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Abstract

Cdc42 is a small guanosine triphosphatase (GTPase) that plays a central role in polarity
development in diverse cell types. Since the activity of Cdc42 is dynamically controlled
in time and space, it is required to develop a biosensor to monitor its activation in vivo.
In this chapter, we describe the construction and usage of a simple and robust biosen-
sor for monitoring active Cdc42 in budding yeast. This affinity-based biosensor uses a
red fluorescent protein fused to a Cdc42- and Rac-interactive binding motif from one of
the Cdc42 effector proteins. Because it binds specifically to the GTP-bound Cdc42, this
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biosensor can be used tomonitor Cdc42 activation in vivo. This or similar biosensors can
be widely used for studying GTPase signaling in other cell types because of the con-
served CRIB motif present among GTPase targets.

ABBREVIATIONS
CRIB Cdc42- and Rac-interactive binding

FRAP fluorescence recovery after photobleaching

FRET fluorescence resonance energy transfer

GEF guanine nucleotide exchange factor

GFP green fluorescent protein

GTPase guanosine triphosphatase

PAK p21-activated kinase

PBD p21-binding domain

1. INTRODUCTION

Cdc42 is a highly conserved small guanosine triphosphatase (GTPase)

that plays a key role in polarity development in species ranging from yeast to

human (Etienne-Manneville, 2004; Park & Bi, 2007). In response to either

internal or external cues, Cdc42 cycles between the GDP- and GTP-bound

states, and its activity is dynamically controlled in time and space to enable

distinct polarization events, including cytoskeletal assembly and membrane

trafficking. Since Cdc42 is activated transiently at a specific region, a robust

and reliable biosensor for its activation is required to probe the dynamics of

Cdc42 activation in live cells.

Earlier use of fluorescence-based biosensors had allowed the determina-

tion of the spatiotemporal profile of GTPases’ activity, providing mechanis-

tic insights into cell polarization in different model systems. The activation

patterns of multiple GTPases have been monitored by several biosensors for

more than 10 years. Initially, activation of the endogenous Cdc42 had been

monitored using aWiskott–Aldrich Syndrome protein (WASP) domain that

binds only to the active Cdc42. This Cdc42 effector domain labeled with a

solvent-sensitive dye produced strong fluorescence signal upon its binding

to the activated Cdc42 by placing the dye in a hydrophobic pocket formed

by amino acids from both WASP and Cdc42 (Nalbant, Hodgson, Kraynov,

Toutchkine, & Hahn, 2004).

Recent polarization studies involved the use of both single and dual

chain fluorescence resonance energy transfer (FRET)-based biosensors for

small GTPases. The intramolecular FRET-based sensor was designed for
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monitoring RhoA activation using a fusion construct expressing the Rho

effector rhotekin (RBD, aa7–89) tagged with a cyan fluorescent protein,

a variant of yellow fluorescent protein, and the full-length RhoA (Pertz,

Hodgson, Klemke, & Hahn, 2006). Upon activation, RBD binds to

Rho-GTP, which results in changes in the relative position of the two

fluorophores, increasing the FRET signal. In budding yeast, a

FRET-based biosensor for active Cdc42 consisted of the Cdc42/

Rac-interactive binding (CRIB) domain from Cla4, a Cdc42 effector,

and Cdc42 that are sandwiched by two fluorophores, green fluorescent pro-

tein (GFP), and mCherry (Smith et al., 2013).

In this chapter, we describe the construction and usage of a simple and

robust biosensor for monitoring active Cdc42 in the budding yeast Saccha-

romyces cerevisiae. The Cdc42 effector Gic2 contains a conserved CRIB

motif, also known as PBD (p21-binding domain), which binds specifically

to Cdc42-GTP, and localizes to the sites of polarized growth in a Cdc42-

dependent manner (Jaquenoud & Peter, 2000). A fragment of Gic21–208

containing the PBD has been tagged with fluorescent molecules and used

for monitoring Cdc42-GTP in live cells (Kang, Lee, & Park, 2014; Lee,

Lo, Miller, Chou, & Park, 2015; Lo, Lee, Narayan, Chou, & Park, 2013;

Okada et al., 2013; Ozbudak, Becskei, & van Oudenaarden, 2005; Tong

et al., 2007). By using this affinity-based biosensor, we can monitor dynam-

ics of Cdc42 activation in specific processes in vivo. This and similar biosen-

sors of GTPases will undoubtedly play key roles in understanding the

functions, mechanisms, and spatiotemporal regulation of G protein signaling

in diverse cell types.

