Chapter 2

Single-Molecule Kinetic Analysis of Stochastic
Signal Transduction Mediated by G-Protein
Coupled Chemoattractant Receptors

Yukihiro Miyanaga and Masahiro Ueda

Abstract Cellular chemotactic behaviors are typical examples of stochastic signal
transduction in living cells that have been investigated in detail both experimentally
and theoretically. In this chapter, we describe single-molecule kinetic analysis for
stochastic signal transduction in chemotactic responses mediated by G protein-
coupled chemoattractant receptors in order to give deeper understanding of the
stochastic nature in chemotactic signaling processes. We also describe theoretical
analysis of receptor-mediated chemotactic signaling, which reveals that noise gener-
ated in the transmembrane signaling by G protein-coupled chemoattractant receptors
limits the precision of the gradient sensing. This suggests that receptor-G protein
coupling and its modulation have an important role for improving the signal-to-noise
ratio of chemotactic signals and thus cellular chemotaxis. Extending this beyond
G protein signaling, combining single-molecule kinetic analysis with theoretical
analysis offers a new tool in exploring the relationship between the kinetic properties
of signaling molecules and their corresponding cellular responses in general.
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2.1 Introduction

Intracellular signal transduction has a stochastic nature due to its underlying chemical
and physical reactions. For example, when an extracellular ligand binds stochasti-
cally to a cell’s membrane receptors, the number of occupied receptors fluctuates
with time and space in cells. The average of this number corresponds to concentra-
tions of the extracellular ligand, while fluctuations in this number are considered a
counting error, or noise, a result of the receptor’s stochastic reactions. Downstream of
the receptor are many types of signaling molecules involved in the signal processing
and transduction. These molecules also operate stochastically, making the signal
transmission inevitably noisy. Revealing how cells identify environmental cues
enmeshed inside a noisy signal is crucial to further our understanding of the compu-
tational principles involved in intracellular signal transduction. This is an important
question, as the stochastic computation systems in living cells are either noise-robust
or noise-utilizing information processors that require far less energy than current
artificial systems, and therefore offers a new design paradigm.

For such studies, single-molecule imaging has been successfully applied to a
variety of biomolecules both in vitro and in living cells, leading to advances in the
understanding of these molecules’ stochastic nature [9, 42, 51, 54, 61]. Examples
include the random transitions between open and closed states of single ion channels,
stochastic behaviors in catalytic reactions done by single enzyme molecules, and
stepwise motions of molecular motors [20, 23, 40]. In living cells, vital unitary
reactions for signal transductions involving the signaling molecules like complex
formations, conformational changes, and diffusion have been visualized at the sin-
gle-molecule level [14, 41, 42, 54]. The stochastic properties of these reactions, such
as the kinetic rates of the association and dissociation of complexes and diffusion
coefficients, have been determined experimentally in the context of the cellular
microenvironments. Intracellular microenvironments such as ion concentrations,
lipid compositions, and cytoskeletal organizations have the potentials to provide
variations for the properties of individual signaling molecules. In fact, various kinds
of signaling molecules have been found to exhibit heterogeneity in their behaviors in
relation to the spatiotemporal changes of the intracellular microenvironment
[13, 27, 54]. Such information is lost when making ensemble measurements of a
large number of molecules. Thus, single-molecule imaging analysis provides a unique
tool for revealing the kinetic details of signaling molecules in living cells.

Similarly, theoretical approaches have been applied to reveal how stochasticity
in molecular reactions affects cellular behaviors. For example, Berg and Purcell
revealed that molecule counting noise generated by receptors limits the precision
of chemoreception on measurements of chemical concentrations in bacteria chemo-
taxis [2]. Bialek and Setayeshgar compared theoretical and experimental studies
on the chemotaxis of Escherichia coli, showing that the bacterial chemotaxis
is performed near the physical limits in chemoreception [3]. For amoeboid chemo-
taxis, Tranquillo et al. described a stochastic model in which fluctuations in
ligand-receptor binding reactions affect motile behaviors and limit chemotactic
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accuracy [52]. However, these theoretical analyses have been performed despite
knowing very little about the kinetic details of signaling molecules in living cells,
and therefore further theoretical analyses are required to quantitatively describe the
relationship between the inherent noise of the signaling molecules and the
corresponding cellular response. Recently, Shibata and Fujimoto proposed the
gain-fluctuation relation (GFR) for stochastic signal transduction, which can
describe how stochastic noise is generated, amplified and propagated along a
signaling cascade ([46], Chapter 13). Based on the kinetic properties of signaling
molecules, the GFR can estimate the noise strength propagated along the signal
transduction process.

In this chapter, we discuss the chemotactic signaling of eukaryote Dictyostelium
discoideum cells as a typical example for stochastic signal transduction. Specific
attention is given to single-molecule kinetic analysis and GFR-based theoretical
analysis, which can quantitatively explain the stochastic cellular responses of this
system by deriving the kinetic properties of the relevant signaling molecules.

