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Abstract

A panel of eight unrelated subjects with inherited type I protein
S deficiency was screened for mutations in the PROSi gene. In
five subjects an abnormality was found but mutations were not
detected in the remaining three subjects. Two subjects shared a
G-* A transition at position +5 of the donor splice site consen-
sus sequence of intron 10. Also in two subjects an A -- T trans-
version was detected in the stopcodon of the PROSi gene; this
transversion predicts a protein S molecule that is extended by
14 amino acids. The fifth subject was found to possess two
sequence abnormalities. One allele carried a G A transition
near the donor splice junction of intron 2, but this abnormality
is probably neutral, since it was inherited from the parent with
normal protein S antigen levels. In the other allele a single T
insertion in codon -25 was found.

Analysis of platelet RNAshowed that only the mRNAwith
the A -- T mutation in the stopcodon is present in amounts
comparable to wildtype RNA. mRNAfrom the alleles with the
other two mutations was either undetectable or present in
greatly reduced amounts. The latter indicates that a mRNA
based approach is not feasible for the genetic analysis of pro-
tein S deficiency type I. (J. Clin. Invest. 1994. 93:486-492.)
Key words: protein S * mutation * genetics * blood coagulation
disorder - venous thrombosis

Introduction

Protein S is a vitamin K-dependent plasma glycoprotein that
functions in the so-called "protein C anticoagulant pathway"
(1). The protein S molecule shows a typical domain structure
consisting of a y-carboxyglutamic acid domain, a thrombin-
sensitive finger, four consecutive EGF-like domains, and a
large domain homologous with sex hormone binding globulins
(2, 3). In human plasma -60% of protein S is complexed to
C4b-binding protein, a component of the complement path-
way; the remaining 40% is "free" (4, 5).

The anticoagulant pathway in which protein S participates
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is crucial for normal hemostasis. This is most dramatically dem-
onstrated in homozygous (or compound heterozygous) pa-
tients in which there is a complete lack of either protein C or
protein S in plasma. Such individuals suffer from life-threaten-
ing thrombotic complications immediately after birth (6, 7).
Also heterozygous individuals have an increased risk for throm-
bosis, albeit at a much higher age and with milder symptoms
than homozygotes (8).

The identification of heterozygous individuals with protein
S deficiency relies on the measurement of protein S plasma
levels of antigen (free or total) and/or activity (9, 10). At pres-
ent a multitude of commercial or home-made tests is used in
coagulation laboratories. All these tests suffer from the compli-
cation that there is a considerable overlap between the plasma
levels in normals and protein S-deficient heterozygotes (8).
Under oral anticoagulant treatment, which decreases the syn-
thesis of all vitamin K-dependent plasma proteins, diagnostic
uncertainty may be even greater. Furthermore, one should al-
ways consider an acquired deficiency of protein S, e.g., during
pregnancy ( 11). A genetic approach aimed at identifying the
private mutation in each protein S deficient kindred would
circumvent these diagnostic problems.

Protein S is encoded by a gene (PROS1 ) on chromosome 3
that contains 15 exons (12-14). Also on chromosome 3 is a
protein S pseudogene (PROS2) that differs from the active
gene by the absence of exon 1 and a 3% divergence in the
nucleotide sequence ( 12-15). Therefore, if we want to search
for point mutations as they are expected to occur in thrombotic
families with protein S deficiency ( 16, 17), an assay is needed
that discriminates between the two genes. One way of achiev-
ing this is to analyze protein S mRNA, after cDNA synthesis,
since it is known that only the active gene is transcribed ( 18).
The potential problem with this approach is that any gene de-
fect that interferes with mRNAsynthesis and/or processing
may remain undetected.

In an alternative procedure one may try to amplify with the
PCR reaction each of the 15 individual exons of only the
PROSI gene. In principle, gene specificity can be obtained by
choosing the primers at positions where the active gene and
pseudogene display their nucleotide differences. Limitations of
this approach are that one is restricted to an analysis of coding
regions and splice junctions (but where most mutations are
expected to occur), and that one is not free in the choice of the
primer sequences. In addition, an exon-based approach is
much more time-consuming than the analysis of a single
cDNA fragment.

