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efficiency would be determined by varying the hydro-
carbon chain length.

In conclusion, saccharide primers such as GlcNAc-
Cl12 and LacNAc-Cl2 were developed to synthesize
neolacto-series oligosaccharides using mammalian cells.
The glycosylated products were separated by HPLC,
and the sequences were determined by enzymatic diges-
tion and mass spectrometry. The saccharide primers
employed in this study are expected to be useful for syn-
thesizing oligosaccharides expressed in mammalian cells.

4. Experimental

4,1. Synthesis of dodecyl 2-acetamido-2-deoxy-f-n-
glucopyranoside (GleNAc-C12)

2-Acetamido-1,3,4,6-tetra- O-acetyl-2-deoxy-p-glucopy-
ranoside (Acs-GlcNAc) was prepared by reacting
N-acetylglucosamine (2.5 g. 11.3 nmol, GlcNAc, Sigma)
with Ac;O (15 mL, 159 mmol, Wako Pure Chemicals) in
30 mL of pyridine according to the literature.'” Acy-Gle-
NAc (3g, 7.71 mmol) was mixed with TMS-OTf
(4.0 mL, 21.9 mmol, E. Merck) in CH>Cl; under nitro-
gen.”” The solution was refluxed at 50 °C with stirring
for 7h. After evaporation followed by neutralization
with EtsN, the product was chromatographed on silica
gel to examine the progress of the reaction, The reaction
mixture was mixed with [I-dodecanol (3.6mL,
15.5 mmol, Wako Pure Chemicals), BF;-OEt; (21 mL,
7.9 mmol, Wako Pure Chemicals) in the presence of
4 A molecular sieves (2.5 g), and stirred at room temper-
ature for 22 h*' BF3.OEt (20.1 mL, 0.79 mmol) was
added at 18 h to complete the reaction. The mixture
was neutralized with Et;N. After evaporation, the prod-
uct was purified by column chromatography (Silica Gel
60, E. Merck, 7 x 30 cm, 1:1 n-hexane-EtOAc). Yield:
63.8% (2.53 g). '"H NMR(CDCly): 5 5.51 (d, 1H, Jaxn
8.8 Hz, NH), 5.31 (dd, 1H, J;3 10.1 Hz, J34 9.5 Hz,
H-3), 5,06 (dd, 1H, J34 9.5 Hz, J45 9.9 Hz, H-4), 4.65
(d, 1H, J12 8.4 Hz, H-1), 4.26 (dd, 1H, Jse 4.7 Hz,
Jogem 12.3 Hz, H-6a), 4.12 (dd, 1H, J56a 2.4 Hz, J5 gem
12.3 Hz, H-6b), 3.89-3.75 (m, 2H, J;nu 8.8 Hz, Ji2
8.4 Hz, H-2, OCH,CH2(CH;)eCH3), 3.69 (ddd, Jas
9.9 Hz, Js¢ 2.4 Hz, Js4, 4.7 Hz, H-5), 3.50-3.42 (m,
1H, OCH,CH»(CH3)oCHa), 1.94, 2.02, 2.02, and 2.08
(s, each 3H, Ac), 1.60-1.50 (m, 2H, OCH,CH,-
(CH3)sCHs), 1.35-1.14 (m, 18H, OCH,CH2(CH;)sCH3),
0.87 (t, 3H,O0CH,CH3(CH;)sCH3).

Dodecyl 2-acetamido-3,4,6-tri-O-acetyl-2-deoxy-f-p-
glucopyranoside (2.5 g, 4.85 mol) in 100 mL of MeOH
was deacetylated in the presence of NaOMe (270 mg,
5.0 mmol, Wako Pure Chemicals). Deprotection was
carried out with stirring for 40 min. After decolorization
on charcoal in EtOH, the product GlcNAc-C12 was
obtained by recrystallization in ethanol. Yield: 1.70 g

(88.1%). Mp 160-162 °C, lit”* mp 161 °C, [a]p —18.8
(¢ 0.12, CH;0H). '"H NMR (CD;OD): 4 4.38 (d, IH,
J12 6.1 Hz, H-1), 391-3 83 (m, 2H, H-6a, NH), 3.70—
3.58 (m, 2H, H-2, H-5), 3.48-3.40 (m, 2H, H-3, H-6b),
3.34-3.27 (m, 3H, H-4, OCH,), 1.97 (s, 3H, Ac), 1.53-
1.51 (m, 2H, OCH,CH>(CH;)sCHs), 1.34-1.22 (m,
18H, OCH,CH,(CH;)sCH3), 0.89 (t, 3H, OCH,CH,-
(CH3)sCHs). MALDI-TOFMS: caled for CzoH3oNOg:
(M+Na)*, 412.3, Found: (M+Na)™, 412.3. Anal. Calcd
for CapH39NO60.3H,0 (398.68): C, 60.82; H, 10.11; N,
3.55. Found: C, 60.81; H, 10.04; N, 3.54.

4.2. Synthesis of dodecyl f-p-galactopyranosyl-(1—4)-2-
acetamido-2-deoxy-f-p-glucopyranoside (LacNAc-C12)

2,3,4,6-Tetra-O-acetyl-f-p-galactopyranosyl-(1 —4)-2-
acetamido-1,3,6-tri-O-acetyl-2-deoxy-fi-p-glucopyranos-
ide (Ac-LacNAc) was prepared by mixing N-acetyl-
lactosamine (982mg, 2.56 nmol, LacNAc, Yaizu
Suisankagaku Industry Co. Ltd, Japan) with Ac,O
(S5mL, 52.9 mmol) in 10 mL of pyridine. Ac-LacNAc
(0.799 g, 1.88 mmol) was mixed with TMS-OTf
(0.24 mL, 1.33 mmol) in CH;Cl; under nitrogen. The
solution was refluxed at 50 °C with stirring for 12 h.
After evaporation, followed by neutralization with
EtaN, the product was chromatographed on silica gel
to examine the progress of reaction. After evaporation,
the product was collected by column chromatography
(Silica Gel 60, 2 x 23¢m, 1:2:0.01 toluene-EtOAc-
Et3N). The collected products were mixed with 1-dodec-
anol (1.3mL, 5.89 mmol), (R,S)-camphor sulfonate
(27 mg, 0.12 mmol, Wako Pure Chemicals) in the pre-
sence of 4 A molecular sieves (350 mg), and refluxed
for 6 h. The mixture was neutralized with EtsN. After
evaporation of the solvent, the product was purified by
column chromatography (Silica Gel 60, 2 x 35 cm, 2:3
n-hexane-EtOAc). Yield: 50% (478 mg). 'H NMR
(CDCly): 6: 5.63 (d. 1H, Jugn2 9.3Hz, NH), 5.35 (d,
1H, Jy 4 2.9 Hz, H-4), 5.11 (dd, 1H, H-2'), 5.06 (dd,
IH, J3s 8.1Hz H-3), 497 (dd, 1H, Jyy 10.3 Hg,
H-3'), 451-4.46 (m, 2H, H-1', H-6a), 4.43 (d, 1H, /1>
7.3, H-1), 4.15-4.09 (m, 3H, H-6b, H-6b, H-63"), 4.03
(dd, 1H, J>1 9.3 Hz, H-2), 3.87 (ddd, 1H, H-5), 3.78
(dd, 1H, H-4), 3.62 (ddd, I|H, Jss 5.6 Hz, H-5), 3.4]
(dd, 2H, OCH;CH4(CH;)sCH;), 2.15-1.96 (m, 21H,
Ac), 1.60-1.46 (m, 2H, OCH;CH>(CH;)sCHs), 1.30-
1.18 (m, 18H, OCH,CH,(CH;),CHi), 0.87 (t, 3H,
OCH;(CH;)19CHs).

Dodecyl 2,3,4,6-tetra-0-acetyl-B-p-galactopyranosyl-
(1—+4)-2-acetamido-3,6-di- O-acetyl-2-deoxy-p-p-gluco-
pyranoside (478 g, 0.56 mmol) in 25 mL of MeOH was
deacetylated by the addition of NaOMe (160 mg,
2.97 mmol) with stirring for 3 h. The reactant was
concentrated after treating with Amberlite IR-120B
(Organo Co., Japan). LacNAc-C12 was purified by dis-
tilling with EtOH, toluene, and CHCl;. Yield: 326 mg
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(99%). mp 246°C, [alp —7.6 (¢ 02, DMSO). 'H
NMR(DMSO-dg): 6 7.74 (d, 1H, NH), 4.28 (d, 1H,
J12 7.8 Hz, H-1), 4.19 (d, 1H, J,2 8.1 Hz, H-1), 1.7 (s,
3H, Ac), 1.42-141 (m, 2H, OCHCH(CH,)sCHj),
1.17-1.29 (m, 18H, OCH,CH,(CH,),CH3), 0.85 (1, 3H,
OCH;CH,{CH;)sCHs). MALDI-TOFMS: caled for
CasHioNOy: (M+Na)™, 574.3, found: (M+Na)®,
574.6. Anal. Caled for CisHioNOy-1.5H,0 (578.35):
C, 53.96; H, 9.06; N, 2.42. Found: C, 54.24; H, 8.77;
N, 2.30.

4.3. Cell culture

HL-60 cells (Riken Cell Bank) were grown in RPMI
1640 medium (Nissui Pharm. Co., Ltd) supplemented
with 10% heat-inactivated fetal bovine serum (JRH Bio-
sciences Inc.) at 37 °C in humidified 5% CO;. BI16 cells
(Riken Cell Bank) were grown in DMEM (Gibco
BRL) supplemented with streptomycin 0.1 g/L, penicil-
lin G potassium 50,000 unit/L, and 10% heat-inacti-
vated fetal bovine serum (JRH Biosciences Inc.) at
37 °C in humidified 5% CO,.

4.4. Glycosylation of saccharide primers in cells

Stock solutions of 20 mM saccharide primers in DMSO
were diluted to 50 pM with serum-free and phenol red-
free culture medium consisting of RPMI 1640 medium
(Gibco BRL) containing 5 mg/L of transferrin, 5 mg/L
of insulin, and 30 nM selenium dioxide.

