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ABSTRACT: Chemically inducible rapid manipulation of
small GTPase activity has proven a powerful approach to
dissect complex spatiotemporal signaling of these molecular
switches. However, overexpression of these synthetic molec-
ular probes freely in the cytosol often results in elevated
background activity before chemical induction, which perturbs
the cellular basal state and thereby limits their wide
application. As a fundamental solution, we have rationally
designed and newly developed a strategy to remove unwanted
background activity without compromising the extent of
induced activation. By exploiting interaction between a membrane lipid and its binding protein, target proteins were translocated
from one organelle to another on a time scale of seconds. This improved strategy now allows for rapid manipulation of small
GTPases under a physiological state, thus enabling fine dissection of sophisticated signaling processes shaped by these molecules.

We have previously developed a series of molecular probes
based on a chemically inducible heterodimerization

strategy, which enabled activation or inactivation of Rho family
members of small GTPases in living cells on a time scale of
seconds.1,2 This strategy has been extended to other members,
such as Ras3 and Arf6,4 and also provided high spatial control
where a light sensitive dimerizer was used.5,6 In these methods,
a chemical dimerizer, either rapamycin or gibberellin, induces
the rapid translocation of cytosolic FKBP- or GID1-fused
GTPases (or GTPase effectors) to the plasma membrane,
where the respective dimerizing partner, FRB or GAI, is
localized (Figure 1a).1,2 Thus, the addition of the chemical
dimerizer concentrates cytosolic effectors at the plasma
membrane by a factor of 500 to 1000 for a typical mammalian
cell. This rapid and significant chemically inducible concen-
tration triggers activation of Rho GTPases and downstream
signaling at the cell periphery, resulting in membrane ruffling
and c-Jun N-terminal kinase activation.1,2

Despite its power and utility, this technique has an inherent
limitation; unwanted target activation of varying extent is
frequently exhibited in the absence of chemical dimerizers. This
happens because cytosolic dimerizing effectors still have access
to the plasma membrane as a consequence of free diffusion
(Figure 1b). For useful application in spatiotemporal signaling
studies, it is critical to keep such background activity as low as
possible to achieve high efficiency in inducible translocation
and/or activation. Therefore, we aimed to restrict the free
diffusion of dimerizing effector molecules in the cytosol. One
could think of confining these effector molecules inside the cell
nucleus until rapamycin is added.7 However, this approach
results in slower onset of target activation as the nuclear export

process is an additional step before effectors can be trapped at
the plasma membrane.
To avoid this additional step, we employed a binding protein

for a Golgi membrane lipid to tether FKBP-fused GTPase
effector molecules onto the cytoplasmic surface of the Golgi
apparatus in the uninduced basal state (Figure 1c). A family of
four-phosphate-adaptor proteins (FAPPs) binds to the
phosphatidylinositol 4-phosphate (PI4P) lipid enriched at the
trans-Golgi network through their pleckstrin homology (PH)
domains.8 Specifically, FAPP1 has been reported to bind to
PI4P with a dissociation constant of 230 nM.9 It may thus be
expected that, while most of the FKBP effectors fused with the
PH(FAPP) domain would remain on the Golgi surface at any
given time, these molecules would essentially display dynamic
binding behavior by dissociating from the Golgi surface and
freely diffuse in the cytosol before reassociating with PI4P.
When rapamycin is present, however, these FKBP effector
molecules bind to rapamycin with a Kd of 0.2 nM,10 and those
that are diffusing in the cytosol at a given time may
subsequently get trapped by the FRB anchored at the plasma
membrane. Since the FKBP.rapamycin binary complex binds to
FRB (Kd = 12 nM10) with an approximately 20-fold higher
binding affinity than the PH(FAPP).PI4P interaction, an
assumption is made that the FKBP effectors are more likely
to be kept at the plasma membrane than return to the Golgi
surface in the presence of rapamycin.
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In this study, we have manipulated the activity of small
GTPase Rac1 via Tiam1, a guanine nucleotide exchange factor
of Rac1. To test our ideas, we first generated a fusion protein of
PH(FAPP1) and FKBP-Tiam1 with a mCherry tag (PH-
(FAPP1)-mCherry-FKBP-Tiam1; PMFT) (Figure 2a).We then
transfected PH(FAPP1)-mCherry-FKBP-Tiam1 in Cos-7 cells
together with Lyn-GFP-FRB (LGR; a plasma membrane
targeted FRB labeled with GFP). Line scan analysis confirmed
that PH(FAPP) efficiently localized PH(FAPP1)-mCherry-
FKBP-Tiam1 to the Golgi, while mCherry-FKBP(MF) and
mCherry-FKBP-Tiam1(MFT) are dispersed in the cytosol
(Figure 2b and Supplementary Figure 1). Localization of Tiam1
to the Golgi did not appear to have any obvious effect on the
Golgi structure; and quantification of the Golgi extent11 in all
three types of cells also yielded comparable results (Supple-
mentary Figure 2). Furthermore, subsequent addition of
rapamycin induced rapid translocation of PH(FAPP1)-
mCherry-FKBP-Tiam1 to the plasma membrane (Figure 2biii
and Supplementary Figures 3 and 4iii). We analyzed the
translocation kinetics by measuring the mCherry fluorescent
intensity at the Golgi (Figure 2ciii), finding 27.9 s to achieve
the half-maximal translocation. This kinetics is comparably fast
to what was achieved by cytosolic mCherry-FKBP (11.9 s) and

