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Mechanism for signal transduction in the induced-raft domains
as revealed by single-molecule tracking
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Abstract

Raft domains have been proposed to work as a
platform where raftophilic signaling molecules assemble
and interact for efficient signal transduction. However,
this raft hypothesis has been difficult to prove. Our recent
single-molecule tracking experiments revealed that
cytoplasmic signaling molecules were frequently, but very
transiently recruited to the rafts formed on demand by the
clusters of raftophilic glycosylphosphatidylinositol (GPI)-
anchored receptors (e.g., CD59) that were generated after
the engagement of the receptors by the binding of extracel-
lular signaling molecules. All of the cytoplasmic signaling
molecules examined thus far, Gai2, Lyn, and PLCy, ex-
hibited short residency times of ~200ms within the
CD59-cluster rafts. This recruitment period of each in-
dividual signaling molecule was short, compared with the
periods of overall bulk activation of these molecules by a
factor of 4,000. Argument has been advanced that the
analogue bulk signal, which lasts for over several thou-
sands seconds, is generated by the superposition of the
short-lived, digital-like individual signals, which last for a
fraction of a second.
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A. Introduction

In recent years, so-called raft hypothesis, initially
conceived and proposed by Simons and van Meer (1) and
Simons and Ikonen (2), has attracted extensive attention
as a platform for signal transduction on the plasma mem-
brane. According to the raft hypothesis, upon the recep-
tion of extracellular queues by raftophilic receptors in the
plasma membrane (receptors are often considered to parti-
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Fig. 1. A schematic drawing of the hypothetical composition and structure of the

raft domains.

tion into so-called raft domains in the plasma membrane if
they are recovered in the low-density fraction by ultracen-
trifugation after cold-Triton treatment of the cell, and
therefore, these receptors are called raftophilic in this rev-
iew), these receptors as well as raftophilic intracellular
lipid-anchored signaling molecules assemble in the pre-ex-
isting rafts or form new stabilized rafts, where, due to
higher concentrations of the molecules in the stabilized
rafts, the raftophilic signaling molecules efficiently interact
with each other to carry out signal transduction, involved
in, to name a few, cell growth (3), cell adhesion (4,5), neu-
ronal activity (6-8), and immunological responses (9,10).
Raft domains are considered to be enriched in glycosphin-
golipids (11-14), cholesterol (15), glycosylphosphatidy-
linositol (GPI)-anchored proteins (16) in the outer leaflet,
and in lipid (saturated fatty acid)-anchored signaling
molecules such as heterotrimeric G proteins and Src family
kinases (SFKs) (17), in the inner leaflet (Fig. 1).

About 10% of the signal receptors in the plasma
membrane are considered to be anchored to the plasma
membrane by way of the covalent linkage to a phos-
pholipid, called glycosylphosphatidylinositol or GPI (18),
and therefore, these receptors are called GPI-anchored
receptors (GPI-ARs), or GPI-anchored proteins. Since
these GPI-ARs are not exposed to the cytoplasmic surface
of the plasma membrane, how GPI-anchored receptors
transduce signals from the outside world to the inside of
the cell has been a long-standing enigma (17). In recent
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years, many researchers started to believe that the signal
transduction of GPI-ARs is carried out in raft domains,
but how this is done is totally unknown.

Recently, we approached this problem by using sin-
gle-molecule tracking techniques we developed and ad-
vanced. These techniques are extremely useful for tracking
movement, distribution, interaction of two or three molec-
ules, and the reaction of molecules at the level of single
molecules in living cells (19-22). We applied this technique
to the study of signal transduction via GPI-ARs by observ-
ing the behavior of GPI-ARs and several cytoplasmic sig-
naling molecules upon the engagement of GPI-ARs
(23,24). In the present review, we briefly summarize the
methods employed and the results obtained in this
research.

