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Chapter 1

Chemotaxis: a mechanistic
perspective

Chemotaxis is a complex interplay between numerous molecular species whose co-
ordinated interactions culminate in highly effective directed motion in concentration
gradients. Many proteins that play vital, important and minor roles have been iden-
tified and biochemically characterized. Several pathways have been recognized to
act in parallel each of which contributes to, but is not essential for chemotaxis. Nev-
ertheless a definitive answer as to how cells like Dictyostelium disciodeum perform
chemotaxis is still unknown. Qualitative descriptions of molecular interactions have
proven to be insufficient when trying to understand complex cellular cascades. New
techniques such as single molecule microscopy are able to add temporal, spatial and
quantitative information to the network of molecular interactions. Biophysics groups
are probing the properties of cytoskeleton meshworks and tightly controlled artifi-
cial membranes in vitro providing information on cellular components relevant to
chemotaxis which cannot be investigated in the complex environment of the living
cell. Abstract simulations may give insights in the effects of noise in the biological
systems and lead to new ways of interpreting old biochemical data. Here we will
look at chemotaxis from a biophysicists’ view, combining in vitro, in silico and in
vivo experiments with a particular emphasis on our own single molecule work.
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1.1 Dictyostelium discoideum

Dictyostelium discoideum is a single celled organism that can, when environmental
conditions deteriorate, aggregate into a multicelled structure called a pseudoplas-
modium or a slug. This pseudoplasmodium gains the ability to sense heat and light
in order to guide itself towards the soil surface where it transforms into a fruiting
body bearing stalk that releases spores. Taken away by the wind or passing animals,
these spores are allowed to germinate in more favourable regions.

The first person that became fascinated by these organisms was the German
botanist Oskar Brefeld. In 1869 he carefully described the process of cellular ag-
gregation and culmination into a spore containing fruiting body. About 80 years
later, in 1946, John Tyler Bonner showed (using axenically growing mutants) that
he could manipulate the characteristic aggregation process by creating a flow in the
cell medium. His experiments proved the involvement of a chemical substance in
the directional movement that leads to cell aggregation. With this discovery Bonner
paved the road towards extensive research in the area of chemotaxis. This process, in
which cells compute the direction of a concentration gradient and initiate directional
movement based on this computation, plays a role in many cellular behaviors criti-
cal to the existence of multi-cellular organisms. Examples include: embryogenesis,
wound healing and the detection of infection by the immune system. The discov-
ery of cyclic adenosine mono-phosphate (cAMP) as the chemoattractant that Bonner
proposed by Konijn and others in 1967 [51] lead to a more systematic way of inves-
tigating the phenomenon. Since the advent of molecular biology, a lot has become
clear as to how these cells can sense and move directionally towards cAMP sources.
The publication of the genome [20] meant that many unknown factors could be eas-
ily identified and investigated using knockout techniques. Moreover, the discovery of
green fluorescent protein (GFP) technology and its straightforward application in D.
Discoideum combined with high gene sequence homology to higher eukaryotes has
made it an immensely popular model organism for the study of chemotaxis.
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1.2 The biochemistry of chemotaxis

The cellular response to cAMP during the aggregation stage can be divided into two
facets: 1; the cells produce cAMP using adenylyl cyclase (ACA) and secrete it from
their posterior [54]. 2; the cells initiate movement up cAMP concentration gradi-
ents using precise modulation of their cytoskeleton. The emergent behavior of these
two distinct signaling units (which are biochemically intertwined) is highly effective
aggregation through characteristic stream formation. The process is initiated by star-
vation which induces the expression of cAMP receptor 1 (cAR1), the first expressed
and most sensitive cAMP receptor [37]. At the same time, other proteins needed for
directional movement and signal relay are also expressed. Being a G protein coupled
receptor (GPCR); cAR1 relays the cAMP signal via a G protein. G proteins are mem-
brane localized heterotrimers consisting of a Gα, Gβ and a Gγ subunit. Although it
was always assumed that D. Discoideum only has a single Gβ subunit, the genome
shows that there should be two [20], knocking out only one of them is enough to in-
terrupt chemotaxis [60]. Only a single Gγ subunit is found in the genome [102, 20],
consequently, it takes part in every G protein mediated reaction. In contrast, the
genome contains 12 Gα subunits [20]. The G protein Gα subunit determines the
specificity for downstream effectors. Gα2 is vital to cAMP mediated responses and
the principal signaling partner of cAR1 [68]. The binding of cAMP to cAR1 leads to
activation of the G protein by the exchange of guanine di-phosphate (GDP) for gua-
nine tri-phosphate (GTP) in the Gα2 subunit. Both the Gα2 and the Gβγ subunits
then engage in signaling towards several different pathways that operate in parallel.
The best studied of which is the Ras/PI3K pathway. The activation of Ras proteins by
the G protein proceeds via Ras guanine exchange factors (RasGEFs). RasGEFs func-
tion as on switches for the Ras family of small GTPases, promoting the, as does cAR1
for the Gα2 subunit, exchange of GDP for GTP [7]. For chemotactic responses, RasC
and RasG are the most important members of the Ras family [5].

Activated Ras molecules stimulate (among others) phosphatidylinositol-3-kinase
(PI3K) which is subsequently recruited to the membrane where it phosphorylates
phosphotidylinositol 4,5-bisphosphate (PI(4,5)P2) to create phosphotidylinositol 3,4,5-
trisphosphate (PI(3,4,5)P3). PI(3,4,5)P3 functions as a docking site for proteins that
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contain a pleckstrin homology (PH) domain, these proteins include a multitude of
signaling agents that play a role in cellular polarization and cytoskeleton regulation.
Phosphatase and tensin homolog on chromosome 10 (PTEN) catalyses the opposite
reaction of PI3K (PI(3,4,5)P3 => PI(4,5)P2). PTEN binds its own product, PI(4,5)P2,
this creates a feedback loop resulting in PI(4,5)P2 rich membrane areas [41]. The
same holds true for PI3K whose localization is self organising as well [74, 3]. Con-
spicuously PI3K and PTEN have opposing locations in a polarized cell with PI3K
at the leading edge (the anterior) and PTEN lining the lateral sides and trailing edge
(also called the posterior). The result of this segregation is a steep amplification of
PI(3,4,5)P3 signaling with respect to the external cAMP gradient. PI(3,4,5)P3 en-
riched membrane areas such as the leading edge of a crawling cell, stimulate the
generation of pseudopods [3]. For a long time, it was believed that PI3K was the key
pathway that leads to cell polarization. PI(3,4,5)P3 mediated signaling was thought
to initiate actin polymerization at the side of the cell facing the highest concentration
of cAMP but this view recently changed.

The generation of a mutant which has all five PI3Ks knocked out ended the notion
that PI(3,4,5)P3 signaling is vital to chemotaxis by showing that even in the total ab-
sence of PI3K mediated signaling, cells could still polarize and move directionally at
near wildtype (wt) efficiencies [38]. A possible parallel pathway that Dictyostelium
cells can address in this situation is the Phospholipase A2 (PLA2) pathway. It was
shown that on inhibition of PI3K, the product of PLA2, arachidonic acid is essen-
tial for efficient chemotaxis [11, 35]. A third pathway operating downstream of the
small G proteins (among which is RasC) but independent of PI3K is the Tor com-
plex 2 (TorC2) pathway [48]. When TorC2 encounters active membrane associated
activators it will phosphorylate protein kinase B R1 (PKBR1) and PKBA before re-
turning to the cytosol. The fact that TalinB is a PKB target provides a direct link to
the cytoskeleton. Talin has been shown to be important in cytoskeleton / membrane
interactions [64] and cell adhesion [87]. Despite of intensive research, at the moment
it is still not clear how all these parallel pathways orchestrate the cytoskeleton result-
ing in efficient chemotaxis. The current state of the biochemical pathways is depicted
in figure 1.1. Many feedback mechanisms are in place to evoke strong, switch-like
behavior and to allow cells to polarize in the absence of gradients. As is shown, feed-
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back mechanisms exist that are independent of cAR1 / G protein signaling, they are
in place to facilitate random movement in the absence of signaling [80]. The feed-
back routes that do involve either cAR1 or the G protein are probably involved in the
stabilisation of pseudopods, the generation of a persistent front or the regulation of
signaling. From this linear, 1 dimensional view on the signaling pathway it is not at
all obvious how complex spatial patterns can arise. To explain how cells can sense,
amplify, polarize and move directionally in a large variety of cAMP gradients re-
quires knowledge of the mechanics and dynamics of each of the individual molecular
players.

1.3 Signaling dynamics

A polarized Dictyostelium cell performing chemotaxis is a highly organised but very
dynamic entity. To achieve and to maintain polarization places several interesting
restrictions on the constituents responsible for the process. Let’s focus only on the
very first step of chemotaxis, the transduction of the cAMP gradient by the cAR1 - G
protein system. At a first glance, just the linear transduction of a signal seems trivial,
however in this polarized system several non-trivial constraints apply to the gradient
information carriers. The "output" gradient of the receptor, cAR1, is a function of the
"input" (cAMP) gradient and (more importantly) several cAR1 specific parameters.
If cAR1, once activated, would be allowed to move completely around the cell, the
gradient information would be washed out. It is thus of vital importance that cAR1
remains localized upon activation and does not disperse the gradient. The dispersion
range, and thus the output gradient of cAR1 is consequently a function of its diffusion
constant but also of its signaling off-rate. Apart from maintaining signal localization,
cAR1 has to interact with the G protein, whose mobility and activation rates conse-
quently also play a role. Moreover, in a 2D system such as the cell membrane the
rate of a reaction involving multiple molecular species is directly proportional to their
diffusion constant [4]. This means that high reaction rates can only be achieved at the
cost of loosing gradient information by signal dispersal. A possible way around this
limitation would be to confine fast moving signaling agents to domains or to a grid,
indeed this seems to be a mechanism cells make use of [94]. A more detailed look
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Figure 1.1: A depiction of the D. Discoideum chemotaxis pathway. Upon activation of
cAR1 by cAMP, the Gα2βγ heterotrimer dissociates. Both subunits engage in signaling,
Gα2 is more important in pathways that lead to pseudopod extension whereas Gβγ is more
important for cAMP relay involving cytosolic regulator of ACA (CRAC) and ACA [54]. The
PLA2 and soluble guanilyl cyclase (sGC) pathways are activated; these pathways play impor-
tant roles in the regulation of pseudopod placement [91]. RasGEFs activate Ras proteins [7].
Ras proteins and other small G proteins locally activate TorC2 which via membrane localized
PKBR1 subsequently activates a multitude of factors including TalinB [48]. Talin mediates
cytoskeleton - membrane interactions [64] and plays a role in cell adhesion [87]. Ras proteins
also activate the PI3K pathway [79]. PI3K localizes to the leading edge where it produces
PI(3,4,5)P3 from PI(4,5)P2. PI(3,4,5)P3 functions as a docking site for several chemotaxis
related proteins like the ACA regulator CRAC [54]. A feedback loop involving F-actin that
activates Ras proteins [80] leads to the generation of pseudopods without G protein input
facilitating random cell motility. We propose that there is also a feedback from actin acting
on the Gβγ subunit specifically at the leading edge. This conceivably leads to a more per-
sistent leading edge or the stabilisation of pseudopods. More generally, actin polymers form
fences in the membrane functioning as physical diffusion barriers that influence and maintain
localized signaling.
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into the requirements of (polarity maintaining) signaling molecules is found else-
where [75], the authors conlude that molecules moving at diffusion constants up to D
= 5 µm2/s and a high off-rate are most favourable. For a fixed gradient steepness and
midconcentration there are certainly optimal values for cAR1 and G protein mobility
and signaling off-rates however, D. Discoideum cells are known to be able to chemo-
tax in gradients that cover orders of magnitude in steepness and midconcentration.
Cells are able to move directionally in gradients that cause only a minute difference
in receptor occupancy over the cell body and cope with a noise that is large enough to
cause the cell to experience inverted gradients for segments of time [65]. Apparently,
the complex molecular mechanics in D. discoideum can serve as a temporal averag-
ing filter. On the other end of the spectrum, cells can move in very steep gradients
with orders of magnitudes higher mid concentrations. The properties leading to this
extreme sensitivity are achieved by the tight regulation of the dynamics of all of the
signaling components. signaling pathways are in principal not more than descriptive
and qualitative maps of causal relations between molecules involved in the transduc-
tion of a signal. They lack the power to describe spatially organised systems such
as chemotaxing Dictyostelium cells which requires that we take molecular properties
such as mobility into account.

1.4 Biophysical techniques provide quantitative data

Fluorescent proteins, such as GFP, were traditionally used as labels in fluorescence
(confocal) microscopy. At the moment however, they are also used in a variety of
techniques with the ability to quantify signaling dynamics. The mobility of flu-
orescently tagged molecules can be determined using (among others) FRAP (Flu-
orescence Recovery After Photobleaching), FCS (Fluorescence Correlation Spec-
troscopy) and SMM (Single Molecule Microscopy). Each technique has its own set
of advantages and shortcomings. FRAP is easy to implement and can report nicely
on the mobility of a molecular species. Although it has difficulties dissecting multi-
component diffusion, it is able to report on complex binding/unbinding kinetics [85].
FRAP works for micrometer length scales and is thus not suited for the inspection
of finer details of cell membranes. FCS is also able to report on mobility as well as
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complex dynamics including multi-component systems but the error in the reported
mobility depends highly on the accuracy with which one knows the used laser spot
dimensions. These dimensions depend on a number of parameters making it basically
impossible to estimate. The recently developed Two-focus FCS may solve some of
these shortcomings though [18]. SMM, although limited to slow molecules (D = 0-
10 µm2/s, generally molecules confined to membranes or crowded spaces), is able
to report very well on multi component diffusion and can even be used in 3D [39].
The positional accuracy depends only on the signal to background and the number of
photons collected and thus can be arbitrarily small, in practice though, a resolution of
30-40 nm is obtained. Moreover, since the movement of molecules directly reflects
the structure of their surroundings it can used to probe the underlying organization
of, for example, the cell membrane at nm resolutions. Micro domains and crowding
effects readily show up and in case a labeled ligand is used, SMM can report on sig-
naling off-rates [90]. None of the before mentioned techniques can however report on
molecular interactions. For such details, Förster Resonance Energy Transfer (FRET)
is the appropriate technique to use. A FRET signal is extremely sensitive to the dis-
tances between a donor and an acceptor fluorophore over a range of ∼1-10 nm. As
such it can be used to directly report on inter- and intramolecular interactions. FRET
can also be used in combination with FCS to see molecular dynamics in solution
[52]. When used in combination with TIR (Total Internal Reflection) illumination,
FRAP and SMM are able to gain a large boost in signal to noise, TIR fluorescence
microscopy is however limited to the basal membrane of a cell because the high sig-
nal to noise ratio is a direct result of its very small penetration depth (generally∼100
nm).

To discern subtle changes in molecular behavior that could be key to chemo-
taxis, one should quantify them in a controlled environment and as a function of
e.g. activation state. The tight control that is a prerequisite for precise quantification
of molecular properties can be obtained using micro-fluidics. Micro-fluidic devices
have been created that can make precise and stable gradient for hours, switch gradient
direction very fast and allow for temporal gradient modulation [84, 78]. Nanometric,
high time resolution techniques such as those described above in combination with
micro-fluidics will be instrumental in solving the "problem of" chemotaxis.
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1.5 The cAR1 - G protein system

Due to the existence of parallel pathways which provide considerable signaling re-
dundancy, very few individual components apart from cAR1 and the G protein are
truly essential to chemotaxis. This is one of the reasons that our group focuses on
these molecules. Although in a highly polarized cell cAR1 is homogeneously dis-
tributed around the membrane, its dynamics show clear polarization. At the leading
edge, cAR1 has a twofold higher cAMP off-rate [90] and its mobility is increased
with respect to the posterior [17]. The first observation was G protein dependent im-
plying that cAR1 spends less time in a G protein bound state at the leading edge, a
sign of faster cycling though activation stages. The second observation is probably
the result of differential cortex - membrane interactions [64]. We have established
that the mobility of cAR1 is dependent on the presence of F-actin and possibly other
cortex components (chapter 3). The fact that the cortex is specifically weakened at the
leading edge facilitates normal (actin polymerization driven) pseudopod extension by
locally reducing the cell structural integrity as well as bleb facilitated leading edge
protrusion [101, 58]. The latter type of movement requires decoupling of the mem-
brane from the stiff cortex. A faster mobility means more interactions with targets in
the membrane per time unit, in this case leading to higher reaction rates specifically
at the leading edge.

The G protein heterotrimer, due to its complex dynamics, lends itself for even
more forms of activity modulation [97]. Like cAR1, Gα2 and Gβγ both exist in two
mobility states and are homogeneously distributed over the cell with ∼70% located
on the membrane and ∼30% in the cytosol [22]. G protein activation, as determined
directly by the separation of the Gα2 and Gβγ subunits using FRET, is a direct re-
flection of cAR1 activation [44, 22]. In polarized cells, activation follows the external
cAMP gradient [100]. The dogmatic view on G protein signaling dictates that upon
stimulation of the GPCR, GDP is exchanged for GTP in the Gα subunit. The Gα

and Gβγ subunits then dissociate from each other and from the GPCR and engage in
signaling. In reality though, it is much less clear and many questions remain unan-
swered: Does the G protein decouple from the GPCR after stimulation? Are they
coupled at all or do they show very transient interactions? Can a single receptor acti-
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vate multiple G proteins? All these questions (and more) are important if we want to
fully understand the impact and regulation of G protein signaling.

For the cAR1 / Gα2βγ system several new discoveries are starting to answer the
questions. Recent experiments have shown that: i; The Gα2 and Gβγ subunit disso-
ciate upon activation [44, 22]. ii; Both Gα2 and Gβγ cycle between the membrane
and the cytosol [22]. iii; Gα2 is enriched at the membrane upon stimulation whereas
Gβγ is not [22]. iv; a majority portion of both subunits have a diffusion constant∼10
fold higher then cAR1 and a small portion (∼30%) matches cAR1 movement (chap-
ter 2). v; The slow Gβγ immobilize upon activation in an F-actin dependent man-
ner and this fraction increases in size, this effect is restricted to the leading edge of
chemotaxing cells. The immobilization results in the loss of any fractions that match
receptor diffusion. In the absence of F-actin, only the slow fraction size increase is
observed and this fraction maintains a diffusion constant that matches cAR1. vi; Gα2
maintains a diffusion constant which matches cAR1 regardless of its activation state
(chapter 2).

From these observations, several conclusions can be drawn. First; the default,
resting state of Gα2 and Gβγ is the heterotrimeric form. This is confirmed by our
single molecule microscopy (SMM) experiments that show that indeed the two sub-
units have identical movement and fraction size distributions in the cell membrane in
the absence of stimulation (chapter 2). Moreover, the fact that 30% of the Gα2βγ
heterotrimers match the diffusion constant and type of roughly 50% of the receptors
is indicative of partial receptor - G protein precoupling. The remaining 70% and
the large cytosolic pool of the G protein heterotrimers cannot be coupled to cAR1
leading to the proposition that the majority fraction serves as a pool of ready-to-be-
activated G proteins. Such a pool is required for initial amplification of the signal and
plays an important role in polarization in shallow gradients according to the diffusion-
translocation model [75]. The observation that upon activation only the Gα2 subunit
increases the time spent on the membrane but not Gβγ, implies that there must be
active Gβγ in the cytosol. The increased membrane "on-time" of Gα2 may be the re-
sult of membrane binding or cAR1 binding. Our results suggest both take place as the
Gα2 subunit’s membrane fraction distribution remains unchanged after stimulation
implying that both cAR1 and membrane-only associated Gα2 increase equally.
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When interpreting the results of the above used techniques we must not forget
their respective limitations. Elzie and others use FRAP and FRET in combination
with total internal reflection fluorescence (TIRF) microscopy [22] whereas we use
epifluorescence SMM. Tirf only visualizes molecules up to ∼100 nm (illumination
intensity decreases very fast with distance) from the glass slide; this boosts the sig-
nal to noise enormously but puts heavy restrictions on the observed depth. SMM
is only able to visualize molecules that are sufficiently slow compare to the illumi-
nation time, in practice this means it is limited to membrane localized molecules or
molecules that have their mobility restricted otherwise. For our model system this
means there are several molecular depots for which each of the two techniques can-
not account. Whereas TIRF will not show cytosolic molecules more than ∼100 nm
above the glass, Epifluorescence SMM will observe any molecule within a Z range
of ∼1 µm but cytosolic (fast moving) molecules only contribute to the background.
A very important difference between the two techniques in addition is that TIRF is
limited to the basal membrane whereas our SMM measurements were done at the
apical membrane. The basal part of the cell may respond differently with respect to
the top membrane, especially regarding the F-actin cytoskeleton (data not shown). In
the interpretation of the data it is of vital importance to incorporate the fractions that
are not observed, specifically for Gβγ which might have an important function in the
cytosol [59, 22]. Putting together the results obtained with both techniques we arrive
at a model wherein cAMP binds to cAR1 causing Gβγ to dissociate from the cAR1-
Gα2βγ complex and (partly) leave the membrane to bind F-actin if present. This
F-actin may very well be part of the cell cortex however since this binding is cAMP
dependent and restricted to the leading edge in chemotaxing cells it most likely binds
force generating F-actin fibers that are part of the Ras/PI3K/actin feedback mecha-
nism [80]. This interaction could mean that F-actin functions as a scaffold for Gβγ

signaling or, alternatively F-actin could attenuate the suggested inhibitory function
of Gβγ [59] and prevent signaling to ACA. In both cases, restricting such signaling
feedback to the leading edge is beneficial to cellular polarization and the stabiliza-
tion of pseudopods. After activation Gα2 increases its affinity for the membrane and
cAR1 leading to an increase in the net time spend at the membrane. Such dynamics
are advantageous when Gα2 signaling takes place at the membrane. If the suggested
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cAR1-Gα2 signaling dimer exists, the fact that cAR1 shows higher mobility at the
anterior becomes more relevant to G protein signaling. A graphical representation
of cAR1-G protein signaling as we envision it is shown in figure 1.2. Differences
between the leading and trailing edge are also indicated.

