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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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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-Ca 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/TXBI. Plasmid vector
pGFP-Met/TXB1—which contained a methionine residue
insert between GFP and the intein that was reported as
suitable for the production of protein-Ca-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-HC], 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 thorougﬁly
in lysis buffer and rocked at 37 °C overnight in the
presence of mercapto ethane sulfonic acid sodium salt
(MESNa) to produce GFP-Cx-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
C;g (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
NaHCO3, 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 (LC10A;
Shimadzu Corp., Kyoto, Japan) with a C; column (5C,-
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]™ = 26997.9),
and 27571.1 corresponding to GFP-Chol (theoretical
[M + H]T = 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 cm?) 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-HC], 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 (ab1218; 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 pTYB1 vector (New
England Biolabs Inc., MA, USA), (2) a DNA fragment was
inserted into the Nhel/Sapl site of pTXB1 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)

[ J

l Native chemical ligation

(CMM

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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Co-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-Co-thioester by intein-
mediated thiolysis. The cleavage reaction was controlled
by MESNa added to the recombinant protein solution; the
GFP-Ca-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 Ca-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-Cx-thioester with Cys-NH-DEG-
NHCO-Chol showed no obvious mobility difference on
SDS-PAGE from that of the reaction of GFP-Cux-thioester
with DTT (Fig. 2, lanes 2 and 4). Therefore, we tested
whether the ligation conditions and GFP-Cu-thioester
were suitable for reaction by monitoring the ligation of
GFP-Co-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-Cua-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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1 2 3 45

Fig. 2 Coupling reaction of GFP-Cu-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 I 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.

20%

Relative absorbance (220 nm) ’;

&
8
&

60
Retention time (min)

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

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
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2 - ! ) i
| i I |
g1 i ;
& ] I \ |
Mass number (m/z)
GFP-Chol
2 i
:
: |
£ !
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- I | f
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Mass number (m/z)

GFP and GFP-Chol were 26857.9 (theoretical [M + H]* = 26997.9)
and 27571.1 (theoretical [M + H]t = 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 (c 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-Ca-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 (c) 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. 5c, 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. Se, 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

(A) GFP-Chol
top bottom

= ro s ov O D

Fluorescence intensity
(arbitrary unit)

1 2 3 4 5§ 6 7 8 9 10 11 s
Fraction number

F-Chol

top bottom

Fluorescence intensity
(arbitrary unit)
-283888 8

1 2 3 4 5 6 7 8 9 10 11 s
Fraction number

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

Al

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 123456789 10 11 s
418 = 2

320 ~
181 -

- W -

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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Abstract

Purpose In vivo detection of pathological prion protein
(PrP) in the brain is potentially useful for the diagnosis of
transmissible spongiform encephalopathies (TSEs). How-
ever, there are no non-invasive ante-mortem means for
detection of pathological PrP deposition in the brain. The
purpose of this study is to evaluate the amyloid imaging
tracer BF-227 with positron emission tomography (PET)
for the non-invasive detection of PrP amyloid in the brain.
Methods The binding ability of BF-227 to PrP amyloid was
investigated using autoradiography and fluorescence mi-
croscopy. Five patients with TSEs, including three patients
with Gerstmann-Stréussler-Scheinker disease (GSS) and
two patients with sporadic Creutzfeldt-Jakob disease (CJD),
underwent ['!C]BF-227 PET scans. Results were compared
with data from 10 normal controls and 17 patients with
Alzheimer’s disease (AD). The regional to pons standard-
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ized uptake value ratio was calculated as an index of BF-
227 retention.

Results Binding of BF-227 to PrP plaques was confirmed
using brain samples from autopsy-confirmed GSS cases. In
clinical PET study, significantly higher retention of BF-227 was
detected in the cerebellum, thalamus and lateral temporal cortex
of GSS patients compared to that in the corresponding tissues
of normal controls. GSS patients also showed higher retention
of BF-227 in the cerebellum, thalamus and medial temporal
cortex compared to AD patients. In contrast, the two CJD
patients showed no obvious retention of BF-227 in the brain.
Conclusion Although [''CJBF-227 is a non-specific imaging
marker of cerebral amyloidosis, it is useful for in vivo
detection of PrP plaques in the human brain in GSS, based
on the regional distribution of the tracer. PET amyloid
imaging might provide a means for both early diagnosis and
non-invasive disease monitoring of certain forms of TSEs.
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Introduction

Transmissible spongiform encephalopathies (TSEs), also
known as prion diseases, are a group of fatal neurodegen-
erative disorders, including Creutzfeldt-Jakob disease
(CJD), Gerstmann-Stréussler-Scheinker disease (GSS) and
kuru [1-3]. TSEs are characterized by progressive deposi-
tion of abnormal prion protein (PrP) in the brain. CJD is the
most common type of human TSE and is classified into
sporadic, genetic and infectious forms according to the
aetiology of illness. GSS is a familial neurodegenerative
disorder associated with mutations of the PrP gene and is
clinically recognized by cerebellar ataxia combined with
postural abnormalities and cognitive decline [1-3]. Two
major types of abnormal PrP deposition, synaptic and
plaque types, have been described in the brain of people
with TSEs [1]. The synaptic type of PrP deposition, which
does not have tinctorial properties of amyloid in tissue
sections, is most commonly observed in sporadic CJD,
whereas the plaque type, which frequently forms congo-
philic amyloid plaques, is a hallmark of such TSEs as GSS,
variant CJD (vCJD) and iatrogenic dura CJD with plaques
[1, 4]. Abnormal PrP deposition in the brain is suggested to
start before the occurrence of clinical symptoms [5-7].
Thus, preclinical diagnosis and, when available, early
disease-specific therapeutic interventions, can be beneficial
for people predisposed to or affected by TSEs.