mCherry-FKBP-Tiam1 (17.5 s) (Figure 2ci,ii and Supplemen-
tary Figure 4ci,ii). At 5 min post- rapamycin addition,
translocation approaches saturation, and the average PH-
(FAPP1)-mCherry-FKBP-Tiam1 Golgi signal diminished to
57% of the initial signal intensity, indicating that approximately
43% of the molecules have translocated away from the Golgi
toward the plasma membrane (Figure 2ciii). In addition,
PH(FAPP1)-mCherry-FKBP-Tiam1 stayed at the plasma
membrane for at least 20 min and did not go back to the
Golgi (Figure 3aiii). These data well supported our initial ideas:
(1) the PH(FAPP1).PI4P interaction is sufficiently strong to
localize PH(FAPP1)-mCherry-FKBP-Tiam1 at the Golgi and
(2) the 20-fold stronger binding interaction between
FKBP.rapamycin complex and FRB is highly efficient in
recruiting Tiam1 and overcoming the reassociation of PH-
(FAPP1) and PI4P.
We then compared the biological effect of the Golgi- and

cytosol-localized Tiam1. Since translocation of Tiam1 to the
plasma membrane promotes the local activation of Rac1 to
result in membrane ruffling, we employed a semiquantitative
method to score membrane ruffling activity (see Methods and
Supplementary Table S1 for quantification method).2,12

Control cells expressing mCherry-FKBP with Lyn-GFP-FRB

Figure 1. Schematic of the present chemically inducible heterodimerization strategy and the corresponding improved strategy. (a) Under ideal
conditions, cytosolic GTPase effectors only diffuse and bind to plasma membrane dimerizing partners upon the addition of dimerizer (b) The
present strategy is limited by the random diffusion of cytosolic GTPase effectors to the cell cortex and plasma membrane, resulting in background
activity in the absence of dimerizer. (c) Background activity may be reduced by tethering GTPase effectors to cytosolic organelles to limit the
random diffusion. The graphs at the bottom of each panel illustrate the localization of GTPase effectors relative to the plasma membrane-tethered
dimerizing partner in the uninduced state.
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exhibited low levels of membrane ruffling (median = 1), which
did not alter after recruitment of mCherry-FKBP to the plasma
membrane upon rapamycin addition (median = 1, p = 0.730)
(Figures 3ai,b and Supplementary Video 1). All statistical values
are summarized in Supplementary Table S2. In contrast, cells
expressing cytoplasmic mCherry-FKBP-Tiam1 with Lyn-GFP-
FRB already exhibited significantly higher levels of membrane
ruffling (median = 2; MF− vs MFT−, p = 0.00969) in the
uninduced state. The ruffling activity was further increased after
rapamycin-mediated translocation of mCherry-FKBP-Tiam1 to
the plasma membrane (median = 3, p = 0.000275) (Figure
3aii,b and Supplementary Video 2). Importantly, the Golgi

confinement of PH(FAPP1)-mCherry-FKBP-Tiam1 exhibited
significantly low levels of membrane ruffling (median = 1) in
the uninduced state, comparable to that of the control
condition (MF− vs PMFT−, p = 0.917) and significantly
lower than that of mCherry-FKBP-Tiam1 (MFT− vs PMFT−,
p = 0.0156) (Figure 3aiii,b). Upon rapamycin addition,
PH(FAPP1)-mCherry-FKBP-Tiam1 expressing cells induced
striking ruffling activity with a median score of 3, comparable to
that of mCherry-FKBP-Tiam1 (MFT+ vs PMFT+, p = 0.190)
(Figure 3aiii,b and Supplementary Video 3). Collectively, these
data showed that Golgi sequestration of Tiam1 almost
completely removes unwanted membrane ruffling activity in

