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Isolation of a Human ¢cDNA for «,-Thiol Proteinase Inhibitor and Its
Identity with Low Molecular Weight Kininogen®

Iwao Ohkubo, Kotoku Kurachi,* Toshihide Takasawa, Hiroyuki Shiokawa, and Makoto Sasaki

ABSTRACT: A Agtll cDNA library containing DNA inserts
prepared from human liver mRNA has been screened with
an antibody to human a,-thiol proteinase inhibitor that was
isolated from fresh plasma. FEighteen positive clones were
isolated from one million phage, and each was plaque purified.
The cDNA insert of one of these phage was sequenced and
shown to code for a,-thiol proteinase inhibitor as identified
by a partial amino acid sequence of the light chain of a,-thiol
proteinase inhibitor. This cDNA insert contained 1529 base
pairs coding for the complete a,-thiol proteinase inhibitor. It
included 45 base pairs of 5/ noncoding sequence, 1281 base
pairs that code for pre a,-thiol proteinase inhibitor, a stop
codon, 160 base pairs of 3’ noncoding sequence, and 40 base
pairs of poly(A) tail. The noncoding sequence on the 3’ end
contained a potential recognition site (AATAAA) for pro-
cessing and polyadenylation of precursor messenger RNA.

Tl"liOl proteinase inhibitors with high and low molecular
weights have been isolated from plasma and various tissues
and extensively studied (Sasaki et al., 1977, 1983; Jarvinen,
1979; Ryley, 1979; Hirado et al., 1981; Lenney et al., 1982;
Wakamatsu et al., 1982; Katunuma et al., 1983). These
inhibitors inactivate a number of different thiol proteinases,
including cathepsins, ficin, papain, and calpain. Accordingly,
their physiological function appears to involve the regulation
of the thiol proteinases. We have previously characterized two
high molecular weight thiol proteinase inhibitors from human
plasma and designated them as «;-thiol proteinase inhibitor
and a,-thiol proteinase inhibitor (Sasaki et al., 1981). The
a,-thiol proteinase inhibitor is a glycoprotein with a minimum
molecular weight (M,) of about 60000, as determined by
sodium dodecyl sulfate—polyacrylamide gel electrophoresis
under reduced conditions, while the «,-thiol proteinase in-
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The amino acid sequence of «a,-thiol proteinase inhibitor de-
duced from the cDNA showed a striking similarity (overall
homology at 74%) to that of bovine low molecular weight
(LMW) kininogen, including two internally repeated sequences
and a nonapeptide sequence of bradykinin. These data clearly
indicated that a,-thiol proteinase inhibitor and LMW Kini-
nogen are identical. This was further supported by immu-
nological cross-reactivity between a,-thiol proteinase inhibitor
and LMW kininogen. When the amino acid sequence of
a,-thiol proteinase inhibitor was compared with those for
several low molecular weight thiol proteinase inhibitors, in-
cluding human and chicken cystatins, rat liver thiol proteinase
inhibitor, human stefin, and rat epidermal-thiol proteinase
inhibitor, it was obvious that there are clearly homologous
structures, including two potential reactive site sequences of
GIn-Val-Val-Ala-Gly.

hibitor is a glycoprotein composed of a heavy chain (app M,
66000 or 65000) and a light chain (M, 4200). The «,-thiol
proteinase inhibitor with the heavy chain of M, 66 000 has also
been designated «,-thiol proteinase inhibitor;, while the in-
hibitor with the heavy chain of M, 65000 was called a,-thiol
proteinase inhibitor,. «;-Thiol proteinase inhibitor and «,-thiol
proteinase inhibitors are closely related proteins since they
show immunological cross-reactivity.

Several of the low molecular weight thiol proteinase in-
hibitors from mammalian tissues and serum have also been
shown to be highly homologous by amino acid sequence
analysis (Takio et al., 1983, 1984; Turk et al., 1983; Brzin et
al., 1983, 1984; Machleidt et al., 1983).

In the present studies, we describe the isolation and char-
acterization of a cDNA coding for human «,-thiol proteinase
inhibitor. Furthermore, the amino acid sequence predicted
from the cDNA indicates that human «,-thiol proteinase in-
hibitor is identical with LMW kininogen.! Cloning and se-
quencing of cDNAs for bovine LMW kininogen and HMW
kininogen have recently been reported by Nawa et al. (1983)

! Abbreviations: LMW kininogen, low molecular weight kininogen;
HMW kininogen, high molecular weight kininogen; Tris-HCI, tris(hy-
droxymethyl)aminomethane hydrochloride; EDTA, ethylenediamine-
tetraacetic acid.
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and Kitamura et al. (1983), respectively.

