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The Limuivs Factor T (O}, 2 multidomain glveopro-
tein that binds bacterial endotoxin with high affinity,
belongs to the serine protoase faonily of the complament
and bicod cosgulation cascade. Here, we provide com-
peiling evidenes for the imporiance of moduize arrangpe-
ment and relevance of the proline-vich region (PRE) and
Ne-glycosyiation o the secvetion and function of FO. We
propose that PEE conld be 8 universal conformational
domain that reguistes proiein folding and targeting.
FCs lncking PRRE preceding the serine protesse domain,
were localized intracelhuiariy. Misfolded conformers of
the inteacellniar FOs were more susceptibie io frypsin
digestion. (lycosyiation inhibition studies indicsie that
the presence but not the exact strecture of the Nglycans
aifects the secretion of FC, although the complexity of
glycosylation may infivence s sndotoxin-duduced pro-
teolyiic cleavage with resuliant engymatic activity, Dis-
ruption of specific N.glyean sites at positions 748, 787,
snd 812, downsirenm of the PRE, gt or near the serine
protesse domain, blocks its secretion. Co-exprossed -
lecular chaperones ke canine calnexin sssociates with
givoeosyiated FOs o incrense iy solubifily and seoretion
lovel but did not alter thelr expressivn profiles. Our
vegulis clearly demonstrate that the folding and secre-
tion of a muliidomain sevine protonse ke ¥O are deler-
mined by its modular domsin serangement and site-
specific Mglycans, The seersted Fls contumining the
N-termingl portion of FC are able to detert lipopolysac-
charide with high sensitivity. We also identified the lop-
tine-dikeo nnd sushi 4 domains to contribuie {o the binding
of lipopolysaccharide,

The availability of engineered serine proleases allows the
sbudy of their aclivation, substrate specilicily, and regulabion of
various physiclogical processes. 4s the initiztor of the cosgu-
Intion caseads of lmulus amoshecyte lysate (LALYY Factor
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(FC) is 2 multidomain serine prolease, which is activated by &
trace amond of s Hgand, endotoxin Gipopolvaaccharide; LPS)
(1} LAL is widely employed to detect the presence of LIPS in
various Industrial aod clinical preducts {(2), Analvsiz of the
axwing actd seguencs indicates that FO is a complex modular
probain, comprizing 11 dowains (see Refl 3 and Fig, 1A Many
egrier attenypis to express FO in heterclogous hosts have faced
Hmited sucvess (47}, The native signal peptide of FC divecis
this raolscule fo intraceliular Iarge granules of the LBmudns
amoehocytes, and 1% is unable to secrcle the protein cut of
hetevolngous cxpression hosis. Instead, it may serve as 2 menm-
hrane anchor and invariably rasult in membrane-bound recorm-
binant protein. Thus, an alternative signal peptide is necded to
obtain secreted FO for invesiigation of its domsin-fuunction
relationship. Using 8 cross-hosl secretory smgnal {8}, which
teads to the secretion of various recombinant proteins tn boilk
prokaryotic and sukaryotic syslems, we have recently produced
full-length and bisdogically funciional domaing of O that binds
LP8 (8, 10%

The LPS binding and enaymatic activity of Factor  are
functionally distinet and are Incalized in the Nderming] sushi
{E8) and C-termingl sering protease dowaing (SP), respectively
{10, 11}, However, ihe importance of interdomain interactions
for expressisn and biolegical activity of ¥FC is hitherts un-
known, Of pasticaiar interest ix the proline-rieh region (FRR) of
the FO protedin, Proline residuss contribute significantly $o the
conformation and rigidity of the protein structure, and PER
serves s a molecular hinge In & number of proteins (12-14),
affocting protein-profein lnteraction and protein-ligand bind-
ng. In this study, we focus on the potential involvement of PER
i FC secrvetion and function. By systematic design of FC dele-
tion: homologues with and without PEE, we rre able to exnmine
their exprassion profils, post-transistional modifications, local-
ization, and LPS binding activity.

N-Linked glycans play pivotal roles in protein folding, ofi-
gomerization, guality contrsl, sorting, and transpoyt (15).
These sugar chaing are exfensively invelved in profein confor-
mation and function {18}, There are six potential N-glycosyls-
tion gites in FC ab positions 623, 834, 624, 740, 787, and 812

Iysate; PO, Faotor C; cONX, candne calnexing RCRT, hmman csleeticuling
FL, full-lengih Factor £; BS, BeodTHI-Sal fragment of Factor € cDNA;
8P, serine protease; FRE, prolive rich region; TH, tunicamyein; DMI,
a-dengymannoiivimycn; DN, w-deoxynciivimycin; 1PS, Hpnuolveace
chavide; SPR, surfare plasmon vesonanece; CAL, O, refiundicoude smoe-
hoegte lyvsabe; 82 FO, fll-ength Factor O devived from the drosophils
melancgaster 32 sxpression system; SI3-BEVE FO, full-length Factor C
derived from Spadopiere frugiperde, 3% baculovirs expression vector
syatom; BLISA, enzvme-linked immunogorbent assay; PRE, phosphaie-
builtered saline.

This paper is available on ine at hitpfweow jbcorg 368363
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iFig, 13 (A7) Hewever, the fanctions of these glveans has vol
been examined. We used glycosylation inhibition and sie-di-
rected mutagenesis to teat the role of N-glyeans on expression
and secretion of FO and to map the most exitienl N-glyeans.
Furthar asscssment on the involvement of Neglveans in the
secretion pathway was performed by co-expression of FU with
vavious melecular chaperonas, which gre proteins that asgsist in
the correct nopesvalent assewbly of other polypeptide-cosiain-
ing gtractures {18}

We raport for the Sret tives that exprassion and seoretion of
such o muitidomain serine professe reguives the proper mod-
ulzr arvangement of the various doraine, and PRE i3 essantial
for proper folding of the downstream SP domain. In addition,
we demounstrated the importance of site-spacific N-glyeosvia-
tion in FO secretion and provided evidence that Neglyeans
interact with chaperones and hence manifest their effect on FC
secretion, Interestingly, despite baving proper protein folding,
ihe secreted ¥ exhibiled LS binding but lacked snzymalic
activity, Thig loss of LPS-nduced enzymatic activity can be
atiributed o different comaplexity in glyessviation.

EXPERTMENTAL PROCEDURES

Unizes otherwise stated, sll resgents were of molecular biclogy
grade, purchased feors Sigma,

Construction of Expression Plasmids

Drosuphile expression vecbor, pAch. UVE-HisA (Invitrogen} was ssed
for funton expression, The naiive sigaal peptide sequence of full-longth
(FL} O cDNA was veplaced by & novel secretion signal to direst the
fugion protetn wut of the Drosuphile wells. Beven expression plasmids
weave constructed, with various combinsitons of B0 domaing insevted
downziraam of secretory signal and npaiream of V3 and s, fusion tag:
FL, Fi{--PRR), ES-PRR, €5, PRRSYF, 5P, and 8PPRR. Fig. 1 depicte
the domain sbructures of these recombinant construcis, Among the
goven consfructs, FL, BR-PRE, PRSP, and SPPRE contain PRE. The
remeining three construets (FL{--PRR}, ES, and SF) lsck PRR. Unly
8, which vontatns the N-terrinsl LPR-binding vegion, Incks both PRR
and N-glycan gites. Yefails on cloning siraiegies and socratory signal
sequence are availohls npon regusst. Canine calnexin (¢CNX) {12} and
homwn  calretiondin (QCRTY (20} «DNds weve subddoned  info
pAsh VE-Hish,

Bite-directed mutagenesis of the N-glycan sites of ¥C was perfirmed
wsing the Guiklhange™ site-divecied mutegenesis kit (Stratsgens),
Mutations wers veritied Ly seguencing.

