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Abstract

The MD-2/TLR4 complex provides a highly robust mechanism for recognition and response of
mammalian innate immunity to Gram-negative bacterial endotoxins. Despite overall close structural
and functional similarity, human (h) and murine (m) MD-2 show several species-related differences,
including the ability of hMD-2, but not mMD-2, to bind endotoxin (E) in the absence of TLR4. Wild-
type mMD-2 can support TLR4-dependent cell activation by E only when mMD-2 and mTLR4 are
coexpressed in the same cell. However, replacement of Glu122, Leul25, and/or Asn58 of mMD-2
with the corresponding residues (lysines) of hMD-2 was sufficient to yield soluble extracellular
MD-2 that reacted with monomeric E - sSCD14 complex to form extracellular monomeric E - MD-2
that activated cells expressing TLR4 without MD-2. Moreover, in contrast to wild-type mMD-2,
double and triple mMD-2 mutants also supported E-triggered signaling in combination with human
TLRA4. Conversely, a K125L mutant of hMD-2 reacted with E - CD14 and activated TLR4 only when
coexpressed with TLR4, and not when secreted without TLR4. These findings reveal novel roles of
lysines 122, 125, and 58 in human MD-2 that contribute to the functional differences between human
and murine MD-2 and, potentially, to differences in the sensitivity of humans and mice to endotoxin.

Optimal host defense in many mammalian species, including humans and mice, against
invading Gram-negative bacteria depends on innate immune recognition of endotoxin (E),3
unique and abundant surface glycolipids (LPS; lipooligosaccharides, LOS) of Gram-negative
bacteria. Mobilization of host defenses in response to endotoxin is most efficiently effected by
the ordered action of four cell surface and extracellular host proteins: LPS-binding protein
(LBP), secreted (s) and GPI-linked membrane-bound forms of CD14, secreted (s) and
membrane TLR4-associated forms of MD-2, and TLR4 (1-3). LBP and CD14 extract
endotoxin monomers from the outer membrane of Gram-negative bacteria and aggregates of
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purified endotoxin, yielding monomeric E - CD14 complex (4), the preferred vehicle for
transfer of endotoxin monomer to SMD-2, and MD-2 - TLR4 (5,6). Simultaneous binding of
MD-2 to endotoxin and to TLR4 ectodomain is required for TLR4-dependent cell activation
by endotoxin (7-9).

The structure and function of LBP, CD14, MD-2, and TLR4 have been most extensively studied
in mice and humans. These studies have revealed a high degree of overall similarity in the
mouse and human homologues of each of these proteins, yet there are notable differences in
the specificity of ligand-induced activation of human vs murine TLR4 that, at least in some
circumstances, appear to trace to structural and functional differences between human and
murine MD-2 (10,11). These functional differences have relied on studies in which either
mouse or human MD-2 was coexpressed with mouse TLR4 (10,12). In that experimental
setting, hexa-acylated endotoxin and the bioactive lipid A moiety of endotoxin-activated
mTLR4 coexpressed with either hMD-2 or mMD-2 (13-15). In contrast, tetra-acylated lipid
A (lipid IVVa) acts as a TLR4 agonist when mMD-2 is coexpressed with mTLR4 but as a TLR4
antagonist when hMD-2 is coexpressed with mTLR4 (10,15). Similar species-dependent
differences in TLR4 activation or antagonism have been demonstrated with taxol-related
compounds that also trace to structural differences between human and mouse MD-2 (11,16-
18). Mutagenesis studies have revealed roles for amino acid residues 57, 61, and 122 of mMD-2
in the TLR4 agonist activity of lipid IVa (8).

Other functional differences between human and murine MD-2 have also been described.
These include the apparent ability of hMD-2, but not mMD-2, to react with LPS (e.g., LPS -
CD14) when expressed and secreted without TLR4 and to form a functional receptor with
human TLR4 (13,15,19). These observations indicate additional functional differences
resulting from the discrete structural differences between human and mouse MD-2. One
particularly notable structural difference is in the charge properties of hMD-2 and mMD-2.
hMD-2 is more cationic, particularly within the region encompassing residues at the rim of the
hydrophobic pocket of MD-2 where much of lipid A binds (20-24). In hMD-2, this region
contains several basic amino acids, including lysines 122 and 125 that are not present in
mMD-2. We have therefore focused in this study on cationic residues in this region of hMD-2
to determine whether they play a role in secretion of bioactive SMD-2 and in functional
interactions with hTLR4.

