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ABSTRACT: Three highly homologous cDNAs encoding human pregnancy-specific 81-glycoprotein (SP1)
were isolated from a human placental cDNA library. These cDNAs share >90% nucleotide homology in
their coding sequences, and >79% of the encoded amino acids are homologous. Proteins encoded by these
c¢DNAs are very similar to members of the carcinoembryonic antigen family and contain repeating domains,
conserved disulfide bridges, and 8-sheet structure typical of the immunoglobulin gene superfamily. However,
the high degree of sequence homology and relatively lesser degree of glycosylation among the SP1 proteins
suggest that they exist as a unique family instead of being members of the CEA family. Both soluble and
potentially membrane-bound forms of SP1 proteins were present in the placenta. Northern blot analysis
using specific probes confirmed the expression of multiple mRNA species in human term placenta.

Pregnancy-speciﬁc B1-glycoprotein (SP1) is an early preg-
nancy protein that can be detected in maternal serum as early
as 16 days after conception (Grudzinskas et al., 1977). The
maternal serum level of SP! increases with progression of
gestation and has been shown to be a good index for monitoring
fetal growth and pregnancy complications (Bischof, 1984).
SP1 is also elevated in serum of patients with tumors of tro-
phoblastic origin as well as some nontrophoblastic tumors
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(Sorensen, 1982). The physiological function of SP1 is not
known. Like many of the early pregnancy proteins, it has been
suggested to be an immunosuppressive agent enhancing sur-
vival of the fetus (Cerni et al., 1977). Human placental SP1
as first reported (Bohn, 1972) is a single-subunit glycoprotein
with a molecular mass of 90 kDa, 29% of which is carbohy-
drate. This protein, besides being shown to be synthesized by
the syncytiotrophoblasts of the placenta (Horne et al., 1976),
was recently shown to be also produced in extraplacental sites
including intestine, testis, and uterus (Chan et al., 1988a—c).
Further studies indicate that SPI as it was initially defined
might be composed of a group of highly homologous proteins
(Chan et al.,, 1988a). These different species of SP1 proteins
are the products of a family of genes. Several species of

© 1990 American Chemical Society
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placental SP1 ¢cDNAs have been cloned (Chan et al., 1988a;
Rooney et al., 1988; Streydio et al., 1988; Watanabe & Chou,
1988a). Computer analysis of the SP1 cDNAs cloned revealed
that they are very similar to carcinoembryonic antigen (CEA),
a subfamily of the immunoglobulin (Ig) gene superfamily
(Beauchemin et al., 1987; Oikawa et al., 1987; Zimmermann
et al., 1987; Chan et al., 1988a; Rooney et al., 1988; Streydio
et al., 1988; Watanabe & Chou, 1988b). All the cDNAs
reported encode proteins that are highly hydrophilic. However,
in vitro translation studies suggested that SP1 protein might
be amphiphilic (Hau et al., 1983). The present report describes
the structure of two hitherto unreported human placental SP1
c¢DNAs, one of which has a sequence encoding a hydrophobic
C-terminus making it a very likely candidate for the mem-
brane-bound form of SP1. Detailed analysis of the three
placental SP1 cDNAs cloned in our laboratory and the other
SP1 cDNAs reported was performed. Results support the
hypothesis that the placental SP1 proteins are products of a
multigene family and constitute a new subfamily of the Ig gene
superfamily (Williams & Barclay, 1988).

MATERIALS AND METHODS

Screening of cDNA Library. A human placental cDNA
expression library in A gt11, generously provided by Dr. Brian
Knoll of M. D. Anderson Hospital and Tumor Institute, was
screened with '?’I-labeled anti-human SP1 antibody (Cal-
biochem, San Diego, CA) as described previously (Chan et
al., 1988c). Two million phages were screened. The positive
plaques picked were rescreened until purified. In order to
obtain longer clones, another human placental cDNA library
in A gt11, purchased from Clontech Laboratories, Palo Alto,
CA, was rescreened with confirmed partial SP1 ¢cDNAs.

