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Abstract We previously reported a method, termed enzyme-
mediated activation of radical sources (EMARS) for analysis
of co-clustered molecules with horseradish peroxidase (HRP)
fusion proteins expressed in living cells. This method is fea-
tured by radical formation of labeling reagents by HRP. In the
current study, we have employed another labeling reagent,
fluorescein-conjugated tyramide (FT) instead of the original
arylazide compounds. Although hydrogen peroxide is re-
quired for the activation of FT, the labeling efficiency by
HRP and the nonspecific reactions by endogenous enzyme(s)
have been dramatically improved compared with the original
fluorescein arylazide. This revised EMARS method has en-
abled visualization of co-clustered molecules in the endoplas-
mic reticulum and Golgi membranes with confocal microsco-
py. By using this method, we have found that GPI-anchored
proteins, decay accelerating factor (DAF) and Thy-1 are ex-
clusively co-clustered with HRP-DAFGPI and HRP-
Thy1GPI, in which GPI attachment signals of DAF and
Thy-1 have been connected to HRP, respectively. Further-
more, the N-glycosylation types of DAF and Thy-1 have been
found to correspond to those of HRP-DAFGPI and HRP-
Thy1GPI, respectively. These results indicate that each GPI-
anchored protein species forms a specific lipid raft depending

on its GPI attachment signal, and that the EMARSmethod can
segregate individual lipid rafts.
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Introduction

Lipid rafts are membrane microdomains formed by self-
organization of cholesterol, (glyco)sphingolipids,
glycosylphosphatidylinositol (GPI)-anchored proteins, Src-
family kinases, and other membrane proteins [1–3]. Lipid rafts
serve as a platform in a wide range of important biological
events such as signal transduction, cell adhesion, migration,
and protein trafficking [4–7]. To elucidate the molecular
mechanisms of these events, identification of co-clustered
molecules in individual raft domains is required.

Cholesterol is synthesized in the endoplasmic reticulum
(ER) and the biosynthesis of (glyco)sphingolipids is car-
ried out in the ER through the Golgi apparatus.
Cholesterol-(glyco)sphingolipid rafts are assumed to as-
semble in the Golgi [4]. The inclusion of proteins into
the rafts is important for their polarized delivery to the
plasma membrane and the cluster formation with their
coworkers. However, when and where raft components
are incorporated remain unclear. It also remains to be
elucidated how heterogenous rafts are formed.

In a preceding study, we demonstrated that two kinds of
GPI-anchored horseradish peroxidases (HRP-GPIs), in which
GPI attachment signals of human decay accelerating factor
(DAF) and Thy-1 are separately linked to the C-terminus of
HRP, undergo differentN-glycosylation and form distinct mo-
lecular clusters in the plasma membrane [8]. The difference in
theN-glycan types implies that incorporation of GPI-anchored
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proteins into a particular lipid raft occurs in the early
stage of intracellular trafficking, before the processing
of N-glycans [8, 9].

In that study [8], cluster formation was analyzed by a meth-
od termed enzyme mediated activation of radical sources
(EMARS), which is featured by radical formation of labeling
reagents by HRP [10–13]. The radicals produced by the
EMARS reaction attack and make a covalent bond to the
molecules in the vicinity within 300 nm from the HRP set
on the probed molecule. Co-clustered molecules with the tar-
get molecule on which HRP is set are, thereby, labeled with
the tag conjugated with radical sources. Originally, we have
used arylazide-containing reagents as the labeling reagent
[10–13]. However, their labeling efficiency is low, and non-
specific reactions by endogenous enzyme(s) are of problem
[10, 11].

In order to solve the problem, we have surveyed labeling
reagents and found that fluorescein-conjugated tyramide (FT),
in which arylazide is replaced with tyramide, is suitable for
this use. Tyramide is converted to phenoxy radical by HRP in
the presence of hydrogen peroxide, which covalently binds to
tyrosine residues of proteins at or near the site of HRP activity
[14] (Fig. 1). This reaction constitutes the basis of the well-
known tyramide signal amplification (TSA) method for im-
munohistochemical staining [15] and is utilized for proteomic
mapping of mitochondria composition in living cells [16].
However, it has never been applied to analysis of co-
clustered molecules in lipid rafts.

