THE J'r*imst cw BICLOGHAL .,)’“M“""'R}

2 2052 by Th Secioty for B y wad Mol

Bigloge, Inc.

Wol, 277, Mo, 39, losve of September 27, pp. 36868-36372, 2000
Printedd i US A

Modular Arrangement and Secretion of a2 Multidomain

Serine Protease

EVIDENCE POR INVOLVEMENT OF PROLINE-RICH REGION AND N.GLYCANS IN THE

SECRETION PATHWAYY

Received fiw pubhm:mn March 25, 2002, and in vevised forws, June 13, 2008
Published, JBC Papers i Press, June 37, 200%, BOT 10, 1074500 MEG2837300

Fing Wangidl, Neuan Soon Tantl, Bow He™, and Jesk Ling Dongh i

From the Bepartments of {8inlogicel Sciences nnd ¥ifirrobinlngy, Nationad University of Singapore,

14 Science Dirive 4, Singopors 117543, Singagpore

The Limuiuvs Factor T (FO), 2 multidomain glveopre-
tein that binds baderisl endotoxin with high affinity,
beiongs to the sorine protegse family of the complement
and blosd cosgulstion cascade. Hore, we provide som-
peiling evidence for the inporiance of modular arrsoge-
ment snd relevance of the prolinerich region (PRR) and
Moglyeosylation b0 the secrvetion and function of FC, We
propose that PREE conld be & universal conformational
domain that reguistes protein folding snd targeiing.
FCs Incking PRR preceding the serine professe domain,
were iocalized inteaceliuisriy. Risfolded conformers of
the intracelluiar FOs were more susceptible to frypsin
digestion. (lycosyiation inhibition studies indioaie that
the presonce but not the exact siracture of the Nglyoans
aifects the secretion of FO, although tiw vomplfmty of

(F'C) 18 2 poultidomain serine prolease, which is activated by o
srace amonnt of is Hgand, endotoxin (lipopolysaccharide; LPS)
(1}, LAL is widely employed to detect the presense of LPS in
varions industrial sud clinical products (2}, Analysiz of the
auine acid seguencs indicates that FO is a complez meodular
proain, compriging 11 dowzing (see Refl 3 and Fig, 14), Many
vhier attempis to express FO in heterslogous hosty have faced
sited suovess (4~7), The native signal peptide of FU divecis
i3 waolecnle to indracellular large grasmules of the limulus

amoebocytes, and 16 is unable to secvele the protein out of

heteveingous cxpression hosta, Instead, it may serve a8 2 men-
brane anchor and invarizbly result in membrane-bound recom-
binant protein. Thus, an alternative signal peptide is nesded to
obtain seoreted FO for nvesligation of ifs dewsin-function
velationship., Using a cross-hosi secretory mgnal {8), which

glyvosyl may inf its 3 g~
teolytic cleavage with resuliant enzgymatic activity, Dis-
ruption of specific Ne.glyvean sites st positions 746, 787,
and 812, downsirenm of the PRE, af or near the serine
protesse domain, blocks its seeretion. Co-sxpressed me-
jecuiar chaperones like cenine calnexin associates with
glyeosviated FOs to inorense ily solubilily and secretion
lovel but did not glter thelr expression profiles. Our
resuliz cleardy trate that the folding and secre-
tHon of & sealiidomain serine profosse ke ¥O ave detor-
mined by its duiar 4 B 8¥E and gite-
specific M-glyoans. Thc seersted Fls containing the
Nterminal portion of FC are able to detest lipopolysac-
eharide with high sensitivity. We alse identified the lep.
thre-filee and seshi 4 domains to contribale to the binding
of lipopolysaccharide.

The avatisbility of engineered sovine proteases allows the
sbudy of thedr activation, substrate speciicity, and regulabion of
various physiclogical processes. 4s the initiater of the congu-
iation cascade of limuius amochecyie tysate (LALYLY Factor

leadds to the seoretion of various recombinant proteins in boil
prokaryetic and sukaryetic sysiems, we have recently produced
full-length and biclogically functions! domaing of O that binds
LPE {8, 10

The LPS binding and enzymatic activity of Factor O are
funciionally distinet and are Inealized in the N-terminal sushi
(K8} and O-terminal seving profeass domaing (8P), respectively
(10, 11}, However, ihe importanee of interdomain interactions
r expression and biological aclivity of FC is hitherts un-
rown. Of prriicwisr inferest is the proline-rich region (FPRR)of
ihe FO protein, Profine residucs contribute significantly 1o the
conformation and rigidity of the protein structure, snd PER
serves as a molecular hinge In & numwber of proteins {12-14),
affecting protein-protein lnteraction and protein-ligand bind-
ing. Tn this study, we foens or the polential invelvement of PRR
in FC secveiion and function. By systematic design of FC dele-
tion howelogues with and without PRE, we are able to exnmine
their expraseion profils, post-transiational modifications, loval-
ization, and LPS binding aciivity.

N-Linked glyvoans play pivotal roles in protein folding, ofi-
gomerization, guality control, sorting, snd transport (15).
These sugar chiains are extensively nvolved in profein confor-
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(Fig. 1y (A7), However, the fanctions of these plveans hag vot
been examined. We used glycosylation inhibition and site-di-
rected mutagenesis to test the role of N-glycans on expression
and secretion of FU and to map the most critienl N-glycans.
Further assessment on the involvement of Neglyveans in the
secretion pathway was parformed by eo-expression of FO with
various molecular chaperones, which are proteins that assist in
the correct nosesvalent assewbly of other polvpeptide-contain-
ing gtructuses (18}

‘We yeport for the frst tioe that expressgion and secretion of

such & muitidomeain serine projease reguirves the proper mod-
ular arrangement of the various domaing, and PRE i3 eszential
for proper folding of the downstream SP domain. In addition,
we demounstrated the imporiance of site-specific N-glysosyla-
tion in FC secretion and provided evidence thai Neglycans
interact with chaperones and hence wanifest their effect op ¥O
secretion. intereslingly, despite having proper protetn folding,
ihe secretad FO exhibiled LFS binding bul lacked enzymalic
activity, This loss of LPS-nduced enzymatic activity can be
atiributed o different complexity in glvoosviation.

