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Brief report

Deletion or replacement of the second EGF-like domain of protein S results
in loss of APC cofactor activity

Blandine Mille-Baker, Suely M. Rezende, Rachel E. Simmonds, Philip J. Mason, David A. Lane, and Michael A. Laffan

Human protein S (PS), a cofactor of antico-
agulant-activated protein C (APC), is a
modular protein containing 4 epidermal

growth factor (EGF)-like domains. EGF1
appears to mediate PS interaction with
APC, but the roles of EGFs 2, 3, and 4 are
less clear. We synthesized PS variants
lacking single EGF domains (EGF2, 3, or
4) and assessed their APC cofactor activ-

ity in a factor Va inactivation assay. The
variant lacking EGF2 (variant 134) showed
the most dramatic loss of activity ( ~10%
of recombinant wild-type PS activity). Re-
placement of EGF2 by an additional EGF3
(variant 1334) resulted in a comparable
loss of activity, suggesting that the loss

of a specific rather than “spacer” func-
tion of EGF2 was responsible. We con-

firmed that the variant 134 had a func-
tional vy-carboxyglutamic acid (Gla) domain
and that EGF1 was correctly folded. This is
the first clear evidence that EGF2 is required
for the expression of PS activity. (Blood.
2003;101:1416-1418)

© 2003 by The American Society of Hematology

Introduction

Protein S (PS) is a vitamin K-dependent plasma glycoprbteiStudy design
that acts as a nonenzymatic cofactor to activated protein C _ . .
(APC) in the degradation of factors Va and VIA@PS is a Construction of the expression vector for stable PS expression

modular protein comprising g-carboxyglutamic acid (Gla) The complete human PS cDNA (gift of Dr P. H. Reitsma, Leiden University

domain, a thrombin-sensitive region (TSR), 4 epidermal growthospital, The Netherlands) was amplified by using oligonucleotides 5

factor (EGF)-like modules, and a large globular domain homol§TAAGATAGCGGCCGCAGACCGAGGCGCACAGGCT-3and 3-ATAA-

gous to sex hormone—binding globulin (SHB&)The functions CATAGCGGCCGCAATCCCAGGAAAGGACCAC-S introducing flanking

and interdependence of these modules are only partly und%‘cr)EI sites, to allow insertion into th.e vector pNeo1G572 (gift of Dr J. Mcvey,
. . ... Imperial College, London, United KingdortdpNeo1G572 was generated from

stood. In plasma, APC cofactor activity is lost either by blndlng,\lem%61 using the oligonucleotidesAGCTGACGCGGCCGCTA-3and

of the SHBG-like domain to C4b-binding protein (C4bBR)y 5.AGCTTAGCGGCCGCGTC-3(Applied Biosystems, Foster City, CA) to

on proteolytic cleavage of the TSR.The integrity of the TSR is introduce aNotl-containing linker into the multiple cloning site.

necessary both for direct interaction with APC and to maintain

the Gla domain in the correct configuration for phospholipi vitro mutagenesis and PS expression

binding®9 The SHBG domain appears to contain the sites fofhe gligonucieotide 5CTTGTGAAGATATCGATGAATGC-3 was used
interaction with C4bBP and factor V. to create arEcoRV site between EGF3 and EGF4, after subcloning the
In contrast, the roles of the 4 EGF domains remain unr&acll fragment containing EGF1-4 into pBluescript Il SKY (Stratagene,
solved. The smallest PS molecule shown to express AF&ambridge, United Kingdom). The point mutation introduced is silent. The
cofactor function is a “microprotein S” comprising the Glaresulting vgctor was used to perform further mutagenesis afte_r whlch_the
domain, TSR, and EGF1, which has 30% cofactor aCtivitEGFdom.sunswere returned to the full-length cDNA for expression studlgs.
. . . PS EGF2, EGF3, and EGF4 were each deleted by a loop-out technique
compared with plasma-derived PSThe role of EGF1 in using, respectively, the following oligonucleotides:-GAAAAGTGT-
binding of APC was demonstrated by Hackeng éf aking a GAATTTGACGTGGATGAATGCTCTTTG-3, 5-CAAATAAGAAAGAT-
chemically synthesized EGF1 to inhibit APC cofactor activityTGTAAAGATATCGATGAATGCTCTGAGAAC-3', and 3-CAAAGTCT-
Furthermore, the species specificity of PS APC cofactor activifGTGAAGATGTTGTTTCAGTGTGCCTT-3. This generated the mutants

is conferred by TSR-EGFL.The interaction between EGF1 anddesignated 134, 124, and 123 with the following deletions: (a) PS EGF124:

APC seems to involve the region around residue 103 where tﬂgetion of EGF3 (Vall61-Asp202 inclusive); (b) PS EGF134: deletion of
EGF2 (lle117-Asp160 inclusive); and (c) PS EGF123: deletion of EGF4

naturally occurring qualitative (type Il) mutation Thr103Asn

. e o . . . #IIeZOS-GIu242 inclusive).
was identified In this study we have used serial deletion o An additional EGF3 module was synthesized by annealing 2 over-

EGF domains to demonstrate an important role of EGF2 in R§pping oligonucleotides 'SATCTTCACAAGACTTTGATTTGAGAT-

APC cofactor activity.