2. GENERATION OF A BIOSENSOR OF ACTIVE CDC42

2.1 Development of a Cdc42-GTP Biosensor
The Cdc42 effector Gic2 contains a p21-binding domain (PBD, aa133–166)
and a CRIB domain (aa134–147) (Fig. 1A), which are required for its inter-
action with Cdc42-GTP. Jaquenoud and Peter reported that Gic2 localized

to the sites of polarized cell growth where Cdc42-GTP was presumably

concentrated, and this localization depended on its CRIB domain

(Jaquenoud & Peter, 2000). Based on these observations, we developed a

Cdc42-GTP biosensor, Gic2-PBD-RFP, by simply fusing the

N-terminal portion (aa1–208) of Gic2 to the red fluorescent protein

tdTomato (Fig. 1B). As expected, an in vitro interaction assay confirmed

that Gic2-PBD-RFP interacted specifically with GTP-bound Cdc42
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(Fig. 1C). Gic2-PBD-RFP localized to the sites of polarized cell growth,

including the presumptive bud site and bud cortex, but not the bud neck

at the onset of cytokinesis (Figs. 2–5) (Kang et al., 2014; Lee et al., 2015;

Lo et al., 2013; Okada et al., 2013; Ozbudak et al., 2005; Tong et al., 2007).

To test whether Gic2-PBD-RFP signal genuinely reflected Cdc42 activ-

ity (i.e., the level of Cdc42-GTP) in live cells, we examined the fluorescence

intensity and distribution of Gic2-PBD-RFP in cdc24-4mutant cells, which

harbor a temperature-sensitivemutation inCDC24 that encodes the essential

GEF (guanine nucleotide exchange factor) for Cdc42 in budding yeast (Kang

et al., 2014; Tong et al., 2007). When the cdc24-4mutant cells were cultured

at the permissive temperature (25°C), Gic2-PBD-RFP signal localized at

the growth sites. After a 20-min treatment at the nonpermissive temperature

(37°C), the signal of Gic2-PBD-RFP disappeared from the growth sites. In

wild-type cells, theGic2-PBD-RFP signal remained at the growth sites under

the same condition. This result suggested that the loss of Cdc42GEF (Cdc24)

function led to a decrease inCdc42-GTP (or increase ofCdc42-GDP),which

Fig. 1 Schematic representation of Gic2 and Gic2-PBD-RFP and association of PBD-RFP
with Cdc42-GTP. (A) Domain structure of Gic2. Gic2-PBD (p21-binding domain,
aa133–166) is shown in cyan, and CRIB (Cdc42/Rac-interactive binding) domain is
shown in blue. (B) Domain structure of Gic2-PBD-RFP. A red fluorescent protein
tdTomato fused to the N-terminal portion of Gic2 is shown in red. (C) Association of
Gic2-PBD-RFP with GTP-bound Cdc42. GST-Cdc42 purified from the insect cells was
immobilized on glutathione Sepharose beads, loaded with GTPγS or GDP, or stripped
with EDTA to deplete nucleotides bound to Cdc42 (n.t. free), and then incubated with
yeast extracts containing Gic2-PBD-RFP. Gic2-PBD-RFP was detected with polyclonal
antibodies against RFP (upper panel); GST-Cdc42 was detected with polyclonal anti-
bodies against GST (lower panel). Data provided by Dr. P.J. Kang.
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Fig. 2 Gic2-PBD-RFP is highly dynamic. (A) Intensity profile of PBD-RFP cluster along the
periphery of a/α cell in the G1 phase after bleaching. Numbers indicate time (in s) rel-
ative to the bleaching (t¼0). The bleached region is marked with a white arrow on the
image and a black arrow with bracket on the graph. Each colored line in the graph rep-
resents a different time point. Scale bar, 3 μm. (B) FRAP analysis of PBD-RFP cluster in G1
(n¼10 cells). Relative intensity is normalized to the prebleach intensity. Mean�SEM.
The curve fit line is drawn in black-colored line.

Fig. 3 The threshold method for quantifying Cdc42-GTP signal in live cells. (A) Using the
threshold method to assign pixels to a cluster of Cdc42-GTP. After the measurement of
the intensities of all pixels inside the cell outline, if a pixel has an intensity higher than
the value of the average plus two standard deviations, the pixel is assigned to a cluster
of Cdc42-GTP. (B) An example of defining a Cdc42-GTP cluster by the threshold method.
Gic2-PBD-RFP signal is shown in grayscale. The pixels calculated as a part of the Cdc42-
GTP local cluster are shown in red. The cell outlines are marked in yellow. Adapted from
Okada, S., Leda, M., Hanna, J., Savage, N. S., Bi, E., & Goryachev, A. B. (2013). Daughter cell
identity emerges from the interplay of Cdc42, septins, and exocytosis. Developmental Cell,
26, 148–161.
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was followed by the loss of Gic2-PBD-RFP signal from the growth sites.

