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Quantitative Measurement of Protein Relocalization in Live Cells
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ABSTRACT Microscope cytometry provides a powerful means to study signaling in live cells. Here we present a quantitative
method to measure protein relocalization over time, which reports the absolute fraction of a tagged protein in each compartment.
Using this method, we studied an essential step in the early propagation of the pheromone signal in Saccharomyces cerevisiae:
recruitment to the membrane of the scaffold Ste5 by activated GBy dimers. We found that the dose response of Ste5 recruitment
is graded (ECso = 0.44 + 0.08 nM, Hill coefficient = 0.8 + 0.1). Then, we determined the effective dissociation constant (Kye)
between Ste5 and membrane sites during the first few minutes when the negative feedback from the MAPK Fus3 is first acti-
vated. Ky changed during the first minutes from a high affinity of <0.65 nM to a steady-state value of 17 = 9 nM. During
the same period, the total number of binding sites decreased slightly, from 1940 + 150 to 1400 = 200. This work shows
how careful quantification of a protein relocalization dynamic can give insight into the regulation mechanisms of a biological

system.

INTRODUCTION

Cells need to respond appropriately to external stimuli pre-
sented by a complex and changing environment. These
responses are mediated by signal transduction processes
that carry the information through the plasma membrane
(PM) to the inside of the cell, resulting in changes in
physiological state that often involve changes in gene
expression. For most signals, the first step of these path-
ways involves the activation of a surface receptor that in
turn activates components on the inner side of the PM.
From there, information about the signal crosses the cyto-
plasm and reaches the nucleus via many different mecha-
nisms. A recurrent motif involves the activation of one
or more cytoplasmic components by their relocalization
to the membrane, bringing them into close proximity to
their activating partners. In addition, relocalization to the
membrane greatly increases the local concentration of sig-
naling molecules and thereby facilitates signal transduc-
tion (1). Examples of activation by membrane recruitment
include STAT proteins in response to cytokines (2), Aktl
in response to endothelial growth factor (3), protein kinase
C in response to different stimuli (4-6), and Sos in response
to growth factors (7).

Another well-documented example of membrane recruit-
ment occurs in the yeast Saccharomyces cerevisiae phero-
mone response pathway, a prototypical G protein coupled
receptor (GPCR) and mitogen-activated protein kinase

Submitted October 1, 2012, and accepted for publication December 13,
2012.

*Correspondence: colman-lerner @fbmc.fcen.uba.ar
Editor: H. Wiley.

© 2013 by the Biophysical Society. Open access under CC BY-NC-ND license.
0006-3495/13/02/0727/10

e

@ CrossMark

(MAPK) cascade signal transduction system (Fig. 1 A).
When a-factor mating pheromone binds its receptor (Ste2)
at the PM of haploid MATa yeast, Ste2 activates and causes
the exchange of GDP for GTP in the associated Ga (Gpal)
subunit of the G protein. In turn, this exchange causes the
dissociation of the heterotrimeric G protein. Membrane-
anchored Gy (Ste4:Stel8) can then bind and thus recruit
to the membrane the scaffold protein Ste5. This scaffold
binds the MAPKKK Stell, the MAPKK Ste7, and the
MAPK Fus3, and localizes them at the PM, where the
PAK family kinase Ste20 initiates the phosphorylation
cascade. Activated Fus3 and Kssl move to the nucleus,
where they activate transcription factors and other targets
that prepare the cell for mating (8,9).

The recruitment of Ste5 to the membrane is both re-
quired and sufficient for signaling (10), and it is mainly
mediated by the interaction of Ste5’s RING-H2 domain
with Ste4 (10,11). Nevertheless, other domains of Ste5 are
also involved in its membrane recruitment. An amphipathic
N-terminal domain of Ste5 called the PM domain interacts
directly with membrane phospholipids and is required for
efficient recruitment (12). A pleckstrin homology (PH)
domain that partially overlaps with the Stell-binding
region and has affinity for phosphoinositides is also impor-
tant for membrane recruitment (13). Other indirect interac-
tions may contribute to Ste5’s membrane localization as
well. For example, Ste5 interacts with Bem1 (14,15), a scaf-
fold protein that binds Ste20, the small rho-like GTPase
Cdc42, and its guanine-nucleotide exchange factor (GEF)
Cdc24 (16), which are involved in the establishment of
cell polarity (17).