1.6 Chemotaxis models

A chemotaxing Dictyostelium cell is not only complex regarding molecular interac-
tions, dynamics and pathways but also displays intricate spatio-temporal organization
of the involved molecules. The ability to organize spatially and to maintain this or-
ganization, as we discussed earlier, depends highly on the mobility parameters of
those molecules. Within minutes of exposure to a cAMP gradient, cells are able to
transform from being roughly symmetric into highly polarized entities.

To understand how this process can function over a very wide range of gradient
parameters has been a great challenge for researchers and there have been many mod-
els that try to mimic D. Discoideum in silico. For the sake of modelling, the process
of chemotaxis is often divided into three separate modules being; directional sensing,
polarization and movement. Directional sensing is independent of the F-actin cy-
toskeleton and can be observed in cells which have actin polymerization completely
inhibited [26]. Polarization of the cytoskeleton configuration follows the detection
and amplification of the gradient and a leading and trailing edge are formed. Move-
ment is realized subsequently by the actin dependent extension of pseudopods at the
anterior and the myosin II mediated retraction of the posterior. In this dogma, once
a cell has determined the gradient direction, amplified it and assumed a polarized
configuration, movement is a trivial step requiring only straightforward signaling to
the cytoskeleton. For this reason, models up to now focussed mainly on establishing
a stable, amplified intracellular gradient or a completely polarized configuration of
signaling molecules.

1.6.1 Gradient sensing

One such a model is the local excitation, global inhibition (LEGI) model [63]. This
model is based on the reciprocal actions of PI3K and PTEN and can explain the
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Figure 1.2: A model for cAR1 - G protein signaling during chemotaxis. The membrane
is populated with cAR1, complexed cAR1-Gα2βγ and Gα2βγ; the latter is in equilibrium
with a fraction in the cytosol. Upon cAMP binding by cAR1, Gβγ dissociates from cAR1-
Gα2βγ. At the leading edge it binds F-actin, either at the membrane or in the cytosol, which
immobilizes it. At the posterior, it simply enters the cytosol. Possibly, the immobilisation is
part of an F-actin - G protein feedback loop. The function of this loop could be beneficial
to the stabilisation of forming pseudopods either by F-actin functioning as a scaffold for
Gβγ signaling or by inhibiting suggested "backness" signals [59]. Gα2 increases its affinity
for the membrane and for cAR1 upon activation which at the same time makes is available
for reactivation and allows it to better activate downstream, membrane localized signaling
components. It is possible that activated Gα2 remains coupled to cAR1 in its GTP bound
form. The cAR1-Gα2 complex and free cAR1 show a higher mobility at the anterior [17],
this is a direct result of the fact that cortex - membrane interactions are less tight there [64].
The local attenuation of the cortex allows for faster pseudopod growth. Since the cortex is a
major inhibitor of cAR1 diffusivity this leads to higher reaction rates relevant to chemotaxis
at the leading edge.
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observed amplification found in PI(3,4,5)P3 signaling. In this model, upon binding
of cAMP, cAR1 quickly activates downstream components (PI3K) but at the same
time a slower inhibitory response is initiated (mediated by PTEN) which becomes
stronger over time. This eventually results in a situation where the leading edge still
overcomes inhibition while trailing edge activation diminishes. This model almost
perfectly explains the polarized behavior seen in PH-domains but it lacks the ability
for cells to polarize in the absence of a gradient. This is because maintenance of
activation is directly dependent on cAR1 signaling however; the same molecules
can be used to replicate this observation if positive feedback loops are incorporated
[32]. The addition of such feedback would lead to the existence of PI(4,5)P2 and
PI(3,4,5)P3 enriched patches on the membrane which are indeed observed [74].

1.6.2 Polarization

A more abstract model, not based on the PI3K / PTEN system is the balanced in-
activation model [59]. This model is better able to explain the switch like behavior,
leading to absence of activation at the anterior that is seen in many signaling compo-
nents. It does so by adding a component that is fast diffusing in the cytosol ensuring
its concentration is equal throughout the cell. This cytosolic component is inhibiting
signaling and created at an equal rate as the activating membrane localized compo-
nent. In a gradient this generates a situation in which at the posterior signaling is
completely blocked but at the anterior it is not. The result is a switch like behavior
that is also capable of quickly adapting to changing gradients. Interestingly, the re-
quired molecules and their characteristics correspond nicely to the cAR1 / G protein
system. An important assumption is that Gβγ has an inhibitory function and is able
to diffuse in the cytosol, the latter at least, seems to be very well possible [22].

1.6.3 Biased pseudpods

The models listed so far are compass based models. They are based on the proposition
that signaling precedes the generation of well placed pseudopods. These models are
a natural extension of the prevailing "gradient sensing => polarisation => movement"
dogma. Several recent observations however conflict with this proposition: i; chemo-
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taxis at low gradients is best described by a biased random walk. ii; Pseudopods are
extended at a constant rate irrespective of the cells orientation in a gradient. iii; Un-
favourable pseudopods can be retracted. iv; New pseudopods originate mostly from
previous ones [6, 1]. Observations i and ii show that D. Discoideum cells move by
default and generate pseudpods at a constant speed. In order to move directionally,
regulation should take place not on when the pseudopods are generated but on where.
This observation agrees with the finding that the Ras/PI3K/F-actin system does not
require G protein input [80] but instead facilitates polarization leading to random
movement in the absence of cAMP. When a gradient is applied, this autonomous sys-
tem receives directional input and polarizes in the correct direction. Observation iii
and iv suggest that not only do cells show persistence in their trajectories because
of the fact that new pseudopods are (mostly) restricted to the current leading edge,
a form of temporal sampling also plays a role and the decision to keep a pseudopod
is made after its generation. This mechanism is reminiscent of bacterial chemotaxis
which functions by a higher persistence in "correct" directions [92]. Taken together
this leads to a model where instead of the gradient determining the correct direction
for a pseudopod, pseudopods are positioned with a certain probability around the
cell. The input parameters that govern pseudopod positioning are gradient steepness,
direction and the position of the previous pseudopod. Such a model implies; i; a
steeper gradient will lead to a higher directional accuracy due to more pseudopods
being placed in the correct direction, ii; deviation of the cells polarity axis with re-
spect to the gradient will lead to a corresponding bias in the probability distribution
of pseudopod generation and iii; dependence of pseudopod position on the position
of the previous pseudopod will lead to autocorrelation in the cells movement charac-
terized by a certain persistence time. Indeed, the observation of thousands of cells
reveals the probabilistic nature of pseudopod generation and persistence of move-
ment nicely [6]. Additionally, it was found that cells retain the ability to generate
"de novo" pseudopods; these are pseudopods uncorrelated from the previous ones.
Because even highly developed cells can still create a de novo pseudopod every now
and then, the ratio between correlated and de novo pseudopods is an important fac-
tor in the persistence of directional movement. This new view on chemotaxis, in
which molecules important to chemotaxis are seen as factors influencing pseudopod
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generation frequency, persistency or the probability distribution of their placement is
especially good at explaining directional movement at very low gradients. Although
the nature of pseudopod placement is probabilistic, it is still governed by cAR1 - G
protein signaling combined with various downstream pathways and thus hard limits
exist when it comes to noise and detection thresholds. We expect these realisations
to generate numerous new models and discoveries which will bring us closer to a full
understanding of the phenomenon known as chemotaxis.

1.7 Conclusion

The biochemistry governing chemotaxis is becoming more and more clear. Alterna-
tive pathways are being identified and the field is at a stage where it has identified
a lot of key components. The recent realisations regarding pseudopod generation
at low gradient strength will probably inspire a multitude of new models likely to
encapsulate older models as well. Despite of the probabilistic nature, the detection
is governed by the properties of signaling molecules. High time and spatial reso-
lution techniques such as FRET, FRAP, FCS and SMM in combination with tightly
controlled micro-fluidics will be instrumental in the quantification of the molecular
interactions and mobilities. As quantitative information in the form of diffusion con-
stants and reaction rates are added to the pathways, models will be become more
realistic and spawn more testable hypothesis which in term will give rise to new in-
sights. This positive feedback between biology and (bio)physics will definitely lead
to a more complete and more detailed picture of eukaryotic chemotaxis.

1.8 Thesis outline

In this thesis I will focus on the mobility of the GPCR cAR1 and its associated G
protein subunits, Gα2 and Gβγ in D. discoideum. Each of these three proteins has
been labeled with Yellow Fluorescent Protein (YFP) which allows for the localization
of individual molecules with a positional accuracy of∼40 nm at a temporal resolution
of 50 ms. Their respective mean squared displacements (MSDs) are measured over
timelags of 50 - 400 ms. The slope of the MSD vs timelag plots is a proportional
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to the diffusion constant while the shape reveals details on the underlying structure
of the membrane and/or the cytoskeleton. In chapter 2 we focus on the G protein
in its resting state, upon global stimulation and in polarized cells. We show that
the behavior of Gβγ at the leading edge is radically different from the posterior:
where at the posterior Gβγ behaves as in resting cells, in the leading pseudopod a
fraction immobilizes in an F-actin dependent fashion and F-actin related domains
form. These observations are indicative of feedback mechanisms acting directly on
G protein signaling. In resting cells, ∼50% of the cAR1 molecules appear to be
precoupled to ∼30% of the membrane localized G protein heterotrimers. This leaves
the majority of G protein heterotrimers free to diffuse and allows cAR1 to amplify its
signal. In chapter 3, we examine the mobility of cAR1. As found for the G protein,
F-actin restricts cAR1 diffusion however; it appears that the cell cortex is mainly
responsible instead of agonist induced actin polymerization. Our findings support
the observation that cortex - membrane interactions are weaker at the anterior of a
chemotaxing cell. Other factors than F-actin, related to directional sensing, also seem
to be able to regulate cAR1 mobility. Chapter 4 focuses on the behavior the cAR1 and
Gβγ in a rasC−/rasG− background. In the absence of these proteins that are vital to
chemotaxis we lose the polarized behavior of both cAR1 and Gβγ. The RasC/RasG
knockout cells have difficulties regulating their cytoskeleton resulting in loss of Gβγ

immobilization and loss of spatial regulation of the actin cortex. Introduction of a
functional cAR1 however, seems to restore the reported lack of chemotaxis. This
implies that RasC and RasG mediate chemotaxis by induction of cAR1 expression in
addition to directly functioning in the signaling pathway. Our data is important to any
modelling of the system and leads to new insights on GPCR - G protein signaling.





Chapter 2

Mobility of G proteins is
heterogeneous and polarized
during chemotaxis

The interaction of G-protein-coupled receptors with G proteins is a key event in trans-
membrane signal transduction leading to vital decision-taking of the cell. Here we
applied single-molecule epifluorescence microscopy to study the mobility of both the
Gβγ and the Gα2 subunits of the G protein heterotrimer in comparison to the cAMP-
receptor responsible for chemotactic signaling in Dictyostelium discoideum. Our ex-
perimental results suggest that ∼30% of the G protein heterotrimers exist in receptor
pre-coupled complexes. Upon stimulation in a chemotactic gradient this complex
dissociates, subsequently leading to a linear diffusion/collision amplification of the
external signal. The further observation of partial immobilization and confinement of
Gβγ in an agonist, F-actin and Gα2-dependent fashion led to the hypothesis of func-
tional nanometric domains in the plasma membrane that locally restrict the activation
signal and in turn lead to faithful and efficient chemotactic signaling.
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2.1 Introduction

G protein mediated signaling is a widely used mechanism for transmembrane signal
transduction. It entails a seven-transmembrane receptor, the G protein coupled recep-
tor (GPCR), and a heterotrimeric G protein consisting of a Gα and a heterodimeric
Gβγ subunit. Compared to other transmembrane signaling systems, the complex,
modular mechanics of G protein linked signaling allows for divergence, convergence
and regulation to take place at the level of the GPCR/G protein complex by modu-
lation of their interaction [97]. Mammalian genomes generally encode for > 1000
GPCRs the majority of which does not have a known ligand. Although the atomic
structure of three GPCRs have been resolved so-far [69, 77, 43] a mechanism for how
ligand induced conformational changes lead to G protein activation is still unknown.
Even the simple quest of whether GPCRs and G proteins can exist together in a sta-
ble complex or interact dynamically has been solved for only one system [67]. In the
dogmatic view the ligand-based activation of the GPCR promotes the exchange of
guanosine diphosphate (GDP) for guanosine triphosphate (GTP) in the Gα subunit
which subsequently dissociates from the complex allowing both Gα and Gβγ to en-
gage in downstream signaling. Hydrolysis of GTP to GDP in the Gα subunit, either
autocatalytically or by effector proteins, leads to re-association of the GPCR/Gαβγ

complex.

An intriguing system in which GPCR signaling leads to a dramatic change in cel-
lular behavior is that of eukaryotic chemotaxis. Chemotaxis controls e.g. the devel-
opmental cycle in the social amoeba Dictyostelium discoideum. Generally, chemo-
taxis is interpreted as a three-stage process starting with gradient sensing followed
by cellular polarization, ultimately resulting in directional movement. D. discoideum
cells secrete cyclic adenosine mono-phosphate (cAMP) that acts as a chemoattractant
leading to cell aggregation. Aggregation is achieved by a chemotactic process being
initiated by activation of the cAMP receptor 1 (cAR1) which in turn activates a G
protein heterotrimer, consisting of a Gα2 and a Gβγ subunit [49]. Sequencing of the
D. discoideum genome showed that there are two Gβ and a single Gγ subunit type
in D. discoideum [60, 102, 20].Consequently these Gβγ heterodimers participates
in all GPCR triggered responses. Receptor-mediated activation of heterotrimeric G
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protein complexes was visualized in D. discoideum using Förster Resonance Energy
Transfer (FRET) between the Gα2 and Gβ subunits, fused to cyan and yellow flu-
orescent proteins respectively [44]. These FRET experiments demonstrated that G
protein heterotrimers are stable in the absence of agonist and rapidly dissociate upon
addition of cAMP. Recently the FRET experiments were complemented with Fluo-
rescence Recovery After Photobleaching (FRAP) data. A new model for G protein
signaling was suggested in which the Gα2 increases the time it spends on the mem-
brane or in a cAR1-bound state and the activated Gβγ subunit dissociates into the
cytosol. Both processes will lead to a cycling of the G protein heterotrimer between
the membrane-bound and a free cytosolic state [22].

Although many molecular details of the pathways are known, a direct connection
between gradient sensing and the movement machinery is still to be discovered. At
this moment there are several pathways known to act in parallel downstream of G
protein activation that mediate the final chemotactic response. The most thoroughly
studied pathway involves PI3-kinase (PI3K) and its antagonist, a PI3-phosphatase
(PTEN). The coördinated action of both leads to local accumulation of PI(3,4,5)P3 in
the leading edge of the crawling cells [40, 30]. Recently, additional pathways have
been discovered to act in parallel; the phospholipase A2 (PLA2) pathway [11] and
the TorC2 pathway [48].

In cells placed in a gradient of cAMP, the pathways downstream of G protein
signaling trigger actin polymerization selectively in the cell’s leading edge, whereas
actin polymerization occurs globally upon uniform cAMP stimulation [12]. Unlike
the highly polarized localization in actin polymerization and the preceding highly
polar translocation of a variety of intracellular signaling molecules like PI(3,4,5)P3

and PI(4,5)P2, receptor localization is fully homogeneous. The Gβγ subunit of the
G protein is localized in a shallow anterior-posterior gradient, however at a level of
polarization impossible to restrict signaling to the leading edge [46]. Recent studies
[17] revealed however a spatially restricted increase of receptor mobility in the lead-
ing edge of D. discoideum cells when exposed to a stable cAMP gradient. Those data
suggested an asymmetry in the activation level of the receptor-G protein pathway
with a predicted linear amplification of the local activation level of the G proteins.

Here we set out to address this prediction. We analyzed Gα2 and Gβγ mobility
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in the absence of agonist, upon uniform cAMP stimulation and in a cAMP gradi-
ent using single-molecule epifluorescence microscopy [81]. We found that Gα2 and
Gβγ occur as a smaller (∼30%) receptor-precoupled fraction, and a larger (∼70%)
receptor-uncoupled fraction. Upon global stimulation with cAMP the receptor-coupled
fraction disappeared. In terms of the receptor those occupation numbers correspond
to about 50% of all available receptors. The activated Gβγ molecules immobilize
in an F-actin dependent manner. Concurrently, the formation of F-actin-dependent
domains of size ∼600 nm was observed. Strikingly the dramatic changes in mobil-
ity were restricted to the leading edge of chemotaxing cells. We propose that Gβγ

immobilization is caused by its incorporation into a larger signaling complex, a sig-
nalosome for which F-actin functions as a scaffold. Such a mechanism would lead to
stabilization of pseudopods and the formation of a persistent leading edge by means
of a direct F-actin - G protein feedback loop.

2.2 Materials and methods

2.2.1 Cell culturing and transformation

The axenically growing D. discoideum strain Ax2 [93] was used in this study and re-
ferred to as wild-type (wt), to discriminate from other genetic backgrounds that were
used. The wt, gβ− (LW5, [60]), gα2− (myc2, [13]) and car1− [9] cells were trans-
formed by electroporation with a plasmid, encoding the Gβ-YFP fusion protein. The
same procedure was followed for wt, gα2− and car1− cells with the plasmid encod-
ing for the Gα2-YFP fusion protein. G418 (Geneticin, Invitrogen) was used to select
for successfully transformed D. discoideum. Cells were grown as a monolayer on
plastic dishes in axenic culture medium, HL5-C (Formedium), containing 10 µg/ml
penicillin/streptomycin (1:1) (Invitrogen) and 20 µg/ml G418, at 22 °C.

2.2.2 Cell preparation for measurements

To assess chemotactic competence, D. discoideum cells from axenic exponentially
growing cultures were cultured in a plastic dish overnight in low fluorescence medium
(Formedium). The physiological state of the cells treated in this way was compara-
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ble to 1-2 hr starved cells. After that the cells were detached from the plate, washed
three times with developmental buffer [24], centrifuged for 3 min at 400×g RCF,
and resuspended in 5 ml developmental buffer at a concentration of ∼107cells/ml in
a 100 ml Erlenmeyer flask. After 1 hr of shaking at 100 rpm the cells were pulsed
with a peristaltic pump (Gilson, Minipulse 2) with 150 nM cAMP at 6 min intervals,
for 4 hr for the transformants in wt, and overnight for the transformants in knock-out
backgrounds [21]. After pulsing, the cells were shaken for an additional 30 min and
finally diluted in developmental buffer to a concentration of 106 cells/ml. Cells were
transferred into 2-well chambered cover glasses (1.5 Borosilicate Sterile, Lab Tek II)
where they were allowed to adhere.

2.2.3 Developmental test

Gα2-YFP/gα2− and Gβ-YFP/gβ− transformants, as well as gα2− and gβ− cells
were pulsed overnight with 150 nM cAMP per pulse and subsequently plated on
non-nutrient 1.5% agar plates at a concentration of 3-4 · 107 cells/cm2. After 24 hr
the developmental state was assessed.

2.2.4 Global cAMP stimulation assay

The developmental buffer, covering the developed cells in the chambered cover-
glasses was supplemented with cAMP to a final concentration of 10 µM. Experiments
were performed within 20 min after addition of cAMP.