Interestingly, a significant percentage of cdc24-4 cells carrying a multicopy

BUD3 plasmid exhibited the Gic2-PBD-RFP cluster when arrested as

unbudded cells at 37°C. This observation led to the discovery of the second

Cdc42 GEF Bud3 (Kang et al., 2014) (see Section 4.1). These studies dem-

onstrated the feasibility of Gic2-PBD-RFP as a Cdc42-GTP biosensorwith a

sensitivity and responsiveness applicable to experiments involving live cells.

2.2 Further Characterization of the Cdc42 Biosensor by FRAP
We performed fluorescence recovery after photobleaching (FRAP) analysis

(see later for the procedure) to further characterize the Cdc42-GTP biosen-

sor in vivo. When the polar cap of PBD-RFP in unbudded cells was

bleached, it recovered within 10 s (Fig. 2A), although slightly more slowly

than the Gic2-PBD-GFP probe, which was reported to recover its initial

intensity in less than 1 s (Ozbudak et al., 2005). Using a 0.83�0.83 μm
bleach spot, we found that Gic2-PBD-RFP recovered significantly faster,

Fig. 4 Dynamic Cdc42-GTP polarization during selection of a new bud site.
(A) Time-lapse imaging of PBD-RFP and Cdc3-GFP in wild-type cells at 30°C. Arrowheads
mark the first appearance of a new septin in a daughter cell. Numbers indicate time
(in min) from the onset of cytokinesis (t¼0). Scale bar, 3 μm. Adapted from
Kang, P. J., Lee, M. E., Park, H.-O. (2014) Bud3 activates Cdc42 to establish a proper growth
site in budding yeast. The Journal of Cell Biology, 206, 19–28. doi:10.1083/jcb.201402040.
(B) PBD-RFP intensity is compared in daughter cells of wild-type and bud3ΔCR2 cells at
30°C. PBD-RFP intensity was normalized to intensity at the onset of cytokinesis (t¼0).
Each colored arrowheadmarks the time point when new septin clouds were first visible
(or estimated) in each daughter cell for each corresponding colored line. ©Kang et al.,
2014. Originally published in Journal of Cell Biology. doi:10.1083/jcb.201402040.
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Fig. 5 See legend on next page.



with a recovery half-time of 11.8�4.5 s (Fig. 2B) compared to the

GFP-fusion of GTP-locked Cdc42Q61L, albeit somewhat slower than

GFP-Cdc42 (Bendezu et al., 2015; Wedlich-Soldner, Wai, Schmidt, &

Li, 2004). These data suggest that our biosensor has the specificity and

dynamics for monitoring Cdc42 activity in vivo.

3. DETECTION AND QUANTIFICATION OF Cdc42
ACTIVATION IN VIVO

Using the Gic2-PBD-RFP biosensor, we have monitored Cdc42

polarization dynamics throughout the cell cycle. Here, we describe the stan-

dard protocols for sample preparation and the equipment used for FRAP and

time-lapse imaging at University of Pennsylvania (Penn) and the Ohio State

University (OSU).

3.1 Devices
Devices used for time-lapse imaging (performed at the CDB

Microscopy Core at PENN)

• Microscope: an inverted microscope (IX71; Olympus, Center Valley,

PA, USA)

• Objective lens: a 100�, 1.4 (numerical aperture) NA, Plan S-Apo oil

immersion (Olympus)

• Camera: a back-thinned electron-multiplying CCD camera (ImagEM,

C9100-13; Hamamatsu Photonics, Bridgewater, NJ, USA)

• Light source: diode lasers (488 nm for GFP and 561 nm for RFP) set in a

laser integrator (Spectral Applied Research, Richmond Hill, Ontario,

Canada)

Fig. 5 Local inhibition of Cdc42 during septin ring formation. (A) An image sequence
showing the dynamic behavior of Cdc42-GTP (Gic2-PBD-RFP, red) and septins (Cdc3-
GFP, green) during bud emergence. The image sequencewas generated by average pro-
jection of 11 z-slices with 0.6 μm spacing. Filled triangle indicates the timing of bud
emergence. Scale bar, 3 μm. (B) Quantitative analysis of Cdc42-GTP cluster and septin
accumulation at the site of polarization during bud emergence. The cell shown in
(A) was used for the analysis. Normalized total intensity of Cdc42-GTP cluster is shown
in red, and the normalized septin intensity at the new bud site is shown in green.
(C) Polarized growth of septin mutant cdc12-6 strain. At the nonpermissive temperature
(39°C), intensity of the Cdc42-GTP cluster does not show a transient decrease around
bud emergence. Scale bar, 3 μm. (D) Quantitative analysis of Cdc42-GTP cluster during
bud emergence in cdc12-6 mutant and isogenic wild-type cells cultured at 39°C. The
temporal changes of the normalized total intensity of Cdc42-GTP cluster in wild-type
and cdc12-6 mutant cells are shown in red and blue, respectively.
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• Confocal unit: a spinning disk confocal scan head (CSU10; Yokogawa,

