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ABSTRACT: A Xgt 11 library prepared from human umbilical vein endothelial cell R N A  was screened for 
cDNAs encoding thrombospondin. Reagents included a monospecific antibody to human thrombospondin 
and a mixture of four synthetic oligodeoxyribonucleotides derived from an amino acid sequence near the 
NH2 terminus of mature human thrombospondin. Two series of cDNA clones coding for sequences at the 
5’ and 3’ ends of thrombospondin mRNA, respectively, were isolated. The nucleotide sequence of a 1.3- 
kilobase (kb) 5’ clone (XTS-33) coded for 99 bases of 5’ untranslated RNA,  a signal peptide of 18 amino 
acids, and the first 379 amino acids of thrombospondin. Northern blot analysis with XTS-33 detected a 
single m R N A  species of -6.0 kb in rat aortic smooth muscle cell RNA.  Thrombospondin mRNA levels 
increased rapidly, but transiently, in quiescent smooth muscle cells treated with platelet-derived growth factor. 
The kinetics of this response were very similar to those of the thrombospondin protein to this growth factor. 
There was significant homology in amino acid sequence between thrombospondin and a conserved region 
in the circumsporozoite protein of two malarial sporozoites. This region of thrombospondin may therefore 
represent a potential recognition site for a cell surface thrombospondin receptor. 

Xrombospondin (TS)’ is a high molecular weight glyco- 
protein ( M ,  450000) that is both stored in a granules of 
platelets and secreted by a wide variety of mesenchymal cells 
[see Silverstein et al. (1986) and Majack and Bornstein (1986) 
for recent reviews]. There is evidence that TS functions in 
the secondary, irreversible phase of platelet aggregation 
(Leung, 1984; Dixit et al., 1985; Silverstein et al., 1986). TS 
also forms complexes with histidine-rich glycoprotein and 
plasminogen (Silverstein et al., 1985a) and may regulate the 
release of plasmin from complexes containing plasminogen and 
tissue plasminogen activator (Silverstein et al., 1985b). 

The role of TS in the extracellular matrix is less well un- 
derstood. TS binds to cell surfaces (McKeown-Longo et al., 
1984; Roberts et al., 1985) and to a variety of matrix mac- 
romolecules including collagen, fibronectin, and heparin 
(heparan sulfate) Dixit et al., 1984; Majack & Bornstein, 
1986), but the functional consequences of these interactions 
are not known. Recently, this laboratory has provided evidence 
that PDGF and heparin-like glycosaminoglycans act anta- 
gonistically in regulating the production of a TS-rich extra- 

cellular matrix by rat aortic SMC (Majack et al., 1985). Asch 
et al. (1986) have also shown that PDGF stimulates the 
production of TS by cultured human glial cells. Furthermore, 
TS can act synergistically in conjunction with epidermal 
growth factor to facilitate SMC growth (Majack et al., 1986). 
Thus, evidence exists for an autocrine, growth-promoting 
function for matrix TS. 

The regions of the TS protein chain responsible for binding 
to cell surfaces and to extracellular macromolecules have been 
identified in a preliminary fashion by a combination of limited 
protease fragmentation and the use of monoclonal antibodies 
(Galvin et al., 1985). Limited amino acid sequence infor- 
mation is also available (Coligan & Slayter, 1984; Dixit et 
al., 1984, 1985; Raugi et al., 1984; Galvin et al., 1985). These 
findings suggest that TS, like fibronectin, is a member of a 
class of proteins termed “modular glycoproteins” (Hynes & 
Yamada, 1982). In all likelihood, the TS molecule consists 
of three identical chains of M, 140 000-1 50000, but variations 
in structure resulting from alternative splicing of the TS 
mRNA, as has been shown for fibronectin (Tamkun et al., 
1984), may exist. 
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To expedite the structural analysis of this large protein and 
to gain an understanding of the structure and regulation of 
the TS gene, we have screened a Xgt 11 cDNA expression 
library prepared from human umbilical vein RNA both with 
a monospecific polyclonal antibody to TS and with a mixture 
of synthetic oligomers. We have identified and partially 
characterized a number of cDNA clones for this protein and 
have discovered a significant degree of homology between a 
sequence of 12 amino acids in TS and a highly conserved 
region in malarial circumsporozoite proteins that may mediate 
binding of sporozoites to hepatocyes (Dame et al., 1984). We 
have also used a TS cDNA clone to document that treatment 
of rat aortic SMC with PDGF leads to a rapid, but transient, 
increase in TS mRNA levels. 

MATERIALS AND METHODS 
Anti- Thrombospondin. Rabbit anti-human TS was affin- 

ity-purified on a column of human platelet TS covalently linked 
to Sepharose CL-4B and characterized as described by Wight 
et al. (1985). At a dilution of 1/250, the affinity-purified 
antibody preparation readily detected 50 pg of TS in a sol- 
id-phase assay. 

