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ABSTRACT

The nucleolus is a subnuclear membraneless com-
partment intimately involved in ribosomal RNA syn-
thesis, ribosome biogenesis and stress response.
Multiple optogenetic devices have been developed
to manipulate nuclear protein import and export,
but molecular tools tailored for remote control
over selective targeting or partitioning of cargo
proteins into subnuclear compartments capable of
phase separation are still limited. Here, we report a
set of single-component photoinducible nucleolus-
targeting tools, designated pNUTs, to enable rapid
and reversible nucleoplasm-to-nucleolus shuttling,
with the half-lives ranging from milliseconds to min-
utes. pNUTs allow both global protein infiltration into
nucleoli and local delivery of cargoes into the outer-
most layer of the nucleolus, the granular component.
When coupled with the amyotrophic lateral sclero-
sis (ALS)-associated C9ORF72 proline/arginine-rich
dipeptide repeats, pNUTs allow us to photomanipu-
late poly-proline—arginine nucleolar localization, per-
turb nucleolar protein nucleophosmin 1 and sup-
press nascent protein synthesis. pNUTs thus ex-
pand the optogenetic toolbox by permitting light-
controllable interrogation of nucleolar functions and
precise induction of ALS-associated toxicity in cellu-
lar models.

INTRODUCTION

The nucleolus is a prominent membraneless subnuclear
structure that is well known to control ribosome biogenesis

(1). A typical nucleolus contains three subcompartments in
a mammalian cell: the fibrillar center (FC), the dense fib-
rillar component (DFC) and the outmost granular compo-
nent (GC), where various steps of ribosome synthesis take
place. Mounting evidence indicates that, beyond the con-
trol of ribosome biogenesis, the nucleolus also acts as the
organizing hub for many functions in health and disease
(2). For example, the nucleolus is involved in controlling
cell cycle progression (3), response to cellular stress (4,5),
virus infection (6) and other essential cellular functions. In-
deed, many proteins have been found to localize within the
nucleolus and achieve their functions by dynamic shuttling
between the nucleolus and the nucleoplasm (7). Some of
them have been reported to contain nucleolar localization
sequences (NoLSs), which are responsible for cellular traf-
ficking and nucleolar accumulation or retention. Different
from nuclear localization sequence (NLS) containing argi-
nine (R)-rich motifs recognized by the importin complex to
enable the cytoplasm-to-nucleus transportation of proteins,
NoLSs are usually short in size (approximately several to
tens of amino acids) composed mostly of R or lysine (K)
residues. Most NoLSs do not interact with transporter pro-
teins, but rather physically engage a charge-dependent nu-
cleolus protein or ribosomal RNA (rRNA) (8-10), either
directly or indirectly.

Multiple optogenetic and chemogenetic tools have been
developed to enable nucleocytoplasmic shuttling and to fa-
cilitate the mechanistic probing of nuclear proteins (11-14).
In addition, Corelet-based optogenetic tools have been de-
veloped for de novo liquid-liquid phase separation (LLPS)
(15). Corelet has been used as a biomimetic model sys-
tem to study the composition and thermodynamic inter-
actions of nucleolar components (16), as well as to modu-
late the liquid-like condensates of telomeres (17). Nonethe-
less, there is still a need to further expand the repertoire
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of molecular tools tailored for convenient protein delivery
and partitioning to specialized subnuclear compartments
(18) formed by LLPS (19), including nucleoli (20), nuclear
speckles (21), paraspeckles (22), promyelocytic leukemia
(PML) bodies (23), Gemini of coiled bodies (Gems) (24)
and Cajal bodies (25). Herein, we set out to engineer a
set of single-component, photoinducible nucleolar target-
ing tools (termed as “pNUTs”) to enable preferential pro-
tein trafficking in and out of nucleolus by light, and to
probe the phase separation properties of selected nucleolus-
residing proteins that are involved in neurodegenerative
diseases, such as amyotrophic lateral sclerosis (ALS). We
first fused a light-oxygen—voltage domain (LOV2) (26,27)
of Avena sativa phototropin 1 with various NoLSs selected
from human, mouse, bacterial or viral proteins. We envi-
sion that photostimulated conformational changes in LOV2
could unleash caged NoLS and trigger a nucleolar accu-
mulation or retention of the engineered protein. To over-
come the limited nucleolar targeting ability of a single
NoLS in the LOV2-based pNUTs, we further adopted a
light-dependent NoLS polymerization method by fusing a
photolyase-homology domain of cryptochrome 2 (CRY?2;
amino acids 1-498) from Arabidopsis thaliana (28,29) with
NoLS. We believe that light-induced oligomerization of
CRY?2 could substantially amplify the nucleolus-targeting
signals to promote more efficient nucleolar localization.
In parallel, we extended a similar optogenetic engineer-
ing strategy to the C9ORF72 dipeptide repeats (DPRs) of
poly-proline—arginine (poly-PR), which is tightly associ-
ated with ALS due to nucleolar stress and cytotoxicity
(30). Here, we optimized a series of CRY2-PR variants,
dissected their condensate formation properties and suc-
cessfully recapitulated their cytotoxicity within the nucle-
olus in a light-dependent manner. With these tools, we pro-
vide the proof of concept to harness the power of light to
establish cellular models of ALS-associated poly-PR tox-
icity, which promises to accelerate the pace of decipher-
ing the pathogenic mechanisms underlying poly-PR-related
neurodegeneration.

MATERIALS AND METHODS
Plasmid construction

The standard restriction enzyme digestion—ligation method
was used for plasmid construction. KOD Start DNA Poly-
merase (EMD Millipore, MA, USA) was used for PCR
amplification. All the molecular cloning reagents were pur-
chased from New England Biolabs (Ipswich, MA, USA).
All the oligos used in this study were synthesized by In-
tegrated DNA Technologies (Coralville, 1A, USA) and
all constructs were confirmed by Sanger sequencing. For
LOV2-NoLS constructs, cDNAs encoding various NoLSs
(with a size over 90 bp) were synthesized as gBlock by
Integrated DNA Technologies and then subcloned into
a pTriEx-mCh-LOV2 backbone vector (31) between the
HindIIT and Xhol restriction sites. For short NoLS mo-
tifs, oligos were ordered, annealed and cloned into the
same vector. The LOV2 domain (residues 404-546) was
derived from Avena sativa phototropin 1. Further muta-
tions in NoLS were introduced by using the QuikChange
Lightning Multi Site-Directed Mutagenesis Kit (Agilent
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Technologies, Santa Clara, CA, USA). For CRY2-NoLS
constructs, digested gBlocks or annealed oligos were in-
serted into the mCh-CRY2 backbone vector (32) between
the BspEI and BamHI restriction sites. The CRY2 mod-
ule was derived from the photolyase-homology region
(residues 1-498) of Arabidopsis thaliana CRY2. The nu-
cleolar GC maker [GFP-nucleophosmin 1 (NPM1)], DFC
marker (mEmerald-fibrillarin-7), FC marker (GFP-UBF)
and Gems marker (GFP-SMN) were obtained from Ad-
dgene (#17578, #54096, #17656 and #37057; Watertown,
MA, USA). The DNA templates encoding other nuclear
subcompartment markers were also obtained from Ad-
dgene. PCR fragments were amplified and ligated to target
vectors by a standard restriction enzyme digestion—ligation
cloning method. To generate mCh-LOV2 and mCh-CRY?2
controls, the NoLS sequences from pNUT1 and pNUT?3
were deleted via standard PCR. The amplified sequence en-
coding NLS-mCherry (mCh) was digested and ligated to
substitute mCh in the mCh-LOV2 plasmid to make NLS-
mCh-LOV2, with the nuclear localization signal derived
from SV40 T antigen (SV40-NLS: PKKKRKYV) induced in
the forward PCR primer. A similar strategy was adopted to
generate NLS-mCh-CRY?2. No additional NLS was used in
all constructs, unless otherwise mentioned. The list of plas-
mid constructs made in the study is summarized in Supple-
mentary Table S1, with the three pNUT plasmids deposited
in Addgene (#175744, #175745 and #175746).

