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A cell surface receptor complex consisting of CD14, Toli-like
receptor (TLR4), and MD-2 reco ghizes 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 IVa, activates
mouse macrophages but is inactive and acts as an LPS antagonist in
human macrophages. This animal species-specific activity of lipid
IVa involves the specles 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 human MD-2 sequence or alanines impaired the
agonistic activity of lipid IVa, and antagonistic activity became evi-
dent. These mutations did not affect the activation of nuclear fac-
tor-&B, TLR4 oligomerization, and inducible phosphorylation of
IxBa 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 IVa 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 ofthe cellwall of Gram-negative bacteria and playsa major role in
septic shock (1, 2). Engagement of LPS on the host cell results in rapid
activation of a numbser of transcription factors, including NE-«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
picomalar 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 s first opsonized by
the serumn 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. 1t has also been reported that MD-2 is necessary for TLR4 to
undergo proper glycosylation and trafficking to the cell surface (7-9).
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INF-3B, nuclear factor-xB; PBS, phosphate-buffered safine; TLR, Toll-ike receptor.
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Without MD-2, TLR4 is riot 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 offects (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 Jipid IVa, as well as Salmonella-type
lipid A, shows very little stimulatory activity and behaves as an antago-
nist i human macrophages, despite being potently active in murine
macrophages (11, 12). This species-specific activity of lipid IVa 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 present study, explored the structural region of
MD-2 which deterraines the agonistic and antagonistic activities oflipid
IVa,

EXPERIMENTAL PROCEDURES

Cell Culiure and Reagents—The HEK293 cell line (obtained fromthe
Hurnan Science Research Resources Bank, Tolkyo, Japan) was grown in
Dulbecco’s modified Eagle's medium (Invitrogen) supplemented with
10% (v/v) heat-inactivated fotal calf serum (Invitrogen), 100 units/ml
penicillin, and 100 wg/ml streptomycin. Compound 506 and lipid IVa
(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. Afterlin-
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 [k Bo was purchased
from Cell Signaling Technology (Danvers, MA).

Expression Plasmids—Expression plasmids encoding CD14, TLR4,
and MD-2 as well as NE-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-«B Reporter Assay—The NE-B-dependent luciferase reporter
assay was performed as described elsewhere (18). Briefly, HEK293 cells
(1-3 X 10°/well) were plated in 12-well plates and on the following day

VOLUME 281 -NUMBER 9+ MARCH 3, 2006



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,
WI) 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-impermeabls 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 gfor 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-N3{S-biotin; Pierce)
dissolved in.a buffer (50 mm Tris, pH 8,150 ms NaCl, 5 mm EDTA, 0.5%

Nonidet P-40), The supernatant obtained was subjected to SDS-PAGE-

followed by Western blot analyzes.

Immunoprecipitation—HEK293 cells (2-5 X 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 inhibitor
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 Lh.

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 IVa in
HEK?293 cells, which only respond to lipid 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 IVa comparably stimulated the NF-xB-dependent
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 IVa was substantially impaired (Fig, 18).

To examine the antagonistic activity of lipid IVa, 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 IVa (Fig. 2). In cells expressing mouse MD-2,
NF-kB-dependent reporter activity stimulated with 10 ng/ml corn-
pound 506 was almost unaffected by lipid IVa. In contrast, when mouse
MD-2 was replaced with human MD-2, lipid IVa inhibited the com-
pound 506-induced activation of NF-xB in a concentration-dependent
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FIGURE 1. Agonistic activities of lipid A and lipid [Va, HEK293 cells were transiently
transfected with mouse CD14, mouse TLR4, and either mouse MD-2 (A) or human MD-2
(B) expression plasmids together with an NF-kB-dependent fuciferase reporter plasmid.
After 24 h, cells ware elther unstimulated (O) or stimulated for 6 h with indicated con-
centratlons of compotind 506 (A) or lipld IVa (), and luciferase 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%. Values are the means :+ S.E. from
seven independent experiments.
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FIGURE 2. Antagonistic actlvity of lipid IVa on lipid A-induced activation of NF-«B.
HEK293 cells were transiently transfected with mouse CD14, mouse TLR4, and elther
mouse MD 2 (feft five columns) or human MD-2 {right five columns) expression plasmids
together with an NF-xB-dependent ludiferase reporter plasmid. After 24 h, cells were
either unstimulated {open columns) or stimulated for 6 h with 10 ng/ml compourid 506
(506) In the absence or presence of indicated concentrations of lipid 1Va (406), and tuci-
erase activity was measured, The activity obtained with 10 ng/ml compound 506 In cells
expressing mouse CD14, mouse TLR4, and mouse MD-2 was definad as 100%. Values are
the means * S.E. from four independent experiments. « p < 0,01 (compared with the
respective response In the absence of lipld IVa by two-talled Student’s t test). -

