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Figure 3. Typical time-dependent changes of the cytoplasmic Ca?* con-
centrations after the addition of IgG-gold particles or C8 (via the release of
Ca?* from ER through IP; receptor), as observed by epifluorescence micros-
copy of fluo-4 in live T24 cells. (a) Typical epifluorescence images of Fluo-4
in the cytoplasm after the addition of IgG-gold. The box in the first image
indicates the region of interest (24 X 24 pixels representing 250 um?),
from which the second trace in panel b was obtained. The numbers in the
images correspond to the numbers shown in the second trace. (b) The fluo-
rescence infensity of Fluo-4 measured in the box of 24 X 24 pixels, plotted
as a function of time. See the legend to Fig. 2 and the Materials and Methods
for the various pretreatments of cells. Rhod-2 was used for DOPE cross-
linking experiments, to avoid the signal from fluorescein-DOPE. Calcium
signals in intact cells and the cells that experienced cholesterol depletion
and the subsequent repletion are different in complex and subtle ways. The
calcium signal for the latter cells starts at about the same time after stimula-
tion, but the initial rate of the increase of the intracellular Ca?* concentra-
tion ([Ca?*]))is low, and thus the calcium oscillation starts at ~3 min later.
As usual with pharmacological experiments, the mechanisms for the details
of the cellular reactions are difficult to understand. The fourth trace from the
bottom is after the application of IgG beads, indicating that these beads
are as signal capable as IgG-gold.

that STALL takes place upstream of IP; production by PLC, indi-
cating the STALL requirement for IP;—Ca’" signaling. (1) Treating
cells with methyl-B-cyclodextrin (MBCD), which may cause
partial depletion of cholesterol, greatly reduced the STALL frac-
tion of CD59 clusters (Table I) and, at the same time, inhibited
the IgG-gold—induced production of IP; (Table I and Figs. 1
and 2) and the intracellular Ca*>* responses (Table I and Fig. 3).
(2) Replenishment of cholesterol with cholesterol-loaded MBCD,
after partial depletion of cholesterol with MBCD, restored IP;—
Ca”" signaling and reinstated the STALL of CD59 clusters (Figs.
1-3 and Table I). MBCD may have side effects other than cho-
lesterol depletion, as described later, but our point here is the high
correlation between TP;—Ca®* signaling and STALL induction

Figure 4. Clusters of CD59, DAF, and PLAP exhibited STALL in both T24
and NRK cells, within a 48-nm-diameter area. Typical trajectories of IgG-
gold-induced clusters, recorded at video rate (33-ms resolution, at which
hop movement across the compartment boundaries cannot be resolved), in
T24 and NRK cells in culture. Some of the STALL parts of the trajectories are
enlarged (bottom). The STALL area sizes are substantially smaller than the
median compartment sizes of 724 (110 nm) and NRK (230 nm) cells,
shown as square lattices.

under various conditions. (3) Partial actin depolymerization with
latrunculin B, (4) blocking the activities of SFKs with PP2, or
(5) blocking Ga’s with pertussis toxin (PTX) greatly reduced
the STALL of CD59 clusters and, at the same time, blocked the
IgG-gold—induced IP;—Ca®* signaling (Figs. 1-3 and Table T).
(6) Fab-gold—CD59, mycCD59TM clusters, and 1,2-dioleoyl-
sn-glycero-3-phosphoethanolamine (DOPE) clusters induced
neither STALL nor IP;—Ca?* signaling (Table T).

We next examined the effect of inhibiting PLCvy on the
STALL of IgG-gold—induced CD59 clusters. The PLCry blocker
U73122, under the conditions where it completely blocked IP;
production (Fig. 2 b, right), did not affect STALL at all (whereas
the control reagent U73343 had no effect on either the IP; con-
centration or STALL; Table I). This result indicates that STALL
occurs upstream of PLCy-induced IP; production in the signaling
cascade after CD59 engagement and that STALL is required for
IP;—Ca*" signaling.

The STALL site may be the key platform
for transducing the CD59 signal to the
intracellular IPz response: single-molecule
observations of GFP-PLCy2 recruitment

to CD59 clusters undergoing STALL

Given the STALL requirement for IP;—Ca?" signaling, we
formed the following working hypothesis: the STALL sites may
be the places where IP; is produced from PIP,. Because this
reaction is likely catalyzed by the signaling enzyme PLCy,
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Table II. The STALL area size determined from the Gaussian fitting of the determined coordinates (2x SD for the diameter) in NRK and T24 cells

Cells Median compartment size Probe STALL time fraction STALL diameter (mean + SEM) Number of STALLs inspected
nm % nm

NRK 230 IgG-gold 19 52 (£2.1) 134

124 110 IgG-gold 36 48 (£2.3) 139

T24 110 Fab-gold + C8 17 54 (£2.2) 81

we investigated whether PLCy2 is specifically recruited to the
STALL sites, i.e., whether the PLCy2 recruitment to CD59
clusters takes place exclusively when CD59 clusters are under-
going STALL. Thus, we simultaneously observed CD59 clus-
ters and single molecules of GFP-PLCvy2 (Matsuda et al., 2001)
in or on the plasma membrane. (PLC+y1 is also expressed in T24
cells used throughout this study, and we expect that PLCyl
would behave in a way very similar to PLCy2 because these
two molecules behave similarly in a variety of signal transduc-
tion pathways [Matsuda et al., 2001].)

