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Therecognition of broadly conserved microorganism compeo-
aents known as pathogen-associated molecular patterns is an
essential step in initiating the innate immuune response, In the
horseshoe crab, stimulation of hemocytes with lipopolysaccha-
ride {LPS) causes the activation of its innate immune response,
ard Factor C, 3 serine profease rymogen, plays aos important role
in this event, Here, we report that Factor C associates with LPS
on the hemocyte surface and directly recognizes Gram-negative
bacteria. Structure-function analyses reveal that the LPS bind-
ing site is present in the N-terminal cysteine-sick (Cys-rich)
region of the molecule and that it contains a tripeptide seguence
consisting of an aromatic residue flanked by two basic residues
that is conserved in other mammalian LPS-recognizing pro-
teins. Moreover, we bave demonstrated that the Cys-vich region
specifically binds to LPS on Gram-negative bacteria and that
muntations in the tripeptide motif abrogate its association with
both LPS and Gram-negative bacteria, nnderscoring the impor-
tance of the tripeptide o LPS inderaction. Although the innate
tmmnae response to LBS in the borseshoe orab is distinct from that
of mammals, it appears to rely on structural features that are con-
served among LPS-recognizing proteins from diverse species,

Inpate immunity, which defends the host against infectious
microorganisms, is an ancient and ubiquitous system in both
vertebrates and invertebrates. Although different organisms
employ a variety of enviroruent-specific adaptations to ensure
best defense, several generslized features undexlie the innate
immune response. First, germline-encoded pattern recognition
receptors (PREs)” of the host recognize broadly conserved
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microbial components known as pathogen-associated molecu-
lar patterns, including Hipopolysaccharide (LPS) of Gram-uneg-
ative bacteria, 8-1,3-glucans of fungi, and peptidoglycans of
Grarg-positive bacteda {1-3). For example, the Drosophila
peptidoglycan recognition protein family members and verte-
brate Toil-like receptors have been well characterized as PRRs
{4, 5). Second, the stimulation of PREs by pathogen-associated
molecular patterns activates intracellular signaling cascades that
result in transcriptional activation (6). Finally, phagocytosis and
the production of antimicrobial peptides by the bost ave essential
for the dlearance and killing of infectious microbes {7, 8),
Hemocytes play a fundamental rele in the invertebrate innate
immune <;yst<>'n both as the initisl determinants of non-self-
recognition and subsequently as the mediators of phagocytosis,
encapstlation, and roelanization {9). Granular bemocytes pre-
dominate in the hersolymph of the herseshoe orab (accounting
for 2>99% of total hemocytes) and constitute a key component
of the host defense against infectious mis:roz)rgz:nis*m, as they
contain an array of defense molecules thatare deployed to pro-
tect against infectious microorganisms {10). Horseshoe crab
geanuiar hersocytes are especially sensitive to LPS, a major cell
wall component of Gram-negative bacteria, Stimulation of the
granular hemocytes with LPS causes the activation of hemo-
tyraph congulation within a few seconds, leading to the lmoe-
bilization and enguifment invading microorganisms, Hemo-
cytes concurrently release defense molecules by LPS-induced
exocytosis, thereby killing infectious microbes (14, 11).
Because of their sensitivity to LPS, it has been thought that
granular hemocytes express LPS receptors on their surfaces and
that binding of LPS to these receptors could initiate a se
signaling processes important for the innate immunity, as has
been observed in vertebrate. A close homolog of vertebrate
Toll-like receptors, designated #loll, was identified in the
horseshoe crab Tachypleus tridentatus. However, the apparent
absence of a pathogen-associated molecular pat binding
demin io #Toll as well as its relatively nouvspecific tissue
expression pattern {12} cast doubt upon the idea that fToll itself
functions as an LPS receptor in borseshoe crab hemocytes.
Apother candidate for the putative LPS receptor is Factor C, a
serine protease zymogen predominantly stored in hemocyte
intraceilular granoles that initiates the hemolymph ¢
cascade following proteolytic activation. Features ¢
that are consistent with its potential role as an LPS receptor
inclade ls high sensitivity toward LPS (13, 14) and its restricted
hemooyte-specific expression pattern (see supplemental Fig.
S1). We recently proposed that a portion of Factor C might
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localize to the hemocyte surface and undergo autocatalytic acti-
vation upon association with LPS, thereby initiating signal
transduction via protease-activated recepiors coupled to het-
erotrimeric GTP-bing ing proteins {15).