Preparation of DNA for Subcloning and Sequencing.
Recombinant phage DNA was prepared by plate lysis followed
by banding on a cesium chloride step gradient as described
previously (Chan & Qiu, 1988). The cDNA insert was re-
leased from the phage vector by partial digestion with EcoRI
and separated in a 1% SeaPlaque agarose gel (FMC Bio-
Products, Rockland, ME) by electrophoresing in 1X TAE
buffer (40 mM Tris, 20 mM sodium acetate, 2 mM EDTA,
pH 8.0) (Weislander, 1979). The cDNA insert was excised
and the gel melted by incubation at 65 °C for 10 min (Dumais
& Nochumson, 1987). For hPS12, the cDNA insert was
subcloned into M13mp18 and M13mp19 vectors for single-
strand sequencing (Messing, 1983) and into pBluescript for
double-strand sequencing (Stratagene, 1988). For hPS2, the
total cDNA insert was recovered, and a number of clones
containing overlapping cDNA fragments were generated by
Bal-31 deletion subcloning.

Bal-31 Deletion Subcloning. The hPS2 cDNA insert was
blunt-ended by filling in with dNTPs by the action of DNA
polymerase I in melted agarose at 37 °C (Dumais & Noc-
humson, 1987). The blund-ended DNA was ligated into
pUC13, and the recombinant plasmid DNA was prepared for
Bal-31 deletion subcloning as previously described (Maniatis
et al, 1982). The recombinant plasmid was linearized by
digestion with either Pstl or SstI. Linearized plasmid DNA
was subjected to sequential digestion with Bal-31 nuclease
(Yoshitake et al., 1985). Sequentially deleted DNA fragments
were first blunt-ended and then digested with either SstI or
Pstl. Deleted cDNA fragments were separated on 1.3%
SeaPlaque agarose gels (Weislander, 1979) and ligated into
M13mpl18 or M13mp19 vectors for single-strand sequencing
(Messing, 1983).

DNA Sequence Determination. The nucleotide sequence
of the cDNAs was determined by a modified dideoxy chain
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termination method using Klenow fragment (Boehringer
Mannheim Biochemicals, Indianapolis, IN) at 50 °C or Se-
quenase (U.S. Biochemical Corp., Cleveland, OH) at 37 °C
(Johnston-Dow et al., 1987). M13 universal sequencing primer
and T3 and T7 sequencing primers as well as synthetic oli-
gonucleotide primers were used to prime the sequencing re-
action in single-strand sequencing (Chan et al., 1989) or
double-strand sequencing with the pBluescript system (Stra-
tagene, 1988). All sequences were determined three or more
times as well as from different subclones and from both
strands.

DNA Sequence Analysis. DNA sequences were analyzed
by the Sequence Analysis Software Package of the Genetics
Computer Group at the University of Wisconsin (Devereux
et al.,, 1984). SP1 ¢cDNAs reported in this work were com-
pared with those reported previously, including hPS11 (Chan
et al., 1988a) PSG16 and PSG93 (Watanabe & Chou, 1988a),
PSBGC, PSBGD, and PSBGE (Streydio et al., 1988), and
pSP1-i (Rooney et al., 1988).

Northern Blot Analysis. Total RNA was extracted from
human term placenta in the presence of a 4 M guanidine
monothiocyanate~phenol-chloroform mixture (Chomczynski
& Sacchi, 1987). Fifty micrograms of total placental RNA
was denatured with formaldehyde, separated in an agarose/
formaldehyde gel, and analyzed by Northern blotting with
labeled SP1 cDNA probes (Chan et al., 1988c; Fourney et al.,
1988).