Control of Ste5 activity is a key regulatory point of the
pathway. Ste5 is the component of the pathway with the
lowest abundance, with only 500 molecules on average
per cell, and its abundance sets a trade-off between the
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FIGURE 1 (A) Schematic representation of the pheromone pathway.
When a-factor binds its receptor Ste2, the GEF activity of this GPCR is
activated, causing the dissociation of the heterotrimeric G protein. Free
Gpy can recruit the scaffold protein SteS to the membrane, initiating the
MAPK cascade. Phosphorylated Fus3 and Kssl can phosphorylate other
targets that initiate the mating response. (B) Image montage of YFP-Ste5
membrane recruitment. Saturating amounts of «-factor was added at time
zero (indicated by the arrow) to strain YAB3770, and changes in fluores-
cence distribution were followed by time-lapse confocal microscopy. BF,
bright field.

maximal pheromone response and the dynamic range of the
system (18). SteS recruitment to the membrane may be the
target of a negative feedback loop mediated by Fus3 that
modulates the sensitivity of the system to the incoming
pheromone signal (19). Although the point of regulation
of Fus3 is not known, it is has been reported that both
Ste5 and Ste4 (GB) are phosphorylated by Fus3 in response
to pheromone (11,20-22). Phosphorylation of Ste5 by Fus3
modulates the affinity between Ste5 and Fus3, which in turn
modifies the system’s output (21). Binding between Ste5
and Fus3 induces autophosphorylation of Fus3, which also
modulates the system’s output (23). Ste5 membrane locali-
zation is cell-cycle-regulated and is inhibited by late G1
CDK activity due to the phosphorylation of eight sites flank-
ing the PM domain of Ste5, which reduces its affinity for
phospholipids by electrostatic repulsion (24). Degradation
of Ste5 via proteasome has been reported to occur in a
cell-cycle-regulated manner (25); therefore, Ste5 is an im-
portant point of cell-cycle regulation of the mating response.
The membrane localization of Ste5 and its bound MAPK
cascade also seem to modulate signal transduction, pro-
moting a graded (as opposed to a more switch-like) response
of the pathway (26).

Given the regulatory importance of Ste5, we sought to
study its initial activation by membrane recruitment in
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more detail. In terms of measurements, membrane recruit-
ment of Ste5 has several advantages over other signaling
steps. It can be measured by fluorescence microscopy in vivo
and within seconds of pheromone addition. Furthermore, it is
the actual biological process of interest, and not an external,
potentially interfering reporter, and thus results in a direct
and real-time measurement of pathway activation.

Previous studies measured membrane recruitment of
different proteins by employing time-lapse fluorescence
microscopy in different cell cultures (4-6,27). In these
studies, a fusion between the protein of interest and a fluo-
rescent protein (FP) was usually overexpressed and its local-
ization was followed through time. Usually, conclusions
were based on the qualitative change in fluorescence distri-
bution that was apparent in the images. In other studies,
investigators quantified recruitment manually based on
acquired images, such as by calculating the ratio between
membrane and cytoplasmic density of fluorescence (6), or
using line scans of the cell (27). In another approach,
the concentration of FPs was estimated by comparing the
intensity levels with a calibration curve obtained with puri-
fied recombinant FP, under the same imaging conditions
(28,29). These approaches require a manual definition of
the regions of interest, which limits the throughput of the
analysis. Furthermore, they require a large signal/noise ratio
of the image and consequently are restricted to abundant or
overexpressed proteins.

In yeast, we previously measured the recruitment of
Ste5 at mildly overexpressed levels (18,19). This was
done in an automatic and high-throughput manner, but the
measure was not calibrated (i.e., it was given in arbitrary
units of a measured quantity), and the relationship between
the measured quantity and the actual fraction of membrane-
bound Ste5 molecules was not proven to be linear. Non-
linearities in this relationship may modify the apparent
response times and dose-response (D-R) curves. A properly
quantitative measurement would allow the estimation of
relevant system parameters, such as the ECs and Hill coef-
ficient of the D-R curve, and the affinity constants and rela-
tive abundances between binding partners. There are no
current estimates for these parameters; for example, values
ranging from 48 nM to 1 uM have been used as dissociation
constants for the Ste5-GS+ interaction in different models of
the pathway (30-32).

The recruitment of Ste5 to the membrane has a character-
istic peak and decline dynamics, due to the Fus3-dependent
negative feedback loop (19). This decline may be caused by
areduction in the effective binding affinity, a decrease of the
available binding sites, or a combination of both effects.
Identifying which of these parameters are modulated by
the negative feedback may help us understand the regulation
of the system and find the target of Fus3 that is responsible
for this modulation.

Here we present a quantitative and calibrated measure of
membrane recruitment that reports the absolute fraction of
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membrane-bound Ste5 molecules. The method is of general
utility and may be applied not only to other systems in
which membrane recruitment is relevant but also to relocal-
ization events in other subcellular compartments, such as the
nucleus and the mitochondria. The method is sensitive
enough to measure activation of cells with fluorescently
tagged Ste5 expressed at endogenous levels.

We used this method to measure the D-R relationship of
Ste5 recruitment, and found that it is graded and exhibits
no ultrasensitivity. Our data also indicate that, contrary to
our hypothesis, the Fus3 negative feedback does not alter
the sensitivity to pheromone at this step, but regulates the
amplitude of the response. Finally, using this approach,
we calculated the effective binding affinity and effective
amount of binding sites for Ste5 at the PM at various times
after pheromone exposure.

