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Localization of the G Protein 3y
Complex in Living Cells During
Chemotaxis
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Gradients of chemoattractants elicit signaling events at the leading edge of a
cell even though chemoattractant receptors are uniformly distributed on the
cell surface. In highly polarized Dictyostelium discoideum amoebas, membrane-
associated (B subunits of heterotrimeric guanine nucleotide-binding proteins
(G proteins) were localized in a shallow anterior-posterior gradient. A uniformly
applied chemoattractant generated binding sites for pleckstrin homology (PH)
domains on the inner surface of the membrane in a pattern similar to that of
the GB+y subunits. Loss of cell polarity resulted in uniform distribution of both
the GBy subunits and the sensitivity of PH domain recruitment. These obser-
vations indicate that GBvy subunits are not sufficiently localized to restrict
signaling events to the leading edge but that their distribution may determine
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the relative chemotactic sensitivity of polarized cells.

Chemotactic cells can move up shallow che-
moattractant gradients, indicating that they can
compare and process extremely small differenc-
es in concentrations of extracellular stimuli (7).
This behavior has been attributed to two char-
acteristics of chemotactic cells. First, the cells
have the ability, referred to as directional sens-
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ing, to spatially localize the activation of G
protein—linked signaling pathways (2). Translo-
cation of the PH domain—containing proteins to
the inner face of the plasma membrane is an
early event that marks the directional response
(3, 4). Second, chemotactic cells exhibit polar-
ized sensitivity in which the leading edge is the
most responsive region to chemoattractants,
whereas the trailing end is least sensitive (5, 6).
Higher concentrations of stimuli or longer times
of exposure are required to elicit pseudopod
formation at the rear than from the front. It has
been proposed that component(s) of the recep-

Fig. 1. GFP-GB retains functions of the wild-type GR. (A) Developmental A

phenotype of GFP-GB/gB~ cells. Cells were harvested from shaking gB”
cultures, washed, and plated on nonnutrient agar. Pictures were taken 36 hours

after the cells were plated. Calibration bar is 2 mm. (B) Expression of GFP-GB

protein. Lysates of wild-type (WT) and GFP-GB/gB ™~ cells were subjected to
protein immunoblot analyses. An antibody to GB (anti-GP) detected a
band of 40 kD, the size of the endogenous GB, in wild-type cells and a band

of 70 kD, the predicted size of the fusion protein, in GFP-GB/gB ™ cells. An
antibody to GFP (anti-GFP) recognized a band of 70 kD in GFP-GB/gB~

cells and did not detect any bands in wild-type cells (75). (C) Induction of B
aggregative-gene expression in GFP-GB/gR ™~ cells. GFP-GB/gB ™ and wild-
type cells were stimulated with 100 nM cAMP at 6-min intervals for 6
hours. Cell samples were taken after the indicated incubation periods, and
lysates were subjected to protein immunoblot analyses of the chemoat-
tractant receptor, cAR1, and the adhesion glycoprotein, gp80 (25). (D)
Activation of adenylyl cyclase (ACA). Adenylyl cyclase activity in lysates of
wild-type, GFP-GB/gB~, and gB~ cells was measured in buffer (shaded
bars), in the presence of Mn?*, which measures unregulated intrinsic
activity of the enzyme (open bars), and in the presence of GTP-y-S (black
bars) as previously described (72). Mean values from an experiment done

GFP-GB/gp-

tor-G protein system may accumulate at the
front of polarized cells, accounting for increased
responsiveness to chemoattractants at the ante-
rior (5—8). However, observations of living cells
indicate that chemoattractant receptors remain
evenly distributed on the surface of highly po-
larized cells (9, 10). The Gy complex is an
essential component of the receptor-G protein
system required for chemotaxis of leukocytes
and Dictyostelium discoideum amoebas (11,
12). Chronic or stimulus-induced clustering of
Gpy to the front surface of a cell could possibly
contribute to directional sensing and/or polar-
ized sensitivity. To investigate the molecular
basis of these properties of chemotactic cells, we
determined the distribution of a G protein 8
subunit in living cells during chemotaxis.

Green fluorescent protein (GFP) was fused
to the NH,-terminus of the unique GB subunit
of D. discoideum (13). D. discoideum mutants
that do not express the Gf3 subunit (gB~ cells)
are completely deficient in chemoattractant-in-
duced responses and therefore are unable to
aggregate and differentiate (12, /4). Stable ex-
pression of the GFP-tagged G (GFP-Gp) sub-
unit rescued the chemotactic and developmen-
tal defects of the gB~ cells (Fig. 1) (15). Che-
moattractant-induced expression of the early
aggregation genes was similar to that of wild-
type cells. Activation of adenylyl cyclase by
guanosine 5'-0-(3'-thiotriphosphate) (GTP-y-
S) in vitro was restored, and cyclic adenosine
3',5'-monophosphate (cAMP)-filled micropi-
pettes induced equivalent chemotactic respons-
es in wild-type and rescued cells.

