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tained from different sources. Failure was mainly attributed to the
very low expression level of gabrb1 protein in the cells and to tech-
nical difficulties in distinguishing gabrb1 signals from immuno-
globulin heavy chain signals on the blot. Successful detection of
endogenous gabrb1 protein in immunoblotting from cultured cells
has not been reported.

Gene silencing of other GABAA receptor subunits tested in this
study did not affect the PrPres formation in ScN2a cells, suggesting
that gabrb1 involvement in the PrPres formation is in a manner
irrespective of GABAA receptor. Results from treatments of ScN2a
cells with an antagonist picrotoxin and agonists such as GABA,
muscimol, pentobarbital, ethanol, and isoguvacine hydrochloride
were consistent with this hypothesis. No new function of gabrb1
unrelated to GABAA receptors, except gabrb1 homomeric chloride
ion channels, has been reported in the relevant literature. These
homomeric channels, expressed in Xenopus oocytes or A293 cells,
are sensitive to picrotoxin [22,23], but picrotoxin did not affect the
PrPres formation in ScN2a cells. Consequently, gabrb1 function in
ScN2a cells might differ from the homomeric channels, which re-
mains to be evaluated.

The gabrb1 gene silencing increased the PrP mRNA level and
PrPc protein level. It remains unclear how this happened and
whether this resulted from upregulation of PrP gene transcription
or from increased stability of PrP mRNA. However, it is noteworthy
that the formation of PrPres was reduced despite the increased
PrPc expression level. Furthermore, it is noteworthy that treatment
with gabrb1 inhibitor, salicylidene salicylhydrazide, decreased the
PrPres level but did not modify the PrP expression in either the
mRNA level or protein level. The discrepancy between the results
of gabrb1 gene silencing and those of gabrb1 inhibitor might reflect
the difference in the mRNA/protein expression level of gabrb1: a
decreased gabrb1 expression level in the gene silencing versus an
unmodified gabrb1 expression level but functional inhibition in
the inhibitor. However, further study is necessary to elucidate this
speculation.

Compared to ScN2a cells (RML prion-infected N2a cells), N167
cells (22L prion-infected N2a cells) showed less remarkable reduc-
tion of PrPres formation in gabrb1 gene silencing. This gap of gab-
rb1 involvement between ScN2a cells and N167 cells might reflect
prion strain difference. Gabrb1 might be more influential in the
PrPres formation of RML prion strain, than 22L prion strain. How-
ever, we could not exclude possibilities that other factors than
prion strain might be responsible for the gap observed between
the two cells.

Involvement of GABAergic system in the pathogenesis of prion
diseases has been reported [9-15]. The GABAergic neurons are
degenerated in an early stage of the disease [13,14]. On the other
hand, Trifilo and colleagues [17] report upregulation of GABAA
receptor subunits in the prion-inoculated mouse brains expressing
anchorless PrP. According to their speculation, inhibitory synaptic
transmission is over-stimulated while PrPres formation is pro-
moted; then the inhibitory synaptic transmission system collapses
from overwork. Taken together with the findings in this study, sup-
pression of gabrb1 function by inhibitors or other means might be
useful for both calming overwhelmed GABAergic systems and
inhibiting PrPres formation when conducted at an appropriate
stage of the disease.

In conclusion, we identified gabrb1 as a new host factor in-
volved in the PrPres formation in ScN2a cells. Although gabrb1 is
a subunit of GABAA receptors, our results suggest that gabrb1 acts
on the PrPres formation in a GABAA receptor-independent manner.
Because previous literature has not revealed any association of
gabrb1 with PrPc [24-30], gabrb1 might function through other
cellular factors or directly interact with PrPres as observed in the
prion-inoculated mouse brains expressing anchorless PrP [17],
where direct association of GABAA receptors with PrPres was dem-

onstrated. The mechanism of gabrb1 involvement in the PrPres for-
mation remains to be elucidated.
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Protein-bound polysaccharide K (PSK) is a clinical immunotherapeutic agent that exhibits various
biological activities, including anti-tumor and anti-microbial effects. In the present study, we report on
the anti-prion activity of PSK. It inhibited the formation of protease-resistant abnormal prion protein
in prion-infected cells without any apparent alterations in either the normal prion protein turnover or
the autophagic function in the cells. Its anti-prion activity was predominantly composed of the high
molecular weight component(s) of the protein portion of PSK. A single subcutaneous dose of PSK slightly
but significantly prolonged the survival time of peritoneally prion-infected mice, but PSK-treated mice
produced neutralizing antibodies against the anti-prion activity of PSK. These findings suggest that PSK

is a new anti-prion substance that may be useful in elucidating the mechanism of prion replication,
although the structure of the anti-prion component(s) of PSK requires further evaluation.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Transmissible spongiform encephalopathies or prion diseases
include Creutzfeldt-Jakob disease (CJD), Gerstmann-Straussler—
Scheinker syndrome, and familial fatal insomnia in humans. All
of these diseases are fatal and characterized by the accumulation
of protease-resistant abnormal prion protein, prion, in the brain
and lymphoid tissues. Although the precise mechanism of prion
propagation remains uncertain, it is commonly assumed that pro-
tease-sensitive normal cellular prion protein (PrPc) is converted
into protease-resistant abnormal prion protein (PrPres) by direct
interaction of the two isoforms [1].

As the occurrences of variant CJD and iatrogenic forms of CJD in-
crease, various efforts to find effective anti-prion remedies have
been reported [2]. However, thus far, only a few of anti-prion com-
pounds have been utilized in patients with prion diseases on a trial
basis and have reportedly failed to halt the disease progression
[34]. In these efforts, clinical drugs have been screened for anti-
prion activity because they can quickly be brought onstream to
be applied to patients with prion diseases [5,6]. We previously
tested drugs clinically used in Japan and found one immunothera-
peutic agent with anti-prion activity.

Here, we report on the anti-prion activity of the immunothera-
peutic agent, protein-bound polysaccharide K (PSK), in prion

* Corresponding author. Fax: +81 22 717 7656.
E-mail address: doh-ura@med.tohoku.ac.jp (K. Doh-ura).

0006-291X/$ - see front matter © 2011 Elsevier Inc. All rights reserved.
doi:10.1016/j.bbrc.2011.01.030

infected cells and animals, and we discuss the mechanism of its
prion-inhibitory activity. PSK is known to be effective in conjunc-
tion with chemotherapy and/or radiotherapy for some types of
cancers through various immunological modulations [7], and also
has anti-microbial activities [8], but this is the first time that its
anti-prion activity has been revealed.

