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Cloning and expression of human tissue-type

plasminogen activator cDNA in E. coli
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Bacterial clones containing human tissue-type plasminogen activator (t-PA) cDNA sequences were identified in a cDNA
library prepared using gel-fractionated mRNA from human melanoma cells. A plasmid containing the Escherichia coli
trp promoter and the cDNA sequence coding for the 527-amino acid mature t-PA protein was constructed for expression
in E. coli. A polypeptide was produced having the fibrinolytic properties characteristic of authentic human t-PA.

MAMMALIAN plasma contains an enzymatic system capable
of dissolving the fibrin in blood clots. One component of this
fibrinolytic system, plasminogen activators, generates the active
enzyme plasmin by limited proteolysis of the zymogen plas-
minogen. Plasmin then degrades the fibrin network of a clot to
form soluble products*?,

There are two drugs commercially available for thrombolytic
therapy which function as plasminogen activators®: strepto-
kinase, a bacterial protein, and urokinase, a serine protease
isolated from human urine. Thrombolysis with these substances,
however, is associated with systemic activation of plasminogen
which can produce indiscriminate digestion of coagulation pro-
teins, and significantly increase the risk of haemorrhage during
treatment®>.

Plasminogen activators have been extracted from normal and
tumour tissues and are produced by certain cells in culture®.
The plasminogen activators derived from these sources have
been classified into two major groups, urokinase-type plas-
minogen activators (u-PA) and tissue-type plasminogen
activators (t-PA), based on differences in their immunological
properties. (The abbreviations t-PA and u-PA are those pro-
posed at the XXVIII Meeting of the International Committee
on Thrombosis and Hemostasis, Bergamo, Italy, 27 July 1982.)
Recently, a human melanoma cell line has been identified which
secretes t-PA. Characterization of this melanoma plasminogen

activator has shown it to be indistinguishable both immunologi-
cally and in amino acid composition from the plasminogen
activator isolated from normal human tissue’.

Several studies in vitro® ™! and in vivo'*'* which used t-PA
purified from the melanoma cell line, have demonstrated its
higher affinity for fibrin compared with urokinase-type plas-
minogen activators. This higher affinity may explain the fact
that no systemic activation of plasminogen has been observed
to accompany t-PA treatment’>™'>. Preliminary studies in two
patients with renal and iliofemoral thrombosis have demon-
strated the clinical potential of t-PA as a thrombolytic
agent'®,

More extensive investigation of human t-PA as a potential
thrombolytic agent has been hampered by its extremely low
concentration in blood, tissue extracts, vessel perfusates and
cell cultures. The production of t-PA using recombinant DNA
techniques should provide sufficient quantities to examine its
clinical usefulness in the treatment of pulmonary embolism,
deep vein thrombosis, heart attacks and strokes. We report
here the isolation and DNA sequence of two recombinant
cDNA clones which between them contain the entire coding
sequence of human t-PA. We also describe the construction of
an expression plasmid which directs the synthesis in E. coli of
a polypeptide having the fibrinolytic activity of authentic human
t-PA.
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Fig.1 Immunoprecipitation of melanoma t-PA produced in vivo.
A, t-PA 1gG immunoprecipitation; B, aprotinin and t-PA IgG
immunoprecipitation; C, non-immune IgG immunoprecipitation.
Methods: The Bowes melanoma cell line® was cultured to
confluency in a 24-well microtitre dish in Earle’s minimal essential
medium (EMEM) supplemented with 0.12% sodium bicarbonate,
2 mM glutamine and 10% heat-inactivated fetal calf serum. The
cells were washed once with phosphate-buffered saline, and 0.3 ml
of serum-free methionine-free EMEM was added to each well.
35§.methionine (75 .Ci; Amersham) was added and the cells were
labelled at 37°C for 3 h in the presence or absence of 0.33 pM
aprotinin (Trasylol; FBA Pharmaceuticals). After the 3-h labelling
period, the medium was removed from the cells and incubated
with either t-PA-specific rabbit IgG or non-immune rabbit IgG
for immunoprecipitation”. The immunoprecipitated products
were displayed by electrophoresis on a 10% SDS-polyacrylamide
gel®®. The slab gel was fixed, dried and subjected to fluorography®.
Antisera against tissue-type plasminogen activator were raised in
rabbits by multiple-site intradermal injections of 100 ug of purified
protein dissolved in 0.5 ml of saline and emulsified with 0.5 ml of
complete Freund’s adjuvant. Booster injections of 50 ng were
given at 2-week intervals and serum was collected after the second
or third booster. The IgG fractions of the antisera were isolated
by affinity chromatography on protein A-Sepharose and dialysed
against 0.15 M NaCl solution.