Materials and Methods

Cell culture and reagents

The human embryonic kidney (HEK) 293 cells were provided by Dr. J. Chow (Eisai Research
Institute, Andover, MA). HEK293 cells stably transfected with TLR4 (HEK293/TLR4 no.
BF1) were provided by Dr. Douglas Golenbock (University of Massachusetts Medical Center,
Worcester, MA) and Dr. Andra Schromm (Research Center Borstel, Germany). HEK293T
cells were used for the analysis of complex formation between LOS and MD-2 using gel
filtration chromatography and in immunoblotting experiments. S-LPS (from Salmonella
abortus equi HL83) was prepared by a phenol extraction procedure and was provided by Dr.
Brandenburg (Research Center Borstel, Germany). Purified [H]LOS (25,000 cpm/pmol) was
isolated from an acetate auxotroph of Neisseria meningitidis serogroup B after metabolic
labeling, as described (25). Sephacryl S500 and S200 HR size exclusion gel matrices were
purchased from GE Healthcare. Human serum albumin (HSA) was obtained as an endotoxin-
free, 25% stock solution (Baxter Health Care). Anti-tetra-his Abs and goat anti-mouse HRP-
conjugated secondary Abs were from Qiagen and Jackson ImmunoResearch Laboratories,
respectively. LBP and sCD14 were gifts from XOMA and Amgen, respectively.
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Site-directed mutagenesis

All mutations were introduced into pEFBOS-h or m MD-2-FLAG-His plasmid using a
QuikChange site-directed mutagenesis Kit (Stratagene) according to the manufacturer’s
instructions. All plasmids were sequenced to confirm the mutation. Primer sequences will be
made available upon request.

Preparation of [3H]LOS,44 and [3H]LOS - sCD14 complex

[BH]LOS, gand [BH]LOS - sCD14 complex were prepared as previously described (14-16).
In brief, [PH]JLOS,gq (M; > 20 x 106) were obtained after hot phenol extraction of [3H]LOS
followed by ethanol precipitation of [3H]LOSagg, and ultracentrifugation. Monomeric [3H]
LOS - CD14 complexes (M, ~ 60,000) were prepared by treatment of [3H] LOSggg for 30 min
at 37°C with substoichiometric LBP (molar ratio 100:1 LOS:LBP) and 1-1.5 x molar excess
sCD14 followed by gel exclusion chromatography (Sephacryl S200, 1.6 x 70 cm column) in
PBS (pH 7.4), 0.03% HSA to isolate monomeric [H]LOS - sCD14 complex. Radiochemical
purity of [3H]LOSagg and [®H]LOS - sCD14 was confirmed by Sephacryl S500 (LOS,gg) Or
$200 ([®H]LOS - sCD14) chromatography (13,15).

Production and reaction of secreted (s)MD-2 and sMD-2/TLR4 ectodomain (TLR4gcq) With
[BH]LOS - sCD14

HEK293 cell

HEK?293T cells were plated in a 6 well-plate with 10% FBS in DMEM. On the following day,
cells were transfected with either an expression plasmid encoding MD-2 alone or cotransfected
with expression plasmids encoding MD-2 and TLR4¢.q using PolyFect reagent (Qiagen), as
previously described (26). After 12-16 h, the medium was replaced with 1.5 ml of serum-free
medium (DMEM, Invitrogen) supplemented with 0.1% HSA. In some experiments, as
indicated in the legends to the figures, [3H]LOS - sCD14 (1 nM) was added (spiked) at the time
of addition of serum-free medium to the transfected cells to permit reaction of newly secreted
MD-2 + TLR4gcq with [BH]LOS - sCD14. Reaction products were analyzed by Sephacryl HR
S200 (1.6 x 70 cm) chromatography in PBS. Fractions (0.5 ml) were collected at a flow rate
of 0.5 ml/min at room temperature using AKTA Purifier or Explorer 100 fast protein liquid
chromatography (GE Healthcare). Radioactivity in collected fractions was analyzed by liquid
scintillation spectroscopy (Beckman LS liquid scintillation counter). Recoveries of [3H]LOS
were >70% in all cases. All solutions used were pyrogen-free and sterile-filtered.

activation assay-luciferase reporter assay

HEK293 cells were seeded into 96-well Costar plates (Corning) at 5 x 104 cells/well (HEK293
no. BF1 hTLR4 cells were seeded at 7 x 10%) and incubated overnight in a humidified
atmosphere (5% CO,) at 37°C. The next morning, cells were cotransfected for 4 h with Flag-
CMV1- (human or murine) TLR4 and pEFBOS- (wild-type (wt) or mutant, human or muringe)
MD-2-FLAG-His together with NF-xB-dependant luciferase and constitutive Renilla reporter
plasmids using Lipofectamine 2000 (Invitrogen). After 4 h, medium was changed with DMEM
plus 10% FBS. The following day cells were stimulated with S-LPS, as indicated, for 16 h. In
selected experiments, HEK293 cells (6 x 10%/well) were seeded into 6-well plates and
separately transfected either with MD-2 (wt or mutant, human or murine) or with mTLR4 plus
NF-kB-dependent luciferase and constitutive Renilla reporter plasmids. After 16 h, the cells
were resuspended in fresh medium containing 10% serum, joined in 1:1 ratio and re-seeded
together in 96-well plates to yield cocultures of cells separately expressing TLR4 or MD-2.
After incubation with S-LPS, cells were lysed in 1x reporter assay lysis buffer (Promega) and
analyzed for reporter gene activities using a dual-luciferase reporter assay system on a Mithras
LB940 luminometer. Relative luciferase activity (RLA) was calculated by normalizing each
sample’s luciferase activity for constitutive Renilla activity measured within the same sample.
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When plotting data the value of the unstimulated sample with wt hMD-2 was set to 1 and other
values were adjusted accordingly.

