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ABSTRACT: Spatiotemporal control of proteins is crucial for cellular photoactivatable .

: . : : . dual SLIPT localized plasma
phenomena such as signal integration, propagation, as well as managing irradiaien membrane
crosstalk. In membrane-associated signaling, this regulation is often
enabled by lipids, wherein highly dynamic, sequential recruitment of 3%
interacting proteins is key to successful signaling. Here, we present dual palmitoylation % ) 8 sequential

SLIPT (self-localizing ligand-induced protein translocation), a lipid-analog ¥

tool, capable of emulating this lipid-mediated sequential recruitment of (S //
any two proteins of interest. Dual SLIPT self-localizes to the inner leaflet “%eDHFR JrfoiA K
of the plasma membrane (PM). There, dual SLIPT presents trimethoprim HOB o, S

(TMP) and HaloTag ligand (HTL) to cytosolic proteins of interest

(POIs), whereupon POIs fused to the protein tags “¢eDHFR, or to HOB

are recruited. A systematic extension of the linkers connecting the two mutually orthogonal headgroups was implemented to
overcome the steric clash between the recruited POIs. Using Forster resonance energy transfer (FRET), we verify that the resulting
probe is capable of simultaneous binding of both proteins of interest, as well as their dimerization. Dual SLIPT was found to be
particularly suitable for use in physiologically relevant concentrations, such as recruitment via tightly regulated, transient lipid
species. We further expanded dual SLIPT to the photocontrollable dual SLIPTNVOC, by introducing a photocaging group onto the
TMP moiety. Dual SLIPTNVOC enables sequential and spatiotemporally defined dimerization upon blue light irradiation. Thus, dual
SLIPTNVOC serves as a close mimic of physiology, enabling interrogation of dynamic cytosol-to-plasma membrane recruitment
events and their impact on signaling.
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¢

B INTRODUCTION capable of recruiting actin modifiers such as Rac, which
subsequently induce directional cellular movement.”

This underscores the importance of elucidating recruitment
sequences to understand cause-and-effect in signaling path-
ways. Investigating localized interactions and their impacts on
signaling has been investigated in various ways. Among these,
protein-based tools offer powerful means of external, precise
manipulation.

Among protein-based tools, optogenetics’~ and chemo-
genetics'*~'* find widespread application. Optogenetics
benefit from ease of accessibility. They require, however,
case-by-case optimization to maximize the difference between
dark and light states,”> as well as continuous irradiation.'
Chemogenetics, or chemical inducers of dimerization (CIDs),
on the other hand, are extraordinarily useful due to their “plug-

Cellular spatiotemporal control of proteins is a key
determinant of protein function in signaling." Crucial
phenomena such as signal integration, propagation, and
crosstalk are managed by the sequential recruitment of
higher-order protein assemblies. The plasma membrane
(PM), as the locus for such signaling sequences, is of particular
interest. At the PM, transient lipid-mediated recruitment of
proteins can abruptly increase a protein’s effective local
concentration.” Conversely, degradation of specific lipids can
reverse protein localization at the PM, enabling dynamic
control over protein availability. Similarly, protein—lipid
specificity enables lateral organization of interactors.”* Thus,
lipid-mediated PM-recruitment can enable dynamic spatio-
temporally defined compartmentation and organize signaling.”

During chemotaxis, a well-studied process in which lipid-

mediated recruitment underpins functional outcomes, spatio- Received: December 19, 2024
temporal signal integration between GPCR—Ras activation and Revised:  March 28, 2025
directed cell movement (mediated by Rac®) is required. After Accepted:  March 31, 2025
GPCR activation, active Ras recruits phosphatidylinositol 3- Published: April 18, 2025

kinase (PI3K) to the leading edge of the PM. There, PI3K
generates phosphatidylinositol triphosphate (PIP;) species,
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and-play” nature: protein proximity is induced by adding a
small molecule that forces together any two proteins fused to
the appropriate tags.

Protein-based tool approaches require one of the partners to
be prelocalized, if investigating localized signaling that depends
on the recruitment of multiple proteins of interest (POIs) and
their interaction at a specific subcellular location.'”"* Upon the
dimerization stimulus (irradiation or addition of the dimerizing
chemical), then, only a single POI changes localization. Thus,
these approaches confine the investigation to cellular responses
that can accommodate prolonged prelocalization of a single
POL

Alternatively, two tags can be expressed to translocate a
single POI. As signaling rarely only involves translocation of a
single PO], strategies for recruiting multiple POIs are required.
The first chemically inducible trimerization (CIT) system'’
can be used to dimerize two POIs at a specific location.
However, this approach, too, requires the expression of more
protein tags than POIs to be translocated.

While useful, recent interest has moved away from protein-
based tools toward tools with fewer, or minimal, less sterically
demanding tags.”>*' The ideal tool to translocate one or more
POIs to a specific subcellular localization would encompass a
localization motif that is not reliant on a bulky protein tag.””
One such example is the chemogenetic control of protein
localization in mammalian cells by self-localizing ligand-
induced protein translocation (SLIPT).”>~** First reported in
2013, the SLIPT family of probes enabled recruitment of any
POI to the nucleus, microtubuli, the Golgi, the ER, as well as
the PM. The “self-localizing” nature of the SLIPT system is
based on small molecules that localize to the specific cellular
target. There, SLIPT probes present a “headgroup”moiety, by
which client POIs can be recruited. This renders them a one
probe—one protein-tag system. The headgroup can be varied
to recruit any POI, tagged with either eDHFR, SNAP, or
HT?7.” These protein tags are orthogonal to the mammalian
proteome, which avoids unwanted cross-reactivity.

If the aim is to emulate lipid-mediated translocation of
proteins to the PM, lipid-analog tools that are capable of POI
recruitment would be ideal. In analogy to endogenous lipids,
PM-SLIPT*? targets the PM through a lipid motif (Figure 1).
Thus, PM-SLIPT, in particular, closely mimics physiological
protein recruitment by lipids.

In this work, we created a tool for interrogating lipid-
mediated cytosol-to-PM recruitment events and their impacts

this work:
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| -4

dimerization

previous work:

mPcTMP <~~~ mgcHTL m~re
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Figure 1. Monomeric SLIPT systems (left) compared to dual SLIPT
(right). Monomeric versions m"cTMP and mgcHTL are recruiting
KS6eDHFR or HOB fused proteins of interest, respectively. Dual
SLIPT, conversely, recruits both ®SeDHFR and HOB-tagged proteins
of interest. Upon permeation into the cell, SLIPT probes are
palmitoylated, adding another lipid to the localization motif. HTL,
HaloTag ligand; TMP, Trimethoprim.
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on signaling. To this end, we aimed at recruiting more than
just one POI to the PM. Based on the SLIPT concept, we
generated dual SLIPT. Dual SLIPT is a PM-localizing lipo-
peptide tool capable of chemically dimerizing any two POIs at
the inner leaflet of the PM in a spatiotemporally defined,
sequential manner (Figure 1). We present the design and
engineering of dual SLIPT, which allows for both interrogation
and manipulation of signaling hierarchies, thus expanding the
repertoire of self-localizing probes.

We synthesized a series of compounds to dimerize a
mutually orthogonal set of protein tags: “*eDHFR (an eDHFR
variant, optimized for PM-recruitment”®) and Halo-based
Oligonucleotide Binder (HOB''). By optimizing the linker
lengths between the two headgroups (TMP and HTL), we
successfully generated dual SLIPT. Dual SLIPT is a self-
localizing lipid-based tool capable of simultaneously binding
and thus enforcing interaction between two POIs. Dual SLIPT
retains the plug-and-play aspect of conventional CIDs, as any
POIs can be genetically fused to the two protein tags.
Additionally, we exploited its modular design to incorporate
photocaging of one headgroup (TMP), enabling greater
spatiotemporal precision and sequential recruitment. This
lipid-like tool sequentially recruits and dimerizes two POIs,
facilitating the study of signaling hierarchies and their effects
on signaling outcomes.