EXPERIMENTAL PROCEDURES

Unizes otherwize stated, all reagsnts wore of
grade, purchased fooms Stgmea,

Construction of Expression Plasmids

jecular biclogy

Drosuphila expression vector, pAch. UVE-HisA (Invitrogen} was ssed
for fuston expression. The nalive sigaal peptide sequence of fulllength
(FL} FC <DNA was replacad by & novel secretion signal i direct the
fusivn proteta wat of the Dresophile wells. Seven expression plasmids
wave constructed, with various combinsiions of ¥O domaing tnserted
downgtroam of secretory signal and upztream of VB and His, fusion tag:
FL, FL{-PRR), BES-PRR, €5, PRR-AP, 8P, and SPFPRR. Fig, 1 depicte
the dumain structures of these revombinant constracis. Among the
goven constructs, FL, B3PRE, PREEP, and SPPRE contain PRE. The
remaining thres constructs (FL{--PRR}, BR, and SF) lsck PRR. Unly
8, which voptains the N-termingl LES-binding region, lacks both PRR
and N-glycan sites. Details on clondng straiegios and secratory signal
gequence are availsbis upon regucet. Canine calnexin (cCNX) (12) and
humsn calretiondin (RCRTY (20 <DNAs were subcdoned  infe
pheb IVE-Hish.

Bite-divected mutagenesis of the N-glycan sites of ¥C was perfinmed
using the Giklhengs™ site-direcied mutsgenesis kit (Stratsgenel
Mutaiions wers veritied by ssgueneing.

Transient ond Stable Transfections

Plagmids were isolated using CsCl-athidium bromide gradient ultra-
cenirifigation, Dresophile B2 colls were maintained at 25 °C in DES™
medivm su}.plamzsted with 10% fetal bovine serum {QLONTRCED).
Caletum Heated transivnt fransf was perfiemed ac-
cording Lo the manntrolurer’s veconmendation (Invitrogen ). For siable
transfection, pCoRYGRO salection pl id was cotranstected with ¥ac-
tor  expression construck, se-lestad with 350 pgir] hygrowycn for 4--8
weks, aid adapted o PES™ serpm-fres werdinm,

¥ur chagerone co-oxpression studisg, Colifectin-mediated (lnvitre-
gen} transfection was perfiamed with DINA mixture consaining i pg
each of FC and chaperone expression constvuct. Contesl traastections
were performed with ¥0 expressios. construct and pavenial paes. VE-
HisA DN instead of chapersne expreszion constructs.

Partial Tryptic Digestion of FC

Twe pd of trypsin solution (100 s/l In 5 rodt avetic aeid was sdded
inte 200 pg of PO in 100 ui of 50 mu N HOG;, The digostion was
sarvied out at 4 *C. At time intorvals, 10 pd of the reaction minturs was
removed and levminated by 4 gl of the 4X SD8 sammple butfer. Western
analysis was performed on the digesied samples using poiyclonal rabbit
antl-FC antibody.

In Vivs Giyeosylatinn Inkibition and ConA-Sepharvse
Rinsding Assey

Funicamyein (TR} inkibits N-glyeossylation of glycoproteins by blosk-
ing the first step in N-glyean hisgynthesis, whersas a-deoxynojirtmyein
(IR and s-deoxymannaiisimycin (5} specificaliy inhibit o-glucosi-
daae and a-manposidase activities, respentivaly, thus blocking the ron-

Folding and Secretion of o Multidomuain Serine Protease

varsion of bigh i chavides to e fex-type ligesaceha-

rides. 82 ceils stably expressing FC were exposed to sublethal doses of
TRE(E o gheal), TN {8 was), snd DM {2 vans), Proteins from freated ceils
were collevted ab 24 b and suljected to affinily chrowsatography on
ConA-Sepharase {(Amersham Hi Y, Conditicned medivm eone
toining 16 pgfml secveted FC and ool bysste prodein containing 1 uglad
colbular FO were tnoubated with ene-ifth volume of ConA-Sephavose a3
25 *C for 1.5 h. The unhound fraction e a4 ﬂgl reosylated ¥C was
rocovired by contrifugetion at 2000 X g for & min, The resin-bound

ghycosyisied O wag dissoriated vis boiling for 5 minin 8 vestin volusmes
of BRS-PAGE lnading bulier. Both fractions ware subjectad to Wastern

analysis.

Imnunoprecipitotion el Analysis of ¥C and Chaperone
Associntion

£2 cells co-transfucied with FC and chaperone exprossion plasmids
were onilested on day 5 post-transiortion and washed Pevios with 1.0 mi
of PBE. Celln wave resugpended in BO0 pd of ysis bafler €12 PES, 1.0
m¥ phenyimethylsulfony! fuoride, 1.4 uM aprotining, sheared seven
tismes theougd » 37-gauge needle, and centvifvged at 14,000 < g for 15
smin, Bupernatant containing the cslf lygate (1) protaing was retrigved.
The pelleted membranes (P} ware sclubilized in 500 s of lysis buller
cophatnisg 1% digitonin for 30 wmin st 4 °C with oveasicnsnl agitatiosn.
The saaples were darified sl 14,000 X g fur 15 min to separate aggro-
gates from soiubilized proteins, which were used for subzeguent
Tmsmsneprecipitasion.

¥ifty gl of protein A-Sepharese (Awwrshass Biosclonces) wag nou-
bated with &3 1 of PHS containing 2 uf of anti-V5 antibedy for 1 hat
4 °C, Biter incabation, 100 i of sclukilised protein samples was iy
sisprevipitated st 4 "C overnight on & solater, The samples were ceniri-
fuged and washed thres fimes with ccld PBE, Forty ul of SDS.PAGE
londing buffer was added to each tube and bolled for § min befors
Westers analysis.

Concentration ond Partial Purification of FC

Culture medium contsining secreted FL was vollected after cen-
trifugation of esll culivre at 3000 « g for 10 min at 4 °C, Medivm was
concentrated i0-fold bv ultrafiliration using a regenerated celluless
merabrens cagsetis (Pellivon XLy 3¢-kika moleenlar meass cut-off; ¥il-
Ypore Corp.) at 4 °C. Concentrated protein sumple was chromats-
graphed on 2 Sephadez GW100 (1.5 X $G-om) column. Fractions con-
taining parsially purified FC were pooled and consenirated using
Ceniriprep-regenerated eellulose menbrane (30-KUs realevalar mass
cut-off; Amicom YD),

Digesti

10 pug wach of pzirhal!y purified seovated PO from B9-BEVS and 82
was denatured in 5% SR, 10% f-mereaploethans! for 10 min at 100 °C
and auljected to sndagh yccmd&se H and peptideN-glycansse F (New
Eogland Biolabs) digestion at 37 °C fur 18 b, followed by Wastern
analyms wsing anti-PC antibedy. Contes! samples were treated in the
samme way axcept in the sbasnce of snzyme.

