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have developed a novel method for the immobilization of
sulfated oligosaccharide onto a gold-coated SPR chip to prepare
a “sugar chip” and devised an analytical system that can be

applied to the binding interactions of a variety of structurally-

defined oligosaccharides in clustered structures that mimic
nature. :

In this paper, mono-, tri-, and tetravalent types of linker
compounds containing one, three, or four aromatic amines and
thioctic acid moieties were designed. The ligand moiety, a
GIcNS6S-IdoA2S unit, was conjugated with these novel linker
compounds to prepare a ligand conjugate using an optimized
reductive amination teaction. The ligand conjugates were
immobilized on a gold SPR sensor chip through an improved
gold—sulfur (Au—S) permanent bond. By this approach, we
were able to accurately measure the specific interactions of the
GleNS6S-1doA2S structure in heparin with native human vWf
protein and with the recombinant fragment of its Al domain.
To compare our method with conventional immobilization
techniques, the GIcNS6S-IdoA2S unit was conjugated with a
hydrophobic aromatic amine by a similar reductive amination
reaction and immobilized through hvdrophobic interactions with
a hydrophobic 1-octanethiol-coated chip surface.

The goal of this current work was to refine the methods for
immobilizing clustered oligosaccharides using these new tech-
niques, to measure their uniformity and distribution on the SPR
chip, and to measure the relative impact of ligand clustering on
the binding of well-known heparin-binding proteins. Our long-
term goal is to provide a simple, versatile, and reproducible
method for studying glycosaminoglycan—protein interactions,
which can be implemented by a wide range of investigators
beyond the specialized laboratories that pioneered these ap-
‘proaches.

EXPERIMENTAL PROCEDURES

General Procedure. All reactions in organic media were
carried out with freshly distilled solvents or with commercially
available extra grade solvents purchased from Kanto Chem. Co.
(Tokyo, Japan), Nacalai Tesque (Kyoto, Japan), or Wako Chem.
Co. (Osaka, Japan). Silica gel column chromatography was
performed using silica gel 60 (no. 9386, Merck & Co. Inc,,
Whitehouse Station, NJ). Spectral data were obtained as follows.
Electrospray ionization time-of-flight mass (ESI-TOF/MS)
spectra were obtained by Mariner (Applied Biosystems, Framing-
ham, MA). 'H NMR measurements were performed with JEOL
(Tokyo, Japan) Lambda-500, GSX-400, and ECA-600. The
chemical shifts are expressed in O-values using tetramethylsilane
(6 0) or HDO (¢ 4.63) as an internal standard.

SPR Experiments. SPR experiments were perfomed with
SPR-670 (Nippon Laser and Electric Lab., Nagoya, Japan) under
the recommended manufacture’s guideline with a slight modi-
fication. Sensor chips used for SPR experiments were prepared
as follows. The gold-coated chip was purchased from Nippon
Laser and Electronics Lab. For ligand conjugates containing
the thioctic acid moiety, the gold-coated chip was soaked in a
100 zeM solution (methanol/water = 1/1, v/v) of the appropriate
ligand conjugaté at room temperature for 2 h or overnight,
followed by subsequent washing with methanol/water containing
0.05% Tween-20, phosphate-buffered saline (PBS) at pH 7.4
containing 0.05% Tween-20, and PBS (pH 7.4). All washings
were done with microwave irradiation for 5—30 min. The
solvent for the binding experiment was PBS at pH 7.4 and run
at a flow rate of 15 #L/min at 25 °C.

For ligand conjugates containing an octyl group, the gold chip
was first soaked in 1 mM methanol solution of octanethiol at
room temperature overnight, followed by washing with metha-
nol, methanol/water (1/1, v/v), and PBS (pH 7.4) containing
10% -2-propanol. The octanethiol immobilized chip (self-
assembled monolayer (SAM) chip) was set in the SPR-670; then
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the solution of ligand conjugate containing the octyl group in
PBS (pH 7.4) containing 10% 2-propanol was loaded and run
at a flow rate of 15 ul/min at 25 °C. The ligand conjugate
became immobilized through a hydrophobic interaction between |
the SAM on the chip and the octyl group of the conjugate. This
was monitored by SPR-670. The subsequent saccharide—protein
binding experiments were done using PBS (pH 7.4) containing
10% 2-propanol: Bovine serum albumin (BSA) was employed
as the control, nonspecific protein of study. It is ubiquitous in
biological systems and is known to have low nonspecific
interactions with sulfated polysaccharides.

Synthesis of Compounds. Details of compound syntheses
can be found in Supporting Information.

RESULTS

Preparation of Oligosaccharide-Linker Conjugates (Ab-
breviated as “Ligand Conjugates”). Mono-, tri-, and tetrava-
lent linker molecules and ligand conjugates were prepared as
illustrated in Schemes 1—3. The linker compounds possessed
one, three, or four incorporating points, and the ligand conjugates
were composed of the linker attached to a structurally defined,
biologically active sulfated disaccharide unit (GleNS6S-IdoA2S)
or D-glucose as a control. All the structures of the compounds
were confirmed by ESI-TOF/MS and NMR.

Monovalent Linkers and Ligand Conjugates (Schemes 1 and
2). The reaction of m-phenylenediamine 1 with di-Z-butyl
dicarbonate in methanol solution yielded 3-(-butoxycarbonyt-
amino)phenylamine 2. The compound 2 was then reacted with
thioctic acid 3 in dichloromethane to give the thioctamide
derivative 4, followed by treatment with trifluoroacetic acid to
yield the linker compound 5. A reductive amination reaction
with a sulfated trisaccharide 6 (synthesized as previously
reported (18)) was employed to incorporate the disaccharide
unit into a novel ligand conjugate 7 (Mono-GIcNS6S-IdoA2S-
Gle). By a similar reductive amination reaction using p-ghicose,
a contro] ligand conjugate 8 (Mono-Glc) was also prepared.

For the hydrophobic immobilization strategy (Scheme 2), a
hydrophobized ligand conjugate 13 containing the GleNS6S-
1doA2S unit was prepared. The reaction of 4-aminobenzoic acid
9 with di-r-butyl dicarbonate in methanol solution yielded 4-(¢-
butoxycarbonylamino)benzoic acid 10. Further reaction with
n-octylamine in dichloromethane gave benzamide 11, which was
then treated with trifluoroacetic acid to yield the hydrophobic
linker N-octyl-4-aminobenzamide 12. The linker 12 was coupled
with the trisaccharide 6 using a reductive amination reaction to
give the hydrophobized compound 13 (Hydro-mono-GIcNS6S--
1doA28-Glc). A similar reductive amination was performed with
D-maltose to give D-glucopyranoside-containing ligand conjugate
14 (Hydro-mono-Gle-Gle), which was used for the control
experiments.

Trivalent Linker and Ligand Conjugate (Scheme 3). For the
trivalent type linker compound 24, the Michael addition reaction
followed by reduction with Raney nickel was applied to
nitromethane 15 to give tribranching amine 18 according to Weis
and Newkome (/9) with a slight modification. The production
of a side product, di-r-butyl 4-[(2-r-butoxycarbonyl)ethyl]-4-
aminoheptanedicarboxylate, was less than 5% in this case. To
the amine moiety 18, a Z-glycine unit was incorporated, which
served as a spacer between the branching part and the further
incorporating thioctic acid moiety. The coupling reductive
amination reaction was performed as above with a slight
modification, in which dimethylacetoamide was used to dissolve
the tribranched linker compound 24 instead of methanol. The
reaction was monitored with thin-layer chromatography (TLC)
and ESI-TOF/MS. After confirmation of the formation of the
Shiff base, the ratio of the mixed solvent was changed to
promote a more efficient reduction reaction. We found that it
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Scheme 1. Synthesis of Monovalent Linker and Ligand Conjugates
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was important to maintain the pH of the solvent between 3 and
4 to increase the conversion of the reaction. A 5-fold ratio of
sulfated trisaccharide 6 to the linker 24 was necessary to
incorporate all three of the aromatic amine moieties in 24 to
produce 25 (Tri-GIcNS6S-1doA2S-Glc). The lower than ex-
pected yield (66%) was due to losses during purification.
Tetravalent Linker and Ligand Conjugate (Scheme 4). The
tetravalent linker compound 34 was prepared according to
Ashton et al. (20) with modifications. In brief, two units of
aminobenzoic acid moieties were incorporated into the two
primary amines in diethylenetriamine with a relatively good
vield by precisely controlling their molar ratio. For the spacer
between the thioctic acid molety and the branching part,
Z-glycine was incorporated to give compound 30. The conden-
sation of 27 and 31 needed a stronger condensation reagent,
pentafluorophenyl diphenylphosphinate (FDDP), to give the
tetravalent linker unit containing four units of aromatic amine
derivative 35. The incorporation of sulfated disaccharide units
to yield 35 was performed by similar reaction conditions as
applied to 24. A 3-fold ratio of sulfated trisaccharide 6 to the