Construction of a cDNA Library in Xgt 1 1 .  Total RNA 
was extracted from human umbilical vein endothelial cells with 
a solution containing 4 M guanidinium thiocyanate, 25 mM 
sodium citrate, pH 7.0, 0.5% N-laurylsarcosine, 0.1 M 2- 
mercaptoethanol, and 0.2% Antifoam A; the RNA was pu- 
rified as described by Chirgwin et al. (1979). RNA (100 pg) 
was copied into ds-cDNA with reverse transcriptase and DNA 
polymerase I (Buell et al., 1978; Wickens et al., 1978). The 
ds-cDA was purified on an Elutip-D column (Schleicher & 
Schuell, Keene, NH), made blunt-ended by incubation with 
S1 nuclease (Ricca et al., 1981), and treated with EcoRI 
methylase and DNA polymerase I (Klenow fragment) as 
described by Maniatis et al. (1982). After further purification 
on Elutip-D columns, the DNA was ligated to 0.5 pg of 
phosphorylated EcoRI linkers with T4 DNA ligase (Maniatis 
et al., 1982). The mixture was then cleaved with EcoRI and 
fractionated on an 8% acrylamide gel in Tris-borate buffer. 
DNA with a size greater than 1 kilobase (kb) WGS eluted from 
the gel, purified twice on Elutip-D columns, and inserted into 
Xgt 11 phage that had been cleaved with EcoRI and treated 
with phosphatase. A library of approximately 1.5 X lo6  phage 
was produced, 63% of which contained inserts. The library 
was amplified by producing plate lysates at 42 OC on Es- 
cherichia coli Y 1088 (Young & Davis, 1983a). The titer of 
the amplified library was determined to be 8.1 X 1O'O pfu/mL. 

Screening of cDNA Library. The Xgt 1 1 cDNA library was 
screened with anti-TS antibody as described by Young and 
Davis (1983a,b). Phage plaques were transferred to IPTG- 
saturated nitrocellulose. Filters were then blocked with gelatin 
and incubated with anti-TS serum ( 1  /250 dilution) overnight 
at  20 OC. Filters were washed and incubated with HRP- 
conjugated second antibody followed by application of color 
development reagents (Bio-Rad). 

Synthesis of a Mixture of Four 42-Base Oligonucleotides. 
The basis for the synthesis of a mixture of oligonucleotides 
complementary to the noncoding strand of TS cDNA is shown 
in Table I. The sequence of amino acids 11-25 in the hepa- 
rin-binding fragment of human platelet TS, as determined by 
Coligan and Slayter (1984), was chosen as the most favorable 
available sequence for synthesis of a specific oligonucleotide. 
The heparin-binding fragment of TS has been shown to be 
derived from the NH2 terminus of the molecule (Coligan & 
Slayter, 1984; Dixit et al., 1984; Raugi et al., 1984). The 
selection of codons was based on the tendency of human coding 
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sequences to avoid CpG base pairs (Lathe, 1985; Bird, 1981). 
Preferential codon usage (Lathe, 1985) was then used as an 
additional guide to base selection. Finally, deoxyinosine was 
used in positions of greatest ambiguity since this base can pair 
with three bases (A, C, and T) sufficiently well to avoid de- 
stabilization of the duplex DNA (Ohtsuka et al., 1985). The 
next-to-last line in Table I shows the sequences of the four 
42-mers that were synthesized as a mixture. Each 42-mer 
contains four deoxyinosine bases. Oligonucleotide synthesis 
was performed with an Applied Biosystems Model 380A DNA 
synthesizer using phosphoramidite precursors. The deblocked 
oligonucleotide was further purified by electrophoresis through 
a 10% denaturing polyacrylamide gel followed by elution and 
Sephadex G-25 chromatography. For preparation of probes, 
oligonucleotides were labeled with T4 polynucleotide kinase 
(Pharmacia P-L) and [ Y - ~ ~ P I A T P  (Amersham, 7000 Ci/ 
mmol). 

DNA Sequence Analysis. DNA was sequenced by the 
dideoxy procedure (Sanger et al., 1977) with single-strand 
templates (Sanger et al., 1980). Oligonucleotide primers, 18 
nucleotides in length, were used without additional purification 
(Sanchez-Pescador & Urdea, 1984). Data were analyzed with 
software from Intelligenetics, Inc. (Palo Alto, CA). 

SMC Cell Culture. Rat aortic SMC were grown from 
explants and cultured as previously described (Majack & 
Clowes, 1984; Majack et al., 1985). PDGF was obtained from 
E. Raines and R. Ross (University of Washington) and was 
purified on phenyl-Sepharose (Raines & Ross, 1982). Purified 
PDGF showed half-maximal stimulation of [3H]TdR incor- 
poration into Swiss 3T3 cells at 1.0 ng/mL and stimulated 
DNA synthesis maximally in SMC at 10 ng/mL. SMC, 
previously made quiescent by culture in plasma-derived serum 
for 3 days, were exposed to PDGF at 5 ng/mL for timed 
intervals as described by Majack et al. (1985). 

Preparation of R N A  from SMC and Northern Blot 
Analysis. Total cellular RNA was extracted from trypsinized 
SMC with SDS-proteinase K. Purified RNA was denatured 
in 50% formamide at  65 OC and separated on 1.2% agarose 
containing 6.7% formaldehyde. RNA was transferred to 
nitrocellulose and baked at 80 OC for 3 h. Prehybridization 
was in 50% formamide, 6X SSC, 2X Denhardt's solution, 50 
mM Na3P04, pH 7.0, and 0.1 mg/mL yeast tRNA at 5 5  OC 
for 3 h. Nick-translated XTS-33, cloned into pGEM-2, was 
hybridized at  a concentration of 1 X l o 6  cpm/mL at 5 5  "C 
in the same buffer overnight. Nitrocellulose blots were washed 
twice with 2X SSC and 0.1% SDS at 20 OC and twice with 
0.1X SSC and 0.1% SDS at 55 "C. 