For the glyces diferenitation sssay, Fiis from LAL, CAL, 8f4-BEVS,
and B2 wore puritted by protein A-FC anithedy aflinity chromatogra-
chy. Fifty 1} of protein &-Sepharise {Amersham Bilosciences) was in-
cubated with 80 pl of PBS conisining 18 pl of anti-FC anitbedy for 1 h
at 4 °C. 100 ug of FC samples were then added o the protein A-
Sepharcze complex and incubated at 4 °C overnight on a rotator. The
samples wers ventrifuged and washed three times with PES, and FC
wag recsvered from profein A-Bephaross by boiling for 10 min n PBS.
Lectin binding assay of the immunoaffiniiy-purified ¥Cs was carrisd
out using the DG plycsn differentiation kit {Roche Molecslsr Rio-
chemivals), aceording to the mansiaciures’s nstraciions,

In Vitro Endogly and Glvean Differentiction

Functional Annlyses of Fls: Endotoxin Binding Assey

The LPS binding potentizl of various ¥C proteins were snalysed
saing (o) LPS BLISAbased assay and (5} surface plaswon resonasnee
{(SPR).

BLISA-bhased Asacy mr LPS Binding—This assay was performed 83
deseribed by Tan o ol {10} with some wodificationg. Costing of a
polysory Qﬁ-we:-l, plate (NUNC) was achieved by incubation at 37 *C far
2 5, and king was performed overnmight at 25 °C. 10 pg of protein
sampie was sdded into each well and incubated for 18 b at 25 °C. Bousad
¥Cs were detected by sequential incuhation with primary vabhit an-
H-FC antibody (1:300 ditution, 3 h 2t 87 °C) and geat anti-rabbit ser-
ondary xotibody (112000 ditrtion) conjugated to horseradish peroxidase
{Dake).
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SPR o Determing the By of FO for Lipid A—&nti-V8 anitbody at 20
ugml was immackdlized to CME chip {Amarsham Biczriences) according
to the manufacturer's specifications. & low sapacity soating for kinetis
study was sebieved as indicated by an tnerease of 1418 resonancs wniis.
¥ eamples were injected st 10 p¥min over the anti-VE antibody sur-
fave, regulting in capturs of 5.0 pwmol of T (determined by densibumst-
i seanning wsing pure BS a3 standad snd novmatived based on their
pephide size) from the conditioned wmedium, Subseguently, lipid A at five
differsny wras ing 2t B ulfmin bo sxswine nterac-
thus. between PO and lipid 8. The affinily congtanat was caloalaied using
Blasvatuation program (version 3.0.2) and reconfirmead using CLAMP
{81}, For regeperation, 100 ms NaCH was ussd. Values reprasent the
mean of three ndependent expesiments.

ration

HESULTS

FRE Is Criticol for the Correct Folding and Secretion of
Bownstream 8P Domain—Seven expression plasmids were
transfected into 82 cells, Immunchlot analysis shows that all
the stable 82 transfoctants expressed FCs, albeit displaying
different amounts and expression profiles (Fig. 14). Interest-
ingly, aithough subcloned downstresm of a potent secretion
signal, not all of the FC profeine ware secveted, suggesting that
the Inealization of FUs might be signal sequense-independent.
We observed that the FL could be detected in the culiurs
mediuvm, However, the deletion of PRR from FL, yielding
FL{-PER), is not secreled (Tig. 14, consiructs I and 2. This
indicates that PRR i imporiant for the seoretion competency of
FOp We next investigated the relative conbribution of PRR o
the functionaily distinet LPS.-binding and serine protease do-
maing, using paived troncated FCs (ESPRRE versus BY and
PRE-SP versus 8P) condaining or lacking the PRRE (Fig. 14).
Neither the preservation nor the rewsval of PRE affects the
secretion competency of the LPS-hinding domain, ES (ESPRR
and ES; Fig, 14, consiructs 3 and 4), Similarly, when PRR was
locaiized upstresmn of 8P (PRREP), a8 iu the native FC, the
PRE-BP protein was sasily deteciable in the medinm, Interest-
ingly, when the PRRE was deleted, the serine protesse domain
atone (3P) is no longer detectable in the culturs maedimn (Fig,
14, congtructs & and &) This clearly indicstes that PRR is
eritical for the secretion of the serine protease domsin.

A major ditference between secreted and celiular FCUs that
harboer 8P was that the secvebed FCOs (FL and PERESP) have the
PRE domain locakized upstream of 8, without whick 89 is nei
secreted into the madiure. To verify ihe tmportance of this
modunlar arrangement betwzen PRR and 8P, the PER was
subcloned Cterminal to 8P (SP-PRE). The PRE domain fu this
reciprocsl construet was not able to reseue the intrazslular
retention of SPPRE. Taken fogather, the PRR ragion of FC is
important for correct folding of the downstream SP domain and
thab intraceliulerly localized FCs mighi he misfolded.

To shed more light on the role of PHE 1 folding of the
downgtrearn 8F domain, pariial fryplic digestion followed by
Western analysis was carried out on two pairs of FCa: (o) FL
and FLOPRR) and (5) PRE-EP and 8P, (rver the oheerved time,
distinet protein fragments of FL (132, 80, 52, and 38 XDa) and
fragmenis of PRESP (68, 52, and 38 kDal were clearly detect-
able by anti-FC antibody (Fig. 18}, sugpesting that they were
properly folded inio a sertes of individual vomypsct donains,
which are relatively trvpsin-resistant. 11 i inleresting to noie
fhat two of the {ryptic fragments, 80 and 52 kDa, corvesponded
to LPS-activated aniovleavage of Factor O, Importantly, both
PRE-deficient mutants, FL{-FRE) and 8P, were rapidly di-
gested by trypsin and were not detectable by anti-FOC antibody
aftver 1 h. Twe isoforms of 3%, of ~38 kDa, were observed, of
which the larger isoform was rapidly digested by trypsin. In-
tersstingly, the rminor swealler isoform increased slightly over
the tested time period. This incrsase could be gepesrated froma
small subpopulation of the larger isoform, and the smaller
isofrm was relatively resistant to frvpsin digestion. These

36365

resulis show differences in protein folding between iniracelln~
lar PER-deficient FCs and secretion-competent FOs. It is on-
visaged that lack of PRR upstream of the 8P domain tonds to
result in misfelded FCs, which expose more aecessible trypgin
cleavags sites that render them wore suscepiible fo protense
digestion.

Clearly, PRR is importent for the folding and, henee, secre-
tion of the serine protesse, Resentially, PRE can only exert its
offacl when the serine proteass domain is Jocalized dewnetreanm
of it.