Time-lapse confocal imaging, data processing and quantifica-
tion

A Nikon W1 Yokogawa Spinning Disk confocal with pho-
tostimulation microscanner and environmental control in-
cubator was used in this study. To test light-induced nu-
cleolar translocation of mCh-LOV2-NoLS or mCh-CRY2-
NoLS constructs, HeLa cells were seeded in 35-mm glass-
bottom dishes (D35C4-20-1.5-N; Cellvis, Mountain View,
CA, USA) and transfected with individual constructs 20—
24 h before imaging. During time-lapse imaging, cells were
kept at 37°C with 5% CO; using a tightly sealed incuba-
tion cage mounted on the fluorescence microscope. Lipo-
fectamine 3000 (Thermo Fisher Scientific, MA, USA) was
used for transient transfection following the manufacturer’s
protocol. In most experiments, the 488-nm laser (at a light
power of 0.2 mW for 100 ms) was also the light source to
circumvent the need for external blue light-emitting diode
(LED). To determine the kinetic parameters of LOV2-
NoLS hybrid constructs, images were recorded every 0.5 s
for 10 s for both green (excitation: 488 nm; emission: 525
nm) and red channels (excitation: 561 nm; emission: 605
nm). Sequential image acquisition was applied for pulsed
stimulation with repeated dark-light cycles. For the dark
state, only the red channel was recorded. For the lit state,
both red and green channels were used. For CRY2-NoLS
constructs, images were taken before (red channel only) and
after blue light stimulation (both red and green channels;
every 2 s for 1.5 min). For repeated light stimulation, pulsed
blue light was applied as indicated in the corresponding fig-
ures.

For fluorescence recovery after photobleaching (FRAP)
experiments, HeLa cells expressing mCh-CRY2-(PR);3
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were photobleached in the indicated area and the recovery
of fluorescence intensity was measured. An external blue
LED (470 nm; 40 pW/mm?) was used to keep the protein
in the lit state during the whole FRAP process. Spatial con-
trol of nucleolar accumulation was achieved by using the
FRAP module of the confocal microscope, but the power
output was only set at 0.1% (1 ms) to avoid photobleach-
ing. For FRAP measurements, the power output was set at
20% (1 s).

For fluorescence loss in photobleaching (FLIP) experi-
ments, HeLa cells were kept at 37°C with 5% CO; and an
external blue LED light source (470 nm with a power den-
sity of 40 wW/mm?) was used to stimulate pNUT nucleolar
translocation and maintained through the entire course of
FLIP. The 488-nm laser was used in pulsed photobleach-
ing with the power output set at 20% for 1 s. An area of
6 wm? was bleached in nucleoplasm with 5-s intervals. Im-
ages for mCh-fused nucleolar proteins and pNUTs were
collected before and immediately after each bleaching step.
The fluorescence intensity in the nucleolus of bleached cells
was measured and normalized to the intensity before pho-
tobleaching.

To quantify the imaging data, we used the region-of-
interest toolbox in the Nikon NIS-Elements software (Mi-
nato City, Tokyo, Japan) to define the nucleolar, nucleoplas-
mic and cytoplasmic regions. The “Time Measurement’ tool
was used to determine the fluorescence intensities for mCh-
LOV2-NoLS and mCh-CRY2-NoLS variants. The fluores-
cence intensity ratio (F/Fy or Fji/Faak) was calculated and
plotted as shown in the related figures.

To determine the concentration-dependent oligomeriza-
tion of CRY2-based pNUT3 and the role of pNUT3 in
partitioning or LLPS, fluorescence intensities in the se-
lected nucleolar and nucleoplasmic regions were quanti-
fied in a pNUT3 concentration-dependent manner with or
without light stimulation. The impact of pNUT3 on the
thermodynamics of LLPS was then defined as cither the
client to the GC phase (single-component homotypic in-
teraction) (16,33) or changing the composition of the nu-
cleolus (composition-dependent heterotypic interactions).
For the homotypic model, with increased levels of pNUT3,
the nucleoplasmic concentration or intensity remains con-
stant. However, for a heterotypic model, the nucleoplasmic
concentration or intensity increases nonlinearly. Linear fits
were made by using a ‘Simple Linear Regression’ function
in GraphPad Prism 8.3.0. Ninety-five percent confidence in-
tervals for the regression line are indicated as dashed lines in
Figure 2D. Correlation coefficient (r) in Figure 1D was de-
termined using the function of correlation matrix in Graph-
Pad Prism. The net charge for NoLS sequences was calcu-
lated by using the online resource: https://pepcalc.com/.

Immunofluorescence staining

HeLa cells were seeded on 35-mm glass-bottom dishes
and transfected with mCh-CRY2-(PR), variants. Cells were
stimulated with pulsed blue light with 1-min ON and 3-min
OFF cycles (470 nm, 40 wW/mm?) for 1 h, after 24 h of
transfection. Cells were then fixed with 4% paraformalde-
hyde (PFA) for 20 min and then permeabilized with 0.5%
Triton X-100 for 10 min at room temperature. After block-
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ing cells with 3% bovine serum albumin (BSA) for 1 h, an
anti-NPM1 monoclonal antibody (clone NA24 at 1:100 di-
lution; Thermo Fisher Scientific, Waltham, MA, USA) was
added to cells and incubated at 4°C overnight. The sec-
ondary goat anti-mouse Alexa Fluor 488 IgG (A-11029 at
1:1000 dilution; Thermo Fisher Scientific, Waltham, MA,
USA) was used to label the primary NPM1 antibody at
room temperature for 1 h. Phosphate-buffered saline (PBS)
washing was repeated three times after each step’s solution
change.

To detect puromycylation of newly synthesized polypep-
tides, cells transfected with mCh-CRY2-(PR), variants
were incubated with 5 wg/ml puromycin (P8833; Sigma-
Aldrich, St. Louis, MO, USA) for 10 min in the absence
or presence of pulsed light stimulation as described ear-
lier. Cells were then washed with PBS three times and fixed
with 4% PFA for 20 min, followed by permeabilization with
0.5% Triton X-100 for 10 min and blocked with the blocking
buffer (3% BSA in PBS) for 1 h. A primary anti-puromycin
antibody (EQO0001, 1:1000; Kerafast, Boston, MA, USA)
was added to the blocking buffer and incubated overnight
at 4°C. Sixteen hours later, anti-mouse Alexa Fluor 488 IgG
(A-11029, 1:1000;Thermo Fisher Scientific, Waltham, MA,
USA) was added and incubated with cells for 1 h at room
temperature, followed by three times of PBS wash to mini-
mize unspecific binding.

