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The C1 inhibitor (C1INH), a plasma complement regulatory protein, prevents endotoxin shock, at least
partially via the direct interaction of its amino-terminal heavily glycosylated nonserpin region with gram-
negative bacterial lipopolysaccharide (LPS). To further characterize the potential LPS-binding site(s) within
the amino-terminal domain, mutations were introduced into C1INH at the three N-linked glycosylation sites
and at the four positively charged amino acid residues. A mutant in which Asn® was replaced with Ala was
markedly less effective in its binding to LPS, while substitution of Asn*” or Asn®® had little effect on binding.
The mutation of C1INH at all four positively charged amino acid residues (Arg'®, Lys®?, Lys®’, and Lys®")
resulted in near-complete failure to interact with LPS. The C1INH mutants that did not bind to LPS also did
not suppress LPS binding or LPS-induced up-regulation of tumor necrosis factor alpha mRNA expression in
RAW 264.7 macrophages. In addition, the binding of C1INH mutants to diphosphoryl lipid A was decreased
in comparison with that of recombinant wild-type C1INH. Therefore, the interaction of C1INH with gram-
negative bacterial LPS is dependent both on the N-linked carbohydrate at Asn® and on the positively charged

residues within the amino-terminal domain.

Lipopolysaccharide (LPS) is a component of the outer mem-
brane of gram-negative bacteria. It activates mononuclear
phagocytes to produce and release inflammatory mediators,
among which tumor necrosis factor alpha (TNF-a) appears to
be most important for the development of endotoxin shock
(17). LPS binds to LPS-binding protein (LBP) and the complex
binds to CD14 (14, 24, 38, 46). The formation of LPS-CD14
complexes initiates intracellular signaling by binding to Toll-
like receptors (TLRs) expressed on mononuclear phagocytes
and other cells (1). LPS interacts with a number of glycopro-
teins, including the three components of the cell membrane
LPS receptor, CD14, MD-2, and TLR4 (9, 23, 50, 51, 58, 59).
MD-2 has two N-glycosylation sites at Asn*® and Asn'**, while
TLR4 has nine N-linked sites within its amino-terminal extra-
cellular domain (9). Binding of LPS to the LPS receptor re-
quires N-linked glycosylation of both MD-2 and TLR4 (9) but
not of CD14 (50). However, the binding sites for LPS (or lipid
A) on many LPS-binding proteins, including bactericidal/per-
meability increasing protein (19), LBP (25), and MD-2 (31, 40,
60), contain positively charged amino acids, frequently in a
similar structural motif (4, 15).

The C1 inhibitor (C1INH) is the only inhibitor of the clas-
sical complement pathway proteases Clr and Cls (48) and is
the major inhibitor of factor XII and prekallikrein of the con-
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tact system (11, 44). The complement system has been impli-
cated in both the pathogenesis of, and protection from, endo-
toxin shock (6). The contact system also appears to play a role
in the mediation of septic shock (7). Levels of proteolytically
inactivated C1INH are increased in fatal septic shock, which
suggests an increased turnover and a relative secondary defi-
ciency of biologically active C1INH (35). C1INH can be inac-
tivated by limited proteolytic cleavage by elastase released
from activated neutrophils (5, 6). The inactivation of C1INH
may occur locally in inflamed tissue and thereby contribute to
increased local complement activation (5). Both the comple-
ment system and the contact system are implicated in the
pathophysiology of sepsis. C1INH is beneficial in animal mod-
els of endotoxemia and sepsis. Both active C1INH and reac-
tive-center-cleaved, inactive C1INH protected mice from le-
thal gram-negative endotoxin shock. C1INH suppressed the
binding of Salmonella enterica serovar Typhimurium LPS to
the murine macrophage cell line RAW 264.7 and to human
blood cells. It interacted directly with LPS and blocked LPS-
induced TNF-a mRNA expression. Deletion of the amino-
terminal 97 amino acid residues abrogated the ability of
C1INH to bind to LPS (28). Further evidence demonstrated
that N deglycosylation also significantly reduced C1INH-me-
diated protection of mice from lethal LPS-induced shock and
failed to inhibit the binding of LPS to RAW 264.7 cells or to
human blood cells (29). Therefore, N-linked glycosylation
within the amino-terminal domain of C1INH is essential to
mediate its interaction with gram-negative LPS. There are
three N-linked glycosylation sites (Asn®, Asn*’, and Asn®”)
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TABLE 1. Primers used for mutagenesis