2.2.5 Chemotaxis micropipette assay

Cells were placed at a distance of ∼75 µm from the opening (r = 0.25 µm) of a
pipette (Eppendorf femtotip) filled with 10 µM cAMP. The internal pressure in the
pipette was set to 40 KPa by means of a FemtoJet injector (Eppendorf). This setup
created a stable, shallow gradient estimated at 0.4 nM/µm cAMP over the cell body
at a mid concentration of∼60 nM. The gradient caused polarization of the developed
D. discoideum cells towards the micropipette tip. The region-of-interest was set to
the leading and trailing edge (20% of the cell body) of a polarized cell, respectively.



24 Heterogeneous G protein mobility during chemotaxis

2.2.6 Latrunculin A treatment

The developmental buffer, covering the developed cells in the chambered cover-
glasses was supplemented with 0.5 µM latrunculin A. After 10 min, single-molecule
measurements were performed for 10 min. To observe the effect of latrunculin A on
the cell’s response to cAMP, 10 min after addition of the latrunculin A, cAMP was
added to the buffer at final concentration of 10 µM, measurements were taken within
10 min of cAMP addition [28].

2.2.7 Single molecule microscopy

The experimental setup for single-molecule imaging has been described in detail pre-
viously [81]. The samples were mounted onto an inverted microscope (Axiovert100,
Zeiss) equipped with a 100× objective (NA=1.4, Zeiss). The region-of-interest was
set to 50 × 50 pixels. The apparent pixelsize was 220 nm. Measurements were per-
formed by illumination of the samples for 5 ms at 514 nm (Argon-ion laser, Spectra
Physics) at an intensity of 2 kW/cm2. The cells were photobleached for a period of
2-5 s and sequences of 500 images with a timelag of 50 ms were taken. Use of an
appropriate filter combination (Chroma) permitted the detection of the fluorescence
signal on a liquid nitrogen-cooled CCD-camera (Princeton Instruments). The setup
allowed imaging of individual fluorophores at a signal-to-background-noise ratio of
∼30 leading to a positional accuracy of σ0 = ∼40nm.

2.2.8 Estimation of the expression level of Gα2-YFP and Gβ-YFP

The expression level of Gα2-YFP in gα2−, and Gβ-YFP in gβ− cells was calculated
in the following manner. The image of a single fluorescent molecule was given by
an intensity distribution characterized by a full-width-at-half-maximum of w0 = 1.7
pxl = 0.37 µm. The average signal for a single YFP molecule was S1 = 220 cnts
when illuminated with 2 kW/cm2 for 5 ms at 514 nm [36]. The fluorescence of
Gβ-YFP at the apical membrane at identical conditions was SGβ = 4300 cnts/pxl,
and for Gα2-YFP SGα2 = 4000 cnts/pxl. The surface of the membrane for a whole
cell (approximated by a spheroid with a short axis of r1= 5 µm and long axis r2=
10 µm) is about 540 µm2. The fluorescence data were used in the estimation of the
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expression level yielding SGβ / S1 · A/w0
2 = 7.7 · 104 Gβ-YFP and 7.2 · 104 Gα2-

YFP molecules per cell. A similar estimation has been done for the receptor yielding
4 · 104 cAR1 per cell [17].

2.2.9 Particle image correlation spectroscopy (PICS)

The reconstruction of trajectories from molecule positions is severely hampered by
blinking and photobleaching of eYFP [36]. Therefore we used an alternative analy-
sis method, particle-image-correlation-spectroscopy (PICS), described in detail else-
where [83]. In short, the cross-correlation between single-molecule positions at two
different time lags is calculated. Subsequently, the linear contribution from uncorre-
lated molecules in close proximity is subtracted. This results in the cumulative dis-
tribution function cdf(r2, tlag) which yields the distribution of squared jump widths
between within the given time lag tlag. For each time lag cdf(r2, tlag) is fitted to a
two fraction model (eq.2.2).

2.2.10 Analysis of the cumulative probability functions

From the jump width distributions the diffusion characteristics of all molecules is ex-
tracted. Given that the population of particles is homogeneous, the diffusion equation
is solved for cdf(r2, tlag) given by:

cdf(r2, tlag) = α · exp

(
− r2

MSD1

)
(2.1)

where MSD(tlag) is the mean square displacement at time lag tlag. Given the
exponential distribution in r2 data are represented on log(r2)-scale. Our experimental
data could not be fitted with this one fraction model, however (fig.2.2A). Therefore
the data were fit to a two-fraction model described by:

cdf(r2, tlag) = 1−
(
α · exp

(
− r2

MSD1

)
+ (1− α)exp

(
− r2

MSD2

))
(2.2)

where MSD1(tlag) is the characteristic mean squared displacement for the fast
fraction of size α, and MSD2(tlag) the characteristic mean squared displacement for
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the slow fraction of size 1-α. The bi-exponential fit properly describes the experi-
mental results (fig.2.2A). This showed that there are two fractions of Gβ-YFP and
of Gα2-YFP molecules that differ in their mobility on the membrane. Molecules
were defined immobile when their MSD for the largest time lag (0.4 sec) was smaller
than twice the positional accuracy. Together with equation 2.3 this leads to an upper
estimate for their diffusion constant of Dimmobile < 0.001 µm2/s.

2.3 Results

2.3.1 Heterogeneity in the mobility of Gα2-YFP and Gβ-YFP in the
absence of agonist

D. discoideum cells were transformed stably with Gα2-YFP or Gβ-YFP constructs
to analyze the mobility of individual Gα2 and Gβγ molecules, respectively. The
fluorescent fusion proteins were functional as they rescued the developmental and
chemotactic defects of gα2− and gβ− cells. In contrast to gα2− and gβ− cells
that both are fully deficient in cAMP-induced responses, the Gα2-YFP/gα2− and
Gβ-YFP/gβ− transformants faithfully crawl towards a cAMP source and rescue the
developmental cycle started upon starvation [46, 44].

Single-molecule microscopy, a combination of regular wide-field microscopy
with laser excitation and ultra-sensitive CCD camera detection [81], was used to ob-
serve the diffusion of Gα2-YFP and Gβ-YFP on the apical cellular membrane of D.
discoideum. Measurements on the apical membrane eliminate any potential influence
of the substrate surface on mobility. Fluorescence images were taken consecutively
for up to 500 images per sequence at an imaging rate of 20 Hz. Diffraction-limited
fluorescent signals with signal strengths comparable to that reported for individual
monomeric YFP molecules [36] were observed and followed over time (fig.2.1B&C).
Given the signal-to-noise ratio achieved the position of each molecule was deter-
mined to an accuracy of ∼40 nm. Statistical significance of all results was assured
by the analysis of > 40 cells for each experimental condition. In total our analysis is
based on 1-4 · 104 observed molecules per condition.

Particle image correlation spectroscopy (PICS) [83] was subsequently applied to
construct the cumulative probability (cumulative density function, cdf) of the squared
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displacements for time-lags of 0.05-0.4 sec (fig.2.1D, fig.2.2A&B). To our surprise
it became obvious for all cdfs that G protein mobility was not homogeneous and
was best described by a two-fraction model (fig.2.2A) which, after fitting, yielded a
fraction size and two mean squared displacements per time-lag (see section 2.2). The
result of a final analysis is shown in figure 2.2C&D for the fast and slow fraction of
Gβ-YFP in non-stimulated aggregation competent cells, respectively (supplemental
fig.2.8 for results on Gα2-YFP). For both fractions the mean squared displacement,
MSD, increased linearly with time-lag, indicative of free Brownian motion of the
proteins within the membrane characterized by diffusion constant D,

MSD(tlag) = 4Dtlag + s0 (2.3)

where the offset, s0, accounts for the limited positional accuracy, σ, in the exper-
iment (s0 = 4σ2 = 0.0064 µm2 with σ = 40 nm). Because the Gγ subunit has been
shown to be essential for the membrane localization of Gβ [102] we assume, in what
follows, that Gβγ is in heterodimeric form and all information obtained for Gβ re-
flects in an identical manner the behavior of Gγ. For Gβγ-YFP in unstimulated cells
the fast fraction was characterized by a diffusion constant D1= 0.15 ± 0.01 µm2/s,
and the slow fraction, consisting of 32 ± 3% of all molecules, was characterized
by D2 = 0.011 ± 0.001 µm2/s. For the membrane-bound Gα2-YFP in unstimulated
cells the respective diffusion constants of the fast and the slow fraction were D1=
0.14 ± 0.01 µm2/s and D2= 0.015 ± 0.001 µm2/s, with the slow fraction constitut-
ing 32 ± 4% of the total pool of molecules (supplemental fig.2.8). Identical results
for the mobility and fraction size of Gα2 and Gβγ were obtained in gα2− and gβ−

cells that expressed Gα2-YFP and Gβ-YFP respectively at endogenous levels (sup-
plemental fig.2.9). The latter findings proved that the predominant fast fraction was
not an artifact caused by the over-expression of the constructs in a wt background.

2.3.2 Mobility suggests the existence of a receptor/G protein precoupled
complex in the absence of agonist

The strong similarity of the diffusion constants of both fractions for Gα2 and Gβγ

further suggests that all membrane-bound G proteins in unstimulated cells were Gα2βγ
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Figure 2.1: Experimental setup. (A) A micropipette containing 10 µM cAMP created a
stable concentration gradient around its opening. D. discoideum cells in the vicinity of the
pipette opening polarized within minutes and moved up the cAMP concentration gradient.
The anterior and posterior of a cell were defined as the part closest and farthest away from
the pipette, respectively. (B) A 514 nm laser beam was focused on the apical cell membrane
where signals originating from individual Gβ-YFP or Gα2-YFP proteins were observed with
a signal-to-noise ration of ∼30. (C) Single-molecule positions were determined to an ac-
curacy of ∼40 nm by fitting to a 2D-Gaussian profile. Image-stacks were analyzed using
PICS (see section 2.2.9), yielding the cumulative density functions of squared displacements
(cdf(r2)) for each time lag. (D) Cdfs at time lag of 50 ms are compared for cAR1-YFP
(blue), Gβ-YFP (black) and Gα2-YFP (red).
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heterotrimers. It is tempting to associate the slow mobility fractions of Gα2 and Gβγ

to a receptor/G protein precoupled complex. The G protein diffusion constants (D2=
0.015 µm2/s for Gα2 and D2= 0.011 µm2/s for Gβγ) were similar to that found for
the fast fraction of the receptor cAR1 (MSD(44ms) = 0.034 µm2 [17]; D = 0.015
µm2/s, see chapter 3). On the other hand, the diffusion constants of the fast fractions
of the G protein subunits in unstimulated, aggregation competent cells were one order
of magnitude higher than that found for cAR1, demonstrating that the fast fraction
cannot be associated with a receptor-precoupled complex.

The association of the slow G protein fractions with a receptor/G protein precou-
pled complex was further supported by the analysis of Gβ-YFP mobility in car1−and
in gα2− cells (fig.2.3). Both, Gβ-YFP/car1−and Gβ-YFP/gα2− cells were fully de-
ficient in chemotactic signaling and unable to aggregate. For both cell types mobility
was best described by a two-fraction model, with decreased slow fraction size of 18
± 3% and 27 ± 4% for Gβ-YFP/car1− and Gβ-YFP/gα2−, respectively (fig.2.3A).
In addition, the diffusion constants of the slow fraction of Gβ-YFP in both knock-
out cells was found to be D2 = 0.020 ± 0.001 µm2/s in gα2− and D2 = 0.023 ±
0.001 µ2/s in car1−, respectively (fig.2.3B, left), higher as compared to the diffusion
constants in wild-type (wt) cells, and in particular the diffusion constant of cAR1.
In comparison, the mobility of the fast fractions, D1 = 0.16 ± 0.01 µm2/s in gα2−

and D1 = 0.19 ± 0.01 µm2/s in car1−, were found unchanged as compared to wt
cells (fig.2.3C, left). Within experimental uncertainty Gα2 mobility was unchanged
in car1− and gβ− cells (supplemental fig.2.8B&C, left).

Additional support for our hypothesis on association of the slow fraction with a
receptor/G protein precoupled complex was obtained from the estimated expression
levels of all components in wt and knock-out cells. We used the membrane-localized
fluorescence signal to estimate the density of Gβ-YFP and Gα2-YFP (see 2.2). Ap-
proximately 7.7 · 104 Gβ-YFP were expressed, which is at the lower end of the
expression level of reported endogenous Gβγ molecules of 8-40 · 104 molecules
[46]. It was reported earlier that 4 · 104 receptors were expressed in wt as well as
in transformed cells [34, 17], the active fraction of which, 2 · 104 (∼50% of 4 · 104

[17]) corresponds very well to the number of slow Gβγ molecules, 2.5 · 104 (∼32%
of 7.7 · 104).



30 Heterogeneous G protein mobility during chemotaxis

0.0 0.1 0.2 0.3 0.4
0.00

0.05

0.10

0.15

0.20

0.25

0.30

M
SD

1 (μ
m

2 )

tlag (s)

-0.04
0.00
0.04

0.1 1

0.0

0.2

0.4

0.6

0.8

1.0

re
si

du
al

r2 (μm2)

    model:
 1 fraction
 2 fraction

cd
f (

r2 ,5
0m

s)

A

0.0 0.1 0.2 0.3 0.4
0.00

0.01

0.02

0.03

0.04

0.05

M
SD

2 (μ
m

2 )

tlag (s)

0.1 1 10
0.0

0.2

0.4

0.6

0.8

1.0    time lag
 50 ms
100 ms
300 ms

cd
f (

r2 )

r2 (μm2)

B

C D

GβγGα2

cAR1



2.3 Results 31

Figure 2.2: Mobility of Gβ-YFP. (A) Cumulative probability distribution of the square dis-
placements cdf(r2) of Gβ-YFP on the apical membrane of developed Gβ-YFP/wt, recorded
with a time interval of 50 ms between subsequent images. Data were fitted to a two compo-
nent model (eq.2.2) (orange solid line; residuals are displayed in the lower part of the figure),
resulting in a fraction (α) of slow Gβ subunits, and a fraction (1-α) of fast Gβ subunits.
The two fraction model describes the experimental results well in all the experimental con-
ditions described. For comparison, a one-fraction model fit (eq.2.1) is shown (dark yellow
dashed line). (B) Cumulative probability distributions of the square displacements on the api-
cal membrane of developed Gβ-YFP/wt cells after 50 (black), 100 (gray), and 300 ms (light
gray) time lag. As expected the data shifts with time lag towards higher squared displace-
ments, r2. (C) The characteristic mean squared displacements (MSD1) were plotted versus
time lag for the first ten time lags (50-500 ms) for the fast fraction of Gβ-YFP in wt cells.
The data was fit with a free-diffusion model (eq.2.3), yielding a diffusion constant of D1 =
0.15 ± 0.01 µm2/s. (D) Mean squared displacements (MSD2) versus time lag for the slow
fraction of GβYFP in wt cells. The free-diffusion model (eq.2.3) yielded a diffusion constant
of D2 = 0.011 ± 0.001 µm2/s. The offset at zero time lag, s0, in (C) and (D) is given by the
limited positional accuracy, s0 = 4σ2 = 0.0064 µm2 with σ = 40 nm. The mobility of the slow
fraction is equivalent to that of the cAMP receptor DcAR1 = 0.015 µm2/s (see chapter 3).
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Figure 2.3: Mobility of Gβ-YFP upon stimulation. (For the mobility of Gα2-YFP see
supplemental fig.2.8) (A) Size of the slow fraction for Gβ-YFP in wt (black), gα2- (light
blue), car1− (violet), and wt cells treated with 0.5 µM lat A (green), before and after global
stimulation with 10 µM cAMP (indicated by - and +, respectively). The slowly diffusing
population of Gβ-YFP in wt cells increased after cAMP stimulation. The slow fractions
of Gβ-YFP in gα2− and car1− were smaller and did not change significantly upon cAMP
addition. In lat A treated cells the slow fraction was the same when compared to untreated
cells. After stimulation, however, there was an increase similar to that found for cells with
intact actin cytoskeleton. (B) MSD2 versus time lag plot of the slow fraction of Gβ-YFP
in wt (black), gα2− (light blue), car1− (violet), and wt cells after treatment with 0.5 µM
lat A (green) before (left) and after (right) stimulation with 10 µM cAMP. In wt cells the
slow fraction was fully immobilized after cAMP stimulation. Gβ-YFP in gα2− and car1−

cells was diffusing nearly two times faster than Gβ-YFP in wt cells. In the knock-out strains
cAMP addition did not influence the diffusion constants, suggesting that immobilization of
the slow population of Gβ-YFP in wt cells was due to signaling events. Lat A treated wt cells
did not show any immobilization suggesting that immobilization is caused by interaction of
the Gβ subunit with F-actin structures. (C) MSD1 versus time lag of the fast fraction of Gβ-
YFP in wt (black), gα2- (light blue), car1− (violet), and wt cells treated with 0.5 µM lat A
(green) before (left) and after (right) stimulation with 10 µM cAMP. The diffusion behavior of
Gβ-YFP in wt cells changed from free (eq.2.3) to confined (eq.2.4) upon cAMP stimulation.
This was not observed in lat A treated, gα2−, and car1− cells, where G protein signaling was
impaired.
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2.3.3 A fraction of Gβ-YFP becomes immobilized upon cAMP-induced
receptor activation

To study the effect of cAMP-induced activation on Gα2 and Gβγ mobility, cells were
uniformly stimulated with 10 µM cAMP. Single-molecule data were taken between 1
and 20 min after addition of cAMP (see section 2.2.4). A redistribution of the fraction
sizes and mobilities was observed. The slow fraction of Gβ-YFP increased to 41 ±
3% upon stimulation (fig.2.3A), and became immobile (D2 ≤ 0.001 µm2/s; fig.2.3B,
right).

Neither immobilization nor change in fraction size was observed for Gα2-YFP
fig.2.8. As Gα2 cycles rapidly between the membrane and the cytosol upon stimula-
tion of cAR1 [22] this latter finding suggests that a receptor/Gα2 complex is formed
prior to the full receptor/G protein heterotrimer complex.

The increase of the Gβ-YFP slow fraction and concomitant immobilization was
not observed in Gβ-YFP/car1−and Gβ-YFP/gα2− cells, where the slow fraction
was 22 ± 4% and 21 ± 3% after stimulation, respectively (fig.2.3A and fig.2.3B
right). This remaining slow fraction may be bound to other Gα subunits that are
related to signaling via other G protein coupled receptors. Whereas the result on
Gβ-YFP/car1− was predicted, the lack of Gβ-YFP response in Gβ-YFP/gα2− cells
supports the notion that coupling to and activation by cAR1 requires Gα2. These
observations together were taken as further support for the hypothesis that the slow
Gα2-YFP and Gβ-YFP population reflected a receptor/G protein precoupled com-
plex which dissociates upon ligand binding and receptor activation.

2.3.4 cAMP stimulation induces confined diffusion of fast Gα2-YFP
and Gβ-YFP fractions into 600 nm membrane domains

Upon global cAMP stimulation, the fast fractions of both Gα2-YFP and Gβ-YFP
changed their behavior from free diffusion (eq.2.3) to confined diffusion (fig.2.4,
eq.2.4). Confined diffusion is a process in which a molecule is free to diffuse in a
restricted domain surrounded by impermeable fences. The corresponding relation
between MSD and timelag is:



2.3 Results 35

MSD(tlag) =
l2

3

(
1− exp

(
−12Dinittlag

L2

))
+ s0 (2.4)

where Dinit is the initial diffusion coefficient for small time-lags, and L repre-
sents the side-length of a square domain [57]. From figure 2.4B the domain size was
determined to be 600 ± 100 nm for both Gα2-YFP and Gβ-YFP, and the initial dif-
fusion constants Dinit,1= 0.19 ± 0.02 and Dinit,1 = 0.16 ± 0.02 µm2/s for the two
constructs, respectively.

