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GENETICALLY ENCODED LIGHT-INDUCIBLE SENSOR FOR NUCLEOLAR VISUALIZATION
Zhurlova PA, Besedovskaia ZV, Sokolinskaya EL, Putlyaeva LV &
Skolkovo institute of science and technology, Center for Molecular and Cellular Biology, Moscow, Russia

Nucleolus plays a vital role in enhancing rRNA production and maintaining ribosome biogenesis in tumor cells, making the nucleolus a desirable target for genetic and
oncological research. The most convenient method for nucleolus monitoring is fluorescent microscopy, combining high efficiency and accessibility. Nevertheless,
currently available fluorescent visualization methods are unsuitable for live-cell monitoring of nucleolus because they require continuous labeling. To address this
issue, we have developed a genetically encoded Light-Activated Nucleolus Sensing (LANS) system for real-time nucleolar visualization. The combination of eMags
domains and reader domain of DPF3 protein, responsible respectively for the light-induced dimerization and targeting the nucleolus, allowed LANS system to
efficiently target nucleolus in several cancer cell lines without affecting cell morphology. This system makes it possible to increase the representation of the LANS2
sample in the nucleolus by 1.5 times relative to the fluorescence intensity values obtained before irradiation of the nucleolus. LANS holds the potential to accelerate
the search for new drugs and enhance the primary screening of drug compounds in in vivo models.
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CO3O0AHUNE FrEHETUHMECKN KOOUPYEMOIO CBETOMHAYLUMUPYEMOIO CEHCOPA
ONnA BUSYANTUSALMN AOPbILLKA

M. A. XKypnosa, 3. B. bBecepoBckas, E. J1. CokonuHckas, J1. B. MNytnaesa =
CKONKOBCKUIA MHCTUTYT HayKW 1 TEXHONOMMI, LIeHTp MonekynapHom 1 knetouHom 6uonorun, Mocksa, Poccrs

SAOpPbILLKK y4acTBYIOT B ycuneHun npomykumn pPHK v nogaep»xarnn 6noreHesa prbocoM B OMyxXONEBbIX KNeTKax, YTo AenaeT VX >KeNaHHON MULLEHbIO B
FEHETUNHECKNX 1 OHKOMOMMHYECKMX UCCNeRoBaHMSX. Havnbonee yao6HbIM METOAOM BU3yanmsaumm sapbillka tnarogaps ceoert sMeKTUBHOCTN 1 JOCTYNMHOCTU
ABnseTcs hryopecLeHTHas MYKPOCKOMnus. B HacTosiLLiee Bpems MeTOb! BU3yanu3aLuymv sapbILLeK MO0 HETOUHbI, MO0 HEMPUIOAHbI AN XKUBbIX KIETOK, MO0
TPEeBYIOT MOCTOSHHOMO OKPALLMBaHUS AN1S1 KMBOrO MOHUTOPWHIA. Lienbio nccnegosaHus Gbino co3aaThb reHETUHECKN KOAVPYEMYIO CUCTEMY (DOTOMHOYLMPYEMbIX
ceHcopos (light-activated nucleolus sensor, LANS) ans Budyanusaummn sapbilika B peasibHOM BpeMeHn. KombrHaums gomeHa eMag ans cBeTouHayLmpyemon
avMepusauum 1 pyugepHoro gomerHa 6enka DPF3 nossonseT cucteme LANS athheKTMBHO OCYLLECTBNSATL HanpaBneHHoe nepemMelLieHre LieneBoro 6enka B
AAPILKO NOCPEACTBOM 0B/yHEHUS KNETKV KOPOTKUMM UMMyNbCamMyt CUHEro CBETA, He BAVSS Ha MOPAONoriio KneTok. [aHHas cucteMa no3sonseT yBenmynTs
npeacTaeneHHocTs Npobbl LANS2 B dapbiuke B 1,5 pada OTHOCUTENBHO 3HAYEHUIA MHTEHCMBHOCTY (DyOPECLIEHLMM, MOMYYEHHbIX A0 06MyHeHVs SapbiLLKa.
CospgaHHas cuctema ceHcopoB LANS no3BonnT yCKOPUTL MOUCK HOBbIX NIEKAPCTB U YAYHLINTb MEPBUYHBIA CKPUHWHI NEKAPCTBEHHBIX COEONHEHWIA B MOAENSAX
in vivo.

