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A General Strategy for the Design and Evaluation of
Heterobifunctional Tools: Applications to Protein
Localization and Phase Separation

Rachel M. Lackner,™ Will O’Connell,”” Huaiying Zhang,*'? and David M. Chenoweth*®!

To mimic the levels of spatiotemporal control that exist in
nature, tools for chemically induced dimerization (CID) are
employed to manipulate protein-protein interactions. Although
linker composition is known to influence speed and efficiency
of heterobifunctional compounds, modeling or in vitro experi-
ments are often insufficient to predict optimal linker structure.
This can be attributed to the complexity of ternary complex
formation and the overlapping factors that impact the effective
concentration of probe within the cell, such as efflux and
passive permeability. Herein, we synthesize a library of modular

Introduction

Chemically induced dimerization (CID) is a powerful tool for the
study of complex cellular processes, such as cell growth, death,
division, and signaling, that are tightly regulated by protein-
protein interactions (PPls) with high levels of spatiotemporal
control.l" Probes for CID typically consist of small, heterobifunc-
tional molecules that are designed to localize a protein of
interest (POI) proximal to a second POI, a subcellular compart-
ment, or to reconstitute a single split protein construct.
Chemical probes for the control of PPIs benefit from increased
levels of spatiotemporal control relative to traditional genetic
techniques, such as knockdown or mutagenesis.

Our group has previously developed a modular system that
can be used for CID.” This system makes use of the specific
binding between E. Coli dihydrofolate reductase (eDHFR) and
the antibiotic trimethoprim (TMP),® and between HaloTag
protein and a chlorohexane moiety.”! Upon entry into the cell,
the HaloTag protein covalently and irreversibly binds to the
chloroalkane through nucleophilic attack and displacement of
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chemical tools with varying linker structures and perform
quantitative microscopy in live cells to visualize dimerization in
real-time. We use our optimized probe to demonstrate our
ability to recruit a protein of interest (POI) to the mitochondria,
cell membrane, and nucleus. Finally, we induce and monitor
local and global phase separation. We highlight the importance
of quantitative approaches to linker optimization for dynamic
systems and introduce new, synthetically accessible tools for
the rapid control of protein localization.

chlorine, followed by noncovalent, reversible binding of TMP to
eDHFR.

Although proteolysis targeting chimeras (PROTACs) are
among the most well-known examples of heterobifunctional
tools for CID, the interest in systems that can induce biological
events via PPls has exploded in recent years. In addition to
PROTAC s, heterobifunctional, or “chimeric,” small molecules for
the control of deubiquitination,”  phosphorylation,”
glycosylation,® lysosomal degradation,” and autophagy"® have
been reported. Despite differences in their downstream effects,
these tools also operate via the control of protein proximity,
resulting in the formation of a ternary complex between
bifunctional molecule and its targets and the subsequent
increase in the effective molarity of the PPI. Therefore, despite
serving different aims and targeting different systems, these
tools require similar considerations."” It has been well-
documented, particularly in the PROTAC literature, that the
length and composition of the linker of a multicomponent
probe has significant impact on its efficiency, speed, and, in
some cases, even its target!” The importance of linker
optimization, or “linkerology,” is not limited to PROTACs, or
even bifunctional compounds more generally,"® and must also
be considered in the development of stapled peptides,"
inhibitors,"” and prodrugs.'® Although protein docking can aid
in the selection of an optimal linker based on steric consid-
erations, other factors, such as positive or negative coopera-
tivity, efflux, cell permeability, and protein microenvironment
are less easily predicted and can complicate dimerization in
cellulo. Previously, a protein translocation-based imaging assay
in live cells was combined with Western blot analysis to
optimize the linker length of plasma membrane-targeting
bifunctional probes, but to the best of our knowledge, there
has yet to be an example of a real-time, quantitative
comparison of bifunctional tools for the control of protein
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localization in live cells."® Therefore, it is imperative to employ

a high-throughput, quantitative, cell-based approach to facili-
tate the rational design of probes that can be used to monitor
and control complex processes in live cells.