TATATCTGTAGCC-TTCGGGGCATTCACATTCAAAATCTCCTG-3and
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5'-GTGGAGAATGCTCTTTGAAGCCAAGCATTTGTGGCACAGCT-
GTGTGCAAGAACATCCCAGGAGATTT-3" and making double stranded
with T4 polymerase. This was cloned into the EcoRV site between EGF3
and EGF4, generating the variant 1334 with the insertion of EGF3 (Val161-
Agp202 of wild-type PS [wtPS]) between Asp202 and [1e203 of wtPS.

The sequence and orientation of the mutated PS cDNA was confirmed after
each mutagenic step. Trandent and stable expression with methotrexate amplifi-
cation of wtPS and variant PS were performed as previoudy described in COS
and CHO cdlls, respectively.*>15 For each congtruct, trandent transfections were
performed in triplicate on a minimum of 5 separate occasions. Pulse-chase
experiments were performed as previously described.4

Purification and characterization of rPS

The method described by He et all® was adapted to a Biocad sprint
reverse-phase automated chromatography system (Perceptive Biosystems,
Framingham, MA). The concentration of PS; Western blotting; affinity for
proteins S, C, and E (PS/PC/PE) vesicles; and APC cofactor activity were
all assessed as previously described, except that sodium dodecyl sulfate—
polyacrylamide gel electrophoresis (SDS-PAGE) was performed under
nonreducing conditions.2*1> The integrity of recombinant PS (rPS) EGF1
was assessed by the binding of the conformation and Ca?"-dependent
monoclonal antibody HPS54'7 (a kind gift of B. Dahlback, Mamo,
Sweden) as previously described.

Results and discussion

We have stably expressed PS deletion variants 123, 134, 124, and 1334
(where the numbers refer to the EGF domains present in an otherwise
wtPS molecule, while retaining the norma EGF boundaries) in Chinese
hamsgter ovary (CHO) cells augmented by methotrexate selection
(Figure 1A). We assessed the APC cofactor function of the variants and
WtPS in the inactivation of factor Va a 10 nM PS (Figure 1B). The
modest effect on function resulting from deletion of EGF3 (variant 124)
is in agreement with a previous study in which EGF3 was approxi-
mately deeted (deletion from Aspl60 to Asp202), resulting in a
functionally active variant.’® We detected a more substantia effect of
EGF4 deetion on PS cofactor function, with variant 123 showing
32.2% = 4.0% (SEM) of wtPS activity. This is dso congstent with
previoudy published data showing that EGF4 contains the highest
affinity cacium-binding site and that modules 1 to 4 had grester
inhibitory activity on APC-PS interaction than 1 to 31920 However,
remova of EGF2 (variant 134) was associated with the most drametic

EGF2 INPROTEINS 1417

reduction of APC cofactor activity (11% = 9.16% of wtPS) and thiswas
not corrected by replacement of EGF2 with an additiona EGF3 (variant
1334). In additiona experiments the greetly reduced activity of the 134
variant was confirmed over a wide range of PS concentrations (0-25
nM; Figure 1C).

Transient expression of wtPS and variant 134 in COS-1 cells
showed that the level of variant 134 in conditioned medium was
approximately 2-fold reduced compared to wtPS (Figure 2A). This
was confirmed by pulse-chase experiments, which showed that at
24 hours, the proportion of the initially labeled PS secreted was
also reduced about 2-fold (Figure 2B). This indicates that |oss of
EGF2 is associated with a modest defect of secretion and suggests
correct overall folding.

The analyses of the mutant PS molecules presented here dlow some
indght into the importance of the individud EGF domains. The
importance of EGF1 has dready been established but the “microprotein
S’ containing Gla, TSR, and EGF1 domains does not have full APC
cofactor activity.2t The differences in functiona activity between 124,
123, and 134 (Figure 1) indicate that EGF2, 3, and 4 each make some
functiona contribution and that they do not solely serve “spacer”
functions. Nor are they equivaent; the most striking finding in this study
is the very low activity resulting from the deletion of EGF2. These
conclusions are supported by the failure of the replacement EGF3 to
restore functionin the variant 1334.