Fluorescence in situ hybridization

The fluorescence in situ hybridization (FISH) for nucleo-
lar pre-RNA was carried out as described (34). A probe
spanning the 18S-internal transcribed spacer 1 (18S-ITS1)
junction (S'ITSI: 5¥-CCTCGCCCTCCGGGCTCCGTTA
ATGATC-3) was conjugated in its 5-end to FAM and
used for the FISH experiment. The transfected cells grown
on four-chamber glass-bottom dishes were treated with or
without blue light pulse (470 nm, 40 uW/mm?, 1-min ON
and 3-min OFF cycles for 1 h), then washed twice with PBS
and fixed with 4% PFA in PBS for 30 min. Next, cells were
permeabilized with 0.5% Triton X-100 for 5 min, followed
by subsequent two washes with 2x SSC containing 10% for-
mamide. Cells were incubated with a hybridization buffer
(10% formamide, 2.1 x SSC, 0.5 pg/ml rRNA, 10% dextran
sulfate, 250 wg/ml BSA, 10 mM ribonucleoside vanadyl
complexes, 0.5 ng/pl probe) at 37°C in the dark for at least
5 h. Cells were ready for imaging after two washes with
2x SSC (with 10% formamide) at 37°C. For data analysis,
the S'ITSI staining intensity for mCh-positive cells was nor-
malized to the signals from mCh-negative cells.

CRISPR-mediated knock-in of an mCh tag to HNRNPA1

Endogenous mCh tag knock-in for the nuclear pro-
tein  heterogeneous nuclear ribonucleoprotein Al
(HNRNPA1) was carried out as described in Fueller
et al’s study (35). Primers containing HNRNPA1 ho-
mology arms and other necessary components were
used to amplify the mCh cassette (pMaCTag-13, Ad-
dgene #119992). HNRNPAI-M1 tagging oligo: 5-
AAAGAAAAATTGTACTTTTCAGGTGGCTATGG

CGGTTCCAGCAGCAGCAGTAGCTATGGCAGTG
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Figure 1. Design and characterization of LOV2-based pNUTs. (A) Schematic depiction of the design. Twenty putative NoLSs derived from various species
(see Supplementary Table S2) were individually fused to the C-terminus of LOV2 to yield LOV2-NoLS hybrid proteins. In the dark, the NoLS motif is
predominantly masked presumably by docking toward the LOV2 core domain. After blue light stimulation, light-induced structural changes in LOV2 cause
rapid unfolding of the C-terminal Ja helix, thereby exposing NoLS to restore its nucleolar targeting capability. No. 18 (red) and No. 19 (blue) show the
most prominent changes upon light illumination with the least background activation and are named as pNUT1 and pNUT2, respectively. The primary
sequences for the junction regions between LOV2 and NoLS are shown below the cartoon. (B) Representative confocal images of HeLa cells expressing
mCh-LOV2-NoLS before (dark) and after light illumination for 10 s (470 nm). Two LOV2-NoLS variants (No. 18 and No. 19) are shown as typical examples.
Fluorescence intensity profiles and light-induced changes in the fluorescence intensity [quantified as the nucleolus/nucleoplasm (or No/Nu) intensity ratio
of mCh fluorescence] across the yellow dashed line are shown on the right. Scale bar, 10 wm. n = 16-21 cells from three independent experiments. Error
bars denote standard error of the mean (s.e.m.). (C) Quantification of light-dependent responses (as the No/Nu ratio) of mCh-LOV2-NoLS variants. Lit,
light stimulation. n = 12-29 cells. Data are shown as mean + s.e.m. Also see Supplementary Figures S2 and S3 for representative images and detailed
quantification (dark versus light) for each construct. (D) Evaluation of the correlation among the indicated parameters. Light-induced fold change in the
No/Nu intensity ratio of mCh (No/Nu > 1.1 as a cutoff) showed a significant positive correlation with the presence of 4-R/K or dual 3-R/K clusters
in NoLS motifs (r = 0.58). The background nucleolar partition (in the dark) was positively correlated with the numbers of R/K residues (r = 0.70), as
well as the net charge (r = 0.79). The scale bar indicates the correlation coefficient from low (red) to high (blue). Also see Supplementary Figure S3. (E)
Light-induced changes in normalized No/Nu ratio of mCh-pNUT1 and mCh-pNUT2 when expressed in HeLa cells. The activation half-lives are indicated
below the curves. n = 18-23 cells (mean =+ s.e.m.). (E) Quantification of the No/Nu ratio of mCh-pNUT?2 in response to three repeated dark-light cycles.
n = 52 cells. (G) Representative confocal images showing reversible translocation of mCh-pNUT2 between nucleoplasm and nucleolus in live HeLa cells.
Three repeated dark-light cycles of stimulation were applied. Scale bar, 10 pm. Also see Supplementary Movie S2. See Supplementary Figure S5 and
Supplementary Movie S1 for the performance of mCh-pNUT]1.



PAGE 5 OF 14

GCAGAAGATTTTCAGGTGGAGGAGGTAGTG-3;
HNRNPA1-M2 tagging oligo: 5-TTTAAAAAATTA
TGTCAACACACAAAAAGGTGCTTACTTACCTA
A2aaaaaaAAGGTGCTTACTTACCTAATatctacactta
gtagaaattaGCTAGCTGCATCGGTACC-3. The PCR
product was separated by agarose gel electrophoresis and
purified by column purification, and then cotransfected
with Casl2a [pcDNA3.1-hLbCpfl (TYCV) (pY230), Ad-
dgene #89355] into HeLa cells. For each well in a 24-well
plate, 500 ng PCR product and 500 ng Casl2a were used
for transfection. Seventy-two hours after transfection,
mCh-positive cells were sorted by flow cytometry. The
expression levels of pNUT1-3 (200 ng/well for pNUTI
and pNUT2 and 500 ng/well for pNUT3 in 24-well plates
were used) relative to endogenous nuclear protein were
determined by CRISPR-mediated mCh knock-in in frame
with a known nuclear protein encoded by HNRNPAI
(HNRNPA1-mCh). pNUTI1 and pNUT2 showed ~3-fold
higher expression than endogenous HNRNPAI1, while
pNUT3 was expressed at a similar level to endogenous
HNRNPAI (Supplementary Figure S1).

Cell proliferation and cell cycle assays

To monitor cell proliferation, HeLa cells were seeded in 24-
well plates at a density of 10° cells/well. One plate was kept
in the dark and the other was subjected to pulsed blue light
illumination (470 nm, 40 wW/mm? with 1-min ON and 3-
min OFF cycles; Thorlabs, Newton, NJ, USA). Cells were
collected and cell numbers were counted by a TC20 auto-
mated cell counter (Bio-Rad Laboratories, Hercules, CA,
USA) at 24, 48 and 72 h after seeding. The cells were washed
twice with PBS and fixed with 4% PFA for 20 min. Next,
fixed cells were washed twice with PBS and kept at 4°C. Af-
ter all the samples were collected, cells were stained with a
DAPI working solution (2 pg/ml DAPI, 0.1% Triton X-100
in PBS) for 10 min in the dark. Cell suspensions were an-
alyzed by an LSRII cytometer (BD Biosciences, Franklin
Lakes, NJ, USA). BD FACSDiva (Franklin Lakes, NJ,
USA) and FlowJo (Ashland, OR, USA) software were used
for data collection and analysis.

