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The anticoagulant vitamin K-dependent protein S (PS) circu-
lates in plasma in two forms, 30% free and 70% being bound to
the complement regulatory protein C4b-binding protein
(C4BP). The major C4BP isoform consists of 7 �-chains and 1
�-chain (C4BP��), the chains being linked by disulfide bridges.
PS binds to the �-chain with high affinity. In plasma, PS is in
molar excess over C4BP�� and due to the high affinity, all
C4BP��molecules contain aboundPS.Taken togetherwith the
observation that PS-deficient patients have decreased levels of
C4BP��, this raises the question of whether PS is important for
secretion of the �-chain from the cell. To test this hypothesis,
HEK293 cells were stably and transiently transfected with
�-chain cDNA in combinations with cDNAs for PS and/or
the �-chain. The concentration of �-chains in the medium
increased after co-transfection with PS cDNA, but not by
�-chain cDNA, suggesting secretion of the �-chains from the
cells to be dependent on concomitant synthesis of PS, but not of
the �-chains. Thus, �-chains that were not disulfide-linked to
the �-chains were secreted in complex with PS, either as mono-
mers or dimers. Pulse-chase demonstrated that the complexes
between PS and �-chain were formed intracellularly, in the
endoplasmic reticulum. In conclusion, our results demonstrate
that successful secretion of �-chains depends on intracellular
complex formation with PS, but not on the �-chains. This pro-
vides an explanation for the decreased �-chain levels observed
in PS-deficient patients.

Protein S (PS)2 is an anticoagulant vitaminK-dependent pro-
tein functioning as a cofactor to activated protein C in the deg-
radation of coagulation factors Va and VIIIa (1). Recent studies
have also identified PS as a cofactor to tissue factor pathway

inhibitor (2, 3). Tissue factor pathway inhibitor regulates the
tissue factor-dependent initial step of coagulation by inactivat-
ing coagulation factors VIIa and Xa. In human plasma, 60–70%
of PS circulates bound to the complement regulator C4b-bind-
ing protein (C4BP) (4), and this fraction has impaired anticoag-
ulant functions (5). PS is a 635-amino-acid-long single chain
molecule with several distinct domains. The N-terminal Gla
domain is followed by a thrombin-sensitive region, four epider-
mal growth factor (EGF)-like domains, and the large C-termi-
nal sex hormone-binding globulin (SHBG)-like region, which
comprises two laminin G-type domains. The binding site in PS
for C4BP is located in the SHBG region of PS, and both laminin
G domains are required (6). The binding site in PS has not been
narrowed down further, even though there are several studies
suggesting different regions of the SHBG domain to be of
importance (7, 8).
C4BP acts as a cofactor for the down-regulation of the com-

plement cascade and shares structural features with several
other proteins participating in this system. It is composed of
multiple disulfide-linked subunits (�- and �-chains), each con-
taining repeats of complement control protein (CCP) domains
(9). There are several isoforms of C4BP in human plasma; the
most common (approximately 80%) consists of 7 �-chains and
1�-chain (7�1�), which create amolecule 570 kDa in size. Each
�-chain is made up of 8 CCP domains, whereas the �-chain has
3 CCPs. The PS binding is totally dependent on the presence of
the �-chain, the PS binding site being located mainly in the
N-terminal CCP (10–12). The binding site has been further
narrowed down by site-directed mutagenesis, highlighting the
importance of four amino acids in the N-terminal CCP domain
(13).
Both PS and C4BP are primarily produced in the liver. How-

ever, PS is additionally synthesized in many different cells, and
the recent liver specific knock out of PS in mice revealed the
importance of PS synthesis in endothelial cells (14). In contrast,
there are no reports of C4BP expression in endothelial cells. In
the liver, the genes for�- and�-chains are regulated differently.
During the acute phase, �-chain expression increases more
than that of the �-chain (15), leading to formation of the 7�0�
isoform of C4BP, which does not bind PS. This form can also be
obtained in eukaryotic expression systems, when the cDNA for
the �-chain (C4BPA) is used to transfect the cells (16, 17). Even
though this recombinant C4BP lacks the �-chain, it still has
normal complement regulatory functions as cofactor to factor I
in the degradation ofC4b (16, 18). Co-transfection experiments
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of COS1 cells with C4BPA and �-chain cDNA (C4BPB) gener-
ated small amounts of �-chain-containing C4BP, although the
majority of the �-chain was retained inside the cells (19). The
observation that the C4BP chains are differently regulated (15,
20, 21) has led to the hypothesis that the �-chain-containing
C4BP isoform (denoted C4BP��) has specific functions. It
binds PS, and it has been shown that the Gla domain of PS can
localize the PS�C4BP complex to anionic phospholipid mem-
branes, e.g. exposed on apoptotic cells where the complex pos-
sibly can regulate complement activity (22–24). Two reports
suggest that the �-chain can be expressed in absence of
�-chains, in human ovary fibroblasts (25) and joints affected by
rheumatoid arthritis (26), but the functional significance of this
is unknown.
The binding between C4BP �-chain and PS is of very high