2.3.5 cAMP-induced membrane domains and Gβ-YFP immobilization
are F-actin dependent

To determine whether there is a relation between actin polymerization, the 600 nm
membrane domains, and the cAMP-induced immobilization of the Gβγ slow frac-
tion, aggregation-competent Gβ-YFP/wt cells were incubated with 0.5 µM latrun-
culin A (lat A) for 10 min. The diffusion behavior of Gα2-YFP and Gβ-YFP was un-
changed after lat A treatment in unstimulated cells (fig.2.3B&C, left; fig.2.8). How-
ever, upon global stimulation with 10 µM cAMP a significant change in the diffusion
behavior was observed. The slow fraction size of Gβ-YFP increased slightly to 39
± 5%, and the immobilization seen for untreated cells disappeared (D2= 0.016 ±
0.001 µm2/s; fig.2.3B, right). Further, the confinement observed in the fast fractions
of Gα2-YFP and Gβ-YFP vanished and both constructs diffused freely with D1 =
0.15 ± 0.01 µm2/s (fig.2.3C right; fig.2.8C). These results led us to conclude that
the membrane domains observed were F-actin dependent, and that immobilization
of Gβ-YFP required either a direct or an indirect interaction of Gβ-YFP with the
F-actin meshwork. It should be noted however, that the increase of the slow fraction
upon global cAMP stimulation was undisturbed by lat A. In contrast, the immobiliza-
tion of the slow Gβ-YFP fraction was clearly regulated by F-actin and is presumably
involved in maintaining cell polarity during chemotaxis.
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2.3.6 The increase of the slow fraction and Gβγ immobilization occur
selectively in the leading edge

Whether the increase of the slow fraction and immobilization of Gβ-YFP upon global
stimulation with 10 µM cAMP reflects a differential G protein behavior in the chemo-
taxis process was subsequently tested in a micropipette assay. The opening of a mi-
cropipette, filled with 10 µM cAMP, was placed at a distance of∼75 µm from the cells
generating a shallow cAMP gradient of∼0.4 nM/µm at the cell position. After 13 min
cells became highly polarized and oriented towards the micropipette (fig.2.1A). The
size of the slow fraction of Gβ-YFP differed significantly when comparing leading
to trailing edge and was found to be 38 ± 4% and 23 ± 3%, respectively (fig.2.5A).
Strikingly we found that the diffusion constants of the slow fraction were different
at the anterior as compared to the posterior: at the anterior the slow Gβ-YFP frac-
tion was immobilized (D2 < 0.001 µm2/s; fig.2.5C, left) exactly as observed upon
global stimulation whereas at the posterior the diffusion constant was comparable to
the one found for unstimulated cells (D2 = 0.012 ± 0.001 µm2/s). We also found
that the formation of the characteristic 600 nm domains was restricted to the anterior
(fig.2.5B). All together, the behavior of Gβγ in the absence of agonist matches the
behavior in the posterior whereas Gβγ behavior at the anterior matches the situation
observed after global agonist stimulation. Micropipette experiments on lat A treated
cells confirmed that F-actin, in part, controls G protein mobility in an activation de-
pendent manner. As lat A pretreated cells did not evolve any morphological polarity
we defined the part nearest to the micropipette as the anterior. The posterior part of
the cell was defined accordingly. The difference in slow fraction size between the
anterior and the posterior cell regions was found to be the same as that found in po-
larized cells with intact cytoskeleton (fig.2.4A, right). This finding could have been
predicted given that gradient-sensing is an actin-independent process. Like in the
case of uniform cAMP stimulation, the immobilization of Gβ-YFP at the anterior, as
well as the confined diffusion behavior of the fast fraction disappeared upon F-actin
disruption.
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Figure 2.5: Gβ-YFP mobility is highly polarized. The diffusion of Gβ-YFP in the anterior
(red) and the posterior (blue) apical membrane of wt D. discoideum crawling in a shallow
(0.4 nM/ µm) cAMP gradient shows distinct differences. The black lines show the results
obtained for cells before (dashed line; fig.2.2, left) and after global stimulation with 10 µM
cAMP (solid line, fig.2.2, right). (A) Slow fraction size of Gβ-YFP in the leading (red) and
trailing (blue) edge of wt cells (left) and cells treated with lat A. (B) MSD1 versus time lag
for the fast fraction in the leading (red) and trailing edge (blue). Both showed confinement
as observed for the fast fraction upon uniform stimulation with cAMP. (C) MSD versus time
plot for the slow fraction in the leading (red) and trailing edge (blue) in wt cells (left) and
cells treated with lat A (right). In the wt cells the slow fraction was immobilized in the front
(D < 0.001 µm2/s). Immobilization was not observed in lat A treated cells.
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2.3.7 cAMP-induced domain formation is PI3K and PLA2 independent

To investigate whether the observed cAMP-induced changes in the mobility of the
Gβ subunits are the consequence of the activity of the PI3K pathway, we treated the
cells with the PI3K inhibitor LY294002. At a concentration of 60 µM and incubation
times of 15 min PI3K activity is reduced by > 95% [11]. In the absence of agonist,
the inhibitor did not influence the mobility of Gβ subunits. Uniform stimulation with
10 µM cAMP also resulted in diffusion parameters similar to the control situation
of wt cells when stimulated with cAMP. The fast fraction was confined, revealing
the presence of∼600 nm domains (fig.2.6C). The slow fraction in LY294002-treated
cells was significantly slowed (D2 = 0.006 ± 0.001 µm2/s) but mobile (fig.2.6B). As
in the control experiments on global cAMP stimulation, the size of the slow fraction
grew by 17% (fig.2.6A).

The observed results suggested that the F-actin-dependent domain formation was
PI3K activity independent. Although the PI3K/PTEN pathway is known to be im-
portant for ligand-induced actin polymerization probably the latter finding is justified
by the presence of parallel pathways. Therefore in addition to LY294002 we also
used the PLA2 inhibitor bromoenol lactone (BEL) at a saturating concentration of
5 µM [11]. Cells were incubated with both inhibitors and subsequently stimulated
with 10 µM cAMP. Treatment with both inhibitors did not result in any significant
change in the mobility as compared to treatment with LY294002 alone (fig.2.6B).
This result further proved the notion that additional pathways act in parallel to PI3K
and PLA2 pathways and that they are sufficient for actin reorganization albeit at a
reduced efficient as compared to when all pathways are active.

2.4 Discussion

The spatiotemporal behavior and interaction of activated GPCRs with G proteins
constitutes a key event in chemotaxis. Using single-molecule epifluorescence mi-
croscopy we measured G protein diffusion in the absence and presence of agonist
and in cells in an agonist gradient. By analysis of the mobility in various signal-
ing states we developed a mechanistic model of the early steps in chemotactic sig-
naling (fig.2.7). In the inactive state (fig.2.7, top) G proteins at the membrane are
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in either of two fractions, a highly mobile Gα2βγ heterotrimer or a low-mobility
receptor/Gα2βγ precoupled complex. The receptor/Gα2βγ complex, which ac-
counts for 32% of the membrane-bound Gα2, 32% of the Gβγ, and 50% of the acti-
vateable receptor population was identified by comparison of their mobility. Binding
of the G protein to the receptor leads to a slow-down in its mobility by one order of
magnitude. This latter finding is in line with recent FRAP and TIRM experiments
[22] in which an increase in membrane-bound G protein fraction on receptor acti-
vation has been found and attributed to G protein / receptor interaction. Given that
fast cytosolic proteins [76] are not visible with our technique and only lead to an
increased background signal our results provide a detailed view on the membrane-
bound fraction and the processes that play a role within the membrane.

Receptor activation by stimulation with cAMP (fig.2.7), bottom) disrupts the
equilibrium between the Gα2βγ heterotrimer and the receptor/Gα2βγ precoupled
complex by allowing the latter to form an activated receptor/Gα2βγ complex. This
intermediate complex subsequently dissociates into a free activated receptor, and
into free Gβγ and Gα2GTP subunits. As argued by de Keijzer et al. [17], in turn
the activated cAMP-receptor is able to interact with and activate further Gα2βγ
heterotrimers (68% of the initial Gβγ and the membrane-bound Gα2 population)
(fig.2.7 bottom, red arrows) resulting in a local increase of G protein activation until
cAMP dissociates from cAR1 at a rate of 0.4-1 s−1 [45]. It was predicted earlier
[17] that such local amplification step, governed by the simultaneous increase in re-
ceptor mobility, will lead to a final 5-fold linear amplification of the external cAMP
gradient to an intracellular gradient in active Gβγ proteins. The current experiments
confirmed this prediction.

In parallel to the increase in fraction size, we observed a slow-down of Gβγ mo-
bility upon stimulation. Since measurements were performed within 20 min after
stimulation, a time after which adaptive processes have been initiated [19, 96], we
conclude that the immobilization is not transient but persists as long as cells are stim-
ulated. The observation confirms the previously observed dose-dependent steady-
state loss-of-FRET which was explained by the dissociation of the Gα2βγ complex
into its subunits [44].

Following G protein activation and further downstream signaling the actin cy-
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Figure 2.6: Mobility of Gβ-YFP on inhibition of PI3K and PLA2. Diffusion of Gβ-YFP
on the apical membrane of wt D. discoideum treated with the PI3K inhibitor LY294002, and
the PLA2 inhibitor Bromoenol Lactone (BEL). (A) Size of the slow fraction of Gβ-YFP
before and after uniform stimulation with 10 µM cAMP in wt cells (black), cells treated
with LY294002 (grey), and cells treated with both LY294002 and BEL (light grey). (B)
MSD2 versus time lag of the slow fraction of Gβ-YFP in wt cells (black), cells treated with
LY204002 (grey), and cells treated with both LY294002 and BEL (light grey) before (left)
and after (right) uniform stimulation with 10 µM cAMP. cAMP stimulation caused a dramatic
slowdown of the diffusion of the slow fraction in wt cells. This slowdown was impaired after
treatment with both inhibitors. (C) MSD2 versus time plot of the fast fraction of Gβ-YFP in
wt cells (black), cells treated with LY294002 (grey), and cells treated with both LY294002
and BEL (light grey) before (left) and after (right) uniform stimulation with 10 µM cAMP.
Confinement upon cAMP stimulation was observed even in presence of both LY294002 and
BEL. These findings suggest that a third parallel pathway, which was not inhibited (most
likely the TorC2 pathway [48]) is acting in gradient sensing.
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toskeleton is reorganized [27]. Reorganization leads to a tightening of the membrane
associated F-actin, apparent in Gα2 and Gβγ mobility which shows confinement
to F-actin dependent domains of ∼600 nm in size. At this point it is still unclear
whether F-actin is sufficient for Gβγ immobilization or whether associated proteins
are needed to allow for the immobilization to occur. Inhibition of downstream PI3K
(with 60 µM LY294002) and PLA2 (with 5 µM bel-inhibitor) however revealed that
the Gβγ slow down was PI3K and PLA2 dependent only to a certain degree. Com-
plete immobilization, as in the control experiment, was not observed. This might
indicate either immobilization of only a part of the Gβγ subunits or binding to less
rigid F-actin fibers. The formation of the 600 nm F-actin dependent domains, in con-
trast, was undisturbed. The restriction of activated signaling molecules to a small part
of the membrane by inhibiting them from moving across the cell leads to a suggestive
biological role for F-actin mediated confinement. Indeed the leading edge of moving
fish epidermal keratocytes has been described as a diffusion barrier, even for lipids
[94].

Clustering signaling components in a multicomponent signaling complex via a
scaffold and/or anchoring proteins to the cytoskeleton was found for various sig-
naling cascades [71] and seems ubiquitous. After initial G protein activation and
respective activation of downstream signaling leading to enhanced actin polymeriza-
tion at the front, activated Gβγ subunits are constrained to actin-dependent scaffolds
at the leading edge. This process which spatially restricts Gβγ signaling may in
turn lead to a further enhancement of the related signaling cascade at the anterior of
the cell in an F-actin dependent positive feedback loop. This process may facilitate
chemotactic signaling by spatially restricting the activated signaling components in
a larger protein complex; a signalosome. Our data show that, if domains are present
before stimulation, they must have a side-length of L > 1 µm (fig.2.2C, left). Upon
stimulation such domains shrink to L = 600 nm (fig.2.2C, right). Assuming a homo-
geneous distribution of receptors and G proteins in the cell membrane (surface area
= 540 µm2, see section 2.2.8) before stimulation we estimate that such domains on
average contain 4 · 104 receptors / 540 µm2 · (600 nm)2 = ∼27 receptors, ∼48 Gα2
subunits and ∼52 Gβγ subunits. Experiments performed on F-actin depleted cells
have revealed that gradient sensing, the mere detection of the chemical gradient, was
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not impaired [70]. Hence, the role of Gβγ immobilization is likely related to the sta-
bilization of pseudopods and perhaps, at a later stage, to the development of an innate
cell polarity as is observed after prolonged directional stimulation of D. discoideum
[27].

A variety of studies have clearly demonstrated that gradient sensing is reflected
as a remarkable relocation of signaling components shortly after application of the
chemical gradient [70, 15, 100]. Phosphatidylinositol-3,4,5-trisphosphate (PI(3,4,5)P3)
and its related kinase (PI3K) are largely localized at the leading edge whereas their
related phosphatase (PTEN) is excluded from the anterior [40]. Despite extensive
research relocation of neither the receptor nor the G protein has ever been observed.
Protein behavior and activation can be different at different locations due to local
variations in membrane curvature [25], activated signaling cascades [90], and the
presence of signaling scaffolds [71]. Our experiments here show, as for the cAMP
receptor, that cell polarization is reflected in a dynamical property of the G proteins,
namely their mobiliy, rather than in their localization. It is noteworthy that the po-
larized distribution of Gβγ mobility was found to be independent on the presence of
F-actin: an identical distribution between fast (inactive) and slow (active) fractions
was observed in cells treated with 0.5 µM lat A. Hence, the increase in G protein
activity is related to gradient sensing and not to processes responsible for subsequent
pseudopod stabilization or amplification and persistent cell polarity.

We and other groups have shown before that polarization in chemotaxing D. dis-
coideum cells is present at the level of the GPCR [90, 17]. Here we extended our
model and show an F-actin dependent, leading edge specific immobilization of the
Gβγ heterodimer, an important mediator of chemotactic responses. We show that
this immobilization is due to activation of the chemotactic pathway and hypothesize
that F-actin functions either directly or indirectly as a signaling enhancing scaffold,
suggesting a function for this mechanism in the stabilization of pseudopods and/or
the onset of a persistent leading edge. Likewise, in terms of a balanced inactivation
model [59] which suggests a possible inhibitory function for Gβγ, binding Gβγ to
F-actin would prevent its inhibitory function specifically at the leading edge, finally
leading to the steep amplification of the activation signal observed in experiments.
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Figure 2.7: Model describing the dynamic cAR1 / G protein interaction at the leading
and trailing edge. Before cAMP stimulation (top) the G protein’s fast fraction is diffusing
freely on the membrane with diffusion constant D = 0.15 µm2/s. The slow fraction (D = 0.011
µm2/s) exists as a complex which is precoupled to cAR1. 30% of the G protein and about
45% of the receptor population exist in this fraction. Upon binding of cAMP to the receptor
(bottom) the G protein heterotrimer is dissociated: the Gα2 subunit exchanges GDP for GTP
and diffuses into the cytosol where it is free to activate downstream signaling molecules. The
previously precoupled cAR1 fraction is engaged in catalytic activation of the large G protein
heterotrimer pool (indicated by red arrows). The Gβγ heterodimeric subunit is immobilized
by interaction with F-actin associated structures which potentially serve to locally enhance
chemotactic signaling. Tightening of the membrane-associated F-actin restricts the diffusion
of the G proteins to ∼600 nm domains.
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Figure 2.8: Mobility of Gα2-YFP upon stimulation. (A) Size of the slow fraction of Gα2-
YFP in wt (red), gβ− (cyan), car1− (purple), and cells treated with 0.5 µM lat A (blue),
before (-) and after (+) global stimulation with 10 µM cAMP. (B) MSD2 versus time lag of
the slow fraction of Gα2-YFP in wt (red), gα2− (cyan), car1− (purple), and cells treated with
0.5 µM lat A (blue) before (left) and after (right) uniform stimulation with 10 µM cAMP. The
diffusion of the slow fraction of Gα2-YFP was not influenced by stimulation with cAMP,
knockout of gβ, or disruption of the F-actin cytoskeleton. (C) MSD1 versus time lag of the
fast fraction of Gα2-YFP in wt (red), gβ− (cyan), car1− (purple), and cells treated with 0.5
µM lat A (blue) before (left) and after (right) uniform stimulation with 10 µM cAMP. The
diffusion behavior of Gα2-YFP in wt changed from free (eq.2.3) to confined (eq.2.4) upon
cAMP stimulation. This was not observed for lat A treated, gβ− nor car1− cells.
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Figure 2.9: Comparison of slow fraction sizes between wt and knockout backgrounds.
The slow fraction size of Gβ-YFP in non-stimulated wt and gβ− cells (left) is compared to
the fraction size of Gα2-YFP in non-stimulated wt and gα2− cells (right). Both the wt cells
and the respective knock-out cells showed a similar size of the slow fraction, assuring that the
predominant fast fraction was not an artifact caused by the overexpression of the constructs
in wt background.





Chapter 3

Leading edge specific attenuation
of cortex / membrane interactions
leads to polarized GPCR mobility

Single Molecule Microscopy (SMM) was used to investigate the diffusion of the G
Protein Coupled Receptor cAR1 which is responsible for gradient sensing in Dic-
tyostelium discoideum. We show that the mobility of cAR1 is globally increased
∼twofold during chemotaxis with respect to naïve (not exposed to cAMP) cells,
higher at the leading than at the trailing edge and that this effect requires an intact G
protein. Upon disruption of the F-actin cytoskeleton network by latrunculin A (lat A)
the mobility of cAR1 also increases twofold indicating either a direct or an indirect
interaction with actin filaments and implicating them as a likely regulator of cAR1
mobility. Surprisingly, in lat A treated cells in a cAMP gradient the overall mobility
is even higher than in naïve lat A treated cells and cAR1 mobility is still increased at
the anterior with respect to the posterior. We propose that F-actin restricts diffusion
of cAR1 and that G protein dependent attenuation of F-actin or its interaction with
the membrane leads to the polarized cAR1 mobility but clearly other factors involved
in gradient sensing are also playing a part.
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3.1 Introduction

Tight regulation of the cytoskeleton is vital to a multitude of cellular functions. Pro-
teins that fulfill this task are important in cytokinesis, maintaining cell shape, sta-
bilization of cell-cell and cell-substrate interactions, and regulation of cell motility.
The cytoskeleton interactions however do not go one way, signaling molecules, even
lipids, can be spatially confined by filamentous actin (F-actin) [94]. Such interactions
presumably serve as a feedback between F-actin and its activating molecules and play
an important role during directed as well as random cell movement of multiple cell
types [80, 42].

In Dictyostelium discoideum more than 50% of the obstruction experienced by
cytosolic signaling molecules is caused by F-actin [76]. Regarding cell polarization,
the relevance of the mobility of signaling molecules on their function was predicted
by a diffusion-translocation model [75] and recently confirmed by us in an initial
study of receptor mobility [17]. The model concludes that "the capacity of a second
messenger to establish and maintain localized signals, is mainly determined by its
dispersion range". It is clear that the dispersion range is a function of the messen-
ger’s "off-rate" and its diffusion constant. Moreover in the cell membrane in which
diffusion is restricted to two dimensions the rate of a reaction involving multiple
molecular species is proportional to their concentration and speed [4]. In short, the
mobility of signaling components in a polarized system, and any polarity regarding
the latter, determines how well such a system can maintain and amplify that polar-
ity. The only way to circumvent signal delocalization of highly mobile signaling
molecules while preserving a high reaction rate is compartmentalization. The F-actin
cytoskeleton has been suggested numerous times before as candidate to provide for
micro-compartments [57, 94, 2].

The social single cell eukaryote D. discoideum is a widely used model organism
for studying directed cell movement and cytoskeleton dynamics. D. discoideum is
easily accessible to microscopy, easy to culture, its genome is completely sequenced,
and the biochemical networks leading to chemotactic behavior have been extensively
characterized. In addition, reliable methods have been developed to observe individ-
ual, fluorescence-tagged molecules during chemotaxis [90, 17].
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In order to detect a gradient, D. discoideum relies on a G protein coupled receptor
system making it an interesting model from a physiological perspective as well. The
binding of cyclic adenosine mono-phosphate (cAMP) to the D. discoideum cAMP re-
ceptor 1 (cAR1) promotes the exchange of guanine di-phosphate (GDP) for guanine
tri-phosphate (GTP) in the Gα2 subunit of the Gα2βγ heterotrimer. In the dogmatic
view the trimer subsequently dissociates into a Gα2 and a Gβγ subunit. Recently, it
has been shown that both G protein subunits continuously cycle between the mem-
brane and the cytosol. Upon stimulation of cAR1, the Gα2 subunit decouples from
Gβγ [44, 22] and increases its affinity for the membrane and potentially cAR1 [22].
The Gβγ subunit immobilizes in an F-actin dependent manner (chapter 2) and decou-
ples from cAR1 presumably entering the cytosol [22]. In a cAMP gradient, G protein
activation is proportional to the activation of cAR1 [44, 100] along the cell mem-
brane. In addition, Gβγ immobilizes specifically at the leading edge in an F-actin
dependent manner (chapter 2). It is known that both G protein subunits have specific
downstream targets of which the most important ones for chemotaxis are probably
Ras guanine exchange factors (RasGEFs). RasGEFs activate small G proteins of the
Ras subfamily in a specific manner. For chemotaxis and cAMP relay, RasC and RasG
are the most important proteins of the Ras subfamily [5]. Activation of Ras proteins
is the earliest polarized response downstream of G proteins [103] and leads to the
polarized activation of PI3K [40, 30], PLA2 [11], TorC2 and subsequently 2 PKB
homologues (PKBA and PKBR1) [48]. How exactly the coordinated action of these
pathways leads to the spatial regulation of the cytoskeleton that finally results in cell
motility still has to be revealed.