Although the TMP-Halo system has been used to manipu-
late complex cellular processes such as organelle transport,!”
mitosis,®>> " meiosis,"? cell-cell adhesion,”® translational
activation,”” and phase separation,?? there has yet to be a
targeted exploration of the impact of linkers on dimerization in
the TMP-Halo system, in part due to the complexities of ternary
complex formation and the difficulty of assessing the cross-
linking of the TMP-Halo probe via in vitro methods, due to the
reversible nature of the TMP-eDHFR interaction. Therefore, the
first- and second-generation TMP-Halo probes, TH (Figure 1a)
and TNH (Figure 1b), were developed without a significant
focus on linker optimization.

To explore the effect of linker length and composition on
CID within the TMP-Halo system, we took advantage of its
modular nature to synthesize a library of TMP-Halo probes with
varying linker structures. We developed a real-time, microscopy-
based assay to evaluate each probe in a quantitative, reprodu-
cible, and scalable manner. We then evaluated each probe’s
ability to recruit a POl to the mitochondria in live cells,
demonstrating that minor changes to the linker can dramati-
cally impact dimerization. Based on these studies, we identified
a top-performing linker, which was used to localize a POI to the
cell membrane and nucleus. Finally, we demonstrated the utility
of our optimized tool for the manipulation of dynamic cellular
processes such as local and global phase separation. The
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Figure 1. First, second, and third generation TMP-Halo probes for chemically
induced dimerization. Trimethoprim (TMP) highlighted in purple and
HaloTag ligand highlighted in green.
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purpose of this study is not to serve as a comprehensive
exploration of chemical space or to definitively disentangle the
myriad effects that impact dimerization speeds, but to demon-
strate the complex considerations that must be made when
choosing a probe for CID and to highlight the utility of a single
microscopy-based readout for the evaluation and comparison
of heterobifunctional probes in live cells.

Results and Discussion

The first objective for improving the design of our probe was to
explore the effect of linker length on dimerization speed. The
synthesis of our first generation TMP-Halo dimerizer, TH
(Figure 1a) requires six steps, making it an impractical route to
generate a library of probes of different lengths.” Since
polyethylene glycol (PEG) is a hydrophilic, flexible linker that is
commercially available in multiple lengths, we were intrigued
by the possibility of exploring various PEG-based linkers as a
starting point to optimize dimerization speed and efficiency.
We synthesized a series of five PEG-based TMP-Halo derivatives,
each in four steps starting from trimethoprim, with linker
lengths of 4, 5, 6, 8, and 10 PEG units (Figure 2a). To observe
dimerization over time, we developed a quantitative assay that
allows us to observe recruitment of freely diffusing protein to a
fixed position in live cells via a microscopy-based readout. HelLa
cells stably expressing 1) mCherry fused to eDHFR and 2)
HaloTag enzyme fused to both GFP and the Listeria mono-
cytogenes ActA protein were used, as the mitochondria are
static cellular features that we can easily monitor over time. In
the absence of dimerizer, mCherry-eDHFR is diffusively localized
through the cytosol of the cell, whereas GFP-Halo-ActA is
localized at the cytosolic face of the mitochondria. Following
probe treatment, dimerization can be visualized as the colocal-
ization of mCherry and GFP increases over time.

Dimerization of 4TH was too slow to be visualized, even
when monitored over 5 hours (Figure S1), presumably due to
the short distance between TMP and HaloTag causing negative
steric hindrance and limiting interaction with eDHFR. Cells
treated with 5TH also exhibited slow dimerization, though low
levels of colocalization could be visualized after approximately
60 minutes of incubation, indicating that the addition of even a
single PEG unit can considerably increase dimerization speeds
(Figure 2c). Due to the modest increase in signal resulting from
dimerization relative to the decrease in signal caused by
photobleaching, dimerization of 4TH and 5TH was not
quantified. In contrast, treatment of cells with 6TH showed a
considerable increase in dimerization speed (t,, ~25 minutes)
(Figure 2b,c). It is evident from these findings that a minimum
linker length is necessary for speed and efficiency of dimeriza-
tion. It is worth noting that a version of 5TH in which TMP is
blocked with a photocleavable protecting group (PPG) has
been shown to promote rapid dimerization following photo-
cleavage in a similar system.”” The use of a PPG allows cells to
be pre-saturated with higher concentrations of probe and
dimerization to be initiated only after HaloTag sites are
occupied, essentially transforming the reaction into a binary
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Figure 2. Comparison of PEG-based linkers. a) Lengths of probes (dihedral angles set to 180°) were measured from the para oxygen of TMP to the chlorine of
HaloTag ligand. HeLa cells expressing mCherry-eDHFR and GFP-HaloTag-ActA were treated with probe and imaged every 5 minutes for 2 hours. b) mCherry
intensity at the mitochondria was quantified over time. Error bars represent SEM (n =9 fields of view, multiple cells per field, from 3 independent
experiments). c) Over time, mCherry intensity at the mitochondria increases while cytosolic levels decrease. Scale bar, 10 um.