Transiené and Stable Transfections

Plosmids were isclated uvsing CsCl-ethidivm bromide gradient ultra-
cendrifugation. Dresophile 52 colls were maintained at 25 °C in DAES™
medivm supplowented with 10% felal hovine serum {(CLONTECH).
Calelum phosphote-mediaied transient transfoction was perfirmed s
eording Lo the manufreburer’s vecommendation nvitrogen). For giable
transfection, pOoBY QRO selociion plasmid was cotransiocted with Kae-
tor © expression construcs, selected with 350 ugiml hygrowycin for 4--8
woeks, snd adepted fo TES™ sevum-fres madium,

¥or chaperone co-expression sfudiss, Celifectin-mediated (lnvitro-
gon} transfection war perftemed with DNA mixturs containing 1 pg
each of FC and shaperone expression construct. Contrsd transfeciions
were performed with FO exprassion eonatruct and pavental pael. 1/VE-
HisA IINA insterd of chaperone expresaion construets.

Partial Tryptic Digestion of FC

Twe pd of trypsin sofution (D0 ngfpl) in 50 st avetic acid was added
into 200 pg of PO ip 100 ui of 50 my NHHOO, The digestion was
sarvied oub at 4 “C. At time indervals, 10 pd of the reaction mixture was
reaoved and levminated by 4 pl ol the 4X 808 sample buffer. Weslers:
analysiz was performed on the digesied samples using poiyelonal vabbit
antl-FC antibody.

In Vive Giycosylatinn Inkibition and Cond-Sepharvse
Rinding Assay

Tunicamyein () inhibits N-glyesaylation of glycoprateins by block-
ing the firgt step in N-glyean hisgynthesis, whersas a-deoxynoiirtmyein
(NI and s-dessymusrmnaiirimyecin (BT} specifically inhibit s-glocosi-
daae and a-mannosidase activities, respentively, thus blecking the con-

Folding and Secretion of o Multidomuin Serins Protease

varsion of high wmannose oligosarcharides to compler-type oliposaccha-
rides. 82 cellz stably expresging FC were expossd to sublethal doses of
ThE (5 o gfeah), ING {5 mue), snd DM (2 van), Proteins from freated cslls
were coltevterd al 24 b and subjected to affinily chromatography on
Conh-Sepharane {(Amersbam Bicaciences). Conditicned madinm enn.
taining 10 pgfmil socreted PO snd ooll lysste pro(ein contatning 1 ugful
colbular FO were tncubated with ona-fifth volume of ConA~Sephavose 84
25 °C for 1.5 h. The unhound fraction containing aglycosylated ¥C was
recovered by centrifugation st 2000 X g for § min, The resin-bound
giyeosyisied PO was disseciated vis boiling for § min in 3 vestn volusmes
of BDS-PAGE Inading buller. Both fractions wore subjectsd to Weostarn
anglysis,
Tmnunoprecipitotion el Aralysis of ¥C and Chapsrone
Associotion

82 cells co-transfeeted with FC and chaperone expression plasmids
ware ooifected on day § post-Yransioction and washed Pwice with 1.0 mi
of PBS. Cells wove resuspended In 500 g of ysia baffer .32 PBS, 1.0
m¥ phenylmethylanifonyl Quoride, 1.¢ pM aprotining, sheared seven
tismes theougd o BT-gavge needle, and centrifnged at 14,000 = & fox 15
min. Bupernatant containing the csil lysate (1) proveing was vetrigvad.
The pelleted membranes (P} were solubilized in 500 pd of iysis buffer
coptaining 1% digilonin for 80 min i 4 °C with oversionnl agiiating.
The samples were clarified ab 14,000 X g for 15 min i separate sggre-
gates from soiubilized proteins, which were wsed for subseguent
tmaepreciptisiion.

¥ifty pl of profein A-Sepbarese (Awmersham Biogclences) wag nou-
haved with 8¢ gl of PES containing 2 pd of anti-V3 antibody for 1 h at
4 °C, Siter invabation, 108 pi of solubilised protein samples was immu-
soprevipitated 88 4 °C overnight on & rolator, The samples weve cendri-
fuged and washed thres Hmes with cold PBE, Forty il of SBS.PAGE
londing buffer was added to each tube and boiled for 8 min before
Wostersn sualysis,

Concentration and Partial Furification of FC

Culture medium containing secreted FL was vollecied after cen-
trifugation of cell culivre at 3000 « g for 10 miv at 4 °0C, Medivm was
concentrated 10-fold by ultrafiliration using a regenerated celluloss
memmbrene cagsetis (Pellivon XLy 3¢-kTka molecular mass out-off; Mil-
Hpore Corp.) at 4 °C. Concontrated profein sssaple was chromato-
graphed on 2 Qephadex G100 (1.5 X %0-om) column. Fractions con-
taining parsially purified FC wers pooled and concentrated using
Centriprep-regeneraied cellnlose mewbrane (80-50s molecular mass
cut-offs Amicon YM).

In Vitro Endoglyeosidase Digestion end Givean Differentiction

10 peg wuch of partially puxifisd seoveted PO from SiB-BEVS and 82
was denatured in 5% SHS, 10% S-mereapioethanc! for 10 min at 100 °C
and subjscied to srdogiveosidass H and peptideN-ghycanase F (New
Bogland Biolaks) digestion af 37°C fw 18 b, followed by Wastern
analysis wsing anti-PO antibedy, Conteo! samples were troated in the
sems Way cucept in the nbzence of enzyme,

For the glyveas differenitation ssery, Fls from LAL, CAL, 3f%-BEVS,
and B2 were purified by protein A-FC anlibody affinity chromaiogea-
phy. Fifty ul of peotein A-Sepharsee {Amersham Biosciences) was in-
cubated with 53 ul of PBE condsining 18 wl of anii-FC aniibedy for L h
at 4 °C. 109 pg of FC savaples were then added to the protein A
Sepharsse complex and ncubated at 4 °C overnight on a mtator. The
samdes wers ventrifuped and washed three times with PES, and FC
was veesvered Trom protein A-Sephaross by boiling for 10 min in PBS.
Lectin binding aszay of the immunocaffiniiv-purified FCs was carmiad
out using the DG plycan diferentistion kit {Roche Molecular Bio-
chemidesls), according to the mansiaciures’s nsiraciions,

Functional Analyses of FCs: Erndotoxin Binding Assoy

The LPS binding potentizl of various ¥C proteins were snualysed
uaing (o) LPS BLISA-based assay and (5} surfave plasinon sesonanes
{SPR).