The distribution of GFP-Gf in the rescued
cells was determined during chemotaxis in the
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in duplicate are shown. At least one other independent experiment was c

performed for each cell line and yielded similar results. (E) Chemotaxis of
the GFP-GB/gB ™ cells. Cells were allowed to differentiate to aggregation
stage by stimulating them with cAMP for 7 hours. These cells were washed,
placed on glass cover slides, and then examined for chemotactic response

to cAMP in a micropipette assay. At time 0, a micropipette filled with 1 uM [
cAMP was applied to the surface of the slide. The positions of the cells at
time 0 and 10 min are shown. Widths of fields are 150 pm.
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gradients formed by the micropipettes (Fig. 2).
About 70% of the tagged GB<y subunits were
associated with the plasma membrane, and 30%
remained in the cytosol (/6). The fluorescent
signals associated with the membrane were dis-
tributed in a shallow anterior-posterior gradient,
with a higher concentration at the anterior end.
When the micropipette was repositioned, the
cells often turned their anterior ends toward the
newly established chemoattractant gradient, in-
dicating that these differentiated cells were
highly polarized. The distribution of GFP-G3
was compared with that of the chemoattractant
receptor for cAMP, cARI1, fused to GFP
(cARI1-GFP). In contrast to the polarized distri-
bution of GFP-G@, the receptors were distrib-
uted uniformly along the cell surface (Fig. 3).
As the cells were undergoing rapid morpholog-
ical changes associated with chemotaxis, the
polarized distribution of the membrane-associ-
ated GFP-G@ and the uniform distribution of
cARI1-GFP were maintained (/7).

Activation of G protein-linked signaling
systems was visualized in living cells by moni-
toring the recruitment of a PH domain to bind-
ing sites on the inner face of the plasma mem-
brane (3, 4). Recruitment of PH domain—con-
taining proteins to the membrane is an indicator
of relative sensitivity to the chemoattractant.
Cells expressing the cytosolic regulator of ad-
enylyl cyclase (CRAC) or its PH domain fused
to GFP (CRAC-GFP or PH__ -GFP) were dif-
ferentiated to the aggregation stage, when cells
display strong morphological and behavioral
polarity (6, 7). Before stimulation with cAMP,
the PH_, -GFP fluorescent signal was distribut-
ed uniformly throughout the cytosol (8). When
a low concentration of stimulus was uniformly
applied, PH__ -GFP was preferentially recruited
to the inner surface of the membrane at the
anterior of the cell and was depleted from the
cytosol in the posterior of the cell. Within sec-
onds after stimulation, PH__, -GFP then diffused
back to the cytosol throughout the entire cell
(Fig. 4). Higher concentrations of chemoattrac-
tant resulted in a less pronounced asymmetric
recruitment of PH__ -GFP. These observations
suggest that the anterior region of a highly po-
larized cell displays a higher sensitivity to che-
moattractant because there is a higher concen-
tration of Gy subunits at the front.

To determine whether the asymmetric dis-
tribution of Gf+y subunits and generation of
binding sites for PH domains depend on the
actin cytoskeleton, we treated cells with latrun-
culin A, which inhibits actin polymerization (3,
19). During treatment, cells rapidly lost polarity
and became rounded and immobile. Within
minutes, the asymmetric distribution of GFP-
Gp was no longer detected, and the protein was
uniformly distributed along the plasma mem-
brane and within the cytosol of the rounded
cells (Fig. 4). Accordingly, when the latrunculin
A-treated celis were stimulated with a uniform-
ly applied low concentration of cAMP (10 nM),
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binding sites for CRAC-GFP were generated
along the entire cell perimeter (20). The immo-
bilized cells were still capable of directional
sensing, but sensitivity was now uniformly dis-
tributed. When the micropipette was moved
around the cell, the distribution of GFP-GB
remained uniform, but CRAC-GFP translo-

A B

chemotactic GFP-GB/gB

cated to the region of the surface closest to the
micropipette and followed the micropipette
with time lag of about 10 s (Fig. 4).