Immunoblotting

Results

To detect polyhistidine labeled wt and mutant MD-2, an anti-polyhistidine Ab (Tetra-His Ab,
Qiagen) was used. We expressed wt MD-2 and MD-2 mutants in HEK293T cells, which do
not express MD-2 without transfection with expression plasmids encoding MD-2 (15,17).
HEK293T cells were transiently transfected with wt or mutant MD-2 using PolyFect (Qiagen)
as a transfection reagent. The medium was changed 12 h posttransfection and replaced with
serum-free medium. After 24 h, the supernatant from the same number of cells in the culture
was collected and separated by electrophoresis (Bio-Rad mini gel system) through a 4-15%
gradient acrylamide gel (Tris/fHEPES/SDS buffer) and transferred to nitrocellulose membrane.
In parallel, recovered cell pellets were lysed and similarly evaluated for MD-2 content.
Nitrocellulose membrane was washed with TBS (pH 7.5), containing 0.05% Tween 20 and
0.2% Triton X-100 (TBSTT), blocked to reduce nonspecific background with 3% BSA in
TBSTT for 1 hat25°C, and incubated with the anti-Hiss Ab in TBSTT overnight. After washing
with TBSTT, the membrane was incubated with goat anti-mouse 1gG conjugated to HRP (Bio-
Rad) for 1 h at 25°C in TBS containing 3% goat serum and washed with TBSTT. Blots were
developed using Pierce SuperSignal substrate system. By reducing immunoblot samples each
MD-2 species was converted to the monomeric form, migrating as a triplet (hMD-2) or
quadruplet (mMD-2) due to differences in glycosylation (27). Recovered extracellular medium
(supernatants) were immunoblotted to confirm that levels of expression of wt and mutant MD-2
were comparable.

Charged residues at positions 122, 125, and 58 of MD-2 affect its extracellular accumulation

Murine MD-2 has a significantly lower isoelectric point than human MD-2, resulting in a
different electrostatic potential. Charge differences between human and murine MD-2 include
residues close to the LPS binding pocket that are positively charged in the human MD-2
homologue (Fig. 1). To determine whether these cationic residues contribute to functional
differences between human and murine MD-2, we first examined effects on MD-2 expression
and secretion. This was accomplished by immunoblots of harvested cell lysates and
extracellular medium from transiently transfected HEK293T cells expressing either wt human
or murine MD-2 or the mMD-2 mutants. Fig. 2A shows that there was drastically lower
extracellular accumulation of wt mMD-2 compared with hMD-2 and a greater accumulation
of wt mMD-2 within the cells, indicating substantial differences in secretion rather than
synthesis and overall accumulation of wt human and murine MD-2 by the transfected cells.
Remarkably, mutation of a single residue, Glu122 to Lys (but not Asn58 to Lys), markedly
increased extracellular accumulation of mMD-2 (Fig. 2B). Combined mutations of E122, L125,
and/or N58 of mMD-2 with the corresponding residues (lysines) of hMD-2 further increased
extracellular accumulation of these mMD-2 mutants to levels comparable to that of wt hMD-2
(Fig. 2B). Increased recovery of the mMD-2 mutant proteins in the extracellular medium was
paralleled by decreased recovery in cell lysates, indicating an increase in secretion of the mutant
vs wt mMMD-2 species.

Role of lysines 122, 125, and 58 in endotoxin binding properties of secreted mMD-2 mutants

To test the ability of the secreted mouse SMD-2 mutants to bind endotoxin, we made use of a
recently developed assay to sensitively and quantitatively measure the transfer of [2H]LOS
from [3H]LOS - sCD14 to MD-2 in the culture medium of transfected HEK293T cells
expressing and secreting SMD-2 (28). As shown in Fig. 3A, nearly all [BH]LOS - sCD14 added
(spiked) to the culture medium of cells expressing and secreting hMD-2 was converted to
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[3H]LOS - MD-2. In contrast, there was no conversion of [H]LOS - sCD14 to [*H]LOS - MD-2
when wt mMD-2 was expressed, consistent with the much lower levels of extracellular wt
murine vs human MD-2 (Fig. 2). However, even the E122K mutant mMD-2, which is secreted
to a much greater extent than wt mMD-2 (Fig. 2B), did not react with [3H]LOS - sCD14 in the
culture medium to form [3H]LOS - MD-2 (Fig. 3B), indicating that the low level of secreted
mMD-2 is not the only reason for its inability to react with [BH]LOS - sCD14 when expressed
without TLR4. Combined substitutions of E122, L125, and N58 of mMD-2 with the
corresponding lysine residues of hMD-2 yielded extracellular sMD-2 that reacted with [3H]
LOS - sCD14 to form amonomeric [2H]LOS - MD-2 complex (Fig. 3C). These findings suggest
an important role of lysines 125 and 58, in addition to lysine 122, in the reactivity of
extracellular mutant murine sMD-2 with [3H]LOS - sCD14.