Glycosylation by cells was carried out as follows:
HL60 cells (2 x 10%) were incubated with RPMI 1640
medium containing 50 uM saccharide primer for 48 h.
The glycosylated products secreted in the culture med-
ium were collected with a Sep-Pak C;z column (Waters
Co.). The water-soluble compounds were removed with
water and 3:7 MeOH-H,0. The glycosylated products
were eluted with MeOH. The eluate containing the
glycosylated products was evaporated under reduced
pressure. The obtained products were dissolved in
100 pL of 2:1 CHCl:--MeOH, and an aliquot was sepa-
rated on an HPTLC plate (Silica Gel 60, E. Merck)
using CHCl3-MeOH-0.2% CaCl,. Acidic and neutral
products on the HPTLC plate were stained with resor-
cinol-HCI reagent and orcinol-H,SO; reagent, respec-
tively. B16 cells (2 x 10° were similarly incubated with
saccharide primers in serum-free DMEM/F-12 medium
(Gibco BRL) containing 5 mg/L of transferrin, 5 mg/L
of insulin, and 30 nM selenium dioxide.

4.5. TLC blotting

TLC blotting was carried out as follows: Glycosylated
products separated on an HPTLC plate were sprayed
with primuline reagent, and the spots were marked with
a red pencil under UV light. Then, the HPTLC plate was

dipped in a blotting solvent of 40:7:20 2-PrOH-Me¢OH-
02% CaCl; for 20 s and placed on a glass fiber filter
(ATTO Co.). The plate was covered with a PVDF mem-
brane (ATTO Co.), a PTFE membrane (ATTO Co.),
and another glass fiber filter. These layers were subjected
to pressure at 180 °C for 30s using a TLC thermal
blotter (ATTO Co.). The PYDF membrane was washed
with pure water, and glycolipid fractions were extracted
with MeOH and 2:1 CHCl;-MeOH.

4.6. High-performance liquid chromatography (HPLC)

Neutral products and acidic products separated using
a Sep-Pak Cjs column were purified by HPLC. The
crude products dissolved in 70:28:2 CHCl;-MeOH-
H,0 were injected into an HPLC system equipped with
an latrobead column (6RSP-8005, 4.6 = 250 mm, latron
Laboratories Inc.) and a light scattering detector (SE-
DEXT7S, Sedere). Neutral products were separated with
70:28:2 CHCl;-MeOH-H,0. Acidic products were
separated with 70:28:2 CHCl;-MeOH-H0 and 60:35:5
CHCls-MeOH-H;0. The flow rate was 2mL/min.
The fractions were collected at 30-s intervals for 40 min.

4.7. Mass spectrometry

The structural analyses of glycosylated products were
carried out by a MALDI-TOF mass spectrometer
(Autoflex, Bruker Daltonics) and an ESI mass spec-
trometer (Esquire 3000, Bruker Daltonics). 2,5-Di-
hydroxybenzoic acid (DHB, Aldrich) was employed as
a matrix.

4.8. Digestion of glycosylated products by enzymes

Enzymatic digestion of glycosylated products was car-
ried out in 50 mM NaOAc buffer (pH 4.8) containing
50mU of neuraminidase from A wreafaciens
(EC.3.2.1.18, Sigma), or in 50 mM sodium acetate
butter (pH 5.5) containing 10 mU of neuraminidase
from M. decora (EC. 3.2.1.18, Calbiochem). The reac-
tions were carried out in the presence of 0.6 mg/mL
sodium taurodeoxycholic acid. The products were
collected using a Sep-Pak C,g column, separated on an
HPTLC plate with 60:35:8 CHCl;-MeOH~-0.2% CaCl,,
and were stained with orcinol-H,;S0..

4.9, MTT assay

Cells (2 x 10%) in a 96-well microplate were incubated
with 50 uyM GleNAc-C12 or LacNAc-C12 for 48 h.
Ten pL of WST-1 dye solution (10 mM WST-1 and
0.2mM I-methoxy PMS, Dojindo Laboratories) per
well was added to each well. After 2 h, absorbance at
450 nm with a reference wavelength of 690 nm was mea-
sured using a microplate reader (Multiskan, Labsystem).
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ABSTRACT: We obtained a novel carbohydrate-binding peptide having a helix—loop—helix scaffold from
a random peptide library. The helix—loop—helix peptide library randomized at five amino acid residues
was displayed on the major coat protein of a filamentous phage. Affinity selection with a ganglioside,
Galf}1—3GalNAcf 1 —4(NeuSAca2 —3)Galp1 —-4Glc/31— I'Cer (GM1), gave positive phage clones. Surface
plasmon resonance spectroscopy showed that a corresponding 35-mer synthetic peptide had high affinity
for GM1 with a dissociation constant of 0.24 4M. This peptide preferentially binds to GMI rather than
asialo GM | and GM2, suggesting that a terminal galactose and sialic acid are required for the binding as
for cholera toxin. Circular dichroism spectroscopic studies indicated that a helical structure is important
for the affinity and specificity. Furthermore, alanine scanning at randomized positions showed that arginine
and phenylalanine play an especially important role in the recognition of carbohydrates. Such a de novo
helix—loop—helix peptide would be available for the design of carbohydrate-binding proteins.

Lectins, antibodies, and proteins which are specific to
carbohydrates serve as powerful tools in the identification
of the physiological roles of glycoconjugates (/). Despite
this, because glycotopes are poor immunogens, it is difficult
to obtain antiglycan and antiglycolipid antibodies (2, J).
Approximately two-thirds of carbohydrate-binding antibodies
are IgM (2), their affinity and specificity not always being
sufficient in clinical use as a glycan probe. To overcome
this, the affinity of antibodies has been improved through
selection from phage-display libraries over the past decade
(4). The affinity of monoclonal antibodies against oligosac-
charides of Lewis® (5). sialyl Lewis™ (f), c-galactosyl
epitope (7), Thomsen-Friedenreich antigen (8), Galffl—
3GalNAc//1 —4Galff1 —4Glef1— 1 'Cer (asialo GM1)' (3), and
NeuSGeo2—3Gal 1—4Glefi1—1'Cer (N-glycoyl GM3) (9)
has improved. When it comes to lectin (/O, []) and
hemagglutinin (12, 73), attempts to change binding specificity
through mutation have been reported.
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B subunit: K. dissociation constant: NMR. nuclear magnetic resonance:
CFU, eolony-forming units: PBS, phosphate-buflered saline; TBS, Tris-
buffered saline;: BSA. bovine serum albumin; ELISA. enryme-linked
immunosorbent assay: CD, ciranlar dichroism: SPR, surface plasmon
resonance;, RUL resonance units; K. maximum resonance; R, equilibaum
resomence units; AG, Gibbs free energy change.
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An altemative strategy might have great potential in the
engineering of tailor-made anificial carbohydrate-binding
proteins. Research groups have adopted various structural
motifs for the de novo design of polvpeptides such as
metalloproteins (/4), catalysts (13, 76}, and bacteriorhodopsin
(77). Random library-based selection and evolution with
structural scaffolds using display technologies have provided
proteins that target specific molecules (18, 19). In this study,
a stable helix—loop—helix structure was chosen to construct
an artificial carbohydrate-binding domain. Helix-based motifs
are frequently conserved in proteins during molecular evolu-
tion (20). Selection from a randomized peptide library with
the helix-type scaffold would give peptides that play a role
as a carbohydrate-binding domain.

The ganglioside GMI1 is well-known as a receptor of
cholera toxin B subunit (CTB) (2/, 22) and is often used as
a marker of lipid rafis (23). Yanagisawa noted that GM| is
correlated with the accumulation of J-amyloid in cases of
Alzheimer’s disease (24). The development of GM |-binding
molecules is required for investigation of the localization
and roles of GMI on the cell surface. Our previous selection
from a random library showed a pentadecapeptide, p3, with
affinity for a GMI pemasaccharide with a dissociation
constant (K) of 1.2 uM (25, 26). This peptide was specific
to GM1 as well as CTB, but the binding affinity of the
peptide was lower than that of CTB (Ky = 107%=107"* M)
(22). Two-dimensional nuclear magnetic resonance (NMR)
experiments showed that a conformational change of this
peptide occurred during the binding to GM1 (27). To decrease
the entropic loss caused by the conformational change, a helix-
type scaffold was adopted for the selection. Five amino acids
at the C-tenminal helix of the helix—loop—helix scaffold were
randomized to identify the GM1-specific peptide sequences.
Phage display selection, alanine scanning, and circular
dichroism experiments indicated the peptide to be specific
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to GM1 and the helical conforination to be necessary for
the specific binding.

EXPERIMENTAL PROCEDURES

Materials. Gangliosides and glycosphingolipids (GSLs),
Galf1-3GalNAcf 1 —4(NeuSAco2—3)Galf1 —4Glef1—1"Cer
(GM1), GalNA¢fi1—4(NeuSAco2—3)Galfi1 —4Glefi1 —1"Cer
(GM2), Galf1—3GalNAcS1—-4Galf1—-4Glcf1—1'Cer (asia-
lo GMI), and Glcf}1—1'Cer (GlcCer) were obtained from
Sigma-Aldrich Co. (St. Louis, MO). Anti-fd bacteriophage
antibody, peroxidase-conjugated anti-rabbit IgG antibody,
and peroxidase-conjugated cholera toxin B subunit (CTB)
were obtained from Sigma-Aldrich. XL1-blue cell and helper
phage (VCSMI3) were obtained from Stratagene Co. (La
Jolla, CA).

Phage Display Library. A random library of a helix—loop—
helix peptide, AELAALEAELAALE-G-KLXXLKXKLXX-
LKA, was constructed using a pComb8 system (28). This
library was displayed on major coat protein VII of a
filamentous phage with a GGSSA spacer and GAPVPYP-
DPLEPR (E-tag). We estimated the library has 3.2 x 107
recombinants, which is enough diversity to cover five
randomized amino acids (20° = 3.2 x 109),

Affinity Selection with GMI. For affinity selection, a
ganglioside GM| monolayer was prepared at the air—water
interface in a Langmuir trough and immobilized onto a plastic
plate (code 174950, Nunc) as reported previously with a
minor modification (25, 26). The phage library (5 x 10°
CFU) was incubated with GM1 in 200 4L of phosphate-
buffered saline (PBS) at pH 6.0 ([phage] = 0.041 nM). After
30 min, the GMI plate was washed three times to remove
unbound phages. Bound phages were eluted for 15 min with
glycine-HC) buffer (pH 2), and the cluate was neutralized
with Tris-HCI buffer at pH 9.1. To estimate the phage
number collected, a small portion of the eluate was saved
and used for titering. Escherichia coli XL1-blue cells were
infected with the phages in SB medium incubated for 30
min at 37 °C. After the addition of ampicillin, the trans-
formed cells were grown for 1 h at 37 °C. The phages were
rescued by adding a VCSMI13 helper phage and further
amplified overnight. The phages amplified were collected
and purified with polyethylene glycol and NaCl for the next
round. This process was repeated seven or nine times. After
the last round of affinity selection, the titering plate was used
to isolate individual phage clones. Each phagemid cloned
was purified with a QIAprep Spin Miniprep Kit (QIAGEN
Inc.) and used as a template for sequencing to deduce the
amino acid sequence.