Materials and Methods

Purification and Amino Acid Sequence Analysis of ay-Thiol
Proteinase Inhibitor. Human a,-thiol proteinase inhibitor was
purified to homogeneity from human plasma as follows. The
protein precipitate obtained by ammonium sulfate fractionation
(35-55%) of fresh human plasma (5 L) was dissolved in 500
mL of 20 mM sodium borate, pH 8.0, containing 0.05 M NaCl
and 1 mM benzamidine and dialyzed overnight against the
same buffer. The solution was then applied to a DEAE-
cellulose column (5.5 X 65 cm) previously equilibrated with
the same buffer. The column was eluted with a linear gradient
of 20 mM sodium borate, pH 8.0, containing 0.05 M NaCl
and of 20 mM sodium borate, pH 8.0, containing 0.3 M NaCl.
The fractions with a,-thiol proteinase inhibitor activity were
then applied to a second DEAE-cellulose column (3 X 70 cm)
and eluted as described above. The fractions containing the
a,-thiol proteinase inhibitor were then applied to a nickel
chelate column (3 X 25 cm) previously equilibrated with 20
mM sodium borate, pH 8.0, containing 0.15 M NaCl. The
ay-thiol proteinase inhibitor passed through the column, while
a significant amount of contaminating protein was bound to
the column. The pass-through solution was then concentrated
and applied to a Sephadex G-200 column (3.5 X 140 cm)
equilibrated with 20 mM sodium borate—saline buffer, pH 8.0.
Fractions with inhibitory activity were dialyzed against 20 mM
sodium phosphate, pH 7.2, and applied to a Blue~Sepharose
column (3 X 25 c¢cm) previously equilibrated with the same
buffer. a,-Thiol proteinase inhibitor did not bind to the
column, while a significant amount of the contaminating
proteins was bound to the column. The a,-thiol proteinase
inhibitor was finally applied to a Red—-Sepharose column (2
X 20 cm) and eluted with a linear gradient formed with 20
mM sodium phosphate, pH 7.2, and 0.75 M KCl in the same
buffer.

Thiol proteinase inhibitor activity of various fractions, as
well as purified preparations, was assayed by a modification
of the method described by Sasaki et al. (1981). In this assay,
ficin (Sigma) was employed as a target thiol proteinase and
N-benzoyl-L-arginine-p-nitroanilide as a substrate for residual
ficin activity. The hydrolysis of the synthetic substrate was
monitored by following the absorption at 410 nm in a Hitachi
spectrophotometer, Model 228. One unit of activity was de-
fined as the amount of inhibitor that inactivates that amount
of ficin that hydrolyzes 0.5 umol of N-benzoyl-L-arginine-p-
nitroanilide min™! mL™! at 30 °C.

For sequence analysis, 20 mg of a,-thiol proteinase inhibitor
was reduced and carboxymethylated according to Crestfield
et al. (1963). The heavy chain and the light chain were
separated by gel filtration on a Sephacryl S-200 column (1.5
X 140 cm) previously equilibrated with 35% formic acid. The
fractions containing the heavy and light chains were then
lyophilized. Automated Edman degradations on the heavy
chain (1 mg) and the light chain (230 ug) were carried out
with a Beckman sequenator, Model 890C, and phenylthio-
hydantoin amino acids were identified and quantitated by
high-performance liquid chromatography (Gasukuro Kogyo
Ltd., Tokyo) according to Tarr (1975).

Preparation of Antibodies. Antibodies against human
a,-thiol proteinase inhibitor were prepared from rabbits that
had been injected subcutaneously with 150-250 ug of purified
a,-thiol proteinase inhibitor with Freund’s complete adjuvant
every 2 weeks for 8 weeks. The antisera obtained from the
rabbits were partially purified by subsequent ammonium
sulfate fractionation and DEAE-cellulose column chroma-
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tography. The vy-globulin fraction was then applied to a Se-
pharose column (1.4 X 9 cm) linked with purified a,-thiol
proteinase inhibitor as ligands. The column was previously
equilibrated with 0.1 M Tris-HCI, pH 8.9, containing 0.5 M
NaCl. The column was then washed with the same buffer and
eluted with 0.1 M glycine hydrochloride, pH 2.75. The
fractions containing immunoglobulin were immediately mixed
with 1 M Tris-HCI, pH 7.5, followed by dialysis against 0.02
M sodium borate containing 0.15 M NaCl, pH 8.2. The
affinity-purified antibody readily inhibited the activity of
a,-thiol proteinase inhibitor as well as a;-thiol proteinase
inhibitor. A double-immunodiffusion test for a,-thiol pro-
teinase inhibitor and LMW kininogen was carried out by the
method of Ouchterlony (1958). Human LMW kininogen and
its rabbit antibody were generously provided by Drs. Sakamoto
and Nishikaze at Hokkaido University and prepared according
to their method (Sakamoto & Nishikaze, 1979).

Screening of \gt1l cDNA Library. A Agtll cDNA library
containing cDNA inserts from human liver mRNA was kindly
provided by Dr. Savio L. C. Woo. Approximately one million
phage were screened for a,-thiol proteinase inhibitor by using
affinity-purified antibody according to the methods of Young
& Davis (1983a,b). The affinity-purified antibody was labeled
with 121 to a specific activity of 6 X 107 cpm/ug and used to
screen filters containing phage plated at a density of 5 X 10*
plaques per 150-mm plate. Positive clones were isolated and
plaque purified. Iodine-125 as sodium iodide was purchased
from Amersham.

DNA Sequence Analysis. Phage DNA was prepared from
positive clones by the plate-lysate method (Maniatis et al.,
1982), followed by banding on a cesium chloride step gradient
as described by Degen et al. (1983).