In this report we describe a protocol that allows the specific
analysis of the PROS1 gene exons. The protocol was tested in a
panel of eight subjects with protein S deficiency type I ( 19).
Five subjects were found to share three unique and novel point
mutations, but in three subjects no sequence abnormality was
detected. Of the three mutations, only one would have been
found if we had relied solely on a RNA-based approach.
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Table I. Nucleotide Sequences of the Primers Used
for the Amplification of the PROS] Exons

Oligo Exon Sequence* Positiont

PS- 1-5 1 TTCCGCCGAGGCTCGCTGGG -146 to -127
PS-1-3 1 TAGGAGCTGCAGCTCTAGAG 79 to 98
PS-2-5 2 GTCATACAATTCATAGGCAG -108 to -89
PS-2-3 2 CAGAAGGAAGTACAGGCTGG 64 to 83
PS-3-5 3§ GTGAAAATGATGGTTATATG -125 to -106
PS-3-3 3§ AGGTGGAGAGTTAGACAGGA 78 to 97
PS-4-5 4 CCATGAATTCAGATCAAGTA -63 to -44
PS-4-3 4 GGTGTACTTTACCTACAGAG 41 to 60
PS-5/6-5 5&6 GGCTTCAGGATTTTTATTATAGTA -87 to -64
PS-5/6-3 5&6 CTAACTGGGATTATTCTCACAT 37 to 58
PS-7-5 7 CACAAATCAAGGGTTCTTTGG -75 to -55
PS-7-3 7 GATCAGTAATGATACCACCA 9 to 28
PS-8-5 8 ATAAGATTGAACATTTAGGG -59 to -40
PS-8-3 8 CAGGTGAGAAGTTAAGCATT 14 to 33
PS-9-5 9§ TAGTAACCAAACAAAAATGC -97 to -78
PS-9-3 9§ CCCTTATCTGCTTAACCTCT 31 to 50
PS-10-5 10 AGCTTTCTGTATTTCTTACTC -50 to -30
PS-10-3 10 ACAGACTGCATCAAAGTGGG 29 to 48
PS-1-5 I I§ GTAATACTTGGTTATTTGGTAAT -41 to -19
PS-1 1-3 II§ CACACATATTCAAATCTATTAC 52 to 71
PS-12-5 12 CCTATACTCATAATCGAGCC -69 to -50
PS-12-3 12 TGGGCACACAGTAGATACTC 91 to 1 10
PS-13-5 13§ CTGATGCACTTTAGGAGTGC -54 to -35
PS-13-3 13§ GTAAATACTGCTATGTATAC 55 to 74
PS-14-5 14 GCTTATATTGAATCTTTGCTCTG -31 to -19
PS-14-3 14 ATATGCCAATAMTGTCGGT 138 to 157
PS-15-5 15 CAAGATGCTAAAAGTCTTGG -49 to -30
PS-15-3 15 GATAGCAAGAGMGTAAGAATTTC 182 to 205

* Underlining of nucleotides denotes differences between PROS1 and
PROS2. * Numbering of the position is relative to either the 5' or
3' boundery of each exon (12). § Exons amplified at an annealing
temperature of 53°C instead of 55°C, and at an extension tempera-
ture of 67°C instead of 72°C.

Methods

Patients. Symptomatic probands from eight families with an inherited
isolated protein S deficiency type I were screened for alterations in the
PROSI gene. There was no basis for the selection of the eight probands
and they may form a representative sample from families with heredi-

tary protein S deficiency. The initial laboratory diagnosis of an isolated
protein S deficiency type I was made according to previously described
criteria; total protein S antigen, Factor II antigen, and Factor X antigen
were measured as previously described ( 19-21 ). Individuals were con-
sidered protein S-deficient when their protein S antigen level was per-
sistently below the lower limit found in normal healthy controls (0.67
U/ml). Patients receiving anticoagulant treatment were considered
protein S-deficient when their plasma protein S level was below 0.33
U/ml, the lower limit for persons using oral anticoagulants. The con-
centration of other vitamin K-dependent proteins should be within the
normal range, as established for healthy volunteers or for patients on
oral anticoagulant treatment. The hereditary nature of the deficiency
was established by identification of family members with abnormally
low protein S plasma levels.