N-Fycosvlarion Is Reguired for Proper Post-translosional
Frooessing—We rlso observed a diffevential dependence of the
two functional domeaing (viz, LPS-binding and serine protesse
domaing} on PRE for folding and secretion (Fig. 1. The secra-
tion competence of LPS-binding BS is unaffecied by PHE,
which is in contrast to the 8P, A distinguishing feature of B8 i
that it lacks N-giveosyiation sites compared with SP or other
SP-harboring FCUs, which contain multiple N-giveosyiaiion
giles, Thus, we nexi investigaied the significance of N-glycory-
iation on the expression and seoretion of FC.

The secrated FL protein s glycosylated and is able to bind to
Conh-Sepharnas (data not shown). FL proteins from 82 ceils
treated with TH show progressively decreasing size based on
their mobility (Fig. 24, suggesiing 2 lose of N-linked sugay
chaing, Aglycoaylated FL was detecisd only in the L and ¥
fractions, which clearly indicates thatb loss of N-glycosylation
inhibiled L gecretion. The absence of N-glycosylation of ¥FL
aftor TR treatment is also confirmed by its inability to bingd
ConA-Sepharsae (Fig, 27, In contrast to the effects of T on
FC secretion, cells treated with DNJ and DMJI exhibited no
difference in expression level or disimbation pattern of FCsg
(datea not shown). Thos, the conversion of high mannose oligo-
saechartde to complex oligosaccharide is dispensable for pro-
tein secretion.

To determine the eritical Nglycan sibes, 2 series of plycomu-
tations were introduced (Table I). The position of PRR is sush
thet i partitioned the FL inio the Mterminal LPS-binding snd
the C-termingl sevine protease regions. Thus, we decided to
rutate the N-glycosylation sites sequentially from each termi-
nal. Single disruption of any one of the siz N-glycan sites basno
shaervable impact on the FC seeration (Fig. 20, Series 1), How-
ever, the elimination of two sites, particularly NBZ3QNBE4G
and NT87G/NDIZG, impaired the expression of FL (Fig. 2C,
lancs [ and & of Series I, Although mutation of the three
consecutive N-glvean sites located at the N ferminus caused
dragtic reduction of the exprossion of FO, this routant FL s st
secveded into the culture medivm (Fig. 20, lane I of Serdes JE.
In contrast and importantly, the mutation of the thres ennsec-
ative C-ferwingl N-glycan sites located downstream of PRR
atfnenr the 8P demain totally abolished the seoretion (Fig. 20,
lane 2 of Serdes TT). The removal of 2l six glycosylation sites
(i.e. aglycosylated FLJ iz not secretion-competent (Fig. 20, Se-
ries {V), Thus, in addition io PRE, the N-glyeosylation sites in
the 8F are alse critical for protein expression and secretion. We
next sought 0o 3ssess the contribution of Weglycans to secretion
competonce and also to determine a possible funstional depend-
ence on PRE,

NtHyoana Interact with Molecular Choperones to Enfance
Solubility and Secretion of FC--To further examine the in-
volvement of N-glycans in the secretion pathway, co-expression
study of FC with two molecalar chaperones was carried out.
UMY and hCRT wers expressed in 82 colls and their expocted
profoin sizes and celiular localization were detected with their
regpective antibodies, The expresaion levels of the ¢CUNX and
hORT in 82 were slso somparable (g 20,

The sverall expression level of FL, as determined by densi-
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B77063). The glycvsylation sites wre marked with green closed diamonds, Durkly

shaded aree, sevretory signal {sa) OB,

ysteine-rich region; Rost

iy sériped areg, epifermeal growh fsetor-like dorpaing S§I1-5, sushi-like

domaing $--8; LECTIN, lectin-dike domairng PRR, proalive-rich region, in red; SP, serine protease coding region; dicgonally siriped region, Vi epitops;
vertdically siriped region, s, tag. Targoting of the soven recombinant FCs was deterted by Western blot. M, 1.0 pg of culture medivm containing
secratad protetoes; £, 20 pg of cell lysates in PBS containing collular proteing were chiained by five vycles of freeze-thawing of colls, followed by
cenirifugetion 2t 12,000 X g for 15 win at 4 °0; P, 20 oy of insoluble peilel obtained o this step was alss sollevted, weighed, and solubilized in 1X

SDS-PAGE ssmple buffer. Protein con 08 was ed

by Bradfurd assay. The relative distrtbotion of FC proteing in 3, L, and P fractions

was revenled using anti-VE-horaeradish peroxidase antibody (Invitrogen). Membranes were visualized using the Supersignal® Weet Pieo Chosvd-

lnminescent Substrate (Plerse). ‘The amount of U was guanii

3 dersit tricatly by using ImageMaster {(Amersham Bi ong} poltware,

5

Pure B8 protein (10} was used as standard. Band infonsiii

within the Lnear range were messured. B, pastinl proloclysis of PO, Fls (FL,

FLEPRE), PRRESP, and 8P were partially digested with brypsin and collecied af time points as indicsted. THpesied savaples weve analyesd by
Western snalysis using pulyeional rabbid anti-FC antibody. Distinet stable protein fragments of FL (132, 80, 82, and 3% kDas) and PRE-SP (58, 52,