BLISA-based Assay for LPS Binding—This assay was performed as
described by Tan ¢ ol (10} with some wodifications. Costing of &
polysorp 86-woll plate (INUNC) was achieved by incubation st 37 “C for
2 b, and hiocking was performed overnight at 25 °Cl 10 pgz of protein
saropie was sdded into esch well and incusbaled for 18 h at 25 °C. Bound
¥(s wore detected by sequential incobation with priveary rabbit an-
-FC antibody (1:300 dilution, 3 h at 87 °C) snd goat anti-rabbis ses-
ondary aotibody (1:2000 dttwtion) conjupated to Horseradish persxidsse
{Daka)
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Folding and Secretion of o Multidomuin Serins Protegse

SER to Detereing the B of FO for Lipid A—&nti-V8 aniibody at 20
ugfm! was immaghilized to CME chip {Amersham Bicarionces) arcording
so the manafacturer’s specifications, & low capacity sorting for kinetis
study was sehieved ag indicated by an increase of 1418 resonanes wnits,
PO samples were injectad at 10 p¥min over the anti-VE antibody sur-
inve, resulting in capturs of 5.0 pmoel of FL (determined by densibornst-
v seanning wsing pure BS a8 standard snd novmsltived based on thetr
peptide size) from the conditinned madium. Subsequently, lipid A at five
differsnt concentrations was injected at ¥ ulfmin o sxsraine interac-
thos between FC and lpid 8. The alfinily constant was caloalated naing
Blasvaluation program (version 3.0.2) and reconfirmed using CLAMP
{31} For regensration, 100 mw NaCH was wsed. Values reprosent the
mean of throe independent axpesirents.

BESULTS

FPRE Is Critical for the {orrect Folding and Secretion of
Downstraam SP Domain—Seven expression plasmids were
transfected tnto 8% cella. Imwunshiot analysis shows that all
the stable 82 transfoctants exprossed Plq, albeit displaving
ditferent amounis and expression profiles (Fig. 14). Inberest-
ingly, although subcloned downsiresm of a potent secredion
signal, not all of the FC proteine wares secreted, suggesting that
the loealization of FUs might be signal sequence-independent.
We observed that the FL could be defocted in the culfurs
medivm. However, the deletisn of PRR froms FL, yvielding
FL{-PHR), is not secreled (Fig, 14, consiructs 7 and 2). This
indicates that PRR s important for the secretion compelency of
¥z, We next tovestigated the relative conbribution of PRR to
the functionally distinet LPS-binding and serine proteass do-
maine, vzing paived truncated FOs (BSPRRE versus ES and
PRE-SP versus 8P} containing or lacking the PRRE (Fig. 14).
Neither the preservation nor the removal of PRRE sffects the
secretion competeney of the LPS-binding domain, ES (ESPRR
and ES; Fig, 14, congiructs 3 and 4), Similarly, when PRRE was
localized upstresw of 8P (PRRE-SP), as in the native FC, the
PRESP protein wag sasily deteciabie in the medivm. Inferest-
ingly, when the PRE was deleted, the serine professe domain
alone (8P) is no longer detectable in the eubburs medinm (Fig,
14, congtructs § aud &) This clearly indicates that PRR is
eritical for the secretion of the serine protease domsin.

A major ditference between secreted and cellular FCs that
harbor SP was that the secreted FOs (FL and PRESP) have the
PRE domain locakized upstream of 8P, without which 8 is nei
secrefad into the medinra. To verify the importance of this
modulsr arrangement between PRRE and 8P, the PEE was
subcloned Oderminal to 8P (SPPRE), The PRRE Jomain in this
reciprocal construct was not able fo reseue the intracellular
retention of SPPRE. Taken together, the FRR region of ¥C is
important for correct folding of the downstream SP dowmain and
thab infracetularly localized FCs mighi be mistolded.

To shed more Hght on the role of PRE in folding of the
downstream 8P domain, pariisl fryplic digestion followed by
Western analysis was carried out on two paies of FCs: (o) FL
and FLLPRE) and (5) PRE-SP and 3P, (ver the observed time,
distinet protein fragments of FL (132, 80, B2, and 38 kDa) and
fragmentis of PRESP (58, 52, and 38 KDa) ware clearly delsct-
able by anti-FC antibody (Fig. 158}, sugpesting that they were
properly folded nlo a sertes of individual compsct dumaing,
which are relatively frvpsin-resistant. It is inleresting to nole
ihat bwo of the frypiic fragments, 80 and 52 kDa, corresponded
to LPS-activated auvtocieavage of Factor £, Imporiantly, both
PRRE-defictent mubants, FL{-FER) and 8P, wers rapidly di-
gosted by trypein and wers not detectable by antdl-FO antibody
after 1 h. Two isoforms of S8, of ~38 kka, were observed, of
which the larger isoform was rapidly digested by trypsin. In-
terestingly, the minor sweller isoform increased slightly over
the tested time period. This increase could be generated from a
small snbpopulation of the larger isclorm, and the smailer
isoform was relatively resistant to trypsin digestion. These

J6365

resuits show differences in protein folding betwesn intracelin-
tar PRE-deficient PCs and secretion-competent FOs, It is on-
visaged that lack of FRE upstream of the SP domain tends fo
regult in misfolded FCs, which expose mors secessible trypsin
cleavage sites that render them more susceptible to protense
digestion.

Clearly, PEXR is imaportant for the folding 204, henee, secre-
tion of the seving protesse. Bsseutially, PRR can only exert its
effoct when the serine protease domain s locatized downstraars
of ik,

N-Giveosvlaion Is Reguived for Proper Post-tranglational
Processing—We rlso observed a differential dependence of the
two functional domeing (viz. LPS-binding and serine protesse
domains) on FRE for folding and secretion (Fig. 1), The secre-
tion competence of LPS-binding ES i3 unaffecied by PHRE,
which is in contrast to the SP. A distinguishing feature of S is
that it lacks N-glveosyiation siies compared with 8P or ether
SP-harboring FUs, which contain multiple N-giveosyiztion
gites. Thus, we nexl investhigated the significance of N-glyeosy-
intion on the expression and seoretion of FO.

The secreted FL protein is glycosylated and is able to bind to
ConA-Sepharszs (data not shown), FL profeins from 82 sells
treated with TH show progressively decreasing size based on
their mobility (Fig. 24), suggesting 2 lose of N-linked suger
chaing, Aglycnsylated ¥L was detectsd only in the L and P
fractions, which clearly indicates that loss of N-glycosylaiion
inhibited FL secretion. The absence of Ne-glyvoaylation of ¥L
after TH treatment iz alas confirmed by ils inability fo bind
ConA-Sepharsse (Fig. 28 In contrast is the effects of THM on
FC secrstion, cells treated with BDRJ and DMJ exhibited ne
difference in expression level or disistbution patiern of FCs
{data not shown). Thus, the conversion of high mannose ofigo-
saccharide to complex oligosaccharide is dispensable for pro-
Lein secrotion.

o determine the eritical N-glycan sites, 2 series of plyvomry-
tations were indroduced (Table 1) The position of PRR is such
that it partitioned the FL into the M-terminal LPS-binding sund
the C-{ermival servive protesse regions. Thus, we decided to
routate the M-glyeosyintion sites sequentially from each termi-
nal. Single disruption of any one of the six Neglycan sites hasne
nhaervable impact on the FC recretion (Fig. 2C, Series [, How-
aver, the slimination of two sites, pariticularly NBZSQMNEI4G
and NTSTLYNGIRG, impaired the expression of FL (Fig. 2C,
lanes | and & of Seriee ID. Although mutation of the three
conseculive N-glvean sites located at the N ferminus czused
dragtic reduction of the expression of FO, this matant FL s still
secreted into the culbure medinm (Fig. 2C, lane I of Serdes JEN.
In contrast and importantly, the mutation of the thres eonsee-
ative C-fermainal N-glyean sites located downstream of PRR
atfnear the 8P domain botally abodishad the seeretion (Fig. 2C,
lane 2 of Series ¥If). The vemaoval of all six glycusylation sites
{i.2. agiycosylaied FL) i3 not seoretiov-conapeiant (g, 20, Se-
ries IV}, Thus, in addition io PRE, the N-glycosyiation aites iv
the 8P gve also eritical fiv profein expression and secretion, We
next sought $o zssess the contribution of Voglycans to sscretion
competence and also to determine a possible functional depend-
ence on PRR.