I this study, we have established the essential involvement
of the N-terminal Cys-vich region of Factor € in LPS recogni-
tion and determined the importance of a tripeptide motif con-
tained within this region of the molecule. Based on these find-
ings, we propase & mode of LPS receguition by Factor C that
employs this motif.

EXPERIMENTAL PROCEDURES

Muaterials—Salmonella minnesota Re595 LPS and biotiny-
lated ultrapure Escherichia coli O111:B4 LPS were obtained
from List Biological Laboratories (Campbell, CA) and Invive-
Gen {San Diego, CA}, respectively. Fluorescein isothiocyanate
(FITC) -conjugated LPS {E. coli 011184} was supplied by Sig-
ma-Aldrich, Biotinylation of §, minkesota Re595 LPS was per-
formed with EZ-Link Sulfo-NHS-LC-Biotin reagent {Pierce).

Imnunofluorescence Micro One milliliter of T triden-
tatus hemolymph was collected into 50 mi of pyrogen-free 10
roM HEPES buffer (pH 7.0) containing 0.5 M NaCl, and the
diluted hemolymph (200 wl) was plated on coverslips. After a
20-min incubation to allow attachment, hemocytes were fixed
with 3,7% formaldehyde for 10 min and washed twice with
phosphate-buffered saline {PBS). For LPS treatment, the
atfached cells were incubated with 50 pg/rel FITC-conjugated
LPS for 30 min and then fixed with 3.7% formaldehyde. The
cells were blocked with 5% bovine caif serum and incubated for
1k with anti-Factor C mounedcional antibody 2C12 (16) diluted
in blocking buffer, For detection, Cy3-conjugated anti-mouse
secondary antibody {(Jackson ImumunoResearch Laboratories,
West Grove, PA) was used. Cells were imaged with an Olympus
BX-FLA fluorescence microscope {Tokyo, Japan).

Cloning and Mutagenesis—To constract Factor C variants
with Myc epitope tags, plasmid pMT/FC725, which contains a
cDNA enceding the heavy chain of T. tridentatus Factor C, or
plasmid pMT/FC410-994, which contains a ¢DNA enceding
the light chain of T tridentatus Factor C, was used as a template
to amplify regions of ¢INAs encodiog residaes 1723 (beavy
chain), 1-296 {Cys/EGE/CCP123}, 1-116 (Cys/EGF), 117-296
(CCP123), 300543 (LCCL/Lecting, 551609 {CCP4), 669 -
723 (CCP3), sud 738994 (Ser protesse demain) by PCR by

using 5° primers containing a 5' Ascl site and 3’ primers con-
taining a 3’ Kpnlsite. The arnplified fragments were subcloned
into the vector pSecTag2A {Invitrogen). Three tandem copies
of the Myc epitope tag derived from p5-Helix/3Myc (17) were
then inserted into the 5" Kpnd site {37 Xhel site} to generate
constructs pFC-{1-723)/3Mye, pFC-{1-296)/3Myc, pFC-{i-
116)/3Myve,  pFC-{117-296}/3Myc,  pFC-(300 -543)/3Myc,
pFC-(551-609})/3Myc, pFC-{669-723)/3Myc, and pFC-(738~
994)/3Myc. Mutations (R36E/R38E, KS5E/K57E, and W374A) in
pFC-(1-116)/3Myc were introduced by standard site-directed
muttagenesis {18). The 7. tridentatus ALF gene was amplified
from a hemocyte cDNA library using the oligooucleotides TK260
{5"-aapaaGGUGCGCCraggtggtatatggactcaactige-3') and TH261
(5" -tteGGTAC Ctigatattgagagatgaacgtitgtoc-3') to generate an
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FIGURE 1. Factor Cis 3 membrane-bound LPS recaptor on hemooytes. The
nemocytes from T tridentatus were treated without (A~} or with (£-H) FITC-
iabeled LPS, stained with a monodonal antibody {2C12) against Factor T{B
and F), and ide ed by immunofluorescence. £, high aghification i

of the boxed area in H. Arrowheads indicate LPS co-localized with me

hound Factor . Note that non-permeabilized hemocytes were used in these
experiments, Scale bar, 10 wm.