Several positron emission tomography (PET) imaging
agents have been recently developed and used for in vivo
detection of brain amyloid-p (AB) plaques in patients with
Alzheimer’s disease (AD) [8-12]. Most of these (-sheet
binding agents show high binding affinity to PrP amyloid
because PrP aggregates in TSEs form [-pleated sheet
structures and share a common secondary structure with
AP deposits in AD brains [13-16]. Therefore, these agents
would be useful for the in vivo detection of PrP amyloid in
the brain. Two clinical PET studies were performed using
["*F]JFDDNP and/or [''C]PIB in sporadic and familial CJD
patients [17, 18]. The results indicated moderate retention
of FDDNP and no obvious retention of PIB in the brain
[17, 18]. Therefore, agents that can sensitively detect
abnormal PrP deposits should be further explored for the
diagnosis of TSEs. We have demonstrated in vitro and in
vivo binding of benzoxazole derivatives to both AR and
PrP amyloids [19, 20]. One of these derivatives, BF-227,
was used for a clinical PET study where it successfully
visualized amyloid deposits in the brain of AD patients in
vivo [12, 21]. Therefore, ['!C]BF-227 appears to be a
promising candidate for PET imaging of PrP deposits. The

purpose of this study was to evaluate the clinical utility of
[''CIBF-227 PET for the non-invasive detection of abnor-
mal PrP deposits in patients with TSEs.

Methods
Preparation of compounds

BF-227 and its 2-tosyloxyethoxy and N-desmethylated
derivatives were custom synthesized by Tanabe R&D
Service Co. (Osaka, Japan). ['®F]BF-227 was synthesized
for autoradiography of brain sections, as described previously
[22]. For the clinical studies, ["'C]BF-227 was synthesized as
described previously [12]. Radiochemical yields were greater
than 50% based on [''C]methyl triflate, and specific radio-
activities were 119-138 GBg/umol at the end of synthesis.
Radiochemical purities were greater than 95%.

Histopathological staining and in vitro autoradiography

Autopsy-diagnosed brain samples from two GSS cases with
PrP plaque deposition and two sporadic CJD cases with
synaptic PrP deposition were provided by Dr. Toru Iwaki of
the Department of Neuropathology, Kyushu University,
Japan. The brain sample from an 81-year-old man with
autopsy-confirmed physiological aging was obtained from
Tohoku University Hospital. The two GSS cases had a
proline-to-leucine mutation at codon 102 and methionine
homozygosity at codon 129 of the PrP gene, and the two
sporadic CJD cases had no mutations and methionine
homozygosity at codon 129; they showed type 1 abnormal
PrP in immunoblotting of the brain tissues. All of the brain
samples were treated with 98% formic acid for 1 h before
paraffin embedding to eliminate prion infectivity. Sections
from paraffin-embedded blocks of the cerebellum or frontal
cortex were then dewaxed in xylene and ethanol. For
staining with BF-227, tissue sections were immersed in
100 uM BF-227 solution containing 50% ethanol for
10 min. They were then dipped briefly into water and
rinsed in phosphate-buffered saline for 10 min before
coverslipping with FluorSave Reagent (Calbiochem, La
Jolla, CA, USA). Subsequently, they were examined using
an Eclipse E800 microscope (Nikon, Tokyo, Japan)
equipped with a V-2A filter set (excitation, 380-420 nm;
dichroic mirror, 430 nm; Longpass filter, 450 nm). For
autoradiography, the section was incubated with 1.0 MBg/ml
of ['*F]BF-227 at room temperature for 10 min and then
washed briefly with water and 50% ethanol. After drying,
the labelled section was exposed to a BAS-III imaging plate
(Fuji Film, Tokyo, Japan) overnight. Autoradiographic
images were obtained using a BAS-5000 phosphor imaging
instrument (Fuji Film, Tokyo, Japan). Neighbouring sec-

@ Springer



936

Eur J Nucl Med Mol Imaging (2010) 37:934-941

tions were immunostained using 3F4 anti-PrP monoclonal
antibody (Covance, Princeton, NJ, USA) as described
previously [13, 20].

Subjects and patients in the clinical PET study

Five TSE patients, including two sporadic CJD patients
[63-year-old woman (CJD1) and 58-year-old man (CJD2)]
and three GSS patients [69-year-old woman (GSS1),
61-year-old man (GSS2) and 30-year-old woman (GSS3)],
underwent PET scans with [''CJBF-227 (Table 1). For
comparison, [''C]BF-227 PET studies were also performed
in 17 AD patients [mean age + standard deviation (SD)=
72.6+6.7, mean Mini-Mental State Examination score *
SD=19.84+4.0] and 10 aged normal controls (mean age +
SD=67.2+2.5). Some of these AD and normal subjects
were included in our previous report [12].