B RESULTS AND DISCUSSION

Design of a SLIPT Variant Capable of Recruiting Two
Different Proteins to the PM. We intended this study to
generate a new self-localizing ligand system, which we call dual
SLIPT. Dual SLIPT targets the inner leaflet of PM and is
capable of dimerizing any two POIs in a mutually orthogonal
manner. This chemogenetic tool was intended to enable
biological investigations of the impact of temporal sequence on
PM-localized dimerization events on cellular signaling.

To do so, we chose the iK6eDHFR—tag and HaloTag7 (HT7)
as starting points for protein tags. We chose the myristic acid
D-cysteine (m°c) motif, wherein both myristic acid and the in
cellulo palmitoylation of cysteine target the probe to the PM’s
inner leaflet. The unnatural D-configuration protects the probe
from proteolytic degradation and loss of PM-localization over
time.””*”*” Three repeats of 8-Amino-3,6-dioxaoctanoic acid
(a PEG2-unit) act as spacers between headgroups and PM-
inserting lipids, as optimized in the existing family of SLIPTs.”
The PM-inserting motif is connected to the headgroups via the
branching amino acid lysine, rendering dual SLIPT a trivalent
chemogenetic. Guided by the existing literature on TMP—
HT7-based chemical inducers of dimerization (CIDs),*" we
began by synthesizing self-localizing compound 1, (m°cTMP-
HTL®, Figure 2A), with minimal linkers between the two
headgroups TMP and HTL, as a starting point.

Optimizing the Linker to Enable Dual Recruitment of
K6eDHFR and HOB to the PM. To assess whether
simultaneous recruitment of “®eDHFR and HT7 to the PM
was possible via compound 1,, HeLa cells expressing both
KSeDHFR fused to monomeric enhanced green fluorescent
protein (mEGFP) and HT?7 fused to mScarlet (mScar) were
incubated with 10 yuM of 1, for 1h in DMEM(-).
Translocation was assessed in live cells, using confocal
fluorescent imaging. Substantial translocation of ®eDHFR-
mEGFP to the PM occurred (Figure SIA, top). Incubation
with 1,, however, failed to translocate HT7-mScar alongside
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Figure 2. Design and optimization of dual SLIPT. (A) Chemical structures of trivalent SLIPT probes used in this study and a table delineating the
linker lengths spanning HTL-amine to the remaining linker. Numbers are indicative of number of atoms. Shaded compound (S,) depicts dual
SLIPT, the first probe in this series, capable of dual recruitment. NVOC = 6-nitroveratryloxycarbonyl; Subscript A refers to nonphotocaged, and B
to NVOC-caged variants. (B) HeLa cells expressing “*eDHFR-mEGFP (green) and HOB-mScar (magenta), incubated with 10 gM m°cTMP-
HTL?, (1,, top), or dual SLIPT (mPcTMP-HTL', 5,, bottom), overnight. (C) Line plots depicting a representative cross section of fluorescent
intensities across the plasma membrane of two adjacent cells that are incubated with 10 uM (1,). eDHFR, *®eDHFR-mEGFP (green); HOB,
HOB-mScar. (D) Line plots depicting a representative cross section of fluorescent intensities across the plasma membrane of two adjacent cells that

are incubated with 10 M dual SLIPT, (5,). Scale bar, 10 ym.

K6e DHFR-mEGFP in the given time frame. As mchTL25 had
previously induced HT7—to—PM translocation within 30 min,
and ®%eDHFR-recruitment indicated probe presence in the
inner leaflet, we determined the incubation duration was
sufficient to conclude that compound 1, is unable to induce
dual recruitment of *¢DHFR-mEGFP and HT7-mScar.

We reasoned that simultaneous recruitment of both POIs
was failing due to one of the two following factors. Either the
distance of the reactive chloroalkane from the membrane was
too short to be accessible to HT7-mScar, or steric clash
between the two POIs prevented simultaneous binding. We
assumed lacking accessibility to be the cause for two reasons:
Previously described dimerizers based on TMP and HTL with
comparable distances between the two ligands, as well as a
SLIPT recruiting HT7 to the PM with five PEG2-repeats, were
already reported.”**>°

To rule out steric clash between X¢DHFR-mEGFP and
HT7-mScar as the cause of failed simultaneous recruitment, we
synthesized the photocaged derivative of 1, (m°cTMPNYO¢.
HTLS, 13), which contains a photocaged TMP, preventing

1040

initial *®eDHFR-mEGFP recruitment to the PM (Figure
S1D). This would allow assessment of whether the
chloroalkane ligand was accessible to HT7-mScar in the
absence of ®*eDHFR-mEGFP. To do so, we incubated HeLa
cells, expressing K6 DHFR-mEGFP and HT7-mScar, with 10
uM of 1y for 1h in DMEM(—) and assessed HT7-mScar
translocation. Despite the absence of probe-associated
K6eDHFR-mEGFP, HT7-mScar translocation was not ob-
served after incubation with 1y (Figure S1C, top). To verify
whether 1p is capable of permeating the cell and localizing
correctly in the inner leaflet, the TMP moiety of 1y was
uncaged by irradiation with 405 nm light, which successfully
led to immediate recruitment of *®*e DHFR-mEGFP to the PM,
indicating correct localization of the probe. This led us to
consider the impact of electrostatic repulsion between the
binding interface of HT7-mScar and the negatively charged
surface of the inner leaflet. Thus, we switched to Halo-based
Oligonucleotide Binder (HOB''), to assess whether this
variant of HT7-mScar was able to be recruited to the inner
leaflet. HOB has positively charged amino acids surrounding

https://doi.org/10.1021/acschembio.4c00856
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Figure 3. One molecule of dual SLIPT can bind both POIs, via their respective protein tags, simultaneously. (A) Schematic illustration of the
concept behind this FRET experiment. Addition of dual SLIPT leads to simultaneous recruitment of *®eDHFR-tagged FRET donor (green), and
HOB-tagged FRET acceptor (magenta). As the mean distance between donor and acceptor is constant, irrespective of probe concentration, FRET
efficiency should also be constant, irrespective of probe concentration. (B) Schematic illustration to compare the control system. Addition of equal
concentrations of mPcTMP (recruiting “®*eDHFR-tagged FRET donor) and m°cgHTL (recruiting HOB-tagged FRET acceptor), also recruit the
FRET pair to the PM. However, as in this control system each probe recruits an individual POI, the mean distance between donor and acceptor
should increase with lowered probe concentration. This leads to concentration dependent FRET. (C) FRETugg normalized to acceptor
expression in dependence of dual SLIPT concentration (quantification of schematic A). HeLa cells incubated with dual SLIPT (S,) showed a
median FRET g value of 1.29 at 0.5 uM S, (n = 8 fields of view, 9684 ROIs) and 1.37 at 10 uM S, in DMEM(—) (n = 14 fields of view, >15,000
ROIs), (p > 0.05, Mann—Whitney test). Each data point represents an averaged value of a field of view, with multiple cells, each. (n > 5000 ROIs
per condition); dotted lines represent minimal and maximal possible FRET with this FRET pair, respectively. (D) FRETcopg normalized to
acceptor expression in dependence of mixed mcTMP and mPcgHTL concentrations (quantification of schematic B). The probe mixture of 7 and
8, induced median FRET ooy of 0.91 at 0.5 uM (n = 11 fields of view, >15,000 ROIs) and 1.72 at 10 uM (n = 10 fields of view, >10,000 ROIs), (p
= 0.0249, Mann—Whitney test). Each data point represents an averaged value of a field of view, with multiple cells, each (n > 5000 ROIs per
condition). (E) Median FRET ooy normalized to acceptor expression are plotted against m"cTMP and m cgHTL concentration (blue), and dual
SLIPT concentration (purple), and fitted linearly. Although both positive, only the fitted slope of FRET efficiency induced by mPcTMP and
mPcgHTL significantly deviated from zero (p = 0.0013). The slope’s deviation from zero induced by dual SLIPT did not reach significance (p =
0.2823, ns).