Peptide Svnthesis and Purification, Peptides (peptide
amides) were synthesized with a solid-phase peptide syn-
thesizer (model 433A, Applied Biosystems) using 9-fluo-
renylmethoxycarbonyl (Finoc) chemistry. The peptides were
purified by reversed-phase high-performance liquid chroma-
tography (Cis column, 250 mm x 20 mm inside diameter)
with a linear gradient of water containing 0.1% trifluoroacetic
acid (TFA) and acetonitrile containing 0.1% TFA at a flow
rate of 10 mL/min. The major fractions were lyophilized,
and the peptides were characterized by matrix-assisted laser
desorption ionization time-of-flight mass spectrometry (au-
toflex, Bruker Daltonics, Inc.) using a matrix of a-cyano-
4-hydroxycinnamic acid.

Matsubara et al.

Circular Dichroism (CD) Spectroscopy. CD spectroscopy
was performed on a Jasco J-820 spectropolarimeter using a
I mm cuvette. Spectra were collected from 260 to 190 nm
every 0.2 nm. The peptide concentrations were determined
by measuring tyrosine absorbance (the molar absorbance
coefficient at 257 nm equals 1450 M~! em™"). A peptide
solution (100 M) was prepared with Tris-buffered saline
(TBS) (50 mM Tris-HCI and 150 mM NaCl) at pH 7.5.
The CD spectra are reported as mean residue ellipticity ([0])
in degrees per square centimeter per decimole. The a-helical
content was calculated from the following equation (29).

a-helical content = (— 160122 + 23401/30300

Surface Plasmon Resonance (SPR) Analysis. The affinity
of peptides for glycolipids was determined by SPR using a
Biacore X biosensor system (Biacore International). The
glycolipid monolayer was immobilized on a bare gold sensor
chip (code BR-1004-05, Biacore International), and this chip
was docked into the instrument, All measurements were
carried out in TBS (pH 7.5) which was filtered (0.22 um)
and degassed prior to use. After the docking, TBS was
injected over the chip at a flow rate of 10 gL/min for 30—40
min. Analyses were performed at 25 °C and with a flow rate
of 5 ul/min for the determination of equilibrium binding.
The sensor chip surfaces were regenerated with 4 M MgCl,
for 8 min.

Binding affinity was calculated from a Scatchard analysis
of equilibrium binding using the equation

R../\peptide) = R,../K,~ R./K,

where [peptide], Ry and Ky are the concentration of peptide,
the maximum resonance, and the dissociation constant,
respectively. The resonances in the association phase at
500-600 s were used as the equilibrium resonance units
(R). The average R, values were plotted in the form R/
[peptide] versus Ry, and Ky and Rys were calculated from
the slope and intercept of the linear relationship, respectively.
The peptide concentration range (1—20 4#M) in which the
peptide amounts were analyzed as a single interaction by a
Scatchard plot was used to determine Ky values. In the case
of B72, the concentrations of 1—10 4M were used for the
analysis, since the multilayer adsorption was observed at 20
4M and reliable signals were not detected below 1 uM.

Molecular Modeling. Molecular modeling was performed
using the Insightll/Discover3 system (Accelrys, Inc.). The
peptide amide Ct5 was built using the Biopolymer module
in Insightll, where the main chains of 1—14 and 22-36
residues are taken as the helical structure and the chain of
15—21 residues is extended. Simple minimization was
performed using Discover3, To obtain peptide B72, substitu-
tions of four alanines with Lys24, Arg28, Arg3l, and Phe32
were made in Ct5 using the Biopolymer module. After the
minimization, the final structure was used for the drawing
shown in Figure 8. Crystallographic coordinates of the X-ray
structure of pentasaccharide GM1 were obtained from the
Protein Data Bank (entry 3CHB). The B72 peptide and GM1
pentasaccharide were superimposed,

RESULTS

Helix—Loop—Helix Design. The helix—loop—helix scaf-
fold is composed of two helical sequences with seven
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Fisumi 1: Structure of the hehix—loop—helix library. An illustration
of the helix—loop—helix library is shown at the left. Five random-
ized positions are arranged in the C-terminal helix, where X is a
randomized position. The amino acid sequence of the helix—loop—
helix peptide library is shown at the right.

aM1 Gmm:m‘bc.
GM2 GliNmbC.

asialo GM1  Gal-GalNAc-Gal-Gle-Cer
GicCer

Gle-Cer

Fiaume 2: Scl I ey tation of ganpliosides and GSLs
employed in this study. Gle, glucose; Gal, palactose; GalNAc,
N-acetylgalactosamine; NeuSAc, N-acetylneuraminic acid; Cer,
ceramide,

glyeines as a spacer (Figure 1) (30). Leucines, glutamic acids,
and lysines were positioned to stabilize the helical structure
through hydrophobic interaction and the formation of salt
bridges. We prepared a helix—loop— helix library for phage
display selection with random substitutions at positions 24,
25, 28, 31, and 32 (3/). The substituted residues were
positioned outside of the C-tenminal helix.

Phage Display Selection against GMI. The selection of
peptides with affinity for ganglioside GM1 (Figure 2) was
carried out as reported with minor revisions (25). Briefly, a
GMI monolayer was prepared at the air—water interface with
a Langmuir trough and transferred to a plastic plate. The
phage library was incubated with GMI on the plate, and the
bound phages were eluted under acid conditions. The phages
obtained were amplified, purified, and subjected to another
round. After seven and nine rounds of selection, 16 and 20
clones were isolated, respectively. The phage ELISA was
used to identify the clones that have affinity for GMI
(Supporting Information, Figure S1), The first screening of
36 phage clones was performed via an ELISA, and then 13
clones were chosen for further investigation. To know the
binding selectivity of 13 clones, K, values for GM3 and
GalCer were also investigated (data not shown), A914 and
B72 were found to have high affinity for GM1 with K values
of 0.075 and 0.13 nM, respectively, and exhibited a higher
affinity than for GM3 and GalCer (Supporting Information,
Table S1).

Binding Affinirv and Helical Structure of Peptides. To
analyze their affinity, these peptides were chemically syn-
thesized (C-terminus amidated). To estimate the peptide
concentration in buffer, tyrosine was added at the C-terminus
of the peptide (Table 1). The binding of these peptides was
characterized by the surface plasmon resonance method.
Figure 3A shows typical sensorzrams of peptides AY14, B72,
and Ci5 at 10 M in TBS (pH 7.5). Ct5 is a control peptide
in which all sites randomized in the library are changed to
alanines. The amount of B72 bound to GMI was greater
than that of other peptides and increased as the peptide
concentration increased (Figure 3B). However, the Kinetics
of binding was not analyzed due to the rapid association and

Biochemistry, Vol. 47, No. 26, 2008 6747

dissociation phases observed. Then. equilibrium binding
experiments were performed to calculate Ky values using
Scatchard plots; the K; was 2.9 u4M for A914, 0.24 uM for
B72, and 11 uM for Ct5 (Table | and Figure 4). The binding
affinity of B72 was 25-fold higher than that of the control
C15. The Ruey values for B72, Ci5, and B72-h, which is the
C-terminal half of B72 containing five residues identified,
were 280, 268, and 145 RU, respectively. These amounts
bound to GMI approximately corresponded to their molec-
ular weights. However, A914 showed low affinity (2.9 uM)
and small amounts (151 RU) against GMI, though the A914
phage clone had the same affinity for GMI as the B72 clone
(Table S1). Such a discrepancy between synthetic peptides
and phage clones is often observed (25, 12). The binding
preference of the selected peptides depends on the method
of measurement. Then, on the basis of the results in Table
1, we chose B72 for further characterization. The K value
of a |5-mer peptide, p3. selected previously was 1.2 uM
(26). B72 exhibited greater (5-fold) affinity for GM1 than
the nonhelical peptide p3. Lectins. toxins, and antibodies
have several carbohydrate-binding domains (3). A multi-
valent B72 as tandem repeats or tentacle-type multimers
would enhance the binding affinity (34).

To clarify how the helix of B72 is affected upon
carbohydrate recognition, the secondary structure of B72 was
investigated by CD spectroscopy. The CD spectra of B72
and C15 exhibited two minima at 208 and 222 nm, indicating
a typical a-helical structure (Figure 5) (35). The mean residue
ellipticity at 222 nm was — 10471 deg cm? dmol™' for B72
and —16040 deg cm® dmol™! for C15. The helical content
was estimated to be 42% for B72 and 61% for Ct5 (29).
B72-h took no helical structure and had a lower affinity (K
= 5.0 uM) than full-length B72 (K, = 0.24 uM) (Table 1).
These results suggest that the binding of B72 1o GMI1 was
influenced by its secondary structure.

Binding Specificity of Peptides. The specificity with which
B72, (15, and B72-h bind various glycolipids is shown in Figure
6 and summarized in Table 2. The affinity of B72 was 0.016-
and 0,073-fold lower for GM2 and asialo GM than for GMI,
respectively (15 uM for GM2 and 3.3 uM for asialo GMI).
The binding preference (GM1 = asialo GM1 > GM2) of B72
was in good agreement with that of p3 (26). The profile of the
binding of (15 to GM 1 was no different from that of the binding
1o other glycolipids, and the amount of B72-h bound to GM1
declined to the same level as that bound to GleCer (as
nonspecific binding) (Figure 6). These results suggested that
the helical conformation and the five residues in B72 were
crucial for the specificity for GMI.