Figure 2. Localization and translocation of PH(FAPP1)-mCherry-FKBP-Tiam1 at the Golgi (a) Schematic representation of the various FKBP-fused
Tiam1 constructs (MFT and PMFT), control construct (MF), and plasma membrane tethered Lyn-GFP-FRB (LGR) construct. (b) Confocal
fluorescent images showing the cellular localization of (i) MF, (ii) MFT, or (iii) PMFT with LGR at defined time points before (−) and after (+)
rapamycin addition. Graph at the bottom of each column is a line scan of the respective cells prior to rapamycin addition (from respective red and
green lines drawn on top panel cell images). Note that the LGR signal intensities are comparable in i−iii. Scale bar beneath each graph represents 10
μm. (c) Average translocation kinetics of (i) MF, (ii) MFT, or (iii) PMFT from the cytosol or Golgi (note y-axis), where light blue regions indicate
the presence of rapamycin. Signal intensities have been normalized against the maximum signal intensity values in each case. The average duration
for MF, MFT, and PMFT to reach half-maximal translocation were 11.9, 17.5, and 27.9 s, respectively. SEM values are indicated by error bars.
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the uninduced basal state while simultaneously preserving rapid
and efficient membrane ruffling activation upon rapamycin
addition.
In order to validate that the observed variation in basal

membrane ruffling extent were as a result of different Rac1
activation levels, we further attempted to measure the Rac1
activity in these cells using a previously reported Rac1 Förster
resonance energy transfer (FRET) biosensor, RaichuEV-
Rac1.13 Unfortunately, coexpression of RaichuEV-Rac1 with
the heterodimerization probes system drastically compromised
the expression of this molecular biosensor in Cos-7 cells, and
accurate FRET measurements could not be achieved. As an
alternative, we coexpressed RaichuEV-Rac1 and the hetero-
dimerization probes in HeLa cells instead to compare the basal
Rac1 activity levels in cells expressing the Golgi- and cytosol-
localized Tiam1. Consistent with the membrane ruffling results,
HeLa cells expressing mCherry-FKBP-Tiam1 exhibited sig-

nificantly higher basal Rac1 activity than control cells expressing
mCherry-FKBP, with average FRET/CFP ratios 0.56 and 0.46,
respectively (MFT− vs MF−, p = 0.0243) (Figure 3c).
Representative FRET/CFP cell images are shown in Supple-
mentary Figure 5 and all statistical values are summarized in
Supplementary Table S3. Importantly, the basal Rac1 activity
was significantly lowered in cells when Tiam1 was prelocalized
at the Golgi instead, with PH(FAPP1)-mCherry-FKBP-Tiam1-
expressing cells exhibiting average FRET/CFP ratio of 0.49,
comparable to that of mCherry-FKBP-expressing cells
(PMFT− vs MFT−, p = 0.0407; PMFT− vs MF−, p =
0.558) (Figure 3c). Upon 7 min of rapamycin treatment,
translocation of mCherry-FKBP-Tiam1 and PH(FAPP1)-
mCherry-FKBP-Tiam1 to the plasma membrane resulted in a
respective 1.51- and 1.49-fold increase in Rac1 activity on
average (MF− vs MF+, p < 0.001; PMFT− vs PMFT+, p <
0.001), while translocation of mCherry-FKBP to the plasma