By using the new EMARS system using FT as the labeling
reagent, we investigated the issue of whether DAF and Thy-1
are co-clustered with the corresponding HRP-GPIs with the
same GPI attachment signal. Moreover, we show that the re-
vised EMARSmethod is applicable to analysis of co-clustered
molecules in the intracellular organelles, the ER and the Golgi
membranes.

Material and methods

Cell culture

HeLa (RIKEN Cell Bank) cells were cultured in D-MEM
supplemented with 10 % fetal bovine serum (FBS) at 37 °C
under humidified air containing 5 % CO2. A previously con-
structed HeLa S3-TetON/HRP- DAFGPI and HeLa S3-
TetON/HRP-Thy1GPI cells [8] were cultured in RPMI 1640
medium.

Vectors and transfection

We generated three types of expression constructs that contain
HRP: constructs that express proteins targeted to endoplasmic
reticulum (ER), Golgi and plasma membrane. The DNA

fragment encoding the mature region of Armoracia rusticana
HRP (from Gln31 to Ser338) was amplified from the prxC1a
gene [17] by PCR. To generate an ER-targeted HRP construct,
the ER retention signal, Lys-Asp-Glu-Leu (KDEL) was added
to the C terminus of HRP. The HRP-KDEL fragment was
subcloned into the EcoRV site of pSecTagA (Invitrogen).
The Ig κ-chain leader sequence of pSecTagA was used as
the N-terminal signal sequence in IgκS-HRP-KDEL. The
pmTurquoise2-Golgi (Addgene, number 36205) was used
for generation of a Golgi-targeted HRP construct. The HRP
fragment was subcloned into BamHI site of pmTurquoise2-
Golgi, resulting β1,4-galactosyltransferase1 (β4GalT1)-HRP.
These plasmid DNAs were transfected into HeLa cells with
Lipofectamine 2000 transfection reagent (Invitrogen) and
transiently expressed. For plasma membrane-targeted HRP,
GPI-anchored HRPs (HRP-GPIs) were used as described pre-
viously [8]. The N-terminal signal peptide and the C-terminal
GPI attachment signal of DAF and Thy-1 were connected to
the corresponding terminus of HRP. The resulting HRP-
DAFGPI and HRP-Thy1GPI fusion proteins were stably
expressed in HeLa S3 cells by using a conditional expression
system requiring doxycycline [8]. For the expression of HRP,
the cells were incubated with the complete medium supple-
mented with 1 mg/ml doxycycline for 24 h.

Synthesis of fluorescein-conjugated tyramide

100 mg of tyramine (Sigma) dissolved in 5 mL N,N-
dimethylacetamide (DMAA) was added to 100 mg NHS-
fluorescein (Thermo) in 5 mL DMAA. The mixture was in-
cubated at room temperature for 12 h in dark. An aliquot of the
mixture was applied to thin-layer chromatography
(chloroform:methanol:water = 65:25:4 vol/vol) to check
whether NHS-fluorescein was completely consumed. To re-
move excess tyramine, the mixture was applied to 8 mL of
cation-exchange resin, AG-50WX8 (Bio-Rad) equilibrated
with DMAA. An aliquot of the flow-through fraction was
applied to thin-layer chromatography again to check whether
tyramine was completely removed. The flow-through fraction
containing fluorescein-conjugated tyramine (FT) was stored at
−20 °C.