RESULTS

Screening of Human Placental cDNA Library. Six positive
clones were initially obtained by immunological screening of
a human placental cDNA library (Chan et al., 1988c). These
clones were confirmed to be partial cDNAs encoding human
placental SP1 (Chan et al., 1988a). One of these cloned
cDNAs was used as a probe to rescreen another human pla-
cental cDNA library. A total of 26 clones were obtained. The
nucleotide sequence of one of these clones (hPS11) has been
reported (Chan et al., 1988a). The nucleotide sequences of
two of the longer clones, hPS12 and hPS2, were determined.
They both represented partial cDNA with an incomplete 5’
coding sequence. To obtain more 5’ sequence, the most 5’
EcoRI-BamHI fragments of hPS12 and hPS2 were used as
probes to rescreen the same cDNA library. Two clones, hPS89
and hPS90, with more 5’ sequence than hPS12 were identified,
while no clone having more 5" sequence than hPS2 was found.

Sequence Analysis of hPS12 and hPS2. The composite
sequence of hPS12 is shown in Figure 1. The cDNA had 1573
bp with a 5" noncoding sequence of 45 bp, an open reading
frame of 1272 bp encoding 424 amino acids with a calculated
molecular mass of 47.5 kDa, a stop codon of TAA, and a 3’
noncoding sequence of 253 bp. Even though no upstream stop
codon could be identified, the sequence around the presumed
translation initiation codon ACCATGG agreed with the
consensus sequence for initiation of translation in vertebrates
suggested by Kozak (1987). No poly(A) tail was found in any
of the hPS12 clones sequenced. Eight potential glycosylation
sites, two of the form Asn-X-Ser and six of the form Asn-X-
Thr, were present. The encoded protein contained an N-
terminal domain, two n-subdomains and one ¢-subdomain each
containing two conserved Cys residues, and a C-terminal do-
main, all characteristic of SP1 proteins reported previously
(Chan et al., 1988a; Rooney et al., 1988; Streydio et al., 1988;
Watanabe & Chou, 1988a).

Figure 2 shows the nucleotide sequence of hPS2. It had
1744 bp with an open reading frame of 1053 bp encoding 351
amino acids, a stop codon TGA, and a 3’ noncoding sequence
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FIGURE 1: Nucleotide and predicted amino acid sequence of hPS12. Nucleotide numbers are indicated. Potential glycosylation sites are underlined.
Open inverted triangles indicate conserved Cys residues. An asterisk indicates a stop codon. Boundaries of the different domains are indicated
as follows: N, N-terminal domain; R1n, n-subdomain of repeat unit 1; R2n, n-subdomain of repeat unit 2; R2c, c-subdomain of repeat unit

2;C,C- termmal domain.
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FIGURE 2: Nucleotide and predicted amino acid sequence of hPS2. Nucleotide numbers are indicated. Potential glycosylation sites are underlined.
Open inverted triangles indicate conserved Cys residues. Solid squares indicate the polyadenylation site. An asterisk indicates a stop codon.
Boundaries of the different domains are indicated as follows: N, N-terminal domain; Rn, n-subdomain of repeat unit; Re, ¢-subdomain of

repeat unit; C, C-terminal domain.

of 659 bp. A polyadenylation signal ATTAAA 14 bp up-
stream from a 29-bp poly(A) could be identified. The poly-
peptide encoded by hPS2 contained part of the N-terminal
domain, an n-subdomain, a c-subdomain similar to that ob-

served in hPS12, and an 81 amino acid C-terminal domain.
In addition to the conserved Cys residues in the n- and c-
subdomains, two Cys residues separated by 27 amino acids
were present in the C-terminal domain. Five potential gly-
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FIGURE 3: Comparison of domain structure of human placental
pregnancy-specific §1-glycoprotein cDNAs hPS12, hPS11, and hPS2.

cosylation sites could also be identified.

The domain structures of hPS12, hPS2, and hPS11 were
compared in Figure 3. hPSI1 and hPS12 had the same
domain structure. The most significant differences between
hPS2 and the other two cDNAs cloned from the same pla-
cental library were the presence of only one complete repeating
unit (i.e., one n-subdomain and one c-subdomain) and an 81
amino acid hydrophobic C-terminal domain. In spite of these
differences, the Cys residues as well as the potential glyco-
sylation sites were conserved in these three cDNAs.

