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The Lehrtethas Factor C (FC), a multidomain glycopro-
tein that binds bacterial endotoxin with high affinity, 
belongs to the serine protease family of the complement 
and blood coagulation cascade. Here, we provide corn-
pain' 'a evidence for the importance of antrdssla r arratage-
mead and relevance of the proline-rich region (PHR) and 
N-glycosylatien to the secretion and function of FC. We 
propose that FRR could he a universal conformational 
domain that regulates protein folding and targeting. 
FCs lacking PRE preceding the serine protease domain, 
were localized intravellularly. Misfolded conformers of 
the intracellulem FCs were morn susceptible to trypsin 
digestion. Glycosylatiem inhibition studies indicate that 
the presence but not the exact structure of the „N-glyeans 
affects the secretion of FC, although the complexity of 
glyoosylation may influence its endotoxin.iaduced pro-
teolytie cleavage with resultant enzymatic activity. Dis-
ruption of specific N-gbmari sites at positions 740, 767, 
and 912, downstream of the PRR, at or near the serine 
protease domain, blocks its secretion. Co-expressed Iffie-
lecular chaperones like canine calnexia associates with 
glyoosylated FCs to increase its solubility and secretion 
level but did not alter their expression profiles. Our 
results clearly demonstrate that the folding and secre-
tion of a multidomain serine protease like FC are deter-
mined by its modular domain errangeireent and site-
specific N-glyearts. The secreted File containing the 
N-terminal portion of FC are able to detect lipopolyrsac-
charide with high sensitivity. Wei also identified the leer-
fin-like and sushi 4 domains to contribute to the binding 
of lipopolysaccharide. 

The availability of engineered serine proleases allows the 
study of their activation, substrate specificity, and regulation of 
various physiological processes. As the initiator of the coagu-
lation cascade of limulus amoeboocyte Irate (LAL),1 Factor C 
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(PC) is a multidomain serine protease, which is activated by a 
trace amount of its ligand., endotinin (ileopolysaccharide, LPS) 
(1). LAL is widely employed to detect the presence of LPS in 
various industrial and clinical products (2). Analysis of the 
amino acid sequence indicates that PC is a eamplex modular 
protein, comprising 11 domains (see Ref. 3 and Fig. 1/1). Many 
earlier attempts to express FC fn heterologous hosts have faced 
limited success (4-7), The native signal peptide of FC directs 
this molecule to intracellular large granules of the limulus 
amoeboeytes, and it is unable to secrete the protein out of 
heterologous expression hosts. Instead, it may serve as a mem-
bream anchor and invariably result in membrane-hound recom-
binant protein. Thus, an alternative signal peptide is needed to 
obtain secreted PC for investigation of its domain-function 
relationship. Using a cross-host secretory signal (8), which 
leads to the secretion of various recombinant proteins in both 
prokaryotic and enkaryotic systems, we have recently produced 
full-length and biologically functional domains of PC that binds 
LPS (9, 10). 

The LPS binding and enzymatic activity of Factor C are 
functionally distinct and are localized. in the N-terminal sushi 
(ES) and C-terminal serine protease domains (SP), respectively 
(10, 11). However, the importance of interdomain interactions 
for expression and biological activity of PC is hitherto un-
known. Of particular interest is the engine-rich region (PER) of 
the PC protein. Profane residues contribute significantly to the 
conformation and rigidity of the protein structure, and PRE 
serves as a molecular hinge in a number of proteins (12-1.4), 
affecting protein-protein interaction and protein-ligand bind-
ing. in this study, we focus on the potential involvement of PRR 
in PC secretion and function. By systematic design of PC dele-
tion homologues with and without PM, we are able to examine 
their expression profile, post-translational modifications, local-
ization, and LPS binding activity. 

N-Linked glycans play pivotal roles in protein folding, oli-
gommisation, quality control, sorting, and transport (15). 
These sugar chains are extensively involved in protein confor-
mation and function (16). There are six potential N-glycosyla-
titer sites in PC at positions 528, 534, 524, 740, 767, and 912 
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The Limuleas Pastor C (PC), a multidemain glycopre-
tein that hinds bacterial endotoxin with high affinity, 
belongs to the saline protease family of the complainant 
and blood coagulation cascade. Here, we provide com-
pelling evidence for the importance of modular arrange-
ment and relevance of the prolin.e-rich region (PRR) and 
N-glycosylation to the secretion and function of VC We 
propose that PIER could be a universal conformational 
domain that regulates protein folding and targeting. 
FCs lacki3og PRE, preceding the serine protease doinairt, 
were localized intramilularly. Misfolded conformers of 
the intracellular PCs were more susceptible to trypsin 
digestion, Glycosylatiort inhibition studies indicate that 
the presence but not the exact structure of the N-glycans 
affects the secretion of FC, although the complexity of 
glyeesylation may influence its endoto is'n-induced pro-
te.odytic cleavage with resultant enzymatic activity. Dis-
ruption of specific N-glycan sites at positions 740, 767, 
and 912, downstream of the PIM, at or near the serine 
protease domain, blocks its secretion. Co-expressed mo-
lecular chaperones like canine cairtexin associates with 
glycosyleated PCs to increase its solubility and secretion 
level but did not a€ter• their expression profiles. Our 
results clearly demonstrate that the folding and score-
tion of a multidornain scrim protease like PC are deter-
mined by its modular domain arrangement and site-
specific N-glycans. The secreted P`Cs containing the 
N-terminal portion of PC are able to detect lipopolysaa-
charide with high sensitivity. We also identified the lee-
tin-like and sushi 4 domains to contribute to the binding 
of lipopolysaccharide. 

The availability of engineered serine proteases allows the 
study of their activation, substrate specificity, and regulation of 
various physiological processes, As the initiator of the mega. 
lotion cascade of limulue amoebocyte lysate (I.AL),' Factor C 
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(FC) is a multidomain serine protease, which is activated by a 
trace amount of its ligemd, endotorin (lipopalysaccharide, LPS) 
(1). LAL is widely employed to detect the presence of LPS in 
various industrial and clinical products (2), Analysis of the 
amino acid sequence indicates that PC is a complex, modu€ar 
protein, comprising 11 domains (see Ref, 3 and Fig. /A), Many 
earlier attempts to express FC in heterologous hosts have faced 
limit d success (4-7). The native signal peptide of TO directs 
this molecule to intracellular large granules of the limulus 
amoebocytes, and it is unable to secrete the protein out of 
heterologous expression hosts. Instead, it may serve as a mem-. 
bronze anchor and invariably result in membrane-bound recom-
binant protein. Thus, an alternative signal peptide is needed to 
obtain secreted PC for investigation of its domain-function. 
relationship. Using a cross-host secretory signal (8), which 
leads to the secretion of various recombinant proteins in both 
prokaryotic and eukaryotic systems, we have recently produced 
full-length and biologically functional domains of SC that binds 
LPS (9, 10). 

The LPS binding and enzymatic activity of Factor C are 
functionally distinct and are localized in the N-terminal sushi 
(ES) and C-terminal swine protease domains (SF), respectively 
(10, 11). However, the importance of ham-domain interactions 
for expression and biological activity of 1°C is hitherto un-
known. Of particular interest is the praline-rich region (PER) of 
the SC protein. Praline residues contribute significantly to the 
conformation and rigidity of the protein structure, and PEE 
serves as a molecular hinge in a number of proteins (12-14), 
affecting protein-protein interaction and protein-ligand bind-
ing. In this study, we focus on the potential involvement of PRR 
in PC secretion and function. By systematic design of PC dele-
tion homologues with and without PER, we are able to examine 
their expression profile, post-translational modifications, local-
ization, and LPS binding activity. 

Ai- Linked glycans play pivotal roles in protein folding, oh-
gomerization, quality control, sorting, and transpoit (15). 
These sugar chains are extensively involved in protein confor-
mation and function (16). There are six potential N-glycosyle-
tion sites in PC at positions 523, 534, 624, 740, 767, and 912 
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chartrie; SPR, surface plasiuon resonance; CAL, C. maindiroado aMM-
bczyte lyessik; 82 FC, full-length Factor C derived from the Drosophila 
rne2artograter 52 expression system; Sfg-Brv'S FC, full-length Factor C 
derived from Spodeptera fragiperda, fit's-bsculovires expression vector 
system; ELLS A, enzyme-linked iinnounoaorbent assay; PBS, phosphate-
buirot•ed 
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(Fig. 1) (17). However, the functions of these glyeans has not 
been examined. We used glycosylation inhibition and site-di-
rected mutagenesis to test the role of N-glycans on expression 
and secretion of FO and to map the most critical N-gkvcans. 
Further assessment on the involvement of N-glycans in the 
secretion pathway was performed by co-expression of PC with 
various molecular chaperones, which am proteins that assist in 
the correct noncovalent assembly of other polypeptide-contain-
lag structures (18). 

We report for the first time that expression and secretion of 
such a multidomain serine protease requires the proper mod-
ular arrangement of the various domains. and PllIt is essential 
for proper folding of the downstream SP domain. In addition, 
we demonstrated the importance of site-specific N--glywsyla-
tion in PC secretion and provided evidence that N-glycans 
interact with chaperones and hence manifest their effect on PC 
secretion, Interestingly, despite having proper protein folding, 
the secreted FC exhibited LPS binding but lacked enzymatic 
activity. This loss of LPS-induced enzymatic activity can be 
attributed to different complexity in glycosylation. 

ha.teaRIMENTAL PROCEDURES 

Unless otherwise stated, all reagents were of molecular biology 
grade. purchased. Jinni Sigma. 

Construction of Expression Plaentids 

.Drosophila exoreesicai vector, pAc5,1PI5-IIMA (hwitrogen) was used 
for fueion expre.etdon, The native signal peptide sequence of full-length 
(FL) FC eDNA was replaced by a novel secretion signal to direct the 
fusion protein out d the Drosophila cells. Seven expression clean:ids 
were amstructed, with various combinations of FC domains insexted 
downstream of secretory signal and upstream of VS and Visa fusion tag. 
FL, FL( --PER), E%P1tll, ES, PRR.SP, SP, and SBPRE. Fig. 1 depicts 
the domain structures of these retenabittant constructs. Among the 
seven constructs, FL. ES.PER, PREVSP, and SPFRR contain PER. The 
remaining three constructs iTL(-- PRE), ES, and SF) lack PElt. Only 
ES, which contains the N-terminal US-binding region, lacks both PER 
and N-glycan sites. Details on cloning strategies and eisetstory signal 
sequence are available upon request. Canine calnexin (cCINX) (10) end 
human ealretivolise (hCET) (20) cDNAs were eubelon.ed into 
pAe5.1/115-His.k 

SiVa-directed mutageneeis of the N-glycan sites of FC was performed 
using the QuilcchangeTm site-directed mattegenesie kit (Stratagene), 
Mutations were verified by sequencing. 

Transient and Stable Transfections 

Plasmide were isolated using esCI-ethiclium bromide gradient ultra-
centrifugation. Drosophila 52 cells were maintained at 25 °C iax DESTm
medium supplemented with 10% fetal bovine serum (cLoraEcH). 
Calcium phosphate-mediated transient transfection was perfenned ac-
cording to the manufacturer's recommendation (Temitrogers.), For stable 
trausfection, peollYGEO selection plesmid was cotranefected with Fac-
tor C expression construct, selected with 360 peal hygremycin for 4-- 6 
weeks, and adapted to DESI'm serum-free medium. 

For chaperone co-expression studies, Cellfectin-mediated (Invitre-
gen) transfection was performed with DNA mixture centainieg 1 pg 
each of FC and chaperone expression corestruct. Control trartafections 
were performed with FC expression construct end parental pAu5.1/5/5-
MO. DNA instead of chaperone expression constructs. 

Partial Tryptie Digestion of FC 

Two p.l of trypein solution (100 rigial) in 50 met acetic acid was added 
into 20(1 ng of FC in 100 p,1 of 50 mss NfisliCO3. The digestion was 
carried out at 4 'C. At time intervals, 10 Al of the reaction ma ixtme was 
removed and terminated by 4 pad of the 4x SITS sample heifer. Western 
analysis was performed on the digested samples using polyclonal rabbit 
anti-FC antibody. 

