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Fig. 4. Purification of fraction C by ion exchange high-performance liquid
dtma_natomphy (HPLC). (A) The buffer C-cluted fraction from lactamyl
affinity chromatography in Figure 3A was applied to ion-exchange HPLC
on a DEAE-SPW column (21.5 x 150 mm, Tosoh Corp.). Elution was
pﬂfmdauﬂwmarl,umliminumomwwﬂh 10 mM
ﬂ(pHT.SJ.AMinjwﬂonofthnnmple.mNsCImmmﬁmm
increased from 0 to 0.4 M, and then 0.4-1.0 M in 100 min. (B) Enzyme
mﬁﬁﬁunrmd:puk&wﬁon‘mmkfm“mpoohd
activity, Bars t the activities of bovine liver
galactosidase (), or N-acetyl-p-D-
D-GlcNAcase) activities (7). (C) Sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) of peak b under
reducing conditions.
glycoproteins and lipids (data not shown). As shown in Figure

6A, immobilized BLG bound to asialofetuin better than
fetuin and to asialoagalactofetuin but not to transferrin,

Table Il Effect of various sugars on bovine liver f-glucuronidase activity

asialotransferrin, ovalbumin, or BSM at pH7.5. It sug-
gested that BLG recognized the exposed galactose resi-
dues of triantennary complex-type N-glycans but not the
biantennary complex-type of asialotransferrin or the high
Man or hybrid type of ovalbumin. BLG bound to lacto-
syl ceramide but not to Glc-cer, Gal-cer, ceramide, or sul-
fatide (Figure 6B). The direct binding of BLG to the
sugar residues was demonstrated using sugar-BP probes.
As shown in Figure 6C), BLG bound to N-acetyllac-
tosamine-BP better than to the Lac-BP probe. Taken
together, BLG was shown to bind to the N-acetyllac-
tosamine or lactosyl sequence of glycoconjugates at neu-
tral pH but not at pH 5.

Discussion

In this study, BLG was demonstrated for the first time to
have binding activity toward lactose and N-acetyllac-
tosamine sequences. BLG was effectively separated from
contaminating glycosidases by affinity chromatography on
a lactamyl-Sepharose column, and the specific activity was
increased by 20-fold during one-step affinity chromatogra-
phy (Table I). Non- or uncompetitive regulation of BLG
with lactose indicated that the lactose-binding site is differ-
ent from the substrate-binding site (Table III). Purified
BLG bound best to the glycoconjugates possessing a nonre-
ducing terminal N-acetyllactosamine/lactose such as asia-
lofetuin and lactosylceramide (Figure 6), which is
attributable to the carbohydrate-binding activity of BLG
toward lactose/lactosamine structures. .

tion of BLG has required multiple purification
steps including heat denaturation of proteins (Ho, 1991), or
fractionation with organic solvents (Himeno et al., 1974), in
combination with several chromatography steps to dissoci-
ate complex of BLG with other lysosomal proteins. This
study provided convenient protocol to isolate BLG from
other contaminating enzymes under mild conditions and

Enzyme Saccharide Vmax Kmapp Mode of effect
Control 12x 10 0.6
Lactose 1 mM 20x10° 0.6 Noncompetitive activation
13 mM 1.5%10% 1.1 Competitive inhibition
130 mM 1.2x 10? 0.8
Cellobiose 1 mM 13x10? 0.6
10 mM 1.3x10? 0.6
100 mM 14x10? 06
Melibiose 1 mM 1.4x 10 0.6
13 mM 08x10? 03
130 mM 0.8x 10 04
Saccharo-1,4-lactone 1 uM 1.2x 10 20 Competitive inhibition
p-Glucuronic acid 1 mM 12x 10 09 Competitive inhibition
Gle, Gal, GlcNAc, Man, maltose, Man-6P, NeuAc No effect

B-Glucuronidase activity was measured in the presence of free saccharide substrate concentrations (pH 5.0) of 0.1-1 mM and analyzed by a double

reciprocal Lineweaver-Burk plot. Examples of the plots are shown in Figure 5.
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Fig. 5. Effect of free sugars on bovine liver B-glicuronidase (BLG) activity. Activity of BLG was measured using p-nitrophenyl-B-D-glucuronide as the

substrate in the

of various concentrations of sugars. (A) D-Lactose at (O) | mM, (0

13 mM, and (A) 130 mM; . (B) (@) | uM Saccharo-1,4-lactone,

or (¢) 1 mM D-glucuronic acid; (C) D-maltose at (CJ) 1 mM, (A) 10 mM, (+) 100 mM, and (@) control without sugars.
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nidase (BLG) with biotinyl glycoproteins (A) and lipids (B) at pH7.5. (A) A solution of BLG was serially
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p-gucuronidase [ug /well]

diluted in 10 mM Tris-HCI-150 mM NaCl (pH 7.5) (TBS) and immobilized on microtiter plates, Biotinyl glycoprotein probes were added to the wells, and
a solid phase assay was performed as described in the text. Glycoproteins used were fetuin (—@—), asialofetuin (—O—), asizlogalactofetuin (—A—),
transferrin (—0—), asialotransferrin (—@—), ovalbumin (—%—) and BSM (—%—). (B) Binding assay of biotinylated BLG to immaobilized glycolipids.
Lactosyl-ceramide (—O—), galactosyl-ceramide (—4—), glucosyl-ceramide (—fil—), ceramide (—#y—), and sulfatide (—%—) were immobilized on micro-
titer plates with serial dilutions in methanol, respectively. Biotinylated BLG was added to the each well, and bound BLG was detected with ABC-HRP as
described in the text. (C) BLG was immobilized at various concentrations on a microtiter plate, biotinyl polymer (BP)-sugar probes were added to the
wells, and a solid phase assay was performed as described in the text. BP-LacNAc (—0O—) and BP-Lac probes (—@—).

furthermore opens new insights into the biological func-
tions of the carbohydrate-specific interaction of B-glucu-
romidase. The observations that BLG was eluted more
effectively with GHAG than lactose and galactose from
lactamyl-Sepharose column (Figure 2B), and BLG bound to
N-acetyllactosamine-BP better than to the Lac-BP probe
(Figure 6C) suggest the significance of N-acetyllactosamine
structure present in the glycoconjugates as the biological
ligand for BLG.

Interaction of BLG with carbohydrate ligands in lysosome

Although the lactamyl-binding activity of BLG was maxi-
mal at pH 6-7 and weakened to one-third at pH 5, the
physiological pH of lysosomes (Figure 2), lactose noncom-
petitively activated BLG at 1 mM at pH 5, indicating that
the carbohydrate-binding activity is exhibited even at pH 5.
Therefore, the lactose binding may contribute to regulation
of the enzyme activity in lysosomes. As a candidate for
lysosomal ligands other than free lactose, BLG is supposed
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to interact with lysosome-associated membrane glycopro-
teins 1 and 2 (Lampl and 2), major carriers for poly-N-
acetyllactosamines (Laferte and Dennis, 1989), because
the repeating N-acetyllactosamine sequence may enhance
the affinity for BLG by a multivalent effect. However, we
did not detect the binding of BLG to polylactosaminogly-
cans of human e ocyte Band 3 glycoprotein (Fukuda
et al., 1984) at pH 5 (data not shown) by solid phase assay,
while BLG did bind to it at pH 7 (Figure 6 and our
unpublished data). Whether interaction between BLG and
the glycoconjugates in lysosomes is possible is unknown at
this point.

Biological function of the carbohydrate binding of BLG
Alternatively, the lactose/N-acetyllactosamine-binding
activity may play a specific role at neutral pH in the endo-
plasmic reticulum (ER) and Golgi apparatus during
glycoprotein maturation and in extracellular matrices
after secretion. One possibility is that the lactose/N-acetyl-
lactosamine-binding activity of BLG may be involved in
the formation of the active tetrameric form because BLG
contains a considerable amount of complex-type asia-
loglycans (Himeno et al.,, 1974), and a wild-type BLG
produced in the presence of tunicamycin was inactive
(Shipley et al., 1993).

In the ER and Golgi apparatus, various glycoconjugates
are involved in the biosynthetic and lysosome-sorting
processes of BLG. For example, phosphodiester
a-GlcNAcase, which catalyzes the second step of attach-
ment of the Man6P signal on BLG, is one of the N-glyco-
sylated glycoproteins. The active site and the recognition
motif of phosphotransferase have been elucidated on
human B-glucuronidase (Jain et al., 1996), but recognition
motif of o-GlcNAcase has not yet been clarified. Because
only a limited number of the o-GleNAc phosphodiesters
that are attached by GlcNAc-1-phosphotransferase are
hydrolyzed by o-GlcNAcase to generate Man6P
monoester (Natowicz et al, 1982), the carbohydrate-
binding activity of BLG could play a role in accessing
phosphodiester a-GlcNAcase.