Table 1 Plasminogen activation by extracts of E. coli

E. coli W3110 Units per
transformed by Treatment AA4os Ass cells
pt-PAtrpl2 — 0.657 2.9
pt-PAtrp12 Non-immune IgG  0.665 2.9
pt-PAtrp12 t-PA IgG 0.059 0.26
pLeIFAtrp103 — 0.055 0.25

E. coli cultures were grown and extracts prepared as described in
Fig. 5 legend. A 20-ul aliquot of each extract was incubated at 37 °C
for 10 min with 0.15ml of a 50 mM Tris-HCI pH 7.4, 12 mM NaCi
solution containing 0.37mgmi ~ plasminogen and 2.6 mg mi™!
fibrinogen. 0.35 ml of a 1 mM solution of $2251 (Kabi) in the above
buffer was added and the reaction continued for 5-30 min at 37 °C.
Acetic acid was added to a final concentration of 0.8 M to stop the
reaction. The samples were centrifuged and absorbance at 405 nm
measured. Where indicated, ~30 ug of either rabbit non-immune IgG
or t-PA-specific IgG was added to the initial incubation. Units were
defined by comparison to a urokinase standard (Calbiochem). The
published specific activity of pure t-PA is ~60,300 PU-mg " (refs 7, 46).

ARTICLES =

Immunological characterization of t-PA
and mRNA isolation

To characterize the plasminogen activator species secreted from
the Bowes human melanoma cell line’, confluent monolayers
of the cells were grown and the proteins labelled for 3 h with
35§-methionine. The cell medium was immunoprecipitated with
t-PA-specific rabbit IgG and electrophoresed on a SDS-poly-
acrylamide gel. Three different forms of melanoma t-PA were
observed having molecular weights (MWs) of ~65,000 (65K),
63K and 35K -(Fig. 14). These three species correspond to
those observed following electrophoresis and Coomassie blue
staining of purified melanoma t-PA (data not shown). When
the protease inhibitor, aprotinin, was added during the 3-h
labelling period, only the 65K and 63K MW species were
observed (Fig. 1B). Aprotinin has been shown previously to
prevent the processing of single-chain t-PA to the two-chain
form’. No immunoprecipitated polypeptides were observed
when non-immune rabbit IgG was substituted for t-PA-specific
1gG (Fig. 1C).

To determine whether the 65K and 63K MW species are
related forms of t-PA, limited peptide mapping was performed
using staphylococcal V8 protease'®!”. Analysis of the peptides
on SDS-polyacrylamide gels revealed that the two species are
closely related in peptide composition, one probably being a
derivative of the other (data not shown). The molecular weight
difference might be due to a variation in carbohydrate composi-
tion or to the presence of an additional peptide in the 65K
species. However, on sequence analysis both forms were found
to have the same N-terminal amino acid sequence (W.J.K. and
R.N.H., unpublished results).

The Bowes melanoma cell line was used as the source of
RNA for cDNA cloning experiments. Polyadenylated RNA
was prepared'® and fractionated by electrophoresis through
urea-agarose gels'>?" to enrich for t-PA mRNA. Aliquots of
the individual mRNA fractions were assayed for the presence
of t-PA mRNA by in vitro translation in a rabbit reticulocyte
lysate system?? supplemented with dog pancreas microsomes>.
The resulting translation products were immunoprecipitated
with t-PA-specific IgG and analysed by SDS-polyacrylamide
gel electrophoresis (Fig. 2A). One major polypeptide having
~63,000 MW was observed for both RNA fractions 7 and 8.
This band was not observed when non-immune rabbit IgG was
used for immunoprecipitation (Fig. 2B, lanes a and d) of either
total RNA or gel slice 7 RNA translation products, which
suggested that the polypeptide was t-PA. The size of the nRNA
in fractions 7 and 8 is ~21-24S (2,400-2,700 nucleotides).

Construction and identification of bacterial
clones containing t-PA ¢cDNA sequences

RNA from gel slice 7 (Fig. 2A) was used to prepare double-
stranded cDNA by standard procedures®***. The cDNA was
fractionated by size, and material longer than 350 base pairs
(bp) was extended with deoxy(C) residues, annealed to
deoxy(G)-tailed PstI-cleaved pBR322, and used to transform
E. coli K-12 strain 294 (ref. 26) as previously described?’;
~4,600 transformants were obtained (see legend to Fig, 2B).

To prepare a specific DNA hybridization probe, we deter-
mined the amino acid sequences of several tryptic fragments
of t-PA purified from melanoma cells (W.J.K. and R.N.H,,
unpublished results). This information permitted the design of
synthetic deoxynucleotides potentially complementary to a
specific region of t-PA mRNA. The amino acid sequence
(Trp-Glu-Tyr-Cys-Asp) of a region of a purified tryptic
peptide was selected for preparation of a probe because it
required the synthesis’’ of only eight tetradecanucleotides
(dTCACAATASTCCCA) to account for all possible anti-coding
sequences. This pool of 14-mers was labelled with *?P and used
to screen the 4,600 cDNA clones by in situ colony hybridiz-
ation?®, Plasmid DNA was isolated”® from 12 colonies that gave
a positive hybridization signal. DNA sequencing was performed
on the cDNA inserts from each of these clones by the dideoxy
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chain termination procedure® after subcloning fragments into
the M13 vector mp7 (ref. 31), or by the Maxam-Gilbert
chemical procedure®?. Only one cDNA insert, that of colony
25E10, contained sequences which could code for the amino
acid sequence of the tryptic peptides of melanoma t-PA (W.J.K.
and R.N.H., unpublished results). The cDNA insert of plasmid
pPA25E10 was sequenced and found to be 2,304 bp long. The
sequence (beginning with nucleotide 243 of Fig. 3B) contains
an open reading frame encoding a protein of 508 amino acids
and a 745-bp 3' untranslated region.