CJD1’s health was unremarkable until the manifestation
of depressive symptoms at the age of 62 years. The patient
then developed subacutely progressive dementia, motor
disturbances and myoclonus. CJD2 showed subacutely
progressive dementia and gait disturbance and then devel-
oped psychotic symptoms, dysarthria and myoclonus. Both
CJD patients had no mutations and showed methionine
homozygosity at codon 129 of the PrP gene. PET studies in
CJDI1 and CJD2 were performed when they reached grade
4 of the modified Rankin scale at 3 and 4 months after
onset of symptoms, respectively. Both patients showed
periodic synchronous discharges in electroencephalograms
and hyperintensity in the caudate, putamen and cerebral
cortex on diffusion-weighted magnetic resonance (MR)
images. Diagnosis of probable CJD was made according to
the WHO criteria [23].

Each GSS patient was from a different pedigree and had
a family history of the same disease, carrying a proline-to-
leucine mutation at codon 102 and methionine homozy-

gosity at codon 129 of the PrP gene. GSS1 and GSS2,
having a 9- and 20-month clinical duration from the onset,
respectively, showed signs of moderate cerebellar ataxia, such
as gait disturbance and slurred speech; however, they could
walk unassisted and had slight or no cognitive impairment.
GSS1 and GSS2 scored 22 and 26 points, respectively, on the
Mini-Mental State Examination. GSS3, having a 27-month
clinical duration, showed severe gait disturbance and slurred
speech and was unable to walk unassisted; however, she had
no cognitive impairment (30 points on the Mini-Mental State
Examination) at the time of this study.

AD diagnosis was made according to the National
Institute of Neurological and Communicative Diseases
and Stroke-Alzheimer’s Disease and Related Disorders
Association (NINCDS-ADRDA) criteria [24]. CJD, GSS
and AD patients were recruited from Miyagi National
Hospital, Fukuoka University Hospital, Kagoshima Uni-
versity Hospital and Tohoku University Hospital. Normal
controls were recruited from volunteers with no cognitive
impairment or cerebrovascular lesions on MR images and
who were not taking any centrally acting medications. No
significant difference in age distribution was apparent
between the groups. This study was approved by the Ethics
Committee on clinical investigations of Tohoku University
School of Medicine and performed in accordance with the
Declaration of Helsinki. Written informed consent was
obtained after complete description of the study to the
patients and subjects.

Image acquisition protocols

PET scans were performed using a SET-2400W (Shimadzu
Inc., Kyoto, Japan). After intravenous injection of 211-
366 MBq (5.7-9.9 mCi) of [''C]BF-227, dynamic PET
images were obtained for 60 min with the subjects’ eyes
closed. Arterial blood sampling in the TSE patients was not

Table 1 Regional to pons standardized uptake value ratio (SUVRp) values in aged normal controls (Control), Alzheimer’s disease patients (AD),
Creutzfeldt-Jakob disease patients (CJD) and Gerstmann-Straussler-Scheinker disease patients (GSS)

Control (n=10) AD (n=17) CJD1 CJD2 GSS (n=3) GSS1 GSS2 GSS3

Mean + SD Mean £ SD Mean + SD
Frontal 0.60+0.03 0.64+0.04 0.57 0.61 0.67+0.08 0.74 0.69 0.57
Lateral temporal 0.59+0.03 0.69+0.04* 0.63 0.62 0.67+0.05* 0.71 0.68 0.61
Parietal 0.62+0.02 0.69+0.04* 0.62 0.62 0.67+0.06 0.72 0.68 0.61
Occipital 0.62+0.04 0.65+0.05 0.62 0.69 0.67+£0.07 0.74 0.67 0.60
Medial temporal 0.64+0.04 0.62+0.03 0.57 0.65 0.67+£0.02%* 0.66 0.70 0.67
Striatum 0.71+0.04 0.75+0.04* 0.69 0.72 0.76+0.04 0.80 0.77 0.72
Thalamus 1.00+0.04 1.01£0.04 0.97 1.04 1.08+0.00%, ** 1.08 1.07 1.08
Cerebellum 0.58+0.01 0.57+0.02 0.58 0.59 0.62+0.01%, ** 0.61 0.63 0.61

*p<0.05 compared to aged normal group
**p < 0.05 compared to AD group
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performed because the Committee on Clinical Investigation
at Tohoku University School of Medicine did not approve
blood sampling during the PET scan, from the standpoint of
infection risk management. T,-weighted MR images were
obtained using a Signa 1.5-T machine (General Electric
Inc., Milwaukee, WI, USA).