(rather than ternary) complexation with a high effective
concentration of probe. Therefore, a dimerizer that works well
when protected with a PPG is not necessarily ideal in the
absence of a PPG, further emphasizing the need for a rigorous,
quantitative approach for linker selection.

We then moved on to 8TH and 10TH. Both compounds
facilitated dimerization more slowly than 6TH, with 8TH reach-
ing 50% maximum colocalization in approximately 55 minutes
and 10TH requiring closer to 70 minutes to achieve the same
effect (Figure 2b,c). From this experiment, it was not clear if
slower dimerization could be explained by the increased
entropy of the longer linkers making formation of the ternary
complex less likely,”” or if the longer linker lengths were less
able to permeate cells due to a combination of their large size
(MW =658, 747, and 835 for 6TH, 8TH, and 10TH, respectively)
and the increased hydrophilicity of additional PEG units.
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We were interested in exploring the source of these
differences between 6TH and the longer linkers in order to
highlight the complexity of overlapping factors that control
dimerization and demonstrate the benefits of a single, real-time
readout over multiple in vitro experiments.

We incubated cells with verapamil, a small molecule efflux
inhibitor, prior to treatment with probe.” Although the rate of
dimerization with 6TH remained mostly unchanged, 8TH and
10TH showed faster dimerization in the presence of verapamil
than in untreated cells (Figure S2). This suggests that efflux
contributes to slower dimerization of 8TH and 10TH under
normal conditions. In fact, after pretreatment with verapamil,
both 8TH and 10TH showed higher maximum mCherry
intensity at the mitochondria after two hours of imaging than
6TH. Intriguingly, in the presence of verapamil, cells treated
with 8TH underwent faster dimerization than those treated
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with 10TH. This can be explained by the additional PEG units
and larger size of 10TH causing a decrease in passive
permeability, and we propose that the effects of efflux and
passive permeability are cumulative and complex. We suggest
that longer linkers may therefore represent a compromise
between improved sterics and reduced equilibrium concentra-
tion of probe due to the overlapping effects of permeability
and efflux.

With this in mind, we hypothesize that although 8TH and
10TH are long enough to overcome the negative steric clash
between the eDHFR and HaloTag proteins, the longer linker
lengths cause a lower concentration of probe within the cell at
equilibrium, resulting in decreased speeds of dimerization. We
conclude that linker length is a critical factor in dimerization
efficiency and that a length of at least 27-30 angstroms is
necessary for dimerization. Longer lengths up to 38 angstroms
might lead to an increase in dimerization speed, but one must
also consider the cost of reduced permeability and efflux.

Having confirmed that optimization of linker length is
critical for efficient dimerization with the TMP-Halo system, we
were interested in further improving the speed of dimerization.
Aromatic rings can confer additional rigidity and lipophilicity to
a probe, which can improve permeability or stabilize formation
of the ternary complex. Therefore, the introduction of an
aromatic ring is another strategy to improve our probe’s
physicochemical properties.

We synthesized two TMP-Halo probes to explore how the
addition of an aromatic ring into the linker could facilitate
dimerization. Addition of aromatic fluorines is known to further
increase lipophilicity and passive permeability across the cell
membrane without increasing molecular volume and has been
demonstrated to improve the activity of probes for CID that
combine HaloTag with the covalent SNAP-Tag system.**? We
therefore synthesized an unsubstituted (TMP-Benzamide-Halo,
TBH) and a tetrafluorinated (TMP-Fluorobenzamide-Halo, TFH)
version of our aromatic TMP-Halo probes (Figure 3a-b).
Although TBH and TFH involve slightly lengthier syntheses than
the PEG-based linkers (see Supporting Information), they are
nonetheless simpler than our current fastest dimerizer, TNH
(Figure 1b), which is synthesized in 10 steps and must be kept
away from ambient light following introduction of the light-
sensitive nitroveratryl group.?”

