a,-Antiplasmin Enschede: Alanine Insertion and
Abolition of Plasmin Inhibitory Activity
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An abnormal a,-antiplasmin that is associated with a serious bleeding tendency has
been found in a Dutch family and is referred to as a,-antiplasmin Enschede. This
abnormal «;,-antiplasmin is converted from an inhibitor of plasmin to a substrate. The
molecular defect of a,-antiplasmin Enschede, as revealed by sequencing of cloned
genomic DNA fragments, consists of an alanine insertion near the active site region of
the molecule. Substitution of this fragment into complementary DNA for a wild-type
az-antiplasmin yields a translation product with physical and functional properties
typical of the abnormal a,-antiplasmin Enschede. The naturally occurring mutant may
serve as a model for investigating the structures that determine the properties of an
inhibitor versus those of a substrate in serine protease inhibitors.

UMAN 0-ANTIPLASMIN (a-AP),
the primary physiological inhibi-

tor of plasmin in plasma (I) be-
longs to the serpin superfamily of serine
protease inhibitors (2), which share a signif-
icant degree of amino acid homology (3)
and a common inhibitory mechanism (4). A
model of the crystal structure of the serpin
aj-antitrypsin (a;-AT), cleaved at its reac-
tive site (a substrate-like region) (5), indi-
cates that the reactive site sequence is con-
tained in and exposed in a strained loop that
could allow direct binding of an attacking
serine protease. Enzyme inhibition is the
consequence of an irreversible 1:1 stoichio-
metric complex formation by reaction of the
inhibitors’ reactive site P1-P’1 peptide bond
(4) and the active site serine residue of the
protease. A tetrahedral intermediate is
formed and subsequently breaks down with
the concomitant release of an amine from
the COOH-terminal portion of the inhibi-
tor. The remaining complex between the
modified inhibitor and the protease is very
stable, but the exact nature of the uniting
forces is not fully understood. Certainly,
other amino acids are involved in stabilizing
the complex and directing inhibitor specific-
ity. Sequence divergence within the serine
protease contact area (P1 and surrounding
residues) is a characteristic of probably all
serine protease inhibitors, including mem-
bers of the serpin superfamily (3, 4, 6). This
variability is considered to be an evolution-
ary tool used to generate different inhibitory
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spectra. Recent amino acid sequencing of
avian ovomucoid third domains has shown
strongly hypervariable enzyme-inhibitor
contact residues (7), thus bringing to ques-
tion the belief that orthologous proteins of
related species maintain a conservation of
these functional positions. Another question
that remains unresolved is, What makes a
serine protease inhibitor an inhibitor rather
than simply a substrate?

The rapid inhibition of plasmin by a,-AP
[the second-order rate constant k) = 2 X
107 to 4 X 10’M " 'sec™!] (8) is dependent
on two functional areas of a,-AP. The first
is the reactive-site P1-P'1 peptide bond,
which in a,-AP is Arg-364—Met-365 (2, 9).
Cleavage of this bond releases a peptide of
relative molecular size (M;) ~8000 (10).
The second is a 26—amino acid COOH-
terminal region (11) that allows reversible
binding between a,-AP and the lysine-bind-
ing sites (LBS) of plasmin or plasminogen.
In normal plasma both plasminogen-bind-
ing and non-plasminogen-binding forms of
ay-AP exist (12, 13). Miniplasmin, a plas-
min derivative lacking the LBS, but possess-
ing a fully intact active site, is neutralized
~60 times more slowly by a;-AP (14),
demonstrating the relevance of the interac-
tion with the LBS.

Congenital deficiencies of a,-AP may re-
sult in bleeding disorders (15). An abnormal
ay-AP, referred to as a,-AP Enschede, was
found in two siblings living in Enschede, the
Netherlands. These individuals have 3% of
normal functional activity and 100% of nor-
mal antigen levels (16). Their apparently
heterozygous parents have 50% functional
activity and 100% antigen levels. Analysis of
the variant protein showed that its ability to
reversibly bind plasmin or plasminogen has
not been affected. SDS—polyacrylamide gel
electrophoresis  (SDS-PAGE), however,
showed no complex formation with plasmin
but did show release of a small fragment.