The cDNA insert was isolated by digestion with EcoRI and
subcloned into plasmid pUC9 (Vieira & Messing, 1982).
Appropriate restriction fragments from the insert were sub-
cloned into M13mp18 and M13mp19 for sequencing by the
dideoxy method (Sanger et al., 1977). Sequencing reactions
were carried out with [**S]dATPaS and run on 0.5-2.5 X
0.089 M Tris—borate, 0.089 M boric acid, and 0.002 M EDTA
buffer, pH 8.3, gradient gels (Biggin et al., 1983). Over 90%
of each strand of the cDNA insert was sequenced two or more
times, M13mp18, M13mp19, and [**S]JdATPaS were pur-
chased from Amersham. Restriction enzymes, T4 DNA ligase,
T4 polynucleotide kinase, bacterial alkaline phosphatase,
Escherichia coli DNA polymerase I (Klenow fragment), and
other enzymes were purchased from New England Biolabs,
Bethesda Research Laboratories, or Amersham. Deoxy-
nucleotide triphosphates and dideoxynucleotide triphosphates
were purchased from P-L Biochemicals. DNA sequences were
stored and analyzed by the computer programs of Staden
(1977, 1978).

Containment. Experiments were performed in compliance
with NTH Guidelines for Recombinant Research.

Results and Discussion

In order to facilitate the cloning of cDNAs and gene(s)
coding for plasma thiol proteinase inhibitors, we have isolated
human a,-thiol proteinase inhibitor from fresh human plasma
with a newly improved procedure. The overall yield for a,-thiol
proteinase inhibitor was 15-20% and about 17 mg of «;-thiol
proteinase inhibitor was routinely isolated from 1 L of fresh
plasma. The purified a,-thiol proteinase inhibitor had a
specific activity of 0.3~0.35 unit/mg and showed a single
protein band on sodium dodecyl sulfate—polyacrylamide gel
electrophoresis with an approximate molecular weight of
64000-65000. We have prepared affinity-purified antibody
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FIGURE 1: Restriction map and sequencing strategy for the cDNA
insert in AHTPI-1529. The extent of sequencing is shown by the length
of each arrow, and the direction of the arrow indicates the strand that
was sequenced from each of the restriction fragments.

against the purified a,-thiol proteinase inhibitor and also
carried out amino acid sequence analyses on the heavy and
light chains of a,-thiol proteinase inhibitor. By automated
Edman degradation analyses, the amino terminus of the heavy
chain of a,-thiol proteinase inhibitor was found to be blocked
in an unknown manner. Serine, however, was identified as
the amino-terminal residue of the light chain. The amino acid
sequence of the first 24 residues of the light chain was Ser-
Ser-Arg-Ile-Gly-Glu-Ile-Lys-Glu-Glu-Thr-Thr-Ser-His-Leu-
Arg-Ser-Cys-Glu-Tyr-Lys-Gly-Arg-Pro. The yield for residues
1-24 was 0.2, 0.2, 0.1, 0.5, 0.4, 0.4, 0.5, 0.2, 0.3,0.3, 0.1, 0.1,
0.05, 0.05, 0.2, 0.05, 0.02, not determined, 0.1, 0.05, 0.05, 0.05,
0.02, and 0.03 equiv per 4200 g of the light chain, respectively.
The affinity-purified antibody and the partial amino acid
sequence of a,-thiol proteinase inhibitor were then used to
isolate and identify human cDNA clones as described below.

A human liver cDNA library cloned into a Agt11 phage was
screened for a,-thiol proteinase inhibitor by employing the
antibody screening technique of Young & Davis (1983a,b).
In these studies, a '>°I-labeled affinity-purified rabbit antibody
was used to detect phage plaques directing the synthesis of
a fusion protein of $-galactosidase and a,-thiol proteinase
inhibitor. Eighteen positive clones were isolated, and each
phage was plaque purified. One clone, named AHTPI-1529
(human thiol proteinase inhibitor 1529), gave a strong signal
with the antibody probe and contained an insert of approxi-
mately 1500 base pairs. It was subcloned into pUC9 and
further characterized by restriction mapping and DNA se-
quencing employing the strategy shown in Figure 1. The
DNA sequence analysis indicated that this clone contained
DNA sequences corresponding to the amino acid sequence of
the amino-terminal region of the light chain of a,-thiol pro-
teinase inhibitor. These experiments, shown in Figure 2, in-
dicated the presence of a Ser-Ser-Arg-Ile-Gly-Glu-Ile-Lys-Glu
sequence starting at amino acid residue 390. This sequence
corresponded to the amino-terminal region of the light chain
of a,-thiol proteinase inhibitor.

The complete sequence for the insert in AHTPI-1529 showed
considerable amino acid sequence homology to bovine LMW
kininogen (Figure 3), a plasma protein recently cloned by
Nawa et al. (1983). A comparison of the human and bovine
cDNAs then made it possible to identify the initiator me-
thionine in AHTPI-1529 (Figure 2). The cDNA insert in
AHTPI-1529 was composed of 45 base pairs of 5/ noncoding
sequence, 1281 base pairs coding for pre a,-thiol proteinase
inhibitor, a stop codon, 160 base pairs of 3’ noncoding se-
quence, and 40 base pairs of poly(A) tail. The polyadenylation
or processing sequence of AATAAA was present 18 base pairs
upstream from the poly(A) tail. A detailed comparison of the
human and bovine proteins indicated 110 changes in amino
acid sequence, in addition to one insertion (Gln, residue 22)
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in the human a,-thiol proteinase inhibitor (Figure 3). The
overall homology between human a;,-thiol proteinase inhibitor
and bovine LMW kininogen, including the signal peptide, is
approximately 74%. Human a,-thiol proteinase inhibitor,
however, was 10 amino acid residues shorter than bovine
LMW kininogen at its carboxyl-terminal end. Other than this
difference, their homologous sequences were spread uniformly
throughout both molecules, including the nonapeptide of
bradykinin.