affinity (0.1 nM) (27), and because PS circulates inmolar surplus
over C4BP��, PS occupies all �-chains in human plasma. In
1995, it was reported that PS-deficient patients, in particular
when treated with the vitamin K antagonist warfarin, not only
had decreased levels of PS but also of C4BP�� even though
C4BP is not vitamin K-dependent (28). Based on this observa-
tion, and the difficulties we and others have experienced in
expressing the �-chain CCPs in eukaryotic cells (10, 19), we
hypothesized that PS is required for the secretion of the
�-chain. Using recombinant eukaryotic expression systems we
nowdemonstrate that the secretion of the�-chain is stimulated
by co-expression of PS, the two proteins forming a complex
already intracellularly.

EXPERIMENTAL PROCEDURES

Plasma PS (29), recombinant PS (30), and plasma C4BP��

(31, 32) were purified, as previously described. For calculation
of molarities, the following molecular masses were used: 570
kDa (C4BP��), 45 kDa (�-chain), 70 kDa (PS), 40 kDa (PS-
CTERM), and 30 kDa (mini protein S) (33). Data are presented
as the mean value � S.D., and Student’s t test (Prism 4;
GraphPad Software, Inc., La Jolla CA) was used for statistical
calculations.
Cloning and Mutagenesis—The vector pBudCE4.1 (Invitro-

gen) was used for double expression of two separate proteins,
e.g. PS plus �-chain or �-chain plus �-chain. For single protein
expression, the vector pcDNA3 from Invitrogenwas used.Mini
protein S (miniPS) refers to a PS variant lacking the entire
SHBG region. It comprises residues 1–242 and was created by
replacing the codon for Val243 (amino acid residue number in
mature PS) with a stop codon in the PROS1 cDNA (33). N-ter-
minally truncated PS-CTERM, human PS ranging from
the second half of the third EGF-like domain through the
SHBG domain, was obtained by PCR technique. Cloning and
mutagenesis details can be seen in the supplemental Experi-
mental Procedures.
qRT-PCR—Quantitative determination of mRNA levels in

the cell lines was performed with the OneStep qRT-PCR kit
(Invitrogen), as described in the provided instructions. Briefly,
adherent cells were loosened and washed with phosphate-buff-
ered saline (PBS) (Invitrogen). About 10,000 cells were then
solubilized and treated with DNase. RNA concentration in the
cell lysate was determined by using the A260 nm in a Nano-

Drop2000 device (NanoDrop, Wilmington, DE). A PCR mix
with �10–40 ng of total RNA was prepared, and the method
allowed for one-step PCRwith a primary reversed transcriptase
step for creating cDNA, followed by detection of amplified
genes of interest. An internal standard (GAPDH) was always
co-analyzed with the gene of interest (C4BPA, C4BPB, or
PROS1). Primer/probe mixes for detection were purchased
fromApplied Biosystems. The reactionwas performedwith the
ABI PRISM 7900HT system (Applied Biosystems). For quanti-
fication, the standard curve method was used; all samples were
run in three replicates, and the results are described as the ratio
between the gene of interest and GAPDH.
Cell Culture—Human umbilical cord endothelial cells and

human microvascular endothelial cells (34) were cultured in
Medium200 (Invitrogen) supplemented with a low serum
growth supplement kit (Invitrogen), 50 units/ml penicillin, and
50 �g/ml streptomycin (Invitrogen). HEK293, HepG2, Hep3B,
and MIHA (35) cell lines were cultured in complete medium,
DMEM (Invitrogen) supplemented with 4 mM L-glutamine
(Invitrogen), 50 units/ml penicillin, 50 �g/ml streptomycin
(Invitrogen), 10% fetal bovine serum (Invitrogen), and 10�g/ml
vitamin K (Konakion Novum, F. Hoffmann-La Roche AG,
Basel, Switzerland). The immortalized endothelial-like cell line
EA.hy926 (36) was cultured in complete medium supple-
mented with 0.1 mM hypoxanthine (Sigma-Aldrich) and 16 �M

thymidine (Sigma-Aldrich). Transfected cell lines were main-
tained by the addition of the appropriate antibiotics. Cells
transfected with pcDNA3 constructs were cultured with the
addition of 0.5 �g/ml Geneticin (G418; Invitrogen), and
pBudCE4.1 cells were cultured in the presence of 100 �g/ml
Zeocin (Invitrogen). For serum-free expression, OptiMEM
(Invitrogen) supplemented with penicillin, streptomycin, and
vitamin K was used. HEK293 cells were stably or transiently
transfected as described in the supplemental Experimen-
tal Procedures.
Pulse-Chase—Cells stably expressing C4BPA/C4BPB