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

MD-2 Structural Region Involved in Determining Agonist-Antagonist
Activity of Lipid IVa—T o explore the MD-2 structure required for the
agonist-antagonist activity of lipid IVa, the coding region of mouse
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 NF-«B-dependent reporter activity was investigated (Fig. 38). The
cell 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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FIGURE 3. Agonistic and antagonistic activitles of lipid IVa in human/mouse chi-
meric MD-2. A, schematic representation of human/mouse MD-2 constructs. The
amino acid sequence of mouse MD-2 was dlvided into six regions at the Indicated
amino acid numbers, and each region was replaced with the corresponding human
MD-2 sequence. The predicted signal peptide sequence {amino acids 1-16) was
omitted. B, HEK293 cells were transiently transfected with mouse CD14, 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 either unstimulated {open
columns) or stimulated for 6 h with 10 ng/ml compound 506 (506), 1 ug/ml lipid Va
{406), or 10 ng/ml compound 506 in the presence of 1 pg/mlipid IVa (506 + 406), and
luciferase activity was measured. The activity obtained with 10 ng/micompound 506
in cells expressing mouse CD14, mouse TLR4, and mouse MD-2 was defined as 1060%.
Values are the means = S.E.from at least four Independent experiments. ™ p < 0.01
(compared with the respective response in the absence of lipld IVa by two-talled
Student’s t test). C, HEK293 cells were transiently transfected with mouse (D14,
mouse TLR4, and the indicated mutant MD-2 expression plasmids. After 24 h, cell
surface protelns were blotinylated with a membrane-impermeable biotinylation rea-
gent, and blotinylated proteins from cell extracts were collected with streptavidin-
agarose. After washing, biotinylated proteins were eluted from the agarose by incu-
bating with a water-soluble biotin derivative, and the supernatant obtained was
subjected to SDS-PAGE foliowed by Western blot analysis to detect membrane sur-
face MD-2 mutant proteins. Similar results were obtalned in two additional
experiments.
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FIGURE 4. N3 region of MD-2 s partly involved in animal species-specific activity of
lipid 1Va, HEK293 cells were transiently transfected with mouse CD14, mouse TLR4, and
the indicated mutant MD-2 expression plasmids together with an NF-B-dependent
fuciferase reporter plasmid. After 24 h, cells were either unstimulated (open cofumns) or
stimulated for & h with 10 ng/mi compound 506 (506) in the absence or presence of
increasing concentrations {0.01, 0.1, and 1 pg/ml) of lipid IVa (406) In A, or wetre either
unstimulated (O, @) of stimulated for 6 h with the indicated concentrations of com-
pound 506 (4, &) ot lipid iVa (1B} In B, and luciferase activity was measured. The activity
obtained with 10 hg/mi compound 506 In calls expressing mouse (D14, mouse TLR4,
and mouse MD-2 was defined as 100%, and luciferase 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%. Values are the means = SE. from at least three
independent experiments. * p < 0.01 (compared with the respective response in the
absence of fipid IVa by two-talled Student’s t 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 paxtial reduction with
a statistical significance in the activity of lipid IVa was also observed in
mMD-2-N2h and mMD-2-N5h mutants as well as in mMD-2-N1htoa
lesser extent. The antagonistic activity of lipid [Va was also studied in
these MID-2 mutants by stimulating with compound 506 in the presence
of lipid TVa. (Fig. 3B). In cells expressing mouse MD-2, lipid IVa did not
inhibit the compound 506-induced activation of NF-«B, whereas in
cells expressing human MD-2 the activity of compound 506 was inhib-
ited substantially by lipid IVa 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 toa 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
Va.

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,
HEK?293 cells expressing mouse CD14, TLR4, and N3 chimeras or

o
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FIGURE 5. N3 and N5 regions of MD-2 are responsible for animal specles-specific
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-de-

pendent luciferase reporter plasmid. After 24 h, cells were either unstimulated {open

columns) or stimulated for 6 h with 10ng/ml compound 506 (506), 1 ug/ml lipid Va (406),
or 10 ng/iml compound 506 In the presence of 1 ug/ml of lipid IVa (506 + 406) in 4, or
were either unstimulated (open columns) or stimulated for 6 h with 10 ng/ml compound
506 In the absence or presence of increasing concentrations (0.01, 0.1, and 1 pg/ml) of
liptd IVa in B, or were either unstimulated (O) or stimulated for 6 h with the Indicated
concentrations of compound 506 (&) or lipld Va () In €, and luciferase activity was
measurad. The activity obtained with 10 ng/m! compound 506 In cells expressing mouse
CD14, mouse TLR4, and mouse MD-2 was defined as 100%. Values are the means *+ SE.
from atleast three Independent experiments. *p < 0.01 (compared with the respective
response Inthe absence of lipid IVa by two-talled Student’s t 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 KM D-2, [f the N3 region of MD-2 is the only region respon-
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FIGURE 6, Amino acid 122 of MD-2 is involved in animal species-specific 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 6 h with 10 ng/ml compound 506 (506) in the absence or presence of
Increasing concentrations (0.01,0.1,and 1 ug/mi) of lipid Va (406), and luciferase activity
was measured. The activity obtained with 10 hg/mi compound 506 in cells expressing
mouse CD14, mouse TLR4, and mouse MD-2 was defined as 100%. Values are the
means * S.E.from at least three independent experiments. * p < 0.01 (compared with
the respective response in the absence of lipld IVa by two-tailed Student’s ¢ test).

sible for the species-specific activity of lipid IVa, it was expected that
replacing the N3 region ofhuman MD 2 with the corresponding mouse
MD-2 sequence would show the mouse phenotyperHowever, aa slight
inhibitory effect of lipid IVa was still observed in cells expressing the
N3m chimera (hMD-2-N3m). In'addition, the agonistic activity oflipid
IVa in cells expressing this N3m chiinera only reached ~73% of the,
activity observed in cells expressing the parental mouse MD-2 (Fig. 48).