linker 35 was also necessary to incorporate all four of the
aromatic amine moieties in 35 to produce 36 (Tetra-GlcNS6S-
1doA2S-Gle-short). Diminished yield (40%) was again due to
losses during purification.

Tetravalent Linker and Ligand Conjugate with Longer Spacer
Arm (Scheme 5). In order to create an immobilized oligosac-
charide cluster with a longer leash, or spacer arm, we created
tetravalent linker 48 and ligand conjugate 49 by modifying 35
and 36, respectively (Scheme 3). An oligo(ethylene glycol) unit
was incorporated between the branched part and the thioctic
acid moiety. The oligo(ethylene glycol) unit was derivatized
according to Houseman and Mrksich (6) to afford the O-
toluenesulfonyl compound 40. By the Sy2 reaction with sodium

~azide, an azide unit was incorporated. After hydrolysis, we
obtained 42, which was then used for the spacer unit instead of
Z-glycine in the preparation of 30. The azide moiety was
converted to amine by mild reduction, and the thioctic acid
moiety was condensed to the amino group, followed by
deblocking of the aromatic amine by trifturoacetic acid to yield
the tetravalent linker 48 containing an oligo(ethylene glycol)
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Scheme 3. Synthesis of Trivalent Linker and Ligand Conjugate
Oy 0t Bu Qy-0tBu
Benzyltrimethylammonium o T-1 Raney Ni o
Hydoxide Ha (6 kgt / cm?)
MeNOy + CH;=GHCO.-f-Bu ) OyN Ot Bu 0 HaN Of Bu
Dwgseth;);):ecthane E{OR
15 16 91% IS Of Bu g g Ot Bu
17 % 18
o o)
Z-Glycine (1.1 eq) Ot Bu OH
WSCBHCH (1.1 eq)
HOAL (1.1 eq) G o
TFA
Z—HN" Y—HN OFBY i Z-—HN/\y—-HN OH
CH»Cly fo) GHaClyg/Ho0 = 1071 o
0/ .
85% O&\\Ot Bu 05% g OH
19 20
- NHBoc NHBoc
H
NHBoc 0, FJ"@ o K
NHBoc NHBoc¢
O (o]
HaN 2 (10 eq) PAIC, Hy
z—HN/\;—HN N HZN/\—HN N
FDPP (4.5 eq) o] MeCH 0
DIPEA (11 &q)
N 79% N
DMF O H ’ o
89% NHBoc NHBoc
NHBoc NH;
H H
3! -0

S
]
S:ZA/\
COOH 3

-0 i
NHBoc ? /)/ o
—@ TMSCL PhOH S HN/\.-HN
0

WSCIHCI 3 S CHClo o}
HoBt dN >32% o ﬁ‘Q
CHuCly . 75% HBoc NH,
23 24
0S03Na o
o )
° COzNa
H OH OH OH
MeO o} HO
OSO3N .
NHSOzNa 3Na OH N o . .
6 o 0, OH H NH
CO,Na i N R/ s
H OH H o
NaBH,CN Med S HO Y :
OH 3

1) HoO/DMAG/ACOH = 5/20/1 NHSO3Na

2) HyO/DMAC/ACOH = 20/5/24
pH3~4,37°C
66 %

unit. The incorporation of sulfated disaccharide units into 48
was performed by the same reaction as applied to 25. A 7-fold
ratio of sulfated trisaccharide 6 to the linker 48 was necessary
to incorporate the four aromatic amine moieties in 48 to prepare
49 (Tetra-GleNS6S-IdoA2S-Gle-long). Yield (22%) was again
diminished primarily due to purification. All the structures of
the compounds were confirmed by ESI-TOF/MS and 'H NMR.

Comparisen of Immobilization Methods. The monovalent
ligand conjugates 7 (Mono-GIleNS6S-1doA28-Glc) and 8 (Mono-
Gle) were first immobilized on the gold chip by soaking the
chip in the 100 #M 50% aqueous methanol solution of the ligand
conjugate for 2 h or overnight at room temperature with gentle
agitation. It was predicted that the ligand conjugates would be
immobilized on the gold-coated chip through direct Au—S

0O8O3Na

25

bonding. With use of an SPR670 apparatus (Nippon Laser and

Electronics Lab, Nagoya, Japan), a binding interaction to the

ligand moiety on the chip was confirmed when 2 #M of the

synthetic peptide KDRKRSELRRIASQVK (a discrete heparin-

binding domain of human vWf (2I), abbreviated as vWi-

peptide) was injected over the surface of the chip in the

apparatus (Figure 1a). Because minimal binding was observed
with 1.5 uM of BSA, it was not even necessary to subtract a

nonspecific binding value.

‘When the control Mono-Gle was immobilized using the same
method, no significant increase in resonance units was observed
even though a high concentration of synthetic vWf-peptide was
used (Figure 1b). In contrast, a typically positive binding
saturation curve was seen with the Mono-GleNS6S-1doA2S-
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Scheme 4. Synthesis of Tetravalent Linker Containing Short Spacer Arm and Ligand Conjugate
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Glc jmmobilized chip. The Kp, dissociation constant, was
estimated to be 220 nM, very close to that reported previously
370 = 100 nM) for unfractionated heparin and vWT using a
conventional radioligand binding assay (27).

This direct, covalent immobilization method was then com-
pared to a conventional hydrophobic method of immobilization.
A self-assembled monolayer (SAM) of octanethiol was first
prepared on the chip as previously reported (10, 17). The SAM
chip was set in the SPR670 apparatus and a solution of 13 or
14 was loaded on the chip in phosphate-buffered saline. The

z 36

total amount of 13 or 14 that was immobilized on the sensor
chip is indicated by the differences in resonance units (ARU)
at equilibrium shown in Figure 2a. Then, the binding of synthetic
vWi-peptide was evaluated. Figure 2b shows that the vWi-
peptide bound to both the sulfated oligosaccharide SAM chip
(using 13, Hydro-mono-GleNS6S-IdoA2S-Gle) and the control
SAM chip (using 14, Hydro-mono-Gle-Glc). These nonspecific
interactions were confirmed when BSA was tested on the same
SAM sensor chip; strong binding of BSA to both chips was
observed (data not shown).
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Scheme 5. Synthesis of Tetravalent Linker Containing Long Spacer Arm and Ligand Conjugate
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Evaluation of Immeobilization of the Ligand Conjugates
via the Covalent Attachment Method. The tri- and tetravalent
ligand conjugates containing the sulfated disaccharide units were
immobilized on gold chips as described above, and nonspecific
binding to 1.5 uM BSA was measured. Experience showed that
the chips prepared in this manner were quite stable, retaining
full binding potency when stored dry at room temperature for
6 months (data not shown). Figure 3 shows that chips im-
mobilized with conjugates 25 (Tri~GIcNS6S-1doA2S-Gle) and
49 (Tetra-GleNS6S-1doA2S-Gle-long) showed very little non-