Statistical analysis

GraphPad Prism 8.3.0 software was used to plot the data
and all the data were shown as mean =+ s.e.m., unless oth-
erwise noted. The sample size is indicated in the figure leg-
ends for each experiment. Half-lives were determined by us-
ing a single-component exponential decay function. Statis-
tical analysis was performed using unpaired Student’s z-test:
"P <0.05"P<0.01,""P <0.001 and " P < 0.0001.

RESULTS

Design and optimization of pNUTs for photoactivatable nu-
cleolar targeting

To create a light-inducible nucleolar localization signal, we
took advantage of the LOV2 domain of Avena sativa pho-
totropin 1 (AsLOV2) to photocage a putative NoLS (36).
When appended downstream of the C-terminal Ja helix of
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the AsLOV2 domain, the NoLS is concealed from the nu-
cleolus import machinery in the dark state (Figure 1A).
Upon blue light stimulation, the Ja helix unfolds and un-
docks from the LOV2 core domain, allowing the NoLS to
be exposed for nucleolar targeting (Figure 1A). Hence, we
envision that the engineered LOV2-NoLS can be used to
tag and regulate the nucleolar translocation of a given pro-
tein via light. By selecting 20 validated or putative NoLS se-
quences derived from different species (Supplementary Ta-
ble S2) (10,37), we generated 20 LOV2-NoLS hybrid con-
structs and assessed their subnuclear localization before and
after light illumination (Supplementary Figures S2 and S3).
We termed these hybrid constructs as pNUTs. Positively
charged peptide entities (arginine and lysine) could inter-
act with nucleolar RNAs or proteins that facilitate the ac-
cumulation of NoLS-containing proteins in the nucleoli. To
quantitatively evaluate the degrees of nucleolar accumula-
tion with fluorescence microscopy, we fused each pNUT
variant to the monomeric red fluorescent protein mCh and
compared the nucleolus-to-nucleoplasm (No/Nu) intensity
ratio of mCh in the dark and lit states in HeLa cells (Figure
1B and C; Supplementary Figures S2 and S3). In the dark
state, 50% of engineered LOV2-NoLS hybrid proteins were
primarily excluded from the nucleolus (Nos 1, 5, 9, 10, 12,
15,16, 17,19 and 20 with a ratio <1). For the remaining half
constructs, four exhibited even distribution throughout the
nucleus (Nos 2, 3, 4 and 18 with a ratio = 1) and six showed
overt pre-accumulation in the nucleoli (Nos 6, 7, 8, 11, 13
and 14 with a ratio >1; Supplementary Figures S2 and
S3). Upon light illumination, 8 out of 20 (Nos. 2, 3, 6, 11,
16, 18-20) showed statistically significant nucleoplasm-to-
nucleolus translocation (Figure 1C, intensity ratio > 1; Sup-
plementary Figures S2 and S3, highlighted in green). No.
18 and No. 19 showed the most prominent changes upon
light illumination without overt background activation, and
were hereafter named as pNUT1 (NoLS: RRNRRRRWR-
ERQRQI from the HIV Rev transactivating protein) and
pNUT2 (RKKKRKKK from human nuclear factor-k B in-
ducing kinase), respectively (Figure 1B and C).

Based on these findings of distinct targeting efficiency
and dark activity among various NoLSs, we set out to
study the nucleolar recruitment principles of LOV2-based
pNUTs. By analyzing the correlation between the patterns
in NoLS motifs (including net charge, number of arginine
and lysine residues, and sequence length) and the nucleo-
lar targeting efficiency, we found that the recruitment ac-
tivity was positively correlated with the number of contin-
uous positively charged R/K residues within NoLS, while
the dark activity (high background without light stimula-
tion) was positively correlated with the number of R/K
residues or the net charge. Notably, NoLS with four con-
tinuous positively charged R or K combinations (4-R/K
cluster) or with two copies of triple R/K (3-R/K cluster)
showed the greatest fold change with the exception of NoLS
No. 19 (RKKRKKK), probably due to its shorter length
but higher net charge (Figure 1D; Supplementary Figure
S3B and C). To validate this finding, we individually intro-
duced 4-R /K cluster via site-directed mutagenesis in NoLS
motifs with poor/no nucleolar targeting (Nos 1, 4, 5, 7, 8,
9,10, 12, 13, 14, 15 and 17; numbers followed by an ‘m’
represent the corresponding mutants) and monitored their
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nucleolar targeting efficiency (mCh intensity ratio; No/Nu)
before and after light stimulation. Ten out of the 12 tested
mutants with 4-R/K clusters indeed showed varying de-
grees of improvement in nucleolar recruitment (Supplemen-
tary Figures S3B and S4). Our findings suggest that posi-
tively charged polypeptides bearing 4-R /K clusters have a
strong tendency for nucleolar targeting, which can be cou-
pled with LOV?2 to enable light-inducible nucleolar recruit-
ment of proteins of interest.

When expressed in HeLa cells, pNUT1 showed a smooth
nuclear distribution in the dark and exhibited >23% in-
crease in nucleolus/nucleoplasm signals. By comparison,
pNUT?2 was excluded from the nucleolus in the dark and
displayed nearly 20% gain in the nucleolus/nucleoplasm
signals in response to photostimulation (Figure 1B). Both
pNUTs exhibited rapid activation kinetics, with the half-
lives determined to be 740 ms for pNUT1 and 320 ms for
pNUT2 (Figure 1E). Importantly, light-induced nucleolar
translocation of pNUT1 or pNUT?2 could be fully reversed
without compromising the activation/deactivation ampli-
tude by switching off the light source, with the deactivation
half-lives falling in the range of 40-50 s (pNUT1,43.4 £+ 1.5
s; pNUT2, 46.8 + 0.9 s; Figure 1F and G; Supplemen-
tary Figure S5, Supplementary Table S3 and Supplemen-
tary Movies S1 and S2). Collectively, we have engineered
a set of LOV2-NoLS hybrid constructs that predominantly
target nucleoli in a light-dependent manner with fast kinet-
ics.

In addition to tight colocalization with nucleolar mark-
ers, ~30% of pNUT2-expressing cells also showed light-
induced non-nucleolar accumulations or aggregates in the
nucleoplasm (Figure 1G; small puncta), which partially
colocalized with selected nuclear subcompartments, includ-
ing PML bodies marked by mEmerald-PML-IV and Ca-
jal bodies indicated by GFP-coilin (Supplementary Figure
S6). However, no overt colocalization was noted with other
subnuclear structures, such as nuclear speckles (indicated
by SC-35-GFP), paraspeckles (GFP-NONO), heterochro-
matin (mEmerald-HP1la) and Gems (GFP-SMN; Supple-
mentary Figure S6).

