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eLife Assessment

This manuscript describes an important development of several variants of optogenetic
tools to control endogenous p53 activity. They are based on peptides competing with
Mdm2/MdmX for binding to p53, thus releasing p53 from its negative regulators and
stabilizing its cellular levels. In principle, the data are convincing but should be
complemented by investigations of p53 target genes at endogenous levels (instead of
only reporter constructs). The study therefore remains incomplete but will be of interest
to scientists working on optogenetics as well as the p53 field.

https://doi.org/10.7554/eLife.112082.1.sa2

Abstract

Optogenetics has emerged as a powerful technology for manipulating biological functions with
high spatiotemporal resolution, yet the precise control of endogenous molecules remains a
significant challenge. In this study, we developed Opto-MDMi, a dual-lock optogenetic platform
designed to control the activity of endogenous p53, a master regulator of cell cycle and apoptosis.
The p53 pathway is strictly governed by its negative regulators, MDM2 and MDMX, which inhibit
p53 through direct binding and ubiquitination. Our system integrates two distinct light-responsive
modules: Opto-MDMi (LOVTRAP), which regulates the nuclear translocation of p53-activating
peptides, and Opto-MDMi (LOV2-PMI), which controls the binding activity of these peptides by
photocaging them within the AsLOV2 domain. Through extensive in vitro screening and live-cell
assays, we discovered that truncating the Ja helix of LOV2 effectively restricts the movement of
fused inhibitory peptides, thereby masking their interaction with MDM2/MDMX under dark
conditions. By combining these two regulatory layers into a dual-lock system, we achieved robust
light-dependent activation of endogenous p53 while significantly suppressing basal activity in the
dark. Our findings not only provide a potent tool for p53 research but also establish a general
design principle for optogenetically regulating functional peptides with the LOV2 domain, offering
a versatile framework for the future development of optogenetic actuators.

Introduction

Optogenetics has become an essential tool for manipulating biological functions with light. This
concept was initially demonstrated in the neuroscience field using light-responsive ion channels
and pumps (Yizhar et al., 2011 ). Subsequently, diverse photosensory proteins have been adapted
as optogenetic tools, leading to their widespread applications across broad fields of life sciences
(Repina et al., 2017 @). In particular, the development of optogenetic tools targeting endogenous
molecules has advanced significantly over the past decade; numerous optogenetic tools have been
reported that enable the control of intermolecular interactions and the manipulation of signaling
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pathways (Manoilov et al., 2021 ). These tools are typically composed of light-responsive domains
of photosensory proteins derived from plants, fungi, or bacteria, combined with various
functional effector proteins. The conformational change triggered by light depends heavily on the
specific light-responsive domain employed. Consequently, strategies for developing optogenetic
tools vary according to the light-responsive domain.

Among photosensory domains, the light-responsive LOV2 domain of Avena Sativa phototropinl
(AsLOV?2) is widely used as the backbone for designing a broad range of optogenetic tools
(Hoffmann et al., 2018 (%). AsLOV?2 is a relatively small, single-component domain of
approximately 140 residues, featuring a C-terminal amphipathic helix known as the Ja helix
(Harper et al., 2003(®). Upon blue light illumination, the flavin mononucleotide (FMN)
chromophore forms a covalent bond with a cysteine residue within LOV2, triggering the unfolding
of the Ja helix (Harper et al., 20032 ; Halavaty and Moffat, 2007 ™2 ; Zayner et al., 20122).
Leveraging this substantial conformational change enables us to design many types of optogenetic
tools for light-mediated manipulation of small GTPase, tyrosine kinase/phosphatase,
phospholipase, and transcription factor, to name a few (Wu et al., 2009 % ; Dagliyan et al., 2016 (3 ;
Hongdusit et al., 2020 ; Zhu et al., 2023 (7; Li et al., 2024 ). Furthermore, sophisticated platforms
have been established to convert the conformational change in LOV2 into light-dependent protein-
protein interactions (Wang et al., 2016 @ ; Guntas et al., 2015 @ Strickland et al., 20123). For
example, an optogenetic system called LOVTRAP, which induces light-dependent dissociation
between proteins, was developed by screening of fragments that bind selectively to the structure
of the LOV2 domain under dark conditions (Wang et al., 2016 (2).

Another promising strategy for developing LOV2-based optogenetic tools involves photocaging
effector peptides or small domains onto the C-terminal Ja helix (Baarlink et al., 2013(%; He et al.,
20152 ; Paonessa et al., 2016 2 ; Niopek et al., 20142, 2016 3 ; Yumerefendi et al., 2015, 2016 3;
Lungu et al., 2012; Yi et al., 2014 & ; Murakoshi et al., 20172 ; Melero-Fernandez de Mera et al.,
2017 3; Strickland et al., 2012 (2). In particular, optogenetic systems that achieve light-dependent
nuclear import and export by embedding nuclear localization/export signal sequences within Ja-
helix have become a versatile platform for controlling protein subcellular localization
(Yumerefendi et al., 2015, 2016 (2 ; Niopek et al., 20142, 2016 2). Compared to inserting LOV2
directly into a target protein, this approach offers a relatively easy way to obtain LOV2-based light-
responsive modules. Especially for functional peptides, it is possible to utilize not only naturally
existing amino acid sequences but also those identified through established screening methods,
such as phage or mRNA display (Newton et al., 2020 (Z; Jaroszewicz et al., 2022 ). Additionally,
previously reported functional peptides are accessible through public databases (Quiroz et al.,

strategy for rapid generation of optogenetic tools. However, despite multiple reports to date,
general design principles for caging peptides in the LOV2 domain remain poorly defined.

In this study, we developed Opto-MDMIi, a tool capable of light-dependent activation of endogenous
P53, by employing an inhibitory peptide targeting MDM2/MDMZX, which are negative regulators of
p53. Opto-MDMIi has two components: Opto-MDMi (LOVTRAP) and Opto-MDMi (LOV2-PMI). Opto-
MDMi (LOVTRAP) enables the targeted delivery of p53-activating modules into the nucleus by
using the LOVTRAP light-responsive dissociation system (Wang et al., 2016 2 ). Meanwhile, Opto-
MDMi (LOV2-PMI) facilitates the light-dependent activation of effector peptides by caging the p53
activation peptides within LOV2. Finally, by combining these systems, we successfully induced
light-dependent activation of endogenous p53 while maintaining its low basal level under dark
conditions. The workflow we employed—combining in vitro screening and live-cell assays in the
development of Opto-MDMi (LOV2-PMI)—is broadly applicable to the development and evaluation
of other LOV2-photocaged peptide modules. Furthermore, the insights obtained in this study
regarding photocaging peptides to LOV2 may serve as general guidelines for the future design of
similar optogenetic tools.
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Results

Light-dependent translocation of the inhibitory peptide for p53-
MDM2/MDMX interactions

Since the p53 transcription factor functions primarily in the nucleus, we first investigated whether
spatial manipulation of peptides that activate the p53 pathway could control p53 activity. The
transcriptional activity of p53 is strictly regulated by its negative regulators, MDM2 and MDMX
(Fig. 1A2) (Oliner et al., 1993 %; Wade et al., 2013 Z; Klein et al., 2021 2). MDM2 promotes p53
ubiquitination and subsequent degradation, thereby suppressing its expression level (Kubbutat et
al., 19973 ; Haupt et al., 1997 2 ; Honda et al., 1997 &@). Additionally, both MDM2 and MDMX
inhibit p53 activity by directly binding to p53 and masking its transcriptional activation domain
(Oliner et al., 1993 ; Shvarts et al., 1996 (). This interaction is part of a negative feedback loop, as
MDM2 and MDMX are themselves direct target genes of p53 (Zauberman et al., 1995 ; Phillips et
al., 20102). It has been reported that peptides such as PMI (p53-MDM2/MDMX inhibitor) or PMI-
M3 enable activation of the p53 pathway by effectively inhibiting these interactions between p53
and MDM2/MDMX (Fig. 1B) (Pazgier et al., 2009 Z; Li et al., 2021 (%). Given that these peptide
sequences can be genetically encoded and possess distinct in vitro affinities for MDM2 and MDMX,

we adopted them for development of our optogenetic tools.