Southern Blots. Phage DNA was digested with restriction 
enzymes separated on 1% agarose gels and blotted to Gene 
Screen-Plus (New England Nuclear) or nitrocellulose 
(Schleicher & Schuell). Nick-translated probes were hy- 
bridized to the blot in 6X SSC, 1X Denhardt's solution, and 
0.1% SDS at 68 OC overnight. Generally, 1 X lo7  cpm of 
probe was used together with 1 mg of sheared, denatured 
carrier DNA. The blot was washed repeatedly in 0.1X SSC 
at 52 OC and air-dried. Hybridization with 32P end-labeled 
poly[d(T),,GT] was performed in the same way, but washing 
was at  42 OC. 

RESULTS 
Detection of cDNA Clones by Screening with Anti-TS 

Antibody and with Oligonucleotide Probes. One library 
equivalent, consisting of 7.5 X I O 5  plaques, was screened with 
anti-TS antibody, and several recombinants were identified. 
The positive phages were plaque-purified, and their DNA was 
isolated. The inserted DNA in these phages shows sequence 
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Table I: Svnthetic Oliaodeoxvribonucleotides Used as Hvbridization Probes 
11 25 

Amino acida SER VAL PHE ASP ILE PHE GLU LEU THR GLY ALA ALA TRP LYS GLY 

U 
Codons N GUN uu: GA: AUC uu: G A ~  CUN ACN GGN GCN GCN UGG A A ~  GGN 

No CpG sequence u GUN uuu GA: AUC uuu GA; CUN A C ~  GGA G C ~  GCN UGG A A ~  GGN 

A uu; 
A U G 

G A vu; U 

Preferent i a1 U GAC AUC GAG CU; GCU 
codon usageb (0.72) (0.62) (0 .64 )  (0.60) (0 .86)  (0.65) 

I Subst i tu t ion  o f  
deoxy? nosi  ne 

I I I 

T GTI TTT GAC ATC TTT GAG CT; ACTA G G I  GGT G C I  TGG A A I  GG Best 
01 igonucleot ideC 

3 ’  AAA CTG TAG AAA CTC GA !it d Sequencing primer 

“Sequence from Coligan and Slayter (1984). bThe number in parentheses indicates the fractional codon usage. C A  mixture of four 42-mers was 
synthesized. dPrimer used to establish the nucleotide sequence 5’ to the cDNA sequence recognized by synthetic oligonucleotide. 

A T S - 2 , 4  

K KIEI P IEl P S 8 400 600 
400 1000 

K PJEl Ac A P I  E P s 
I 1000 II 

450 230 580 

FIGURE 1: Thrombospondin cDNA clones identified by antibody 
screening. The heavy line indicates the extent of the cDNA inserted 
in the EcoRI site of Xgt 11. Sites in parentheses indicate restriction 
sites lost during the process of addition of linkers and cloning in the 
vector. The insert in ATS-5 was released by digestion with PVuII and 
EcoRI, purified, and nick-translated. The nick-translated probe was 
hybridized to Southern blots of the other three clones, digested with 
either EcoRI and PVuII or KpnI and SacI, to demonstrate the extent 
of overlap of the cDNA inserts. XTS-2 and -4 appear to be siblings. 
A, AuaI; Ac, A d ;  E, EcoRI; K, KpnI; P, PuuII; Ps, PstI; S ,  SacI. 

homology, indicating that the anti-TS antibody detected a 
specific series of clones. Restriction analysis confirmed the 
relationship of these clones and indicated that the insert in 
XTS-5 could be recloned as a PuuII-EcoRI fragment, 1250 
base pairs (bp) in length. This fragment was subcloned into 
pGEM-2 for further analysis, and a partial restriction map 
of the insert was prepared (Figure 1). 

The 1250-bp PuuII-EcoRI-cleaved fragment of XTS-5, 
labeled by nick translation, was used to probe a Northern blot 
of rat SMC cell RNA. A single mRNA with an estimated 
size of 6.0 kb was identified (data not shown). An mRNA 
of this size could adequately provide for translation of a protein 
of about 1400 amino acids; thus, it is a good candidate for TS 
mRNA. However, since the identity of the antibody-identified 
cDNA clones depended almost entirely on the specificity of 
the antibody preparation, these results needed independent 
verification. 

We4lected to rescreen the Xgt 11 library using an oligo- 
nucleotide probe. This probe was designed with an amino acid 
sequence near the NH2 terminus of the TS chain (Coligan & 
Slayter, 1984) (see Table I for the rationale of oligonucleotide 
development). Approximately 1 X lo6 plaques of an en- 
dothelial cell cDNA library in Xgt 11 were screened with the 
mixture of oligonucleotide probes shown in Table I. The initial 
screen, performed by hybridization in 6X SSC at 42 O C ,  with 

washing in 2X SSC at 37 OC, revealed about 500 positive 
plaques. Surprisingly, most of these phages were still positive 
when the filters were washed in 2X SSC at 55 OC. Ten phages 
were selected and subjected to two additional rounds of plaque 
purification. DNA was isolated from these phages and di- 
gested with EcoRZ. Inserts ranging in size from 1.3 to 1.7 kb 
were released. To determine relationships among these inserts, 
one of them, XTS-33 with an insert size of 1.3 kb, was sub- 
cloned into pGEM-2, and the isolated insert was nick-trans- 
lated. Southern blot analysis indicated that the XTS-33 probe 
hybridized to five other clones of identical length. These six 
clones are probably siblings. In addition, XTS-33 hybridized 
to clone XTS-1211 with an insert length of 1.6 kb and to 
XTS-4119, the insert of which was not released by EcoRI 
digestion. Thus the oligonucleotide probe also detected a 
specific group of clones. 