Image analysis

Standardized uptake value (SUV) images of [''C]BF-227
were obtained by normalizing tissue concentration by
injected dose and body weight. Average summations of
SUV images were created from early frames (0-30 min
post-injection) and late frames (40—60 min post-injection)
of dynamic PET images. Early frame images were created
for co-registration with individual MR images, and late
frame images were used for calculation of SUV. Individual
MR images were anatomically co-registered with the early
frame PET images using statistical parametric mapping
software (SPM2, Welcome Department of Imaging Neuro-
science, London, UK) [25]. Spatial normalization was
performed using an MR T, template of SPM2 to transfer
PET images into a standard stereotactic space. Regions of
interest (ROIs) were placed on a spatially normalized MR
image, as described previously [12]. ROI information was
then copied onto delayed PET SUV images, and regional
SUV images at 40-60 min post-injection were sampled
using Dr.View/LINUX software (AJS, Tokyo, Japan).
Deposition of PrP plaques is reportedly frequent in the
cerebellum but scarce in the pons of GSS brain [26].

Fig. 1 ['®F]BF-227
autoradiograms of a cerebellar
section from a Gerstmann-
Striussler-Scheinker (GSS) case
(a), a cerebellar section from

a physiological aging case (b)
and a frontal cortex section from
a sporadic Creutzfeldt-Jakob
disease (CJD) case (c) are
shown, together with a
magnified view of a (d) and
prion protein (PrP) immunos-
taining of the same field as d
(e). BF-227 retention was
present in the brain section from
a GSS case with PrP plaque
deposition, but not from a
normal control case and
sporadic CJD case with synaptic
PrP deposition. Bar=200 pm

Furthermore, BF-227 retention in the pons does not differ
between AD patients and normal controls. Therefore, we used
the pons as a reference region and calculated the regional to
pons SUV ratio (SUVRp) as an index of BF-227 retention.

Statistical analysis

For statistical comparison in each group, we applied one-
way analysis of variance, followed by the Bonferroni-Dunn
post hoc test. Statistical comparison of age distribution was
performed using the Kruskal-Wallis test, followed by
Dunn’s multiple comparison test. Statistical significance
for each analysis was defined as p<0.05.

Results

Autoradiography examination indicated binding of a tracer
dose of BF-227 to PrP plaque deposits. BF-227 retention was
present in brain sections from GSS cases with PrP plaque
deposition but not from normal control cases and sporadic
CJD cases with synaptic PrP deposition (Fig. 1a—). The
regional distribution of ['®F]BF-227 in the autoradiograms
co-localized with the immunostained PrP plaques in the
cerebellar cortex of GSS cases (Fig. 1d—€). BF-227 binding
to PrP plaques was additionally examined using a micro-
scope, because BF-227 is a fluorescent compound. Core
regions of the PrP plaques were intensely stained with BF-
227 (Fig. 2, arrows), indicating that BF-227 preferentially
binds to the fibril-rich core of PrP amyloid plaques.

b )

=
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Fig. 2 Microscopic images of BF-227 staining (a) and PrP immu-
nostaining (b) of the cerebellar cortex of a GSS case. Arrows indicate
PrP amyloid plaques. The core regions of PrP plaques were intensely
stained with BF-227. Bar=50 pm

Figure 3 shows the average summations of SUVRp
images in an aged normal subject (64-year-old man), a
sporadic CJD patient (CJD1, 63-year-old woman), a GSS
patient (GSS2, 61-year-old man) and an AD patient (62-
year-old woman). As reported previously, non-specific
retention of [''C]BF-227 was observed in the brain stem

Fig. 3 Mean regional to pons
standardized uptake value ratio
(SUVRp) images between 40
and 60 min post-injection of
["'C]BF-227 in an aged normal
subject (64-year-old man), a
sporadic CJD patient (CJD1,
63-year-old woman), a GSS
patient (GSS2, 61-year-old man)
and an AD patient (62-year-old
woman). Compared to the aged
normal subject and CJD patient,
the GSS patient showed obvious
[''C]BF-227 retention in the
cerebellum and temporal cortex.
The AD patient also showed
obvious [''C]BF-227 retention
in the temporal cortex; however,
the cerebellum was

relatively spared

@ Springer

and white matter of all subjects [12]. The GSS patient
showed obvious retention of [''C]BF-227 in the cerebel-
lum, and lateral and medial temporal cortices. The three
GSS patients showed significantly higher SUVRp in the
lateral temporal cortex, thalamus and cerebellum (Table I,
Fig. 4) when compared to aged normal controls. Further-
more, when compared to the AD group, the GSS group
showed significant elevation of SUVRp in the medial
temporal cortex, thalamus and cerebellum. Although two
GSS patients (GSS1 and GSS2) showed retention of BF-227
in most brain regions, the youngest GSS patient (GSS3)
showed BF-227 retention only in the cerebellum, thalamus
and medial temporal cortex, but not in the neocortex (Table 1,
Fig. 4). Furthermore, two sporadic CJD patients showed no
obvious BF-227 retention in any of the brain regions
examined (Table 1, Fig. 4). As previously described [12,
21], AD patients showed [''C]BF-227 retention in the
neocortex; however, the cerebellum and medial temporal
cortex were relatively spared (Table 1).