In Vivo Glyeosylotion Inhibition and CottA-Sepharese 
Binding Assay 

nuncio:vein (TM) inhibits N-glycoeylation of glyeoproteius by block-
ing the first step in N-glycan biosynthesis, whereas cedeoxynojirimycin 
(DNJ) and aelletesynenincaarireycin (DM2) specifically inhibit oteglue.osie 
daze and amannoeidase activities, respectively, thus blocking the con-

version of high mannoae oligoasocharides to temples-type oligoreciecim-
rides. 52 cells stably expressing FC were exposed to sublethal doses of 

TM (5 A g/ml), DNJ (5 mm), and DMJ (2 mat). Proteins from treated cells 
were collected at 24 h. anal subjected to affinity chromatography on 
Conk-Sepharose (Amershara Biosciences). Conditioned medium con-

g 10 pgind secreted FC end cell lysate protein containing 1 Agria 
cellular FC were incubated with one-fifth volume of GosiA-Sepharese at 
25 'C for 1.5 h. The unbound Fraction containing aglycosytated FC was 
recovered by centrifugation at 2000 X g for 5 min. The resin-bound 
giamotudated FC was dissociated via boiling for 5 min in 3 resin volumes 
of SID'S-PAGE loading huffier. Both fractions were subjected to Western 
analysis. 

lintnanoprecipitation and Argeslyaia of FC and Chaperone 
ARsociation 

S2 cells eo-teansfected with FC and chaperone expression plasmida 
were collected ems day 5 post-tranefection and washed twice with 1.0 ml 
of PBS. Cells were resuspended in 50(1 Al of lySiS buffer (O.1 X P118, 1.0 
tam phenylinethylsultbnyl fluoride, 1.0 pa apretinin), sheared seven 
times through a 27-gauge needle, and centrifuged at 14,000 g for 15 
rain. Supernatant containing the cell iyeate (L) proteins was retrieved. 
The colleted membranes (F) were solubilized in 500 al of lysia buffer 
containing 1% diadtonin for 30 min at 4'C with occasional agitation. 
The samples were clarified. at 14,000 x g for 15 rein to separate aggre-
gates from solubilized proteins, which were used far subsequent 
immonoprecipitation. 

Fifty p.1 of protein A-Seplunrew (Amerabarsi Itieecientws) was incu-
bated with 50 of PBS containing 2 el of anti-V5 antibody for 1 hat
4 'C. After incubation, 100 al of solubilized protein samples was IMMII-
aoprecipitated at 4 'C overnight on a rotator. The samples were centri-
fuged and washed three times with cold PBS. Forty el of SDS-PAGE 
loading buffer wag added to each tube and boiled for 5 min before 
Western analysts. 

Concentration and Partial Purification of FC 

Culture medium containing secreted FC was collected after Cen-
trifugation of cell culture at 3000 x g for 10 Mill at 4 *C. Medium was 
concentrated 10-fold by ultrafiltration using a regenerated cellulose 
membrane cassette (Pellicon XL; 30-1aDa molecular mass cut-off; Mil-
lipore Corp.) at 4'O, Concentrated protein sample was chromato-
graphed an a Sephadex 0.100 (1,5 X 00-cm) column, Fractions con-
taining partially purified FC were pooled and concentrated using 
Centripreperegwverated cellulose membrane (30-isna molecular mass 
mat-off; Andean YM). 

In Vitro Endeglycoeidase Digestion and. Glycan Differentiation 

tag each of partially purified secreted FC from 51V-REVS and 82 
was denatured in 5% 5115, 10% 6-mercapteethanol for 10 min at 100 °C 
and au-ejected to eraleglycosidaae 1I and pectides&-glycarmee F (New 
England Biolabs) digestion at 37 ̀ 12. (hr 16 h, followed by Western 
analysis using anti-PC antibody. Contra] samples were treated in the 
same way except in the absence of enzyme. 

For the glycan differentiation assay, Fes from LAI,, CAL, S12-REVS, 
and 52 were purified by protein A-Fe antibody affinity chromatogra-
phy. Fifty pl of protein A-Sephareae (Amersham Biosciencee) was in-
cubated with 50 of PBS containing 10 id of anti-FC antibody for 1 h 
at 4 °C. 100 µg of FC samples were then added to the protein A-
Sepharese complex and incubated at 4 "C overnight on a rotator. The 
samples were centrifuged and washed three dines with PBS, and Fe 
was recovered fie= protein A'Sephorose by boiling for 10 min in PBS. 
Lectin binding assay of the immunoeffiray-purified FCs was carried 
out using the DIG glycan differentiation kit (Roche Molecular Bio-
chemicals), according to the manufacturer's instructions, 

Functional Analyses of FCs: Endotoxin Binding Assay 

The LPS binding potential of various FC proteins were analyzed 
using (a) US ELJEA-based messy and (6) surface platinum resonance 
(SPE.). 

ELISA-based Assay for LPS Binding—Tins assay wag performed as 
described by Ton f:t al. (10) with some modifieatiene. Coating of a 
polysorp 06-well plate (NUNC) woe achieved by incubation at 31 'C for 
2 h, and blocking was performed overnight at 25 'C. 10 peg of protein 
eample was elided into each well and incubated ibr 16 h at 211 °C. Bound 
D'es were detected by sequential incubation with primary rabbit an-
ti-FC antibody (1:500 dilution, 3 h at 37 °C) and gnat anti-rabbit see-
tindery antibody (1.1.2000 dilution) conimpatesi to horseradish perm-Maze 
(Dalso). 

:W
{
 1

.1
1O

.1
j p

0
p

E
C

T
IM

O
U

 

0 
ao 
er 

0 a 

S 

8 

36364 Folding and Secretion of a Multidorrictin Seri= Proteaee 

(Fig. 1) (17). However, the functions of these glyeans has not 
been examined. We used glycosylation inhibition and site-di-
rected mutagenesis to test the role of N-glycans on expression 
and secretion of PC and to map the most critical N-gkvcans. 
Further assessment on the involvement of N-glycans in the 
secretion pathway was performed by co-expression of FC with 
various molecular chaperones, which are proteins that assist in 
the correct noncovalent assembly of other polypeptiole-contshi-
lag structures (18). 

We report for the first time that expression and secretion of 
such a multidemain serine protease requires the proper mod-
ular arrangement of the various domains. and PllIt is essential 
for proper folding of the downstream SP domain. in addition, 
we demonstrated the importance of site-specific N-girmsyla-
tion in PC secretion and provided evidence that N-glycans 
interact with chaperones and hence manifest their effect on PC 
secretion. Interestingly, despite having proper protein folding, 
the secreted PC exhibited LPS binding but lacked enzymatic 
activity. This kiss of LPS-induc€:d enzymatic activity can be 
attributed to different complexity in glycesylation. 

hx.ettRIMENTAT, PROCEDURES 

Unless otherwise stated, all reagents were of molecular biology 
grade, purchased from Sigma. 

Construction of Expression Ploonxids 

Drosophila expression vector, pAc6,1PI5-1.1isA (Invitrogen) was used 
for linden expreeeion. The native signal peptide aequerice of foll.length. 
(FL) PC eDNA was replaced by a novel secretion signal to direct the 
fusion protein out of the Drosophila cells. Seven expression plasmids 
were constructed, with various combinations of PC domains inserted 
downstream of secretory signal and upsnaiam of IT5 and Iiiss fusion tag. 
FL, FL( --PER), ES-PER, ES, PER-SP, SP, and SBPRII. Fig. 1 depicts 
the domain structures of these reseinthinant constructs. Among the 
seven constructs, FL. FS-PRE, PlifeSP, and SP.PER contain PRE. The 
remaining three constructs &FL( --PER), ES, and SF) lack PER, Only 
ES, which contains the N-terminal LPS-binding region, lacks both PRE 
sad N-glycan sites. Details MI Cle".1,h,e strategies and seititery signal 
sequence are available upon request. Canine calnexin (cCNX) (19) and 
homan ealreticulin (liCRT) (20) cDNAs were suladened into 
pAc5.1/115-Ilisk 

Sib's-directed mutagenesis of the N-glycan sites of FC was performed 
tieing the QuilrChangeTm site-directed wattagenesis kit (Stratagene), 
Mutations were verified by sequencing. 

Transient and Stable Tronefections 

Plasmids were isolated using esCleethidium bromide gradient ultra-
centrifugation. Drosophila 52 cells were maintained at 25 °C in DESTm
medium supplemented with 10% fetal bovine serum (cLoprrEcm. 
Calcium phosphatemediated transient transfection was perferieed ac-
cording to the manufacturer's recommendation (invitrogen.), For stable 
trausfection, peollYGRO selection plesmid was cotranafected with Fac-
tor C expression construct, selected with 350 agirri hygremycin for 4-- 6 
weeks, sad adapted to DE;:rm serum-free medium. 

For chaperone co-expression studies, Cellfretinemediated (Invitro-
gen) transfection was performed with DNA mixture containing 1 rig 
each of PC and ehaperone expression construct. Control tranefections 
were performed with PC expression construct and parental put o5.1,Ani-
HisA DNA instead of chaperone expression constracts. 

Partial Tryptic Digestion of FC 

Two al of trypein solution (100 neal) in 50 MIA acetic acid was added 
into 20(1 ng of FC in 100 al of 50 mss NfisliOO3. The digestion was 
carried out at 4 'C. At time intervals, 10 al of the reaction mixture was 
reak0Ved and terminated by 4 pi of the 4x SDS sample buffer. Western 
analysis was performed on the digested samples using polyclonal rabbit 

antibody. 

In Vivo Glycosylotion Inhibition and ConA-Sepharose 
finding .Assay 

Thnicamycin (TM) inhibits Nsglycoaylation of glyeoproteius by block-
ing the first step in N-glyean biosynthesis, whereas mdeoxynojirimycin 
(DNJ) and aesiefesymantsofirineyrin (DM,1) apecitleally inhib it aeglrie.osie 
daze and amannosidase activities, respectively, thus blocking the con-

version of bigh mannose oligoaarnitariciee to complex-type oligersanclia-
rides. 02 cells stably expressing FC were exposed to sublethal doses of 
TM (5 a g/m1), DNiT (5 ram), and DMJ (2 mu). Proteins from treated cells 
were collected at 24 b. and subjeciest to affinity chromatography an 
Coale-Sepharese (A131C1ThEUM 111041dEllee.O. Conditioned medium con_ 
twining 10 eigind secreted PC and call lysate protein containing 1 agial 
cellular PC were incubated with one-fifth volume of GonA-Sepharese at 
25 'C for 1.5 h. The unbound fraction containing aglycesylated FC was 
recovered by centrifugation at 2000 X g for 5 min. The resin-bound 
draws/Wed Fe was dissociated via boiling for S min. n 3 resin volume., 
of 6D6-PAGE loading bufthr. Roth fractions were subjected to Western 
analysis. 

lintruanoprecipitatkm, and Analysis of PC and Chaperone 
Mvociation 

02 cells eo-teansfectet1 with PC and chaperone expression plasmids 
were collected on day 5 post-tremsfectien and washed twice with 1.0 ml 
cif PBS. Cells were resuspended in 500 al. of lySiS buffer (0.1x PBS, 1.0 
mu phenyltunthylaultbnyl fluoride, 1.0 psi aprotinin), sheared seven 
time through a 27-gauge needle, and centrifuged at 14,000 x g for 15 

Super.eatant containing the cell lysate (L) proteins was retrieved. 
The colleted membranes (P) were solubilized in 500 al of iysie buffer 
containing 1% diMtenin for 30 rain at 4 °C with occasional agitation. 
The samples wore clarified at 14,000 x g for 15 min to separate aggre-
gates from solubilized proteins, which were used far subsequent 
immunoprecipitation. 

Fifty al of protein A-Sepluoree (Amer:shares Biescienfass) was incu-
bated with 50 al of PBS containing 2 al of anti-VS antibody for 1 hat
4 °C. After incubation, 100 µl of solubilized protein samples was IMMII-
aoprecipithted at 4 'O overnight on s rotator. The samples were centri-
fuged and washed throe times with cold PBS, Forty el of S135-PAGE 
loading buffer was added to each tube and boiled for 5 min before 
Western analysis. 