In a double-immunodiffusion experiment, human c,-thiol
proteinase inhibitor and human LMW kininogen formed fused
precipitin lines with each other. Furthermore, human LMW
kininogen, isolated by using an assay for released bradykinin,
also showed a strong inhibitory activity toward ficin. Thus,
a,-thiol proteinase inhibitor was shown to be identical with
LMW kininogen in amino acid sequence and biological ac-
tivity.

In the presence of kallikrein, HMW kininogen is converted
to a two-chain form with a heavy chain and a light chain held
together by a disulfide bond. This results in the release of
bradykinin and fragment 1.2, a histidine-rich fragment (Kato
et al., 1981; Muller-Estrel et al., 1983). LMW kininogen,
which lacks a histidine-rich sequence, is also converted by
kallikrein to a two-chain form with a heavy chain and a light
chain held together by a disulfide bond. In this case, however,
only bradykinin is released. Bradykinin moieties and the heavy
chains of bovine HMW kininogen and LMW kininogen are
identical. The light chains, however, are different in size and
only the first 12 amino acid residues at the amino-terminal
end are identical (Nawa et al., 1983; Kitamura et al., 1983).
Kitamura et al. (1983) also suggested that bovine HMW
kininogen and LMW kininogen are encoded by a single gene
with alternative expression mechanisms. Although only a
limited amount of information on human HMW kininogen
is available at the present time (Kato et al., 1981; Muller-Estrel
et al., 1983), it appears that a similar structural relationship
exists for human LMW kininogen and HMW kininogen. The
light chain of human HMW kininogen, however, seems to
retain its histidine-rich region during its reaction with kalli-
krein. The blocked amino-terminal amino acid residue of
human HMW kininogen was reported to be pyroglutamic acid
(Mori et al., 1981). Accordingly, Nawa et al. (1983) suggested
that a possible site for cleavage of the signal peptide in bovine
LMW kininogen is between Ser-22 and GIn-23, since the
amino-terminal sequence is known to be pyroglutamic acid-
glutamic acid (pyroGlu-Glu) (Kato, 1980). It seems likely,
however, that the cleavage site in human a,-thiol proteinase
inhibitor by signal peptidase is between Thr-18 and GIn-19,
giving rise to an amino-terminal sequence of pyroGlu-Glu. A
stop codon of TAG is present in the 5’ end of the cDNA
starting with nucleotide 40. This indicates that the Met codon
at nucleotide residue 46 is the first amino acid to be translated,
yielding a signal peptide that is probably 18 amino acid res-
idues long. On the basis of these data, a tentative amino acid
composition for the a,-thiol proteinase inhibitor was calculated
as follows: Asp,g, Asnys, Thrag, Sersy, Glusy, Gln,,, Pro,,, Glyg,
Alays, Valys, Met,, ie,,, Leu,,, Tyr s, Pheg, Lysy,, Hiss, Arge,
Trp,, and !/,-Cyss. This corresponds to a molecular weight
of 45806 without carbohydrate and 51 761 with the addition
of 13% carbohydrate. The total number of amino acid residues
is 409.

Human a,-thiol proteinase inhibitor contains four potential
sites for attachment of carbohydrate chains to asparagine.
These four sequences are located at residues 48, 169, 205, and
294 (Figure 2). The same sequences are also present in the
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Ile
ATT