®) o)
i
HN(CH,CHo0),CH,C-N N o
‘ H""‘-@-NHBOC
2
O
47

TFA/CHyCl =3/ 1
91%

0803Na
¥a Y & G

NHSOsNa  0S8SO3Na

NaBH3CN

1) HoO/DMAC/AcOH = 10/ 40/ 1
2) HyO/DMAC/AcOH = 10/ 40/ 16

22%

o\ o i
N N-CCHy(OCHoCH,)NH s
o
2 2

specific binding, just as was observed in Figure la with the
Mono-GIcNS6S-IdoA2S-Gle (conjugate 7). The tetravalent
conjugate with the short linker arm (conjugate 36) exhibited
high nonspecific binding (Figure 3) that is typical of a BSA
interaction with a bare, unmodified gold chip. Hence, we
concluded that conjugate 36 did not achieve optimal im-
mobilization to the gold chip. Its more flexible linkage
chemistry, combined with a short spacer arm, may have
obscured the accessibility of the S—8 portion of the linker for
effective immobilization. In subsequent experiments, trivalent
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Figure 1. (a) Binding of vWi-peptide and BSA to Mono-GlcNS6S-
IdoA2S-Gle (ligand conjugate 7) on the chip was observed (flow rate
= 5 yLimin, temp = 25 °C, pH 7.4, PBS}; (b) the equilibrium binding
data were used to generate a saturation curve for vWi-peptide binding
to Mono-GiecNS68-I1doA28-Gle and to the control ligand conjugate 8
(Mono-Glc).

ligand conjugate 23 (Tri-GIeNS6S-1doA2S-Gle) and ligand
conjugate 49 (Tetra-GleNS6S-IdoA2S-Gle-long) were used in
addition to Mono-GleNS6S-1doA2S-Gle (compound 7).

Density and Homogeneity of Immobilization. We wished
to determine how the density of immobilization of different
conjugates on the chip would influence binding activity.
Accordingly, different percentages of biologically active ligand
conjugates were individually diluted with the control glucose
monovalent conjugate 8 (Mono-Gle) and immobilized as above.
The relative concentration of the immobilized sulfated disac-
charide was determined by attenuated total reflection (ATR)
FT-IR spectra with IRPrestige-21 equipped with MIRacle
(Shimdzu Co., Kyoto, Japan). Figure 4a shows parts of the ATR-
FT-IR spectra for the region of sulfate groups (1200 and 1303
em™!) on the gold surface, where Mono-GleNS6S-I1doA2S-Gle
was immobilized over a range of relative densities. The intensity
of absorbance increased as the chip was coated with an
increasing percentage of Mono-GleNS6S-1doA2S-Gle in the
ligand conjugate mixture. The absorbance between 1200 and
1303 cm™! was integrated and plotted against the relative
concentration of ligand conjugate including the sulfated disac-
charide units. As shown in Figure 4b—d, there were linear
relationships between the integral of absorbance for sulfate
groups on the chip and the relative concentration of the active
ligand conjugate in the mixture, suggesting that the sulfated
disaccharide units were homogeneously immobilized on the gold
surface. In other words, the relative density of ligand oligosac-
charides on the chip surface can be controlled by admixing the
Mono-Gle ligand conjugate, since the efficiency of S—Au
bonding does not appear to be altered between Mono-GlcNS6S-
1doA2S-Gle and Mono-Gile.
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Figure 2. (a) Immobilization of ligand conjugate 13 (Hydro-mono-
GIeNS68-1doA28-Gle) containing GloNS68-1doA2S on the SAM chip
and the binding of vWf-peptide were observed (flow rate = 15 uL/
min, temp = 25 °C, pH 7.4, PBS containing 10% 2-propanol); (b) the
equilibrium binding data were used fo generate saturation curves for
the binding of vW1-peptide to the ligand conjugate 13 and to the control
14 (Hydro-mono-Gle-Glc).
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Figure 3. Binding of BSA to the sulfated disaccharide, GIeNS6S-
1doA2S, immobilized chips by ligand conjugates 25 (Tri-GlcNS6S-
1doA2S-Glc), 36 (Tetra-GIcNS6S-IdoA2S-Gle-short), and 49 (Teira-
GIcNS6S-1doA2S-Gle-long). The immobilization and SPR experiment
were done as described in the Experimental Procedures.

Measurement of Binding Affinities for Model Heparin-~
Binding Proteins. To evaluate the influence of oligosaccharide
immobilization density on protein binding, 2 #M vWi-peptide
was injected over chips immobilized with different percentages
of Mono-GlcNS68-IdoA2S-Gle to Mono-Gle immobilized chip
(Figure 3). The binding affinity decreased as the relative density
of the surface-immobilized sulfated disaccharide units dimin-
ished. When the biologically active disaccharide comprised less
than 40% of the immobilized ligand, binding was minimal.

We also studied the binding of the recombinant human vWif-
Al domain (rhvWf-Al) (22). This protein contains the same
heparin-binding domain studied in Figure 5 (vWf-peptide) but
also includes a secondary or cooperative heparin binding site
(23). The three ligand conjugates, Mono-GleNS6S-IdoA2S-Glc,
Tri-GIcNS6S-1doA2S-Gle, and Tetra-GleNS6S-IdoA2S-Gle-
long, were immobilized at 100% and 50% density (mixed 1:1
with Mono-Glc). Table 1 compares the effects of clustering
(valency) and immobilization density on the binding parameters
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IdoA2S-Gle to the control ligand conjugate (Mono-Glc) with changing concentration (0 to 100%). Intensity of ATR-FT-IR was plotted against the
initial concentration of (b) Mono-GleNS6S-1doA2S-Gle (R* = 0.9984), (¢) Tri-GlcNS68S-1doA2S-Gle (compound 25; R? = 0.9993), and (d) Tetra-
GIcNS68-1doA28-Gle-long (compound 49: R = 0.9610) in the ligand conjugate mixture.

800 =
5
£
-3
o
£
g
a
&
-3
T ¥ ¥ ¥
0 600 1000 1500 2000
Time (sec)

Figure 5. SPR sensorgram of vWipeptide binding. Chips were

immobilized with increasing proportions of Mono-GieNS6S-IdoA2S-
Gle, with the total concentration ([Mono-GIcNS68-IdoA2S-Gle] +
[Mono-Gle]) fixed at 100 uM. vWi-peptide was 2 uM.

(calculated from kinetic data using the analytical software of
the SPR670).

The increased clustering of oligosaccharides provided by the
tri- and tetravalent conjugates uniformly yislded lower dissocia-
tion constants Xp and lower dissociation rates &y The mono-
valent conjugate had an ~2.5—3-fold higher Kp and k4. A 50%
decrease in the density of immobilization hardly changed the
binding parameters of the fri- and tetravalent ligand conjugates,
while the same decrease in density of the monovalent ligand
raised the Kp by 1.5-fold and doubled the &q.

We then measured oligosaccharide binding of an even more
complex version of this heparin-binding protein, the whole
human vWf protein. A single vWT monomer protein is 270 kDa

Table 1. Binding of rhvWif-Al: Clustering Effect of Sulfated
Oligosaccharide on the Chip

k kg
Kp¢ (M™ls7b 7 (g1
ligand conjugates ratic (uM) <108 =107
Mono-GleNS6S-IdoA2S-Gle  100/0 2.60 838 219
Mono-GleNS6S-IdoA2S-Gle/ 50/50  3.79 14.6 552
Mono-Gle
Tri-GleNS6S-1doA2S-Gle 100/0 1.20 6.60 8.05
Tri-GleNS6S-IdoA28-Gle/ 50/50  1.50 452 6.83
Mono-Gle
Tetra-GleNS68-1doA2S-Gle 100/0 0.99 6.50 6.44
Tetra-GleNS6S-1doA2S-Glef 50450 1.00 5.24 5.26

Mono-Gle
a kil k, (dissociation constant). # Association rate. ¢ Dissociation rate.