Although several single-component light-dependent translocation systems have been reported to
control the intracellular localization of a protein of interest (POI) (Niopek et al., 2014 (2, 2016 (Z;
Yumerefendi et al., 20157, 2016 (%), a previous attempt similar to ours failed to induce efficient
nuclear translocation of PMI peptide modules due to the limitations of the light-dependent nuclear
import system (Wehler and Di Ventura, 2019 ). To overcome this issue, we employed the
LOVTRAP light-dependent dissociation system to achieve more robust nuclear translocation of the
PMI peptide module (Wang et al., 2016 2). LOVTRAP consists of the photosensory domain LOV2
and its binding partner, Zdk1. Blue light illumination triggers a conformational change in LOV2,
causing the dissociation of Zdk1 from LOV2. Hence, by anchoring either LOV2 or Zdk1 to the
mitochondrial outer membrane via NTOM20 and fusing the other to the POI, the POI can be
sequestered at the mitochondria in the dark and released into the cytoplasm upon blue light
illumination.

Based on this principle, we designed an optogenetic system named Opto-MDMi (LOVTRAP) (Fig.
1CZ and Fig. S1A). In this system, Zdk1-miRFP703-PMI-NLS (the “actuator”) binds to

expected to induce p53 activation by inhibiting p53-MDM2/MDMX interaction. We confirmed that
blue light illumination efficiently induced nuclear translocation of the actuator in HeLa cells (Fig.
1D, EZ and Movie 1). Notably, using a stronger NLS (3xNLS) resulted in substantial nuclear

localization even in the dark (Fig. S1B, C), indicating that the efficiency of light-induced nuclear
translocation depends on the balance between the NLS strength and the LOVTRAP system.

Next, we established HCT116 cell lines (p53 wild-type) stably expressing a p53 transcription
reporter, the Opto-MDMi (LOVTRAP) localizer, and its actuators to confirm whether our system
could activate endogenous p53 via light stimulation. The p53 transcription reporter was previously
developed in our laboratory, featuring the promoter region with high specificity for p53 (Tsuruoka
et al., 2023 (2, 2025 @2). We verified that the p53 activation—induced by 24 hours treatment with
etoposide (Nitiss, 20092 ; Yang et al., 2018 @) or nutlin-3a (Vassilev et al., 2004 (¥ )—increases the
reporter signal in a dose-dependent manner (Fig. S1D and E). To minimize leakage of the actuator
into the nucleus under dark conditions, we enriched the cell population with high localizer
expression via cell sorting and used them for subsequent experiments. This cell population

exhibited transcriptional activation of p53 upon blue light illumination (Fig. 1F 2, upper panels,
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Figure 1. Design and evaluation of the Opto-MDMi (LOVTRAP) system.
A. Schematic of the p53-MDM2/MDMX negative feedback loop. B. Amino acid sequence and in vitro K4 value of PMI peptides
for MDM2 and MDMX. C. Schematic illustration of the Opto-MDMi (LOVTRAP) system. D. Light-dependent nuclear
accumulation of the Opto-MDMi (LOVTRAP) actuator. Blue boxes indicate periods of blue light illumination. H1-mCherry
serves as a nuclear marker. Scale bar, 20 pm. E. Quantification of the actuator levels in the nucleus. Data are presented as
mean = s.d. (n = 10 cells). F. Representative images showing changes in actuator localization and p53 transcription reporter
signal. Scale bar, 10 pm. G. Distribution of p53 reporter fluorescence intensity at 0 and 24 hours from the start of blue light
illumination. Horizontal lines and crosses indicate the medians and means, respectively. Boxes represent the 25th and 75th
percentiles; whiskers indicate the range between the maximum and minimum values excluding outliers. H. Temporal
changes of the p53 transcription reporter in each cell line. Data represent mean + s.e.m. (PMI-NLS, n = 122 cells; NLS, n = 125
cells).
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that cells expressing the PMI-NLS actuator displayed relatively higher basal reporter activity than
negative control, suggesting some leakage of PMI activity under dark conditions (Fig. 1G2).

Quantification revealed that Opto-MDMi (LOVTRAP)-expressing cells showed, on average, a 2.1-
fold increase in p53 transcription reporter activity after 24 hours of blue light illumination (Fig.

actuator was significantly lower than that of control, with its distribution largely overlapping that
of the parental (non-expressing) cells (Fig. S1F). Furthermore, when attempting to establish stable
cell lines using the PMI-M3 peptide, which possesses even stronger inhibitory activity than PMI,
we were unable to obtain a cell population with fluorescence levels detectable by fluorescence
microscopy. Based on these results and the elevated basal reporter activity, we concluded that the
persistent activity of the PMI/PMI-M3 peptides even under dark conditions—either by
constitutively activating p53 or by inducing actuator degradation through MDM2 interaction—
hampers the performance of this optogenetic system. For this reason, we next focused on
improving the regulatory control of the actuator fragment.

in vitro screening of the light-responsive LOV2-PMI inhibitory
modules

We explored a strategy of caging PMI peptides within the LOV2 domain to enable light-dependent
control over the interaction between MDM2/MDMX and the PMI peptide (Fig. 2A%). To obtain
actuator fragments with robust light responsiveness, we established an in vitro binding assay
based on previous reports (Fig. 2B %) (Melero-Fernandez de Mera et al., 2017). The p53-binding

domains of MDM2 and MDMX were expressed and purified as GST fusion proteins in E. coli and

in E. coli and prepared as total lysate. For these fragments, we utilized LOV2 mutants that mimic
either the dark-state (dsm; C450A) or light-state (Ism; I539E) conformation (Yi et al., 2014 (%;
Melero-Fernandez de Mera et al., 2017 ). Bait and prey fractions were mixed, and candidates of
light-responsive LOV-PMI fragments were screened on the basis of their binding activity to the p53

binding domain of MDM2/MDMX.

While previous studies have developed light-responsive LOV2-peptide chimeras by using sequence
homology between the Ja helix and effector peptides (Lungu et al., 20127 ; Niopek et al., 2014 2,
2016 3; Yumerefendi et al., 2015 @, 2016 (%), no clear sequence homology was found between the
Ja helix and the PMI peptide. Therefore, we first tested N- or C-terminal truncations of the peptide
itself, as previously demonstrated (Melero-Fernandez de Mera et al., 2017 (2). An expression
library was generated by fusing either the truncated PMI or PMI-M3 peptide to the C-terminus of
the intact LOV2 domain (Fig. S2A). Using this expression library, we found that the binding activity
to the p53 binding domain of MDM2 was reduced depending on the truncated number of amino
acid residues in the PMI/PMI-M3 peptide regardless of dsm/Ism (Fig. S2B, C). However, no
substantial difference between dsm and Ism was observed in the binding activity in almost all
variants (Fig. S2D). The only exception was the PMI-M3 mutant with C-terminal three residue
truncation, which exhibited about a 5-fold difference in binding activity between dsm and Ism.
Nevertheless, we reasoned that this variant would likely be ineffective in living cells, due to its
decreased absolute binding activity (Fig. S2B, C).

It has been reported that truncating the amino acids on the Ja helix side potentially could make
the LOV2-peptide chimera module responsive to light (Strickland et al., 2012 ). Hence, we next
investigated the effect of truncating the Ja helix itself. Since the Ile539 mutation constitutively
undocks the Ja helix, we constructed a library of fusion fragments consisting of PMI/PMI-M3 and
LOV2 truncated up to Ile539 (Fig. 2D (2). Screening revealed several LOV2-PMI/PMI-M3 fragments
with marked differences in binding activity to the p53 binding domain of MDM2/MDMX between
dsm and Ism (Fig. 2E, F(Z; all screening data are in Fig. S2E, F). When comparing the p53 binding
domains of MDM2 and MDMX used as baits, a similar trend in binding activity was observed
across the examined LOV2-PMI variants (see upper and lower panels of Fig. 2E @), In particular,

LOV2(-6]Ja)-PMI and LOV2(-7Ja)-M3 exhibited the most significant light-dependent changes and
were therefore selected for further characterization.