Analysis of papain digests revealed a frag-
ment from a,-AP Enschede migrating with
a slightly different M, (17) from the corre-
sponding fragment of normal a,-AP. It was
suggested that a,-AP Enschede has been
converted from an inhibitor to a substrate of
plasmin by a small deletion or point muta-
tion (17).

Genomic DNA fragments from the En-
schede family were cloned and their nucleo-
tide sequences determined (I18) to investi-
gate the lesion responsible for the pheno-
type of a,-AP Enschede and to gain a better
understanding of what makes the normal
molecule an inhibitor. Hybridization with
an a-AP complementary DNA (cDNA)
probe to genomic Enschede DNA revealed a
restriction fragment length polymorphism
(RFLP) within the DNA encoding the reac-
tive site region (Fig. 1). Two alleles are
evident in each confirmed heterozygous par-
ent—one corresponding in size to the single
slightly larger and more intense band in
both children and one corresponding in size
to the smaller 174-bp wild-type alleles of a
normal individual.

Pst I-Hind III genomic DNA fragments,
containing either the mutant or the wild-
type sequence from each family member and
the normal individual, were cloned and se-
quenced. Figure 2 presents the partial nucle-
otide and deduced amino acid sequence of
both alleles from the father. One allele con-
tains the normal sequence and the other
reveals a GCG in-frame insertion. Identical
results were obtained with DNA from the
mother. All clones from both the son and
daughter contain the GCG insertion. This
rare type of mutation results in the insertion
of an alanine somewhere between amino
acid residues 353 and 357, seven to ten
positions on the NH,-terminal side of the
P1 residue (Arg-364) in the reactive site of

uz-AP
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Fig. 1. Identification of a genetic lesion in a,-AP
Enschede. Demonstration of RFLP in Sst I-
digested genomic DNA of Enschede family mem-
bers by Southern analysis; (O0) normal male con-
trol. Sst I-digested genomic DNA (20 pg) from
each individual was separated on a 6% polyacryl-
amide gel, and electroblotted to a Zeta-probe
membrane (Bio-Rad). Hybridization was with
the Pst I-Hind III fragment of a;-AP cDNA
(nucleotides 1061 to 1393 containing the Sst I
fragment and encoding amino acids 318 to 429,
which encompass the reactive site) §2)’ nick-
translated to a specific activity of 6 X 10° cpm/pg.

REPORTS 209



Because the cloned 332- to 335-bp Pst I-
Hind III fragments contain no untranslated
DNA, the genomic structure of a,-AP must
be different from those of some other ser-

pins. Indeed, both a;-AT and rat angioten-
sinogen have an intron in this region (19),
whereas chicken ovalbumin (20) does not.
This raises the question of whether a,-AP

PstI SstI
CTGCAG GAGCTC Normal
1061 1148
350 360
( sheet 4A )
+ - o+ o+ - - - -
GluValGlyValGluAlaAlaAlaAlaThrSerIleAlaMetSerArgMet
AGCGAGGTCGGCGTGGAGGCGGCGAGCGGCCACCAGCATTGCCATGTCCCGCATG Normal
Ala Mutant
GCG
370 380
( sheet 1C ) ( sheet 4B )

- — - + + -
SerLeuSerSerPheSerValAsnArgProPheLeuPhePhellePheGluAsp
TCCCTGTCCTCCTTCAGCGTGAACCGCCCCTTCCTCTTCTTCATCTTCGAGGAC Normal