MmTLR4-dependent cell activation by endotoxin requires coexpression of mMD-2 and mTLR4
or secretion of mutant mouse MD-2 species reactive with endotoxin E - sCD14

In contrast to the marked differences in secretion and extracellular function of wt human and
murine MD-2 (Figs. 2 and 3), cells coexpressing wt human or mouse MD-2 with mTLR4 are
similarly responsive to TLR4-activating (hexaacylated) endotoxin species (Ref. 10,15,29; Fig.
4A). Mutants of mMMD-2 that were secreted to a much greater extent than wt mMD-2 (when
expressed without TLR4; Fig. 2B) and showed much greater reactivity with [SH]LOS - sCD14
as sMD-2 (Fig. 3C) were not, by contrast, much more active than wt mMD-2 when coexpressed
with mTLR4 (Fig. 4A). In contrast to the similar activity of wt and mutant mMD-2 (and wt
hMD-2) when coexpressed with mTLR4, only MD-2 species that were highly reactive with E
- sCD14 after secretion without TLR4 (e.g., wt human MD-2 and mMD-2 E122K - L125K +
N58K) conferred activation of HEK293/mTLR4 cells by LPS (Fig. 4B). The above studies
suggest that, whereas mouse cells coexpressing MD-2 and TLR4 are highly responsive to
endotoxin (e.g., LOS or LPS), mouse cells expressing TLR4 alone without MD-2 remain
virtually unresponsive to endotoxin even if there are neighboring cells expressing wt MD-2 in
excess of TLR4. To model more closely this circumstance, we tested the responsiveness of
HEK?293/mTLR4 cells to LPS (in the presence of serum to provide LBP and sCD14) when
cocultured with cells expressing wt human or murine MD-2 or selected mutants of mMD-2.
Fig. 4C shows that only when HEK293/mTLR4 cells were cocultured with cells secreting
sMD-2 species that were highly reactive with LOS - sCD14 were these cells highly responsive
to added LPS.

Coexpression of wt mouse MD-2 and mouse, but not human, TLR4 ectodomain increases
reactivity with E - CD14

The ability of wt mMD-2 to support activation of mTLR4 by endotoxin when mMD-2 and
mTLR4 were coexpressed suggested that association of mMD-2 with mTLR4 (ectodomain)
was needed for reactivity of wt mMD-2 with [2H]LOS - sCD14. To test this hypothesis,
experiments were repeated with cells coexpressing wt human or mouse MD-2 and human or
mouse TLR4cy. Addition of [H]LOS - sCD14 to the culture medium of cells expressing wt
human MD-2 and murine or human TLR4,.q resulted in nearly complete conversion of [H]
LOS - sCD14 to earlier eluting (M, ~ 190,000) and later eluting (M, ~ 25,000) [3H]LOS-
containing complexes (Fig. 5A) representing, respectively, ([BH]LOS - MD-2 - TLR4¢cq)2
(30) and [3H]LOS - MD-2 (28). By contrast, coexpression of wt mMD-2 with mTLR4eq
resulted in conversion of [BH]LOS - sCD14 to ([3H]LOS - MD-2 - TLR4¢cq) but not to [3H]
LOS - MD-2, consistent with a requirement for association of mMD-2 with TLR4¢.q for
reaction of wt mMD-2 with [3H]LOS - CD14. Coexpression of wt mMD-2 with human
TLR4ecq, in contrast, resulted in little or no formation of ([BH]LOS - MD-2 - TLR4cq), in a
culture medium spiked with [3H]LOS - sCD14 (Fig. 5A), consistent with a species-specific
association of mMMD-2 with mTLR4q (13).
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mMD-2 mutants with substitutions of residues 122 and 125 and/or 58 with lysines form a
functional receptor with human TLR4

The inability of wt mMD-2 to react with [3H]LOS - sCD14 to form ([3H]LOS - MD-2 -
TLR4cq)2 When coexpressed with hTLR4q paralleled its inability to reconstitute sensitive
endotoxin responsiveness in a cell expressing hTLR4 (Ref. 10,13; Fig. 6). However, mutants
of mMD-2 in which residues 58, 122, and/or 125 were substituted with lysines, as in hMD-2,
conferred endotoxin responsiveness upon cells expressing human TLR4 (Fig. 6). Thus, lysines
at these sites in MD-2 not only promote secretion and function of sSMD-2 without TLR4 but
also activation of human TLRA4. It should be noted, however, that there was greater formation
of ([BH]LOS - MD-2 - TLR4ecq)2 When either wt or mutant MD-2 species were coexpressed
with mouse rather than human TLR4cq (compare Fig. 5, B and C). This paralleled the greater
endotoxin responsiveness of cells coexpressing wt or mutant mMMD-2 with mouse rather than
human TLR4 (compare Figs. 4A and 6).

Roles of lysines 122 and 125 in ability of human MD-2 to form bioactive sMD-2

The above findings indicate that the inability of wt mMD-2 to form bioactive sMD-2 can be
(partially) overcome by substitution of residues 58, 122, and 125 with the lysine residues that
are present in wt human but not mouse MD-2. To test the importance of lysines 122 and 125
in the ability of human MD-2 to form bioactive sSMD-2 when expressed without TLR4, these
residues in human MD-2 were replaced with the corresponding amino acids present in wt
mMD-2. Fig. 7A shows that there were no major differences in expression or extracellular
accumulation of wt, K122E, or K125L mutants of hMD-2. These point mutations, however,
compromised the reactivity of SMD-2 with [3H]LOS - sCD14, modestly in the case of the
K122E hMD-2 mutant and virtually completely in the case of the K125L mutant (Fig. 7B).
This inability of hMD-2 K125L to yield bioactive sSMD-2, as judged by its inability to react
with [3H]LOS - sCD14 to form [3H]LOS - MD-2, paralleled its inability to support activation
of HEK293/TLR4 cells by added LPS (in the presence of serum) when the HEK293/TLR4
cells were cocultured with medium containing hMD-2 K125L or with cells expressing and
secreting hMD-2 K125L rather than wt hMD-2 (Fig. 7C).