B. GPI-anchored receptors form cluster-rafts upon stimu-
lation

As a prototypical GPI-AR, we employed CD59, the
receptor for the eighth component of the complement
(C8), which works at the first step in the signaling pathway
of protecting cells against the self-attack of the comple-
ment system. Upon the addition of C8, CDS59 forms
clusters, which trigger the signal transduction (Fig. 2(1)).
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Fig. 2. CD59-cluster rafts trigger intracellular signaling at STALLed sites. A work-
ing model showing how STALL of the CD59-cluster raft might be induced and how it might
function as a transient platform for transducing the extracellular CD59 signal to the intracel-
lular TP;-Ca?* signal (via PLCy2 recruitment to STALLed CDS59-cluster raft). See the text

for further details.
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Fig. 3. CD59-cluster rafts undergo alternating periods of STALL and apparent,
simple-Brownian diffusion. (a) Stimulation of CD59 with IgG-Gold, or C8-Fab-Gold in-
duces clustering of CD59, which then turn into CD59-cluster rafts. (b) (Top trajectory) A
typical trajectory of IgG-Gold recorded for 10 s at video rate. CD59-cluster rafts exhibit al-
ternating periods of apparent, simple-Brownian diffusion (black trajectories) and STALL
(magenta trajectories in the circular blue areas). (Bottom trajectory) A representative trajec-
tory of Fab-Gold recorded for 5 seconds at video rate, shown for the comparison with those
of IgG-Gold.
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By the same token, directly crosslinking CD59 with
40 nm-colloidal gold particles coated with many molecules
of anti CD59 immunoglobulin G (IgG-Gold, Fig. 3a) also
induced intracellular signaling such as IP; production, cal-
cium mobilization, and SFK activation. We used the con-
dition in which an average of six molecules of CD59 were
clustered underneath a gold particle, and approximately
600 such CD359 clusters were formed on the basal plasma
membrane: namely 3,600 copies of CD59 per cell were en-
gaged. These experimental conditions were selected, be-
cause the intracellular signaling was triggered very robust-
ly under these conditions, and the diffusional movement of
gold particles that crosslinked six CD59 molecules were
similar to that of CD59 clusters induced by the binding of
the natural ligand C8. Interestingly, the CD59-cluster-in-
duced signaling was blocked by cholesterol depletion, and
reinstated by the subsequent repletion of cholesterol, sug-
gesting that these CD59 clusters induced raft-like domains
within the cluster (Fig. 2(1)(2)). Hence, the IgG-Gold-in-
duced CD59 clusters are called CD59-cluster rafts.

C. Extremely anomalous diffusion of CD59-cluster rafts:
Stimulation-induced Temporary Arrest of LateraL
diffusion=STALL

The behaviors of single individual CDS59-cluster
rafts, observed at video rate (33 ms/frame), were ex-
tremely peculiar. They exhibited alternating periods of ap-
parent simple-Brownian diffusion (with the effective diffu-
sion coefficient in the 100-ms window smaller than that of
non-stimulated CD59 by a factor of 8) and temporary im-
mobilization. Both lengths of simple-Brownian and im-
mobilized periods exhibited exponential distributions,
with lifetimes of 1.2 and 0.57 s, respectively (Fig. 3b).
Since the plasma membrane is like a two-dimensional lig-
uid, the temporary immobilization was totally unexpected,
and named Stimulation-induced Temporary Arrest of
Lateral diffusion or STALL (Fig. 2(5)). STALL would
have been difficult to find by the methods to observe the
ensemble-averaged behavior of many molecules, such as
FRAP (fluorescence recovery after photobleaching) or
FCS (fluorescence correlation spectroscopy).

After treatments like partial cholesterol depletion,
partial actin depolymerization, or blocking of the activity
of SFKs, or Gai, STALL as well as IP;-calcium signaling
almost disappeared. Based on these results, we hypothe-
sized that STALL was induced by the binding of CD59-
cluster raft to the actin-based membrane skeleton, which
might be triggered by Gai activation, which induced SFK
activation. This hypothesis is consistent with the previous
results obtained by optical tweezers (25,26).