A carbohydrate-binding activity of a macromolecule-
degrading enzyme might help localize the enzyme on an
appropriate scaffold to exhibit catalytic action efficiently
and stably in vivo. Lysosomal enzymes, including BLG, are
released by the fusion of whole lysosomes with the plasma
membrane into the synovial fluid in inflammatory joint dis-
eases and in the invasion by metastatic tumor cells to focal
dissolution of the extracellular matrix of surrounding tis-
sues or penetration of endothelial membranes. (Sloane
etal., 1986; Andrei er al, 2004). The observation that
highly metastasizing tumor cells express more poly-N-
acetyllactosamine in lysosomes than do their normal and
poorly metastasizing counterparts (Dennis et al., 1999,
Chakraborty and Pawelek, 2003) supports the idea that the
interaction of BLG with poly-N-acetyllactosamines may
well be involved in concentrating the hydrolases and cata-
lyzing the substrate hydrolysis efficiently at the cell surface
when secreted outside the cell. A benefit for BLG of
anchoring to poly-N-acetyllactosamines is cooperation with
other hydrolases because the carbohydrate-binding activity
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is shared among several other lysosomal exoglycosidases, as
shown in this study. B-GalNAcase and p-GlcNAcase exhib-
ited considerable binding activity to affinity adsorbents
immobilized with saccharides other than their substrates,
such as galactose and triN-acetylchitotriose (Table I).
Several extracellular matrix glycoproteins that have poly-
lactosaminoglycans, such as ]aminin, integrin, and neu-
ronal glycoproteins, could provide a scaffold for lysosomal
glycosidases secreted from tumor cells, so that the enzymes
can act on substrates cooperatively. Such a hypothetical tie-
up of glycan-degrading exoglycosidases on the poly-N-
acetyllactosaminoglycan chain will increase the efficiency
of the degradation of their common substrates. Those pos-
sibilities are under investigation in our laboratory.
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A cell surface receptor complex consisting of CD14, Toll-like
receptor (TLR4), and MD-2 recognizes lipid A, the active moiety of
lipopolysaccharide (LPS). Escherichia coli-type lipid A, a typical
lipid A molecule, potently activates both human and mouse macro-
phage cells, whereas the lipid A precursor, lipid [Va, activates
mouse macrophages but is inactive and acts as an LPS antagonist in
human macrophages. This animal species-specific activity of lipid
IVainvolves the species differences in MD-2 structure. We explored
the structural region of MD-2 that determines the agonistic and
antagonistic activities of lipid IVa to induce nuclear factor-xB acti-
vation. By expressing human/mouse chimeric MD-2 together with
mouse CD14 and TLR4 in human embryonic kidney 293 cells, we
found that amino acid regions 57-79 and 108 =135 of MD-2 deter-
mine the species-specific activity of lipid IVa. We also showed that
the replacement of Thr*’, Val*!, and Glu'** of mouse MD-2 with
corresponding h MD-2 sequence or alanines impaired the
agonistic activity of lipid V&, and antagonistic activity became evi-
dent. These mutations did not affect the activation of nuclear fac-
tor-kB, TLR4 oligomerization, and inducible phosphorylation of
IBax in response to E, coli-type lipid A. These results indicate that
amino acid residues 57, 61, and 122 of mouse MD-2 are critical to
determine the agonist-antagonist activity of lipid [Va and suggest
that these amino acid residues may be involved in the discrimina-
tion of lipid A structure.

Bacterial lipopolysaccharide (LPS)* Is a constituent of the outer mem-
brane of the cell wall of Gram-negative bacteria and plays a major role in
septic shock (1. 2). Engagement of LPS on the host cell results in rapid
activation of a number of transcription factors, including NF-«B, which
leads to production of inflammatory cytokines (3). Significant progress
has been made in the identification of cell surface molecules that recog-
nize LPS and transmit its signal to Intracellular components. CD14,
Toll-like receptor 4 (TLR4), and MD-2 participate in this molecular
event and all of these molecules are necessary for cells to respond to
picomolar concentrations of LPS (4, 5). A recent report (6) has sug-
gested that sequential interactions of LPS with each of these molecules
are required for optimal molecular recognition. LPS is first opsonized by
the serum LPS-binding protein and then transferred to a CD14 mole-
cule. This LPS-CD14 complex is further recognized by MD-2 to gener-
ate an LPS-MD-2 complex that produces TLR4-dependent cell stimu-
lation. It has also been reported that MD-2 is necessary for TLR4 to
undergo proper glycosylation and trafficking to the cell surface (7-9).

* This work was supported by a grant from the Ministry of the Environment. The costs of
publication of this article were defrayed in part by the pry!nnﬂdmn charges. This

article must therefore be hereby marked with 18US.C
Section 1734 solely ta indicate this fact.
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*The ablwreviations used are: LPS, ; HEK293, human mhryonickld—

ney 293 cells; hAMD-2, human MD-2; lwBa, inhibitor of NF-x8 a; mMD-2, mouse MD-2;
NF-xB, nudlear factor-«8; PES, phosphate-buffered saline; TLR, Toll-like receptor.
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Without MD-2, TLR4 is not able to reach the plasma membrane and
resides predominantly in the Golgi apparatus. Thus, MD-2 is consid-
ered to play an important role for transferring LPS from CD14 to TLR4
and for correct cellular distribution of TLR4.

MD-2 also plays an important role for discriminating lipid A struc-
ture. The lipid A portion has been identified as the active center respon-
sible for most LPS-induced biological effects (1, 10). Escherichia coli-
type lipid A, a typical lipid A molecule, and its biosynthetic precursor
lipid IVa have been synthesized chemically (compound 506 and 406,
respectively), and their biological activities have been investigated
extensively. Compound 506 and most varieties of LPS show little animal
species-specific activity, whereas lipid [Va. as well as Salmonella-type
lipid A, shows very little stimulatory activity and behaves as an antago-
nist in human macrophages, despite being potently active in murine
macrophages (11, 12). This species-specific activity of lipid 1Va and
Salmonella-type lipid A has been attributed to the species difference in
the structures of TLR4 (13, 14) and MD-2 (4, 15-17). Thus it Is consid-
ered that MD-2 is also playing an important role for discriminating lipid
A structure. To understand the molecular basis for this discriminating
mechanism, we, in the p study, explored the structural reglon of
MD-2 which determines the agonistic and antagonistic activities of lipid
IVa.

EXPERIMENTAL PROCEDURES

Cell Culture and Reagents—The HEK293 cell line (obtained from the
Human Science Research Resources Bank, Tokyo, Japan) was grown in
Dulbecco’s modified Eagle’s medium (Invitrogen) supplemented with
10% (v/v) heat-inactivated fetal calf serum (Invitrogen), 100 units/ml
penicillin, and 100 pg/ml streptomycin. Compound 506 and lipid [Va
(compound 406) were obtained from Peptide Institute (Osaka, Japan).
An antiserum against EIAV-tag epitope (amino acid sequence:
ADRRIPGTAEE) was a kind gift from Dr. Nancy Rice (NCI-Frederick
Cancer Research and Development Center). Stable transfectants
expressing mouse CD14, EIAV-tagged mouse TLR4, FLAG-tagged
mouse TLR4, and either EIAV-tagged mouse MD-2 or EIAV-tagged
mouse MD-2-T57A,V61A,E122A were established as follows. After lin-
earizing with Pvul, expression plasmids encoding the proteins described
above were transfected into HEK293 cells by the calcium phosphate
precipitation method. Stable transfectants were selected for G418
resistance at a concentration of 2 mg/ml. A monoclonal antibody (clone
5A5) that recognizes phosphorylated Ser™-Ser™ of IxBa was purchased
from Cell Signaling Technology (Danvers, MA).

Expression Plasmids—Expression plasmids encoding CD14, TLR4,
and MD-2 as well as NF-xB-dependent luciferase reporter plasmid
pELAM-L were described previously (16). Expression plasmids encod-
ing MD-2 mutants were created by PCR-mediated mutagenesis, and
mutations were confirmed by DNA sequencing.

NF-xB Reporter Assay—The NF-xB-dependent luciferase reporter
assay was performed as described elsewhere (18). Briefly, HEK293 cells
(1-3 % 10°/well) were plated in 12-well plates and on the following day
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transfected by the calcium phosphate precipitation method with 10 ng
each of CD14, TLR4, and MD-2 mutant expression plasmids together
with 0.1 ug of pELAM-L and 2.5 ng of phRL-TK (Promega, Madison,
WT) for normalization. At 24 h after transfection, cells were stimulated
for 6 h, and the reporter gene activity was measured according to the
manufacturer’s (Promega) instructions.