the binding-cleft, which has been shown to be crucial in Increasing Linker Lengths between HTL and TMP
improving binding rates for negatively charged substrates.' "’ Leads to Dual Recruitment of KSeDHFR-mEGFP and

HeLa cells expressing both HOB-mScar and ®eDHFR- HOB-mScar. Since switching from HT7 to HOB as the
mEGFP showed translocation of HOB to the PM, after protein tag successfully overcame the electrostatic repulsion
incubating with the photoactivatable probe 1 for 1 h (Figure between the tag and the inner leaflet, we next addressed the
S1C, bottom). However, after irradiation with light, thereby steric clash that was preventing dual recruitment of both
uncaging the TMP ligand in 1y, we did not now observe K6eDHFR-mEGFP and HOB-mScar. We chose to synthesize a
recruitment of **eDHFR-mEGFP to the PM. This showed series of self-localizing probes (1,, 2—4, and 5,, Figure 2A),
that while HOB, unlike HT7, can be recruited to the with progressively increasing linker lengths between HTL and
membrane, steric hindrance prevents dual recruitment of TMP. PEG units and alkyl chains, connected through amide
both protein tags (HOB and ®eDHFR). Interestingly, this is bonds, were chosen as spacers due to their synthetic

confirmed when HeLa cells expressing “®*¢DHFR-mEGFP and accessibility and solubility. The ability of compounds 2—4
HOB-mScar were treated with 1,. Now, due to the faster and 5, to translocate both ®eDHFR-mEGFP and HOB-

binding kinetics of *®eDHFR-mEGFP to the probe, sub- mScar was assessed in live cells. HeLa cells stably expressing
sequent HOB-mScar recruitment was prevented (Figure 2B, HOB-mScar, as well as ¥DHFR-mEGEP, were incubated
top; Figure 2C; S1A, bottom). This led us to the realization with 10 puM of the respective compound in DMEM(—)
that, while the recruitment of protein tags is possible in overnight. Fluorescent protein localization was analyzed via
principle, steric hindrance precluded dual recruitment. Thus, to confocal imaging the next day.
attain the functional probe dual SLIPT, we began systemati- While compounds 1, and 2—4 showed *®eDHFR-mEGFP
cally lengthening the linker that connects the headgroups. translocation in cells expressing both POIs (Figure 2B top, C;
1041 https://doi.org/10.1021/acschembio.4c00856
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Figure 4. Dual SLIPT"Y®Cenables sequential recruiting and spatiotemporally defined control over the dimerization event. (A) Schematic depicting

the imaging conditions, and expected cyto-to-pm recruitment events, as well as representative live cell data. Incubation with dual SLIP

TNVO C

translocates HOB-mScar first, before irradiation with 405 nm cleaves off the photocaging group on TMP, which thereafter rapidly recruits
KSeDHFR-tagged POIs. HeLa cells expressing *®*¢eDHFR-mEGFP (green) and HOB-mScar (magenta), incubated with 10 gM dual SLIPTNVOC
(mPcTMPNYOC.HTL") while under observation. t, indicates the preincubation image, t, indicates maximal HOB translocation (preirradiation), ts4
indicate postirradiation images of regions of interest indicated with dashed lines. Scale bar, 10 ym. (B) Quantitation of the cyto-to-pm recruitment
plotted against time of HOB-mScar (magenta) and Kée DHFR-mEGFP (green). Fpyy, Fluorescence intensity at the plasma membrane; Feytor
fluorescence intensity in the cytoplasm. (C) Schematic depicting the recruitment sequence in response to dual SLIPTNYOC addition.

Figure S2), simultaneous HOB-mScar-to-PM recruitment was
not observed. Notably, in cells expressing only HOB-mScar,
recruitment of this POI to the PM was observed, further
demonstrating that HTL-linker lengths between 5 and 18
atoms were only capable of single recruitment. However, with
5, (m°cTMP-HTL', dual SLIPT), recruitment of both
HOB-mScar, as well as ¥DHFR-mEGFP was observed
(Figure 2B bottom, D). Dual recruitment was also observed
with 6 (mPcTMP-HTL?"), which has a linker length exceeding
that of 5, (Figure S2). However, translocation kinetics induced
by 6 did not show any improvements compared to S,. Thus,
we chose §, for further experiments.

A comparison of 4 (m°cTMP-HTL') and 5, (dual
SLIPT), which differ in the chain length by a single —CH,
and in composition (Figure 2A), revealed a significant increase
in PM translocation of HOB-mScar alongside "®eDHFR-
mEGFP with §,. This finding could indicate that §, contains
the minimal linker length required to recruit both **eDHFR-
mEGFP and HOB-mScar using a single molecule of probe.
However, factors such as linker rigidity, solvation, conforma-
tion, or beneficial interactions introduced by the amide bond
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could very well also contribute to the ability of 5, to dually
recruit both POIs.

Previously published bifunctional CIDs of eDHFR and
HT7 reported shorter optimal distances between TMP and
HTL headgroups than observed in this study. This indicates a
synergistic effect of the optimizations implemented here,
addressing the electrostatic repulsion with the inner leaflet and
the steric demand of the protein tags themselves.

Dual SLIPT Is Capable of Dimerizing *®eDHFR- and
HOB-Fused POls. Next, we wanted to confirm that a single
molecule of dual SLIPT is able to recruit both protein tags and
thus is capable of dimerizing two target proteins at the PM.
Dimerization can be distinguished from mere colocalization to
the PM by an enforced interaction between the two POIs fused
to the protein tags. Thus, we evaluated dimerization induced
by dual SLIPT, as opposed to mere colocalization, in live cells.
To do so, we chose Forster Resonance Energy Transfer
(FRET) between two fluorescent proteins fused to “*eDHFR
and HOB.

Although accepted as a measure of protein interaction,””
FRET, by itself, is not a measure of dimerization. As FRET

https://doi.org/10.1021/acschembio.4c00856
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efficiency decreases with the sixth power of the radius between
the two fluorophores,® it is a measure of distance. However,
we reasoned that if dual SLIPT were capable of dimerization,
the mean distance between the two fluorescent proteins should
remain constant, regardless of the dual SLIPT concentration.
Thus, the FRET efficiency between donor and acceptor should
also remain constant (Figure 3A).

As a negative control, we chose a system that is incapable of
dimerization but enables localization of both target proteins to
the PM. To this end, the previously reported SLIPT mPcTMP
(7)** and mPcgHTL (8, see SI), which can each recruit a
single protein tag, were mixed. As this combination of probes
can “merely” colocalize, this experimental condition relies on
crowding at the PM for FRET. The FRET pair recruited by the
mixture of 7 and 8 would show high FRET at high probe
concentrations, causing crowding of the donor and acceptor at
the PM. Conversely, low FRET is expected when the
concentration of the probes is low (Figure 3B).

To assess the relationship between FRET efliciency and
probe concentration in the two experimental setups (Figure 3A
vs B), we fused ®%DHFR to mNeonGreen (mNG, FRET
donor) and HOB to mScarlet-I (mScar-I, FRET acceptor).
HeLa-cells expressing these constructs were incubated over-
night with either dual SLIPT (5,) [0.5—10 uM] (Figures 3C
and S3E), or mPcgHTL (8) [0.5—10 xM] in DMEM(-). To
the mP cgHTL-treated cells, we added equal concentrations of
7, 30 min prior to imaging (Figure 3D and S3D).

As a positive control, we generated a tandem construct of
KSeDHFR fused to both donor and acceptor, including a
previously reported optimized linker,”* to maximize FRET
efficiency. HeLa cells expressing the tandem *%eDHFR-mNG-
mScar-I fusion construct were then treated with 7 in
DMEM(—) 30 min prior to imaging [10 uM] (S3A—C). To
determine the minimal possible (bystander) FRET,** we
expressed K6eDHFR -mNG and HOB-mScar-I, and added
only 7 [10 gM] in DMEM(—) 30 min prior to imaging, to
recruit the FRET-donor (mNG) “away” (to the PM) from the
FRET-acceptor (mScar-I, cytosol). The difference between
maximal and minimal FRET ;opg was determined to be 6.05-
fold (p < 0.0001).