(pBudCE4.1) andPROS1 (pcDNA3)were seeded in 9-cmdishes
and cultured to 90% confluence in complete medium. The
medium was replaced with methionine/cysteine- and serum-
freeDMEM(Invitrogen) supplementedwith 4mM L-glutamine,
50 units/ml penicillin, 50 �g/ml streptomycin, and 10 �g/ml
vitamin K, and the cells were incubated for 60 min. The cells
were labeledwith [35S]methionine/cysteine (Tran35S-label;MP
Biomedicals, Solon, OH), 0.4 mCi/dish for 30 min and then
chased by replacing the medium with OptiMEM containing 50
units/ml penicillin, 50 �g/ml streptomycin, 10 �g/ml vitamin
K, and 2 mM cold methionine and cysteine. In some experi-
ments, 5 �g/ml brefeldin A was added to the chase medium.
The cells were chased for different time points before har-
vesting the medium and lysing the cells. The cells, placed on
ice, were washed with PBS and solubilized with the addition
of 0.8 ml of lysis buffer (50 mM Tris-HCl, pH 7.5, 300 mM

NaCl, 1% Triton X-100 (Scharlau Chemie, Barcelona, Spain),
0.02% NaN3, 1� protease inhibitor mixture (Sigma-Aldrich)).
Proteins in lysates and medium were subjected to immuno-
precipitation, further described in the supplemental Ex-
perimental Procedures.
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Determination of Protein Concentrations—In-house devel-
oped ELISAs were performed in Maxisorp 96-well plates
(NUNC), coated with a catcher antibody in 75 mM carbonate
buffer overnight at 4 °C. The wells were then washed with 50
mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.1% Tween 20 (TBS-T)
before blockingwith 50mMTris-HCl, pH 7.5, 150mMNaCl, 2%
BSA (TBS-2%BSA) for a minimum of 1 h at room temperature.
Samples were diluted in TBS supplemented with 0.2% BSA and
2mMCaCl2 (TBS-0.2%BSA) and incubated overnight at 4 °C. A
washing step was followed by incubation with a biotinylated
antibody in TBS-0.2%BSA for at least 2 h. HRP-labeled strepta-
vidin-biotin complexes (Vectastain; Vector Laboratories, Burl-
ingame, CA) were added and incubated for 0.5 h after another
wash. The plates were developed by the addition of 1,2-phe-
nylenediamine dihydrochloride (DAKO) after a final washing
step. The reaction was stopped by the addition of 0.5 M H2SO4,
and the color intensity was measured at 490 nm in a Tecan
Infinite 2000 (Tecan Group Ltd., Männedorf, Switzerland)
microplate spectrophotometer. The individual protein con-
centrations were measured by using different sets of in-house
antibodies, as described in the supplemental Experimen-
tal Procedures.
Stepwise Purification and Characterization of Recombinant

PS and C4BP—About 900 ml of OptiMEM collected from cells
stably transfected with PROS1 andC4BPB in pBud, andC4BPA
in pcDNA were used to analyze the different components. Ali-
quots were removed in each step for analysis with ELISA or
SDS-PAGE andWestern blotting techniques. The flow scheme
of the purification can be seen in supplemental Fig. S1. Gla-
containing proteins, e.g. PS and PS-complexed proteins, were
absorbed to barium citrate and eluted with EDTA (29). To col-
lect C4BP �-chain-containing proteins, the barium citrate-
eluted proteins were applied to a HiTrap NHS activated 5-ml
column (GE Healthcare) coupled with mAb MK104. Next, the
flow-through fraction was applied to a 1-ml HiTrap column
coupled with mAb MK36, directed against the C4BP �-chain.
Finally, the flow-through from the MK36 column was applied
to a 5-ml column coupledwithMK54 (recognizing PS). In brief,
all purification steps were performed by equilibration of the
column with 10 column volumes of TBS, the samples were
applied, and the columnswerewashedwith 10 column volumes
of TBS. Bound proteins were eluted with 0.1 M glycine-HCl, pH
2.7, and immediately neutralized with the addition of 1 M Tris-
HCl, pH 9.0. The activity of the purified C4BP variants as factor
I cofactors in degradation of C4b was tested as described (37).
The purified proteins were frozen and stored at �20 °C until
analysis.