Detection of MD-2 Proteins Expressed on the Cell Surface—Detection
of cell surface MD-2 was performed as described previously (19) with a
slight modification. Briefly, HEK293 cells were plated in 6-cm dishes
and transfected with indicated plasmids by the calcium phosphate pre-
cipitation method. After 24 h, the cells were transferred to 1.5-ml tubes
and then washed twice with PBS. After suspension with 0.5 ml of PBS
containing Ca** and Mg**, cells were exposed to 0.5 mg/ml of a mem-
brane-impermeable biotinylation reagent (sulfo-NHS-LC-LC-biotin;
Pierce) at 4 *C for 15 min. The reaction was quenched by adding 1 ml of
culture medium, and then cell extracts were prepared with 0.35 ml of
PBS containing 1% Nonidet P-40. 2 mM EDTA. and a protease inhibitor
mix (Roche Applied Science). After centrifugation at 12,000 X g for 5
min, the supernatants obtained were incubated with immobilized
streptavidin-agarose at 4 °C for 1 h. The agarose was washed three times
with PBS containing 1% Nonidet P-40, 2 mm EDTA, and subsequently
biotinylated proteins were eluted from the agarose by incubating with 5
mg/ml of a water-soluble biotin derivative (sulfo-NHS-biotin; Pierce)
dissolved in a buffer (50 mm Tris, pH 8, 150 mm NaCl, 5mum EDTA, 0.5%
Nonidet P-40). The supernatant obtained was subjected to SDS-PAGE
followed by Western blot analyzes,

Immunoprecipitation—HEK293 cells (2-5 % 107 cells) stably
expressing mouse CD14, EIAV-tagged mouse TLR4, FLAG-tagged
mouse TLR4, and either EIAV-tagged mouse MD-2 or EIAV-tagged
mouse MD-2-T57A,V61A,E122A were suspended into 1 ml of culture
medium. After stimulation with compound 506 or lipid [Va, cells were
washed with cold PBS, and cell extracts were prepared with PBS con-
taining 0.5% Nonidet P-40, 1 uM okadaic acid, and a protease inhibitar
mix (Roche Applied Science). To the cell extracts, anti-FLAG M2-aga-
rose (Sigma) was added, and the mixture was incubated at 4*C for 1 h.
The agarose was washed three times with PBS containing 0.5% Nonidet
P-40, and subsequently bound proteins were eluted from the agarose by
incubating with an elution buffer (0.1 M glycine, pH 3.5, 0.5% Nonidet
P-40). The supernatant obtained was subjected to SDS-PAGE followed
by Western blot analyses.

RESULTS

Responsiveness to Lipid A Molecules in HEK293 Cells Expressing
CD14, TLR4, and MD-2—We first attempted to confirm the involve-
ment of MD-2 in the animal species-specific activity of lipid [Va in
HEK293 cells, which only respond tolipid A for the activation of NF-xB
when CD14, TLR4, and MD>-2 molecules are present. In HEK293 cells
transiently expressing mouse CD14, TLR4, and MD-2, both compound
506 and lipid [Va comparably stimulated the NF-xB-depend

MD-2 Structure Required for Lipid IVa Activity
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mouse MO-2 (feft five columns) or human MD-2 (right five columns) expression plasmids
together with an NF-xB-dependent luciferase reporter plasmid. After 24 h, cells were
either dated (open columns) of stimulated for 6 h with 10 ng/ml compound 506
(506) In the absence of p of indicated conc of lipid IVa (406), and hucif-
erase activity was measured. The activity obtained with 10 ng/ml compound 506 in cells
mmwmsecull,mnumummnmn-zwnuﬂmﬂuImumue
the means = SE. from four Independ: parl * p < 0.01 [compared with the
respective response In the absence of lipid Va by two-talled Student's [ test).

manner. These results indicate that the difference in MD-2 structure
betwesn human and mouse is involved in determining the agonist-an-
tagonist activity of lipid IVa.

MD-2 Structural Region Invoived in Determining Agonist-Antagonist
Activity of Lipid IVa—To explore the MD-2 structure required for the
agonist gonist activity of lipid IVa, the coding region of mouse

reporter activity (Fig. 14). When mouse MD-2 was replaced with
human MD-2, compound 506 still actively stimulated cells, whereas the
response to lipid [Va was substantially impaired (Fig. 18).

To examine the antagonistic activity of lipid TVa, HEK293 cells
expressing mouse CD14, TLR4, and either mouse MD-2 or human
MD-2 were stimulated with compound 506 in the presence of increas-
ing concentrations of lipid [Va (Fig. 2). In cells expressing mouse MD-2,
NF-xB-dependent reporter activity stimulated with 10 ng/ml com-
pound 506 was almost unaffected by lipid [Va. In contrast, when mouse
MD-2 was replaced with human MD-2, lipid IVa inhibited the com-
pound 506-induced activation of NF-«B in a concentration-dependent

MARCH 3, 2006-VOLUME 281 -NUMBER 9

MD-2 was divided into six regions, and a series of MD-2 mutant plas-
mids in which each region was replaced with corresponding human
MD-2 sequence was created (Fig. 34). These chimeric mutants were
expressed in HEK293 cells together with mouse CD14 and TLR4, and
the NE-xB-dependent reporter activity was investigated (Fig. 38). The
call surface expression of each of these MD-2 mutants was confirmed by
Western blotting of biotinylated cell surface proteins, indicating that
each of these mutants was similar enough to the parental mouse protein
to be delivered to the cell membrane (Fig. 3C). Cells expressing each of
the MD-2 mutants responded to compound 506 comparably with slight
variations, indicating that all of these mutants functioned properly. In
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MD-2 Structure Required for Lipid IVa Activity
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FIGURE 3. Agonistic and antagonistic activities of lipid IVa in human/mouse chi-
meric MD-2. A, sch of human/, MD-2 constructs. The

amino acid sequence of mnum MD-2 was divided into six regions at the indicated
amino acid numbaers, and each reglon was replaced with the commesponding human
MD-2 sequence. The predicted signal peptide sequence (amino acids 1-16) was
omitted. 8, HEK293 cells were Jy transfected with 56 CD14, mouse TLR4,
and the indicated mutant MD-2 exp plasmids together with an NF.xB-de-
pendent luciferase reporter plasmid. After 24 h, cells were either unstimulated (open
columns) or stimulated for 6 h with 10 ng/ml compaund S06 [506), 1 ug/mi lipid IVa
{406}, or 10ng/mi ¢ d 506inthep —uflp.gtnllllpldl\h{!odd-m.und
luciferase activity was d. The activity i with 10 ng/mi i 506
In cells expressing mouse CD14, mouse TLR4, and mouse MD-2 was defined as 100%.

Values are the means = SE. from at least four independent experiments. * p < 0.01
{compared with the respective response In the absence of lipid IVa by two-talled
Student's I test). C, HEK293 cells were transiently transfected with mouse CD14,
mouse TLR4, and the indicated mutant MD-2 expression plasmids. After 24 h, cell
surface protelns were biotinylated with a membrane-impermeable biotinylation rea-

gent, and biotinylated Dl'ottms from cell extracts were collected with streptavidin-
agarose. After g dp were gluted from the lqame byincu-
bating with a water-soluble biotin d , and the d was
subjected to SDS-PAGE foll d by W bt lysis to detect b sut-

face MD-Z mutant proteins, Similar results were ohlilnrd in two additional
experiments
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FIGURE 4 N3 region of MD-2 is partly involved in animal c activity of

lipid IVa. HEK293 cells were transiently transfected with mouse CD14, mouse TLR4, and
the indicated mutant MD-2 expression plasmids together with an NF-xB-dependent
luciferase reporter plasmid. After 24 h, cells were either unstimulated (open columns) or
stimulated for & h with 10 ng/ml compound 506 (506) in the absence or presence of
mcrndnq (mrﬂtrauum {0.01, 0.1, and 1 pg/mi) of lipid IVa (406] In A, or were either
3 (O, @) or . for & h with the Indicated concentrations of com-

pound 506 (4. A) or lipid IVa LI in 8, and huciferass activity was measured. The activity
obtained with 10 ng/ml p 1 506 in cells g mouse CD14, mouse TLR4,
and mouse MO-2 was defined as 100%, and lucily activity d. The activity
obtained with 10 ng/ml ¢ d 506 in cells & ing mouse CD14, mouse TLR4,
Il'ld mouse MD-2 was dlﬁnod a5 100%. Values are lho means = SE from at least three

*p <001 | d with the i 50 in the
nbuﬂ:e of l-luld Va by two-talled Student’s ( test)

contrast, the activity of lipid IVa varied and was substantially impaired
in cells expressing the mMD-2-N3h mutant. The activity was similar to
that observed in cells expressing human MD-2. A partial reduction with
a statistical significance in the activity of lipid TVa was also observed in
mMD-2-N2h and mMD-2-N5h mutants as well as in mMD-2-Nlhtoa
lesser extent. The antagonistic activity of lipid IVa was also studied in
these MD-2 mutants by stimulating with compound 506 in the presence
of lipid IVa. (Fig. 3B). In cells expressing mouse MD-2, lipid [Va did not
inhibit the compound 506+induced activation of NF-xB, whereas in
cells expressing human MD-2 the activity of compound 506 was inhib-
ited substantially by lipid [Va as mentioned above. When MD-2
mutants were expressed. the activity of compound 506 was inhibited by
lipid [Va in cells expressing the mMD-2-N3h mutant to a degree similar
to that observed with human MD-2. These results suggest that the N3
region of MD-2 is involved in the animal species-specific activity of lipid
IVa.