Amino acid Mutation Sense primer sequence”

3 Asn—Ala 5'-GATAGAGCCTCCTCAAATCCAGCTGCTACCAGCTCCAGCTCCCAG-3’
47 Asn—Ala 5'-GTTTCCAGCTTGCCGACAACCGCGTCAACAACCAATTCAGCCACC-3’
59 Asn—Ala 5'-TCAGCCACCAAAATAACAGCTGCGACCACTGATGAACCCACCACA-3’
18 Arg—Ala 5'-GATCCAGAGAGTTTGCAAGACGCTGGCGAAGGGAAGGTCGCAACA-3’
22 Lys—Ala 5'-TTGCAAGACAGAGGCGAAGGGGCTGTCGCAACAACAGTTATCTCC-3’
30 Lys—Ala 5'-GTCGCAACAACAGTTATCTCCGCTATGCTATTCGTTGAACCCATC-3'
55 Lys—Ala 5'-ACAACCAATTCAGCCACCGCTATAACAGCTAATACCACT-3'

“ Mutated nucleotides are boldfaced.

within the amino-terminal domain of C1INH (41). The func-
tional roles of glycosylation of proteins include modulation of
enzyme and hormone activity, regulation of intracellular traf-
ficking, control of protein folding, ligand recognition, and cell-
cell interaction (26). However, the structural and functional
implications of glycosylation of CI1INH have not been eluci-
dated.

Based on the lipid-binding motifs of other LPS-interacting
proteins (15, 25, 31, 45, 60), we hypothesized that the four
positively charged amino acids within the amino-terminal do-
main of C1INH (Arg'®, Lys®?, Lys*’, and Lys”) might interact
with the negatively charged phosphate groups of the diglu-
cosamine backbone of lipid A. Using site-directed mutagene-
sis, we prepared single amino acid substitutions at each site, in
addition to combinations of substitutions. Because previous
data had shown a dependence on N-linked glycosylation, we
also prepared substitution mutants of Asn®, Asn*’, and Asn>°,
together with combinations of these three substitutions. The
results show that replacement of Asn® with Ala leads to nearly
complete loss of the ability to interact with LPS, while little
effect was observed with substitution at the other N-linked
sites. On the other hand, the effect of replacement of the
positively charged residues was additive. Nearly complete loss
of the LPS interaction was observed only after replacement of
all four amino acids.

MATERIALS AND METHODS

Reagents. C1INH and Cls were from Advanced Research Technologies (San
Diego, CA). A rabbit anti-human C1INH antibody was purchased from DAKO
(Glostrup, Denmark). Goat anti-rabbit immunoglobulin G (heavy plus light
chains) [IgG (H+L)] conjugated with horseradish peroxidase was purchased
from Pierce Biotechnology (Rockford, IL). LPS and fluorescein isothiocyanate-
conjugated LPS (FITC-LPS) from Salmonella serovar Typhimurium, Salmonella
serovar Typhimurium LPS-derived diphosphoryl lipid A (dLPA), and o-phenyl-
enediamine dihydrochloride substrates were obtained from Sigma Chemical Co.
(St. Louis, MO).