RESULTS

In search for a model system of PS and C4BP synthesis, three
liver cell lines,MIHA,HepG2, andHep3B, were analyzed for PS
and C4BP �- and �-chain (mRNA and protein) expression
because the liver is known to synthesize both PS andC4BP (Fig.
1). The three cell lines were found to contain approximately the
same amounts of mRNAs for the three protein chains. Unex-
pectedly, in MIHA and HepG2 cells, the molar concentrations
of fully assembled C4BP (measured using �-chain ELISA) were
6-fold (MIHA) and 9-fold (HepG2) lower than those of the

�-chain concentrations, suggesting equimolar �- and �-chain
expression and that fully assembled 7�1� C4BP is poorly pro-
duced. In MIHA and HepG2 cell media, the molar concentra-
tions of �-chain protein were about half of that of PS. Hep3B
was the only liver cell line tested that produced C4BP �- and
�-chains at the expected 7:1 ratio, suggesting that these cells
could potentially be used as means for analyzing the impor-
tance of PS for expression of C4BP �-chain. However, the
expression levels of C4BP �- and �-chains in Hep3B cells were
very low, which precluded further analysis. Moreover, Hep3B
cells that were cultured for several passages changed phenotype
as the �-chain expression decreased. PS is known to be synthe-
sized by endothelial cells, and we therefore analyzed human
umbilical cord endothelial cells, human microvascular endo-
thelial-1 cells, and EA.hy926 cells for expression ofC4BP�- and
�-chains as well as for PS. All three cell lines contained mRNA
for PS whereas no mRNAs for �- and �-chains were detected.
Moreover, there was no detectable C4BP in the culture

FIGURE 1. Properties of liver cell lines HepG2, MIHA, and Hep3B. Protein
concentrations (open bars) of C4BP �-chain, C4BP �-chain and PS, and mRNA
levels (gray bars) of C4BPA, C4BPB and PROS1 were determined in HepG2 (A),
MIHA (B), and Hep3B (C) cells. The protein concentrations were measured in
cell medium collected from confluent cells. The mRNA content in the cells was
detected by qRT-PCR and presented as the ratio between the gene of interest
and the housekeeping gene (GAPDH). The bars correspond to the mean �
S.D. (error bars) value of at least three independent experiments.
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medium, as measured by ELISA. Based on these results, we
concluded that neither liver nor endothelial cell lines were use-
ful for studies of �-chain synthesis. Therefore, we instead
turned to recombinant expression systems to develop a model
system.
PS Stimulates C4BP �-Chain Secretion—In an effort to

express the C4BP �-chain, we stably transfected HEK293 cells
with C4BPB in pcDNA3. Low levels of �-chain, 0.43 � 0.16 nM
(mean � S.D.), were detected in the cell medium (Fig. 2A and
supplemental Table S1). To elucidate whether PS can stimulate
�-chain expression, as suggested by the observation that
patients with severe PS deficiency also have low levels of
C4BP�� (28), C4BPB and PROS1 were introduced into the
pBudCE4.1 vector to allow simultaneous expression inHEK293
cells. In parallel, a C4BPA plus C4BPB pBudCE4.1 vector con-
struct was used. The C4BPA plus C4BPB yielded concentra-
tions of �-chain in the cell medium (Fig. 2A) of 1.37 � 0.76 nM,
whereas the vector containing both C4BPB and PROS1 yielded
19.85 � 6.59 nM �-chain in the cell medium. This difference
was not due to differences in mRNA levels because relatively
similar C4BPB/GAPDH mRNA ratios were obtained with the
two vector constructs (Fig. 2B). In fact, theC4BPB/PROS1 cells
that produced the highest levels of �-chain had significantly

lower C4BPB mRNA content than the C4BPA/C4BPB cells
(p � 0.0364).
To elucidate whether it was possible to obtain PS in complex

with a fully assembled C4BP containing both �- and �-chains,
PROS1 in pcDNA3 was used to transfect the cells that stably
expressed C4BP �- and �-chains (C4BPA plus C4BPB in
pBudCE4.1). The introduction of PS to the C4BP �/�-express-
ing cells resulted in an increase of the expression level of
�-chain from 1.37 � 0.76 nM to 10.33 � 5.30 nM. In contrast,
transfection of C4BPA in pcDNA3 to cells stably expressing
�-chain and PS (C4BPB plus PROS1 in pBudCE4.1) resulted in
a decrease of �-chain from 19.85 � 6.59 nM to 4.65 � 2.42 nM
(Fig. 2A and supplemental Table S1). Themechanisms through
which the introduction of C4BPA into the C4BPB/PROS1 cells
results in decreased secretion of the �-chain are not obvious.
Possibly, the high �-chain expression results in efforts of the
cells to incorporate the �-chain into a fully assembled C4BP, a
process that could make the complex formation with PS less
efficient.
SHBG Region of PS Stimulates C4BP �-Chain Expression—