We next asked whether the N3 region of MD-2 is critical for estab-
lishing the agonist-antagonist activity of lipid IVa. To address this,
HEK293 cells expressing mouse CD14, TLR4, and N3 chimerss or

wR

VOLUME 281-NUMBER 9-MARCH 3, 2006

-

B00Z '1Z ludy uo SBIUBRS LIIESH JO BIMAsU| [euoneN 1e B10'oq]'Mmamm Woly papeoumog



E

The Journal of Biological Chemistry

MD-2 Structure Required for Lipid IVa Activity
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FIGURE 6. Amine acid 122 of MD-2 is involved in animal activity of
lipid IVa, HEK291 cells were translently transfected with mouse CD14, mouse TLRE, and
the indicated mutant MD-2 expression plasmids together with an NF-xB-dependent
luciferase reporter plasmid. After 24 b, cells were either unstimulated {open columns) or
stimulated for & h with 10 ng/mi compound 506 (506) in the absence cr presence of
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FIGURE 5. N3 and N5 regions of MD-2 are responsible for animal spedes-specific
activity of lipid IVa. HEK293 cells were transiently transfected with mouse CD 14, mouse
TLR4, and the indicated mutant MD-2 expression plasmids together with an NF-xB-de-
pendent luciferase reporter plasmid, After 24 h, cells were sither unstimulated (open
columns) or stimulated for & h with 10 ng/ml compound 506 (506), 1 pg/mil lipid IVa (406),
of 10 ng/ml compound 506 in the presence of 1 ug/mi of lipid Va (506 + 406) In A, or

were either lated (open col of lated for & h with 10 ng/ml compound
506 in the at of pré of ing ¢ (0.01, 0., and 1 pg/mi) of
lipid Va in B, or were either d (C) or stimulated for 6 h with the indicated

concentrations of compound 506 (A) or lipid IVa (L) in €, and luciferase activity was
measured. The activity cbtained with 10 ng/ml compound 506 in cells expr g
CD14, mouse TLR4, and mouse MD-2 was defined as 100%. Values are the means + SE
fram at least three ind d cperiments. * p < 0.01 [c d with the respective
response in the absence of lipid Va by two-talled Student’s 1 test). =

parental MD-2 were stimulated with compound 506 in the presence of
increasing concentrations of lipid IVa (Fig. 44). As expected, lipid [Va
concentration-dependently inhibited the compound 506-induced acti-
vation of NF-«B in cells expressing the N3h mutant; however, the inhib-
itory activity was relatively weaker than that observed in cells expressing
the parental hMD-2. Ifthe N3 region of MD-2 is the only region respon-

MARCH 3, 2006-VOLUME 281 -NUMBER 9

Increasing conc tions (0,01,0.1,and 1 ug/mi) of lipld IVa (406), and luciferase activity
was measured. The activity obtained with 10 ng/mi compound 506 in cells expresting
mouse CD14, mouse TLR4, and mouse MD-2 was defined as 100%. Values are the
means = SE. from at least three Independent experiments. * p < 0,01 (compared with
the respective response in the absence of lipid IVa by two-tailed Student’s I test).

sible for the species-specific activity of lipid [Va, it was expected that
replacing the N3 region of human MD-2 with the corresponding mouse
MD-2 sequence would show the mouse phenotype. However, a slight
inhibitory effect of lipid IVa was still observed in cells expressing the
N3m chimera (hMD-2-N3m). In addition, the agonistic activity of lipid
IVa in cells expressing this N3m chimera only reached ~73% of the
activity observed in cells expressing the parental mouse MD-2 (Fig. 45).

The above result brought us to explore another MD-2 region, in
addition to the N3 region, that is involved in the agonist-antagonist
activity of lipid IVa. Because a slight antagonistic activity of lipid IVa was
observed in mMD-2-N2h and mMD-2-N5h mutants (Fig. 38), we cre-
ated MD-2 mutant plasmids in which both the N2 and N3 regions or the
N3 and N5 regions were mutated. These MD-2 mutants were used to
examine the NF-xB-dependent reporter activity in HEK293 cells
expressing mouse CD14, TLR4 (Fig. 54). Compound 506 showed activ-
ity comparable with all of these MD-2 mutants. With the MD-2 mutant
in which the N2 and N3 regions of human MD-2 were replaced with
corresponding mouse sequences (hMD-2-N23m) and the mutant in
which the N2 and N3 regions of mouse MD-2 were replaced with cor-
responding human sequences (mMD-2-N23h), lipid IVa showed partial
agonistic and partial antagonistic activities. Contrarily, lipid [Va showed
a strong agonistic activity with the MD-2 mutant in which the N3 and
N5 regions of human MD-2 were replaced with corresponding mouse
sequences (hMD-2-N35m), and almost no agonistic activity of lipld [Va,
even at 1 pg/ml, was observed with a mutant in which the N3 and N5
regions of mouse MD-2 were replaced with corresponding human
sequences (mMD-2-N35h). The antagonistic activity of lipid [Va was
also examined with these mutants (Fig. 5B). Almost no antagonistic
activity was observed with hMD-2-N35m, and a clear antagonistic
activity was observed with mMD-2-N35h. In addition, lipid 1Va caused
almost no agonistic activity in cells expressing mMD-2-N35h and
showed a potent agonistic activity comparable with that observed with
wild-type mouse MD-2 (see Fig. 14) in cells expressing hMD-2-N35m
(Fig, 5C). These results indicate that both of the N3 and N5 regions of
MD-2 are involved in determining the agonist-antagonist activity of
lipid [Va.

MD-2 Structural Region Involved in Antagonistic Activity of Lipid
IVa—Replacement of the N3 and N5 regions of mouse MD-2 with
corresponding human sequences changed the activity of lipid [Va from
agonistic to antagonistic without affecting the activity of compound
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FIGURE 7. Amino acid residues 57, 61, and 122 of MD-2 are involved In animal spe-
cies-specific activity of lipid IVa. HEK291 celis were transiently transfected with mouse
CcD14, rnouu TLR4, and the indicated mutnnt MD-} expression plasmids together with
an NF-xB-dependent luciferase rep 1. After 24 h, cells were either unstimu-
lated (open columns) or nunu!alwfotshwﬂh 10ng/ml compound 506 (506) or 10 ng/mi
compound 506 in the presence of lipid IVa (506 + 406) In A and B, were either unstimu-
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506. Human and mouse MD-2 possess a similar amino acid sequence in
their N5 regions with only a major difference at amino acid 122, a
change in charge. Thus, to Investigate the involvement of amino acid
122 of MD-2 in the activity of lipid IVa, we examined the antagonistic
activity of lipid [Va with a mouse MD-2 mutant (mMD-2-N3h-E122K)
in which the N3 region and amino acid 122 were replaced with the
corresponding human sequence and a human MD-2 mutant (hMD-2-
N3m-K122E) in which the N3 region and amino acid 122 were replaced
with the correspanding mouse sequence (Fig. 6). A stronger antagonis-
tic activity was observed in cells expressing mMD-2-N3h-E122K com-
pared with those expressing mMD-2-N3h (see Fig. 4). On the other
hand, almost no antagonistic effect was observed with hMD-2-N3m-
K122E. It is therefore likely that the involvement of the N5 region Is
explained by amino acid 122.

We next asked whether the involvement of the N3 region was also
explained at the amino acid level. To address this, each amino acid of
the N3 region of mouse MD-2, carrying E122K mutation, was
replaced individually with the corresponding human amino acid res-
idue, and the antagonistic activity of lipid [Va was examined (Fig.
7A). Although compound 506-induced activation of NF-xB was
inhibited to some extent in cells expressing these MD-2 mutants,
sufficient antagonistic activities were not observed. Thus we created
mouse MD-2 mutant plasmids in which the overlapping three
regions (amino acid residues 57- 65, 6473, and 69-78) within N3
and amino acid 122 were replaced with the corresponding human
sequences (each named as N3NhE122K, N3MhEI22K,
N3Ch,E122K), and the antagonistic activity of lipid [Va was exam-
ined (Fig. 7B). A potent antagonistic effect of lipid [Va was observed
with the N3Nh,E122K mutant, indicating that amino acid residues
57— 65 and 122 of human MD-2 play a role in the antagonistic effect.
Because the N3 region of human MD-2 is leucine-rich, we suspected
that two leucines (amino acids 60 and 61) might be involved in the
antagonistic effect. Thus we created a mouse MD-2 mutant plasmid
carrying F60L, V61L, and E122K mutations. Furthermore, because
relatively potent antagonistic effects were observed with
T575,E122K and V61L.E122 mutants (Fig. 74), we also created a
mouse MD-2 mutant plasmid carrying T575, V6IL, and E122K
mutations. Agonistic effects of compound 506 and lipid [Vaas well as
antagonistic effects of lipid I'Va were examined (Fig. 7C). Only partial
agonistic and antagonistic activities of lipid [Va were observed with
the mMD-2-F60L,V61L,E122K mutant. However, these activities
and the concentration-inhibition effect of lipid [Va (Fig. 7D) in cells
expressing the mMD-2-T575,V61L,E122K mutant were comparable
with those observed in hMD-2, mdicating a critical role of these
three amino acid residues (Ser™, Leu®™, and Lys'*) for expressing
the antagonistic activity.