With TBH, we observed rapid dimerization (t,, ~14 mi-
nutes), with significant improvement compared to the all-PEG
linkers (Figure 3a). TFH showed even more dramatic improve-
ment (t,,, ~7 minutes) (Figure 3b). This can be explained by the
increased lipophilicity of TFH due to the addition of aromatic
fluorines. Both probes were tested at three concentrations
(0.01 uM, 0.1 uM, and 1.0 pM). We were intrigued to observe
that TFH at 0.1 uM and 1.0 uM concentration enter cells at a
similar rate before a plateauing of signal at the higher
concentration after approximately 8 minutes. This difference
suggests that TFH may be taken up by cells so quickly that
even relatively low concentrations result in a high local
concentration leading to rapid dimerization. In contrast, upon
treatment with 1.0 uM TBH, mCherry intensity continued to
slowly increase over time rather than reaching a stable level.
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Figure 3. Chemical structure and concentration-dependent dimerization of
a) TBH and b) TFH. Error bars represent SEM (n =9 fields of view from 3
independent experiments, greater than 10 cells per field).

Although TMP exhibits tight, specific binding to eDHFR (K=
0.08 nM),”*”! free TMP can be used to reverse dimerization within
minutes.”” The reversibility of TMP-eDHFR binding might
explain the continued increase of signal even at higher
concentrations of TBH, whereas the equilibrium of TFH may
favor the bound state due to non-specific secondary interac-
tions with protein, keeping the on/off rate low. Replacement of
C—H bonds with C—F bonds is also known to lead to increased
levels of aggregation in aqueous systems,”® possibly contribu-
ting to the increased “stickiness” of TFH molecules with each
other and reducing the capacity for binding at higher
concentrations of probe. Given the complex balance between
cellular uptake, protein binding equilibria, and possible linker
aggregation effects, we cannot attribute these effects to a
single physiochemical phenomenon without further study, but
it is clear that a simple modification, such as fluorination of an
aromatic linker, has profound implications for dimerization
speed.

Having optimized our TMP-Halo system, we were interested
in applying our new dimerizer to the recruitment of proteins to
subcellular locations beyond the mitochondria. We first tried
recruitment to the plasma membrane, as the plasma membrane
is densely populated with proteins that are implicated in cell
signaling, cell-cell fusion, immune response, endocytosis, and
exocytosis,”” and is therefore a desirable location for rapid
control of PPIs. Hela cells were transfected to express cytosolic
mCherry-eDHFR and a fusion protein containing GFP, Haloen-
zyme, and a CAAX motif for membrane targeting.?” We
observed localization at the membrane as well as disappear-
ance of mCherry signal at the nucleus and cytosol over the
course of two hours, indicating that dimerization had taken
place (Figure S3a). We then focused on directing protein
localization to the chromatin, as the movement of proteins to
and from the chromatin is integral for nuclear functions such as
transcription.®"” We once again transiently transfected cytosolic
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mCherry-eDHFR into Hela cells, this time targeting the nucleus
by co-expressing a fusion of GFP, Haloenzyme, and Histone
H2B, which allowed us to visualize the nucleus of the cell®” and
recruit mCherry-eDHFR to the nucleus upon treatment with
TFH (Figure S3b). These proof-of-concept experiments further
demonstrate the potential of TFH as a universal tool for
manipulating biological processes at the cellular level via the
localization of cytosolic proteins with temporal control.

Having shown that TFH can direct proteins to various critical
subcellular locations, we were curious to apply our probe to the
manipulation of complex, dynamic processes that necessitate
rapid dimerization. Liquid-liquid phase separation, in which
biomolecules such as proteins and nucleic acids form con-
densed liquid-like phases called condensates, has emerged as a
critical mechanism by which cells self-organize.*® This process
has been implicated in the control of gene expression,® signal
transduction,® stress response,®® neurodegenerative diseases
such as amyotrophic lateral sclerosis (ALS),*” and cancer.?**®
However, the precise function and molecular-level mechanism
of liquid-liquid phase separation in cells is still poorly under-
stood, despite a growing body of research into its relevance.
The absence of information regarding the spatiotemporal
regulation of phase separation and relative lack of tools for
probing this process in living cells makes it an ideal application
for CID.**' Optogenetic techniques have been developed, but
these require continual irradiation with high energy blue light,
limiting their application to relatively brief experiments due to
the potential for photobleaching and tissue damage.®