For such observations, 50-nm latex particles, rather than
40-nm colloidal gold particles, were used to form CD59 clusters,
to avoid the signal from the gold particles (Fig. 5 a). Bright-
field microscopy was used to observe the beads, and these two
types of particles exhibited practically the same STALL time
fractions and durations. In addition, these 50-nm beads were
signal capable as much as 40-nm colloidal gold particles, as
shown in Fig. 2 b and Fig. 3 b. Fig. 5 b shows a typical trajectory
of a CDS59 cluster and a GFP-PLCy2 molecule (also shown in
Fig. 5 a), including a period of colocalization (Video 1, avail-
able at http://www.jcb.org/cgi/content/full/jcb.200609175/DC1).
Only during a STALL period of the CD59 cluster was a GFP-
PLC+v2 molecule recruited from the cytoplasm for a period of
~0.3 s (Fig. 5 a; colocalization determined as described by
Koyama-Honda et al., 2005). Note that although the GFP-
PLCv2 molecules must be continuously colliding with the cyto-
plasmic surface of the plasma membrane, the vast majority of
them would not stay longer than a 33-ms video frame time,
which would make them invisible in video-rate observations.
Those recruited at the CD59 clusters undergoing STALL tend
to stay for a period of several video frames, thus making them-
selves visible.

Based on many such experiments, we obtained a distribu-
tion (histogram) of the time difference (lag time) between the
onset of STALL of a CD59 cluster and the recruitment of a
single GFP-PLCvy2 molecule to that particular CD59 cluster
(Fig. 5 c; see Fig. 5 a in Suzuki et al. [2007] for the definition of
the time difference). Time O was set at the initiation of the STALL
period, and the incidental colocalization was subtracted. This
histogram clearly indicates that GFP-PLCy2 molecules are re-
cruited to CD59 clusters right after the onset of STALL. The
yellow bars represent the GFP-PLCy2 molecules that left the
STALLed CD59 clusters before they resumed normal diffusion
(i.e., those with recruitment periods completely included within
a STALL period). Therefore, this histogram shows that GFP-
PLC~2 recruitment occurs almost exclusively during the STALL
periods. Note that, in all of the cases we have observed thus far
(see, e.g., Video 1), a CD59 cluster starts showing STALL first,
and the recruitment of GFP-PLCvy2 molecules to the CD59
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cluster takes place during the STALL period (and not vice
versa), consistent with our bulk imaging and biochemical ob-
servations indicating that STALL is required for IP;—Ca®" sig-
naling via PLCv. These results strongly suggest that the CD59
cluster undergoing STALL is the key, but temporary, platform
for the transient recruitment of PLCy2 molecules and IP; pro-
duction and thus for transducing the extracellular CD59 signal
to the intracellular signaling network via PLCy2 recruitment,
which eventually leads to the intracellular Ca** response.

The duration of GFP-PLCy2 recruitment was 0.25 s
(median, corresponding to 7.5 video frames; Fig. 5 d), which is
much shorter than the STALL lifetime (0.57 s; GFP photo-
bleaching/blinking was not responsible for this short duration,
as described in Suzuki et al., 2007). As the turnover rates of
PLC to produce IP; from PI(4,5)P, found in the literature are
between 70 and 200 per second (Wahl et al., 1992; Lomasney et al.,
1996), assuming a sufficient supply of PIP, in or around the
CD509 cluster undergoing STALL, the recruited PLCy2 can pro-
duce 20-50 molecules of IP; during the recruitment period of
0.25 s. The biological significance of such transient recruitment
is further discussed in the Discussion section (see Fig. 8). How
PLC recruited to CD59 clusters during the STALL periods is
activated remains unknown. Because Lyn is very often (almost
constitutively, but dynamically) recruited to the CD59 clusters,
Lyn is a good candidate kinase for phosphorylating PLCy, trig-
gering its activation (Poulin et al., 2005).

