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Abstract

A unique chemically induced proximity method is engineered based on mutant antibody VL
domain using a fluorogenic malachite green derivative as the inducer, which gives fluorescent
signals upon VL domain dimerization while simultaneously inducing downstream biological
effects.
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The chemically induced proximity (CIP), or chemically induced dimerization (CID), method
uses a small molecule inducer that homo- or hetero-dimerizes two unique inducer-binding
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protein domains fused individually to any two proteins of interest (POIs). Depending on the
choice of linked POls, a variety of downstream cellular events can be triggered temporally
by the chemical inducer 1. Several CIP systems have been engineered that each uses a
unique chemical inducer to dimerize a corresponding pair of inducer-binding proteins 514,
These orthogonal CIP systems allow multiple biological events to be controlled
simultaneously and independently in the same cell and the construction of sophisticated bio-
computation systems 15, Recently, several studies have shown that these CIP inducers can be
chemically modified to become activatable by artificial or endogenous cellular signals that
greatly expands the utility of CIP methods in synthetic biology 16-21, One limitation of
existing CIP systems is that the inducer-triggered dimerization cannot be directly monitored,
therefore, the kinetics of dimerization and that between dimerization and the induced
downstream effects is difficult to follow.

Fluorogen activating proteins (FAPs) derived from single chain antibodies (scFv) induce
fluorescent signals upon binding from certain organic dyes (fluorogens) which are otherwise
non-fluorescent when free in solution 22-33, Structural studies of the malachite green (MG-
based FAP system revealed that MG forms a 1:2 ligand:protein complex with two L5**
proteins, the V| domain of an antibody, which leads to the activation of intense fluorescence
34 Importantly, these L5** protein domains do not self-dimerize in the absence of dye, and
association is induced in the presence of fluorogenic dye. We reason that by linking two
POls individually to each L5** protein, a new MG inducible CIP system can be built that
can trigger downstream effects through MG-induced VL-POI dimerization and also self-
report the dimerization by activation of MG fluorescent signals upon dimerization, produc-
ing a self-reporting chemically induced proximity system (Figure 1).

To create an MG-based fluorogenic CIP system, we first constructed an MG inducible
transcriptional activation system based on L5**-fusion proteins (Figure 1). We generated
DNA plasmids encoding the MG-inducible gene expression cassette including a yeast Gal4
DNA binding domain (Gal4DBD)-L5** and a herpes simplex virusVP16 transactivation
domain (VP16AD)-L5** fusion proteins. A reporter construct with five copies of the
upstream activation sequence (UAS) that Gal4DBD recognizes inserted upstream of a
luciferase gene was used to test the transcriptional activation. In this system, luciferase
expression can be turned on only when MG induces hetero-dimerization of GAL4ADBD-
L5** and L5**-VP16AD. Furthermore, fluorescence will be observed only when MG forms
a complex with two L5** fusion proteins. Although the homo-dimerization of two identical
L5** fusion proteins can also induce MG fluorescence, we expect that any activated
fluorescence will report combined occurring dimerization events from both hetero- and
homo-dimerizations and provide the information regarding the dimerization kinetics.

To test this system, we co-transfected HEK293T cells with the MG-inducible gene
expression cassette and the UAS-luciferase reporter (Figure 2A) for 24 h and then treated
cells with 500 nM MG or a more cell-permeant MG derivative, MGnBu 3° (Figure 1) for
another 24 h. Under these conditions, MG and MGnBu were expected to induce protein
interactions and drive reporter expression. Treated cells were then washed and analyzed
under a fluorescence plate reader to detect the activated MG fluorescence (excitation 640
nm/emission 670 nm) or lysed for luciferase assays. A 70-fold (for MG) to 250-fold (for
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MGnBu) fluorescence increase from activated MG fluorescence was observed (Figure 2B),
as well as a 3-fold increase in luciferase expression in the case of MGnBuU induction (Figure
2C). This study showed that an MG-based fluorogenic CIP system can be established and
the observed activated fluorescence of MGnBuU is correlated with the observed induced
luciferase expression. The higher induction efficiency of MGnBu as compared to MG is
likely due to the superior cell permeability of MGnBu. The low induction fold in luciferase
expression is likely a result of the competition between the hetero- and homo-dimerization
of GAL4DBD-L5** and L5**-VP16AD. Since MGnBu gave the highest fluorescent signal
upon dimerization and more effectively induced the luciferase expression, we focused on
MGnBu as the inducer for the following studies.