The insert in XTS-33, subcloned into pGEM-2, was partially 
sequenced in the form of double-stranded DNA with the 
primer indicated on the last line of Table I. The sequence 
upstream of the primer translated to the amino acid sequence 
Asn-Arg-Ile-Pro-Glu-Ser-Gly-Gly-Asp-Asn-Ser, matching 
exactly the amino-terminal sequence of human TS (Coligan 
& Slayter, 1984; Dixit et al., 1984; Raugi et al., 1984). This 
sequence unequivocally identifies XTS-33, and the other clones 
with which this clone hybridizes, as authentic TS cDNA 
clones. 

The nick-translated 1.3-kb insert of XTS-33, cloned into 
pGEM-2, was then used in Northern blot analysis of rat aortic 
SMC RNA. An mRNA identical in size with that found with 
the antibody-identified XTS-5 probe was identified (see Figure 
3). This finding strongly supports the conclusion that the 
antibody-identified clones are also TS clones. Since there was 
no cross-hybridization between the synthetic oligomer- and 
antibody-identified clones, the lattei are most probably derived 
from a more 3’ region of the TS mRNA. To determine 
whether the antibody-identified clones included the poly(A) 
sequence in TS mRNA, the pGEM-2 plasmid that contained 
the cDNA insert from XTS-5 was digested with the combi- 
nations of enzymes HindIII-AuaI, EcoRI-Ad,  and 
HindIII-AccI. The Hind111 site exists in the polylinker region 
of pGEM-2 just upstream of the altered EcoRI site in XTS-5. 
The digests were resolved on a 1.5% agarose gel and trans- 
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A 

1.35- 
1.08- 
0.87- 

0.60- 

T H R O M B O S P O N D I N  

B 

-0.62 
-0.53 
.0.40 
'0.31 

1 2 3  1 2 3  
FIGURE 2: (A) Agarose (1.5%) gel electrophoretogram of restriction 
enzyme digests of the 1260-bp insert of XTS-5, excised with EcoRI 
and hiull  (see Figure I )  and cloned into the EcoRI and HinclI sites 
of pGEM-2. (Lane 1) Hind l I l -Ad :  (lane 2) EoRI-Aual; (lane 
3) Hindlll-Accl. Molecular weight markers (in kb) were obtained 
by digestion of 6X 174 with Haelll and pBR with Mspl.  The gel 
was stained with ethidium bromide. (6 )  Southern blot. DNA from 
a gel identical with that shown in anel A was transferred to nitro- 
cellulose paper and probed with 'P end-labeled poly[d(T),,GT]. 

- 00  - -6.0kb 

28 s- 

18s- 

0 1 2 4 8 hours 

FIGURE 3: Northern blot analysis of RNA from PDGF-treated SMC. 
A total of 20 sg of RNA from control SMC, and SMC treated with 
PDGF for 1-8 h. was electrophoresed on 1.2% agarose and transferred 
to nitrocellulose paper. Blots were probed with the nick-translated 
1.3-kb insert of ATS-33 as described under Materials and Methods. 
The positions of 28s and 18s ribosomal RNA markers were deter- 
mined by ethidium bromide staining. 

ferred to nitrocellulose, and the blot was probed with 32P 
end-labeled poly[d(T),,GT]. As shown in Figure 2, the 
poly(A) sequence in TS mRNA appeared to be located in the 
450 bases separating the Hind111 and Ace1 sites, since only 
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the HindIII-AccI and HindIII-AuuI fragments hybridized to 
the probe. 

Induction of TS mRNA by PDGF. The expression of TS 
is influenced by PDGF. It has been shown that TS protein 
increases in SMC treated with PDGF (Majack et al., 1985). 
We have explored whether this increase is a result of increased 
TS mRNA levels. SMC, made quiescent by culture in 
plasma-derived serum, were treated with PDGF a t  5 ng/mL 
for (t8 h, and total RNA was then prepared from cell layers. 
RNA was resolved on formaldehyde-agarose gels and trans- 
ferred to nitrocellulose, and the blot was probed with the 
nick-translated 1.3-kb XTS-33 insert. As shown in Figure 3, 
there was a substantial induction of TS mRNA by PDGF. TS 
mRNA levels peaked 2-4 h after PDGF treatment and were 
substantially reduced 8 h after addition of the growth factor. 
This response agrees well with the kinetics of the response of 
metabolically labeled TS to PDGF (Majack et al., 1985). 
Thus it is likely that the increase in TS protein levels seen after 
PDGF treatment results principally, if not entirely, from in- 
creased levels of TS mRNA. Nuclear runon experiments are 
in progress to determine whether the observed increase in 
mRNA results from an increase in the rate of TS gene tran- 
scription or from increased mRNA stability. 

Nucleotide Sequence of the 1.3-kb XTS-33 cDNA Insert. 
The strategy used to determine the DNA sequence of XTS-33 
is shown in Figure 4; the nucleotide sequence of the 1290 bases 
comprising the insert, together with the translated amino acid 
sequence, is shown in Figure 5. The previously determined 
NH,-termiual amino acid of TS (Asn) is found at amino acid 
I .  The subsequent 24 translated amino acids agree with the 
sequence determined on the heparin-binding fragment of TS 
by Coligan and Slayter (1984), with the exception of amino 
acid 23 for which the translated amino acid is Arg instead of 
Trp. Preceding the sequence of the mature protein is a typical 
highly hydrophobic signal sequence of 18 amino acids. The 
putative initiating ATG codon (bases 100-102) is preceded 
by the sequence ACC and followed by the sequence GG, 
providing a favorable context for initiation of translation as 
suggested by the consensus sequences compiled by Kozak 
(1984). Codon usage does not differ significantly from the 
most frequently used codons in translated human DNA 
(Lathe, 1985). 