Tsuruoka et al., 2026 eLife 15:RP112082. https://doi.org/10.7554/eLife.112082.1 5 of 27


https://doi.org/10.7554/eLife.112082.1
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://elifesciences.org/subjects/cell-biology

°¥e . Cell Biolo
» L f ay
we eLite
A 5 & N
" I )
MDM2/X g e light LOV2 dark-state mutant LOV2 light-state mutant KV v
(dsm) (Ism) ! :
PMI MDM2/X
“—— ‘/\AN j GST GST
@ (Bait)
Btk Recombinant
D protein Beads Beads
Name Sequence
Ja (537) ENIDEAAKEL (546) /?
\
0Ja ENIDEAAKEL-PMI/PMI-M3 “ Quantifying difference
-1Ja ENIDEAAKE -PMI/PMI-M3 ' of binding activity
-2Ja  ENIDEAAK -PMI/PMI-M3 g DAGE— F Bait: GST-MDM2(1-125)
-3Ja  ENIDEAA  -PMI/DPMI-M3 X -
-4Ja ENIDEA -PMI/PMI-M3 1 212 °
-5Ja ENIDE -PMI/PMI-M3 (Prey) | 17 =
Ecoli T7 3]
-6Ja ENID -PMI/PMI-M3 Coll. g 8
-7Ja  ENI ~PMI/PMI-M3 i g ) -
-8Ja  EN ~PMI/PMI-M3 £
S o
E J
dsm/Ism dsm Ism dsm Ism dsm Ism dsm Ism dsm Ism dsm Ism | GFP GFP GFP 9
Jatruncaton 6 6 -7 -7 8 8 6 6 -7 -7 -8 -8 | - - - pep.
inhibitor peptide PMI PMI PMI PMI PMI PMI M3 M3 M3 M3 M3 M3 | PMI M3 -
input (4%) ——— 2'°
y el
binding product ! -_g 12
+ GST-MDM2(1-125)  — e — - .
' Q
binding product + GST ! 2
: o 4
N : £
input (4%) W —— O o
- . Ja
binding product |
+ GST-MDMX(1-125) W ——— e “ pep.
Figure 2. In vitro screening of light-responsive inhibitory modules.
A. Schematic of the light-responsive LOV2-PMI chimera module. B. Workflow of the in vitro binding assay. T7 denotes the T7
tag used for detection. C. Representative CBB-stained SDS-PAGE gel of purified recombinant bait protein. D. Library of the
LOV2 Ja-helix truncation mutants fused with PMI or PMI-M3 peptides. The critical residue Ile539 is highlighted in blue. E.
Representative western blot detecting LOV2-PMI/PMI-M3 fragments bound to GST-MDM2(1-125) or GST-MDMX(1-125). The
LOV2(-8Ja)-PMI/PMI-M3 fragment, truncated up to 1539, serves as a control where light responsiveness is expected to be lost.
GST is a negative control bait fragment. GFP-PMI/PMI-M3 and GFP are positive and negative control prey fragments,
respectively. F. Differences in binding activity between dsm or /sm of each LOV2-PMI truncation mutant to GST-MDM2(1-125)
(upper plot) or GST-MDMX(1-125) (lower plot). Blue and red points indicate experimental replicates.
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Interaction between LOV2-PMI modules and p53 binding domain of
MDM2 in cultured cells

We developed a translocation assay system to confirm whether the LOV2-PMI module obtained
through in vitro screening interacts with MDM2 in a light-dependent manner in cultured cells (Fig.

via fusion with the C-terminal domain of HRas (HRasCT), while the LOV2-PMI modules were
expressed in the cytoplasm. We then monitored the translocation of LOV2-PMI modules to the
plasma membrane upon blue light illumination. Indeed, the LOV2(-6]Ja)-PMI and LOV2(-7]Ja)-M3
fragments demonstrated rapid and reversible translocation to the plasma membrane in a blue
center right). On the other hand, LOV2 alone showed no change in localization with or without
blue light exposure (Fig. 3B (%, first row Fig. 3C %, and Movie 3, far left). Furthermore, the LOV2(-
8Ja)-PMI-M3 fragment, which was expected to lack light responsiveness due to Ja helix truncation
up to 1539, was constitutively localized to the plasma membrane even under dark conditions (Fig.
3B, fourth row and Movie 3, far right). These results indicate that the LOV2-PMI module
screened by the in vitro binding assay interacts with MDM2 in a light-dependent manner in living
cells. Given the high sequence homology between MDM2 and MDMX and their similar binding

modes, it is inferred that MDMX also interacts in a light-dependent manner within cells.

When performing long-term live imaging with optogenetic systems, phototoxicity sometimes can
be a serious concern. The wild-type LOV2 domain possesses relatively fast off-kinetics
(approximately several tens of seconds) among common photoreceptor domains, which
necessitates continuous light illumination to maintain its conformational change induced by light
(Salomon et al., 2000 2). Therefore, reducing light intensity or decreasing illumination frequency
could minimize phototoxicity. Since a LOV2(V416L) mutant, which has slower off-kinetics than
wild-type LOV2 (Kawano et al., 2013 @), is already known, we carried out an in vitro binding assay
using this mutant. We found that several LOV2(V416L)-PMI modules also showed differences in
binding activity to the p53 binding domain of MDM2 between dsm and Ism that was comparable to
or greater than that of wild-type LOV2 (Fig. S3A, B). Surprisingly, in the subsequent translocation
assay in living cells, the majority of the LOV2(V416L)-PMI module remained localized to the
plasma membrane even under dark conditions, and only a small fraction of the LOV2(V416L)-PMI
module exhibited blue-light-dependent change in localization (Fig. S3C, D). Because the dark state
of the LOV2(V416L)-PMI fragment probably retains partial binding activity to MDM2, it is not
suitable for the use in optogenetic regulation of p53. The reason for the discrepancy between in
vitro binding assay and cultured cell-based translocation assay for the LOV2(V416L) mutant
remains unclear at present. However, these results highlight the importance of verifying
interactions not only in vitro but also within live cells.

Mechanism of light responsivity predicted by molecular dynamics
simulation

To understand the mechanism of light-dependent interaction between the LOV2-PMI modules and
MDM2/MDMX, we compared the predicted structures of each fusion fragment using AlphaFold 3

panels).

Furthermore, focusing on residues crucial for interaction with MDM2/MDMX (Phe3, Trp7, Leul0;
common to PMI/PMI-M3), all these residues were predicted to be exposed on the protein surface.
In contrast, in the fusion fragments with the Ja helix-truncated LOV2 obtained from screening,
PMI/PMI-M3 was positioned relatively internally within the protein, and the residues critical for
interaction with MDM2/MDMX (Phe3, Trp7) were predicted to be buried within the protein (Fig.
4A @, second and fourth panels).
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Figure 3. Light-dependent interaction between LOV2-PMI fragments and MDM2 in cultured cells.

A. Schematic illustration of the live cell-based translocation assay. B. Light-dependent changes in localization of the Opto-
MDMIi (LOV2-PMI) actuator fragment identified through in vitro screening. Blue boxes indicate the time points at which light
illumination was applied. Scale bar, 20 pm. C. Quantification of the Opto-MDMi (LOV2-PMI) actuator cytosolic level. Data are
presented as mean = s.d. (LOV2, n = 15 cells; LOV2(-6)a)-PMI, n = 30 cells; LOV2(-7)Ja)-PMI-M3, n = 20 cells).
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Figure 4. Proposed mechanism of light-dependent interaction revealed by molecular dynamics simulations.