Sugar Land, TX, USA)

• Environmental chamber: culture dish heater (DH-35; Warner Instru-

ments, Hamden, CT, USA)

• Control software: MetaMorph 7.7 (Molecular Devices, Sunnyvale, CA,

USA)

Devices used for FRAP (performed at OSU)

• Microscope: an inverted microscope (Eclipse TE2000-U; Nikon,

Melville, NY, USA)

• Objective lens: a 100�/1.4 NA Plan Apo oil immersion (Nikon)

• Light source: a 488-nm argon ion laser and a 568-nm solid-state laser

• Camera: a cooled charge-coupled device camera (ORCA-AG; Hama-

matsu Photonics)

• Confocal system: spinning disk confocal microscope (UltraView ERS;

Perkin Elmer Life and Analytical Sciences)

Devices used for time-lapse imaging (performed at OSU)

• Microscope: an inverted microscope (Ti-E; Nikon)

• Objective lens: a 100�, 1.4 NA Plan Apo oil immersion (Nikon)

• Light source: 440-, 488-, 515-, and 561-nm solid-state lasers (Modular

Laser System 2.0; PerkinElmer, Waltham, MA, USA)

• Camera: a back-thinned electron-multiplying charge-coupled device

camera (ImagEM C9100-13; Hamamatsu Photonics)

• Confocal system: spinning disk confocal microscope (Ultra-VIEW VoX

CSUX1 system; PerkinElmer)

• Climate chamber: stage top incubator INUB-PPZI2-F1 equipped with

UNIV2-D35 dish holder (Tokai Hit, Shizuoka-ken, Japan)

3.2 Sample Preparation
For imaging studies at Penn

1. Inoculate yeast cells in an appropriate medium and continue to culture

overnight at 25°C. Note: Synthetic complete (SC) medium containing

2% dextrose without buffering material is preferable because the solid-

ity of agarose (used in later steps) will be affected by the pH of the

medium. When the fluorescence intensity of the target molecules is

expected to be relatively low, it is better to use yeast nitrogen base with-

out riboflavin to reduce the background fluorescence signal from the

medium.

2. Dilute the cells into fresh medium (5- to 20-fold dilution) and continue

to culture at 25°C until the cells enter the exponential growth phase

(OD600¼0.4–0.8).
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3. Prepare culture medium containing 1.2% low-melting point agarose

and boil the medium for 10 min and keep the melted culture medium

in a liquid form at 37°C.
4. Put the yeast liquid culture (500–700 μL) on a polylysine-coated

glass-bottom 35-mm dish (P35GC-1.5-14.C; MatTek, Ashland,

MA, USA).

5. To settle down the yeast cells to the glass surface, incubate the sample

for �10 min.

6. Using a P1000 micropipette, aspirate the excessive supernatant gently

(500–550 μL).
7. Put 1300 μL of the melted culture medium (prepared in step 3) andmix

the yeast cells and the agarose-containing medium gently with a P1000

micropipette 3 times.

8. Incubate the dish at room temperature (�25°C) for 15 min to solidify

the agarose layer.

9. Put 500–550 μL of liquid medium over the solidified agarose layer.

10. Incubate the sample dish at room temperature (�25°C) for 5–15 min to

let the liquid and solid layers reach equilibrium.

11. Set the sample dish into an environmental chamber to maintain a con-

stant condition during time-lapse imaging.

For imaging studies at OSU

Cell growth

1. Grow yeast cells overnight in synthetic media containing appropriate

nutrients at 30°C. Since our imaging typically involves fluorescent

proteins expressed from their endogenous chromosomal loci, we

use SC containing 2% (w/v) dextrose.

2. Dilute overnight culture about 5- to 10-fold in the same fresh media

and grow for 4–5 h (to reach OD600¼0.4–0.8) at 30°C prior to

imaging.

Mounting cells

For both time-lapse imaging and FRAP experiments, cells are mounted

on agar pads on the glass slide as described in the following steps. Alter-

natively, cells can be immobilized in glass-bottom dishes (see later).

1. Dissolve 2%media containing low-melting agarose (samemedia used

for growing cells) in a microfuge tube using a heating block.

2. Clean a glass slide with a Kimwipe wiper and then attach two strips of

scotch tape on both ends of the glass slide.