2.2 Gradient Sensing and Directional Cell Migration
in Dictyostelium discoideum

Dictyostelium discoideum is a well-established model organism for elucidating
molecular mechanisms of amoeboid movements and regulation. This organism
has many advantages for molecular and cellular biology studies including having
its genome completely sequenced, well-established genetic engineering techniques,
and advanced microscopic techniques [6, 11, 12, 32, 38, 62]. In addition, there are
several more reasons why it is ideal for cellular motility research. For example,
Dictyostelium cells are highly motile and exhibit fast amoeboid movements, with a
velocity of 10-20 pm/min on glass substrates. The crawling movements on the
surface take place spontaneously and randomly, even in the absence of extracellular
cues [50]. Under a spatial heterogeneous environment of extracellular cues, cells
exhibit tactic behaviors such as chemotaxis and electrotaxis [44, 48]. At the
aggregation stage during their life cycle, cells exhibit chemotaxis in response to
cyclic adenosine 3'5’-monophosphate (cAMP)(Fig. 2.1a), which induces multicel-
lular organization [45]. About one hundred thousand of the cells move directionally
toward the aggregation center by chemotaxis, and then form one multicellular
aggregate. In this situation, more than 99% of cells exhibit synchronous chemo-
taxis, making it possible to prepare highly homogeneous cell populations. These
properties have enabled investigators to study numerous essential intracellular
activities including the roles of actin and microtubule cytoskeletons on cellular
motility [11, 32, 62]. The molecular components required for chemotactic
responses have been also identified extensively [12, 16, 33, 35, 43, 48]. Further-
more, imaging analysis of cytoskeletal proteins and their regulatory molecules has
revealed the dynamic behaviors of these molecules during amoeboid movements in
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Fig. 2.1 Chemotactic signaling of Dictyostelium cells. (a) Chemotaxis of Dictyostelium cells
toward the tip of a micropipette containing the chemoattractant cAMP. Images were captured at
time O (left panel) and 30 min after (right panel) introduction of the micropipette. (b) cAMP
signals are mediated by G protein-coupled cAMP receptors, especially cAR1. Receptor stimula-
tion results in the activation and dissociation of heterotrimeric G protein, followed by the
regulation of downstream signaling molecules such as PTEN and PI3K. PTEN catalyzes the
dephosphorylation of PtdIns(3,4,5)P5, while PI3K catalyzes the phosphorylation of PtdIns(4,5)P,.
Such antagonistic activities are essential for PtdIns(3,4,5)P; localization at the leading edge of
chemotactic cells. Abbreviations: PTEN, phosphatase and tensin homologue deleted on chromo-
some 10; PI3K, phosphatidylinositol 3-kinase; PIP,, phosphatidylinositol (4,5) bisphosphate or
PtdIns(4,5)P,; PIP;, phosphatidylinositol (3,4,5) triphosphate or PtdIns(3,4,5)P,.

response to chemotactic stimulations [5, 10, 12, 48]. In particular cases, signaling
molecules have been observed at the single molecule level in living cells
[27, 28, 31, 54, 57].

Chemotaxis is a fascinating phenomenon from the viewpoint of stochastic signal
transduction in living cells. Cells show extreme sensitivity to subtle cAMP concentra-
tion gradients (Fig. 2.1b). The chemotactic ability of cells to cAMP gradients is studied
quantitatively and signal inputs for chemotaxis are estimated [7, 26, 47, 55]. In a
range of 0.1 nM to several pM cAMP, even a 2% gradient across the cell body can
trigger a chemotactic response. When we consider a cell length of 10 pm with 80,000
receptors and K4 = 100 nM, for such a gradient (for example, ~3.3 x 10~> nM/um
assuming 0.5 nM cAMP), the receptor occupancy is estimated to be ~400 molecules,
while the difference in receptor occupancy between front and back halves of the cell is
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only on the order of 10 molecules. Such a small difference suggests that the stochastic
properties of the receptor may affect gradient sensing ability. Assuming a Poisson
process, fluctuations in receptor occupancy equal the square root of the averaged
occupancy, which for 400 occupied receptors translates to ~20 molecules, which is
larger than the front-back differences. This means that stochastic fluctuations can
reverse the ligand-binding patterns along the length of a cell even when the extracellu-
lar chemoattractant gradient is stationary, which implies that signal inputs for chemo-
taxis are noisy. Thus, Dictyostelium cells can sense a faint signal within stochastic
noise. Understanding how the signaling system is designed to reliably obtain informa-
tion in such an environment is an important issue in chemotaxis studies.

Signaling components and their reaction networks for chemotaxis are
largely shared among many eukaryotic cells (Fig. 2.1b) [12, 16, 33, 35, 43, 48]. In
Dictyostelium cells, chemotaxis in response to cAMP is mediated by G protein-
coupled cAMP receptors (cCARs). Among them, cAR1 functions dominantly at the
aggregation stage. cCAMP binding to cAR1 activates intracellular heterotrimeric G
protein, which facilitates the G protein to separate into its two subunits, Go, and GBy.
These subunits transduce signals that regulate downstream molecules including
Ras, PI3K, PTEN, Crac, guanylyl cyclase, PLCy, and PLA,. One key reaction in
this signaling system is the localization of phosphatidylinositol 3,4,5-trisphosphate
(PtdIns(3, 4, 5)P3) on the membrane side facing a higher concentration of
cAMP. PtdIns(3, 4, 5)P5 localization is regulated by PI3K and PTEN, which catalyze
PtdIns(3, 4, 5)P; production and degradation, respectively. Because PI3K and PTEN
are reciprocally localized on the membrane sides facing higher and lower cAMP
concentration, respectively, PtdIns(3, 4, 5)P3 accumulates at the leading edge of
chemotaxing cells, acting as a cue for pseudopod formation to bias cell movement.
Thus, a chemotactic signaling system can convert small differences in extracellular
signals into localized signals that facilitate pseudopod formation and maintenance.
PtdIns(3, 4, 5)P; localization takes place in an all-or-none manner with respect to the
direction of the chemoattractant gradient [18], suggesting that noisy chemotaxis
signals are somehow processed to consistently reflect the direction of the chemoat-
tractant gradient. To understand how signal inputs for chemotaxis are received,
processed and transduced by stochastically-operating signaling molecules, it is impor-
tant to uncover the stochastic nature of the signaling molecules at work.

2.3 Single-Molecule Imaging Analysis of Chemotactic
Signaling System in Living Cells

We have applied total internal reflection fluorescence microscopy (TIRFM) for single
molecule imaging in a living cell (Fig. 2.2a). Originally, TIRFM was used for imaging
multi-molecules and organelles in living cells [1], and has been further refined for
single-molecule imaging of biomolecules [9, 42, 51, 54]. The theoretical aspects of
TIRFM are discussed elsewhere [1, 8, 59]. Also, experimental apparatus and sample
preparation for Dictyostelium cells are described previously in detail [28, 31].
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Fig. 2.2 Single molecule imaging in living cells. (a) Schematic drawing of single molecule
imaging. The basal membrane of a Dictyostelium cell is illuminated by evanescent fields generated
by the total internal reflection of an incident laser. Diffusible fluorescent molecules in the
cytoplasm or extracellular aqueous solution, such as PTEN-TMR and Cy3-cAMP, are not seen
due to their rapid diffusions. However, their fluorescence can be seen when these molecules bind to
the plasma membrane or membrane-bound receptors. (b) Typical images of single-molecules of
cAR1-TMR (left panel) and PTEN-TMR (right panel). (c) Typical time course of the fluorescence
intensity arising from a single cAR1-TMR spot showing single-step photobleaching. (d) Distribu-
tion of cAR1-TMR fluorescence intensities.