Consistency with conventional
immunofluorescence observations

The recruitment of PLCy2 at CD59 clusters was further con-
firmed by immunofluorescence microscopy of IgG-gold—treated
cells (5 min and then fixed; Fig. 6 a). Approximately 20% of the
CD59 clusters (IgG-gold particles) were colocalized with
PLC+2, and this association was greatly diminished by choles-
terol depletion with MBCD, blocking of SFK activity with PP2,
or partial actin depolymerization with latrunculin B (Fig. 6 b),
which totally correlated with the STALL occurrence of CD59
clusters (Table I) and IP;—Ca®" signaling (Figs. 1-3 and Table I).
Because the temporal STALL fraction of CD59 clusters (IgG-
gold particles) is ~40%, 20% PLC+vy2 immunocolocalization is
considered to be consistent with the PLCy2 recruitment only
during the STALL period, considering the binding and visual-
ization efficiency in immunofluorescence staining. Fluorescein-
DOPE, a typical nonraft phospholipid preincorporated in the
plasma membrane, was not concentrated under the IgG-gold
particles (see Fig. 7 a in Suzuki et al., 2007), indicating that
membrane concentration and membrane undulations, as reported
by Glebov and Nichols (2004), are not involved in the colocal-
ization of the PLCy2 spots found here.
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Figure 5. GFP-PLCy2 is recruited at CD59 clusters almost exclusively during
the STALL period. (a) An image sequence showing superimposed video
frames of simultaneous recordings of a CD59 cluster (green spot, which is
the brightfield image of a 50-nm bead) and a single molecule of GFP-
PLCy2 (red spot, with Gaussian spatial smoothing). They were colocalized
from frame 7 until frame 16 (pink frame numbers), which are within a
STALL period. GFP-PLCy2 suddenly appears from and returns to the cyto-
plasm. (b) A typical trajectory of a CD59 cluster (black), which includes
three STALL periods (three circles). During one of the STALL periods (the
blue part of the trajectory), a GFP-PLCy2 molecule was recruited (magenta
trajectory; the CD59 cluster trajectory during the colocalized period is
shown in indigo; see Video 1, available at http://www.jcb.org/cgi/
conent/full/jcb.200609175/DC1). The colocalized period is completely
included within the CD59 cluster’s STALL period. (c) Distribution of the time
difference between the beginning of GFP-PLCy2 recruitment and the onset
of STALL (time O is set at the first frame of STALL). Note that in this graph,
each STALL period starts at time O but ends at a different time (the pink
shading showing STALL is, thus, graded). For the definition of the time dif-
ference (lag time), see Fig. 5 a in Suzuki et al. (2007). The yellow bars
represent GFP-PLCy2 molecules with recruitment periods that were com-
pletely included within the STALL period, whereas the black bars represent
GFP-PLCy2 molecules whose recruitment periods are not totally included
within the STALL period. (d) Distribution of the period of GFP-PLCy2 co-
localization with CD59 clusters (median of 0.25 s), showing transient recruit-
ment of GFP-PLCy2. As a negative control, single-molecule recruitment of
transferrin receptor to the CD59 clusters was observed. No statistically sig-
nificant recruitment was detected, as described in Suzuki et al. (2007).

When larger CD59 clusters are formed by the sequential addi-
tion of the primary and secondary antibodies, they are almost
always strongly immobilized (see Suzuki et al., 2007) and are
capable of activating Lyn and triggering the IP;—Ca>" pathway.
We suggest that the immobilization and signaling mechanisms
for large CD59 clusters may be the same as those for IgG-gold—
induced CD59 clusters. Because many transient bindings simul-
taneously occur in large CD59 clusters, the clusters are almost
always bound to the actin skeleton by at least one remaining
bond, thus keeping the cluster immobilized for long periods.
Large CDS59 clusters may be strongly signal competent, because
they recruit many Gai2, Lyn, and PLCvy2 molecules at the same
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Figure 6. Immunofluorescence colocalization of IgG-gold-induced CD59
clusters and PLCy2 spots. (a) Some of the CD59 clusters formed by IgG-
gold particles (green spots; stained with fluorescein-conjugated secondary
antibodies to the mouse anti-CD59 antibody attached to the IgG-gold) are
colocalized with PLCy2 spots (red spots). Lookup tables similar to that used
for Fig. 1 c in Suzuki et al. (2007) were used. Yellow arrowheads indicate
colocalized IgG-gold and anti-PLCy2 spots. Light green and pink arrow-
heads indicate IgG-gold and PLCy2 spots, respectively, which do not show
colocalization with each other. (b) The fraction of IgG-gold particles co-
localized with the PLCy2 spots affer various prefreatments (mean = SEM).

time, although each recruitment event lasts for periods as short as
those found at [gG-gold—induced clusters. In the present study,
the elementary recruitment and signaling steps were dissected by
using IgG-gold particles to induce small CD59 clusters and by
single-molecule tracking. Furthermore, triggering with IgG-gold
resembles the physiological stimulus much more than that with
large CD59 clusters: after C8 addition, the Fab-gold particles
diffused and underwent STALL, as the IgG-gold particles did
(Suzuki et al., 2007). STALL might have further physiological
importance in cellular signaling. The external signal may be re-
layed to the actin membrane skeleton/cytoskeleton at the STALL
sites, perhaps inducing local reorganization of the actin filament
network (Harder and Simons, 1999; Suzuki and Sheetz, 2001).