Alanine Scanning. To determine the contribution of the
five residues in B72, four alanine-substituted mutants of B72
were synthesized (B72-1, B72-2, B72-3, and B72-4) (Table
3). Single-alanine substitutions at positions 24, 28, 31, and
32 are predicted to alter the GMI binding profile and helical
conformation. The amount of peptide bound to GM1 was
affected by all alanine substitutions (Table 3, Figure 7A, and
Figure S2). Notably, the replacement of Arg31 (B72-3) and
Phe32 (B72-4) with Ala markedly decreases the affinity for
GM; the amounts of B72-3 (67 RU at 5 M) and B72-4
(54 RU) were 4—5-fold smaller than the amount of B72 (261
RU). The amounts of these mutants decreased to the same
level as the control peptide. Ct5 (80 £ 23 RU at 5 uM)
(Figure 6). It was suggested that Arg31 and Phe32 among
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Table 1= Affinity of Synthetic Peptides for GM1

5 H molecular relative
code PEPW’E structure Wighl Rn-u [RU) Ke “‘Mj aﬁ'mhy L]
A914 AELAALEARELARLEGGGGGGGKLOELKTKLARLKAY - NH, 3512.02 151 29 0.083

B72 AELAALEAELAALEGGGGGGOKLKALKRKLREFLKAY-NH, 3670.31 280 0.24 1.0

B72-h GGGKLXALKRKLRFLKAY-NH, 1743.14 145 5.0 0.048

5 AELAALEAELAALEGGGGCGGGKLAALKAKLAALKAY -NE, 3366,90 268 1 0.022

“ Random positions are underlined. ¥ Ratio to B72 peptide.
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FiGure 3: SPR sensorgrums for the intesuction of peptides with GM1. (A) Overlay plot of the binding of A914, B72, and Ci5 at 10 uM.
(B) Overlay plot of the binding of B72 at 1, 10, and 20 uM. Responses in RU are plotied vs time in seconds. Association (0—600 s) and

dissociation (600900 s) phases are shown.

? 5 10 15
[peplide] (M)

Figure 4: Amounts of A914, B72, and C15 bound to GM1 at various
peptide concentrations observed by SPR spectroscopy. % bound,
(ReyfRuay) % 100; Ry, equilibrium response units at 500—600 s in
the association phase; Rgye, maximum response calculated from
Scatchard plots (data not shown). The data are average values +
the standard deviation (n = 2-4),

20 26

7 S
i
L2 a8

180 200 210 220 230 240 250 260
wavelength (nm)
FGure 5: CD spectra of B72 (—). B72-h (*»*), and Ci5 (---) in
TBS at pH 7.5. The peptide concentration was 100 #M.

the four amino acid residues strongly contributed to the
binding. In our previous studies, arginines and hydrophobic
amino acids had been found in the motif shared among GM1-
binding peptides (25, 26). These results were consistent with
our previous papers,

To determine the influence of alanine substitutions on the
helical conformation, CD spectra of these mutants were
measured (Figure 7B). The two maxima at 208 and 222 nm

were found in all the mutants, which indicates that the helical
structure was maintained. The mean residue ellipticity ar 222
nm of B72 mutants decreased except for that of B72-2;
indeed, the a-helical content increased (65, 34, 59, and 48%
for B72-1, B72-2, B72-3, and B72-4, respectively). Alanine
is a stabilizer of helices, so an enhancement of helicity with
alanine substitutions is reasonable (36). The CD spectra
indicated that the decreases in affinity for GM1 are due to
the loss of side chains of residues identified, and not due to
disruption of the helical conformation.

DISCUSSION

The development of carbohydrate-binding molecules like
lectins, toxins, and antibodies would greatly contribute 1o the
evolution of glycoscience and glycotechnology. Especially for
functional analyses of glycoconjugates, the need for carbohydrate-
binding molecules will increase with progress in glycobio-
logy (37—41). Recently developed selection technology, includ-
ing the use¢ of genomic and random libraries, has provided
various repertories of carbohydrate-binding molecules (42),
Lectin mutations, antibody libraries, and peptide libraries are
beneficial sources. We have so far identified carbohydrate-
binding molecules, regardless of natural sequences. We previ-
ously identified GM1-binding pentadecapeptides (15-mer pep-
tides) from a random peptide library, one of which, p3, was
specific to GMI1 with a Ky of 1.2 uM (25, 26). This peptide
exhibited unique recognition, including specific binding of the
high-density GM1 domain. NMR analyses indicated that p3
underwent a conformational change on binding to GMI
(induced fit) (27). N-Terminal and C-terminal residues of p3
are flexible in the free state but are restricted once the
carbohydrate—peptide interaction occurs. The energy of this
binding could be used to overcome the entropy cost for this
change. If the peptide conformation is rigid, no binding energy
would have to be expended to pay the cost of this folding. We
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FiGure 6: Amounts of B72, (15, and B72-h peptides bound to pangliosides and GSLs observed by SPR spectroscopy.

Table 2: Affinity of Synthetic Peplides for GM 1. GM2, Asialo GMI,
amd GleCer

preplidhe glvealipnd Remes, (RIT} Ky (M) relative affinity”
B2 GMI 280 024 1.0
GM2 418 15 0,016
asmalo GMI 278 33 0073
GleCer 322 12 0.020
Ci5 GMI1 268 1 LD
M2 37 21 052
asiale GM1 275 9.9 1.1
GleCer nd" nd" nd"
B72h GiM1 145 5.0 L0
GM2 XM A | 24
asialo (M1 285 59 0.85
GleCer 110 0.77 6.5

* Ratio 1o GM1. " Not detectable.

therefore designed a novel carbohydrate-binding peptide with
a structural scaffold in this study.

A helical conformation is the only structure that we can
design. A helix—loop—helix (or helix—turn—helix) scaffold
allows a peptide to form a stable helical structure. Fujii et
al. designed a helix—loop—helix peptide library; the helix
ouwtside of five residues ar 24, 25, 28, 31, and 32 was
randomized to give a peptide library (37). The N-terminal
residues interact with the C-terminus to stabilize the a-helical
structure; therefore, this peptide is a monomer and does not
form a dimer. They previously identified peptide agonists
of the cytokine receptor and granulocyte colony-stimulating
factor receptor using helix—loop—helix libraries (unpublished
data). In this study, we conferred the ability to recognize
carbohydrates on this peptide. The selection procedure
followed that previously reponted by us; a glycolipid mono-
layer was immobilized onto a plate and incubated with the
phage library (25). This method allows the suppression of
nonspecific interaction of phage particles with the lipid
portion of the glycolipid and the plate surface exposed. The
phage particles therefore interact with only the exposed
carbohydrate portion of the glycolipid. The two GMI-
positive clones, A914 and B72, were identified via a phage
ELISA and were chemically synthesized. A synthetic B72
peptide showed specific binding to GMI with a K, of 0.24
#M and was found to have the highest affinity for GMI1 as
suggested by the phage ELISA (Table 1). The K value of
C15, as a control peptide, was |1 4M. and Ci5 exhibited no
specificity (Table 2 and Figure 6). This is because the
helix—loop—helix scaffold contains several charged amino
acids, glutamic acids (positions 2. 7, 9, and 14), and lysines
(positions 22, 27, 29, and 34). These amino acids are able
to interact nonspecifically with carbohydrates through hy-
drogen binding and/or salt bridges. These nonspecific
interactions contributed to the binding affinity but were not

involved directly in the specific interaction between the
peptide and GM oligosaccharide. Therefore, the five amino
acids, Lys24, Ala25, Arg28, Arg31, and Phe3l, would be
very imponant for the specific recognition of GMI, Fur-
thermore, to determine whether formation of a helix is
essential for binding, we designed a B72-h peptide that is
the 18 C-terminal residues containing the five amino acids.
The CD spectrum of B72-h exhibited an unordered structure
(Figure 5). The five amino acid residues are therefore
randomly arranged, and the orientation of these side chains
would not be restricted. As expected, B72-h lost affinity and
selectivity for GM1 (K = 5.0 uM) (Table 2 and Figure 6).
These results indicate thar the helical conformation of B72
is essential for the recognition of GMI.

Next, alanine-substituted mutants of B72 were used to
identify the contributions of the selected amino acid residues
to the binding to GM1. CD spectra indicated that replacing
Lys24, Arg3l, and Phe32 with alanine in the B72 peptide
did not affect the helical conformation (Figure 7B). The
substitution of Arg3l and Phe32 with alanine drastically
changed the affinity (Figure 7A and Table 3), which indicates
that these residues are essential for GM1's recognition. These
residues would be arranged in the C-terminal helix (Figure
1}, We previously identified the GMI-binding motif, (W/
FIRxLixP/Px xFxx(Rx/xR)xP, and the binding of p3 mutants
also showed that Arg and hydrophobic residues (Trp and
Phe) contributed to the binding (26). Polar and aromatic
amino acids often play imponant roles at carbohydrate-
binding sites, because carbohydrate—protein interaction is
achieved by a combination of hydrophobic interaction and
hydrogen bonding (13, 43). The results of alanine scanning
were well consistent with our previous results (26).

To estimate how much these five amino acids and the
helical conformation contribute to fonmation of the B72—GM|
complex, the Gibbs free energy change (AG ) upon formation
of the complex was calculated from the K values. The AG
values were calculated using the equation AG = —RT In
Ky, where T= 208 K. The difference in AG values between
the Ct5—GMI complex (—28.3 kJ/mol) and the B72—GMI
complex (—37.8 kl/mol) was 9.5 kJ/mol (Figure 8). This
energy difference is thought to be due to the five residues,
because the only difference between the B72 and Ci5
sequences is these residues, Since the AG value of the B72-
h—GM1 complex was —30.2 kJ/mol, the distribution of the
helical confonmation with the presence of the N-terminal half
might be estimated to be 7.5 kl/mol. These energy differ-
ences, 9.5 and 7.5 kJ/mol, suggest that both the five residues
and the helical conformation were required for the suitable
spatial arrangement of five residues on the helix to achieve
the specific B72—-GM| interaction.
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Table 3: A of Synthetic Peptides Bound 1o GM |
code peptide structure * R (RU)® ‘“'c
B72 AELAALEAELAALEGGGGGGGKLKALKRKLRFLKAY-NH, 261 =69 1.0
B72-1 AELAALERELAALEGGGGGGGKLAALKRKLRFLKAY -NH, 130+21 0.50
B72-2 AELAALERELAALEGGGGGGGKLEALKAKLRFLEAY -NH, 97+38 0.37
B72-3 AELAALEAELAALEGGGGGGGKLKALKREKLAFLKAY -NH, 67+3 0.26
B724 AELAALEAELAALEGGGGGGGKLKALKRKLRALKAY -NH, 5415 0.21
" Alanine substitutions are underlined. * The peplide concentration is 5 #M. © Ratio to B72.
A 250 B 2r
B2 -
200 | gg 1k
E 150 L B72-1 %0
B Br2-2 ETR2
g 100 | 6722 B
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Figure 7; Effect of alanine substitutions on the binding of B72 to GMI1 and helix formation. (A) SPR sensorgrams for the inleraction of
B72 and B72 mutants at 10 #M with GMI. (B) CID spectra of B72 and B72 multants in TBS at pH 7.5. The peplide concentration was 100
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FiGURE 8: Changes in the Gibbs free energy between the complexes
of B72, B72-h, and Ci5 with GM1. The AG value was calculated
from the equation AG = —RT In K,, where T = 298 K.