Prediction of secondary structure with programs available
in the Sequence Analysis Software Package of the Genetics
Computer Group (Kyte & Doolittle, 1982) showed that both
hPS12 and hPS2 were mainly in the form of §-sheets (results
not shown). The PEPPLOT program (Goldman et al., 1986)
and the PLOTSTRUCTURE program (Chou & Fasman, 1978)
both indicated that hPS12 was largely hydrophilic except for
the N-terminal 120 amino acids. The N-terminal 34-35 amino
acids had the characteristics of a putative signal peptide as
observed for hPS11 (Chan et al., 1988a). The N-terminal
domain of hPS2, similar to that of hPS12, was also hydro-
phobic. However, in contrast to any of the SP1 sequences
reported, the C-terminal domain of hPS2 was highly hydro-
phobic (results not shown).

Northern Blot Analysis of Human Placental RNA. Figure
4 shows results of Northern blot analysis of human placental
RNA probed with a specific fragment of each cDNA, namely,
the 3’ 620-bp EcoRI-EcoRI fragment (the entier 3’ noncoding
sequence) of hPS11, the 3’ Ncol-EcoRI fragment (the C-
terminal 24 bp of the coding sequence and the 3’ noncoding
sequence) of hPS12, and the 280-bp BamHI-EcoRI fragment
(sequence encoding the C-terminal domain) of hPS2. Both
the hPS11- and the hPS2-specific probes hybridized with a
2.25-kb mRNA band, while the hPS12-specific probe hy-
bridized with a 1.65-kb mRNA band. In addition to the
2.25-kb mRNA band, the hPS2-specific probe also hybridized
with the 1.65-kb mRNA band. Even though the ratio of the
specific radioactivity of the three probes used to hybridize to
the blot was roughly 7:4:3 (hPS2:hPS12:hPS11), the intensity
of the hybridization signal was hPS11 > hPS12 > hPS2.

Comparison of Members of the SPI Family. A comparison
of the encoded amino acid sequences of all SP1 cDNAs whose
nucleotide sequences had been reported and their consensus
sequences is shown in Figure 5. An amino acid or nucleotide
was considered to be consensus if it occurred at least three
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FIGURE 4: Human placental Northern blot probed with cDNA specific
probes. Mobilities of size standards (in kb) are indicated. The specific
probe used for each lane is shown.

times among the clones hPS12, hPS2, PSBGE, pSP1-i, and
hPS11/PSG16/PSBGC-D. The percent homology with the
consensus amino acid sequence ranged from 92.5 to 100 in the
N-terminal domains and the n-subdomains except for the
N-terminal domain of hPS2, which showed only 85.9% hom-
ology. Levels of homology among the c-subdomains were
slightly lower than those of the other domains and ranged from
85.9% to 97.6%. Nucleotide sequence homology among the
N-terminal domains and n- and c-subdomains was similar to
that among the amino acid sequences and ranged from 90%
to 99%. On the other hand, the amino acid and nucleotide
sequences of the C-terminal domains of these cDNAs shared
very little sequence homology, with two exceptions. First, the
C-terminal domains of hPS11 and PSBGD were identical, and
second, the 3’ noncoding sequence of PSG 16 was identical with
that of hPS11 except for the deletion of 86 bp near the 3’ end
of the coding region (Chan et al., 1988a). The positions of
the cysteine residue in the n- and c-subdomains of all cDNAs
were conserved. The positions of the potential glycosylation
sites in the N-terminal domain and the R 1n-subdomain were
also conserved.

Figure 5A shows that hPS12 differed from the other SP1
c¢DNAs in the deletion of three nucleotides encoding Ile-90
in the N-terminal domain. It was also apparent from Figure
SA that, albeit very similar, hPS12 and pSP1-i were different
from each other and from the other SP1 cDNAs.