The sequence in Figure 5 includes 99 bases of 5' untrans- 
lated sequence. Although translation is possible in all three 
reading frames, there are no ATG codons in this sequence; 
we therefore presume that translation starts with the synthesis 
of the putative signal sequence (amio acids -18 to - I ) .  The 
open reading frame described in Figure 5 correctly predicts 
the amino-terminal sequence of mature thrombospondin 
(amino acids 1-25) as well as the sequence of 11 amino acids 
(241-251) previously determined by Calvin et al. (1985) a t  

EamH I Nor I Sma I PVU II P.1 I Pat I 
I I I I I I 

I 3' 
200 400 800 800 1000 1200 ' 5' I 

- a .9 a c-) --- 
FIGURE 4 Sequencing strategy. The human TS clone ATS-33, 1.29 kb in length, was cloned into M13, and the sequence was obtained on 
both strands with single-stranded templates. The beginning of each arrow indicates the location of hybridization of a synthetic oligonucleotide 
used to prime the sequencc reaction. Major restriction enzyme sites are shown. 
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30 60 90 
GMrrccGcG m= CT- GTACACACffi GATWXtX  GGUXXMC 

120 150 180 - 
ATG GGG CTG GTG 
Met Gly Leu Ala Trp G ly  Leu Gly  Val Leu Phe Leu Met His Val Cys Gly  Thr Asn Arg I l e  Pro Glu Ser Gly  Gly Asp Asn Ser Val 
-18 -10 1 10 

m GAC ATC m GM CTC AM: GGG GCC GCC 

TGG GGA CTA GGC GTC CTG lTC CTG ATG CAT GTG TGT GGC NX MC CGC ATT CCA GAG TCT GGC GGA GN: AIy: 

210 240 270 
MG GGG TCT GGG CGC CGA CTG GTG MG GGC ax GAC CCT nr: AGC CCA GCT TTC CGC 

Phe Asp I l e  Phe Glu Leu Thr Gly Ala Ala Arg Lys Gly Ser Gly Arg Arg Leu Val Lys Gly Pro Asp Pro Ser Ser Pro Ala phe Arg 
20 30 40 

300 330 360 
ATC G& GAT GCC MC CTG ATC ax CCT GTG CCT GAT GM MG lTC C M  GM CTG GTG GAT GCT GTG fXG GCA GM MG 66T CTC C l l  
I l e  Glu Asp Ala Asn Leu I l e  Pro Pro Val Pro Asp Asp Lys Phe Gln Asp Leu Val Asp Ala Val Arg A la  Glu Lys Gly Phe Leu Leu 

50 60 70 

390 420 450 
CTG GCA Tcc CTG K G  CN; ATG MG MG NX fXG GGC ACG CTG CTG GCC CTG GAG CGG MA GAC CAC TCT GGC CN; GTC TIE GTG GTG 
Leu A la  Ser Leu Arg Gln Met Lys Lys Thr Arg Gly Thr Leu Leu Ala Leu Glu Arg Lys Asp H i s  Ser G ly  Gln Val Phe Ser Val Val 

80 90 110 

480 5 10 540 
Tcc M T  GGC MG GCG GGC AM: CTG GAC CTC AGC CTG NX GTC C M  GGA MG C f f i  CAC GTG GTG TCT GTG GM G M  GCT CTC cT6 Gt.3 
Ser Asn Gly  Lys Ala G ly  Thr Leu Asp Leu Ser Leu Thr Val Gln Gly  Lys Gln His  Val Val Ser Val Glu Glu Ala Leu Leu A la  Thr 

110 120 I30 

57 0 600 630 
GGC CAG TGG MG MX ATC Nx: CTG l l l  GTG CN; G M  GAC AGG GCC CAG CTG TAC ATC GM TGT GM AN3 AT6 GN3 M T  GCT G M  l l G  G K  
Gly Gln Trp Lys Ser I l e  Thr Leu Phe Val Gln Glu Asp Arg Ala Gln Leu Tyr I l e  Asp Cys Glu Lys Met Glu Asn A la  Glu Leu k i p  

140 150 160 

660 6% 1020 
GTC ATC C M  AGC GTC TTC AM: N;A GM CTG GCC AGC ATC GCC AGA CTC CGC ATC GCA M G  GGG GGC GTC M T  GN: M T  lTC cA6 66G 
Val Pro I l e  Gln Ser Val Phe Thr Arg Asp Leu Ala Ser I l e  A la Arg Leu Arg I l e  A la Lys Gly  Gly  Val Asn Asp Asn Phe Gln G ly  

170 180 190 

750 780 810 
GTG CTG Cff i  M T  GTG &G m GTC T l T  GGA Acc ACA CCA GM GAC ATC CTC AGG MC MA GGC TGC TCC TCT KC f f iT GTC CTC CTC 
Val Leu Gln Asn Val Arg Phe Val Phe Gly  Thr Thr Pro Glu Asp I l e  Leu Arg Asn Lys Gly  Cys Ser Ser Ser Thr S e t  Val Leu Leu 

200 210 220 

840 870 900 
Kx: CTT GN: Mc MC GTG GTG M T  GGT TCC AGC CCT GCC ATC CGC ACT MC TAC A l l  GGC CAC MG N:A MG GN: l T G  C M  GCC ATC TGC 
Thr Leu Asp Asn Asn Val Val Asn Gly  Ser Ser Pro Ala I l e  Arg Thr Asn Tyr  I l e  Gly His  Lys Thr Lys Asp Leu Gln Ala I l e  Cys 