SstI HindIII
GAGCTC AAGCTT — Normal
1322 1393

Fig. 2. Partial nucleotide and deduced amino acid sequence of normal and mutant alleles of a,-AP.
Nucleotides 1061 to 1393 [a,-AP numbering system (2)] are shown. Amino acids are numbered above
the sequence. The reactive site is indicated with an arrow. Secondary structural elements (B-pleated
sheet strands) are indicated as determined by amino acid homology with a;-antitrypsin cleaved at the
reactive site (3, 5). Symbols above the sequence indicate varying degrees of amino acid sequence
homology among 11 serpins; (+) eight or more homologous amino acids; (—) six or more homologous
amino acids. Genomic DNA clones were obtained by digesting 40 ug of Pst I-Hind III DNAs from
each individual and separating them on 5% polyacrylamide gels. This was followed by fractionation,
electroelution of the ~320- to 370-bp fragments, ligation in pUC18 (23), transformation of Escherichia
coli HB101, and screening of lysed colonies on nitrocellulose membranes by hybridization with the
same nick-translated Pst I-Hind III fragment as was used for identification of the RFLP. Pst I-Hind III
fragments of plasmid DNA from colonies indicating positive hybridization were subcloned in
M13mpl8 or M13mp19 (23) for dideoxynucleotide sequencing (24).

Fig. 3. SDS-PAGE of ay- A1
AP moicties. (A) SDS-
PAGE (15% gel) under
nonreducing conditions of
a,-AP moieties before (a)
and after (b) reaction with
plasmin. (Lane 1) Protein
calibration mixture (M,’s
94,000, 67,000, 43,000,
30,000, 20,000, and
14,450); (lane 2) plasmin;
(lane 3) na,-AP; (lane 4)
ra,-AP; and (lane 5) ro,-
AP-VAla. (B) SDS-PAGE
(15% gel) under nonreduc-
ing conditions of ra,-AP-
VAla after reaction with
plasmin for (lane 2) 0 min-
utes; (lane 3) 1 minute;
(lane 4) 10 minutes; and
(lane 5) 20 minutes. The
protein standards (lane 1)
were as in (A). na-AP and

2 3a 3b 4a 4b 5a 5b

;

ra-AP were purified as described (21). ra,-AP-VAla was purified from the serum-free conditioned
media of pPAAP-VAla-transfected CHO cells as described (21) with addition of aprotinin (10 kallikrein
inhibitor units per milliliter) to the buffers used for chromatography on LBSI-Sepharose. Protein
concentration was measured by enzyme-linked immunosorbent assay (ELISA) (21) or by amino acid
analysis. (A) Plasmin (10 pM) was incubated with 10 pM na,-AP, ra,-AP, or ra,-AP-VAla for 1
minute at 37°C; the synthetic plasmin inhibitor p-Val-Phe-Lys-CH,Cl was then added to attain a
concentration of 2 X 107*M prior to gel loading. (B) Plasmin (0.5 pM) was incubated with 10 pM
ra,-AP-VAla for 0, 1, 10, and 20 minutes at 37°C, and p-Val-Phe-Lys-CH,Cl was added prior to gel

loading.
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has followed the evolutionary course of a;-
AT and angiotensinogen but lost an intron
or whether it has arisen from the ovalbumin
side of the family.

The question, whether the alanine inser-
tion is indeed responsible for the inability of
a-AP Enschede to inhibit plasmin, was
examined as follows. A Pst I-Hind III frag-
ment containing the insertion was ex-
changed with the normal sequence in a,-AP
within a eukaryotic expression plasmid,
pPAAP, based on the SV40 early promoter
(21), to yield a plasmid encoding the Ala
insert (pPAAP-VAla). The plasmid contain-
ing the insert was then delivered to Chinese
hamster ovary (CHO) cells by cotransfec-
tion with pDHFRS (22), a plasmid contain-
ing the selectable marker dihydrofolate re-
ductase, for secretion of recombinant a,-
AP-VAla (ra-AP-VAla). The recombinant
a-AP-VAla was then purified from serum-
free conditioned media and characterized.

SDS-PAGE shows a nearly homogeneous
ra-AP-VAla migrating slightly more slowly
than the plasminogen-binding form of natu-
ral ap-AP (na,-AP) but in the same relative
position as rap-AP (Fig. 3). Amino acid
compositions of ra,-AP-VAla, ra,-AP, and
na,-AP are indistinguishable. After prein-
cubation with plasmin, both na,-AP and
ra,-AP form stable complexes with plasmin,
as shown by SDS-PAGE, and complex for-
mation is associated with the release of a
peptide with a low M, (Fig. 3). In these gels,
this peptide migrates with an apparent M, >
14,000, but amino acid sequencing has
shown that its true M, is ~8000 (10).
When treated in the same way, ra,-AP-VAla
shows no stable complex formation but does
show release of a peptide with a slightly
faster migration than that of na,-AP or ro,-
AP.