Both hPS2 and PSBGE had one less n-subdomain when
compared to the other SP1 cDNAs. The percent homology
with the R1n-subdomain consensus sequence was 93.5 and 92.5
and that of the R2n-subdomain was 52.7 and 48.4 for hPS2
and PSBGE, respectively. The c-subdomains of hPS2 and
PSBGE were less homologous to the consensus sequence than
those of the other SP1 ¢cDNAs, being 87.1% and 85.9% re-
spectively, while all other cDNAs showed >90% homology.
The most significant difference between hPS2 and the other
SP1s was the presence of the 81 amino acid hydrophobic
C-terminus, while all other SP1s had only relatively short (14
amino acids or less) hydrophilic or amphiphilic C-termini.

Comparison of the 5’ noncoding sequence showed that there
was over 91% similarity among all SP1 cDNAs. Comparison
of the 3’ noncoding sequences was more varied. The 3’ non-
coding sequence of hPS2 had very little homology with any
of the SP1 cDNAs reported. On the other hand, the 3’ non-
coding sequence of hPS12 was very homologous to those of
PSBGE and pSP1-i. Comparison of these three sequences
using the LINEUP program (Devereux et al., 1984) showed that
aside from 27, 30, and 39 bp at the 5’ end of this region in
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FIGURE 5: Comprison of (A) aligned amino acid sequences encoded by human placental SP1 cDNAs and (B) consensus amino acid sequences
of SP1 ¢cDNAs with those encoded by human CEA and NCA cDNAs. Identical amino acids are indicated by dots. Potential glycosylation
sites are underlined. Solid inverted triangles indicate conserved Cys residues. Amino acids are numbered with reference to the beginning of
each domain or subdomain. The Rn-subdomain of hPS2 and PSBGE was repeated under both R1n- and R2n-subdomains for the purpose
of comparison. SP1 NCon, consensus sequence of the N-terminal domain of SP1 cDNAs; SP1R InCon, consensus sequence of the R1n-subdomain
of SP1 cDNAs; SP1R2nCon, consensus sequence of the R2n-subdomain of SP1 ¢cDNAs; SP1R 2cCon, consensus sequence of the R2c-subdomain
of SP1 cDNAs. Domain notation of CEA and NCA is the same as described (Beauchemin et al., 1987; Tawaragi et al., 1988).



2850 Biochemistry, Vol. 29, No. 11, 1990

hPS12, PSBGE, and pSP1-i, respectively, there was 95%
homology among the three cDNAs. The 3’ noncoding se-
quences of hPS11, PSG16, and PSBGD were almost identical
except for the deletion of 70 bp after the stop codon in PSG16
and one mismatch in both PSG16 and PSBGD when com-
pared with hPS11.

Comparison with Carcinoembryonic Antigen (CEA) and
Nonspecific Cross-Reacting Antigen (NCA), Members of the
Ig Gene Superfamily. Among the placental SP1 cDNAs,
hPS2 and PSBGE had the domain structure closest to that
of CEA and NCA. Both hPS2 and PSBGE, similar to NCA,
had only one complete repeat unit, i.e., one n-subdomain and
one c-subdomain (Neumaier et al., 1988; Tawaragi et al.,
1988), while CEA had three complete repeating units
(Beauchemin et al., 1987; Oikawa et al., 1987; Zimmermann
et al,, 1987). All other SP1 cDNAs had one complete re-
peating unit and an additional n-subdomain. Figure 5B shows
the comparison of the consensus amino acid sequences of the
different domains of the SP1 cDNAs with the corresponding
domains in CEA and NCA. The percent homology of both
CEA and NCA to SP1 was quite similar in all domains com-
pared, ranging from 53.8 to 62.4 at the amino acid level. The
amino acid sequences of the C-terminal domains were very
variable among the SP1 cDNAs and were not compared with
those of CEA or NCA. Nucleotide sequence comparison of
the different domains of SP1, CEA, and NCA showed results
similar to those of amino acid comparison.

DISCUSSION

All the SP1 cDNAs reported demonstrate characteristics
required for inclusion in the Ig gene superfamily, namely,
sequence homology, characteristic domain structure, conserved
disulfide bonds within domains, and $-sheet structure (Wil-
liams, 1987). The SP1 proteins therefore constitute a sub-
family of the Ig gene superfamily.