We next tested if there is a dosage dependence in this new MG-based CIP system as seen in
some other CIP systems. We transfected HEK293T cells with the MG-inducible gene
expression cassette and the UAS-luciferase reporter for 24 h, and then treated cells with
MGnBu (from 0 to 1000 nM) for another 24 h. We observed that activated MGnBu
fluorescence showed a dosage-dependent increase and gave the highest signal at 500 nM
(Figure 2D). A similar dosage-dependent increase was observed in luciferase induction,
which also reached the highest expression at 500 nM (Figure 2F). Decreases in the activated
MGnBu fluorescence signal and luciferase expression were observed when cells were
treated with higher than 500 nM of MGnBu. It is known that when a bi-functional ligand
was used at high concentrations, the dimerization efficiency can reduce due to the saturation
of the ligand binding site on each dimerizable protein by excess ligand 36. A similar effect
can potentially account for the observed phenomena. Another possibility to cause the
observed effects is the potential cytotoxicity of MGnBu at high concentrations. As a result,
we tested the viability of cells treated with 10 to 1000 nM of MGnBu and analyzed using
MTT assays. Although a gradual decrease in cell viability was detected at higher
concentrations of MGnBu (Figure S1), the results are not consistent with the significant
decreases observed in fluorescence signals and luciferase expression.

Next, we tested if the MG-induced CIP system can be used to control protein translocation.
We constructed DNA plasmids encoding the nuclear export sequence-tagged L5** (NES-
L5**) and the EYFP-L5** fusion proteins (Figure 3A). We transfected CHO cells with both
constructs for 24 h and followed by treating cells with 500 nM MGnBu (or ethanol as a
negative control). Cells were then collected 2 h after MGnBu addition for the analysis of
MGnBu fluorescence activation and nuclear exporting of EYFP-L5**. We quantified the
fold changes of activated MGnBu fluorescence due to dimerization with a fluorescence plate
reader. The results showed that there were up to 1200-fold increasing after 2 h incubation
(Figure 3B). Meanwhile, the subcellular distribution of EYFP-L5** proteins was monitored
under a fluorescence microscope. When expressed in cells, EYFP-L5** proteins were found
to freely cross the nuclear envelope and distributed throughout the cell, although a
preferential nuclear localization was observed (Figure 3C). In the presence of MGnBu, the
dimerization between of EYFP-L5** and NES-L5** led to the translocation of EYFP-L5**
out of the nucleus (Figure 3C). To further confirm that the nuclear localization of EYFP-
L5** is due to the MGnBu induced dimerization with NES-L5**, we transfected cells with
plasmids encoding EYFP-ABI and NES-L5** or EYFP-ABI only, and then treated cells
with or without 500 nM MGnBu. The results showed that EYFP-ABI was distributed evenly
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over the cell in the presence of MGnBu and no activated MGnBu fluorescence signal was
observed (Figure 3D), indicating that L5** was required to activate MGnBu fluorescence.
When we transfected cells with EYFP-ABI & NES-L5** (that EYFP and NES fusion
proteins cannot be heter-odimerized by MGnBu) and treated cells with MGnBu, no
translocation of EYFP was observed (Figure 3D), which confirmed that the observed nuclear
exportation of EYFP in Figure 3C was resulted from the heterodimerization of EYFP-L5**
and NES-L5**. Although no nuclear exportation of EYFP-ABI was observed, we observed
the activated red fluorescence signal in the cytoplasm (Figure 3D), indicating the self-
dimerization of NES-L5** occurred as expected. We quantified the percentage of cells
showing nuclear exportation (defined by a lower EYFP fluorescence intensity inside the
nucleus versus outside). More than 30 percent of cells showing nucleus exportation after 2 h
incubation with MGnBu (Figure 3E). Also, the co-localization under the channels of EYFP
and the MGnBu fluorescence was examined, which gave a Pearson’s correlation coefficient
of 0.96 (Figure 3F), indicating a significantly high correlation between these two signals.