In this paper we investigate the role of the F-actin cytoskeleton on the mobility
of cAR1. We show that the mobility of cAR1 is decreased in the presence of F-actin.
When D. discoideum cells chemotax, cAR1 mobility increases globally and likewise
in a polarized leading edge vs trailing edge manner.

The result of finding a higher receptor mobility at the leading edge, where the
abundance of F-actin was shown to be increased, lead us to propose to differentiate
between two F-actin types. F-actin that lines the membrane making up the membrane
cortex or membrane cytoskeleton, and the F-actin that generates force required for
leading edge propulsion. The first type inhibits cAR1 diffusivity. Cortex - membrane
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interactions are less tight at the leading edge of chemotaxing D. discoideum [64],
probably to facilitate the formation of blebs which result in faster cellular movement
[101, 58]. The fact that lat A treated cells can still modulate cAR1 mobility in a
cAMP gradient suggests that other factors involved in gradient sensing also influence
the dynamics of membrane localized signaling molecules.

3.2 Materials and methods

3.2.1 Cell culture and transformation

The axenically growing D. discoideum strain Ax2 will be referred to as wildtype
(wt). All cells were cultured at 22°C. Wt, gα2− (myc2, [13]) and gβ− (LW5, [60])
cells were transformed using electroporation with a cAR1-eYFP containing plasmid.
We used G418 (Geneticin, Invitrogen) to select for successfully transformed cells,
Cells were grown as a monolayer on plastic dishes in axenic culture medium, HL5-C
(Formedium), containing 10 µg/ml penicillin/streptomycin (1:1) (Invitrogen) suitably
supplemented with 10-20 µg/ml G418.

3.2.2 Preparation of cells for measurements

A confluent 10 cm petridish was incubated overnight in loflo medium (Formedium)
to reduce cellular autofluorescence. In the morning, cells were washed once by col-
lecting all cells in 5 ml development buffer (DB, [24]) and spinning down for 4 min
at 400× g RCF. Cells were then resuspended in 5 ml DB and shaken gently at ∼100
rpm After 1 hr the cells were pulsed with 150 nM cAMP per pulse every 6 min using
a timer and a peristaltic pump for 4 hr. Subsequently the cells were washed again
with fresh DB as before and left to shake for 40 min After settling for 20 min on a
chambered coverglass (labtek), measurements commenced. All measurements took
place in DB at room temperature for a maximum of 2 hr (15-60 sec/cell). The term
"naïve" is used for cells that have undergone this treatment but were not further sub-
jected to cAMP (not by global stimulation and not by the application of a cAMP
gradient) or lat A.
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3.2.3 Global cAMP stimulation assay

The developmental buffer, covering naïve cells in the chambered cover-glasses was
supplemented with cAMP to a final concentration of 100 nM or 10 µM. Experiments
were performed within either 6 or 20 min after addition of cAMP.

3.2.4 Applied gradient assay

After settling on the coverglass, a micropipette (Eppendorf femtotip) attached to an
Eppendorf Femtojet was suspended just above the glass coverslide on which the cells
reside. The internal pressure of the Femtojet was set to 40 KPa. This created a stable
cAMP gradient of about 10% over the cell body at a mid-concentration of 60 nM as
verified experimentally and by simulation. Wt cells polarized within a minute and
moved accurately towards the needle. Measurements at the anterior and posterior of
polarized cells were taken at a distance of ∼70 µm from the pipette tip. The region
of interest was set up such that we measured approximately 20% of the cell length at
the anterior and posterior (fig.3.1A).

3.2.5 Latrunculin A treatment

The DB in which the cells have settled on the coverglass was supplemented to a
final concentration of 0.5 µM lat A. After 10 min of incubation measurements were
performed for a maximum of 10 min.

3.2.6 Single-molecule microscopy

The experimental setup for single-molecule imaging has been described in detail pre-
viously [81]. The samples were mounted onto an inverted microscope (Axiovert100,
Zeiss) equipped with a 100× objective (NA=1.4, Zeiss) and a sensitive CCD camera.
The region-of-interest was set to 50 × 50 pixels. The apparent pixel size was 220
nm. Measurements were performed by illumination of the samples for 5 ms at 514
nm (Argon-ion laser, Spectra Physics) at an intensity of 2 kW/cm2. The cells were
photobleached for a period of 2-5 sec and sequences of 500 images with a timelag
of 50 ms were taken. Use of an appropriate filter combination (Chroma) permitted
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the detection of the fluorescence signals on a liquid nitrogen-cooled CCD-camera
(Princeton Instruments). The setup allowed us to image individual fluorophores at a
signal-to-background-noise ratio of ∼30 leading to a positional accuracy of σ0 = 40
nm (fig.3.1B).

3.2.7 Analysis of single molecule data

The positions of individual molecules were determined within each image stack by
fitting the intensity profiles to a 2D Gaussian using Matlab (Mathworks Inc). The
center-of-mass of the Gaussian fit corresponds within ∼40 nm to the position of the
molecule. Typically image stacks on 50-200 cells were taken that lead to 2-6 · 104

individual molecule positions in each of the experiments shown. The position data
were subsequently used to perform particle image correlation spectroscopy (PICS,
[83]). PICS calculates the cross-correlation between individual molecule positions
at two different points in time (fig.3.1C) from which the cumulative density function
(cdf(r2, tlag)) of squared displacements was constructed for each timelag (tlag) be-
tween 50 and 400 ms (fig.3.1D). At least 2 · 104 individual molecules were used to
construct the cdfs. The cdfs are subsequently fitted to a two fraction diffusion model:

cdf(r2, tlag) = 1−
(
α · exp

(
− r2

MSD1

)
+ (1− α)exp

(
− r2

MSD2

))
(3.1)

The fast fraction size, α, was globally fitted for all timelags in a given data set.
This yielded 2 mean squared displacements (MSD1, MSD2) per timelag and one fast
fraction size for each data set (fig.3.1D). Subsequently the MSDs were plotted versus
tlag resulting in a representation of the diffusion behavior. To determine the diffusion
constant we fitted each of the MSDs vs time datasets to a free diffusion model:

MSD = 4Dtlag (3.2)

This final analysis yielded two diffusion constants (D1, D2) and two offsets (s0)
(fig.3.1E). In the case that two dataset were compared (for example anterior vs pos-
terior), MSD1 and MSD2 were kept equal per timelag for the two datasets, the fast
fraction size (α) was kept constant per dataset but varied between the two data sets
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resulting in 2 diffusion constants and two fraction sizes per fit. In this analysis, the
fast fraction size α was the only parameter signifying the difference between the two
experimental conditions.

The offset s0 is a representation of the accuracy by which the position of the
molecules, σ was determined in each dimension. The positional accuracy leads to
the offset in equation 3.2 of s0 = 4σ2 in two dimensions. Given that σ scales with

the signal-to-noise ratio (σ =
λ
2√
SNR

, λ = wavelength of detected light) and since
every observation of an individual molecule is achieved at different signal-to-noise
ratios, a distribution in σ must be taken into account. For the data presented here σ

= 40 ± 20 nm. As outlined in the Appendix this distribution in positional accuracies
renders the simple expression in the squared displacement analysis of equation 3.1
inaccurate. This becomes important in the case that MSD1 and MSD2 are close to
σ2, as presented here. Subsequently the data treatment leads to two different offset
values s0,1 and s0,2 for the fast and slow fraction, respectively. It should be noted that
independent of this inaccuracy, the diffusion constants as determined from the slopes
of the MSD with timelag were unchanged.

3.2.8 Error estimation

To determine the correct error in the diffusion constants and the fraction size dis-
tributions we used bootstrapping. Each dataset was build up from all the observed
molecules found in 40-200 individual cells. From the total dataset 30 random sub-
sets were chosen. These resampled sub-sets were subsequently analyzed as describe
before, yielding 60 different diffusion constants (2 for each dataset) and 30 fast frac-
tion sizes. The standard deviation of these distributions was taken as an accurate
representation of the biological variance among cells and as error estimates for the
data obtained on the full data set.
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Figure 3.1: Experimental setup. (A) A needle containing 10 µM cAMP is placed at a
distance of ∼70 µm from the region in which the measurements are taken creating a gradient
estimated at 4nM/µm over the cells. As soon as the needle is placed, the cells start to change
their morphologies from amorphous to highly stretched. (B) A 514 nm laser is focused on the
apical membrane of the leading and trailing edge where we observe individual eYFP tagged
molecules with a positional accuracy of around 40 nm, after low pass fast Fourier transform
filtering. (C) The correlation between the images in a stack, typically 500 images / cell with
a time lag of 50 ms is calculated using PICS (see section 3.2.7) which yields (D) cumulative
density plots (cdfs) for each time lag, typically up to 400 ms. Fitting of these plots (eq.2.2)
results in two MSDs and a fraction size for each of the fractions which is fitted globally.
(E) When plotted the slope of the MSD vs time lag plots represents the diffusion constant
(D =

4tlag

MSD ). By assuming the diffusion to be the same between two datasets, the fraction
size, α (eq.3.1), becomes the sole parameter that measures the difference between them.
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3.3 Results

3.3.1 In naïve wt cells cAR1 moves slowly and exists in two distinct
states

Naïve Ax2 (wt) Dictyostelium discoideum cells after having been starved for 6 hr. and
challenged by cAMP pulsing were very amorphous in shape and spread out readily
on the coverglass. Pseudpods seemed to be generated at random as the cells probed
their environment (fig.3.2A). Cells initially moved at random.

The mobility of cAR1-eYFP in these cells was investigated on long timescales
(up to 400 ms) to get an idea of cAR1 mobility and possible membrane structures or
domains that could influence diffusivity. This data will serve as a control for the data
presented in what follows. The mean square displacements for given time lags be-
tween 50 and 400 ms were determined by PICS that yielded the distribution of square
displacements (fig.3.1D). Fitting of those distributions to a diffusion model (eq.3.1)
confirmed the existence of two distinct, slow and fast, cAR1 fractions as has been
reported earlier [17]. Taking into account the difference in positional accuracy, the
mean squared displacements (MSDs) for a timelag of 50 msMSD1 = 0.017± 0.002
µm2 and MSD2 = 0.005 ± 0.004µm2 matched the values reported by de Keijzer
and others for a time lag of 44 ms [17]. The linear relation between both MSDs and
timelag (fig.3.2B) showed that cAR1 mobility was random, and was characterized
by the diffusion constants D1 = 0.015 ± 0.002 µm2/s (α = 0.45 ± 0.06) and D2 =
0.007 ± 0.001 µm2/s (1-α = 0.55 ± 0.06), respectively. The diffusion constant of the
fast fraction, D1, reported here differs significantly from the earlier estimate [17] as
obtained from one MSD value at 44 ms only. The latter overestimation was due to
the underestimation of the effect of a wide distribution in the positional accuracies by
which individual molecules were detected (see also section 3.2.7 and the Appendix).
The diffusion constants we found by the more elaborate study here are in line with
typical values found for GPCRs [90, 2] in cell membranes. It should be noted that
the diffusion of the fast fraction (D=0.015 ± 0.002 µm2/s) closely resembles that of
the slow fraction of the G protein heterotrimer (chapter 2). Hence, we suggest that
the fast fraction reflects receptors that are pre-coupled to their respective G protein.
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Figure 3.2: Diffusion of cAR1 in naïve wt cells. (A) After settling on the coverglass, cells
flatten out and extend pseudopods as if exploring their surroundings. (B) cAR1 exists in two
states with one diffusion constant ∼twofold higher compared to the slower one. The offset
difference is explained by a wide distribution of the positional accuracy with which individual
molecules are located.
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3.3.2 The mobility of cAR1 is polarized and increased in chemotaxing
cells

We have previously shown that the mobility of cAR1, as characterized by the MSD
after a time lag of 44 ms, was polarized [17]. 23% more fast moving receptors were
found at the leading edge of cells as compared to the posterior when cells underwent
chemotaxis. In the current paper we set out to characterize the diffusion of cAR1 on
longer timescales from 50 up to 400 ms. In this way we intended to retrieve additional
details on receptor mobility that in turn is taken as indicator for the local structure of
the plasma membrane and its potential restructuring following gradient detection.

Upon application of the cAMP gradient the cells attain a highly stretched mor-
phology (fig.3.3A). We measured > 200 cells and constructed the anterior and pos-
terior cdfs for 6 timelags between 50 and 300 ms. Clearly, the receptor mobility at
the anterior was increased with respect to that at the posterior (fig.3.7). Furthermore,
we confirmed that the two-fraction model was sufficient to interpret the data. We
assumed that the mobility per fraction was identical at the anterior as compared to
the posterior. The latter assumption was confirmed by independent fit of the ante-
rior/posterior displacement data that yielded equivalent diffusion constants for both
fractions (data not shown). The final result of this advanced analysis confirmed our
previous results [17]: cAR1 mobility was higher at the anterior as compared to the
posterior. We interpret this higher mobility as an increase in fast fraction size (α
in eq.3.1). In this two-fraction interpretation the fast fraction was α = 0.47 ± 0.05
at the anterior as compared to α = 0.32 ± 0.05 at the posterior, hence higher by a
factor of ∼1.5. As compared to naïve cells the diffusion constants of both fractions
were also increased twofold to D1= 0.036 ± 0.005 µm2/s, and D2= 0.011 ± 0.001
µm2/s, respectively. In comparison to studies on the G proteins (chapter 2), receptor
diffusion did not show confinement, at least up to a length scale of 0.05 µm2, not
even upon activation (data not show). That finding might not be surprising given our
earlier finding that confinement in G protein mobility was observed at a length scale
of 0.6 µm2.

Cell movements did not influence the values we report here. A cell crawls at a
speed of v ∼5 µm/min equivalent to ∼4 nm/50 ms, which is significantly lower than
positional accuracy at which we detected individual molecules. Clearly, at much
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longer timelags (tlag > 4D
v2

= 23 sec) the linear displacement of the cell would be com-
parable to that of the molecules (the MSD quadratically increases with time for linear
movement). Such timescales were outside of our experimental reach. In addition, the
squared displacements parallel to the direction of cell motility was identical to that in
the perpendicular direction (data not shown) yet another strong indicator for random
cAR1 movement.

3.3.3 cAR1 mobility is not influenced by Gα2 or Gβγ binding

When comparing the mobility of cAR1 between front and back of wt cells performing
chemotaxis, the anterior mobile fraction was increased by 15% (fig.3.3, gray bars). In
our previous paper we suggested that this anterior cAR1 mobility shift was directly
related to Gα2 uncoupling following receptor stimulation. We further suggested that
Gα2 by itself was bound to some (potentially) cytoskeleton, structure in order to
explain the difference in anterior/posterior mobility [17]. In a follow-up study we
characterized the molecular movement of both the Gα2 and the Gβγ subunits of the
G protein heterotrimer by which we were able to confirm the coupling of Gα2 to
cAR1. It should be noted however that the majority of the G protein heterotrimers
(∼70%) was with high certainty uncoupled from cAR1 (chapter 2).

Upon establishment of the full MSD vs time curve of cAR1 in the gα2− cell line,
we found no statistically relevant difference (fig.3.4A) in comparison to wt cells.
Within experimental uncertainty the diffusion constants were identical for both cell
types (fig.3.4A; D1 = 0.019 ± 0.003 µm2/s, D2 = 0.007 ± 0.001 µm2/s). The same
holds true for cAR1 mobility in gβ− cells (fig.3.4C; D1 = 0.014 ± 0.003 µm2/s, D2

=0.007 ± 0.001 µm2/s, α = 0.39 ± 0.05). Both findings were in contrast to what we
predicted from our earlier studies [17]. Our new, more detailed study shows that the
diffusion of cAR1 in gα2− cells deviates only slightly from that in wt cells, but it
does not resemble the diffusion in the leading edge of chemotaxing cells. The loss
of polarized cAR1 mobility in gα2− cells, as reported earlier at the 44 ms timescale
[17] however was clearly confirmed here on timescales up to 300 ms. The ante-
rior/posterior mobility difference as seen in the squared displacement distribution
in wt cells (fig.3.7) was lost in gα2− (fig.3.8). A detailed analysis of the mobility
showed that the mobile fraction difference for the anterior/posterior cAR1 mobility
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Figure 3.3: Diffusion of cAR1 is polarized and increased in chemotaxing cells. (A) In
a gradient, cells attain a highly polarized morphology with a clearly distinguishable leading
and trailing edge. (B) We fitted the data using a model which assumed the diffusion of both
cAR1 fractions to be the same for the leading and trailing edge of a cell (gray dots) and left
the fast fraction size (α in eq.3.1, see section 3.2) as the only free parameter which defines
the front back difference (gray bars). The overall mobility of cAR1 is significantly higher
when compared to the mobility in naïve wt cells (black dashed line). The mobility is higher
at the leading edge.
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was reduced to 7% (α = 0.36 ± 0.04 vs 0.29 ± 0.04) as compared to ∆α = 0.15
(15%) in wt cells (fig.3.4B, compare blue and grey bars; fig.3.8). Interestingly, also
the increase in diffusion constants found for wt cells placed into a gradient disap-
peared for cAR1 in gα2− cells. The diffusion constants found for gα2− cells in a
gradient were indistinguishable to those found in naïve cells (fig.3.4B); D1 = 0.016
± 0.002 µm2/s, D2 = 0.006 ± 0.001 µm2/s). Together those findings suggest that
cytoskeleton rearrangements, which are at the base of the change in cAR1 mobility
in polarized wt cells, were impaired in the Gα2 knockout.

3.3.4 Polarized cAR1 mobility is F-actin independent

We investigated whether cAR1 mobility and the mobility shift observed in a gra-
dient was the result of F-actin cytoskeleton rearrangements. Using 0.5 µM lat A
F-actin polymerization was inhibited. Wt cells incubated for 10 min with 0.5 µM
lat A changed their morphology from amorphous to nearly circular (fig.3.5A). The
cells were still able to move albeit at a greatly reduced speed and by extending very
small and few pseudopods. It might be interesting to note that at the bottom mem-
brane intact cytoskeleton structures were still present (fig.3.5B). That latter observa-
tion further ensured us to pursue experiments on the apical membrane of the cell,
as compared to experiments performed by many other groups that only address the
basal membrane by total-internal reflection microscopy.

After lat A treatment, the diffusion constants of both cAR1 fractions increased
twofold to D1= 0.028 ± 0.006 µm2/s and D2= 0.015 ± 0.002 µm2/s (fig.3.5C, green
dots), when compared to naïve wt cells, whereas the mobile fraction slightly de-
creased to α = 0.38 ± 0.05 (fig.3.5C, green bar). Both findings were nearly identical
to values obtained for wt cells in a cAMP gradient (fig.3.5C, gray dashed line). These
results indicate that indeed cAR1 mobility is modulated by F-actin interactions.

To see if absence of the F-actin polymerization also abolished the polarity of
cAR1 mobility in a gradient, we applied a cAMP gradient to lat A treated cells. In
the gradient cells were not able to take on the elongated shape but were morphologi-
cally indistinguishable from lat A treated cells without the challenge (fig.3.5A). The
mobility shift that was observed in untreated cells prevailed. We found a difference
in fast fraction size in lat A treated cells of 14±7% between anterior (43 ± 6%) and
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Figure 3.4: The G-protein does not affect cAR1 mobility but is needed for the mobility
increase during chemotaxis. Comparison of the mobility of cAR1 in wt (black dashed line,
black bar) with the mobility in the absence of Gα2 (wine dots, wine bar) does not reveal
any difference. (B) When the gα2− cells are placed in gradient, cAR1 does not increase
its mobility (blue dots) compared to wt cells in a gradient (black dashed line) but remains
the same as in naïve gα2− cells (wine dashed line), the fraction size difference between
front/back decreases to ∼8% (C) knocking out Gβ also has no effect on the movement of
cAR1 (yellow dots, yellow bar) when compared to its movement in wt cells (black dashed
line, black bar).
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posterior (29 ± 8%) (fig.3.5D, compare red bars, fig.3.9). Likewise the diffusion
constants increased to D1 = 0.058 ± 0.012 µm2/s and D2 = 0.013 ± 0.001 µm2/s.