There is increasing evidence suggesting the presence of
multiple species of highly homologous SP1 proteins in human
placenta. It has also been shown previously that the SP1
proteins are encoded by multiple genes (Chan & Qiu, 1988).
Even though a recent report suggested the possibility that
different SP1 proteins might be the differentially spliced
products of one gene (Oikawa et al., 1988), results of these
studies support the contention that SP1 protein in human
placenta consists of products of more than one gene (Chan
et al., 1988a; Rooney et al., 1988; Streydio et al., 1988). Two
of the reported placental SP1 cDNAs, hPS11 and PSBGD,
are identical. PSG16 and another partially sequenced cDNA,
PSG93, differ from these two cDNAs at only four bases, which
could correspond to polymorphisms (Chan et al., 1988a;
Streydio et al., 1988; Watanabe & Chou, 1988a). On the basis
of their almost identical protein coding sequences, hPS11,
PSG16, PSBG93, PSBGC, and PSBGD are likely to be the
products of the same gene with differentially spliced exons
encoding the C-terminus and 3’ noncoding sequence. This
conclusion is in line with that derived from studies of a cloned
fragment of human SP1 gene (Oikawa et al., 1988) and CEA
gene (Barnett et al., 1989). Three other cDNAs, hPS12,
PSBGE, and pSP1-i, have 221 bp in their 3’ noncoding se-
quences that are highly homologous (95%). Considering that
this is observed in the noncoding region and that the three
clones were derived from two different libraries, it is con-
ceivable that the few differences were individual polymor-
phisms. These three cDNAs are products of splicing different
amino acid coding exons to one common exon that contains
the 3’ noncoding sequence. The exon encoding the N-terminal
domain of hPS12 is unique in that it has a 3-bp deletion when
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compared to the other cDNAs. PSBGE differs from hPS12
and pSP1-i by having one less n-subdomain, which could be
the result of a difference in splicing. The gene encoding
hPS12/PSBGE/pSP1-i could be different from that encoding
hPS11/PSG16/PSG93/PSBGC-D. The other SP1 cDNA,
hPS2, is unique. It has no significant homology with any of
the SP1 cDNAs reported. Thus it might be the product of
a third SP1 gene.

The presence of at least three different species of mMRNA
in human placenta was confirmed by the Northern blot
analysis. The difference in hybridization signal intensity
suggested that hPS2 mRNAs were present in lesser quantity
than either hPS12 mRNA or hPS11 mRNA. It is interesting
to notice that the hPS2-specific probe hybridized to both the
1.65-kb and 2.25-kb mRNA bands. These results suggest that
each mRNA band contains more than one species of mMRNA.
Up to the present time only one placental SP1 ¢cDNA with
a sequence encoding a hydrophobic C-terminus has been found.
The Northern blot results thus also suggest that there might
be more than one species of membrane-bound SP1 present in
human placenta. Even though the size of pSP1-i cDNA re-
ported is 2.016 kb (Rooney et al., 1988), the hPS12-specific
probe, which is supposed to be also capable of hybridizing with
pPS1-i, hybridized only to a mRNA band of 1.65 kb. The
cause of this discrepancy is not clear from this study.
Nonetheless, the presence of multiple species of SP1 mRNA
in human term placenta is demonstrated by Northern analysis.
Multiple mRNAs have also been reported for the CEA gene
family (Thompson & Zimmermann, 1988). Thus the SP1
genes, like the CEA family of genes, are probably localized
in clusters (Thompson & Zimmermann, 1988). Naturally,
there is also the possibility that all SP1 cDNAs so far reported
were derived from one very large gene that gives rise to the
above three groups of products by differential splicing.