MATERIALS AND METHODS

The S. cerevisiae strains were of the W303a genetic background. All
strains were derived from ACL379 (33) (MATa, 4barl) by standard nucleic
acid and yeast manipulation procedures (34). ACL379 was used as the
reference for autofluorescence calculation. Strains used for the effec-
tive dissociation constant determination experiment were constructed by
replacing the endogenous STES by one or several integrations of a Psrgs-
YFP-STES construct, under control of STES native promoter. TCY3126
(W303a dbarl ste5::YFP-STES, the 1X strain) was cotransformed with
two linearized integrative plasmids (one with the URA3 marker and one
with the TRP1 auxotrophic marker) harboring the Pgrzs-YFP-STES expres-
sion cassette (35) and selected in synthetic defined medium minus uracil or
tryptophan, or both. Large numbers of transformant colonies were screened,
and colonies with different numbers of integrations, as assessed by yellow
FP (YFP) fluorescence levels, were selected.

Confocal microscopy cytometry was based on protocols described
elsewhere (35,36). Briefly, we placed exponential growing cells in 96-
well or 384-well glass-bottom plates. To affix cells, we pretreated the
wells with 1 mg/ml of concanavalin A (Sigma-Aldrich) and washed
them twice with water. We acquired images using an Olympus FV1000
confocal module mounted on a Olympus IX-81 microscope, with an
Olympus UplanSapo 63x objective (NA = 1.35). For YFP measure-
ments, we excited at 515 nm and collected between 530 and 630 nm.
Laser power was adjusted before each experiment to optimize the
signal while maintaining low levels of photobleaching. We stimulated
the cells with chemically synthesized a-factor (Yale Small Scale Pep-
tide Synthesis, New Haven, CT) at the indicated concentrations. We
prepared the different doses by serial dilutions in synthetic complete
(SC) medium (BSM formulations, BIO-101, Qbiogene, Irvine, CA) with
40 pg/ml of casein (Roche Applied Science) to block unspecific bind-
ing to tips and tubes, as previously described (33). When cells were
stimulated with saturating concentrations of pheromone (1 uM), the casein
was not required. Strains with analog-sensitive FUS3 allele FUS3-Q93A
(RY2013b) were preincubated for 10 min with 10 uM of 1-NM-PP1
(Caymen Chemicals, Ann Arbor, MI) or the carrier (0.1% DMSO), and
these concentrations were maintained after stimulation with pheromone
(see Fig. S5, D and E, in the Supporting Material). For the calibration
procedure we used FM4-64 (Molecular Probes) at a final concentration
of 0.25 ug/ml in SC.

Image segmentation and quantification were done with Cell-ID (35) and
the resulting dataset was analyzed with R (36). During this work, the R
package Rcell (available at http://cran.r-project.org/) was developed for
analysis and visualization of the data (A. Bush, R. Espada, A. Chernomor-
etz, and A. Colman-Lerner, unpublished).
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Model fitting was performed and confidence intervals (Cls) for the
parameters were calculated using a x? statistic as described in Cedersund
and Roll (37).

RESULTS

We acquired time-lapse confocal images of yeast strains
with the endogenous STES gene replaced by one or several
chromosomally integrated Pgrgs-YFP-STES constructs. We
stimulated cells with saturating doses of pheromone at time
zero (Fig. 1). To analyze the images in a high-throughput
manner, we used our Cell-ID software (35) for segmenta-
tion, and defined cell boundaries based on a bright-field
image. This approach is advantageous because no fluores-
cence channel is required for segmentation, and it avoids
potential bias in the segmentation process due to differences
in fluorescence levels.

With the cell boundaries defined, we searched for a
statistic (a quantity calculated from the fluorescence image
and the cell boundary) that robustly measures the biological
magnitude of interest, i.e., the amount of PM-associated
fluorescence. The ideal statistic would be linear with the
fraction of membrane-recruited fluorescence, not affected
by photobleaching, and independent of the total fluores-
cence, illumination intensity, and cell shape.

Constructing the recruitment statistic

To gain insight into the behavior of the different candidate
statistics, we made numeric simulations of the image acqui-
sition process and studied the dependency of each statistic
on the changes in fluorescence distribution within the cell
(Supporting Material). To make the statistic independent
of total fluorescence and illumination intensity, we decided
to normalize the fluorescence in the boundary of the cell by
total fluorescence. When we used the fluorescence inte-
grated in the entire area corresponding to a cell for this
normalization, the resulting statistic was not linear with
the simulated fraction of recruitment (Fig. S2 B). This is
because this estimation of total fluorescence is affected by
the subcellular localization of the fluorescence: when the
distribution changes from cytoplasmic to membrane associ-
ated, part of the fluorophores move to out-of-focus regions
(above and below the focal plane). Due to confocality, light
that originates in these regions does not reach the detector,
and thus the total fluorescence estimated in this way
decreases with recruitment (Fig. 2 B and Fig. S2 C).