HeLa cells expressing the donor and acceptor pair
separately, and incubated with dual SLIPT (5,), showed a
median FRET gy value of 1.29 at 0.5 yM and 1.37 at 10 uM.
This difference was insignificant, which means that FRET
efficiency induced by dual SLIPT (S,), and thus distance
between the recruited POIs, is independent of concentration.
In contrast, the probe mixture of 7 and 8, relying on crowding
to induce FRET, induced a median FRET ooy value of 0.91 at
0.5 uM and 1.72 at 10 uM, which is significant (p = 0.0249).
This dependence on probe concentration indicates that the
median distance between the recruited POIs increases as probe
concentration decreases. This confirms that, unlike dual
SLIPT, the mixture of 7 and 8 is unable to induce dimerization
and merely colocalizes the recruited POIs at the PM.

To further illustrate this difference of dual SLIPT-induced
dimerization to colocalization at the PM, we plotted
FRET g linearly against the respective probe concentrations.
The slopes, although both positive, only significantly deviated
from zero in the case of the probe mixture (7 and 8) (p =
0.0013). The slope’s deviation from zero induced by dual
SLIPT did not reach significance (p 0.2823, ns),
consolidating that the FRET efficiency induced by dual
SLIPT is independent of probe concentration. This further
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confirms that dual SLIPT binds both *%eDHFR and HOB and
enforces dimerization between the fused POIs.

Photoactivatable Dual SLIPTNVO¢, Capable of Spa-
tially and Temporally Defined, Sequential Dimerization
at the PM with Single Cell Resolution. Having
demonstrated that dual SLIPT is capable of dimerization, we
sought to expand the system to gain spatial and temporal
control over the dimerization event via light control. This is
particularly important for the investigation of dynamic
recruitment events to limit the time for compensatory
mechanisms, improving spatial control, or ensuring same-well
negative controls.

The affinity of eDHFR for TMP can be suppressed by the
introduction of a photocaging group on the exocyclic amines of
TMP.”” Removal of the photocaging group by irradiation with
light restores the high affinity to eDHFR. This strategy had
previously been applied in the SLIPT system.”®*’ Thus, we
aimed at generating a dual SLIPT variant, named dual
SLIPTNVOC (55), that allows for precise dimerization in both
space and time (Figure 4). Here, nitroveratryl-based photo-
caging was chosen for its compatibility with green fluorescent
protein during fluorescence imaging.

In contrast to constitutively active dual SLIPT without a
photocaging group, incubation of cells expressing POIs fused
to ®%¢DHFR and HOB with 10 yM dual SLIPTNVOC first
induces HOB recruitment to the PM. Irradiation of a defined
area with a 405 nm laser then cleaves the caging group off of
the TMP headgroup, whereupon *®eDHFR tagged POIs are
rapidly recruited to the PM (Figures 4A, B and S4A,B, SI
Movie 1). Translocation of the respective fluorescent proteins
was evaluated by determining the ratio of signal intensity at the
PM to signal intensity in the cytoplasm over time, and
mapping that ratio to zero (minimal intensity) and one
(maximal intensity) for both HOB-mScar- and °eDHFR-
mEGFP, respectively (Figure 4B). Due to photobleaching
post-irradiation, the PM to cytoplasm signal intensity ratio was
normalized to the average signal intensity ratio post-uncaging.
Dual SLIPTNVOC proved to be highly cell-permeant. Half-
maximal HOB-mScar translocation occurred approximately 59
min post addition of 55 (ICS0 95% CI: 52.66 to 65.17 min; R?
0.9074) (Figure S4C). Half-maximal dimerization
(®%eDHFR-mEGFP translocation) occurred 19s postirradia-
tion (10s) with 405 nm (IC50 95% CI: 0.2310 to 0.3988 min;
R* = 0.6489) (Figure S4C). As uncaged dual SLIPTNVOC is
identical to dual SLIPT, we assumed that dual recruitment
induced by either lipid probe is equally capable of dimerizing
and that the primary difference lies in recruitment kinetics and
spatial precision.

Using Photoactivatable Dual SLIPTVV°C to Spatio-
temporally Control Lamellipodia. After verification of dual
SLIPTNYOC functionality, we now wished to utilize this tool to
elicit a functional response by controlling protein activity
through two subsequent cytoplasm-to-PM recruitment events,
as well as the subcellular dimerization of the recruited two
POIs. As lamellipodia formation is a well-understood output,
we chose this cellular event to generate a proof-of-principle
that dual SLIPTYV?C can be used to verify signaling
hierarchies and control signaling outcomes. In principle,
though, other signaling events where PM-recruitment is
predicted to control protein function, such as pleckstrin
homology (PH)-*" or phox (PX)-domain*' containing, or
transmembrane receptor-associated,” as well as lipidated®
proteins, could be investigated.
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Figure 5. Dual SLIPTNVOC enables synthetic control over lamellipodial signaling with subcellular resolution. (A) Schematic depicting the expected
cyto-to-pm recruitment events, as well as their stepwise effect on endogenous Racl. Incubation dual SLIPTNVOC initially recruits the HOB-tagged
DH/PH domain of Tiam1, which leads to whole cell activation of Racl and expansion of the cell. Thereafter, irradiation with 405 nm uncages the
TMP headgroup with high spatiotemporal precision, which rapidly induces corecruitment of the *®eDHFR-tagged Rho GAP domain of BCR,
leading to retraction of the protrusion. (B) Imaging scheme and representative live cell images of cells expressing both HOB-mScar-Tiam1°%/?H
and ™eDHFR-mEGFP-BCR™™ A" Actin stained with 500 nM SiR-XActin. Images were acquired after overnight serum-starvation and
simultaneous incubation with SiR-XActin. Pre (left) depicts cells preincubation of 5 M dual SLIPTNVOS, pre (right) depicts cells preirradiation
(dashed square). Scale bars 10 ym. (C) Quantitation of the response in Tiaml and BCR positive cells (+; magenta and green dots), or cells
expressing “®*eDHFR-mEGFP and HOB-mScar (—, gray dots) to dual SLIPTNVOC incubation for 1.5h (left), or subsequent subcellular irradiation
(right) (post incubation: Tiaml & BCR positive cells, n = 33; Tiam1 & BCR negative cells, n = 15), (p = 0.0132, Mann—Whitney test) (post
irradiation: Tiam1 & BCR positive cells, n = 20; Tiam1 & BCR negative cells, n = 8), (p = 0.0081, Mann—Whitney test).

Lamellipodia are protrusions of the PM caused primarily by confocal imaging, before incubation with 5 uM of dual
Racl, a member of the Rho GTPases, inducing network-like SLIPTNVOC (55) in DMEM(-).
polymerization of actin.***® Racl, itself, is regulated by a large We hypothesized that this treatment would result in the
number of guanine nucleotide exchange factors (GEFs) that following two-step scenario: In an initial step (step 1), dual
are activatory, and deactivatory GTPase activating proteins SLIPTNVOC appears at the inner leaflet of the PM, where it
(GAPs).* " Lipid-mediated recruitment to the PM is a recruits HOB-tagged Tiam1PHW/PH, This leads to PM-localized
primary regulatory mechanism of GEF*® and GAP" function. activation of endogenous Racl (Figure SA). In the second