MD-2 Structural Region Involved in Agonistic Activity of Lipid
IVa—Mutation of Thr’, Val®!, and Glu'* of mouse MD-2 into corre-
sponding human MD-2 sequences caused not only the appearance of
antagonistic activity of lipid IVa but also the disappearance of its ago-
nistic activity, without losing the agonistic activity of compound 506
(Fig. 7C). Thus we next asked whether these three amino acid residues

lated (open columns) or stimulated for 6 h with 10 ng/mi compound 506, 1 jug/mi lipid
Va, or 10 ng/ml compound 506 in the presence of 1 ug/mi lipid IVa in C, or were either
unstimulated (open columns) or stimulated for 6 h with 10 ng/mil compound 506 in the
absence or presence of increasing concentrations (0.01, 0.1, and 1 ug/mi) of ipld Vain O,
and luciferase activity was d. The activity ok i with 10 ng/ml compound
506 in calls expredsing mouse CD14, mouse TLAR4, and mouse MD-2 was defined as 100%.
Values are the means = 5.E from at lsast three independent experiments. * p < 0.01
(compared with the resg i in the absence of lipid IVa by two-talled Stu-
dent’s t test)
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FIGURE 2. Replacement of Thr*”, Val*', and Glu'** of mouse MD-2 with correspond-
ingh MD-2 loses th istic activity of ipid IVa without affecting

lipid A activity, HEK293 cells were transiently transfected with mouse CD14, mouse
TLR4, and the indicated MD-2 exp pl 45 together with an NF-xB-depend
luciferase reporter plasmid. After 24 h, cells were either unstimulated (C, @) or stimu-
lated for & h with Indicated concentrations of compound 506 (4, A) o lipid IVa (C1, W),
and luciferase activity was Tha activity ok d with 10 ng/ml compound
506 In cells expressing mouse CO14, mouse TLA4, and mouse MD-2 was defined 33 100%.
Values are the means = SE. from four independent experiments.

of mouse MD-2 were selectively involved in the agonistic activity of lipid
IVa, To address this, we examined the agonistic activities of lipid Va
and compound 506 in cells expressing mMD-2-T575,V61LE122K
together with mouse CD14 and TLR4 (Fig. 8). In these cells, compound
506 induced potent activation of NF-xB comparable with that observed
in cells expressing wild-type mouse MD-2, whereas almost no agonistic
activity was observed with lipid ['Va at concentrations from 1 to 1,000
ng/ml. Although the mutation of glutamic acid to a lysine caused a
charge reversal, mutations from threonine to serine and from valine to
leucine may not cause significant changes. It is, therefore, still possible
that compound 506 may require these amino acid residues for its ago-
nistic activity, but these changes in amino acid residues may be toler-
ated. To address this, we mutated these three amino acid residues in
mouse MD-2 into alanines either individually or in combinations and
examined the agonistic activities of compound 506 and lipid Va as well
as the antagonistic activity of lipid [Va (Fig. 9). Although the agonistic
activity of compound 506 with the E122A mutation was slightly
enhanced, none of the mutations caused significant changes in the
activity of compound 506. No significant changes in the agonistic and
antagonistic activities of lipid IVa were observed with each point mutant
or the T57S,V61 A mutant, whereas the concurrent mutation of all three
amino acid residues substantially decreased the agonistic activity, and
the antagonistic activity was also evident (Fig. 94). The concentration-
response effects showed that the activity of compound 506 was
decreased only slightly by the concurrent mutation of all three amino
acid residues, whereas the activity of lipid IVa was substantially
impaired (Fig. 9B). These results indicate that these three amino acid
residues are selectively involved in the agonistic activity of lipid IVa and
critical for determining its agonist-antagonist activity.

Role of Thr”’, Val®™, and Glu'* of MD-2 in TLR4 Signaling—The role
of The”, val*', and Glu'* of mouse MD-2 in TLR4 signaling was stud-
ied in HEK293 cells stably expressing mouse CD14, EIAV-tagged mouse
TLR4, FLAG-tagged mouse TLR4, and either EIAV-tagged mouse
MD-2 or EIAV-tagged mouse MD-2-T57A,V61A,E122A. These cells
were stimulated with compound 506 or lipid [Va, and TLR4 oligomer-
ization was examined (Fig. 10). For this, FLAG-tagged TLR4 was immu-
noprecipitated, and coprecipitation of EIAV-tagged TLR4 was detected
by Western blotting. Coprecipitations of EIAV-tagged TLR4 were
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FIGURE 5. Replacement of Thr*?, Val®', and Glu'* of mouse MD-2 with alanine loses
the agonistic activity of lipid IVa without affecting lipld A activity. HEK293 cells were
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with the  cone jons of compound 506 (4, &) o lipkd Va (1 1 in & and
luchferass activity was measured. The activity obtained with 10 ng/ml compound 506 in
cells expressing mouse CD14, mouse TLR4, and mouse MD-2 was defined as 100%. Val
ues are the means = 5E. from thres independent experiments. * p < 0.01 (compared
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FIGURE 10. Role of The™”, Val*', and Glu '™ of mouse MD-2in TLR4 signaling. HEK293
cells stably mouse CD14, EIAV-tagged mouse TLR4, FLAG-lagged mouse
nm,mmmvuggadmub—ztmmmnwmuwmmz
TSTAVE1AE122A (right five lanes) were stimulated with 100 ng/ml compound 506 or 1
ug/mi lipid Va for the Indicated times. Then, call extracts (Ext) were prepared, and

TLR4 was precipitated (IP). Precipitated FLAG-tagged TLR4 and
coprecipitated EIAV-tagged TUR4 as well as MD-2 proteins were detected by Westem
blotting. A pant of cell extracts prepared above were subjected to the detection of lxBa
protein phosphorylated at Ser'-Ser™® (P-/xBa) by Westem blotting. Similar results were

p d in two additional exp

barely detectable without stimulations but were detectable after com-
pound 506 stisnulation in both stable transfectants. After lipid I'Va stim-
ulation, the coprecipitation was also detected in cells expressing wild-

JOURNAL OF BIOLOGICAL CHEMISTRY 5489

B00Z '1Z judy uo S80UBPS YjfEaH jo ansu| [euonen Je Giooql aww way papeojumoq



MD-2 Structure Required for Lipid IVa Activity

type MD-2 but was barcly detectable in cells expressing mMD-2-
TS7AVE1AE122A. Both the wild-type and mutant MD-2 were
coprecipitated with TLR4 without ligand stimulation, and the amount
coprecipitated was unaffected by stimulations. In parallel with TLR4
oligomerization, the inducible phosphorylation of IxBa was observed in
response to compound 506 in both stable transfectants. The phospho-
rylation was also observed in response to lipid [Va in cells expressing
wild-type MD-2 but was barely detectable in cells expressing mMD-2-
T57A,V61AE122A. These results support the above conclusion that
Thr®, Val”', and Glu'* of mouse MD-2 are selectively involved in the
agonistic activity of lipid IVa and critical for determining its agonist-
antagonist activity.

DISCUSSION

In the present study, we investigated the structural region of MD-2
required for agonistic and antagonistic activities of lipid TVa by utilizing
its animal species-specific activity, The involvement of MD-2 in arllml!
species-specific activity of lipid 1Va has been d ted p
by expressing human and mouse MD-2 in human rnonncydc T‘HP—
cells (4), mouse pro B Ba/F3 cells (15), and HEK293 cells (17). In the
present study, we confirmed that the lipid [Va-induced activation of
NF-&B in HEK293 cells expressing mouse CD14, TLR4, and MD-2 was
substantially impaired when mouse MD-2 was replaced with human
MD-2. The activity of compound 506, a typical lipid A molecule, was not
significantly affected by the replacement, indicating that both human
and mouse MD-2 are functional on mouse TLR4. Thus, in the present
study, we created mouse/human chimeric MD-2 mutant plasmids and
found that both the N3 (amino acids 57-79) and N5 (amino acids 108 -
135) regions of MD-2 were involved in the species-specific activity of
lipid IVa. We further narrowed the region down and found that the
concurrent replacement of Thr*, Val®!, and Glu'* of mouse MD-2
with the corresponding human MD-2 amino acids substantially
decreased the agonistic activity of lipid I'Va without affecting the activity
of compound 506. The replacement of each of these amino acid residues
individually or as pairs was not enough to lose the activity, indicating
that these three residues together contribute to the species-specific
activity of lipid 1Va. A tertiary structure model of human MD-2,
reported by Gruber et al (20), shows that amino acid residues 57, 61,
and 122 of MD-2 are sterically located in close proximity. Thus the
domain created by these three amino acid residues may be involved in
determining the agonist-antagonist activity of lipid IVa.