To construct a measure of total fluorescence that does not
depend on its distribution, we calculated the volume fluores-
cence from an image focused at the equatorial plane of the
cell. We calculated the fluorescence intensity at each point
of the 3D volume of the cell by assuming an ellipsoidal
morphology, and then integrated the fluorescence in all of
the volume of the cell. This is equivalent to rotating the
image of the equatorial plane of the cell around the major
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FIGURE 2 Membrane recruitment statistic. (A) Purposely defocused BF
images (left) were processed by Cell-ID for image segmentation. Bound-
aries and IDs are overlaid in white on the BF image (center) and the fluo-
rescence image (right). (B) Total YFP-Ste5 fluorescence in the focal plane
versus time for cells treated with 100 nM a-factor («F, triangles and dashed
line) or SC medium (circles and solid line). Arrows on the x axis indicate
times of the images in D. (C) Volume fluorescence versus time for the
same cells as in B. (D) Image montage shows a representative cell for
each treatment at the indicated times. (E) Increase in membrane recruitment
statistic calculated as the ratio of surface to volume fluorescence versus
time, for a-factor stimulated cells and two laser intensities that result in
different photobleaching rates and total fluorescence. The inset shows the
evolution of the volume fluorescence for these same cells, along with
the best fit to exponential decay functions. The photobleaching rates are
1.7 = 0.1 1073 for 1%, and 6.3 = 0.3 10 3! for 3% laser power.
(F) Calibration of the recruitment statistic using cells with cytoplasmic
fluorescence distribution of YFP (Bmh2-YFP) and membrane distribution
of FM4-64. Each dashed line is an independent repetition of the calibration.
The solid line (shaded region) represents the mean (standard error (SE)) of
the calibration y = 0.317 + 0.013 + x*(0.291 = 0.016).

axis of the cell and integrating the 3D object obtained (see
details in Supporting Material). The volume fluorescence
measured this way is independent of changes in the fluo-
rescence distribution, as shown by numeric simulations
(Fig. S3 E) and by the fact that cells that were stimulated
with a-factor and had clear membrane recruitment showed
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no difference in the value of this statistic as compared
with unstimulated cells in which the fluorescence remained
cytoplasmic (Fig. 2, C and D).

In an analogous way, we calculated the surface fluores-
cence based on the fluorescence of the boundary pixels
of the equatorial plane image and the estimated surface
of the cell (Supporting Material). Thus, to construct a
recruitment statistic (Srec) that satisfies the desired condi-
tions, we divided the surface fluorescence by the volume
fluorescence (calculated using Eqs. S5 and S4, respectively).
Because this statistic is a ratio, it does not depend on the
total fluorescence level, illumination intensity, or photo-
bleaching. Accordingly, an increase in the laser power,
which increases the photobleaching rate, did not affect the
dynamics of the recruitment statistic (Fig. 2 E). Importantly,
because the denominator of the recruitment statistic is
independent of the fluorescence distribution, the recruit-
ment statistic has a linear relationship with the fraction of
membrane-associated fluorophores (Fig. S2 D).

Calibrating the recruitment statistic

Because of the diffraction-limited optical resolution of the
fluorescence microscope, fluorescence that originates in
the cytoplasm can reach pixels associated with the mem-
brane and, vice versa, fluorescence from the membrane
can reach internal pixels of the cell. Consequently, the
measured ratio between the surface and volume fluores-
cence needs to be corrected for this effect.

To do this calibration, we acquired images of cells with
known distributions of fluorescence, with an all-cytoplasmic
or all-membrane distribution (Fig. 2 F). As a 0% recruitment
calibration point, we used paraformaldehyde-fixed cells ex-
pressing Bmh2-YFP, an abundant protein with nuclear and
cytoplasmic distribution. To obtain a 100% recruitment
calibration point, we stained yeast with FM4-64, a lipophilic
dye that in fixed cells labels only the PM. This dye is excited
with the same laser used for YFP, but emits in a longer
wavelength and thus can be easily separated. In this manner,
we acquired images with extreme recruitment levels (0%
and 100%) in the same cells in different channels. Because
the recruitment statistic is linear with the fluorescence at
the membrane, we can use these two extreme points to cali-
brate it (Fig. 2 F). We obtained the same result when we
measured overexpressed YFP-Ste5 instead of Bmh2-YFP.