We first demonstrated the ability of TFH to control
condensate formation on chromatin, as phase separation has
been implicated in many chromatin functions, such as protein
enrichment and structural organization.*” We aimed to induce
condensates on telomeres (repetitive DNA sequences at
chromosome ends) via the dimerization of a telomere-binding
protein, TRF1, and the arginine/glycine-rich (RGG) domain of
LAF-1, a disordered protein found in P granules that is known
to form liquid condensates (Figure 4a).>*" Within 10 minutes
after adding TFH, RGG foci that were colocalized with TRF1
appeared (Figure 4d). RGG foci also became brighter and
rounder over time and coalesced with each other, indicating
the formation of phase separated liquid droplets on telomeres
(Figure 4d—g). RGG recruitment also led to an increase in TRF1
intensity (Figure 4e). This is because RGG droplet fusion causes
telomeres to cluster, and RGG condensation recruits RGG-
dimerized TRF1 to the telomeres, enriching TRF1 beyond the
TRF1 that was bound directly to telomeric DNA (Figure 4a).
Neither increase in TRF1 intensity nor telomere clustering were
observed when recruiting mCherry-eDHFR alone (Figure 4c, S4).
Instead, TRF1 intensity decreased over time in mCherry-eDHFR
cells, likely due to photobleaching, as a similar decrease was
observed in cells expressing mCherry-eDHFR that were not
treated with TFH (Figure 4b). Furthermore, we demonstrated
the reversibility of phase separation through the addition of
free TMP, with full reversal of binding accomplished within an
hour (Supplementary Video 1, Figure S4).

To minimize the effects of photobleaching and assess RGG
phase separation and RGG-induced telomere clustering more
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accurately, we incubated cells with TFH for 5 hours and fixed
them for imaging. Similar to what was observed with live
imaging and consistent with RGG-induced phase separation,
TRF1 foci decreased in quantity, grew in volume, and became
brighter after recruiting RGG-mCherry-RGG-eDHFR but not after
recruiting mCherry-eDHFR (Figure S5). Interestingly, after re-
cruiting mCherry-eDHFR, TRF1 foci still decreased in quantity
and became smaller and dimmer, even when light exposure
had been greatly minimized, indicating that factors other than
photobleaching play a role. One possible explanation is that
mCherry underwent fluorescence quenching as the concen-
tration increased at the telomeres after recruitment.*? Never-
theless, these results show that TFH is a desirable choice of tool
for inducing condensates on sub-cellular structures.

We next used TFH to induce global phase separation in the
nucleoplasm/cytoplasm, which is desirable for many applica-
tions, as a large number of condensates, such as stress granules
and promyelocytic leukemia (PML) bodies, are not localized to
any subcellular structures. To do so, we fused 3 copies of
HaloTag protein to a synthetic hexamer, HoTag3, to generate a
18mer seed that will promote droplet formation after dimeriz-
ing to the phase separation protein (Figure 5a).*®' We first tried
to recruit RGG to the 18mer seed and interestingly did not see
any condensate formation in the nucleus at protein levels
similar to that used for condensate formation on telomeres.
This indicates that the less mobile and highly repetitive
telomeres are more efficient at seeding condensates.

We then decided to induce phase separation using the C-
terminus disordered region of hnRNPA1 (termed as
hnRNPA1 C), which has previously been shown to phase
separate in the nucleoplasm.®® hnRNPA1 C is concentrated in
the nucleus, and in some cells, we observed condensates that
formed before addition of TFH. Interestingly, RGG shows a
more diffusive patten at similar protein levels, suggesting that
hnRNPA1 C is more prone to phase separation than RGG.
Supporting this notion, addition of TFH to hnRNPA1 C cells led
to colocalization of HOTag3 with pre-existing hnRNPA1 C
droplets and caused them to grow brighter and bigger over
time (Figure 5b—c). In addition, new hnRPA1 C condensates
nucleated in the cytoplasm where hnRNPA1 C was at a low
concentration (Figure 5b). The newly formed cytoplasmic con-
densates coarsened over time and eventually became much
bigger than those in the nucleus. This result is in agreement
with a recent report that droplet growth in the nucleus is
inhibited by chromatin.*

