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ABSTRACT: Human genomic clones that span the entire protein S expressed gene (PS«) and the 3’ two-thirds
of the protein S pseudogene (PSB) have been isolated and characterized. The PS« gene is greater than
80 kilobases in length and contains 14 introns and 15 exons, as well as 6 repetitive “Alu” sequences. Exons
I and XV contain 112 and 1139 bp 5’ and 3’ noncoding segments in addition to the amino and carboxyl
termini, respectively. Exons I-VIII encode protein segments that are homologous to the vitamin K dependent
clotting proteins and are bounded by introns whose position and type are identical with other members of
this protein family. Exons IX-XV encode protein segments homologous to sex hormone binding globulin
(SHBG) and are bounded by introns of identical type and position as in the SHBG gene. Genomic clones
for the PSB gene cover a distance of greater than 55 kilobases and contain segments corresponding to amino
acids 46—635 of the mature protein and the 1.1-kb 3’ noncoding region of the cDNA. The presence of multiple
base changes in the coding portions of this gene, resulting in termination codons and frame shifts, suggests
that it is a pseudogene. Comparison of DNA sequences for the two genes reveals 97% identity for coding
and 3’ noncoding, and 95.4% for intronic regions, suggesting divergence of the two genes is a relatively recent

event.

Human protein S is a 69000-Da vitamin K dependent
plasma glycoprotein (Di Scipio & Davie, 1979) that acts as
a cofactor for activated protein C in the coagulation cascade
to inactivate factors Va and VIIIa (Walker, 1981; Suzuki et
al., 1983; Solymoss et al., 1988). Protein S is synthesized in
hepatocytes (Fair & Marlar, 1986), endothelial cells (Fair et
al., 1986; Stern et al., 1986), and the megaloblastic cell line
MEG-01 (Ogura et al., 1987). It is found circulating in the
blood in equimolar amounts free and bound to the complement
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protein C4b binding protein (C4BP), in a 1:1 ratio (Dahlback,
1983). Protein S in the bound form is not available as a
cofactor for APC (Dahlback, 1986).

Hereditary protein S deficiency has been reported by several
groups and is often associated with symptoms found in protein
C deficient individuals [for a review, see Engesser et al.
(1987)], including familial thrombophilia. Recently, a mo-
lecular alteration in the protein S gene has been reported in
a family exhibiting protein S deficiency (Ploos van Amstel et
al., 1989). We have also recently described different altera-
tions in the expressed gene from four independent families
(Schmidel et al., 1989).

The cDNA for human protein S has been cloned and fully
characterized (Lundwall et al., 1986; Hoskins et al., 1987,
Ploos van Amstel et al., 1987). The translated precursor
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protein consists of 676 amino acid residues from which a
41-AA leader peptide is cleaved to produce the single-chain
mature protein. Ploos van Amstel and co-workers (1987,
1988) were the first to report that there are two copies of the
gene for protein S, designated PS« and PSB. Evidence from
several laboratories suggests that both copies of the gene are
on chromosome 3 (Ploos van Amstel et al., 1988; Long et al.,
1988; Watkins et al., 1988).

This paper describes the isolation and characterization of
genomic DNA segments representing the two protein S genes.
Clones for one of the genes (PSa) represent over 80 kb of
DNA and contain segments that are in complete agreement
with the entire cDNA sequence, and are considered to rep-
resent the expressed gene. Portions of the second gene (PSB)
spanning approximately 55 kb and containing elements cor-
responding to amino acids 46-635 of the mature protein as
well as 1.1 kb of 3’ untranslated cDNA sequence have also
been characterized. On the basis of multiple base changes in
the second gene compared to the cDNA sequence (some re-
sulting in termination codons and frame shifts), it is thought
to be a pseudogene.