Preparation of a colony library containing
NH.-terminal t-PA sequences

The cDNA clone pPA25E10 was not a full-length copy of t-PA
mRNA as it lacked the t-PA NH,-terminal coding sequences
determined by amino acid sequencing of the purified protein.

Therefore, it was necessary to produce cDNA clones containing
the 5’ portion of the t-PA mRNA. A 16-base long deoxy-

Fig. 2 A, gel electrophoresis of immunoprecipitated products from in
vitro translation of gel-fractionated RNA. The pogitions of ribosomal RNA
markers which were determined after electrophoresis in an adjacent lane
on the RNA gel and visualized by ethidium bromide staining are labelled
above the appropriate lanes of the protein gel. The numbers above each
lane refer to the particular gel slice and the numbers to the right of the
figure indicate the position of migration of “C-labelled protein markers.
B, immunoprecipitation of in vitro translation products using non-immune
rabbit IgG. Total RNA translation products immunoprecipitated with non-
immune IgG (a) or t-PA IgG (b). Gel slice 7 mRNA translation products
immunoprecipitated with t-PA IgG (c) or non-immune IgG (d).

Methods: A, human melanoma cells (Bowes) were grown to confluent
monolayers in EMEM in plastic tissue culture flasks (175 cm?; style 3028,
Falcon Labware) at 37 °C in atmospheric air supplemented with 6% CO,.
Total RNA from melanoma cell cultures was extracted essentially as re-
ported by Ward et al.*”. Cells were pelleted by centrifugation and then
resuspended in 10 mM NaCl, 10 mM Tris-HCI pH 7.5, 1.5 mM MgCl,.
Cells were lysed by adding Nonidet P-40 (NP-40; 1% final concentration),
and nuclei were pelleted by centrifugation. The supernatant containing the
total RNA was further purified by multiple phenol and chloroform extrac-
tions. The aqueous phase was made 0.2 M.in NaCl and the total RNA was
precipitated by adding two vols ethanol. Oligo(dT)-cellulose chromato-
graphy was used to purify poly(A)-containing RNA'”. Fractionation of
poly(A)* RNA (200 ug) was performed by electrophoresis through a
denaturing agarose gel composed of 1.75% agarose, 0.025 M sodium citrate
pH 3.8 and 6 M urea. Electrophoresis was for 7 h at 25 mA and 4 °C (refs
19-21). The gel was fractionated with a razor blade and individual slices
were melted at 70°C and extracted twice with phenol and once with
chloroform. Fractions were ethanol-precipitated and then assayed by in
vitro translation in a rabbit reticulocyte lysate system?? supplemented with
dog pancreas microsomes®®. Incubations were at 30°C for 90 min. The
resulting translation products from each gel fraction were immunopreci-
pated with rabbit IgG directed against human t-PA and analysed by elec-
trophoresis on 10% SDS-polyacrylamide gels. The gels were fixed, dried
and fluorographed*®. B, 11 ug of total melanoma RNA or ~340ng of gel
slice 7 poly(A)* RNA were translated in a rabbit reticulocyte lysate sys-
tem?? supplemented with dog pancreas microsomes®®; 11 ug of total RNA
contains between 330 and 550 ng of mRNA based on the finding that
~3-5% of total RNA is mRNAZ®, The resulting translation products were
immunoprecipitated with either rabbit IgG directed against human t-PA
or non-immune rabbit IgG and analysed by electrophoresis on 10% SDS-
polyacrylamide gels. Double-stranded cDNA was prepared by standard
methods?*254° using 5 ug of mRNA from gel fraction 7, The cDNA longer
than 350 bp (125 ng) was recovered by electroelution? after fractionation
on a 6% polyacrylamide gel, 30 ng of cDNA was extended with deoxy(C)
residues using terminal deoxynucleotidyl transferase®® and annealed with
300 ng of the plasmid pBR322% which had been similarly tailed with
deoxy(G) residues at the PstI site. The annealed mixture was used to
transform E. coli K-12 strain 294 (ref. 25) and resultant tetracycline-
resistant colonies were individually inoculated into wells of microtitre plates
containing L broth®' and 5pug ml™* tetracycline, The cDNA library of
4,600 transformants was grown up on nitrocellulose filters and the DNA
from each colony was fixed to the filter?®. The eight deoxyoligonucleotides
(dTCACAATASTCCCA) were chemically synthesized in two pools of four
14-mers by the solid-phase phosphotriester method?”. A *?P-labelled probe
was prepared from the pool of eight 14-mers as described previously*®.
The set of filters containing the 4,600 transformants was hybridized to
5x107 c.p.m. of the labelled probe in 50 mM sodium phosphate pH 6.8,
5xSSC, 150 pgmil~* sonicated salmon sperm DNA, §x Denhardt’s sol-
ution and 10% formamide. After 16 h at room temperature, the filters were
washed extensively at room temperature in 6 x SSC and 0.1% SDS, then