The results discussed above were obtained with stably trans-
fected cells that had undergone a selection process, which pos-
sibly could bias the results. Therefore, we also tested a transient
transfection system in which cDNA for PS, miniPS, and C4BP
�-chain were introduced into cells stably expressing the C4BP
�-chain (Fig. 3). Introduction of PROS1 yielded �-chain levels

FIGURE 2. Co-expression of PROS1 and C4BPB increases the expression of
C4BP �-chain. HEK293 cells were stably transfected with the constructs indi-
cated below each data set; C4BPA/C4BPB and C4BPB/PROS1 were in the vector
pBudCE4.1, whereas C4BPA, C4BPB, and PROS1 were in pcDNA3. Multiple
clones were picked and continuously cultured. A, concentrations of C4BP
�-chain, PS (supplemental Fig. S2A), and C4BP �-chain (supplemental Fig.
S2B) were measured in medium collected from confluent cells. B, mRNA levels
of C4BPB, PROS1 (supplemental Fig. S3A), and C4BPA (supplemental Fig. S3B)
were measured by qRT-PCR. The statistical significance of differences is indi-
cated by horizontal lines; n.s., not significant. *, p � 0.05; ***, p � 0.001.

FIGURE 3. C4BP �-chain expression is stimulated by simultaneous syn-
thesis of PS whereas miniPS and C4BP �-chain have no effect. HEK293
cells stably transfected with C4BPB in pcDNA3 were transiently transfected
with PROS1, miniPS, cDNA, C4BPA, or empty pcDNA3 vector. Concentrations
of C4BP �-chain (A), PS (B), and C4BP �-chain (supplemental Fig. S4) in the cell
medium were measured 48 h after transfection. ***, p � 0.001.
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in the cell medium of 3.46 � 1.42 nM, whereas mock transfec-
tion resulted in 0.99 � 0.57 nM �-chain in the medium, the
difference being highly significant. Transfection with miniPS
cDNA or C4BPA did not increase the expression level of
�-chain (1.13 � 0.51 nM and 0.82 � 0.39 nM, respectively). To
control the transfection efficiency, the concentrations of PS and
miniPS and C4BP �-chain obtained in the cell medium were
measured and found to be �7.6, 7.0, and 3.4 nM, respectively
(Fig. 3B). Compared with the concentration of the low, but
detectable endogenous expression of PS in the HEK293 cells
(0.17 � 0.08 nM), the recombinant PS and miniPS concentra-
tions were 45- and 41-fold higher, respectively.
We next studied the effects of PS on �-chain expression

using cells stably expressing both C4BP �- and �-chains from
the pBudCE4.1 vector. pcDNA with cDNA coding for PS, PS-
CTERM (a PS construct starting in the third EGF domain and
extending through the SHBG-region), Gas6, or PS/Gas6 (a chi-
meric protein being PS from Gla-EGF4 domains and Gas6 in
the two lamininG domains) were transiently transfected to this
stable cell line. When PROS1 was used, a 2.3-fold increase in
�-chain was observed, whereas neither Gas6 nor the PS/Gas6
chimera affected the �-chain levels (Fig. 4). The PS-CTERM
caused a 1.5-fold increase in�-chain concentration into the cell
medium. Control experiments, in which recombinant PS up to
1 �g/ml (about 10-fold higher concentrations than obtained
with transient transfection) was added to the C4BPB/C4BPA
cell culture medium, did not affect the expression level of
�-chain. Thus, the PS-mediated stimulation of �-chain expres-
sionwas only seenwhen PS and the�-chainwere co-expressed.
Purification and Characterization of Recombinant C4BP

Containing Both�- and�-Chains—To characterize the recom-
binant C4BP and PS expressed from the stably transfected
C4BPA/C4BPB/PROS1 cells, themediumwas subjected to bar-
ium citrate absorption, a procedure known to pull down all
Gla-containing proteins, e.g. PS. C4BP in complex with PS

binds to the barium citrate precipitate and can thus be sepa-
rated from C4BP that only contains �-chains. In this step, 93%
of the �-chains were recovered from the barium citrate precip-
itate, suggesting that they were co-absorbed with PS (PS yield
was 94%). This indicated that all�-chains were in complexwith
PS (Table 1 and Fig. 5). To characterize the �-chain-containing
protein further, we applied the proteins that were eluted from
the barium precipitate to a C4BP �-chain affinity column
(MK104), and the flow-through fractionwas tested for the pres-
ence of C4BP �-chain. Approximately half (47%) of the
�-chains were not co-purified with the �-chains, indicating
that only about half of the expressed �-chains were incorpo-
rated into the C4BP complex. The eluted proteins visualized in
Fig. 5 (A samples) showed that PS was co-purified with C4BP,
again indicating that the C4BP contained �-chain and that the
PS�C4BP complex was fully assembled. The �-chains that did
not bind to the �-chain-specific column were applied on a
�-chain-specific mAb column (MK36), and the bound and
eluted proteins were found to contain both �-chains and PS
(Fig. 6, A and C). When the barium citrate supernatant was