In the case of the prototypical Racl-specific GEF, T-cell step, irradiation of the PM-localized probe—protein complex
lymphoma invasion and metastasis 1 (Tiam1),*”° and GAP, causes uncaging of the NVOC-caged TMP moiety and rapid

breakpoint cluster region (BCR),>"*? this recruitment event corecruitment of the iK6eDHFR—tagged BCRR™ AP 35 well as
and resulting GEF/GAP complex formation at the PM has subsequent deactivation of endogenous Racl. As the GEF/
been shown to modulate Racl activity in processes such as GAP complex formation is based on the interaction of BCR
synaptogenesis.””>* Therein, Tiaml-activated Racl is sub- with the region surrounding the N-terminal PH domain of
sequently deactivated by the BCR—Tiam1 interaction. Tiam1,” both BCR and Tiam1 were truncated such that this
To demonstrate dual SLIPTNVOC use in validating this interaction was suppressed in the constructs introduced
signaling sequence, we serum-starved NIH 3T3 cells, (Figure SSK) without affecting their Racl-modulating
expressing “’eDHFR-mEGFP-BCR* “** and HOB-mScar- function.”®** Therefore, dimerization of the two POls is re-
let-Tiam1°"/PH, as well as staining F-actin with 500 nM SiR- established only after incubation and irradiation of dual
XActin® overnight. POI localization was assessed by the SLIPTNYOC, Cells expressing the same constructs, but lacking

visualization of the respective fluorescent protein using the respective GEF or GAP, were used as negative controls.
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Using cell size as a proxy for Racl activity in step 1, we
indeed found that after 1.5 and 3 h of incubation with § yuM
dual SLIPTNVOC, cells expressing HOB-mScar-Tiam1PH/PH
increased in cell size compared to their preincubation size
(Figures SB and SSA,C), as well as compared to cells
expressing HOB-mScar, yet lacking exogenous Tiam1PH/FPH
(p = 0.0132) (Figures SC and SSE). Cell size did not
meaningfully increase beyond 1.5 h post-incubation (Figure
SSB), with median cell size changes after 1.5 h being 82.5 ym”.
Cells expressing HOB-mScar, only, did not meaningfully
respond with changes in cell size at any point measured
(Figure SSD).

As dual SLIPTNVOC was uncaged subcellularly in step 2,
whole cell size was no longer an appropriate readout. Instead,
lamellipodial retraction was assessed by changes in the
irradiated area. Recruitment of “*eDHFR-mEGFP-BCRR 64
caused meaningful retraction of protrusions (Figure SB),
indicative of successful GEF/GAP complex formation and
downregulation of local endogenous Racl activity. Meanwhile,
cells expressing *°eDHFR-mEGFP, but lacking BCRX™ AP
did not show any significant change in the irradiated area (p =
0.6543) (Figure SSI). Median decrease of irradiated area
caused by BCRM A recruitment was to 87.5% (a median
reduction of 23.3 um?) of the preirradiation size (p < 0.0001)
after just S min (Figure SSF—H), which was not meaningfully
different between the S- and the 10 min time points (p =
0.1232) (Figure SSG). Thus, the relative size after S min post
irradiation in cells expressing BCR®™ A" was compared to
irradiated cells, lacking the GAP (Figures SC and SSJ), which
resulted in a significantly differing response (p = 0.0081).

In demonstrating the use of dual SLIPTNVOC for verifying
the underlying signaling hierarchy of a biological event, we can
conclude that dual SLIPT represents the first self-localizing,
PM-targeted (opto-)chemical system capable of dual recruit-
ment and dimerization of any POIs fused to **eDHFR and
HOB.

B SUMMARY AND CONCLUSIONS

With dual SLIPT, we have generated SLIPT variants capable
of dimerizing any two POIs, fused to *®eDHFR and HOB.
Dual SLIPT is a two-tag-two-protein system that eliminates
the need to prelocalize one of the partners to the PM or the
use of an additional third protein tag. The constitutively active
dual SLIPT affords parallel recruitment of the POIs, while
dual SLIPTNVOC enables light-controlled (conditional) dime-
rization, providing improved spatiotemporal control over the
process. Thus, dual SLIPTNOC allows the investigation of
recruitment events in which improved spatiotemporal control
of dimerization is required, to clarify cause-and-effect relation-
ships, which is often necessary in dynamic lipid-mediated
signaling. This was demonstrated by controlling lamellipodia
via stepwise recruitment of Tiaml, a Racl-GEF, and BCR, a
Racl-GAP.

Using FRET, we demonstrated dual SLIPT’s ability to
dimerize, rather than merely colocalize at the PM. This makes
dual SLIPT optimal for interrogating cytosol-to-PM recruit-
ment events at low, physiologically meaningful probe
concentrations. Finally, due to its modular nature, the concept
of dual SLIPT can easily be expanded to other cellular loci or
used with other headgroup—protein tag pairs.
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B METHODS

Synthesis. Detailed procedures for the synthesis of all compounds
and their characterization, as well as all methods are available in the
Supporting Information.

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acschembio.4c00856.

Supplementary figures and movie captions, synthesis and
characterization of compounds, and supplementary
methods for biological experiments (PDF)

Dual SLIPT™'°C.induced sequential dimerization of
*%eDHFR-mEGFP and HOB-mScar in HeLa cells
(AVI)

B AUTHOR INFORMATION

Corresponding Author
Richard Wombacher — Department of Chemical Biology,
Max Planck Institute for Medical Research, 69120
Heidelberg, Germany; ® orcid.org/0000-0002-3027-7778;
Email: wombacher@mr.mpg.de

Authors

Kristina V. Bayer — Department of Chemical Biology, Max
Planck Institute for Medical Research, 69120 Heidelberg,
Germany; Heidelberg Biosciences International Graduate
School (HBIGS), Heidelberg University, 69120 Heidelberg,
Germany; © orcid.org/0000-0001-6838-2592

Maedeh Taeb — Department of Chemical Biology, Max Planck
Institute for Medical Research, 69120 Heidelberg, Germany

Birgit Koch — Department of Chemical Biology, Max Planck
Institute for Medical Research, 69120 Heidelberg, Germany

Shige H. Yoshimura — Graduate School of Biostudies, Center
for Living Systems Information Science (CeLiSIS), and
Institute for Integrated Cell-Material Sciences (iCeMS),
Kyoto University, Kyoto 606-8501, Japan

Complete contact information is available at:
https://pubs.acs.org/10.1021/acschembio.4c00856

Funding

K.V.B. acknowledges funding from the Studienstiftung des
deutschen Volkes. RW. acknowledges funding from the Max
Planck Society and the Deutsche Forschungsgemeinschaft
DFG (SFB/TRR 186). Open access funded by Max Planck
Society.

Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

We thank Jonas Wilhelm, Philipp Poschko, and Veselin
Nasufovic for their advice. We thank Veselin Nasufovic for
kindly gifting an aliquot of SiR-XActin. We thank Dominik
Ginkel for his technical assistance. We thank Sebastian Fabritz
for providing MS service. We thank Kai Johnsson and his
group at the Max Planck Institute for Medical Research,
Heidelberg, for their facilities and support.

B REFERENCES

(1) Martinez-Val, A.; Bekker-Jensen, D. B.; Steigerwald, S.; Koenig,
C.; Ostergaard, O.; Mehta, A.; Tran, T.; Sikorski, K.; Torres-Vega, E.;
Kwasniewicz, E.; Brynjélfsdottir, S. H.; Frankel, L. B.; Kjgbsted, R;;

https://doi.org/10.1021/acschembio.4c00856
ACS Chem. Biol. 2025, 20, 1038—1047


https://pubs.acs.org/doi/suppl/10.1021/acschembio.4c00856/suppl_file/cb4c00856_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acschembio.4c00856/suppl_file/cb4c00856_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acschembio.4c00856/suppl_file/cb4c00856_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acschembio.4c00856/suppl_file/cb4c00856_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acschembio.4c00856/suppl_file/cb4c00856_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acschembio.4c00856/suppl_file/cb4c00856_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acschembio.4c00856/suppl_file/cb4c00856_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acschembio.4c00856/suppl_file/cb4c00856_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acschembio.4c00856/suppl_file/cb4c00856_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acschembio.4c00856/suppl_file/cb4c00856_si_001.pdf
https://pubs.acs.org/doi/10.1021/acschembio.4c00856?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acschembio.4c00856/suppl_file/cb4c00856_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acschembio.4c00856/suppl_file/cb4c00856_si_002.avi
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Richard+Wombacher"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-3027-7778
mailto:wombacher@mr.mpg.de
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kristina+V.+Bayer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-6838-2592
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Maedeh+Taeb"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Birgit+Koch"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shige+H.+Yoshimura"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acschembio.4c00856?ref=pdf
pubs.acs.org/acschemicalbiology?ref=pdf
https://doi.org/10.1021/acschembio.4c00856?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Chemical Biology

pubs.acs.org/acschemicalbiology

Krogh, N.; Lundby, A.; Bekker-Jensen, S.; Lund-Johansen, F.; Olsen,
J. V. Spatial-proteomics reveals phospho-signaling dynamics at
subcellular resolution. Nat. Commun. 2021, 12 (1), 7113.