Genomic DNAamplification. High molecular weight DNAwas iso-
lated from peripheral blood leucocytes according to established proce-
dures. The 15 exons that code for the protein S mRNAwere amplified
with use of the PCR(22). The amplification primers were chosen such
that they specifically amplify the PROS1 gene (Table I). The PCRwas

performed in a reaction mixture that contains 500 ng of human geno-
mic DNA, 400 ng of each primer, 150 MMof each dNTP, 67 mM
Tris/HCl (pH 8.8), 6.7 mMMgCI2, 10 nM 3-mercaptoethanol, 6.7 ,M
EDTA, 16.6 mM(NH4)2SO4, 10% DMSO,and 40 U/ml Taq-DNA
polymerase (Cetus Corp, Emeryville, CA). DNAwas amplified in 33
cycles consisting of I 'denaturation at 940C, 1 'annealing at either 53 or

55°C, and 2' extension at 67 or 72°C (see Table I).
cDNAamplification. Platelet-rich plasma was prepared from 25 ml

citrated whole blood by centrifugation at 125 g for 10'. Platelets were
collected by centrifugation at 1800 g for 15'. RNAwas extracted from
the platelets as described before (23, 24). Protein S cDNAwas synthe-
sized using oligo cd-2223 as a primer (see Table II). Approximately
one tenth of the platelet RNAfrom one isolation was used in a single
cDNA reaction. The cDNA reaction was performed using the Super-
script kit according to the instructions of the manufacturer (Bethesda
Research Laboratories, Bethesda, MD). A mock reaction without re-
verse transcriptase functioned as a negative control. Using the cDNAas
a template, four overlapping fragments that cover all of the protein S
coding sequence were amplified (for primers see Table II). Each PCR
consisted of 38 cycles with 1' denaturation at 94°C, 1' annealing at
55°C, and 2' extension at 71 'C. Other reaction conditions were as
described above for the genomic DNAamplification.

Experiments in which RNAfrom liver, endothelial cells, and blood
platelets was tested for the presence of protein S mRNAwere as fol-
lows. The cDNAwas synthesized using the protein S-specific primer
cd-2129, and subsequently amplified using the primer pair cd-2129
and cd- 1 178. As the template in the cDNAsynthesis, 3 gg of total RNA
was used. The amplification, performed on one tenth of the cDNA
reaction, consisted of 35 cycles as described in the previous paragraph.

Oligonucleotide hybridization. Amplified protein S genomic and
cDNA fragments were screened for the A -. Gdimorphism in codon

Table II. Nutcleotide Sequence of the Primers Used for cDNA-dependent Amplification

Fragment Oligo Sequence Position*

I CD-2223 CCCTTCAGCTGTTATTGAAAC 2223 to 2203
II CD-2129 CCAAACTGACGGACATGAGTGAGCTCT 2129 to 2103
I CD- 1911 GAAGACCTTCAAAGACAACT 1911 to 1930
III CD- 1243 CCTCCAGTTGTGATTTTGGA 1243 to 1224
II CD- 1178 ACTTCGTGGTGGAAAGATTG 1178 to 1 197
IV CD-572 TCCTTGCCAACCTGGTTTAC 572 to 553
III CD-525 GATGGAAAAGCTTTCTTTTAC 525 to 544
IV CD-105 TCCGCGCGCTTCGAAATGAG 105 to 124

* Numbering of the position is according to sequence No. Y00692 at the European Molecular Biology Laboratory (Heidelberg, Germany) and
GenBank (Los Alamos National Laboratory, Los Alamos, NM) (38).
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626 (25). Hybridization was carried out with the allele-specific oligonu-
cleotides PS 626A and PS 626G as previously described (25).

DNAsequence analysis. Amplified DNAwas purified by ultra-low
gelling temperature gel electrophoresis (21 ). The DNAwas excised and
directly sequenced without further purification. For the sequence reac-
tion either a sequencing kit from Boehringer Mannheim (Mannheim,
Germany) or Pharmacia AB (Uppsala, Sweden) was used.

Results

All eight patients are considered to be heterozygotes for protein
S deficiency type I as is shown in Table III. This is evidenced by
their total plasma levels of protein S antigen that is - 50% of
what would be expected in a nondeficient individual (plus or
minus coumarin treatment).

Screeningfor mutations. As a first step in the genetic analy-
sis of the protein S deficient status, we performed a Southern
blot analysis of the PROS1 and PROS2genes by digesting total
genomic DNAwith the restriction enzyme MspI, and visualiz-
ing the genes of interest with a full length cDNAprobe. In none
of the eight probands abnormalities were found, which indi-
cates that gross gene abnormalities are absent (data not
shown).