The mutation of Thr™ to Ser, Val® to Leu, and Glu'* to Lys of mouse
MD-2 substantially decreased the agonistic activity of lipid IVa, whereas
these replacements did not affect the activity of compound 506. Because
the difference in amino acid structure between Thr and Ser or between
Val and Leu is only one methyl or methylene moiety, there was still the
possibility that these changes in amino acid residues may be tolerated
even though compound 506 may require these amino acid residues for
full agonistic activity. Thus we examined the activity of compound 506
in a mouse MD-2 mutant in which Thr™, Val*,, and Glu'*® were
replaced with alanines, and we found that the activity was not affected
by these substitutions, whereas the activity of lipid [Va was substantially
impaired. It is therefore likely that these three amino acid residues are
selectively involved in the agonistic activity of lipid [Va.

The replacement of amino acid residues 57, 61, and 122 of mouse
MD-2 with corresponding human MD-2 amino acids substantially
decreased the agonistic activity of lipid IVa. However, replacement of
amino acid residues 57, 61, and 122 of human MD-2 with the corre-
sponding mouse MD-2 amino acid residues restored the agonistic activ-
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ity of lipid IVa only to —50% of the activity observed in mouse MD-2
(data not shown). Replacement of the N3 region, and replacement of
amino acid 122 in addition to the N3 region of human MD-2 with
corresponding mouse MD-2 sequence restored the activity to ~73%
(Fig. 4B) and 90% (data not shown), respectively. Therefore, these three
amino acid residues are necessary for the agonistic activity of lipid [Va,
butadditional amino acid residues in the N3 region may be required for
its full agonistic activity.

It has been reported, in studies using soluble MD-2 (6, 21-23) and a
peptide fragment of MD-2 (24) that LPS directly binds to MD-2 in a
highly basic region (amino acids 119 -132). In our study, the mutation of
Thr?, Val*, and Glu'* of mouse MD-2 to alanines (Fig. 9) or the
mutation of Ser”, Leu®, and Lys'® of human MD-2 to corresponding
mouse MD-2 amino acid residues (data not shown) did not affect the
agonistic activity of compound 506, indicating that these three amino
acid residues are not involved in lipid A binding. In addition, it is
unlikely that these three amino acid residues are involved in lipid IVa
binding because lipid [Va showed an antagonistic effect in cells express-
ing the mouse MD-2 mutant in which all three of these amino acid
residues were replaced with the corresponding human MD-2 amino
atid residues or with alanines, For TLR4 signaling, the interaction
between MD-2and TLR4 (7, 22, 23, 25), as well as dimerization of TLR4
(26, 27) were reported to be important. For the interaction with TLR4,
Cys™, Tyr'®, and Cys'® of human MD-2 have been reparted to be
involved (22-23, 25). Miyake (5) and Gangloff and Gay (28) have pro-
posed that MD-2 plays an important role in regulating TLR4 dimeriza-
tion upon LPS binding. Because the ability of MD-2 to associate with
TLR4 and compound 506-induced TLR4 dimerization as well as induc-
ible phosphorylation of IxBa were not affected by the mutation of
Thr*, Val®, and Glu'*? of mouse MD-2 (Fig. 10), these amino acid
residues are unlikely to be involved in interactions with TLR4 or in
TLR4 dimerization. These amino acid residues may participate in the
discrimination of lipid A structure.
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Abstract
The levels of formaldehyde (FA) and acetaldehyde (AA) in polyethyl hthal bottles and in commercial

mineral water are reported. All the water samples bottled in Japan contined detectable levels of FA (10.1-27.9 pgl™")
and AA (44.3-107.8ugl™"). Of 11 European bottled water samples, eight did not contain either FA or AA, while the
remaining three had detectable levels of FA (7.4-13.7,g1 1y and AA (35.9-46.9 ug1™"). In three North American bortded
water samples, two contained FA (13.6 and 19.5ugl™") and AA (41.4 and 44.8 ugl™"), and one did not. Regardless of the
region of origin, all the sterilized water samples contained FA and AA, whilst in contrast, none of the unsterilized water
without carbonate contained FA or AA. Of the carbonated water samples, three contained FA and AA, and one did not.
When fortified with FA and AA, the commercial water sample without otherwise detectable FA and AA was able to reduce
levels, although the commercial water sample containing FA and AA could not. The presence of bacteria in the commercial
water samples was investigated using an ATP-based bioluminescent assay and heterotrophic plate count method, The
commercial water without FA and AA contained heterotrophic bacteria, whilst the commercial water with FA and AA did
not contain detectable bacteria. It is suggested that in this case both FA and AA migrated from PET materials, but were
subsequently decomposed by the heterotrophic bacteria in the unsterilized water.

Keywords: Polyethylene terephthalate (PET), commercial mineral water, formaldehyde, aceraldehyde, heterotrophic bacteria.

Introduction
Acctaldchyde (AA) has been reported as being

The determination of the AA ¢ontent of PET is
generally carried ourt using headspace gas chromatog-

present in polyethylene terephthalate (PET) bottles
(Dong et al. 1980; Wyatt 1983; Duflos et al. 1993;
Linssen et al. 1995) and bottled mineral water
(Nijssen et al. 1996; Sugaya et al. 2001; Dabrowska
et al. 2002; Nawrocki et al. 2002; Ewender et al.
2003; Hirayama et al. 2003). AA was reported to
migrate from the PET plastcs, resulting in an
undesirable slightly sweet and fruity taste in the
mineral water, particularly in_the case of carbonated
mineral warer (Nijssen et al. 1996; Dabrowska et al.
2002; Nawrocki et al. 2002). On the other hand,
there are only a few reports of formaldehyde (FA) in
PET bottles and bortled water (Villain et al. 1994;
Sugaya et al. 2001; Ewender et al. 2003; Hirayama
et al, 2003).

raphy (HS/GC). In contrast, the determination of FA
in PET samples using HS/GC is difficult because FA
is generated by the heating of PET in the headspace
sample. Previous papers reported an analytical
method for FA and AA in PET products (Mutsuga
et al. 2003). In this method, the PET samples are not
heared, allowing the accurate measurcment of free
FA without decomposition of the PET samples. The
levels of FA and AA were measured in PET products
including bortles for mineral water (Mutsuga et al.
2005). The findings were that most of the PET
products contain FA 1o the same extent as AA.

In the present study, the content of FA and AA in
PET bottled commercial water and the bottle mate-
rial were determined, and subsequently the origin
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and disappearance of FA and AA in commercal
water was studied.

Materials and methods

Sample

Twenty PET-bottled commercial mineral water
samples were purchased in Japan between April
2003 and March 2004; six were bottled in Japan,
11 were bottled in Europe and three were bottled
in North America.

Reagents

Formaldehyde solution (37%), hydrochloric acid
for precision analysis grade (36%) and sodium
sulfate were purchased from Sigma Aldrich Japan
(Tokyo, Japan). Acetaldehyde was purchased
from Aldrich Chemical Co., Inc. (Milwawkee, WI,
USA). 2,4-Dinitrophenylhydrazine (DNPH) hydro-
chloride for HPLC labelling grade, formalde-
hyde 2,4-dinitrophenylhydrazone  (FA-DNPH)
and  acetaldehyde  24-dinirrophenylhydrazone
(AA-DNPH) were purchased from Tokyo Kasei
Kogyo Co, Lid (Tokyo, Japan). Trifluoroacetic
acid, potassium carbonate and dichloromethane for
dioxin analysis grade were purchased from Wako
Pure Chemical Industries, Ltd (Osaka, Japan).
Acetonitrile for high-performance liquid chromatog-
raphy (HPLC) grade were purchased from Merck
Co., Inc. (Darmstadt, Germany). Sterilized warter
was prepared by autoclaving the commercial mineral
water in glass bottles.

The CheckLite-HS kit (ATP-based biolumines-
cent assay kit, containing luciferin-luciferase
reagent, ATP-eliminating reagent (ATPase) and
ATP-releasing reagent), and CheckLite ATP stan-
dard (ATP standard solutions kit) were purchased
from Kikkoman Internatonal (Chiba, Japan). The
LIVE/DEAD Baclight bacterial visbility kit (stains
mixture of SYTO 9 and propidium iodide) was
purchased from Molecular Probes (Eugene, OR,
USA), and R2A agar was purchased from Difco
Laboratories (Detroit, M1, USA). The membrane
filter (0.45 pm, 1.d. 13 mm and 0.22 pm, i.d. 47 mm)
used was Millex-[LH and contains nitrocellulose
(Millipore). The carbon membrane filter (0.2 pm,
i.d. 19mm) used was from Track-Etch Membrane
(Whatman, ME, USA).

Apparatus

FA and AA were quantified using an HPLC system
consisting of the Shimadzu LC-10A (Shimadzu Co.,
Kyoto, Japan).

Bioluminescence was measured using a
Lumitester C-100N (Kikkoman International).

Aldehydes in PET bottled mineral water 213

Direct counting of bacteria was performed with
an epifluorescence microscopy OLYMPUS BX60
(Olympus Co., Tokyo, Japan).

Preparation of standard solution

Stock solution (100pgmi™ each FA and AA) was
prepared by dissolving 70.0mg FA-DNPH and
509mg AA-DNPH in 100ml acetonitile.
Standard solutions with which to calculate curves
were prepared by stepwise dilution with the acetoni-
trile/water (1:1) ranging in concentration from 0.05
to 5pgml™ for FA and AA.