2. Materials and methods
2.1. Psk and other immunotherapeutic agents

PSK, a protein-bound polysaccharide preparation extracted
from Coriolus versicolor with hot water, containing 30% protein
and 70% sugar, was obtained from Kureha Co., Ltd. (Tokyo, Japan).
The sugar portion is mainly composed of glucans with B-1,4 bonds
in the main chain and B-1,3 or B-1,6 bonds in the side chain; the
latter binds to the protein portion through O- or N-glycosidic
bonds [9]. The protein predominant preparation of PSK (PSK-Pro;
87% protein and 13% sugar) and the sugar predominant prepara-
tion of PSK (PSK-Sug; 5% protein and 95% sugar) were also obtained
from Kureha. They were prepared by chemical modification of PSK
as described previously [10]. Other immunotherapeutic agents
clinically utilized in Japan (Lentinan, Schizophyllan, Ubenimex,
and Picibanil) were also obtained from their respective pharma-
ceutical companies. All samples were dissolved in sterile distilled
water and stored at 4 °C until use.
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2.2. Cells and PrP analyses

We used mouse neuroblastoma cells that were either unin-
fected (N2a cells) or persistently infected with RML scrapie prion
(ScN2a cells), 22L prion (N167 cells), or Fukuoka-1 prion (F3 cells),
as described previously [11,12]. These cells were cultured in the
presence or absence of test samples at 37 °C for 3 days, and conflu-
ently grown cells were lysed with lysis buffer. For analysis of
PrPres, cell lysate was treated with 10 mg/mL proteinase K at
37 °C for 30 min, and PrPres was precipitated by centrifugation
and suspended in a sample loading buffer. For the analysis of other
proteins, cell lysate was used without protease treatments and
mixed with a concentrated loading buffer. Immunoblotting analy-
sis was performed using standard methods as previously described
[11] with an anti-PrP monoclonal antibody (MAb) SAF83 (1:5000),
anti-GAPDH MADb (1:5000), anti-B-actin MAb (1:1000), or anti-LC3
MAD (1:2000; nanoTools), followed by alkaline phosphatase-con-
jugated anti-mouse antibody (1:20,000; Promega). Immunoreac-
tive signals were detected using CDP-Star detection reagent (GE
Healthcare). Flow cytometric analysis and floatation assays were
also performed to examine PrPc expression in the cells as described
previously [11,13].

2.3. Fractionation of PSK constituents

Fractionation of PSK-Pro constituents by gel filtration method
was performed in 10 mg of PSK-Pro dissolved in 1 mL of elution
buffer (20 mM Tris-HCl, pH 7.5 containing 500 mM NaCl). After
ultracentrifugation at 100,000g at 4 °C for 30 min, the supernatant
was applied to an equilibrated column (1.6 cm diameter and
100 cm length) packed with Sephacryl S-200 HR (GE Healthcare)
and eluted with elution buffer. Each fraction containing 6 mL elu-
ate was collected.

2.4. Animal studies

Eight- to ten-week-old Tga20 mice overexpressing murine PrPc
[14] were used to analyze the effectiveness of PSK and other
immunotherapeutic agents in vivo. On the day following a single
subcutaneous administration of the maximum tolerated dose of
each drug or of vehicle alone, the mice were intraperitoneally in-
fected with 100 pL of 1% (wt/vol) brain homogenate of RML prion.
The duration from the infection to the terminal stage of the disease
was measured as survival time.

To analyze the anti-PSK neutralizing factors in PSK-dosed mice,
sera were collected from the mice 1 month after a single subcuta-
neous dose of 100 mg PSK or vehicle alone. After clarification of the
sera by ammonium sulfate precipitation, IgG fractions were ob-
tained using a protein G column (GE Healthcare). The animal
experiments described here were performed with the approval of
the Animal Experiment Ethical Committee of Tohoku University.

2.5. Statistical analysis

Data were evaluated using nonparametric Mann-Whitney or
Kruskal-Wallis test in the subcutaneous PSK-dosing experiment
or the oral multiple PSK-dosing experiment, respectively. Differ-
ences were considered significant for p values <0.05.

3. 3. Results

3.1. PSK effects in prion-infected cells

To analyze the inhibitory activity of PSK against PrPres forma-
tion in prion-infected cell models, we analyzed PrPres levels in

three types of persistently prion-infected cell lines treated with
PSK for 3 days. We found that PSK reduced the PrPres levels of
all the cells in a dose-dependent manner (Fig. 1A). The 50% effec-
tive concentration value (ECsq) for PSK in ScN2a cells, N167 cells,
and F3 cells was 7.68 pg/mL, 14.45 pg/mL, and 19.01 pg/mL,
respectively. Four other clinically used immunotherapeutic agents
(Lentinan, Schizophyllan, Ubenimex, and Picibanil) were also
tested in ScN2a cells, which are the most sensitive to screening
for anti-prion activities [11,12]. However, these four drugs did
not exhibit the inhibitory activity against PrPres formation even
when tested at maximum tolerated doses (data not shown).

To determine the efficacy of PSK, ScN2a cells were treated with
20 pg/mL PSK for 7 days, and subsequently the cells were cultured
in the absence of PSK for a further 27 days. The results showed that
PrPres levels did not recover to the detection limit of immunoblot-
ting, suggesting irreversible inhibition of PrPres formation by PSK
(Supplementary Fig. 1A). On the other hand, the postseeding 48 h
treatment of ScN2a cells with 20 pg/mL PSK reduced the PrPres le-
vel to almost the same level (approximately 37% of the untreated
ScN2a cells) as the 72 h treatment, while the postseeding 24 h
treatment reduced only about 43% of the untreated ScN2a cells
(Fig. 1B). This indicates that the inhibition of PrPres formation by
PSK is dependent on the treatment duration to some extent. We
also examined the direct effects of PSK on PrPres in the cell lysate.
Incubation of ScN2a cell lysate with PSK before or after proteinase
K treatment did not alter the PrPres levels (Supplementary Fig. 1B).
This suggests that PSK does not either degrade PrPres directly or
make PrPres protease-sensitive.

3.2. PSK influence on PrPc profiles and autophagy

Because alterations of the PrPc turnover in the cells cause mod-
ification of PrPres levels, we analyzed the PrPc levels in N2a cells
treated with PSK. Total PrPc and cell surface PrPc levels were not
apparently affected by PSK (Fig. 2A and B). Next, we examined
the distribution of PrPc in the lipid raft microdomain by floating as-
say (Fig. 2C), and no significant difference was observed between
PSK-treated and untreated cells. These results suggest that PSK
does not modify the PrPc turnover.

Because it has been reported that the induction of cellular
autophagy facilitates the clearance of aggregate-prone proteins
[15], we analyzed the expression levels of LC3-II, an autophago-
some formation marker, in PSK-treated ScN2a cells. As shown in
Fig. 2D, LC3-II expression levels were not altered in the PSK-treated
cells, while treatment of the cells with trehalose, which is known
to induce cellular autophagy, caused both a decrease in PrPres lev-
els and an increase in LC3-II expression levels, as reported previ-
ously [16]. This indicates that the PSK anti-prion activity is not
related to autophagy induction.