Concentration and Partial Purification of FC 

Culture medium containing secreted PC was collected after Con-

trif ugation of cell culture at 3000 x g for 10 Mill at 4 *C. Medium was 
concentrated 10-fold by ultrafiltration using a regenerated cellulose 
membrane cassette (Pellicon XL; 30-1eDa molecular mass cat-off; Mil-
lipore Corp.) at 4 °C, Concentrated protein sample was chromate. 
graphed en a Sephadex 0-100 (1,5 X 90-cm) colnnin. Fractions con-
taining partially purified FC were pooled and concentrated using 
Centriprep-regenerated cellulose membrane (30-liDa molecular mass 
eat-off; Andean YE). 

in Vitro Endoglycosiciase Digestion and Glycan Differentiation 

10 ran each of partially purified. secreted. PC from Sf11-REVS and 52 
was denatured in 5% 5135, 10% fi-m.ercaptoethanol for 10 min at 100 °C 
and subjezted to encloglycosidase 1I and pectideN-glyeamase F (New 
England Biolahs) digestion at 37 "C. lbr 16 h, Mowed by Western 
analysis using anti-PC antibody. Control samples were treated in the 
same way except in the absence of enzyme. 

Per the glycan differentiation assay, Fes from 1AT.,, CAL, Sf11-REVS, 
and 52 were purified by protein A-PC antibody affinity chromatogra-
phy. Fifty al of protein A.Sepharose (Amersham Biosciences) was in-
cubated with 50 al of FRS containing 10 id of anti-FC antibody for 1 h 
at 4 °C. 100 stg of Fe samples were then added to the protein A-
Sepharese complex and incubated at 4 "C overnight on a rotator. The 
samples were centrifuged and washed three times with PBS, and Fe 
was recovered from protein A-Sepharoae by boiling for 10 min. in PBS. 
Lectin binding assay of the immunoaffiray-purified FCs was carried 
out using the DIG glyntm differentiation lit (Roche Molecular Bio-
chemicals), according to the manufacturer's instructions. 

Functional Analyses of FCs: Endotoxin Binding Assay 

The LPS binding potential of various PC proteins were analyzed 
using, (e) LPS ELlSA-based assay and (b) eurface, plantain resonance 
(SPE). 

ELISA-buseri Assay for LPS Binding—This assay was performed as 
described by Tea et at. (1.0) with some modiSeatiens. Coating of a 
polysorp 96-well plate (5111NQ was achieved by incubation at 31 'C for 
2 h, and blocking was performed overnight at 25 'C. 10 ag of protein 
sample was added into each well and incubated for 16 hat 25 °C. Bound 
Fes were detected by sequential incubation with primary rabbit an-
ti-FC antibody (1:500 dilution, 3 h at 37 °C) and goat anti-rabbit see-
cindery antibody (1:2000 dilntion) conjugated to borseradiehperoxidsme 
(Bake). 
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Folding and Secretion of a Multidornoin Serino Protease 

SPIt to Determine the K,, of PC for Lipid A—Atati-V5 antibody at 20 
aglml was immobilised to CM0 chug (Amorshem Flioseiences) according 
to the manufrxturees speciEretions. A low capacity coating for kinetic 
study was achieved as indicated by an increase of 1418 resonance units, 
PC samples were injected at 10 µUntie over the anti-V0 antibody sur-
face, resulting in capture of 5,0 pmol of PC (determined by densitomet-
tic scanning using pure FIS as standard and normalized based en their 
peptide size) from the conditioned medium, Subsequently, lipid A at Svc 
different concentrations was injected at 20 plfmin to examine interac-
tion between PC and lipid .A, The affinity constant was celculoted. casing 
BlAovalnation program (version 3.0.2) and recentirrnoet using CLAMP 
(21). Per regeneration, 100 man NoO11 was used. Values represent the 
:mean of three independent experiments, 

PRR Is Critical for the Correct Folding and Secretion of 
Downstream SP Domain—Seven expression plasmids were 
transfecied into 52 cells. Immunoblot analysis dhows that all 
the stable S2 transfeetants expressed Fes, albeit displaying 
different amounts and expression profiles (Fig. IA). Interest-
ingly, although oubcloned downstream of a potent secretion 
signal, not all of the FC proteins were secreted, suggesting that 
the localization of Fes might be signal sequence-independent. 
We observed that the FL could be detected in the culture 
medium. However, the deletion of PER from FL, yielding 
FL( --PER), is not secreted (Fig. IA, constructs I and 2). This 
indicates that PRR is important for the secretion competency of 
Fes. We next investigated the relative contribution of PER to 
the finictionelly distinct LPS.binding and serine protonse do.. 
mains, using paired truncated FCs (ES-PER versus ES and 
PEESP versus SP) containing or lacking the PER (Fig. IA). 
Neither the preservation nor the removal of PER affects the 
secretion competency of the LPS-binding domain, ES (ES-PER 
and ES; Fig. IA, constructs 3 and 4). Similarly, when PRR was 
localized upstream of SP (PER-SP), as in the native Fe, the 
PRE-SP protein was easily detectable in the medium. Interest-
ingly, when the PER was deleted, the scrim; protease domain 
alone (SP) is no longer detectable in the culture medium (Fig. 
lei, constructs 8 and 6). This clearly indicates that PER is 
critical for the secretion of the serine protease domain. 

A major difference between secreted and cellular Fes that 
harbor SP was that the secreted Fes (FL and PER-SP) have the 
PRR domain localived upstream of SP, without which SP is not 
secreted into the medium. To verify the important* of this 
modular arrangement between PER and SP, the PER was 
subcloned C-terminal to SP (SP-PER). The PER domain in this 
reciprocal construct was not able to rescue the intracellular 
retention of SP.PRR,. Taken together, the PER region of Fe is 
important for correct folding of the downstream SP domain and 
that intracellularly localized Fes might be misfolded. 

To shed more light on the role of PRE in folding of the 
downstream SP domain, partial tryptic digestion followed by 
Western analysis was carried out on two pairs of FCs: (a) FL 
and FL(-PRE) and (8) PRESP and SP. Over the observed time, 
distinct protein frsigments of FL (132, 80, 52, and 38 kDa) and 
fragments of PE -SP (50, 52, and 38 kids) were dearly detect-
able by anti-Fe antibody (Fig. 1B), suggesting that they were 
properly folded into a series of individual compact domains, 
which are relatively trypsin-resistant. It is interesting to note 
that two of the tryptic fragments, 80 and 52 kDa, corresponded 
to LPS-activated autocleavage of Factor C. Importantly, both 
PER-deficient mutants, FL( —PRE) and SP, were rapidly di-
gested by trypsin and were not detectable by anti-Fe antibody 
after 1 h. Two isoforrns of SP, of —38 kills., were observed, of 
which the larger isoform was rapidly digested by trypsin. In-
terestingly, the minor smaller isoform increased slightly over 
the tested time period. This increase could be generated from a 
small subpopulation of the larger isoform, and the smaller 
isoform was relatively resistant to trypsin digestion. These 
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results show differences iaa protein £aiding between intracellu-
lar PER-deficient Fes and secretion-competent Fes. It is en-
visaged that lack€ of PER upstream of the SP domain tends to 
result in misfolded Fes, which expose more accessible trypsin 
cleavage sites that render them more susceptible to protease 
digestion. 

Clearly, PER is important for the folding and, hence, secre-
tion of the cosine protease, Essentially, PRE can only exert its 
effect when the serhre protease domain is localized downstream 
of it. 

N-Glycosylation is .Required for .Proper Post-translational 
Processing—We also observed a differential dependence of the 
two functional domains (viz. LPS-binding and serine protease 
domains) on P1111 for folding and secretion (Fig. 1). The secre-
tion competence of LPS-binding ES is unaffected by PRE, 
which is in contrast to the SP. A distinguishing feature of ES is 
that it lacks N-glycosylation sites compared with SP or other 
SP-harboring Fes, which contain multiple N-glycosylation 
sites. Thus, we next investigated the significance of N-glycosy-
laden on the expression and secretion of FC. 

The secreted FL protein is glycosylated and is able to bind to 
ConA-Sepharose (data not shown). FL proteins from S2 cells 
treated with TM show progressively  decreasing size based on 
their mobility (Fig. 24), suggesting a loss of N-linked sugar 
chains. Aglycesylated FL was detected only in the L and P 
fractions, which clearly indicates that loss of N-glyt*sylation 
inhibited FL secretion. The absence of Aisglycosylation of FL 
after treatment is slsn confirmed by its inability to bind 
ConA-Sepharose (Fig. 2B). In contrast to the effects of TM on 
Fe secretion, cells treated with DNJ and rEVM exhibited no 
difference in expression level or distribution pattern of Fes 
(data not shown). Thus, the conversion of high mannose oligo-
saccharide to complex oligosaccharicle is dispensable far pro-
tein secretion. 

To determine the critical N-glycan sites, a series of glycomu-
tations were introduced (Table I). The position of PER is such 
that it partitioned the FL into the N-terminal. LPS-binding and 
the C-terminal Saline protease regions. Thus, we decided to 
mutate the N-glycosylation sites sequentially from each termi-
nal. Single disruption of any one of the six N-glycan sites hes no 
observable impact on the Fe secretion (Fig. 20, Series I), How-
ever, the elimination of two sites, particularly N523Q/N534Q 
send N787Q/N912Q, impaired the expression of FL (Fig. 20, 
lanes 1 and S of Series 11). Although mutation of the three 
consecutive N-glycan sites located at the N terminus caused 
drastic reduction of the expression of FC, this mutant FL is still 
secreted into the culture medium (Fig. 20, lane 1 of Series III). 
In contrast and importantly, the mutation of the three consec-
utive C.-terminal N-glyean sites located downstream of PRE 
atinear the SP domain totally abolished the secretion (Fig. 20, 
lane 2 of Series .111). The removal of all six glycosylation sites 
(Le. aglycosylated FL) is not secretion-competent (Fig. 20, Se-
ries IV). Thus, in addition to PER, the N-glycosylation sites in 
the SP are also critical for protein expression and secretion. We 
next sought to assess the contribution of Ar-glycans to secretion 
competence and also to determine a possible functional depend-
ence on PEE. 

NG.lycans Interact with Molecular Chaperones to Enhance 
Solubility and Secretion ref FC—To further examine the in-
volvement of.N-glyeans in the secretion pathway, co-expression 
study of FC with two molecular chaperones was carried out, 
c0NE and hCET were expressed in 52 cells and their expected 
protein sizes and cellular localization were detected with their 
respective antibodies, The expression levels of the c0NE and 
hCET in 02 were oleo comparable (Fig. 2D). 

The overall expression level of FL, as determined by densis 
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SPR to Determine the K.,„ of RU for Lipid A—Arati-V5 antibody at 20 
agfrel was immobilized to CM chip (Anaemia= Itioceienoes) according 
to the manufacturer's spedEcations. A low capacity coating for kinetic 
study was achieved as indicated by an increase of1418 resonance units, 
RU samples were injected at 10 nIkain over the anti-V0 antibody sur-
face, resultng in capture of 5.0 pool of FC (determined by densitemet-
ric scanning using pure ES as standard. and normalized honed on their 
peptide size) from the conditioned medium. Subsequently, lipid A at Sve 
different concentrations woe injected at 20 nYmin to examine interac-
tion between FC and The affinity constant was celculoted. using 
BlAcwalnation program (version 3.0.2) and reconfirmed using CLAMP 
(21). For regeneration, 100 ma RicOH was used, Values represent the 
mean of three independent experiments. 