EMARS reaction

The EMARS reaction and detection of EMARS products were
performed as described previously [10, 13]. The cultured cells
were incubated with 0.1 mM fluorescein-conjugated arylazide
(FA) in PBS at room temperature for 15 min in dark. Other-
wise fluorescein-conjugated tyramide (FT) was added in the
cell culture media and the cells were incubated for 30 min at
37 °C. Then 1 mM H2O2 was added for 5 min. After washing
twice with PBS, the treated cells were collected into a plastic
tube with 10 mM sodium azide in PBS. The cell suspension
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was then homogenized through a syringe needle to break the
plasma membranes and centrifuged at 800 g for 5 min. The
supernatant was subsequently centrifuged at 20,000 g for
15 min to precipitate the plasma membrane fractions. After
solubilization with the NP-40 lysis buffer (20 mM Tris–HCl,
pH 7.4, 150 mM NaCl, 5 mM EDTA, 1 % NP-40, 1 % glyc-
erol), the samples were subjected to SDS-PAGE (10 % gel),
and were subsequently analyzed using LAS-4000 Bio-imag-
ing analyzer (Fuji Film) equippedwith blue light and Y515-Di
filter under fluorescence mode for FA or FT detection.

Confocal microscopy

Cells labeled as above were washed 3 times with PBS, then
fixed with 7.4 % formaldehyde-PBS solution at room temper-
ature for 10min. Cells were then washed three times with PBS
and permeabilized with 0.01 % Triton-X at room temperature
for 10 min. For the confocal microscopy analysis of the ex-
pression and localization of HRP, cells were treated with an-
tibodies against HRP (Jackson ImmunoResearch), Calnexin
and GM130 at room temperature for 20 min. Then, the cells
were treated with Alexa 594-conjugated anti-goat IgG antibody
(Invitrogen) for HRP, Alexa 647-conjugated anti-mouse IgG
antibody for Calnexin and Alexa 633-conjugated anti-mouse
IgG antibody for GM130 at room temperature for 20 min. The
cells were gently washed with PBS, and observed with confocal
laser scan microscopy (FLUOVIEW FV1000, OLYMPUS).

RTKs array analysis

A total of 20 μg of the EMARS products were applied to a
Proteome Profiler Human Phospho-RTK array (R&D Sys-
tems) following the manufactures instrument. After washing,
the array was stained with HRP-conjugated anti-fluorescein
antibody (0.1 mg/ml) and developed with an Immobilon

Western Chemi- luminescent HRP Substrate (Millipore).
The detailed array coordinates were shown in the manufacture
web page (http://www.rndsystems.com/pdf/ary001b.pdf).

Enrichment of fluorescein-labeled EMARS products

The human Thy-1 (Gene No. KIEE0419) construct was cre-
ated by transferring the coding sequences from the
pF1KE0419 Flexi Vector (Kazusa DNA Research Institute)
to pF5ACMV-neo Flexi Vector (Promega). The resulting vec-
tor, pThy-1, was constructed with the Flexi Vector System
(Promega), a directional cloning method that shuttles
protein-coding sequences between compatible vectors. HeLa
S3 TetOn/HRP-DAFGPI and HeLa S3 TetOn/HRP-Thy1GPI
cells were transfected with the human Thy-1 using
MultiFectam (Promega). Four to six hours after transfection
in Opti-MEM (Invitrogen), the cell culture medium was
changed back to complete media supplemented with or with-
out 1 mg/ml doxycycline. Twenty-four hours after media
change, the EMARS reaction was performed using FT as de-
scribed above. The microsome fraction was obtained from the
cell lysates and washed with 10 mM sodium azide. The
r e su l t i ng p e l l e t wa s su spended i n 500 μL o f
chloroform:methanol (2:1 by volume). After addition of
500 μL of deionized water, sample was gently agitated and
centrifuged at 10,000×g for 5 min. All the solvent was re-
moved, 500 μL of 50 % methanol was added to the pellet.
After gentle agitation, the solvent was removed. The wash
with 50 % methanol was repeated until excess FT was
completely removed. After evaporation, 100 μL of 50 mM
Tris–HCl (pH 7.4) containing 1 % SDS was added, and then
heated at 100 °C for 10 min. The soluble material was trans-
ferred into a new tube and then diluted with 400 μL of NP-40
lysis buffer. Then, we tried to purify and concentrate
fluorescein-labeled proteins as described previously [13].