Target molecules for single-molecule imaging by TIRFM should be labeled with
a fluorescent dye, which must be selected with care. In order to conduct kinetic
analysis through single-molecule imaging, we need fluorophores that do not inter-
fere with the function of the molecule. Also, fluorescent dyes that have a bright
fluorescent intensity and are stable over a long observation time are preferred.
Commonly used labels include green fluorescent protein (GFP or its variants) or a
tag protein such as HaloTag [17, 27, 28]. We have applied several fluorescent-
labeling techniques to Dictyostelium cells, having examined the photobleaching
time of the label and signal-noise ratio of the acquired images. Currently, we find
that HaloTag labeling is best for the single molecule imaging of signaling mole-
cules in Dictyostelium cells.

In the HaloTag labeling method, the gene encoding target protein is fused to the
HaloTag gene and transferred into the cells. There, the HaloTag-conjugated proteins
are labeled specifically by treating with a fluorescent HaloTag ligand like tetra-
methylrhodamine (TMR). Using our equipment, TMR has both better brightness and
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a longer photobleaching time than fluorescent proteins such as GFP or YFP.
In fact, we can observe individual single molecules in living cells for tens of seconds
or more under continuous excitation. Moreover, the labeling efficiency can be
controlled to a level suitable for single-molecule imaging by adjusting the amount
of HaloTag ligand. Labeling efficiency is sometimes problematic for single-
molecule analysis because a high density of labeled molecules makes it difficult to
identify single molecules. Therefore, the labeling efficiency should be such that
overlapping between fluorescent spots when the molecules exhibit rapid diffusion
is avoided. Empirically, the densities of the fluorescent spots should be limited
to less than ~0.1 molecule/um2 for molecules with diffusion coefficients of
~0.2 um?*s and less than ~0.7 molecule/um® for molecules with diffusion
coefficients of ~0.02 pm?/s.

The simplest way to verify the functionality of the labeled molecules is to
substitute these with native molecules, which can be easily done in Dictyostelium
cells [15, 21, 25]. Using this haploid organism, functional fusion proteins for
chemotactic signaling molecules including cAMP receptor, subunits of trimeric G
protein, PI3K and PTEN have been successfully generated. Halo-tagged cARI,
Go,, Gy and PTEN molecules can be confirmed as functional by examining
whether the Halo-tagged genes for these molecules can rescue phenotypic defects
in cells lacking the corresponding genes [28]. For instance, PTEN knockout cells
exhibit severe defects in cell division, morphology and chemotactic movement.
When HaloTag-conjugated PTEN (PTEN-Halo) is introduced, the transformed
pten-null cells behave like wild type cells. PTEN-Halo was visualized by staining
with TMR (PTEN-TMR), revealing a uniform localization on the membrane, as
expected for functional PTEN molecules. When a fluorescent analogue of an
extracellular ligand like chemoattractant is used for single molecule imaging
analysis, it is also important to confirm whether the labeled analogue can activate
the corresponding signaling pathways. We have generated a fluorescent analogue
for cAAMP (Cy3-cAMP) to monitor the signal inputs for chemotaxis [18, 54]. Cy3B-
cAMP, which is commercially available (Amersham LKB, a component of cAMP
Fluorescence Polarization Immunoassay kit, RPN3595), can also be used.

Figure 2.2b shows a typical example of fluorescent spots arising from TMR-
labeled cAR1-Halo (cAR1-TMR) on the basal membrane of living Dictyostelium
cells. To verify that the fluorescent spots represent single cAR1-TMR molecules,
some characteristic features of a single molecule should be confirmed. One is single-
step photobleaching, which occurred upon continuous excitation (Fig. 2.2c), and is
consistent with the photobleaching of single fluorescent molecules. The histogram
for cAR1-TMR fluorescence intensity exhibited a Gaussian distribution with a
single mean value (Fig. 2.2d), which is also characteristic of single fluorescent
molecules. For a mixture containing dimer and monomer molecules, the distribution
of the fluorescence intensities should exhibit a sum of two Gaussian distributions.

Using the same experimental setup, PTEN-TMR on the basal membrane of living
Dictyostelium cells can also be observed (Fig. 2.2b). PTEN molecules undergo
dynamic shuttling between the membrane and cytoplasm. PTEN-TMR fluorescent
spots behave differently from those of cAR1-TMR. Free PTEN-TMR molecules in
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the cytosol cannot be imaged clearly as fluorescent spots at video frame rates because
of rapid Brownian motion. When PTEN-TMR binds to membrane, however, diffus-
ible movements slow due to its association, which allows for the visualization of
clearly resolved TMR fluorescence spots (Fig. 2.2b). Following PTEN-TMR release
from the membrane, the fluorescent spot suddenly disappears. Thus, association/
dissociation events of a single signaling molecule on the membrane can be visualized
in living cells. Additionally, the lateral diffusion of PTEN-TMR molecules can be
observed simultaneously with association/dissociation reactions. Signaling mole-
cules shuttling between the membrane and cytoplasm should also have a fluorescence
intensity that exhibits a single-step disappearance and a quantized distribution.
However, the disappearance of fluorescent spots should not necessarily be regarded
as photobleaching because molecules may dissociate from the membrane before
photobleaching occurs.

By analyzing the behaviors of individual molecules on the membrane statisti-
cally, their kinetic information such as dissociation rates of signaling complex can
be obtained. Statistical analysis of the lateral diffusion is described in detail in
Chapter 12 [29]. Here we explain briefly single-molecule kinetic analysis of
signaling molecules for a simple case [28, 31]. First, the time duration between
the appearance and disappearance of individual molecules on cells is measured.
Then, the distribution of the time duration is constructed by counting the fraction of
the duration. The number at t = 0 is the total number of molecules measured, which
decays with time because of dissociation. Figure 2.3 shows a normalized distribu-
tion, also known as a cumulative probability distribution. Cumulative probability
distributions of the time duration can be fitted with the following equation,

f(t) = arexp(—kit) + azexp(—kat) + - - - - 2.1)

where k; represents the dissociation rates and a; represents the relative amount
of the ith component. Summing a; over all i equals 1. Inversing k; gives the
lifetimes, 7;, of the molecules.