3. Place the slide on a cold metal block (covered with a Kimwipe on the

top) and drop 30 μL of the agarose mix onto the slide.
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4. Place a second slide on the top of the agar mix and then flatten the

agar pad by pressing evenly using the thumbs or by putting some

weight (for example, placing a glass bottle containing �50 g of

H2O) on the top.

5. Push apart the two slides using a constant, gentle sliding action. To

get a flat agar surface, it is better to detach slides while moisture still

remains in the agar pad.

6. Drop �3 μL of cell culture (spin down cells to concentrate before

loading) onto the agarose pad.

7. Place a cover glass on top of the agar pad and seal the cover glass by

applying nail polish or 100% pure petroleum jelly (e.g., Vaseline).

Wait for a couple of minutes for the sealing to harden before

using the slide for imaging.

Yeast cells can be immobilized in glass-bottom dishes (35 mm; MatTek),

pretreated with concanavalin A (ConA; Type IV, Sigma, St. Louis, MO,

USA). Note: ConA is a lectin that binds to carbohydrate on the yeast cell

surface. ConA stock is prepared in water at 0.5 mg/mL and stored up to

a year at –20°C. Alternatively, polylysine-coated glass-bottom dishes can

be used. Mounting cells in the dish often improves the spatial resolution

of a ring structure at the mother-bud neck (such as the septin ring) by posi-

tioning yeast cells vertically (i.e., the mother-bud axis is parallel to the direc-

tion of capturing Z-stacks) (Lee et al., 2015).

1. Apply 10 μL of ConA solution into a dish and spread it with the side of a

pipette tip, and air dry for about 20 min in a box to prevent dust.

2. Rinse the dish twice with water.

3. Place 100 μL of cell suspension and incubate for 20 min.

4. Wash 3�with SCmedium to remove cells that are not stuck to the glass

bottom.

5. Place a thin layer of 0.6% agarose-containing media (cooled down after

melting).

6. For long-term imaging, place 500 μL of liquid medium over the solid-

ified agarose layer.

3.3 Imaging Methods
Time-lapse microscopy

1. Set the 35-mm dish sample into an environmental chamber (DH-35;

Warner Instruments) mounted on the sample stage of the inverted

microscope.

2. Wait for �10 min until the sample temperature is stabilized.
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Note: For imaging of temperature-sensitive mutants such as cdc24-4,

cells are grown overnight at room temperature, diluted in prewarmed

media (37°C), and shaken for 2 h at 37°C before imaging in a

temperature-controlled environmental chamber at 37°C.
3. Use a 100� objective lens with oil immersion. When higher spatial res-

olution is required, it is preferable to use an objective lens with a

higher NA.

4. After the sample temperature is stabilized in the environmental chamber,

adjust the focus to the position near the equatorial plane of the cells

attached to the glass surface. If the microscope is equipped with an auto-

focus system, set the focal plane as a reference position at this time.

Note: When a long time-lapse image acquisition is performed, the

effect of focal drift is not negligible. If the microscope system is not

equipped with an autofocus system, it is required to readjust the focus

whenever needed, usually every 5 min, depending on the time interval

settings and the temperature. When a higher temperature is used, the

effect of focal drift is larger in general.

5. Set the parameters for image acquisition.

The duration of imaging depends on the cellular process to be mon-

itored. If a whole cell cycle needs to be covered, 120–180 min duration

is required at 25°C. In our laboratory, a 120-min duration time is set

typically.

The interval of image acquisition also depends on the speed of the

target process. When Cdc42 activity is monitored, a 1–2-min interval

is typically selected.

Z-stack setting: as Cdc42 molecules can be distributed on the whole

cell surface, enough Z sections must be collected to cover the entire cell

to yield meaningful data. Typically, 0.6 μm�11 z-slices (6-μm thickness

in total) and 0.7 μm�11 z-slices (7-μm thickness in total) are used for

haploid and diploid strains, respectively. If an abnormally shaped and/

or sized strain is monitored, appropriate Z-stack setting is required to

accommodate its morphological change.

Exposure settings: to reduce the photobleaching of fluorescent pro-

teins and to minimize the phototoxicity of the excitation light to the

cells, it is essential to choose an appropriate exposure time. In general,

it is best to use the shortest exposure time that provides acceptable

signal-to-noise ratio. For the Gic2-PBD-RFP biosensor, 100–200 ms

exposure time is used for an EMCCD camera (ImagEM, Hamamatsu

Photonics) with on-chip gain of 300 and no binning.
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6. Start time-lapse microscopy using appropriate imaging software such as

MetaMorph to control the microscope and camera.