In this subsection, we address the possible involvement of
raft microdomains in the CD59 signal transduction by com-
bining the results described here with those in Suzuki et al.
(2007). For this examination, we used four approaches in this
research. First, an artificial transmembrane construct of CD59
(mycCD59TM; CD59 with a myc tag at its N terminus and
the transmembrane domain plus the following 12 amino acids
of the low-density lipoprotein [LDL] receptor attached at its C
terminus) was used to examine the effect of replacing the natu-
ral GPI anchor with a transmembrane domain (De Nardo et al.,
2002). MycCD59TM clusters, formed by anti-myc-IgG-gold, did
not exhibit STALL (Table I) and induced neither Lyn activation
(see Table I and Fig. 2 b in Suzuki et al., 2007; Table I) nor IP;—
Ca** signals (Fig. 2 b, left; Fig. 3; and Table I).

Second, the effect of cross-linking another typical
nonraft molecule, the unsaturated phospholipid DOPE, was
examined. DOPE clusters induced by IgG-gold did not exhibit
STALL (Table I) and induced neither Lyn activation (see Table I
and Fig. 2 b in Suzuki et al., 2007) nor Ca’" mobilization
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(Fig. 3 and Table T). The Ca** mobilization data may appear to
be at variance with the results by Wang et al. (2005). Although
we cannot resolve this apparent difference, the cross-linked
molecules are different, the levels of clustering used here would
be much lower than those used by Wang et al. (2005), and they
used Jurkat T cells, which may be very sensitive to various
external stimulations.

Third, the recruitment frequency of LynN20-GFP (the
N-terminal 20-amino-acid sequence of Lyn, containing the bind-
ing sites for a palmitoyl and a myristoyl chains, fused at its
C terminus to GFP; Pyenta et al., 2001) to CD59 clusters was
substantially greater than that for Lyn-GFP to non—cross-linked
CD59 or to cross-linked mycCD59TM (negative controls, 3.3-
fold). Meanwhile, it was considerably smaller than that of Lyn-
GFP to CD59 clusters (positive control, 2.4-fold; see Table IV
in Suzuki et al., 2007). These results suggest that both lipid—
lipid interactions via Lyn’s alkyl chains and protein—protein
interactions by way of Lyn’s protein part contributed to the
recruitment of Lyn to CDS59 clusters, consistent with the find-
ings of Gri et al. (2004).

Fourth, the effects of partial cholesterol depletion (with
MBCD or saponin) and the subsequent replenishment of choles-
terol were examined. Kwik et al. (2003) warned against the use
of MBCD because it enhances the PIP,-based F-actin network
formation, which could not be recovered by cholesterol replenish-
ment within 12 h. This suggests that if the observed effect of
MBCD could be quickly recovered by replenishing cholesterol
(generally within 30 min), then the primary effect of MBCD
found in that particular experiment probably reflects the direct
influence of partial cholesterol depletion.

Cholesterol depletion with MBCD (4 mM for 30 min at
37°C) decreased the temporal STALL fraction of CD59 clusters
by a factor of approximately five (Table I) and Lyn activation
by a factor of approximately four (see Table I and Fig. 2 ¢ in
Suzuki et al., 2007) while virtually blocking the IP;~Ca** signaling
(Figs. 1-3 and Table I). The subsequent cholesterol replen-
ishment restored STALL and reinstated Lyn phosphorylation
in the activation loop (see Table I and Fig. 2 ¢ in Suzuki et al.,
2007) as well as IPs—Ca®* signaling (Figs. 1-3 and Table T;
although the initiation of the Ca*" signal is slower [Fig. 3]).
Cholesterol clustering with saponin also reduced STALL (see
Table I in Suzuki et al., 2007). Similar observations were made
for other GPI-ARs (PLAP and DAF) in other cell types (NRK
and PtK2 cells; see Table II in Suzuki et al., 2007). Although
the cholesterol replenishment experiments always worked well,
drug treatments are always susceptible to side effects and
therefore due caution should be paid to the interpretation of
the results using MBCD. In addition, single-molecule track-
ing revealed transient, dynamic recruitment of glycosphin-
golipid GM1 to CD59 clusters (not depicted, but such transient
recruitment is consistent with the lack of colocalization in fixed
cells as reported by Fra et al. [1994]), further suggesting the
involvement of raft microdomains in the signal transduction
of GPI-ARs.

These four lines of results suggest that cholesterol-based
raft microdomains or lipid-lipid interactions enhance the recruit-
ment of the cytoplasmic signaling molecules to CD59 clusters.