Amplification of exons 1, 2, and 4 through 15, using the
primers and conditions listed as in Table I, leads to PCRfrag-
ments that contain only PROS1 gene sequences. For exon 3 the
published sequences do not allow specific amplification of the
PROS1 gene, since no differences between PROS1 and PROS2
are known.

The amplified fragments of the eight subjects had the ex-
pected length when analyzed by electrophoresis on a 1% aga-
rose gel (data not shown). This implies that when gene defects
are located in those regions they affect only a few base pairs. We
therefore carried out a complete sequence analysis of all the
amplified fragments for each proband.

Table III summarizes the results of the direct sequence anal-
ysis. Proband PS 06 carries a single T insertion at position 2 of
codon -25. This insertion causes a shift in the reading frame
that introduces a premature stop at codon -4. The alteration
creates a DdeI restriction site (CTAG -- CTTAG), which al-

lowed easy confirmation of the abnormality by restriction en-
zyme analysis of relevant PCRfragments. The same proband
also carries a G -- A transition at position +5 of the donor
splice junction site of intron 2. This abnormality is apparently
not on the same allele as the codon -25 mutation, since it was
not present on one of the alleles of the two affected sons (data
not shown).

Probands PS 14 and PS 39 share an A -* T transversion at
the wobble position of the stopcodon. This leads to extension
of the normal protein S molecule with 14 amino acids before a
novel stopcodon is reached. This mutation can be visualized
easily by restriction enzyme analysis, in this instance with the
enzyme Afl II. Finally, probands PS 69 and PS 23 both show at
the +5 position of the donorsplice site of intron 10 a G -) A
transition. This abnormality results, in the PCRfragment, in
the loss of a restriction site for the enzyme Maell, which al-
lowed for easy confirmation of the mutation in the proband
and his/her family members.

In the probands PS 77, PS 80, and PS 24 no abnormality
could be found in any of the fifteen exons. It is unlikely that this
is due to the absence of hereditary protein S deficiency in these
families. As illustrated later (in Fig. 2 and Table V), each fam-
ily counted at least two individuals with plasma protein S levels
clearly outside of the normal range.

Cosegregation of the mutation with protein S deficiency.
DNAfrom family members of probands PS 06, 14, 39, and 69
was available for a study of the cosegregation of the gene defect
with the protein S deficiency. Fig. 1 combined with Table IV
shows the results of this analysis. As already mentioned, the
abnormality in intron 2 that was found in proband PS06 proba-
bly has little to do with the protein S deficiency, and may repre-
sent a neutral sequence variant, since it did not appear in the
affected sons (III-1, 111-2) of the proband (11-5), whereas the
codon -25 mutation did.

All but one of the individuals that carried a mutation were
receiving oral anticoagulant treatment for previous thrombotic
complications. In all, there seems to be a fair agreement be-
tween the occurrence of the mutation and low protein S plasma
levels. For instance, in the untreated individual PS 69-11-1 the
plasma level of 0.47 U/ml is clearly consistent with protein S

Table III. Summary of Protein S Antigen Levels and Gene Alterations in Eight Probands with Protein S Deficiency Type I

Restriction
Proband* PS-ag Nucleotide change Amino acid change enzyme

U/mt

PS-06t 0.28 Codon -25, ins T -25, Leu -- Leu; frameshift, +DdeI
stop at codon -4

PS-14 0.24 Codon 636, A -- T 636, Stop -- Tyr; new stop at -Aflll
codon 649,
TGIFSLLIIPFCV added

PS-23 0.28 Intron 10, +5, G -- A Donor splice intron 1O -MaeII
PS-24 0.25 None
PS-39 0.22 Codon 636, A -. T see PS-14 -Afl1I
PS-69 0.47 Intron 10, +5, G A see PS-23 -MaeII
PS-77 0.25 None
PS-80 0.35 None

* All probands except PS-69 were on oral anticoagulant treatment. * Proband also carries an apparently neutral sequence variation at position
+5 of intron 2 (see Results). § + indicates the appearance, and - indicates the loss of a restriction site.
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deficiency type I. Whenone takes 0.33 U/ml as the lower limit
of normal in stably anticoagulated subjects, 8 out of the 12
remaining mutation carriers should be considered protein S
deficient. Four heterozygous individuals, with plasma levels of
0.34,0.35, 0.37, and 0.37 U/ml, are not protein S deficient in a
strict sense at this blood sampling, but these levels are only

Table IV. Cosegregation of Plasma Protein S Levels with
Heterozygosity for a Protein S Mutation