FEEIC % < OHL CDS9 IgG HifA THAE L /2B 40 nm O
KT (IgG-Gold, [X3a) TCD39 LS I® T, IP;JE
RNV SRS, SFKIGMAL & OMIEN Y 7 F IV
IN T, 1HOSKRFE FICFEE 6 D CD59 5F 14
F3N, TOXD7CDSY 75 A% —D 600 H75H i L i
RS 548, 2% 0fMladz v 3600 0 CDS59 53]
WMENB LD &R, TOKETT, Milamoy s
FIEIEHICEEL TR D, CDS9YD 63 T/ A /Y
I AR T OWECERL, VAV F C8EEICLFE N
CD59 7 5 AR —DILHCEBZ L 2> > 7272 dIT, 4 ix 2 DHE
Er etk A 72, BBREENC 212, CD5S9 7 5 AX —NFHkEL
7V 7V, alAFo—UBREICIVESH, 5l &6
EaAVATE—VERT I EICE > TEEEL TWe, it
CD59 /S AR =PI FAR—RICT 7 MEF AL VEFRL
7ol EHIREL TS (K2(1)(2), #- T, 1gG-Gold 2555
L 72CD59 75 AX—% CD59 7 5 AR —57 k LA T
W5,

C. CD59 75X —F 7 M DESHTERERILEZEE - STALL

VFZILl—F B33URB/ 7L —A) THEShLEAD
CD59 7 5 A% —5 7 F OEBNImMD TH PR LD TH - 7,
B EOBT 5 5E S (100 I VB OB A7 — L To
TEELER BN AT D CD59 DB & D 8 /NS ) & —RpE-
DRI ZFE VIR L Tz, BT 57V EE) & —RE 8 O
BIOR SEWST & IR fiERL TR, Thrthn 1.2
o, 0.57 FhOF@wma o Tz (K3b), a2 &kILD
BERTHHOT, CO—RKEFILTFRANTH -7z, C
@ — {5 4 % Stimulation-induced Temporary Arrest of
LateraL diffusion & %\ & STALL * %257z (M 2(5)), %
BorTo7v/F VTV EHOEES /508, Hlzid,
FRAP (¥R EEER) 2 FCS (MYAHBEE) 7 & Tl
STALL # B O H T I L 3L 1o 72THH D,

MR/ DL 25—V ERoymELLD, TI7FV
WM S TIEL 720, SFK X God DIGHE#IHE S 5 &, IP;
IV TN T TV E LRI STALL 28 LA EH&L Tw
7o THNHDORERICE DSV TH 4L, Gad OIEEAIC L - T
SFK A&t b s h, ZOEMALA CDSY 7 5 AZ—57 F D
T I FUEERANOR G EFHR L, STALL A5 &
IR AL Tl CORBITEEY 2y FITEDEOLNAL
BIOFER & b—F L T 5(25,26),

©2008 FCCA (Forum: Carbohydrates Coming of Age)



200nm

A
Trajectory of Lyn-GFP | Frame 18

from frame 110 18 "
black : CD59 cluster raft

green : STALL
Fr'rlmlz\l1 red.: Lyn
il blue : Lyn bound to CD59 cluster raft

Fig. 4. Simultaneous observations of individual CD59-cluster rafts and individual
Lyn-GFP molecules. Right. Image sequences showing superimposed video frames of
simultaneous recordings of a CD59-cluster raft (green spot) and single molecules of Lyn-
GFP (red spot). A single Lyn-GFP molecule was colocalized from frame 7 until 12 (pink
frame numbers). Left. A typical trajectory of a CD59-cluster raft (black), including STALL
periods (the green parts of the trajectories) and a period (the purple parts of the trajectories)
in which it was colocalized with Lyn-GFP (blue part in the otherwise magenta trajectory; it
overlaps with a STALL site, but at different times).
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period. (b) Distribution of the period of GFP-PLCy2 colocalization with
CD59 clusters (median 0.25 s), showing transient recruitment of GFP-
PLCy2.
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D. Transient recruitment of intracellular signaling molec-
ules to CD59-cluster raft