Table 2. Binding of Whole rhvWf: Lack of Clustering Effect of
Sulfated Oligosaccharide on the Chip

estimated

ligand conjugates ratio Kp {nM)
Mono-GleNS68-1doA2A-Gle 100/0 35
Mono-GleNS6S-TdoA2A-Gle/Mono-Gle 20/R0 41
Tri-GleNS6S-1doA2A-Gle 100/0 24
Tri-GleNS6S-1doA2A-Gle/Mono-Gle 20/80 27
Tetra-GleNS6S-1doA2A-Gle 100/0 35
Tetra-GleNSES-1doA2A-Gle/Mono-Gle 20/80 32

molecular mass, but it forms large multimers reaching several
million daltons, displaying multiple heparin-binding sites.
Experiments were performed using mono-, tri-, and tetravalent
(long) ligand conjugates immobilized at 100% and 20% relative
concentrations. Table 2 summarizes the estimated binding
constants derived from the data illustrated in Figure 6a—c. The
estimated Kp values were all very similar and did not depend
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Figure 6. Equilibrium binding of whole hvWf protein to chips
immobilized with Mono-GleNS6S-IdoA2S-Gle/Mono-Gle (a), Tri-
GIeNS6S-1doA28-Gle/Mono-Gle (b), and Tetra-GleNS6S-1doA2S-Gle-
long/Mono-Gle (¢). The' ratios of Mono-GleNS6S-I1doA2S-Gle, Tri-
GIeNS6S-1doA2S-Gle, or Tetra-GleNS68-1doA2S-Gle-long/Mono-Gle
were 10070 and 20/80.

on the relative density of the immobilization of the ligand
conjugates nor the multivalency of the ligand conjugate.

Finally, we studied the binding affinity for a completely
different heparin-binding protein, human basic fibroblast growth
factor (bFGF). Here we performed competitive binding studies
with immobilized Tri-GleNS6S-1doA2S-Gle (compound 25) and
bFGF (200 nM) in solution phase admixed with increasing
concentrations of unfractionated pharmaceutical grade heparin
(Nacalai Tesque, from porcine intestine, average MW = 15000).
Figure 7a shows that with increasing concentrations of soluble
heparin, the binding of 200 nM of bFGF decreased. Figure 7b
shows the estimated ICsq of heparin to be 50—100 nM, which
is close to the reported Kp of bFGF for heparan sulfate
proteoglycan (24).

DISCUSSION

The first goal of this work was to devise and refine a simpler
and nondestructive strategy for immobilizing structurally defined
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Figure 7. (a) SPR sensorgram of competitive heparin binding to bFGF.
Mixtures of bFGF (200 nM) with or without soluble commercial heparin
(Nacalai Tesque, from porcine intestine, average MW = 15000) were
run on the chip of Tri-GleNS68-IdoA28-Gle. (b) Relationship between
the concentration of heparin and ARU at equilibrium.

olignsaccharides on a chip for SPR. When ligand immobilization
methods were compared, the direct, covalent innmobilization
to the gold surface via Au—S8 bonds yielded minimal nonspecific
binding interactions, as examplified by the negligible binding
of BSA, and minimal protein binding to the control glucose
ligand. In contrast, BSA bound to the self-assembled monolayer
of octanethiol through nonspecific hydrophobic interactions, and
the vWl-peptide bound with some measurable affinity even to
the negative control glucose ligand.

We also sought to develop a linkage method that was simple,
nondesfructive, and applicable to a wider range of naturally
occurring oligosaccharides. The reductive amination coupling
to linker compounds containing aromatic amines offered more
precise, quantitative control over the linkage process, especially
when compared with techniques of mass immobilization using
the lysine groups of albumin or other proteins. The reductive
amination reaction is certainly a well-established method. It is
typically used for the labeling of oligosaccharides, such as in
the pyridyl amination reaction. In that case, excess amounts of
pyridylamine are used, and the labeled compounds have been
used primarily for the analysis of the structure of oligosaccha-
rides. With use of this known pyridyl amination reaction, ligand
conjugates for the immobilization of oligosaccharides onto the
gold surface cannot be obtained.

Other methods have used the amino groups in a carrier
protein, like bovine serum albumin, to form multivalent ligand
oligosaccharides with dramatic increases in binding aftinity. We
previously examined the reductive amination strategy in detail
and found the optimized conditions (23). In brief, the reaction
should be done at around pH 4 to get a high yield. Therefore,
regular alkyl amines gave lower yields because of the proto-
nation of the amino group. If the pH is increased to over seven
to have more free amino groups, the simple reduction at the
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reducing end of olignsaccharide predominated. Thus, we found
that aromatic amines had the optimal properties. Using those
linker compounds described here, many other oligo- and
polysaccharides including sialic containing ones, unfractionated
high molecular weight heparin, low molecular weight heparins
(LMWHs) prepared by several different methods, or amyloses,
were also successfully conjugated. Those results will be reported
soon.

Gold—sulfur immobilization schemes have also been used
by Ratner et al. (26) and Horan et al. (5), but the regular thiol-
containing compounds they used for self-assembling monolayers
can form both S-S and S—H bonds, depending on the
concentration. Therefore, purification of these oligosaccharide—
thiol conjugates may be challenging, with low yields. Our
current approach using a linker compound containing a thioctic
acid with intramolecular S—8 bonds avoids these significant
challenges in purification during the synthesis. The advantages
of using thioctic acid have been recognized in our patent (27)
and in a recent publication (28).

The second purpose was to precisely quantify the nanostruc-
tural contributions of clustering, or valency, on the affinity of
oligosaccharide ligands for increasingly complex heparin-
binding proteins by varying spacer-arm length, immobilization
density, and valency. Here, the distinction should be made
between the minimal oligosaccharide binding unit and the
minimal functional oligosaccharide necessary for biological
activity. Often, a di- or frisaccharide of specific structure can
be identified as the key binding unit (as we have done previously
{17)). However, an isolated disaccharide often has low affinity
and biological activity for the target protein. When multiple
copies of this minimal binding unit are spaced appropriately
{either within a single heparin chain or by adjacent chains), then
the ligand protein may engage in higher affinity equilibrium
binding that results in biological effects. Thus, overall the tri-
or tetravalent compounds had higher affinities than the mono-
valent type, and the affinity was less dependent on their relative
density on the surface of the SPR gold chip (Table 1). That is,
when multivalency was incorporated as an infrinsic property
of the ligand, variations in the density of immobilization had
significantly less effect on the observed affinities. In contrast,
the affinities of the monovalent ligand conjugates dropped
dramatically when their relative density fell to 50%. Even though
the changes shown in Table I were small, we observed a larger
increase of Kp (lower affinity) of thvWi-Al when the relative
density was decreased to 20% (data not shown). A larger k4
rate constant (Table 1) was observed compared to 100% density,
suggesting that the observed binding of thvWf-Al occurred via
equilibrivin binding. These results support the concept that
oligosaccharide ligand valency and density are important
determinants for protein affinity. In biological systems, the key
minimal oligosaccharide structure may either be spaced ap-
propriately as a repeating unit within the same polymer chain
or be displayed by clusters of neighboring polymers.

In addition to intrinsic ligand valency and density, it was
interesting to find that a third factor also influenced equilibrium
binding, the complexity of the heparin-binding protein. In the
case of the simplest monovalent disaccharide ligand conjugate,
its binding to a single, linear heparin-binding domain peptide
(vWi-peptide) was highly dependent on the density of im-
mobilized ligand (Figure 5). The monovalent ligand’s interaction
with a more complex heparin-binding protein (thvWf-Al
containing major and minor heparin-binding domains) was still
dependent on immobilization density, but slightly less so (Table
1). Finally, the monovalent ligand’s interaction with the native
multimeric vW{ protein (containing multiple heparin-binding
sites) showed the least dependency on immobilization density
(Table 2). The binding of muitivalent oligosaccharide ligands
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to increasingly complex heparin-binding proteins was much less
sensitive to immobilization density. The trivalent and tetravalent
constructs with the long spacer arm exhibited no significant
change in Kp with reduced density.