Analytical procedure for muneral water

Commercial water (100 ml) was collected in 200 ml
glass flasks, 5ml DNPH/hydrochloric acid solution
(1mgml™) added and then derivatized for 2h at
room temperature. Approximately 3.7g potassium
carbonate were added slowly with agitating to adjust
the pH t approximately 3. The solution was
transferred into a separatory funnel and derivatives
extracted with dichloromethane (25mlx 2). The
dichloromethane layers were collected and added
about 2g sodium sulfate and filorated. The filrate
was cvaporated completely under reduced pressure.
The residue was dissolved in 2ml acetonitrile.

Analytical procedure for PET bottle material

PET bottle material (0.5 g) was cut into small pieces
and placed in a 5ml centrifuge glass tube equipped
with a glass plug, after which 25ml DNPH/
trifluoroacetic acid solution (1 mgml™') was added
and the mixture left overnight for dissolution and
derivatization. Dichloromethane (10ml) was then
added and approximately 12 ml potassium carbonate
solution (0.2gml ™ dissolved in sterilized water) was
added to adjust the pH to 7, when the solution
changed to a thick yellow liquid. The precipitates
were removed by filtration under reduced pressure
and washed with dichloromethane (2 x 10ml). The
filtrate and washes were combined and transferred to
a separatory funnel. The dichloromethane layers
were separated from the aqueous layer, which was
subsequently extracted using dichloromethane
(10ml). The dichloromethane layers were collected
and dried via the addition of sodium sulfate and
evaporation. The residuc was dissolved in 2.5ml
acetonitrile and diluted to 5ml with water, then
filtered using a membrane filter (0.45 pm).

HPLC condition

Column: TSKgel ODS-80Ts (4.6mm id. x
250mm) (Tosoh Co., Tokyo, Japan), guard
column: stainless column (1.0mm id. x 45mm)



214 M. Muzsuga et al.

packed with ODS (Fuji Silysia Chemical Lid., Aichi,
Japan), flow: 1 mlmin™', column temperature: 50°C,
injection volume: 20 pl, mobile phase: 55% acetoni-
rilefwater, detection: UV (360 nm).

Standard aerobic plate count

A water sample (100 ml) was filtered through a mem-
brane filter (0.22 pm) under reduced pressure. The
filter was then placed upon a tryptone glucose yeast
extract agar medium plate. The plates were incubated
aerobically at 37°C for 24h. Colonies were counted
and expressed as colony forming unit (CFU) mI™.
Direct counting of bacteria with fluorescent staining

A water sample (50 ml) was drawn through a carbon
membrane filter under negative pressure. The carbon
membrane filter was stramed by LIVE/DEAD
BacLight bacterial viability kit, 1 ml stains mixture
prepared according to the manufacture’s instruc-
tions, and incubated for 20 min in the dark at room
temperature. The mixture was removed and filters
mounted with low-fluorescence immersion oil on
glass microscope slides and observed by epifluores-
cence microscopy. The number of green cells was
counted after viewing 20 microscopic fields.

ATP-based bioluminescent assay

The ATP derived from bacteria was measured by
following methods. A 1ml aliquot of water sample
was placed in a tube, an ATP-eliminating reagent
(0.1 ml) was added, the solution was mixed and it
was incubated for 10 min to remove any extracellular
ATP. A total of 0.1 ml of the solution then combined
with 0.1 ml of a detergent for lysing cells before the
additon of 0.1 ml luciferin-luciferase reagent. The
sample was mixed and the amount of biolumines-
cence measured using a luminometer. The lumines-
cence curves were prepared using the ATP standard
solutions (2 x 107'%-2 x 107 molml™"). The results
are expressed as relative light units (RLU) and ATP
concentration.

Heterotrophic plate counting method

Heterotrophic plate counts (HPC) were obtained by
plating 100ul of tenfold dilutions of commercial
water samples on R2A agar plates. The plates were
incubated aerobically at 22°C for 72h. Colonies were
counted and the arithmetic mean expressed as
CFU ml™.

Result
Analyncal procedure

FA and AA in the PET boutle material were measured
as described (Mutsuga et al 2003, 2005).

Recoveries of 76.9-101.2% were obtained for a
PET pellet sample (0.5g) spiked with FA (2.5pg)
and AA (2.5 pg). The limits of detection of FA and
AA were 0.2pg g™ for each, based on the linearity of
the calibration curve,

The analytical method for FA and AA in the
commercial water was improved upon, and recovery
rates of 85.7-104.9% were obtained for sterilized
water (100ml) spiked with FA and AA (1 and 10 pg
each). The limir of detection of FA and AA were
5.0pugl™" for each, based on three times the
blank value (FA: 1.34£0.11pugl™' and AA: 0.77 %
0.04 pgl™").

Contents of FA and AA in mineral water

‘The levels of FA and AA in the 20 commercial water
samples are shown in Table 1. FA and AA ranged
from not detected (n.d.) to 27.9pug!™! and nd. w
107.8 ugl™", respectively. All samples bottled in
Japan had detectable levels of FA (10.1-
27.9pgl™") and AA (44.3-107.8pgl™"). In the
European water, three samples had detectable levels
of FA (7.8-13.7pgl™") and AA (37.2-46.9ugl™"),
while the remaining eight did not. In the North
American water, two samples contained FA (13.6
and 19.5 ugl™") and AA (41.4 and 44.8 ug1™"), while
one did not. Most of the samples bottled in Europe
and North America contained FA and AA under
the detection limits. The detected levels of FA and
AA in the Japanese water were higher than in the
European or North American samples. There was no
relationship berween FA-and-AA content and pH or
hardness of the commercial water. The samples were
classified into two groups: those in which FA and AA
were detected in the water (group A), those in which
FA and AA were not detected in the water (group B).
Group A contained all the sterilized water samples
and three carbonated water samples. Group B
contained unsterilized water samples without car-
bonate and one carbonated water sample.

Conzent of FA and AA in the boule material and

thetr migration

The levels of FA and AA in the bottle materials were
analysed (Table I). The FA and AA levels of the
Japanese bottles ranged from 1.3 to 2.9pgg’ and
from 11.5 1o 25.0pgg™’, respectively, while the
European and North American bottles ranged from
nd to 1.6pgg" and from 5.2 w© 17.1ugg™,
respectively. The levels of FA and AA in the
Japanese bortdes were significandy higher than that
in European and North American bottles. The
explanation for this may be the higher moulding
temperatures used in the production of Japanese
bottles (thicker bottle walls) and the use of scav-
engers in European bottles, which minimizes the
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Table II. Migration of FA and AA from PET bottes into water

at 40°C.
Contents in Migration
bowde (ugg™") level (ugi™"
b e s Storage S s S
Bottle FA AA days FA AA
J1 22 16.7 14 426 112.0
30 552 169.6
E-1 0.7 5.4 14 114 145
30 149 21.1
Each value is the mean of four trails

formation of FA and AA. Some of the bottles were
blue or green colour. However, the results for the
European bottles showed that the colour of bottles
did not affect the FA and AA levels.

Migration tests were performed using Japanese
(J-1) and European (E-1) borttles, in which J-1 bottde
contained FA and AA while the E-1 bortles did not.
The bortles were washed with sterilized water, then
100 ml sterilized water added, and stored at 40°C for
14 and 30 days. The analysis showed that migration
of FA and AA occurred from both bottles to water
(Table ITI). The migrauon levels of FA and AA
depended on the level in the botde material and
duration of storage. Thus, the FA and AA in
commercial water was a result of migratdon from
their PET bottles.

Clanficarion of the disappearance of FA and A4

in commercial water

The E-1 bottle showed migraton of FA and AA into
the sterilized test water, although the commercial
water contained in the E-1 botule was not contam-
inated with either FA or AA. Thus, it was speculated
that unsterilized water might have some capacity to
reduce levels of FA and AA.

Thus, 100ml commercial water samples were
transferred to a 200-ml glass bottle with plastic
screw cap. Water samples were fortified with 2 ug FA
and 10 pg AA and stored in the dark at 37°C for 48
or 96 h (Figure 1 and Table III). Figure 1 shows the
time-response curves of FA and AA in E-1 and J-1
water for 12, 24, 36 and 48h. In E-1 water, FA and
AA reduced quickly and reached the ‘blank’ level
after 48 h incubation, whereas the FA and AA in the
J-1 water did not decline. Table III shows the
recoveries of fortfied FA and AA in several kinds
of commercial water. Water of group B was able to
reduce spiked FA and AA, while water of group A
could not. Two carbonated water (E-6 and E-7)
produced a small reduction in FA, and it seemed to
be more volatile in carbonated water than sdll
water at 37°C. However, water samples (E-1-3)

@ FA(E-1)
A AAE1)
O FA (1)
A AAQ-D

Recovery (%)

0 :'1 14 36 48
Time (hours)

Figure 1. Recovery of FA (2ug) and of AA (10 ug) fortified 1o
100ml E-1 and J-1 water stored at 37°C. Each value is the means
of two mials.