Target  
gene

HRP 
gene

mammalian 
cells expression of HRP 

fusion protein

expression vector encoding 
HRP fusion protein molecules adjacent 

to the HRP fusion 
protein are labeled

transfection 
into 

H2O2

Fluorescein-Tyramide

OHF
F

OHF
HRP

OF
H2O2

Fig. 1 The labeling scheme using fluorescein-tyramide and expressed
HRP. An expression vector encoding an HRP fusion protein is
transfected into mammalian cells. Cells expressing an HRP fusion
protein are supplemented with fluorescein-conjugated tyramide (FT)
and H2O2 to initiate the EMARS reaction. After EMARS reaction,

membrane proteins are solubilized and the fluorescein-labeled proteins
are analyzed using a fluorescence imager. The phenoxyl radical that is
generated by HRP is short-lived and covalently binds to neighboring
proteins
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Twenty microliters of prepared anti-fluorescein antibody Se-
pharose was added to the sample, and mixed with rotation at
4 °C for overnight. The treated Sepharose were washed with
NP-40 lysis buffer five times, PBS containing 0.5 M NaCl
twice and distilled water once. The adsorbed fluorescein-
tagged molecules were eluted with SDS-PAGE sample buffer
at 100 °C for 5 min. The elute was subjected to SDS-PAGE
(15 % gel). After electrophoresis, the gel was analyzed using
LAS-4000 as described above.

Glycosidase treatment

Cell lysates were deglycosylated by Peptide-N4-(N-acetyl-β-
glucosaminyl)asparagine amidase F (PNGase) (Sigma-Al-
drich), endo-β-N-acetylglucosaminidase H (EndoH) (New
England Bio- labs) or sialidase (Roche Applied Science) treat-
ment. Lysates were incubated with 10 % (vol/vol) denaturing
buffer (5 % SDS, 0.4 M DTT) at 100 °C for 10 min. The
deglycosylation was performed using 0.1 U/ml PNGaseF, 50
U/ml EndoH, or 0.002 U/ml sialidase in the presence of 10 %
(vol/vol) NP-40 and 50 mM sodium phosphate, pH 7.5 for
PNGase, 50 mM sodium citrate, pH 5.5 for EndoH, or
pH 4.5 for sialidase, at 37 °C overnight.

Western blots

Following the EMARS reaction in HeLa S3 cells, microsome
lysate was applied to immunoaffinity chromatography with
anti-fluorescein antibody Sepharose as described above. The
adsorbed beads were treated with SDS sample buffer at
100 °C for 5 min, and the eluted samples were, respectively,
subjected to SDS- PAGE (15% gel) under reducing condition.
After blotting onto a PVDF membrane, the membrane was
treated with anti-bodies: anti-CD55 mouse antibody (1:200;
Ancell), anti-Thy-1 mouse antibody (1:500; Abcam) and anti-
HRP goat antibody (1:5000; Jackson ImmnoResearch). Then,
the membranes were reacted with HRP-conjugated anti-
mouse IgG antibody (1:50000; Promega) and HRP-
conjugated anti-goat IgG antibody (1:10000; Promega).

Results

The new EMARS system using fluorescein tyramide (FT)
as the labeling reagent

In order to modify the original labeling reagent, fluorescein
arylazide (FA), fluorescein tyramide (FT) was constructed by
condensation reaction of NHS-fluorescein and tyramine. For
comparison of the performance between FA and FT, the
EMARS reaction was performed using the expressed HRP-
DAFGPI in HeLaS3 cells [8]. In the case of FT, 1 mM H2O2

was added to the cell medium. The fluorescein-tagged

proteins resulting from the EMARS reaction were subjected
to SDS-PAGE, and then detected directly with an LAS-4000
fluorescence imaging system. As a result, much more intense
labeling was observed when FT was used in the EMARS
reaction (Fig. 2a, + lanes) and nonspecific labeling by endog-
enous enzymes was hardly detected with FT (Fig. 2a, − lanes)
as compared with FA. Cytochemical imaging with a confocal
microscopy showed that the cell surface was labeled by fluo-
rescein in both cases of FA and FT, but much more intense
signal was gained by using FT compared with FA (Fig. 2b).
Fluorescein-labeled molecules by the EMARS reaction with
FA and FT were compared using a receptor tyrosine kinases
(RTKs) antibody array, which consists of 94 spots of antibod-
ies against 42 kinds of RTKs and control antibodies in dupli-
cate. Although there was a marked difference in the labeling
efficiency (Fig. 2a), the pattern of labeled RTKs was quite
similar between FA and FT (Fig. 2c), indicating that FA and
FTwork in a similar way. These results demonstrated that FT
is a better labeling reagent for the EMARS reaction than the
original FA.