FIGURE 5. SDS-PAGE analysis of proteins from barium absorption. Sam-
ples (2 �g of protein/lane) were applied to a 4 –15% gradient gel, electro-
phoretically separated, and silver stained. Proteins were eluted from the
�-chain monoclonal column MK104 after application of barium citrate super-
natant (S) or absorbed proteins (A) and can be compared with plasma-puri-
fied C4BP/PS (ctrl).

TABLE 1
Isolation of �-chain-containing C4BP by barium citrate absorption,
indicating complete complex formation with protein S but not with
C4BP �-chains
Proteins in cell medium collected from HEK293 cells stably transfected with
C4BPB/PROS1 in pBudCE4.1 and C4BPA in pcDNA3 were subjected to barium
citrate absorption, and the concentration of C4BP, C4BP �-chain, and PS was mea-
sured in the obtained fractions.

Sample Total
C4BP

C4BP
�-chain PS

�g % �g % �g %
Starting medium (900 ml) 3534 100 40 100 787 100
Barium citrate supernatant 3107 88 NDa 0 ND 0
Barium citrate absorbed fraction 471 13 38 93 747 94

a Not detectable.

FIGURE 4. C4BP �-chain expression stimulated by simultaneous synthe-
sis of PS with intact C terminus. HEK293 cells stably transfected with C4BPA/
C4BPB in pBudCE4.1 were transiently transfected with wild type PROS1, PS-
CTERM, Gas6, a PS/Gas6 chimeric protein containing the Gas6 C terminus, or
empty pcDNA3 vector. The concentrations of total C4BP and C4BP �-chain
were measured in cell medium 48 h after transfection. The dots represent the
fold change in �-chain concentration compared with pcDNA3, after normal-
ization to total C4BP concentration in the same sample. Results that differed
significantly from the pcDNA3 sample are marked with ** (p � 0.01) and ***
(p � 0.001).
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purified on the�-chain affinity column (MK104), only�-chains
were visible (lanes marked with S in Fig. 5) on silver-stained
SDS-PAGE. The purified C4BP�� and C4BP-containing
�-chains only had normal complement regulatory function, as
tested by C4b degradation assay.

Complex between C4BP and PS Is Formed Already Inside the
Cells—We were also interested in where the complex between
PS and C4BP is assembled. Cells expressing C4BPA/C4BPB
(pBudCE4.1) and PROS1 (pcDNA3) were pulsed with radiola-
beled amino acids and chased for different time points. Sepa-
rate C4BPA/C4BPB cells and PROS1 cells were used as con-
trols. Immunoprecipitation (IP) of cell lysates andmediumwith
an antibody against PS revealed that C4BP �-chains and
�-chain were co-immunoprecipitated with PS in both medium
and lysate, demonstrating that the PS�C4BP complexes formed
already in the cells (Fig. 7).When an antibody against C4BPwas
used in IP, also PS was co-immunoprecipitated. All three iso-
forms of C4BP (�7�1, �7�0, and �6�1) could be seen after
separation on a 5% SDS-polyacrylamide gel after IP with the
C4BP antibody; however, the PS antibody IP only pulled down
the isoforms containing �-chain (Fig. 7, top panel). Control
experiments, in which lysates of C4BPA/C4BPB cells were
mixed with lysates of PROS1 cells before the IP, yielded no
co-immunoprecipitation (results not shown), demonstrating
that the complexes were not formed during the IP procedure.
Cross-reactivity of the antibodies was excluded by control
experiment with cells expressing either C4BP �-chains or PS
only. Unspecific bands were identified by IP with control rabbit
antibodies.
To elucidate in which cell compartment the�-chain is incor-

porated into the C4BP molecule and where the PS�C4BP com-
plex is formed, we performed a pulse-chase experiment in pres-
ence of brefeldin A, an inhibitor of the transport between Golgi
apparatus and endoplasmic reticulum. Brefeldin A efficiently
inhibited the secretion of assembled C4BP. However, high
molecular mass C4BP could be recovered from the cell lysates
by IP with an anti-PS antibody, suggesting that the incorpora-
tion of �-chain and the complex formation take place in endo-
plasmic reticulum.