A. Protein structures of screened LOV2-PMI fragments predicted by AlphaFold 3. The amino acid residues drawn in light

green and magenta indicate the LOV2 core domain and the PMI peptide, respectively. The Phe3, Trp7, and Leu10 residues in
PMI/PMI-M3 peptides, known to be particularly important for interactions with MDM2/MDMX, were displayed in the ball-and-

stick model to highlight their side chains. B. Snapshots of the Opto-MDMi (LOV2-PMI) protein structure obtained by
molecular dynamics (MD) simulation. Protein structures were displayed every 150 nanoseconds based on the results of the
MD simulation. C. Calculated root mean square fluctuation (RMSF) value of the Ca atom in the PMI/PMI-M3 peptides. D.
Calculated solvent accessible surface area (SASA) value for the Phe3, Trp7, and Leu10 residues in PMI/PMI-M3 peptides.
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We then employed molecular dynamics simulations using predicted structures by AlphaFold 3 to
evaluate the impact of the truncation of the C-terminal amino acids in LOV2 on the dynamics of
the PMI/PMI-M3 peptides (Fig. 4B and Movie 5). The simulation results indicated that the fusion
to the Ja helix-truncated LOV2 restricted the movement of the PMI/PMI-M3 peptides and
maintained tightly packed conformation, compared to fusion with the full-length LOV2. To
quantify the flexibility of the PMI/PMI-M3 peptide, we calculated the average of the root mean
square fluctuation (RMSF) value for all residues in the PMI/PMI-M3 peptide, exhibiting reduced
RMSF values for the Ja helix-truncated LOV2 fusion than those for full-length LOV2 (Fig. 4C%;
RMSEF values for all residues in the LOV2-PMI module are shown in Fig. S4A). Next, we evaluated
the exposure of residues critical for MDM2/MDMX interaction to the protein surface using solvent
accessible surface area (SASA) (Fig. 4D (2; SASA values for all residues in PMI/PMI-M3 are shown

in Fig. S4B). The SASA value of N-terminal Phe3 decreased in both PMI and PMI-M3 when fused to
the Ja helix-truncated LOV2 (Fig 4, left). The SASA value of Trp7 decreased only when the Ja

that fusing to Ja helix-truncated LOV2 restricts the overall flexibility of the PMI/PMI-M3 peptides.
Furthermore, the exposure of residues important for interaction with MDM2/MDMX to the protein
surface is reduced. These changes likely prevent the LOV2-PMI modules from binding to
MDM2/MDMX under dark conditions.

Further screening of LOV2-PMI modules with different PMI
mutants

We discovered that fusing PMI peptides with LOV2 truncated by 6 or 7 residues in the Ja helix
yielded LOV2-PMI modules with remarkable light responsivity. Next, we aimed to further improve
this responsiveness by testing a series of mutant peptides previously developed during the
optimization of PMI/PMI-M3 peptides (Li et al., 20107, 2021 ). We selected several PMI variants
reported to possess distinct in vitro affinities for MDM2/MDMX (Fig. 5A2). Additionally, we tested
peptide sequences derived from the MDM2/MDMZX binding site of p53 (Schon et al., 2002 2). These
peptide sequences share three residues (Phe3, Trp7, and Leu10) critical for the MDM2/MDMX
interaction. We constructed an expression library by fusing these peptides to LOV2 with 6- or 7-
residue truncation in the Ja helix (Fi %). Using this library, we identified several LOV2-PMI
fragments showing marked differences in binding activity toward MDM2/MDMX between the dsm
and Ism (Fig. 5C, D (Z; full screening data are shown in Fig. S5A, B). Notably, the LOV2(-6]a)-
PMI(E5A) mutant showed a difference in binding activity between dsm and Ism comparable to that
of LOV2(-7]Ja)-PMI-M3, despite the E5A peptide itself having lower affinity for MDM2/MDMX. We
also observed that binding activities differed by up to several-fold between dsm and Ism even
when using sequences derived from the p53 as MDM2/MDMX binding peptides (Fig. 5D @ and Fig.

sm. e R T e

We next verified whether the LOV2(-6Ja)-PMI(E5A), LOV2(-6]Ja)-PMI-M5, and LOV2(-7Ja)-PMI(E5A)
fragments, which showed good performance in the in vitro binding assay, interacted with MDM2
in a light-dependent manner within living cells. As expected, all three LOV2-PMI fragments clearly
translocated to the plasma membrane upon blue light illumination (Fig. 5E, FCZ and Movie 6). No
substantial differences in the translocation dynamics were observed among these variants.
Consistent with the in vitro results, LOV2(-6]Ja)-PMI(E5A) exhibited the highest efficiency for
plasma membrane localization. Therefore, we selected the LOV2(-6]Ja)-PMI(E5A) module for

subsequent experiments.

Light-dependent activation of p53 by Opto-MDMi (LOV2-PMI)

Next, we investigated whether the obtained LOV2-PMI chimera modules could actually activate
endogenous p53. For this purpose, we established cell lines stably expressing fluorescently tagged
LOV2-PMI fragments (Fig. 6A% and Fig. S6A). In this system, miRFP703-NLS-LOV2-PMI actuator

illumination, the actuator fragments expose the PMI/PMI-M3 peptides, which are expected to
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Figure 5. Expanded screening of LOV2-PMI actuator using an inhibitory peptide library.
A. Table of inhibitory peptide variants with different in vitro affinities for MDM2/MDMX. SPR, surface plasmon resonance; ITC,
isothermal titration calorimetry. B. Expression library of the LOV2-inhibitory peptide variants. Residues differing from the
original PMI sequence are shown in red. C. Representative western blot images for the detection of each LOV2-inhibitory
peptide fragments bound to GST-MDM2(1-125) or GST-MDMX(1-125). GFP-PMI and GFP serve as positive and negative
control prey fragments, respectively. D. Comparison of binding activities between the dsm and Ism of each LOV2-inhibitory
peptide fragment toward GST-MDM2(1-125) (upper) and GST-MDMX(1-125) (lower). Blue and red points represent
experimental replicates. E. Light-dependent translocation of the Opto-MDMi (LOV2-PMI) actuator fragment obtained by the in
vitro binding assay. Blue boxes indicate periods of light illumination. Scale bar, 20 pm. F. Quantification of the Opto-MDMi
(LOV2-PMI) actuator levels in the cytoplasm. Plots show the mean + s.d. (LOV2(-6Ja)-PMI(E5A), n = 40 cells; LOV2(-7ja)-PMI-
M5, n = 20 cells; LOV2(-7)a)-PMI(E5A), n = 30 cells).
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hereafter referred to as Opto-MDMi (LOV2-PMI). Transcriptional activation of p53 was induced by
all tested LOV2-PMI modules upon blue light illumination (Fig. 6B, CZ and Movie 7). Of note, the

increase in p53 reporter activity observed under dark conditions in the Opto-MDMi (LOVTRAP)
system was hardly observed in the Opto-MDMi (LOV2-PMI) system (compare Fig. 1G & and Fig.

increase in the population of cells expressing higher levels of the actuators, likely due to reduced
interaction between the actuator and MDM2/MDMX under basal conditions (compare Fig. S1F and
Fig. S6B). The transcription reporter of p53 increased approximately 3.1-, 3.7-, and 2.8-fold for
LOV2(-6Ja)-PMI, LOV2(-7Ja)-PMI-M3, and LOV2(-6]Ja)-PMI(E5A), respectively, outperforming the
results obtained with the Opto-MDMi (LOVTRAP) system (Fig. 6D (%, see also Fig. 1HC3). We also
quantified the temporal changes in the expression levels of the actuator fragments (Fig. S6C). The
expression of the negative control fragment slightly increased. In contrast, all actuator fragments
showed a tendency for their expression levels to gradually decrease upon blue light illumination,
suggesting that the light-dependent interaction with MDM2 induces the degradation of the
actuator fragments themselves. Interestingly, the fragment containing PMI (E5A), which exhibited
the lowest in vitro binding affinity to MDM2/MDMX among these three, showed the largest
decrease for unknown reasons. Nevertheless, our results clearly demonstrate that the Opto-MDMi
(LOV2-PMI) actuator possesses the ability to activate the p53 pathway.