BO 240 250 

930 %O 990 
GGC ATC Tcc TGT GAT GA6 CTG TCC AGC ATG GTC CTG GM CTC AGG GGC CTG CGC Acc ATT GTG Acc NX CTG CAG GM AGC ATC c8c MA 
Gly I l e  Ser Cys Asp Glu Leu Ser Ser M e t  Val Leu Glu Leu Arg Gly  Leu Arg Thr I l e  Val Thr Thr Leu Gln Asp Ser I l e  Arg Lys 

260 270 280 

1020 1050 1080 
Gn; NX GM G& Mc MA GAG l l G  GCC M T  GAG CTG AGG CGG CCT CCC CTA TGC TAT CN: MC GGA G l l  CN; TN: N3 M T  Mc GAG GM 
Val Thr Glu Glu Asn Lys Glu Leu Ala Asn Glu Leu Arg Arg Pro Pro Leu Cys Ty r  H i s  Asn Gly Val Gln Ty r  Arg Asn Asn Glu Glu 

290 300 310 

1110 1140 1170 
n;G M GTT GAT Mc TGC K f  GAG TGT CAC TGT CAG Mc TCA G l l  KC ATC TGC MA MG GTG Tcc TGC CCC ATC ATG CCC TGC Tcc M T  
Trp Thr Val Asp Set Cys Thr Glu Cys H i s  Cys Gln Asn Ser Val Thr I l e  Cys Lys Lys Val Ser Cys Pro I l e  Met Pro Cys Ser Asn 

320 330 340 

1200 1230 
GCC NY G l l  CCT GAT GGA GM TGC TGT CCT CGC TGT TGG ax Mc GN: TCT GcG GM GAT GGC TGG TCT CCA TGG 
Ala Thr Val Pro Asp Gly Glu Cys Cys Pro Arg Cys Trp Pro Ser Asp Ser Ala Asp Asp Gly  Trp Ser Pro Trp 

350 360 370 

FIGURE 5 :  Nucleotide sequence of cDNA clone XTS-33 and its predicted amino acid sequence. The amino acid sequence corresponding to 
the mature protein is numbered from 1 to 379, and the amino acid sequence that corresponds to the signal peptide is represented by minus 
numbers. The overlined sequence corresponds to the sequence recognized by a mixture of four 42-mers synthesized on the basis of the amino 
acid sequence published by Coligan and Slayter (1984). The amino acid sequence within the box shows a high degree of homology with malarial 
circumsporozoite proteins. 

the NH2 terminus of a chymotrypsin-produced fragment of "*-terminal heparin-binding domain in the studies of Galvin 
TS ( M ,  120000 per chain). The cDNA cloned in XTS-33 can et al. (1985), and a similar fragment was identified by Lawler 
therefore be identified unequivocally as coding for human TS. et al. (1985). The amino-terminal heparin-binding domain 
Mumby et al. (1 984) have identified a chymotrypsin-produced contains approximately 275 amino acids and very little cysteine 
fragment of TS ( M ,  70000 per chain) that retains an affinity (Dixit et al., 1984). The amino acid sequence in Figure 5 
for type V collagen and is interchain disulfide bonded. This supports this composition since only four cysteines are present 
fragment has been placed on the COOH-terminal side of the in the first 299 amino acids, whereas the last 80 amino acids 
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Thrombospondin 

- P. falciparum 

- P. knowlesi 

CYS SER 

CYS SER 

CYS SER 

V O L .  2 5 ,  N O .  26, 1 9 8 6  8423 

FIGURE 6: Comparison of homologous amino acid sequences from thrornbospondin (this work; amino acids 368-379, Figure S ) ,  the circumsporozoite 
protein of P.fulcipurum (Dame et al., 1984; amino acids 344-355), and the circumsporozoite protein of P. knowlesi (Ozaki et al., 1983; amino 
acids 296-307). Boxed amino acids are identical in all three proteins, and underlined amino acids are identical in two of the three proteins 
with a conservative substitution in the third protein. 

in the sequence contain 12 cysteines. The amino acid sequence 
300-379 (Figure 5) may therefore represent the region of a 
proposed interchain disulfide bond knot in TS (Galvin et al., 
1985; Lawler et al., 1985). 

DISCUSSION 
The antibody-identified and synthetic oligomer identified 

cDNA clones described in this study are presumed to represent 
the 5’ and 3’ regions of the human TS mRNA, respectively. 
Together they encompass approximately two-thirds of the 
coding sequence in this mRNA. The 5’ clone, XTS-33, for 
which the sequence is given in Figure 5, can be identified 
unambiguously as a TS cDNA clone since the DNA sequence 
predicts previously determined TS amino acid sequences. The 
identity of the 3’ clones is based on their isolation from a 
cDNA expression library with highly specific anti-TS anti- 
bodies and their hybridization to an mRNA with the same 
apparent molecular weight (-6.0 kb) as that identified by 
documented 5’ TS clones in Northern blot analyses. Since only 
one size species of mRNA can be identified by probes rep- 
resenting both the 5‘ and 3’ ends of the mRNA, we can con- 
clude that alternate splicing of mRNA precursors does not 
occur or, if it does, that the final products are of similar size. 

It is of interest that almost 500 positive clones were identified 
in an initial screen of approximately 1 X lo6 plaques with the 
mixture of 42-mers indicated in Table I. Thus, TS appears 
to be a relatively high abundance mRNA in human endothelial 
cells. The mixture of synthetic 42-mers, derived according 
to the simplifying assumptions outlined in Table I, is identical 
with the DNA sequence of bases 186-227 (overlined in Figure 
5) in 3 1 of 42 positions. Bases 187-209 provide an exact fit 
with only one mismatch plus the substitution of one deoxy- 
inosine for deoxyguanine. This accounts for hybridization to 
TS mRNA even under conditions of high stringency. 