RESUITS 

PER Is Critical for the Correct Folding and Secretion of 
Downstream SP Domain—Seven expression plasmids were 
transfected into 82 cells, Immunoblot analysis chows that all 
the stable 82 transfeetants expressed Fes, albeit displaying 
different amounts and expression profiles (Fig. IA). Interest-
ingly, although subdoned downstream of a potent secretion 
signal, not all of the FC proteins were secreted, suggesting that 
the localization of Fes might be signal sequence-independent. 
We observed that the FL could be detected in the culture 
medium. However, the deletion of PER from FL, yielding 
FL( --PEER), is not secreted (Fig. IA, constructs l and 2). This 
indicates that PER is important for the secretion competency of 
Fes. We next investigated the relative contribution of PER to 
the functionally distinct LPS-binding and series protease do-
mains, using paired tnmcated Fes (ES-PER versus ES and 
PER-SP versus SP) containing or lacking the PER (Fig. IA). 
Neither the preservation nor the removal of PER affects the 
secretion competency of the LPS-binding domain, ES (ES-PER 
and ES; Fig. IA, consiructs 3 and 4). Similarly, when PRR was 
localized upstream of SP (PER-SP), as in the native TO, the 
PRE-SP protein was easily detectable in the medium. Interest-
ingly, when the PER was deleted, the scrim; protease domain 
alone (SP) is no longer detectable in the culture medium (Fig. 
1A, constructs 5 and 6). This clearly indicates that PRE is 
critical for the secretion of the serine protease domain. 

A major difference between secreted and cellular Fes that 
harbor SP was that the secreted Fes (FL and PRR-SP) have the 
PER domain localized upstream of SP, without which SP is not 
secreted into the medium. To verify the importance of this 
modular arrangement between PER and SP, the PER was 
euheloned C-terminal to SP (SRPRR). The PER domain in this 
reciprocal construct was not able to rescue the intracellular 
retention of SP•PRR,. Taken together, the PER region of FC is 
important for correct folding of the downstream SP domain and 
that intracellularly localized Fes might be reisfolded. 

To shed more light on the role of PRR in folding of the 
downstream SP domain, partial tryptic digestion followed by 
Western analysis was carried out on two pairs of Fes: (a) FL 
and FL(-PRR) and (b) PER-SP and. SP. Over the observed time, 
distinct protein fragments of FL (132, 80, 52, and 38 kDa.) and 
fragments of PE -SP (55, 52, and 38 kilo) were dearly detect-
able by anti-Fe antibody (Flg. 1£E), suggesting that they were 
properly folded into a series of individual compact domains, 
which are relatively trypsin-resistant. It is interesting to note 
that two of the tryptic fragments, 80 and 52 leDa, corresponded 
to LPS-activated autocleavage of Factor C. Importantly, both 
PER-deficient mutants, FL( —PIER) and SP, were rapidly di-
gested by trypsin and were not detestable by anti-Fe antibody 
after 1 h. Two isoforres of SP, of —38 kills, were observed., of 
which the larger isoform was rapidly digested by trypsin. In-
terestingly, the minor smaller isoform increased slightly over 
the tested time period. This increase could be generated from a 
small subpopulation of the larger isoform, and the smaller 
isoform was relatively resistant to trypsin digestion. These 
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results show differences in protein folding between intracellu-
lar PER-deficient Fes and secretion-competent Fes. It is en-
visaged that lack of PER upstream of the SP domain tends to 
result in misfolded Fes, which expose more accessible trypsin 
cleavage sites that render them more susceptible to protease 
digestion. 

Clearly, PRR is important for the folding and, hence, secre-
tion of the serine protease, Essentially, PRR can only exert its 
effect when the serhte protease domain is localized downstream 
of it. 

N-Glycosylation Ts Required for Proper .Post-translational 
Processing—We also observed a differential dependence of the 
two functional domains (viz. LIPS-binding and serine protease 
domains) on PRE for folding and secretion (Fig. 1). The secre-
tion competence of LPS-binding ES is unaffected by PER, 
which is in contrast to the SP. A distinguishing feature of ES is 
that it lacks N-glycosylation sites compared with SP or other 
SP-harboring Fes, which contain multiple N-glyeasylation 
sites. Thus, we next investigated the significance of N-glycosy-
lotion on the expression and secretion of Fe. 

The secreted FL protein is glycosylated and is able to bind to 
ConA-Sephasose (data not shown). FL proteins from S2 cells 
treated with TM show progressively decreasing size based on 
their mobility (Fig. 2A), suggesting a loss of N-linked sugar 
chains. Aglyceeylated FL was detected only in the L and P 
fractions, which clearly indicates that loss of N-glycosylation 
inhibited FL secretion. The absence of lt-glyccesylation of FL 
after 'lid treatment is s we confirmed by its inability to bind 
Canis.-Sep-bosom (Fig. 2B). In contrast to the effects of TM on 
Fe secretion, cells treated with DNJ and DIU exhibited no 
difference in expression level or distribution pattern of Fes 
(data not shown), Thus, the conversion of high mannose oligo-
saccharid.e to complex oligosaccheride is dispensable for pro-
tein secretion. 

To determine the critical N-glycan sites, a series of glycoenu-
tations were introduced (Table I). The position of PER is such 
that it partitioned the FL into the N-terminal. EPS-binding and 
the C-terminal seethe protease reMons. Thus, we decided to 
mutate the N-glycosylation sites sequentially from each termi-
nal. Single disruption of any one of the six N-glycan sites has no 
observable impact on the Fe secretion (Fig. 20, Series I), How-
ever, the elimination of two sites, particularly N523Q/N534Q 

d N787Q/N9I2Q, impaired the expression of FL (Fig. 20, 
lanes 1 and S of Series 11). Although mutation of the three 
consecutive N-glycan sites located at the N terminus caused 
drastic reduction of the expression of Fe, this mutant FL is still 
secreted into the culture medium (Fig. 20, lane 1 of Series Iii)-
In contrast and importantly, the mutation of the three consec-
utive C-terminal N-glycan sites located downstream of PER 
atMear the SP domain totally abolished the secretion (Fig. 2O, 
lane 2 of Series Ill). The removal of all six glycosylation sites 

eglycosylated FL) is not secretion-competent (Fig. 20, Se-
ries IV). Thus, in addition to PER, the N-glycosylation sites in 
the SP are also critical for protein expression and secretion. We 
next sought to assess the contribution of Ar-glycans to secretion 
competence and also to determine a possible functional depend-
ence on PRE, 

N•Glycans Interact with Molecular Chaperones to Enhance 
Solubility and Secretion of FC—To further examine the in-
volvement ofN-glyeans in the secretion pathway, co-expression 
study of FC with two molecular chaperones was carried out, 
cCNX and heRT were expressed in 82 cells and their expected 
protein sizes and cellular localization were detected with their 
respective antibodies, The expression levels of the cCNX and 
heRT in 82 were sloes comparable (Fig. 2D). 

The overall expression level of FL, as determined by densi-. 
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Fat. 1. Domain structure, targeting, localization, and folding of letCa. A, domain sttucture of the full-length Factor C and the deletion 
homologues. The recombinant fusion sites of different domains are insliceted by apo,ard ermine with the litIlifff) cold numbering in the original 
Careinosoorpius retandieauda EC21 (GenBank' accession. no, 577083).'1 he glyeasylation sites axes marked with green dosed &e 'vends. Darkly 
shaded area, secretory signal (ss); CR, ay-stable-rich region; horizontally striped area, epidermal iu..ru j a factor-like domain; 51-5, sushi-like 
domains 1-5; LECTIN, lectin.b.ke domain; PRR, proline.rich region, in red; SP, serine protease ceding region; diagmally striped region, Nr5 opitspe; 
vertically striped region, au., tag. Targeting of the seven recombinant Yes was dev2tted by Western blot. M, 1.0 µg of culture medium containing 
secreted proteins; L, 20 Fag of cell 1y:sates in P135 containing cellular proteins were obtained by live cycle€ of freeze-thawing of mils, followed by 
centrifugation at 12,000 X g for 15 min at 4 "0; P, 20 pg of insoluble pellet obtained at this step was also collected, weighed, and eel abilitieS in IX 
SDS-PAGE sample buffer. Protein concentration was measured by Bradford assay. The relative distribution of Fe. proteins in M, L, and P fractious 
was revealed using antiN6.11ors.eradish peroxidase antibody (Lnvitrogen). Membranes were visualized using the Supersignal® West Pico Chenn. 
luminescent Substrate (Pierce), The amount of EC was quantitated densitemetrioally by using Image aster (Amer: born Bisscianros) software, 
Pure ES protein (10) was used as standard. Bend intensities within the linear range were Pleasured, B, partial proteolysis of Ms. PCs (FL, 
FL(-PRE.), PERBP, end SP) were partially digested with trypein and collected at tints points flA indicated. Digested samples were asodyzed by 
Western analysis using pslyclonal rabbit anti-FC antibody. Distinct stable protein fragments of FL (132, 80, 52, and 88 k.Da) and P513 8p (56, 62, 
and 38 kna) were detectable. 
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pia. 1. Domain structure, targeting, funiaLleation, and folding of Ma. A, domain sthieture of the full-length C and the deletion 
laffuologuea. The recombinant fu€ion cite€ of different tICIMilinf1 are indicated by upward arrows with the ktIllifff) acid numbering in the original 
Carelnavearphis rotandleauda FC21 (GenBank7m accession. no, 577063). The glycozylation sites are marked with green closed dkamancie. Darkly 
ehasied area, secretory signal (se); CR, cysteine-rich region; horizontally griped area, epidermal gc.iw th factor-like domain; S1-5, 
domains 1--5; LECTIN,leetin.like domain; PER, preline.rich region, in red; SP, seri= protease coding region; diagonally griped region, V5 opitope; 
vertically striped region, ilia, tag. Targeting of the coven recombinant Fes wee detected. by Western blot. M, 1.0 µg of culture medium containing 
secreted proteins; L, 20 Fag of call lysatea in PBS containing cellular proteins were obtained by five cycles of freeze-thawing of cells, followed by 
centrifugation at 12,000 X g for 15 min at 4 "C; P, 20 ng of insoluble pellet obtained at thin step was also collected, weighed, and seitthilised in IX 
SDS-PAGE sample buffer. Protein concentration was measured by Bradford assay. The relative distribution of M. proteins in M, L, and P fractions 
was revealed using anti-V6-horseradish perexidase antibody (Lnvitrogen). Membranes were visualized using the Supersignaio West Pico Cheri-. 
lunanacent Substrate (Pierce), The amount of 4'C wee quantitated desseitotnetrically by using imaged:aster (Amerabarn Bioaciancos) aoitware. 
Pure ES protein (10) was aced as standard. Band intenaities within the linear range were measured, B, partial pronsolyals of Ma. Flit, (FL, 
FL(-PRE), PRE,SP, and SP) were partially dipated with trypsin and collected at time points flA indicated. Digested samples were analyzed by 
Western artalysia acing pi:dyslexia] rabbit anti-FC antibody. Distinct stable protein fragments of FL (132.8©, 52, and 38 tr.Da) and PEEl!? (66, 62, 
and 38 kne) were detectable. 
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FM. 2. Z0-Glyeans are required for proper FC synthesis and targeting. A, mmenmobiot of FL €rom the M, L, and P after treatment of 82 
cells with TM. Western analyses used 1£i tag of medium (MI, 20 p1F of lysate (L), and 20 tag of aolubilised pellet (P). P, immunohlot after 
ConA-Sepharnse bifiding assay of FL from M and L. Pnitein samples were collected front cells treated or not with TM liar 48 h. UB, unbound 
proteins; B, proteins bound to Con-£lapharrase. C, inuntinoblota of FO scruples from 82 cells transferted with Fe glyternutards. Cell culture 
supernatant ware prepared fixan 82 expma.sing wild type FL and FL gbnmmutants. Protein samples were collected as described. in legend of Fig. 
1. 1.0 pg of medium was resolved in a 8% gel by SITS-PAGE. MI transfections were done in parallel, The blot shown is representative of three 
independent experiments. lmmunobletting was performed with anti-1/5-horseradish pertudrlase antibody. 13, expression level of PCs co-expressed 
with molar Aar chaperones. Expression, of ceNX(1)and hCRT (2) in S2 cells to shown.. 82 cello tranaikted .with pAe5.11tiii-IiiisA. vector or chaperone 
expression constructs were collected on day 5. Soluble lysate (L) and particulate (P) fractions were resolved by MS-PAGE and analysed using 
respective chavwtone antibodies. Antibody for cCNX is from Transduction Laboratories, and antibody for hCRT is from Stressgen, caNX is detected 
in the P fraction, and hCRT is detected in both the L and P fraction. These expression profiles conform to their original nature, in that cCNX is 
integrated into the ER membrane, whereas hCRT are ER lurcinsl proteins. B, comparison of secreted FL, ES, and cellular FL(—PRR), SF 
cc-expressed with chaperones on day 5 post-tyansfection. Relative valuer( calculated from the densitometrir data are shown, with the value for the 
82 cells tranzfected with.FC construct. alone arbitrarily set as 1. Barer bora represent the S.E. (n = 3).F, left panel, direct interaction of glyrosylated 
Fe with chaperones. Digitonin-solubilised cell ly-satee (L) from 82 cells transfwteti with vector-pAr.5.1N5-liisA, cCNX alone, FI(—FF,R) cCNX 
and SP ± cCNX were precipitated overnight with anti-VS. antibody. The immunoprocipitates were subjected to SEIS-PAGE and probed with 
anti-cCNX antibody. Right panel, association of chaperone and PC under glyeasylation-inhibited conditions. 82 cells co-tronsfected with cCNX and 
SP (irsnez 2-5) ware pretreated overnight with TM (5 pent, lone 31, i)NJ (5 ems, terse 4), and DM] (2 nix, lone 5) before transfretion and incubated 
with these inhibitors after transifectinsi. FCs expressed were then precipitated with anti-VS antibody, and the chaperones that associated with FC 
were analyzed by 5118-PAGE and immunoblotting. 
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Fin. 2. N.Glycans are required for proper FC synthesis and targeting. A, inuraumblet of FL €rom the M, L, and P after treatment of 82 
cells with TM. Western enolyses used 10 ag of medium ( ), 20 og of lysate (L), and 20 tag of oolubilised pellet (P). lY, immuneblot after 
ConAllepharose biriding assay of FL from M and L. Protein samples were nonrated front rails treated or not. with TM lbr 48 it. LIB, unbound 
proteins; 8, proteins bound to Cond-Sepharose. C, intratinoblots of FC setuples from 82 cells transferted with FC glynornutards. Cell culture 
supernatant wac prepared from 82 expressing wild type FL and FL glyrommants. Protein samples were collected as described in legend of Fig. 
1. LO rag of medium was resolved in a 8% gel by SDS.PAGE. MI transfections were done in parallel. The blot shown is representative of three 
independent experimento. Immunoblotting was performed with antiNtrhorseradioh peraxidase antibody. 13, expression level of FCs co-expressed 
with molecular ohoperones.Expreiselon. of iiCNX (1) and hCRT (2)in 82 coatis shown. 82 cellStranafrated .with pAc5.1N5-11lisA. vector or chaperone 
expression constructs ware collected on day 5. Soluble lysate (L) and particulate (F) fratticHill were resolved by SDS-PAGE and analysed using 
respective chaperone antibodies. Antibody for ceNX is from Transduction Laboratories, and antibody for hCRT is from Stressgen. caNX is detected 
in the P fraction, and hCRT is detected in both the L and P fraction. These expression profiles conform to their original nature, in that eCNX is
integrated into the ER membrane, whereas hCRT are ER luininAl proteins. 8, comparison of secreted PL, ES, and cellular FL(—PRR), OP 
co-expressed with chaperones on day 5 post-transiection. Relative values calculated -from the densitometric data are shown, with the value for the 
82 cells tramsfected with .FC coniaxtict alone arbitrarily set as 1. E 'rot bore represent the 8.8. (n = 3).F, left panel, direct interaction of glycosylat.AM 
FC with chaperones. Digitonin-solubilized call lynates (L) from 82 cells transfrated with vector-pAr.5.11V5-liisA, eCEX alone, FL(--PRR) cCNX 
and SP ± eCEX were precipitated overnight with anti-VS antibody. The immunoprocipitates were subjected to SDS-PAGE and probed with 
anti-cCNE e.ntihody. Right panel, association of chaperone and PC under glycosylation-inhibited conditions. 82 cells co-trensfected with GONE and 
SP (irsneR 2-5) ware pretreated overnight with TM (5 rghnJ, lone 31, DM (5 zals, lone 4), and 1)552 (2 max, lane 5) before transiration and incubated 
with these inhibitors after Exasuifectinsi. FCs expressed were them precipitated with anti-VS antibody, aced. the chaperones that associated with FC 
were analysed by SDS-PAGE and immumoblotting. 
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TABLE I 
Glycortsutants of Factor C generated by site-directed rrustagetiRSiS 