3.3. PSK effects in prion-infected mice

We next addressed whether PSK could prolong the survival
time of prion-infected mice. This was investigated by intraperito-
neally inoculating Tga20 mice with RML prion strain, followed by
a single subcutaneous administration of 100 mg PSK. PSK showed
slight but significant prolongation of survival period in intraperito-
neally infected mice in two independent experiments (128 %
17.1 days in PSK (n=6) versus 110 + 3.8 days in control (n=6) in
experiment 1 (p<0.05); 100+ 6.1 days in PSK (n=5) versus 93
2.2 days in control (n=5) in experiment 2 (p < 0.05)). However,
when PSK was administered orally ad libitum, from intraperitoneal
infection to disease terminal, mixed with feed at the following
doses: 1%, 2%, and 4% with weight in the feed corresponding,
respectively to ca. 1.5, ca. 3.0, and ca. 6.0 g/kg body weight/day,
and no significant prolongation of survival period was observed

— 120 —



T. Hamanaka et al./ Biochemical and Biophysical Research Communications xxx (2011) xxx-xxx 3

A ScN2a-PSK N167-PSK

S
$ (ng/mL)

V)
o ¢ {Vb'\? S

@ B
D b"\' NV IR \QQ

PrPres

V-
37

EC30:7.68pg/mL ECs50:14.45pg/mL EC30:19.0L pg/mL

120 -
100

80

60

BE , a B

GAPDH PSK() T2h  48h  24h

Signal intensity
(% control)

Fig. 1. Inhibitory effects of PSK on PrPres formation in various prion-infected cell models. (A) Each model of persistently prion-infected cells was treated with the indicated
concentration of PSK for 3 days, and the PrPres levels were analyzed by immunoblotting. Molecular size markers on the left side of the immunoblots are shown in kilodaltons.
(B) Incubation duration-dependent effects of PSK on the PrPres levels were examined by treating ScN2a cells with 20 ug/mL of PSK for 24, 48, or 72 h prior to the harvest.
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Fig. 2. No apparent effects of PSK on the turnover of PrPc and cellular autophagy. (A) Immunoblot analysis of total PrPc was performed in noninfected N2a cells treated with
the indicated concentration of PSK for 3 days. (B) Flow cytometric analysis of PrPc on the cell surface was performed in noninfected N2a cells treated with 20 pg/mL of PSK for
3 days. Gray and black lines indicate PSK-treated cells and untreated cells, respectively. The broken line peaks on the left show their respective isotype controls. (C) Analysis of
the distribution of PrPc in the lipid raft was performed by floatation assay in noninfected N2a cells treated with or without 20 pg/mL of PSK. (D) Involvement of autophagy
induction was examined in ScN2a cells treated with the indicated concentration of PSK or trehalose for 3 days. Trehalose was used as a positive control of autophagy
induction. Both LC3-1I and PrPres levels were analyzed by immunoblotting.
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(data not shown). These results suggest that PSK is ineffective in
prolonging survival period in prion-infected mice when orally
administered, as is normal in clinical situations.

We also similarly tested other immunotherapeutic agents in
intraperitoneally prion-infected Tga20 mice. No significant prolon-
gation of survival period was observed, even at the maximum tol-
erated doses (data not shown).

3.4. Anti-prion components in PSK

We tried to separate anti-prion active components in PSK by
using polyacrylamide gel electrophoreses, such as SDS-PAGE,
DOC-PAGE, and native PAGE, but PSK constituents were not suc-
cessfully separated as distinct bands, even after PSK was dissolved
in 8 M urea or 6 M guanidine hydrochloride (data not shown).
However, the anti-prion activity of PSK was reduced when PSK
was treated with a protease andfor a protein denaturant
(Fig. 3A). Then, we tried to determine whether anti-prion compo-
nents in PSK were in the PSK-Pro portion (sugar:protein = 13:87)
or the PSK-Sug portion (sugar:protein=95:5). As shown in
Fig. 3B, the prominent anti-prion activity was observed in PSK-
Pro. Its EC5q value was 3.14 pg/mlL, although that of PSK-Sug was
more than 50 pg/mL. To further study the active components of
PSK-Pro, we analyzed PSK-Pro using Sephacryl S-200 HR gel filtra-
tion chromatography. PSK-Pro showed a single sharp peak around
150 kDa, estimated with silver staining after SDS-PAGE, which was
eluted in Fraction-2 (Supplementary Fig. 1C, Fig. 3C). This high
molecular weight fraction sample of PSK-Pro had strong inhibitory
activity against the PrPres formation in ScN2a cells (Fig. 3D). The
results indicate that a ca. 150 kDa-sized protein-related substance
contains the main anti-prion component(s) of PSK.

A ?Watcr 8Murea B
T g E &
Pl Lt
EEEEg BE ¢

i
i
i

3.5. Anti-PSK neutralizing antibody in PSK-injected mice

We speculated why the effect on survival periods in PSK-in-
jected mice was not pronounced. Then, from the findings described
above, we presumed that the mice injected with PSK could produce
antibodies against PSK constituents that antagonize the anti-prion
activity of PSK. To examine this inference, IgG fractions were ob-
tained from the Tga20 mice 1 month after a single subcutaneous
injection of 100 mg of PSK. After PSK was incubated with purified
IgG fractions at 37 °C for 3 h, its anti-prion activity was tested in
ScN2a cells. The IgG fractions purified from PSK-injected mice
showed neutralizing activity against PSK, but those from untreated
control mice did not (Fig. 4). This result suggests that the effects of
PSK in mice might be antagonized by anti-PSK neutralizing anti-
bodies produced in PSK-injected mice.