Microarrays of synthetic heparin oligosaccharides have been
reported very recently (29). But from these “sugar chips”, the
influence of the heparin-binding protein lends insights into the
nature of protein—glycosaminoglycan binding mechanisms. It
suggests that as the protein presents a multiplicity of heparin-
binding sites, the interactions with the sulfated disaccharide units
change from static multipoint binding to kinetic equilibrium
binding. Neither ligand clustering nor density seemed to play
as important a role in binding native multimeric hvWi, most
likely because of the many widely spaced ligand binding sites
presented by the protein itself. These. results point to one
unexpected advantage of this current technology: by altering
the relative density and valency of the ligand on the surface,
one can easily distinguish between single-site and multisite
binding interactions between proteins and oligosaccharides.
Thus, the heparin-binding properties of an unknown protein can
be deduced.

Another utility of this approach is illustrated by the competi-
tive binding assay using the trivalent ligand conjugate and
human bFGF. We measured similar competition curves by
soluble heparin against the monovalent or tetravalent ligand
conjugates (data not shown). This technique can be easily
applied, for example, to the screening of inhibitors or competi-
tors of growth factors:

In previous work, we have found that the surface of the
commercial gold-coated chip, at nanometer scale, is not perfectly
flat. Tt varies in vertical elevation by as much as 10 nm up and
down (detected by atomic force microscopy (AFM), data not
shown). Thus, it was not surprising that the immobilization of
ligands less than 2 nm in size might be affected by surface
conditions, producing less consistent two-dimensional clustering
of ligand on the surface. However, in the tri- or tetravalent type
ligand conjugates, the biologically active oligosaccharides were
dispersed within 2—3 nm, making a nanometer-sized cluster,
which is independent of the surface irregularities of the gold-
coated chip. Up to a point, a clustering-type effect can be
achieved by immobilizing monovalent Hgands at a higher
density, but the nanostructural properties of the surface may
interfere with the consistency and reproducibility of this effect.
One explanation may be that the multivalent linkers are less
affected by these surface conditions and thus show comparable
affinities at lower density. Among them, the trivalent type may
have some advantages. The trivalent linker contains an sp
carbon at the branching point. This branching makes a rigid
structure and therefore gives an open space for the thioctic acid
moiety (intramolecular S—S part) to immobilize the ligand
conjugate to the gold surface. In contrast, the tetravalent type
linker’s branching parts are flexible enough to allow the large
oligosaccharides to move apart and potentially mask the thioctic
acid moiety. The ligand conjugate 36 (short spacer, tetravalent)
was not able to be effectively immobilized. When a longer
spacer arm was inserted (four units of ethylene glycol between
the branching part and the thioctic acid moiety), compound 49
could then be successfully immobilized.

CONCILUSION

We have studied the binding of mono- and multivalent
oligosaccharide ligands to increasingly complex heparin-binding
protein structures. We have devised relatively simple and novel
nondestructive methods of conjugation and immobilization that
are applicable to a wide range of synthetic or naturally occurring
oligosaccharides. The data show that clustering of the biologi-
cally active oligosaccharides enhances their affinity for simple
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heparin-binding motifs and reduces the impact of surface
irregularities or variations in the density of immobilization. For
more complex heparin-binding proteins, the density of im-
mobilization and the degree of ligand valency play less of a
role. This relative dependence on density can thus be used as
one rapid method to characterize the nature of the glycosami-
noglycan—protein interaction.

Several technical advantages are conferred by these ap-
proaches. The reductive amination technique using an aromatic
amino moiety offers a simpler, more quantitatively precise
method of conjugation than that reported by Feizi and Chai (30).
It is suitable for any oligosaccharide with a reducing end and
does not require significant modification of their functional
sulfate groups. The sulfur—gold immobilization using a thioctic
acid moiety permits tighter control of the sulfur reactions, and
easier purification of the conjugate. With tri- or tetravalent
linkers, the oligosaccharides can easily be incorporated as a
clustered form: that mimics nature. These novel applications of
SPR offer the potential to elucidate a range of fundamental
structure—function relations of oligosaccharide—protein interac-
tions at the molecular level and hold promise as a novel
approach to rapid throughput screening of new bioactive
molecules..
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Not Lipoteichoic Acid but Lipoproteins Appear to Be the
Dominant Immunobiologically Active Compounds in
Staphylococcus aureus®

Masahito Hashimoto,** Kazuki Tawaratsumida,* Hiroyuki Kariya,* Ai Kiyohara,*
Yasuo Suda,* Fumiko Krikae,” Teruo Kirikae," and Friedrich Gotz*

Lipoteichoic acid (LTA) derived from Staphylococcus aureus is reported to be a ligand of TLR2. However, we previously dem-
onstrated that LTA fraction prepared from bacterial cells contains lipoproteins, which activate celis via TLR2. In this study, we
investigated the immunobiological activity of LTA fraction obtained from S. aureus wild-type strain, lipoprotein diacylglycerol
transferase deletion (Algf) mutant, which lacks palmitate-labeled lipoproteins, and its complemented strain and evaluated the
activity of LTA molecule. LTA fraction was prepared by butanol extraction of the bacteria followed by hydrophobic interaction
chromatography. Although all LTA fractions activated cells through TLR2, the LTA from Algt mutant was 100-fold less potent
than those of wild-type and complemented strains. However, no significant structural difference in LTA was observed in NMR
spectra. Further, alanylation of L'TA molecule showed no effect in immunobiological activity. These results showed that not LTA
molecule but lipoproteins are dominant immunobiologically active TLR2 ligand in S. aureus. The Journal of Iimmunology, 2006,

177: 3162-3169.

acterial infection i$ one of the major causes of death.
B Staphylococcus aureus, a most common Gram-positive

pathogen, is a major source of mortality in medical fa-
cilities (1). The pathogen causes various infectious diseases, in-
cluding sepsis, endocarditis, and pneumonia. During the infection,
S. aureus activates cells and evokes serious inflammation in the
host. Lipoteichoic acid (LTA)? is a macroamphiphilic glycocon-
jugate distributing on the cell surface of Gram-positive bacteria
and thought to be a virulence factor of Gram-positive bacteria (2).
LTA are reported to exhibit immunostimulatory and inflammatory
activities, including antitumor effect (3, 4), and induce inflamma-
tory cytokines, such as TNF, IL-1, and IL-6 (5-7).

The innate immune system plays essential roles in host defense
‘against bacterial infection. The system recognizes bacterial com-
ponents known as pathogen-associated molecular patterns and
controls immune responses. TLR, a type I transmembrane protein,
has been found to be a major signaling receptor for pathogen-
associated molecular patterns (8). To date, more than 10 members
of the TLR family have been discovered and many ligands were
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identified. TLR4, the most characterized member of the family, in
combination with an adapter molecule MD-2, has been shown to
recognize LPS, an outer membrane component of Gram-negative
bacteria (9, 10). TLRY has been reported to be involved in immune
responses to unmethylated CpG DNA (11) and TLR3 and TLR7/8
sense viral dSRNA and ssRNA (12, 13). Activation of TLR5 has
been demonstrated to be mediated by bacterial flagellin (14). Bac-
terial lipoproteins have been found to be stimuli of TLR2 subfam-
ily (TLR1, 2, and 6) (15, 16).

TLR2 has also been shown to play a crucial role in the host
response to LTA fraction (17). Morath et al. (18, 19) also reported
that LTA molecule from S. aureus was a potent stimulus of cyto-
kine release. However, we have demonstrated that LTA from en-
terococci has no cytokine-producing activity. Fukase et al. (20, 21)
prepared chemically synthetic glycoconjugates having fundamen-
tal structures of LTA from Enterococcus hirae and Streptococcus
pyogenes and their glycolipid anchor parts, and Takada et al. (22)
demonstrated that these synthetic compounds exhibited no immu-
nostimulating activities. Furthermore, we found that a LTA frac-
tion extracted from E. hirae can be separated into two subfractions,
a small amount of cytokine-inducing active fractions and an inac-
tive major compound, and the structure of the inactive compound
is identical to that of LTA (23, 24). We also found that the en-
terococcal active fractions activate immune cells through TLR2
(25). These results suggest that the contaminating minor compo-
nents in LTA fraction is responsible for the immunostimulant
for TLR2.