The latrunculin A experiments suggest
that the anterior-posterior distribution of Gy
subunits depends on the intrinsic polarization
of the cell and does not require prior exposure

Fig. 2. Distribution of GFP-GB during chemotaxis.
(A) Chemotactic response of GFP-GR/gp ~ cells in a
micropipette assay was observed under a fluores-
cence microscope (77). Two fluorescent images cap-
tured at time 0 and 90 s after the micropipette was
placed for 10 min are shown. The position of the
micropipette is indicated by the white dots. (B) The
cells were observed under a confocal microscope (77). Two confocal

fluorescent images captured at time 0 and 60 s after the micropipette was placed for 10 min are
shown. The micropipette is located near the upper right corners of the images. Animated versions
of these figures are available on Science Online (26).

Fig. 3. Quantitation of
cellular distribution of
GFP-GB and cAR1-
GFP in chemotactic
cells. (A) Confocal im-
ages of GFP-GB and
cAR1-GFP in chemo-
taxing cells. A GFP-
GBR/gB™ cell and a
cAR1-GFP/car1™ cell
are  chemotactically
moving toward the
upper middle of the
frames (77). Distribu-
tion of GFP-GB sub-
units and of cAR1-GFP
is shown as intensity
of the fluorescent sig-
nals. Color bar shows
arbitrary intensity of
fluorescence. a, b, ¢,
and d represent points

B GFP-GB

cAR1-GFP

cAR1-GFP

on the cell surface.
Animated versions of
this experiment are
available on Science
Online (26). (B) Quan-
titative analyses of oL/
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cent images were analyzed with a two-dimensional analysis program (Noran). Fluorescence
intensities were measured along the lines a to c and b to d and plotted as a function of distance.
Asymmetric distribution of fluorescent signals was observed in 18 out of 21 GFP-GB/gB~ cells in
a chemotaxis event, whereas the other three were not well polarized.
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Fig. 4. Translocation
of PH domains in cells.
(A) Translocation of
GFP-tagged PH do-
mains to the anterior
surface of polarized
cells. cAMP (final con-
centration = 1076 M)
was uniformly applied
to polarized cells ex-
pressing PH__ -GFP,
and the cells were ob-
served by fluorescence
microscopy. Numbers
in the upper left cor-
ner are seconds after
the addition of cAMP.
In these frames, the
fronts of the cells
point to the lower
right corner of the im-
ages. (B) A polarized
cell was exposed to
uniform concentration
of cAMP (final concen-
tration = 1076 M),
and confocal fluores-
cence images of PH__ -
GFP were captured at
3-s intervals. False col-
or images were created
as in Fig. 3. The front of
the cell points to the
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upper left corner of the images. (C) A micropipette containing 1 WM cAMP was placed next to a
latrunculin A-treated GFP-GB/gB ™~ cell. As indicated by an arrow, the micropipette was placed at point
a for 1 min and then moved to points b and c. (D) A micropipette containing 1 uM cAMP was placed
next to a latrunculin A-treated cell expressing CRAC-GFP. As indicated by an arrow, the micropipette
was positioned at point a and then moved around the cell to points b, ¢, and d. For (C) and (D),
fluorescent images were captured every 5 s. Numbers in the upper right corners are seconds of selected
frames. Calibration bars are 10 um. Animated versions of (A), (B), and (D) can be viewed on Science

Online (26).

to chemoattractant gradients. However, che-
moattractants were able to modulate the cel-
lular axis. Although polarized cells often re-
oriented their anterior ends when micropi-
pettes were repositioned to set up a gradient
behind them, they sometimes collapsed their
existing anterior ends and gradually reestab-
lished polarity in the new direction. In these
cases, the asymmetric distribution of GBy
also dissolved and reformed on the reversed
axis of the cell.

These findings prompt us to amend local
excitation/global inhibition models, which have
been presented to explain how gradients elicit
directional responses and chemotaxis (2, 27). In
a gradient, local excitation at the cell anterior
exceeds global inhibition that averages che-
moattractant receptor occupancy along the en-
tire cell, whereas at the posterior, inhibition
exceeds excitation. To account for polarized
sensitivity, we propose that local excitation de-
pends on a combination of receptor occupancy
and G protein concentration. With this stipula-
tion, the regions of appearance of binding sites
for PH domains mark the sites of future pseu-
dopod formation rather than merely the direc-
tion of the gradient. This explains how uniform
chemotactic stimuli that produce no gradient in

receptor occupancy can elicit directional re-
sponses as in chemokinesis (22). It also can
explain how shallow gradients of chemoattrac-
tant elicit a response in the wrong direction if
the combination of receptor occupancy and G
protein concentration dominates on the side of
the cell facing the lower concentration of che-
moattractant. We note that when polarized cells
are induced to turn by exposure to a new gra-
dient, PH domains are recruited to the edge that
leads cell movement rather than to the edge that
faces the new gradient.
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