exposed to X-ray film,

oligonucleotide complementary to nucleotides 256-271 of the
t-PA mRNA and having the sequence dTTCTGAGCACA-
GGGCG was synthesized””. This hexadecanucleotide was used
to prime cDNA synthesis® of fraction 7 mRNA; 1,500 clones
were obtained. As the cDNA priming reaction was performed
using a synthetic fragment that hybridized only 13 bp from the
5' terminus of the pPA25E10 cDNA, no convenient restriction
fragment was available for use as a probe to screen for t-PA
¢DNA clones containing t-PA sequences 5' of those in
pPA25E10. We therefore isolated a genomic clone for t-PA
from a human gene library** and used this as a hybridization
probe to identifiy primer-extended cDNA clones containing
NH,-terminal t-PA coding sequences.

The first step in this process was to determine whether only
a single homologous t-PA gene was present in human genomic
DNA. Southern hybridizations®® were performed using high-
molecular weight human DNA which had been digested with
various restriction endonucleases. The 3?P-labelled*® cDNA
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Fig. 3 A, restriction endonu-
clease map of the cDNA insert of
pt-PAtrp12. The number and size
of fragments produced by restric-
tion endonuclease cleavage were
estimated by electrophoresis
through 6% polyacrylamide gels.
Positions of sites were confirmed
by nucleic acid sequencing. The
shaded region indicates the coding
sequences of the putative mature
t-PA protein (527 amino acids),
the cross-hatched region rep-
resents the putative 35-residue
‘prepro’ peptide coding sequence,
and the open regions show the 3’
and 5' noncoding sequences. The
5’ end of the mRNA is to the left
while the 3’ end is to the right. The
lines below the restriction map
represent the length of the two par-
tial clones pPA17 and pPA25E10.
B, nucleotide sequence and
deduced amino acid sequence of
the full-length human tissue-type
plasminogen activator c¢DNA
insert. The putative presequence is
represented by the residues lab-
elled -35 to —1. The entire
sequence was determined by a
combination of the dideoxynucleo-
tide chain termination method®°
after subcloning fragments into the
M13 vector mp7 (ref. 31) and the
chemical method of Maxam and
Gilbert®?. Numbers above each
line refer to amino acid position
and numbers beneath each line to
nucleotide position
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Fig. 4 Construction of a plasmid PO
coding for the direct expression of sas38 . e
mature t-PA in E. coli. 50 ug of plas- e " -
mid pPA17 was digested with AT PPAIT

Sau3Al, Hincll and Hhal and elec-
trophoresed on a 6% polyacryl-

t Sou3A, Hho T HhG T, Nor T
amide gel; ~0.5 ug of the 55-bp Isolate 55-bp Islate 26350
1 it rogment
Sau3Al-Hhal  fragment  was e oame
recovered. Similarly, ~3 pug of the ot g o ar g ooy e "
263-bp Hhal-Narl fragment was ©§“ ¢REM@L . CEE——BE" O HEEL 2
purified from 80ug of clone K J Morlopm = E£coRI, B/ T
. . 1solats = fragme

pPA25SE10 by first isolating a - ol 145700 fragmen tsolate large fragment
300-bp PstI-Narl fragment and then £eoRI, Nor 1, 69/ foont

. h N . Isolate 338-bp fragment "Bpg
digesting this fragment with Hhal. ==

All digests were performed at 37 °C ot 1o on et e o v o oo s T
for 1h and the reaction prod- PUTERE RS B TR e O
ucts resolved and electroeluted