KniouyeBble cnoBa: annreHeTnka, dyopecLieHTHble 6enkn, eMags, onToreHeTnKa, SapbILKO
®duHaHcupoBaHue: paboTa bbina nopgaepxaHa rpaHTom PHO Ne 22-24-01109.
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The nucleolus is an intranuclear compartment that orchestrates
cell cycle regulation, ribosome biogenesis, telomerase activity,
p53 metabolism, and small RNA processing. Nevertheless,
the primary role of nucleolus is the ribosome biogenesis, one
of the most energy-intensive and tightly regulated processes
in a cell [1]. Downregulation of rRNA gene transcription is
related to the reduction in nucleolar size, while the amount of
nucleolar rRNA has a positive correlation with the rate of protein
synthesis and cell growth [2, 3]. Nucleolus undergoes changes
during carcinogenesis, including increase in the size and
abnormally stimulated functions, altering molecular pathways
of such tumor suppressors as pRb, p53, c-Myc, cyclin D1,
NF-kB, ErbB3, BCL-2, RAD51, and BCL-2 [4-8]. Numerous
therapeutic strategies rely on targeting nucleolus, including
using the selective inhibitors of RNA Pol |, mTOR, AKT, etc.
[9] in therapy of haematological cancers [10, 11], non-small
cell lung cancer [12], renal cell carcinoma, breast cancer,
lymphoma [13], and others. Therefore, the development of new

chemotherapeutic agents as well as studying their potential
side effects may benefit from nucleolar visualization methods.

The most common method to visualize nucleolus is
immunofluorescent staining using antibodies specific to nucleolar
proteins [14]. Immunofluorescence is only compatible with fixed
cells, therefore it cannot be used to study dynamic cell processes,
while fluorescent microscopy appears to be a possible solution
allowing for research of spatio-temporal changes in the nucleolus.
[15]. Recently, a fluorescent probe for simultaneous mitochondria
and nucleoli visualization was developed. It contained two emission
metal complexes based on pyrazole linked to triphenylphosphine
and copper (C1 and C2) [16]. Another fluorescent probe using
a 9-(dicyanovinyl)julolidine (DCVJ) rotor was shown to efficiently
target both mitochondria and nucleoli with- minimal cytotoxicity
[17]. These methods are useful for both imaging of live cells and
monitoring their responses to stimuli, yet they are limited by the
fact that fluorescent dyes degrade over time and are not inherited
by daughter cells.
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Genetically encoded fluorescent sensors overcome
the limitations of the fluorescent dyes, providing the same
flexibility, specificity, and compatibility with biological systems.
Additionally, these sensors are non-toxic, suitable for real-
time monitoring, and more time-efficient compared to fixed-
cell analyses [18]. Recently, researchers have introduced
a novel optogenetic system known as enhanced Magnets
(eMags) [19]. This system is based on photodimerizing protein
domains derived from the photoreceptor Vivid (VVD) found in
Neurospora crassa. When exposed to blue light, oppositely
charged VVD monomers, named eMagA and eMagB, undergo
conformational changes forming dimers. The dimers dissociate
without the presence of blue light, therefore the system can
be used for the reversible light-dependent dimerization of the
target proteins.

In this study, we developed the Light-Activated Nucleolus
Sensing (LANS), a novel genetically encoded fluorescent
sensor system for real-time nucleolar monitoring. LANS take
advantage of eMags light-dependent dimerization, suggesting
possible application of the sensor in recruiting proteins of
interest to the nucleolus using light stimuli. The LANS system
can be beneficial for biomedical research, specifically for testing
drugs affecting nucleolus functioning.