B72 exhibited a decrease in the amount bound to asialo
GM1 and GM2 (Figure 6), which means that a terminal Gal
and Neu5Ac of GMI are required for the interaction. CTB
and p3 also bind to the terminal Gal and NeuSAc of
GM1 (21, 22, 26). X-ray structural data for the CTB—GM|
complex (Protein Data Bank entry 3CHB) show that the
terminal Gal and NeuSAc interacted with CTB. Therefore,
these sugar residues are expected to interact with p3 or
B72 in a similar manner. In fact, the binding of CTB to
GMI was competitively replaced with that of B72, and
the concentration required for 50% inhibition was 1.1 uM
(Supporting Information, Figure $3) (26). The molecular
modeling shown in Figure 9 indicated that Lys24, Arg28,
Arg31l, and Phe32 in the C-terminal helix of B72 are
arranged to interact with the terminal Gal and Neu5Ac in
GMI1. A guanidinium group of Arg can form a hydrogen
bond with an OH group of the terminal Gal or NeuSAc
and/or salt bridge with a carboxyl group of NeuSAc. The
phenyl group of Phe can form a stack with the hydro-
phobic B face of the terminal Gal and/or acetoamido group
of NeuSAc.

In conclusion, oligosaccharide-binding peptides with a
helix—loop—helix scaffold were selected and their specifici-
ties were investigated. One of the peptides exhibited an

Fiaure 9: Deduced model for the Interaction between B72 and
pentasaccharide GM1. The side chains of Lys24, Ala25, Arg28,
Arg3l, and Phe32 in B72 are shown in a stick representation. The
GM| pentasaccharide structure was obtained from Protein Data
Bank entry 3CHB.

increase in binding affinity compared with a 15-mer peptide
that we identified previously (26). The new peptide’s helical
structure contributed to its ability to recognize carbohydrates,
and arginine and phenylalanine were found to be involved
in its interaction with GM1, The GMI1-binding amino acid
residues in the a-helix enabled the peptide to fit GM1. Many
antibodies and lectins achieve greater affinity for carbohy-
drates by displaying carbohydrate-binding residues with a
structural scaffold (33). This is the first paper to demonstrate
the advantages of the arrangement of carbohydrate-binding
residues in the helix—loop—helix scaffold for increasing
binding affinity.
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SUPPORTING INFORMATION AVAILABLE

A saturation binding curve of phages 1o GM1 determined

via an ELISA (Figure S1), affinity of phages for various
glycolipids (Table S1), amounts of B72 mutant peptides
bound to GM1 (Figure $2), and competitive inhibition assay
of peptides (Figure $3). This material is available free of
charge via the Internet at hitp://pubs.acs.org.
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Ganglioside GD1a has been reported to suppress metastasis [S. Hyuga, S. Yamagata, Y. Takatsu, M. Hyuga,

T. Yamagata, Suppression of FBJ-LL cell adhesion to vitronectin by ganglioside

Available online 22 April 2008 GD1a and loss of metastatic capacity, Intemational J. Cancer. 83 (1999) 685-691.] and MMP-9 production

in mouse osteosarcoma FBJ cells |D. Hu, Z Man, P. Wang, X. Tm, X. Wang, 5. Takaku, 5. Hyuga, T. Sato, X.
Yao, 5. Yamagata, T. Yamagata, Ganglioside GD1a negatively 1 MMP9 expression in mouse FBJ cell

Keywords: lines at the transcriptional level, Connect. Tissue Res. 48 (2007) 198-205.]. In the present study, TNFa
?3:: increased cell motility and MMP-9 and TNFa expression at the transcriptional level, TNFa expression
MMP-9 was found to be inversely proportional to GD1a content in the FBf-cell variants. The addition of exoge-
Cell motility nous GD1a to FBJ-LL cells suppressed TNFa expression, and treatment of FBJ-51 cells with D-PDMP (glu-

Pkt cosylceramide synthesis inhibitor) led to an increase in TNF, indicating that TNFa is negatively regulated
siRNA by GDla in FB] cells. SiRNA of Pkn1, a Rho-GTPase effecter p in kinase, supp d TNFa Jevels as well
Ganglinside as Pknl expression, suggesting that Pkn1 is involved in TNFa signaling. Treatment of Pkn1-silenced FBJ-LL

cells with GD1a failed 10

TNFa expression, dem g that GD1a signals that lead to TNFa

suppression are transduced through Pkn1.

Gangliosides, sialic acid-containing glycosphingolipids, have
been demonstrated to have multifarious bioactivity in cells, includ-
ing roles in immunoreaction and tumor progression | 1,2]. The gan-
glioside GD1a has been demonstrated to regulate metastasis of
osteosarcoma FBJ cells |3] possibly through enhancement of cave-
olin-1 and Stim1 |4] and suppression of MMP-9 |5]. GD1a and
GT1b have been shown to induce the production of nitric oxide, tu-
mor necrosis factor alpha (TNFa) and cyclooxygenase-2 in rat brain
microglia |6]. GD1a blocks lipopolysaccharide-induced TNFx pro-
duction and prevents maturation of human dendritic cells |7]. In
monocytes, GD1a impairs antitumor immune responses by reduc-
ing the release of cytokines IL-6, IL-12, and TNFx [8]. The ganglio-
side GM3 has been shown to positively regulate TNF+ production
in mouse melanoma B16 cells with GM3 as the only ganglioside
on the cell surface [9], through a PI3K, Rictor/mTOR, Akt, Arhgdib
pathway | 10].

Tumor necrosis factor alpha (TNFz) is a 17-kDa protein consist-
ing of 157 amino acids, mainly produced by activated macro-
phages, T lymphocytes, and natural killer (NK) cells. It is a
multifunctional cytokine involved in immune reactions, inflamma-
tion, cell apoptosis, and survival signals [11). TNFx is known to

* Comesponding author. Fax: +86 24 23086433,
E-mail oddress: rcy. @opaldrine.jp (T. Y. 1

0006-291X/$ - see front matter © 2008 Elsevier Inc. All rights reserved.
doi:10.1016/jbbrc 2008.04.053

© 2008 Elsevier Inc. All rights reserved.

work in an autocrine manner through two distinct receptors
[12,13]. Secretion of MMP-9 can be enhanced in human vascular
smooth muscle cells by stimulation of TNFx |14}, Rho family pro-
teins are involved in TNFa~induced E-selectin and in the extravasa-
tion of tumor cells [ 15], along with TNFa-dependent adhesion of EC
cells [ 16]. The protein kinase Pkn1, a down-stream effecter of Rho-
GTPase, has been shown to contain Traf2-binding consensus se-
quences to activate the NFxB signal pathway [17].

In the present study, we have demonstrated that TNFx secreted
by FBJ cells works in an autocrine manner, and s involved in ele-
vated cell motility and MMP-9 secretion of FB] cells. Expression
of TNFa in FB] cells was found to be negatively regulated by
GD1a, and Pkn1 has been shown to be a key molecule in regulating
TNFa expression and transducing GD1a signals, thereby leading to
the suppression of TNFx in FB] cells. To the best of our knowledge,
this is the first study to show that Pkn1 is involved in ganglioside
signals that regulate TNFx signaling and synthesis.

Materials and methods

Cell lines and culture. The highly metastatic mouse osteosarcoma cell line, FBJ-LL,
and the poorly metastatic cell line, FBJ-S1, were produced from a FB] virus-
induced osteasarcoma of the BALB/c mouse [18]. LA5-30 calls were obtained by
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the transfection of FBJ-LL cells with GM2/GD2-synthase; mock-transfected M5 cells
were the control | 19]. The ceils were maintained in RPMI-1640 media as described
previously |4).

Chemicals and Ganglioside GD1a and GM1 from bovine braln were
purchased from Wako (Tokyo, Japan) and Toyobo (Osako, Japan), respectively. Re-
combinant TNFa was from Sigma (USA), and D-PDMP was from Matreya (USA). Rab-
bit anti-p-serine and rabbit anti-p-threonine antibodies were from ZYMED (USA)
and CHEMICON (USA), respectively. Mouse anti-p-actin and hamster anti-TNFa
antibodies were from Sigma (USA). Mouse anti-Pknl antibody was from BD
(USA). HRP-linked anti-rabbit and anti-mouse secondary antibodies were from Cell
Signaling (USA) POD-affinity anti-Syrian Hamster IgG secondary antibody was from
Jackson (USA),

RNA extraction and RT-PCR. RNA extraction and analysis of amplified DNA have
been described previously (4. Primer sequencas used for PCR in this study were as
follows: for p-actin, sense 5'-ACACTGTGTGCCCATCTACGAGC-3' and antisense
5'-AGGGGCCGGACTCGTCGTCATACT-3; for MMP-9, sense 5-CTGACTACGATAAG
GACGGCAA-¥ and antisense 5-ATACTGGATCCCGTCTATGTCG-3'; for TNFa, sense
5-TCCACGCGCTGCCTATGTCT-3' and antisense 5'-CTTTCAGCTCAGCUCCCTCA-3
for Pknl, sense 5'-AGCCTTCAGCGCCATACTGC-Y and antisense 5'-TGGTCTCGCCAGA
ACACACC-3,

Construction of @ TNFa expression vector. Total RNA was isolated from ascite mac-
rophages of a Balb/c mouse using an RNeasy mini kit (Qlagen) according to the

facturer's specifi After first strand cDNA synthesis using TaKaRa RNA
LA PCR Kit (AMV) (Takara Bio), 2 TNFa transcript was amplified using primers:
sense, 5'-CAGGGATCCATCAGCACAGAAAGCATGATCCGCGAC-Y and  antisense.
5 -CAGGGATCCTCACAGAGCAATGACTCCAAAGTAGAC-3. The PCR product was di-
gested vmh BamH! and inserted info a pl‘lsxpuml (Clonetech, LSA) vector with
i e, Transient fection to FBJ-LL cells was carried out with
Fugene reagent (Roche, USA), essentially following the instructions of the manufac-
turer for mammalian cell transfection. Control cells received an empty vector. Purc-
mycin resistant cells were screened as stable ransfectants.