The loss of function in variant 134 is not the result of any
gross conformational change in the fraction successfully se-
creted. The variants showed the same mobility as wtPS by
SDS-PAGE under nonreducing conditions and by Western
blotting (Figure 1A; loss of a single EGF domain cannot be
resolved by this technique). Under reducing conditions all the
PS preparations appeared homogeneous as single bands without
evidence of internal cleavage (data not shown). Because binding
of PS to phospholipid is essential for its anticoagulant activity,
we compared the ability of wtPS and the variant 134 to bind to
phospholipid vesicles. The results shown in Figure 2C indicate
that variant 134 and wtPS both have functional Gla domains and
that the deletion of EGF2 does not appreciably alter the binding
of PS to phospholipids. PS EGFL1 is essential for APC cofactor
activity© and therefore the structural integrity of this domainin
variant 134 was assessed using the Ca2"-dependent monoclonal
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Figure 1. Expression of PS variants with EGF domains deleted or replaced and their ability to enhance APC-catalyzed factor Va inactivation. (A) Western blotting of
wtPS and variant PS expressed in CHO cells. SDS-PAGE of about 50 ng rPS under nonreducing conditions and immmunoblotting with an anti-PS polyclonal antibody was performed as
described in Rezende et al.'> Molecular weight markers are shown in kilodaltons on the left. Lane 1, wild-type; lane 2, variant 123; lane 3, variant 124; lane 4, variant 134; lane 5, variant
1334. The assay described in panels B and C uses the reduction in thrombin generation measured using a chromogenic substrate to assess the enhancement by PS of APC-catalyzed
factor Va inactivation.'425 (B) The resullts of the initial screening of the PS variants for their ability to enhance APC-catalyzed factor Va inactivation are shown. Although each variant and the
wtPS were tested at several different concentrations, the results are presented for 10 nM PS. Results (means of 3 experiments = SEM) are expressed as a percentage of wtPS (100%).
We previously showed'® that recombinant wtPS has a similar specific activity to a commercial purified human PS preparation and for both, half-maximal inhibition of thrombin generation
was reached at a PS concentration of about 1 nM. Identical results were obtained for purified, semipurified, and unpurified wtPS-containing medium. (C) The ability of the variant 134 (M) to
enhance APC-catalyzed inactivation of factor Va in comparison to wtPS (4 ). The results are presented for the full range of tested PS concentrations (0, 1.25, 2.5, 5, 10, 15, 20, and 25 nM)
and expressed relative to the remaining activity of factor Va measured in the absence of PS (100%) as a mean of 3 experiments = SEM for each PS concentration. In some cases the SEM
cannot be seen due to its small size. There were insufficient amounts of the other variants to perform this analysis at all concentrations.
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Figure 2. Secretion and phospholipid binding of the variant 134 compared to wtPS. (A) Relative transient expression levels of recombinant wtPS and variant 134 in
COS-1 cells. The concentrations of PS in cell supernatants were normalized according to reporter control (secreted alkaline phosphatase) values and expressed as a
percentage of the wtPS. Each experiment was performed 3 times in duplicate. The error bars represent + 2 SD. Unpaired t test was used to compare the levels between
wild-type and variant 134 (*P = .0007). (B) Pulse-chase analysis of wild-type (WT) and variant 134 PS. Transfected cells were metabolically radiolabeled for 30 minutes and
cell lysate (L) and conditioned medium (M) were collected at 0, 2, 4, 8, and 24 hours, immunoprecipitated with a polyclonal anti-PS antibody, and separated by SDS-PAGE.
Molecular weight markers were used to calibrate each gel and the arrows identify the PS bands. At 24 hours the amount of PS secreted, as a proportion of the initially labeled
material, was 68% =+ 1% for wtPS and 36% *+ 9% for the 134 variant. (C) Binding of recombinant wtPS and variant 134 to phospholipid. The binding of a range of rPS
concentrations (wild-type, 4 ; variant 134, ) to plates coated with PC/PS/PE (20:30:50) vesicles was detected with a polyclonal anti-PS antibody in the presence of 3 mM
CaCl,. We did not detect any nonspecific binding to control wells without immobilized phospholipid or in the presence of EDTA (ethylenediaminetetraacetic acid). A wide range
of PS concentrations was tested (0-21.4 nM) showing that variant 134 and wtPS bound to the phospholipid vesicles in a saturable manner with a very similar

half-maximal binding.

antibody HPS54 directed against an EGF1 epitope.l” There was
no significant difference in binding between rwtPS and variant
134 over a range of PS concentrations (0-2.14 nM), strongly
suggesting that EGF1 is structurally intact (data not shown).

It is not clear whether the importance of EGF2 established here
results from a contribution to macromolecular binding sites or from a
more complex structurd role. The fallure of EGF2-3 and EGF2-4 to
inhibit PSAPC cofactor activity suggests that the latter is more likely. 2
An important role of the EGF modules may be to congtrain the PS

molecule in an gppropriate configuration. For example, the presence of
EGF4 increases the cacium affinities of EGF2 and EGF3% and the
fragment EGF1-4 is 10-fold more active than EGF1-3 in inhibiting of
the interaction between PS and APC, suggesting either a significant
interaction between EGF4 and APC or an effect of EGF4 on the
conformation of EGF1. A natural variant within EGF2 (Lys155GIu) has
varioudy been reported to be phenotypicaly neutra® or to have no
ability to enhance APC activity.?* Our results confirm that EGF2 has an
important rolein PS anticoagulant function.
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