4. Discussion

In this study we revealed that PSK, a clinically used immuno-
therapeutic agent, is effective in inhibiting the PrPres formation
in cell models of persistent prion infection as well as prolonging
the survival period of prion-infected animals. The precise mecha-
nism of the PrPres formation is still enigmatic, but it is assumed
that PrPc molecules, which mainly localize in the lipid raft micro-
domain of the cell membrane, are altered to PrPres conformers
through direct interaction with PrPres molecules [17-19]. Thus
far, it has been demonstrated that lactoferrin [20] and some types
of anti-PrP monoclonal antibodies [21] inhibit PrPres formation by
affecting the PrPc turnover. PSK, however, neither altered the total
or cell surface PrPc levels nor modified the localization of PrPc in
the lipid raft microdomain. This suggests that the anti-prion
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Fig. 3. Effects of PSK-Pro and PSK-Sug on the PrPres formation in ScN2a cells. (A) Immunoblot analysis of PrPres was performed in ScN2a cells treated for 3 days with 20 pg/
mL of modified PSK prepared by protease digestion in the presence or absence of protein denaturant as followed. PSK in water or 8 M urea was digested with 700 pg/mL of
proteinase K at 37 °C for 7 days and was dialyzed with water after inactivation of the protease by heating at 95 °C for 10 min. PSK control and untreated control in the
immunoblot indicate the PrPres samples from the cells treated with freshly prepared 20 pg/mL PSK or vehicle only, respectively. (B) Immunoblot analysis of PrPres was
performed in ScN2a cells treated with the indicated concentrations of PSK-Pro or PSK-Sug for 3 days. (C) Gel filtration chromatography of PSK-Pro was performed with
Sephacryl S-200HR. Molecular size markers in kilodaltons are shown as arrows on the top of the chromatograph. (D) Anti-prion activities of fractionated PSK-Pro samples
were examined by analyzing PrPres levels in ScN2a cells treated with the samples in a concentration of 3.75% in the culture medium for 3 days.
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Fig. 4. Anti-PSK activity of IgG purified from PSK-injected mice. Anti-prion activity
of PSK in ScN2a cells was neutralized by the addition of IgG purified from PSK-
administered mice but not from vehicle-administered control mice. IgG fractions
were purified from Tga20 mice subcutaneously administered 100 mg of PSK (PSK-
injected) or only vehicle (control). ScN2a cells were treated with 20 pg/mL PSK
alone or with a mixture of 20 pg/mL PSK and purified 1gG fractions for 3 days.

activity of PSK is not attributable to any apparent alterations in the
PrPc turnover of the cells.

On the other hand, cellular autophagy is known to facilitate the
clearance of abnormally aggregated proteins [15]. Aguib et al. have
reported that either lithium or trehalose enhance the clearance of
PrPres molecules in prion-infected cells through the induction of
cellular autophagy [16]. The present study, however, suggests that
PSK does not enhance this clearance pathway of PrPres molecules,
because PSK treatment of prion-infected cells did not induce auto-
phagosome formation. Furthermore, the direct interaction of
PrPres molecules with anti-prion compounds such as tetracycline
and doxycycline [22] has also been reported to facilitate the degra-
dation of PrPres molecules by protease digestion in vitro, but PSK
treatment of ScN2a cell lysate before or after protease digestion
did not influence the PrPres levels. This indicates that PSK does
not have activities that change PrPres molecules into PK-sensitive
conformers or proteolytically degrading PrPres molecules. Then,
taken together with the findings of the present study in the cell
models, it is likely that PSK inhibits the conversion of PrPc to PrPres
directly or indirectly through, as yet, unrevealed cellular factors.

PSK is orally administered in combination with other chemo-
therapeutic agents to cancer patients to enhance their immunity
to cancer. The anti-cancer activity of orally administered PSK has
been confirmed using some animal models [23]. However, orally
administered PSK did not prolong the survival periods of intraper-
itoneally prion-infected mice in the present study. This suggests
that high molecular weight constituents of PSK, which were shown
to be responsible for the anti-prion activity in prion-infected cells
in the present study, are degraded through the process of absorp-
tion from the digestive tract. In fact, it has been reported that al-
most all of the metabolites of PSK in the urine, feces, and bile of
animals orally administered PSK consist of low molecular weight
components [24]. On the other hand, subcutaneously administered
PSK was effective in prolonging the survival period of prion-in-
fected mice, possibly because it might be absorbed into the circu-
lation through surrounding lymph ducts and microvessels without
degradation.

In addition to the discrepancy in the effects of PSK in prion-in-
fected mice between clinically used oral dosing and subcutaneous
dosing, three other lines of evidence in the present study suggest
that the anti-prion activity of PSK is independent of the primary ac-
tions of PSK as an immune system boosting anti-cancer drug. The
first is that the anti-prion activity of PSK was mainly present in
the high molecular weight protein-related constituents, which
are totally different from the main components, polysaccharides,
responsible for the actions of not only PSK but also other immuno-
therapeutic agents, such as Lentinan and Schizophyllan, tested in
the present study [23]. The second is that neutralizing IgG antibod-

ies against the anti-prion activity of PSK were produced in the mice
that were subcutaneously administered PSK. Although some re-
ports have shown that anti-PSK polyclonal antibodies that can be
used to analyze the pharmacokinetics of PSK are produced in
immunized rabbits, it has never been reported that antibodies
capable of neutralizing the anti-cancer effects of PSK were pro-
duced in the mice [25]. In addition, low affinity antibodies are
more likely to be produced than high affinity neutralizing antibod-
ies if the antigens are polysaccharides. The third is that other
immunotherapeutic agents tested in this study showed no appar-
ent effectiveness in both cell and animal models of prion infection.
Therefore, the anti-prion activity of PSK is unlikely to be mediated
by activation of innate immunity as previously reported in CpG oli-
gonucleotide [26].

In conclusion, the effectiveness of PSK in both prion-infected
cells and prion-infected mice was demonstrated in the present
study. It was suggested that PSK exhibits the anti-prion activity
through a different mechanism from those already known in its
role as an immune system boosting anti-cancer drug. We could
not test the effects of PSK-Pro and PSK-Sug in prion-infected ani-
mals because of limited test sample availability, but it is evident
that PSK is a new type of anti-prion substance that may be useful
for elucidating the mechanism of prion replication. However, the
structure of anti-prion component(s) of PSK requires further
evaluation.
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Abstract Various proteins are modified post-translation-
ally to localize them at the cell membrane. Among them,
hedgehog-family proteins are modified by cholesterol at
the C-terminal. In this study, green fluorescent protein
(GFP) modified with cholesterol (GFP-Chol) at the C-ter-
minal was prepared semisynthetically and investigated.
This semi-synthesis was performed using the following
native chemical ligation: GFP-Ca-thioester was prepared
using the intein-mediated thioester exchange reaction and
was ligated to Cys-NH-diethylene glycol-NHCO-choles-
terol in the presence of a detergent. After removal of the
detergent, the GFP-Chol was applied to mouse live cells.
Confocal laser fluorescent microscopy confirmed localiza-
tion of GFP-Chol at the cell membrane. The findings
suggest that modifying proteins with cholesterol at the
C-terminal is useful for targeting the proteins to the cell
membrane of live cells.