SiRNA and mransfection. Selection of target sequences of Pknl siRNA was made
using a Protein Lounge suggestion and Mulfold software, The target and scrambled
sequence were 5-CCAGCACAGTAAGACCAAGAT-3' and 5-TCOCCCTCCACATGATG
ACTA-¥, respectively, The seq was i d into a | wector with Neo-
myrin resistance at TAKARA Biotechnology Corporation (China). Stable transfection
was carried out as described previously |9).

Ganglioside extraction and HPTLC Cells were grown to ~80% confluence in 10 cm
dishes, harvested, and washed three times with FBS(— ). Ganglioside extraction and
HPTLC were performed as described previously |2).

Wound healing assay. For wound healing assays, monolayered confluent FBJ-LL
cells were scraped manually with a pipette tip. Wound size was kept constant to
ensure that all wounds had the same width. The cell culture media was replaced
with serum-free media malm PBS- } w'I'N?a (10 ng/mi), Wound closure was

d by mic py and ‘were taken of more than 10 dif-
ferent areas at 24 h, and number of cells that had moved into the vacant area was
scored.

Transwell assay. FBS media (0.6 ml of 0.5%) were placed in the lower wells of a
Transwell chamber (Costar, LISA). FBJ-LL cells (1 = 10°) in 0.1 ml of serum-free med-
la containing PBS|-) or TNFa (10 ng/mi) were placed in each of the upper wells of
the ch Cells were allowed to migrate for 24 h at 37 *C. Cells that rransiocated
to the lower chamber were d under the mic pe (Nikon i d TMD
microscope, Japan).

Immunoprecipitation and Western blotting. FBJ-LL cells were harvested in a lysis
buffer as described previously |4).

Gahnxymm Fﬂonu:mrecmrw!dmum&umduhﬂzhmd

i bjected to gelatin 7y

of graphy
asdmibulpmﬂmnyll‘ﬂl
alysic Data were analyzed using Microsoft Excel. Al values are given
as mean t 5D and levels of significance are indicated infigures. indicates significance
P<0.05; ", significance P < 0.01; and ", significance P <0.001. NS, not significant.

Results

TNFa is involved in malignant property of F8J cells and MMP-9
production

We have found that MMP-9 is critical for the migration capabil-
ity of FB] cells | 20]. Because cytokine TNFx is reported to increase
MMP-9 secretion in human vascular smooth muscle cells [14], we
then asked if TNFa can affect the motility of FB] cells. Treatment of
FBJ-LL cells that have low levels of GD1a with TNFx (10 ng/ml) for
24 h increased cell motility by approximately 2-fold as judged by
wound healing (Fiz. 1A) and Transwell experiments (Fig. 1B),
implying that TNFx is an important molecule in the malignant
properties of FB] cells.

In order to know whether stimulated motility is related to
MMP-9 expression, we cultured several lines of cells in the pres-
ence of TNFx (10 ng/ml) for 12 h. The cell lines used in this exper-
iment were: highly metastatic FBJ-LL cells; poorly metastatic
FBJ-S1 cells [21]; FBJ-5-30 cells, transfectants that GD1a to the
same level as FBJ-S1 cells; and FB]-M5 cells, the vector control from
when FBJ-LL was transfected with GM2/GD2-synthase cDNA [19].
The addition of TNFx to the culture media of any cell line resulted
in elevated mRNA synthesis of both MMP-9 (Fig, 1C) and TNFx (Fig.
1D), indicating that MMP-9 and TNFa expression was stimulated
by TNF= at the transcriptional level, Aliquots of culture media were
subjected to gelatin zymography and the intensity of MMP-9 bands
was enhanced by TNFa treatment in each of FB] cell lines (Fig. 1E).
There was no sign of MMP-2 expression in cells treated with TNFa
(data not shown).

The induction of MMP-9 by TNFx was further confirmed by
transfection of TNFa ¢cDNA into FBJ-LL cells. TNFx levels in stable
transfectants were about three times higher than in mock-cDNA-
transfected cells, MMP-9 production was also enhanced 3-fold
(Fig. 1F). Cell motility of TNFa-transfected cells was highly acti-
vated as compared to mock-transfected cells (data not shown),
confirming the above results. Taken together, these results clearly
demonstrate that TNFa is secreted in an autocrine manner and that
TNFx produced in the manner is sure to be involved in elevated cell
motility and the production of TNFx and MMP-9.

TNFa is negatively regulated by GD1a in FBJ cells

GD1a has been demonstrated to regulate the metastasis of
mouse FBJ-virus-induced osteosarcoma cells | 19], possibly through
suppression of MMP-9 [5], and in this study, TNFa has been shown
to increase MMP-9 secretion. As a result, we were curious about
possible regulation of TNFx by GD1a. As revealed by RT-PCR. TNFx
expression in FBJ-LL cells was four times higher than in FBJ-S1
cells. This was also the case for FBJ-MS cells as compared to FBJ-
5-30 cells (Fig. 2A and B), Evaluation of TNFx at the protein level
(assayed in LL and 51 cells by Western blot) showed that protein
levels follow the same patterns as mRNA levels (Fig. 2C and D).
GD1a content in FBJ-LL -51, M5, and LA5-30 cells (Fig. 2A) shows
an inverse relationship between TNFa« expression and GD1a con-
tent, and suggests that GD1a negatively regulates TNFx in FBJ cells,

Exogenous addition of GD1a (50 uM) to FBJ-LL and FBJ-M5 cells
decreased TNFa mRNA levels to a half that of control cells at 12 h
(Fig. 3A). Treatment of FBJ-S1 and FBJ-LA5-30 cells with 12.5 yM
D-PDMP (an inhibitor of glucosylceramide synthesis) for six days
resulted in increased TNFx expression (Fig. 3B) as well as depletion
of gangliosides (Fig. 3C). These results clearly support the idea that
GD1a negatively regulates TNFx production in FB] cells. When FB)-
M5 cells were treated with GM1 (50 pM), we found that, besides
GD1a, GM1 also decreased TNFa expression (Fig. 3D). In FBJ cells,
TNFx augmented TNFa and MMP-9 levels (Fig. 1C and D) that were
suppressed in the presence of 50 uM GD1a (Fig. 3E), suggesting
that autocrine Tnfu effects are suppressed by GDl1a. Taken to-
gether, the above results strongly indicate that TNFx expression
Is negatively regulated by GD1a in FB] cells,

GD1a down-regulates TNFa expression via Pkn1

In order to identify molecules involved in GD1a signaling during
the regulation of TNFx, a protein phosphorylation profile analysis
was performed by Kinexus Co. (USA). Among the proteins with al-
tered phosphorylation, a Rho-GTPase associated protein kinases
Pknl and Pkn2 along with Pdpkl had enhanced phosphorylation
in FBJ-5-30 cells as compared with FB}-M5 cells (Supplementary
Fig. 51). Phosphorylation was measured at serine and threonine
residues of Pkn1 isolated from FBJ-LL cells that had been stimu-
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Fig. 1. TNFastimulated motility of FBJ-LL cells and MMP-9 and TNFa production at the transcriptional level. {A) Wound healing assay of FBJ-LL cells in serum-free RPMI-1640
containing PBS [—) or TNFa (10 ng/mi). (B] Transwel! rranslocation assay using FBJ-LL ceils in serum-free media containing PBS (-} or TNFa (10 ng/mi}. FB] cells were treated
with TNFa (10 ng/ml) in serum-free media for 12 h, and then rotal RNA was sxtracted and subjected to RT-PCR. The amount of MMP-9 or TNI'a thus amplified was normalized
o p-actin (as a housekeeping gene) and the expression of MMP-8 (C) or TNFa (D) of TNFa treated cells was expressed as the ratio to the control. Conditioned media of FB] cells
that had been incubated in serum-free media with or without TNFa (10 ng/ml) for 12 h was collected and subjected to gelatin zymography (E). FBJ-LL cells were transfected
with a2 TNFa cDNA or with an empty vector (mock), and the expression of TNFa and MMP-9 was determined by RT-PCR (FL The pictures are representative and rhe data from
(A) to (E) are the means of three independent experiments.
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Fig 2. Inverse relationship of TNFa expression to GDla content in FB] cells. mRNA expression of TNFa compared with p-actin in FB) cells as determined by RT-PCR (A} The
bottam panel in (A) represents GD1a content in FBJ cells as revealed by HPTLC. In (B). TNFa expression (normalized to p-actin) in FBJ cells is shown; expression in FBJ-LL cells
is set at 1. Cell lysates of FBJ-LL and FBJ-51 cells were subjected to Western biots to determine expression of TNFa protein levels, with p-actin 25 an internal control (C)
Visualization of panel (C) is given in (D). where TNFx expression in FBJ-LL cells is set at 1, Pictures are representative and the data are the means of three independent
experiments.

lated with 50 uM GD1a for 15 min, followed by immunoprecipita-
tion with an anti-Pkn1 antibody. Fig. 4A shows that phosphoryla-
tion at serine and threonine residues was enhanced by GDla
stimulation of cells, suggesting that Pkn1 plays a role in GD1a sig-
naling related to TNFa production.