Simultaneous observations of individual CDS59-
cluster rafts and each single copy of intracellular signaling
molecules conjugated to GFP (Lyn-GFP, Gai2-YFP, and
GFP-PLCy2) were achieved, using the instruments and
methodologies developed in our laboratory (transient
recruitment of Lyn-GFP to CD59 cluster is shown in Fig.
4). This difficult experiment handsomely paid off, leading
to the following interesting observations (Fig. 2, Fig. 4).
Lyn molecules were constitutively and frequently recruited
to the diffusing CD59-cluster raft (Fig. 2(3)). Gai2 molec-
ule was also recruited to the CD59-cluster raft, and right
after the recruitment of Geoi2, STALLing of the CD59-
cluster raft was induced. Since Gai2 is known to directly
activate SFKs, it is likely that when Gai2 and Lyn molec-
ules are recruited to the same CD59-cluster raft (Fig. 2(3)),
Gai2 would bind to Lyn, activating Lyn, which in turn
would phosphorylate as-yet unknown transmembrane
protein X (see Fig. 2(4)), leading to the binding of the
CD59-cluster raft to actin filaments, immobilizing the
CD59-cluster raft, i.e., STALLing the CD59-cluster raft
(Fig. 2(5)).

Furthermore, PLCy2, which is an enzyme involved
in the IP;-calcium signaling pathway that produces IP; by
hydrolyzing PIP,, was recruited to CD59-cluster rafts ex-
clusively during their STALL periods (Fig. 2(5)(6)). The
transient recruitment of a GFP-PLCy molecule to a CD59
cluster raft is shown in Fig. 5a. This result suggests that
IP; is produced from PIP, only at the STALL site. Be-
cause the STALL lifetime (the exponential decay time) is
0.57 s, the duration of PLCy2 recruitment has to be short-
er than the STALL period. The actual measurement
showed that the duration of GFP-PLCy2 recruitment was
0.25 s (median value), as shown in Fig. 5b. Since the turn-
over rate of PLCy is 70-200 per second (27), a single PLCy
molecule could produce 20-50 IP; molecules during its
stay at the STALLed CD59-cluster raft.

Since CDS59-clustering-induced calcium mobiliza-
tion was totally inhibited by heparin, an inhibitor of IP;
receptor on the ER membrane, the IP; molecules generat-
ed at the STALLed CD59-cluster raft is likely to be entire-
ly responsible for the rise of the cytoplasmic free calcium
concentration (Fig. 2(7)). Therefore, we propose that the
CD59-cluster raft in STALL is a key platform for trans-
ducing the extracellular CD59 signal to the intracellular
IP;-calcium signal. Such mechanisms would have never
been revealed without single-molecule observations.
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Fig. 6. Long lasting Bulk signaling by CD59-cluster rafts. (a) Increase of the cytoplas-
mic IP; concentrations induced by CD359 clusters, as observed by the epi-fluorescence imag-
ing of the PH domain (from PLCd1)-GFP expressed in T24 cells. CD59 clustering was in-
duced by the addition of IgG-Gold particles. (b) (Top) Typical time-dependent changes of
the cytoplasmic Ca2* concentrations after the addition of IgG-Gold particles (via the release
of Ca2* from ER through IP; receptor), as observed by epi-fluorescence microscopy of fluo-
4 in live T24 cells. The numbers in the images correspond to the numbers shown in the bot-
tom trace. (Bottom) The fluorescence intensity of Fluo-4 measured in the box of the first im-
age of the top figure (24 X 24 pixels), plotted as a function of time.