N-Hyeana Interact with Molecular Choperones tn Enhance
Solubility and Secretion of FO-To further exandne the in-
volverrent of N-glveans in the secration pathway, co-expression
stady of FC with two molecalar chaperones was earried out.
UMK and hCET wers expressed in 82 colls and their expected
protein sizes and cellular localization were detected with. theiy
respective antibodies, The expression levels of the ¢CNX and
hORT in 82 were also comparable (Fig. 203},

The sverall expression lovel of FL, as determined by densi-
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¥15, 1. Domain styucinre, targeting, localization, and folding of ¥Us 4, domain siructure of the fll-length ¥acter € and the delotion
homologues. The recombissnt fasion sites of diffovent domaing sre indicated by wpmerd erems with the aming seid numbering in the ssiginal
Careinogeorsing resundicowde FE2L (GanBank™ govession v, 877063), The plyossyiation sites ave merked with preen closed dinmaonds, Durkly
shaded arss, secretory signal {ssd CR, cysteine-rich region; hortzonially sériped areg, epidermal growih fsctor-like domain; SI-5, sushi-liks
domaing 1--5; LECTIN, lectin-liks domair; PRE, proline-rich region, in red; 5P, serine protesse coding region; dicgonally siriped region, V5 epitops;
vertically strined region, ¥is, tag. Tavgeiing of the soven recombinant ¥Cs was detertad by Western biot. A1, 1.0 pg of euliure medivm contrining
secrabad wrototns; £, 20 pg of cell lysates in PBS containing cellular proteing were cbiained by fve eyctes of frosze-thawing of colls, follnwad by
cenbrifugation at 12,008 X g for 15 wain at 4 °0; P, 20 ug of inssiuble pellet obtained i this step was alss collevted, weighed, snd solubilized n 1X
SDS-PAGE saxaple buffer, Protein concentrativn was mersured by Bradfurd assay. The relative distribution of FC proteins in 3, L, and P fractions
was vevesled using anti-VB-horserndish peroxidase antibody (Invitrogen). Membranes were visualized using the Supersignal® Weeb Pico Ched-
Tumineacent Substrate (Bierce). ‘The amount of ¥C was quaniitaied densitometrically by using fmageMastor (Amersham Bicsciencss) software,
Pure B8 protein (10) was used as standard. Band intensiiies within the lnear vange were measured. B, partial profeolysis of ¥COs, FCs (FL,
FLLPRR), PRESP, and 8P weve purtially digested with trypsin and collected ot time points s indicsted. Dipested savmples weve anaslyzed by
Western snabysiz using polycional rabbit snti-FO antibody. Distinet stable protein fragments of FL (132, 88, 52, and 3% kDu} nad PRE-SP (5§, 52,
and 58 kDa} were deteciable.
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Fi. 2. N-Glgeans ave reguired for proper FC synthesis and tergeting. 4, immunchlot of FL from the M, L, and T afier ireatment of 32
celis with TH. Western analvees used 10 pg of medimn (8}, 20 pg of lysate (L), and 20 ug of solubilized pellat (P) B, immuncblot affer
Cond-Sepharose binding asssy of FL fram M and L. Protein samples wers collocted frowm colls treated or not with TM for 48 h. /8, unbound
protetas; &, preteing bound fo Cond-Sepharsse. O, hwaunobiots of FC spruples from 82 cells transfovied with FO glyvesssuianis, Cell culture
supernstant was preparsd from 82 expressing wild type FL and FL glyvomutants. Protein samples were cuilerted as described in logend of Fig.
1. 1.8 pg of medium was resolved in a2 8% gol by SDS-PACGE. Al trenafections wers done in pavelicl. The blst shown is representative of three
independent rperiments. fmmunchlotiing was performed with anti-Vi-horserrdish peroxidase antibndy. £, expression level of ¥Cs co-expressed
with wotoewdar chaporones. Bxprossios of cCNX (D) and hCRT (2) in B2 cells is shown. B2 colls transiected with pded. LVE-Hisd voctor or chaperone
exprassion construets ware collecied on day 5. Soluble lyvsuie (L) and paviicalate (F) factions were resolved by SDE-PAGE snd analyzed using
respeetive chapersns antibodies. Antibody for ¢ONE is from Transduction Laboratories, and antibody for h{TRT is from Stressgen. ¢CNX is deteried
in the P fraction, and BORT is detecied in hoth the L and P fraction. Thes: sxpression profiles conform to thair original nature, in thet oUNE is
infegrated into the ER membrane, whersas hURT are ER luminel proteins. E, comparison of secreted FL, ES, and ealiunlar FL{(~FRK), 8P
ao-expressed with chaperones on day § post-iransiection. Belative vaines calontated from the densgitomelric data are shown, with the value fior the
82 cells transfected with FC consteuet sione srhitrarily set 88 1 Error bore vepresent the 8.8, (n = ). F, loft paned, direet interaction of ghycosylated
FO with chapercnes. Digitonin-solubilized cell Iysates (L) from 52 cells transfevted with vector-pAeB. UVE-FisA, «CNX alons, FL(-FRR) + «CNX
and BF <+ «INX were precipitated overmight with anii-V& antibedy, The immwmunoprocipitates wers subjected $o SDBS-PAGE and probed with
anti-cCNX antibody. Right panel, association of shaperene and FC under glycosylation-inhitited conditions. 82 colis eo-transfectad with ¢CRX and
GF (lner 2-5) wers pretreated svernight with TM (B pgfml, Zane 83, DN (3 mos, dene €, and DM (2 van, one 5} befors tranatoction and inoubated
with these irnhibitors after transfection. FCs expressed wese then previpitated with anti-VE satibody, and the chaperones that sssocisied with ¥C
were analyzed by SDS-PAGE asd immunchiutting.
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Tanw 1
Ghyeomtants of Foctor © generated by site-directed wuuctugungsin

Mt Lonssnsnus seguences) sisreptes

Sertes ¥ PO mutsuts

N523G Asn-523
NE3AG Asn-834
NE2 Asn-524
NTLR Aan-740
NTSTQ Sun-TET
NeIR Ban-B12
Beriss If ¥FC muisnts
NE2HYNE8443 Asn-523 snd Asn-534
NERGYNG244] Asn-i34 and Asn-624
WH2ACHNTL0G Asn-824 and Asn-T40
N7AGCEVTETG Asn-TAG and Asn~T87
NT8TQH1EQ Asr-767 and Ase-912