Keywords Chemical modification - C-terminal -
Cholesterol - Cell membrane - Semi-synthesis
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Chol Cholesterol

CTAB Cetyl trimethyl ammonium bromide
DEG Diethylene glycol

F Fluorescein
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FAB Fast atom bombardment

GFP Green fluorescent protein

MALDI-TOF Matrix-assisted laser desorption
ionization-time of flight

MESNa Mercapto ethane sulfonic acid sodium salt

MS Mass spectrometry

PBS Phosphate-buffered saline

PCR Polymerase chain reaction

RP-HPLC Reversed phase-high performance liquid
chromatography

SDS-PAGE Sodium dodecyl sulfate-polyacrylamide
gel electrophoresis

TLC Thin layer chromatography

1 Introduction

Most proteins require post-translational modifications to
exert their functions in live cells. Modification of proteins
with lipophilic molecules is necessary for targeting them to
the cell membrane and for making them functional in
signal transductions and cell—cell interactions. Hedgehog-
family proteins, for example, exert developmental signal
transductions over the cells neighboring the source of
the signal [10], once modified with cholesterol at the
C-terminal.

Targeting exogenous artificial proteins to the cell
membrane can be useful for pursuing their functions and
their interaction with other molecules expressed on the cell
membrane of live cells. Common techniques for intro-
ducing proteins into live cells include gene transfection,
protein modification by an attachment of intracellular
compartment localization signals, and receptor-mediated
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protein transport. However, no technique has been estab-
lished to introduce exogenous artificial proteins into the
cell membranes of live cells.

We describe the development of a semi-synthetic model
protein with a lipophilic molecule at the C-terminal. It was
integrated into the cell membrane of live culture cells when
added to the cells exogenously. The semi-synthetic protein
was produced using a combination of peptide chemical
synthesis and recombinant protein-Co thioester modifica-
tion technique [3]. The building blocks were ligated by the
native chemical ligation method [1, 4, 6, 11], in which a
peptide bond is formed via a thiol exchange reaction and an
S—N acyl shift between the thioester of a peptide segment
and the N-terminal Cys-residue of another peptide segment
in aqueous solution.

2 Materials and Methods

Experimental procedures and data are provided in detail in
Supplementary Information.

2.1 Cloning of GFP-Intein-Chitin Binding Domain

A DNA fragment corresponding to green fluorescent pro-
tein (GFP) was obtained from pQBI-pkg (Wako Chemicals
USA Inc., VA, USA) using PCR with the primers 5'-CCGG
ATCCGGGGCGCGCAAGA-3’ and 5-CCGCTCGAGAC
CGTGTACAGTTCATCCA-3'. This fragment was diges-
ted with Nhel and Xhol and was ligated into pTYB1 (New
England Biolabs Inc.). The resulting plasmid, pGFP/TYB1,
contained a DNA sequence of a fusion protein for GFP, a
five amino acid peptide linker (Leu-Glu-Gly-Ser-Ser), and
a Saccharomyces cerevisiae intein with an affinity tag, the
chitin-binding domain, placed at the C-terminal. Using this
plasmid as a template, we prepared an insert for another
vector pTXB1 (New England Biolabs Inc.) using PCR with
the primers 5-TAATACGACTCACTATAGGG-3' and
5’-CTTGCTCTTCGGCAACCGTTGTACAGTTCATCCA
TG-3'. This insert was digested with Nhel and Sapl and
was ligated to generate pGFP/TXB1. Plasmid vector
pGFP-Met/TXB 1—which contained a methionine residue
insert between GFP and the intein that was reported as
suitable for the production of protein-Co-thioester [19]—
was prepared using site-directed mutagenesis with the
primers 5'-CTGTACAACGGTATGTGCATCACGGGA-3'
and 5'-TCCCGTGATGCACATACCGTTGTACAG-3'.

2.2 Preparation of GFP-Ca-Thioester

Fusion proteins of GFP-intein were expressed in Esche-
richia coli BL21 cells. The cell pellets (typically 2.3 g of
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wet cells from 500 mL of culture) were resuspended in a
lysis buffer (20 mM Tris-HCI, 300 mM NaCl, pH 7.5)
containing phenylmethylsulfonyl fluoride. The cells were
lysed by sonication and were centrifuged. The supernatants
were applied to a 5-mL-volume chitin bead column (New
England Biolabs Inc.). The column was washed thoroughly
in lysis buffer and rocked at 37 °C overnight in the
presence of mercapto ethane sulfonic acid sodium salt
(MESNa) to produce GFP-Ca-MESNa. The beads were
filtered off and rinsed. Aliquots of each step were moni-
tored using SDS-PAGE.

The solution of GFP-Ca-MESNa was concentrated
10-fold using centrifugal dialysis (Amicon Ultra-3;
Millipore Corp., MA, USA). The buffer was exchanged to
aqueous NaHCO; (200 mM, pH 8.5). The solution was
frozen immediately until use. The procedure gave 1.0 mg
of GFP product, as determined by UV absorption at
488 nm, from 500 mL culture. The band on SDS-PAGE
corresponding to GFP product was subject to tryptic
digestion. Following desalt and condensation with ZipTip
Cis (Millipore Corp.), the peptides were analyzed using
MALDI-TOF MS (Voyager STR; Applied Biosystems,
CA, USA) using o-cyano-4-hydroxyciannamic acid as a
matrix. The analysis revealed peptide fragments corre-
sponding to 5-27, 28-42, 47-53, 81-86, 87-102,
115-127, 133-141, 142-157, and 216-240 of GFP (data
not shown). The purity and molecular weight were
checked using SDS-PAGE.

2.3 Synthesis of NH,-DEG-NHCO-Chol
and Cys-NH-DEG-NHCO-Chol

Cholesterol chloroformate was condensed with an excess
molar amount of 4,7,10-trioxa-1,13-tridecane diamine
(NH,-DEG-NH,). After 60 min incubation, the reaction
mixture was washed with water. Then the reaction mixture
was applied to a silica column and eluted. The fractions
containing NH,-DEG-NHCO-Chol were combined and
evaporated. The coupling product was analyzed using TLC.
FAB-MS, 633.5202 (theoretical [M + H]* = 633.5206).

In the presence of N,N-diisopropylethylamine, NH,-
DEG-NHCO-Chol was reacted with N-(N-o-trityl-S-trityl-
L-cysteinyloxy)succinimide. After 60 min, the product was
purified on a silica column. A protecting group of the
product was removed through treatment with trifluoroace-
tic acid and triisopropylsilane. The product Cys-NH-DEG-
NHCO-Chol was purified using a silica column. The
fractions containing Cys-NH-DEG-NHCO-Chol were
combined and evaporated. The residue was suspended in
water and frozen until use. FAB-MS, 758.5122 (theoretical
[M + Na]* = 758.5118).
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2.4 Synthesis of F-NH-DEG-NH, and F-NH-DEG-
NHCO-Chol

Succimidyl ester of 5-carboxyfluorescein (F) was reacted
with NH,-DEG-NH, or NH,-DEG-NHCO-Chol. After
60 min of incubation, the product was purified using a silica
column. After evaporation, the residue was dissolved in
water. The quantity was estimated using UV measurement.
FAB-MS was 579.2347 (theoretical [M + H]" = 579.
2343) for F-NH-DEG-NH, and 1013.5507 (theoretical
[M + Na]* = 1013.5503) for F-NH-DEG-NHCO-Chol,
respectively.