Ascl/Kpni fragment that w
tagped constouet correspor

as used to produce a Myc epitope-
ding to those of Factor C.
Co-imminoprecipitation—3Myc-tagged Facter € variants
and anti-LFS factor (ALF} proteins were transiently expressed
in HEK293 cells and secreted into the culture medium. HEK293
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Lipopolysaccharide Recognition Mode by Factor €
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T2 3 4 5 8
RE 2.1PS binding assay of Factor C variants, ALF (positive control) and
B4 LPS {A) or
) and subjected to co-immunopred ton {Co-iP}
nii-Myc antibody inding of Myc-tagged Factor C-{1-296) o hio-
minnesata Re’ was specific snd was competed by an excess
amount of unlabeled ReS5%5 LPS {iones 4--6) as seen in the positive control
{lanes 1-3). Lanes T and 4, no competitor; Janes 2 and 5, an equal amount of
competitor; and fanes 3 and 8, 16-fold excess of competitor. Binding te blo-
tinylated LPSs were determined by Western blot s with a streptavidin-
horseradish peroxidase conjugate {top) and a ¢ monodonal antibody
ET0 (bortam). The positions of protein molecular mass markers are indicated
at the left,

Re595LPS {8

cell lines were maintained in Dulbecco’s modified Eagle's
medium (Jovitrogen) supplemented with 1% ghutamioe, 1%
peniciliin-streptomycin, and 10% bovine calf serum, respec-
tively, at 5% CO, and 37° C. Four micrograms of the 3Myc-
tagged Factor C variants and ALF expression plasmids were
ased to transfect HEK293 cells at 50% confloence in a six-well
plate using the calcium phosphate method. Conditioned media
were collected 2 days after transfection, and the protein expres-
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FIGURE 3. The Cys-rich/BGF -ike domain is a potentisl LPS binding site in
Factor €. A and 8, the LPS hinding
domains of Factor C. The amourn
asinFig. 20, and all LPS binding e

te was located in the Cys-rich/EGF-ike
competitor in B were ordered the same
iments were performed asin Fig. 2.C, an
esterof (fane 3} or acidic phospholipids
" viyc-LPS complex forma-
sctively disrupted the com-
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FIGURE 4, A conserved tripeptide motif in Factor {-(1-118) is eritical for LPS
interaction. 4, the sequence of Factor C{1-116} with Cys-rich region and EGF-
fike domain are shown (top panel). Two of the tripeptide motif in the Cys-rich
ion (36-38 and 55-57) are highfighted by cyon (basic residues) and yelfow
fues) and sligned g sites of five different
panel). The amine acid e numbered according ¢
v B, human LPS-binding protain; AR, hur
HD-2, human MD-2; JALF, Limutus

AEE )

in ractor C{1-118) Two Facto Ave mistants {R36E/
valuated for the ability to bind S minnesora Re’95
nmunoprecipitation experiments were

performed as in Fig. 2wk, wild type.

sion was evaluated by Western blotting with the anti-Myc
monocional antibody SE10 {Covance, Berkeley, CA). The clarified
superpatants were incubated with 3 pg of biotioyvlated -Re595 LPS
{for the E. coli O111:B4 LPS co-immunoprecipitation experiment,
5 pg of biotinylated-LPS was used) at 4 °C for 30 min and then
incubated 6 h with 20 i of agarose beads coupled to the anti-c-
Mye polyclonal antibody (Sigma-Aldrich), After four washes with
PRS, the immunoprecipitates were separated by SDS-PAGE and
immunoblotted with streptavidin-horseradish peroxidase conju-
gate (Amersham Biosciences) or aonti-Myc monoclonal antibody
L0,