When membrane-integral proteins such as receptors are observed and analyzed,
the distribution of the time duration reflects the photobleaching events because
membrane-integral proteins do not dissociate from the membranes. Figure 2.3a
show the cumulative probability distributions of cAR1-TMR and cARI1-YFP.
The distribution of cAR1-TMR is well fitted to a single exponential curve with
the time constant T = 11's (Kpjeaching = 0.09 s~ 1), which represents the photobleach-
ing time constant of TMR in living cells under our experimental system. On the other
hand, cAR1-YFP has two time constants, 7; = 0.52 s (86%) and 7, = 2.2 s (14%).
The multiple time constants suggests that YFP frequently exhibits photoblinking
[30] (Fig. 2.3b). The shorter observable time and complicated photo-stability of YFP
may cause misinterpretations of data for YFP-tagged target proteins.

For molecules dynamically shuttling between the membrane and cytosol, the
cumulative probability distribution of the molecules reflects the release from
the membrane if the dissociation rates of the molecules are relatively faster than
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Fig. 2.3 Lifetime analysis of cAR1 and PTEN. (a) Cumulative probability distributions of cAR1-
TMR (stars) and cAR1-YFP (circles). Solid lines represent the fitting curves of the data to a single
exponential function with a time constant of 11 s (cAR1-TMR) and sum of two exponential functions
with time constants of 0.52 s (86%) and 2.2 s (14%) (cAR1-YFP). (b) Semi-logarithmic plots of
cumulative probability distributions facilitate the distinction between multiple and single time
constant in the reaction. (¢) Comparison of the lifetimes of cAR1-TMR (stars) and PTEN-TMR
(triangles). Shorter lifetime of PTEN-TMR indicates the dissociation of PTEN-TMR from the
membrane prior to the photobleaching of TMR.

the photobleaching rates of the fluorescence dyes. For example, the lifetimes of
PTEN-TMR (0.6 s, 87% and 4.1 s, 13%) without correction are significantly shorter
than that of cAR1-TMR (Fig. 2.3c), meaning that PTEN molecules dissociate from
the membrane before photobleaching. Because the dissociation rates k; obtained
from Eq. 2.1 for experimental data are apparent values, they should be corrected by
incorporating the photobleaching rate kpjeqcning. The actual dissociation rates are
obtained by subtracting the photobleaching rate from the apparent dissociation rates:
k = ki — kpieaching. The lifetime analysis of membrane-integral proteins such as
receptors is sometimes performed as a control for signaling molecules that exhibit
dynamic shuttling between the membrane and cytosol. Lifetime analysis has been
successfully applied to kinetic studies of ligand-receptor complexes and down-
stream molecules including G-protein, PTEN and PH domain-containing proteins,
as described below [27, 28, 54, 57].
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2.4 Single-Molecule Kinetic Analysis of Stochastic Signal
Inputs for Chemotaxis

To elucidate how Dictyostelium cells sense the chemoattractant cAMP, fluores-
cently-labeled cAMP (Cy3-cAMP) was prepared and its binding to the receptors on
the cells was observed by using TIRFM (Fig. 2.4a) [54]. When Cy3-cAMP solution
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Fig. 2.4 Single molecule imaging analysis of signal inputs for chemotactic responses. (a) Typical
image of Cy3-cAMP single-molecules. Cell contour is shown by broken line. (b) Typical time
courses of fluorescence intensity from single Cy3-cAMP spots showing association and dissocia-
tion events between Cy3-cAMP and cAR1. Cy3-cAMP molecules bound to the receptor at time 0.
(c) Cumulative probability distribution of Cy3-cAMP. (d) Typical single-molecule trajectory of
Cy3-cAMP bound to its receptor on a living cell. Time length of the trajectory, 15.4 s. (e) Plot of
the mean-squared displacement versus time, indicating that the receptor diffuses by simple
Brownian motion with a diffusion coefficient of ~ 0.02 pm?/s.
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was applied to the cells, the fluorescence arising from the Cy3-cAMP molecule
became visible as a single spot on the membrane, followed by the spot undergoing
lateral diffusion and then suddenly disappearing (Fig. 2.4b). The cumulative prob-
ability distribution of Cy3-cAMP lifetimes were well fitted to a sum of exponential
curves with constants of 0.93 s™' (61%) and 0.11 s~ (39%), which correspond to
lifetimes of 1.1 and 8.2 s, respectively (Fig. 2.4c). These constants represent the
dissociation rates of Cy3-cAMP-receptor complexes. In a simple kinetic scheme,
ligand-binding reactions can be written as R 4+ L < RL, where R and L represent a
receptor and ligand, respectively. The dissociation rates represent the rates for the
state transition RL to R. Multiple dissociation rates indicate the receptor takes
multiple kinetic states. Exponential distributions of the ligand-binding lifetimes
demonstrate that the ligand dissociates from the receptor randomly. The majority of
Cy3-cAMP-receptor complexes adopted the faster-dissociation state, meaning that
the cells sense the chemoattractant within a 1 s sampling time. Lateral diffusion also
can be analyzed simultaneously for individual Cy3-cAMP-bound receptors by
calculating the mean square displacement (Fig. 2.4d, e) [29]. The diffusion coeffi-
cient of the individual Cy3-cAMP-receptor complex was ~0.02 pm?/s. cAR1-Halo
expressed in wild-type cells had a diffusion coefficient of ~0.02 pm?/s irrespective
of cAMP being present, suggesting that ligand-binding to the cAR1 receptor does
not affect lateral mobility on the membrane.