Cell culture. The murine macrophage cell line RAW 264.7 and COS-7 cell
lines from the American Type Culture Collection (Manassas, VA) were cultured
in Dulbecco’s minimum essential medium (DMEM; GIBCO, Invitrogen, CA)
supplemented with 10% fetal bovine serum (FBS) (Invitrogen, Carlsbad, CA) at
37°C under 5% CO,. Confluent cells were detached by washing with phosphate-
buffered saline (PBS) (pH 7.4).

Site-directed mutagenesis. A full-length human C1INH cDNA construct in the
pcDNA 3.1 vector (Invitrogen, San Diego, CA) was used. Site-directed mutagen-
esis was performed using a QuikChange site-directed mutagenesis kit (Strat-
agene Inc., La Jolla, CA) according to the manufacturer’s instructions. Briefly,
several pairs of complementary primers (sense and antisense oligonucleotides)
were obtained from Invitrogen (Carlsbad, CA). In order to create the mutation
of Asn to Ala at residues 3, 47, and 59, and to change Arg to Ala at position 18
or Lys to Ala at positions 22, 30, and 55, the nucleotide substitutions were placed
in the middle of the primers (Table 1). Parental CIINH cDNA inserted into
vector pcDNA 3.1 was amplified using 1 pl of Pfu DNA polymerase (2.5 U/ul)

with these primers for 16 cycles (95°C for 30 s, 55°C for 1 min, 65°C for 5 min)
in a GeneAmp PCR system 9600 (Perkin Elmer, Norwalk, CT). After digestion
of the parental DNA with 1 pl of Dpnl (10 U/pl) at 37°C for 1 h, the amplified
DNA containing the nucleotide substitution was transformed into supercompe-
tent cells. In the multisite mutagenesis strategy, single-site mutations were per-
formed first, and then double-, triple-, and quadruple-site mutations were per-
formed progressively. The mutated sites within the cDNA encoding the amino-
terminal domain were confirmed by automated DNA sequencing using a Taq
DyeDeoxy Terminator Cycle Sequencing kit and an ABI Prism 377 DNA se-
quencer (Applied Biosystems, Foster City, CA).

Cell transfection and recombinant proteins. The purified expression plasmids
containing the various mutant CIINH cDNAs or wild-type C1INH cDNA were
transfected into COS-7 cells using the GenePORTER transfection reagent (GTS
Inc., San Diego, CA) as described by the manufacturer. Briefly, CLIINH cDNAs
in pcDNA 3.1 were prepared using a QIAGEN maxiplasmid DNA preparation
kit (QIAGEN Inc., Chatsworth, CA) and were introduced into COS-7 cells using
the GenePORTER transfection method. The quality and quantity of plasmid
DNA was electrophoretically assessed on 1.0% agarose gels after measurement
of the optical density at 260 and 280 nm. For transfection, plasmid DNA (2.5 ng)
was diluted in DMEM (1 ml) and mixed with GenePORTER transfection re-
agent, and the mixture was incubated at room temperature for 1 h. The DNA-
GenePORTER transfection reagent complex was added to 80 to 90% confluent
COS-7 cells (2 X 10° cells/per well) plated in six-well tissue culture plates. After
a 7-h incubation, DMEM (1 ml) containing 20% FBS was added; the medium
was replaced 72 h after transfection with serum-free DMEM. Media containing
the recombinant protein mutants and a control medium from COS-7 cells that
had been transfected with pcDNA3.1 alone were collected after an additional
48-h incubation and were concentrated ~20-fold using a Vivaspin (molecular
weight cutoff, 100,000) (Millipore) on the day of harvest. Samples then were
analyzed using sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and Western blotting.