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 oflipid [Vawas
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-kB-dependent reporter activity in HEK293 cells

- expressing mouse CD14; TLR4 (Fig. 54). Compotind 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 rautant 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 IVa 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 lipid IVa,
even at 1 pg/ml, was observed with a mutant in which the N3 and N5
regions of mouse MD-2 were replaced with correspending human
sequences (mMD-2-N35h). The antagonistic activity of lipid IVa was
also examined with these mutants (Fig. 58). Almost no antagonistic
activity was observed with hMD-2-N35m, and a clear antagonistic
activity was observed with mMD-2-N35h. In addition, lipid [Va 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. 1L4) 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-antagorist activity of
lipid IVa,

MD-2 Structural Region Involved in Antagonistic Activity of Lipid
IVa—Replacement of the N3 and N5 regions of mouse MD-2 with
correspending human sequences changed the activity of lipid IVa from
agonistic to antagonistic without affecting the activity of compound
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506. Hurnan and mouse MD-2 possess a sirnilar 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 MI>-2 in the activity of lipid IVa, we examined the antagonistic
activity of lipid IVa 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 corresponding 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 arnino 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 IVa was examined (Fig.
74). 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, Thuswe created
mouse MD-2 mutant plasmids in which the overlapping three
regions (amino acid 1esidues 57+ 66, 64 ~73; and 69-78) within N3 -
and amino acid 122 were replaced with the corresponding human .
sequences (each named as  N3NWE122K, N3Mh,E122K,
N3Ch,E122K), and the antagonistic activity of lipid IVa was exam-
ined (Fig. 78). A potent antagonistic effect of lipid IVa was observed
with the N3Nh,E122K mutant, indicating that amino acid residues
5765 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
T57S,E122K and V611,E122 mutants (Fig. 74), we also created a
mouse MD-2 mutant plasmid carrying T57S, V61L, and E122K
mutations, Agonistic effects of compound 506 and lipid IVa aswell as
antagonistic effects of lipid [Vawere examined (Fig. 7C). Only partial
agonistic and antagonistic activities of lipid IVa were observed with
the mMD-2-F60L,V61L,E122K mutant. However, these activities
and the concentration-inhibition effect of lipid IVa (Fig. 7D) in cells
expressing the mMD-2-T578,V61L,E122K mutant were comparable
with those observed in hMD-2, indicating 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 disappearanse of its ago-
nistic activity, without losing the agonistic activity’of cdmpound 506
(Fig. 7C). Thus we next asked whether these three amino acid residues

lated (open columns) or stimulated for & h with 10 ng/ml compound 506, 1 pg/mi lipid
[Va, or 10 ng/ml compound 506 in the presence of 1 pg/ml lipid Va in C, or were either
unstimulated (open columns) or stimulated for 6 h with 10 ng/mi compound 506 in the
absence or presence of Increasing concentrations (0.01,0.1,and 1 pg/ml) of lipid Va in D,
and luciferase activity was measured. The activity obtained with 10 ng/ml compound
506 in cells expressing mause CD14, mouse TLR4, and motise MD-2 was defined as 100%.
Values are the means * 5.E. from at least three independent experiments. * p < 0.01
{compared with the respective response in the absence of lipid IVa by two-talled Stu-
dent’s t test).

Jgﬁﬁi‘b*‘:  VOLUME 281 -NUMBER 9+ MARCH 3, 2006



MD-2 Structure Required for Lipid IVa Activity

RTTI —
PR R - MD-2
120- | Foapg: o
~@-none. - A%y ]
Koo, b ~a-s0g | MMD-2TETS, .
3 100; p 308 ] ve1L E1zzi s

o
=
g

HLuclferase activity
£
=3

40

LI

0 et
o

FIGURE 8. Replacement of Thr®7, Val®', and Glu'*? of mouse MD-2 with correspond-
ing human MD-2 sequence loses the agonistic activity of lipid IVa without affecting
lipid A activity, HEK293 cells were transiently transfected with mouse CD14, mouse
TLR4, and the Indicated MD-2 expression plasmids together with an NF-«B-dependent
luciferase reporter plasmid. After 24 h, cells were efther unstimulated (O, 8) or stimu-
lated for 6 h with indicated concentrations of compound 506 (4, A) or lipid IVa (T, B),
and luciferase activity was measured. The activity obtained with 10 ng/ml compound
506 in cells expressing motise CD14, mouse TLR4, and mouise MD-2 was defined as 100%.
Values are the means * S.E. from four independent experiments.

of mouse M2 were selectively involved in the-agonistic activity ol lipid
TVa, To address this, we examined the agonistic activities of lipid TVa
and compound 506 in cells expressing mMD-2-T575,V61L,E122K
together with mouse CD)14 and TLR4 (Fig. 8). In these cells, compound
506 induced potent activatjon of NF-«xB comparable with that abserved
in cells expressing wild-type mouse MD-2, whereas almost no agonistic
activity was observed with lipid IVa 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 thiee aming acid residues in
mouse MD-2 into alanines either individually or in combinations and
examined the agonistic activities of compound 506 and lipid TVa as well
as the antagonistic activity of lipid IVa (Fig. 9). Although the agenistic
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
orthe T575,V61A 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 [Vaand -

critical for determining its agonist-antagonist activity.