We calculated the fraction of membrane fluorescence
(finem) from the value of the recruitment statistic (sy.) ac-
cording to Eq. 1:

1 Srec(t) - Srm:(t = O)

f;71€nl -
1 _ﬁluto 14

M

Here f,, 1s the fraction of the total fluorescence due to
autofluorescence, and p is the slope of the calibration curve.
The autofluorescence is caused by endogenous fluorophores
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of the cell that have a cytoplasmic localization. This locali-
zation is not affected by pheromone treatment (Fig. S5 A),
and thus the recruitable fraction of fluorescence is given
by 1 — fiuo- We calculated the mean value of f,,, by
comparing the fluorescence intensities of the YFP-Ste5 ex-
pressing strain and its parental strain with no FP (Fig. S4 C).
Note that the autofluorescence distribution is very broad
and therefore it is possible to obtain recruitment levels
greater than 100% for cells with low autofluorescence. In
some cases, due to culture-to-culture variability in autofluor-
escence, the mean recruitment can also be slightly greater
than 100%.

Note that we measure the increase in the recruitment
statistic after stimulation. This approach has the advantage
of eliminating the variability observed in the intercept of
Fig. 2 F, and thus the uncertainty of the calibration curve
is given only by the variability in the slope p, estimated as
0.291 = 0.016. It also has the advantage of eliminating arti-
factual cell-to-cell variability in the basal level of the
recruitment statistic (Fig. S4). The basal level of the recruit-
ment statistic shows no significant difference between wild-
type (WT) and Aste4 strains (Fig. S5 B), and therefore there
is no detectable Ste4-dependent basal recruitment of SteS5.

The measurement of membrane recruitment is sensitive to
the exact focal plane that is acquired. If this plane does not
coincide with the equatorial plane of the cell, a bias will be
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introduced (Fig. S3). To make the measurement robust to
changes in the focal plane, we acquired short Z stacks and
then selected the image that corresponded to the equatorial
plane (see Supporting Material for details).

Measurement of Ste5 recruitment D-R

It was previously shown that the D-R of the pheromone
response pathway measured at the transcriptional level is
graded (26,33,38), with no ultrasensitivity (steep D-R). In
fact, the transcriptional D-R matched the fraction of occupied
receptor at the membrane fairly well (19,39). However, at
the Fus3 activation level, the D-R was slightly shifted to
lower pheromone doses compared with the receptor occu-
pancy (19). Therefore, using the described technique, we
now measured the D-R relationship between pheromone
levels and Ste5 recruitment. To do this, we stimulated yeast
harboring two integrated copies of the Pgrgs-YFP-STES
construct with a range of pheromone concentrations and
measured the amount of Ste5 that was recruited over time
for the first 6 min (Fig. 3 A, left). The recruitment level and
dynamics were dose dependent, with higher doses resulting
in more and faster recruitment than lower doses. Measured
at the steady-state (SS) level (~6 min), the D-R had an ECs
(dose required for 50% recruitment) of 0.44 = 0.08 nM
and a Hill coefficient of 0.8 = 0.1 (Fig. 3 B, solid line).

A
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This result indicates that recruitment is graded, with no ultra-
sensitivity, and that the D-R is more sensitive (shifted to
lower pheromone doses) than the receptor occupancy.

We previously showed that a Fus3-mediated negative
feedback was important for maintaining the D-R relationship
at the Fus3 activation step. This was evidenced by a 20-fold
shift to the left (more sensitive) of the D-R of phosphorylated
Fus3 when Fus3 kinase activity was inhibited (19). To deter-
mine whether the relevant Fus3 feedback is the one acting on
Ste5 recruitment, we repeated our measurement of the D-R
in strains expressing a mutant Fus3 (Fus3-Q93A), which
is sensitive to the ATP analog INM-PP1 (40). These cells
behave as WT in SC medium (Fig. S5 D), but inhibition of
Fus3 abolished the decline phase in recruitment that was
evident in uninhibited cells after the initial peak (Fig. 3 A),
confirming that the inhibitor was effective. However, treat-
ment with inhibitor did not alter the D-R, and instead only
resulted in higher recruitment when the highest doses of
pheromone were used (Fig. 3, B and C). These data suggest
that the Fus3 feedback on Ste5 is not the feedback that
controls sensitivity to pheromone.

Measurement of effective binding affinity

We then sought to measure the effective binding affinity of
Ste5 with its membrane-associated binding sites, and how it
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changed over time during the first few minutes of the pher-
omone response, when the Fus3-mediated negative feed-
back is first established. We reasoned that measuring the
recruitment level at different concentrations of SteS would
provide information about the total amount of binding sites
and the binding affinity. For example, if the affinity were
very high, virtually all of the available Ste5 would be re-
cruited until all binding sites became occupied. Then, at
saturation, the number of Ste5 molecules at the membrane
would be virtually equivalent to the total amount of binding
sites. On the other hand, if affinity were low, the amount of
membrane-bound Ste5 would increase slowly with the total
amount of Ste5, reaching saturation at higher total concen-
trations of Ste5.