Much like wt mMMD-2, hMD-2 K125L retained substantial MD-2 activity when coexpressed
with TLR4 as judged by support of TLR4 activation by LPS (Fig. 8A) and reaction with [3H]
LOS - sCD14 to form the ternary ([BH]LOS - MD-2 - TLR4gcq)2 (M, ~ 190,000) complex (Fig.
8B). By contrast, the K122E mutant of hMD-2, despite reactivity with [BH]LOS - sCD14 (+
hTLR4q) (Figs. 7B and 8B), was much less effective in supporting TLR4 activation by LPS
(Fig. 8A).

Discussion

Despite similar tertiary structure (11), differences in the primary structure of MD-2 from
different species can lead to differences in binding of certain endotoxin (lipid A) species and
mimetics (e.g., taxol) or in the ability of these ligands to act as TLR4 agonists (17,18). The
investigation of the basis of the selective agonistic effect of tetraacylated lipid A on murine vs
human MD-2 - TLR4 has revealed contribution of several regions of murine MD-2 (31-33),
but the precise structural basis of the agonistic properties of these compounds with mMD-2 -
mMTLR4 but not with hMD-2 - mTLR4 is still not fully understood. In this study, we have
uncovered additional functional differences between human and murine MD-2, including the
ability of human but not murine MD-2 to be secreted and function as an extracellular endotoxin-
binding protein in the absence of TLR4. The differences seen are striking, with mMD-2, in
contrast to hMD-2, barely detectable in the recovered conditioned medium of transiently
transfected HEK?293 cells (Fig. 2A). Less extracellular mMD-2, vs hMD-2, is paralleled by
increased murine vs human MD-2 in the recovered cells (Fig. 2A) indicating that the lower
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extracellular accumulation of mMMD-2 is due not to reduced synthesis or increased intracellular
degradation of mMD-2 but rather reduced secretion.

Our experiments further suggest that a major determinant of differences in secretion of human
vs murine MD-2 from transfected HEK293 cells are differences in the few cationic residues
of human vs murine MD-2. As summarized in Fig. 1, these differences are concentrated along
the edge of the hydrophobic lipid A binding pocket of MD-2 (21-23).

Substitution of just a single residue of mMMD-2 in this region with a basic residue found in
human MD-2 (i.e., E122K mutant of mMD-2) induced a substantial increase in secretion and
recovery of extracellular mMMD-2 that was further increased in double and triple mutants by
combining replacements of selected nonbasic residues of mMD-2 with the lysines present in
hMD-2 (e.g., E122K + L125K + N58K) (Fig. 2B). Although we cannot exclude the possibility
that additional sites contribute to differences in secretion of hMD-2 and mMD-2, the fact that
the triple mutant (E122K - L125K - N58K) of mMD-2 is secreted to roughly the same extent
as hMD-2 (Fig. 2B) suggests that these three residues are sufficient to account for the dramatic
differences in secretion of human and murine MD-2. Whether the effects of lysines 122, 125,
and 58 on secretion of MD-2 reflect the effects on the global charge properties (e.g., isoelectric
point, net charge) of MD-2 or more specific and localized roles of these lysines remains to be
determined.

There is a small amount of wt mMD-2 secreted from transfected HEK293 cells (Fig. 2A). This
can be more readily appreciated when the SMD-2 in the conditioned medium is concentrated
by immunoprecipitation (Ref. 6; data not shown). However, secreted wt mMD-2 has no
detectable functional activity as assessed either by reactivity with [BH]LOS - sCD14 spiked
into the culture medium (Fig. 3A) or by support of LPS-triggered activation of HEK293/
mTLR4 cells (Fig. 4, B and C). Single lysine substitution of residue 58, 122, or 125 of mMD-2
conferred little or no detectable activity (Figs. 3B and 4, B and C). Only the combination of
two or more lysine substitutions (e.g., the E122K mutation with the N58K and/or L125K
mutations) yielded secreted mMD-2 species that reacted efficiently with spiked [3H]LOS -
sCD14 in the culture medium to produce [3H]LOS - MD-2 (Fig. 3C). Remarkably, whereas
the E122K - N58K and E122K - L125K mMD-2 double mutants showed similar secretion and
reactivity with [?H]LOS-sCD14, activation of HEK293/mTLR4 cells was significantly greater
with the E122K - L125K mutant (Fig. 4B). Taken together, these findings suggest important
roles of lysines 122 and 125 in: 1) secretion of MD-2 when MD-2 is expressed by cells in the
absence (or molar excess) of TLR4; 2) reaction of secreted MD-2 with LOS (or LPS) -sCD14
to form LOS (or LPS) -MD-2; and 3) activation of TLR4 by the resulting soluble (extracellular)
LOS (LPS) -MD-2 complex. The comparative properties of the various mMD-2 mutants
indicate that the structural requirements for secretion of MD-2 are less stringent than those for
transfer of endotoxin from LOS - sCD14 to sSMD-2 (e.g., E122K vs E122K - N58K) and
requirements for TLR4 activation are most stringent (E122K - N58K vs E122K - L125K). The
properties of the K125L and K122E mutants of hMD-2 are consistent with this view as these
mutants show markedly reduced functional activity without diminution of secretion of SMD-2
(Figs. 7 and 8).