JCB « VOLUME 177 « NUMBER 4 « 2007

Because the specificity of signaling pathways without any in-
volvement of protein—protein interactions is unlikely (Douglass
and Vale, 2005; Holowka et al., 2005; Larson et al., 2005), one
of the most critical issues regarding the involvement of raft
microdomains in signal transduction in the plasma membrane is
whether raft microdomains facilitate or enhance the rate and/or
the specificity of molecular recruitment. The aforementioned
results, in particular those using LynN20-GFP and mycCD59TM,
suggest the occurrence of raft-based facilitation in recruiting
Lyn to the CD59 clusters.

A new working hypothesis for the signal
transduction of GPI-ARs

Based on the results described in this paper and in Suzuki et al.,
(2007), we propose the following working model for the signal
transduction of GPI-AR, shown in Fig. 7 (also see Video 2, avail-
able at http://www.jcb.org/cgi/content/full/jcb.200609175/DC1).
We also point out the places in this model where protein inter-
actions may be facilitated by cholesterol-containing (raft)
microdomains. There are many unknowns in this working
model, but we believe that the present work clarified some of
the important processes in the signal transduction steps of GPI-
ARs and made it possible to delineate the next investigation
steps, as described in this working model. The signaling steps
shown in Fig. 7 are described in the following paragraphs.

When CD59 is liganded, it forms larger clusters that re-
semble those formed by IgG-gold particles (Suzuki et al., 2007;
Fig. 7, step 1). Because the subsequent Lyn activation and IP;
production did not occur after cross-linking mycCD59TM or
DOPE, and because they are sensitive to cholesterol depletion
as well as the subsequent cholesterol replenishment, we raise
the possibility that the CD59 cluster may also be a cholesterol-
enriched nanodomain (Nicolau et al., 2006).

In the second step, these CD59 clusters undergo slow,
apparently simple Brownian diffusion (Fig. 7, step 2a) while
frequently and transiently recruiting Lyn, for a median of ~0.20 s
(Fig. 7, step 2b; see Fig. 5 b in Suzuki et al., 2007).

The mechanism for recruiting Lyn is unknown (Fig. 7,
step 3). Lipid-based interactions between Lyn and the CD59
cluster raft nanodomains across the bilayer might be involved.
Another possibility would be the involvement of an as-yet-
unknown transmembrane protein, X, that has certain levels of af-
finity to the protein moiety of Lyn (and perhaps to Gai2) and to
that of CD59 (avidity to CD59 clusters), as well as an affinity
for the raft nanodomains (or to the lipid and lipid- anchoring se-
quences of Lyn, Gai2, and CD59; see Table IV in Suzuki et al.,
2007). The cholesterol requirements for IP;—Ca* signaling re-
ported previously (Veri et al., 2001; Rodriguez et al., 2003)
might occur at this stage.

We also found that Gai2 molecules are transiently re-
cruited to CD59 clusters for ~0.13 s (median) and that right after
the recruitment, the CD59 cluster is engaged in STALL (Fig. 7,
step 4; see Fig. 5, d and e, in Suzuki et al., 2007). These results
suggest that when the Gai2 molecule meets Lyn molecules that
have also been recruited at the same CD59 cluster, they form
a complex at the CD59 cluster, leading to Lyn activation (Ma et al.,
2000) and inducing further Lyn activation by phosphorylating
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Figure 7. A working model showing how STALL of CD59 clusters may be
induced and how it may function as a transient platform to transduce the
extracellular CD59 signal to the intracellular IP;~Ca?* signal (via PLCy2
recruitment o STALL). The numbers in parentheses correspond to the signaling
steps described in the Discussion section.

its activation loop, perhaps by autophosphorylation (Kmiecik
and Shalloway, 1987). As the present work showed that the
CD509 cluster acts as a platform for recruiting Gaii2 and Lyn, the
next important step is to show their interactions at a single CD59
cluster at the single-molecule level and, at the same time, to de-
tect the activation of Lyn at the level of each individual single
molecule right before the onset of STALL. Both Gai2 and Lyn
soon leave the CD59 cluster, and what these activated proteins
do after they leave the CD59 cluster is unknown and would be
of interest. This is similar to the activation process of H-Ras,
reported previously (Prior et al., 2001; for review see Hancock
and Parton, 2005). H-Ras may be activated in raft micro-
domains, but the activated H-Ras leaves them to become incor-
porated in the domain associated with galectin 1.

In step 5, Lyn activation concurrently induced both STALL
of the CD59 cluster and transient PLCy2 recruitment at the CD59
cluster (median of ~0.25 s; Fig. 7). Understanding the mecha-
nisms of these processes would be an important next step.