To modify the amount of total Ste5, we used a series of
strains with different numbers of integrations of the Pgygs-
YFP-STES construct, which resulted in different abun-
dances of YFP-Ste5 (18) (Fig. S1). We measured Ste5
membrane recruitment in these strains using a saturating
amount of pheromone (Fig. 4 A).

Because of the peak and decline dynamics (19), there are
two interesting points at which Ste5 recruitment can be
measured: the peak (or maximal) recruitment and the
SS recruitment. Our previous measurements of Ste5 abun-
dance by Western blot resulted in an estimated 484 =+ 61
molecules per cell (18,35). Assuming a linear relationship
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FIGURE 4 Measurement of effective binding affinity. (A) Membrane recruitment dynamics for strains with the indicated integration number of the Pgrgs-
YFP-STES construct. Error bars represent the 95% ClIs for the mean plus the calibration uncertainty (see Supporting Material for details). (B) Bound amount
of YFP-Ste5 versus total amount of YFP-Ste5, assuming a concentration of 484 molecules of YFP-Ste5 per integration, considering the recruitment at 4 min
(circles) or the maximal level (triangles). The solid line is the best fit of a bimolecular association model for the recruitment level at 5 min, resulting in K, =
17 = 9 nM. For the peak recruitment level, only an upper bound for K; = 0.65 nM (gray dashed line) can be determined, because the best fit results in a K; of
zero (black pointed line). (C) Mean CFP-STE4 membrane fluorescence for different strains, ordered by YFP-STES integration number. For each strain, nine
images were acquired. The box-whisker represents the distribution of the averages of all cells within an image, the thick black line represents the median, and
box boundaries represent the first and third quantiles. Whiskers extend to the most extreme value within 1.5 times the interquantile range, measured from the
box boundary. Shared letters (a—d) between two strains indicate nonsignificant differences as computed by Tukey’s honest significance difference test, with
a = 0.05. The dashed gray line represents the autofluorescence level. (D) Time evolution of K,;. The best fit of the bimolecular association model at each time
is marked with a dot. The horizontal lines correspond to the 95% CI of the K. The bars are shaded according to the x> cost of the fit for the corresponding
value of K, (see Supporting Material for details). (E) Evolution of the total amount of Ste5 binding sites. Dots, lines, and bars as in panel D. (F) Regions of
acceptable model parameters (K,; and number of Ste5 binding sites), for the SS (solid line) and peak (dashed line) recruitment. The area within these regions
is shaded according to the x? cost of the fit. The dots represent the best fits, and the error bars indicate the 95% Cls as presented in D and E.
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between the YFP signal observed in each of the strains we
constructed and the number of molecules of YFP-Ste5 per
cell (Fig. S1), we can calculate the absolute amount of
membrane-bound YFP-Ste5 for each level of total YFP-
Ste5 (Fig. 3 B).

The number of Ste5 molecules that were recruited at the
time of the peak increased linearly with the total amount of
SteS up to 2000 molecules (four integrations), where it
reached a plateau (dashed line in Fig. 4 B). This is consistent
with a high-affinity binding and ~2000 available binding
sites for Ste5. Interestingly enough, our previous measure
of the abundance of G@vy and Ste5 by quantitative Western
blot indicated that there are on average four GGy for every
SteS (18). Note as well that the decline phase in the
membrane-recruitment dynamics is less pronounced at
high doses of Ste5 (Fig. 3 A).

To help us interpret our data and extract values of the rele-
vant parameters, we used a simple bimolecular association
model:

Kd
Ste5+G —= Ste5+ G 2)

Here G represents the binding sites and K, is the dissoci-
ation constant, which can be interpreted as the cytoplasmic
concentration of Ste5 at which half of the binding sites are
occupied.

The model assumes that the total amount of binding sites
does not vary with the amount of Ste5. However, recent
studies showed that the basal pathway activity (in the
absence of pheromone) is affected by Ste5 abundance
(18,41), and it is known that some components of the system
are induced by the pathway (9). Therefore, we decided to
test experimentally whether the amount of Gf (the main
known binding site for Ste5) varies with Ste5 abundance.
To that end, we constructed strains expressing different
levels of YFP-Ste5 in which the endogenous STE4 (Gf3)
was tagged at the N-terminus with cyan FP (CFP). Except
for the 1X YFP-Ste5 strain, the levels of CFP were fairly
constant (Fig. 4 C). Because of this result, the 1X strain
was not included in the subsequent analysis (gray points
in Fig. 4 B), although doing so does not change the results.

The model further assumes that the binding reaction is
much faster than the modulation of the available binding
sites (G) or the binding affinity (K,), i.e., that the binding
is in quasi-SS. Note that the modulation to which we refer
is not the initial one just after pheromone addition that
causes the fast membrane recruitment (within seconds),
but rather the slow modulation that causes the decline
dynamics, which occurs in a timescale of minutes (Fig. 3
A). Binding reactions normally reach equilibrium within
seconds, and it only takes a fraction of a second for a mole-
cule like Ste5 to diffuse through the cytoplasm to the mem-
brane (Supporting Material). Furthermore, because Ste5 is
recruited to the membrane a few seconds after pheromone
addition, and recruitment involves several steps including
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Ste5 diffusion and binding, the diffusion and binding of
Ste5 must take at most a few seconds.