To compare the kinetics of MGnBu-induced protein dimerization (indicated by activated
MGnBu fluorescence) and the resulting translocation of EYFP-L5*, we transfected CHO
cells with both NES-L5** and EYFP-L5**constructs and treated cells with 500 nM
MGnBu. We performed live-cell imaging following individual cells after adding MGnBu
under a confocal microscope. We quantified in real time the MGnBu fluorescence and the
EYFP fluorescence intensity inside and outside of the nucleus in each single cell. We
observed a rapid increase in the fluorescence of MGnBu (indicating the dimerization of
EYFP fusion proteins) within 5 min, which continued to increase during the observation
time period up to 1 h (Figure 3G). The nuclear exportation of EYFP-L5** occurred and
continued to increase shortly after the dimerization was induced (Figure 3H), and the
kinetics of these two events are well correlated. MGnBu can also induce the
homodimerization of EYFP-L5**, which may lead to the exclusion of homodimerized
EYFP-L5** from the nucleus due to the increased size and gives the observed results. To
examine this possibility, we transfected cells with only EYFP-L5** (without NES-L5*%*)
and then treated cells with MGnBu for 24 h. We observed that a much lower percentage of
cells showing nuclear exportation upon MGnBu addition in the absence of NES-L5** when
compared to the condition with NES-L5** transfected, although a low degree of nuclear
exclusion was indeed observed (Figure S2).

To investigate whether the MG-induced CIP system is reversible, after CHO cells were
transfected with EYFP-L5** and NES-L5** constructs and treated with MGnBu for 2 h,
cells were washed with fresh media (without MGnBu) and collected at different time points
after washing for analysis. The activated MGnBu fluorescence fold change and the
percentage of cells showing nuclear exportation were quantified as described above. We
observed that both the activated MGnBu fluorescence and the induced EFYP-L5**
translocation was readily reversible and correlated with each other (Figure 3C, 3I, 3J).

Finally, we tested whether this new MG-based CIP system is orthogonal to other existing
CIP systems including abscisic acid (ABA)-based system that dimerizes ABI/PYL fusion
proteins 13, gibberellin acid (GA)-based system that dimerizes GAI/GID1 fusion proteins 14,
and rapamycin (Rap)-based system that dimerize FRB/FKBP fusion proteins °. We
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constructed a new plasmid encoding GA-inducible transcriptional activation cassette (Figure
4A-iii) and used the MG, ABA and Rap inducible constructs that were developed in this
study or previously (Figure 4A). We co-transfected CHO cells with a UAS luciferase
reporter and individually with each of these inducible transcriptional activation cassettes for
24 h. MGnBu, GA-AM, ABA, Rap or ethanol (negative control) was then separately added
to each transfected condition for another 24 h. Afterwards, cells were collected and analysed
by a fluorescence plate reader for activated inducer fluorescence or by luciferase assays for
induced luciferase expression. We observed that only cells transfected with the MG-
inducible cassette and treated with MGnBu gave detectable fluorescence signals (Figure
4B). We also confirmed that these four tested CIP systems are orthogonal in that only the
corresponding inducer can dimerize the matching fusion protein pairs to induce luciferase
expression (Figure 4C). The MGnBu induced CIP system is the only method that allows
direct monitoring the induced dimerization and also triggering downstream cellular effects.