Because PLCy2 will produce IP; from PIP, only at the
CD59 cluster that is undergoing STALL (~0.57 s), the CD59
cluster in STALL is likely to be the key, but transient, platform
for relaying the extracellular CD59 signal to the intracellular
IP;—Ca’" signals (Fig. 7, step 6). The residency time of PLCy2
at the STALLed CD59 cluster is short (~0.25 s; Fig. 5 d), but it
may be sufficient to produce 20-50 IP; molecules, a calculation
based on the turnover rate of the enzyme (Wahl et al., 1992;
Lomasney et al., 1996). The direct observation of IP; produc-
tion right at the single CD59 cluster undergoing STALL should
be performed in future studies.

In step 7, the increase in the IP; concentration will lead to
the release of Ca>" from the intracellular pool (Fig. 3).

When the present research was undertaken, cell biological
and biochemical data accumulated in the literature suggested
that (a) the engagement of GPI-ARs may trigger the association
of Gai2 (Solomon et al., 1996), SFKs (Stefanova et al., 1991;
Harder et al., 1998), and PLCvy2 (Veri et al., 2001; Rodriguez

et al., 2003) with the GPI-AR cluster; (b) Gai2 may bind to Lyn
to activate it (Ma et al., 2000); and (c) Lyn might induce the
IP;—Ca*" pathway via PLCy recruitment (Morgan et al., 1993).
However, the majority of these proposals were based on phar-
macological experiments and pull-down assays in the presence
of detergents (which jeopardize the legitimacy of the detection
of molecular complexes in these assays). Furthermore, these re-
sults did not address how these events may occur in a spatio-
temporally organized way in living cells (Simons and Vaz, 2004).
The single-molecule tracking results obtained in the present
study contributed greatly to clarifying this process, by providing
a dynamic view of these events as itemized above, although
there are still many unknown processes and mechanisms.
Individual, short recruitment of PLCy2 may
produce a unit signal for bulk IP3z signaling
The cytoplasmic IP; signal, as observed by conventional fluo-
rescence imaging, lasts for at least 15 min, or on the order of
1,000 s (Figs. 1 and 2). Such a bulk signal must be generated by
the superposition of the individual events of PLCy?2 recruitment
to the plasma membrane, which occurs at the CD59 clusters
undergoing STALL, producing 20-50 IP; molecules for each
PLC~2 recruitment period. The cytoplasmic IP; signal ampli-
tude (concentration) at a given time may largely be determined
by the collective recruitment/activity of thousands of PLCy2
copies (consumption and long-term accumulation of IP; might
occur). Therefore, the short recruitment period of ~0.25 s for
each single PLCy2 molecule at the CD59 cluster in STALL,
which is at least 4,000-fold shorter than the overall duration of
the bulk IP; signal, might initially seem surprising.

However, such pulse-like occurrences of individual signaling
events might address a long-standing problem in the field of
cellular signaling, as raised from the viewpoint of communica-
tion system engineering (Oliver et al., 1948) or systems biology
(Shimizu and Bray, 2001). Here is the enigma. The recruitment/
activation of each individual molecule has been believed to last
for a duration comparable to (or perhaps 10 times less than that
of) the bulk duration. For the sake of simplicity, assume the overall
activation duration to be 1,000 s and the durations for recruitment/
activation of each individual molecule to be on the order of
100-1,000 s. Generally, as stated at the beginning of this section, the
activation level of the bulk signal is determined by the super-
position (integration) of the recruitment/activation of thousands
of copies of the signaling molecule. However, this integration
presents a difficult problem for the cell, which must regulate and
maintain the proper, stable level of the overall activation of the
signaling event (see Model A [complex integration model] in
Fig. 8). This is because the active durations of individual mole-
cules are assumed to be long, on the order of 100-1,000 s for the
overall activation period of 1,000 s: to reach the correct level of
bulk activation, the activation of the next copy of the molecule
must be done on the basis of the correct prediction regarding
when the previously activated copies of the molecule are turned
off. How the cell can achieve such a complicated integration over
many thousands of molecules has remained enigmatic.

In the case of IP; signaling examined here, each individual
elementary process for IP; production takes place like a quantized
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Si-gnal of each individual molecule Model A
S{gual of each individual molecule Model B
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Figure 8. Prolonged bulk signal may be produced by the addition of ex-
tremely short, pulse-like recruitment of single molecules. Model A, called
the complex integration model, describes the case where each individual
signaling event lasts for a length comparable to that for the bulk signaling,
which would necessitate a complicated integration of these signals to real-
ize the desired level of the bulk signal. Model B, called the simple summa-
tion model, describes the case where each single-molecule event occurs
like a digital pulse, as compared with the duration of the bulk signal, which
then can simply be added up to generate the desired bulk signal, without
the need for complicated integration.

burst (~0.25 s), which is shorter by a factor of at least 4,000 than
the bulk activation period. If this were the case, for realizing the
proper, stable level of the bulk IP; concentration, complicated
integration would be unnecessary: the simple addition of the IP;
pulses would make the bulk signal, as shown in Model B (simple
summation model) in Fig. 8 (for brevity, the signal amplitude by
each individual event is assumed to be the same here; Oliver et al.,
1948). Therefore, the short lifetime of each recruitment event of
PLC~2 at a CD59 cluster, and thus the briefness of each burst of
IP; production, may be critical for the regulation of the enhanced
level of IP; upon the engagement of CD59.