Hence, the increase in mobility that was found in untreated wt cells on stimulation
in a cAMP gradient (fig.3.3) was governed by actin-related cell-cortex components
that presumably hinder free cAR1 movement in the cell membrane however; F-actin
appears not to be the only cortex/membrane component to attenuate cAR1 mobility.
As expected, treatment of gα2− cells with lat A gives an identical result as in wt
cells indicating that an intact G protein is important for cortex remodeling, required
for chemotaxis, but not for basic cortex functioning, as suggested before [80].

3.4 Discussion

As reported earlier [17], in naïve D. discoideum cells two fractions of the cAMP
receptor cAR1 can be distinguished that differ in their mobility characterized by the
diffusion constants of D1 = 0.015± 0.002 µm2/s for the fast, and D2 = 0.007± 0.001
µm2/s for the slow fraction, respectively. Those values are in line with previously
reported diffusion constants for cAR1 [90], and more generally on G protein coupled
receptors [2].

When naïve wt cells were subjected to a cAMP gradient they attained a polarized
morphology, and the overall mobility of cAR1 increases about twofold with a clear
polarized increase when leading and trailing edge were compared. Our data showed
that the mobility of cAR1 and its polarized nature is largely controlled by the cy-
toskeleton, specifically by F-actin but most likely also other membrane components.
The mobility of cAR1 appeared to be a measure for the strength of the underly-
ing cortex-membrane interactions. These interactions were weaker at the anterior
of cells crawling in a cAMP gradient than at the posterior which is reflected by the
higher cAR1 mobility at the leading edge. It has been reported earlier that the cell
cortex is heavily remodeled during chemotaxis [33], and that interactions between
GPCRs and F-actin play a role in signaling [86, 2]. Actin cortex - membrane interac-
tions were found to be largely polarized in chemotaxing D. discoideum cells [64, 17]
and evidence for direct binding of a cAMP receptor to F-actin in D. discoideum has
been reported [31].
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To test whether F-actin was influencing the mobility of cAR1 we incubated the
naïve cells with lat A. Indeed, after this treatment the mobility of both receptor frac-
tions increased twofold, reminiscent of the mobility increase in chemotaxing cells.
Hence, the modulation of cAR1 mobility was clearly F-actin dependent and must
rely on some direct or indirect receptor-actin interaction. The exact nature of the in-
teraction remains elusive though. Several scenarios can be thought of that explain our
data. First, fast, transient binding of cAR1 either directly or indirectly to F-actin bun-
dles that line the membrane may explain the relatively low mobility in naïve cells. If
these interactions proceed at much faster timescales than the time lag in our measure-
ments (50 ms) the binding/unbinding kinetics will be observed as slower diffusion.
Second, cAR1 might be confined to very small F-actin related domains also called
corrals [56] (visualized by Morone and others [66]). Hence, the actual diffusion we
observed was rather the macroscopic diffusion of cAR1, a result of the fast micro-
scopic diffusion within small corals and a given probability of hopping from coral to
coral. If the corals are small and the microscopic diffusion fast, such corals cannot be
resolved by our slow (50 ms) technique [98]. Actually, we found evidence of corrals
in the diffusion of the G protein subunits (chapter 2) however the average size was
∼600 nm, too large to hinder the diffusion of cAR1 in a way that we could observe.
A third explanation could be that one fraction of cAR1 was directly bound to F-actin
and its movement was thereby determined by the movement of F-actin fibers. This
latter possibility appears unlikely as we have shown that the Gβ subunit of the G pro-
tein immobilizes completely via F-actin and as such was characterized by a diffusion
constant of < 0.002 µm2/s, 3 times slower than that of the slow fraction of cAR1.

From these results however, a paradox arises. Although F-actin decreased the
mobility of cAR1, we measured a mobility increase in the F-actin rich leading edge
of chemotaxing cells. One would expect the mobility to decrease in the presence of
high F-actin abundance. This apparent paradox may be explained by differential F-
actin membrane interactions though. The fact that F-actin accumulates at the leading
edge does not imply that it lines the membrane or that it interacts with membrane
molecules. In fact, Merkel and others showed that there is a significant weakening of
the cortex-membrane interactions at the anterior during chemotaxis. It was reported
that in a talin knock-out cell line the posterior of the cell shows the same low level
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Figure 3.5: Inhibition of F-actin polymerization leads to higher cAR1 mobility but not
the loss of polarized mobility. (A) Lat A treated cells lose their amorphous shapes and
become nearly round, (B) at the bottom membrane however, intact cytoskeleton structures
can still be observed. (C) Naïve lat A treated wt cells show a higher cAR1 mobility for both
fractions (green dots) then naïve cells with an intact cytoskeleton (black dashed line). (D)
When placing lat A treated cells in a cAMP gradient the overall mobility goes up (red dots)
with respect to naïve lat A treated cells (green dashed line). Assuming diffusion between
leading edge and trailing edge to be equal, the mobility polarization (red bars) is of the same
magnitude as that found in untreated cells in a gradient (black bars), the fast fraction size of
naïve lat A treated cell is plotted for comparison (green bar).
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of actin-membrane coupling as the anterior [64]. The tighter interaction between the
cytoskeleton and the membrane at the posterior probably has a function in myosin
mediated trailing edge-retraction [64]. The attenuation of the membrane-cortex in-
teraction at the leading edge may thereby facilitate the production of blebs, a mech-
anism for amoeboids to obtain high crawling speeds [101]. In addition two types of
F-actin have been observed at the leading edge of lung epithelial cells and kidney
epithelial cells [73]. Likely, both types are abundant in chemotaxing Dictyostelium
cells. The actin that is responsible for the protrusion of the membrane and is more
abundant at the anterior does not lead to tight actin-membrane interactions, whereas
the actin that is responsible for the structure of the membrane cortex is weakened
there. In light of these results we can understand how the mobility of cAR1 can be
polarized; due to the differential cortex-membrane interactions and the decoupling of
the cytoskeleton from the membrane specifically at the leading edge. Such interpreta-
tion is further supported by our surprising finding that polarized cAR1 mobility was
also found in F-actin-depleted cells. Probably the cortex filaments other than F-actin
also influence cAR1 mobility. It was shown that removing F-actin (treatment with
7.5 µM latrunculin B) still leaves cells with an actively regulated cortex [33].

We further found that the polarization in cAR1 mobility was Gα2 dependent, as
the anterior/posterior mobility shift disappeared in gα2− cells. Moreover, the overall
mobility of cAR1 did not increase upon gradient application. Both results indicate
that the restructuring of the cytoskeleton required for chemotaxis does not take place
in this knockout, not surprising since chemotactic signaling is abolished. An intact
G protein does not seem to be a prerequisite for the formation of pseudopods and
random cell movement. For polarization and directional movement though, a fully
functional G protein is required [99, 80]. The fact that cAR1 mobility in lat A treated
gα22 cells reflects lat A treated wt cells supports that indeed, these cells seem to have
normal basal cortex functionality (data not shown).

In conclusion we have shown that cortical F-actin restricts cAR1 movement but
it is probably not the only cortex component responsible. Naïve wt as well as gα2−

cells exhibit a relatively tight membrane - cortex interaction resulting in low cAR1
mobility. We have shown before (chapter 2) that in naïve cells a large portion of the
receptors (∼45%) were coupled to their heterotrimeric G protein (fig.3.6A). When
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the cells polarize and form a leading edge, a tight cortex-membrane interaction at
the anterior would be counter-productive, first because the cortex itself is a major
substrate for force generation, and second a less tight membrane - cortex interac-
tion facilitates blebbing mediated motility [101, 58]. It is known that the cortex is
weakened at the anterior [64] and that a direct link between cAR1 and cortex com-
ponents is likely [31]. On the other hand, cortex - membrane connections should be
favored at the posterior to allow for myosin II mediated contraction of the uropod
[89]. We propose a model in which the mobility of the receptor is governed by F-
actin interactions (fig.3.6A). In chemotaxing cells cAR1 mobility is polarized due to
the polarized configuration of the cortical F-actin cytoskeleton that interacts with the
membrane (fig.3.6B). The anterior and the lateral sides of the cell are lined with an F-
actin cortex. This cortex is broken down specifically at the leading edge to facilitate
bleb formation and F-actin force generation.

We characterized the molecular motion of cAR1 and showed that this motion is
a direct reflection of the underlying cortex - membrane structure. Potentially regu-
lation of the F-actin cytoskeleton goes two ways. Initially the actin polymerization
is stimulated by the receptor - G protein system and subsequently F-actin regulates
the mobility of both molecules which facilitates their localization and could increase
their local concentration. This might help cells to define their direction with respect
to an external chemical gradient.
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Figure 3.6: A model explaining the results. (A) Naïve cells are amorphous; they move
randomly and have tight cytoskeleton - membrane interactions. Pseudopods are extended
at random but don’t persist for very long, as if the cells probe the environment. The cAR1
molecules are restricted in their diffusion by the membrane cytoskeleton. A minority (∼30%)
of the membrane associated G protein α2 and βγ subunits appear to move together with a
portion of the cAR1 molecules. (B) Upon application of a cAMP gradient, the cells polarize
and attain highly elongated shapes. The increase of the overall mobility is explained by F-
actin cortex rearrangements which take place in chemotaxing cells. The polarized mobility
is explained by the polarized configuration of the cortex. At the leading edge the cortex is
broken down or restructured, possibly mediated by talin [64]. This allows for the formation of
blebs driven by hydrostatic forces and facilitates growth of the F-actin cytoskeleton [101, 58].
At the leading edge a tight cortex - membrane interaction would obstruct movement whereas
at the trailing edge these interactions are needed for the retraction of the uropod. Gβγ as well
as Gα2 knock out cells remain as in (A) upon exposure to a stable cAMP gradient.
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Supplemental information

Timelag 50 ms 100 ms 150 ms

200 ms 250 ms 300 ms

Leading edge
Trailing edge

Figure 3.7: Mobility polarization without applying a model. The raw P(sd) plots (cdfs)
clearly show the mobility polarization between the anterior and posterior of wt cells in a
cAMP gradient. These cdfs are interpreted as showing the same two diffusion constants but
differ in their fraction size distribution by fitting with the biexponential function as described
in section 3.2.
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Timelag 50 ms 100 ms 150 ms

200 ms 250 ms 300 ms

350 ms 400 ms

Anterior gα2-

Posterior gα2-

Figure 3.8: Gα2 knockout cells lose polarized cAR1 mobility. The cAR1 mobility differ-
ence between the part of the gα2− cells closest to and that furthest away from the needle is
negligable.
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Timelag 50 ms 100 ms 150 ms

200 ms 250 ms 300 ms

350 ms 400 ms

Anterior, Lat A 
treated
Posterior, Lat 
A treated 

Figure 3.9: Mobility is still polarized after lat A treatment. Despite inhibition of actin
polymerization using lat A, a significant mobility shift is still observed between the anterior
and posterior of the cells.
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Appendix

The distribution of squared displacements, sd, characterized by a mean squared dis-
placement, MSD, and positional accuracy, σ, assuming a random walk in two dimen-
sions is given by [82, 10]:

p(sd) =
1√

π(MSD + 4σ2)

1√
sd

exp

(
− sd2

MSD + 4σ2

)
(3.3)

Integration of equation 3.3 from the origin to r2 leads to the expression of the
cumulative distribution function cdf(r2) found in equation 2.1. In the derivation of
eqations 3.1, 3.2& 3.3 it was assumed that the accuracy by which the position of the
molecules, σ is determined in each dimension is a constant. However, given that σ
scales with the signal-to-noise ratio (σ = λ

2
√
SNR

, λ wavelength of light), and since
every observation of an individual molecule is achieved at different signal-to-noise
ratio, a distribution in σ must be taken into account. The experimental data show that
the distribution in σ is sufficiently represented by a Gaussian of mean σ0 = 40 nm
and width δσ = 20 nm (fig.3.10A):

p(σ) =
1√

2πδσ
exp

(
− (σ − σ0)2

2δ2σ

)
(3.4)

Hence for a proper treatment of the problem the distribution in positional accu-
racy must be taken into account as a convolution of equation 3.3 and 3.4. For the
cumulative distribution function convolution results in:

cdf(r2) =
1√

2πδσ

∫ ∞
0

dσ exp

(
− (σ − σ0)2

2δ2σ

)(
1− exp

(
− r2

MSD + 4σ2

))
(3.5)

Equation 3.5 approaches for a narrow distribution in positional accuracy (δσ �
σ) or for large MSDs (MSD � 4σ2), cdf(r2) = 1 − exp −r2

MSD+4σ2 , the solution
found in equation 2.1. In both cases the positional offset is given by s0 = 4σ2

0. In
all other cases, as those discussed in the current paper, treatment of the data using
equation 3.1 results in values of s0 that depend on MSD, and hence leads to two
different offsets s0,1 and s0,2 for the two mobile fractions, respectively.
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The analysis has been verified by simulation. PICS analysis has been performed
on simulated data of single-molecule diffusion assuming a fast and a slow fraction
and in which the width in positional accuracy, σσ, was varied. The results are sum-
marized in figure 3.10B. The dependence of s0 on δσ is clearly revealed.
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Figure 3.10: The distribution of positional accuracies leads to an offset difference in the
two diffusing fractions .





Chapter 4

RasC and RasG regulate
membrane / cytoskeleton
interactions which organize the
polarized behavior of cAR1 and
Gβγ in D. discoideum

D. discoideum expresses several Ras proteins of which 6 have been characterized.
The proteins play roles in cytokinesis, growth, endocytosis en cell polarization. RasC
and RasG are the best characterized Ras family-members and are the most important
for motility and chemotaxis. The knockout phenotypes of both proteins include re-
duced random motility, loss of polarization, loss of cAMP relay, aberrant cytokinesis
and chemotaxis. Nearly all effects except the defective cAMP-relay are a conse-
quence of abnormal cytoskeleton structure and distribution. We showed before that
the cytoskeleton plays a key role in several processes related to the dynamics of the
GPCR / G-protein signaling cascade. The mobility of cAR1 is hindered by F-actin
and the Gβγ subunit of the G protein immobilizes in a cAMP and leading edge spe-
cific manner. Here we report that in rasC−/rasG− double knockout cells we don’t
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observe effects of actin on cAR1 diffusion. Moreover, there is no cAMP dependent
immobilization of the Gβ subunit of the G-protein and no domains are formed. We
conclude that RasC and RasG regulate F-actin / membrane interactions and mem-
brane organization that are needed for proper cAR1 and Gβγ signaling in directional
sensing.

4.1 Introduction

Dictyostelium discoideum is a widely used model organism for studying directed cell
motility in chemical concentration gradients, a process called chemotaxis. Chemo-
taxis is part of more complex processes such as cytokinesis, wound healing and
metastasis. D. discoideum shares considerable gene sequence homology with higher
eukaryotes and many pathways are conserved both in protein homology and function
between this amoeba and humans. Because of this fact and the modest culture re-
quirements, its completely sequenced genome, and its accessibility to sensitive (sin-
gle molecule) microscopy, D. discoideum is the organism of choice for many studies.

Chemotaxis is part of the D. discoideum lifecycle: upon starvation the cells
change the expression of a number of genes resulting in the secretion of, and in-
creased sensitivity to, cyclic adenosine mono-phosphate (cAMP). Within 24 hours
the cells go through several stages of development including aggregation and the
formation of a pseodoplasmodium (capable of phototaxis) which eventually culmi-
nates in a fruiting body used to disperse spores. In order to detect cAMP during
the first stage of development, the cells use a G protein coupled receptor (GPCR)
called cAMP receptor 1 (cAR1). The GPCR cAR1, upon binding of cAMP, pro-
motes the exchange of guanine di-phosphate (GDP) for guanine tri-phosphate (GTP)
in the Gα2 subunit of the Gα2βγ heterotrimer. Currently, evidence suggests that
the activated Gα2 subunit (which has been shown to cycle between the cytosol and
the membrane) shifts the balance in favor of the membrane and/or cAR1 bound state
[22]. The Gβγ subunit detaches from the cAR1-Gα2 complex and immobilizes upon
activation in an F-actin dependent manner, possibly as part of a feedback mechanism
[22]. Among the most important downstream effectors of the G proteins are the Ras
guanine exchange factors (RasGEFs). These proteins function as on switches for the
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Ras family of small GTPases. Currently some of the putative RasGEFs have been
investigated, for example Aimless which, when disrupted shows a phenotype com-
bining the phenotypes of several Ras knockout lines [53]. Ras proteins are small,
monomeric GTPases that can be toggled on or off. Just like the Gα subunits of het-
erotrimeric G proteins they cycle between an active GTP and an inactive GDP bound
state [7]. While they are activated by RasGEFs, they are deactivated by Ras GTPase
activating proteins (RasGAPs) [14]. Ras proteins are among the earliest molecules to
show polarized activation [47, 79, 103]. In a cAMP gradient Ras stimulation leads to
the polarized activation of PI3K [40, 30], phospholipase A2 (PLA2) [11], TorC2 and
subsequently 2 PKB homologues (PKBA and PKBR1) [48]. Ultimately, the com-
bined actions of these pathways result in orchestrated actin regulation that is required
for efficient chemotaxis. D. discoideum has several Ras proteins of which RasC and
RasG are the most important for chemotaxis [5].

Vegetative rasC- cells show reduced random motility, less polarization, altered
F-actin distribution and are larger than wildtype (wt) cells [23]. These cells do not
aggregate if left unattended. When pulsed with cAMP, or when mixed with wt cells
they readily develop and move directionally towards a cAMP secreting micropipette
suggesting a cAMP relay deficiency [61]. Major defects in the localization of myosin
II, of F-actin organization, and a more general loss of cell polarity have been reported
[95]. Although RasC and RasG have been shown to have overlapping functions,
RasC is more important for adenylyl cyclase (ACA) activation whereas RasG is more
important for directional movement [5].

The F-actin cytoskeleton in D. discoideum has a multitude of functions. It is used
to maintain cell shape and to achieve polarity essential for development. Both pro-
cesses require F-actin, but are different regarding their function and regulation. The
F-actin in the cell cortex, important for the structural integrity of the cells, necessi-
tates dynamic cross linking and active remodeling. At the leading edge of a highly
mobile cell actin polymerizes at high rate and the growing polymers branch to pre-
vent buckling [72]. Regulation does not go one way however. There are countless
of examples in which F-actin or other cytoskeleton components regulate signaling
[8, 94], and often there is a feedback between actin polymerization and the signaling
controlling it [80, 42]. These feedback mechanisms may involve direct binding of
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signaling proteins to actin [16] or may involve the physical mechanism of inhibition
of protein mobility [94]. Thereby regulation of the interaction between actin and the
cell membrane is of vital importance. The establishment of a differential cortex -
membrane interaction in chemotacting cells may finally lead to amoeboid motion as
pointed out by others [101, 58].

Previously we have shown that the mobility of cAR1 varies considerably upon
latrunculin A (lat A) treatment and upon polarization of the cell, both indicative that
cell cortex arrangement could be important for cAR1 function [17]. Moreover, the
cortex - membrane interaction is polarized in chemtacting cells, as experimentally
found in the reduced force that is required to aspirate the leading edge membrane
compared to the trailing edge [64], and as an increase in cAR1 mobility specifically
at the leading edge (chapter 3, [17]). In this paper we focus on the mobility of cAR1
and Gβγ, both upstream regulators of Ras-signaling. Given that we have shown
before that these two proteins interact with F-actin and the knowledge that RasC
and RasG are major regulators of the F-actin cytoskeleton, we investigate here an
internal feedback loop in signaling that is mediated by the polarized mobility of its
components. Using a rasC−/rasG− D. discoideum cell line, we probe the effects of
disturbing this feedback loop on cAR1 and Gβγ mobility and activation.