Human umbilical vein endothelial cells grown in the pres- 
ence of serum produce substantial amounts of TS (Sage & 
Bornstein, 1982). Nevertheless, the relatively high levels of 
TS mRNA present in the RNA used to construct the human 
umbilical vein endothelial cell library probably did not result 
from the action of PDGF since these cells lack PDGF receptors 
(Bowen-Pope et al., 1985). Umbilical vein and other en- 
dothelial cells do not require exogenous PDGF for growth, 
although these cells release growth-promoting activity into their 
culture medium, part of which is neutralized by monospecific 
antibodies to PDGF [reviewed by Ross et al. (1986)l. TS gene 
expression may therefore be constitutively elevated in umbilical 
vein endothelial cells. 

In contrast, as shown in Figure 3 (lane l ) ,  TS mRNA is 
nearly undetectable in quiescent rat aortic SMC, whereas 
PDGF treatment resulted in a rapid but transient increase 
(lanes 2-5). Peak levels of mRNA were achieved between 2 
and 4 h after addition of PDGF. This time course of induction 
parallels the increase in TS protein production observed in 
these cells after PDGF treatment (Majack et al., 198.5). The 
kinetics of TS mRNA induction (or stabilization) by PDGF 

differ from those of a number of growth-related mRNAs that 
are maximally induced within 20-30 min after exposure of 
cells to serum or growth factor. These mRNAs, which have 
been termed “immediate early” RNAs, include c-myc and c-fos 
and a large number of uncharacterized genes (Lau & Nathans, 
1985). Immediate early RNAs share the property of being 
superinducible when cycloheximide is added together with the 
growth factor; Le., inhibition of protein synthesis appears to 
enhance transcription or stabilize this mRNA [see Lau and 
Nathans (1985) for a discussion]. In contrast, preliminary 
experiments (S. Kobayashi and P. Bornstein unpublished re- 
sults) suggest that the presence of cycloheximide prevents the 
appearance of the elevated TS mRNA levels observed with 
PDGF. PDGF may therefore stimulate the synthesis or ac- 
tivity of a protein whose presence is required for elevated TS 
mRNA levels. We have recently isolated TS genomic clones 
and plan to investigate this question at the level of the TS gene. 

Although only a third or less of the coding sequence for TS 
has been established in this study, we have attempted to de- 
termine whether significant homologies exist with other known 
DNA and protein sequences. No significant homologies were 
found with other matrix and heparin-binding proteins such as 
fibronectin and vitronectin. In particular, the internal hom- 
ologies observed in the amino acid sequence of the fibronectin 
chain (Petersen et al., 1983) do not occur in this region of TS. 
A surprising homology was discovered between the last 12 
amino acids coded by the XTS-33 cDNA clone and amino acid 
sequences found in the immunodominant circumsporozoite 
surface proteins of the malarial parasites Plasmodium fal-  
ciparum and Plasmodium knowlesi. These sequences are 
shown in Figure 6. Of the 12 amino acids, 7 (including 2 
cysteines and 1 tryptophan) are identical with amino acids in 
the sporozoite proteins, and of the remaining 5, two represent 
serine for threonine substitutions. Although limited regions 
of the proteins are involved, these homologies may be sig- 
nificant since this sequence is one of only two that are highly 
conserved when the P. falciparum and P. knowlesi proteins 
are compared. It has been suggested that this conservation 
may reflect an important biological function such as adherence 
to liver cells prior to invasion by the malarial parasite (Dame 
et al., 1984). Conceivably, the corresponding region in TS 
may be involved in binding of this protein to cell surfaces. 

A possibly related finding by Roberts et al. (1985b) presents 
evidence that TS may mediate cytoadherence of erythrocytes 
that have been parasitized by P. falciparum. In infected 
erythrocytes, malarial parasites are in the form of trophozoites 
and schizonts, whereas the circumsporozoite proteins are ex- 
pressed only in the sporozoite stage of the life cycle of the 
parasite (Roberts et al., 1985b; Ozaki et al., 1983). The ability 
of TS to bind to parasitized erythrocytes has been correlated 
with the presence of a high molecular weight malarial protein, 
which appears on the surface of the infected red blood cells 
and is responsible for the “knobby” phenotype (Leech et al., 
1984; Roberts et al., 1985b). Conceivably, the ability of TS 
to bind to red cells containing the knobby (K’) strain of 
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malarial parasites is unrelated to the homology that we de- 
scribe with the sporozoite proteins. Further work is clearly 
required to clarify this point and to ascertain whether the 
homology to malarial proteins is related to the interaction of 
TS with fibroblasts and other cells. 

Shortly prior to submission of this paper for publication, 
Dixit et a]. (1986) reported the characterization of a partial 
human TS cDNA clone. The sequence reported by Dixit et 
al. (1986) is identical in its coding region with that reported 
by us but lacks the DNA coding for the last 25 amino acids 
in Figure 5 and therefore lacks the region that demonstrates 
homology to the sporozoite proteins. A minor discrepancy 
exists in the 5' untranslated region in that the sequence for 
nucleotides 43-48 is reported by Dixit et al. to be CCCGGG. 
The sequence CCCGGC was shown to be correct by selective 
restriction enzyme digestion. Finally, Dixit et al. identified 
an mRNA of - 8 kb in human fibroblast RNA by Northern 
blot analysis. The discrepancy with a size of -6 kb reported 
in this paper for rat aortic SMC RNA may reflect cell and 
species differences or may have a technical basis. 