MATERIALS AND METHODS

c¢DNA Screening of a A\EMBL3 Library. A hemophiliac
human liver library of partially Sau3A-digested genomic DNA
in bacteriophage AEMBL3 was kindly supplied by Dr. R. T.
A. MacGillivray, Department of Biochemistry, University of
British Columbia, Canada, and is described elsewhere (Geddes
et al., 1989). The library was screened by the procedure of
Benton and Davis (1977). Nitroplus 2000 filters (MSI,
Micronsep, Westboro, MA) were prehybridized in hybrid-
ization solution [6X SSC (0.9 M NaCl and 0.09 M sodium
citrate, pH 7.0), 2X Denhardt’s [100 mL: 2 g of ficoll, 2 g
of poly(vinylpyrrolidone), and 2 g of bovine serum albumin],
1 mM EDTA, pH 8.0, and 0.5% SDS] prior to addition of
probe. Various human protein S cDNA fragments (spanning
nucleotides 116-3275; Hoskins et al., 1987) were radiolabeled
by the random hexamer primer method of Fienberg and Vo-
gelstein (1983) and purified on Bio-Rad (Richmond, CA) P-60
columns. The filters were hybridized overnight at 65 °C,
rinsed, and exposed to X-ray film. Agar plugs corresponding
to the positive signals on the film were pulled from the master
plates and dispensed onto 1 mL of SM (0.1 M NaCl, 8 mM
MgSO,7H,0, 50 mM Tris, pH 7.5, and 0.01% gelatin)
containing one to three drops of chloroform.

Isolation of EMBL3 \ DNA. The plate lysis method of
Maniatis et al. (1982, pp 65-66) was used to prepare phage
stocks of positive clones. These were stored at 4 °C with one
to three drops of chloroform. Rapid, small-scale isolation of
bacteriophage A DNA (Maniatis et al., pp 371-372, 1982) was
used to prepare DNA for restriction digests and Southern blots.
For mapping purposes, phage DNA stock was routinely di-
gested with Sall, EcoR1, BamHI, HindIII, SstI, and Xbal
(Bethesda Research Labs, Gaithersburg, MD) and run on a
horizontal submerged 0.7% agarose gel in 1X TAE (0.04 M
Tris—acetate and 0.002 M EDTA, pH 8).

Southern Hybridization. Following ethidium bromide
staining and photography, DNA in agarose gels was trans-
ferred to Nitroplus 2000 filters by the method of Smith and
Summers (1980) and probed as described above.

Subcloning into pUC19. Electroeluted subfragments were
ligated into appropriately cleaved plasmid pUC19 and used
to transform competent DH5a cells (Bethesda Research
Laboratories) according to the supplier. Cells were cultured
overnight at 37 °C on 1.5% agar—LB plates containing am-
picillin (50 wpg/mL), 5-bromo-4-chloro-3-indolyl B-p-
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galactopyranoside (X-gal) (80 ug/mL), and isopropyl §8-D-
thiogalactopyranoside (IPTG) (100 mg/mL). Plasmid from
positive colonies was mini-prepped by the method of Birnboim
and Doly (1979) and analyzed by standard procedures
(Maniatis et al., 1982).

DNA Sequencing. Mini-prepped DNA (~3 pg) suitable
for sequencing was generated by RNase A digestion followed
by phenol extraction and ethanol precipitation. Sequencing
was done by the Sanger dideoxy method (Sanger et al., 1977)
using the Sequenase 1.0 kit (United States Biochemical Corp.,
Cleveland, OH) with modifications (Zhang et al., 1988).
Custom primers were synthesized on an Applied Biosystems
Incorporated (Foster City, CA) Model 381 DNA synthesizer
in the trityl-off mode using 8-cyanoethyl phosphoramidite
derivatives, and used without purification (0.5-5 pmol) in
sequencing reactions. A sequencing strategy of “intron
jumping” was employed whereby primers at the extreme ends
of newly established adjacent exons were synthesized and used.
Consequently, all of the exonic segments, including splice
junctions, were sequenced on both strands. Exon III (Figure
1) because of its short length was sequenced in both directions
using intronic primers. All of the 5’ flanking (hatched in
Figure 1) and 3’ noncoding regions were also sequenced on
both strands. Generally, intronic sequences were determined
on only one strand.

Analysis of Alu Sequences. Highly repetitive Alu segments
(Deininger et al., 1981) were identified by Southern hybrid-
ization with a radiolabeled 150 bp PstI/Bg/1I Alu fragment
from intron E of the gene for human protein C (Foster et al.,
1985). Sequence analysis of the Alu segments was performed
with a custom oligonucleotide primer (5’CCCAGCTA-
CTCGGGAGGCTGACCG3J’) corresponding to consensus
nucleotides —5 to +19 reported by Deininger et al. (1981).