FRAP

1. Calibrate a microscope for FRAP according to the manufacturer’s

instruction. We have used a spinning disk confocal microscope Ultra-

View ERS or Ultra-VIEW VoX CSUX1 system (PerkinElmer) (see

Section 3.1).

2. Place the glass slide on a microscope. Use 100� objective lens with

immersion oil.

3. Focus on yeast cells and place them in the center of the imaging field.

Note: Positioning cells in the center of the imaging field minimizes

variation.

4. Set the imaging conditions. Use 2�2 binning for clearer fluorescence

imaging if necessary. Selecting a single Z-stack (the middle slice) helps

to minimize photobleaching from capturing multiple Z-stacks and also

minimize time intervals for fast time-lapse imaging. The time interval

can be as small as 1 s for rapid image acquisition. If a cell cycle marker

(such as Cdc3-GFP or Whi5-GFP, which we often use to examine cells

in theM-G1 phase) is necessary to select cells at a specific cell cycle stage,

set the acquisition set-up to capture an initial image with both fluores-

cent channels (such as GFP andRFP) and subsequent captures with RFP

channel only in order to minimize unnecessary photobleaching.

5. Exposure time and gain value can be adjusted. In general, 100–200 ms

exposure time was used for imaging Gic2-PBD-RFP. To minimize

photobleaching and phototoxicity, shorter exposure times should be

used for subsequent time-lapse imaging. Bleaching laser power and cycle

can be selected according to the size of ROIs and the method optimized

for each microscope system.

6. Select ROIs by drawing a rectangle covering a part of Gic2-PBD-RFP

within the fluorescent cap. Remember to record the exact size of ROIs

and save ROIs for later data analysis.

7. Start the imaging acquisition including the initial bleaching point.

Note: Bleaching often occurs even beyond the selected ROIs; thus,

bleaching power and time need to be empirically determined for opti-

mization. It is desirable to bleach more than 50% of the original fluores-

cence signal. Depending on the context of experiments, all conditions

need to be optimized including laser intensity, numbers of laser pulse,

size of ROIs, etc. In order to minimize phototoxicity, higher numbers

of laser pulses with a lower laser power in a smaller ROIwill be desirable.
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3.4 Methods for Analyzing Cdc42 Activation Dynamics
A threshold method for detecting and quantifying a dynamic

Cdc42-GTP cluster

Cdc42 activity changes both spatially and temporally during the cell

cycle, whichmakes the detection and quantification of its local activation

challenging. We have developed a “threshold method” to define a

Cdc42-GTP cluster objectively using a simple statistical calculation.

The specific steps are as follows. Examples of using the threshold method

are described in Section 4.

1. We use the image analysis software, Fiji/ImageJ (Schindelin et al.,

2012), to import the image data obtained by multidimensional

time-lapse imaging experiment(s).

2. Use a 2D projection method (average projection or sum projection)

to make a time-series image sequence.

3. Set the cell outline according to cytoplasmic fluorescence signal or a

bright field image (if available).

4. Apply a custom-made Fiji/ImageJ macro (available on request)

(Okada et al., 2013) to define the Cdc42-GTP cluster. In this

macro, the average value and standard deviation of the fluores-

cence intensity of the pixels inside the cell outline are calculated.

If a pixel has fluorescence intensity higher than a value of the aver-

age plus two standard deviations, the pixel is defined to be

included in a Cdc42-GTP local cluster. For quantitative analysis,

the total intensities of the pixels selected by this method are used

(Fig. 3A).

5. The capability of the threshold method to detect a Cdc42-GTP

cluster was validated (Fig. 3B). Wild-type haploid cells harboring

Gic2-PBD-RFP and Cdc3-GFP (septin marker) grown to expo-

nential phase were imaged by dual-color confocal microscopy.

The depicted images were averaged projections of 11 z-slices with

a 0.6-μm spacing. The pixels calculated as part of a Cdc42-GTP

cluster are shown in red. The cell outlines are highlighted in

yellow.

6. Measure the average intensity of a region devoid of cells over time as

the background signal.

7. Plot the sum of the intensities of the local cluster of Gic2-PBD-RFP

after background subtraction and normalization (the peak value

before bud emergence set as 100%) over time.
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FRAP analysis

1. Import image sequences with ROIs and without ROIs as .tiff files in

Image J (NIH).

Download ImageJ plugin to open image sequences if necessary. Use

16-bit images for analysis.

2. Synchronize all opened windows and draw appropriate shapes along the

ROIs in images. For accurate measurement, make sure that the actual

bleaching area remains within an ROI shape in the time-lapse series.

If cells moved during imaging acquisition, time-series images can be

aligned using Image J Plugins such as align stacks, image stabilizer,

and others.