and 38 kDa} were deteciable.
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Fi, 2. N-Glyrans aye reguired for proper FC synthosis aod tergeting. A, immunchict of FL from the M, L, and ¥ after freatment of 32
cells with T, Western analyses used 10 pg of madivm (8}, 20 ng of Iysate (1), and 20 ug of solubilized pollst () B, tnmuncblot after
Cond-Sephavose binding assay of FL feom B and L. Protein samples were collected from solls treated or not with T for 48 b U/8, unbound
proteies; 2, proteing bound te Cond-Bepharnse. &, mmunshiots of RO samples from 82 cells travsfecied with RO glyeomuiants, Cell oultsire
supernsiant wus preparad from 82 expressing wild type FL and FL glywomuirnts, Protein samples were cullected as described in lsgend of Fig.
1 1.9 pg of mediv was resolved in 2 8% pel by SDS-PACGE. Al tranafoctions wers done in pavallsl. The bl shown is representative of three
independent exporimentz. fmmunchloting was performasd with antl-Vi-horserrdigh peroxidase antibady. I, expression level of (s co-oxpressed
with motscular chaporones. Bxprosgions of cONK () and WCRT (2) in 82 colls is shown., 82 colls tranwiocted with pded 1V5-Hisd vector or chaparone
exprosgion constructs were coltected on day 3. Soluble lysaie (I} and pavticalate (F) frastions were resolved by SDS-PAGE and analyzed using
respactive chapersns antibodies. Antibody for ¢ONX is fom Transduciion Laboratories, and anttbody for hUBT is from Stressgen. cCNX is defectad
in the P fraction, and hORT is detected in both the L and P fraction. Thess szpression profiles ernform to their original nature, in thet oCNX is
integrated into the IR membrane, wheress hURT ave ER huminal proteins. £, comparison of secreted FL, K8, and colinlar FL{(~FRE), SF
ac-exprossed with chaperones un day § post-iransiection. Relative values caloulated from the densitomelric data are shown, with the value for the
82 cells trangfected with FC construct slone ashitearily set 83 L Brror bore veprosent the B8, (n = 81 F, {oft paned, disect intersction of ghycosylated
FO with chaperones. Digitonin-solubilized cell Iynates (L) from 52 cells transfectod with vector-pdeB. VVE-Hisd, cONX alone, FL{-PRRE) 4 ¢CNX
and 8F 4 «CNE were precipitated overmdght with anti-VS antibedy, The iramunopresipi wwers subjected by SDS-PACGE snd probed with
anti-cCNZ antibody, Right panel, association of chapsrone and FO under glycosylation-inhibited conditions. $2 ealls co-trapsfectod with ¢CNX and
9P Uemes 2-5) wears pretrasted overnight with TM (8 pgfml, lone 33, DN (5 ox, lene £, and DM (2w, done 53 befors transiection and ineubated
wikth these ishibitors sfler ransfection. FCs expressed were then precipitated with anti-Vi satibody, and the chapervenes that associsied with 8C
were analyzed by SDS-PAGE and brmuncbioiting.
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Teniw 1
Ghyeomusdunts of Factor C generated by situ-directed mutugenasis

Mustant Lonsensnus seguencel(s) distapted

Sertes T PO mutants

N5R3G Asn-323
NEZAG Asn-834
Ne34Q Asn-B524
N7ARQ 430748
NISIQ San-787
NP2 Ban-312
Berizg I FC mutents
NB23YIN5344; Asn-523 and Aasp-5i4
NHALYNG244 Asn-834 and Asn-624
RN 740G Asn-824 and Ase-T40
NTAGGNTETY Asi-T40 and Aee~TBT
NTGTRIEQ Asn-767 and Asn-312

Series I ¥C mutants
NESIQINEIAQ/NG24G
MNTAGQYRTETRNNL2G

Beries IV ¥C mutant
JRESEA)

Asn-B23, Asn-534, and Asn-624
Asin-TAG, Asn-T87, and Asn-812

A1 six sites

tometric seanning of the immunoblot, increased over time, and
peaked between § and 7 days {dats wob shown). «CN¥ caused a
3-fold increase io the level of secroted FL, whereas BOCRT
minimally enbanced FL expresgion. Nexi, the effects of chap-
erone on the expression lovel of cellnlar Fls Iacking PRR,
FL(-PRE) and 8P, were sxarmined, Although averespression of
¢ONX and hCRT enhanced the solubility of FL{-PER) and 5P
to variakle degrees (Fig. 28, none of thess chapsrones was able
to rescue the nonsecreion of PRRE-deficient FCs: FL{-FRRE)
and SP. The chapercnes did not affect BS sxpression and se-
cretion. This iz uot surprising, since the LPS-binding ES do-
main is not glyeosyiated (Fig 2E). Coimmumoprecipitaiion
experivaents  showed that oUNX  co-precipitated  with
FL{-PRE) and 8P (Fig. F, left pansl), but no apparent inter-
action was shaerved with hCRT (data not shown), Sinee hCRT
eonsistently gives a small increase in FO axpression, it is con-
ceivable that the assscistion betwesn FC and bCRT s tran-
siewt, Spectfic nferaction between the Neglyeans of FO and
eONE wag further confirmed using N-glycosylation inhibiiors,
TH, BNJ, and DM, Consisient with the sbove observaiion,
freatyuent with TH and DN abolished ihe interaction between
FO oand oONX, wherens DMJ had no effect (Fig. 2§, right
panel). This clearly indicates that the N-glycans on the FO
moelecnles are responsibis oy nteraction with ¢CNX. In addi-
tion, cONX probably rocognizes ceriain structures of PO N-
glyears and binds specifically to the deghucosylated forw of FC.
Taken together, the results indicate that N-glycans are impor-
tank for interaction with ¢CNX, which increases the sotubility
of the FC protein, and that ils obeerved offert on protein secre-
ton is secondary o the lack of this interaction. Furthermors,
the PRR region, although eritical for the correct conformation
of the downstvear serine proteass domain, is dispensable oy
the interactinn with these chaperones.

Specific Glveosylation Madification Is Regquired for FL Enay-
maiie Aciivity—In addition to its contribution to protein solu-
bility, &glycans have been reported o tnflnence protein func-
fions (38). Sincs plyrosyintion is the only posi-bragsiational
modification koown so far in FOs, we attempled to procisely
investigate the extent and type of glycosylation in FO that can
alter LPS-induced autocleavage end itz enmymatic ackivity.
S{5-BEVE FC was proviously demonsirafed fo exhibii LPS-
induced cleavage and enzymatic astivity (32).

Endogiycosidase I and peptideN-glycanase F digestion
anniyees show the presence of both high mannoese and complex
glyeans on 82 FU and S{8-BEVS ¥O. Diflerences in thelr mo-
bility indicate that S{9-BEVE FC contains 12 kDa of complex
N.glyeans and 82 FC harbors 8 ¥xDa of complox ¥ -glycans (Fig.

Folding and Secretion of o Multidomuain Serine Protease

343, Thus, it appears that 8% ¥ i« less glycolytically processed.
Galaonthus nivalis aggiubinis ireatmant ravenis the pressnce of
high mannosse glycans in all four PCs. Sambucus nigro agghn-
tinin treatment yielded positive results for FUs from LAL,
CAL, and SFB-BEVE and only weakly reacted with 82 FC.
Interestingly, reaction with Maackic amurensis agglutinin
yielded the strongest signal with 82 FC, pointing is a difference
in the branching of ferwinal sialic acids. 82 FC conlain gregier
ginkie acid Hoked @(2-3) to galactose, which is in conbrast to
SH-BEVE PO, LAY, and CAL. The latier thres ¥ls contain
more gisle aoid Huked {28} o galaciose, In agreement with
the endoglycosidass B digestion resulis, Datere stramoniuvm
agglutinin vieldsd the weakest signal with 82 FC, confirming
that 82 FC is the most poorly processed among the four FCs
(Fig. 38}, Ceollectively, we have showw that the glycan strue
tares of FC enpressed in 52 are diffarent from Fls derived frovg
519, CAL, and LAL. Such differences in glycomodifications can
transiale into disparity in profein funclions.