4.2 Materials and methods

4.2.1 Cell culture

The JH10/rasC−/rasG− cell line was kindly provided by Parvin Bolourani and cre-
ated by transforming a rasC-thy1 disruption vector into JH10 cells. Transformants
were selected in the absence of thymidine [5]. Subsequently, the rasC disruption vec-
tor, pJLW26 [62] which carries a blasticidin resistance marker was transformed into
the JH10/rasG− cells which were subsequently screened and selected [5]. We trans-
formed these JH10/rasC−/rasG− cells with a plasmid containing cAR1-eYFP or Gβ-
eYFP and a G418 resistance marker using electroporation. The JH10/rasC−/rasG−

× cAR1-eYFP or Gβ-eYFP cells were cultured in 6 well plates containing HL-5c
medium (Formedium) complemented with 10 µg/ml penicillin/streptomycin (1:1),
10 µg/ml blasticidin and 20 µg/ml G418 (Geneticin, Invitrogen).
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4.2.2 Preparing naïve cells for measurements

A confluent 10 cm petridish was incubated overnight in low fluorescent medium
(loflo, Formedium). In the morning, the cells were collected in 5 ml development
buffer (DB, [24]) and washed by centrifugation for 4 min at a RCF of 400× g and
then re-suspending in 5 ml fresh DB. The cells were subsequently incubated on the
shaker (100 rpm) for 1 hr and then pulsed every 6 min with 150 nM final [cAMP] per
pulse for 4 hr The cells were washed again and suspended in 5 ml fresh DB, shaken
for another 40 min and left to settle for 20 min on the bottom of a 2-well chambered
coverglass (Labtek). Cells that have not received any additional treatment are defined
in the following as naïve.

4.2.3 Single molecule measurements

The experimental setup for single-molecule imaging has been described in detail pre-
viously [81]. The samples were mounted on an inverted microscope (Axiovert100,
Zeiss) equipped with a 100× objective (NA=1.4, Zeiss). The region-of-interest on
an ultrasensitive CCD camera coupled to the microscope was set to 50 × 50 pixels.
The apparent pixelsize was 220 nm. Measurements were performed by illumination
of the samples for 5 ms at 514 nm (Argon-ion laser, Spectra Physics) at an intensity
of 2 kW/cm2. The cells were photobleached for a period of 2-5 sec and sequences
of 200-500 images with a timelag of 50 ms were taken. Use of an appropriate filter
combination (Chroma) permitted the detection of the fluorescence signal on a liquid
nitrogen-cooled CCD-camera (Princeton Instruments). The setup allowed us to im-
age individual fluorophores at a signal-to-background-noise ratio of∼30 leading to a
positional accuracy of σ0 = 40 nm. The measurements always focused on the apical
cell membrane and never lasted longer than 15 - 60 sec per cell and 2 hr in total.

4.2.4 Global cAMP stimulation assay

After settling on the coverglass, the 1 ml DB that covered the cells was supplemented
with cAMP to final concentration of 10 µM. Measurements commenced immediately
and ended after 20 min involving ∼10-15 cells per experiment batch.
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4.2.5 Applied gradient assay

By suspending a micropipette (Eppendorf femtotip) containing 10 µM cAMP just
above the coverglass and applying a pressure of 40 KPa (pressure set by means of an
Eppendorf Femtojet), a stable concentration gradient was created. The micropipette
was placed at a distance of ∼70 µm from the cells creating a putative gradient of 4
nM/µm over the cells. This gradient was experimentally verified using a fluorescent
dye in the pipette. The region of interest was 11 µm2 which during measurement of
the anterior and posterior of the cell body means that we observe ∼20% of the cell
length.

4.2.6 Latrunculin A treatment

The cells were incubated in DB supplemented with 0.5 µM latrunculin A (Cayman
Europe) for 10 min before the measurements began. Measurements were taken within
10 min.

4.2.7 Data analysis

Individual molecule positions were determined within each image in an image stack
by fitting the signal intensity profiles to a 2D Gaussian function using Matlab (Math-
works Inc). The center of mass of the Gaussian fit corresponds within ∼40 nm to
the single molecule positions. The latter were subsequently used to perform particle
image correlation spectroscopy [83]. PICS calculates the 2-point correlation between
individual molecule positions at two different times from which the cumulative distri-
bution function of squared displacements (cdf(r2, tlag)) for each timelag (tlag) from
50-400 ms was constructed. The cdf’s were fitted to a two fraction model:

cdf(r2, tlag) = 1−
(
α · exp

(
− r2

MSD1

)
+ (1− α)exp

(
− r2

MSD2

))
(4.1)

The fast fraction size, α, was globally fitted over all timelags in each data set.
This yielded 2 mean squared displacements (MSDs) per timelag and one fast fraction
size for each data set. Subsequently the 2 MSDs are plotted versus tlag resulting in
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a representation of the mobility largely following that expected for diffusion. To de-
termine the diffusion constant we fit each of the MSD vs time data to a free diffusion
model:

MSD(tlag) = 4Dtlag + s0 (4.2)

This gives us the two diffusion constants (D1 & D2) and offsets (s0) for each
dataset. In the case that two dataset are compared (for example anterior vs posterior),
MSD1 and MSD2 are kept equal per timelag for the two datasets and the fast frac-
tion size, α, is kept constant per dataset resulting in 2 diffusion constants and two
fraction sizes per fit. In this analysis, α is the only parameter left that characterizes
the difference between two experimental conditions or two locations along the cell
membrane.

The offset (s0) is a representation of the accuracy by which the position of the
molecules is determined. s0 scales with the signal-to-noise-ratio of the single-molecule
signal (s0 = 4σ2 = 0.0064 µm2 with σ = 40 nm). It should be noted that not every
observation yields the same signal-to-noise ratio, leading to a distribution of posi-
tional accuracies in each dataset. If s0 approaches the mean-squared displacement of
both fractions (as is the case for cAR1) and the appropriate fit of the data to (eq.4.1)
fails. We have shown by simulation that this can be corrected for by allowing s0 to
be different for the two fractions in equation 4.2 (see Appendix chapter 3).

4.3 Results

Using wide-field single-molecule fluorescence microscopy (fig.4.1, bottom left), in-
dividual cAR1-eYFP and Gβγ-eYFP molecules diffusing in the membrane of living
D. discoideum cells are visualized (fig.4.1, bottom right). The data consists of image
stacks (typical 500 images) from which the positions of molecules at specific time
points are determined by Gaussian fitting to an accuracy of 40 nm. Typically 2-6
· 104 positions obtained from the observation of 40-100 cells are used for analysis.
Particle image correlation-spectroscopy (PICS [83]) is applied to calculate the corre-
lation between the positions of the molecules in two images at each timelag which
results in the cumulative probability of the squared displacements (cdf) for the time-
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lag between the images (typically 50-400 ms). All cdfs related to the current work
are found in the supplemetal materials. The cdfs are subsequently fit to two distinct
mobility fractions characterized by the mean squared displacement of a fast (MSD1)
and a slow (MSD2) component, and a fraction size of the fast component, α. The
slope of the MSDs vs time lag represents the diffusion constant that characterizes
protein mobility in the membrane (fig.4.1, bottom right). The result of such detailed
mobility analysis of cAR1 in naïve wt cells is shown in figure 4.1 (bottom right). As
predicted for free diffusion the MSDs of both fractions scale linearly with timelag
characterized by diffusion constants of D1 = 0.015 ± 0.002 µm2/s and D2 = 0.007 ±
0.001 µm2/s for the fast and slow fraction, respectively. Thereby α = 0.45 ± 0.06 of
the population is contained in the fast fraction. In the subsequent figures this result
on naïve cells is indicated as dotted black line.

4.3.1 The mobility of cAR1 in rasC−/rasG− cells is increased and reflects
the mobility found for F-actin depleted cells

We have shown before that the mobility of cAR1 depends on the presence of an
intact cell cortex. Disruption of the cell cytoskeleton by lat A treatment resulted in
an increased cAR1 mobility (chapter 3). Presumably membrane localized molecules
are hindered in their mobility due to the presence of F-actin filaments directly (fence
model), or by trans-membrane proteins that are attached to the filaments (picket fence
model [29, 86]). We studied cAR1 mobility in a rasC−/rasG− double knockout
background (JH10/rasC−/rasG−). These cells were reported to show disregulation
of their cytoskeleton meshwork [5].

In a rasC−/rasG− cells we found the mobility of cAR1 to be increased with
respect to naïve wt cells (fig.4.1, bottom right and fig.4.2, black dotted line). The
overall cAR1 mobility matched that of cAR1 in cells that are treated with 0.5 µM
latrunculin A (fig.4.2, green dotted line), indicative of reduced cortex strength or less
tight cortex - membrane interactions. In comparison to wt naïve cells the diffusion
constant of the fast fraction increased twofold to D1 = 0.029 ± 0.002 µm2/s and that
of the slow fraction to D2 = 0.012 ± 0.002 µm2/s. Simultaneously the size of the
fast fraction dropped to α = 0.30 ± 0.10. All three parameters representing cAR1
mobility are comparable to those found for lat A treated naïve wt cells (D1 = 0.028
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Figure 4.1: Description of the technique and data acquisition. Images of individual cAR1-
eYFP and Gβ-eYFP molecules at the apical membrane of D.discoideum cells are taken at
a rate of 20 Hz on an inverted microscope (bottom left). Individual molecule signals are
identified and their position determined with an accuracy of∼40 nm (top right). The position
information is used in particle image correlation-spectroscopy to construct the cumulative
density functions (cdfs) of squared displacements (see supplemental figures) over timelags
ranging from 50 to 400 ms. Fitting of a bi-exponential and a global fraction size (eq.4.1,
section 4.2) results in two diffusion constants and a fraction size of the fast component. For
the mobility of cAR1 in naive wt cells D1 = 0.015± 0.002 µm2/s, D2 = 0.007± 0.001 µm2/s,
and α = 0.45 ± 0.06 (bottom right).
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± 0.006 µm2/s, D2 = 0.015 ± 0.002 µm2/s, and α = 0.37 ± 0.06 (chapter 3)).
Whether the increased mobility of cAR1 in the rasC−/rasG− cells is due to aber-

rant regulation of the F-actin cytoskeleton or to direct interaction between cAR1 and
Ras was investigated by additional treatment of the cells with latrunculin A (lat A).
In the first case lat A treatment should not affect the cAR1 mobility whereas in the
latter lat A treatment should lead to a further increase of cAR1 mobility.

The mobility of cAR1 was unchanged after treatment of rasC−/rasG− cells with
lat A (see the cdfs in supplemental figure 4.7) for rasC−/rasG−, in contrast to wt cells
receiving the same treatment (fig.4.8). For this reason we analyze the data assuming
the mobility for both fractions is equal and leave the fraction size (α) as the only
free parameter across the datasets (fig.4.3). This analysis yields D1 = 0.029 ± 0.002
µm2/s and D2 = 0.012 ± 0.002 µm2/s for the fast and slow fractions, respectively.
The size of the fast fraction after lat A treatment is α = 0.35 ± 0.11, equivalent to
that of untreated rasC−/rasG− cells (where α = 0.30 ± 0.10). As an internal check
we also analyzed wt cells before and after lat A treatment in the same way, which
leads to a difference in fraction size of ∆α = 0.37 (data not shown).

4.3.2 The polarized mobility of cAR1 is lost in the rasC−/rasG− knock-
out

It was reported before [5] that naïve rasC−/rasG− double knockout cells do not move
directionally. After transformation with cAR1-eYFP however the rasC−/rasG− cells
attain elongated shapes and are able to move directionally towards a cAMP secret-
ing micropipette (fig.4.4 and fig.4.10A) albeit without forming stream as the wt cells
do (fig.4.10B). The fact that introduction of cAR1 restores directional sensing is ex-
pected since carA (the cAR1 gene) is among the genes whose expression is virtually
absent in the rasC−/rasG− cells [5] and a functional cAR1 molecule is required for
the activation of genes leading to aggregation [50].

In wt cells that are polarized in a cAMP gradient we reported before that the mo-
bility of cAR1 is polarized and characterized by an increased size of the fast fraction
by ∆α 0.23 at the leading edge of the cell [17]. We speculated that this increased
mobile fraction would lead to an initial amplification of the external signal towards
downstream effectors. Further we found that polarization in cAR1 mobility was in-
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Figure 4.2: cAR1 mobility is elevated in rasC−/rasG− cells. The rasC−/rasG− cells have
very amorphous shapes, much more so as wt cells (not shown). The membrane shows thick
knob like structures as well as very long (>10 µM) and thin filopodia. The filopodia are found
all over the glass slide and often appear to extend from the back of moving cells. When we
compare the MSD vs time lag behavior of cAR1 in the rasC−/rasG− cells (purple circles/line)
to that of cAR1 in naïve wt cells (black dotted line) a twofold increased mobility is observed
in both fractions. The fast fraction increases its diffusion constant from D1 = 0.015 ± 0.002
µm2/s toD1 = 0.028 ± 0.007 µm2/s whereas the slow fraction goes from D2 = 0.007 ± 0.001
µm2/s to D2 = 0.012 ± 0.001 µm2/s in the absence of RasC and RasG. The cAR1 molecules
in this mutant show the same behavior as cAR1 in lat A treated wt cells (D1 = 0.028 ± 0.006
µm2/s and D2 = 0.015 ± 0.002 µm2/s). The fast fraction sizes do not differ significantly (α
in equation 4.1).
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Figure 4.3: F-actin does not obstruct cAR1 diffusion in rasC−/rasG− cells. The mobility
of cAR1 in lat A treated rasC−/rasG− cells was compared to untreated cells by means of
keeping the MSDs equal for each time lag and comparing the globally fitted fast fraction sizes.
In contrast to wt cells which undergo lat A treatment, in rasC−/rasG− cells, the mobility does
not increase significantly.
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dependent of F-actin breakdown (chapter 3) together suggesting that F-actin plays a
role in cAR1 mobility, but does not influence the development of cellular polarity.

Given the results on cAR1 mobility in rasC−/rasG− cells shown above, which
suggest that the F-actin cortex in those cells is heavily compromised, we would pre-
dict that a polarized mobility behavior would evolve in rasC−/rasG− cells since we
showed that this polarization was F-actin independent. Surprisingly, we did not ob-
serve any difference between the anterior and the posterior regarding cAR1 mobility
in rasC−/rasG− (fig.4.4 and fig.4.9). The mobility as characterized by D1 = 0.029
± 0.002 µm2/s, D2 = 0.010 ± 0.001 µm2/s, and αanterior = 0.34 ± 0.25 vs αposterior =
0.33 ± 0.25 is not different from the mobility measured in naïve rasC−/rasG− or lat
A treated wt cells. Apparently, the cortex rearrangements resulting in higher anterior
cAR1 mobility that take place in polarized wt cells do not take place in rasC−/rasG−

cells, that includes the F-actin independent interactions reported before (chapter 3).

4.3.3 Gβγ in the RasC/RasG knockout does not immobilize upon cAMP
stimulation

In parallel to the polarized cAR1 mobility we have reported before on a cAMP, an-
terior specific and F-actin dependent immobilization of the Gβγ subunit of the G
protein upon activation of cAR1. We hypothesized that this immobilization may be
important for downstream signaling by Gβγ and might help the cell in forming a
persistent leading edge using a Gβγ - F actin feedback loop. We were curious to see
whether the abolishing of RasG and RasC signaling would also abolish this interac-
tion loop.

Before cAMP stimulation the mobility of Gβγ in rasC−/rasG− (fig.4.5, yellow
dots) was indistinguishable from that in wt cells (black dotted line) characterized by
D1 = 0.11± 0.01 µm2/s, D2 = 0.013± 0.005 µm2/s, and α = 0.67± 0.06. It is worth
noting that the slow fraction of Gβγ still shows the same diffusivity as a fraction of
the cAR1 molecules (fig.4.5B and fig.4.1, bottom right) suggesting that part of the
receptors are precoupled to the G protein prior to stimulation. Upon activation, in
contrast to wt cells, no change in mobility of Gβγ was observed. In the presence of
cAMP the diffusion is characterized by D1 = 0.12± 0.01 µm2/s, D2 = 0.015 ± 0.006
µm2/s, and α = 0.73 ± 0.08.
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Figure 4.4: The increased mobility of cAR1 and the anterior mobility shift during
chemotaxis are lost in the rasC−/rasG− cells. (A) The rasC−/rasG− × cAR1-eYFP cells
were subjected to a chemotactic needle assay. As suggested earlier, introduction of a func-
tional cAR1 rescues the chemotaxis defects of the rasC−/rasG− cells [5]. The cells polarized
(poorly) and crawled directionally to the needle (fig.4.10A). The mobility at the anterior was
compared to the posterior, again by leaving the fast fraction size as the only parameter that
defines the overall mobility difference between the two datasets. There is no difference in
cAR1 mobility between the leading and trailing edge. Moreover, the diffusion of the fitted
slow and fast fractions were found to be D1 = 0.029 ± 0.002 µm2/s and D2 = 0.010 ± 0.002
µm2/s which does not differ from the mobility in naïve rasC−/rasG− and the lat A treated wt
cells.



4.4 Discussion 95

Not surprisingly the F-actin dependent microdomains which obstructed the dif-
fusion of the fast fraction disappeared (fig.4.5C). Also the complete immobilization
of the slow fraction of Gβγ did not appear (fig.4.5D) which is readily explained
by the disrupted F-actin cortex in rasC−/rasG−. More importantly however was
the disappearance of the characteristic increase in slow fraction size observed in wt
cells (fig.4.5E) that characterized cellular polarity independent of F-actin (chapter 2)
which suggests that this event is not a direct result of Gβ activation as suggested
earlier but of something downstream of RasC and RasG and upstream of F-actin.

4.4 Discussion

Previously we have shown that the mobility characteristics of both the G protein cou-
pled receptor cAR1 and its associated G protein heterotrimer, Gα2βγ, are influenced
by F-actin. We hypothesized that this interaction plays a role in an F-actin/cAR1/G
protein feedback mechanism that might rely on the temporal enclosement or slow-
down of the proteins into signaling domains, a process which has been heavily dis-
cussed in literature [55]. Since F-actin organization depends highly on the Ras family
of small GTPases, specifically RasC and RasG, we investigated cAR1 and Gβγ dy-
namics in a rasC−/rasG− D. discoideum cell line in order to unravel correlations
between protein mobility and biological function.

The rasC−/rasG− D. discoideum cell line was shown before to be virtually de-
ficient in chemotactic signaling [5]. In a chemotaxis needle assay these cells, when
transformed with functional cAR1, did move towards the needle albeit at heavily re-
duced efficiency (fig.4.10A) as compared to wt cells (fig.4.10B) and without forming
streams. As briefly touched upon in the results section, this is probably explained
by the fact that we introduce a functional cAR1. It was shown that cAR1 is vital to
the expression of proteins important for development [50]. Our results suggest that
the lack of directed cell movement may be the direct result of the absence of cAR1
expression in the rasC−/rasG− cells as Bolourani et al. also suggested [5].

We show here that the mobility of cAR1 in naïve RasC/RasG knockout cells is
similar to that in naïve wt cells treated with lat A. When rasC−/rasG− cells experi-
ence a cAMP gradient, however, they do not show any polarized behavior in terms of
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Figure 4.5: Gβγ does not immobilize and membrane micro domains do not form upon
global cAMP stimulation of the rasC−/rasG− cells. (A) In naïve rasC−/rasG− cells the
mobility of the fast fraction of Gβγ (yellow points) resembles that in naïve wt cells (black
dotted line). (B) This is also true for the slow fraction. (C) Upon addition of 10 µM cAMP to
wt cells F-actin dependent confined diffusion is observed (black dotted line), an effect which
doesn’t take place in the rasC−/rasG− cells (yellow points). (D) The slow fraction in wt cells
immobilizes (black dotted line), an effect which requires F-actin polymerization and intact
RasC/RasG signaling (yellow points). (E) The characteristic increase in slow fraction size
was observed upon global cAMP stimulation of wt cells (black bars). This effect was shown
to be F-actin independent (chapter 3), the effect is lost in the RasC/RasG knockout cell line
(yellow bars).
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cAR1 and Gβγ mobility. In contrast, wt cells which were treated by lat A to break
down the cytoskeleton still exhibit polarized cAR1 mobility (chapter 3). Likewise,
the immobilization of Gβγ upon cAMP activation (chapter 2) which was found to be
cAMP, cAR1, Gα2 and F-actin dependent, does not occur in rasC−/rasG− cells.

The close resemblance of cAR1 mobility in rasC−/rasG− to that found in naïve
wt cells upon treatment with lat A (fig.4.2; chapter 3) can be indicative of either i;
reduced F-actin polymerization in the absence of RasC and RasG, ii; RasC and RasG
directly mediate cAR1 binding to F-actin, or iii; RasC and RasG are required for
the interaction of F-actin with the membrane. Given the fact that the rasG− cells
have similar amounts of F-actin [88] and rasC− only shows deficiencies in down-
regulating actin polymerization at the back of a cAMP wave [95], hypothesis i seems
unlikely. We can’t disprove the second hypothesis (ii) here, although a direct inter-
action between cAR1 and the Ras proteins seems unlikely, such an interaction would
facilitate rapid activation of Ras by precoupled G-proteins. Given the fact that the
RasG/RasC knockout phenotype includes countless F-actin related deficiencies hy-
pothesis iii seems most probable as the interpretation of our results. Probably RasC
and RasG are important regulators for the local membrane organization that is pre-
dicted for proper functioning of the complex signaling networks in cells [55].