Role of Thr®?, Val®, and Glw*? of MD-2 i TLR4 Signaling—The role
of Thr®, 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 IVa, and TLR4 oligomer-
ization was examined (Fig, 10). For this, FLAG-tagged TLR4was immu-
noprecipitated, and coprecipitation of EIAV-tagged TLR4 was detected
by Western blotting. Coprecipitations of EIAV-tagged TLR4 were
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the agonistic activity of lipid IVa without affecting lipid A activity, HEK293 cells were
transiently transfected with mouse CD14, mouse TLR4, and the indicated MD-2 expres-
sion plasmids togetherwith an NF-B-dependent luciferase reporter plasmid. After 24 h,
cells were either unstimulated {open columns) or stimulated for 6 h with 10 ng/ml com-
pound 506 (506), 1 ug/milipid IVa (406), or 10 ng/ml compound 506 in the presence of 1
sg/milipid IVa (506 + 406) in A, or were elther unstimulated (O, @) or stimulated for 6 h
with the indicated concentrations of compound 506 (A, &) or tipid IVa ((J, &) in B, and
Juciferase activity was measured. The activity obtained with 10 ng/mi compound 506 in
cells expressing mouse CD14, mouse TLR4, and mouse MD-2 was defined as 100%. Val-
ues are the means x SE. from three Independent experiments. ¥ p < 0.01 (compared
with the respactive response In the absence of lipld Va by two-tailed Student’s ttest). wt,
wild-type.
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FIGURE 10. Role of Thr®?, Val®', and Glu"*? of mouse MD-2 in TLR4 signaling. HEK293
cells stably expressing mouse CD14, EIAV-tagged mouse TLR4, FLAGtagged mause
TLR4, and either EJAV-tagged mouse MD-2 (feft five lanes) or EIAV-tagged mouse MD-2-
T57AV61A,E122A (right five lanes) were stimulated with 100 ng/ml compound 506 ot 1
1g/mi lipld IVa for the indicated times. Then, cell extracts (Ext.) were prepared, and
FLAG-tagged TLR4 was Immunoprecipltated (/P). Precipitated FLAG-tagged TLR4 and
coprecipitated EIAV-tagged TLR4 as well as MD-2 protelns were detected by Western
blotting. A part of cell extracts prepared above were subjected to the detection of hBx
protein phosphorylated at Ser®-Ser®® (P-IxBa) by Western blotting, Similar results were
ohtained in two additional experiments,

barely detectable without stimulations but were detectable after com-

pound 506 stimulation in both stable transfectants. After lipid IVa stim-
ulation, the coprecipitation was also detected in cells expressing wild-
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type MD-2 but was barely detectable in cells expressing mMD-2-
T57A,V61A,E122A. 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 [xBawas observed in
response to compound 506 in both stable transfectants. The phospho-
rylation was also observed in response to lipid IVa in cells expressing
wild-type MD-2 but was barely detectable in cells expressing mMD-2-
T57A,V61A,E122A. These results support the above conclusion that
The®?, Val®, and Glu'? of mouse MD-2 are selectively involved in the
agonistic activity of lipid IVa and aritical for deterrnining its agonist-
antagonist activity.

DISCUSSION

In the present study, we investigated the structural region of MD-2
required for agonistic and antagonistic activities oflipid IVa by utilizing
its animal species-specific activity. The involvement of MD-2 in animal
species-specific activity of lipid TVa has been demonstrated previously
by expressing human and mouse MD-2 in human monocytic THP-1
cells (4), mouse pro B Ba/F3 cells (15), and HEK293 cells (17). In the
present study, we confirmed that the lipid IVa-induced activation of
NF-1B 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 TVa. We further narrowed the region down and found that the
concurrent replacement of Thi®?, Val®, and Glut?? of mouse MD-2
with the corresponding human MD-2 amino acids substantially
decreased the agonisticactivity of lipid IVa 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 IVa. 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 cloge 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®” ta Ser, Val® to Leu, and Glu'* to Lys of mouse
MD-2 substantially decreased the agonistic activity oflipid 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 rnouse 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 IVa was substantially
impaired. It is therefore likely that these three amino acid residues are
selectively involved in the agonistic activity of lipid IVa.

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 Jipid IVa. However, veplacement of
amino acid residues 57, 61, and 122 of human MD-2 with the corre-
sponding mouse MD-2amino 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. 48) and 90% (data not shown), respectively. Therefore, these three
amino acid residues are necessary for the agonistic activity of lipid IVa,
but additional 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
The®?, 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 IVa 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
acid residues or with alanines. For TLR4 signaling, the interaction
between MD-2 and 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 reported 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 te associate with
TLR4 and compound 506-induced TLR4 dimerization aswell as induc-
ible phosphorylation of IxkBa 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

Nitric oxide (NO) produced by macrophages plays an important role in host defense and inflammation. We found that two agro-

chemicals, alachlor and carbaryl, inhibit lipopolysaccharide (LPS)
we investigated this inhibitory mechanism in RAW 264 cells.
expression as well as murine iINOS promoter activity. When treati

-induced NO production by macrophages. In the present study,
Both chemicals inhibited LPS-induced iNOS protein and mRNA
ing these chemicals with reducing agents, the inhibition by carbaryl

was reversed, but not the inhibition by alachlor. These chemicals also inhibited LPS-induced interferon-p (JFN-p) expression, an
indispensable factor for LPS-induced iNOS expression. The inhibited iNOS expression, however, was not restored by exogenous
IFN-f supplementation. LPS-induced nuclear translocation of NF-kB, which is necessary for the expression of IFN-f and iNOS,
was inhibited by these chemicals: however, the LPS-induced degradation of IxB-o and IxB-f was inhibited only by alachlor. These
results indicate that alachlor and carbaryl differentially impair the LPS-induced NF-xB activation, leading to the inhibition of NO

production.
© 2005 Elsevier Inc. All rights reserved.

Keywords: Lipopolysaccharide; Inducible nitric oxide synthase; Macrophage; Alachlor; C arbaryl

Nitric oxide (NO) is a free radical gas and plays
important roles for host defense, neurotransmission,
and vasodilatation [1-3]. The neural and endothelial
Ca®*-dependent NO synthases are constitutively ex-
pressed in a variety of cell types. In contrast, inducible
NO synthasc (INOS), which is a Ca*-independent en-
zyme, is expressed in response to specific stimuli in cells
including macrophages [4,5]. Large amounts of NO cat-
alyzed by iNOS in activated macrophages mediate bac-
tericidal and tumoricidal activities [6]. It has been shown
that iINOS expression is dramatically induced by bacte-
rial lipopolysaccharide (LPS) and that this induction is
mainly regulated at the transcriptional level [5,7.8].
Among transcriptional factors involved in the LPS-in-
duced iNOS expression, NF-xB is considered to play a

" Corresponding author. Fax: +81 3 3707 6950.
E-mail address: tanamoto@nihs.go.jp (K. Tanamoto).