from 6% polyacrylamide gels. The
two indicated deoxyoligonucleotides
S'dAATTCATGTCTTATCAAGT
(I) and 5 GATCACTTGATA-
AGACATG (II) were synthesized
by the solid-phase phosphotriester
method?®’. 100 pmol of ollgonucleo-
tide II was phosphorylated in 30-pul
reaction mixture containing 60 mM
Tris pH 8, 10 mM MgCl,, 15 mM g-mercaptoethanol and 50 uCi [7-32P]ATP (5,000 Ci mmot ! ; Amersham). T4 polynucleotide kinase (12
units) was added and the reaction allowed to proceed at 37 °C for 15 min; 1 ul of 10 mM ATP and 12 units of T4 kinase were then added and
the reaction allowed to proceed for an additional 30 min. After phenol and chloroform extraction, the phosphorylated oligomer II and the
5'-hydroxy! oligomer I were combined with 0.5 ug of the eluted 55-bp Sau3AI-Hhal fragment and 2 pg of the 263-bp Hhal-Narl fragment
and ethanol-precipitated. These fragments were ligated at room temperature for 4 h in 60 pl of 20 mM Tris-HCl pH 7.5, 10 mM MgCl;, 10 mM
dithiothreitol, 0.5 mM ATP and 1,000 units of T4 DNA ligase. The mixture was digested for 1 h with 48 units of Narl, 20 units of EcoRI and
40 units of Bg/II (to eliminate polymerization through ligation of cohesive Sau3Al termini) and electrophoresed on a 6% gel. The 338-bp
product (~0.1 ug; 1,385 c.p.m.) was recovered by electroelution. The remainder of the t-PA-coding sequences (amino acids 111-528) were
isolated on a 1,645-bp fragment by digesting plasmid pPA25E10 with Narl and Bg/II. The Plasmid pLelFAtrp103 is a derivative of the plasmid
pLeIFA2S5 (ref. 25) in which the EcoRI site distal to the LelF A gene has been removed . pLelFAtrp103 (3 ug) was digested with 20 units
of EcoRI and 20 units of Bg/II for 90 min at 37 °C, electrophoresed onab6% polyacrylamlde gel and the large (~4,200 bp) vector fragment
was recovered by electroelution. For the final construction, 80 ng of EcoRI-Bg/II pLelFAtrp103 was ligated with 100 ng of the 1,645-bp
Narl-Bgl1l fragment and 20 ng of the 338-bp EcoRI-Narl fragment at room temperature for 10 h. This ligation mixture was used to transform
E. coli K-12 strain 294 (ref. 26). Plasmid DNA was prepared from 38 of the transformants and digested with EcoRI; 10 of these plasmids
contained the desired 600- and 472-bp EcoRI fragments. DNA sequence analysis verified that one of these plasmids (pt-PAtrp12) had the
desired nucleotide sequence at the junctions between the #rp promoter, synthetic DNA and cDNA.

I
G BCaAGA
CTC TCA €L ¢ 66 ¢ 1 TTETTCTCTAG '3 4 A5

K—’/ﬂd—————— Pyl

T4 DNA ligase

Fig. 5 Characterization of t-PA produced by E. coli. Wells A-D
contain 10 wl of a pt-PAtrpl2 cell extract plus the following
additions: A, none; B, non-immune IgG; C, t-PA IgG; D,
urokinase IgG. Wells E-G contain, respectively, 0.2, 0.1 and 0.02
unit purified melanoma t-PA. Well H contains 10 ul of an extract
from cells containing the plasmid pLeIFAtrp103.

Methods: An overnight culture of E. coli W3110/pt-PAtrpl2 in
Luria broth®’ containing 5 pg mi™ tetracycline was diluted 1:100
in M9 medium®’ containing 0.2% glucose, 0.5% casamino acids
and 5 pgml™ tetracycline. The cells were grown at 37 °C to Asso
of 0.2 and mdole acrylic acid was added to a final concentration
of 20 pgml™'. Samples were collected by centrifugation, at
Asso=0.5-0. 6 (~2x 10° cells mI™") and immediately frozen. The
cell pellets were suspended in 6 M guanidine hydrochloride at " :
5%10% cells ml™", sonicated for 10, mcubated at 24 °C for 30 F F G H

min and then dialysed (buffer flow rate 250 ml h™ ') for 4 h against 50 mM Tris-HCI pH 8.0, 250 mM NaCl, 0.25 mM EDTA and 0.01% Tween
80, using a continuous flow microdialysis system (Bethesda Research Labs). After dialysis the samples were centrifuged at 13 000§ for 2 min
and 10-pl samples of the supernatants (1 ml) analysed for t-PA activity. Following the procedure of Granelli-Piperno and Reich®’, the plate
was incubated for 3.5 h at 37 °C and lysis zones measured. Activity was approximated by comparison with dilutions of a standard purified
melanoma t-PA solution.

probe used was a 232-bp Rsal-Psil fragment (nucleotides 388-
620 of Fig. 3B) prepared from the 5' end of the cDNA insert
of clone pPA25E10. Two endonuclease digestion patterns pro-
vided only a single hybridizing DNA fragment: Bg/II (5.7
kilobase pairs, kbp) and Poull (4.2 kbp). Two hybridizing DNA
fragments were observed with Hincll (5.1 and 4.3 kbp) (data
not shown). Comparison of these data with the cDNA restric-
tion map (Fig. 3A) suggests that there is only one t-PA gene
in the human genome and that this gene contains at least one
intervening sequence.

Approximately 10° plaques of a A Charon 4A/human
genomic library®* were screened®” with the >2P-labelled 232-bp

Rsal-Pst] fragment; 19 individual clones were isolated and
phage DNA was prepared®®. A 4.2-kbp Pyull fragment contain-
ing t-PA sequences was isolated from one of these clones,
labelled with *P and used to screen the 1,500 clones of the 5'
primer-extended cDNA library. Plasmid DN As were prepared
from the 18 colonies which gave positive hybridization signals
and these DNAs were bound to a nitrocellulose filter®**.