Series [ FC mutants
NELBQYNERAQNG24G
NTABYRTETRNGIRG

Beries IV PO mutant
Ni-5Q

Asn-B23, Asn-b34, and Amn-624
Asn-T40, Aun-767, and Aan-912

A1 six sites

tometric seanning of the lmmumablot, inersased over time, and
peaked betwaen 5 and 7 days {dats not shown). ¢UNX caused &
A-fold incresse in the level of secreted FL, whereas BCRT
mindmally enhanced FL expresgion. Next, the effectr of chap-
erone on the exprassion lovel of cellnlar Fls facking PER,
FLO-PRE) aod 8P, wers sxamined, Although overaxpression of
cONY and hOBT enhanced the sofubility of FL{-PRR) and 8P
to variable degrees (Fig. 24, none of thess chapsrones was able
to rescue the nonsecretion of FRR-deficient FCs: FL{-~-PRR)
and SE. The chaperones did neot affect ES sxpression and se-
cretion. This i3 not surprising, since the LPS-binding ES do-
main iy not glycssylated (Fig. 28). Coimwunoprecipitetion
exporiments  showed that oUNE  co-precipitated  with
FL-PRE) and 8P (g, BF left panel), bul no apparent inter-
action was shasrved with bURT (data not shown). Sinee hCRT
consistently gives a small increase in FO sxpression, it is con-
ceivable that the associstion between FOC and hORT i tran-
sient, Specific interaction hetween the Neglyeans of FC and
eCNX was further confirmed using N-glveosyistion inhibitors,
ThE, BNJ, and DM Consislent with the sbove observaiion,
preatrent with TH and DN abolished ihe interaction between
O oand oUNX, wherens DMJ had oo effect (Fig. 28, right
paned). This clesrly indicates that the N -glycans on the ¥O
molecules are responsibis oy interaction with ¢CNX, In addi-
tion, cCNX probably rocognizes certain structures of FO N-
glycans and binds specifically to the deglucosylated forw of FC.
Taken together, the results indicais that N-glycans are impor-
tanb for interaction with ¢CNX, which increases the solubility
of the P protein, and that its cbsesved offect on protein secre-
tion iy secondary to the lack of this inleraction. Furthermors,
the PRR region, although eritical for the correct conformation
of the downstream sevine profeass domain, is dispensable for
the interactisn with thess chaperones,

Specific Glveosviation Modificasion Is Reguired for FL Enay-
wuweiie Activity—Iin addition to its coninbution to protein solu-
bility, &-glyeans bave been reported to tnflnence protein fune-
tons (18). Bince plyrouyistion is the only posi-trassiational
modificalion known so far in FOs, we aitempled o procisely
investigate the extent and fype of ghycosylation in FO that can
alter LPS-induced autocleavage and itz enmymatic activity.
Si5-BEVS FC was provigusly demunsivaied fo exhibit LPS-
induced clegvage and enzymatic astivity (32),

Endoglycosidase B and pephideN-glveanase F digestion
analyses show the presence of both high mannose and complex
glyeans on 82 FC and SIB-BEVS FO. Diflferences in their mo-
bility indicate that S{9-BEVE FC contains 12 kDa of complex
N-giveans and 82 FC harvbors 8 kDa of complox ¥ -glycans (Fig.

Folding and Secretion of o Multidomuin Serins Protease

343 Thus, it appears that 82 ¥ ix less glycelytically processed.
Geolasthus nivalis sgglulinis freabment revenls the presence of
high mannose glycans in alf four FCs. Sambucus nigra agghu-
tinin treatment vielded positive resulte for FUs from LAL,
CAL, znd SFO-BEVS and only weakly reacted with 82 FO,
Interestingly, vreaction with Moackie emurensis agghatinin
yielded the strongest signal with 83 FC, pointing io a difference
in the bravching of terwinal siedic acids. 82 FC contain grealer
gialie acid linked «{2-3) to galactose, which is in conbrast to
SB-BEVE ¥C, LaL, and CAL. The latter thres ¥s condain
more gislic aoid Hnked o{2-8) to galactose. In agreement with
the endoglyensidase H digestion resulls, Dature stramonium
agglutinin vielded the weakest signal with 82 FC, confirming
that 8% FC is the wost poorly processed among the four Fls
(Fig. 3B). Collectively, we have shown that the glycan struc-
tares of FC expressed in 82 are different from FUs derived frors
518, CAL, and LAL. Such ditferences tn glyeomodifications can
transisie into disparity in proteis functions.

LPS activation of the FO expressed in the 8i8-bacudovirus
expression gystem was cloaved indo twn protein fragmenta of 80
and 82 kDa (Fig. 3C), with vesultant enzymatic activity (22). In
contrast, atbempts a2t wessuring LPS-inducible enzymatic ac-
tivity of 82 ¥O showed that it does not sutecieave and exhibited
no enzymatic activity, The above mentioned host cell-specific
complexity of glycosylation of the FCs offers plausible explang-
tons for this lack of ceavage aud snpymatic activity.

Seereted FL ond ESPRE Reiained Their LIS Binding Activ-
Has--Secrated 82 Fls wore tested for their LPS binding offi-
cacy using both ELISA and SPR. Using gal filtration-purified
Fs, signifieant iptd A binding activity of Fl. and B8 PRR war
obgerved, as cowspared with the partially purified conditioned
serum-free wedium from witd-type 82 ceolls. Both secroted Flg
were capable of dedecting as low as 0.05 pghml LPS (Fig, 44).
The secrated PRESP was unable $o detect LIPS, indicating that
there is no LPS-binding domain in this molecule. The X, values
of FL and ES-PRR oy binding to £, coli Hpid A was determined
using SPR. Fig. 4B shows a sensorgram of lipid A binding to
FL. The K, values were 2.38 X 1077w and 8,58 > 1077w for FL,
aund ESFRR, respectively. It is intoresting to observe that the
absence of the lectin-like and susht 4 domains leads to » 4-fold
decrease in affinity for LPS.

TIRCUSSION

Inthis study, we have identified fwo imporiant determinants
of protuin secration of & mosaic serine protease: the PRR and
cartain strategically Iocated Neglyesns. PRR is necessary for
proper folding of the downstream SP domsin. The N-glycans,
prrticnlarly those residing downstrears of PRR, at or near the
S domain, contribute to stable interaction with specific chap-
erone{s) and consequently nerease the solubility of Pla. Al-
though both factors are invelved in different aspects of profein
sxpression, they srve equslly eritical for the maburation and
secretion of the profein (Fig. 8). We alse identified two potential
domains that contribute to the LES binding setivity of FC. The
ahsence of the lectinlike and sushi 4 domain in SP-PRR leads
to rp Rpparent decregse in affinity for LPS by 4-fuld compared
with FL, indicating that these two domaing could either affect
the conformation of the upstrears LPE binding dowmaine or
divecily condribute to the binding of LPS. Finally, we provide
evidence that the Neglysans are dispensable for LS binding
but thai the differential comploxity in glycosylation is critieal
for LPS-induced cleavage and cuzymatic gebivity,

PRE Governs the Folding of Downstream SF Domain—The
giguificance of modulay arrangement {o the gtractural infegrity
and fanclionality of mnitidomain proteins such as Factor XX
and PO may provide us with imporiant insighis inte thetr
reguiation, setivation, and substrate specificity. The availabil-
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(A}