METHODS
Molecular Cloning

All plasmids were constructed using the Golden Gate cloning
system [20] and the MoClo Toolkit vector set (AddGene Kit
#1000000044). The sequences of eMagA and eMagB were
obtained from [19] and synthesized by "Cloning Facility"
(Moscow, Russia) in the pAGM1301 vector. The DPF3
sequence was amplified using the following primers (DPF3_
CCAT_FOR  gttaGAAGACatCCATgggaacagtcattcccaataact
actgtgacttctgettggggggcetccaacatgaacaagaagagtgggeggcc,
DPF3_AATG_REV  gttaGAAGACatCATTGTGGCGACCGG
TCCGGATCCGCCCCCGCCGCTtttgageagttcececag),  which
introduced a Bpil restriction site into the sequence, and then
cloned into the pAGM1276 vector.

The MoClo technology and plCH47732 vector were used
for the assembly of the final plasmids eMagB-mScarlet(LANS2)
and DPF3-mNeonGreen-NLS-eMagA(LANS1), following the
protocol described in [20]. Bpil (Bbsl) and Eco311 (Bsal) restriction
enzymes (Thermo Scientific, Waltham, MA; USA) and T4 phage
ligase (Evrogen; Russia) were used for cloning.

Cell Culture and Transfection

Hela Kyoto cells were cultured at 37 °C (5% CO,) in DMEM
medium (PanEco; Russia) supplemented with 10% fetal bovine
serum (BioSera, France), 100 U/ml penicillin, and 100 ug/ml
streptomycin (PanEco; Russia). For transfection, Hel.a cells
were cultured in DMEM-full medium in 35 mm Petri dishes
with glass bottoms (SPL Life Sciences; Korea) and transfected
using Gendect-39 reagent (Molecta; Russia) following the
manufacturer's instructions.

Live Cell Fluorescence Microscopy

For live-cell visualization, cells were cultured in confocal dishes
with glass bottoms (SPL Life Sciences). Just before microscopy,
the DMEM medium was replaced with MEM visualization
medium (PanEco) supplemented with 10% fetal bovine serum
(BioSera) and 20 mM HEPES (Corning, New York, NY, USA).
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In vivo fluorescence microscopy was performed using the
Keyence Biorevo BZ-9000 fluorescent microscope (Keyence;
Japan). Cells were imaged at 60x magnification using the CFI
Plan Apo A60xH/NA1.40 objective. Images were acquired in
two channels: green (GFP-B filter cube, excitation 480/30 nm)
for blue light irradiation of cells for 200 ms and visualization
of LANST, red (Texas Red filter cube, excitation 560/40 nm,
emission 630/75 nm) for detection of LANS2 fluorescence.

Image Analysis

To calculate relative nucleolus to cytoplasm distribution of the
sensors over time, the “ROI manager” tool of the Fiji software
was used. First ROl was manually set by tracing the nucleolus,
second ROI was set as an area of the cytoplasm in the same
cell. The values corresponding to nucleolus/cytoplasm ratio
(Fluorescence intensity; Fig. 1) were obtained by first dividing
intensity of the first ROl (normalized by the area) by the
corresponding value of the second ROI, and second dividing
the obtained value by the same value corresponding to the
preinduction image. Graph was made with GraphPad Prism 8.