The analogue amplitude of the bulk IP; signal is basically
proportional to the number of PLCy2 recruitment events during
the unit time (and thus the number of IP; bursts per unit time).
If the rate of IP; consumption is slow, the bulk amplitude is pro-
portional to the cumulative number of PLCvy2 recruitment until
the specified time; in this sense, to obtain the bulk amplitude,
the loss of IP; has to be evaluated. Nevertheless, the digital,
pulse-like signal produced by each IP; production event greatly
simplifies the signaling system.

Finally, we would emphasize that the observations of
STALL of CD59, the individual recruitment events of single
molecules of Gai2, Lyn, and PLCy2 to a single CD59 cluster,
and their short residency times all became possible for the first
time by using single-molecule tracking techniques. They pro-
vide unique, valuable information for studies of signal trans-
duction mechanisms.

Materials and methods

Cell culture, drug treatments, and ¢cDNA transfection

T24 (human) and PtK2 (rat kangaroo) epithelial cells and NRK (rat) fibro-
blastic cells were cultured in HAM’s F12 medium (Invitrogen) supple-
mented with 10% FBS. Transfection was performed using Lipofectamine Plus
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(Life Technologies) according to the manufacturer’s recommendations. The
NRK cells were transfected with the cDNA for human CD59 (a gift from
M. Tone, Oxford University, Oxford, England). NRK cells express CD59 of
their own species, but to carry out experiments under similar clustering
conditions, they were transfected with the human cDNA for CD59.

Partial depletion of cholesterol in the plasma membrane was per-
formed by incubating the cells in 4 mM MBCD (Sigma-Aldrich) at 37°C for
30 min (Kilsdonk et al., 1995) or in 60 pg/ml saponin (Sigma-Aldrich) on
ice for 15 min (Cerneus et al., 1993). These treatments substantially in-
creased the amount of CD59 recovered in the detergent-soluble fractions in
the protocol to prepare detergentresistant membranes. Replenishment of
cholesterol was performed by incubating the cholesterol-depleted cells in
10 mM MBCD~cholesterol complex (1:1) for 30 min at 37°C (Shigematsu
et al., 2003). The overall amounts of cholesterol per cell after cholesterol
depletion with MBCD and after the subsequent repletion were found to be
66 and 118% of the original amount (SD of =6%), as determined by a
cholesterol quantification kit (Wako). Partial actin depolymerization was per-
formed by incubating the cells in the medium containing 50 nM latrunculin B
for 10 min (gifts from G. Marriott, University of Wisconsin-Madison, Madison,
WI; Spector et al., 1983). SFKs were inhibited by treating the cells with
10 M PP2 (Calbiochem) for 5 min at 37°C (Hanke et al., 1996). Hetero-
trimeric G protein was inhibited by incubating the cells in medium con-
taining 1.7 nM PTX (Calbiochem) at 37°C for 22 h (Gomez-Mouton
et al., 2004). The involvement of the IP; receptor in the GPI-AR-induced
Ca?* mobilization was examined by injecting 10 mg/ml heparin (~100
femtoliter; Sigma-Aldrich) into the cells (Takei et al., 1998), using a micro-
manipulator/injector (Eppendorf).

As a control for GPI anchoring, a transmembrane chimeric protein
of CD59 was used (mycCD59TM,; its cDNA was provided by M. Maio,
Instituto Nazionale di Ricovero e Cura a Carattere Scientifico, Ancona,
ltaly): the CD59 ectodomain was fused with an N-terminal myc tag and a
C-erminal LDL receptor transmembrane domain, which additionally con-
tains the 12 amino acids from the N terminus of the cytoplasmic domain of
the LDL receptor (and thus lacks the sequence required for internalization
via coated pits; De Nardo et al., 2002). IgG-gold particles coated with
anti-myc antibody (?E10.2) were used for cross-linking mycCD59TM.

Immunofluorescence colocalization experiments for IgG-gold particles

and PLCy2 spots

Immunofluorescence staining of IgG-gold particles, and their colocalization
with immunofluorescent spots of PLCy2, was examined in the following way.
Cells were incubated with IgG-gold for 5 min at 37°C, fixed with 4% para-
formaldehyde for 90 min at room temperature, and permeabilized with
0.01% Triton X-100 in PBS for 1 min. After blocking with 5% skim milk for
90 min, the cells were immunostained with the rabbit anti-PLCy2 antibodies
(BD Biosciences). Fluorescein-conjugated goat anti-mouse IgG antibodies
were used for the staining of the IgG-gold particles.