The EMARS system with FT is applicable to visualization
of co-clustered molecules in the intracellular organelles

Since we noticed that FT shows a high efficiency, preventing
from activation by endogenous enzymes, we investigated the
issue of whether FT is applicable to analysis of co-clustered
molecules in the intracellular organelles. To this end, we con-
structed HRPs targeted to the ER and the Golgi. To localize it
in the ER, the ER retention sequence, KDEL, was added to the
C terminal of HRP (HRP-KDEL). As shown in Fig. 3a, The
expressed HRP-KDEL detected with an anti-HRP antibody
was co-localized with an ER marker, calnexin (Calnexin/
HRP) and fluorescein labeling resulting from the EMARS
reaction was also co-localized with the HRP-KDEL
(Fluorescein/HRP). We generated a Golgi-targeted HRP con-
struct by fusing the cDNAs of a Golgi-resident enzyme, β1,4-
galactosyltransferase1 and HRP (β4GalT1-HRP). The
expressed β4GalT1-HRP detected with an anti-HRP antibody
was co-localized with a Golgi marker, GM130 (Fig. 3b,
GM130/HRP) and fluorescein labeling resulting from the
EMARS reaction was co-localized with the β4GalT1-HRP
(Fig. 3b, Fluorescein/HRP). These observations indicate that
the EMARS reaction with FT as the labeling reagent is appli-
cable to the analysis of co-clustered molecules in the intracel-
lular organelles.

GPI-anchored proteins are exclusively co-clustered
with the corresponding HRP-GPIs that have identical GPI
attachment signals

We previously demonstrated by using the EMARS method
that two kinds of GPI-anchored HRPs with different GPI
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attachment signals derived from human DAF and Thy-1,
HRP-DAFGPI and HRP-Thy1GPI form distinct clusters [8].
In the current study, we investigated the issue of whether DAF
and Thy-1 are included in the clusters of HRP-DAFGPI and
HRP-Thy1GPI, respectively. First, cDNA of human Thy-1
was separately transfected into HeLaS3/DAF-HRP-GPI and
HeLaS3/Thy-1GPI cells, because Thy-1 was not expressed in
HeLaS3 cells although DAFwas endogenously expressed. By
Western blot analysis with an anti-DAF antibody, endogenous
DAF was detected at 86 kDa (Fig. 4a, control and pThy-1).
After transfection with Thy-1 cDNA, Thy-1 protein emerged
at 22 kDa (Fig. 4a, pThy-1). Thus, we established HeLaS3/
DAF-HRP-GPI and HeLaS3/Thy-1GPI cells that express both
of DAF and Thy-1. Then, we performed the EMARS reaction
with FT in the Thy-1-introduced HeLaS3/DAF-HRP-GPI and
HeLaS3/Thy-1GPI cells. The fluorescein-labeled EMARS
products were purified and concentrated by immunoaffinity
chromatography using anti-fluorescein antibody-immobilized
Sepharose. The unreacted FTwas removed by solvent extrac-
tion before the immunoaffinity chromatography to prevent its
interruption in the binding of fluorescein-labeled EMARS
products to the immobilized anti-fluorescein antibody. As
shown in Fig. 4b, fluorescein-labeled molecules were certain-
ly concentrated by the immunoaffinity chromatography (com-
pare lanes of Input and IP). The EMARS reaction mixture
before the immunoaffinity chromatography (Input) and the