Figure 3. Membrane ruffling analysis and quantitative comparison of Rac1 activation levels in cells. (a) Confocal fluorescent images of cells
expressing (i) MF(mCherry), (ii) MFT(mCherry), or (iii) PMFT(mCherry) with LGR (GFP) at defined time points before (−) and after (+)
rapamycin addition. Green dotted lines on GFP images indicate regions of cellular edge displaying membrane ruffling activity during the 10 min
before and 20 min after rapamycin addition. Scale bar indicates 10 μm. (b) Using the scoring scheme in Supplementary Table 1, cells expressing MF,
MFT, and PMFT were scored for membrane ruffling levels before (−) and after (+) rapamycin addition. Median membrane ruffling level for each
sample is shown. p values from two-tailed Mann−Whitney U tests between different samples are also represented. (c) Rac1 activity levels
represented by FRET/CFP ratios in cells expressing MF, MFT, or PMFT with Lyn-linker-FRB (LDR) and RaichuEV-Rac1 FRET biosensor before
and after 7 min of rapamycin treatment. Average FRET/CFP ratios are represented. p values from two-tailed Student’s t tests between different
samples are also represented.
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membrane did not result in a significant increase in Rac1
activity (MF− vs MF+, p = 0.0785). In all, we have clearly
demonstrated that the prelocalization of Tiam1 at the Golgi via
a defined PH(FAPP1).PI4P interaction have efficiently reduced
Rac1 activity to a minimum under basal conditions,
consequently maximizing the membrane ruffling output upon
the chemical induction of heterodimerization.
As signaling networks in cells are being dissected more

intricately, it is becoming increasingly clear that spatial and
temporal control of signaling modules is the crux to regulating
signal transduction of downstream events. This is especially
true for the Rho family of small GTPases, which are principal
regulators of cytoskeletal dynamics for various cellular functions
including cell migration, adhesion, membrane trafficking, and
cytokinesis.14−16 Indeed, Rho GTPases such as Rac, Cdc42, and
RhoA exhibit a highly dynamic spatiotemporal nature inside
cells as revealed by fluorescent biosensors.17,18 However, it has
been a universal, inherent problem that these biosensors as well
as molecular probes for manipulation of Rho GTPases exhibit
background activity by either buffering or empowering
physiological systems. Researchers have been circumventing
these problems by carefully optimizing the expression level of
the molecular probes to reduce these unwanted background
signals or performing control experiments to quantify and
subtract these nonspecific activities from total induced signals.
Unlike these symptomatic solutions, we have improvised a
spatial confinement strategy that could be adapted to reduce
background signals in a variety of situations. To test the
feasibility of this approach, we have demonstrated the enhanced
spatiotemporal manipulation of membrane ruffling induction
by a Rac1 activator. This approach relies on careful selection of
two orthogonal molecular interactions occurring at two
different intracellular locations: PH(FAPP).PI4P at Golgi and
FKBP.rapamycin.FRB at the plasma membrane. This prelocal-
ization scheme may be further extended to other Rho GTPases
such as TC10 and additional small GTPases including K-Ras
4B, which are known to localize at the plasma membrane while
having no known localization at the Golgi.19 Nevertheless,
many other small GTPases (e.g., H-Ras and Cdc42) are known
to localize and have functions at the Golgi.15,19 Therefore, the
present prelocalization scheme will need to be adjusted to such
circumstances for a wider use. Apart from the Golgi, additional
reversible lipid−protein interactions such as PI(4,5)P2.PH-
(PLCδ) at the plasma membrane4 or PI3P.FYVE at endo-
somes20 could be employed to prelocalize small GTPase
molecular probes, which are then relocated to other organelles
upon the addition of chemical dimerizers for small GTPase
activation.
Importantly, the spatial confinement approach described

here has further expanded the spatial dynamic range of
chemically inducible manipulation of small GTPase activity.
Molecules can now be rapidly translocated between organelles
on a time scale of seconds under a physiological state. With this
technique, spatiotemporal signaling is ready to be probed in
greater depth.

■ METHODS
Cell Culture and Transfection. Cos7 or HeLa cells were cultured

in DMEM (Gibco) supplemented with 10% FBS. For transfection,
cells were transfected with a specified set of DNA constructs by plating
them directly in a transfection solution containing DNA plasmids and
FuGENE HD (Roche).