CRY2-based pNUTs for light-inducible translocation into nu-
cleolar subcompartments

LOV2-based pNUTs succeeded in translocating a target
protein bearing a single NoLS. However, to trigger a cel-
lular event often requires the concentration of signaling
molecules to reach a threshold [such as oligomerization of
innate immune sensing molecules (38,39) and initiation of
phase separation (40)]. We set out to further diversify the
pNUT system to induce a higher nucleolar load of proteins
or protein complexes by light. To explore this idea, we re-
placed the LOV2 domain in all the 20 LOV2-NoLS variants
with the photolyase-homology domain of CRY?2 (residues
1-498), which is known for its use in light-inducible pro-
tein clustering (41). We next examined whether oligomer-
ization of NoLS could induce nucleolar translocation of
a target protein (Figure 2A), and if any, its specific loca-
tion in the nucleolar subcompartments (Figure 2B). The
entire liquid-like membraneless nucleolus comprises differ-
ent nucleolar compartments and a large number of nucle-
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olar proteins (7) that are distinct in miscibility that keep
the compartments phase separated (42), including the DFC
that contains fibrillarin (FIB1) and is critical for processing
the nascent rRNAs emerged from the FC containing RNA
polymerase I for transcription of rRNA, whereas the GC
contains NPM1, which is involved in ribosome biogenesis.
After screening 20 mCh-CRY2-NoLS fusion constructs, we
found that No.19 stood out as the best candidate (hence
named as pNUT3), which showed the least background nu-
cleolar accumulation but a high dynamic change (over 2-
fold) when compared to No. 18 (with higher dark activ-
ity) under the lit condition (Figure 2B and C; Supplemen-
tary Figures S7 and S8). Upon light illumination, we visual-
ized rapid translocation of mCh-pNUT3 into the intranu-
cleolar GC region, as evidenced by its tight colocalization
with GFP-NPM1 (a GC marker) but not with mEmerald-
fibrillarin (a DFC marker) (Figure 2B).

CRY?2 has been used to photoinduce oligomerization of
intrinsically disordered proteins (IDPs) (33) and to promote
single-component LLPS at a fixed saturation concentra-
tion (Csyy) (16). In contrast, NPM1 or multivalent proteins
containing polyarginine motifs such as surfeit locus pro-
tein 6 (SURF6) has been reported to be involved in LLPS
through heterotypic multicomponent interactions that fit
into a concentration-dependent thermodynamically stabi-
lized model: a nonlinear increase in dilute phase concen-
tration (nucleoplasmic concentration) at higher overexpres-
sion of NPM1 or SURF6 (16). We next determined whether
these CRY2-based constructs are involved in nucleolar par-
titioning or LLPS by examining the correlation between the
concentration of our construct and the fold recruitment into
the nucleolus. If CRY2-based pNUTs (with pNUT3 as a test
case) have an impact on GC LLPS, we expect to see a less
fold recruitment into nucleolus and increased nucleoplas-
mic concentration at higher expression levels. The average
concentration for each construct was tested as indicated by
the mean mCh fluorescence intensity. However, no signif-
icant correlation between concentration and fold recruit-
ment into the nucleolus was observed. For example, con-
structs 2, 11 or 14 showed high fold nucleolus recruitment
but low in concentrations (~500 a.u.), whereas constructs
18 or 19 also showed high fold change but higher in con-
centrations (~2000 a.u.) (Figure 2C; Supplementary Figure
S8). We further evaluated how pNUT3 concentration (indi-
cated by mCh intensity) affects its relative partitioning in
nucleolus and nucleoplasm upon light stimulation. We ob-
served increased levels of pNUT3 in both nucleolus (fold
recruitment and oligomerization) (Figure 2D, left) and nu-
cleoplasm (Figure 2D, right) at increasing expression levels
without saturation. This trend seems to be different from
the reported behaviors of NPM1 and SURF6 when overex-
pressed in mammalian cells, in which both underwent phase
separation and had less fold recruitment into the nucleo-
lus at higher level of expression. These results suggest that
pNUT3 does not seem to impact GC LLPS but behaves
more like a client protein partitioning into the nucleolus
(16).

Given the high spatial precision of light, we further tested
the use of localized photostimulation to sequentially trig-
ger the nucleolar delivery of mCh-pNUT?3 expressed in two
neighboring cells (Figure 2E; Supplementary Movie S3).
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Figure 2. Engineering CRY2-based pNUTs for light-inducible translocation into nucleolar subcompartments. (A) Diagram showing the use of light-
inducible oligomerization of NoLS to boost nucleolar targeting. An NoLS (e.g. No. 19) was fused to the photosensory photolyase-homology domain of
CRY?2 to yield CRY2-NoLS hybrid proteins. Upon blue light illumination, CRY?2 undergoes oligomerization to increase the NoLS avidity to promote
the translocation toward the nucleolus. Construct No. 19 showed a relatively high degree of nucleolar targeting (designated pNUT3). (B) mCh-pNUT3
exhibited light-dependent translocation into the nucleolar subdomain GC (marked by GFP-NPM1) but not DFC (indicated by mEmerald-fibrillarin-
7). Left panel: a schematic illustration of three subcompartments within a nucleolus: the FC, the DFC, and the GC. Middle and right panels: subnuclear
localization of mCh-CRY2-No.19 (designated pNUT?3). Representative confocal images of HeLa cells, cotransfected with mCh-pNUT3 and the GC marker
GFP-NPM1 (middle) or DFC marker mEmerald-fibrillarin-7 (right), are shown. Zoomed-in views of boxed areas are shown below the corresponding
images. White arrow indicates the exclusion of mCh-pNUT3 from DFC regions marked by mEmerald-fibrillarin-7. Scale bar, 10 wm. (C) Quantification
and comparison of mCh-CRY2-NoLS constructs for their degrees of background nucleolar localization (quantified by the No/Nu intensity ratio in the
dark) and ranges of dynamic changes included by light (quantified by the fold change of nucleolar mCh signals). Also see Supplementary Figure S7
for representative images for each construct. (D) Correlation between the mCh intensity (a.u. x1000) in the nucleolus (left) or nucleoplasm (right) after
light activation ( Y-axis, activated nucleolar mCh intensity) and the total intensity at increasing expression levels (X-axis, total mCh intensity prior to
photoactivation). The data fit to a linear correlation for pNUT3 with an increasing expression level. n = 61 cells. Solid and dashed lines represent the linear
fit and 95% confident intervals, respectively. (E) Spatial control over the nucleolar targeting of mCh-pNUTS3 in live cells. Photostimulation was applied
to the selected area that contained Cell 1 (indicated by a blue box) but not Cell 2. Also see Supplementary Movie S3. (F) Quantification of changes in
the nucleolar intensity of mCh-pNUTS3 in response to two repeated dark-light cycles. n = 28 cells (mean =+ s.e.m.). See Supplementary Figure S8 and
Supplementary Table S3 for the overall summary of activation and deactivation half-lives for all constructs. (G) Representative confocal images showing
reversible control over the nucleolar targeting of mCh-pNUT3. HeLa cells expressing mCh-pNUT3 were subjected to three repeated dark—light stimulation
cycles. Scale bar, 10 pm.
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We found that only the cell under direct light illumination
exhibited noticeable nucleolar translocation, thus establish-
ing the feasibility of applying pNUTs for spatial control of
protein localization in the nucleolus within living cells. Sim-
ilar to LOV2-based pNUTs, the nucleolar translocation of
pNUT3 from the nucleoplasm could be fully reversed, with
the activation and deactivation half-lives determined to be
21.4 + 1.1 and 263.1 4 6.9 s, respectively (Figure 2F and G;
Supplementary Movie S4 and Supplementary Table S3).
Interestingly, in some cells, the light-activated pNUT3 ex-
hibited partial colocalization with fluorescent markers that
stain PML bodies (mEmerald-PML-IV), nuclear speckles
(SC-35-GFP) and Gems (GFP-SMN) (Supplementary Fig-
ure S9). To examine whether such non-nucleolar aggregates
were caused by CRY?2 itself, we examined the colocalization
of mCh-CRY2 with 10 subnuclear markers. Indeed, CRY2
itself was found to colocalize with markers residing in PML
bodies and nuclear speckles (43), but not with Gems (Sup-
plementary Figure S10). Taken together, we have illustrated
the use of CRY2-based pNUT3 for efficient photoswitch-
able delivery of proteins primarily to the subnucleolar GC
region with high spatiotemporal precision.