Mutant Consensus savencata) disrupted 

&Ries I CC mutants 
N5.23Q 
N534Q 
N624Q 
N74041 
N767Q 
NS:12Q 

Series II FC mutants 
14523441i534Q 
N534Q/N524Q 
N624Q/N740Q 
N740Q/N767Q 
N767Q/N912Q 

Series in PC mutants 
N623Q/N534Q/N024Q 
N74041/N76741N912Q 

Series IV PC mutant: 
N1-5Q 

Asn-523 
Asn-534 
Ann-524 
Asn-740 
Faso-767 
dish-932 

Asn-523 and Asn-504 
Asu-534 and Aan-624 
Am-624 and Aar--740 
Asa -740 and Aar.-7S7 
Aen-767 and Asn-212 

Am-023, Asn-534, and Am-624 
Asa-740, Asn-757, and Aar--1312 

All sin sites 

tamer:in scanning of the immuneblot, increased over time, and 
peaked between 5 and 7 days (data not shown), cCNX caused a 
3-fold increase in the level of secreted FL, whereas hCRT 
minimally enhanced FL expression. Next, the effects of chap-
erone on the expression level of cellular FCis lacking PRR, 
FL(.--PRR) and SP, were evarnined. Although overexpression of 
ciONX and hCRT enhanced the solubility of FL( —PRR) and SP 
to variable degrees (Fig. 2E), none of the  chaperones was able 
to rescue the nonsecretion of PER-deficient FCs: FL(—PRR) 
and SP. The chaperones did not affect ES expression and se-
cretion. This is not surprising, since the LPS-binding ES do-
main is not glycosylated (Fig. 2E). Co-immunoprecipitation 
experiments showed that cCNX co-precipitated with 
FL( —PRR) and SP (Fig. 2P, left panel), but no apparent inter-
action was observed with hCRT (data not shown). Since hCRT 
consistently gives a small increase in PC expression, it is eon-
ceivable that the association between PC and hCRT is tran-
sient. Specific interaction between the N-glycarie of PC and 
cCNX was further confirmed  using N-glycosylation inhibitors, 
TM, DM, and DMI. Consistent with the above observation, 
treatment with TM and DMI abolialied. the interaction between 
PC and cONX, whereas DMj had no effect (Fig. 2F, right 
panel). This clearly indicates that the N-glycans on the FC 
molecules are responsible for interaction with cCNX. In addi-
tion, cCNX probably recognizes certain structures of FC N-
glyeane and binds specifically to the deglucosylated form of PC. 
Taken together, the results indicate that N-glycaris are impor-
tant for interaction with cCNX, which increases the solubility 
of the PC protein, and that its observed effect on protein secre-
tion is secondary to the lack of this interaction. Furthermore, 
the PER region, although critical for the correct conformation 
of the downstream serene protease; domain, is dispensable for 
the interaction with these chaperones. 

Specific Glycosylation Isfodifiattion is .Required for FC Enzy-
matic Activity—in addition to its contribution to protein solu-
bility, N-glycans have been reported to influence protein func-
tions (16). Since glycosylation is the only post-translational 
modification known so far in FCs, we attempted to precisely 
investigate the extent and type of glycosylation in PC that can 
alter LPS-induced autocl.eavage and its enzymatic activity. 
S19-BEITS PC was previously demonstrated to exhibit I,PS-
induced cleavage and enzymatic activity (22). 

Endoglycosidase H and peptideN-glycanese F digestion 
analyses show the presence of both high mannose and complex 
giycans on 32 FC and SIP-REVS PC. Differences in their mo-
bility indicate that SIP-BEVS FC contains 12 kDa of complex 
N-glycans and 32 FC harbors 8 kDa of complex N-glycans (Fig. 

3.4). Thus, it appears that 32 PC is less glycolytically processed. 
Galatithas nivalis agglutinin treatment reveals the presence of 
high mennese glyc€sns in all four Fes. Sambuens nigra agglu-
tinin treatment yielded positive results for Fes from 
CAL, and. SIB-BENS and only weakly reacted with 52 PC. 
Interestingly, reaction with ?Watseka amarensis agglutinin 
yielded the strongest signal with 92 PC, pointing to a difference 
in the branching of terminal sialic acids. 32 FC contain greater 
sialic acid linked a(2-3) to galactose, which is in contrast to 
SIP-REV5 PC, LAL, and CAL. The latter t€aree Fes contain 
more sialic acid linked a(2--.6) to galactose. hi agreement with 
the eridoglyonsidase H digestion results, Daturec stramonium 
agglutinin yielded the weakest signal with 52 PC, confirming 
that 52 PC is the most poorly processed among the four Fes 
(Fig. 2R), Collectively, we have shown that the glycan struc-
tures of Fe expressed in S2 are different from Fes derived. from 
SIP, CAL, and LAL. Such differences in glycomodifications can 
translate into disparity in protein functions-

LPS activation of the PC expressed in the S€P-bacalovirus 
expression system was cleaved into two protein fragments of 80 
and 52 kDa (Fig, 3C), with resultant enzymatic activity (22), In 

contrast, attempts at measuring LPS-inducible enzymatic ac-
tivity of 32 PC showed that it does not autocleave and exhibited 
no anuntatie activity. The above mentioned host cell-specific 
complexity of glycosylation of the FCs offers plausible explana-
tions for this lack of 6.iBaVagB, and enzymatic activity. 

Secreted FL and ESTRR Retained Their LPS Binding Mae-
ities—Secreted S2 FCs were tested for their LPS binding offs-
catty using both ELISA and SPR, Using gel filtration-purified 
Fes, significant lipid. A binding activity of FL and ES-PER was 
observed, as compared with the partially purified conditioned 
serum-free medium from wild-type 52 cells, Both secreted Fes 
were capable of detecting as low as 0..05 agiml LPS (Fig. 4A). 
The secreted PR.R.SP was unable to detect LI'S, indicating that 
there is no LI'S-binding domain in this molecule. The Kd values 
of FL and ESTRR for binding to E. eali lipid A was determined 
using SPR, Fig. 4.8 shows a eensorgram of lipid A binding to 
FL. The Ed values were 2,23 x 10-7 ss and 9,58 x 10-7 st for FI, 
and ES-PER, respectively. It is interesting to observe that the 
absence of the lectin-like and sushi 4 dements leads to a 4-fold 
decrease in affinity for LPS. 