To identify clones having cDNA inserts which overlapped
with the cDNA insert of pPA25E10, the filter was hybridized
with the *?P-labelled synthetic oligonucleotide (16-mer) used
for the original priming reaction. Of the 18 selected cDNA
clones, 7 hybridized with the **P-labelled 16-mer; however, on
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Fig. 6 Schematic diagram of the potential structure of human tissue-type plasminogen activator. The one-letter code for each of the amino

acids is given in the open circles. The one-letter abbreviations are those recommended by the IUPAC-IUB Commission on Biochemical

Nomenclature®®. The cysteine residues are shaded. The solid black bars indicate the potential disulphide bridges based on homology with

other serine proteases. The arrow indicates the potential cleavage site between arginine and the isoleucine which generates the two-chain

molecule from the one-chain form. The zig-zag lines indicate potential glycosylation sites. The broken lines connect the six amino acids
between the two kringles.

sequence analysis only one of the cDNA clones, pPA17, was
found to contain the complete NH,-terminal region of t-PA
and to overlap with the original clone, 25E10.

The cDNA insert of pPA17 is 271 bp long. It contains the
hexadecanucleotide sequence used to prime its synthesis, which
permitted the alignment of its DNA sequence with that of
pPA25E10. From these two cDNA clones, pPA15SE10 and
pPA17, we determined the nucleotide sequence and corre-
sponding amino acid sequence of t-PA (Fig. 3B).

The complete 2,530-bp cDNA sequence contains a single
open reading frame, beginning with the ATG codon at nucleo-
tides 85-87. This ATG is followed, 562 codons later, by a TGA
termination triplet at nucleotides 1,771-1,773. This ATG prob-
ably serves as the site of translation initiation as it is the first
one encountered and it is preceded in phase at nucleotides 4-6
by a termination codon. The serine designated as amino acid
number 1 is based on NH,-terminal sequencing of purified
melanoma cell t-PA. This serine is preceded by 35 amino acids,
the NH,-terminal 20-23 of which probably constitute a hydro-
phobic signal peptide*! involved in the secretion of t-PA. The
remaining 12-15 hydrophilic amino acids immediately preced-
ing the start of mature t-PA may constitute a ‘pro’ sequence
similar to that found for serum albumin®**2, The 3’ untranslated
region of 759 nucleotides contains the hexanucleotide
AATAAA (position 2,496-2,501) which precedes the site of
polyadenylation in many eukaryotic mRNAs*?, The native t-PA
molecule has 35 cysteine residues and thus has the potential
to be stabilized by 17 disulphide bridges. There are four poten-
tial N-glycosylation sites**, located at Asn 117, Asn 184, Asn
218 and Asn 448 in t-PA. We have confirmed only the carbohy-
drate on Asn 448 in native t-PA (W.J.K. and R.N.H., unpub-
lished results). Variations in the structure of the oligosaccharide

ligands may account for the different molecular forms of t-PA
(65K and 63K species) observed.

Synthesis of tissue-type plasminogen
activator in E, coli

The procedure followed to directly express the full-length
¢DNA insert of t-PA in E. coli is outlined in Fig. 4. The common
Hhal restriction endonuclease site shared by the cDNA inserts
of both partial clones pPA17 and pPA25E10 permitted the
reconstruction of the entire mature t-PA coding sequence. A
55-bp Sau3Al-Hhal restriction fragment corresponding to
amino acids 5-23 was isolated from the plasmid pPA17. The
Sau3 Al restriction site is located at codon 4 of the presumed
mature coding sequence and was used to remove the ‘prepro’
peptide-coding region. A 263-bp Hhal-Narl fragment (encod-
ing amino acids 14-110) was isolated from plasmid pPA25E10.
Two synthetic deoxyoligonucleotides were designed to restore
the codons for amino acids 1-4, incorporate an ATG transla-
tional initiation codon and create an EcoRI cohesive terminus.
These fragments were then ligated together to form a 338-bp
fragment coding for amino acids 1-110 of t-PA. This fragment
and a 1,645-bp Narl-Bg/Il fragment from pPA15E10 were
then ligated between the EcoRI and BglII sites of the plasmid
pLelIFAtrp103 (ref. 21) to give the expression plasmid, pt-
PAtrp12. The cloned t-PA gene is transcribed under the control
of a 300-bp fragment of the E. coli trp operon which contains
the trp promoter, operator and the Shine-Dalgarno sequence
of the trp leader peptide, but lacks the leader peptide ATG
initiation codon*.