In order to prove that Pkn1 is involved in GD1a signal transduc-
tion resulting in suppression of TNFx, polyclonal and monoclonal

stable Pkn1 siRNA-transfected cells were obtained; Pkn1 expres-
sion was successfully impaired in these cell lines. TNFx expression
was suppressed in Pknl-silenced polyclonal cells (Fiz. 4B) and in
Pkn1-silenced monoclonal cells (Fig. 4D), suggesting the involve-
ment of Pknl in TNFx signaling. The addition of GD1a (50 uM)
to the scrambled siRNA-transfected LL cells decreased TNFx
expression to similar levels as FBJ-LL cells, while treatment of
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Fig. 3. TNFa was negatively regulated by GD1a in FBJ cells. FBJ-LL and FB)-MS5 cells were treated with GD1a (50 yM) in serum-free media for 12 h, then total RNA was
extracted and subject to RT-PCR (A). FBJ-51 and FBJ-LA5-30 cells were cultured in the presence of 12.5 yM D-PDMP for six days in complete media that was changed every
day, then subject to RT-PCR (B). HFTLC pattern of FBJ-LAS-30 cells treated with 12.5 yM D-FDMP for six days in (C). M stands for brain ganglioside mixture, and an ammow
shows the position of GD1a. (D), FBJ-M5 cells were treated with GD1a (50 uM) or GM1 (50 uM) in serum-free media for 12 h, and the expression of TNFa was determined by
RT-PCR. (E) FBJ-LL cells were treated with TNFa (10ng/ml) GD1a (50 yM), and TNFz (10 ng/mi) plus GD1a {50 uM) for 12 h. and expression of TNFa and MMP-9 was
determined by RT-PCR. The data are the means of three independent experiments.
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Fig. 4. GD1a suppresses TNFa through Pknl. Phosphorylation of serine and threonine residues of Pknl in FBJ-LL cells that had been stimulated with GD1a (50 M) for 15 min
without serum was determined by immunoprecipitation with Pkn1 antibody, followed by SDS-PAGE and Western blot with the individual phospho-specific antibodies (A)
FBJ-LL cells were transfected with either Pkn1 siRNA or scrambled sequence siRNA, followed by selection with G418. Pkn1 and TNFa mRNA expression was determined by RT-
PCR with f-actin as a control in polyclonal (8) or in individual monoclonal cells (D1 In (C). Pkn1 siRNA or scrambled siRNA-transfected palyclonal cells were incubated with
50 yM GD1a, and TNFa expression was determined by RT-PCR with p-actin as a control. Results are shown with TNFa mRNA of the control cells set to 1. The pictures are
representative and the data in (C) are the means of three independent experiments.
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Pkn1-silenced polyclonal cells with GD1a failed to reduce TNFx
expression (Fig. 4C), distinctly supporting the notion that GD1a sig-
nals are transduced to TNFa through Pkn1.

Discussion

GD1a enhances the FBJ-cell expression of caveolin-1 and Stim1
[4], which are known tumor suppressor genes. GD1a suppresses
cell motility [3], adhesion to vitronectin [19], and MMP-9 produc-
tion in FBJ cells [5.20}. In the present study, we have provided evi-
dence that in FB] cells, TNFa is under the negative control of GD1a
via Pknl. Besides GD1a, ganglioside GM1 also suppressed TNF«
expression in M5 cells, indicating that suppression of TNFx by
CD1a was not specific to GD1a. The amount of GM1 present in
FB] cells is scant, and its contribution to cell activity may be negli-
gible. SIRNA targeting GDla-synthase St3gal2 suppressed GD1a
production significantly, but did not increase expression of TNFa
(data not shown). Since GM1 was as effective as GD1a at decreas-
ing TNFx expression, it is plausible that in the St3gal2 siRNA-trans-
fected cells, GM1 accumulates and functions in place of GD1a.
Ganglioside GM3 cannot affect TNFx expression in FB] cells (data
not shown), though GM3 has been reported to positively regulate
TNFx at the level of transcription in melanoma B16 cells [9]
through the Arhgdib pathway [10]. GD3 was reported to inhibit
TNFa induction of MMP-9 via inhibition of p-ERK in human vascu-
lar smooth muscle cells |22]. Several lines of evidence imply thar
the mechanism of regulation of TNFx by gangliosides is not the
same in different cell types.

TNFa binds to two different receptors, Tnfrsfla and Tnfrsf1b
[13]). The essential difference between the receptors lies in the
death domain of Tnfrsf1a that is absent in Tnfrsf1b, For this reason,
Tnfrsfla can induce apoptosis by recruiting death domain-contain-
ing adaptor proteins and activate caspase 8 23] In the present
study, we have shown that TNFx enhanced FB| cells motility and
cells did not undergo apoptosis (data not shown). It is not clear
which TNFu receptors are involved in TNFu signaling in FB| cells.
Research on the mechanism of action of TNFa in FB) cells is under
way in our laboratory.

Since a Kinexus analysis showed that Pkn1 phosphorylation of
GD1a-rich FBJ-5-30 cells was activated 3.3 times as high at
Thr778 (comparable to Thr774 in human) as GD1a-deficient FBJ-
M5 cells (Supplementary Fig. 51), that phosphorylation at Thr774
by Pdpki results in Pkn1 activation [24], and we verified that phos-
phorylation at Thr residues of Pkn1 was high in FBJ-51 cells than
FBJ-LL cells (data not shown), we hypothesized that phosphoryla-
tion of Pkn1 in FBJ-LL cells could be activated by GD1a treatment.
Phosphorylation at Thr and Ser residues was increased upon GD1a
treatment of FBJ-LL cells (Fig. 4). This does not necessarily prove
that Pkn1 at Thr778 was phosphorylated by the GD1a signals,
but this result is consistent with the analysis of Kinexus and may
imply that the GD1a signals have stimulated Pkn1. Pkn1 participa-
tion in GDla signaling will be unambiguously shown if Pknl
silencing may block the GD1a signals leading to TNFa suppression.
Thus, we transfected Pknl siRNA into FBJ-LL cells and demon-
strated the successful impairment of Pkn1 expression. Pkn1 silenc-
ing in FBJ-LL cells significantly lowered TNFx expression, and
treatment of these cells with GD1a did not further reduce TNFx
expression, whereas treatment of control cells with GD1a notably
decreased TNF expression. This result supports the notion that
the GD1a signals that lead to TNF suppression go through Pkn1.
This is the first paper describing the involvement of Pknl in TNF
production, and that the GD1a signal is transduced via the Pkn1
pathway. Research to elucidate molecular events up-stream and
down-stream of Pkn1 in GD1a-regulated TNF=x signals is currently
on-going in our laboratory.
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Appendix A. Supplementary data

Ganglioside GD1a suppresses TNFa expression via Pkn1 at the
transcriptional level in mouse osteosarcoma-derived FBJ cells. Sup-
plementary data associated with this article can be found, in the
online version, at doi: 10.1016/j.bbrc 2008.04.053.
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The deposition of amyloid [-protein (A3) is an invariable feature of Alzheimer's diseass (AD); however, the
biological mechanism underlying AR assembly into fibrils in the brain remains unclear, Here, we show that a
high-density clusterof GM1 ganglioside (GM1 ), which was detected by the specific binding of a novel peptide
(p3). appeared selectively on synaptosomes prepared from aged mouse brains. Notably, the synaptosames
hearing the high-density CM1 cluster showed extraordinary potency to induce Aj assembly, which was

suppressed by an antibody specilic to GM1-bound Af, an endogenous seed lfor AD amyloid. Together with

Keywords:

Alihiiers diseate evidence that AR dep STAMES at p pric terminals in the AD brain and that GM1 levels significantly
Amyloid p-protein increase in amyloid-positive synapiosomes prepared from the AD brain, our results suggest that the age-
CM1 ganglioside dependent high-density GM1 clustering at presynaptic neuritic terminals is a critical step for AR deposition
Aging in AD.

Synapse © 2008 Elsevier BV. All rights reserved,
1. Introduction

Evidence is accumulating that the interaction of amyloid [*-protein
(Afs) with lipid membranes is an early event in its fibril formation in
Alzheimer's disease (AD) |1-3). Previous in vitro studies suggested
that particular lipid constituents such as cholesterol can be a binding
partner for AjA [4-6]. However, the nature of neuronal membranes
responsible for inducing AP assembly remains to be determined. We
previously identified GM1-ganglioside (GM1 )-bound A (CAR) in the
brain that showed early pathological changes associated with AD | 7.8].
To date, a number of in vitro and in vivo studies regarding GA{} have
supported the possibility that CAR acts as an endogenous seed for
amyloid fibril formation in the AD brain [9-17]. Yet despite the lines of
evidence in favor of this possibility, the GA hypothesis has been
challenged by a simple question concerning how GAf} is generated in
the AD brain,

To explore the mechanism underlying GAP generation in the brain,
we previously examined the lipid composition of synaptosomes pre-
pared from mouse brains at different ages [ 18). The prominent findings
in that study were as follows. First, the GM1 levels in detergent-
resistant membrane microdomains (DRMs) prepared from synapto-
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somes significantly increased with age and the increase was markedly
pronounced in synaptosomes from the human apolipoprotein E4
{apoE4}-knock-in mouse brains compared with those from the apoE3-
knock-in mouse brains. Second, the DRMs possessed unique biochem-
ical features distinct from those of lipid rafts; for example, the GM1
accumulation in the DRMs was resistant to methyl-{3-cyclodextrin
(MPCD) treatment. which is frequently used to destroy cholesterol-
and GM1-rich membrane microdomains such as lipid rafts [19,20],
Third, AP} assembly to amyloid fibril formation was markedly acce-
lerated in the presence of the synaptosomes bearing the DRMs. To-
gether with a previous finding that AP} deposition likely starts at
presynaptic terminals in AD brains [21,22]), these findings imply the
pathological significance of GM1 accumulation at presynaptic neuritic
terminals in AD. Furthermore, this possibility has been supported by a
recent study showing that the GM1 levels significantly increase in the
amyloid-positive synaptosomes compared with amyloid-free synapto-
somes prepared from AD brains [23].

The purpose of this study was to darify the nature of the GM1-rich,
MCD-resistant DRMs (GMD). Here, we describe that GMD, witha high
potency to induce Af} fibril formation, selectively appeared in synap-
tosomes but not in non-synaptosomes prepared from mouse brains.
Importantly, the synaptosomes bearing the GMD were characterized
by their high-density CM1 clustering, which was specifically recog-
nized using anovel peptide ( p3: VWRLLAPPFSNRLLP) [24], Natably, the
high-density GM1 clustering in synaptosomes was an age-dependent,
and partially, brain-region-specific event. Finally, it was also suggested
that sphingomyelin (SM) plays a role in inducing the high-density GM1
clustering in presynaptic plasma membranes.
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2. Materials and methods
2.1. Preparation of synaptosomes and non-synaptosomes

Synaptosomes were prepared as previously described [2526]. A
hippocampus or a whole brain minus the hippocampus, cerebellum and
brainstem, was homogenized in 0.32 M sucrose buffer containing
025 mM EDTA. The homogenate was centrifuged at 580 =g for 8 min.
The supernatant (post-nuclear supernatant) was centrifuged at
14,500 =g for 20 min. The resulting pellet (crude mitochondrial pellet)
was suspended in 0.32 M sucrose buffer without EDTA, layered over
Ficoll in sucrose buffer, and then, centrifuged at 87,000 =g for 30 min. The
resultant interface was collected as the source of synaptosomes. On the
other hand, the supernatant obtained by the centrifugation of the post-
nuclear supernatant was combined with the upper phase obtained by
the centrifugation of the suspension of the crude mitochondrial pellet,
and then, further centrifuged at 540,000 g for 30 min, The resultant
pellet was collected as the source of non-synaptosomes.