Autopsy examination of the brain of one GSS patient
(GSS1) confirmed both the presence of abundant PrP
amyloid plaques in the neocortex, cerebellum, basal ganglia,
thalamus, entorhinal cortex and hippocampus and the absence
of A amyloid plaques or other structures of misfolded
protein deposition such as Lewy bodies and neurofibrillary
tangles. When compared to controls, the highest SUVRp
percentage difference was found in the neocortex, especially
in the frontal cortex (22%), followed by the striatum (12%),
thalamus (9%), cerebellum (6%) and medial temporal cortex
(3%) in this case. This finding was consistent with the
autopsy result showing higher density of PrP amyloid plaques
in the neocortex and basal ganglia than in the cerebellum,
thalamus and hippocampus. Details of clinicopathological
features of this case will be published elsewhere.
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Fig. 4 SUVRp distribution in Lateral temporal Cerebellum
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Discussion

This is the first study to demonstrate non-invasive detection
of PrP amyloid plaques in GSS patients. GSS is neuro-
pathologically characterized by deposits of multicentric
amyloid plaques, which are especially abundant in the
cerebellum, cerebral cortex and basal ganglia [3]. The
present study demonstrated binding of BF-227 to PrP
amyloid plaques in GSS brain sections. [''CIBF-227
retention was observed in cortical and subcortical brain
regions of GSS patients known for the high density of PrP
plaques. Based on these findings, ['' C]BF-227 represents a
promising candidate PET probe for the non-invasive
detection of PrP amyloid plaques in the brain. However,
the possibility that neocortical elevation of SUVRp in GSS
patients might be caused by concomitant AP amyloid
deposits or other misfolded protein deposits also should be
considered, given that the two GSS patients showing
prominent neocortical retention of [''C]BF-227 were
relatively older than the GSS patient showing no neocor-
tical retention of BF-227. Although one positive GSS
patient (GSS2) is still alive and was not examined neuro-
pathologically, another positive case (GSS1) showed a high
level of PrP amyloid deposits but no obvious deposits of
AP amyloid or other misfolded proteins at autopsy.
Furthermore, significant elevation of SUVRp was detected
in the cerebellum, thalamus and hippocampus of all GSS
cases. These brain regions are known to contain lower
densities of AP plaques or other misfolded protein
structures such as Lewy bodies. Based on these findings,
it seems unlikely that concomitant deposition of AP
amyloid or other misfolded proteins contributes to the high
["'C]BF-227 retention in GSS patients.

There is an increasing demand for in vivo detection of
abnormal PrP deposition in the brain for the diagnosis of TSEs
that might translate in early therapeutic intervention. Although
GSS and other familial forms of TSEs can be diagnosed with

PrP gene analysis using peripheral blood cells, it has been
impossible to non-invasively measure the amount of abnormal
PrP deposition in the brain. In a fashion similar to GSS, PrP
amyloid deposition in the brain is commonly present in vCJD
in which PrP amyloid plaques, called florid plaques, are
pathognomonic [27]. Thus, [''CJBF-227 PET might be a
sensitive probe for the detection of PrP amyloid plaque
deposition in vCID as well as GSS, allowing longitudinal
monitoring of PrP amyloid plaque deposition in the brain.
Ante-mortem diagnosis of vCJD relies on the detection of
abnormal PrP deposition in tonsil biopsy samples [28].
However, functional imaging using PET has an advantage
over surgical biopsy tests in terms of both a non-invasive and
an infection risk management point of view.

GSS is a rare form of TSE occurring in only about 3% of
TSE cases in Japan. However, GSS is probably one of the
TSEs most likely to benefit from early therapeutic
interventions because the disease can be confirmed earlier
using PrP gene analysis and progression occurs much more
slowly than that in sporadic CJD, which comprises the
majority of TSE cases. Recently, compounds such as
pentosan polysulphate and doxycycline have been clinically
used for experimental treatments for TSEs to prevent
deposition of abnormal PrP in the brain, because these
compounds slowed the disease progression in animal
disease models when administered in an earlier stage of
the disease [29-33]. Reliable surrogate markers are also
required to evaluate the efficacy of these experimental
interventions, and [''C]BF-227 PET might be one of the
best candidates to assess PrP amyloid deposition in GSS.
However, it remains to be elucidated if PrP amyloid levels
are a particularly relevant marker of therapeutic efficacy.

A previous PET study demonstrated moderate FDDNP
retention and no remarkable PIB retention in the brain of two
familial CJD patients with an octapeptide repeat insertion
mutation [17]. A recent PET study has additionally demon-
strated no PIB retention in two autopsy-confirmed sporadic
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CJD patients [18]. In contrast with these studies, the present
study successfully demonstrated prominent [''C]BF-227
retention in the brain of GSS patients. Differences between
the previous and present findings might mainly reside in the
. amount and type of PrP amyloid deposits in the brain, where

histopathological studies indicate higher density of PrP
amyloid plaques in GSS than in familial CJD [1]. In the
present study, the findings in two sporadic CJD patients
showing no obvious [{!C]BF-227 retention in the brain
additionally support this speculation. The difference may
also be attributable to higher binding affinity of BF-227 to
PrP amyloid cores compared to FDDNP and PIB. To clarify
this, further in vitro studies comparing the binding affinities
of different amyloid tracers to PrP plaques in TSE brain
homogenates are needed.