Combination of Opto-MDMi (LOVTRAP) and Opto-MDMi (LOV2-PMI)
system

Finally, we examined whether combining Opto-MDMi (LOVTRAP) and Opto-MDMi (LOV2-PMI)
allows for more efficient activation of p53. We designed a system capable of dual control by
replacing the actuator fragment in Opto-MDMi (LOVTRAP) with the Opto-MDMi (LOV2-PMI)

2). In this system, simply called Opto-MDM], the actuator fragment binds to the

actuator fragment then translocates to the nucleus, where it is expected to induce p53 activation. A
potential obstacle for the Opto-MDMIi system is that both the Opto-MDMi (LOVTRAP) localizer and
the Opto-MDMIi (LOV2-PMI) actuator contain LOV2 domains. Therefore, the Zdk1 fragment might
also interact with the LOV2 domain within the Opto-MDMIi (LOV2-PMI) actuator. Previous reports
have shown that the C-terminal sequence of LOV2 is crucial for its interaction with Zdk1, and
modifying this sequence results in the loss of Zdk1-binding ability (Wang et al., 2016 ). To
confirm whether the Opto-MDMi (LOV2-PMI) actuators interact with Zdk1, we designed a new
experimental system (Fig. 7A(3). In this system, the LOV2-PMI modules were anchored to
mitochondria instead of the LOVTRAP localizer, and a Zdk1-NLS fragment was expressed in the
cell. This allows us to determine the presence of interaction based on the localization of Zdk1-NLS.
We expressed five variants (LOV2(-6]Ja)-PMI, LOV2(-7Ja)-PMI-M3, LOV2(-6Ja)-PMI(E5A), LOV2(-
6]Ja)-PMI-M5, and LOV2(-7]Ja)-PMI(E5A)) and tested their localization (Fig. S7B). As a result,
interaction with Zdk1 was completely abolished in all variants except LOV2(-7]Ja)-PMI(E5A) (Fig.
§7C). Only LOV2(-7]Ja)-PMI(E5A) showed a clear interaction with Zdk1; however, unlike wild-type
LOV2, this interaction was not released by light illumination. These results showed that LOV2-PMI
actuators, except for LOV2(-7Ja)-PMI(E5A), could be successfully combined with the protein
localization manipulation via LOVTRAP.

We established stable cell lines co-expressing the Opto-MDMIi localizer, actuator, and p53 reporter.
We quantified actuator expression in these cell lines before cell sorting and confirmed that the
expression levels were comparable to the cell line expressing only Opto-MDMi (LOV2-PMI)
actuators (compare Fig. S6B and Fig. S7D). We sorted cell populations showing high expression of
each fragment and used them in the following experiments. Upon blue light illumination,

transcription reporter of p53 increased approximately 3.7-, 4.3-, and 3.1-fold for LOV2(-6Ja)-PMI,
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Figure 6. Light-dependent transcriptional activation of p53 by Opto-MDMi (LOV2-PMI)

A. Schematic illustration of the Opto-MDMi (LOV2-PMI) system expressed in cultured cells. B. Light-dependent changes in the
actuator and p53 transcription reporter signals. The blue boxes indicate the time points at which light illumination was
applied. Scale bar, 10 ym. C. Distribution of the fluorescence intensity of the p53 transcription reporter at 0 hours and 24
hours from the start of blue light illumination. Horizontal lines and crosses indicate the medians and means of the
distribution, respectively. Horizontal lines and crosses indicate the medians and means, respectively. Boxes represent the
25th and 75th percentiles; whiskers indicate the range between the maximum and minimum values excluding outliers. D.
Temporal changes in the p53 transcription reporter in each cell line. The plot shows the mean + s.e.m. (LOV2(-6Ja)-PMI n =
139 cells; LOV2(-7)Ja)-PMI-M3, n = 116 cells; LOV2(-6Ja)-PMI(E5A), n = 170 cells; NLS, n = 82 cells).
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Figure 7. Light-dependent transcriptional activation of p53 by combined Opto-MDMi system
A. Schematic illustration of the combination of Opto-MDMi (LOVTRAP) and Opto-MDMi (LOV2-PMI). B. Light-dependent
changes in Opto-MDMi actuator localization and p53 transcription reporter signals. The blue boxes indicate the time points at
which light illumination was applied. Scale bar, 10 pm. C. Distribution of the fluorescence intensity of the p53 transcription
reporter at 0 hours and 24 hours from the start of blue light illumination. Horizontal lines and crosses indicate the medians
and means of the distribution, respectively. Horizontal lines and crosses indicate the medians and means, respectively. Boxes
represent the 25th and 75th percentiles; whiskers indicate the range between the maximum and minimum values excluding
outliers. D. Temporal changes in the p53 transcription reporter in each cell line. The plot shows the mean + s.e.m. (LOV2(-
6Ja)-PMI, n = 181 cells; LOV2(-7Ja)-PMI-M3, n = 185 cells; LOV2(-6Ja)-PMI(E5A), n = 123 cells; NLS, n=209 cells). E.
Quantification of cell division events during the period from 0 to 24 hours in panel D.
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(LOV2-PMI) alone, this represented increases of 22%, 13%, and 10% (Fig. 6D (¥ and Fig. 7D ).
Although the significance of these changes remains open to discussion due to intercellular
variation, imaging noise, and other factors, the consistent observation of further increases in
reporter intensity across all three cell lines suggests improved function resulting from the
combination of the two optogenetic systems. In contrast, these cell lines showed minimal p53
transcriptional activation in the dark (Fig. S7E). This may be due to cells spontaneously activating
p53 by the expression of the PMI peptide. We also quantified the cell division events during 24-
hour light illumination period and found that cell proliferation was suppressed in all Opto-MDMi
expressing cells compared to the negative control (Fig. 7E ). This growth inhibition was not
observed at all under dark conditions, demonstrating that the Opto-MDMIi system efficiently
restricts cell cycle progression through light-dependent p53 activation (Fig. S7F). Overall, our
findings demonstrate that the Opto-MDMIi enables the activation of endogenous p53 to a degree
capable of altering cellular phenotypes.

Discussion

In this study, we successfully established Opto-MDM], an optogenetic platform that controls the
activity of endogenous p53 via light. Opto-MDMIi enables light-dependent activation of p53 by
simultaneously regulating the subcellular localization and the inhibitory activity of peptides that
inhibit the interaction between p53 and MDM2/MDMX. This multi-layer control architecture,
achieved through the integration of two or more optogenetic modules, may serve as a general
principle for designing optogenetic tools with an improved dynamic range when the performance
of individual modules is limited. Indeed, several studies have shown that combining a light-
induced nuclear translocation system with cytoplasmic anchoring reduces leaky nuclear

2017 2; Yumerefendi et al., 2018 5 ; Chen et al., 2020 (%). In our study, combining Opto-MDMi
(LOVTRAP) with Opto-MDMi (LOV2-PMI) yielded the gain of p53 activation (Fig. 7). Given that
the interaction between the LOV2 core region and the Ja helix is essentially in equilibrium—with
approximately 1.6% remaining undocked even under dark conditions—multi-layer control
appears to be an effective strategy for improving the performance of optogenetic tools by

The most notable feature of the Opto-MDMIi system is its ability to manipulate the activity of
endogenous p53. Hub proteins in signaling pathways, such as p53, often possess multiple
functions. Therefore, constitutively expressing domains derived from such proteins may cause
unexpected non-physiological effects, potentially limiting their application. In fact, p53 is known to
have transcription-independent functions that induce apoptosis through the interaction with anti-
apoptotic proteins (Caelles et al., 19942 ; Wagner et al., 19947 ; Haupt et al., 1995 2; Marchenko et
al., 20007 ; Mihara et al., 2003 (@). This is consistent with the observation that a certain fraction of
cell death occurs even under dark conditions in Opto-p53, an optogenetics system that
exogenously expresses p53 fragments (Tsuruoka et al., 2025 @). In contrast, optogenetic systems
based on short functional peptides, such as the one developed in this study, do not require the
expression of the target signaling factor fragment itself. This approach is expected to minimize
side effects while precisely perturbing the desired target.