DISCUSSION 

In this study, we have identified two important determinants 
of protein secretion of a mosaic serene protease: the FRB and 
certain strategically located W-glycana. PER is necessary for 
proper folding of the downstream SP domain. The N-glycans, 
particularly those residing downstream of PER, at or near the 
SP domain, contribute to stable interaction with specific chap-
erone(s) and consequently increase the solubility of Ms. Al-
though both factors are involved in different aspects of protein 
expression, they are equally critical for the maturation and 
secretion of the protein (Fig. 5). We also identified two potential 
domains that contribute ₹o the LI'S binding activity of PC. The 
absence of the lectin-like and sushi 4 domain in SP,PRIt leads 
to an apparent decrease in affinity for I.PS by 4-fold compared 
with FL, indicating that these two domains could either affect 
the conformation of the upstream LI'S binding domains or 
directly contribute to the binding of LI'S. Finally, we provide 
evidence that the N-glyeans are dispensable for LPS binding 
but that the differential complexity in glycosylation is critical 
for LPS-induced cleavage and enzymatic activity, 

PRR Governs the Folding of Downstream SP Domain—The 
significance of modular arrangement to the structural integrity 
and functionality of multidomain proteins such as Factor XII 
end PC may provide us with important insights into their 
regulation, activation, and substrate specificity. The stvailabil-
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Teals I 

Glyconnstartts of Factor C generated by alts-directeei rrastagemesis 

Mutant Courensus se:Nance:0 diFrrepted 

SedeA I CC contents 
N59.3Q 
N534Q 
N624Q 
N740Q 
N767Q 
N9:12Q 

Series II FC mutants 
N523Q,'N534Q 
N534Q,N624Q 
N324Q/N740Q 
N740Q/N767Q 
N767Q/N912Q 

Series Ill PC mutants 
N623Q/N534Q/N624Q 
N740Q/N76741N912Q 

Series IV PC mutant 

Asa-523 
Asn-534 
Ann-62A 
Ann-740 
Ann-767 
Fran-9 3.2 

Asn-523 and Asa-554 
Asn-534 and Asa-624 
Asn-624 and Asa-740 
A:sn-740 end Asa-767 
Arrn-767 and Asn-912 

Asa-523, Asn-534, and Asa-624 
Am-740, Aacz-767, and Asa-212 

All six sites 

temetsic scanning of the immuneblot, increased over time, and 
peaked between 5 and 7 days (data not shown). cCNX caused a 
3-fold increase in the level of secreted FL, whereas hCFIT 
minimally enhanced FL expression. Next, the effects of chap-
erone on the expression level of cellular Fes lacking PRR, 
FL( -- PRR) and SP, were examined. Although overexpression of 
ciONX and hCRT enhanced the solubility of FL(—PRR) and SP 
to variable degrees (Fig. 2E), none of these chaperones was able 
to rescue the consecration of PRR-deficient Fes: FL(—PRII) 
and SP. The chaperones did not affect FS expression and se-
cretion. This is not surprising, since the LPS-binding ES do-
main is not glycosylated (Fig. 2E). Co-immunoprecipitation 
experiments showed that cCNX co-precipitated with 
FL(--PRR) and SP (Fig, 2P, left panel), but no apparent inter-
action was observed with hCRT (data not shown). Since hCRT 
consistently gives a small increase in PC expression, it is con-
ceivable that the association between PC and hCRT is tran-
sient. Specific interaction between the N-glycane of PC and 
cCNX was further confirmed using N-glycosylation inhibitors, 
TM, DIU, and DMI. Consistent with the above observation, 
treatment with TM and DN,l abolished the interaction between 
PC and cONX, whereas DNIj had no effect (Fig. 2F, right 
panel). This clearly indicates that the N-glycans on the FC 
molecules are responsible for interaction with cCisTX. In addi-
tion, cCNX probably recognizes certain structures of Fe N-
glyeana and binds specifically to the deglucosylated. form of PC. 
Taken together, the results indicate that N-glycaris are impor-
tant for interaction with cCNX, which increases the solubility 
of the PC protein, and that its observed effect on protein secre-
tion is secondary to the lack of this interaction. Furthermore, 
the PRR region, although critical for the correct conformation 
of the downstream serine protease domain, is dispensable for 
the interaction with these chaperones. 

Specific Glycosylation Ishrodifiattion, is .Required for FC Enzy-
matic Activity-4n addition to its contribution to protein solu-
bility, lei-glycans have been reported to influence protein func-
tions (16). Since glycosylation is the only post-translational 
modification known so far in PCs, we attempted to precisely 
investigate the extent and type of glycosylation in PC that can 
alter LPS-induced autocl.eavage and its enzymatic activity. 
S19-BESTS PC was previously demonstrated to exhibit LPS-
induced cleavage and enzymatic activity (22). 

Endoglycosidase H and peptideN-glycanese F digestion 
analyses show the presence of both high mannose and complex 
glycans on 32 FC and SIP-REVS PC. Differences in their mo-
bility indicate that Sf9-BEVS CC contains 12 kDa of complex 
Nglycans and S2 FC harbors 8 kDa of complex N-glyrsns 

3..4). Thus, it appears that 32 PC is less giyeolytically processed. 
Galanthus nivalis agglutinin treatment reveals the presence of 
high mannose glycens in all four Fes. SambucEis nigra agglu-
tinin treatment yielded positive results for Fes from LAL, 
CAL, and. Sf9-REVS and only weakly reacted with 32 PC. 
Interestingly, reaction with Afaaciria amarensis agglutinin 
yielded the strongest signal with 82 FC, pointing toe difference 
in the branching of terminal sialic. acids. 82 PC contain greater 
sialic acid linked o(2-3) to galactose, which is in contrast to 
Sf9-REVS PC, LAL, and CAL. The latter three Fes contain 
more shahs acid linked er(2--6) to galactose. hr agreement with 
the ericloglycesidase H digestion results, Datum stransonium 
agglutinin yielded the weakest signal with 52 FC, confirming 
that S2 Fe is the most poorly processed among the four Fes 
(Fig, 3.11), Collectively, we have shown that the glycan struc-
tures of Fe expressed in S2 are different from Fes derived from 
Sffi, CAL, and LAL. Such differences in glycomodifications can 
translate into disparity in protein functions. 

LPS activation of the PC expressed in the S€'9-baculovirua 
expression system was cleaved into two protein fragments of 80 
and 52 Jena (Fig, 3C), with resultant enzymatic activity (22), in 

contrast, attempts at measuring LPS-inducible enzymatic ac-
tivity of 32 FC showed that it does not autocleave and exhibited 
no enzymatic activity. The above mentioned host cell-specific 
complexity of glycosylation of the Fes offers plausible explana-
tions for this lack of cleavage and enzymatic activity. 

Secreted FL cad ESP RR Retained Their LPS Binding Activ-
ities—Secreted S2 Fes were tested for their LPS binding effi-
catty using both ELISA and SPR, Using gel filtration-purified 
Fes, significant lipid. A binding activity of FL and ES-PER was 
observed, as compared with the partially purified conditioned 
serum-free medium from wild-type 32 cells, Both secreted Fes 
were capable of detecting as low as 0..05 agiml LPS (Fig. 4A). 
The secreted PRR-SP was unable to detect LPS, indicating that 
there is no LPS-binding domain in this molecule. The Ed values 
of FL and ES-PRR for binding to E. celi lipid A was determined 
using SFR. Fig. 4.8 shows a sensorgram of lipid A binding to 
FL. The Ed values were 2,23 x lb' a and 9,58 x 10' ar for FL, 
and ES-PRR, respectively. It is interesting to observe that the 
absence of the lectin-like and sushi 4 domains leads to a 4-fold 
decrease in affinity for LPS. 

DISCUSSION 

In this study, we have identified two important determinants 
of protein secretion. of a mosaic serine protease: the PILE and 
certain strategically located W-glycane. PRE is necessary for 
proper folding of the downstream SP domain. The N-glycans, 
particularly those residing downstream of PRR, at or near the 
SP domain, contribute to stable interaction with specific chap-
erone(s) and consequently increase the solubility of PCs. Al-
though both factors are involved in different aspects of protein 
expression, they are equally critical far the maturation and 
secretion of the protein (Fig. 5). We also identified two potential 
domains that contribute ₹o the LPS binding activity of Fe. The 
absence of the lectin-like and sushi 4 domain in SPTE,R. leads 
to an apparent decrease in affinity for LPS by 4-fold compared 
with FL, indicating that these two domains could either affect 
the conformation of the upstream LPS binding domains or 
directly contribute to the binding of LPS. Finally, we provide 
evidence that the N-glycans are dispensable for LPS binding 
but that the differential complexity in glycosylation is critical 
for 11,PS-induced cleavage and enzymatic activity, 

PRR Governs the Folding of Downstream SP Dorncaio—The 
significance of modular arrangement to the structural integrity 
and functionality of raultidomain proteins such as Factor XII 
and PC may provide us with important insights into their 
regulation, activation, and substrate specificity. The availabil-
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FIG. 3. Comparison of the extent 
and complexity of gllycoayletAnst in 52 
FC and F£f1P-IdFPlFB FC..4, encloglycosi-
dase treatment revealed that tif9-11EVS 
FC has more complex .1V-glycans, The mo-
lecular mass shift after endeglyeosidaise 

(linde II) treatment indicates the ex-
tent of high maritime N-eyean chains, 
Whereas the shift alter peptide:IV-illy-
sexism F (PNGuse ?) treatment indicates 
total Nglycosylation (irielading both ingh 
!Oa! moue and complex eliZaK chains). The 
size dillitrerice between peptide:AT-gly-
csivise lt-treated FC sample and CC Tiff 
(transcription-coupled translation) prod-
uct is attributable to Oglycosylation. B, 
glycan differential assay of 82 FC and 
£lt?3-BEF8 CC. Lone 7, Fe; lane 2, IOC 
without N-glyeana. The N-glyciaris were 
detached from FC peptide chain by treat-
ment with peptideN-glymunise F, and the 
free glycao &eine are removed by centrif-
ugatiom through a 51.1-kna molecular mass 
cut-oft Mir:cocoa filter (Aaticont. G. rzioalis 
agglutinin (GNA), & mgrs agglutinin 
(SIVA), M, amurensis agglutinin (M.4A), 
peanut agglutinin (PNA), and D. strama. 
Mum agglutinin. (DSA) have speeige af-
finity for terminal mannose, oldie acid 
linked a:2-fit to galactose, acid 

c(2..8) to galactose, 0-glycosid-
Molly linked auger chain, and Gald-fl--. 
4)8.1cNAc in complex and hybrid N-gly-
cans, respectively. G. Mao& agglutinin. 
treatment yielded positive sitmals for all 
four FCs; B. nips egglutinin treatment 
yielded positive results for FCs from LAI, 
CAL, and 3f$-1.1078 and only weakly re-
acted with 821<C. Reaction with M. emu-
reneie agglutinin yielded the strongest 
signal with 82 FC. S. nigzu agglutinin did 
not react with peptideltt-gl,yeanase 

treated CC samples. D. ammonium ag-
glutinin yielded the weakest signal with. 
82 FC. C, comparison of La., activation of 
Sfg-BETSFC and 82 CC Incubation of lo 
ag of Stilt-BETS CC and 82 FC with 50 Ell 
of LPS was carried out at 57 `C for I h. 
The activation of FC from SID-REVS was 
readily Observable (autoeleavage into 80-
and 52-litDa bands). 82 CC remained in-
tact after the LPS treatment. 
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ity of secreted recombinant pretenses in a heterelogous system 
is usually preferable for ease of subsequent purification sod 
functional studies. Since the secretion of a protein relies not 
only on its signal peptide but also on the intrinsic amino acid 
sequence that determines the final tertiary structure of the 
mature protein, we examined the secretion of FC constructs 
containing different modular domains in their native and re-
ciprocal positions. 

hi the middle of the FC molecule is the basic PER (amino 
acids " 144NPPVPSYGSVEIKIPPS11TNSISRVGSPFLRL-
PRLPLPLARAMCPPPKPRen, which contains three Sea ho-
mology ;3 binding core motifs (28), PXXP (underlined: P denotes 
praline). Src homology 3 domains affect protein targeting and 
enzymatic activity and play- a role in signal transduction (24). It 
is possible that the PER of Factor C is involved in transducing 
LPS-induced activation of the action protease enzymatic activ-
ity as well as oonhibuting to the LPS-dependent multiactiva-
tion of Factor C via protein-protein interaction (26). In addi-

A'S 

N-03,cosyNtiow-lkikOk 
Nigh matuti(t ktla 

omplei-glyvasr, £2 lifts 
(1-glyeosy(ation---4 

S.NA 14,4A 

43,4* 3303431. 

.1133A: 

lion, the PEE of Factor C shares homology with the hinge 
region of human coagulation Factor XII (26). Hence, it is pos.. 
Bible that the PRE acts as a crucial conformational motif nee. 
easary for the secretion and function of such aerine protheses. 