SDS-PAGE and Western blotting. Recombinant full-length C1INH or recom-
binant C1INH mutants were subjected to electrophoresis using a 10% SDS-Tris-
glycine polyacrylamide gel (Invitrogen, San Diego, CA). In some experiments,
C1INH mutants were incubated with Cls (molar ratio, 1:1) for 20 min at 37°C
prior to SDS-PAGE. Proteins were electrophoretically transferred to nitrocellu-
lose membranes (Invitrogen), blocked with 5% fat-free milk (Bio-Rad, Hercules,
CA) in PBS (pH 7.4) containing 0.05% Tween at 4°C overnight, incubated with
a rabbit anti-human CIINH antibody (1:1,000) in 5% fat-free milk for 2 h at
room temperature, washed with 1X PBS for 20 min, and incubated with a
1:10,000 dilution of Immunopure goat anti-rabbit IgG (H+L) conjugated with
horseradish peroxidase (Pierce Biotechnology) for 2 h at room temperature.
Development was performed using a SuperSignal chemiluminescent substrate kit
(Pierce Biotechnology).

LPS binding assay. Plates (polyvinyl chloride, 96-well U-bottom plates) (Bec-
ton Dickinson, Franklin Lakes, NJ) were coated with dLPA (1.0 pg/ml) or LPS
(175 ng/ml) at room temperature overnight (28, 29). Medium from COS-7 cells
transfected with pcDNA3.1 alone or medium containing recombinant full-length
C1INH (40 pg/ml) or recombinant C1INH mutants (40 pg/ml) was incubated
with dLPA- or LPS-coated plates for 1 h at room temperature. Rabbit anti-
human C1INH antibody (1:1,000) was added, and the plates were incubated for
an additional 1 h at room temperature. After a wash, the plates were incubated
with ImmunoPure goat anti-rabbit IgG (H+L) conjugated with horseradish
peroxidase (1:100,000). Color reactions were developed for 3 min at room tem-
perature and terminated with 3 N HCL. The absorbance within each well was
measured at 490 nm using Revelation Microsoft in an MRX microplate reader
(DYNEX Technologies, Chantilly, VA). Standard samples were detected using
different concentrations of human plasma-derived C1INH binding to rabbit
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FIG. 1. Site-directed mutagenesis of N-linked glycosylation sites and positively charged amino acids within the amino-terminal domain of
CI1INH. Each of the mutant recombinant proteins used in the studies described is shown.

anti-human C1INH antibody. Data were analyzed using Tukey’s multiple com-
parison test. All experimental data were presented as means = standard devia-
tions (SD).

FACS. Murine RAW 264.7 macrophages were incubated with FITC-LPS (175
ng/ml) in the absence or presence of the various recombinant CIINH mutant
preparations (40 wg/ml) in DMEM containing 10% FBS for 15 min at 37°C. The
cells were fixed with a fluorescence-activated cell sorter (FACS) solution after
three washes with PBS. The binding of FITC-LPS was analyzed on a FACSCali-
bur (Becton Dickinson, San Jose, CA) using CellQuest software.

Reverse transcription-PCR (RT-PCR). Total RNA was isolated from RAW
264.7 macrophages induced with LPS (175 ng/ml) in the presence or absence of
either plasma C1INH (40 wg/ml), medium containing recombinant C1INH (40
png/ml) or C1INH mutants (40 pg/ml), or medium from COS cells transfected
with vector alone and was reverse transcribed using Moloney murine leukemia
virus reverse transcriptase with Oligo(dT),, primers (Invitrogen, Carlsbad, CA)
(1 hat 37°C). PCR primers were designed to generate mouse TNF-« and B-actin
fragments, each of which is approximately 200 bp. Mouse TNF-a primers were
5'-ATGAGCACAGAAAGCATGATCC-3' (sense) and 5'-GAGGCCATTTGG
GAACTTCTC-3' (antisense). Mouse B-actin primers were 5'-TGGATGACGA
TATCGCTGC-3" (sense) and 5'-AGGGTCAGGATACCTCTCTT-3' (anti-
sense). PCR products were analyzed on 1.2% (wt/vol) agarose gels containing 0.5
pg/ml ethidium bromide and were visualized under UV light. Band density was
analyzed and quantified using ImageQuant software (Molecular Dynamics,
Sunnyvale, CA).