Both hPS2 and PSBGE, unlike the other SP1 cDNAs,
contain only one n-subdomain. These cDNAs could be formed
by having one complete repeating unit containing an n-sub-
domain and a c-subdomain (i.e., the n-subdomain in hPS2 is
an R2n-subdomain) or by splicing the n-subdomain of one
repeating unit with the c-subdomain of another repeating unit
(i.e, the n-subdomain in hPS2 is an R1n-subdomain). By
comparison to the consensus sequences of R1n- and R2n-
subdomains of the SP1 cDNAg, it is apparent from Figure 5
that the n-subdomain of hPS2 was probably derived from the
R1 repeating unit instead of the R2 repeating unit. A similar
conclusion was drawn for PSBGE (Streydio et al., 1988).

Figure 3 shows one distinctive feature of hPS2—the pres-
ence of an 81 amino acid hydrophobic C-terminus. This
feature of hPS2 is very similar to that observed in CEA
(Beauchemin et al., 1987; Oikawa et al., 1987; Zimmermann
et al.,, 1987), TM-CEA (Barnett et al., 1989), and NCA
(Tawaragi et al., 1988). Hydropathy plot analysis showed that
this C-terminal domain of hPS2 is very hydrophobic and
supports the inference that it represents the membrane-anchor
region of the molecule. Thus it appears that there are two
types of SP1 proteins in human placenta, namely, the cyto-
plasmic or soluble SP1 and the membrane-bound SP1.
Analogous phenomena have been reported for the CEA family
of proteins (Thompson & Zimmermann, 1988; Barnett et al.,
1989).

Even though the SP1 proteins and CEAs appear to share
many common properties, there are sufficient features unique
to the SP1 proteins to qualify them as a separate subfamily
of the Ig gene superfamily instead of being members of the
CEA gene subfamily. Even though the SP1s are very similar
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to CEA and NCA, the homology among the different SP1
family members is even higher, being consistently >90% at
the nucleotide level and >85% at the amino acid level. The
SP1 proteins are also less glycosylated. The number of po-
tential glycosylation sites ranges from four in SP1-i to eight
in PSBGC with the majority having six or seven. Most of these
sites are also conserved. On the other hand, both CEA and
NCA are more heavily glycosylated, with 27 potential sites
in CEA (Beauchemin et al., 1987; Oikawa et al., 1987; Zim-
mermann et al., 1987) and 12 potential sites in NCA (Ta-
waragi et al., 1988; Neumaier et al., 1988). A number of these
sites are conserved between CEA and NCA but not between
CEAs and SP1s, as shown in Figure SB.

The strong conservation of both nucleotides and amino acids
among the internal repeats of SP1 and CEA genes suggests
that both gene families evolved recently by the duplication of
a primordial gene. It is interesting to notice that the percent
homology at the amino acid level between the R1n-subdomain
and R2n-subdomain of SP1 is 52.7, which is significantly lower
than that between the R1n-subdomain of SP1 and the n-
subdomains of CEA (62.4 with 1A, 57.0 with ITA, and 59.1
with IITA) and NCA (62.4). On the other hand, it is com-
parable with the percent similarity between R2n-subdomain
and the n-subdomains of CEA and NCA. Comparison of
nucleotide sequences gives the same result. This seems to
suggest that duplication of the R1 repeat unit to the R2 repeat
unit occurred before the divergence of SP1 and CEA and that
the divergence of the two genes involved duplication of the R1
repeat unit only.