2.2 Hlectron microscopy

The synaptosomes Isolated from brain homogenates were diluted
and then spread on carbon-coated grids, allowing each solution to stand
for 2 min before removing excess solution using a filter paper. After
drying. the grids were negatively stained with 2% uranyl acetate. Mic-
rographs were obtained by transmission electron microscopy using a

JEM-2000EX (JEOL, Tokyo, Japan) with an acceleration voltage of 100 kV.

2.3, Isolation of DRMs

The DRMs were prepared from the synaptosomes and non-
synaptosomes according to a previously established method |[18].
Briefly, synaptosomes (0.2 mg protein/ml) were homogenized in MES-
buffer saline (MBS) containing 1% Triton X-100. The sucrose con-
centration of the extract was adjusted to 40% by the addition of 80%
sucrose in MBS, and then they were overlaid with a 5%/35% discon-
tinuous sucrose gradient in MBS without Triton X-100, followed by
centrifugation at 188,000 =g for 20 h using an SW41-Ti rotor (Beck-
man, Palo Alto, CA), After centrifugation, 1-ml fractions were har-
vested from the top to the bottom of the gradient. Success of DRM
isolation was verified by confirmation of GM1 enrichment in the fifth
fraction as had been reported in our previous study |18].

2.4. SDS-PAGE and Western blotring

The protein concentration of each sample was determined using a
BCA protein assay kit (Pierce, Rockford, IL) with bovine serum albumin
(BSA) as the standard, The samples were separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and then
electrotransferred onto NitroBind membrane (GE Osmonics, Minne-
tonka, MN). The blots were probed with, monoclonal antibodies spe-
cific to SNAP25, syntaxin, nucleaporin p62, aquaporin 4 (AQP4) or CTB-
HRP, which were purchased from Stressgen (Victoria, Canada), Santa
Cruz (CA, USA), BD Bioscience Pharmingen (CA, USA) Millipore (MA,
USA) and SIGMA-Aldrich (MO, USA), respectively, The bands were
visualized using an ECL detection system (GE Healthcare, Piscataway.
NJ).

2.5. Levels of sphingomyelin, GM1, phospholipids and cholesterol

The sphingomyelin levels in the samples were determined by TLC
and scanning densitometry, Lipids were extracted using r.l-nhm:nfnrrmr

solvent systems: methyl acetate/1-propanol/chloroform/methanol/
025% KC| solution 25:25:25:10:9 by volume; n-hexane/diethyl ether/
acetic acid 75:23:2 by volume; and n-hexane. After each run, the plate
was thoroughly dried using hot air. Lipid spots were visualized by
dipping the plates in a mixture of 10% CuS0s-5H20, 8% H3PO4, then
placing them vertically on paper towels for 1 min to drain the excess
charring reagent, followed by heating for 10-20 min at 170 "C. Quan-
tification was performed using NIH image version 1.59 software, The
GM1 level in the samples was determined by blot analysis using cholera
toxin B subunit-horseradish peraxidase conjugated (CTX-HRP) as
previously reported | 7). The cholesterol and phospholipid levels in the
samples were determined using Determiner L{Kyowa, Tokyo, Japan) and
Phospholipids C {Wako, Osaka, Japan), respectively.

26. AB incubation in the presence of sy

4

Seed-free solutions of AP (APp1-40) (Peptide Inst, Osaka, Japan)
were prepared as previously described |27]. Aj solutions at 50 pM in
Tris-buffered saline (TBS1: 10 mM Tris-HCl and150 mM NaCl, pH 7.4)
were incubated at 37 *C with or without synaptosomes. The fluo-
rescence intensities of Thioflavin T(ThT), which specifically recognizes
the amyloid structure, of the mixture incubated for 24 h were deter-
mined as previously described |15].
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2.7. Methyl-p-cyclodextrin (MBCD) treatment

The synaptosomes were washed with Tris-buffered saline (TBS2:
20 mM Tris-HCL 150 mM NaCl, pH 7.4) at 4 "C and then resuspended in
TBS52 with or without 10 mM MCD. After incubation at 37 °C for 30 min,
the mixture was centrifuged at 17,000 =g for 15 min, The resultant
precipitates were subjected to assay or fractionation for DRMs.

2.8. Fluorescence staining of GM1 clustering

Synaptosomes and non-synaptosomes were seeded on poly-1-
lysine-coated 24-well plates at a total protein content of 3 pg and
incubated either with or without biotin-conjugated p3 (VWRLLAP
PFSNRLLP, 300 nM) at room temperature for | h. After washing
with PBS, the synaptosomes were incubated with Alexa Fluor 594-
conjugated streptavidin (10 pg/ml) for 1 h. The synaptosomes incu-
bated alone with Alexa Fluor 594-conjugated streptavidin without
p3 treatment did not show labeling.

2.9 Inhibition of membrane-bound neutral sphingomyelinase

PC12 cells were cultured in Dulbecco’s modified Eagle's medium
(DMEM, Invitrogen, Carisbad, CA) supplemented with 10% heat-
inactivated horse serum and 5% FBS. For their differentiation, PC12
cells were plated on poly-t-lysine-coated (10 mg/ml) chamber slides
(Nunge, Roskilde, Denmark) at a density of 50,000 cells/cmy® and cul-
tured for 6 days in DMEM supplemented with 100 ngfml nerve growth
factor (NGF; Alomone Labs, Jerusalem, Israel). The cells were treated
with GW4869 (Calbiochem, Darmstadt, Germany). After 2 days, the
cells were fixed with 4% formaldehyde and incubated with 5% BSA
blocking agent. The cells were then incubated with biotin-conjugated

ne

p3 and Alexa Fluor 488-coupled CTX at room temperature for 1 h.
After washing with PBS, the cells were incubated with Alexa Fluor
594-conjugated streptavidin (10 pg/ml) for 1 h.

3. Results
3.1. Characterization of synaptosomes and non-synaptosomes

The isolated synaptosomes were characterized by Western blot
analysis using monoclonal antibodies specific to SNAP-25 and syntaxin,
which are abundant in presynaptic plasma membrane, and nucleoporin
p62, which exclusively localizes at the nuclear membrane [28). As
shown in Fig. 1A, the presynaptic marker proteins were abundant in the
synaptosome fractions whereas the nuclear protein was absent in these
fractions. Moreover, electron microscopy of the synaptosome fractions
revealed typical structural characteristics of synaptosomes with the
presence of recognizable mitochondria (Fig. |B). To compare the char-
acteristics of the isolated synaptosomes and non-synaptosomes, we
performed Western blot analysis using monoclonal antibodies specific
to syntaxin and AQP4, which is exclusively abundant in astrocyte plasma
membrane | 29]. As shown in Fig 1C, the presence of syntaxin and AQP4
in the synaptosomes and non-synaptosomes were mutually exclusive.

32. Characterization of GM1 acc in synap 3

We characterized the GM1 accumulation in synaptosomes and
non-synaptosomes using MiCD which can potently break down
cholesterol- and GM1-rich DRMs such as lipid rafts by removing
cholesterol. Synaptosomes and non-synaptosomes were prepared
from whole brain minus hippocampus, cerebellum and the brain-
stem, and the hippocampus of two different age groups of mice (4-
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week-old and 2-year-old). The GM1 levels in synaptosomes and non-
synaptosomes, which were determined by the specific binding of
CTX-HRP, were higher in the samples prepared from aged mouse brains
than those from young mouse brains (Fig. 2). Notably, the GM1
accumulation in non-synaptosomes prepared from aged mouse brains
markedly decreased following MPCD treatment whereas that in
synaptosomes prepared from the same brains was resistant to MpCD
treatment (Fig. 2), Although the extent of the GM1 accumulation was
lower in the samples prepared from young mouse brains than from aged
mouse brains, the resistance of GM1 accumulation to MBCD treatment
was consistently observed in synaptosomes prepared from the hip-
pocampus but not from the whole brain (Fig. 2). The levels of cholesterol
markedly decreased in synaptosomes and non-synaptosomes from
mouse brains of both age groups following MECD treatment and the
decrease in the levels of total phospholipids following MBCD treatment
was moderate compared with that of cholesterol (data not shown ).

To further characterize the resistance of GM1 showing age-
dependent accumulation in the synaptosomes to MPCD treatment,
we isolated DRM fractions from the synaptosomes and non-synapto-
somes. The successful DRM isolation was confirmed by the observa-
tion of GM1 abundance in the fractions as was previously reported
(Fig. JA), We then compared the resistance of GM1 accumulation to
MPBCD treatment in each fraction between the synaptosomes and non-

synaptasomes. Following MPECD treatment, the decrease in CM1 level
in the DRM fractions prepared from synaptosomes (arrow a in Fig. 3B)
was apparently less than that of the DRM fractions prepared from
non-synaptosomes (arrow b in Fig. 3B). MRCD treatment markedly
decreased the cholesterol levels, and the levels of total phospholipids
also decreased following MPECD treatment but it was less than the
decrease in cholesterol levels (Fig. 3B).

3.3. A fibril formation in the presence of the synaptosomes or the DRMs
prepared from synaptosomes

We determined whether the GM1 accumulation in the synapto-
somes accelerates A% assembly into amyloid fibrils. We first incubated
soluble A} in the presence of the synaptosomes prepared from three
different age groups of mice (4-week-old, 1-year-old and 2-year-old
groups). The ThT fluorescence intensity in the incubated mixtures
increased in an age-dependent manner (Fig. 4A). Notably, the increase
in ThT fluorescence intensity was significantly suppressed by coin-
cubation with 4396C, an antibody specific to GAJ, suggesting that
amyloid fibril formation in the presence of synaptosomes occurred
through GAf} generation. We then incubated soluble A31-40 in the
presence of the synaptosomes or non-synaptosomes from aged mouse
brain with or without MPCD pretreatment. The ThT fluorescence in
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