eluate fraction (IP) were separately subjected to Western blot-
ting using antibodies against DAF and Thy-1 (Fig. 4c, upper
panels). Although both samples with and without doxycycline
contained the same amount of DAF and Thy-1 before immu-
noaffinity chromatography (Fig. 4c, Input), fluorescein-
labeled DAF and Thy-1 were only detected in the cells with
doxycycline (Fig. 4c, IP), indicating that these proteins are
labeled with fluorescein by the EMARS reaction, depending
on the expressed HRP (Fig. 4c, lower panels). Interestingly,
the intensity of fluorescein-labeled DAFwas more robust than
that of Thy-1 in HeLaS3/HRP-DAFGPI cells (Fig. 4c, upper
panels, HRP-DAFGPI, IP, (+) lane), whereas the intensity of
fluorescein-labeled Thy-1 was stronger than that of DAF
(Fig. 4c, upper panels, HRP-Thy1GPI, IP, (+) lane). In addi-
tion, HRP-DAFGPI and HRP-Thy1GPI were labeled with
fluorescein by the EMARS reaction of themselves (Fig. 4c,
lower panels). These results indicate that DAF and Thy-1 are
exclusively co-clustered with HRP-DAFGPI and HRP-
Thy1GPI, respectively.

GPI-anchored proteins have the same type of N-glycan
as the corresponding HRP-GPIs that have identical GPI
attachment signals

In the previous study [8], we found that HRP-DAFGPI has
complex type N-glycans, while HRP-Thy1GPI carries high
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Fig. 2 Comparison of fluorescein labeling between FA and FT. The
EMARS reaction was performed using FA or FT as a labeling reagent
in the HRP-DAFGPI-introduced cells that had been incubated with (+) or
without (−) doxycycline. After the EMARS reaction, (a) 10 μg of
microsome proteins were subjected to SDS-PAGE and analyzed by a
LAS-4000 fluorescence imager, (b) the cells were fixed and analyzed
for fluorescein by confocal laser scan microscopy. Bars=10 μm. c
Identification of the fluorescein-labeled EMARS products by the

antibody array analysis. HeLa S3 cells that express HRP-DAFGPI were
subjected to the EMARS reaction with FA or FT. Cell membrane extracts
(20 μg total protein) were applied to a RTKs antibody array and the
EMARS reaction products were detected with an anti-fluorescein
antibody. The detailed array coordinates are shown in the manufacture
web page (R&D Systems, Human Phospho-RTK Array, http://www.
rndsystems.com/pdf/ary001b.pdf)
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mannose type N-glycans, indicating that HRP-DAFGPI and
HRP-Thy1GPI undergo different glycosylation in spite of the
sameness of the peptide moiety except for the C-terminal at-
tachment signals [9]. This phenomenon prompted us to eluci-
date which types of N-glycans are attached to DAF and Thy1
in HeLaS3 cells. As shown in the upper panel of Fig. 5, the
86 kDa molecule of DAF was resistant to EndoH, but sensi-
tive to sialidase in both of the HRP-DAFGPI and HRP-
Thy1GPI-expressing HeLa S3 cells. By contrast, the 22 kDa
molecule of Thy-1 was EndoH-sensitive but sialidase-
resistant in both the cells (Fig. 5, lower panel). These results
indicate that the N-glycosylation types of DAF and Thy-1
correspond to that of HRP-DAFGPI and HRP-Thy1GPI,

respectively, and suggests that DAF and HRP-DAFGPI un-
dergo the same process of N-glycosylation and so do Thy-1
and HRP-Thy1GPI.

Discussion

The EMARS system is a comprehensive approach to identify
interactions of cell-surface molecules under living conditions
[10–13]. However, number of molecules labeled by the
EMARS reaction are very small since the radical formation
activity of HRP from arylazide compounds is weak. To make
the EMARS method a powerful tool for a wide range of