DISCUSSION

The molecular mechanisms that govern the assembly and
secretion of C4BP, with the six to eight �-chains being disul-
fide-linked to the single �-chain, are essentially unknown.
Moreover, the importance of PS for the C4BP subunit assembly
and subsequent secretion is not elucidated. We now demon-
strate that recombinant overexpression of �-chains plus
�-chains together with PS results in the efficient assembly and
secretion of C4BP containing�-chains only, whereas the incor-
poration of�-chains into the C4BPmolecule is a relatively inef-
ficient process. Moreover, co-expression of PS with the C4BP
�-chain, with or without the �-chains, generates intracellular
complexes between PS and the�-chain, a process that is impor-
tant for the efficient secretion of the �-chain from the cells.
The interaction between PS and the �-chain of C4BP is of

very high affinity, and all �-chains in plasma are occupied with
PS (27). The free form of PS is thus themolar surplus of PS over
the�-chain concentration. In individuals with heterozygous PS
deficiency, the free PS decreases, whereas the bound PS can
be normal or slightly decreased. However, no unoccupied
�-chains exist in plasma. During warfarin treatment, the
plasma concentration of PS decreases further, and of particular
interest for the present study, the C4BP�� concentration also

FIGURE 6. Western blot analysis of proteins eluted in stepwise purifica-
tion. Eluted samples (100 ng of protein/lane) from the columns MK104 (bind-
ing C4BP �-chain), MK36 (binding C4BP �-chain), and MK54 (binding PS) or
control (Ctrl) PS�C4BP purified from plasma, were applied to a 5% (B, left panel)
or 10% SDS-PAGE, electrophoretically separated and transferred to a PVDF
membrane. The proteins were detected with in-house mouse mAb against
C4BP �-chain (A), in-house rabbit polyclonal antibody recognizing C4BP
�-chains (B), and in-house mouse mAb against PS (unreduced sample) and a
commercial rabbit polyclonal antibody (Dako) recognizing reduced PS (C).
Adequate HRP-conjugated secondary antibodies were used to enable visual-
ization with the ECL technique. Samples in the right panel were reduced by
the addition of DTT.
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decreases, even thoughC4BP is not a vitaminK-dependent pro-
tein (28). This suggests that PS is either important for the syn-
thesis and secretion of C4BP�� or for keeping C4BP�� in the
circulation. The present study was undertaken to elucidate
these questions further.
The liver is the main site for production of both C4BP

chains as well as of PS. However, PS is also expressed by

many other cell types, including
endothelial cells (38), vascular
smooth muscle cells (39), mega-
karyocytes (40), osteoblasts (41),
neural tumor cells (42), and Leydig
cells in the testis (43). In contrast,
fully assembled C4BP containing
both�- and�-chains is only synthe-
sized in the liver. The ideal model
for studying the expression of C4BP
and PS would be liver cell lines of
human origin. Unfortunately, most
other species cannot be used
because PS�C4BP complexes, simi-
lar to those present in humans, are
only present in primates. Mice and
rabbits lack the �-chain, whereas
rats lack a cysteine in the �-chain,
which results in a �-chain that
binds PS with low affinity (44, 45).
Unfortunately, the three human
liver cell lines HepG2, Hep3B, and
MIHA were found not to be useful
models of C4BP and PS expression.
Both HepG2 and MIHA cells
expressed surprisingly little �-chains,
precluding studies of the 7�1� iso-
form of C4BP. In Hep3B cells, the
�-chain expression decreased during
passage of the cells. The instability in
the �-chain synthesis combined with
low �-chain expression made them
unsuitable for studies of PS�C4BP
expression. We therefore used
recombinant techniques for the fur-
ther investigation.
Despite considerable efforts, we

have previously been unsuccessful
in attempts to express recombinant
�-chains alone or together with the
�-chains (10). To our knowledge,
there are no reports on the expres-
sion of recombinant C4BP �-chains
alone, even though this may happen
in vivo. Thus, fibroblasts in human
ovaries and in rheumatoid joints
have been shown to produce C4BP
�-chain, yet no synthesis of �-chain
could be detected (25, 26). In
HEK293 cells that we transfected
with C4BPB cDNA alone, very low

levels of �-chain were released into the cell medium. However,
co-expression with PS resulted in the efficient secretion of
PS��-chain complexes, demonstrating PS to be important for
the secretion of the �-chain. It is noteworthy that the �-chains
were not important for the �-chain expression and moreover
that the�-chains could formdisulfide-linked dimers. The ques-
tion of whether PS is strictly required for �-chain expression