We previously found that lipoproteins from S. aureus stimulate
activation of immune cells through TLR2 (26). Furthermore, the
activity of LTA fraction was decreased by lipoprotein lipase di-
gestion, indicating that the fraction was contaminated by lipopro-
teins. Recently, Stoll et al. (27) constructed a lipoprotein diacyl-
glycerol transferase (Igr) deletion mutant of S. aureus, which is
unable to carry out lipid modification of prolipoproteins. It has
been demonstrated that the mutant completely lacked palmitate-
labeled lipoproteins and that the cells and crude lysate induced
much less proinflammatory cytokines than the wild type (WT).

0022-1767/06/$02.00
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These results suggested that lipoprotéins in S. aureus appear to be
the predominant stimuli for the immune system. However, it is still
unknown whether LTA molecule from S. auerus is inactive. In the
present study, we prepared LTA fractions from the S. aureus lgt
deletion mutant strain and analyzed its immunobiological activity
and structure.

Materials and Methods

Bacterial culture and extraction of cell wall components

S. aureus SA113 WT, SA113 lgrermB (Algr), and SAI113 lgt:.ermB
+pRBlgt (+pRB) (27) organisms were grown in Mueller-Hinton II cation
adjusted broth (BD Biosciences) at 37°C for 6 h with constant shaking.
LTA factions of S. aureus were prepared by aqueous 1-butanol (BuOH)
extraction method (19). Briefly, the cells were suspended in BuOH/water
(1:1, v/v), and the mixture was stirred at room temperature for 30 min and
centrifuged to separate aqueous phase from BuOH and cell debris. The
aqueous phase was concentrated by evaporator, dialyzed for 3 days, and
lyophilized to give crude LTA fraction. Crude fractions were further sub-
jected to hydrophobic interaction chromatography on Octyl Sepharose 4FF
(Amersham Biosciences). The fraction dissolved in 0.1 M ammonium ac-
etate buffer (pH 4.7) containing 15% (v/v) 1-propanol (PrOH) was loaded
to an Octyl Sepharose column ($1.5 X 25 cm) equilibrated with the same
buffer. The column was first eluted with 30 mi of equilibration buffer, with
a linear PrOH gradient from 15 to 60% (v/v; 40 ml each), and then with
60% PrOH in the buffer. The fractions were collected every 3 ml (8 min)
and analyzed by phosphorus content and NF-«B activation in Ba/mTLR2
cells described below. Bound fractions were combined, concentrated by
evaporator, dialyzed, and lyophilized to give LTA fraction.

SA113 and SA113 Igt::ermB were also cultured in Brain heart infusion
broth (BD Biosciences) adjusted to pH 6.0 with hydrochloric acid. LTA
fractions were prepared by a similar method as above without dialysis
steps. The fraction was again subjected to a column chromatography on
Octyl Sepharose (¢1.5 X 20 cm) to separate a LTA and other active com-
pounds. Hydrolysis of LTA molecules was performed with 47% agueous
hydrofluoric acid (HF) at 4°C for 24 h.

To extract a fraction containing lipoproteins, S. aureus cells were sub-
jected to Triton X-114 (TX-114) phase partitioning, according to the
method as reported (28). Briefly, the cells were suspended in PBS con-
taining protease inhibitor mixture Complete mini (Roche Diagnostics) and
combined with 1/10 volume of 10% aqueous TX-114. The mixture was
rotated at 4°C for 1 h and then cell debris were centrifuged off. The su-
pernatant was incubated and centrifuged at 37°C to separate TX-114 from
aqueous phase. The upper agueous phase was treated again with TX-114.
Crude lipoprotein fraction was precipitated from TX-114 phase by addition
of excess methanol.

Analytical methods

Phosphorous contents were measured by the method of Bartlett (29). SDS-
PAGE was performed by the Tris-glycine method (30) using a mini PAGE
chamber AE-6530 and an AE-8450 power supply (Atto Bioscience) with a
15% gel. Proteins were visualized by Coomassie brilliant blue staining and
acidic materials, such as LTA, by alcian blue (AB) staining. Proton nuclear
magnetic resonance ('H NMR) spectra were measured using a ECA-600
spectrometer (JEOL) at 600 MHz at 293 K in D,0. The chemical shifts are
expressed in & value with HOD (8 4.67) as the internal standard.

Luciferase assays

Ba/F3 cells stably expressing pS5IgkLuc, a NF-«kB/DNA binding activity-
dependent luciferase reporter construct (Ba/kB), murine TLR2 and the
pS5igxLuc reporter construct (Ba/mTLR2), and murine TLR4/MD-2 and
the pS5IgkLuc reporter construct (Ba/mTLR4/mMD-2) were provided by
Prof. K. Miyake (Institute of Medical Science, University of Tokyo, To-
kyo, Japan). NF-kB-dependent luciferase activity in these cells was deter-
mined as described previously (31). Briefly, cells were inoculated onto
each well of a 96-well flat-bottom plate (BD Biosciences) at 1 X 10° cells
in 80 wl of RPMI 1640 (Sigma-Aldrich) supplemented with 10% FBS
(MBL) and stimulated with the indicated concentrations of the test speci-
mens. After 4 h of incubation at 37°C in humidified air containing 5% CO,,
80 wl of Bright-Glo luciferase assay reagent (Promega) was added to each
well, and luminescence was quantified with a luminometer ARVO SX
multilabel counter (PerkinElmer). Results are shown as relative luciferase
activity, which was the ratio of stimulated activity to nonstimulated activ-
ity, in each cell line.
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FIGURE 1. TNF-a production induced by the BuOH extracts of S. au-
reus, SaWT-Bu, SaAlgr-Bu, and Sa+pRB-Bu, in J774A.1 cells. J774A.1
were incubated with indicated concentrations of stimuli for 4 h. The levels
of TNF-« in the culture supernatants were measured by ELISA. The data
represent the mean and SD obtained from independent three experiments.
*, Significantly different from the mean value of SaAlgr-Bu against
SaWT-Bu (+, p < 0.01).

Cytokine assay

Eight-week-old male BALB/c and C57BL/6 mice were obtained from
Kyudo. The animals received humane care in accordance with our insti-
tutional guidelines and the legal requirements of Japan. Elicited peritoneal
macrophages were obtained from mice 3 days after i.p. inoculation of 1.0
ml of 3% sterile Brewer’s thioglycolate broth (BD Biosciences). Peritoneal
exudate cells (PEC) were centrifuged and suspended in RPMI 1640 sup-
plemented with 10% FBS (Medical and Biological Laboratories). A mouse
macrophage cell line, J774A.1 (Health Science Research Resource Bank),
was cultured in DMEM (Sigma-Aldrich) supplemented with 10% FBS and
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FIGURE 2. NF-xB activation in Ba/xB, Ba/mTLR2, or Ba/mTLR4/
mMD-2 cells induced by SaWT-Bu, SaAlgr-Bu, and Sa+pRB-Bu. A, The
cells were incubated with SaWT-Bu (1 wg/ml), SaAlgr-Bu (10 pg/ml), and
Sa+pRB-Bu (1 pg/ml) for 4 h. B, The Ba/mTLR2 cells were incubated
with indicated concentration of stimuli for 4 h. NF-«B activation was mea-
sured with a luciferase assay. Results are shown as relative luciferase ac-
tivity, which was determined as the ratio of stimulated to nonstimulated
activity. The data represent the mean and SD obtained from independent
three experiments. *, Significantly different from the mean value of
SaAlgr-Bu against SaWT-Bu (#%, p < 0.001).
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phobic interaction chromatography on Octyl Sepharose 2,12
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were collected every 3 ml (8 min) and analyzed by phos-
phorus content and NF-«B activation in Ba/mTLR2 cells. + 2
D-F, SDS-PAGE profiles of SaWT-0S, SaAlgr-0S, and
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also used for the assay. These cells were then distributed to 96-well plate
at 2 X 10° cells/ml, after which they were incubated for 2 h at 37°C in
humidified air containing 5% CO,. Each dish was washed twice with PBS
to remove nonadherent cells, and those attached to the dish served as peri-
toneal macrophages. Cells were stimulated with the indicated concentra-
tions of the test specimens in culture medium supplemented with 10% FBS
for 4 h at 37°C. After incubation, culture supernatants were collected and
used for the cytokine assay using an ELISA kit for secreted TNF-a (R&D
Systems). The concentration of secreted TNF-a from cells were deter-
mined using a standard curve of ITNF-« prepared in each assay. TNF-«
concentrations in different experimental groups were analyzed for statisti-
cal significance by using Welch’s 1 test.