Computer Analysis. All DNA and protein sequences were
analyzed by using the Sequence Analysis Software Package
of the University of Wisconsin Genetics Computer Group
(GCG), version 5 (Devereux et al., 1984).

RESULTS

Human Genomic Clones for Protein S. A human liver
EMBL3 library was repetitively screened with cDNA probes
to obtain overlapping clones of the two protein S genes. A
total of 14 genomic clones were isolated and characterized for
the gene PSa and 19 for PSB. Our designation of expressed
gene and pseudogene is based upon the observation of complete
agreement with the cDNA sequence for expressed gene clones
and multiple base substitutions, including termination codons
and deletions, for pseudogene clones, as discussed further
below. A restriction map of the protein S genes for six re-
striction endonucleases is shown in Figure 1. The restriction
map of the genes is similar, with only 20% restriction fragment
length polymorphisms for the overlapping regions of the PS«
and PSB genes. The sum of the regions represented by ge-
nomic clones corresponding to the PS« gene is greater than
80 kb in length and contains three gaps. The gaps are in
introns A, C, and I. Those in introns A and C are of unknown
size, but based upon the clones represented in Figure 1, introns
A and C must be minimally =20 kb and 210 kb, respectively.
The gap in intron I has been determined to be ~ 150 bp, as
determined by restriction mapping. Clones for the PS@ gene
span approximately 55 kb of DNA and do not contain any
regions upstream of the 3’ end of intron C. There is one gap
in the clones of the PS8 gene that begins 46 nucleotides before
the Sall site in exon 14 and extends downstream into intron
N for approximately 3.5 kb, based upon restriction mapping
presented by Edenbrandt and Stenflo (1990). The restriction
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FIGURE 1: Organization of the human protein S genes. Broad open horizontal bar maps represent the PSa (expressed, top) and PSf (pseudo,
bottorn) genes. Horizontal lines (with numbers) above each bar map show individual genomic inserts in AEMBL3, with vertical end lines representing
vector Sall cloning sites. Dashed lines denote gaps of unknown size. Intron (bold letters) and exon (roman numerals) positions are noted.
Positions of the termination codon in the expressed gene and the first termination codon in the pseudogene are shown with asterisks. A two-nucleotide
deletion in the PSS gene, resulting in a coding frame shift, is also noted (#). Regions of the genes containing repetitive “Alu” sequences are
represented by a heavy horizontal line under the broad open bars. Flanking 5’ sequence is shown with hatched lines. Abbreviations for enzymes
are as follows: EcoRI, E; Hindlll, H; Sall, S; BamH]I, B; Xbal, X; Sstl, T.

Table I: Comparison of Intron Position and Type for Human Protein S with Homologous Proteins®

intron® A B C D E F G H I J K L M N
protein S ~16° 37/38 46 75 116 160¢ 2024 2427243 281 344/345 400/401 457 507/508 583
factor VII -17 37/38 46 84 131 167/168
factor 1X ~17 38/39 47 85 128 195/196
factor X -17 37/38 46 84 128 209/210
protein C ~19 37/38 46 92 137 184/185
prothrombin -17  37/38 46
human SHBG 8/9 39 102/103  156/157 210  255/256 325
intron type* I o I I I I I 0 11 0 0 I 0 I

9 Homologous proteins include human plasma coagulation proteins prothrombin (Degan & Davie, 1987), factor VII (O’Hara et al., 1987), factor
IX (Anson et al., 1984; Yoshitake et al., 1985), factor X (Leytus et al., 1986), protein C (Foster et al., 1985; Plutsky et al., 1986), and human sex
hormone binding globulin (SHBG) (Gershagen et al., 1989). ®Intron letters are for protein S, this paper. ¢ Numbers refer to amino acid positions
reported in the cited sources. A blank space denotes that no region exists that is homologous to that in protein S. ¢Exons following introns F and
G are two additional domains in protein S that are homologous to epidermal growth factor, in addition to those following introns D and E. ¢Based

upon the convention of Sharp (1981).

maps are in excellent agreement with those independently
generated by Edenbrandt and Stenflo (1990).