E. Digital-like signal transduction in raft signaling

As described in the previous section, the bulk IP;-
calcium signaling lasts for an order of 1000 s (Fig. 6a and
b), whereas each event of PLCy recruitment (and IP;
production) lasts for only about 0.25 s (Fig. 5b). Namely,
the periods for individual signaling events are several-
thousand fold shorter than the duration of the bulk signal-
ing. This was totally unexpected when we started the
present research. When we initiated this work, we, without
deep thoughts on the durations of individual signaling
events, somehow assumed that the duration of each signal-
ing event might be perhaps 10-fold shorter than the bulk
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Fig. 7. Schematic diagram showing how the bulk signal is produced from the in-
dividual signaling events. See the text for details.

duration. The cell spends so much resources and energy to
create stabilized rafts, and then turn them into STALLed
rafts, and finally to bring PLCy2 and PIP, in the
STALLed rafts to generate IP;. Therefore, if efficiency
were the matter of importance, it would be much better to
keep the STALLed rafts in the same place, and keep
recruited PLCy2 molecules in the same STALLed raft so
that more and more IP; molecules are generated, as long
as the supply of PIP2 at the same place is not limited. The
diffusion of CD59-cluster rafts can be considered as spatial
sampling, which might also be necessary for compensating
the limited supply of PIP, at the same place. Or perhaps,
IP; signaling system is designed so that the bulk signal is
formed as the sum of short digital pulses rather than the
sum of long-lasting signaling events of the recruitment of
PLCy2 to the STALLed CD59-cluster raft, because the
digital-like signaling is simply a better signaling system
(although we will still have to find out why digital signaling
based on individual pulse-like signals works better in the
cell environment).

See Fig. 7. The top panel shows the time course of
the bulk signal. Model A (second panel) describes the

STALL ### L, WA STALL AL T\Wb5 7
TPLCy & PIP,IC IP; e S/ 572012, Mlaid»re0 %
COBRETFNF—2EL LTS, f-T, dLHEN
HELMETHNT, RUBHBANICSTALLZ#REIL TW5bT
T FEEFLC, £IICU 7 IV—F &7z PLCy 5 T & {4
LCWAHR, [ USHTCPIP, O#EBFESRYD, k%<
DIP; RELESINLDT, BRWTHAHD, CDSI 75 AR —5
7 FARET B Lid, RIUBATZT TR 5 Tw 5 PIP,
DR TIE T 5 DICBLBREMY VTV VTR EELZLT
LR TED, HHWIEIP; 7 FILFRIF, STALL ##2Z L T
W% CD39 7 5 A% —57 N PLCy2 DY 7 )U— | R
B<HEOY 7 FIVOBMED &, BT 4 VR ILAIV A
Wy 7 FIoEFE LT, N7 FIVBRERINS XD
TP AV EINTHWBEDTHHD, COBMEIFHICT + VX
WRY T FIUBRED RV T FIRTHLPLTHS (i«
DINWVARY 7 FIIZFED T 1 V2 VR 7 IV B
WREBOHRTO F<SEETAHB 24T A0 RThiT b
AR/

M7TH R T\ &lkw, =& LoO/X)Vid/\vr 7
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‘“‘complex integration model’’, where each individual sig-
naling event lasts for a length comparable to that for the
bulk signaling. In Model A, to realize the desired level of
the bulk signal and its time course, complicated integra-
tion of individual signals is required. How the cell can
manage such complicated integration has remained enig-
matic. Model B (third panel) describes the ‘‘simple sum-
mation model’’, where each single-molecule event occurs
like a digital pulse, as compared with the duration of the
bulk signal. These pulses can then simply be added up to
generate the desired bulk signal, without the need for com-
plicated integration.

Presently, our working hypothesis for the raft sig-
naling is digital signaling based on pulse-like single events,
with variable durations and signal intensities, as shown in
Model C (bottom panel). This is similar to the ‘‘fuzzy digi-
tal control system’’ in the field of system electronic en-
gineering. Further clarification of this interesting problem
would certainly be needed.
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