Results
LTA fraction from S. aureus SA113 Algt is less active than those
Jrom WT and the complemented strain

It has been reported that S. aureus SA113 Algr mutant and its crude
cell lysate induce fewer proinflammatory cytokines and chemo-
kines than its WT strain (27). Thus, the effect of the g deletion to
immunostimulatory activity of LTA fraction was investigated.
Crude LTA fractions were prepared by BuOH extraction, which
was used for the LTA preparation by Morath et al. (18) from S.
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FIGURE 4. TNF-« production induced by the fractions eluted from Oc-
tyl Sepharose column, SaWT-OS, SaAlgr-OS, and Sa+pRB-0S, in
JT74A.1 cells. J774A.1 were incubated with indicated concentrations of
stimuli for 4 h. The levels of TNF-a in the culture supernatants were
measured by ELISA. The data represent the mean and SD obtained from
independent three experiments. #, Significantly different from the mean
value of SaAlgr-OS against SaWT-OS (*, p < 0.01; #x, p < 0.001).
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FIGURE 5. 'H NMR spectra of the fractions. 4,
SaWT-0S. B, SaAlgr-OS. C, Sa+pRB-0S. D,
SaWT6-08S. E, SaAlgr6-0S. Spectra were measured
at 600 MHz at 293 X in D,0. The chemical shifts
are expressed in & value with HOD (8 4.67) as the
internal standard.
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aureus SA113 WT, Algt, and +pRB' strains. The yield of BuOH
extracts were 0.8, 1.1, and 2.2% based on respective Iyophilized
cells and designated as SaWT-Bu, SaAlgr-Bu, and Sa+pRB-Buy,
respectively. SaWT-Bu and Sa+pRB-Bu stimulated TNF-a pro-
duction in J774A.1 at the concentration of 100 ng/ml (Fig. 1). In
contrast, only slight TNF-a production was observed in J774A.1
stimulated with 10,000 ng/ml SaAlgs-Bu (Fig. 1), showing that the
activity of SaAlgr-Bu is 100-fold lower than those of the others.
All the BuOH extracts activated Ba/mTLR2 but not Ba/«B and
Ba/mTLR4/mMD-2 (Fig. 2A4), and the TLR2-mediated activity
was dose dependent (Fig. 2B). These results suggested that TLR2
recognizes the extracts. The BuOH extracts were then subjected to
hydrophobic interaction chromatography on Octyl Sepharose 4FF
to separate LTA fraction from nucleic acids and cytoplasmic pro-
teins. As shown in Fig. 3, A-C, LTA fraction was eluted at
ca~40-50% PrOH concentration. The yield of LTA fraction were
6.5% (based on SaWT-Bu), 4.5% (based on SaAlgt-Bu), and 7.3%
(based on Sa+pRB-Bu) and designated as SaWT-OS, SaAlgr-OS,
and Sa+pRB-08S, respectively. SDS-PAGE profiles showed that
all fraction contained AB-positive LTA (Fig. 3, D-F). SaWT-0S
and Sa-+pRB-0S stimulated TNF-a production in J774A.1 at the
concentration of 10 ng/ml, whereas SaAlg:-OS stimulated TNF-a
production only at concentrations > 1,000 ng/ml (Fig. 4), showing
that the LTA fraction from Algr deletion mutant is 100-fold less
active than those from the others. These results suggested that
lipoproteins are responsible for most of the activity of S. aureus
LTA fractions.

Alanylation of LTA molecule showed no effect in the
immunobiological activity

Morath et al. (18) reported that alanine substituent in LTA plays
the critical role for the biological activity of LTA from S. aureus.
Deliberate hydrolysis of alanine at pH 8.5 significantly reduced the
activity of LTA. Thus, structures of the LTA fractions were ana-
lyzed by 'H NMR to determined the alanine substitution. As
shown in Fig. 5, A-C, no distinct difference was observed among
the three LTA fractions. Methyl (8 0.60—-0.75) and methylene (8
1.0-1.2) signals of fatty acids and methylene and methine (8§ 3.7—
3.9) of glycerol residues showed a S. aureus-type LTA structure.
However, there is scarce signals of alanine attached to glycerol
moieties, methy! (8§ 1.45) and methine (8 4.12), in alanine residue
and methine (& 5.22) of alanine-substituted glycerol, indicating the
absence of alanine substitution in these LTA fractions. Previously,
it has been shown that in S. aureus SA113 75% of the glycerol
residues of LTA was esterified with p-alanine, whereas the corre-
sponding S. aureus dit mutant completely lacked LTA p-alanyla-
tion (32). The dtABCD operon encodes the genes for incorpora-
tion of p-alanine in teichoic acids. Furthermore, it is reported that
the pH of culture medium affects thé alanine ester content of LTA
in S. aureus (33). LTA from organisms growing at high pH (pH
8.10) contained very little alanine ester, whereas high alanylation
was observed at low pH (pH 6.07). Thus LTA fractions, named as
SaWT6-0OS and SaAlgr6-0OS, were prepared by a similar method
from S. aureus SA113 WT and Algr strains grown at pH 6. In the
NMR spectra, significant signals- of alanines substituted at O2-
position of glycerols in LTA was found in SaWT6-OS and
SaAlgr6-OS (Fig. 5, D and E). SaWT6-0S, as well as SaWT-08,
stimulated TNF-a production in J774A.1, whereas the production
by SaAlgr6-OS or SaAlg-OS were 100- to 1000-fold less active
(Fig. 6A). SaAlgr-OS or SaAlgt6-0OS also induced less TNF-a pro-
duction than the fractions from WT in murine PEC (Fig. 6, B and
C). The activity of SaWT6-0OS was comparable to SaWT-0S, and
no significant enhancement was observed between SaAlgr6-OS
and SaAlgr-OS. These results indicated that the alanylation of LTA
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FIGURE 6. TNF-«a production induced by the fractions eluted from Oc-
tyl Sepharose column, SaWT-0OS, SaAlgr-0S, SaWT6-08, and SaAlgr6-
OS. A, J774A.1 were incubated with indicated concentrations of stimuli for
4 h. B, BALB/c PEC were incubated with indicated concentrations of stim-
uli for 4 h. C, C57BL/6 PEC were incubated with indicated concentrations
of stimuli for 4 h. The levels of TNF-a in the culture supernatants were
measured by ELISA. The data represent the mean and SD obtained from
independent three experiments. *, Significantly different from the mean
value of SaAlgr-OS against SaWT-0OS (x, p < 0.01; #+, p < 0.001). #,
Significantly different from the mean value of SaAlgr6-OS against
SaWT6-0S (#, p < 0.01; ##, p < 0.001).
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molecule showed no significant effect on the immunobiological
activity.