Similarity in structure to the Ig gene superfamily suggests
potential immunological function of the SP1 proteins. Pre-
liminary study using purified human placental SP1 proteins
show that these proteins inhibit stimulated lymphocytes in a
mixed lymphocyte assay but not those stimulated by phyto-
hemagglutinin (L. Thompson and W. Y. Chan, unpublished).
The specific species of SP1 protein(s) that has this immuno-
suppressive function, however, is not clear from these studies.
Previous studies have indicated that SP1 might have a
growth-promoting property (Chan et al., 1988b). This prop-
erty of the SP1 proteins has been demonstrated by using
murine megakaryocyte cultures (S. A. Burnstein and W. Y.
Chan, unpublished). The presence of multiple species as well
as soluble and membrane-bound members in the SP1 family
might indicate different functions for different members.
Cloning of the cDNA of the different species of SP1 will allow
testing of the properties of each individual protein after ex-
pression of the specific cDNA with appropriate systems.
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ABSTRACT: The binding of the antitumor drug CC-1065 has been studied with nuclear magnetic resonance
(NMR) spectroscopy. This study involves two parts, the elucidation of the covalent binding site of the drug
to DNA and a detailed investigation of the noncovalent interactions of CC-1065 with a DNA fragment
through analysis of 2D NOE (NOESY) experiments. A CC-1065-DNA adduct was prepared, and an
adenine adduct was released upon heating. NMR ('H and !3C) analysis of the adduct shows that the drug
binds to N3 of adenine by reaction of its cyclopropyl group. The reaction pathway and product formed
were determined by analysis of the 13C DEPT spectra. An octamer duplex, d(CGATTAGC-GCTAATCG),
was synthesized and used in the interaction study of CC-1065 and the oligomer. The duplex and the
drug-octamer complex were both analyzed by 2D spectroscopy (COSY,NOESY). The relative intensity
of the NOEs observed between the drug (CC-1065) and the octamer duplex shows conclusively that the
drug is located in the minor groove, covalently attached to N3 of adenine 6 and positioned from the 3’ —
5’ end in relation to strand A [d(CGATTA®GC)]. A mechanism for drug binding and stabilization can

be inferred from the NOE data and model-building studies.

CC-1065, a fermentation product of Streptomyces zelensius,
was one of the most cytotoxic antitumor agents known when
discovered (Hanka et al., 1978):

The isolation and characterization of this antibiotic has been
reported (Martin et al., 1980, 1981), and the X-ray crystal
study including an interaction study of CC-1065 with DNA
was published shortly thereafter (Chidester et al., 1981). The
antibiotic has a unique structure possessing a cyclopropy! ring
with alkylating potential and a twist or pitch in the backbone
of the molecule giving it a half-moon or banana shape with
concave and convex sides. This structural feature permits a
compatible fit in the minor groove of DNA. Experimental
evidence for minor groove binding includes competitive binding
studies with netropsin, site-exclusion studies, and reduction
of the alkylation of minor groove sites after treatment of the
DNA with methylation agents (Swenson et al., 1982). Mo-
lecular mode!l building using CPK models and computer
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graphics have also been used to understand the drug-DNA
interaction in a qualitative way.

(+)-CC-1065 was shown to be efficacious in the treatment
of experimental tumors in mice (Reynolds et al., 1986; Martin
et al., 1981). Unfortunately, (+)-CC-1065 also produced
delayed death in mice at therapeutic doses (McGovern et al.,
1984), and subsequently, its development was halted. How-
ever, this lead compound has led to the development of potent,
efficacious analogues that do not cause delayed death and are
promising as therapeutic agents (Warpehoski et al., 1986; Li
et al., 1987).

Preliminary reports (Hurley et al., 1984; Scahill et al., 1986)
detailed the structure of the adduct formed upon reaction with
calf thymus (CT)! DNA, and two others demonstrating the
sequence specificity of the drug with DNA have also appeared
(Reynolds et al., 1986; Hurley et al., 1988). While CC-1065
interacts with DNA and is thought to exhibit its cytotoxic
effects through disruption of DNA synthesis, the exact nature
of the DNA binding has been elusive. Circular dichroism
(CD) studies (Krueger et al., 1985, 1987) suggest strong
binding to duplex DNA, especially sequences rich in ade-
nine~thymine (A-T) base pairs. CC-1065 and DNA interact

! Abbreviations: NMR, nuclear magnetic resonance; NOE, nuclear
Overhauser effect; COSY, homonuclear correlated spectroscopy; NOE-
SY, two-dimensional NOE correlated spectroscopy; COLOC, correlated
spectroscopy with long-range coupling; DEPT, distortionless enhance-
ment with polarization transfer; CT, calf thymus; FID, free induction
decay; CD, circular dichroism; HPLC, high-performance liquid chro-
matography.
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