The youngest GSS patient (GSS3) showed BF-227
retention in the cerebellum and thalamus but not in the
neocortex. The clinical symptoms in this patient were
consistent with the brain distribution of BF-227, with the
patient presenting with severe gait disturbance and slurred
speech resulting from cerebellar ataxia but no signs of
cognitive impairment, suggesting a close relationship
between PrP plaque deposition as measured by BF-227
and regional brain dysfunction. There are variations of
clinical phenotypes in GSS [1, 3]. Such variations are yet to
be explained; however, the pattern of regional PrP amyloid
distribution might be one of the factors affecting clinical
phenotypes of GSS. In vivo PrP amyloid imaging using
[''C]JBF-227 or other PET tracers will clarify neuropatho-
logical aspects of clinical variations in GSS.

In summary, we confirmed binding of BF-227 to PrP
plaques in vitro and in vivo. A clinical PET study using
[''C]BF-227 demonstrated in vivo detection of PrP amyloid
plaques in GSS patients. This imaging technique provides a
potential means of facilitating both early diagnosis and non-
invasive disease monitoring of certain forms of TSEs
because, despite a lack of selectivity for PrP, brain retention
of BF-227 in GSS shows a distinct pattern of regional
distribution than that usually observed in sporadic AD.
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y-Aminobutyric acid type A (GABAA) receptor p1 (gabrb1), a subunit of GABAA receptors involved in
inhibitory effects on neurotransmission, was found to associate with the formation of protease-
resistant prion protein in prion-infected neuroblastoma cells. Silencing of gabrb1 gene expression
significantly decreased the abnormal prion protein level but paradoxically increased the normal
prion protein level. Treatment with a gabrbl-specific inhibitor, salicylidene salicylhydrazide,
dose-dependently decreased the abnormal prion protein level, but silencing of other GABAA recep-

Edited by Jesus Avila

tor subunits’ gene expression and treatments with the receptor antagonists and agonists did not.
Keywords: Therefore, gabrbl involvement in abnormal prion protein formation is independent of GABAA
Prion receptors.
GABAA receptor © 2010 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.
gabrb1
siRNA
Antagonist
1. Introduction sible linkage of y-aminobutyric acid A receptor g1 (gabrb1) with

Transmissible spongiform encephalopathies or prion diseases
are fatal neurodegenerative disorders that include Creuzfeldt-
Jakob disease in humans, and bovine spongiform encephalopathy
and scrapie in animals. These diseases are characterized by deposi-
tion of a partially protease-resistant abnormal isoform of prion
protein (PrPres), which is the main component of the pathogen
and which is converted from the normal cellular isoform of prion
protein (PrPc) in the central nervous system and lymphoreticular
system [1]. Cell biology of the biosynthesis and metabolism of PrPc
and PrPres has been eagerly investigated in prion-infected cells
[2,3] but has not been fully elucidated. Especially, endogenous fac-
‘tors involved in the formation of PrPres or the conformational
change from PrPc into PrPres [4,5] remain enigmatic.

Using gene screening by the gene silencing technique with
small interfering RNA (siRNA) or short hairpin RNA (shRNA) [6.7].
we have sought endogenous factors affecting the metabolism of
PrPres in prion-infected neuroblastoma cells, We report here a pos-
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versity Graduate School of Medicine, 2-1 Seiryo-machi, Aoba-ku, Sendai 980-8575,
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1 Present address: Department of Psychiatry, Saga University School of Medicine,

Saga, Japan.

the formation of PrPres. In fact, gabrb1 is a subunit of y-aminobu-
tyric acid type A (GABAA) receptors responsible for most of the fast
inhibitory synaptic transmission in mammalian brain [8]. Belong-
ing to the ligand-gated ion channels, they are formed by the pen-
tameric assembly of homologous subunits. Numerous GABAA
receptor subunits have been identified (x1-6, p1-3, y1-3, §, m,
€, and 0), all of which are products of separate genes, and most GA-
BAA receptors contain two o subunits, two p subunits and either
one y subunit or one 3 subunit [8]. It has been well documented
that GABAergic neurons are affected by prion infection [9-15],
but it is not clear whether GABAA receptors are involved in PrPres
formation. Therefore, to address this query, we performed gene
silencing experiments for gabrb1 and other representative GABAA
receptor subunits (a5, B3, v2, and &) as well as GABAA receptor
modulating experiments using the antagonists and agonists in
prion-infected cells.

2. Materials and methods
2.1. siRNAs and compounds
Double-stranded siRNAs for GABAA receptor subunits used

for this study (Table 1) were purchased from Invitrogen Corp.
(Carlsbad, CA, USA). Some GABAA receptor antagonists (bicuculline

0014-5793/$36.00 © 2010 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.
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methiodide and picrotoxin) and agonists (GABA, muscimol, and
isoguvacine hydrochloride) were purchased from Sigma-Aldrich
Corp. (St. Louis, MO, USA). Another agonist, pentobarbital, was pur-
chased as a 5% (approximately 200 mM) solution of its sodium salt,
nembutal, from Dainippon Sumitomo Pharma Co. Ltd. (Osaka,

Japan). A specific inhibitor of GABAA receptor $1 subunit, salicylid-*

ene salicylhydrazide, was obtained from Tocris Bioscience (Mis-
souri, USA).