0006-291X/5 - see front matter © 2005 Elsevier Inc. All rights reserved.

doi:10.1016/j.bbre.2005.05.024

critical role. In fact, two NF-xB sites located in the pro-
moter region of the murine iNOS gene are indispensable
for maximal expression of iNOS induced by LPS [9,10].
In macrophages, LPS stimulation initiates the degrada-
tion of NF-xB inhibitor proteins such as IxB-o. and
IxB-B in the cytosol, leading to the translocation of
the liberated NF-kB, consisting mostly of p50/p65 het-
erodimer [11), into the nucleus. Following these steps,
NF-xB binds to the NF-xB motif located in the pro-
moter of target genes to enhance their transcription.
IFN-p is known to play an indispensable role in LPS-in-
duced iNOS expression [5,12,13] by acting in autocrine/
paracrine fashions. Activation of NF-xB by LPS is
known to mediate transcription of the IFN-B gene
[14-17]. Thus, the activation of NF-kB by LPS plays a
critical role for the expression of both IFN-f and iNOS.

Alachlor and carbaryl are used as a herbicide
and an insecticide, respectively, and are suspected of
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having endocrine disrupting effects [18,19]. Previously,
we studied the effect of various possible endocrine dis-
rupting chemicals on LPS-induced TNF-o and NO
production by murine macrophages and found that
alachlor and carbaryl strongly inhibit LPS-induced
NO production in vitro [20]) Since little is known
about how these agrochemicals affect macrophage
functions, the present study investigates the mecha-
nisms by which alachlor and carbaryl treatment
inhibits LPS-induced NO production by a mouse mac-
rophage cell line RAW 264.

Materials and methods

Cell culture and reagents. A mouse macrophage cell line RAW 264
(obtained from the Riken Cell Bank, Tsukuba, Japan) was cultured in
DMEM (Gibco-BRL, Rockville, MD) supplemented with 10%(vol/vol)
heat-inactivated fetal calf serum (Gibco-BRL), penicillin (100 U/ml),
and streptomycin (100 pg/ml). Alachlor and carbaryl were obtained
from Wako Pure Chemical Industries (Osaka, Japan). LPS from Esch-
erichia coli O111:B4 was purchased from Sigma-Aldrich (St. Louis,
MO). Anti-mouse iNOS antibody (M-19) and anti-actin antibody
(C-11) were purchased from Santa Cruz Biotechnology (Santa Cruz,
CA). Anti-sera against NF-xB p50 (#1157), p65 (#1226), TuB-o (#751),
and IxB-f (#854) were kindly provided by Dr. Nancy Rice {NCI-
Frederick Cancer Research and Development Center), '

Plasmid construction. The mouse INOS reporter plasmid, pGmiNF,
was constructed by inserting a PCR-fragment of the mouse iNOS
promoter region (—1588 to +161) into the Aul/Xhol site of pGL3-
Basic vector (Promega, Madison, WI). The mouse 1FN-p reporter
plasmid, pmIFNf-lue, was constructed by inserting a PCR-lragment
of the mouse IFN-f promoter region (—716 to +27) into the
M/ Xhol site of pGL3-Basic vector. The NF-kB-dependent luciferase
reporter plasmid, pELAM-S, was constructed by inserting a PCR-
fragment of the E-selectin {ELAM-1) promoter [21] region (—170 to
-+52) into the Sacl/Hind111 site of pGL3-Basic vector,

NO production. RAW 264 cells were plated (1-5 x 10° cells/well) in
96-well plates and on the following day stimulated for 24 h. NO levels
produced by cells were determined by measuring nitrite levels of the
culture supernatants with Griess reagent [22],

RT-PCR. Preparation of total RNA from RAW 264 cells plated on
6-well plates was accomplished using the RNeasy mini kit (Qiagen,
Valencia, CA) according to the manufacturer’s instructions. Total
RNA (0.5 pg) was subjected to RT-PCR using the SuperScript one-
step RT-PCR system with platinum Tug DNA polymerase {Invitrogen,
Carlsbad, CA). Real-time RT-PCR was performed using Brilliant
SYBR Green Single-Step QRT-PCR Master Mix (Stratagene, La
Jolla, CA) on MX4000 Multiplex Quantitative PCR System (Strata-
gene). The following primer pairs were used: 5-CTG CAG CACTTG
GAT CAG GAA CCT G-3' (sense) and 5'-GGG AGT AGC CTG
TGT GCA CCT GGA A-3' (antisense) for detection of iNOS mRNA;
5'-CTC CAG CTC CAA GAA AGG ACG-3' (sense) and 5-GAA
GTT TCT GGT AAG TCT TCG-3' (antisense) for detection of JFN-f§
mRNA; 5-ATC ACT GCC ACC CAG AAG ACT-3' (sense) and
5"TCC ACC ACC CTG TTG CTG TAG-3' (antisense) {or detection
of GAPDH mRNA,

Reporter assay. The luciferase reporter assay was performed as
described [23]. Briefly, RAW 264 cells (3-5 x 10%/well) were plated in
6-well plates and transfected on the following day using FuGene6
(Roche Diagnostics GmbH Mannheim, Germany) with either 0.5 pg
pELAM-S, 0.5 pg pmIFNf-luc or | pg pGmiNF together with 0.5 pg
pSV-B-GAL (Promega) for normalization. At 24 h post-transfection,
cells were stimulated for 6h, and the reporter gene activity was

measured according to the manufacturer's (Promega for luciferase
assay, Clontech, Palo Alto, CA for P-galactosidase assay)
instructions.