2.5 Synthesis of Cys-Lanthanide Binding Peptide

Starting from Fmoc-Gly Wang resin, FIDTNNDGWIEG-
DELLLEEGG-resin was synthesized using a peptide
synthesizer (ABI 433A; Applied Biosystems) with 2-
(1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexa-
fluorophosphate as a coupling reagent. To this peptide resin,
tBoc-Cys(Trt) was incorporated manually. Crude peptide
was obtained using a cleavage reaction. It was subject to
RP-HPLC purification. MALDI-TOF MS was 2440.58
(theoretical [M + H]* = 2440.31).

2.6 Native Chemical Ligation of GFP-Ca-MESNa
with Cys-Derivatives

The solution of GFP-Ca-MESNa was condensed with
Cys-lanthanide binding peptide, Cys-NH-DEG-NHCO-
Chol, or 1,4-dithio-DL-threitol (DTT) in the presence of
NaHCO;, tris(hydroxypropyl)phosphine and cetyl trimethyl
ammonium bromide (CTAB). The coupling mixture was
incubated for 24 h at room temperature under nitrogen. The
reaction buffer was exchanged to PBS repeatedly by ultra-
centrifugation. The GFP product concentration was deter-
mined using UV measurement. The progress of the coupling
reaction was monitored using SDS-PAGE.

An aliquot of the coupling reaction mixture between
GFP-Ca-MESNa and Cys-NH-DEG-NHCO-Chol was
subject to chloroform-methanol protein precipitation to
remove salts and detergents from the mixture. The precip-
itated protein was analyzed using RP-HPLC (LCI0A;
Shimadzu Corp., Kyoto, Japan) with a C4 column (5C4-
AR300; 4.6 x 150 mm, Nacalai Tesque Inc., Kyoto,
Japan). Results of MALDI-TOF MS were 26857.9 corre-
sponding to GFP (theoretical [M + H]t = 26997.9),
and 27571.1 corresponding to GFP-Chol (theoretical
[M + H]* = 27716.9). A difference of 140 Da was found
between the observed mass number and the calculated mass
number of both unmodified and modified GFP. This result
might be attributed to degradation of the first methionine
residue, causing a 131 Da decrease in the mass number.

2.7 Fluorescence Microscopy

Cultured N2a cells in Opti-MEM (Invitrogen Corp. CA,
USA), supplemented with 10% fetal calf serum on a glass-
bottom dish, were rinsed three times with cold PBS. Each
sample of modified GFP (final conc. 4.8 pM), unmodified
GFP (final conc. 4.8 uM), F-NH, (final conc. 0.84 pM) and
F-Chol (final conc. 1.2 pM) was added to the cells in cold
PBS. For double staining, both modified GFP (final conc.
4.8 uM) and rhodamine-labeled 3F4 anti-prion protein
antibody (final conc. ca. 1.2 pg/mL) were added to the cells
in cold PBS. After 15 min incubation under a cold condi-
tion, the cells were rinsed with cold PBS. Then the cells
were observed using confocal fluorescence microscopy
(magnification x60) (Fluoview FV300; Olympus Corp.,
Tokyo). Prion protein, a glycosyl phosphatidyl inositol-
anchored protein, was used as a marker protein for the lipid
raft microdomain of the cell membrane.

2.8 Density Gradient Fractionation Analysis

Density gradient fractionation analysis of the cell
membrane components was performed as described by
Naslavsky and colleagues [12]. Briefly, cells that had been
grown confluently in two flasks (25 sz) were labeled with
GFP-Chol or F-Chol as described above. Then the cells
were lysed with 500 pL of lysis buffer (150 mM NaCl,
25 mM Tris—HCI, pH 7.5, 5 mM ETDA, 1% Triton X-100)
on ice for 30 min. The lysate (400 pL) was mixed with an
equal volume of ice-cold 70% Nycodenz prepared in TNE
(25 mM Tris, pH 7.5, 150 mM NaCl, 5 mM EDTA) and
loaded to an ultracentrifuge tube. Then the lysate was
overlaid sequentially with 200 pL each of 25, 22.5, 20, 18,
15, 12, and 8% Nycodenz in TNE. The tube was spun at
200,000x g for 4 h at 4 °C using a micro-ultracentrifuge
(CS 120 GX; Hitachi Ltd., Tokyo, Japan). Eleven fractions
containing 200 pL each were collected from the top of the
tube.

An aliquot of each fraction was subject to fluorescence
analysis and immunoblotting. Fluorescence was analyzed
using a microplate reader (ARVO, MX; PerkinElmer Inc.,
MA, USA) to detect GFP-Chol and F-Chol. For immuno-
blotting detection of GFP-Chol, we used mouse monoclo-
nal anti-GFP antibody (abl1218; Abcam plc., MA, USA)
as a primary antibody and rabbit anti-mouse IgG as a
secondary antibody.

3 Results and Discussion
We used GFP as a model protein because of its easy

traceability. Then we modified it by introducing a choles-
terol (Chol) group at the C-terminal to target it to the cell
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membrane of live cells. The modified GFP was produced
using a combination of recombinant protein synthesis in
E. coli and chemical synthesis.

3.1 Semi-Synthesis of GFP-Cys-NH-DEG-NHCO-
Chol (GFP-Chol)

Semi-synthesis of GFP-Cys-NH-DEG-NHCO-Chol (GFP-
Chol) was achieved by condensation of building blocks
corresponding to GFP and Chol. The building block for
GFP consisted of a GFP bearing a modification moiety.
The building block for Chol consisted of Chol and a
hydrophilic linker with Cys at the terminal (Fig. 1). The
building block for GFP was prepared using E. coli
recombinant protein expression; the building block for
Chol was prepared using chemical synthesis. Then both
building blocks were condensed using the native chemical
ligation method [6] under an aqueous condition. Similar
semi-synthetic strategies have been described in previous
reports [5, 13-15].