How the presence of lysines at residues 122, 125, and 58 increases MD-2 secretion and function
is not yet clear. However, an important clue is provided by the finding that coexpression of
mMD-2 with mTLR4 eliminates the need for lysines at these sites in MD-2 (Fig. 4A). This
finding clearly indicates that those lysine residues are not needed for direct interactions of
mMD-2 with mTLR4 but rather for MD-2 to be secreted without TLR4 and subsequently
interact as a soluble extracellular protein with endotoxin and/or TLR4. The reactivity of MD-2
with TLR4 and endotoxin. CD14 requires presentation of MD-2 in monomeric form (6,34,
35) High affinity interactions of MD-2 with TLR4 yield stable heterodimers (MD-2 - TLR4)
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in which MD-2 remains in monomeric form, highly reactive with E - CD14. Wild-type human
MD-2 when expressed in mammalian cells without TLR4 is secreted, at least in part, as a
bioactive monomer that loses reactivity with TLR4 and endotoxin in a time- and temperature-
dependent fashion, accumulating in the extracellular medium of mammalian cell cultures and
in body fluids as a mixture of inactive multimers (6,34—36). The virtual absence of secreted
bioactive wt or N58K mMD-2 and the limited activity of E122K and L125K even when cells
expressing these species of mMMD-2 were cultured in medium containing [3H]LOS - sCD14
(Fig. 3B) or cocultured with cells expressing mTLR4 (Fig. 4C) suggests that whatever mMD-2
is secreted is already inactive or very rapidly loses reactivity with endotoxin and TLR4 after
secretion.

Because these same mMD-2 species are active when coexpressed with mTLR4 (Figs. 4A and
5, Aand C), we believe that their dependence on TLR4 for secretion and extracellular function
may reflect a dependence on interactions with TLR4 for remaining in an active, monomeric
form. Additionally, we prepared recombinant mMD-2 in bacterial cells based on the same
procedure as previously for human MD-2 (23). Recombinant mMD-2 in contrast to human
MD-2 however did not bind LPS and did not activate TLR4-transfected HEK293 cells (data
not shown). Accordingly, we speculate that the greater cationic character of human vs murine
MD-2, conferred by lysines 122, 125, and 58, increases the stability of bioactive MD-2
monomers in the absence of TLRA4.

The inability of wt mMD-2 to form a functional receptor with hTLR4, in contrast to mTLR4,
has been shown previously (10,13) and again in this study (compare Fig. 6 to 4A). This species-
selective interaction of mMMD-2 with TLR4 has been traced to distinguishing properties of the
N-terminal region of murine and human TLR4 that determine preassembly of functional MD-2
- TLR4 heterodimers on the surface of cells coexpressing MD-2 and TLR4 before exposure to
endotoxin (19). What distinguishing features of wt human and murine MD-2 account for the
ability of hMD-2, but not mMD-2, to form a functional receptor with hTLR4 is not known.
The increased activity of E122K - L125K - N58K mMD-2 with hTLR4 (Fig. 6) suggests that
these lysines have a role, either directly or indirectly. Of note, equine MD-2 that has basic
residues at positions 122, 125, and 58 confers LPS-induced activation in combination with
hTLR4 (32), supporting our conclusions.

Although wt mMD-2 cannot form functional agonist-independent interactions with hTLR4,
binding between wt mMD-2 and hTLR4 ectodomain has been observed (13). Activation of
TLR4 by endotoxin requires dimerization of two endotoxin - MD-2 - TLR4 complexes,
mediated by agonist-independent MD-2 - TLR4 (N-terminal region) interactions within each
complex and agonist-induced (endotoxin-)MD-2 - TLR4 interactions between two neighboring
complexes (20,37). The crystal structure and model of hMD-2 - hTLR4,¢q (20,22) suggests
that Lys125 is in contact with ectodomain of the second TLR4 molecule through backbone
interactions, while Lys122 interacts with the phosphate groups of the ligand. However, the
properties of the K122E mutant of hMD-2 (near normal secretion and reactivity with [3H]
LOS:sCD14 as SMD-2 + TLR4¢.q but markedly reduced LPS-triggered TLR4 activation; Figs.
7 and 8) as well as the crystal structure of activating LPS - MD-2 - TLR4,.q complex (20)
suggest a more direct role of lysine 122 in agonist-dependent interactions of E - MD-2 with
TLR4 and differences in the docking of the lipid A between human and murine MD-2. We
analyzed 3D structures and models for the potential interactions of Lys125 of MD-2 with
ectodomain of TLR4 but found no simple explanation, as there are no anionic residues within
the expected interacting range on either human or murine TLR4 secondary binding site. We
demonstrated an important role of charged residue at this position through mutations of murine
and human MD-2. The possible reason for the effect of Lysine at position 125 may be due to
its effect on the electrostatic potential that may affect electrostatic steering of the complex
formation. An alternative explanation may be that residue such as leucine may lead to the
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formation of nonproductive complex, interacting with an alternative site of the MD-2 - LPS -
TLR4 ectodomain, which does not allow a proper orientation of intracellular Toll/interleukin-1
receptor domains to support downstream signaling.