Pedigree Subject PS-ag FHI-ag FX-ag Heterozygote

U/mi U/mi U/mi

PS-06 II-1* 0.34 0.63 0.60 Yes
II-2 1.10 0.96 0.87 No
II-3* 0.35 0.54 0.57 Yes
11-4 1.29 0.90 0.99 No
II-5*t 0.28 0.51 0.38 Yes
11-8 1.32 1.15 1.30 No
III- 1 0.29 0.58 0.54 Yes
III-2* 0.30 0.52 0.49 Yes

PS-14 I-1 1.37 1.50 1.12 No
I-2* 0.31 0.56 0.62 Yes
II-1 1.36 1.17 1.16 No
II-2* 0.29 0.47 0.43 Yes
II-3*t 0.24 0.37 0.33 Yes

PS-39 I-1* 0.37 0.56 0.54 Yes
1-2 0.89 0.93 1.02 No
II-1 0.89 1.25 1.10 No
II-2*t 0.22 0.60 0.46 Yes

PS-69 I-1* 0.37 0.58 0.54 Yes
I-2 1.41 1.26 1.18 No
II-1$ 0.47 0.93 0.98 Yes
II-2* 0.33 0.57 0.50 Yes

* Subjects on oral anticoagulant treatment.
III).

t Proband (see also Table

Figure 1. Pedigrees of the four protein S-deficient
families in which a candidate gene defect has been
identified. Half-filled symbols indicate individuals
tested positively for the mutation (see also Table IV).

slightly above the lower limit of the normal range (for cou-

marin-treated patients).
Protein S transcripts in liver, endothelial cells, and blood

platelets. The RNAin liver, endothelial cells, and blood plate-
lets (tissues all reported to contain protein S [26-28]), was

tested for the presence of protein S mRNA.As shown in Fig. 3,
RNAisolated from all three tissues allowed the generation of
the expected 953-bp PCRproduct, and the amount seems to be
similar for the three tissues. This suggests that the abundance of
protein S mRNAis comparable in liver, endothelial cells, and
blood platelets. Next, we analyzed whether the PCRproducts
indeed originated from the PROS1 gene. This was done by
restriction analysis with the enzyme MspI, which will discrimi-
nate between a PROS1 transcript and a putative PROS2tran-
script ( 18). Fig. 3 shows the results of this analysis for the three
celltypes. It is clear from this figure that no PROS2transcript
exists in either celltype, since all of the 953-bp PCRproduct is
cleaved by MspI.

To investigate whether the two PROS1 alleles are codomin-
antly transcribed and accordingly represented in the platelets,
the protein S mRNAof an individual who carried both a nor-

mal and a PS Heerlen allele (21 ) was analyzed. The latter allele
is characterized by a neutral protein dimorphism (Ser460 -.

Pro). Fig. 4 shows the PCRproduct and a RsaI digest. The
PCRfragment contains one invariant RsaI site, and one RsaI
site that is polymorphic, depending on the absence or presence

of the Heerlen mutation. The invariant RsaI site digests the
original 953-bp long PCRproduct to a 884- and a 69-bp frag-
ment. When the Heerlen allele is present, the 884-bp fragment
is halved into two 442-bp fragments. Electrophoresis on an

agarose gel shows after ethidium bromide staining equal inten-
sity of the two allele products. This indicates that in normal
individuals the two alleles are codominantly transcribed. This
is in accordance with the immunological data that show equal
contribution of the two protein S types to the total protein S
antigen (21 ).

Allele specific gene expression. To determine whether the
mutated alleles in the heterozygotes contributed to the mRNA
pool in platelets, the 626 G/A dimorphism (25) was used as a

marker for allele-specific transcription. RNAwas isolated from
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Figure 2. Pedigrees of the three protein
S-deficient families in which no candi-
date gene defect could be identified.
Please note that in this figure half-filled
symbols indicate individuals with low
protein S plasma levels (see Table V for
the actual levels) rather than individ-
uals that carry a candidate mutation in
the protein S gene.

the platelets of the probands. The distal region of the protein S
mRNA/cDNAwas amplified using the primers cd-1911 and
cd-2223. This region contains the G/A dimorphism at codon
626 and hybridizes with, respectively, a G- or an A-specific
oligonucleotide (25). Similarly, exon 15 of the PROS1 gene
that encodes this region was amplified and screened for the
G/A dimorphism. Fig. 5 shows the autoradiogram of the oligo-
hybridization. The probands PS 06, 24, 69, 23, and 14 are
heterozygous for the G/A dimorphism. Probands PS 77 and 39
are homozygous G, and proband PS 80 is homozygous A. In
contrast, when tested on mRNA/cDNAprobands, PS 69 and
23 seem to have lost their A allele and only show the G tran-
script, whereas proband 06 shows the Gtranscript and a mark-
edly reduced intensity of the A transcript. The other heterozy-
gous probands (PS 14 and 24) show transcript signals in accor-
dance with their genotype. This indicates that in three out of
five informative cases the putative mutations interfere with the
steady state level of protein S mRNAin the platelet.