After screening 40 optogenetic constructs by fusing
NoLS with either LOV2 (photoinducible uncaging) or
CRY2 (light-induced oligomerization) with pulsed blue
light (low power with no cell damage or adverse changes in
cell cycle), we identified at least three candidates (pNUTI,
pNUT?2, and pNUT3) showing robust changes in nucle-
olar trafficking with varying kinetics in response to light
stimulation (Supplementary Figure S11 and Supplemen-
tary Table S3). Notably, in the dark, CRY2-based pNUT?3
(mCh-pNUT?3) showed notable nuclear localization with a
nucleus-to-cytosol intensity ratio similar to that of NLS-
mCh-CRY2. LOV2-based pNUT1 or pNUT2 also showed
partial accumulation within the nuclei even in the absence
of light stimulation. These results suggest that NoLS to
some extent acts as NLS to promote nuclear translocation
in the dark (Supplementary Figure S12A and B). If com-
paring mCh intensities in the nucleoplasm and cytoplasm
before and after light stimulation (Fiii/Fgak), Wwe observed
a decrease of mCh intensity ratio in the nucleoplasm (i.e.
<1) but no change in the cytoplasm (i.e. ~1), suggesting
that pNUT1-3 mainly promoted nucleoplasm-to-nucleolus
shuttling, but not cytoplasm-to-nucleus shuttling (Supple-
mentary Figure S12C).

To further characterize the mobility of the pNUTs, we
carried out a fluorescence loss in photobleaching (FLIP)
experiment in the nucleolus and determined the fluores-
cence decay rates of pNUTs and representative nucleolar
proteins, such as NPM1, fibrillarin-7 and UBF (Figure 3).
pNUT1 and pNUT2 showed a relatively rapid rate of flu-
orescence decay from the nucleoli with the half-lives (¢1,2)
determined to be 28.3 4+ 4.4 s (pNUT1) and 27.5 4+ 5.5
s (pNUT?2). In contrast, pNUT3 displayed much slower
kinetics (f1» = 206.8 & 7.5 s), indicating a longer reten-
tion time of pNUT3 in the nucleolus or the oligomer-
ized molecules in the nucleoplasm failing to exchange suffi-
ciently. These results suggest that pNUT1 and pNUT12 are
highly mobile in the nucleus, whereas pNUT?3 tends to be re-
tained in the nucleolus or frozen at an oligomerization state.
Unlike optoDroplet-mediated reversible oligomerization of
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IDR (intrinsically disordered repeat)-containing ribonucle-
oprotein body proteins and phase separation throughout
the cytosol and nucleoplasm (44), our LOV2- or CRY2-
based pNUTs enable reversible, versatile and user-defined
protein delivery to nuclear subcompartments that are im-
portant for modulating the dynamics and functions of nu-
clear condensates.

Light-tunable nucleolar partitioning of ALS-associated
DPRs

Having succeeded in devising pNUTs with native
NoLS motifs derived from humans and viruses, we
extended our engineering strategy to pathogenic NoLS-like
motifs that are associated with human disease. Repeat
expansion in the C9ORF72 gene is known to be associated
with neurodegenerative disorders, including ALS and
frontotemporal dementia (FTD). The unconventional
translational products of COORF72, made of arginine-rich
DPRs such as poly-PR, have been shown to undergo
dynamic phase separation in the nucleolus (45). Poly-PR
could further inhibit the ribosome’s peptidyl transferase
activity (46) and disrupt the proper phase separation of
NPMI, a key protein involved in organizing ribosomal
proteins and RNAs within the nucleolus (47). Inspired by
the nucleolar targeting of pNUT3, we fused mCh-CRY2
with poly-PR variants bearing 5-37 copies of DPR and
measured their degrees of nucleolar localization before
and after light stimulation (Figure 4A and B). In the
dark, when the DPR number exceeded 19, we were able to
see a dominant localization of the hybrid protein within
the nucleoli with condensate formation reminiscent of
LLPS. Under the lit condition, we started to discern
clear nucleolar translocation and oligomerization of the
engineered mCh-CRY2-(PR), variants with nine or more
DPRs. Given that CRY?2 in the lit condition exists at least
as a dimer, we believe that at least 18-20 DPRs are required
for efficient nucleolar partitioning and the formation of
liquid-like condensates. Moreover, light-induced nucleolar
phase separation of mCh-CRY2-(PR), could be readily
reversed upon withdrawal of light, with the activation
kinetics in the range of 16-34 s and the deactivation
half-lives falling between 2.5 and 7.1 min (Figure 4C;
Supplementary Table S3). Notably, light-triggered dif-
ferential partition in nucleoli and the nuclear speckles
was observed in cells expressing mCh-CRY2-(PR),. For
variants with <11 DPRs, we observed a largely positive
correlation between nucleolar accumulation and the DPR
length (Figure 4B), but an inverse relationship between the
degree of nuclear speckle aggregation and the DPR number
(Figure 4D and E; Supplementary Figure S13). When the
repeat number exceeded 12, we noted a predominant
nucleolar distribution of mCh-CRY2-(PR), (Figure 4A
and D; Supplementary Figure S13). These results suggest
the differential partitioning of poly-PR in a light- and
dipeptide length-dependent manner.

In parallel, we applied FRAP (48) to determine the
molecular dynamics and mobility of the mCh-CRY2-(PR)3
condensates when exposed to light stimulation. The mCh-
CRY2-(PR);3 showed a half-time of 53.8 £+ 6.6 s for flu-
orescence recovery (Figure 4F and G), indicating a rela-
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Figure 3. Assessing the pNUT mobility by FLIP. (A) Representative confocal images for FLIP experiments to assess the difference in mobility of pNUTs
and nucleolar proteins in transit between the nucleolus (No) and nucleoplasm (Nu) in HeLa cells. External blue light was applied to photoactivate pNUTs
and maintained through the entire course of FLIP. Red circles indicate the areas of repeated photobleaching. The cumulative bleaching duration is shown
above the images. Scale bar, 10 pm. (B) The loss of fluorescence signal in the nucleoli was measured over time. pNUT1 and pNUT?2 exit the nucleolus faster
than nucleolar proteins, such as NPM1, fibrillarin-7 and UBF, while pNUT?3 showed a substantially slower decay rate. Arrows indicate the photobleaching
events. Data are shown as mean £ s.e.m. (n = 16-39 cells). (C) A summary of nucleolar retention half-time for proteins examined in panel (B).

tively high condensate fluidity (49) (comparable to NPM1
with a half-time of 64 s), as well as the high feasibility of
optogenetic mimicry of COORF72-DPR-mediated nucleo-
lar condensate formation in cellulo. Taken together, pho-
toinduced oligomerization of positively charged DPRs can
be exploited for conditional protein delivery into the nu-
cleoli, as well as induction of nucleolar condensates by
using light. More importantly, the optogenetic engineer-
ing approach enables us to identify the minimal assembly
units required for effective nucleolar targeting and phase
separation of ALS/FTD-associated poly-PR derived from
CI90ORF72.