(2) Griffig, J.; Burn, G.; Owen, D. M. The nanoscale organization of
signaling domains at the plasma membrane. Current topics in
membranes 2015, 75, 125—165.

(3) Gallegos, L. L.; Newton, A. C. Spatiotemporal dynamics of lipid
signaling: protein kinase C as a paradigm. IUBMB Life 2008, 60 (12),
782—789.

(4) Antal, C. E; Newton, A. C. Spatiotemporal dynamics of
phosphorylation in lipid second messenger signaling. Molecular &
Cellular Proteomics 2013, 12 (12), 3498—3508.

(5) Berzat, A,; Hall, A. Cellular responses to extracellular guidance
cues. EMBO Journal 2010, 29 (16), 2734—2745.

(6) Ridley, A. J. Rho family proteins: coordinating cell responses.
Trends in Cell Biology 2001, 11 (12), 471—477.

(7) Pudasaini, A.; El-Arab, K. K,; Zoltowski, B. D. LOV-based
optogenetic devices: light-driven modules to impart photoregulated
control of cellular signaling. Frontiers in molecular biosciences 2018, 2,
18.

(8) Kennedy, M. J.; Hughes, R. M.; Peteya, L. A;; Schwartz, J. W,;
Ehlers, M. D.; Tucker, C. L. Rapid blue-light-mediated induction of
protein interactions in living cells. Nat. Methods 2010, 7 (12), 973—
975.

(9) Swartz, T. E.; Wenzel, P. J; Corchnoy, S. B.; Briggs, W. R;
Bogomolni, R. A. Vibration spectroscopy reveals light-induced
chromophore and protein structural changes in the LOV2 domain
of the plant blue-light receptor phototropin 1. Biochemistry 2002, 41
(23), 7183—7189.

(10) Clackson, T.; Yang, W.; Rozamus, L. W.; Hatada, M.; Amara, J.
F.; Rollins, C. T.; Stevenson, L. F.; Magari, S. R;; Wood, S. A;
Courage, N. L; Lu, X; Cerasoli, F; Gilman, M,; Holt, D. A.
Redesigning an FKBP-ligand interface to generate chemical dimerizers
with novel specificity. Proc. Natl. Acad. Sci. US.A. 1998, 95 (18),
10437—-10442.

(11) Kofmann, K. J.; Ziegler, C.; Angelin, A.; Meyer, R.; Skoupi, M.;
Rabe, K. S.; Niemeyer, C. M. A Rationally Designed Connector for
Assembly of Protein-Functionalized DNA Nanostructures. Chem-
BioChem. 2016, 17 (12), 1102—1106.

(12) Li, K;; Crews, C. M. PROTAC:S: past, present and future. Chem.
Soc. Rev. 2022, 51 (12), 5214—5236.

(13) Ziegler, M. J.; Yserentant, K.; Dunsing, V.; Middel, V.; Gralak,
A. J.; Pakari, K; Bargstedt, J.; Kern, C.; Petrich, A.; Chiantia, S,;
Strahle, U.,; Herten, D.-P.; Wombacher, R. Mandipropamid as a
chemical inducer of proximity for in vivo applications. Nat. Chem.
Biol. 2022, 18 (1), 64—69.

(14) Miyamoto, T.; DeRose, R.; Suarez, A.; Ueno, T.; Chen, M,;
Sun, T.; Wolfgang, M. J.; Mukherjee, C.; Meyers, D. J.; Inoue, T.
Rapid and orthogonal logic gating with a gibberellin-induced
dimerization system. Nat. Chem. Biol. 2012, 8 (5), 465—470.

(15) Strickland, D.; Lin, Y.; Wagner, E.; Hope, C. M.; Zayner, J;
Antoniou, C.; Sosnick, T. R.; Weiss, E. L.; Glotzer, M. TULIPs:
tunable, light-controlled interacting protein tags for cell biology. Nat.
Methods 2012, 9 (4), 379—384.

(16) Toettcher, J. E.; Voigt, C. A.; Weiner, O. D.; Lim, W. A. The
promise of optogenetics in cell biology: interrogating molecular
circuits in space and time. Nat. Methods 2011, 8 (1), 35—38.

(17) Miicksch, F.; Laketa, V.; Miiller, B.; Schultz, C.; Krausslich, H.-
G. Synchronized HIV assembly by tunable PIP2 changes reveals PIP2
requirement for stable Gag anchoring. eLife 2017, 6, No. €25287.

(18) Feng, S.; Laketa, V.; Stein, F.; Rutkowska, A.; MacNamara, A ;
Depner, S.; Klingmiiller, U.; Saez-Rodriguez, J.; Schultz, C. A Rapidly
Reversible Chemical Dimerizer System to Study Lipid Signaling in
Living Cells. Angew. Chem. 2014, 126 (26), 6838—6841.

(19) Wu, H. D; Kikuchi, M.; Dagliyan, O.; Aragaki, A. K;
Nakamura, H.; Dokholyan, N. V.; Umehara, T.; Inoue, T. Rational
design and implementation of a chemically inducible heterotrimeriza-
tion system. Nat. Methods 2020, 17 (9), 928—936.

1046

(20) Ng, C. S. C; Liu, A; Cui, B; Banik, S. M. Targeted protein
relocalization via protein transport coupling. Nature 2024, 633
(8031), 941-951.

(21) Sarott, R. C.; Gourisankar, S.; Karim, B.; Nettles, S.; Yang, H.;
Dwyer, B. G.; Simanauskaite, J. M.; Tse, J.; Abuzaid, H.; Krokhotin,
A,; Zhang, T.; Hinshaw, S. M,; Green, M. R.; Crabtree, G. R.; Gray,
N. S. Relocalizing transcriptional kinases to activate apoptosis. Science
2024, 386 (6717), No. eadl5361.

(22) Schultz, C. Chemical Tools for Lipid Cell Biology. Accounts of
chemical research 2023, 56 (10), 1168—1177.

(23) Ishida, M.; Watanabe, H.; Takigawa, K; Kurishita, Y.; Oki, C;
Nakamura, A.; Hamachi, I; Tsukiji, S. Synthetic self-localizing ligands
that control the spatial location of proteins in living cells. J. Am. Chem.
Soc. 2013, 135 (34), 12684—12689.

(24) Nakamura, A.; Oki, C.; Sawada, S.; Yoshii, T.; Kuwata, K;
Rudd, A. K; Devaraj, N. K; Noma, K; Tsukiji S. Designer
Palmitoylation Motif-Based Self-Localizing Ligand for Sustained
Control of Protein Localization in Living Cells and Caenorhabditis
elegans. ACS Chem. Biol. 2020, 15 (4), 837—843.

(25) Nakamura, A; Oki, C.; Kato, K; Fujinuma, S.; Maryu, G;
Kuwata, K.; Yoshii, T.; Matsuda, M.; Aoki, K; Tsukiji, S. Engineering
Orthogonal, Plasma Membrane-Specific SLIPT Systems for Multi-
plexed Chemical Control of Signaling Pathways in Living Single Cells.
ACS Chem. Biol. 2020, 15 (4), 1004—1015.

(26) Nakamura, A.; Katahira, R.; Sawada, S.; Shinoda, E.; Kuwata,
K.; Yoshii, T.; Tsukiji, S. Chemogenetic Control of Protein Anchoring
to Endomembranes in Living Cells with Lipid-Tethered Small
Molecules. Biochemistry 2020, S9 (2), 205—211.