The absence of transcripts from the mutated alleles was also
apparent when we tested protein S platelet mRNAfor the pres-
ence of mutations in the coding region. For patient PS 06 the
T-insertion of exon I could not be easily identified by direct

sequencing of the PCRproduct of the corresponding protein S
mRNAregion: the signal of the aberrant cDNA was greatly
reduced. This is in accordance with the reduced intensity of the
A transcript as described above. The stop codon mutations in
the patients PS 14 and PS69 did show up with a signal intensity
that corresponds to that of the normal transcript (data not
shown).

Discussion

An approach aimed at sequencing all exons and splice junc-
tions of the protein S alpha gene yielded mutations in five of
eight unrelated protein S-deficient subjects. In total, three dif-
ferent mutations were found to segregate with the deficiency.
One putative gene defect, G - A at position 5 in the donor
splice junction consensus sequence of intron 2, did not segre-
gate with low protein S plasma levels and is therefore consid-
ered to be a rare but neutral sequence variant. Two gene de-
fects, viz., G -- A at position 5 of the donor splice consensus
sequence of intron 10 and A -- T transcription at position 3 of
the stopcodon, each occurred in two probands.

It is interesting to note that two of the three mutations

ACo

4/4

953

953
764

189

884 PS NORMAL

442 PS HEERLEN442

MspI - + - + +

Figure 3. Photomicrograph of a gel showing the presence of protein S
mRNAin RNAextracted from liver, endothelial cells, and blood
platelets. The 953-bp long fragments result from the amplification of
reversely transcribed protein S mRNAusing primers cd-2129 and
cd- 1178 (fragment II). The lanes marked by + were loaded with the
PCRsample after digestion with the restriction enzyme MspI. Please
note the complete digestion of the sample, which indicates that in all
three tissues only the PROSI gene is transcribed.

Rsal
Figure 4. Analysis of reversely transcribed blood platelet protein S
mRNAfor the presence of the PS Heerlen polymorphism. The same
953-bp long fragment described in the legend of Fig. 3 was derived
from the RNAisolated from a subject who was heterozygous for the
Heerlen polymorphism. As shown in the lane marked RsaI, digestion
of the fragment with this restriction enzyme results in equal amounts
of normal (884 bp) and variant DNA(442 bp).
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PS ALPHAGENE * * * 0 * * 626A

PS cDNA

PS ALPHAGENE 0 626 G

PS cDNA

Figure 5. Genotyping of the PROS1 gene alleles for the 626 G/A di-
morphism in DNAderived from the eight probands listed in Table
III. Genomic DNAwas amplified with primers PS-15-5 and PS-15-3.
The cDNAwas amplified with primers cd-2223 and cd-1911. The
genotype was established by hybridization with the allele specific
primers 626A and 626G (24). Note as an example that individual
PS 69 is G/A at the genomic level, but G at the cDNA/mRNAlevel.

occurred in more than one family. In principle, this may either
be due to independent mutational events in the stop codon and
the donor splice site of intron 10, or to the fact that the pro-
bands and their family are related somewhere in the past. All
the probands are drawn from the Dutch population and there-
fore founder effects are very likely, as has also been observed in
protein C deficiency (29). On the other hand, the intron 10 G
-> A mutation has occurred in a so-called CpGdinucleotide
that might well be a hotspot for mutation (30).

The cosegregation study serves well to illustrate the impor-
tance of genetic studies in protein S-deficient families. Most
notably, four individuals that, strictly speaking were not classi-
fiable as protein S deficient when their plasma was assayed at
the time of blood collection for the DNAstudy did carry a
sequence abnormality. The cosegregation data with the intron
2 mutation in PS06 also illustrate that one should be careful in
linking sequence abnormalities with disease, and that one
should try to sequence as much of the gene as is feasible.