Preparation of gold and fluorescent probes, single-particle tracking,
single fluorescent molecule tracking, and STALL detection

These are described in detail in Suzuki et al. (2007). STALL (transient
confinement zone) was detected in gold-probe trajectories recorded at a
33-ms resolution for a period of 10 s, following the method developed by
Simson et al. (1995). The only difference is the definition of the size of the
area covered by a CD59 cluster during STALL. It was estimated by the 2D
Gaussian fitting of the determined coordinates of the CD59 cluster during
the STALL period.

Observation of the recruitment of single molecules of GFP-PLCy2

to the CD59 cluster

To observe the recruitment of PLCy2 to CD59 clusters in live cells, T24 cells
were transiently transfected with the cDNA for PLCy2 fused with GFP (at the
N terminus of PLCy2; obtained from M. Katan [The Institute of Cancer
Research, London, England] and slightly modified; Matsuda et al., 2001). For
the simultaneous tracking of single CD59 clusters and single molecules of
PLCy2, CD59 clusters were formed by using 50-nm latex beads coated with
anti-CD59 whole IgG (a gift from V. Horejsi, Academy of Sciences of the
Czech Republic, Prague, Czech Republic), because the 40-nm gold parti-
cles gave signals that could not be separated from the fluorescence signals
from GFP, at the level of single molecules and single particles. These two
types of particles exhibited practically the same STALL time fractions and
durations. Furthermore, as shown in the left box in Fig. 2 b and the fourth
trace from the bottom in Fig. 3 b, these 50-nm beads are capable of inducing
intracellular signals as effectively as 40-nm IgG-gold particles.
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The brightfield images of the 50-nm latex beads (forming CD59
clusters beneath them) were obtained simultaneously with the images of
GFP-tagged single signaling molecules, using the same conditions and in-
strument described in Suzuki et al. (2007). Determination of colocalization
is also described in Suzuki et al. (2007).

Epifluorescence imaging of the increase of IP; in living cells

The increase in the cytoplasmic IP; concentration after the addition of IgG-
gold particles was observed in cultured T24 cells transfected with the
cDNA for the PH domain of PLC31 fused with GFP at the C terminus (a gift
from K. Hirose, Nagoya University Medical School, Nagoya, Japan;
Hirose et al., 1999; Wang et al., 2004). This PH domain binds to both IP;,
which is located in the cytoplasm, and PIP,, which is located on the inner
leaflet of the plasma membrane. Upon the engagement of CD59, PLCy
starts hydrolyzing PIP; in the membrane to generate IP3, and thus the cyto-
plasmic IP; concentration increases (Hirose et al., 1999). This can be de-
tected as the relative increase in the fluorescence signal of PH domain-GFP
in the cytoplasm (Ic,) versus that in the plasma membrane (lpy; Hirose
et al., 1999). This change in the fluorescence signal, detected by epifluo-
rescence microscopy, was monitored by measuring the lc,,/Ipw ratio, as de-
scribed by Raucher and Sheetz (2001). The increase in the cytoplasmic IP3
concentration was also observed by confocal fluorescence microscopy,
using a microscope (TE300; Nikon) equipped with a spinning-disc confo-
cal scanner system (CSU22; Yokogawa) and a cooled charge-coupled
device camera (Cascade 650; Roper Scientific).

Epifluorescence imaging of Ca?* mobilization in living cells

Intracellular Ca?* mobilization in living cells was monitored by epifluores-
cence microscopy, using fluo-4 or rhod-2 (Invitrogen) as a probe (Minta
etal., 1989). T24 cells were incubated in HBSS containing 5 M fluo-4 AM
(Invitrogen) for 30 min at room temperature, washed once with fresh HBSS,
and incubated with the IgG-gold or Fab-gold particles. When the effect
of DOPE cross-linking on Ca?* mobilization was examined, fluorescein-
conjugated DOPE was incorporated in the cells and then cross-linked by
IgG-gold particles coated with anti-fluorescein antibodies. Because of
the spectral overlap, fluo-4 could not be used to observe the effect of cross-
linking (fluorescein-conjugated) DOPE. Therefore, rhod-2 AM (Invitrogen)
was used (Minta et al., 1989).

Online supplemental material

Fig. ST shows the increase of the cytoplasmic IP; concentration induced
by CD59 clusters, as observed by the confocal fluorescence microscopy of
the PH domain (from PLC81)-GFP expressed in 724 cells. Video 1 shows
simultaneous observation of a CD59 cluster and the recruitment of sin-
gle molecules of GFP-PLCy2, recorded at video rate. Video 2 provides
a model for the signal transduction of CD59, leading to the intracellular
IP3~Ca?* signal. Online supplemental material is available at http://www

.jcb.org/cgi/content/full/jcb.200609175/DC1.
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