Organization of the Protein S Gene. Figure 2 presents
partial DNA sequences and resulting translation products for
both protein S genes, including segments in the PSa gene
corresponding to the entire reported cDNA sequence (Hoskins
et al.,, 1987). A total of 8752 and 5414 nucleotides are
presented for the PSa and PSS genes, respectively. The se-
quence for the PS«a gene is in complete agreement with that
of the cDNA, whereas that of the PS8 gene contains several
point mutations, including the generation of a termination
codon at amino acid residue 61 of the mature protein. Com-
parison of the two DNA sequences with each other reveals that
they are 96.8% identical for coding regions, 96.9% for the 3’
noncoding cDNA region, and 95.4% for intervening sequence.
(An insertional or deletion event regardless of the number of
nucleotides was scored as one substitution). With the exception
of one nucleotide difference (G — T at the fifth position from
the 5’ end of PSa gene intron K; Edenbrandt & Stenflo, 1990),
the sequences are in complete agreement with those inde-
pendently determined by two other laboratories (Edenbrandt
& Stenflo, 1990; Ploos van Amstel et al., 1990).

The human PS« gene consists of 15 exons separated by 14
introns. Exons I and XV include 112 and 1139 bp of 5’ and
3’ untranslated sequence, respectively. The exons code for
segments ranging from 9 to 76 amino acids in length. All
intron—exon junctions were found to correspond to consensus
sequences (Mount, 1982) and obey the 5'GT...AG3’ rule
(Breathnach et al., 1978). Sequences resembling the proposed
lariot branch site generally located 20-50 nucleotides upstream

of the 3’ splice site of the intron (Sharp, 1987) are also present.
The intron—exon junctions of protein S with other human
vitamin K dependent plasma proteins and sex hormone binding
globulin (Gershagen et al., 1989) are shown in Table I. Table
I reveals that intron position and type are identical for protein
S and homologous proteins in the regions of homology when
the sequences are maximally aligned.

By Southern hybridization and subsequent DNA sequenc-
ing, six repetitive Alu sequences have been identified in the
protein S gene. The approximate location of each Alu se-
quence is noted in Figure 1. Three additional Alu sequences
have been identified in the PS@ gene, the positions of which
are the same as in the PSa gene (see Figure 1). Overall
similarity of the Alu sequences (data not shown) is about 82%
identity with each other and the consensus sequence of
Deininger et al. (1981). Consequently, the expected average
base substitution level is about 18%. Subclones, each con-
taining an Alu region shown in Figure 1, yielded clean, unique
sequences, suggesting that in each region only one Alu segment
exists.

DiscussioN

In this paper, we report the cloning and characterization
of the expressing gene (PSca) for human protein S, including
all elements corresponding to the cDNA. We have also iso-
lated and characterized genomic clones containing multiple
nucleotide substitutions, including termination codons and
frame shifts. Translation of the coding portions of this second
copy (PSB) of the gene would result in termination at amino
acid position 61 of the mature protein, resulting in at the very
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GGTTGGATAG GTGGGGAAAT CTGAAGTGGG TACATTTTTT AAATTTTGCT GTGTGGGTCA ACGTGCCTGC TGGTACTGTG ATGCATTTCA AGTGGCAGTT TTATCACGTT TGAATCTACC
AT AC G

ATTCATAGCC AGATGTGTAT CAGATGTTTC ACTGACAGTT TTTAACAATA AATTCTTTTC
CACAAGGTCT ACATTACAAA AGACAGAATT CAGGGATGGA AAGGAGAATG AACAAATGTG
d ic

3268 ACTGTATTTT ATATCACTTA TAATAAATCG GTGTATAATT TTAAAAtgca
GGAGTTCATA GTTTTCCTTG AATCCAACTT TTAATTACCA GAGTAAGTTG CCAAAATGTG A

ATTGTTGAAG TACAAAAGGA ACTATGAAAA CCAGAACAAA TTTTAACAAA AGGACAACCA tgtgaatatc tttattatat caactgtttg aataaaac
G }