3. Use appropriate FRAP template designed with proper formula for anal-

ysis. Obtain the total fluorescence intensity from the bleached area

(ROIs) by drawing the same size ROIs over images. Subtract back-

ground by drawing a shape covering background area devoid of cells.

For photobleaching correction, total intensities from the area of

unbleached cells can be measured over time. Fluorescence changes

should be plotted over time after background subtraction and photo-

bleaching correction using Excel or other statistical programs such as

GraphPad or Origin.

4. Draw a recovery graph by normalizing the prebleach intensity set to

100% and the intensity right after bleaching set to 0%. For the curve

fit line, you can use the exponential formula y¼m1+m2�exp(–m3�x)

for the curve fit of fluorescence recovery, in which m3 is the off-rate

(KaleidaGraph; Synergy Software). The half-time of fluorescence recov-

ery was calculated as t1/2¼ ln2/m3 as previously described (Coffman,

Wu, Parthun, & Wu, 2011).

As examples of FRAP experiments using Gic2-PBD-RFP, we describe here

the dynamic behavior of Cdc42-GTP polarization during the cell cycle in

diploid cells. First, the Gic2-PBD polar cap was monitored by live-cell

imaging in different stages of the cell cycle. To distinguish cells before

and after cytokinesis, we used Cdc3-GFP: a group of cells with a large

bud and a single septin ring (hourglass) (right before cytokinesis); and

another group of cells with the septin double ring (from the onset of cyto-

kinesis). Once the group of cells was selected based on the bud size and

septin ring, a small region in the middle of Gic2-PBD-RFP cap was photo-

bleached and fluorescence recovery was monitored by time-lapse imaging.

Fig. 2 shows an example of FRAP images obtained from unbudded cells.
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Gic2-PBD-RFP signal recovered right after the bleaching, thus, we mea-

sured the recovery of fluorescence signals and plotted the recovery graph

over time (Fig. 2B).

4. APPLICATION OF THE CDC42 BIOSENSOR

4.1 Dynamics of Cdc42 Polarization in the G1 Phase
The Cdc42 biosensor Gic2-PBD-RFP was used to examine Cdc42-GTP

polarization dynamics by 3D time-lapse microscopy. In addition to the

Gic2-PBD-RFP, we coexpressed either Cdc3-GFP as a marker for the

bud neck and cell cycle progression, or Whi5-GFP as a cell cycle marker

(Kang et al., 2014). The Cdc3-GFP ring splits into two rings at the onset of

cytokinesis, and Cdc3-GFP appears at the presumptive bud site in the next

G1 phase prior to disappearance of the old Cdc3-GFP ring. Whi5 enters

the nucleus late in mitosis and exits the nucleus in mid G1, partitioning G1

phase into T1 and T2 (Di Talia, Skotheim, Bean, Siggia, & Cross, 2007).

From a series of two-color live-cell images and quantitative measurement

of the Cdc42-GTP cluster by a threshold method as described in

Section 3.4, we found stepwise activation of Cdc42 in G1 phase (see

Fig. 4; Kang et al., 2014). These two steps of Cdc42 activation were

observed in T1 and T2, and more distinctly separated in daughter cells,

which have a longer G1 phase, than mother cells. Imaging cells at a lower

temperature (such as 22°C) allowed more clear separation of the two steps

than at 30°C because of slower growth. Using a bud3 mutant that is defec-

tive in its GEF activity (bud3ΔCR2) and a cdc24ts mutant, we showed that

Cdc42 activation in the first and second step depends on Bud3 and Cdc24,

respectively (see Fig. 4B). Time-lapse imaging of cdc24ts cells also indicated

that the first Cdc42-GTP peak appeared transiently in early G1 (i.e., prior

to arrest in late G1) even after the temperature upshift to 37°C (Kang

et al., 2014).

In another recent study, we used this Cdc42 biosensor to examine

how a single, proper growth site was determined in haploid a or α cells.

We imaged Gic2-PBD-RFP and Cdc3-GFP at 1 min time intervals at

22°C. The highest Cdc42-GTP peak appeared at multiple positions near

the septin ring in daughter cells until the Cdc42-GTP polar cap became

stable at the boundary of T1 and T2 (i.e., right before the new septin

clouds appear at the new bud site) (Fig. 4; see details in Lee et al.,

2015). Thus, the Cdc42 biosensor represents a powerful method for
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uncovering novel Cdc42 activation dynamics and mechanisms underlying

cell polarization.