Thr Ile
ACC ATC
60

Phe Leu
TTC CTIC
70

Ser
TCC

Leu Leu Ser
CTA CTA AGT
90

Leu
CTT

Met
ATG

Lys Leu
AAA CTA
50

Cys
TGC

Arg Leu
AGG CTA
80

40
Ala
GCT

Phe
TTT

Ala
GCT

Val
GTG

Gln Asn Gln
CAA AAC CAA
190

Ser
AGT

Asn
AAC
180

Lys
AAA
150

Asp Ala
GAT GCT
160

Leu Lys
CTG AAG
170

Lys Tyr

TAT

70
Thr
ACG

80
Glu
GAG

Phe
TTG

Glu
GAA

Gly
GGC

Ser
TCC

Ser Asp
TCT GAG
250

Phe Tyr
TTT TAT
260

Lys
AAG
270

Tyr
TAG

Ile Lys
ATC AAG
280

Gly Asp
GGG GAT
290

100
Ala
GCA

110
Thr
ACC

Thr Ala
ACG GCA
370

Ser
AGC
390

Glu
GAA

Cys
TGC

Val Gly
GTG GGG
380

Lys Ala
AAA GCA
350

Ala
GCC

Thr
ACT

Gly
GGA
360

Lys
AAG

Arg
AGG

140
Tyr
TAC

val
GTG

His
CAT

Pro
CCT

Leu
CTC

Val
GTG
450

Val
GTG

¢

Asn Asn
AAC AAC
550

Thr
ACA

Ala Gln
GCC CAG
460

Pro
CCT

Gly
GGC

Asp Cys
GAC TGC
470

Gly
GGC

Cys
TGT
480

170
Asn

180
Asn
AAT

Phe
TTT

Phe
TTC

Met Leu
ATG CTT
580

Glu
GAA

Leu
CTC

Ser Ser
TCC TCC
570

Thr Gln
ACT CAA
560

His
CAT

Tyr
TAC

200
Ser
TCA

210
Asn
AAT

Ile Val
ATT GTG
650

Phe Leu
TTIT CTG
680

Phe
TTC

Leu
TTA

Ser
TCC

Gln
CaA

Thr
ACG

Lys Glu
AAA GAG
670

Asn
AAT
660

Tyr
TAC
640

Cys
TGT

240
Arg
CGA

Ile Ala
ATT GCT
770

Phe
TTC

Ser
TCA
780

Ser
TCC

Ala
GCA

Ile
ATC
750

Ile
ATT

Gln
CAG

Gln Leu Asn
CAG CTA

760

Asn
AAT
740

Tyr
TAC

Asp
GAT

280
Glu
GAG

270

Pro Arg Asp

CCC AGA GAT
850

Thr
ACC

Glu
GAG

Leu Glu
CTG GAG
860

Pro
cca

Ser
AGC
870

Asn
AAC

Val
GTG
840

Ile Pro
ATA CCC
860

Gly
GGC

Cys
TGC

300 310

Leu
TTA

50
Ser
AGT

Cys
TGT

Ser
AGT

Ile
ATA

490

Val
GTA

590

Thr
ACT
690

Cys
TGT

790

Thr
ACA

890

Tyr Phe Lys Ile Asp Asn Val Lys Lys Ala Arg Val[Cln Val Val Ala

Gly| Lys

AAA GCT

960

GCA AGA GTA CAG

970

GTG GTG
980

TAT TTC
940

AAG ATT GAC

950

AAT GTG

340
Cys
TGT

Gly
GGC

Glu Ser
GAA AGC
1060

Glu Glu
GAA GAG
1050

Thr
ACC

Glu Thr Lys
GAG ACC AAA
1070

Lys Leu
AAA CTT
1080

Leu
TTG

Asn
AAT

Glu Ser
GAA AGT
1040

370
Cys
TGT

Leu Ser Leu Met

CTG

Thr
ACT

Val Asn
GTC AAC
1150

Gln Pro
CAA CCA
1160

Pro
GCT

Gly Met Ile
GGA ATG ATC
1170

Ile Tyr

ATT TAC

1140 1180

400 410
Thr Thr Ser

ACA ACT AGT
1250

Ser
TCC

His
CAC

Lys Glu Glu
AAA GAA GAA
1240

Leu Arg
CTA AGG
1260

Cys Glu Tyr
TGC GAG TAC

1270 1280

CCC CAA CCa
1370

ATG GGC AGA
1340

ATC TTC ACT

1350

CCA GGC ACA TAG

1360 1380

GAA GAA TGC CAT
1440

TTT ATC ACT
1450

CTG CCT CTG

1460 1470

GGC

Gln
CAA

380
Lys

TCA CTG ATG AAA AGG CCT

Lys Gly Arg Pro Pro Lys
AAG GGT CGA CCC CCA AAG

CCT CTG CCA GCA ACC TTG AGA

GGT GAA ATA AAG ATC AGT CTT GAT GTT CAA
1480

¥
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CCG GTT GAA ACC

10

ATC CCT CAG CTC CTA GAG GGA GAT TGT TAG ATC

20 30 40

20
Glu
GAA

30

Cys Asn Asp

TGC AAT GAC
130

N~

Thr Gln
ACC CAG
100

Ser Gln
TCA CAG
110

Glu
GAG

Glu Ile
GAA ATT
120

Ser
TCC

Asp
GAC

Lys Asp Leu
AAG GAT TTA
140

60
Thr
ACT

Gln
CAG

Phe
TIT

Val Leu
GTA TTG
210

Thr
ACT

Asn Asn
AAC AAC
200

Tyr
TAC

Arg Ile
CGC ATA
220

Glu Ala
GAA GCC
230

Thr val
ACG GTT
240

Lys
AAG

90
Thr
ACC

Pro Vval
CCT GTT
300

Gln
CAA

Ser
AGT

Gly Lys
GGC AAA
310

Trp Gln
TGG CAG
320

Asp
GAC

Cys Glu Tyr
TGT GAG TAC
330

Asp Ala
GAT GCT
340

Lys
AAG

120
Ser
TCC

130
Pro
CCA

Thr
ACG

Val Ala
GTG GCT
410

Thr
ACC

Gln
CAG

Thr
ACC
420

Ile Thr
ATT ACT
430

Ala Glu
GCC GAG
440

Gln
CAG

Lys Phe
AAA TTC
400

Cys
TGC

150
Ser
TCA

160
Leu
CTG

Ile Gln
ATT CAG
540

Thr Gln
ACG CAG
500

Glu
GAG

Pro 1lle
CCC ATT
520

Leu
CTG

Ser
AGC

Pro Asp
CCA GAC
510

Arg His
AGA CAC
530

Gly
GGC

190
Val
GTG

Thr
ACC

Ala
GCC
600

Phe
TTT
630

Ile
ATT

Asn
AAC

Gln
CaA

Arg[Gln Val
AGA CAG GTG
610

Ala Glx}Leu
GCT GGA TTG
620

Lys Arg

CGG

Arg
CGA

230
Thr
ACA

220
Ser
TCC

Thr
ACC

Pro Asn

cca

Gly Asp
GGT GAT
720

Gly
GGT

Glu Cys
GAA TGT
730

Asp
GAT

Asp
GAC

Cys Lys
TGC AAG
700

Leu Trp
CTT TGG
710

260
Pro
CCT

250
Ile
ATT

Phe
TTT

Val
GTA

Gln Pro
CAA CGA
820

Ile
ATT

Thr Lys
ACC AAG
830

*

Asn
AAC

Cys
TGC

Asp
GAC

Tyr Pro
TAT CCA
800

Gly
GGG

Lys
AAG

Asp
GAT
810

290

Lys Leu Asn

AAG CTT AAT
910

Phe
TTC

Ala Glu
GCA GAG
920

Ala
GCA
930

Thr
ACT

Asn
AAT

Thr
ACT

Thr
ACC
300

Ile
ATC

Thr
ACA

His
CAC

Leu
CTG

330
Lys
AAG

320
Asp
GAC

Thr
ACC

Thr
ACA

Phe Val Ala
TTC GTG GCC
1010

Cys Ser
TGT TCC
1030

Phe Ile
TTT ATT