Single-molecule imaging of cAMP binding to the receptor in living cells can be
also used to examine the receptor occupancy for chemotaxis. By counting the
number of Cy3-cAMP complexes bound to a chemotaxing cell, the cell’s receptor
occupancy was determined, although the region measured was restricted to the
cell’s basal surface. Figure 2.5a shows an example of the temporal changes in
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Fig. 2.5 Fluctuations in chemotactic signaling inputs. (a) Temporal changes in the number of
bound cAMP molecules were measured by counting Cy3-cAMP spots on the anterior pseudopod
(black line) and the posterior tail (gray line). (b) Numerical simulations of signal inputs. Temporal
changes in the receptor occupancy in the anterior (black line) and posterior (gray line) halves of a
single cell were simulated. It is assumed that the receptor adopt two states: fast- (dissociation rate,
1.0 sfl; association rate, 4 x 107 Mflsfl; 78,000 molecules/cell) and slow-dissociating (disso-
ciation rate, 0.04 s~'; association rate, 4 x 107 M~ 's7': 4,000 molecules/cell).
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receptor occupancy of a chemotaxing cell. The time series of the receptor occu-
pancy at the anterior and posterior halves of the cell occasionally reverse against the
direction of the cAMP gradient due to stochastic fluctuations in the ligand-receptor
binding reaction. In other words, the posterior end may have higher occupancy
despite the gradient being higher at the anterior. Thus, signal inputs on the basal
surface of a chemotaxing cell are quite noisy. But we should note that the time
series of the receptor occupancy does not represent the total inputs made by the
chemotactic signals. This means we cannot exclude the possibility that such
reversals are rare events when considering the cell’s entire surface. Next, we
performed a numerical simulation of ligand binding to the receptors (Fig. 2.5b).
For simplicity, we assume that the receptors adopt slower- or faster-dissociating
states stably without state transitions and that they are uniformly localized on
the membrane. Also, we assume a Poisson process for the ligand-binding reaction.
When the cAMP gradient across the cell body is 2% at 10 nM, differences in
receptor occupancy between anterior and posterior halves of a cell can sometimes
be negative, meaning that the ligand-binding patterns on the cell are reversed
against the ligand concentration gradients. For direct measurements of total recep-
tor occupancy over the whole surface of chemotaxing cells, further technical
developments are required including numerical simulations [36, 37].

2.5 Stochastic Signal Transduction and Processing
by Chemoattractant Receptors

As described in Section 2.4, chemoattractant receptors have been revealed to
operate stochastically in living cells. Here we discuss the application of the gain-
fluctuation relation (GFR) to transmembrane signaling initiated by chemoattractant
receptors [46, 53]. A detailed explanation of the GFR is described in Chapter 13.
The GFR can describe noise generation, amplification and propagation along a
signaling cascade based on the kinetic properties of signaling molecules.

Let us consider a simple model for transmembrane signaling in which ligands
bind to receptors stochastically to activate the receptors and initiate second mes-
sengers that act as stochastic signal outputs (Fig. 2.6a). The scheme is as follows:

kon 1 % ky % + ka
R+L+~<R, R"+X->R"+X", X =X, 2.2)

ko

where R, R* and L represent inactive receptors, active receptors and ligands,
respectively. X and X* are inactive and active forms of second messengers. k,,
and k4 represent ligand-association and dissociation rates, respectively. &, and k,
represent production and degradation rates for the second messenger, respectively.
The average number of active receptor R* and second messenger X* per one cell can
be given by,
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Fig. 2.6 Noise propagation and generation in chemotactic responses. (a) Simple model for
transmembrane signaling. Ligand bound receptor becomes active (R*) and then activates second
messenger (X*). Both input and output signal should have noise (6 and oy, respectively) around
their averages (R* and X*, respectively). (b) Noise generation and propagation. Input noise is
propagated through the reaction as an extrinsic noise. Moreover, the reaction itself generates
intrinsic noise. (¢) Comparison of the theoretically obtained SNR (/ine) with experimental data
(circles) for chemotactic accuracy of Dictyostelium cells.

F:R,Ota]-L'(KR+L)71, F:Xtofal'ﬁ'(KX+ﬁ)_l7 (23)

where R, is the total molecular number of receptors per single cell, Kg = kg /kon
is the affinity for the ligand-receptor binding reaction, X, is the total molecular
number of second messengers per cell, Kx = k/k, is the molecular number of
active receptors when the activation of the second messenger reaches its half-
maximum. Eq. 2.3 represents the input-output relationship between the average
number of active receptor R* and the average number of active second messenger
X* at ligand concentration L. According to the GFR [46], the relationship between
the noise of the active receptor (cx?) and the noise of the active second messenger
(6x?) is given by,

ox? 1 T or*

R 2 24)

where @ is a factor to adjust the dimension. ® = 1 when X* is measured as a
molecular number [46]. Tg and Ty are the chara?cteristic time constants of the
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fluctuations in the ligand-binding and G protein activation reaction, respectively.
According to scheme (2.2), the time constants are given by,

R = (konL + kaff)ila Tx = (kpﬁ + kd)_] (2.5)

The gain, gy, quantifies the amplification rate of the output responses to small
changes in input, and is given by,

 AX/X  dlogX "
B AR* /R* ~ dlogR* Ky - (Kx +KY) 26

8x

Equation 2.4 describes the input-output relationship between noise in the active
receptor concentration and noise in the active second messenger concentration
(Fig. 2.6b). The second term on the right hand side of Eq. 2.4 represents the noise
propagated from ligand-receptor binding reactions, which is modulated by the
time constants Tg and ty and the gain gx. These parameters can be obtained from
the rate constants k,,, ko k,, and k, of the signal transduction reaction. In some
cases (e.g., k), the rate constants can be obtained directly by single-molecule
experiments. The first term on the right hand side of Eq. 2.4 represents noise
generated intrinsically by the second messenger production reaction itself. So
even if noise propagated from the ligand-receptor binding reactions is negligible,
intrinsic noise is still present. Thus, Eq. 2.4 describes how the kinetic properties of
signaling molecules determine both signal and noise transmitted in the
corresponding signaling reaction.

We next discuss chemotactic signaling based on the GFR. It is evident that
eukaryotic amoeboid cells detect differences in chemoattractant concentrations
across their cell body by the fact that they can extend pseudopods toward the
chemical gradient without any cellular translocations [4, 34, 63]. This type of
gradient sensing is known as spatial-sensing. Chemotactic signals in using a
spatial-sensing mechanism originate from differences in the receptor occupancy
between the anterior and posterior halves of a cell under a chemical gradient.
Recently, the local excitation global inhibition (LEGI) mechanism was proposed
as an extended spatial-sensing mechanism. The LEGI mechanism argues that
spatial differences in the ligand concentration are sensed by comparing the excit-
atory signals derived from the receptor occupancy in a local area with the inhibitory
signals derived from the average level of receptor occupancy over the entire surface
of the cell [16, 24]. This mechanism does not entail direct comparison of the ligand
concentration between different points over the cell surface. Instead, differences in
receptor occupancy between a local area and the entire surface of the cell determine
the chemotactic signal.