Preparation of cellular extraets and Western blotting. Cellular ex-
tracts were prepared as described [24,25] with slight modifications as
follows. After washing with cold PBS, cells were lysed with 0.1 ml of a
lysis buffer (10 mM Hepes-KOH. pH 7.9, 10 mM KCl, 5 mM EDTA,
40 mM pB-glycerophosphate, 1% NP-40, 30 mM NaF. 1 mM Na;VO,,
and 1 mM DTT) containing a protease inhibitor cocktail (Roche
Diagnostics GmbH Mannheim, Germany). The lysates were centri-
fuged for 5 min at 1000g and the supernatants obtained were further
centrifuged for 5 min at 12,000g. Obtained supernatants were used as
cytosolic fractions. The pellets obtained at the first centrifugation were
washed twice with the Jysis buffer described above and nuclear proteins
were extracled from the pellets for 10 min with 50 pl of an extraction
buffer (20 mM Hepes-KOH, pH 7.9, 420 mM NaCl, 0.2 mM EDTA,
1.5 mM MgCl,, and 25% glycerol). After vigorous mixing, the sus-
pension was centrifuged (12,000g, 5 min) and the resulting supernatant
was used as nuclear extracts. The protein concentrations were deter-
mined by the Bradford method, and the same amount of protein was
loaded onto each lane of a discontinuous SDS-10% polyacrylamide gel
(acrylamide/bisacrylamide ratio, 29:1) according to the method of
Laemmli [26]. Proteins were {ransferred to a polyvinylidene difluoride
membrane (Immobilon-P; Millipore, Bedford, MA) and subjected 1o

- Western blotting with the indicated antibodies. The signals were

visualized using an enhanced chemiluminescence system {Amersham

Biosciences, Piscataway, NJ).

Results

Effects of alachlor and carbaryl on LPS-induced NO
production

We previously reported that alachlor and carbaryl
inhibited LPS-induced NO production by RAW 264
cells [20]. To clarify the mechanism of this inhibition,
we first examined the concentration-response effects of
alachlor and carbaryl on NO production. RAW 264
cells were treated with alachlor or carbaryl followed
by LPS for 24 h, and the culture supernatants were har-
vested to quantify NO levels, Both chemicals inhibited
the LPS-induced NO production in a concentration-de-
pendent manner, and the inhibition was observed at
concentrations as low as 1-10 pg/ml (Fig. 1).

Effects of alachior and carbaryl on LPS-induced INOS
expression

Since NO produced by macrophages is catalyzed by
the iNOS protein, we examined the effect of alachlor
and carbaryl on the LPS-induced expression of the
iNOS protein (Fig. 2A). In RAW 264 cells without stim-
ulation, no iNOS protein was detectable utilizing Wes-
tern blotting. However, LPS treatment did stimulate
iNOS expression. When cells were treated with alachlor
or carbaryl, these chemicals inhibited the LPS-induced
expression of iNOS protein in a concentration-depen-
dent manner, and 100 jig/ml of these chemicals com-
pletely inhibited the expression. The level of actin was
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Fig. 1. Concentration-dependent effects of alachlor and carbaryl on
LPS-induced NO production by RAW 264 cells. RAW 264 cells were
stimulated with LPS (10 ng/ml) for 24 h with or without the indicated
concentrations of alachlor (ACL) or carbaryl (NAC). The culture
supernatants were analyzed for NO levels. NO production induced by
LPS treatment alone is expressed as 100%.

not affected either by alachlor or carbaryl, indicating
that these chemicals did not affect the cell viability. .

1t has been reported that the expression of iNOS in
macrophages is mainly regulated at the transcriptional
level [5,7,8]. Thus, we examined the expression of iINOS
mRNA (Fig. 2B). RAW 264 cells were stimulated with
LPS for 6h and total RNA was prepared from these
cells. Then, iNOS mRNA was amplified by RT-PCR.
Without stimulation, no iNOS mRNA was detectable,
however, LPS treatment stimulated its expression. When
cells were treated with alachlor or carbaryl, these chem-
icals inhibited the LPS-induced expression of iNOS
mRNA without affecting GAPDH mRNA levels. The
iNOS promoter activity measured by transfecting
RAW 264 cells with a Juciferase reporter gene contain-
ing a mouse iNOS promoter was also inhibited by these
chemicals at a similar concentration range (Fig. 2C).
These results clearly indicate that alachlor and carbaryl
inhibited LPS-induced transcriptional activation of
iNOS mRNA expression.

Effects of alachlor and carbaryl on LPS-induced 1FN-f
expression

Since IFN-f is known to play an indispensable role in
the LPS-induced expression of iNOS, it is possible that

the reduction of LPS-induced iNOS expression in the .

presence of alachlor or carbaryl may be caused by a de-
crease in LPS-induced IFN-B production. To address
this possibility, we examined the effect of alachlor and
carbaryl on LPS-induced expression of IFN-f in RAW
264 cells. First, an RT-PCR analysis was performed
using iNOS-specific primers. Without stimulation,
ITFN-f# mRNA was not detectable; however, LPS treat-
ment stimulated its expression. When cells were treated