Table III. Recoveries of fortified FA and AA in several mineral
water samples,

4 Recovery (%)
Sample Incubaion —4—m —n————
& tme () P Lt Arctaliatet
Group A J1 48 >95 >95
J1 96 >95 >95
I3 48 >95 =05
6 48 >95 >95
E-6 48 78 =95
E-7 48 83 =95
A-3 48 95 >05
Group B E-1 48 <5 <5
E-2 48 >95 5
E-2 96 27 <5
E-3 48 86 5
E-5 48 >95 10
Sterilized E-1 48 >95 »95
group B E-2 96 >95 92
E-3 48 >95 05

FA (2 pg) and AA (10 jg) were added to 100 ml mineral water and
stored at 37°C for 48 or 96h.
Each value is the mean of two trials.

after sterilization in group B did not have the same
ability to reduce levels.

According to these results, unsterilized commer-
cial water can reduce the levels of FA and AA in the
water. It is suspected that bacteria in commercial
water were involved in the reduction in FA and AA.

Confirmation of bactenial activity

At first, the standard aerobic plate count method was
performed. However, none of the water samples
produced colonies. Therefore, the direct counting
method was performed using the LIVE/DEAD
BacLight bacterial viability lat, which contained two
nucleic acid-binding stains, SYTO 9 and propidium
iodide (Venkateswaran et al. 2003). SYTO 9 stained



Table IV, Amount of intracellular ATP in water.

Bioluminescent assay
Luminescence ATP HPC assay colony
Sample number (RLL) (x107''M) count (CFUmI™")
Group A
J-1 nd.” n.d. nd.”
J2 nd nd. -
}3 nd nd n.d.
J-4 nd. nd. -
] n.d. nd. -
6 nd. nd. -
E-6 nd. n.d. nd.
E-7 nd. nd. -
E-8 n.d. nd. nd.
A-1 n.d. n.d. -
A-3 n.d. nd. -
Group B
E-1 1005 14.3 1.5 x 10°
E-2 149 1.9 3.2 % 10°
E-3 801 11.3 7.8 10*
E-4 655 9.2 -
E-5 1059 15.0 1.6 x 10°
E-9 112 1.4 -
E-10 1003 14.2 4.1 % 10*
E-11 3808 54.8 -
A-2 T78 11.0 -
nd ' <100RLU.
nd." <100 CFUm!"™".
Each value is the mean of three trials.
-, Not evaluated.

all cells green, while propidium iodide stained all the
cells with damaged membranes red. As observed by
epifluorescence microscopy, both viable and dead
bacteria were detected. In J-1 water, ncither green
nor red bacteria were detected. On the other hand,
in E-1 water, viable green bacteria were visualized
(5 x 10* cells mI™"). This bacterium was presumed to
heterotrophic bacterium, which exists widely in the
environment, as this bacterium is very small and
there have been some reports documenting its
existence in commercial water (Mosso et al. 1994;
Tsai and Yu 1997; Ramalho et al. 2001; Leclerc and
Moreau 2002). )

Subsequently, inracellular ATP was measured by
the ATP-based bioluminescent assay (Table IV).
This method confirmed that none of the water
samples in group A contained intracellular ATP.
On the other hand, the water in group B showed
intracellular ATP concentratons of between
1.4x 107" and 5.5 x 107'°M. Among the carbon-
ated waters, intracellular ATP was detected in E-5
of group B, but not in E-6-8 of group A. All
samples showed correlation between the existence of
intracellular ATP and a reduction in FA and AA
levels.
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The enumeration of heterotrophic bacteria in the
commercial mineral water is usually performed using
the HPC method (Mosso et al. 1994; Tsai and Yu
1997; Ramalho et al. 2001; Leclerc and Moreau
2002; Venkateswaran et al. 2003). This method was
recommended by Council Directive 98/83/EC
(1998) for the count of heterotrophic bacteria in
commercial water, and was performed in the present
study on nine water samples by incubation for 72 h at
22°C on R2A medium. None of the water samples in
group A possessed heterotrophic bacteria, while the
water samples in group B formed between 1.6 x 10°
and 1.5 x 10° CFUmI™".

Discussion

It has been shown that FA and AA migrated into
commercial water from the PET bottle material, In
commercial water without bacteria, the levels of
migrated FA and AA remain unchanged, whereas in
natural mineral water containing heterotrophic bac-
teria, the migrated FA and AA was decomposed. Of
the carbonated water samples, one sample contained
bacteria and showed a reduction in FA and AA,
while the others had no bacteria and showed no
decomposition activity. It was speculated that the
existence of bacteria influenced the concentration
of carbonate gas.

In the European Union regulations, natural min-
eral water cannot be treated for the elimination of
microorganisms by disinfection or sterilization. The
current drinking water guidelines in many European
countries are based on recently revised Directive
08/83/EC. The current recommended microbio-
logical standards include HPC limits for private
supplies, i.e. no significant increase over normal
levels when incubated at 22 and 37°C, and for
bottled water within 12h of borting, 100 CFUml ™
when incubated at 22°C for 72h and 20 CFUml™
when incubated at 37°C for 48h. In the present
study, several European waters contained 1.6 x 10°-
1.5x% 10°CFUmlI™" heterotrophic bacteria. These
waters appear to have passed the reguladons during
the bottling stage, but then bacteria proliferated
during transport to Japan.

The potential negative impact to human health
from the consumption of treated water containing
high HPC levels of bacteria is still being debated.
However, until now, no report has documented the
decomposition of FA and AA by heterotrophic
bacteria. PET bottled commercial water has two
problems: the existence of heterotrophic bacteria and
the migration of FA and AA, and the close relation-
ship exists berween these problems. Thus, it is
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necessary to pay sufficient attention to both
problems.
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Sandarac resin, a natural gum base, is described as "a substance composed mainly of sandara-
copimaric acid obtained from the secretion of sandarac trees” in the List of Existing Food
Additives in Japan. To evaluate its quality as a food additive, the main constituents in a sandarac
resin product were investigated. Three constituents were isolated and identified as sandaracopi-
maric acid, sandaracopimarinol and 4-epidehydroabietic acid by MS and 2D-NMR. Quantification
of the main constituent, sandaracopimaric acid, was performed by HPLC and its content in the

product was determined to be 11.6%.

Key words: food additive: gum base; sandarac resin; Tetraclinis articulata; sandaracopimaric

acid

Introduction

Most natural food additives have many constituents,
but to date, there have been few investigations on the
constituents in most of them. It is necessary for the
evaluation of natural food additives to analyze the con-
stituents as completely as possible, since the chemical
nature and concentrations of the constituents may
differ depending on the extraction and processing
methods, and the collection season of the plant of
origin. We have been investigating the main and minor
constituents in various food additives, for which there
are no analytical data and/or reports, in order to devel-
op official analytical methods'?.

The List of Existing Food Additives in Japan® stipu-
lates that sandarac resin is a natural gum base, which is
a substance composed mainly of sandaracopimaric acid
(1) obtained from the secretion of sandarac trees. San-
darac tree is Tetraclinis articulata (Vahl) Mast. belong-
ing to the Cupressaceae family. It is native to Morocco
and is a coniferous tree closely related to arborvitae.
The existence of several diterpenoids in the leaves of T.
articulata has recently been reported’. Sandarac resin
has been used for many years as a natural resin for
artwork. Many reports®® have been published on the
characterization and identification of natural resins for
painting. It was reported that the dominant component
in sandarac resin used for painting is sandaracopimaric
acid (1). However, the main constituents of sandarac
resin as a food additive have not been clarified. In this
study, we identified several constituents of sandarac
resin as sandaracopimaric acid (1), sandaracopimarinol
(2) and 4-epidehydroabietic acid (3) by MS and 2D-NMR,

and quantified the content of the main constituent,
sandaracopimaric acid (1), by HPLC.

Materials and Methods

1. Sample and chemicals

A sample of sandarac resin product was obtained
through the Japan Food Additives Association. Silica
gel 60 Fs (20cmXx20cm, Art. 1.05715) (Merck Co,
Ltd.) was used for TLC. Silica gel 60N (63-200 um Cat.
No. 37665-79) (Kanto Chemical Co.. Inc.) was used for
open column chromatography. All chemicals were of
reagent grade and were used without further purifi-
cation.

2. Spectroscopic analysis

NMR spectra were recorded on JNM-ECA800 and
JNM-ECAS00 (800 MHz and 500 MHz) instruments
(JEOL Co, Ltd) with chloroform-d (CDCly) as the sol-
vent. 'H-NMR and '’C-NMR spectra were referenced
internally to tetramethylsilane (TMS). Assignments of
the proton and carbon signals of all isolated compounds
were confirmed by pulse Ffeld gradient (PFG)
heteronuclear multiple quantum coherence (HMQC),
PFG heteronuclear multiple bond connectivity (HMBC),
double quantum filtered correlation spectroscopy (DQF-
COSY) and nuclear Overhauser effect (NOE) experi-
ments. High-resolution electron impact mass spec-
trometry (HR-EI-MS) spectra were obtained with a JMS-
700 (JEOL) mass spectrometer. Melting points were
determined using a MP-S3 apparatus (Yanaco New
Science [nc.) without correction.