Here we consider the spatial-sensing mechanism for simplicity. We assume no
polarity in the transmembrane signaling process along the length of a chemotaxis
cell. In other words, the kinetic properties of the signaling molecules in the anterior
and posterior halves of the cell are the same. A concentration difference in ligands
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produces a difference in the receptor occupancy, AR", which then leads to a
difference in active second messengers, AX*, between the anterior and posterior
region of the chemotactic cells. AR” and AX™ should fluctuate with time and include
noise oar and Gx, respectively. From the GFR, we obtain the following relation
between o, /AR* and 6, /AX*,

2 =\ 2 2
(&) “sor (i) wfaE) @
AX)  ex®X* \AR* %+ \AR*) ’ '
where the first term on the right hand side of Eq. 2.7 is derived from the noise
generated intrinsically in the second messenger production reaction, while the
second term is derived from the noise propagated from the ligand-receptor binding
reaction [53].

We defined the SNR of the chemotactic signals as AX*/oax, which is obtained
from Eq. 2.7,

A 1 AL
e R (e () e e

where Kxg = Kx - Kg - (Riprar + Kx)fl is the ligand concentration when X* is at
half maximum and Vx = Ry * Xeotar + (Riotar + K, X)fl. By using parameter values
obtained experimentally for Dictyostelium cells, we obtained the dependence of the
SNR on cAMP concentration with a constant 2% gradient (Fig. 2.6¢) ([53] for
details of parameter values). We found a good agreement between our theoretical
SNR and experimental data on the chemotactic accuracy of Dictyostelium cells
[7, 53]. This suggests that chemotactic accuracy is determined mostly by the SNR
of chemotactic signals at the most upstream reactions of the chemotactic signaling
system. The SNR is proportional to AL/ VL when ligand concentration is much
smaller than Krand Kxg. Supposing that cells can sense the gradient if the SNR of
chemotactic signals is larger than the threshold SNR, or SNR jesioid <C(AL/+/L)
with constant C, we find AL > \/L (SNRyeshoia/C)for chemotaxis. Therefore, the
minimum difference in ligand concentration necessary for chemotaxis is propor-
tional to the square root of L, ALgyyeshota X VL. In fact, Van Haastert and a
colleague [56] reported the relation between the average concentration of ligand
and the corresponding threshold gradient, estimating o in the relation
ALpreshola < L* to be 0.5. We should note that Eqs. 2.7 and 2.8 are applicable to
other cell types. In fact, similar dependency for chemotactic accuracy has been
observed in mammalian leukocytes and neurons [39, 64].

Equations 2.7 and 2.8 can reveal the regulatory mechanisms used for signal
improvements [53]. The SNR of the chemotactic signals is determined by the
kinetic parameters of both the receptor and the downstream second messenger
(kons kog kp, kg, Kx and Kg) along with their respective quantities (Ryyr,; and X;ozq1)-
Therefore, changing a number of parameters individually potentially reveals a great
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Fig. 2.7 Signal improvements. (a) Time-averaging effects. The SNR was improved by increasing

the time constants of the second messenger. The degradation rates (k;) were changed and the

corresponding SNR was calculated: (gray line) 10 s~ 1 (black line) 1 s (broken line) 0.1 s~ 1.

(b) Receptor fluctuation-dependent signal improvements. The dissociation rates of the ligand (k,z)
were: (gray line) 0.1 s~ (black line) 1 s™Y; (broken line) 3 s71. (¢) Dependency of the SNR on
receptor expression levels. The receptor numbers are 16,000 (gray), 80,000 (black), 400,000
(broken) molecules/cell. (d) Effects of affinity modulation on the SNR. Ligand-binding affinity:
18 nM (broken), 180 nM (black), and 1,800 nM (gray).

deal about the relationship between the kinetic properties of signaling molecules
and the corresponding cellular response.

The first example is how the SNR can be improved by increasing tyx (Fig. 2.7a).
The second term on the right hand side of Eq. 2.7 describes how the noise of the
active receptor, R*, propagates into the noise of the second messenger X*. The term
1r/(tx + tg) is known as the time-averaging factor of the noise. When the time
constants of the second messenger production are faster than those of the active
receptor (tx < 1g), the noise of the active receptor propagates more efficiently
into the noise of the second messenger because the term tg/(tx + Tg) increases
gradually with a decrease in 7x. In this case, the second messenger reaction can
follow rapid temporal changes of the active receptor. On the other hand, in the case
of tx > 1z, the second messenger reaction cannot follow the noise of the active
receptor. Instead, the noise of the active receptor is averaged temporally. Thus, in
order to reduce the noise generated at the ligand-binding reaction, a relatively slower
reaction is required during second messenger production. A longer second messen-
ger lifetime, which corresponds to slower degradation, causes noise reduction more
effectively by time-averaging effects (Fig. 2.7a). This means that the regulatory
mechanism for degradation or inactivation of second messengers has a pivotal role
on signal improvements for chemotaxis. In the case of G-protein, lifetimes of its
active form on the membrane affect the SNR of the chemotactic signal, which is
determined by both GTPase activity and its membrane-binding stability. In our
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preliminary single-molecule analysis of Ga, and Gy, receptor stimulation causes
an enhancement in the membrane-binding stability of both subunits, suggesting that
the SNR of the chemotactic signal is improved by modulating the lifetimes of
G-protein on the membrane.

Second, the SNR can be improved by decreasing 15 (Fig. 2.7b). When ligand
concentration is increased, the ligand-binding rate, k,,L, accelerates, resulting in a
decrease in the time constant Ttz (Eq. 2.5). Moreover, signal improvements are
possible by increasing the on-rate (k,,) and/or off-rate (k). This means that faster
transitions between the ligand-binding and -unbinding states of the receptors can
produce chemotactic signals with higher SNR. That is, an increase in ligand
concentration results in better efficiency of chemotactic signals not only by increas-
ing the average concentration of the active receptor but also by decreasing the
characteristic time of the active receptor fluctuations. As described below in
Section 2.6, chemotactic cells that exhibit a polarity in receptor kinetic states in
which ligand dissociation rates kg at the pseudopod region are faster than at the tail
region suggest that the SNR is higher at the pseudopod than at the tail [54].