RESULTS

Characterization of the mutated C1INH proteins. The bind-
ing of LPS or LPA to LPS-binding proteins is dependent on
the interaction of the phosphate groups on LPA with specific
positively charged residues within the protein (13, 15, 22, 25,
33,47, 49, 55). We previously demonstrated that in the case of
C1INH both N-linked glycosylation and its amino-terminal
domain are required for its interaction with LPS (28, 29).
Therefore, we predict that the LPS-binding site is located
within the amino-terminal heavily glycosylated nonserpin do-
main of C1INH. On the basis of this prediction, the N-linked
glycosylation sites (Asn®, Asn*’, and Asn’°) and the positively

charged amino acid residues (Arg'®, Lys*?, Lys*’, and Lys>”)
were replaced, both individually and in combination, with Ala
residues (Fig. 1). The wild-type and mutated cDNA constructs
listed were each transfected into COS-7 cells. Each recombi-
nant mutant protein was analyzed by SDS-PAGE followed by
Western blotting (data not shown). The CIINH mutants with
substitutions at Arg'®, Lys®?, Lys®®, or Lys®> were each of the
same apparent size as wild-type CIINH. On the other hand,
the absence of expression of one, two or three N-linked car-
bohydrates due to replacement of the relevant Asn residues
resulted in a progressive decrease in the apparent molecular
weight of the recombinant proteins. To examine whether the
CI1INH mutants retained protease inhibitory activity, the abil-
ity of the recombinant proteins to complex with C1s was tested.
The C1INH mutants each retained the ability to complex with
Cls, which indicates that the mutated molecules retained pro-
tease inhibitory activity (data not shown).

Analysis of the LPS-binding site within the amino-terminal
domain of C1INH. We immobilized LPS in microtiter wells
and measured the binding of the recombinant C1INH mutants
by enzyme-linked immunosorbent assay (ELISA). The mu-
tants with substitutions at Asn*’ and/or Asn®® were virtually
unchanged in their ability to bind to LPS (~100%) (Fig. 2A).
However, all mutants with substitutions at Asn® showed weak
binding: 28.2% * 1% that of the wild-type control for the
Asn3—Ala mutant, 32.1% = 4.49% for the Asn’—Ala
Asn*’—Ala mutant, 242% =+ 4% for the Asn’—Ala
Asn’’—Ala mutant, and 17.2% * 4.8% for the Asn>—Ala
Asn*’—Ala Asn’°—Ala mutant (Fig. 2A). Negative controls
consisting of medium from cells transfected with vector DNA
that contained no C1INH ¢cDNA showed no binding (data not
shown). This demonstrates that N-linked glycosylation at Asn®
is critical for the binding of C1INH to LPS. To further eluci-
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A FIG. 2. Binding of recombinant C1INH mutants to immobilized
LPS. LPS was immobilized on the surfaces of polyvinyl chloride plates

P08 008 as described in Materials and Methods. Binding was detected using an

120 . it anti-human C1INH antibody followed by ImmunoPure goat anti-rab-

bit IgG (H+L) conjugated with horseradish peroxidase. After the
color reaction, the absorbance of each well was measured at 490 nm.
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FIG. 3. FACS analysis of CIINH-mediated inhibition of binding of LPS to the murine macrophage cell line RAW 264.7. Thick line, LPS
binding; shaded field, control. Mean fluorescence intensities for control and treated cells are given in the upper left and upper right corners,
respectively, of each panel. RAW 264.7 cells were incubated with FITC-LPS in the presence of plasma-derived C1INH, recombinant wild-type (wt)
C1INH, and either the recombinant Asn substitution mutants (A) or the recombinant Lys/Arg substitution mutants (B).

date the molecular requirements for C1INH binding, the in-
teraction of the recombinant C1INH mutants with substitu-
tions at Arg'S, Lys*’, Lys®°, and/or Lys®> with LPS was
analyzed. Substitution of each individual positively charged
amino acid decreased binding by ~20 to 25%; the double and
triple substitutions diminished binding by 40 to 50% and 50 to
60%, respectively, while substitution of all four positively
charged residues reduced binding by ~90% (Fig. 2B). Taken
together, these results demonstrate that the binding of CIINH
to gram-negative bacterial LPS is dependent on both the N-
linked carbohydrate at Asn® and the positively charged amino
acid residues Arg'®, Lys*?, Lys®®, and Lys™, all of which are
within the amino-terminal domain.