RESULTS

We engineered a genetically encoded fluorescent system
LANS, which is based on a photodimerizing pair of probes,
LANS1 and LANS2. LANS1 consists of the PHD domain
sequence taken from the DPF3 protein, the green fluorescent
protein mNeonGreen, a nuclear localization signal (NLS), and
the eMagA (Fig. 1A, upper panel). eMagA is part of the
light-dependent enhanced Magnets (eMags) system, based
on the Vivid photoreceptor (VVD) from Neurospora crassa
[19]. The complementary LANS2 contains the eMagB and the
red fluorescent protein mScarlet (Fig. 1A, lower panel). Also,
DPF3, is a domain with affinity for the histone modification
H3K4me1 in its dimeric state, however, in our laboratory it has
been experimentally demonstrated that the sensor based on
the monomeric DPF3 accumulates in the nucleolus (Fig. 1C).
Therefore, before blue light induction LANS1 was enriched in
the nucleolar regions, while LANS2 was distributed uniformly
across the cellular compartments. After the 200 ms induction
LANS1 and LANS2 interacted by oppositely charged eMag
domains, forming a heterodimer (Fig. 1B).

To demonstrate the reversibility of LANS2 binding to the
nucleolus, we exposed cells expressing LANS to 200 ms of
blue light, followed by incubation in darkness. We compared
the relative changes in fluorescence levels before and after
the exposure and revealed that the probe returned to its initial
distribution within approximately 60 seconds (Fig. 1D).

Our findings demonstrate the potential of the developed
LANS system for reversible light-dependent visualization of the
nucleolus compartment in live cells. A combination of LANST
enriching the nucleoli regions and LANS2 freely moving across
the cell enabled recruitment of LANS2 to the nucleolar regions
through brief exposure to blue light. Moreover, this sensor can
be effectively used to investigate nucleolus dynamics and to
directly transport proteins of interest to the nucleolus by fusing
the proteins to LANS2.

DISCUSSION

The nucleolus is a dynamic subnuclear compartment, which
plays a crucial role in ribonucleoprotein assembly for ribosome
biogenesis as well as in rRNA synthesis and processing.
Therefore, nucleolar alterations are associated with aging and
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Fig. 1. Characterization of the genetically engineered LANS system enabling light-dependent recruitment of LANS2 to nucleoli. A. Schematic representation of the lightdependent
dimerization probes LANS1 and LANS2. FP=fluorescent protein. B. Fluorescence microscopy images of Hela cells transfected with LANS1 and LANS2 before (feft), during
(middlle), and after (right) blue light irradiation. White arrows indicate the nucleoli. C. Fluorescence image of the nucleolus in Hela cell expressing the DPF3-mScarlet sensor.
D. Graph showing the nucleolus/cytoplasm relative fluorescence ratio for LANS2 during the experiment. Data represent mean + range (n = 33 nucleoli)

are critical in development of different human pathologies,
including cancer and neurodegeneration [21]. Numerous
research laboratories are actively developing optogenetic
delivery systems to target proteins to the nucleolus [22].
These systems rely on photosensitive proteins that undergo
structural changes and form dimers when exposed to
specific wavelengths of light. As a result, such systems bring
target proteins together. Researchers have effectively utilized
photodimerizing domains to control diverse cellular processes,
including signaling pathways [23, 24], organelle transport
[25, 26], nucleocytoplasmic transport [27, 28], cytoskeleton
dynamics [29], and phase separation [30, 31].

The results obtained in this work indicating the possibility
of light-induced targeting into the nucleus, are quite consistent
with data obtained in other laboratories. For example, the
photoinduced nuclear localization signal LINuS allowed
researchers to translocate the mCherry protein from the
cytoplasm into the nucleus, increasing its representation
in the nucleus by approximately 1.8 times [32], while the LANS
system allowed us to increase the representation of the LANS2
probe in the nucleolus by 1.5 times regarding to the fluorescence
intensity values obtained before irradiation of the nucleolus.
Thus, this sensor system may be useful for light-induced
recruitment of target proteins into the nucleolus.
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CONCLUSIONS

In this study we introduced LANS, a novel genetically encoded
light-dependent sensor system, which exhibits minimal cellular
toxicity. By triggering the light-induced heterodimerization of
the sensor system by eMagA and eMagB photodomains, we
observed the translocation of theLANS2 probe to the nucleolus,
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