The third and final way to improve SNR discussed in this section involves
modulating the total amount of receptor expressed in cells (Fig. 2.7¢c). Increasing
or decreasing the receptor number improves the SNR in the lower and higher
concentration ranges of the chemoattractant, respectively. Receptor internalization
too can contribute to SNR improvements in the higher concentration ranges. Also,
receptor affinity for the chemoattractant is an important factor for adjusting the
concentration ranges in chemotaxis (Fig. 2.7d). It is well known that cAMP
receptors in Dictyostelium cells are phosphorylated upon cAMP stimulation, lead-
ing to a three- to approximately sixfold decrease in ligand-binding affinity [60].
Such an affinity shift of receptors contributes to an SNR increase in the higher-
ligand-concentration range, which extends the response range to higher ligand
concentrations. Thus, we can reveal the molecular mechanisms for both noise
reduction and amplification in a stochastically operating signal transduction system
by analyzing how the SNR is modulated depending on the kinetics properties of the
signaling molecules.

2.6 Kinetic Heterogeneity of Signaling Molecules
and Cellular Polarity

As described in Section 2.4, single-molecule imaging analysis of ligand-binding in
cells has revealed multiple receptor kinetic states. For most G-protein-coupled
receptors (GPCRs), the dissociation rates depend on the interaction of receptors
with the coupled G-proteins [19, 22, 58], meaning ligand-binding kinetics can be
used to elucidate the coupling of the receptors with G proteins. In membrane
fractions that include the receptors and G proteins, ligand-binding kinetics is
sensitive to the presence of GTP. In the absence of GTP, the receptors adopt
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slow-dissociating states, where the receptors bind to G proteins but cannot facilitate
their activation. The addition of GTP causes a shift in the receptor kinetic states
from slow-dissociating to fast-dissociating states. This shift reflects the dissociation
of G protein from the receptor via G protein activation. That is, the receptors adopt a
slow-dissociating state with binding to G protein, while they adopt a fast-
dissociating state when free from G protein. When G protein is efficiently activated,
the receptor undergoes state transitions between the two.

For the case of cAMP receptors, ligand-binding kinetics using radiolabelled
cAMP has identified at least two receptor kinetic states and that GTP addition to
the membrane fractions increases fast-dissociating one [19]. We have performed
single-molecule analysis of cAMP-binding kinetics on a membrane fraction to
examine GTP sensitivity (Fig. 2.8a) [54]. In the absence of GTP, slow-dissociating
states with dissociation rates of 0.4 s~ ! or 0.08 s~! were dominantly (78%)
observed. GTP addition increased the fast-dissociating state with a dissociation
rate of 1.3 s™' up to 66%. When the membrane fractions prepared from the mutant
cells lacking either functional G protein subunits Ga, or G were used for this
assay, GTP sensitivity was not observed, indicating that GTP-induced alterations in
the cAMP-binding kinetics reflects altered interactions between the receptors and

a b
9 9
< £100g A Tail
8 ° 0 Pseudopod
‘53 5o
52 89
£E EE
SO 2 g’
2z £
ol ®©
g £ A
g 8
= 0 5 10 15 20 25
Time (s)
Cc
Slower

Fig. 2.8 Kinetic heterogeneity of cAMP bindings. (a) Cumulative probability distribution of Cy3-
cAMP bound to the membrane fraction in the absence (triangles) and presence (circles) of GTP.
(b) Cumulative probability distribution of Cy3-cAMP bound to the anterior pseudopod (circles)
and posterior tail (triangles). (inset) Receptor occupancy in a chemotaxing cell. The positions of
Cy3-cAMP bound to the receptor are shown by the yellow dots. (¢) Schematic illustration of
kinetic heterogeneity in Cy3-cAMP bindings. Faster and slower-dissociation of Cy3-cAMP in the
anterior pseudopod and posterior tail, respectively, suggest high and low G protein activation.
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their coupled G proteins. These results agree well with those obtained previously by
conventional ligand-binding kinetics methods.

Based on these observations, we next examined the kinetic states of the receptor
in chemotaxing cells by conducting single-molecule analysis of the cAMP-binding.
Under a chemical gradient, Dictyostelium cells adopt a polarized shape with a
pseudopod at the leading edge and a tail at the rear end (Fig. 2.8b). The cumulative
probability distribution of Cy3-cAMP lifetimes was obtained separately for Cy3-
cAMP molecules bound to the anterior and posterior halves of a polarized cell. As
shown in Fig. 2.8b, the Cy3-cAMP lifetimes exhibited a polarity along the length of
the cell. The lifetimes of Cy3-cAMP in the anterior region were about three times
shorter than those in the posterior region. In the anterior region, the majority of the
receptors adopted a fast-dissociating state with a dissociation rate of 1.1 s (71%),
while the remaining population of the receptor adopted a slow-dissociating state
with a dissociation rate of 0.4 s~ ! (29%). These dissociation rates resemble those
observed in cAMP binding to membrane fractions in the presence of GTP, implying
that receptors in the anterior region undergo cycling between G protein-bound and
free states, and thus G proteins are efficiently activated at the anterior region. On the
other hand, receptors in the posterior region adopted a slow-dissociating state with
dissociation rates of 0.4 s ! (76%) and 0.16 s~! (24%), which resemble those
observed in cAMP-binding kinetics on membrane fractions in the absence of GTP.
This suggests that these receptors are somehow suppressed in their ability to
activate G protein. Such polarity in the receptor kinetic states was not found in
mutant cells lacking the Ga, or G subunits, suggesting that differences in the
receptor states reflect on differences of the coupling with G-protein between the
anterior and posterior regions. These results suggest anterior-posterior polarity
affect the efficiency of G protein activation along with the length of a chemotaxing
cell (Fig. 2.8c). Thus, single-molecule kinetic analysis can reveal the kinetic
heterogeneity of signaling molecules within the context of a cell.