a   HRP-KDEL 

b 4GalT1-HRP 

DIC Fluorescein/
HRP 

Fluorescein Anti-HRP/
Alexa594

Anti-GM130/
Alexa633

GM130/HRP 

DIC Fluorescein/HRP 

Fluorescein Anti-HRP/Alexa594Anti-Calnexin/Alexa647

Calnexin/HRP 

Fig. 3 Imaging analysis of
fluorescein labeling by the
EMARS reaction using the HRPs
expressed in the ER and Golgi
membranes. HeLa cells were
separately transfected with the
HRP constructs targeted to the ER
(a, HRP-KDEL) and the Golgi (b,
β4GalT1-HRP). Following the
EMARS reaction with FT and
H2O2, cells were stained for the
expressed HRP proteins with an
anti-HRP antibody and an
Alexa594-conjugated second
antibody (a and b); for an ER
marker, calnexin with an anti-
calnexin and an Alexa647-
conjugated second antibody (a);
and for a trans Golgi marker,
GM130 with anti-GM130
antibody and Alexa633-
conjugated second antibody (b).
After staining, cells were
observed by confocal microscopy.
All scale bars=10 μm
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research concerning molecular interactions, the labeling effi-
ciency must be improved. The present study is undertaken to
establish such an efficient EMARS method. Tyramide com-
pounds such as FT have two advantages for this purpose.
First, the labeling efficiency of FT is much higher than that
of the original arylazide conjugate, FA. Secondly, when FT is
used as a labeling reagent, nonspecific labeling by endoge-
nous enzyme(s) is remarkably reduced compared with FA.
The superiority of the revised EMARS method enabled

analysis of co-clustered molecules in the intracellular organ-
elles such as the ER and the Golgi membranes. In the present
study, peroxidase activity of the expressed HRPwas preserved
in the ER and the Golgi, being consistent with the report that
HRP expressed in the ER and the Golgi can be used for elec-
tron microscopy technology as a genetic tag [18].

In the original EMARSmethod [10], arylazide is converted
to nitrene radical by HRP in the absence of hydrogen perox-
ide. The catalytic site of HRPmay be different from that of the
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Fig. 4 DAF and Thy-1 co-clustered with HRP-DAFGPI and HRP-
Thy1GPI. a Expression of DAF and Thy-1 in the HRP-DAFGPI or
HRP-Thy1GPI-introduced HeLa S3 cells. Cells were untransfected
(control) or transfected with pThy-1, and analyzed for DAF and Thy-1
by Western blotting with an anti-DAF and anti-Thy-1 antibody. b
Purification and concentration of fluorescein-labeled molecules. The
HRP-DAFGPI or HRP-Thy1GPI-introduced HeLa S3 cells, in which
pThy-1 had been transfected were cultured with (+) or without (−)
doxycycline. Following the EMARS reaction with FT, the cells were
solubilized and applied to immunoaffinity chromatography. The eluate

fraction (IP) was subjected to SDS-PAGE (15 % gel), and then analyzed
with LAS-4000. The cell lysates before the immunoaffinity
chromatography (input) were also applied to SDS-PAGE. c DAF, Thy-1
and HRP labeled by the EMARS reaction of HRP-DAFGPI or HRP-
Thy1GPI. The EMARS products were applied to the immunoaffinity
chromatography with anti-fluorescein antibody-immobilized Sepharose
as described in (b). The eluate fraction (IP) and cell lysates before the
immunoaffinity chromatography (input) were subjected to Western
blotting with an anti-DAF, anti-Thy-1 and anti-HRP antibody
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peroxidase activity, because the EMARS reaction with
arylazide compounds does not need hydrogen peroxide and
does not inhibit the peroxidase activity (data not shown). In
contrast to this, tyramide is converted to phenoxy radical in
the presence of hydrogen peroxide by the peroxidase activity
of HRP [14]. Preliminary study indicated that 1 mM hydrogen
peroxide is sufficient for the EMARS reaction. We were con-
cerned about influence of hydrogen peroxide on cell viability,
but there was no apparent difference in cell survival and mor-
phology under 1 mM H2O2 for a short period of 5 min (data
not shown for cell survival). It was reported that the extracel-
lular signal-regulated kinases (ERKs) begin to be activated
from 5 min after addition of 1 mM H2O2 in cardiac myocytes

[19], although H2O2 is relatively stable among reactive oxy-
gen species.