The GFP-Ca-thioester was prepared by application of
intein-mediated thiolysis to a GFP-intein fusion recombi-
nant protein (Fig. 1a). To produce the recombinant protein,
three constructs were examined: (1) a GFP DNA fragment
was inserted into the Nhel/Xhol site of pTYBI1 vector (New
England Biolabs Inc., MA, USA), (2) a DNA fragment was
inserted into the Nhel/Sapl site of pTXBI1 vector (New
England Biolabs Inc.), and (3) a DNA fragment of GFP
plus a methionine residue between GFP and intein was
inserted into the Nhel/Sapl site of pTXB1 vector; the last
construct was examined because methionine is reportedly a
suitable amino acid residue for the production of protein-

Intein-mediated
GFP-Ca-thioester Chemical synthesis
preparation l

(A) l (B)

o o™y B
|

L

L Native chemical ligation

GFP I y
LA i

Fig. 1 Schematic representation of semisynthesis of cholesterol-
modified GFP. a GFP-Ca-thioester preparation by intein-mediated
thiolysis. b Synthetic scheme of the amphitropic part. The Cys residue
was incorporated for the subsequent condensation reaction. Interme-
diates were used for the synthesis of control compounds. ¢ Modifi-
cation by the native chemical ligation method. The thiol exchange
reaction was followed by an S-N acyl shift to generate a peptide bond
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Ca-thioester [19]. Among them, the second construct—
GFP DNA fragment inserted into the Nhel/Sapl site of
pTXB1—produced a suitable fusion recombinant protein
that was then cleaved into GFP-Ca-thioester by intein-
mediated thiolysis. The cleavage reaction was controlled
by MESNa added to the recombinant protein solution; the
GFP-Cu-thioester product was recovered as presented in
Figure S10B. On the other hand, the first construct pro-
duced a recombinant protein from which no cleavage
product was obtained. The third construct produced a
recombinant protein that was cleaved into products having
no Ca-thioester, even in the absence of MESNa and even at
4 °C.

The building block for Chol (Fig. 1b) was synthesized
with Chol, a hydrophilic diethylene glycol-based diamine
linker (NH,-DEG-NH,), and a chemoselective reaction
moiety to the Co-thioester, Cys [6]. These three chemical
components were condensed sequentially. Briefly, NH,-
DEG-NH, was reacted with Chol chloroformate. After
NH,-DEG-NHCO-Chol was isolated using a silica column,
a Cys residue was incorporated at the other amino group.
After deprotection and isolation, Cys-NH-DEG-NHCO-
Chol was obtained. These coupling reactions and products
were confirmed using TLC and FAB-MS.

The building blocks for GFP and Chol were condensed
using the native chemical ligation method. The ligation
reaction was performed in the presence of 20 mM of
CTAB to solubilize the amphitropic unit of the building
block for Chol during the ligation [7]. The product from
the reaction of GFP-Ca-thioester with Cys-NH-DEG-
NHCO-Chol showed no obvious mobility difference on
SDS-PAGE from that of the reaction of GFP-Ca-thioester
with DTT (Fig. 2, lanes 2 and 4). Therefore, we tested
whether the ligation conditions and GFP-Ca-thioester
were suitable for reaction by monitoring the ligation of
GFP-Ca-thioester with the Cys-lanthanide binding peptide
composed of 21 amino acid residues [8] (Fig. 2, lane 3).
The product of this ligation showed a mobility shift. Its
yield was estimated as approximately 50% of the initial
material on SDS-PAGE. Therefore, we presumed that the
ligation conditions and GFP-Ca-thioester were suitable for
the reaction.

After both the detergent and the Cys-NH-DEG-NHCO-
Chol were removed using chloroform-methanol precipita-
tion, the ligation product was separated from unligated
GFP-Co-thioester by RP-HPLC column (Fig. 3a). In the
elution profile, a peak corresponding to GFP-Ca-thioester
[RT 26 min (*) in Fig. 3a] was followed by a new peak
[RT 36 min (**) in Fig. 3a], indicating that the hydro-
phobicity of the ligation product was increased signifi-
cantly. The yield of the ligation product was estimated as
45% of the initial material and was almost comparable
to that of the ligation product with the Cys-lanthanide
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Fig. 2 Coupling reaction of GFP-Co-thioester with Cys-derivatives.
Coomassie-stained SDS-PAGE of the products from GFP-Ca-thioes-
ter reacted with DTT (lane 2), Cys-lanthanide binding peptide (lane
3) and Cys-NH-DEG-NHCO-Chol (lane 4) is shown. The molecular
weight marker (kDa units) is included in lanes 1 and 5. The coupling
reaction proceeded successfully in lane 3. No significant mobility
change was observed in lane 2 or 4

binding peptide. Subsequent MALDI-TOF MS analysis of
the material from each peak revealed that the ligation
product was GFP-Chol. The mass number difference
between the materials at each peak was 713 Da (Fig. 3b),
which was almost identical to the calculated value of
719 Da. These results indicated that the semisynthesis was
successfully performed.
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Fig. 3 Analysis of coupling reaction products. a RP-HPLC profile of
the crude mixture after coupling reaction. The peaks arrowed by (*)
and (**), respectively correspond to GFP and GFP-Chol. b MALDI-
TOF MS data for GFP and GFP-Chol. Observed mass numbers for

(8)
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3.2 Synthesis of Fluorescein-NH-DEG-NHCO-Chol
(F-Chol)

Fluorescein-labeled Chol (F-Chol) was prepared by con-
densing fluorescein and NH,-DEG-NHCO-Chol. Actually,
F-Chol acted as a control to evaluate the Chol function.
The ligation product was water-soluble and separated as
described for GFP-Chol. The separation method did not
affect the fluorescence function of F-Chol. Sato and col-
leagues reported the synthesis and application of a fluo-
rescein ester of polyethylene glycol-modified cholesterol
which labeled cholesterol-rich membranes in both live cells
and in model membranes [17]. Compared to their com-
pound, F-Chol is simpler and more stoichiometrically
homogeneous. The orientation of Chol within the plasma
membrane may differ dramatically according to the mod-
ification site in Chol scaffold [18]. Hedgehog proteins are
modified by an ester formation between the C-terminal of
the protein and the secondary alcohol of Chol [10]. Taking
these into account, we decided to use the secondary alcohol
group in Chol as the ligation site in the present study.

3.3 Application to Mouse Neuroblastoma N2a Cells

The GFP-Chol separation method described above, which
included two protein denaturing steps, caused such dena-
turation of GFP-Chol that no attempt was able to refold it
to an active fluorescence form. Therefore, the reaction
mixture containing both GFP-Chol and GFP was used for

GFP

Arbitrary unit
!-lllxllltll
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5§ o { |
£ [
% | 3

Mass number (m/z)

GFP and GFP-Chol were 26857.9 (theoretical [M + H]* = 26997.9)
and 27571.1 (theoretical [M + H]* = 27716.9), respectively, indi-
cating a 713 increase in mass number after Chol-modification
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Fig. 4 Fluorescence microscopy images of GFP-Chol and control
compounds in N2a cells. N2a cells were observed by confocal laser
fluorescence microscopy after incubation with GFP-Chol (a and b),
GFP (¢ and d), F-Chol (e and f) and F-NH, (g and h). Fluorescence
images (a, c, e and g) were merged with corresponding differential
interference contrast images (b, d, f and h). Fluorescence signals were
observed at the cell membrane in GFP-Chol and F-Chol, but not in
GFP and F-NH,

application to live cells after extensive ultrafiltration with
PBS to remove detergents. The results of this mixture
sample were then compared to those of the sample con-
taining GFP alone. The content of GFP-Chol in the mixture
sample was estimated as 45% by RP-HPLC analysis
(Fig. 3a). No significant difference in the fluorescence
spectra were observed between the two samples (Figure
S11). The GFP moiety concentration was determined by
absorption at 488 nm wavelength.