ADDED IN PROOF 

Further analysis of the partial amino acid sequence of TS 
reveals a significant homology to a sequence in the globular 
NH2-terminal domain of human type I procollagen (Chu et 
al., 1984). With the introduction of one gap in the TS se- 
quence, amino acids 300-354 (Figure 5) align with amino acids 
40-95 in procollagen. Of 55 amino acids 22 are identical, 
including all 10 cysteines. This finding strongly suggests a 
similarity in protein folding in these regions of the two proteins. 
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Expression of Apoaequorin Complementary D N A  in Escherichia colit 
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ABSTRACT: Aequorin is a photoprotein that reacts with Ca2+ to yield light, C 0 2 ,  and a blue fluorescent 
protein. The blue fluorescent protein is dissociable into apoaequorin and a small organic molecule, co- 
elenteramide. Cloning and sequence analyses of the cDNA for apoaequorin show that it is made up of 189 
amino acid residues and contains three Ca*+-binding sites. Various expression plasmids for apoaequorin 
cDNA were constructed and expressed in Escherichia coli. One plasmid, piQ5, was found to give excellent 
expression in E .  coli D1210 and BNN103. Best expression was obtained when the growth temperature 
was shifted from 37 to 42 O C  immediately after the addition of inducer (isopropyl P-D-thiogalactopyranoside) 
to the culture medium. Aequorin was regenerated from the expressed apoaequorin by incubating with 
coelenterazine, 2-mercaptoethanol, and ethylenediaminetetraacetic acid. The results show that large amounts 
of apoaequorin may be prepared by the procedure described. 

A e q u o r i n  is a chromophore-containing protein present in 
the outer margin of the umbrella of the jellyfish, Aequorea 
victoria (Shimomura et al., 1962, 1963). When mixed with 
a trace amount of Ca2+, aequorin undergoes an intramolecular 
oxidation reaction, yielding as products light (A,,, = 470 nm), 
C02,  and a blue fluorescent protein [Shimomura et al., 1962, 
1963, 1974; for a review, see Johnson and Shimomura (1978)l. 
Because aequorin has a high specificity for Ca2+, it has been 
used as a biological indicator of Ca2+ (Blinks et al., 1978). 
The blue fluorescent protein may be dissociated into apoae- 
quorin (apoprotein) and coelenteramide by gel filtration or 
by treatment with acid or ether (Shimomura & Johnson, 
1976). Coelenteramide, the product of the oxidation of the 
chromophore coelenterazine, serves as the emitter in the re- 
action (Shimomura & Johnson, 1973). Aequorin may be 
regenerated from apoaequorin by incubation with coelenter- 
azine, 2-mercaptoethanol (2-ME),I and ethylenediamine- 
tetraacetic acid (EDTA) (Shimomura & Johnson, 1975). 

Recently, the cDNA for apoaequorin has been cloned and 
the primary structure of the protein deduced from the nu- 
cleotide sequence (Inouye et al., 1985). The primary structure 
has also been determined by sequencing the protein (Char- 
bonneau et al., 1985). Apoaequorin is composed of 189 amino 
acid residues, has a molecular weight of 21 400, and has three 
EF hand structures that are characteristic of Ca2+-binding 
sites. Electron paramagnetic resonance and proton nuclear 
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f Kyushu University. 
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magnetic resonance investigations have also been carried out 
on aequorin in order to understand the molecular mechanism 
of the light-emitting reaction (Kemple et al., 1984; Ray et al., 
1985). Although crystal structure studies have not yet been 
performed on aequorin, recently several Ca2+-binding proteins 
have undergone such studies (Herzberg & James, 1985a,b; 
Babu et al., 1985; Sundralingam et al., 1985). In order to 
carry out analogous studies on aequorin, and even to develop 
better methods for using aequorin in Ca2+ assay, relatively 
larger amounts of aequorin are necessary than are presently 
available. Site-directed mutagenesis studies also require amino 
acid substitutions to be made and the modified protein pro- 
duced in sufficient amounts for further study. In order to meet 
these requirements, a study of the expression of cDNA for 
apoaequorin in Escherichia coli was undertaken. This paper 
describes procedures for obtaining good expression of the 
cDNA and for regenerating aequorin from apoaequorin. 

MATERIALS AND METHODS 
Bacterial Strains and Plasmids. The E.  coli strains used 

were JM83 (Vieira & Messing, 1982), D1210 carrying lacIq 
and lacy (deBoer et al., 1983), and a protease-deficient strain 
BNN103 (Young & Davis, 1983). The plasmids employed 
were pUC9 (Vieira & Messing, 1982) and pUC9-1 and 
pUC9-2 (Hanna et al., 1984). Plasmid pDR540 (Russell & 
Bennet, 1982) was used as a source of the tac promoter and 
was obtained from P-L Biochemicals. 

Enzymes and Chemicals. All restriction endonucleases, E .  
coli T4 DNA ligase, Klenow enzyme (from DNA polymerase 
I), and T4 polynucleotide kinase were purchased from Takara 

I Abbreviations: EDTA, ethylenediaminetetraacetic acid; Tris, tris- 
(hydroxymethy1)aminomethane; PIPES, piperazine-N,N'-bis(2-ethane- 
sulfonic acid); 2-ME, 2-mercaptoethanol; IPTG, isopropyl P-o-thio- 
galactopyranoside; bp, base pair(s). 
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