Effects of C1INH substitution mutations on the binding of
LPS to RAW 264.7 cells. We tested whether the C1INH mu-
tants suppressed the binding of FITC-LPS to RAW 264.7 mac-
rophages. The recombinant mutant in which Asn® was replaced
with Ala lost the ability to block the binding of FITC-LPS to
RAW 264.7 cells, while the mutants with substitutions at Asn*’
and/or Asn”® retained the ability to suppress LPS binding (Fig.
3A). With replacement of the positively charged amino acids,

each individual substitution progressively decreased the sup-
pression of binding of FITC-LPS to macrophages (Fig. 3B). In
addition, the induction of TNF-o mRNA by LPS in RAW
264.7 macrophages was tested by RT-PCR. Both wild-type and
plasma-derived C1INH suppressed the LPS-induced expres-
sion of TNF-a mRNA, as did the mutant in which only Asn*’
and Asn”’ were replaced. However, mutants in which Asn® was
replaced lost this ability (Fig. 4). Substitution of all four posi-
tively charged residues eliminated the ability of C1INH to
suppress TNF-a mRNA production by RAW 264.7 cells (Fig.
4). Medium from cells transfected with pcDNA3.1 that con-
tained no C1INH c¢DNA had no effect on FITC-LPS binding,
nor did it suppress LPS-induced TNF-a mRNA expression
(Fig. 4). Therefore, the N-linked carbohydrate site at Asn® and
the positively charged residues (Arg'®, Lys?%, Lys*’, and Lys>”)
within the amino-terminal domain are critical for inhibition of
LPS binding to, and of LPS-induced production of TNF-« by,
RAW 264.7 macrophages.

The LPS-binding site within the amino-terminal domain of
C1INH is recognized by the lipid A moiety of LPS. Gram-
negative bacterial LPS is composed of two structural regions:
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FIG. 3—Continued.

the hydrophilic repeating polysaccharide of the core and O-
antigen structures and the hydrophobic LPA domain (56).
Virtually all the biological responses induced by LPS are de-
pendent on LPA (18, 43, 53). As with most other proteins that
bind to LPS, LPA likely represents the primary structure in the
LPS molecule that is recognized by C1INH (29). To further
characterize the molecular requirements for the interaction of
C1INH with endotoxin, the recombinant CIINH mutants were
analyzed for binding to immobilized dLPA by using ELISA.
Replacement of Asn*” and/or Asn® with Ala had no effect on
the binding of C1INH to dLPA (Fig. 5A). As observed with
binding to LPS, substitution of Asn>, either alone or in com-
bination with Asn*” and/or Asn’®, led to a marked reduction in
binding (Fig. 5A). However, as observed previously with de-
glycosylated C1INH, the reduction in binding to LPA was not

as great as the reduction in binding to LPS (29). Similarly,
mutation of the basic residues led to a progressive decrease in
the binding to dLPA. Single substitutions reduced binding 25
to 35%, double substitutions by 50 to 60%), triple substitutions
by 80 to 85%, and substitution of all four basic residues re-
duced binding by ~95% (Fig. 5B). These reductions are even
greater than those observed for the binding of the mutants to
LPS (Fig. 2B).