2.2. shRNA expression vectors

The DNA fragments flanking 5' BamHI recognition sequence and
3' Hindlll recognition sequence, which corresponded to shRNA se-
quences for GABAA receptor subunits, were produced by annealing
pairs of sense and antisense 64mer oligonucleotides, of which
sense sequences were designed as follows: 5-GATCCGAg-
GGTGGAGTTCAtAAtAGGCTTCCTGTCACCTGTTGTGAACTCCACCTTC-
TTTTTITA-3' targeting to nucleotides 663-683 of p1 subunit coding
sequence; 5'-GATCCACCTGGTETGAtAGAtGTTTGCTTCCTGTCACAA-
ACGTCTGTCATACCAGGTTTTTITA-3' targeting to nucleotides 355~
375 of y2 subunit coding sequence; 5'-GATCCGAATGGGCTECTT-
tACtATCCCTTCCTGTCAGGATGGTGAAGTAGCCCATTCTTTTITA-3' tar-
geting to nucleotides 809-829 of y2 subunit coding sequence;
5'-GATCCACATGGAgTACACATGAtTGCTTCCTGTCACAGTCATGGT G-
ATTTCCATGTTTTTTTA-3 targeting to nucleotides 245-265 of &
subunit coding sequence, Bold italic letters and small bold italic
letters, respectively denote target sites and mismatch-induced
sites. The DNA fragments were ligated into a pBAsi-hH1 (Takara
Bio Inc., Shiga, Japan) cut with BamHI and Hindlll. The ligated vec-
tors were introduced into Escherichia coli; then plasmids of interest
were harvested and sequenced.

2.3. Mutated gabrb1 expression vector

Mouse gabrb1 gene was cloned from a ready mouse brain cDNA
library (Marathon; Takara Bio Inc.) using PCR with KOD-plus DNA
polymerase (Toyobo Co. Ltd., Osaka, Japan). A PCR product was in-
serted into a pcDNA3.1 Myc/His expression vector (Invitrogen
Corp.). The ligated vectors were introduced into E. coli; then plas-
mids of interest were harvested and sequenced. Mutations were
induced by site-directed mutagenesis using PCR technique with
primers of 5'-GATGCATCTGCAGCgcGtGTgGCICTtGGtATaACaAC-
GGTGCTG-3 (small italic letters indicate silent mutations induced)
and 5-TGCAGATGCATCATAGTTGATCCA-3'. The PCR products were
treated with Dpnl for digesting template plasmids and introduced
directly into E. coli; then plasmids of interest were harvested and
sequenced.

2.4. Gene silencing experiments
Mouse neuroblastoma N2a cells infected persistently with RML

prion strain (ScN2a) or 22L prion strain (N167) were diluted to 10%

Table 1
siRNAs and shRNAs used for this study.

GABAA receptor subunit Nucleotide position of target region”
examined siRNA (catalog no.™) shRNA

o5 311-335 (MS5201426)

p1 820-844 (MS5204523) 663-683

p3 873-897 (MS5204527)

#3 transcript variant 1 62-86 (MS5204528)

y2 355-375, 809-829
3 245-265

* Nucleotide position in the coding sequence of each GABAA receptor subunit gene.
** siRNAs were obtained from Invitrogen Corp. (Carisbad, CA, USA).

or 15% confluence with Opti MEM I (Invitrogen Corp.) including
10% fetal bovine serum (FBS), and 2.4 ml each was seeded onto
six-well plates, Transfection was performed on the next day of
seeding. TransFectin (3.0 plfwell; Bio-Rad Laboratories, Inc., Hercu-
les, CA, USA) was used for the transfection of shRNA expression
vectors, and silentFect (3.0 plfwell, Bio-Rad Laboratories, Inc.)
was used for transfection of double-stranded siRNAs. The amounts
of vectors or siRNAs used in transfection were, respectively, 0.2 ug
per well or 20 nM per well. Medium was changed on the day after
transfection. Cells were harvested after washing with PBS 3 days
after transfection.

2.5. Rescue experiment

The ScN2a cells were diluted to 15% confluence with Opti MEM I
including 10% FBS, and 2 ml each was seeded onto six-well plates.
Transfection was performed on the day after seeding. TransFectin
(2.0 pljwell) was used for the transfection of both mutated gabrb1
expression vector and double-stranded siRNA. The amounts of the
vector and the siRNA used for transfection were, respectively,
0.8 pg per well and 5 nM per well. Medium was changed on the
day after transfection. Cells were harvested after washing with
PBS 3 days after transfection.

2.6. Immunoblotting

Cells were lysed with lysis buffer (0.5% sodium deoxycholate,
0.5% Nonidet P-40, PBS) after rinsed with PBS, and debris was elim-
inated by centrifugation at 3000xg for 10 min at 4 °C. Protein con-
tents of each sample were measured using a modified Lowry
method [16} with Dc protein assay reagent (Bio-Rad Laboratories,
Inc.) with bovine serum albumin as a standard. For PrPres detection,
cell lysate containing the same protein amount was treated with
10 pg/ml of proteinase K for 30 min at 37 °C, and PrPres was pel-
leted by centrifugation at 20 000xg for 20 min at 4 °C. After dena-
turation in sample buffer by heating at 95 °C for 10 min, PrP was
separated using SDS-PAGE and then transferred onto Immobilon-
P membrane (Millipore Corp., Bedford, MA, USA). Subsequently,
PrP was detected using a monoclonal antibody SAF83 as a primary
antibody, which recognizes residues 126-164 of mouse PrP
{1:5000; SPI-Bio, Massy, France), and an alkaline phosphatase-con-
jugated goat anti-mouse antibody (1:20 000; Promega Corp., Mad-
ison, W1, USA) as a secondary antibody. Immunoreactivity was
visualized using CDP-Star detection reagent (Amersham, Piscata-
way, NJ, USA) and was analyzed densitometrically using the Image]
program (National Institutes of Health, Bethesda, MD, USA). To
check the sample integrity, protein levels of GAPDH and p-actin
were analyzed in the same samples used for PrPres detection.