In summary, we developed a unique new fluorogenic CIP system that uses an MG derivative
(MGnBuU) as an inducer that is able to trigger specific downstream cellular events through
the dimerization of two L5** fusion proteins and also generates fluorescence signal upon
forming the ternary complex. This is the first CIP system that is able to achieve direct
reporting of dimerization. Although MGnBu showed certain toxicity at higher
concentrations and the induced effects are not as high as other CIP systems that dimerize
two non-identical inducer-binding proteins, we expect that new MG derivatives and FAP-
based MG binding proteins can be engineered based on this work to offer new and improved
fluorogenic CIP systems with specific heterodimerization. In addition to the range of MG-
analog binding FAP proteins, a variety of additional fluorogens with cognate fluorogen
activating proteins, several of which have been found to form ternary complexes
sandwiching a single ligand suggests that a range of additional CIP systems could be derived
from FAP-fluorogen pairs 27+ 37,
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(A) MG-based chemically induced proximity method to control biological processes.
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(A) Scheme and constructs of MG-induced luciferase expression system. (B) Activated MG
fluorescence fold changes and (C) induced luciferase expression in HEK293T cells by MG
and MGnBu. Dosage response of (D) activated MGnBu fluorescence fold change and (E)
Induced luciferase expression in HEK293T cells. For (B) through (E), the cells were
transfected with the constructs shown in (A) for 24 h before addition of 500 nM MG or
MGnBu (B) and (C), or 0-1000 nM of MGnBu (D) and (E), for another 24 h. Cells were
washed and analyzed by fluorescence plate reader in (B) and (D) or luciferase assays in (C)
and (E). For all experiments, the induced fold change was calculated by comparison to the
values of ethanol-treated samples. Independent experiments were repeated five or more
times. Errors bars are SD (n7=5).
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(A) DNA constructs for EYFP translocation experiments. (B) Activated MGnBu
fluorescence fold change (2h). (C) Representative images of transfected CHO cells with
ethanol, or with 500 nM MGnBu, or removal of MGnBu after treatment. Scale bar is 10 pm.
(D) Representative images of transfected CHO cells with ethanol, or with 500 nM MGnBu.
Scale bar is 10 um. (E) The percentage of cells showing EYFP nuclear exporting in
transfected CHO cells treated with MGnBu for 2 h. (F) Colocalization analysis for red
(MGnBuU) channel and YFP channel with 2h MGnBu treatment as shown in (C), with
Pearson’s correlation coefficient r=0.96. (G) Normalized EYFP fluorescence ratio of
cytoplasm over nucleus after MGnBu treatment. The initial ratio was normalized to 1. Data
is the average of four independent cells. (H) Normalized fluorescence intensity under
MGnBu fluorescence channel. The initial fluorescence intensity was normalized to 1. Data
is the average of four independent cells. (1) & (J) Time course (0 to 2 h) of activated MGnBu
fluorescence fold change (1) and the percentage of cells showing EYFP nuclear exportation
(J) after MGnBu withdrawal in transfected CHO cells originally treated with MGnBu for 4h.
For (B)(E)(G)(H)()(J), cells were transfected with the constructs in (A) for 24 h before
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treating with 500 nM MGnBu for indicated time periods. In reversibility experiments, cells
were washed and collected after indicated time periods for analysis by fluorescence plate
reader in (B) and (H) or under a fluorescence microscope in (E) and (J). The statistical data
in (E) and (J) were obtained by counting cells showing EYFP unclear exporting over the
total EYFP positive cells to give the percentage of translocated cells. Cells were counted
from three separate experiments, and 100-200 cells were counted for each sample. Error
bars are SD (n=3).
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Figure 4.

(A) DNA constructs for inducible gene expression induced by (i) MGnBuU, (ii) ABA, (iii)
GA, (iv) Rap. (B) Activated inducer fluorescence fold change and (C) induced luciferase
expression after transfected HEK293T cells were treated by different CIP inducers for 24 h.
For all experiments, the induction fold change was calculated relative to the values of non-
induced (i.e. ethanol treated) samples. Independent experiments were repeated five or more
times. Errors bars are SD (n=15).
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