DISCUSSION

The studies described here demonstrate that the binding of
LPS by C1INH is dependent on the glycosylation of C1INH at
Asn® and on the presence of the positively charged residues
Arg'®, Lys??, Lys®®, and Lys®. Each of these basic residues
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FIG. 4. Effects of C1INH mutants on LPS-induced TNF-a mRNA
expression. Total RNA from RAW 264.7 macrophages was isolated
after treatment with LPS (175 ng/ml) in the presence of recombinant
mutant or wild-type C1INH for 30 min at 37°C. The control for this
experiment consisted of LPS (175 ng/ml) treatment in the presence of
medium from COS cells that had been transfected with vector without
C1INH cDNA (LPS plus medium). RT-PCR was performed using
mouse TNF-a cDNA and B-actin cDNA primers.

contributes approximately equally to binding. The binding of
LPS to a variety of LPS-binding proteins takes place via the
interaction of the phosphate groups on the LPA component of
LPS with specific basic residues within the protein (2, 3, 15, 21,
25, 27, 33, 34, 36, 42, 47, 54, 57). Antimicrobial peptides such
as bactericidal/permeability increasing protein, cathelicidins,
and the Limulus anti-lipopolysaccharide factor all appear to
function in this manner, as has been suggested by structural
studies and by studies using synthetic peptides corresponding
to the positively charged endotoxin-binding regions (3, 21, 27,
33, 34). The LPS binding domains of these and other proteins
share sequence homology with LBP (3, 10, 12, 19, 25). Based
on both synthetic peptide and site-directed mutagenesis exper-
iments, Arg 94 and Lys 95 of LBP are required for LPS binding
activity (25, 42, 47, 54). A similar positively charged region of
MD-2, a component of the macrophage LPS receptor, is re-
sponsible for binding to LPS (20, 31, 40, 60). Analysis of the
structure of protein-LPS complexes indicates that at least two
groups of positively charged residues on the protein contact
the LPA phosphate groups (15, 16, 39).

Glycosylation has been shown to influence the activity of
some endotoxin binding proteins, particularly MD-2 and TLR4
(9, 37). Although CD14 is glycosylated, carbohydrate does not
play a role in its function (52). Glycosylation of TLR4 at Asn>2¢
and Asn®” is required for proper expression of the protein at
the cell surface and therefore for appropriate function of the
LPS receptor (9). MD-2 is glycosylated at Asn®® and Asn''4.
Glycosylation at these sites does not affect cell surface expres-
sion and does not appear to have a major effect on folding (9,
37). The role of these N-linked carbohydrates in the binding of
LPS by MD-2 remains incompletely defined. One study sug-
gested that glycosylation might play a direct role in LPS rec-
ognition and binding or that it might function to stabilize the
LPS receptor complex (9), while another study suggested that
carbohydrate is not directly involved in LPS binding to MD-2
(37).

Previous data indicated that the LPS binding site of C1IINH
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was within its amino-terminal 97 amino acid residues (28) and
that binding was dependent on the presence of N-linked car-
bohydrate (29). Recombinant C1INH that consisted of amino
acids 98 through 478 (the carboxyl terminus) retained full
protease inhibitory activity (8). However, it lost the ability to
bind to LPS, as demonstrated both by ELISA and by gel shift
assays using nondenaturing PAGE (28). Furthermore, C1INH
in which N-linked carbohydrate had been removed by use of
N-glycosidase F lost the ability to bind to LPS and to protect
mice from lethal endotoxin shock (29). These findings, to-
gether with studies characterizing the LPS binding sites in
other proteins, led us to investigate the amino-terminal do-
main more extensively. Analysis of the role of the positively
charged residues might be approached through the use of
synthetic peptides. However, studies with other LPS-binding
proteins have shown that the findings of experiments with
substituted peptides frequently do not correspond to the re-
sults of experiments using mutated intact proteins (25, 42, 47).
Furthermore, the only practical approach to analysis of the
three individual N-linked sites was through the use of recom-
binant mutated proteins.