Fitting this model to the SS data results in an estimated
amount of binding sites of G,,ss = 1400 * 200 (best
fit £ 95% CI) molecules and an effective binding affinity
of K .ss = 17 = 9 nM (solid line in Fig. 4 F). To our knowl-
edge, this is the first measurement of binding affinity
between Ste5 and PM binding sites (likely mostly GG7v).

The same analysis done on the peak recruitment levels
instead of the SS ones (dashed lines and triangles in
Fig. 4 B) resulted in a total amount of sites of G;ipeax =
1940 + 150 molecules, which is consistent with the abun-
dance of Ste4 and Stel8 (G and Gvy) as measured by
quantitative Western blots (18). In this case, we could
only determine an upper bound for the effective binding
affinity, of Kgepeax < 0.65 nM, because any value lower
than that would have resulted in an acceptable fit to the
data (Fig. 4, B and F).

Finally, we determined the dynamics of the change in K,
and in total binding sites from peak to SS by fitting data of
the intervening time points to the binding model. In Fig. 4 D,
we show that the dynamics of the K, follows a roughly
sigmoidal curve, beginning to increase after 2 min and
reaching a maximum value at ~4 min. On the other hand,
the total number of binding sites peaks after the first minute
and then slowly decreases to a plateau at ~5 min (Fig. 4 E).

DISCUSSION

In this work, we developed a quantitative method to measure
relocalization of a protein to the PM. We have shown that
our measurement is linear with the biological quantity of
interest and is calibrated. The resulting measurement gives
the absolute fraction of membrane-associated fluorescence.

Using the described method, we were able to measure the
population average change of localization of as few as 300
mature fluorescent molecules per cell (35). This sensitivity
allowed us to measure Ste5 recruitment dynamics at endog-
enous levels of expression. Changes in the abundance of
Ste5 alter key parameters in the performance of the system
(18,41), which makes it very important to measure Ste5 acti-
vation at physiological levels of expression.

Here we show that the D-R relationship at the Ste5
recruitment step is graded, in agreement with previous
work that showed that the pheromone response pathway
measured at various points down the signaling cascade is
not ultrasensitive (switch-like) (19,26,33,38,39). The D-R
was more sensitive (left-shifted) than receptor occupancy
and gene expression, suggesting that downstream of Ste5
recruitment, the pathway is able to realign (right-shift) the
D-R. Surprisingly, removal of negative feedback from
Fus3 did not sensitize (left-shift) the D-R of Ste5 recruit-
ment, in contrast to the strong effect this action has on the
D-R at the Fus3 activation step. This result shows that other
negative feedbacks, downstream of Ste5 recruitment, must
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exist to maintain the proper external signal sensitivity.
Candidate feedback targets include the Fus3 phosphatase
Msg5 (42), the Fus3 kinase Ste7 (43), and Ste5 itself, which
has multiple Fus3 sites that modulate signaling downstream
of recruitment (21,23).

With our method and a simple bimolecular association
model, we were able to determine the effective affinity
between SteS and its membrane-associated binding sites
(presumably G@v). To our knowledge, this constitutes the
first experimental estimate of this parameter. The total
amount of binding sites estimated by this method is in
very good agreement with the abundances of G@vy as
measured by quantitative Western blots (18), suggesting
that G protein dissociation is nearly 100% at this saturating
concentration of pheromone. In this case, it further suggests
that binding to G@ is constantly necessary to remain in the
membrane (i.e., Ste5 is probably unable to remain attached
to the membrane via other interactions for any significant
time in the absence of Gg3v).

The membrane recruitment of Ste5 shows a characteristic
peak and decline dynamics (19). This behavior allowed us
to measure the change in binding affinity of Ste5 during
the initial response to pheromone, at the time when the
MAPK negative feedback is first established. The total
amount of binding sites remained fairly constant, and slowly
decreased by only 28% from the peak to the SS level. In
contrast, the binding affinity decreased at least 10-fold
(K4 increased from <0.65 nM to ~10 nM).

The turnover rate of Ste5 polarized at the tip of the
mating projection was previously measured by fluorescence
recovery after photobleaching and resulted in a half-time
of 1y, = 82 = 1.3 s (44). Assuming that this value,
measured >1 h after pheromone treatment, is valid at the
SS reached in the first 5 min of the response, using it in
combination with our K, we calculate a K ;s = 0.085 =+
0.013 s~ ! and K,, = 0.005 + 0.003 nM ! s~! for the bind-
ing and unbinding rates of Ste5 with its binding sites.