A time-course analysis of the reaction
between plasmin and ra,-AP-VAla (molar
ratio 1:20) reveals the initial release of a
peptide with a M, similar to that of the
peptide released from no,-AP and ro,-AP
when they are treated with equal molar
amounts of plasmin; the peptide is then
further degraded to two Coomassie blue-
staining fragments (Fig. 3). These results
suggest that the first cleavage may, occur at
the displaced reactive site Arg-365-Met-
366 and that at least one other secondary
plasmin cleavage site exists in the COOH-
terminal peptide.

Crossed immunoelectrophoresis (CIE)
(Fig. 4) shows that noa,-AP in plasma and
purified ra,-AP-VAla migrate with similar
mobility. After preincubation with plasmin
(molar ratio of a,-AP to plasmin, 2:1) (Fig.
4), purified ra,-AP displays two peaks, the
peak with slower mobility representing plas-
min—ay-AP complex. In this system, ro,-
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Fig. 4. Crossed immunoelectrophoresis of a,-AP
moieties without (A and B) or with (C) the
addition of Lys-plasminogen in the first dimen-
sion. (Al) nap-AP in plasma; (A2) purified ro-
AP-VAla; (Bl) purified rop-AP preincubated
with plasmin; (B2) purified ra,-AP-VAla preincu-
bated with plasmin; (C1) na,-AP in plasma; and
(C2) purified ra,-AP-VAla. Crossed immunoclec-
trophoresis with rabbit antiserum to ar-AP with
or without the addition of purified Lys-plasmino-
gen (140 pg/ml) was performed as described
(13). Preincubations of 10 pM rop-AP-VAla with
5 wM plasmin were for 1 minute at 37°C, after
which 2 x 107*M p-Val-Phe-Lys-CH,Cl was
added.

AP-VAla shows no complex formation, in
agreement with the SDS-PAGE results.
That ra,-AP-VAla maintains the plasmino-
gen-binding function associated with the 26
amino acids at the COOH-terminal of nas-
AP (11) is shown by modified CIE (13), in
which Lys-plasminogen, a partially degrad-
ed form of native Glu-plasminogen, is added
to the gel matrix. In this case na,-AP in
plasma reveals two peaks of plasminogen-
binding (slower mobility) and non-plasmin-
ogen-binding (faster mobility) material,
whereas nearly all of the ra,-AP-VAla,
which was purified with LBSI-Sepharose, is
in the plasminogen-binding form, as evi-
denced by its retarded migration (Fig. 4). In
CIE, the behavior of ra,-AP-VAla is similar
to that of na,-AP-VAla.

Although ra,-AP-VAla reacts normally
with the LBS of plasminogen, it does not

inhibit plasmin irreversibly. Whereas under
second-order conditions, plasmin is inhibit-
ed by na,-AP or rap-AP with a &y of 2 X 107
to 4 X 10’M~" sec™! (8), no inhibition is
observed with ra,-AP-VAla. Even when
plasmin is incubated with up to a 20-fold
molar excess of ra,-AP-VAla, no irreversible
plasmin inhibition is observed.

In conclusion, a three—base pair (GCG)
in-frame insertion within the structural gene
of ay-AP has been identified in two true
heterozygotes and in their two homozygous
children. This alanine insertion, in an area
homologous to the 4A B-pleated sheet of
cleaved o;-AT (immediately adjacent to the
reactive site), must have resulted in some
structural perturbation that has abolished
the plasmin inhibitory activity of «,-AP
Enschede and converted the protein to a
plasmin substrate. To our knowledge, -
AP Enschede constitutes the only instance in
which a mutation within the reactive-site
region has inactivated a serpin, yet it has
converted the inhibitor to a substrate. This
naturally occurring mutant may serve as a
model for further investigation of the struc-
ture-function relationships in a,-AP, or in
serpins in general, that determine the rela-
tive properties of an inhibitor as opposed to
those of a substrate.
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