LPS activation of the ¥ expressed in the 88-baculovirus
expression system was cloaved indo two protein fragrents of 80
and 52 kDa (Fig, 30}, with resultant enzymatic activity (23, Tn
contrast, attempts ab measuring LPS-inducible enzymatic ac-
tivity of 82 FO showed that it does not autocieave and exhibited
no engymatie activity, The above meuntioned host sell-specific
cosaplexity of glycosylation of the FCs offers plausible explang-
tons for this Iack of clesvage rod snyymatic activity.

Secreted FL and ES-PRR Reigined Their LPS Binding Activ-
ities--Secrated 82 FCs wers tested for their LPS binding off-
cacy using both ELISA and SPR. Using go! fltration-purified
Fs, significant pid A binding activity of FL. and RS- PRR was
observed, as cowspared with the partially purified conditioned
serum-free wedium from wild-type 82 cells. Both secreted FCs
were capable of delecting as low as 0.05 pgiml LS (Fig. 44).
The secrated PRESE was unable to detect LS, indionting ihiat
there is no LPS-binding domain in this molecule. The X, values
of L and ESPRR for binding is £ coli lipid & was determined
using 8PR. Fig. 48 shows a sensorgram of lipid A binding to
FL. The K, values were 2,28 > 1077 % and 8,88 x 1077 » for FL
and BRS-ERR, respectively. It is interesting to observe that the
abaenee of the leckin-like and sushi 4 domaina leads to 2 4-fuld
decreass in affinity for LPS.

TIBCUSSION

In this study, we have identified twe bmpoertant determinants
of protein secretion of & mosaic serine probease: the PEE and
cartain sirategically located Neglycsus. PRR is necessary for
proper folding of the dowsstream SP domsin. The N-glysans,
prrtionisrly those regiding downstronms of PRR, at or near the
S1 domain, contribute to stable interaction with specific chap-
erone(s) and consequently inerease the solubility of Fla, Al
thongh both factors are involved in different aspects of protein
sxpression, they sre equally eritical for the maturation and
secretion of the protein (Fig. B8). We alse identified two potential
domaing that coniribute ts the LES binding sctivity of FT. The
ahsence of the lectin-like and sushi 4 domain in SP-PRE leads
to mo Rpprrent decressse tn affinity for LPS by 4-fold compared
with FL, indicating that these two domaing could either affect
the conformaation of the upsirearn LPR binding domaine or
directly contribute to the binding of LPS. Finally, we provide
evidence that the N-glycans are dispensable for LPS hinding
but that the differential complexity in glyeosylation I8 critieal
for LPS-induced cleavage and enzymatic sebivity.

PRE Governs the Folding of Downstreamn SF Domain—The
siguificancs of modular arrrngement to the siructeral integrity
sund fanetionality of renltidomain proteing such as Factor XX
and ¥ may provide us with importent insighis into their
regulation, activation, and substrate specificity. The availabil-
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Fie. 3. Comparison of the extent
and sempiexity of glyeosyiation in 82
FE and B-BREVE ¥FO, A, endoplveosi~
dase freatament veverled that SB-BEVE
FC has raore coraplex N-glyeans. The mo-
lecular mass shift after sndoglveosidas:
¥ {(fnda £ troztmwnt indicrtes the ox-
tont of high meannose Nglyean chains,
whesoas the shift ailer peptideMN-gly-
wanase ¥ {(PNGase F} treatment indicates
total N-glycosylation (ndduding both high

and plex sugar chaine). The
size diftorencs belween peplideN.giy-
csnnse Fiveated FO sample and PO Tal
(transcripiton-coupied transiation) prod-
et is attributable to O-glveosviation. 3,
giyean differential assay of 82 FC and
GR-BEVE PO Lone 1, B lone 2, ¥
without N-giyeans., The N-glycans were
detnched from FOC peptide chain by wreat-
ment with peptide.N-glycanase ¥, and the
free glycan chainz ave removed by contrifs
ugation through a 36-k3a molecuinr mass
et~ Miovocon iter (Sadvsnd, & névedis
sgglutinin (GN4), S nigre aggiuiinis
(SNA), M. amurensiz agglutinin (M4A4),
peanut agglutinin (P4}, and D. stramo-
niwee agglutinig (284) have spesific ai-
Hwity for terminsl wennese, siafie acld
nked «{2-5) s palacioss, sislic acid
inked o{2-3) to gelsctose, O-glysosid-
ically linked mugar chain, and {GalB-{3-
HHeNAe e complex and hybrid N-gly-
osns, respectively. &7, nivelis agghubinis
trentment yielded pusitive signals for ail
four FCe; 8. nigra agglutinin ireatment
vielded pozitive results for FOz from LAL,
CAL, and 3f8-HBEVE and only woakly re-
seted with 82 FC. Reactton with M. amr-
rensiz sgglutinde yislded dhe sirongest
gignal with 82 FC. 8. nigra agglutinin did
not  vesct with peptidaN-glveanase
Ftreated PO samples. . siramonium ng-
ghutindn yielded the weskest stgnal with
82 FC. &, vomparison ol LS sebtvation of
SPR-BEVE FL and 82 FL, Incubation of £
ug of 8T3-BEVE FC and 82 FC with 36 BU
of LS was carvied out ab 37 “C for 1 he
The activation of PO from S0-BEVE was
rerdily sheervabls (autnclenvage tnis 80-
and 52-50s bands). 82 FC remsdned in-
tact after the LS treatment.

(B}

()

ity of secreted recombinant proteases in 2 heterclogous system
is usuaily preferable for ease of subsequent purification and
functional studies, Sines the secretion of a protein relies nod
ondy on its signal peptide but alse on the nirinsie amine scid
sequance that detevmines the fingd fertiary strmcture of the
mature protein, we examined the sscretion of FC constructs
contatning diffevent moduler domains in thetsr nabive and re-
ciprocal postiions,

In the middle of the FC molecule is the basic PRR (amino

mology 3 binding cove motifs (23), PXXF (underlined; P denotes
profive), Sre bomology § domains affect protein targebing aund
enzyatic setivity and play a rele in signal transduction (24). It
iy possible that the PRR of Faclor © is tnvolved o trensducivg
1PS-induced activation of the serine profegss enzymatic activ-
ity as well as conbributing {0 the LPS-dependent multinctiva-
tion of Factor © via protein-protein interaction (85). In addi-
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ton, the PRRE of Factor € shares homology with the hinge
reginn of human coaguliation Factor X1I (88). Henee, it iz pos-
sible that the PRE acts 83 a crucial conformational moetif neo.
essary for the secration and funciion of such sarine proteases.