An important implication of our findings is that mobilization of functional sMD-2 seems much
less likely to occur in mice than in humans. Soluble secreted MD-2 is detectable in normal
human plasma (38) but all or nearly all sMD-2 detected under these circumstances is inactive,
presumably present as inactive multimers. However, under conditions of acute inflammation,
total levels of sSMD-2 increase markedly and bioactive sMD-2 is detectable at levels that are
potentially functionally significant (38). Moreover, in anatomic settings such as the airway in
which cells expressing TLR4 and MD-2 (e.g., macrophages) neighbor cells that express TLR4
but not MD-2 (e.g., epithelia) (39), the half-life of SMD-2 as well as the extent to which MD-2
is expressed in molar excess of TLR4 could determine not only the amount of bioactive sMD-2
in the extracellular fluid but also the extent to which cells expressing TLR4 without MD-2 can
gain increased endotoxin responsiveness by using sMD-2 to form functional MD-2 - TLR4
heterodimers. By taking advantage of the sensitive and specific assays of host-endotoxin
interactions that we have developed, it should be possible in the future to determine whether
the mobilization and function of sSMD-2 in mice and humans differ and if this difference
contributes to the generally greater sensitivity of humans in comparison with mice to endotoxin
exposure.
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FIGURE 1.

Differences in charged amino acid residues at the rim of the LPS binding pocket of human vs
murine MD-2. Ribbon model of the three-dimensional structure of mMD-2 with side chains
of residues N58, E122, and L125 shown in magenta, orange, and red, respectively (lysines in
hMD-2). Lipid A is shown as a stick model in green. Model was prepared by UCSF Chimera
(40) based on the coordinates of mMD-2 (PDB code 2264) with lipid A docked from the TLR4
- MD-2 - Ra-LPS complex (PDB code 2FXI) (20,22).
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Increased extracellular accumulation of mMD-2 mutants with increased positive charge. Aand
B, HEK293T cells were transiently transfected with expression plasmids (pEF-BOS) encoding
FLAG-His tagged wt hMD-2, wt mMD-2, or mMD-2 mutants. After 24 h, the supernatants

were collected and cells were lysed. Supernatants and lysates were analyzed by SDS-PAGE

(+ DTT)/immunoblot using anti-Tetra-His Abs. Differences in migration of individual hMD-2

J Immunol. Author manuscript; available in PMC 2010 October 15.

and mMD-2 reflect differences in glycosylation. Cell lysates and supernatant from the equal
number of cells were loaded in each lane. Results are representative of two or more
experiments.
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FIGURE 3.

Reaction of secreted wt human and mouse MD-2 and mMD-2 mutants with [3H]LOS - sCD14.
A-C, HEK293T cells were transiently transfected with plasmids encoding wt MD-2 or mMD-2
mutants. After ~24 h, the transfection medium was changed with serum-free medium and
spiked with 1 nM [3H]LOS - sCD14. Medium was harvested after 24 h and analyzed by
Sephacryl S200 chromatography. Resolved reactants and products were monitored by liquid
scintillation spectroscopy. Note that the reaction of monomeric [3H]LOS - sCD14 with SMD-2
yields monomeric [3H]LOS - MD-2. Elution volumes of [3H]LOS - sCD14 and [3H]LOS -
MD-2 were at 37 and 42 ml, respectively. Medium from untransfected cells spiked with 1 nM
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[3H]LOS - sCD14 was used as a negative control. The results shown are representative of three
or more closely similar experiments.
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FIGURE 4.

Coexpression of mMMD-2 and mTLR4 or high reactivity of sMD-2 species with extracellular
E - sCD14 is required for endotoxin-triggered activation of mTLR4. A, Wild-type mMD-2
confers endotoxin responsiveness to HEK293 cells when coexpressed with mTLR4. HEK293
cells were transiently transfected with expression plasmids encoding MD-2 together with
mMTLR4 and a NF-xB-dependent luciferase reporter plasmid. After 24 h, the cells were
stimulated with S-LPS for 16 h in the presence of serum. The cells were lysed and assayed for
luciferase activity. The results shown are means + SEM RLA from three independent
experiments. B, Activation of HEK293/mTLR4 cells by LPS requires sSMD-2 that is reactive
with E - sCD14. HEK?293 cells were transiently transfected with plasmids encoding MD-2.
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After 24 h, harvested medium containing 10% serum (to provide LBP and sCD14) and SMD-2
were incubated with S-LPS (100 ng/ml) and then added to HEK293 cells that had been
transfected with a plasmid encoding mTLR4 together with NF-xB-dependent luciferase
reporter plasmid. The cells were lysed after 16 h and assayed for luciferase activity. The results
shown are means + SEM RLA from three independent experiments. C, Only sSMD-2 highly
reactive with E - SCD14 can confer ectopic LPS responsiveness to cells expressing mTLR4.
HEK293 cells were transiently transfected with plasmids encoding MD-2 or mTLR4 together
with NF-kB-dependent luciferase reporter plasmid, as described in Materials and Methods.
After 16 h, both sets of cells were resuspended in fresh medium containing 10% serum, joined
and reseeded. After adherence to the plate, the cells were stimulated with S-LPS for 16 h. The
cells were then lysed and assayed for luciferase activity. The results shown are means £ SEM
RLA from three independent experiments.
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FIGURE 5.