4.2 Local Inhibition of Cdc42 During Septin Ring Formation
To investigate the spatial and temporal relationship between Cdc42 activity

and septin ring assembly during bud emergence, we used a combination of

Gic2-PBD-RFP and Cdc3-GFP (Fig. 5) (Okada et al., 2013). The dynamic

behaviors of both probes were monitored by 5D time-lapse live-cell imag-

ing, and the spatial and temporal changes of the Cdc42-GTP cluster were

analyzed using the threshold method (described in Section 3.4).

During bud emergence, Cdc42-GTP and septins displayed distinct local-

ization dynamics (Fig. 5A and B) (Okada et al., 2013). Cdc42-GTP signal

increased gradually and reached a peak as a bright cluster at the presumptive

bud site 10–12 min before bud emergence. From the peak time of the cluster

intensity to bud emergence, the signals of Cdc42-GTP and septins at the

new bud site were inversely correlated. As the septin signal increased, the

cluster intensity of Cdc42-GTP decreased. After bud emergence, septin

accumulation continued at a slower rate, while a new Cdc42-GTP cluster

formed at the bud cortex and intensified over time.

The inverse relationship between Cdc42-GTP and septins during bud

emergence suggests that the newly recruited septins might constitute a neg-

ative feedback mechanism to inactivate Cdc42 at the presumptive bud site

so that Cdc42 can be reactivated within the bud to drive exclusive cell

growth within that compartment (Okada et al., 2013). To test this hypoth-

esis, we performed time-lapse imaging of a temperature-sensitive septin

mutant cdc12-6 strain at the nonpermissive temperature. Even at 39°C
(the nonpermissive temperature for the cdc12-6 cells under our imaging

conditions), the isogenic wild-type cells showed normal Cdc42 inactivation–
reactivation dynamics (Fig. 5D). In contrast, the cdc12-6 septin mutant cells

failed to display the transient inactivation of Cdc42 during bud emergence

(Fig. 5C and D). The cluster intensity of Cdc42-GTP increased

continuously during bud emergence. As expected, septin accumulation at

the presumptive bud site was not observed in the cdc12-6 mutant at the

nonpermissive temperature. Consequently, the bud became elongated instead

of ovoid in shape. This result not only provides strong support for our

hypothesis but also illustrates the power of the biosensor in uncovering

an unexpected interplay between Cdc42 activity and septin ring assembly

during bud formation or polarized cell growth.
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5. CONCLUDING REMARKS

Small GTPases are cellular switches that play vital roles in diverse

processes such as cell polarization, cell migration, membrane trafficking,

and cytokinesis (Etienne-Manneville, 2004; Park & Bi, 2007). Their acti-

vation and inactivation are exquisitely controlled to ensure that specific

cellular events occur only at specific times and places. This also explains

why there are far more GEFs and GAPs (GTPase-activating proteins) than

their target GTPases (e.g., there are �70 GEFs and 70 GAPs for 17 Rho

GTPases in the human genome) (Bernards, 2003; Bernards & Settleman,

2004). Small GTPases also share two key features in executing specific cel-

lular functions—displaying a unique pattern of individual activation

dynamics (e.g., Cdc42) and requiring spatiotemporal coordination with

other GTPases (Rac, Rho, Rab, etc.). As we have demonstrated here,

the biosensor for Cdc42-GTP in budding yeast has led to the discoveries

of new activation and feedback mechanisms during polarization and bud

morphogenesis. Strikingly, Cdc42 is inhibited while Rho1 is active during

cytokinesis in budding yeast (Atkins et al., 2013; Okada et al., 2013;

Okada, Wloka, & Bi, 2017; Onishi, Ko, Nishihama, & Pringle, 2013;

Tong et al., 2007). Thus, it will be critically important to explore the

potential mutual antagonism between Cdc42 and Rho1 during cytokinesis

(Atkins et al., 2013; Onishi et al., 2013). A similar relationship between the

GTPases has also been suggested for the budding process (Gao, Caviston,

Tcheperegine, & Bi, 2004). Such studies require the development of a rig-

orously tested biosensor for Rho1 in budding yeast, which has yet to be

done. In mammalian cells, the activities of small GTPases such as Ras,

Rho, Cdc42, and Rac are coordinately regulated, often displaying mutual

antagonism in processes such as cell migration (Machacek et al., 2009;

Nobes & Hall, 1999; Tsubouchi et al., 2002), cell–cell adhesion

(Arthur, Noren, & Burridge, 2002; Bruewer, Hopkins, Hobert,

Nusrat, & Madara, 2004), and chemotaxis (Xu et al., 2003). Biosensors

for different small GTPases have played a key role in defining their

spatiotemporal relationships in a specific process. These biosensors and

newly developed ones will continue to be instrumental for understanding

the functions and mechanisms of individual GTPases, discovering their

new roles, and understanding their coordination with other GTPases in

a given process.
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