The relationship between the gene defect and the protein S
deficiency type I is immediately clear for the insertion of a T in
exon 1, since this mutation leads to a premature stop at codon
-4 in the prosequence. The mutation in the stopcodon could,
in principle, lead to a variant molecule as it predicts an elon-
gated translation product ( 14 amino acids). It is unlikely that
such an elongated protein S molecule exists as a naturally vari-
ant, since none of 55 normal individuals tested carried the ab-
normality in the stopcodon (data not shown). It is of note that
the aberrant protein contains a free cysteine at the one but last
position and may therefore well be sequestered in the endoplas-
matic reticulum or Golgi apparatus due to improper folding
(31, 32); this would result in a type I classification. Even more
uncertain is the interpretation of the mutation in the donor
splice junction of intron 10. One could argue that this mutation
interferes with efficient splicing at the 3'-boundary of exon 10
(33). However, a very similar mutation in donor splice junc-
tion of intron 2 in PS 06 does not seem to lead to splicing
problems. On the other hand, mutations of position +5 in the
intervening sequence have been implicated in, e.g., protein C
deficiency and hemophilia B (34, 35).

In previous studies, our laboratory has used an exon-based
approach for the systematic analysis of gene defects in protein
C deficiency and hemophilia B. This resulted in the identifica-
tion of sequence abnormalities in more than 90% of the defi-
cient subjects. This does not seem to be the case for protein S
deficiency, since we are still missing mutations in three out of

the 8 probands. One explanation for the apparent absence of
mutations would be that the three families are not truly protein
S deficient, but the data in Table V strongly argue against this
possibility. A second explanation could be that the 5' end of the
PROS1 gene is still poorly characterized and may be one exon

short; this putative exon could harbor mutations. A third expla-
nation may be that on chromosome 3 the protein S gene and
pseudogene are tandemly organized and gene conversion
events may take place (36, 37). If such a conversion event

includes the primer sequences, this leads to the mutated allele
not being amplified, since in our protocol the primers are se-

lected such that pseudogene sequences are not recognized.
The approach that we originally chose is laborious, since it

entails the individual analysis of each of the 15 exons. There-
fore, we evaluated an alternative mRNA-based analysis. The
first step was to identify a readily available source of mRNA,
which was found to be blood platelets. These contain sufficient
mRNAfor effective amplification after a cDNA reaction.
Next, we tested which mutations were detectable in the
mRNA. Obviously, the intron 10 mutation should not appear
in a normal-size cDNAproduct. Indeed transcripts of the allele
carrying this mutation were not present in the blood platelets.
This became clear when we analyzed heterozygosity for a poly-
morphism in codon 626. Both individuals with the intron 10
mutation were heterozygous when genomic DNAwas ana-
lyzed, but no heterozygosity was observed when RNAwas stud-
ied. A similar loss of heterozygosity was observed with the T-in-
sertion in exon 1. Although some of the aberrant transcript was
present, it did not readily show up in the sequencing reactions.
In contrast with these two mutations, the A-'IT transcription
in the stopcodon could be easily identified in platelet-derived
protein S cDNA.

In conclusion, genetic studies in protein S deficiency im-
prove the unequivocal identification of heterozygotes. An
exon-based approach of identifying mutations in protein S de-
ficiency is clearly superior to a mRNA-based approach. Never-
theless, three of the eight mutations were not identified. Im-

Table V. Plasma Levels of Protein S, Factor II, and Factor X
in Individuals from the Three Families in Which No Mutation
in the Protein S Gene Was Identified

Pedigree Subject PS-ag FHI-ag FX-ag

U/mi U/mi U/mi

PS-24 I-2*t 0.23 0.41 0.31
II-I 0.46 1.05 1.06
II-2 1.07 0.97 0.95
II-3* 0.26 0.52 0.53

PS-77 0.28 0.66 0.68
II-1 0.66 1.45 1.45

PS-80 I-1 1.66 1.51 1.50
I-2*t 0.33 0.48 0.43
II-I 0.59 0.90 1.00
11-2 0.54 1.01 0.96
11-3 0.60 0.92 1.08

Bold lettering indicates individuals considered protein S-deficient.
* Subjects on oral anticoagulant treatment.I Proband (see also
Table III).
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provement of the yield awaits the further characterization of
the PROS1gene and the development of a protocol that also
takes gene conversions that interfere with gene specific amplifi-
cations into account.
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