Fi 3. Comparison of the extemt
and semplexity of glveosyiation in 82
PO and BIR-BEVS FO, A, sndoglveosi-
dase trentment revesled thai S{B-BEVE
FC has roors complex N-glyeans. The mo-
lecular mess ahift after sndeglyrosidass
H {(fnds F) trestment indicates the ox-
tond of high mannose N-glysen chatns,
wheseas the shifl silter peptideN-gly-
ranase F {(PNGase F} trentmens indicates
totel N-glyeosyistion (neluding both high
manness and compler sugar cheine), The
sing diltovence belween peplided-gly-
esnase Ftroated ¥O sample and FC Tal
(ranscripiton-coupied transiation) prod-
et is attributable to O-glveosylation. 3,
ghyean diffovential assay of 82 FC and
GR-BEVE PO Yone 1, ¥ lane 2, ¥O
without N-giyeans., The N-glycans weve
detnched from FO peptide chain by treat-
mngnd with peptide:N-glycanase ¥, and the
#roe glycan chainz are removed by contrif {83
ugation through a 30-k3a meolecuisr mass ’
cut-off Micvocon [ter (dadeon), O névelis
rgphutinin (GNA), N nigre agglulinin
(SNA), M. amurensis agglutinin (M44),
peanut agglutinio (PHA4), and D stromo-
nive agghatintn (25A) have gpecific ai-
fudty for terminzl weannose, sisfie acid 4
lnked *{2-5) to paleclese, sislic acid o
Hnked «{2-3) to galactose, O-glycosid-
ivally linked sugsy chain, and Galf-(3-
LDFIENAC 1o complex and hybrid N-gly-
osns, respectively. 7 nivadis agghubinis
trentment vielded pogitive signals for all
four FCs; 8. nigra sgglutinin treatment
vielded positive resulta for POz from LAL,
CAL, and Sf3-BEVE and only woakly ro-
seted with 82 ¥O. Reaction with M. e
rensis agglutindn sielded {he shrongest
gignal with 82 FC. 8. nigra agghutinin 4id ()
not  react with pephideN-glyranase !
Foireated ¥O samples. D, siramonium ng-
phutindn yielded the weakest stgnal with
32 FC. T, vomparison of LS activation of
Sf8-BEVE FL and 82 FL, Incubation of 10
ug of 818-BEVE FC and 82 FC with 86 BU
of LIS wag carvied out at 37°C for 1 he
The activation of FO from S{9-BEVS was
readily sheervable (autoctewvage tnio 80
snd 52-2Da bands). 82 FC remsined in-
tact eler the LPS treatment.

ity of secveted recombinant proteases tn a hoterologons syslem
ig wsuzlly preforable for ease of subsequent purification and
functional studies. Since the secretion of a profein relies not
ondy on its signal peptide but zlse on the nirinsic amine acid
sequance that determines the final tertiary stwucture of the
mabure protein, we examined the secretion of FOC constructs
contatning diffevent moduler domaing in thetr nabive and re-
ciprocal postiions,

In the middie of the FQ molecule 1s the basic PRR (amino

mology 3 binding cove mntifs (23), PXXP (underlined; P denctes
profing), Sre bomeology 3 domains affect prolein targeting and
enzvinatic getivity and play a role in signal transduction (24). It
ig possible thet the PRR of Faclor C is involved in transducing
1PS-induced activation of the serine projease enzymatic aciiv-
ity a8 well as conlrtbuiing s the LPS-dependent mulkinctiva-
tion of Factor £ via protein-protein intersction (25). In addi-
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tion, the PRRE of Factor C shares homslogy with the hinge
region of human coaguiation Factor XII (88). Henee, it is pos-
gible that the PRE acts a3 a crucial eonformational motif nac.
sssary for the secretion and function of such serine proteases.

In this study, we consiructed and expressed a patr of FOs (FL
and FL{-PRR}} with a view to exanyine the functionsl signifi-
canee of PHE. The FL was officlenily seoreted and fuBly capable
of hinding LPS. In conbrast, the PL{-PRE), which lack the
PRE, were exprossed indracelnlarly and were sonfunciional
The expression profile of three additional FOs, 8P, PRRSP,
awnd SPPRE, confirmeed that PER i3 cssential for folding and
secretion of the downstream 9P domain. The introduction of
PRR Caerminal to BES has no observable effect on BES expres-
gion profile, suggesting that PRE only exerts its influence on
the downstresm dowsains. Thus, PEE ieelfl may set as an
intraraoiecular chaperene for correct folding of the downsiream
8P region for its subsequent transporiztion fhrongh the or-
ganeile. In support of our dada, it was reported that the mini-
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LPS-ELISA
A) 0.25 :
00 pg/mlLPS
@ 0.05 I LP
0.20 ] | 2 0-05ne/mlLPS
N 5.00 pg/ml LPS
v 0.15
=
~r
Q
C 0.10
¥ 4. Pomctionst analysis of FC. 4, 0.05 -
Hgand binding ssseys of FL samples.
ELISA of 12 ug cach of protein samples:
contrel semam-fres medivm, Fi, BRPRE,
and PRESP paritally purified thwough 0.00 -
Bephader G-100 {void fraction). Thres n ‘PRR .
eomwentrations of LES (¢, .08, and B ugf Control FL ES-P PRR-SP
i) were wsed. Frror hars reprasend the
SE. (» ~ 8. B, a sonsorgram depicting
the toteraction (n response units (KUY of
saptured Pl with vavioss concendrations
of Hpid A. BESTFRR gave similar response
profiles. 100 gl of five concemtrations Y . . R
(5.00, 2.50, 1.35, 0.63, and 0.9 pw) of (B) Association Dissociation
lipid A were injected. The affinity } | |
constants wers caloutated using the Linid A
BlAevaluativn program version 3.0.2 80 [Lipid A)
and reconfirmed using CLAMP (31} — Al 5.00 pM e
o 7007~ — 2.50 uM S T
o b 0 A 1
~ 6001]— - 062 uM{| -
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2, 200 i
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mal portion of secrcted Factor XL, which is also & multidomain
serine protease sivilar to FC, also contains PRE (37}

The differential susceptibitity to tryvpstn clearly dermonsteates
the fmportance of PEE in the correct folding of ihe downsirenmm
8P regiom and in directing the secrstion of glycosylated FC (Fig.
1B} Trypsin acts preferentdally at the undblded regions in pro-
tens, such 33 the domain boundaries of 2 moesais protein, It i3
workh noting that o the basis of sequence specificity alons, thers
are close to 100 and 57 potentisl trypsin cleavage siles for FL and
PRE-SP, respectively, However, only three op four characterislic
bands, representing two sets of veintively protease-resistant fag-
menis, were detected after partial teyplic dgestion, Therefore,
the siable fragments are attribuiable o the compactly folded
individual domains, The 38-kDa stable fragment shaarved after
digestion of both FL: and PRE-SP could be the properly folded 5P
domain, On the contrary, PRE-deficient mutants, FL{-PRR) avd
SE, failed to give rise to charactieristic patterns of stable products,
suggenting that they are incorrectly filded and are more suscep-
tible io protechyiic digestion,

The eryatal strocture of a ealalviic fragment fom homan
Cls, which shaves high similarity to Factor ¢ madular archi-

tectiare, has been determined (28). The COP2 moedule {sushi
dornsin} of Uls is orienied perpendicularly o the surface of the
8P domsin, and the connection 18 maintained through » rigid
module-dormain interface involving intertwined prolime- and
tyrosing-rich polypeptide segmenis (28), Since the residues
maintaimng the interfzce framewsrk ars highly conserved in
the sushi-SE family, i i3 believed that the rigid sushi-BP as-
sershly I8 also present in Factor © (28). Conststent with the role
of a module-domain interface, sur daia show that the absence
of PRR changes the sushi-SP asserably, resulting in wmisfolding
of the deletisn bomolognes, rendesing them nonsecretory.