A : 1.PS
NAC ACL
0 o0 1 10 100V 1 10 100 pgimi
< INOS

# < actin

B LPS

NAC ACL
6 o0 4 10 100 1 10 100 pg/ml
< INOS
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Fig. 2. Effects of alachlor and carbaryl on LPS-induced iNOS
expression, RAW 264 cells were either Jeft unstimulated or were
stimulated with LPS (10 ng/ml) for 6 h with or without the indicated
concentrations of alachlor (ACL) or carbaryl (NAC). Then the
cytosolic fractions and total RNA were prepared from the cells and
analyzed for INOS and actin proteins by Western blotting (A), and for
iNOS and GAPDH mRNA expression by RT-PCR (B). RAW 264 cells
were transiently transfected with a luciferase reporter plasmid
containing a mouse iNOS promoter logether with pSV-B-GAL. After
24 h, cells were either left unstimulated or were stimulated for 6 h with
LPS (10ng/ml) with or without the indicated concentrations of
alachlor (ACL) or carbaryl (NAC), and Iuciferase activity was then
measured. Values are means = SEM from three independent experi-
ments. The reporter activity in response lo LPS alone is expressed as

100%.

with alachlor or carbaryl, these chemicals inhibited the
LPS-induced expression of IFN-f mRNA without
affecting GAPDH mRNA levels (Fig. 3A). Quantitative
RT-PCR also showed that alachlor and carbaryl inhib-
ited the expression of JFN- mRNA (data not shown).
The IFN-p promoter activity, measured by transfecting
RAW 264 cells with a luciferase reporter gene contain-
ing mouse IFN-f promoter, was also inhibited by these
chemicals (Fig. 3B). These results indicate that alachlor
and carbaryl inhibit LPS-induced transcriptional activa-
tion of JFN-f mRNA expression.

Previous results raised the possibility that alachlor
and carbaryl suppress LPS-induced iNOS expression
by inhibiting IFN-B production. To address this possi-
bility, we examined the effect of exogenous IFN-f on
the inhibitory effect of alachlor and carbaryl (Fig. 4).
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Fig. 3. Effects of alachlor and carbaryl on LPS-induced IFN-f
expression. RAW 264 cells were either left unstimulated or were
stimulated with LPS (10 ng/m) for.6 h witli or without the indicated
concentrations of alachlor (ACL) or carbaryl (NAC). Then total RNA
was prepared from the cells and analyzed for /INOS and GAPDH
mRNA cxpressions by RT-PCR (A). RAW 264 cells were transiently
transfected with a Juciferase reporter plasmid containing a mouse
IFN-B promoter together with pSV-B-GAL. After 24 h, cells were
either left unstimulated or were stimulated for 6 h with LPS (10 ng/ml)
with or without the indicated concentrations of alachlor {ACL) or
carbaryl (NAC), and luciferase activity was then measured. Values are
means &= SEM from six to seven independent experiments. The
reporter activity in response to LPS alone is expressed as 100% (B).
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Fig. 4. Supplementation of IFN-B is not enough to restore the
expression of iNOS after inhibition with alachlor and carbaryl. RAW
264 cells were stimulated with LPS (10 ng/ml) for 6 h with or without
the indicated concentrations of alachlor (ACL) or carbaryl (NAC)
together with increasing concentrations of recombinant IFN-B (0, 600,
and 2000 U/ml). Then the cytosolic fractions were prepared {rom the
cells and analyzed for iNOS protein by Western blotting.

RAW 264 cells were stimulated with LPS in the presence
of 0-100 pug/ml of alachlor or carbaryl together with
increasing concentrations of recombinant IFN-B, and

iINOS protein levels were detected by Western blot.
The LPS-induced expression of iNOS was significantly
enhanced by exogenous IFN-f in the absence of ala-
chlor or carbaryl, In the presence of 10 pg/ml alachlor
or carbaryl, INOS expression was inhibited to some ex-
tent and the inhibition was partially reversed by exoge-
nous IFN-B. However, in the presence of 100 pg/ml
alachlor or carbaryl, iNOS expression was completely
inhibited by these chemicals and the inhibition was not
reversed by exogenous IFN-f. This result suggests that
the inhibition of LPS-induced iNOS expression by these
chemicals is not explained solely by the inhibition of
IFN-B production and that other factors may be
involved.

Effects of alachlor and carbaryl on LPS-induced
activation of NF-xB

The activation of NF-xB is known to be indispens-
able in the LPS-induced expression of both iNOS and
[FN-f. In order to evaluate the involvement of factors
other than the decrease in IFN-f production on the
inhibitory effect of alachlor and. carbaryl: for. LPS-in-
duced expression of iINOS, we examined the effect of
these chemicals on LPS-induced activation of NF-xB
(Fig. 5). RAW 264 cells were transiently transfected with
an NF-kxB-dependent reporter plasmid, and then stimu-
lated with LPS with or without alachlor or carbaryl
treatment. The reporter activities were inhibited by these
chemicals in a concentration-dependent manner, indi-
cating that NF-xB is inhibited by alachlor and carbaryl.

To confirm the above finding, nuclear translocation
of NF-«B subunits, p50 and p65, as well as the degrada-
tion of IxB-o and IkB-B in response to LPS-stimulation
were examined by Western blot analysis (Fig. 6). RAW
264 cells were stimulated for the indicated time periods
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Fig. 5. Effects of alachlor and carbaryl on LPS-induced activation of
NF-xkB. RAW 264 cells were transiently transfected with an NF-xB-
dependent luciferase reporter plasmid together with pSV-B-GAL.
After 24 h, cells were either left unstimulated or were stimulated for 6 h
with LPS (10 ng/ml} with or without the indicated concentrations of
alachlor {ACL) or carbaryl (NAC), and luciferase activity was then
measured. Values are means 4= SEM from four independent experi-
ments. The reporter activity in response to LPS alone is expressed as
100%:.
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Fig. 6. Effects of alachlor and carbary] on LPS-induced nuclear
translocation of NF-xB and degradation of IxB proteins. RAW 264
cells were stimulated with LPS (10 ng/ml) for the indicated time
periods with or without 100 ug/ml alachlor (ACL) or carbary] (NAC)
and cellular extracts were prepared. Cytosolic extracts were analyzed
for iNOS, IkB-0, and IkB-f proteins, and nuclear exiracls were
analyzed for NF-xB p65 and p50 proteins by Western blotting.