Tu this study, we copstructed and expressed & patr of FOs (Fl
and FL{~FPREY with a view to examine the functionsl sigaifi-
canee of PHERE. The FL was officiently seoreted snd fully capable
of binding LPS, In conirast, the FL{-PRR), which lack the
PEE, wors exprossed intracellntarly and were nonfimetional,
The expression profile of three additional ¥FOs, 8P, PRR-EP,
awd BPPRE, confirmed that PRR i3 cssential for folding and
gecretion of the dowunstream 8P domain. The introduction of
PRR Caerminal to BS bas o observable effect on BES expres-
gion profile, suggesting that PRR only exerts ity influence on
the downstresan dowasins, Thus, PHEE itself may net as an
intraxselecuiar chaperone for correot folding of the downsiream
SP region for its subsequent transporiation ihrough the or-
ganelle, In support of our dada, it was veported that the mind-
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LPS-ELISA
(A) 0.25
00 pg/mlLPS
@ 0.05 LLP
0.20 05 pg/m| S
N 5.00 pg/ml LPS
v 0.5
<
-t
Q
C 0.10
¥i1a. 4. Fornctiosal anntysis of FC. A, 0.05
Hyand hbinding nsseys of FL samples.
ELISA of 10 ug =ach of protein samples:
condrol serum-fres medivm, FL, BSPRE,
and FREBP pariially puvifted theough 0.00 L-—xzam. J‘_'—m_
Bepbadaexr G-100 {void fraction). Thres n ‘PRR .
copcentrations of LES {0, 0.05, and B ugf Control FL ES-P PRR-SP
i} were wsed. Frvor bars veprogsent the
GXE. (n ~ 8} A, a sonsorgram depicting
the inferaction (n response snits (KUY of
saptured FL with vavioss concenirations
of Hpid A, ESTPRR gave similer response
profiles. 100 ui of five concrmirations Y. . .
(500, 259, 1.35, 083, and 0.8 um) of (B) Association Dissociation
lipid A were injecied. The stfinity | | |
constants wers calenisied using the Linid A
BIAevaluntion prograrm version 3.8.2 800 1 [Lipi ]
and reconfirmed using CLAMP (31). —_ e 5,00 pM
oD 7001~ —- 250 uM
4 — = 125uM| .
= 6001|— - 0.62 uM | -
P — E
£ 500 0.31 uM E
= ;
= 400
2
g 300
o, 200
3
m 100
-100 -
-100 50 0 50 100 150 200 250 300 350 400
Time (s)

mal portisn of secreted Factor X1, which is also & muliidomain
serine protease siwilar to FC, also containg PRE (27).

The differential suscoptibility to trypsin clearly dexsonsteates
the importance of PHE i the corvert folding of the downstrenm
8P region and in directing the secration of glycssylated FC (Fig.
1B} Trypsin acte preferentiadly at the nniblded regions in pro-
teing, sueh 28 the domsin boundaries of 2 moesaic protein, It i3
worth noting that on the basis of sequencs specificity alone, there
are cioge to 100 and 50 potentisl trypsin cleavage sites for FL and
PRE-BP, respectively. However, only three or four characterislic
bands, represesting two sets of relatively protease-resistant frag-
menis, wors delected afler partial tryplic Hgestion. Therefore,
the sisble fragments are attribuiable $5 the compactly folded
individual domaing, The 38kDe stable fragment obaarved after
digestion of both FL: and PRE-SP endd be the properly folded 8P
domain, On the confrary, PRE-deficient mutants, FL{-PER)} angd
5P, failed to give rise 1o characteristic paiterns of stable products,
suggesitng that they are incorrectly falded and ave wore suscep-
tible fo profeolyiic dipestion,

The eryeind sirocture of 2 caialviic fagrment from huoman
Cle, which shares high similarity to Factor C modular archi-

tectare, has been determined (28), The COP2 meodule {sushi
dovaain) of Cls is ortenied perpendicularly to the surface of the
SP domain, and the connection is maintained thyovgh g rigid
module-domain interface invelving inbertwined proline- and
tyrosine-rich polypeptide segmenis {(28). Since the residues
maintaining the interface framework ars highly conserved in
the sushi-SP family, it 33 believed that the rigid sushi-BP as-
sewhly iz slso present in Faclor © (23). Consistent with the role
of & module-domain interface, our data show that the absence
of PRR changes the sushi-SP assersbly, resulting in wisfolding
of the deletion homologues, rendering them nonsecretory,

Many other studies have documented the Imporiance of PRE
to the biclegien] functions of different proteins, snd that it
remeval adversely affects the Inealization and activity of such
profoins (30-332) Thus, rather than being restricted o a small
subset of serine projeases, the PRR could be a universal con-
formational motif that regulstes protein targeting.

NeFyonns Contribuls o the Interaction with Chaperones and
Solubitity of the Bevombinant Profeisns—Whereas the data
above clearly demonstrate that PEE is an inporiant secretory
determinant of B, PRR also exerts 2 preferential offect on the
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SecreilonTunctionst

o Hesnviaicn ot
shaprrmes

|

fed
Veabls to reveete Teadle te secrers

Fic. 5. Ap fiustration of PRR and Neglverns involved in seore~
tion of FC. Gray string, cysteins-rich reglon; srange siring, epidermal
growth fastordike domain; green string, sushi-Bks domaing; dack eir
ole, lectin-like domaivng red siring, profine-vich reglow; &lue cval, sevine
prolesse nalive eonfirmer; Slue sirng, misfolded sevine protense; dlack
ovad, Nglyear; round groy shapss, protelns invelved in fulding, assem-
bly, and sscretion {e.g. chupoerones, foldases, signal peptidase, and gly-
cosidase). The hypothesis was confirmed by (@) the remaval of FRE from
¥, which complately switches its exprassion profile and protein con-
formation and reconfirms PBR o be an tmportant seeretory doteraad-
nunt v glysosyisied FO; (&) wulation of N-glycsn sites thet impaired
the secretion competency of FL; arvd {¢} eooxpreseed chaperone {e.g.
calnexing, which associates with glveogviated FL projein arvd assists the
veversal of this ppairment Lo a certain extent, to snhancs ity soiubility
and seerelion. Thus, whereas FRR is eruvcial for covseetly divecting
folding snd seerstion of the downstreawm plycssyleted 8P domain, vhap-
eronns snd fldsses alse play & rolo in eahancieg protein folding, to
engure that the moduler srravgement of the glycosylated protein is
propory felded fo ramain soluble or targetad for gocratinn and to exhibit
it fuvelionality.