The mouse neuroblastoma N2a cells were incubated
with the samples at 4 °C for 15 min. Confocal fluorescent
microscopy analysis revealed that the GFP-Chol was
retained homogenously at the cell membrane (Fig. 4a, b),
although GFP prepared by hydrolysis of GFP-Co-thioester
was rinsed off with cold PBS (Fig. 4c, d). The homogenous
retention of GFP-Chol at the cell membrane was observed

@ Springer

Fig. 5 Fluorescence microscopy images for GFP-Chol and prion
protein in N2a cells. N2a cells were observed by confocal laser
fluorescence microscopy after incubation with GFP-Chol and rhoda-
mine-labeled anti-prion protein antibody. Fluorescence image for
GFP-Chol (a) and for prion protein (b) were merged without the
differential interference contrast image (¢) or with the contrast image
(d). The signals for GFP-Chol were rather homogenously distributed
at the cell membrane as demonstrated in Fig. 4a, but those for prion
protein were distributed in a patchy pattern at the cell membrane. This
prion protein distribution pattern at the cell membrane was similarly
observed in the cells incubated with only rhodamine-labeled anti-
prion protein antibody (e and f)

also in live cells of other types, such as mouse bone mar-
row-derived mast cells (data not shown).

To clarify the function of Chol itself, F-Chol and F-NH,
were also applied to the N2a cells. In fact, F-Chol was
observed at the cell membrane (Fig. 4e, f). However, most
of F-NH, was rinsed off, and a small portion was observed
inside of the cells (Fig. 4g, h). The internalization of
F-NH, might have been caused by the passive intake of an
amino moiety [9], which was included in F-NH, but not in
F-Chol. These findings suggest that Chol modification
allows molecules to be targeted to the cell membrane.

To compare the distribution of GFP-Chol with that of a
lipid raft marker protein in the N2a cells, we performed
double staining for GFP-Chol and prion protein, a glycosyl
phosphatidyl inositol-anchored protein known to localize in
the lipid raft microdomain of the cell membrane [12, 20].
The signals for GFP-Chol were rather homogenously dis-
tributed at the cell membrane (Fig. 5a) as already shown in
Fig. 4a. However, the signals for prion protein were dis-
tributed in a patchy pattern at the cell membrane (Fig. 5b)
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and did not necessarily co-localize with the signals for GFP-
Chol (Fig. Sc, d). We confirmed that the GFP-Chol treat-
ment of the cells did not affect the distribution pattern of
prion protein at the cell membrane, by comparing the prion
protein images of GFP-Chol-treated N2a cells (Fig. 5b)
with those of untreated N2a cells (Fig. e, f).

3.4 Distribution of GFP-Chol and F-Chol at the Cell
Membrane

To investigate the distribution of GFP-Chol and F-Chol at
the cell membrane of N2a cells, density gradient fraction-
ation of the cell membrane components [2] was performed.
Each fraction was analyzed using detection of fluorescence
(Fig. 6a). We detected both GFP-Chol and F-Chol in the
high-density fractions of the cell membrane. Immunoblot
analysis of GFP from an aliquot of each fraction confirmed
the results of the fluorescence analysis (Fig. 6b). In contrast
to GFP-Chol and F-Chol, prion protein is known to dis-
tribute in the low-density fractions of the cell membrane in
N2a cells [12], as demonstrated in Figure S13.

The results of either confocal laser fluorescent micros-
copy analysis or density gradient fractionation analysis are
apparently different from those of previous studies, where
proteins fused with a signal peptide for post-translational
lipid-modification were expressed in the lipid raft micro-
domain [10, 16, 21], or where an exogenously added
Chol-modified fluorescein was observed in the lipid raft
microdomain [17]. This difference might be caused by our

GFP-Chol
top bottom
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—
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Fraction number
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Fig. 6 Density gradient fractionation data of GFP-Chol and F-Chol
in N2a cells. N2a cells incubated with GFP-Chol or F-Chol were
lysed under a mild condition. The lysate was fractionated. Numbering
order is from the top fraction (low density) to the bottom fraction
(high density) in an 8-35% linear density gradient. The starting
material before fractionation is indicated as “s”. a Fluorescence data

1 2 3 45 6 78 9101 s

dlhl

1 23 45 6 7 8 9101 s

method of Chol-modification, because modified Chol may
have different orientations from that of native Chol within
the plasma membrane [18]. Also, it is presumable that the
difference might be attributable to variations in such
materials used in the experiments as cell types, modified
protein types, and stoichiometry of Chol in tested mole-
cules. In addition, it is conceivable that exposure of rela-
tively high concentrations of our Chol-modified molecules
to live cells might alter selective incorporation of the
molecules into proper portions of the cell membrane or
might disturb the cell membrane integrity. However, all
these possibilities remain to be further evaluated.

In conventional chemical modifications of proteins,
chemical reactions tend to occur more efficiently on the
protein surface, where epitopes or functional groups of the
proteins can be damaged. Therefore, proteins must be
modified in such a fashion that their functional groups can
be maintained properly. The present study demonstrated a
specific chemical modification of a model protein to deliver
it to the cell membrane of live cells without damaging the
protein’s functional activity. This kind of specific chemical
modification of proteins is a key requirement for applying
the proteins in in vivo or ex-vivo systems.

4 Conclusion

We demonstrated the semisynthesis of GFP specifically
modified with Chol at the C-terminal. Results show that the

(B) GFP

top bottom
m 1234567891011 s

485 " -

320~ :

18.1 - ——
69 ~

for GFP-Chol and F-Chol. Both fluorescence signals were distributed
in higher density fractions. b Immunoblotting data for GFP. Signal
distribution pattern for GFP was consistent with that of GFP-Chol
fluorescence. The molecular weight marker in the left “m” is shown
in kDa units
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protein remained functional and was localized at the cell
membrane, when added to live cells exogenously. These
findings suggest that modifying proteins with Chol at the
C-terminal is useful for targeting proteins to the cell
membrane of live cells.
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