Photocaging short functional peptides onto LOV2 is a promising approach for generating compact
light-responsive actuators. Consequently, chimeric modules combining LOV2 with various
functional peptides have been developed, though general design principles have not yet been
established. In past successful attempts, optogenetic systems controlling nuclear import/export or
protein-protein interactions were developed by incorporating peptides into the Ja helix, leveraging
sequence homology (Lungu et al., 20127 ; Yumerefendi et al., 2015, 2016 2 ; Niopek et al.,
20143, 2016 (2). However, this strategy requires the presence of peptides with substantial

sequence homology to the Ja helix. Alternatively, reports using JNK inhibitory peptides have
employed a strategy of truncating the inhibitory peptide itself (Melero-Fernandez de Mera et al.,
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making it difficult to regard as a generally applicable approach (Fig. S2A-D). In contrast, the
strategy demonstrated in the Opto-MDMIi (LOV2-PMI) system—truncating the Ja helix of LOV2—
preserves the fully functional peptide (Fig. 2%). This makes it a preferable approach for
introducing light responsivity to functional peptides. The binding between the LOV2 core domain
and the Ja helix under dark conditions is largely mediated by hydrophobic interactions at their
interface (Harper et al., 2004 (% ). Among these, Ile539 in the Ja helix makes the largest
contribution, suggesting that the Ja helix is pinned to the core domain by this residue. Therefore,
fusing a peptide to a truncated LOV2 likely restrains the movement of peptides as well (Fig. 4 ).
Thus, a general strategy for photocaging functional peptides within LOV2 could be to position the
critical residues of the peptide toward the LOV2 core domain (thereby hiding them) while deleting

as many residues as possible from the Ja helix side.

The design of the optogenetic tool presented in this study has the potential to be extended to the
spatiotemporal control of various other ubiquitin ligase activities by modifying the peptide
sequence that binds to the substrate recognition domain. However, we observed a gradual
decrease in actuator expression levels during light illumination in the Opto-MDMi (LOV2-PMI)
system, suggesting that degradation may have occurred once the actuator interacts with MDM2
(Fig. S6C). Therefore, to apply our approach to more robustly manipulate other ubiquitin ligases, it
will be necessary to engineer a degradation-resistant LOV2, for example, by mutating lysine
residues exposed on the protein surface. Ultimately, combining such systems with patterned
optogenetic stimulation devices to enable subcellular-scale manipulation of ubiquitin ligase
activity will lead to a deeper understanding of the biological processes involving them. Thus, the
Opto-MDMIi system serves as a framework for the future development of the tools to manipulate
ubiquitin ligase activity.

Materials and Methods

Construction of plasmids

All plasmids used in this study (except for the expression library used in the in vitro binding assay)
are summarized in Table S1, along with Benchling links to the plasmid sequences and maps. The
oligonucleotides for PCR and DNA sequencing were obtained from FASMAC. For the p53
transcription reporter vector, we used a vector previously developed in our laboratory (Ts

by PCR using total cDNA derived from HCT116 cells as a template. The AsLOV2(404-546) and Zdk1
genes were obtained from pTriEx-NTOM20-LOV2 (plasmid#81009: Addgene) and pTriEx-mCherry-
Zdk1-VAV2 DH/PH/C1 (plasmid#81060: Addgene), respectively (Wang et al., 2016 & ). The cDNA of
HRasCT was obtained from pCAGGS-hPhyB-mCherry-HRasCT (plasmid#100281: Addgene) (Uda et

fragments generated by oligo DNA annealing. The expression vectors for the PMI-truncated LOV2-
PMI library (Table S2) were also constructed via oligo DNA annealing method. The expression
vectors for the Ja helix-truncated LOV2-PMI library (Table S3), the PMI-truncated LOV2(V416L)-
PMI expression library (Table S4), and the LOV2-PMI mutant expression library (Table S5) were
constructed by site-directed mutagenesis using inverse PCR. All other expression vectors were
constructed by restriction enzyme digestion and ligation, or by Gibson Assembly using NEBuilder
HiFi DNA Assembly (New England Biolabs).

Cell culture

HeLa and HCT116 cells were obtained from the American Type Culture Collection (ATCC; Rockville,
MD, USA). HeLa cells were cultured in DMEM (high glucose) (08459-64: Nacalai) supplemented
with 10% fetal bovine serum (FBS; 175012: NICHIREI). HCT116 cells were cultured in RPMI 1640
Medium (ATCC modification) (A10491-01: Thermo Fisher Scientific) supplemented with 10% FBS.
All cells were maintained in a humidified atmosphere of 5% CO, at 37°C.
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Transfection

All transient expression experiments were performed using HeLa cells. Cells were seeded on a
collagen-coated 4-well glass-bottom dish (The Greiner Bio-One) one day prior to transfection, and
were transfected with total 1-2 pg of plasmids by using Polyethyleneimine ‘Max’ MW 40,000
(Polyscience Inc., Warrington, PA, USA). In Figure 1D 2 and S1B, expression vectors for Opto-
MDMIi (LOVTRAP) localizer, Opto-MDMi (LOVTRAP) actuator, and H1-mCherry (nuclear marker)
were transfected at a 2:1:1 ratio. In Figure 3B(Z and 5E%, MDM2(1-125) fragment and Opto-MDMi
(LOV2-PMI) actuator were transfected at a 1:2 ratio. In Figure S7C, LOV2-PMI fragment and Zdk1

fragment were transfected at a 2:1 ratio. Time-lapse imaging was started 1 day after transfection.

Establishment of stable cell lines

All stable cell line experiments were performed using HCT116 cells. Cells were transfected with
PiggyBac donor vectors and PiggyBac transposase-expressing vectors at a ratio of 3:1 (Yusa et al.,

according to the manufacturers’ instructions (D-032 program) with a house-made DNA- and cell-
suspension solution (4 mM KCl, 10 mM MgCl,, 107 mM Na,HPOy4, 13 mM NaH,PO,4, 11 mM HEPES
PH 7.75) (Yamamoto et al., 2021 ). One day after transfections, cells were treated with 1 pg/mL
puromycin (InvivoGen, San Diego, CA), 10 ug/mL blasticidin S (InvivoGen), or 1000 pg/mL G418
(InvivoGen) for drug selection. Established cell lines were sorted by MA900 Multi-Application Cell
Sorter (SONY) or BD FACSAriall Flow Cytometer (BD) based on the fluorescence signal from
localizer and actuator fragments. Time-lapse imaging for stable cell lines was started 2 days after
seeding on a collagen-coated 4-well glass-bottom dish. For Fig. S1D and E, the stable cell line
harboring p53 transcription reporter was seeded into a 96-well flat-bottom microplate (The
Greiner Bio-One).

Live-cell fluorescence imaging

Live-cell imaging was performed using epifluorescence inverted microscopes (IX83; Olympus,
Tokyo). For spinning-disk confocal microscopy (Fig. 1E, 3B, 5E %, and S1B), the microscope
was equipped with a spinning-disk confocal unit (CSU-W1; Yokogawa Electric Corporation), an
sCMOS camera (ORCA Fusion BT; Hamamatsu Photonics), and an oil-immersion objective lens
(UPLXAPO 60X, NA = 1.42, WD = 0.15 mm; Olympus). The excitation lasers and emission filters
used were as follows: Excitation laser, 488 nm for mNeonGreen, 561 nm for mCherry, and 640 nm
for miRFP703; excitation dichroic mirror, DM405/488/561/640 for mNeonGreen, mCherry, and
miRFP703; emission filters, 525/50 for mNeonGreen, 617/73 for mCherry, and 685/40 for miRFP703
(Yokogawa Electric).

For wide-field fluorescence microscopy (Fig. 1G(%, 6B, and 7B @), the microscope was equipped
with a Prime sCMOS camera (Photometrics) and dry objective lens (UPLXAPO 40X). A Spectra X
light engine (Lumencor) was used as the illumination light source with the following setting:
Excitation wavelength, 475/28 for mNeonGreen, 580/20 for mScarlet-I, and 632/22 for miRFP703;
dichroic mirror, FF409/493/573/652/759-Di01-25.8x37.8 for all fluorescent proteins; emission filters,
520/28 for mNeonGreen, 641/75 for mScarlet-I, and 664/long pass for miRFP703 (Semrock). For
optogenetic stimulation, blue LED light (450 nm) (LED-41VIS450; OptoCode Corp., Japan) was
continuously delivered from the top of the stage.