Microbial Ovganisms and Bacteria Binding Assay—Stapiy-
lococcuss aureus, Fnterococcus hivae, E cofi B, and K12 were
cultured in 3% tryptosoy broth at 37 °C avernight. For bacterial
immunoprecipiiation experiments, 150 ul of the overnight cul-
tures were centrifuged at 12,000 revolotions/min for 2 min and
washed twice with PRS. The washed cells were resuspended in
conditioned medium from HEK293 cells expressing Factor C
variants and incubated at 4°C for 2 h. After four washes with
PBS, the bacteria were directly resuspended in SDS-PAGE
loading buffer. Associated proteins were resolved by SDS-
PAGE, immunoblotted with the anti-Myc monoclonal anti-
body 9E10, and subsequently developed with a horseradish
perexidase-conjugated anti-roouse 1gG antibedy (Bilo-Rad).
For flow cytometric analysis, Myc-tagged protein bound to
bacteria (£, coli K12) were incubated with FITC-conjugated
anti-Myc antibody (Santa Croz Biotechnology, Santa Cruz,
CA) at 4°C for 1 h and washed twice with PBS, and the
FITC-labeled bacteria were analyzed using a FACScan flow
cytometer (BD Biosciences).

)
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FIGURE 5. Direct binding of Factor C-{1-1186} to Gram-negative bacteria.
A, Myc-tagged Factor (-{1-116) specifically bound to Gram-negative bacteria
E. coli 8 and K12 but not to Gram-po, bacteria S. aureus and £ hirae. Fac-
tor C-{1-116)/3Myc was subjected to bacterial cell surface immunoprecipita-
tlon with the anti-Myc monodonal antibody 9E10. B, bacterial {£. coff K12}
irmmunopreacipitation with Factor C-{(1-116)/3Myc and its mutants, The R368/
R3BE mutant completely lacked th
analysis of Factor C-{1-116)/3M
line) binding to £ cofi K12, For detection of surface-bound prot
beled anti-myc monodional antibody 9810 was used. As a negative control,
untreated bacteria were detecied with FITC antibody {(Mack line). w.r, wild
type.

RESULTS AND DISCUSSION

Factor C s a Membrane-bound LPS Receptor on the Henio-
cyfe Surface—At least two proteins, ALF and Factor C, have
been determined (o associate with LPS o the horseshoe orab,
We recently reported that Factor £, an LPS-sensitive serine
protease zymogen, exists on the surface of hemocytes and ini-
tiates signaling through heterotrimeric GTP-binding proteins
{15). Wereasoned that hemocyte surface-bound Facter C could
serve as an LPS receptor, and if se, it would be a lkely candidate
for the LPS-responsive PRR that induces exocytosis of granular
components.

To address this issue, we morphologically investigated
whether Factor Cand LPS co-lecalize on the hemocyte surface
(Fig. 1). Immunostaining of hemocytes with an antibody to Fac-
tor C {red) demonstrated that endogenous Factor C was pres-
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Lipopolysaccharide Recognition Mode by Factor €

Gram-negative
bacturia

Bactarial
recognition

|

LPS-induced Exocytosis

FIGURE 6. A model of bacsenai rewgmtssm by Factor C Therecognition of LPS on Gram-negative bacteria by
hoe crab innate immune response. We propose that the coq—
rich region of Factor C interacts with the lipid

ane-bound Factor Cl iates he hot
served tripeptide moti and A in the Cy!
portion of LPS. Formation uf ti‘ & Factor C-LPS complex could resulf in tet
surface and ultimataly lead to -induced exooyto s modeliad st
shown in the right panef and may resemble that of the complex between }
LPS,

:nt i a punctate distribution on the hemeoyte surface (T
arrows). We next tested whether the surface-localized Factor C
could bind to LPS. Hemocytes were incubated with FITC-k
beled LPS (£, coli O111:B4). FITC-LPS accumulated oo the cell
surface of hemocyte (Fig. 1G} and co-localized with Factor C
(Pig. 1, H and £, arrowlieads). Interesting

L FYTC-LPS accumu-
lation was not observed in fixed hemocytes (supplemental Fig.
§2}, which would be expected to nodergo chemical modifica-
tion and inactivation of surface proteins. These results suggest
that Factor C is a membrane-bound LPS receptor in horseshoe
crab hemocytes. Factor C can bind to cholesterol and acidic
phospholipids with high affinity (14, 15) likely through a differ-
ent site (19}, suggesting that it might asscciade with plasma
membrane lipid rafts enriched with cholesterol and glycosphin-
golipids {20) or microdomains and subsequently initiate signal-
s through protease-activated receptors following
ed autocatalytic activation.

ion of the Factor C Domain Essenti,

al for LPS

I\uomzman~‘v‘(f'e therefore attempted to identify the region of

Factor Cresponsibie for LPS recognition. Factor Clisa madtido-
roain glycoprotein with an estimated molecular mass of ~3120
kfra, In addition to the typical serine protease demain at its C
terminus, it also contains a Cys«rich region, an epidermal
growth factor (EGF)-like domain, five comaplement control pro-
tein {CCP) mndules, an LCCL modude {(derived from a con-
served domain of Lirmulus Factor €, Cock-5b2, and Lg11 (21)),
and lectin-like domains (supplemental Fig. 53) (22).