g
CAGAGGGATA TAGTGAATAT CGTATCATTG TAATCAAAGA AGTAAGGAGG TAAGATTGCC
A

FIGURE 2: Nucleotide sequence of the protein S genes. Nucleotides are presented in the 5 — 3’ direction for the coding strand. Those corresponding
to the cDNA are shown with capital letters. Corrections in the cDNA sequence from that originally reported (Hoskins et al., 1987) are underlined.
Nucleotide numbers on the left side of lines correspond to the first cDNA nucleotide in the line and are taken from Hoskins et al. (1987).
The translated amino acid sequence and numbering for the protein precursor are shown in one-letter code above the expressed gene sequence.
Immediately below the PSa gene sequence are presented the corresponding PS8 gene sequence and the amino acid translation. Small braces
represent the 5’- and 3’-most extreme points of comparison. The nucleotides at the position of the brace and blank spaces within the brace
are identical with the shown sequence. Nucleotide substitutions, deletions (d), and insertions (i) in the pseudogene are shown below the expressed
gene sequence. Inserted nucleotides are shown to the right of the insertion symbol (i) and are inserted in the upper sequence following the
nucleotide directly above the i. The sequence of the insertion in brackets at the 3’ end of intron G is gtgtgtgcgegegtg. Unsequenced gaps
are shown with dotted lines. Large brackets enclosing the 3’ end of exon 14 and the 5’ end of intron N denote a region of the PS@ gene not
cloned. Predicted termination codons are shown with asterisks. The location of two-nucleotide deletion in the PSg gene is noted (#) and
would result in multiple subsequent termination codons because of the frame shift. The first 120 nucleotides shown are the 3’ end of an “Alu”

sequernce.
] E 3
</—‘7
nhm’l&" S -< *@— -@ é 2 ﬁ (oo Prothrombin

m—“xl § ‘d:q“‘ é‘&@‘ ProteinC ; Factors VI, X
mﬂx‘-‘® &Ibﬂ*giyi?ﬁ [0 (5] GG () (1 [ PreteinS

ORIGIE-EICE] G SHBs

-Eﬁ* EGF - like

% Activation Pqﬂ'idc

Serine Pretease

[J SHBG Domains

EZD Signd Peptide

mmx- Proyzri'idt./ 6 la. Doman

S Aromatic Stack
a]]]i] Thrombin-Sensitive Region

-@ Kringlt

FIGURE 3: Exonic domains of protein S and homologous proteins. Shown schematically are the exonic domains in protein S and homologous
proteins. Exon sizes are not shown to scale except for the sex hormone binding globulin (SHBG) exons in SHBG and protein S. Note that
the propeptide and gla regions are located in one exon. Kringle 1 of prothrombin is composed of two exons. The serine protease domain in
prothrombin is made up of four exons, in contrast to the case for protein C and factors VII, IX, and X where only two exons are involved.
Details of the individual domains have been presented elsewhere as noted in the text.

most a truncated polypeptide containing only the leader pep-
tide, the Gla domain, and a portion of the hydroxy amino acid
rich thrombin-sensitive region of protein S. Consequently, we
consider the second copy to be a pseudogene in the sense that
it would not be expected to result in any product resembling

the evolutionary divergence time is approximately 30 million
years. Because of great variation in the mutation rate of
individual proteins and the archeological time clock upon which
the average rate is based, the time of divergence of the two
protein S genes can only be considered as a rough estimate.

plasma protein S.

Comparison of the nucleotide sequences for the two genes
indicates that the duplication of the two genes may be a
relatively recent event. Overall, the two genes show ~4%
substitution, as compared to 18% for the six unique “Alu”
sequences (data not presented) with one another and the
consensus sequence, suggesting that the gene duplication oc-
curred much later than the dispersal of Alu sequences into the
human genome. Another indicator of the length of time since
gene duplication is based upon the level of codon (nucleotide)
substitution between the two genes. The average nucleotide
substitution rate derived from comparison of mammalian
protein amino acid substitutions is ~1 X 10~ nucleotide
substitutions per year per nucleotide position (King & Jukes,
1969; Fitch & Langley, 1976). At this rate, with a nucleotide
substitution level in the coding portions of protein S of 3.2%,

It is, however, in generally good agreement with data presented
by Ploos van Amstel et al. (1990).

If one assumes that for an expressed gene the nucleotide
sequence will be more conserved in regions corresponding to
the cDNA than in intervening regions, one can judge as to
whether two genes (one being the pseudogene in the case of
protein S) have both been expressed and subject to evolutionary
selective pressure during the time after their duplication. The
common cDNA portions of the protein S genes have a 3.2%
nucleotide substitution level, whereas the intronic regions have
a 4.6% level of substitution. These data suggest that shortly
after gene duplication (~10 X 10° years, based upon a di-
vergence time of 30 X 10° years) the PS8 gene became in-
activated and no longer expressed functional protein S.