TLR2-activating compounds in LTA fraction from Algt mutant
are not LTA

SaAlg6-08 still weakly activated Ba/TLR?2 cells (data not shown),
indicating that the fraction contained some TLR2-activating com-
pound(s). Therefore, the fraction was again separated by hydro-
phobic interaction chromatography. The elution pattern of phos-
phate-rich LTA fraction was not the same as that of TLR2-active
fraction (Fig. 7A). SaAlgr6-OS hydrolyzed with HF to cleave phos-
phodiester bonds in LTA molecules was also separated by the
column. Hydrolyzed LTA fragments, phosphate, and derivatives of
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phosphoglycerol eluted as pass-through fraction, whereas TLR2-
active fraction eluted at a similar PrOH concentration as that of
SaAlgi6-OS (Fig. 7B). These results suggested that the fraction
contains unknown TLR2-activating compound other than LTA
molecule.

Discussion

We previously demonstrated that lipoprotein fraction extracted
from S. aureus WT using TX-114 phase partitioning activate im-
mune cells via TLR2 (26). The lipoprotein lipase digestion of the
fraction abrogated its activity, suggesting that lipoproteins is a po-
tent TLR2 ligand in S. aureus. Recently, Stoll et al. (27) con-
structed a lgr deletion mutant of S. aureus, which completely
lacked palmitate-labeled lipoproteins, and found it immunobio-
logically less active than WT. These results indicated that the pre-
dominant TLR2-activating components in S. aureus are lipopro-
teins. LTA is thought to be a potent immunostimulating
component in Gram-positive bacteria. However, we have shown
that highly purified LTA from E. hirae is inactive, but minor con-
taminants are active (23, 24). In the present study, we confirmed
that the LTA fraction from Algr mutant, SaAlgr-OS, is 100-fold
less potent than those of WT, SaWT-OS (Figs. 1 and 4). These
observations clearly show that most of the activity of LTA fraction
obtained from natural sources is attributable to the lipoproteins
contaminated in the fraction. We recently demonstrated that a
mAb, mAbEh], established by immunization of the active sub-
fraction of E. hirae LTA fraction, neutralized the activity not only
of LTA fraction from E. hirae and S. aureus but also immunobio-
logically active bacterial lipopeptides, Pam;CSK, and FSL-1 (M.
Hashimoto, submitted for publication). These results strongly sup-
port the above consideration. Some LPS preparations have been
shown to-slightly induce a signal via TLR2, in addition to TLR4
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(34, 35). The activity is proven to be the result of lipoprotein
contamination in these preparations (31, 36). LPS is an amphi-
phile, which consists of hydrophobic glycolipid moiety and hy-
drophilic polysaccharide, and considered to work as a detergent to
coextract lipoproteins from bacterial cells in a LPS extraction step.
Since LTA is also an amphiphile, LTA may play a similar role -
as LPS.

For many decades, it has been controversial as to whether the
LTA molecule exhibits immunostimulating activities. Recently,
Morath et al. (18) suggested that partial degradation of LTA during
the separation steps contributed to the activity. In our previous
experiments, inactive LTA was prepared by the phenol-hot water
extraction method (23, 24), whereas Morath et al. (18) obtained
LTA by amended BuOH-water extraction and found that p-alanine
contents in phenol-extracted LTA is less than those in BuOH one.
They also showed that alkaline hydrolysis of the active LTA,
which resulted in a loss of D-alanine substituent in LTA, reduced
its activity. Thus, they concluded that p-alanine content in a LTA
molecule is critical for the activity of LTA from S. aureus. How-
ever, we demonstrated here that p-alanine content has no signifi-
cant effect on the activity of LTA fraction. We compared the levels
of alanine substitution in LTA obtained from §. aureus grown in
the different conditions. All LTA fractions cultured in neutral pH
scarcely contained alanine substituent (Fig. 5, A-C). However,
SaWT-0S and Sa+pRB-0OS exhibited potent immunostimulating
activities (Fig. 4), whereas both LTA fractions from pH 6 medium
contained considerable alanine substituent (Fig. 5, D and E). De-
spite alanine substitution, SaAigz6-OS exhibited significantly low
activity compared with SaWT6-0S (Fig. 6). In the fraction from
WT strain, SaWT-OS and SaWT6-OS, the LTA alanylation
showed no significant effects on TNF-a production (Fig. 6). These
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results prove that not the p-alanine content but the lipoprotein con-
taminant is responsible for the activities of LTA fractions. The
alanylation may affect some of LTA properties, but the activity of
the fraction is independent of alanylation. The previous observa-
tion may be artificial due to the process of alkaline hydrolysis.
Immunologically inactive LTA has not been obtained from S.
aureus. We have previously purified inactive LTA from E. hirae
using hydrbphobic interaction, followed by anion exchange chro-
matography (23). Morath et al. (18) purified S. aureus LTA by a
similar method and found that cytokine-inducing activity coeluted
with phosphate derived from LTA. Therefore, they concluded that
LTA is a potent stimuli for cytokine release in immune cells and
that a contamination by other bacterial components in the S. aureus
LTA is unlikely. We were also unable to isolate a completely
inactive LTA from S. aureus even if using Alg: mutant (Fig. 3).
However, the precise elution of SaAlgr6-OS on Octyl Sepharose
column showed that TLR2 activity eluted broadly, but most of the
activity was separated from a sharp LTA-derived phosphate peak
(Fig. 7A). Furthermore, the active compound eluted at similar frac-

tions after HF degradation of LTA (Fig. 7B). HF hydrolyzed phos-

phodiester linkages in LTA and cleaved into hydrophilic inorganic
phosphate and derivatives of phosphoglycerol and hydrophobic
diacylglycerol-type glycolipid; the former was shown to be inac-
tive (Fig. 7B), and the latter was also demonstrated to be inactive
at least in our assay system using chemically synthetic'compound
(M. Hashimoto, submitted for publication). The activity of the con-
taminant after LTA degradation seems to be diminished (Fig. 78)
compared with that before degradation (Fig. 7A4). It may be caused
by loss of solubilization capacity of LTA. These results suggest
that fraction contains some TLR2-activating contaminants, but it is
independent of LTA molecule.

The minor active contaminants in the LTA fraction of Algr mu-
tant are still unidentified. The TLR2-activating compound was also
extracted by TX-114 phase partitioning of the mutant (data not
shown). TX-114 is usually used for extraction of hydrophobic
compounds. The chromatographic property and extraction behav-
ior suggested that the compounds may be acylated. Recently, Ue-
hori et al. (37) reported that monoacylated muramyldipeptide de-
rivatives, which mimic peptidoglycan structure of bacillus
Calmette-Guerin, activated DC through TLR2/TLR4. Since un-
modified muramyldipeptide did not activate cells via TLR but
through NOD2 (38), specific acylation might be required for TLR
activation. Furthermore, the contaminants activated J774A.1 and
PEC from C57BL/6 but not PEC from BALB/c (Fig. 6). A distinct
set of gene expression may be required for cells activation. It is
possible that small amount of hydrophobic acylated compounds
are present in the LTA fraction.

In conclusion, we demonstrated here that LTA fraction obtained
from S. aureus Alg: mutant is 100-fold less potent than those of
WT, and the activity is independent from extraction methods of the
fraction and D-alanine contents in LTA molecule. Lipoproteins but
not LTA molecule are the predominant TLR2-activating compo-
nents in S. aureus.
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[Summary]

Heparin, used clinically as an anticoagulant, is a highly sul-
fated natural polysaccharide and is composed of various dis-
tinct partial structures. Recently, heparin has drawn more
attention, since it possesses regulatory functions for cell pro-
liferation, through the direct binding interaction with growth
factors. We have studied heparin-platelet and heparin-von
Willbrand factor interactions using a synthetic approach with
structurally defined heparin partial structures. Through this
work, we found that the assembly of the structurally defined
oligosaccharides was needed to mimic nature, and we also
lacked sufficient mass of oligosaccharides to study their func-
tion at the molecular level. To resoive both issues, we have
developed a novel, molecular level technology — the oligosac-
charide-immobilized chip (named Sugar Chip). This permits
real-time and high-throughput analysis of oligosaccharide-
protein interactions without any labeling of the targeted pro-
tein, using these Sugar Chips and the surface plasmon reso-
nance (SPR) apparatus.
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