For the experiments shown in Fig. S1D and E, an ImageXpress Micro XLS (Molecular Devices) was
employed, equipped with an sCMOS camera (Zyla 5.5; Andor) and dry objective lens (Plan Fluor
10X, NA = 0.30, WD = 16 mm; Nikon). The illumination light source was a SOLA SE2 (Lumencor).
The illumination settings were as follows: Excitation wavelength, 562/40 for mScarlet-I; excitation
dichroic mirror, 350-585 (R)/601-950 (T) for mScarlet-I; emission filters, 624/40 for mScarlet-I
(Semrock).
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Image Analysis

All imaging data were analyzed using Fiji/Image] (Schindelin et al., 2012 (%). Background
subtraction was performed on all images using the rolling-ball method, followed by the generation
of stacked images. Nuclear regions were detected and cell trajectories were tracked using
LIMTracker, a Fiji tracking plugin (Aragaki et al., 2022 @), which allowed for the quantification of
temporal changes in fluorescence profiles for individual cell traces. Nuclear regions were
segmented based on either the H1-mCherry signal (Fig. 1F2) or the p53 transcriptional reporter

changes within the ROI were quantified. For the datasets in Fig. S1D and S1E, the Fiji plugin
StarDist (Schmidt et al., 2018 ) was employed for automated nuclei detection at each time point,
followed by quantification of the fluorescent signal in the nuclei. All the quantified data were
analyzed and visualized using Python with the seaborn and matplotlib libraries or Microsoft Excel
software.

Expression and purification of recombinant proteins

Bait protein fragments (GST, GST-MDM2(1-125), and GST-MDMX(1-125)) were expressed in E. coli
BL21(DE3) cells using the pCold vector system (Qing et al., 2004 @). Competent E. coli BL21(DE3)
cells were transformed with pCold expression vectors containing the desired gene cassettes.
Grown colonies were picked and inoculated into 2 mL of LB medium supplemented with 0.1
mg/mL ampicillin and cultured overnight at 37°C. The next day, the culture was collected, mixed
with a final concentration of 7% DMSO, and stored at -80°C as a frozen stock.

For protein expression, this stock was re-inoculated into 1 mL of LB medium (0.1 mg/mL
ampicillin) and cultured at 37°C. After several hours, the culture was transferred to 100 mL of LB
medium (0.1 mg/mL ampicillin) and cultured until the optical density (OD) reached 0.4-0.8. The
culture was then rapidly cooled in ice water, shaken at 15°C for 30 minutes, and induced with a
final concentration of 0.3 mM IPTG overnight at 15°C. The bacterial cells were harvested by
centrifugation, resuspended in 10 mL of purification buffer (1 mM dithiothreitol, 300 mM Nacl,
0.1% Triton X-100 in PBS), and lysed using an ultrasonic homogenizer VP-300N (TAITEC). The
lysate was centrifuged, and the resulting supernatant was incubated overnight at 4°C with 1 mL of
Glutathione-Sepharose 4B beads (Cytiva) pre-equilibrated with purification buffer. After
incubation, the supernatant was removed, and the beads were washed three times with
purification buffer. Finally, an equal volume of purification buffer was added to the beads. To
verify successful expression and purification, 10 uL of the bead suspension was mixed with 40 pL
of 1 x SDS sample buffer (62.5 mM Tris-HCl pH 6.8, 11.9% glycerol, 2% SDS, 5% dithiothreitol) and
boiled at 95°C for 5 minutes. Subsequently, 10 uL of the boiled samples were analyzed by SDS-
polyacrylamide gel electrophoresis (SDS-PAGE) followed by Coomassie Brilliant Blue (CBB) staining
The purified bait protein fragments immobilized on the beads were used for subsequent in vitro
binding assays.

In vitro binding assay

For the expression of prey protein fragments (LOV2-PMI library), E. coli BL21(DE3) cells were
transformed with pCold expression vectors following the same procedure as for the bait protein,
and frozen stocks were prepared. These stocks were re-inoculated in 2 mL of LB medium (0.1
mg/mL ampicillin) and cultured at 37°C until the OD reached 0.4-0.8. The cultures were then
rapidly cooled in ice water, shaken at 15°C for 30 minutes, induced with a final concentration of
0.3 mM IPTG, and incubated overnight at 15°C. Bacterial cells were harvested by centrifugation
and lysed using freeze-thaw method. Specifically, cell pellets were resuspended in 250 yL/samples
of resuspension buffer (50 mM Tris-HCI pH 7.5, 500 mM NacCl, 1 mM dithiothreitol), frozen at -20°C
for 30 minutes, and thawed at 4°C for 2 hours. Subsequently, 125 pL/sample of lysis buffer (50 mM
Tris-HCl pH 7.5, 500 mM NacCl, 1 mM dithiothreitol, 25 pg/sample lysozyme (Thermo), 31.25
Unit/sample benzonase nuclease (Merck), 0.5% Triton X-100) was added to the cell suspension,
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followed by incubation at 37°C for 1 hour. After incubation, the samples were centrifuged, and the
supernatant was collected as the cell lysate containing the prey protein fragments. For analysis, 15
uL of these cell lysates were mixed with 15 pL of 2 x SDS sample buffer (130 mM Tris-HCl, pH 6.8,
23.8% glycerol, 4% SDS, 10% dithiothreitol) and boiled at 95°C for 5 minutes to serve as the “input”
fraction. The remaining lysates were incubated overnight at 4°C with 20 pL/sample of the bait
protein fragment immobilized on Glutathione Sepharose 4B beads. The following day, the beads
were washed three times with resuspension buffer. Finally, the beads were mixed with 1 x SDS
sample buffer and boiled at 95°C for 5 minutes to serve as the “binding product” fraction.

Western blotting

The prepared “input” and “binding product” samples were separated by SDS-PAGE, and
transferred onto polyvinylidene difluoride (PVDF) membranes. Proteins were detected by using an
Odyssey Infrared Imaging System (LI-COR). The primary antibody used was a rabbit monoclonal
anti-T7-tag (D9E1X; 1:1000, Cell Signaling Technology, #13246). The secondary antibody was an
IRDye 680RD goat anti-rabbit antibody (1:5000, LI-COR, 926-68071). Blotting images were
quantified by using Image Studio software (LI-COR).

Molecular dynamics simulation

The system was composed of a LOV2-PMI fragment (LOV2-PMI, LOV2(-6]Ja)-PMI, LOV2-PMI-M3, or
LOV2(-7Ja)-PMI-M3) predicted by AlphaFold 3 (Abramson et al., 2024 2 ) immersed in 150 mM KCl
solution (see Table S6 for molecular composition). The AMBER ff19SB (Tian et al., 2020%), OPC
(Izadi et al., 2014 (@), and Li and Merz (Sengupta et al., 2021 (%) force fields were employed for the
protein, water molecules, and ions, respectively. All histidine residues were protonated at the
epsilon-carbon.

After 1,000 step energy minimization (where necessary), molecular dynamics (MD) simulations
were performed using AMBER24 (Amber). First, a 40-ps MD simulation was conducted under
constant temperature (300 K) and pressure (1 bar) condition. Subsequently, a 1-ns MD simulation
with constant temperature (300 K) and volume condition was performed to equilibrate the system.
The Berendsen thermostat and barostat (Berendsen et al., 1984 (2) were used to control the
temperature and pressure, respectively. The length of bonds having hydrogen atoms was kept
constant using the SHAKE algorithm (Ryckaert et al., 1977 @), enabling the use of time step of 2 fs.
The periodic boundary condition was applied, and long-range electrostatic interactions were
calculated by the particle mesh Ewald method (Essmann et al., 1995 (%) with a 10 A cutoff in real
space. For the production runs, MD simulations were carried out for 1 us under constant
temperature (300 K) and volume condition. The results of the MD simulation were visualized using
VMD (Humphrey et al., 1996 (). Root-mean-square fluctuation (RMSF) values for each amino acid
residue were calculated using in-house code based on the MD simulation results. Solvent-
accessible surface area (SASA) was calculated using the following site
(http://cib.cf.ocha.ac.jp/bitool/ASA/ ). More specifically, SASA was calculated from the structural
data extracted every 100 frames, and then the average values were calculated for each MD
trajectory.