We expressed five Factor C variants in HEK293 cells, each
containiog three coples of the Myc epitope tag (EQKLISEEDL )
at its C termind, and tested whether these proteins could fore
complex with LPS (Fig. 24). As a positive control, we con-
structed Myc-tagged ALF, which is known to be an LPS-recog-

o)

aa

ng protein {23). In co-tmrounoprecipitation assays, both
ALF/3Myc and Factor C-(1-723)/3Myc bound to biotinylated
E coli O111:B4 LPS as expected (Fig. 24, lanes 2 and 4}, The
N-terminal fragment, Factor C-{1-296)/3Myc, also bound to

of the AL
erminal eleme

LPS {{ane 6). In contrast, constructs
that lacked this N-terminal region
namely Factor 00 -543)/3Myc,
Factor C-{E51-609}/3Mye, Factor
C-{669-723)/3Myc¢, and Factor
C-{738-994)/3Myc, did not bind to
LPS (lanes &, 10, 12, and 14), Con-
sistent with these results, Factor
C-{1-296)/3Myc also showed sig-

nificant binding to  biotinylated
S. miinnesota Reb95 LPS to an extent
that was similar to that of positive
controls (Fig. 28, ianes 2,4, 30d &

We also inves the spe
ity of the Factor C—(l—EE?b)/SMyc«
LPS complex (Fig. 2C). For both
ALF/3Myc and Factor C-(1-296)/
o to the hemocyte 3diye, complex formation with bio-
#S complex (25)is  tinylated LPS was dimioished with
soffaciorCand  increasing amounts of uniabeled

of bag

3 S ;-,‘i;{a‘Ck 3 ¢ ..
Re595 LPS, w omplex formation
addi-

completely disrapted by the
tion of a 10-fold excess of unlabeled competitor (Fig. 2C, 1
and 6). Taken together, these results indicate that the N-termi-
nal region of Factor C is sufficient for LPS recognition.

The Cys-rich/EGF-like Dowmain Encomipasses the LPS-recog-
nizing Donain-—We performed structure-function analyses to
further define the LPS-recognizing sequence within the N-ter-
i egion of Factor C. Two fragments of the previously iden-
tifled LPS-recognizing domain, Factor C-{1-116}/3Myc and
Factor C-(117-296)/3Myc, were generated and tested for their
ability to bind to LPS {Fig, 34). Of these two, only the most
N-terminal fragment (Factor C-{1-116}/3Myc), which con-
tains the tandera Cys-rich region and EGF-like dornain, was
capable uning a corsplex with biotinylated 8. minnesota
(Fig. 34, lane 4). The interaction between Factor
( Myc and LPS was determined to be specific,
becanse the complex was disrupted by the addition of excess
corppeting LPS (undabeled Re595 LPS), as was previcusly
observed for Factor C-{1-296)/3Myc (Fig. 38}, The spec
interaction between Factor C-(1-116)/3Myc and LPS was far-
ther demonstrated by the inabilify of either cholesterol or acidic
phospholipids to disrupt the complex (Fig. 3C, lanes 3-5). Cur
results contrast with those presented in a previous study of the
Factor C ortholog from the Southeast Asian horseshoe crab
Carcinoscorpius votundicanda, which defined a region within
the tandem CCP domains as important for LPS binding (24}
1 did not specifically investigate the role
of the N-terminal region identified in the present study, nor did
they include negative controls similar to those described in the
following sections.