These examples illustrate the ability of TFH to induce both
local phase separation on subcellular structures and global
phase separation in the nucleoplasm/cytoplasm and to fulfil an
existing need for rapid control of phase separation without the
use of damaging, high energy light. In addition, the fact that
TFH lacks the light sensitivity of TNH and can be synthesized in
three fewer steps®™ makes it a clear choice for control and
observation of dynamic biological processes including, but not
limited to, phase separation.
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Figure 4. TFH dimerization induced protein phase separation on telomeres. a) Schematic for induction of droplet formation on telomeres. When RGG and
TRF1 are dimerized by TFH, the concentration of RGG at the telomeres is increased above the threshold for phase separation, resulting in RGG condensation
on the telomeres. RGG condensation leads to further TRF1 enrichment without directly binding to telomere DNA. b-d) Snapshots of U-20S cells after
dimerizing RGG to TRF1. mCherry-eDHFR is used as a control for recruiting non-phase separating proteins, and mCherry-eDHFR without TFH is used as a
control for photobleaching. Scale bar=5 pum. e) GFP and mCherry foci intensities over time. Foci intensities are total intensity per foci averaged among all foci
in one cell and are scaled such that initial values are unity where foci are present - elsewise not shown. Error bars represent 95% confidence interval. N=61
cells from 5 experiments. f) GFP foci coalescence after recruiting RGG-mCherry-RGG-eDHFR. Arrows denote two foci which begin to coalesce into one starting
at 155 min. Inset represents 3-D binary determined by image processing.
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the hexameric HOTag3, which offers 18 Halo sites to dimerize hnRNPA1C-mCherry-hnRNPA1C-eDHFR in order to increase local concentration of C-terminus
IDR of hnRNPA1 (hnRNPA1C) and induce phase separation. b) Snapshots of U-2 OS cells with TFH-induced hnRNPA1 droplets in the nucleus and cytoplasm
and quantification of average GFP foci number, volume, and intensity over time in the nucleus and cytoplasm within the above cells, following addition of

TFH.

Conclusion

We have developed a general approach to quantitatively
investigate the effects of linker structure in live cells and
applied this method to the rational design of heterobifunctional
probes based on the TMP-Halo system. Our results emphasize
the impact of linker structure on speed of dimerization and
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highlight the myriad of variables (such as efflux, permeability,
and sterics) that are necessary to consider when synthesizing

and testing probes for CID. Attempts to assess each factor
independently can be time consuming and potentially mislead-
ing, and we have demonstrated that the optimization of one
factor, such as sterics, can lead to reduction of another, such as
cell entry. In contrast, our approach enables us to utilize a

© 2022 Wiley-VCH GmbH
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single, real-time assay to evaluate the additive effects of these
variables in a holistic manner. In context with observations that
have been made in the peptide stapling field, the PROTAC field,
and other medicinal chemistry efforts where linker composition
influences binding kinetics, these results emphasize that the
choice of linker has profound effects and should be considered
as carefully as one considers the choice of protein/ligand pair. It
is therefore necessary to develop methods by which both
covalent and noncovalent tools can be rigorously evaluated
and compared. We find that although there is a minimum
length for the TMP-Halo probe, longer linkers are not necessa-
rily ideal, due to a combination of entropy and lower rates of
cell entry resulting from a combination of efflux and suboptimal
permeability. We developed new, non-cleavable dimerizers that
contain aromatic rings and lipophilic moieties for improving
cellular uptake, demonstrating that the introduction of a
fluorinated ring results in faster dimerization with high tempo-
ral control. Finally, we highlighted several applications of the
optimized dimerizer, demonstrating that it can control protein
transport to multiple cellular organelles and rapidly initiate local
and global phase separation. Our general approach can be
modified to evaluate other heterobifunctional systems for CID
and compare existing tools with each other in a quantitative,
high-throughput manner. We also expect that the resulting
probes can be used in combination with existing chemigenetic
tools to answer pressing questions in biology via the manipu-
lation of protein localization with high levels of control.
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