2.7. Quantification of mRNA level

Cells were lysed with RNAiso-plus reagent (Takara Bio Inc.). To-
tal RNA was extracted using FastPure RNA (Takara Bio Inc.). Poly A*
RNA was purified from total RNA using an isolation kit (MicroFast
Track MAG micro mRNA; Invitrogen Corp.). In addition, cDNA was
synthesized with first strand cDNA synthesis Kit (Takara Bio Inc.).
The mRNA level was measured by real-time PCR using SYBR Pre-
mix Ex Taq 1l (Takara Bio Inc.) or using TagMan probe with gene
expression assay master mix for gabrb1 (Mm00433461_m1; Ap-
plied Biosystems). Fold change of gene expression was calculated
using the 2-44% method, with GAPDH as an internal control.

2.8. Statistical analyses

Statistical significance was analyzed using one-way analysis of
variance followed by the Tukey-Kramer post-hoc test for multiple
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sample comparisons, or using a t-test for the two sample compar-
isons. Statistical significance for each analysis was defined as
P <0.05.

3. Results
3.1. Effects of gabrb1 gene silencing

Gene silencing of gabrb1 in ScN2a cells by transfection of shRNA
expression vector targeting at nucleotides 663-683 of gabrb1 cod-
ing sequence demonstrated a significant decrease in both gabrb1
mRNA level (Fig. 1a) and PrPres formation (Fig. 1b). On the other
hand, the PrP mRNA level increased significantly (Fig. 1a); upregu-
lation in PrPc protein level was confirmed in uninfected N2a cells
as well as ScN2a cells (Fig. 1a and c). Similar results were also ob-
served in the gene silencing experiment using double-stranded
siRNA, which was designed to target at nucleotides 820-844 of
gabrb1 coding sequence (Fig. 1d-f). Protein levels of GAPDH and
B-actin in the cells treated with the gabrb1 shRNA or siRNA were
consistent with those of the mock controls (Fig. 1b and e), indicat-

300

(% of control)

mRNA level

(=]

Mock shRNA  Mock shRNA

gabrb1 PrP GAPDH e waw
B-actin ey
d e
Mock siRNA
3 -
PrPres
250 * %k b - 20
m - -
E 200
I}
3% 150 - a0
< il
% % 100 -3
g
50
0 =-20
Mock siRNA  Mock siRNA
gabrb1 PrP

1195

ing that the reduction of PrPres level was not attributable to either
sample preparation artifacts or cell viability difference. On the
other hand, in comparison with ScN2a cells, N167 cells showed a
less remarkable decrease in PrPres formation when treated with
the gabrb1 siRNA (Supplementary Fig. 1).

Other representative subunits of GABAA receptor, including p3
and one of its transcript variants, as well as o5, y2, and 8, were
subjected to gene silencing experiments in ScN2a cells, but no
modification in the PrPres level was observed despite marked
reduction in mRNA levels of the target genes (Supplementary
Fig. 2). These subunits were chosen from the following facts. Most
GABAA receptors contain two o subunits, two B subunits, and
either one y subunit or one 3 subunit [8]. The a5 subunit is report-
edly upregulated in the brain when prion is inoculated into the
mice expressing anchorless PrP [17]. The B3 subunit is the most
abundant B subunit observed in ScN2a (data not shown). The y2
subunit is the most abundant subunit in the brain and is incorpo-
rated in most GABAA receptor subtypes [18). The & subunit com-
prises only one member. In addition to the subunits described,
the B2 subunit was also examined in this study, but its gene silenc-
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Fig. 1. Effects of gabrb1 gene silencing. Data from ScN2a cells transfected with shRNA expression vector or mock vector are shown: mRNA level of gabrb1 and PrP (a);
immunoblot and protein level of PrPres and total PrP (b). Inmunoblot and protein level of PrPc from N2a cells transfected with shRNA expression vector or mock vector are
shown in (c). Data from ScN2a cells transfected with double-stranded siRNA or transfection reagent only (mock) are shown: immunoblot and protein level of PrPres and total
PrP (d); mRNA level of gabrb1 and PrP (e). Immunoblot and protein level of PrPc from N2a cells transfected with double-stranded siRNA or transfection reagent only (mock)
are shown in (f). Molecular size markers in the right side of the immunoblots are shown in kilodaltons. Immunoblot data shown here are representative examples; the graphic
data shown here are the average and standard deviation from results of independent triplicate experiments (*P < 0.05, **P < 0.01).