(27) Yoshii, T.; Tahara, K;; Suzuki, S.; Hatano, Y.; Kuwata, K;
Tsukiji, S. An Improved Intracellular Synthetic Lipidation-Induced
Plasma Membrane Anchoring System for SNAP-Tag Fusion Proteins.
Biochemistry 2020, 59 (33), 3044—3050.

(28) Suzuki, S.; Nakamura, A.; Hatano, Y.; Yoshikawa, M.; Yoshii,
T.; Sawada, S.; Atsuta-Tsunoda, K. Aoki, K, Tsukiji S. A
chemogenetic platform for controlling plasma membrane signaling
and synthetic signal oscillation. Cell Chem. Biol. 2022, 29 (9),
1446.e10—1464.e10.

(29) Tahara, K.; Nakamura, A.; Wang, X.; Mitamura, K.; Ichihashi,
Y.; Kano, K; Mishiro-Sato, E.; Aoki, K;; Urano, Y.; Komatsu, T;
Tsukiji, S. y-Secretase Cleaves Bifunctional Fatty Acid-Conjugated
Small Molecules with Amide Bonds in Mammalian Cells. ACS Chem.
Biol. 2024, 19, 2438.

(30) Lackner, R. M.; O’Connell, W.; Zhang, H.; Chenoweth, D. M.
A General Strategy for the Design and Evaluation of Heterobifunc-
tional Tools: Applications to Protein Localization and Phase
Separation. ChemBioChem. 2022, 23 (16), No. €202200209.

(31) wilhelm, J.; Kiihn, S.; Tarnawski, M.; Gotthard, G.;
Tinnermann, J; Tinzer, T.; Karpenko, J; Mertes, N.; Xue, L,;
Uhrig, U.; Reinstein, J.; Hiblot, J.; Johnsson, K. Kinetic and Structural
Characterization of the Self-Labeling Protein Tags HaloTag7, SNAP-
tag, and CLIP-tag. Biochemistry 2021, 60 (33), 2560—2575.

(32) Liu, L; He, F; Yu, Y; Wang, Y. Application of FRET
Biosensors in Mechanobiology and Mechanopharmacological Screen-
ing. Frontiers in bioengineering and biotechnology 2020, 8, No. 595497.

(33) Jares-Erijman, E. A.; Jovin, T. M. FRET imaging. Nat.
Biotechnol. 2003, 21 (11), 1387—1395.

(34) McCullock, T. W.; MacLean, D. M,; Kammermeier, P. J.
Comparing the performance of mScarlet-I, mRuby3, and mCherry as
FRET acceptors for mNeonGreen. PLoS One 2020, 15 (2),
No. e0219886.

(35) Clayton, A. H. A.; Chattopadhyay, A. Taking care of bystander
FRET in a crowded cell membrane environment. Biophys. J. 2014, 106
(6), 1227-1228.

(36) King, C.; Sarabipour, S.; Byrne, P.; Leahy, D. J.; Hristova, K.
The FRET signatures of noninteracting proteins in membranes:
simulations and experiments. Biophys. J. 2014, 106 (6), 1309—1317.

(37) Ballister, E. R;; Aonbangkhen, C.; Mayo, A. M.; Lampson, M.
A.; Chenoweth, D. M. Localized light-induced protein dimerization in

https://doi.org/10.1021/acschembio.4c00856
ACS Chem. Biol. 2025, 20, 1038—1047


https://doi.org/10.1038/s41467-021-27398-y
https://doi.org/10.1038/s41467-021-27398-y
https://doi.org/10.1016/bs.ctm.2015.03.004
https://doi.org/10.1016/bs.ctm.2015.03.004
https://doi.org/10.1002/iub.122
https://doi.org/10.1002/iub.122
https://doi.org/10.1074/mcp.R113.029819
https://doi.org/10.1074/mcp.R113.029819
https://doi.org/10.1038/emboj.2010.170
https://doi.org/10.1038/emboj.2010.170
https://doi.org/10.1016/S0962-8924(01)02153-5
https://doi.org/10.3389/fmolb.2015.00018
https://doi.org/10.3389/fmolb.2015.00018
https://doi.org/10.3389/fmolb.2015.00018
https://doi.org/10.1038/nmeth.1524
https://doi.org/10.1038/nmeth.1524
https://doi.org/10.1021/bi025861u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi025861u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi025861u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1073/pnas.95.18.10437
https://doi.org/10.1073/pnas.95.18.10437
https://doi.org/10.1002/cbic.201600039
https://doi.org/10.1002/cbic.201600039
https://doi.org/10.1039/D2CS00193D
https://doi.org/10.1038/s41589-021-00922-3
https://doi.org/10.1038/s41589-021-00922-3
https://doi.org/10.1038/nchembio.922
https://doi.org/10.1038/nchembio.922
https://doi.org/10.1038/nmeth.1904
https://doi.org/10.1038/nmeth.1904
https://doi.org/10.1038/nmeth.f.326
https://doi.org/10.1038/nmeth.f.326
https://doi.org/10.1038/nmeth.f.326
https://doi.org/10.7554/eLife.25287
https://doi.org/10.7554/eLife.25287
https://doi.org/10.1002/ange.201402294
https://doi.org/10.1002/ange.201402294
https://doi.org/10.1002/ange.201402294
https://doi.org/10.1038/s41592-020-0913-x
https://doi.org/10.1038/s41592-020-0913-x
https://doi.org/10.1038/s41592-020-0913-x
https://doi.org/10.1038/s41586-024-07950-8
https://doi.org/10.1038/s41586-024-07950-8
https://doi.org/10.1126/science.adl5361
https://doi.org/10.1021/acs.accounts.2c00851?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja4046907?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja4046907?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acschembio.0c00014?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acschembio.0c00014?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acschembio.0c00014?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acschembio.0c00014?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acschembio.0c00024?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acschembio.0c00024?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acschembio.0c00024?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biochem.9b00807?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biochem.9b00807?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biochem.9b00807?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biochem.0c00410?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biochem.0c00410?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.chembiol.2022.06.005
https://doi.org/10.1016/j.chembiol.2022.06.005
https://doi.org/10.1016/j.chembiol.2022.06.005
https://doi.org/10.1021/acschembio.4c00432?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acschembio.4c00432?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/cbic.202200209
https://doi.org/10.1002/cbic.202200209
https://doi.org/10.1002/cbic.202200209
https://doi.org/10.1021/acs.biochem.1c00258?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biochem.1c00258?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biochem.1c00258?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3389/fbioe.2020.595497
https://doi.org/10.3389/fbioe.2020.595497
https://doi.org/10.3389/fbioe.2020.595497
https://doi.org/10.1038/nbt896
https://doi.org/10.1371/journal.pone.0219886
https://doi.org/10.1371/journal.pone.0219886
https://doi.org/10.1016/j.bpj.2014.02.004
https://doi.org/10.1016/j.bpj.2014.02.004
https://doi.org/10.1016/j.bpj.2014.01.039
https://doi.org/10.1016/j.bpj.2014.01.039
https://doi.org/10.1038/ncomms6475
pubs.acs.org/acschemicalbiology?ref=pdf
https://doi.org/10.1021/acschembio.4c00856?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Chemical Biology

pubs.acs.org/acschemicalbiology

living cells using a photocaged dimerizer. Nat. Commun. 2014, S (1),
5475.

(38) Yoshii, T.; Oki, C.; Watahiki, R.; Nakamura, A.; Tahara, K;
Kuwata, K; Furuta, T.; Tsukiji S. Chemo-optogenetic Protein
Translocation System Using a Photoactivatable Self-Localizing
Ligand. ACS Chem. Biol. 2021, 16 (8), 1557—1565.

(39) Yoshii, T.; Oki, C.; Tsukiji, S. A photoactivatable self-localizing
ligand with improved photosensitivity for chemo-optogenetic control
of protein localization in living cells. Bioorg. Med. Chem. Lett. 2022,
72, No. 128865.