Mutations within the Cys-rich Begion Abolish LPS Binding—
From the present study, it is clear that the potential LPS recog-
nition domain in Factor C is located in its N-terminal region,
which consists of a Cys-rich regionand an EGF-like doxnain. Ag
interesting feature of the Cys-rich region is the presence of a
unigue conserved tripeptide motif, namely an aromatic residue
immediately flanked by two basic residues, which appears in
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five other known LPS-recognizing proteios (Fig. 44, botiow).
This sequence rootif is present in two copies within the LPS-
recognizing domain of Factor C from Arg™ to Arg® and from
Lys™ to Lys™ (Tig. 44, iop).
To test whether these tripeptide motifs are essential for the

LPS binding ability, we introduced paired glutamate substitu-
tions into Factor C-{1-116)/3Myc at locations corresponding
to basic residue paies (Arg™®/Arg™ and Lys® /Lys®). The resulis
of co-immunoprecipitation experiments indicate that the R36E/
R38E mutant is incapable of binding to LPS (Fig. 4, Rand C, lawes
2), whereas the K55E/KE7E mutant retains the ability to bind LPS
{Fig. 4, Band C, lanes 35, We also substituted an alanine residue
for Trp™ to assess the importance of an aromatic residue at this
position and found that the resulting W37A mutant also lacked
the ability to bind LPS (supplemental Fig. 54, These resuits
establish the essential nature of the Cys-rich region for LPS
recognition by Fa actor Cand further highlight the importance of
the Arg®-Trp¥-Arg™ motif.

The Cys-rich/EGF-like Domain of Factor C Binds to Gram-
negative Racteria— The preservation of LPS binding activity in
Factor C-(1-116}/3Myc aliowed us to explore the direct LPS-
dependent recognition of live bacteria. Usiog bacterial iromau-
noprecipitation, we iovestigated whether Factor C-{1-116}/
3Myc could selectively recognize Gram-negative bacteria,
whtich are rich in LPS oo their surface. Four types of live bacteria
{two Gram-positive bacteria, S qureus aond E fiirae, sud two
Gram-negative bacteria, E. coli B and K12} were incubated with
Factor (,—l\l—i 16}/3Myc, and the association of the protein with
the bacteria was assessed by Western blotting with the aoti-
Myc monoclonal antibody 2E10. Factor C-{1-116}/3Myc was
specific for Gram-negative bacteria, showing significant bind-
ing to £ coli B and K12 but no boding te Graya-positive bacte-
tla (Fig. 54). o addition, the binding of Factor C-{1-116}/3Myc
to Gram-negative bacteria {£. coli) was confirmed by flow

cytornetry \F,g 5C). Finally, the R36E/R38E mutant was inca-
peble of binding te E. coff, as judged by both bactedial inwnune-
precipitation {(Fig. 58) and flow cytometry (Fig. 5C), indicating
that the association between Factor C-{1-116}/3Myc and bac
teria is LPS-dependent.

Tplications for Innate Immunity—Factor C associates with
LS on the hemocyte surface, and the N- tmm nal Cys-rich
region can selectively bind Gram-negative bacteria in an LPS-
dependent manner. Taken together, these findings suggest that
Factor C may serve as s membrane-bound LBS receptor capable
of tethering invading bacteria to the hemocyte surface {Fig. 6},
altimately leading to hemolymph coagulation by Factor C

secreted from ::,t'\*\ulef- We propose that the first conserved
tr)pcptide motif (Arg®®-Tre™-Arg™) in the Cys-rich region of
Factor C plays an 1mportant role in the recognition of LPS, an
assurnption thatis consistent with a modeling study of ALF that
predicts direct decking of the corresponding tripeptide motif
with LPS (25). In this model, two lysine residues that corre-
spond to Arg”® and Arg™ of Factor C interact with glucosamine
{GIeM) I-1-phosphate in lipid A, and a tryptophan residue,
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which corresponds to Trp™ of Factor €, interacts with a bydro-
phobic pertion of lipid A {Fig. 6, right panel). Our resulis ace
consistent with such a model and underscore the importance of
these elements within the Cys-rich region of Factor C for medi-
ating s asso tion with LPS, an essential structural character-
istic that appears to be conserved among other LPS-recogniz-
ing proteins, Finally, these findings imply that Factor Cactsasa
PRR for Gram-negative bacteria in the horseshoe crab and lay
the groundwork for future studies to elucidate the mechanism
whereby hemocyte-bound Facter C potentiates LES-induced
exocytosis degranulation.
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