Many other stndies have documented the importance of PRE
to the biolegical functions of different proteins, and that its
remoeval adversely affects the localination and activity of such
proteins (30-332), Thus, rather than being resivicted to a small
aubset of serine profeases, the PRR could be a universal con-
formational wotif that regulaies protein targeting.

N-Zycnns Contribute to the Internction with Chaperones and
Solubility of the Becombinant Profeins—Whereas the data
above cloarly demonstrate thet PRE is an imporiant secrefory
determinant of FL, PRR also exerts 3 preferential offoct on the
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Fie. 5. As iHustration of PRE rud N-glverns invelved in seore-
tion of FC. Gray siring, cysteins-rich region; rrange siring, epidermal
growth factorlike domain; green zéring, sushi-liks domains; black oir
cle, lectin-like domaivny red siring, profine-vich reglov &lue cval, sevine
profonse pative eonfurmer; Slue siring, misfolded sevine protenss; black
ovid, N-glyexn; mound groy shapss, proteins tavolved in fulding, assem-
bly, and secretion {e.g. chaperenes, foldases, signal peptidase, and gly-
cosidase). The hypothasis was confirmed by () the revasval of FRE from
P, whish completsty switches ils exprassion proflle and profein con-
formstion and reconfirme PRR o be an tmperiant seerelory deterad-
nant for glyeosylsied FC; (&) mutation of N-plycan sites thatb impaived
the secretion competency of FL; and {¢} co-oxpressed shaperone {e.g.
ealnexin}, which associates with glveosviated FL protein ard sssists the
reversal of this inpairment (o a cerlain extent, to enhanes g solubility
and seerelion. Thus, wherens FRE t8 erucial for sorsectly divecting
folding snd secrstion of the downstresm plycssylated SP domain, chag-
erones snd foldases also play a role in enbancing profein fulding, to
engure that the modular arrsugement of the glycesylaied protein is
propovy felded fo remain soluble or targeted for gecretion and to exhibiy
il functionality.

sering protease domain, 8B, and not on the LPS-binding S
domain, A distinetive characteristic is that ES doss not harbor
any N-glyeosylation gites. Using aspecific glycosylation inhibi-
fors and site-directed mutspenesais, we demonstrate that inki-
bition of glycosylation blocked the serretion of FL. The aglyoo-
syizted FL became intracelinlarly localized slthough their
corresponding PRR was present, thus indicating that Neglyes-
gviation iz alas critical for PRE-depondent secration (Kig. 5.
The importance of Negiyeans for the secretion of O was recs-
pitudated using site-directed mutagenesis of the N-glyoosyla-
tiows sites. lnlerestingly, the ablation of the three & -glyean sites
at the O termines st pesitions &sn™®, 4sn"%, and Asy®™%
completely abolished seeretion. Coinddenially, these thyes
sites reside downstream of PRR at or near the 8P domain. The
paritial depandence of PO secretion on N-linked sligusaccharide
appendices suggests that the individual N-ghreans do uat have
local effects on protein folding. However, when the N-glyeosy-
lation sites af positions 748, Y87, and 812 are modified at the
same time, folding and secretion of P sre compromised al-
ihough none of the glycans are needed individaaily, by view of
ihis observation, the oligosaccharides of FC ssem {0 have 2
global effect on the fuldingfescretion process.

These daia suggest thai correct folding of the 8P domain is
the most eritical for secvetion of FC; the absence of PRE pre-
ceding this domain or the absence of N-glycans within this
domain leads to misfolding, which impairs FC secretion.

The mechanism by which N-glyeans gid in FC seovetion is
attribulable to its ability to inferact with chaperones. Overex-
pression of chaperones hes been proven {o iraprove profein
folding and stimulate secretion of cortnin target probeins (34

36371

37} In this study, the secrotion of FL and solubility of the
cellalar glycosylated FCs (FI{-PRR) and 8P) were greatly
enhanesd by the presence of oONX. Specific interaction be-
tweaen certain stractures of N-glyeans and calnexin was further
confirmed by 2 plyeosyintion inhibifion study, Thus, it ix evi-
dent that the N-piyeans of ¥FO function through intevaction
with wslecuisr chaperones to aid in profein flding and subse-
guent secretion. OUn the other hand, co-expregsed chaperones
did not overcoms the nensecrsiory problem of FLOG-PRE) and
8P, suggasting thai their intraceliutar localization was doter-
mined by their eonformation and vot the lack of certain molec-
alar chaperones in the bost cell secretion pathiway.

Fanetional ¥O ghovld display both LPS binding avtivity and
LPS-ackivated enzymatic activity., However, these two proper-
ties were uncoupled in 82-produced FU, 52 FO binds LS, but
it is not cleaved and not enzyinatically asctivated. This is in
contrast to 818-BEVS FC, which we demonstrated previcusky to
harbor both functions (22). Further analyses reveal that the
losa/gain of enzymatic activity slems from subile difforences in
ihe complexity of ghycosylabion of ¥O, In apreement with our
results, over the last decads, various reports (38--41) have
daseribed that viral infection of 5% cells temporslly effects
protets glyeceylation (Lo the activation of glvessyltransfergee
zenos takes place under proper conditions, depending on the
virus type, promoter, and medivm). Normel glyessviation char-
acteristics of insect cells were thus aliered o allow complex
type oligosaccharide provessing {o eceur, Thas, during bacudo-
viral infection of 848 vells for expression of F(, the viral infee-
tion procsss affects the glyessylation of PO, consequantly al-
lowing it conformationsl change upon LPS binding, leading to
Hmited profeciysis and activation of the serine protease en-
zyme, In contrast, being nonvirally infected, the 82 FO bears
diffevently processed glyeans, sspecially those atnear the cat-
alytic domain, Thus, due io the nounative brauching of the
adjsrent N-glyvans, the 82 ¥ is nod protesiytically cleaved,
although i possesess LPS binding properiies. This is despite
the correct overall protein folding and suscessiyl passage of the
52 FC through the guality conbrol of the ER and Golgl, which
allows its suopessfud secretion. However, since PU is auch &
demanding glyesprotein, retaining the LPS binding activity in
these secveted Fls does not satisfy the requirement for thetr
conformationsl change indaced by LPS binding o vield enzy-
matic activity., This reveals another surprising impact of N-
ghyeans on FO functions. Altheugh differences in recombinant
protein localization {(42) and N-glycosviation hetercgensity (43}
have been reported in these bwo insect cell expresgion systeras,
PC from these two hosls s so far the frst recombinant profein
to exhibii such wmarked functional difference. Future under-
gtanding and manipulations 1o the post-translational process-
ing pathway with szoglycosidase/plveniransferases vonld pos-
sibly resclve this problen: facsd by FC as well as other sevine
proteases,

In sumamary, we confirm that PRRE of a serine prolesse is
essential for the folding and secretion of the downsiream cal-
alvtic domain, Thess resulls suggest that the PRR serves a
gimple but essentisl role in tethering the structurally distinet
but interacting domains of the protein. In addition, the secrs-
tion ability of FUs was impaired in the absence of M-glycans,
sspecially those residing at ov near the catalytic domain, We
alas report for the first time that eo-expression of chaperones
sigaifivantly increnses the soluble and seoreted recombinant
protein fovel in 82 colle but has no appreciable effect on the
localization of the protein. These resulis help to clucidate the
function of different slruchural dowasins of Factor € and how
the intringic properiies of various domssing of such 2 mosaic
protein infiuence ite destination (ihustrated in g B This
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general concept of the modular arvangement may be applicable