In this study, we constructed and. expressed a pair of FCs (FL 
and F1(—PRE)) with a view to examine the functional signifi-
cance of PRI-1. The FL was efficiently secreted and fully capable 
of binding LPS. In contrast, the FL(--PRR), which lack the 
P1115, were expressed intracellularly and were nonfunctional. 
The expression profile of three additional FCs, SP, PRE•SP, 
and SP-PER, confirmed that PEE is essential for folding and 
secretion of the downstream SP domain. The introduction of 
PRR C-terminal to ES has no observable effect on ES expres-
sion profile, suggesting that PRR only exerts its influence on 
the downstream domains. Thus, PRR itself may net as an 
intramolecular chaperone for correct folding of the downstreain 
SP region for its subsequent transportation through the or-
ganelle, In support of our data, it was reported that the mini-. 
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Fin. 3. Comparison of the extent 
and complexity of glyecayletAon in 82 
FC and Sfft-liEVS FC. A, encloglycosi-
dase treatment revealed that Sf9-BEVS 
FC has more complex N-glyeans. The mo-
lecular mass drift after endeglycosidwa., 

(Linde II) treatment indicates the ex-
tant of high PflanSIOM N-eyean rhainc, 
whereas the shift alter 
canase F (PNGeme F) treatment indicates 
total Nglycosylation (including both high 
niammae and complex sugar chains). The 
size dilihrorice between peptido:AI-gly-
canase F-treated FC sample and FC Tiff 
(transcriptioneoupled translation) prod-
uct is attributable to Oglycosylation. B, 
glycan differential assay of S2 PC and 
SD-REVS PC. Lune P, PC; bane 2, Fe 
without N-glycana. The N-glycerin were 
detached from PC peptide chain by treat-
ment with peptides-glycanare F, and the 
free glycan chains are removed by centrif-
ugation through a 50-kDa molecular mass 
cut-of Mircocoa Alter (An:icon). G. rtioalis 
agglutinin (L.1A.4 i.n'ern agglutinin 
(S.NA), M. an urensis agglutinin (M.4A), 
peanut agglutinin (PNA), and D. aroma-
.Mwen agglutinin (DSA) have specific af-
finity for terminal mannese, din& acid 
linked a(2--.6) to galactose, s'lake acid 
i raked d2--3) to galactose, 0-glycoaid-
Molly- linked sugar chain, and GaIP-(1--. 
.4)91cNAc in complex and hybrid N-gly-
cans, respectively. a nivalis agglutinin. 
treatment yielded positive signals for all 
four PCs; S. nignz agglutinin treatment 
yielded positive results for PCs from LAL, 
CAL, and 819-BEV:, and only weakly re-
acted. with 82 FC. Reaction with M. emu-
rende agglutinin yielded the strongest 
signal with 82 PC. S. nigeca agglutinin did 
net react with peptidel,v-glycausse 
P-treated PC samples. D. stivirtioniten ag-
glutinin yielded the weakest signal with. 
S2 FC. C, comparison ofLPS activation. of 
Si'-BEVS PC and 82 PC. Incubation of lo 
lag of Sfa.. -BETS FC and 82 PC with 50 EU 
of f...P8 was carried out at 57 `C for 1 h. 
The activation of FC from 812-SEVS was 
readily ebaervable (autocleavage into 80-
and 52-la Da bands). 82 PC remained in-
tact after the LPS treatment. 
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s"ty of secreted recombinant pretenses in a hoterelogeus system 
is usually preferable for ease of subsequent purification and 
Emotional studies. Since the accretion of a protein relies not 
only en its signal peptide but also on the intrinsic amino acid 
sequence that determines the final tertiary structure of the 
mature protein, we examined the secretion of FC constructs 
containing different modular domains in their native and re-
ciprecal positions. 

hi the middle of the FC molecule is the basic PRR (amino 
acids 641QNPPVPSYGSVEIKIPPSRTNSISEVGSPFLRL-
PRLPLPLARAMCPPPKPRen, which contains three See ho-
mology B binding core motifs (28), PXXP (underlined: P denotes 
proline). Ere homology B domains affect protein targeting and 
enzymatic. activity and play a role in signal transduction (24). It 
is possible that the PER of Factor C is involved in transducing 
LPS-induced activation of the curiae protease enzymatic activ-
ity as well es conhibuting to the LPS-dependent multiactiva-
tion of Factor C via protein-protein interaction (26). In addi-
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Lion, the PRE of Factor C shares homology with the hinge 
region of human coagUlatien Factor XII (26). Hence; it is pea-
sible that the PER acts as a crucial conformational motif nee. 
easary for the secretion and function of such serine protheses. 

In this study, we constructed and, expressed a pair of FCs (FL 
and FL(—PRE)) with a view to examine the functional signifi-
cance of PRR. The FL was efficiently secreted and fully capable 
of binding IMPS. In contrast, the FL(---PRR), which lack the 
PER, were expressed intracellularly and were nonfunctional. 
The expression profile of three additional FCs, SP, PRESP, 
and SP-PRE, confirmed that PRR is essential for folding and 
secretion of the downstream SP domain. The introduction of 
PER C-terminal to ES has no observable effect on ES expres-
sion profile, suggesting that PRR only exerts its influence on 
the downstream domains. Thus, PRR itself may act as an 
intramolecular chaperone for correct folding of the downstream 
SP region for its subsequent transportation through the or-
ganelle. In support of our data, it was reported that the mini-. 
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LPS-ELISA 

Fur 4. Fiteactional scaly sirs of FC. A, 
ligand binding assays of PC samples. 
ELISA of 10 µg each of protein samples: 
control serum-free medium, FL, ES-PRE, 
and PRESP partially purified throough 
Sephadex O-100 (void fraction). Three 
concentrations of LES (0, 0.05, and 5µg/ 
ml) were used. Error bars represent the 
S.E. (a S). B, a oensorgram depicting 
the interaction (in response units (1W)) of 
captured FL with various conk-ant-rations 
of lipid A. ES-PER gave similar response 
profiles. 100 µ of five concentrations 
(5.00, 1.50, 1.2s"i. 0.62, and 0.31 pan) of 
lipid A were injected. The affinity 
constants were calculated using the 
BlAevaluation program version 3.0.2 
and reconfirmed nein! CLAMP (21). 
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mal portion of secreted Factor XII, which is also a raultidornain 
serine protease similar to PC, also contains Pin (27). 

The differential susceptibility to trypsin clearly demonstrates 
the importance of Pitt in the correct folding of the downstream 
SP region and in directing the secretion of glycosylated PC (Fig. 
19). Trypsin acts preferentially at the unfolded regions in pro-
teins, such as the domain boundaries of a mosaic protein. It is 
worth noting that on the basis of sequence specificity alone, there 
are close to 100 and 60 potential trypsin cleavage sites for FL and 
PIIII'SP, respectively. However, only three or four characteristic 
bands, representing two sets of relatively protease-resistant frag-
ments, were detected after partial tryptic digestion. Therefore, 
the stable fragments are attributable to the compactly folded 
individual domains. The 38-kDa stable fragment observed alter 
digestion of both FL and PERSP could be the properly folded SP 
domain. On the contrary, PER-deficient mutants, FL( —PER) and 
SP, failed to give rise to characteristic patterns of stable products, 
suggesting that they are incorrectly folded and are more suscep-
tible to proteolytic digestion. 

The crystal structure of a catalytic fragment from human 
Cis, which shares high similarity to Factor C modular amid-

tecture, has been determined (28). The CCP2 module (sushi 
domain) of Ole is oriented perpendicularly to the surface of the 
SP domain, and the connection is maintained through a rigid 
module-domain interface involving intertwined praline- and 
tyrosine-rich polypeptide segments (28). Since the residues 
maintaining the interface framework are highly conserved in 
the sushi-SP family, it is believed that the rigid sushi-SP as-
sembly is also present in Factor C (29). Consistent with the role 
of a module-domain interface, our data show that the absence 
of PRR changes the sushi-SP assembly, resulting in misfolding 
of the deletion homologues, rendering them nonsecretory. 

Many other studies have documented the importance of PRI% 
to the biological functions of different proteins, and that its 
removal adversely affects the localisation and activity of such 
proteins (30432). Thus, rather than being restricted to a smell 
subset of scene proteases, the Pita could be a universal con-
formational motif that regulates protein targeting. 

N-qvcorts Contribute to the Interaction with Chaperones and 
Solubility of the Recombinant Proteins—Whereas the data 
above clearly demonstrate that P1114 is an important secretory 
determinant of PC, PR9 also exerts a preferential effect on the 
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LPS-ELISA 

Fro 4. Palmation-sal analysis of FC. A, 
ligand binding assays of FCC samples. 
ELISA of 10 pg each of protein samples: 
control serum-free medium, FL, ES-PRE, 
and PRE-SP partially purified through 
Seal-index (1-100 (void fraction). Three 
concentrations of LI'S (0, 0.05, and 5 µgl 
ml) were used. Error bars represent the 
S.E. (a S). B, a sexism-gram depicting 
the interaction (in response units (1W)) of 
captured FL with various concentrations 
of lipid A. ES-PER gave similar response 
profiles. 100 pi of five concentrations 
(5.00, 2.50, 1.25. CLOS, and 0,31 pis) of 
lipid A were injected. The affinity 
constants were calculated using the 
BlAevaltiation program version 3.0.2 
and reconfirmed using CLAMP (21). 
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mal portion of secreted Factor XII, which is also a rnuitidornain 
serine protease similar to PC, also contains P11.14127). 

The differential susceptibility to trypsin dearly demonstrates 
the importance of PIM in the correct folding of the downstream 
SP region and in directing the secretion of glyoosylated. PC (Fig. 
IB). Trypsin acts preferentially at the unfolded regions in pro-
teins, such as the domain boundaries of a mosaic protein. It is 
worth noting that on the basis of sequence specificity alone, there 
are close to 100 and 60 potential trypsin cleavage sites for FL and 
PRR,SP, respectively. However, only three or four characteristic 
bands, representing two sets of relatively protease-resistant frag-
ments, were detected alter partial tryplic digestion. Therefore, 
the stable fragments are attributable to the compactly folded 
individual domains. The 38-kDa stable fragment observed after 
digestion of both FL and PERSP could be the properly folded SP 
domain. On the contrary, PER-deficient mutants, FL —PER) and 
SP, failed to give rise to characteristic patterns of stable products, 
suggesting that they are incorrectly folded and are more suscep-
tible to proteolytic digestion. 

The crystal structure of a catalytic fragment from hum= 
Cis, which shares high similarity to Factor C modular amid-

tecture, has been determined (28). The CCP2 module (sushi 
domain) of Cls is oriented perpendicularly to the surface of the 
SP domain, and the connection is maintained through a rigid 
module-domain interface involving intertwined proline- and 
tyrosine-rich polypeptide segments (28). Since the residues 
maintaining the interface framework are highly conserved in 
the sushi-SP family, it is believed that the rigid sushi-SP as-
sembly is also present in Factor C (29). Consistent with the role 
of a module-domain interface, our data show that the absence 
of PRR changes the sushi-SP assembly, resulting in misfoldirtg 
of the deletion homologues, rendering them. nonsecretory. 

Many other studies have documented the importance of PER 
to the biological functions of different proteins, and that its 
removal adversely affects the localisation and entivity of such 
proteins (30-32). Thus, rather than being restricted to a small 
subset of serine protheses, the PER could be a universal con-
formational motif that regulates protein targeting. 

.i4''-Glyouns Contribute to the Interaction with Chaperones and 
Solubility of the Recombinant Proteins—Whereas the data 
above clearly demonstrate that PER ix an important secretory 
determinant of FC, PER also exerts a preferential effmt on the 
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don of PC. Gray String, cysteine.rich region; orange string, epidermal 
growth £actor-tike domain; green string, sushi-like domains; black air.. 
de, lectin-like Contain; red string, prolius-rich region; blue two), serine 
protease native we ftsrmer; blue string, snisfelded serine mutt:ape; black 
oval. N-glyctm; round gray shapes. proteins involved in folding, assem-
bly, and secretion (e.g. chaperones, foldases, signal peptidase, and gly-
cosidase). The hypothesis was confirmed by (a) the removal of PRE hunt 
FL, which completely switches its expression profile and protein con-
&motion and reconfirms FOR to be on important secretory determi-
mmt for glycesylated FC; (b) mutation of N-glycan sites that impaired. 
the secretion conspetenc,v, of FC; and (c) co-orpreased chaperone (e.g. 
calnexin), which associates with glyrosylated FL protein and assists the 
reversal of this impairment to a certain extent, to enhance its solubility 
arid secretion. Thus, whereas shoe. is crucial for correctly directing 
folding and secretion of the downstream glymsylsted SP domsis chap-
erones and feldasse also play a role in enhancing protein folding, to 
ensure that the modular arrangement of the glycesylated protein is 
properly folded to remain soluble or targeted fee secretion and to exhibit 
situ functionality. 