The binding reaction equilibrates much faster than the
characteristic time of the decline phase of Ste5 mem-
brane recruitment; therefore, we assume that at each time
the amount of membrane-bound Ste5 is in equilibrium
with the amount of binding sites (quasi-SS approximation).
This means that all of the complexity of the system (e.g.,
negative feedback loops) is captured by the evolution of
the parameters of the binding model (i.e., the amount of
binding sites and the affinity), which eliminates the need
to model these complex regulations explicitly. The decline
phase in Ste5 membrane recruitment dynamics depends on
the activity of the MAPK Fus3, indicating that a negative
feedback loop exists in this system (19). This negative feed-
back acts downstream of G protein dissociation, and at
or upstream of Ste5 recruitment. Our results suggest that
a Fus3-mediated reduction of Ste5 binding affinity is the
main reason for the decline in the recruitment levels. This
suggests that the negative feedback may be due to Fus3
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phosphorylation of either Ste5 or GBv, which would result
in loss of affinity. In agreement with this hypothesis, Fus3
phosphorylation of Ste5 was recently reported (21,23). An
alternative explanation for the observed decrease in effec-
tive binding affinity would be a competitive inhibition,
i.e., the binding of second molecule at or nearby the Ste5
binding sites. This is analogous to the effect of a competitive
antagonist in a ligand-receptor interaction, which decreases
the apparent affinity but not the maximal response (45).
Note, however, that this interpretation requires the interac-
tion between the competitive inhibitor and Ste5’s binding
sites to be dependent on the activity of Fus3. The decline
phase of the membrane recruitment curves tends to disap-
pear at high doses of Ste5. This is consistent with the notion
that the decline is due to a decrease in affinity or a compet-
itive inhibition, and can therefore be compensated for by
an increase in the dose of Ste5. If the decline were due to
a decrease in the amount of binding sites, it should be
seen at all levels of scaffold protein.

To correctly quantify the subcellular fluorescence distri-
bution, one must take the 3D geometry of the cell into
account. In general, this can be achieved with 4D imaging
(time course of Z stacks) and sophisticated image-process-
ing techniques such as surface reconstruction (46—48).
This method uses fluorescence intensity levels to define
boundaries between subcellular compartments. Once the
surfaces are defined, the total fluorescence in each compart-
ment can be calculated by integrating the gray level of
the corresponding voxels (3D analogs of pixels). Note that
a strong fluorescence mark is required to define the bound-
ary; therefore, to measure membrane recruitment using this
method, one must use a membrane marker in another
channel to define the boundary when the recruitment level
of the protein of interest is low. Furthermore, enough z-sli-
ces to span the entire cell are needed, which increases the
total number of images acquired.

To reduce quantification errors due to the limited resolu-
tion of the fluorescence microscope (especially in the z
axis), the images may be deconvolved (49). This image pro-
cessing technique uses information about the microscope
optics, described by the point spread function (PSF), to
correct the original images by reducing the bleed-through
between contiguous voxels. One can measure the PSF by
imaging subresolution particles such as fluorescence beads;
however, this approach gives limited precision because the
sample itself is part of the optical system and thus distorts
the PSF (50). To overcome this problem, investigators
have developed blind deconvolution (50,51) methods that
estimate both the deconvolved image and the PSF from
the original images. These methods are computationally
intense.

The segmentation of yeast cells can be done with trans-
mission images, thereby sparing a fluorescence channel to
be used to measure other processes of interest. Because
yeast cells have a simple geometry, there is no need to do
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complex surface reconstructions; instead, symmetry consid-
erations can be used to calculate the volume fluorescence
from a single image. This means that fewer images have
to be acquired, which reduces photobleaching and phototox-
icity, and permits a higher sampling rate. The calibration
procedure presented here accounts for the light that bleeds
through subcellular compartments and thus eliminates the
need for image deconvolution. Furthermore, because the
calibration was done in the context of our sample, any
distortion of the PSF is automatically taken into account.

The described method produces single-cell data, allowing
one in principle to study the population heterogeneity that is
otherwise hidden in the population average. For the single-
cell measurements to be reliable, a stronger fluorescence
signal relative to the autofluorescence than the one obtained
in this study is required. This could be obtained by using
a brighter FP or tandem repeats of FP tags.

Modifications of the method presented in this work can
be used to measure other proteins that change localization
between different subcellular compartments. To that end,
one must follow four key steps: 1), segment the cells and
the subcellular compartments of interest (for some cell types
and subcellular compartments, fluorescence markers may
be required); 2), develop a measure of total fluorescence
that is independent of the fluorescence localization (for
cell types with regular geometry, this can probably be
achieved from one or a few images; for cells with irregular
shape, surface reconstruction techniques may be required);
3), use this measure of total fluorescence to normalize the
signal of the compartment of interest; and 4), use cells
marked with extreme distributions of fluorescence to cali-
brate the statistic.
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