‘siding and Secretion of o Multidomuin Serins Protease
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domain interactions on their cell sorting, secrstion, and fune-
tion. Finally, PRE is therefore a potential universal conforma-
Hownal domain that ragulates protein folding and secretion, and
it is probably applicable as dowsin fusion junctions for engi-
neered chimeric multidomain profeins sxpressed iy eukaryotic
expression sysiems,

Acknowledgments—We thank Peof D Willaws {{University of
Tovonte) and Prof. T, Tdewellyn (Universily of Wales College of Medi-
eine for kindly providing the ¢DNAs of canine calnerin and buman

a1,
22,
23.
a4,
25,

7

. Citsrells. P, Aduti, A, La Port

{, Gsheviaud, C, Hogs,

Greese, B, M., aud Huch, 8. O, (1880 J. Frmued, 147, 3"3 13038
Uyezke, . &, and Morton, T. A, (1868} Trensde Biockens. Sci. 23, 153180
Tringg, &, L., and Yo, B (2001) Trends Bictechnsl. 39, 297--281
Sudol, M. (1998} Oncogene 17, 14891474
Qkavasto, P, M., Herskovite, 4. 8., snd Valles, B, B. (3387

1162813635
Tan, N. 8., Ng, M. L. P, Yan, ¥, H., Chong, P. . W, Ho, B, aud Ding, 4. L.

($000) FASKR J. 14, 1802-1818
MeMivllen, B, 8., avd Fuwikawa, X (1888 J. Hinl, (hem. 268, 3286341

C., Busso, G., Piotvapaclo, C., Rinaldi, M., and
Fanloni, A (1392) Eur. J. Blockern. B304, 2830
¥, Baly, 1., Sxbsmg, 3 3., and Fontecle-lamps, £, O,

3o Binl, Cher, Y8,

celreticulin. {2000) EMBO L 19, 1765-£765
43, Qaborizud, . Rossi, V., Fonteetlla-Cawps, d. ©., and Actawd, G. 4. {1508
REFERBNCES 3. Mol Biel, 2B, 458470
1. Ho, B. (1988) Micvobicl, Lett, 24, 1-84 30, Brady, L. J., Cvitkavileh, 3. G., Gone, O M, Addisen, M. N, doyes, 4. €.,
2. Peavson, E. C.,, Weary, M. E.. Saxgent, 1, Novitsiy, T. 1., Lin, 5., Livdesy, 6., Crowrley, P 4., and Blabweis, &, 8. (1938) Infewz. Irmun. 88, 43744232

[+

. KMuta, 7., Miyata, T

and Hers "fz'-kv 8. N, (1965 Appl. Eniron. Microbiol, 583, $3-838
, Misumi, Y., Tokuausgr, ¥, Nakawmuza, T, Yok, ¥,

Tkehora, Y., and Iwanags, 8. {1981} J. Bivl. Chzm. 268, 6554~ ~561

4. Bagpashree, S. L, Chai, &, Bo, B, and Ding, d L. (1388} Sieckern. Mol Bivl

Ing. §5, BA3-84%

2.
34,
4.

L. Btahl, L. B

Wright, B X,
3103, 18871843

Avesaza, G, snd Dentach, D. G, (1999) FEBS Leti, 484, 87-60

Wormald, 3. K., and Dwek, B, A (1849) Struct, Kold. Res. ¥, RIE5-R180

Harmgen, &. M., Bruywe, 8 1, and Rawe, B 4. (1938; Agpl. Misrobicl.

nstle, J. 1., and Casile, 8. M. 3288) 4, Ceff Soi.

5. Rospazhree, §. ., Mo, B, and Ding, &, L. (1996} #ol, Mar. Biol. Bictech. &, Biotachnnd, 48, 355-370

334.-343 3&, Yeiioia, ., Pinigjamiewd, ., snd Bivirikke, K {16498} Binckem. . 318, 815-618
8, Ding, 4. L., Chad, ©., Poi, W. 3., ond By, B. (1997} &, Bndotoxin Res. 4, 3%-45 6. Tate, £, G., Whiteley, B, and Betorbaugh, M. 4. (1999) . Biel. Chem. 374,
1. Rouvpashree, 8. I, Ho, B., and Ding, §. L. (1367} Bistechnol. Lo, 18, 387361 176R1-1T558

“Tan, N. &, Mo, B, and Ding, §. L, (2009) Frofzin Bng, 18, 337-348

37,

Yokoyaws, N, Birats, M., Thitsuke, B., Nighivams, ¥., Fuill, K, Fugta, M.,

5. Wang, 4., He, B., and Dng, J. L. (3001) Bicicchnol, Lett. 28, 73--78 Buzushima, K, Kiyone, T, and Taurami, . (8080} Biechim. Himphys. Acin
10, Tan, M. S Ho,E and Ding, . L. (2000) FASEB J. 14, 858--87C 1438, 118124

. Tﬂ\unaga,F Riysis, T., Maksasurs, T.

Morirs, T., Bums, K, Miysis, T, and

38.

Disvidsor, 1. 4., Fraser, M, 4., snd Casteliine, F. . (1990) Bisehemisiry 23,

Ywemags, N (18673 oz, 5. Bioshern. 1&5‘3’ 5415 55843588

1Z. Lozier, 4., hkzhmhk M., aud Putnam, ¥ W. (1984) Pros. Na#, Acad, Soi 38, Davideon I, 4., Brotthauver, B. X, and Cuatelline, F. 3. (1881) Biochemisiey 35,
V54 8E, 3540-3844 38116815

13. Batting, d. L., Danss, Q., aud Heasd, J. M. (1988) J. Vired. 88, 713-717 38, Bavidsen, 1, 3., and Castetle, 1. . (L931) Bicchemisiny 40, S165-6173

4, Kobho, T., B, Y., Twape, M., Horil, &., Tanake, A, MNishikide, 7., Hotia, B., 41 Pajct-Augy, B, Beog, V., Remy, J. 4., Couture, L., aad Salesss, 8, (1988) Sy

. Bing, 3. L., Navas, M. 8, 8, T, snd o, B.

and Kobaysshi, . 3997 4. Am. Soc. Nephrol, 8, 915-813

{X995) Mol Mar. Biol. Bivtech, 4,
33103

. Eilis, R, 4. (1983} Moleculer Chaperones (Ellla, R. 3., Loskey, & A, acd

. Percival, M, I, Bastien, L.,

I Bischemn. 288, 635848

15, Heloniug, A, and Ackd, M. (2001} Science 2RI, 2846--2349 42. Hegedus, 1. 5, Pleifer, 1. 8., '].‘heﬂqum, 0. 4., Bevuasd, M. L. Gabsthuier,
18, Driskaoer, K., and Taylor. M. B. (1938) Trends Bicchen:. Sei. 28, 321-324 R, fefhorins, W. A., ond Grighawti, 0. &, {1989} Prafein Bxpression Furif 15,

296207

Griffin, P. R., Kargman, 5, On
{Fielll, G. P. (3987) Protein Kxpression Furif 9, 388--888

ehist, M., aud

{134 WOy popeoTumo(]

=
-
g
o
2y
)
=
§
=
S}
*
S}
S
S

Seikagaku Corporation Exhibit 2016 - Page 10 of 10
Charles River Laboratories, Inc. v. Seikagaku Corporation
PGR2025-00023