Bernie protease domain, SP, and not on the LPS-binding ES 
domain. A distinctive characteristic is that ES does not harbor 
any N-glycosylation sites. Using specific glycosylation inhibi-
tors and site-directed mutagertesis, we demonstrate that inhi-
bition of glycosylation blocked the secretion of FL. The aglyco-
sylated FL became €ntreeellularly localized although their 
corresponding PRR was present, thus indicating that N-glyco-
sylatdon is also critical for PER-dependent secretion (Fig. 5). 
The importance of N-glycans for the secretion of FC was reca-
pitulated using site-directed mutagenesis of the N-glycessyla-
tion sites. Interestingly, the ablation of the three N-glycan sites 
at the C terminus at positions .A51174", Asnm7, and Asit912
completely abolished secretion. Coincidentally, these three 
sites reside downstream of PIlE at or near the SP domain, The 
partial dependence of PC secretion on N-linked oligesaceharide 
appendices suggests that the individual N-glycans do not have 
local effects on protein folding. However, when the N-glycosy-
lation sites at positions 740, 767, and 912 are modified at the 
same time, folding and secretion of PC are compromised al-
though none of the glycans are needed individually. In view of 
this observation, the oligosaccharides of PC seem to have a 
global effect on the folitingisecontion process. 

These data suggest that correct folding of the SP domain is 
the most critical for secretion of FC; the absence of PRE pre-
ceding this domain or the absence of N-glycaus within this 
domain leads to misfolcling, which impairs FC secretion. 

The mechanism by which Nsglyeans aid in FC secretion is 
attributable to its ability to interact with chaperones. Overes-
pression of chaperones has been proven to improve protein 
folding and stimulate secretion of certain target proteins (34-

37). In this study, the secretion of FL and solubility of the 
cellular glyeosylated FCs (FL(-PRR) and SP) were greatly 
enhanced by the presence of cCNX. Specific interaction be-
tween certain structures ofN-glycaus and calnexin was further 
confirmed by a glycosylation inhibition study. Thus, it is evi-
dent that the N-glycens of PC function through interaction 
with molecular chaperones to aid in protein folding and subse-
quent secretion, On the other hand, co-expressed chaperones 
did not overcome the nonsecretory problem of FL( -PIM) and 
SP, suggesting that their intracellular localization was deter-
mined by their conformation and not the lack of certain molec-
ular chaperones in the heat cell secretion pathway. 

Functional PC Should display both LPS binding activity and 
LPS-activated enzymatic activity. However, these two proper-
ties were uncoupled in 52-produced PC, S2 PC binds LPS, but 
it is not cleaved and not enstymatioally activated. This is in 
contrast to Sf9-BEVS PC, which we demonstrated previously to 
harbor both functions (22), Further analyses reveal that the 
lossfgain of enzymatic activity stems from subtle differences in 
the complexity of glycosylation of PC. In agreement with our 
results, over the last decade, various reports (38-41) have 
described that viral infection of SIB cells temporally effects 
protein glycosylation (i.e. the activation of glycosyltransferase 
genes takes place under proper conditions, depending on the 
virus type, promoter, and medium). Normal glycosylation char-
acteristics of insect cells were thus altered to allow complex 
type oligosaotharide processing to occur. Thus, during beanie-
viral infection of Sf9 cells for expression of FC, the viral in€ic-
tion process affects the glycosylation. of FC, consequently al-
lowing its conformational change upon LPS binding, leading to 
limited proteolysis and activation of the serixte protease en-
zyme. hi contrast, being nonvirally infected, the S2 PC bears 
differently processed glycans, especially these a₹lnear the cat-
alytic domain. Thus, due to the nonnative branching of the 
adios...eat tai-glycans, the 82 PC is not proteolytically cleaved, 
although it possesses 125 binding properties. This is despite 
the correet overall protein folding and successful passage of the 
82 FC through the quality control of the ER and Golgi, which 
allows its successful secretion, However, since PC is such a 
demanding glyeoprotein, retaining the IPS binding activity in 
these secreted FCs does not satisfy the requirement for their 
conformational change induced by LPS binding to yield enzy-
matic activity. This reveals another surprising impact of N- 
glycans on PC functions. Although differences in recombinant 
protein localization (42) and.{ -glycosylation heterogeneity (43) 
have been reported in these two insect cell expression systems, 
PC from these two hosts is so far the first recombinant protein 
to exhibit such marked functional difference. Future under-
standing and manipulations in the post-translational process-
ing pathway with exaglycosidaseiglycotransferases could pos-
sibly resolve this problem faced by PC as well as other serine 
proteases. 

in summary, we confirm that PER of a serine protease is 
essential for the folding and secretion of the downstream cat-
alytic domain. These results suggest that the PIlE serves a 
simple but essential role in tethering the structurally distinct 
but interacting domains of the protein. In addition, the secre-
tion ability of PCs was impaired in the absence of RI-glycans, 
especially those residing at or near the catalytic domain, We 
also report for the first time that co-expression of chaperones 
significantly increases the soluble and secreted recombinant 
protein level in 52 cells but has no appreciable effect on the 
localization of the protein, These results help to elucidate the 
function of different structural domains of Factor C and how 
the intrinsic properties of various domains of such a mosaic 
protein influence its destination (illustrated in Fig. 6). This 
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don of PC. Gray string, cysteino.rich region; orange string, epidermal 
growth factor-like domain; green string, sushi-like domains; black air-
ale, lectiu-like domain; red string, prohne-rich region; blue ova, series 
protease native conformer; blue string, snisfelded series piotµase; black 
oval. N-glyean; round gray shapes, proteins involved in folding, assem-
bly, and secretion (e.g. chaperones, foldases, signet peptidase, and gly-
cosidase). The hypothesis was confirmed by (a) the removal of PRE Rom 
FL, which completely switches its expression profile and protein con-
&rasa tion and reconfirms PER to be an important secretory determi-
mint for glycosylated FC; (h) mutation of N-glyeasi sites that impaired 
the secretion competency of FC; and (c) co-expressed chaperone (e.g. 
seamy :0, which associates with glycosylated FL protein and assists the 
reM1.821 of this impairment to a certain extent, to enhance its solubility 
arid secretion. Thus, Whereas PElt is crucial for correctly dire Ling 
folding and secretion of the downstream glyossylated SP domain, chap-
erones and foldases also play a role in enhancing protein folding, to 
ensure that the modular arrangement of the glycosylated protein is 
properly folded to „remain soluble or targeted 'Pe secretion and to exhibit 
ill functionality. 

series protease domain, SP, and not on the LPS-binding ES 
domain. A distinctive characteristic is that ES does not harbor 
any N-glycosylation sites. Using specific glycosylation inhibi-
tors and site-directed mutagertesis, we demonstrate that inhi-
bition of glycosylation blocked the secretion of FL. The aglyoo-
sylated FL became intracellularly localised although their 
corresponding PER was present, thus indicating that Nglyeo-
sylatdon is also critical for PER-dependent secretion (Fig. 5), 
The importance of N-glycans for the secretion of FC was reca-
pitulated using site-directed mutagenesis of the N-glycessyla-
tion sites. interestingly, the ablation of the three N-glycan sites 
at the C terminus at positions .A51174", Asiare' and Ass?' 
completely abolished secretion. Coincidentally, these three 
sites reside downstream of PER at or near the SP domain. The 
partial dependence of FC secretion on N-linked eligonaccharide 
appendices suggests that the individual N-glycans do not have 
local effects on protein folding. However, when the N-glycogy-
lotion sites at positions 740, 767, and 912 are modified at the 
same time, folding and secretion of PC are compromised al-
though none of the glycans are needed individually. in view of 
this observation, the oligosaccharides of PC seem to have a 
global effect on the folilingisemetion process. 

These data suggest that correct folding of the SP domain is 
the most critical for secretion of FC; the absence of PER pre-
ceding this domain or the absence of N-glycans within this 
domain leads to misfokling, which impairs FC secretion. 

The mechanism by which Nsglyeans aid in FC secretion is 
attributable to its ability to interact with chaperones. Overes-
pression of chaperones has been proven to improve protein 
fo€ding and stimulate secretion of certain target proteins (34.--

37). In this study, the secretion of FL and solubility of the 
cellular glycosylated PCs (PLC —PRR) and SP) were greatly 
enhanced by the presence of cCNX. Specific interaction be-
tween certain structures ofN-glycans and calnexin was further 
confirmed by a glycosylation inhibition study. Thus, it is evi-
dent that the N-glycans of PC function through interaction 
with molecular chaperones to aid in protein folding and subse-
quent secretion. On the other hand, co-expressed chaperones 
did not overcome the nonsecretory problem of FL( --PRE) and 
SP, suggesting that their intracellular localization was deter-
mined by their conformation and not the lack of certain molec-
ular chaperones iiz the host cell secretion pathway. 

Functional PC Should display both LPS binding activity and 
LPS-activated enzymatic activity. However, these two proper-
ties were uncoupled in 82-produced PC, 82 PC binds LPS, but 
it is not cleaved and not enzymatically activated. This is in 
contrast to 81S-BEVS PC, which we demonstrated previously to 
harbor berth functions (22). Further analyses reveal that the 
loss/gain of enzymatic activity stems from subtle differences in 
the complexity of glycosylation of FC. In agreement with our 
results, over the last decade, various reports (38---41) have 
described that viral infection of SIP cells temporally effects 
protein glycosylation (i.e. the activation of glycosyltrensferase 
genes takes place under proper conditions, depending on the 
virus type, promoter, and medium). Normal glycosylation char-
acteristics of insect cells were thus altered to allow complex 
type olitmeaccharide processing to occur. Thus, during baculo-
viral infection of 819 cells for expression of PC, the viral infec-
tion pennons affects the glycosylation of PC, consequently al-
lowing its conformational change upon LPS binding, leading to 
limiited proteolysis and activation of the serixte protease en-
zyme. hi contrast, being mmvirally infected, the S2 PC bears 
differently processed glycans, especially these atineer the cat-
alytic domain. Thus, due to the normative branching of the 
adjacent tai-glycans, the 82 PC is not proteolytically cleaved, 
although it possesses LPS binding properties. This is despite 
the correct overall protein folding and successful passage of the 
82 PC through the quality control of the ER and Golgi, which 
allows its successful secretion. However, since PC is such a 
demanding glycoprotein, retaining the :IPS binding activity in 
these secreted FCs does not satisfy the requirement for their 
conformational change induced by LPS binding to yield enzy-
matic activity. This reveals another surprising impact of N-
glycans on PC functions. Although differences in recombinant 
protein localization (42) and N-glycosylation heterogeneity (4:3) 
have been reported in these two insect cell expression systems, 
PC from these two hosts is so far the first recombinant protein 
to exhibit such marked functional difference. Future under-
standing and manipulations in the post-translational process-
ing pathway with exaglycosidaseiglycotransferases could pos-
sibly resolve this problem faced by FC as well as other serene 
proteases. 

in summary, we confirm that PER of a serine protease is 
essential for the folding and secretion of the downstream cat-
alytic domain. These results suggest that the PER serves a 
simple but essential role in tethering the structurally distinct 
but interacting domains of the protein. In addition, the secre-
tion ability of FCs was impaired in the absence of N-glycans, 
especially those residing at or near the catalytic domain, We 
also report for the first time that co-expression of chaperones 
significantly increases the soluble and secreted recombinant 
protein level in 82 cells but has no appreciable effect on the 
localization of the protein, These results help to elucidate the 
function of different structural domains of Factor C and how 
the intrinsic properties of various domains of such a mosaic 
protein influence its destination (illustrated in Fig. 6). This 
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general concept of the modular arrangement may be applicable 
to other members of the multidomain protein family, such as 
blood coagulation Factor XII, in particular the influence of 
domain interactions on their cel€ sorting, secretion, and func-
tion. Finally, PRR is therefore a potential univenaal conforma-
tional domain that regulates protein folding anti secretion, and 
it is probably applicable as domain fusion junctions for engi-
neered chimeric multidernain proteins expressed in eukaryntic 
expression systems. 
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general concept of the modular arrangement may be applicable 
to other members of the multidomain protein family, such as 
blood coagulation Factor XII, in particular the influence of 
domain interactions on their cel€ sorting, secretion, and funo. 
Lion. Finally, PRR is therefore a potential universal conforma-
tional domain that regulates protein folding end secretion, and 
it is probably applicable as domain fusion junctions for engi-
neered chimeric multidernain proteins expressed in eukaryotic 
expression systems. 
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