Live-Cell Microscopy. Live-cell fluorescence measurements were
performed on a spinning-disk confocal microscope or the
Axiovert135TV epi-fluorescence microscope (Zeiss). For confocal
imaging, GFP and mCherry excitations were conducted with a
krypton−argon laser (CVI-Melles Griot). The laser beam was fiber-
coupled (OZ optics) to the spinning disk confocal unit (CSU10;
Yokogawa) mounted with dual GFP-RFP dichroic mirrors (Semrock).
The laser was processed with appropriate filter sets for GFP and
mCherry (Chroma Technology) to capture fluorescence images with a
CCD camera (Orca ER, Hamamatsu Photonics). Images were taken
using a Neo Fluor 40× objective (Zeiss) mounted on an inverted
Axiovert 200 microscope (Zeiss). For epi-fluorescence imaging, cells
were imaged with a 63× oil objective (Zeiss), and images were
collected by the QIClick charge-coupled device camera (QImaging).
Imaging was driven by Metamorph 7.5 imaging software (Molecular
Devices). Eighteen to 24 hours post-transfection, live-cell, time-lapse
movies were taken where confocal fluorescent images of cells were
taken every 20 s for 30 min at RT. Rapamycin (Tecoland) was added
at approximately the 10 min time point. For FRET measurements, epi-
fluorescence images were taken before and after 7 min of rapamycin
treatment.

Fixed-Cell Microscopy. To visualize cells expressing MF, MFT, or
PMFT with Golgi (CFP-Golgin), ER (CFP-Cb5), and mitochondria
(CFP-Tom20) markers, cells were fixed with 4% paraformaldehyde 18
to 24 hours post-transfection, and epi-fluorescence microscopy was
performed.

Quantification of Golgi Extent. CFP-Golgin was coexpressed in
cells expressing MF, MFT, or PMFT to visualize Golgi structures in
these cells. The Golgi spread was calculated by taking the width of
Golgi stacks as a fraction of the nuclear perimeter.11 Values presented
were based on mean values collected from 22 to 39 cells.

Translocation Kinetics Measurements. Fluorescent signal
intensities of fluorescence cell images and movies were measured
using Metamorph 7.5 imaging software (Molecular Devices). For
quantification of MF and MFT translocation kinetics, mCherry
fluorescence intensity from 3 random positions in the cytosol were
measured and normalized against 3 random positions in the
background. For quantification of PMFT translocation kinetics, the
Golgi complex was outlined, and mCherry fluorescence intensity from
the highlighted region was measured; values were also normalized
against a random position in the background. Translocation kinetics
measurements plotted were all based on average signal intensities
collected from 10 to 12 cells from 3 separate experiments. Signal
intensities in Figure 2b were normalized against the highest intensity
value in each case. To facilitate half-maximal translocation time
calculation, graphs in Figure 2c were further scaled to a range from 0
to 1 (not shown); time duration to reach half-maximal translocation
was then interpolated from these scaled translocation kinetics plots.

Quantification of Ruffle Activities. The semiquantitative scoring
scheme (Supplementary Table 2) was set up to score the extent of
ruffling activities exhibited by cells in the time-lapse movies. Cells were
visually inspected for the extent of cellular edges displaying membrane
ruffles. Membrane ruffling scores were based on average scores
collected from 10 to 12 representative cells from 3 separate
experiments.

FRET Measurements. To obtain the average FRET/CFP ratio of
each cell, cells were first outlined, and average fluorescence intensity
values were obtained from the outlined image regions in FRET and
CFP channels. FRET efficiency of the Rac1 molecular biosensor in
cells was then represented by respective average FRET/CFP ratios.
FRET/CFP images shown have been subjected to background
subtraction and color-coded according to the ratio range.

DNA Construction. We constructed mCherry-FKBP (MF) by
replacing YFP of YFP-FKBP1 with mCherry using NheI and BsrGI. To
construct mCherry-FKBP-Tiam1 (MFT), we replaced YFP of YFP-
FKBP-Tiam11 with mCherry using NheI and BsrGI. In order to
construct PH(FAPP1)-mCherry-FKBP-Tiam1 (MFT), we performed
PCR and amplified PH(FAPP1) with flanking restriction enzyme sites
(NheI and AgeI). Both resultant product and MFT were digested with
NheI and AgeI for the following ligation. Lyn-GFP-FRB was
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constructed by replacing YFP of Lyn-YFP-FRB3 with GFP using NheI
and BsrGI.
Statistical Analysis. Golgi extent and RaichuEV-Rac1 FRET/CFP

ratios between different samples were compared using the two-tailed
Student’s t test. Median membrane ruffling levels between different
samples were compared using the two-tailed Mann−Whitney U test.
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