E. coli K-12 strain W3110 (ATCC no. 27325) containing
the plasmid pt-PAtrpl2, was grown, and extracts prepared for
assay of fibrinolytic activity using the fibrin plate technique*®.
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This assay involves the use of an agarose plate containing
plasminogen and fibrin; when a sample containing a plas-
minogen activator is added to a well in the agarose, the
plasminogen is converted to the active enzyme plasmin. The
plasmin so formed then degrades the fibrin to give a clear zone
of lysis surrounding the well. The area of this lysis zone can be
correlated to the amount of plasminogen activator in the
sample. Figure 5 shows that when extracts from pt-PAtrp12
clones were tested for plasminogen activator activity using this
assay, a clear zone of lysis was evident (well A). This fibrinolytic
activity was inhibited by t-PA-specific IgG (well C) but not by
non-immune IgG (well B) or urokinase-specific IgG (well D)
and no activity was seen in an extract prepared from cells
containing as a control the a-interferon expression plasmid
pLelFAtrp103 (well H). Using the standard curve of purified
melanoma cell t-PA (wells E-G) we estimated that ~35 units
of t-PA activity could be extracted per Ass, of culture.

t-PA activity can also be measured using a chromogenic
substrate assay. This assay measures the rate of conversion of
plasminogen to plasmin by t-PA. The amount of plasmin formed
is determined by monitoring the proteolytic cleavage of a tripep-
tide from the chromogenic substrate, S2251. Table 1 shows the
results obtained with this assay for E. coli W3110/pt-PAtrpl12
extracts. The activity (~3 units per Ass, of culture) measured
by this assay is also neutralized by t-PA-specific IgG but not
by non-immune IgG. The published specific activity of
melanoma t-PA is 60,300 Plough units (PU) mg™* (refs 7, 46).

Conclusion

Human melanoma cells actively synthesizing and secreting t-PA
were used for the preparation of poly(A) mRNA. This mRNA
was size-fractionated using agarose gel electrophoresis and the
fractions containing t-PA mRNA were used to prepare a cDNA
library, which was hybridized with a pool of radiolabelled
synthetic deoxynucleotides potentially complementary to
mRNA encoding a known amino acid sequence of t-PA. A
recombinant plasmid (pPA25E10) containing a partial-length
t-PA cDNA insert was identified and sequenced. The remaining
5’ ¢DNA sequences were generated by preparing a cDNA
library primed with a 16-base long synthetic fragment. A t-PA
c¢DNA clone (pPA17) overlapping with the original clone
pPA25E10 and containing the NH,-terminal and presequence
regions was identified after specific hybridization with a DNA
fragment prepared from a t-PA genomic clone.

The 2,530bp of t-PA cDNA (excluding the poly(A)
sequence) code for a polypeptide of 562 amino acids. The 35
amino acids (—35 to —1) preceding the mature sequence prob-
ably constitute a 20-23-amino acid long hydrophobic signal
peptide followed by a hydrophilic ‘pro’ sequence of 12-15
amino acids. This type of prepro structure on secreted proteins
has been described previously, for example, with preproalbu-
min®***2, On this assumption, all the secreted one-chain t-PA
molecules will have a serine residue at the amino terminus. An
alternative possibility is that the hydrophilic ‘pro’ sequence
could be removed in a manner analogous to that observed with
plasminogen where a peptide of MW 10,000 can be cleaved
from the amino-terminal portion of native plasminogen (Glu-
plasminogen, named for the amino terminal residue), resulting
in a protein having a new amino terminus, designated Lys-
plasminogen*”*%,

It has been demonstrated that two-chain t-PA is formed by
proteolytic cleavage of the single-chain molecule into two poly-
peptides connected by disulphide bonds’. NH,-terminal
sequencing of the two-chain molecule suggests that it is gener-
ated by cleavage of the Arg 275-Ile 276 peptide bond (W.J.K.
and R.N.H., unpublished results) (see Fig. 6). As determined
from the primary structure, the heavy chain (MW 30,882) is
derived from the NH,-terminal part and the light chain (MW
28,126) comprises the COOH-terminal region (Fig. 6).

The primary structure of a portion of the heavy-chain region
of t-PA has a high degree of sequence homology with the
‘kringle’ regions of plasminogen*® and prothrombin®®*!
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‘Kringle’ refers to a characteristic triple disulphide structure
originally discovered in the ‘pro’ fragment of prothrombin and
described in detail by Magnusson et al.***?, From the primary
sequence of t-PA, two such regions of 82 amino acids each
(residues 92-173 and 180-261; Fig. 6) are apparent that share
a high degree of homology with the five kringles of plasminogen.
We have also recently determined that human urinary urokinase
contains one similar triple disulphide region®. The remaining
NH,-terminal 91 amino acids of t-PA share little homology to
the conventional kringle region. One can speculate, however,
that this region may also assume a structure containing multiple
disulphide bonds as 11 additional cysteine residues are found
here.