(40) Singh, N.; Reyes-Ordofiez, A.; Compagnone, M. A.; Moreno, J.
F.; Leslie, B. J; Ha, T,; Chen, J. Redefining the specificity of
phosphoinositide-binding by human PH domain-containing proteins.
Nat. Commun. 2021, 12 (1), 4339.

(41) Chandra, M.; Chin, Y. K.-Y.; Mas, C.; Feathers, J. R.; Paul, B.;
Datta, S.; Chen, K.-E,; Jia, X.; Yang, Z.; Norwood, S. J.; Mohanty, B,;
Bugarcic, A.; Teasdale, R. D.; Henne, W. M.; Mobli, M.; Collins, B.
M. Classification of the human phox homology (PX) domains based
on their phosphoinositide binding specificities. Nat. Commun. 2019,
10 (1), 1528.

(42) Yamazaki, T.; Zaal, K; Hailey, D.; Presley, J.; Lippincott-
Schwartz, J.; Samelson, L. E. Role of Grb2 in EGF-stimulated EGFR
internalization. J. Cell Sci. 2002, 115 (Pt 9), 1791—1802.

(43) Stokoe, D.; Macdonald, S. G.; Cadwallader, K; Symons, M.;
Hancock, J. F. Activation of Raf as a result of recruitment to the
plasma membrane. Science 1994, 264 (5164), 1463—1467.

(44) Ridley, A. J.; Paterson, H. F.; Johnston, C. L.; Diekmann, D.;
Hall, A. The small GTP-binding protein rac regulates growth factor-
induced membrane ruffling. Cell 1992, 70 (3), 401—410.

(4S5) Nobes, C. D.; Hall, A. Rho, rac, and cdc42 GTPases regulate
the assembly of multimolecular focal complexes associated with actin
stress fibers, lamellipodia, and filopodia. Cell 1995, 81 (1), 53—62.

(46) Payapilly, A; Malliri, A. Compartmentalisation of RACI
signalling. Curr. Opin. Cell Biol. 2018, 54, 50—56.

(47) Cherfils, J.; Zeghouf, M. Regulation of small GTPases by GEFs,
GAPs, and GDIs. Physiol. Rev. 2013, 93 (1), 269—309.

(48) Michiels, F.; Stam, J. C.; Hordijk, P. L.; van der Kammen, R. A ;
Ruuls-Van Stalle, L.; Feltkamp, C. A,; Collard, J. G. Regulated
membrane localization of Tiaml, mediated by the NH2-terminal
pleckstrin homology domain, is required for Rac-dependent
membrane ruffling and C-Jun NH2-terminal kinase activation. J.
Cell Biol. 1997, 137 (2), 387—398.

(49) Worthylake, D. K.; Rossman, K. L.; Sondek, J. Crystal structure
of Racl in complex with the guanine nucleotide exchange region of
Tiam1. Nature 2000, 408 (6813), 682—688.

(50) ten Klooster, J. P.; Evers, E. E.; Janssen, L.; Machesky, L. M.;
Michiels, F.; Hordijk, P.; Collard, J. G. Interaction between Tiaml
and the Arp2/3 complex links activation of Rac to actin polymer-
ization. Biochemical journal 2006, 397 (1), 39—4S.

(51) Chuang, T. H; Xu, X; Kaartinen, V.; Heisterkamp, N;
Groffen, J.; Bokoch, G. M. Abr and Bcr are multifunctional regulators
of the Rho GTP-binding protein family. Proc. Natl. Acad. Sci. U.S.A.
1995, 92 (22), 10282—10286.

(52) Cho, Y. J.; Cunnick, J. M.; Yi, S.-J.; Kaartinen, V.; Groffen, J.;
Heisterkamp, N. Abr and Bcr, two homologous Rac GTPase-
activating proteins, control multiple cellular functions of murine
macrophages. Mol. Cell. Biol. 2007, 27 (3), 899—911.

(53) Um, K; Niu, S,; Duman, J. G; Cheng, J. X; Tu, Y.-K;
Schwechter, B.; Liu, F.; Hiles, L; Narayanan, A. S.; Ash, R. T,
Mulherkar, S.; Alpadi, K;; Smirnakis, S. M.; Tolias, K. F. Dynamic
control of excitatory synapse development by a Racl GEF/GAP
regulatory complex. Developmental Cell 2014, 29 (6), 701—71S.

(54) Duman, J. G.; Mulherkar, S.; Ty, Y.-K; Cheng, X. J.; Tolias, K.
F. Mechanisms for spatiotemporal regulation of Rho-GTPase
signaling at synapses. Neurosci. Lett. 2015, 601, 4—10.

(55) Nasufovic, V.; Kompa, J.; Lindamood, H. L.; Bliimke, M.;
Koch, B.; Le-vario-Diaz, V.; Weber, K.; Maager, M.; Cavalcanti-Adam,
E. A; Vitriol, E. A; Arndt, H-D.; Johnsson, K. SiR-XActin: A

1047

fluorescent probe for imaging actin dynamics in live cells. bioRxiv
2025, No. 2025.02.04.636537.

(56) Inoue, T.; Heo, W. D.; Grimley, J. S.; Wandless, T. J.; Meyer, T.
An inducible translocation strategy to rapidly activate and inhibit
small GTPase signaling pathways. Nat. Methods 2005, 2 (6), 415—
418.

https://doi.org/10.1021/acschembio.4c00856
ACS Chem. Biol. 2025, 20, 1038—1047


https://doi.org/10.1038/ncomms6475
https://doi.org/10.1021/acschembio.1c00416?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acschembio.1c00416?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acschembio.1c00416?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.bmcl.2022.128865
https://doi.org/10.1016/j.bmcl.2022.128865
https://doi.org/10.1016/j.bmcl.2022.128865
https://doi.org/10.1038/s41467-021-24639-y
https://doi.org/10.1038/s41467-021-24639-y
https://doi.org/10.1038/s41467-019-09355-y
https://doi.org/10.1038/s41467-019-09355-y
https://doi.org/10.1242/jcs.115.9.1791
https://doi.org/10.1242/jcs.115.9.1791
https://doi.org/10.1126/science.7811320
https://doi.org/10.1126/science.7811320
https://doi.org/10.1016/0092-8674(92)90164-8
https://doi.org/10.1016/0092-8674(92)90164-8
https://doi.org/10.1016/0092-8674(95)90370-4
https://doi.org/10.1016/0092-8674(95)90370-4
https://doi.org/10.1016/0092-8674(95)90370-4
https://doi.org/10.1016/j.ceb.2018.04.009
https://doi.org/10.1016/j.ceb.2018.04.009
https://doi.org/10.1152/physrev.00003.2012
https://doi.org/10.1152/physrev.00003.2012
https://doi.org/10.1083/jcb.137.2.387
https://doi.org/10.1083/jcb.137.2.387
https://doi.org/10.1083/jcb.137.2.387
https://doi.org/10.1083/jcb.137.2.387
https://doi.org/10.1038/35047014
https://doi.org/10.1038/35047014
https://doi.org/10.1038/35047014
https://doi.org/10.1042/BJ20051957
https://doi.org/10.1042/BJ20051957
https://doi.org/10.1042/BJ20051957
https://doi.org/10.1073/pnas.92.22.10282
https://doi.org/10.1073/pnas.92.22.10282
https://doi.org/10.1128/MCB.00756-06
https://doi.org/10.1128/MCB.00756-06
https://doi.org/10.1128/MCB.00756-06
https://doi.org/10.1016/j.devcel.2014.05.011
https://doi.org/10.1016/j.devcel.2014.05.011
https://doi.org/10.1016/j.devcel.2014.05.011
https://doi.org/10.1016/j.neulet.2015.05.034
https://doi.org/10.1016/j.neulet.2015.05.034
https://doi.org/10.1101/2025.02.04.636537
https://doi.org/10.1101/2025.02.04.636537
https://doi.org/10.1038/nmeth763
https://doi.org/10.1038/nmeth763
pubs.acs.org/acschemicalbiology?ref=pdf
https://doi.org/10.1021/acschembio.4c00856?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