1000

Arg Glu
AGG GAA
1020

Lys
AAA

Tyr
AAG TAT

990

360
Trp
TGG

350
Asp
GAT

Val
GTG

Val Pro
GTA CCC
1120

Glu Val
GAA GTT
1110

Glu Lys
GAG AAA
1130

Lys
AAA

Ala
GCT

Tyr
TAT

Ser Leu
AGC CTA
1090

Cys Asn
TGC AAC
1100

390

Pro Phe Arg Ser

CCT TTC CGA TCA
1210

Ile
ATA

Ser Arg Ile
TCA CGA ATA
1220

Gly Glu
GGG GAA
1230

Ser
TCA

Pro
CCA

Arg Pro Gly Phe

GGT TTT

1190 1200

427

Ser STOP

TCT TGA CCA
1330

420

Pro Ala Ser Glu

CCA GCA TCT GAG
1310

Val
GTC

Ala
GCA

Gly Ala Glu
GGG GCA GAG
1300

Arg Glu
AGG GAG

1290 1320

TTA AAT AGA
1430

GGA AGG ACA
1400

AGA AGA AAG ATG
1410

GGA TAG AAT

1390 1420

AAA AAA AAA AAA AAA AAA AAA
1510 1520

AAA AAA AA
1529

AAA AAA AAA

1
1500 3

1490

FIGURE 2: Complete nucleotide sequence of the cDNA insert in AHTPI-1529. The predicted amino acid sequence is shown starting with a
methionine residue that is encoded by the first ATG codon following a stop codon (TAG) in the same reading frame. The proposed cleavage
site by signal peptidase is shown by a dotted arrow. Potential carbohydrate binding sites to Asn residues are shown by solid diamonds. The
solid heavy arrows show the sites cleaved by kallikrein to release bradykinin, a vasoactive nonapeptide. The boxed sequences indicate the proposed
reactive sites of the inhibitor. The polyadenylation or processing sequence of AATAAA is shown by a bar.

corresponding positions of bovine LMW kininogen except at
residue 294. The human molecule lacks the potential carbo-
hydrate binding sites that are present in bovine LMW kini-
nogen at amino acid residues 88, 170, and 198 (Figure 3). The
locations of other carbohydrate chains, if any, that are attached
to threonine or serine residues are not clear at the present time.
A number of such carbohydrate chains are found in bovine
HMW kininogen (Kato et al., 1981).

The amino acid sequence of a,-thiol proteinase inhibitor
contained two repeat sequences that occur in tandem (Figure
4). Both sequences (amino acid residues 104-225 and
226~347) consist of 122 amino acid residues with 42 identical
amino acids. This corresponds to a homology of 34%. Allsix
cysteine residues in the two repeat sequences are conserved.
This observation suggests that gene duplication has occurred
in this protein during evolution. The same gene duplication
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10 20 30
Human TPI MKLITILFLCSRLIL|LISLTQE S|QfS EIE IDCND
Bovine LMW Kininogen M KL ITILFLCSRLL|P[SLTQES|-[SIQQREIDCND
40 .50 60
Human TPI K|[D|L{F KAV DA AL[K{KY N SI|Q|N|Q NINQFVLYRIT
Bovine LMW Kininogen QID|V(F KA VDAAL|TIKYN S|E|N|K GINQFVLYRIT
70 80 90
Human TPI EJATKTVGSIDTFYS|FIKY|E[IKEGDCP|V|Q S|G|IKT
Bovine LMW Kininogen E[VARMDNPIDTFY S|LIKYIQIIKEGDC PIF|Q SINIK T
100 110 120
Human TPI WQDC|E|]Y K DIAJAIKIAATGECTATV|GIKR|S STIKFS
Bovine LMW Kininogen WQDC|D|]YKD|SIA|]QIAATGECTAT VIAIKR|GNMKFS
130 140 150
Human TPI VAIT[QTC|QIITPAEGPVVTAQYIDICLGCVHPTIS
Bovine LMW Kininogen VAII|QTCILIITPAEGPVVTAQUY|E[CLGCVHPTIS
_ 160 170 180
Human TPI TIQiS PDL E PII|L RIHG|I QY F NNN T|Q|H SIL F PIEIN
Bovine LMW Kininogen T{K{S PDLEP|VILR|]YAJIQY FNNN T{S|H H{L F|D|L|K
190 200 210
Human TPI EVKRAQRQV VIA|GILINIFRITIY S I|ViQT NC S KE|N
Bovine LMW Kininogen EVKRAQRQUV V|S|G[WIN|IY EVN|Y STJA[Q TNC S KE|E
220 230 24
Human TPI FILIFLTPDCKSL[WN|IGDTGECTDINJA|IYI I QL R
Bovine LMW Kininogen FISIFLTPDCKSL|SS|GDTGECTD|K|IA(HV V K|L R
250 260 270
Human TPI I|AjS F S Q|N|[C D|I|Y PIGIKDFVQPPT|KI|C|VIGCPIRD
Bovine LMW Kininogen I|S{S F S QIK|Cc D|L|]Y P|VIKDFVOPPTRL|CIA{GCP|KP
280 - 290 ] 300
Human TPIL I P|T N|S PIEIL E E|T|LIT|H|TIIITIKLNAE(NNAT|FYFK
Bovine LMW Kininogen I P{V D}S PID|IL E E|P|L S}bSLE_A KLNAEJHDGAIF YFXK
. 310 320 330
Human TPI IDNVKKARVQVVAGKKYFIDVARETTCSK
Bovine LMW Kininogen I D|T{v KK A|TIvQVVAG|LIKY|S|I|VIFJTIARETTC S K
340 350 ) 360
Human TPI ESNEELTESCETKKLGQSLDNAE YVVPW
Bovine LMW Kininogen GISNEELT|K|SCE|INTIH{G QJI|IL|HJCID|A|N YVVP E
370 380 390
Human TPI E[KIK|I[Y PTVNCQPLGMI[SLMKRPPGFSPFR S
Bovine LMW Kininogen E[E[KIV|[Y PTVNCQPLGIQTISLMKRPPGFSPFR S
400 410 420
Human TPI SRICEIKEE|TTISIHILRISCEYXKGRP/PKAGAEP
Bovine LMW Kininogen VQVMKTEG S|T TIT|H|VK|SCEYKGRP QEIAGAEP
430
Human TPI A|S ER|{EV S
Bovine LMW Kininogen AJP QGIEV SJILPAESPQLAR