Light-inducible poly-PR nucleolar infiltration to mimic ALS-
associated DPR toxicity

We moved on to test whether the light-inducible nucleolar
accumulation of CRY2-(PR), could be exploited to perturb
nucleolar functions, by using the endogenous phase sepa-
ration of nucleolar NPM1 and ribosomal activity (42,46)
as two independent readouts (Figure 5). Through multi-
valent interactions with proteins with arginine-rich linear
motifs and rRNA, NPM1 can undergo phase separation
into liquid-like droplets and act as a critical contributor to
the liquid-like properties of the GC region of the nucleo-
lus (42,50). We reasoned that light-inducible nucleolar in-
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Figure 4. Light-tunable nucleolar accumulation and condensate formation of COORF72 poly-PR. (A) Representative confocal images of HeLa cells ex-
pressing mCh-CRY2-(PR), variants before and after light stimulation. Poly-PR DPRs with varying lengths (5-37 repeats) were fused with CRY2 and
transiently expressed in HeLa cells. Scale bar, 10 wm. (B) Quantification and comparison of the background nucleolar signals (No/Nu ratio in the dark
state) and the fold change of nucleolar signals for mCh-CRY2-(PR), variants. n = 24-60 cells (mean =+ s.e.m.). (C) Time course showing light-induced
nucleolar translocation kinetics of mCh-CRY2-(PR), variants. The process could be fully reversed upon withdrawal of light. The activation half-lives were
in the range of 16-34 s, whereas the deactivation half-time fell between 150 and 428 s. n = 31-60 cells (mean =+ s.e.m.). (D) Confocal images of HeLa cells
co-expressing mCh-CRY2-(PR), and the nuclear speckle marker SC35-GFP. Upon light stimulation, less mCh-CRY2-(PR), was found to colocalize with
nuclear speckles (SC-35-GFP) when the length of PR repeats increased. Scale bar, 10 wm. (E) Qualification data to demonstrate the relationship between
nuclear speckle accumulation and the number of PR repeats before (white bar) and after light stimulation (blue bar). The ratio of nuclear speckle (Ns) over
nucleoplasm (Nu) signals (Ns/Nu) was used to indicate the degree of nuclear speckle accumulation. Also see Supplementary Figure S13 for more images.
(F) Representative nucleolus images of mCh-CRY2-(PR);3 at the indicated time during FRAP measurements. Scale bar, 2 pm. (G) Fluorescence recovery
curves showing the mCh intensity over time in the photobleached region (dashed circle). FRAP measurements were performed on HeLa cells expressing
mCh-CRY2-(PR);3 after photoinduced nucleolar targeting and condensate formation. The fluorescence recovery half-time (#1,,) was determined to be
53.8+6.6s.
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Figure 5. Light-inducible nucleolar partitioning of CRY2-(PR), to perturb nucleolar function. (A) Schematic illustrating the disruption of NPM1 phase
separation by nucleolus-resident mCh-CRY2-(PR),, upon blue light stimulation. (B) Representative confocal images of fixed HeLa cells expressing the
indicated mCh-CRY2-(PR),, variants (red) after immunostaining for detecting endogenous NPM1 (green). Cells were either shielded or exposed to pulsed
470 nm light stimulation with a power density of 40 wW/mm? for 1 h (1-min ON + 3-min OFF cycles). A monoclonal antibody against NPM1 was used to
probe endogenous nucleolar NPM 1. mCh-CRY2-(PR);3 was able to elicit the dispersion of NPM1 from the nucleoli upon photostimulation, indicating the
inhibition of proper phase separation of NPM1 in a light-dependent manner. Scale bar, 10 pm. Also see Supplementary Figure S14 for larger fields of view.
D, dark; L, light. (C) Quantification of the No/Nu ratio of the immunostaining intensity of NPM1 (n = 33-41 cells from three independent experiments).
Cells expressing mCh-CRY2-(PR);3 showed light-dependent dissolution of phase-separated NPM1 in the nucleolus. (D) Representative confocal images
of HeLa cells expressing the indicated mCh-CRY2-(PR),, variants after immunostaining with an antibody against puromycin (anti-puro). Cells were either
kept in the dark or exposed to pulsed light stimulation (470 nm, 40 wW/mm?, 1 h), and then incubated with puromycin (5 pg/ml for 15 min). Newly
synthesized proteins were detected by an anti-puromycin antibody. mCh-CRY2-(PR);3 displayed a potent light-dependent suppression of nascent protein
synthesis. Mean anti-puromycin immunostaining intensities were plotted on the right (n = 56-77 cells from three independent experiments). D, dark; L,
light. Also see Supplementary Figure S15 for larger fields of view. (E) Visualization and quantification of pre-rRNA by FISH in HeLa cells with or without
mCh-CRY2-(PR), expression. The mean intensity of pre-rRNA staining in mCh-negative cells was set to 1, and pre-rRNA signals in mCh-CRY2-(PR),,-
expressing cells were then normalized. D, dark; L, blue light. Data are shown as mean =+ s.e.m. (n = 31 cells). See Supplementary Figure S16 for more
images.
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filtration of CRY2-(PR), might be able to alter the con-
densate formation behavior and subnuclear localization of
NPMI to cause nucleolar dysfunction. To test this idea, we
examined the subnuclear localization of endogenous NPM 1
with immunostaining in HeLa cells expressing mCh-CRY 2-
(PR),, (n = 0, 5, 13 or 37; Figure 5B). Since CRY2-(PR)s
did not show light-inducible nucleolar distribution while
CRY2-(PR)37 displayed strong nucleolar accumulation re-
gardless of photostimulation (Figure 4), they could be used
as negative and positive controls, respectively, in the assay.
As anticipated, cells expressing mCh-CRY2 or mCh-CRY2-
(PR)s showed strong nucleolar staining for NPM1 in the ab-
sence or presence of photostimulation. In contrast, in cells
expressing mCh-CRY2-(PR )37, we observed the disappear-
ance of nucleolar NPMI staining regardless of light stimu-
lation (Figure 5B and C; Supplementary Figure S14). No-
tably, mCh-CRY2-(PR);3 showed photoactivatable nucleo-
lar localization, accompanied with light-inducible suppres-
sion of NPM1 phase separation, as reflected by the disap-
pearance of NPM1 staining in the GC region (Figure 5B
and C; Supplementary Figure S14).