The fact that we don’t find any effect on the mobility of cAR1 upon lat A treat-
ment of the rasC−/rasG− cells compared to a significant effect in wt cells (∆α = 6%
vs ∆α = 37%, respectively) further supports the hypothesis that RasC and RasG play
a role in the F-actin - membrane interaction. This interaction can be either direct,
e.g.: RasC or RasG actively couples F-actin to the membrane, or indirect, e.g.: in
the absence of RasC or RasG F-actin organizes in such a way that a tight interaction
with the membrane is disturbed. Since Ras proteins are upstream of myosin II reg-
ulation both at the cells anterior and posterior [53] and myosin is a principal F-actin
regulator, this is a likely explanation.

The most striking finding in rasC−/rasG− cells is the loss of polarized mobility
of cAR1 in a gradient of cAMP. In an earlier paper we attributed the polarized mo-
bility of cAR1 to differential cortex - membrane interactions although other factors
also contribute (chapter 3). As we show here, the rasC−/rasG− mutant has a cortex
defect affecting cAR1 mobility. Because RasC and RasG are important regulators
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of F-actin dynamics, we expected to see the same result as in lat A treated wt cells
namely, prevalence of the polarized mobility regarding cAR1. However, the mo-
bility between the anterior and posterior of rasC−/rasG− cells in a cAMP gradient
did not differ indicating that factors that influence the cortex, membrane or cortex
- membrane interactions other then F-actin influence cAR1 mobility, as we already
suggested. These factors are downstream of RasC/RasG and involved in gradient
sensing. Possible candidates are signaling membrane lipids (PI(3,4,5)P3/PI(4,5)P2)
and/or cortex components other then F-actin. Our speculation of differential cortex -
membrane interactions was backed by the fact that lat A treatment globally increased
cAR1 mobility (chapter 3). Furthermore, micropipette aspiration experiments that lo-
cally probe the elastic properties of the membrane showed a smaller elastic constant
of the anterior membrane as compared to the posterior membrane [64]. It was shown
that leading edge specific breakdown of the cortex is part of an alternative method
of amoeboid movement [101]. Hence, it seems that the rasC−/rasG− cells are not
capable of modulating cortex strength in a spatial manner that might be needed for
proper cellular signaling and locomotion. This further suggests that rasC−/rasG−

will be deficient in discriminating anterior and posterior with regard to the cortex
which might well be the cause of their inefficient random and directed movement.

The latter hypothesis was confirmed by experiments on Gβγ mobility. The fact
that we do not observe immobilization of Gβγ in rasC−/rasG− came as a surprise.
The rasC−/rasG− cells are certainly not deprived of F-actin [88] but only show aber-
rant mechanical properties [95]. The fact that Gβγ does not immobilize upon acti-
vation suggests either a physical difference between the F-actin in rasC−/rasG− and
that in wt cells or lack of a so far not identified Gβγ - F-actin binding factor which
could be either RasC or RasG. If this were to be the case, we are able to explain lead-
ing edge specific Gβγ immobilization a as result of the local Ras activation [47, 79].

In conclusion our findings support the fact that RasC and RasG are important
for actin dynamics but also suggest a function in regulating F-actin - membrane
interactions. RasC and RasG appear to play a role in organizing the local mem-
brane structure such that activation remains localized and pseudopods are stabilized
(fig.4.6). The former are concluded from our finding that Ras seems to be important
for the Gβγ - F-actin binding we observed earlier, and thus for the suggested lead-
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ing edge specific feedback mechanism. This hypothesis is supported by the fact that
RasC/RasG knockout cells show reduced random movement [5]. The deficiency in
proper membrane organization may finally lead to a deficiency in keeping activation
localized, a hypothesis which will have to be tested in further experiments. We have
shown that even though Ras is a downstream effector of cAR1 and the G protein, due
to its influence on F-actin it indirectly alters the behavior of the two. Our results point
towards a feedback mechanism between F-actin and the GPCR signaling involving
Ras, the results might be applicable to a wide range of GPCR - G protein systems.
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Figure 4.6: A model incorporating the results. Upon addition of cAMP to the cells, cAR1
is activated. The G protein heterotrimer splits into its α2 and βγ subunit. RasGEFs are
stimulated by the G protein and in turn function as on switches for the Ras family of small
G proteins. Ras proteins then activate several downstream effectors for which it is currently
unknown how they exactly lead to actin polymerization. This model incorporates several
feedback mechanisms: 1; Gβγ immobilizes in a cAMP, cAR1, Gα2, RasC/RasG and F-actin
dependent manner. This immobilization also takes place specifically at the leading edge of a
chemotaxing cell. We hypothesize that this specific F-actin - Gβγ interaction may function
as an enhancer for G protein signaling and thus plays a role as a maintainer/amplifier of po-
larized chemotactic signaling. The F-actin independent but RasC/RasG dependent increase
in slow fraction size upon activation however plays a part in gradient sensing. 2; A cAR1/G
protein independent feedback mechanism has been suggested to exist between F-actin and
members of the Ras family [80]. This mechanism helps to control stochastic changes in the
cytoskeleton by stabilizing forming pseudopods, possibly the cause for reduced motility of
the rasC−/rasG− cells. 3; We have reported before that the diffusion speed of cAR1 is dom-
inated by F-actin interactions (chapter 3) and that differential membrane cortex interactions
may be responsible for the fact that cAR1 mobility is higher at the leading edge with respect
to the trailing edge. We have shown in this paper that the regulation of cAR1 mobility by
F-actin is Ras dependent but it does not require a functional G protein (chapter 3). Maintain-
ing polarized cortex - membrane interactions however requires G protein and Ras signaling,
consistent with idea that the Ras/PI3K/F-actin feedback mechanism does not require GPCR
input whereas directed motion does.
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Supplemental information

rasG-/rasC-
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rasG-/rasC-

control
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Figure 4.7: The mobility of cAR1 is equal in naïve and lat A treated in rasC−/rasG−cells.
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LatA treated wt
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Figure 4.8: The mobility of cAR1 in wt cells is dramatically increased upon lat A treat-
ment.
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Leading edge
rasC-/rasG-

Trailing edge
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Figure 4.9: the mobility of cAR1 in chemotaxing rasC−/rasG− is not polarized.
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Figure 4.10: rasC−/rasG−cells show directional movement upon expression of cAR1.
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Samenvatting

Cellen zijn de fundamentele eenheid van alle organismen die we met het blote oog
kunnen zien. Ze bestaan in allerlei vormen en kunnen alle functies vervullen die
mensen nodig hebben om te leven. In het menselijk lichaam bestaan bijvoorbeeld
cellen die maagzuur maken en cellen die de electrische signalen doorgeven die je
uiteindelijk in staat stellen te denken. De meesten menselijke cellen zijn tussen de
10 en 100 µm in doorsnee (een haar is ongeveer 60 µm, een µm is 1 duizendste mm),
een organisme zoals een mens bestaat dus uit miljarden cellen.

Binnen het lichaam vormen cellen samen eenheden die specifieke taken vervul-
len, dit noemen we organen. Zo zuiveren de nieren het bloed, slaan de hersenen
informatie op en voorzien de longen het geheel van zuurstof. Maar niet alle functies
zijn vastgelegd in grote, zichtbare organen.

Het imuunsysteem bijvoorbeeld omvat een aantal organen en een groot aantal
losse cellen die door het lichaam stromen en kruipen op zoek naar dingen die er
niet thuis horen. Een voorbeeld van zulke losse cellen zijn de witte bloedcellen.
Witte bloedcellen worden constant met het bloed mee gevoerd totdat ze op een plaats
komen waar een infectie is. Deze infectie kan bijvoorbeeld komen doordat er bac-
teriën in een wond gekomen zijn. Bacteriën zijn eveneens cellen maar dan zo’n 10
tot 100 keer kleiner dan onze lichaamscellen. Ze gedijen goed in de warme vochtige
omgeving die het menselijk lichaam biedt, meestal ten koste van de lichaamscellen
van de gastheer. Doordat bacteriën een andere stofwisseling hebben dan de mens
scheiden ze stoffen uit die normaal gesproken niet voorkomen binnen het menselijk
lichaam. Juist deze stoffen zijn voor witte bloedcellen een signaal om uit het bloed
te kruipen richting de plaats van infectie. Daar aangekomen zullen ze de bacteriën
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opnemen (endocyteren) en verteren. Tegelijkertijd vind er nog een scala aan pro-
cessen plaats die de effectiviteit van het immuunsysteem verhogen en leiden tot het
verdelgen van de schadelijke bacteriën door het hele lichaam.

Over dit proces van bacteriën localiseren en verdelgen is al veel bekend, bijvoor-
beeld welke stoffen bacteriën uitscheiden die hun aanwezigheid verraden. Er is veel
minder bekend over de precieze mechanismen die de witte bloedcellen in staat stellen
in de richting van de infectie te kruipen. Hoe bepaalt een cel de juiste richting? Als
hij deze richting heeft bepaald, hoe zorgt hij dan dat hij ook daadwerkelijk begint te
bewegen? Om dit soort vragen te beantwoorden moeten we nog verder inzoomen en
kijken naar de opbouw van de individuele cellen.

Een cel is eigenlijk een zeer goed georganiseerde micro-machine. Eiwitten (on-
geveer 1 nm groot, ook wel proteïnen genoemd), waarvan de vorm en functie vastligt
in het DNA, vormen de werkzame deeltjes. Wat alle cellen echter gemeen hebben is
het hebben van een celmembraan. Het celmembraan is een vlies van phospholipiden
wat ervoor zorgt dat de cel bij elkaar blijft en zijn eiwitten en structuur behoudt. Om
toch met de buitenwereld te kunnen communiceren en signalen te detecteren heeft de
cel eiwitten die door het membraan gaan (transmembrane eiwitten). Sommige van
deze eiwitten, zogenaamde receptors, kunnen stoffen die buiten de cel aanwezig zijn
binden om vervolgens binnen de cel (in het cytosol) een signaal door te geven. In het
cytosol kunnen vervolgens allerlei reacties plaatsvinden die vele eiwitten omvatten
en resulteren in een bepaalde actie. In witte bloedcellen resulteert de detectie van
bacteriespecifieke stoffen in het kruipen in de richting van de bacteriën. Dit proces
van gerichte celbeweging in een concentratiegradiënt van een chemische verbinding
(de chemoattractant) wordt chemotaxis genoemd.

Een voorwaarde voor chemotaxis is dat de cel kan bepalen waar de chemoattrac-
tant vandaan komt. Dit proces heet "directionele detectie" en de evolutie heeft cellen
uitgerust met een hele batterij aan mechanismen om dit te bewerkstelligen. Het de-
tecteren van de richting van een chemoattractant gradiënt begint altijd met het binden
van de chemoattractant aan een receptor. Doordat de chemoattractant een hogere
concentratie heeft op de plaats waar het gemaakt wordt dan ver weg van deze "bron"
zullen aan de kant van de cel die het dichtstbij de chemoattractantbron ligt meer
receptoren geactiveerd worden dan aan de kant die verder weg is. Dit zorgt voor
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Figure 5.11: D. discoideum cellen chemotaxen naar een pipette waaruit cAMP komt. Hi-
erbij vormen ze stromen omdat ze aan de achterkant zelf ook cAMP produceren en uitschei-
den.

een verschil in receptor activatieniveau. De interne eiwitorganisatie van de cel ont-
vangt het gradiëntsignaal van de receptor, versterkt dit en zorgt ervoor dat de cel een
duidelijke voor- en achterkant ontwikkelt, dit wordt polarisatie genoemd. De gepo-
lariseerde eiwitconfiguratie binnen de cel zorgt ervoor dat het celskelet (cytoskelet)
groeit in de richting van de chemoattractantbron, aan de voorkant van de cel ter-
wijl aan de achterkant andere eiwitten het membraan meetrekken. Het resultaat is
een beweging van enkele µm per minuut. Het doel van dit promotieonderzoek is de
dynamica van de chemoattractant receptor en de eiwitten waarmee deze een directe
interactie heeft, te begrijpen en te beschrijven.

Omdat menselijke cellen heel slecht overleven buiten het lichaam en enorm veel-
eisend zijn qua voeding, temperatuur en zuurtegraad, gebruiken we de amoebe Dic-
tyostelium discoideum voor dit onderzoek. D. discoideum vertoont ook chemotaxis
op een manier die vergelijkbaar is met die van witte bloedcellen. Het voordeel is dat
D. discoideum cellen snel groeien bij kamertemperatuur en geen last hebben van de
handelingen die nodig zijn om ze geschikt te maken voor het bekijken met de mi-
croscoop. Ze chemotaxen naar cyclisch adenosine mono-fosfaat (cAMP), een sim-
pele, goedkope chemische verbinding. Door een verdunning van cAMP langzaam uit
een pipette te pompen ontstaat er een concentratiegradiënt om de pipette die de D.
discoideum cellen kunnen detecteren. Zoals te zien in figuur 5.11 bewegen de cellen
richting de cAMP bron.

D. discoideum maakt voor de detectie van cAMP gebruik van de receptor ge-
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naamd "cAMP receptor 1" (cAR1). Dit is een G eiwit gekoppelde recepor (GPCR),
wat betekent dat hij het cAMP signaal via een G ewit doorgeeft. Het G eiwit vormt
het begin van een signaalcascade die uiteindelijk resulteert in chemotaxis. Veel ei-
witten die deel uitmaken van de signaalcascade zijn al geïdentificeerd en men heeft
een redelijk goed idee van welke eiwitten een interactie met elkaar hebben. Wat nog
allerminst duidelijk is is wat de rol is van de dynamica van deze eiwitten. De eiwit-
ten waar dit proefschrift zich op concentreert zijn de GPCR cAR1 en het hiermee
geassocieerde G eiwit Gα2βγ.

In dit proefschrift maken we gebruik van de techniek "single molecule microscopy"
(SMM). SMM stelt ons in staat om de beweging van individuele eiwtten in het mem-
braan te bekijken en te beschrijven. Een voorwaarde is dat we de eiwitten labellen
met een fluorescerend label, in dit geval een eiwit afkomstig uit de kwal Aequoria vic-
toria; yellow fluorescent protein (YFP). Met behulp van genetische technieken kun-
nen we individuele componenten van het systeem dat we onderzoeken (cAR1, Gα2
en Gβγ) koppelen aan YFP om ze vervolgens zichtbaar te maken met behulp van
een laser gekoppeld aan een microscoop met een zeer gevoelige CCD-camera. Door
de van individuele YFP eiwitten afkomstige, diffractie gelimiteerde lichtsignalen te
beschrijven met een tweedimensionale Gaussische kromme kunnen we de positie
hiervan (en dus van het eraan gekoppelde eiwit) bepalen met een positionele accu-
raatheid die alleen afhankelijk is van de signaal/ruis-verhouding. In theorie kan dit
met vrijwel oneindige nauwkeurigheid maar in de praktijk betekent dit dat we stappen
van ongeveer 40 nm kunnen waarnemen. Door met geschikte snelheid "snapshots"
te maken van de moleculaire posities krijgen we een idee van de snelheid waarmee
de eiwitten bewegen. Uit deze snapshots halen we informatie over de diffusie van de
eiwitten en tevens over de onderliggende structuur van het celmembraan.

In dit proefschift onderzoeken we de beweging van cAR1, Gα2 en Gβγ in D.
discoideum cellen. Dit doen we in rustende cellen, cellen die behandeld zijn met ac-
tine (een cytoskelet component) polymerisatie inhiberende chemicaliën (latrunculine
A) en in chemotaxende cellen. Uit onze resultaten blijkt dat het feit dat een eiwit een
homogene verdeling over het celmembraan vertoont, niets zegt over de verdeling van
zijn dynamische eigenschappen. Zo beschrijven wij in hoofdstuk 2 nauwkeurig de
bewegingen van individuele G eiwit subunits. De Gα2 en de Gβγ subunits blijken
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in rustende cellen precies met dezelfde snelheid en op dezelfde manier te bewegen,
een sterke aanwijzing dat ze aan elkaar zijn gekoppeld, iets wat andere groepen ook
bevestigen. In de afwezigheid van activatie (van cAMP) blijken Gα2 en Gβγ te
bestaan in twee fracties, een snelle (D = 0.15 µm2/s) en een 10× langzamere frac-
tie (D = 0.015 µm2/s). Deze laatste fractie beweegt met dezelfde snelheid als een
deel van de cAR1 moleculen (zie hoofdstuk 3). Wanneer cAR1 door middel van
toevoeging van cAMP aan het celmedium wordt gestimuleerd om het G eiwit te ac-
tiveren, beginnen de twee subunits zich verschillend te gedragen. De snelle fractie
blijft bestaan maar de bewegingen geven aan dat zich in het membraan domeinen
hebben gevormd waaruit de eiwitten niet kunnen ontsnappen. De langzame fractie
van de Gβγ subunit wordt compleet immobiel, een sterke aanwijzing dat het ergens
aan bindt. Deze immobilisatie en de vorming van de domeinen blijken allebei het re-
sultaat te zijn van cytoskeletgroei. In chemotaxende cellen blijken de waargenomen
effecten zich te beperken tot de voorkant van de cel. De domeinen spelen waarschi-
jnlijk een rol in het lokaal houden van de activatie van meerdere signaalmoleculen,
de immobilisatie zou kunnen duiden op een feedbackmechanisme wat bijdraagt aan
de chemotaxis efficiëntie.

In hoofdstuk 3 onderzochten we in detail de beweging van cAR1. Die beweging
blijkt ook sterk af te hangen van het actine cytoskelet maar op een andere manier
als de G eiwit subunits. In rustende cellen beweegt cAR1 relatief langzaam. Wan-
neer we actine polymerisatie wederom inhiberen worden de cellen rond en neemt
de mobiliteit van cAR1 ook met factor 2 toe. Eenzelfde mobiliteitstoename vonden
we ook in chemotaxende cellen, waarbij de receptoren aan de voorkant nog sneller
bewogen dan aan de achterkant. Dit verklaren wij met behulp van de resultaten van
een andere groep die concludeerden dat de binding tussen het cytoskelet en het mem-
braan veel minder sterk is in de voorkant van een chemotaxende cel. Het feit dat
zelfs na behandeling met Latrunculine A de receptoren aan de voorkant nog steeds
sneller zijn dan aan de achterkant geeft aan dat er ook nog andere factoren zijn die
de diffusieconstante van cAR1 beïnvloeden, dit kunnen bijvoorbeeld signaallipiden
zijn. De afwezigheid van de G eiwit subunits heeft geen gevolgen voor de diffusie
van cAR1 echter, in cellen zonder de Gα2 subunit vinden in een cAMP gradiënt geen
veranderingen plaatst wat betreft de mobiliteit van cAR1. Een logisch gevolg van het
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feit dat deze cellen de gradiënt niet kunnen waarnemen wanneer we aanvaarden dat
slechts het binden van cAMP geen invloed heeft op de mobiliteit.

In hoofdstuk 4 keken we naar de invloed van de kleine G eiwitten RasC en RasG
op het gedrag van cAR1 en Gβγ. Deze eiwitten liggen stroomafwaarts van het GPCR
/ G eiwitsysteem, echter ze zijn van groot belang voor de regulering van het cy-
toskelet. Omdat het cytoskelet op verschillende manieren de diffusie van cAR1 en
Gβγ beïnvloedt onderzoeken we hier eigenlijk een feedback regulering. Eén van
de conclusies in dit hoofdstuk is dat wanneer we een functioneel cAR1 molecuul
in het systeem brengen de cellen wederom kunnen chemotaxen. De groep die de
cellen gemaakt heeft toonde al aan dat de expressie van het cAR1 gen cara ver-
waarloosbaar was maar of alleen dit feit de reden was voor het niet vertonen van
chemotaxis was nog onduidelijk. Het blijkt dat de rasC−/rasG− cellen geen van de
hiervoor beschreven effecten van het cytoskelet op cAR1 en Gβγ vertonen. Het feit
dat er geen immobilisatie en domeinvorming plaatsvind na stimulatie en het feit dat
de cAR1 mobiliteit homogeen is in chemotaxende cellen duidt erop dat de gebruikte
knockouts hun cytoskelet niet goed op een ruimtelijke manier kunnen reguleren.

Dit proefschrift voegt kwantitatieve informatie toe aan de reeds bekende GPCR /
G eiwit interactie. Zonder deze informatie is het onmogelijk om een volledig begrip
te verkrijgen van de door ruis overspoelde processen die leiden tot chemotaxis. Een
volledig begrip van chemotaxis brengt een beter begrip van processen zoals wond-
genezing, embryogenese, axonsturing en het immuunsysteem met zich mee.
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