The phenoxyl radicals are also short lived and have a small
labeling radius (<20 nm) [20] compared with nitrene radicals
(<300 nm) [10]. Judging from the result of antibody microar-
ray (Fig. 2c), in which similar proteins were labeled by the
EMARS reactionwith FTand FA, their labeling radiusmay be
close in the situation of living cells.

In mammalian cells, more than 150 membrane proteins are
GPI-anchored [21]. GPI is transferred by GPI transamidase to
proteins that have a GPI attachment signal sequence at their C-
termini in the ER [22]. The GPI attachment signals are poorly
conserved on the sequence level, but are composed of four
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regions: a linker region of about 10 amino acid residues up-
stream the cleavage site (ω site), a region of small residues (ω
− 1 toω + 2) including the GPI-attachment site, a short stretch
of hydrophilic amino acids, and the C-terminal hydrophobic
tail [23]. It is reported that GPI-anchored GFP fusion proteins
having distinct GPI attachment signals are differently sorted
depending on their ability of oligomerization [24]. In the pre-
ceding study [8], we presented evidence that GPI-anchored
HRP fusion proteins with different GPI attachment signals,
HRP-DAFGPI and HRP-Thy1GPI undergo different N-gly-
cosylation and form distinct clusters. The fact that inhibition
of the N-glycosylation processing in the Golgi did not influ-
ence on their cluster formation suggests that lipid raft forma-
tion of HRP-GPIs initiates in the early stage of intracellular
trafficking, prior to the N-glycosylation processing [8, 9]. In
addition to these findings, we have found in the current study
that DAF and Thy-1 are exclusively co-clustered with HRP-
DAFGPI and HRP-Thy1GPI, respectively (schematically
shown in Fig. 6), and also possess an identical type of N-
glycans with HRP-DAFGPI and HRP-Thy1GPI, respectively
(also shown in Fig. 6). These results indicate that DAF and
Thy-1 are included in distinct lipid rafts and differently
delivered to the plasma membrane through distinct routes
in the Golgi.

GPI-anchored proteins are considered to interact with other
molecules in lipid rafts via the GPI moiety and/or the protein
ectodomain [24]. Our results indicate that cluster formation of
GPI-anchored proteins is dependent on the GPI attachment
signal sequence. Only three amino acids (ω−2 to ω) in the
proximal linker region are responsible for the cluster forma-
tion [8]. Paradino et al. [24] assume that differences in the GPI
moiety are responsible for the different sorting of GPI-
anchored GFP fusion proteins because only two amino acids
(ω−1 andω) are sufficient for the specific sorting. The prox-
imal linker region might influence the remodeling of GPI an-
chors in the ER through the Golgi [25].

In the present study, human DAF and Thy-1 expressed in
HeLa S3 cells have complex type and high mannose type N-
glycans, respectively. There are reports on N-glycosylation of
human DAF and Thy-1. One complex-type N-glycan chain is
attached to Asn-63 of human DAF [26]. The DAF N-glycan is
dispensable for complement regulation [27], but assumed to
protect the protein from proteases [26]. Thy-1 is an immuno-
globulin superfamily protein containing three N-glycosylation
sites, one of which (Asn-23) is mainly occupied with
oligomannose [28]. Devasahayam et al. [29] reported that
the GPI-anchored form Thy-1 is less processed with more
oligomannose than the soluble form Thy-1. The function of
the Thy-1N-glycan is unknown. These reports are consistent
with the results in the current study.

In conclusion, we have established an efficient EMARS
method using fluorescein-conjugated tyramide that is applica-
ble to the analysis of co-clustered molecules in the

intracellular organelles as well as on the cell surface. By using
this method, we found that GPI-anchored proteins are exclu-
sively co-clustered with the corresponding HRP-GPIs that
have the same GPI attachment signals. In addition, GPI-
anchored proteins have an identical type of N-glycan with
the corresponding HRP-GPIs that have the same GPI attach-
ment signals. These results indicate that each GPI-anchored
protein species forms a specific lipid raft depending on its GPI
attachment signal, and that the EMARSmethod can segregate
individual lipid rafts.
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