with LPS with or without alachlor or carbaryl treat-

ment. Cytosolic and nuclear proteins were then ex-

tracted for the detection. The expression of iNOS
protein was observed in the cytosolic fraction at 5 h fol-
jowing LPS stimulation and was completely inhibited by
alachlor and carbaryl as mentioned above. Preceding
iNOS expression, accumulation of p65 and P50 subunits
in the nuclear fraction was observed 30 min after LPS
stimulation. This accumulation was also inhibited by
alachlor and carbaryl. This result is consistent with the
inhibition of the LPS-induced NF-kB reporter activity
observed above. The degradation of IxB-o. and IxB-f
in response to LPS stimulation was observed to have
similar time kinetics as the nuclear translocation of
p65 and. p50 subunits, but those levels gradually re-
turned to the original levels due to re-synthesis. Alachlor
treatment prevented the LPS-induced degradation. of
_both IkB-o and IxB-p almost completely, whereas the
degradation of these proteins was still observed and
somewhat enhanced by carbaryl treatment. These results
suggest that alachlor inhibits LPS-induced activation of
NF-xB by preventing the degradation of 1B proteins,
whereas carbaryl inhibits the activation of NF-xB by
preventing its nuclear translocation.

Effects of reducing agents on the inhibitory activity of
alachlor and carbaryl

Since both alachlor and carbaryl possess alkylating
reactivity, we examined whether this reactivity is associ-
ated with the inhibitory effect of these chemicals on
LPS-induced iNOS expression (Fig. 7). The LPS-in-

duced expression of iNOS was completely inhibited by -

100 pg/ml alachlor and carbaryl as described earlier.
When both chemicals were pretreated with 1 mM dithi-
othreitol (DTT) or 2-mercaptoethanol (2-ME) before
treatment of RAW 264 cells, the inhibitory effect of ala-
chlor was not affected by these reducing agents, whereas

LPS
ACL NAC
- - DTT2ME - DTT2ME - DTT2ME

o e 4~ actin

Fig. 7. Effects of reducing agents on the inhibitory effect of alachlor
and carbaryl on LPS-induced iNOS expression. RAW 264 cells were
either left unstimulated or were stimulated with LPS (10 ng/ml) for 6 h
with or without 100 pg/ml alachlor (ACL) or carbaryl (NAC) that had
been pretreated with ] mM DTT or 2-ME or left untreated. Then the
cytosol {ractions were prepared from the cells and analyzed for iNOS
and actin proteins by Western blotting.

the effect of carbaryl was weakened and only a slight
inhibition was observed. This result suggests that the
alkylating reactivity of carbaryl is involved in its inhib-
itory effect on LPS-induced iNOS expression and that
alachlor and carbaryl utilize different mechanisms to in-
hibit LPS-induced iNOS expression.

Discussion -

In the present study, we showed that LPS-induced
iNOS expression in RAW 264 cells was inhibited by
the treatment of alachlor or carbaryl, both of which
are generally used as agrochemicals. These chemicals
also inhibited LPS-induced iNOS mRNA expression
and iINOS promoter activity, indicating that both chem-
icals inhibit iNOS expression at the transcriptional level.
For transactivation of the iNOS gene, NF-xB and other
transcription factors induced by type I IFN have been
reported to be indispensable [5,9,10,12,13). Thus, we
investigated the effect of alachlor and carbaryl on
LPS-induced expression of IFN-f and found that both
chemicals inhibited this expression. However, the sup-
plementation of IFN-§ was not enough to restore the
inhibition of iNOS expression caused by these chemi-
cals. Since IFN-B by-itself is not able to induce iNOS
expression, we explored the involvement of other factors
in the inhibition and found that both chemicals inhibited
LPS-induced activation of NF-kB. NF-kB is known to
be indispensable for LPS-induced expression of both
IFN-p and iNOS [9,14-17). 1t is, therefore, likely that
the inhibition of LPS-induced NF-xB activation leads
to the suppression of both iNOS and IFN-[3 expressions.
Both alachior and carbaryl inhibited LPS-induced nu-
clear translocation of p65 and p50, however, the site
of action of these chemicals seems to be different. In
the presence of alachlor, LPS-induced degradation of
IicB-o. and IxB-p proteins was inhibited, indicating that
alachlor acts upstream of these processes. On the other
hand, carbaryl did not inhibit degradation- of these
1B proteins, indicating that carbaryl acts downstream
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of this degradation, probably affecting the nuclear trans-
location process. Thus, these chemicals inhibit LPS-in-
duced activation of NF-xB by-different mechanisms.

Both alachlor [27] and carbaryl [28] are known to act
as alkylating agents. Some alkylating chemicals have
been reported to inhibit LPS-induced NO production
by mouse macrophage cells, and this inhibitory effect
was reversed by treating these chemicals with reducing
agents [29,30]. Thus, we investigated the effect of reduc-
ing agents on the inhibitory action of these chemicals on
LPS-induced iNOS expression. We found that DTT and
2-ME reversed the inhibitory activity of carbaryl but the
activity of alachlor was not affected. This indicates that
alkylating reactivity of carbaryl is involved in the inhibi-
tion of iINOS expression. This also suggests that the
alkylation may affect the nuclear translocation process
of p50 and p65 because carbaryl inhibited the transloca-
tion process (see above).

NO production by macrophages is important for host
organisms protecting them from bacterial infections. In
the present study, we provided evidence that two com-
monly used agrochemicals inhibit this macrophage func-

tion. It will be important, therefore, (o investigale the

influence of these chemicals on innate immunity.
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