Anterior-posterior polarity in the receptor kinetic states may provide a molecular
basis for noise-robust signal processing against the stochastic fluctuations seen in
receptor occupancy. As described in Section 2.4, receptor occupancy in a cell under-
going chemotaxis towards a chemoattractant source is reversed spontaneously and
transiently with respect to the direction of the gradient. If an anterior-posterior
polarity affects the efficiency of G protein activation along the length of a cell, the
ligand binding at the anterior pseudopod will preferentially affect cell behavior, while
the transmembrane signaling at the posterior would be inefficient. Furthermore,
polarity in receptor states may explain a polarity in the response to cAMP observed
previously in the Dictyostelium cells [49]. Specifically, when a cell is stimulated
locally with cAMP, it forms a pseudopod. At the anterior region of the cell, a
pseudopod forms within a few seconds of cAMP stimulation, while if at the posterior
region the formation takes about 40 s or more. This is consistent with the idea that
transmembrane signaling by cAMP receptors is somehow inefficient at the posterior.

Such polar kinetic properties has been found in other signaling molecules such
as the PtdIns(3, 4, 5)P3-binding protein Crac and PTEN [27, 57]. Crac molecules
stably localized at the pseudopod regions of a polarized cell undergoing chemotaxis
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Fig. 2.9 Kinetic heterogeneities of downstream signaling molecules along the length of chemo-
taxing cells. (a) Localization of Crac-GFP at the anterior pseudopods of a polarized cell during
chemotaxis. (b) Cumulative probability distributions of Crac-GFP in the anterior (black squares)
and posterior halves (gray circles) of chemotaxing cells shown on a semi-logarithmic plot.
(c) Localization of PTEN-TMR at the lateral and rear regions of a chemotaxing cell. (d) Cumula-
tive probability distributions of PTEN-TMR in the anterior (black squares) and posterior halves
(gray circles) of chemotaxing cells shown on a semi-logarithmic plot. (e) Schematic illustration of
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when observed by conventional epi-fluorescence microscopy (Fig. 2.9a). The
cumulative probability distribution of Crac, which was obtained by single-molecule
observation, show that almost all Crac molecules dissociated from the anterior
membrane within a lifetime of 110 ms (Fig. 2.9b). That is, stable localization of
Crac at the pseudopod is maintained by rapid exchange of individual Crac mole-
cules via dynamic shuttling between the membrane and cytosol. Crac molecules
were also observed in the posterior regions by single-molecule imaging, which
could not be seen when using conventional methods. The number of Crac mole-
cules in the posterior region was ~30 times lower than that observed in the anterior
region. The lifetimes of Crac molecules at the posterior regions were 110 ms (76%)
and 890 ms (24%). Thus, fast-dissociation and slow-dissociation sites were prefer-
entially localized at the leading edge and at the rear end of the polarized cells,
respectively (Fig. 2.9e).

PTEN molecules also exhibit kinetic heterogeneity and dynamic shuttling
between the membrane and cytosol. PTEN localized predominantly at the lateral
and rear regions of a chemotaxing cell (Fig. 2.9c). Such stable localization is
maintained by the shuttling of individual PTEN molecules. Lifetimes of PTEN
molecules at the lateral and rear regions were 0.4 s (97%) and 11 s (3%), respec-
tively, while the lifetime at the pseudopod regions was 0.2 ~0.6 s (Fig. 2.9d). Thus,
even if the same signaling molecules are present at the anterior and posterior
regions of a polarized cell, the signaling molecules adopt different kinetic states
between the anterior and posterior regions (Fig. 2.9f).

The kinetic heterogeneity of downstream signaling molecules with relation to
cellular polarity has the potential to modulate the quality of the transmitted signals
and thus affect the corresponding molecular and cellular responses. As described in
Section 2.5, downstream signaling reactions with faster kinetic rates can follow
rapid temporal changes of upstream reactions, and thus cause effective noise propa-
gation. On the other hand relatively slower reactions cannot follow such rapid
temporal changes in the upstream reactions, leaving the noise from the upstream
reactions to be averaged temporally. Thus, polarity in the kinetic heterogeneity of
signaling molecules suggests that the anterior region may follow and respond to
relatively faster and smaller changes in the environmental signals, while the poste-
rior region may observe relatively slower and larger changes. That is, it is likely that
the anterior region of chemotactic cells is more sensitive to environmental changes
than the posterior one. The polarity in kinetic properties of signaling molecules
downstream of the cascade may also provide a molecular basis for the robustness
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Fig. 2.9 (continued) Crac membrane recruitment. Fast and slow-dissociation binding sites for
Crac have been identified as PI(3,4,5)P; and adenylyl cyclase A (ACA) dependent, respectively. PI
(3,4,5)P3 and ACA-dependent sites are localized at the pseudopod and the tail of chemotaxing
cells, respectively. (f) Schematic illustration of the kinetic heterogeneity of PTEN. PTEN mole-
cules show fast-dissociation bindings, which depend on PIP,, and slow-dissociation bindings,
which are observed at the lateral and rear regions of chemotaxing cells.
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against stochastic fluctuations seen in receptor occupancy and thus explain the polar
responses made to chemotactic stimulations observed in Dictyostelium cells [49]. As
a result, heterogeneity in the signaling molecules with relation to cellular polarity
may further establish and maintain cellular polarity.

2.7 Conclusion Remarks

Here we take the chemotactic signaling of Dictyostelium cells as a typical example
for stochastic signal processing and transduction in living cells. Single-molecule
imaging analysis has revealed the kinetic properties of the signaling molecules
responsible for chemotaxis. The GFR can be used to evaluate how these kinetic
properties affect cellular chemotactic responses. Our analyses revealed that the
stochastic properties of chemoattractant receptors most upstream of the chemotac-
tic signaling cascade determine the chemotactic accuracy of the cells. The noise
within transmembrane signaling by the receptors limits the precision of the direc-
tional sensing, suggesting that receptor-G protein coupling and its modulation have
an important role on chemotaxis efficiency in cells. The noise generated at the
ligand-receptor complex can be reduced through the slow dynamics of signaling
molecules by using time-averaging effects. Overall, polarity within the kinetic
heterogeneity of signaling molecules may provide a molecular basis for noise-
robust signal processing.
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