The homology of the vitamin K dependent plasma coagu-
lation factors and the similarity of the genes have been re-
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FIGURE 4: Secondary structure prediction for the carboxyl-terminal half of protein S. Amino acid numbering of the mature protein is shown
above the predicted structure. Secondary structure prediction is by the method of Chou and Fasman (1978). Predicted a-helix is shown by
a coil, B-strand by the sawtooth, 8-turn by closed the dotted triangle, and irregular structure by the horizontal line. The position of introns

(capital letters) is shown below the predicted structure.

viewed extensively elsewhere (Rogers, 1985; Patthy, 1985;
Long, 1986). Protein S is a member of this family, and this
report establishes the identity of location and type of the first
seven introns (Table I) with the other vitamin K dependent
proteins. The carboxy-terminal half of protein S has also been
shown by amino acid sequence comparison (Baker et al., 1987,
Gershagen et al., 1987; Long, 1988; Petra et al., 1988) to be
homologous with plasma androgen binding protein also re-
ferred to as sex hormone binding globin (SHBG). As shown
in Table I, the remaining seven introns are of identical position
and type as those found in the gene for human SHBG
(Gershagen et al., 1989). These results suggest that the two
genes represent a gene family analogous to, but distinct from,
the vitamin K dependent plasma protein genes and that the
protein S gene is a mosaic combination of the two gene fam-
ilies. A related point is the location of Alu repeat sequences
in introns J and L of the protein S genes, in contrast to the
human SHBG gene which has an Alu sequence in the intron
corresponding to intron M (Gershagen et al., 1989). This
observation suggests that gene duplication resulting in the
SHBG gene and the protein S gene occurred either prior to
dispersal of Alu sequences into the human genome or subse-
quent to intronic recombinational events in the two genes.

The exonic domains in the amino-terminal half of protein
S, as well as for other vitamin K dependent plasma proteins,
are shown schematically in Figure 3. The structural and
functional domains of the carboxy-terminal half of protein S
and the homologous androgen binding proteins, also shown
in Figure 3, are less well characterized. A prediction of sec-
ondary structure (Figure 4) by the method of Chou and
Fasman (1978) does predict that all of the introns would fall
within irregular or turn regions, consistent with the expected
location of structural domain junctions. The complete
agreement of location and type of introns for protein S and
sex hormone binding globulin along with the location of introns
relative to predicted secondary structure suggests that their
location may reflect actual junctions, thereby providing a useful
way to view these biomolecules for the interpretation of other
experimental data. In this regard, the predicted 8-strand for
protein S residues 509-526 is of interest as this is the region
corresponding to the proposed steroid binding site in androgen
binding protein (Walsh et al., 1986; Petra et al., 1988). In
the case of androgen binding protein, this region is also pre-
dicted to be a 8-strand and contains eight alternating leucyl
residues, providing a uniform hydrophobic “landing strip” for
the steroid molecule. In protein S, this region does not contain
the alternating leucine motif but instead contains several polar
residues in the corresponding alternating positions at the
carboxyl-terminal end, possibly explaining the apparent lack
of steroid binding to protein S (Long, Que, and Petra, un-
published results; Stenflo and Fernlund, unpublished results).

Approximately 0.7 kb of genomic sequence upstream from
the cDNA 5" end has been sequenced in an effort to identify
possible transcriptional start sites and promoter elements.
Analysis of the sequence (Figure 2) does not reveal a region
resembling the “TATA” box described by Breathnach and
Chambon (1981) and found for many constitutively expressed

eukaryotic genes. There are, however, several clustered GC-
rich segments approximately 30-80 nucleotides upstream from
the start of the cDNA sequence. These segments resemble
the transcription factor SP1 binding site consensus sequence
described by Gidoni et al. (1984) and subsequently found in
several eukaryotic genes as an alternative regulatory motif to
the TATA box [for a review, see Wasylyk (1988)]. An al-
ternative interpretation regarding the 5" upstream sequence,
based upon the data of Ploos van Amstel et al. (1990), is that
it is part of a 5" noncoding intron, as has also been reported
for protein C (Plutsky et al., 1986).
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