FIGURE 7. Complex between C4BP �-chain and PS is formed inside the cells. HEK293 cells expressing PS,
C4BP �-chain, and �-chain were metabolically labeled for 30 min (0 sample) and chased for 30 min, 90 min, or
overnight (ON). At the depicted time points the cells were lysed, and the cell medium was harvested. Proteins
in the cell lysates and medium were immunoprecipitated with a rabbit polyclonal antibody binding to either PS
or C4BP, and proteins were separated with SDS-PAGE (10% or 5% separation gel) and transferred to a PVDF
membrane. The bands on the membrane were visualized with a PhosphorImager FLA-3000.
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could not be fully resolved with the C4BPB-transfected
HEK293 cells because the HEK293 cells were found to express
low levels of endogenous PS, which may stimulate �-chain
secretion. Attempts to knock down the endogenous PS expres-
sion using several siRNA and transfection reagents from differ-
ent vendors were unfortunately unsuccessful (results not
shown). We have been unsuccessful in identifying a suitable
human cell line that expresses no detectable PS to confirm the
absolute requirement of PS for �-chain expression. The use of
cell lines of other species is precluded because highly sensitive
and specific methods to quantify PS from non-human sources
are not available. In a previous report, COS1 cells, which are
derived from monkey kidneys and possibly produce traces of
PS, were transiently transfected with C4BPB. It was observed
that most of the �-chain was retained intracellularly, which
agrees with our conclusion that PS is important for the secre-
tion of the �-chain (19).
To identify the structural requirements of PS for stimulation

of �-chain expression, we transiently transfected wild type PS
and miniPS (Gla-EGF4) into HEK293 cells with stably inte-
grated C4BPB. MiniPS lacks the binding site for C4BP �-chain
and should according to hypothesis not stimulate �-chain
expression. This was also found to be the case, as PS, but not
miniPS, increased the �-chain levels in the collected cell
medium. Similar conclusions were obtained when stable
C4BPA/C4BPB cells were transiently transfected with cDNA
for either wild type PS, PS-CTERM, Gas6, or the PS/Gas6 chi-
mera. Thus, neither Gas6, nor the PS/Gas6 chimera increased
�-chain expression, whereas wild type PS and PS-CTERM
increased �-chain expression.
Purification and characterization of PS and C4BP proteins

synthesized by a stable cell line containing all three genes
(C4BPA/C4BPB/PROS1) gave insights into the assembly of the
C4BP chains and the interaction with PS. An important obser-
vation was that all secreted �-chains were in complex with PS,
but only approximately 50% of the �-chains were incorporated
into a fully assembled C4BP�� molecule. Thus, PS is important
for the secretion of the �-chain regardless of whether the
�-chains are bound to the �-chains or not. Moreover, close to
90% of the �-chains were recovered in C4BPmolecules lacking
the �-chain, suggesting that assembly of C4BP �-chains is
highly efficient, whereas the incorporation of �-chains into the
C4BPmolecule is relatively inefficient. TheC termini of both�-
and�-chains are involved in the covalent interactions that form
a fully assembled C4BP��. Two cysteines present in each of the
chains are involved in the disulfide bridging of the chains, but
the details of the cysteine pairing are unknown. The C4BPmol-
ecules formed by the �-chains alone appeared correctly assem-
bled. The �-chain could be secreted as part of intact C4BP��

molecules, form disulfide-linked dimers, or be secreted as
monomers, all forms requiring PS for efficient secretion. Possi-
bly the HEK293 cells lack chaperons that in the liver are impor-
tant for the incorporation of the �-chain and the assembly of
the C4BP�� molecules.

PS is now shown to be important for the secretion of the
�-chains, but the exact mechanisms remain to be elucidated.
The PS-�-chain interaction is hydrophobic in nature (46). It is
possible that by binding to the �-chain PS hides the hydropho-

bic binding patch on the �-chain, which otherwise might serve
as a signal for retention in the cell. Results of the pulse-chase
experiments, demonstrating that the PS��-chain complex for-
mation already inside the cells was required for secretion of the
�-chain, argue in favor of this mechanism. Earlier experiments
have shown that the �-chains are assembled in the ER (17), and
our results indicate that it is likely that also the�-chain is incor-
porated in this step.
In conclusion, this work has shown that it is possible to

express recombinant C4BP �-chain and that PS is important
for efficient �-chain secretion. Moreover, the expression of
C4BP �-chain is independent of C4BP �-chains. The details of
the cellular mechanisms behind the effects of PS remain to be
determined. The recombinant proteins can in the future be
usednot only to study cell biology in protein expression, but can
also be used to further study the different functions of PS and
C4BP and the complex PS�C4BP.
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Biochemistry 41, 9349–9357
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29. Dahlbäck, B. (1983) Biochem. J. 209, 837–846
30. Malm, J., Cohen, E., Dackowski, W., Dahlbäck, B., and Wydro, R. (1990)
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