by centrifuge filter unit (Ami-
con Ultra). BRD4-IDR-GFP was further purified by gel filtration chromatography. Glycerol was added to the
purified protein to 10% and stored at -80°C until use.

Spectrophotomeric and spectrofluoromeric measurements

UV-visible absorption and fluorescence spectra of Pyr-A in various solvents were measured using a spec-
trophotometer (JASCO, V-750) and spectrofluorometer (JASCO, FP-8300), respectively. The temperature
was maintained at 25+ 1°C during measurement. The concentration of Pyr-A was around 1.0 uM. Fluores-
cence quantum yield (®;) was determined using quinine-sulfate (&4 = 0.55) as a fluorescence reference
standard. E1(30) values of solvent mixtures were evaluated from the wavelengths of absorption maxima
of Betaine 30.

Time-resolved fluorescence measurements

Fluorescence decay profiles of Pyr-A were monitored using a high-speed photodiode detector following
excitation by a pulsed laser. The excitation pulses at 355 nm (5 ns, 1.0 mJ) were provided by the third har-
monic of a Nd:YAG laser (Amplitude, Minilite I). The fluorescence of monomer and excimer were selected
by placing 400 nm and 470 nm bandpass filters (Thorlabs, FWHM 10 nm) respectively, in front of the detec-
tor, and recorded using a digital oscilloscope (Tektronix, TDS784D). The instrumental response function
was measured to be 5 ns by monitoring the temporal profile of scattered light of the excitation pulses
by pure methanol solvent. The fluorescence lifetimes of monomer (my) and excimer (7g) were determined
by fitting the data with a monoexponential decay function after deconvolution with the instrumental
response function.

Immunocytochemistry and confocal microscopy

Anti-GFP (012-20461) mouse monoclonal antibody was obtained from Wako. Anti-pericentrin rabbit poly-
clonal antibody (ab4448) was acquired from Abcam. Anti-Nupé2 rat monoclonal antibody (N1163) was
obtained from Sigma-Aldrich. Secondary antibodies were acquired from Molecular Probes (Life Technol-
ogies). For immunofluorescence, synchronized Hela cells were washed in phosphate-buffered saline
(PBS, used at a 1x dilution) and fixed for 10 min in 4% paraformaldehyde at room temperature. Cells
were then permeabilized with 0.3% Triton X-100 in PBS (1x) for 10 min at room temperature. For Nupé2
staining, cells were washed with PBS (1x) and permeabilized with 0.3% Triton X-100 in PBS for 4 min before
fixation, then fixed with 4% paraformaldehyde for 10 min. Coverslips were blocked with 4% bovine serum
albumin in PBS (1x) for 30 min and incubated with primary antibodies for 2 h at room temperature and then
secondary antibodies for 2 h at room temperature. Coverslips were mounted onto glass slides using Pro-
Long Gold Antifade reagent (Life Technologies) and examined using a confocal microscope (FluoView®
FV10i, Olympus, objective x60/1.2). All confocal images were analyzed using FV10i software (version 4.1).

¢? CellPress

OPEN ACCESS

iScience 24, 102865, August 20, 2021 13




¢? CellPress

OPEN ACCESS

In vitro droplet assay

Recombinant mEGFP protein was obtained from ORIGENE (Sku#TP790050). Recombinant mEGFP fusion
protein (BRD4aa674-1351; BRD4-IDR-mEGFP; see supplemental information) was concentrated to an
appropriate level using Amicon Ultra centrifugal filters (50K MWCO, Millipore). Recombinant protein
was diluted in to a final concentration of 10 uM in droplet buffer (50 mM Tris—HCI pH 7.5, 10% glycerol,
1 mM DTT, 10% PEG) containing the desired NaCl concentration, with or without 10 pM of Pyr-A, then
immediately loaded on a glass-bottom dish (MATSUNAMI) and covered with a coverslip. Samples were
imaged using a Zeiss LSM5 EXCITER microscope with a mercury lamp and a Plan-Apochromat 100x/1.4
oil objective. Monomer emission was examined using a customized fluorescent cube | (Ex365/DM390/
Em425, Zeiss), while excimer emission was monitored using fluorescent cube Il (Ex365/DM400/Em490,
Zeiss). Axio Vision software (version 4.8) was used for image acquisition.

Live-cell fluorescence microscopic imaging

Cells were seeded onto a glass-bottom dish (MATSUNAMI) and incubated for 24 h to allow attachment.
Then, cells were synchronized using thymidine block to enrich a mitotic population (Hashizume et al.,
2013) and incubated in medium containing Pyr-A (10 pM). After 1 h treatment, cells were rinsed twice
with PBS (1x) and fresh culture medium was added. Cells were then examined using a Zeiss LSM5 EXCITER
microscope with a mercury lamp and a Plan-Apochromat 100x/1.4 oil objective. Axio Vision software
(version 4.8) was used for acquisition. To identify the centrosome regions, approximately 30 image slices
(0.2 mm thickness) were obtained, and the location with maximum centrin1-GFP signal was selected for
line profile analysis.

QUANTIFICATION AND STATISTICAL ANALYSIS

Comparisons between groups were made using an unpaired t test. p < 0.05 was considered statistically
significant. The Pearson correlation coefficient, r, was determined using GraphPad Prism.
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