seving protease domain, 8F, and noi ow the LPS-binding ES
domain, A distinetive characteristic is that ES does not harbor
any N-glyesaylation sites. Using specific glycosylation inhibi-
tors and site-directed mutsgenedis, we demonstrate that inhi-
bitien of glyconsylation blocked the sscretion of ¥L. The aglyoo-
avizted FL became imfracelfulariy localized although their
corresponding PRR was present, thue indicating that Neglyeo.
syiation is alss eritical for PRB-dependent secration (Fig. §).
The impertanse of Neglyesns for the secretion of FC was reca-
pitulated using site-directed mutagenesis of the N-glyoosyla-
tion sifes. Iuterestingly, the ehlation of the three M-glycan sites
at the C terpunus st positions Asa’®, Asn™ and Asp™#
completely abolished secrelion. Coincidenially, these thyee
sites reside downatream of PRR at or near the 8 domain. The
pariisd dependance of ¥ secretion on N-linked sligosaccharids
appendices suggeste that the individual N-glyeans do not have
local effects on protein folding. However, when the N-glycosy-
lation sites at positions 744, Y87, and 812 are modified at the
sgme time, folding and secreiion of FU are compromised al-
though none of the glycans are needed individually, In view of
fhis observation, the oligosaccharides of FC ssem to have 2
global effect on the fuldingfsscretion process.

These data suggest that correct folding of the 8P domain is
the most eritical for secvelion of FC; the absence of PEE pra-
ceding this domain or the absence of N.glycans within this
domain leads to misiding, which impairs FC searetion,

The mechanism by which N-glycans gid in ¥FC seoretion is
attribubable to iis ability to interact with chaperones. Overex-
presyion of chaperones has been proven fo improve profein
folding and stimulate secretion of certnin target proteins (34

36371

37). In thiz study, the secrstion of FL and solubility of the
cellular glycosylated Fls (FL(-PRRE) and 8P were greatly
enbanesd by the presence of ¢CNE. Specific interaction be-
twaen certain structures of N-glyeans and calnexin was further
copfirmed by 2 giyrosyintion inhibition study. Thus, it ix evi-
dent that the N-glyeans of FO function through intersction
with mslecular chaperones to aid in protein folding and subse-
guent secretion. On the other band, co-expressed chaperones
did not overcoms the nonsecrsiory problem of FL-PRE) and
4P, suggesting that their inteaceliular localizaiion was deter-
mined by their eonformation and neot the lack of certain molec-
algr chaperones in ihe bost cell secretion pathway.

Fanctional ¥O should display both LPE binding sctivity and
LPB-activated snzymatic activity, However, these tws proper-
ties were uneoupled in B2-produced FC, 52 FC binds LES, bt
it is not cleaved and not enzymatically activated. This is in
contrast to 818-BEVE FC, which we domonstrated previcusly to
harbar both functions (23), Further aualyses reveal that the
loss/gain of enzymatic activily stems from subile differences in
ihe complexity of glycosylation of FO, In agreement with our
resulte, over the last decads, vavious reporis (38-41) have
dageribed that virsl infection of 8% sells temporally effacts
protetn glvesaviation (Lo, the sctivation of glycosyltransfergae
genes takes place wnder proper conditions, depending on the
wirus type, promoter, and medivm). Normeld glyeseviation chav.
seteristics of insect cells were thus &liered o allow complex
bype oligosaccharide processing o oveur, Thas, dusing baculo-
viral infection of 848 vells for expression of FC, the viral infee-
tion procoss affects the glyeosylation of FC, consequantly al-
lowing its conformationsl change upon LPS binding, leading to
lmited profecivais and sctivation of the serine protesse on-
wyee, In contrast, being sonvirally infected, the 82 FU bears
differently processed giveans, sspecially those at/near the cat-
alytic domain, Thos, due i the nonnative brandhing of the
adjacent N-plyoans, the 82 ¥FO is nol proteciytically cleaved,
although it possesses LIPS binding properties. This is despite
the correct overall protein folding and suscesstud passage of the
52 FC through the guality conirol of the BR and Golgi, which
allows s sucesssiud secretion. However, since PU is such &
demanding glyeoprotein, retaining the LPS binding activity in
these secreted Fls does not satisfy the requivement for their
conformationsl change induced by LPR binding to vield enzy-
matic activity. This reveals another surprising impact of N-
ghyeans on FO functions. Although differences In recombinant
protein localization {42) and N-glycosylation hetersgensity (43}
have been reported in these bwo insect eell expregsion systeras,
PE from these fwo hosts is so far the frst recombinant protein
to exhibit such marked funciionsl differewes. Future under-
gtanding aud manipulations in the post-translational process-
ing pathway wilth sxoglycosidase/plvociransierases vonld pos-
sibly resolve this problem facsd by FO as well as other serine
proteases,

In suramary, we conlirm that PRE of a serine prolesse is
essential for the folding and secrefion of the downsiream cai-
alvtic domain, Thesse vesults suggest that the PRR serves a
sirapie but essentizl role in tethering the structurally distinet
but interaciing dowmains of the protein. In addition, the secrs-
tion ability of FUs was impaired in the absence of M-glyeans,
sspacially those residing at or near the catalytic demain, We
alag report for the first time that co-expression of chaperones
significantly increases the soluble and secreted recombinant
protein lovel in 82 colls but has no appreciable effect on the
localization of the protein. These resulis help to clucidate the
funciion of different slructural dowsins of Factor € and how
the intringie properiies of various domaing of such a2 mosaie
protein mfluence ite destination (lustrated in Fig. B This
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general concept of the modular arvangement may be applicable
fo other members of the runltidomain protein family, such as
blood coasgulation Factor XIL, in particudar the influence of
domain intevactions on their cell sorting, seeretion, and fune-
tion. Finally, PRR is therefore & potential universal conforma-
tional domain that reguiates protein fulding and serretion, and
it is probably applicable as dowsain fusion junctions for engi-
neered chimeric mrultidomain profeinas expregssed iy eukaryotic
expression gysiems,

Ackrowledgments-——We thank Peof. 3. Willlaws {University of
Tovonio} and Prof. T, Liewellyn (University of Wales College of Modi-
sine) for kindly providing the ¢DMAs of esnine salnexin and human
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