The C1INH amino-terminal domain contains no sequences
that are highly homologous with the binding regions of other
proteins that interact with LPS. It, in fact, contains only four
positively charged amino acids: Arg 18, Lys 22, Lys 30, and Lys
55. Substitution of each of these amino acids individually led to
a decrease in binding to LPS of approximately 20% in com-
parison with wild-type C1INH. Sequential replacements re-
sulted in progressive decreases in binding to a maximum of a
nearly 90% reduction with substitution of all four (Fig. 2B).
Therefore, these positively charged residues are required for,
and may be directly involved in, the binding of LPS to C1INH.
These findings are strengthened by the observation that the
experiments that analyzed the inhibition of binding of LPS to
RAW 264.7 cells (Fig. 3B) and the inhibition of TNF-a pro-
duction in LPS-stimulated cells (Fig. 4) paralleled the results
of the binding experiments. The observation that LPS binding
was nearly completely dependent on the single N-linked site at
Asn®, however, was a surprise (Fig. 2A). All of the mutants in
which this residue was replaced, either alone or in combination
with the other mutations, showed a 70 to 80% reduction in
binding, while replacement of either or both of the other two
Asn residues had no effect on binding.

Taken together, the data are most compatible with the fol-
lowing hypothesis: the binding site for LPS on C1INH is dis-
continuous and contains Arg'®, Lys®?, Lys®°, and Lys*>. This
hypothesis also is consistent with the previous observations
that the binding of LPS to most, if not all, other LPS-binding
proteins is dependent on positively charged sites (2, 3, 15, 21,
25, 27, 33, 34, 36, 42, 47, 54, 57). Removal of the carbohydrate
at Asn® very likely results in a conformational rearrangement
that obscures the positively charged binding site. The possibil-
ity of structural rearrangement of the Asn®*—Ala mutant, in
theory, could be tested by analysis of the three-dimensional
structure of the recombinant mutant in comparison with the
wild type. Unfortunately, the small amounts of recombinant
protein available do not lend themselves to direct structural
studies. Another approach would be to use a panel of mono-
clonal antibodies to test for loss of epitopes in the mutant as a
probe for three-dimensional alterations. Unfortunately, no ap-
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A FIG. 5. Binding of C1INH mutants to immobilized dLPA. dLPA
g & < was immobilized on the surfaces of polyvinyl chloride plates as de-
120 E Z ,z scribed in Materials and Methods. Binding was detected and results

expressed as in Fig. 2. (A) Binding of the recombinant Asn substitution
mutants; (B) binding of the recombinant Lys/Arg substitution mutants.
Results (level of binding as a percentage of the binding of recombinant
wild-type [wt] C1INH) were expressed as the means = SD from at least
three independent experiments. The P value for the binding by each
mutant versus that of the recombinant wild-type control is shown.
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propriate antibodies are available. However, it is well estab-
lished that glycosylation frequently is important for mainte-
nance of protein conformation (26, 30, 32). In addition, the
LPA binding data support our interpretation. Although the
substitution of Asn? led to reduced binding to LPA, the reduc-
tion was not as great as the reduction in binding to LPS (Fig.
2A and 5A). This is similar to previous data using deglycosy-
lated plasma-derived C1INH and suggests that the smaller
LPA molecule is able to gain access to the binding site while
the larger LPS cannot (29). Replacement of the positively
charged residues with the uncharged Ala led to an even greater
reduction in binding with LPA than with LPS (Fig. 2B and 5B).
This may suggest that only the positively charged residues are
required for LPA binding but that other residues may be in-
volved in the binding, or the stabilization of binding, to LPS.

In conclusion, the ability of CI1INH to prevent endotoxin
shock via a direct interaction with LPS is mediated via binding
to the amino-terminal heavily glycosylated domain of C1INH.
Although this domain contains at least seven O-linked carbo-
hydrates, these play no role in binding (29). On the other hand,
a single N-linked site at Asn® is absolutely required for binding.
The four positively charged residues are also required, and
each appears to contribute equally to binding.
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