Data availability

All imaging data would be deposited in the SSBD:repository prior to publication.
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Movie S1. 2 Translocation of the Opto-MDMi (LOVTRAP) actuator to the nucleus. HeLa cells
transiently expressing H1-mCherry, NTOM20-mNeonGreen-LOV2 localizer, and Zdk1-miRFP703-
NLS actuator were cultured in a 4-well glass-bottom dish. Time-lapse imaging was performed
using a spinning disk confocal microscope. The cells were repeatedly illuminated with blue light at
2-min intervals. Images were acquired every 5 seconds for a total imaging time of 10 min.
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Movie S2. @3 Transcriptional activation of p53 by Opto-MDMi (LOVTRAP). HCT116 cells harboring a
p53 transcriptional reporter and stably expressing Opto-MDMi (LOVTRAP) fragments were
cultured on a 4-well glass-bottom dish. Time-lapse imaging was performed using a wide-field
microscope. The cells were continuously illuminated with blue light at 24 hours. Images were
acquired every 15 min. Stacked images were aligned using the StackReg Image] plugin. Total
imaging time = 30 hours.

Movie §3. @2 Translocation of the screened LOV2-PMI modules to the plasma membrane. HeLa cells
transiently expressing the MDM2(1-125)-mCherry-HRasCT and the LOV2-PMI modules fused with
miRFP703 were cultured in a 4-well glass-bottom dish. Time-lapse imaging was performed using a
spinning disk confocal microscope. The cells were repeatedly illuminated with blue light at 1 min
intervals. Images were acquired every 5 seconds for a total imaging time of 5 min.

Movie S4. 3 Predicted protein structures of the LOV2-PMI fragments. Light green color and
magenta color indicate the LOV2 core and the PMI peptide, respectively. Important residues (Phe3,
Trp7, and Leu10) in PMI/PMI-M3 for the interaction with MDM2/MDMX are highlighted using ball-
and-stick models.

Movie S5. 3 Simulated movement of the LOV2-PMI fragments by MD simulation. The color
assignments are the same as in Movie4. The movie was created by visualizing the protein
structure every 10 nanoseconds based on the MD simulation results covering the entire 1
microsecond.

Movie S6 [ Translocation of the screened LOV2-PMI mutant module to the plasma membrane.
HeLa cells transiently expressing MDM2(1-125)-mCherry-HRasCT and LOV2-PMI mutant modules
fused with miRFP703 were cultured in a 4-well glass-bottom dish. Time-lapse imaging was
performed using a spinning disk confocal microscope. The cells were repeatedly illuminated with
blue light at 1-min intervals. Images were acquired every 5 seconds for a total imaging time of 5
min.

Movie S7. @3 Transcriptional activation of p53 by Opto-MDMIi (LOV2-PMI). HCT116 cells harboring a
p53 transcriptional reporter and stably expressing Opto-MDMi (LOV2-PMI) fragments were
cultured on a 4-well glass-bottom dish. Time-lapse imaging was performed using a wide-field
microscope. The cells were continuously illuminated with blue light at 24 hours. Images were
acquired every 15 min. Stacked images were aligned using the StackReg Image] plugin. Total
imaging time = 30 hours.

Movie S8. 3 Transcriptional activation of p53 by Opto-MDMi. HCT116 cells harboring a p53
transcriptional reporter and stably expressing Opto-MDMi fragments were cultured in a 4-well
glass-bottom dish. Time-lapse imaging was performed using a wide-field microscope. The cells
were continuously illuminated with blue light at 24 hours. Images were acquired every 15 min.
Stacked images were aligned using the StackReg Image] plugin. Total imaging time = 30 hours.
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Reviewer #1 (Public review):
Summary:

In this manuscript, the authors apply the ASLOV2 domain to control the localisation and the
exposure of two peptides (PMI and PMI-M3) that compete with Mdm2/MdmX for binding to
P53, thus freeing p53 from these negative regulators and allowing its levels to rise. The
authors follow an established strategy in optogenetics, which is to combine two layers of
regulation for tighter control: (1) caging the peptide into the Ja helix of ASLOV2; 2)
sequestration of the peptide away from its site of action using the LOVTRAP system.

Strengths:

The authors show that a reporter is activated when cells are exposed to light. A strength is in
the lower background that was achieved after adding the second layer of regulation.

Weaknesses:

This study claims to be focused on the control of endogenous p53; however, endogenous p53
levels are not quantified. Moreover, endogenous p53 target genes are also not analysed. Only
a synthetic reporter is quantified, which has been placed in the genome of HCT116 cells after
the creation of a stable cell line. Microscopy images show only one or a maximum of two
cells. Finally, the authors claim their strategy is a general one that can be applied to control
other peptides, but they do not show this generality in this paper.

https://doi.org/10.7554/eLife.112082.1.sa1

Reviewer #2 (Public review):

The authors developed Opto-MDMIi, an optogenetic system for light-controlled activation of
endogenous p53. The main idea is to target the p53-MDM2/MDMX regulatory interaction
using PMI inhibitory peptides. This is a nice strategy because it avoids overexpression of p53,
which can have adverse effects that might confound the study of p53 activity. The authors
first tested a LOVTRAP-based localization strategy, which showed some efficacy but also
showed basal activation. They then developed a LOV2-PMI peptide-caging module to control
the activity of the PMI peptide itself, testing for interactions first in vitro and then in vivo.
Finally, they combined the two systems into a dual-lock design, where LOVTRAP controls
localization and LOV2-PMI controls peptide activity. This combination led to somewhat more
potent stimulation of p53 activity.
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Another useful aspect of the paper is the detailed description of the development and testing
of the LOV2-PMI peptide-caging module, which may aid in the design of other LOV2-based
peptide-caging designs.

Strengths

Overall, the paper is novel and rigorous, and the claims are supported by the data. The
optoMDMIi tool seems ready for implementation, for example, to manipulate and study the
role of p53 signaling dynamics. A few points of clarification would strengthen the work.

Weaknesses

The authors develop many tool variants, but there is some lack of clarity over how all of these
tools compare to each other, and which ones interested users should use. The work would
also be strengthened by showing modulation of endogenous p53 in more than one cell line.

https://doi.org/10.7554/eLife.112082.1.sa0

Tsuruoka et al., 2026 eLife 15:RP112082. https://doi.org/10.7554/eLife.112082.1 27 of 27


https://doi.org/10.7554/eLife.112082.1
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://doi.org/10.7554/eLife.112082.1.sa0
https://doi.org/10.7554/eLife.112082.1.sa0
https://elifesciences.org/subjects/cell-biology

	Opto-MDMi: a dual-lock optogenetic system for robust activation of endogenous p53
	eLife Assessment

	Abstract
	Introduction
	
	Results
	Light-dependent translocation of the inhibitory peptide for p53-MDM2/MDMX interactions

	
	Figure 1.Design and evaluation of the Opto-MDMi (LOVTRAP) system.
	in vitro screening of the light-responsive LOV2-PMI inhibitory modules
	Figure 2.In vitro screening of light-responsive inhibitory modules.

	Interaction between LOV2-PMI modules and p53 binding domain of MDM2 in cultured cells
	Mechanism of light responsivity predicted by molecular dynamics simulation

	
	Figure 3.Light-dependent interaction between LOV2-PMI fragments and MDM2 in cultured cells.
	Figure 4.Proposed mechanism of light-dependent interaction revealed by molecular dynamics simulations.
	Further screening of LOV2-PMI modules with different PMI mutants
	Light-dependent activation of p53 by Opto-MDMi (LOV2-PMI)

	
	Figure 5.Expanded screening of LOV2-PMI actuator using an inhibitory peptide library.
	Combination of Opto-MDMi (LOVTRAP) and Opto-MDMi (LOV2-PMI) system

	
	Figure 6.Light-dependent transcriptional activation of p53 by Opto-MDMi (LOV2-PMI)
	Figure 7.Light-dependent transcriptional activation of p53 by combined Opto-MDMi system

	Discussion
	
	Materials and Methods
	Construction of plasmids
	Cell culture
	Transfection
	Establishment of stable cell lines
	Live-cell fluorescence imaging
	Image Analysis
	Expression and purification of recombinant proteins
	In vitro binding assay

	
	Western blotting
	Molecular dynamics simulation

	Data availability
	Acknowledgements
	Additional information
	Fundings
	Funding
	Author ORCID iDs

	Additional files
	
	References
	Peer reviews
	Reviewer #1 (Public review):
	Reviewer #2 (Public review):