The catalytic site of the light chain of t-PA, as in other serine
proteases, is probably formed by the His 322, Asp 371 and Ser
478 residues. Furthermore, the amino acid sequences surround-
ing these residues are highly homologous to corresponding parts
of other serine proteases such as trypsin, prothrombin and
plasminogen®*,

The amounts of t-PA activity (3-5 units per Ass,, depending
on the assay used) recovered from the E. coli extracts corre-
spond to ~50-80 ug per 1 of culture at Asso=1, or ~1,500-
2,400 fully active t-PA molecules per cell. This activity has
been shown to activate plasminogen catalytically and is neutral-
ized by t-PA-specific IgG antibody. As only functional activity
was measured, it is possible that considerably more t-PA is
present in these cells. In addition, because polypeptides synthe-
sized in E. coli are not glycosylated, the t-PA synthesized by
E. coli might have a specific activity different from that of
authentic t-PA.
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We have previously remarked" that there are no confirmed cases
of quasistellar objects (QSOs) that are members of rich clusters
of galaxies. Several candidates exist (cited in ref. 1), but all
suffer from defects. In some of these cases, the linear dimensions
may be more appropriate for superclusters than clusters (an
interesting result nonetheless), and in other cases only the QSO
members of the putative clusters are visible, and the normal
galaxies are inferred but not observed. A particularly direct
confirmation that QSOs share the same clustering characteris-
tics as other constituents of the Universe would come from the
detection of a ‘classical’ (for example, point-like, high luminos-
ity) QSO in a previously studied, distant rich cluster of visible
galaxies. Here we report such a discovery.

The cluster 0016+ 16, at z =0.541 (ref. 2) is perhaps the
best studied distant cluster of galaxies. Detailed multicolour
photometry and isopleths® show this cluster to be richer than
the Coma Cluster, and remarkably normal except for its very
large redshift. The brightest members have red magnitudes of
~20.4. The cluster is a luminous, extended X-ray source®,
indicating the presence of an ionized intracluster gas as is
common in rich clusters. There is also a detection® of a decre-
ment in the microwave background radiation against 0016 + 16,
so the intracluster gas parameters can be studied in some detail,
and (at least in princi Gple) the cosmological parameters g, and
H, may be estimated®.

During X-ray observations of 0016+ 16, a previously unre-
ported point source near the northern edge of the visible galaxy
distribution was detected®, and the identification of this source
with an unstudied B ~ 18 blue stellar object has been sug-
gested™*, We have found’® that a large fraction of these seren-
dipitously-observed faint X-ray sources are associated with
previously uncatalogued QSOs. With this motivation, we
obtained medium resolution (10 A) spectroscopy of the 18th
mag object. On 25 July 1982, the blue spectrum was observed
with the SIT Vidicon spectrometer’ at the 4-m reflector of the
Cerro Tololo Interamerican Observatory; these data were
converted to absolute fluxes through observation of spec-
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trophotometric standard stars. The red/IR region of the
spectrum was observed on 15 October 1982, using the image
tube scanner'® at the Lick Observatory 3-m Shane telescope.

The resulting spectra are shown in Fig. 1. This object is
clearly a QSO, which we denote as 0015+ 162. We identify
the prominent broad emission lines at 4,347, 6,749 and
7,557 A as Mg 11 12,800, Hy and HB, respectively, and derive
redshift z = 0.554 £0.002. There is a marginally positive detec-
tion of [O 111] A 5,007 emission, at an atypically weak intensity,
less than HB. The [O 111] A 4,959 line is not separable from the
very strong OH A7,715 night-sky emission at our spectral
resolution, and similarly any [O11] A3,727 emission would
coincide very closely with the Hg A5,790 emission from city
lights, which appears very strongly in the Lick data, Our spec-
trophotometry yields B ~18.2, (B—V)~0, which for q,=0,
H,=50km s~ Mpc™ " implies an absolute V magnitude of —25.
Our magnitude combined with the observed X-ray intensity*
implies a value for a,,, the slope of a line connecting the optical
and X-ray fluxes, of 1.32. This is quite close to the mean
found for both serendipitously-discovered”® and previously
known"'? QSOs, and suggests that 0015 + 162 is quite a normal
quasar. Previous radio observations® searching for point sources
near the cluster indicate the object to be radio-quiet, as is
expected for a randomly-selected QSO.

There seems little doubt that the QSO 0015 + 162 and cluster
0016+ 16 are related. The surface density of QSOs this bright
is very small'>. We expect less than one QSO this bright to
occur by acc1dent at any redshift and at any location on the
entire 4-m telescope plate that discovered the cluster, much
less at a redshift essentially identical to that of the cluster,
co-located on the 1072 of the plate that contains the cluster.
The simplest explanation of this association is that the QSO
0015 + 162 is a member of the rich cluster of galaxies 0016+ 16,
The formal velocity difference between the objects is currently
2,000kms™ in the observed frame, which must contain
components due to the observational uncertainty in our
determination of the QSO redshift, the analogous quantity for
the exceedingly faint galaxy observed to obtain the cluster
redshift, and the velocity dispersion expected for a rich cluster.
Each of these three individual quantities, much less their combi-
nation, is of magnitude comparable with the observed
difference. The core radius of the cluster® is measured as
0.75 arc min (~0.4 Mpc), implying that the QSO is 4.5 core
radii from the optical and X-ray centre of the cluster. Such an
offset is, of course, quite consistent with cluster membership.
In the classic study of membership of the Coma Cluster*, for
example, 60% of all galaxies assigned as cluster members are
more distant than 4 core radii from the cluster centre. A more
recent stady’® finds an even more extreme percentage of mem-
bers beyond this distance.
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