Reactivity of wt and mutant human and murine MD-2 with [3H]LOS - sCD14 when
coexpressed and secreted with murine or human TLR4 ectodomain. A—C, HEK293T cells were
cotransfected with plasmids encoding wt or mutant human or mouse MD-2 and plasmids
encoding human (h) or murine (m) TLR4¢cq, as indicated. After ~24 h, the transfection medium
was changed with serum-free medium and spiked with 1 nM [3H]LOS - sCD14. Medium was
harvested at 24 h and analyzed directly by Sephacryl S200 chromatography. Resolved reactants
and products were monitored by liquid scintillation spectroscopy. Note that the reactions of
[3H]LOS - sCD14 with MD-2- TLR4q yields a [BH]M, ~190 kDa complex ([3H]LOS - MD-2
- TLR4¢cq)2 (which elutes at around 31 ml) whereas reaction of [BH]LOS - sCD14 with SMD-2
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yields [3BH]LOS - MD-2. The results shown are representative of two or more closely similar
experiments.
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FIGURE 6.

Mutants of mMMD-2 with increased cationic properties confer endotoxin responsiveness to cells
coexpressing human TLR4. HEK293 no. BF1 cells stably expressing hTLR4 were transiently
transfected with expression plasmids encoding wt or the indicated mutant MD-2 together with
NF-kB-dependent luciferase reporter plasmid. After 24 h, cells were stimulated with different
concentrations of S-LPS for 16 h in the presence of 10% FBS. The cells were lysed and assayed
for luciferase activity. The results shown are means = SEM RLA from three independent
experiments.
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FIGURE 7.

Effects of substitution of lysine 122 or 125 of hMD-2 with the corresponding amino acids of
mMD-2 on secretion and function of SMD-2. A, Expression and extracellular accummulation
of wt, K122E, and K125L hMD-2. HEK293T cells were transiently transfected with expression
plasmids (pEF-BOS) encoding FLAG-His tagged wt hMD-2 or the indicated hMD-2 mutants.
After 24 h, the supernatants were collected and cells were lysed. Supernatants and lysates were
analyzed by SDS-PAGE (+ DTT)/immunoblot using anti-Tetra-His Abs. (—-)C indicates mock
transfected cells. B, Comparison of reactivity of mutant human sMD-2 with [3H]LOS - sCD14.
HEK293T cells were transiently transfected with plasmids encoding hMD-2 mutants. After
~24 h, the transfection medium was changed with serum-free medium and spiked with 1 nM
[BH]LOS - sCD14. Medium was harvested after 24 h and analyzed by Sephacryl S200
chromatography, as described in the legend to Fig. 3. For controls with wt MD-2 see Fig. 3A.
The results shown are representative of three or more closely similar experiments. C,
Comparison of ability of wt and K125L hMD-2 to promote LPS-triggered activation of
HEK293/(murine or human) TLR4 cells. Left, HEK293 cells were transiently transfected with
plasmids encoding wt hMD-2 or K125L hMD-2. After 24 h, harvested medium containing
10% serum from cells expressing MD-2 were incubated with S-LPS and then added to HEK293
no. BF1 cells that had been transfected with NF-xB-dependent luciferase reporter plasmid as
in Fig. 4B. Right, HEK?293 cells were transiently transfected with plasmids encoding MD-2 or
mTLR4 together with NF-kB-dependent luciferase reporter plasmid. After 16 h, both sets of
cells were resuspended in fresh medium containing 10% serum, joined, and reseeded. Cells
were then stimulated with S-LPS, lysed and assayed for luciferase activity as in Fig. 4C. The
results shown are means + SEM RLA from three independent experiments.
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FIGURE 8.

K125L mutant of hMD-2 supports TLR4-dependent cell activation by LPS when coexpressed
with hTLR4. A, HEK293 no. BF1 cells stably expressing hTLR4 were transiently transfected
with expression plasmids encoding wt, K122E, or K125L hMD-2 together with a NF-kB-
dependent luciferase reporter plasmid. After 24 h, cells were stimulated with S-LPS for 16 h
in the presence of 10% FBS. The cells were lysed and lysates were analyzed for luciferase
activity. The results shown are means + SEM RLA from three independent experiments. B,
Coexpression (association) of hTLR4 ectodomain rescues reactivity of hMD-2 K125L mutant
with [BH]LOS - sCD14. HEK293T cells were cotransfected with plasmids encoding mutant
MD-2 and plasmids encoding hTLR4¢q. After ~24 h, the transfection medium was changed
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with serum-free medium and spiked with 1 nM [3H]LOS - sCD14. Medium was harvested after
24 h and analyzed directly by Sephacryl S200 chromatography as described in the legend to
Fig. 5. For controls with wt MD-2 see Fig. 5A. The results shown are representative of two or
more closely similar experiments.
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