Given the vital importance of NPM1 in organizing ribo-
somal proteins and RNAs for efficient ribosome biogenesis
within the nucleolus, we tested whether CRY2-(PR), could
be used to disrupt ribosome-associated function in a light-
dependent manner. Since the ribosome plays a central role
in protein translation, we set out to measure the efficacy
of photoactivated CRY2-(PR),, in suppressing ribosome-
mediated nascent protein synthesis in situ. To do so, we
treated transfected cells with a brief pulse of puromycin,
which will lead to the generation of polypeptide—puromycin
conjugates and therefore enable us to detect newly synthe-
sized polypeptides with an anti-puromycin antibody (51).
In the dark, cells expressing mCh-CRY2-(PR);3 observed
strong anti-puromycin staining signals (Figure 5D, green;
Supplementary Figure S15). Upon light stimulation, mCh-
CRY2-(PR);3 exhibited a predominant nucleolar distribu-
tion, accompanied with very weak or no anti-puromycin
staining (Figure 5D, photoactivated mCh-CRY2-(PR);3 in
red and anti-puromycin in green; Supplementary Figure
S15). It is worth noting that, in the same imaging field,
cells not expressing mCh-CRY2-(PR),3 retained strong im-
munostaining signals for puromycylated peptides. As nega-
tive or positive controls, we detected strong fluorescent sig-
nals in cells expressing mCh-CRY2-(PR)s but barely any
signals in those transfected with mCh-CRY2-(PR)s; (Fig-
ure 5D; Supplementary Figure S15).

Next, we examined the effect of CRY2-(PR)n
on early pre-rRNA accumulation in the nucleolus by RNA
FISH. A probe spanning the 18S-ITS1 junction with FAM
conjugated to its 5" end (5'ITS1) was used (Supplementary
Figure S16A). Upon photostimulation, mCh-CRY2-(PR),
(n = 0-37) did not seem to alter pre-rRNA signals (Fig-
ure SE; Supplementary Figure S16B and C). Moreover,
(PR)sp expression induces spontaneous assembly of stress
granules with poor dynamics in HeLa cells followed by
impaired mRNA translation, as indicated by results from
a puromycin incorporation assay (52). Given the short
timescale over the course of 1 h [as compared to nucleolar
disruption by 4 h (16) of high concentration of actinomycin
treatment (53)], we cannot exclude the possibility of an
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indirect effect imposed by photoactivated CRY2-(PR),,
which might induce the formation of stress granules to halt
protein synthesis even though no changes in cell viability
were observed (Supplementary Figure S11). Together,
the application of photoactivatable poly-PR repeats phe-
nocopied the cellular effects of the C9ORF72-DPR by
disrupting NPM1 nucleolar organization and suppressing
ribosome-mediated protein synthesis in a light- and DPR
length-dependent manner and possibly indirectly through
inducing the formation of stress granules.

DISCUSSION

The nucleolus is a dynamic subnuclear compartment orga-
nized through phase separation and serves as an indispens-
able site for ribosome RNA synthesis, processing and ri-
bonucleoprotein assembly for ribosome biogenesis. The en-
gineering of a nucleolar targeting system with rapid and re-
versible control over nucleolar delivery of proteins of inter-
est using optogenetic technologies (31,54,55) could advance
the understanding of the biophysical principles underlying
nucleolar phase separation. The control of nuclear target-
ing of proteins has been reported (11), but no such tools
are yet available to directly control nucleolar targeting. In
the current study, we utilized the NoLS comprising posi-
tively charged amino acids such as arginines and lysines that
drive protein nucleolar infiltration through electrochemical
interactions with negatively charged acidic nucleolar com-
ponents (8). The pNUT toolkit enables customized nucle-
olar cargo delivery to interrogate the molecular transport
dynamics within the condensates of the liquid-like nucleoli.
The pNUT system is also compatible with existing tools to
study the dynamic condensate composition and structure,
such as the ascorbate peroxidase for nucleolar targeting and
proximity labeling of nucleolar proteins and RNAs to reveal
dynamic networks of protein—protein and protein-rRNA
interactions (56). Of note, while CRY2 alone could partially
accumulate in the PML bodies and nuclear speckle area, the
CRY2-based pNUT3 could specifically deliver proteins to
the GC region of the nucleolus and the Gems. Most of the
LOV2-based pNUT?2 deliver proteins to nucleoli, but ~30%
of pNUT2-expressing cells also showed partial pNUT?2 ac-
cumulation in PML and Cajal bodies. Therefore, it is likely
that pNUTs could be further improved and repurposed for
inducible targeting of proteins to different nuclear bodies. It
is worth mentioning that the fold change in the partitioning
of pNUTs is relatively low compared to the high partition-
ing of natural nucleolar protein NPM1 (16) at increasing
doses. The fold recruitment into nucleolus in Figure 1C was
calculated as the No/Nu ratio of mCh signals. If recalcu-
lated as the nucleolar mCherry intensity ratio before and
after light stimulation, LOV2-NoLS variants could reach
a higher partitioning ratio upon light activation as shown
in Figure 2C. In addition, given that the majority of the
constructs already showed weak exclusion in the dark state
(with the ratio close to 1), the fold recruitment into nucleo-
lus or the maximum fold intensity ratio in the nucleolus is
low as it was calculated as the inverse of the volume fraction.
We will address this limitation in our follow-on studies.
CRY2 has been used for photoinducible oligomeriza-
tion of IDRs, such as DDX4, HNRNPA1 and FUS, to
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drive phase separation inside the cells (44). These optoge-
netic tools, however, can only modulate the concentration
of molecules but lack the ability to directly control the pro-
tein delivery to a specific organellar location. In addition, a
two-component optogenetic tool that uses a self-assembling
ferritin core has been developed to induce IDR clustering
and drive droplet condensation in the nucleoplasm but not
nucleoli (15). The single-component CRY2-based pNUT3
tool described herein could be used to study the proper-
ties of the materials within the nucleoli by determining the
molecular diffusion and reversibly manipulating the con-
densate formation of a target protein. Importantly, we have
extended our engineering approach to toxic arginine-rich
DPRs derived from CO9ORF72, which causes neurodegen-
erative diseases. The CRY2-(PR), toolkit not only enables
us to characterize the nucleolar infiltration and LLPS-like
condensate formation properties of pathogenic DRPs, but
also allows us to perturb GC-resident NPM1 phase separa-
tion and suppress protein synthesis.

Different intrinsically disordered repeats (IDRs) or pro-
tein domains (IDPs) are critical controllers of the as-
sembly of LLPS and nuclear bodies such as nucleoli,
nuclear speckles (57), and PML and Cajal bodies (16)
through concentration-dependent self-association of disor-
dered protein regions or heterotypic interactions (16). How-
ever, the rules that govern differential partitioning of such
IDRs or IDPs remain obscure. Our data suggest a differen-
tial partitioning mechanism between nuclear speckles and
nucleoli governed by a local concentration (mediated by
CRY?2 oligomerization) and DPR length (<11 versus >11).
It is worth noting that the serine/arginine domain of splic-
ing factor 2 (SRSF2) that first localizes to the nucleolus in a
hypophosphorylated state could relocalize to nuclear speck-
les in response to phosphorylation mediated by CDC2-like
kinases 1 and 2 (CLK1/2) family kinases (58). The CRY2-
(PR),, tool could provide a tool to study the mechanism
governing differential partitioning and to probe the func-
tional consequences of disordered repeats or proteins. In
sum, our exciting findings support the notion of adopting
optogenetic engineering approaches for probing the func-
tion of membraneless organelles and ex vivo modeling of
neurodegeneration-associated DRP toxicity at the high spa-
tiotemporal resolution, which can be broadly applied to in-
terrogate other phase-separated proteins and membraneless
organelles as often seen during antiviral immune response
and tumorigenesis (59).
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