FIGURE 3: Amino acid sequences of human a,-thiol proteinase inhibitor and bovine low molecular weight kininogen. The sequence of bovine
LMW kininogen is from Nawa et al. (1983). The sequences are positioned with the appropriate gaps to show maximal homology. Common
residues are enclosed in boxes. Amino acid sequences are shown with the standard single letter for amino acid residues as follows: Ala, A;
Arg, R; Asn, N; Asp, D; Cys, C; GIn, Q; Glu, E; Gly, G; His, H; Ile, I; Leu, L; Lys, K; Met, M; Phe, F; Pro, P; Ser, S; Thr, T; Trp, W; Tyr,

Y; Val, V.

was also observed in the gene for bovine LMW kininogen
(Nawa et al., 1983). Nawa et al. (1983) also reported that
bovine LMW kininogen is encoded by at least two very similar
but distinct mRNAs. Whether or not this is also true for
human kininogen is not clear at the present time.
Recently, several different thiol proteinase inhibitors with
low molecular weights (10000-14 000) have been isolated from
human serum (human cystatin), human polymorphonuclear
granulocyte (stefin), chicken egg white (chicken cystatin), rat
liver, and rat epidermis. The complete amino acid sequences
of these inhibitors have also been established (Brzin et al.,

1983, 1984; Machleidt et al., 1983; Turk et al., 1983; Gauthier
et al., 1983; Takio et al., 1983, 1984).

When the two tandemly repeating sequences of «,-thiol
proteinase inhibitor were compared with these low molecular
weight proteinase inhibitors, clear homologies were found
(Figure 5). Among these sequences, the highly conserved
amino acid sequences for these inhibitors were Gin-Val-
Val-Ala-Gly. A clear conservation of the sequence strongly
suggests that this site may be the reactive site for these thiol
proteinase inhibitors. This further suggests that a,-thiol
proteinase inhibitor may have two reactive sites per molecule
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104
Repeat 1 TGECT
Repeat 2 TGECT
226

o

Repeat 1 C|V HP|LS|T|{Q[S P
Repeat 2 C|P R D{I|P|T S P

=4
[ea)

200
Repeat 1

Repeat 2
320

QR{QVVAGILNFR[IITYSIVQ
RV|IQVVAGKKYFIIIDFVARE

ACCELERATED PUBLICATIONS

ATVGKRSSTKTF S V A T A EGPIVIVT A Q Y D
DNAYIDIQL R IASF S G KD F(V|[QP P TK I

0
L E|P I RIH|GIT|Q Y FINI[N NT QH S SL|FML N E|V K[R|A
LE E T TIHITIJT KLINJAENNATTF Y| F/KIDNVKIK|A
T(N
T|T

300
220 225
CSKE|NTF Ll?ili PD|CIK S L WNIG|D
C SKE|SNEE|LT|ES[C/JETK K L|G|Q
340 347

FIGURE 4: Comparison of amino acid sequences of the two internal repeats in a,-thiol proteinase inhibitor. The internally homologous sequences
are designated as repeats 1 and 2. The numbering system for amino acid residues is as in Figure 2. Amino acid residues that are identical

in the two repeated regions are enclosed in boxes.

200 220
Human TPI, Repeat 1 TQHSSLFMLNE RAJQRIQVVAGLNTFRIIITYSIVQITIN KEINFL FIL T|P DJC/K SL WNIG|D
20 40
Human TPI, Repeat 2 NNATFYFKIDN KIAIRVIQ VVAGKKYF|IIDFWVARE|TIT|C KE|SNEE|LT|E SICIET K K L|G|Q
40 . 60 80
Human Cystatin SNDMYHSRALDQ VRIAIRK|QITIVAGIVNYFLDVELGR|TIT|C KITQPN-LIDN-ICIP F-~HDQ
30 50 704
Chicken Cystatin SNDKYSSRVVR SAKRQLVGIKYILQ\'EIGRTT K|S S G D ~-|L|- QS|ICIEF ~~HDE
60 80
Rat Liver TPI ANQK—— DVFKAISFRRQVVAGTNFFIKVDVGEEK VHLRVFEPLPHENKPLTLS
40 60
Human Stefin TNETY~-GKLEAVQYKT|QVVAG|TNYY|IIKVRAGDNRKYMHLKVF--+~~-- KSLP-|G|Q
40 60 80
Rat Epidermal TPIL TNEKY——EKFKVEYKSQVVAGQILFMKVDVGNGRFLHMKVLRG ——————— L S|G|D

FIGURE 5: Comparison of amino acid sequences of repeat 1 and repeat 2 in human «;,-thiol proteinase inhibitor with the corresponding sequences
of human and chicken cystatins, rat liver thiol proteinase inhibitor, human stefin, and rat epidermal thiol proteinase inhibitor. Only the regions
that contain significant homologies are shown for each inhibitor. The amino acid residues that are identical with those in repeats 1 and 2
of a,-thiol proteinase inhibitor are enclosed in boxes. The numbering systems for the amino acid residues are as in the original report for each
protein (see below). The sequences are positioned with the appropriate gaps to show maximal homology. The sequences of human cystatin,
chicken cystatin, rat liver thiol proteinase inhibitor, human stefin, and rat epidermal thiol proteinase inhibitor are quoted from Brzin et al.
(1984), Turk et al. (1983), Takio et al. (1983), Machleidt et al. (1983), and Takio et al. (1984), respectively.

starting with GIn-188 and Gln-310.

A kinetic analysis of the inhibition of thiol proteinase in-
hibitors with a,-thiol proteinase inhibitor has shown that 1
molecule of inhibitor will inactivate 1.6 molecules of ficin (data
not shown). A further detailed kinetic analysis is in progress
in our laboratory.

As shown in Figure 5, the middle part of the repeat se-
quences of a,-thiol proteinase inhibitor shows the highest
homology to human cystatin. It is also interesting to note that
repeat 1 has a higher level of homology (33%) than repeat 2
(24%) within their limited region surrounding the proposed
reactive site. The well-conserved amino acid sequences also
included two Cys residues, as shown in Figure 5. These data
suggest that the two inhibitory domains of a,-thiol proteinase
inhibitor belong to the cystatin type.

It is also very interesting to note that HMW kininogen
appears to lack inhibitory activity toward the thiol proteinase,
ficin (unpublished data). Further studies are required to
determine whether or not the much longer light chain of
HMW kininogen, compared to that of LMW kininogen, is
covering up the inhibitory domains in the heavy chain, thus
inhibiting a free access of reactive sites to the active site of
thiol proteinases.

At the present time, it is not clear whether or not a,-thiol
proteinase inhibitor is a derivative of LMW kininogen or
HMW kininogen. «,-Thiol proteinase inhibitor; appears to
be a molecular species with one cleavage of a peptide bond
(Argsge-Serygo) between its bradykinin and light chain, and
a,-thiol proteinase inhibitor; is a molecular species that has
a heavy chain and a light chain held together by a disulfide

bond but no bradykinin moiety.

As discussed above, LMW kininogen is a thiol proteinase
inhibitor in addition to its function as a source for vasoactive
bradykinin. It is extremely intriguing to speculate as to its
physiological function, particularly in inflammation in which
many thiol proteinases, including lysosomal cathepsins, are
released and must be regulated.
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Effect of Polyamines and Basic Proteins on Cleavage of DNA by

Restriction Endonucleases’

Alfred Pingoud,* Claus Urbanke, Jiirgen Alves, Hans-Jiirgen Ehbrecht, Marc Zabeau,! and Claudio Gualerzi$

ABSTRACT: We have investigated the effect of the polyamines
spermine, spermidine, and putrescine and the prokaryotic
histone-like proteins NS1 and NS2 on the restriction endo-
nuclease EcoRI catalyzed cleavage of plasmid and bacterio-
phage DNAs. At low concéntrations of spermine and sper-
midine, the rate of DNA cleavage by EcoRl is increased, while
high concentrations of spermine as well as of spermidine are
inhibitory. These phenomena are also observed with other
restriction endonucleases. They are, therefore, probably due

Class IT restriction endonucleases cleave DNA with very
high specificity at their respective recognition sites. Few en-
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to the interaction of the polyamines with the DNA. Putrescine
does not have such an effect within the concentration range
investigated. Remarkably, low concentrations of spermine and
spermidine very efficiently suppress EcoRI* activity. An
inhibition of the EcoRI-catalyzed cleavage of DNA is also
observed with NS1 and NS2, an effect that can be mimicked
with other basic proteins that interact with DNA. The results
are discussed in terms of the mechanism of restriction in vivo.

zyme activities have been described so far that discriminate
as effectively between similar substrates as restriction endo-
nucleases: it has been estimated for the EcoR1I endonuclease
that its reactivity toward its recognition site is at least 107 times
higher than that at alternative sequences (Halford, 1980). The
enormous specificity of restriction endonuclease is presumably
due to several hydrogen bonds formed between the enzyme
and the nucleotide bases of its substrate during the process
of enzymatic catalysis (Seeman et al., 1976; Smith, 1979). A
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