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The serpins are widely distributed, structurally related family of proteins with
diverse functions. Most of the known serpins are proteinase inhibitors, the majority
being found as secreted species, however, there are a few that occur intracellularly and
their physiological role remains unknown. Most of the intracellularly occuring serpins
have been classified into the ovalbumin subfamily. The possible phytogenetic tree of

14 intracellular serpins is presented.

The serpins are a constantly expanding fam-
ily of structurally related proteins, similar in
amino-acid sequence, overall tertiary structure
and mechanism of inhibition. Most of the
known serpins are inhibitors of proteinase, the
majority being found as secreted species. How-
ever, there are a few serpins which occur intra-
cellularly and their role in the organism, while
still being elucidated, nonetheless in most cases
remains unknown. The ovalbumin family of
intracellular serpins consists of members
which are largely non-secreted due to the fact
that they lack a cleavable signal sequence.
Ovalbumin serpins share similarities in gene
structure indicating their close evolutionary
links and a possibility of divergent evolution
from a common ancestor. A few other charac-

teristic features distinguish this subfamily from
a large superfamily of serpins, the criteria
being: lack of a cleavable translocation signal,
lack of the N-terminal extension regions com-
mon to other serpins, as well as lack of the
C-terminal extension. Moreover, ovalbumin
serpins have a serine rather than asparagine, as
have most serpins, at the penultimate position
390 and a variable residue rather than valine at
position 388. A peculiarity of this group of pro-
teins is that some of its members, such as oval-
bumin, plasminogen activator inhibitor-2, or
maspin can be fully or partially secreted due to
the possession of an internal signal sequence.
However, most other members, such as leuco-
cyte elastase inhibitors from human (HEI),
horse (HLEI) or pig (PLEI), human proteinase
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Abbreviations: a-Pl, «i-proteinase inhibitor; ATII, antithrombin [II; B-43, inhibitor from bovine brain;
BLEIL bovine leucocyte elastase inhibitor; CrmA, cytokine response modifier A (cowpox virus serpin); HEI,
human elastase inhibitor; HLEL horse leucocyte elastase inhibitor; ICE, interleukine-1B converting enzyme;
LICI-1 and -2, Limulus intracellular coagulation inhibitor; LPS, lipopolysaccharide; PAPI-2, crayfish Paci-
fastacus proteinase inhibitor; t-PA and u-PA, tissue- and urokinase-plasminogen activator; PAI-1 and -2,
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proteinase inhibitors; P1-10, bone marrow-associated serpin (bomapin); PLE], pig leucocyte elastase inhi-
biotr; PMN, polymorphonuclear leucocyte; PTI, placental thrombin inhibitor; SCCA, squamous cell carci-
noma antigen; TNF-x, tumour necrosis factor a.
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inhibitor (PI-6), its relatives: PI-8 and PI-9,
squamous carcinoma cell antigen (SCCA),
leupin, bomapin (PI-10), Limulus intracellular
coagulation inhibitors (LICI-1, LICI-2) are
bound to remain in the cytosol. However, some
new, recently defined serpins were also found
to be non-secreted, such as; B-43 from bovine
brain, viral serpin CrmA, crayfish PAPI-2 or
plant serpins: barley protein Z and wheatlike-Z
serpin. Since the pool of intracellularly occur-
ring serpins is still enlarging it is becoming
hard to classify the new emerging species; poss-
ibly, after further examination of their struc-
ture, some of them will meet the criteria
classifying them to the ovalbumin family of
intracellular serpins. Nonetheless, they share
two important features in common, which are
the intracellular localization and a more or less
miscellaneous role in the organism.

GENERAL CHARACTERISTICS
OF SERPINS

Serpins are a large family of structurally re-
lated proteins most of which act as inhibitors of
serine proteinases and many of which are in-
volved in regulation of important physiologi-
cal processes such as blood coagulation, fibri-
nolysis and inflammation. In some cases, pro-
teins classified as serpins have lost their inhibi-
tory activity and developed specialized
functions such as hormone transport (cortisol-
binding globulin and thyroxin-binding glo-
bulin), blood pressure regulation (angioten-
sinogen) or, like ovalbumin, have no recog-
nized function [1, 2]. Serpins share a few very
distinctive features which account for their
classification into a single, structurally related
superfamily. The family members have a re-
markably highly conserved three dimensional
structure despite the lack of significant homo-
logy in the amino-acid sequence between the
members [3]. Inhibitory serpins are charac-
teristic in having a mobile reactive centre which
is exposed on a peptide loop. They are also
known to form stable complexes with their re-
spective proteinases because the reactive centre
residue functions as an ideal substrate [4]. The
inhibition is due to a tight 1:1 molar association
between a proteinase and serpin, which is best
modeled as formation of a Michaelis-like com-
plex [5]. This relationship is similar to a protei-

nase’s interaction with its substrate, progress-
ing to the pointof cleavage of the P1-P*| peptide
bond and formation of the first covalent acyl-
intermediate. Cleavage is coupled to a rapid
shift in the relative position of the enzyme and
its inhibitor, sufficiently distorting an active site
geometry to prevent deacylation and event-
ually effectively trapping the enzyme. Upon
cleavage, a reactive centre loop is incorporated
into the body of the inhibitor bringing the in-
hibitor closer to the lowest free energy slate
resulting in trapping of the proteinase in the
acyl-enzyme intermediate form [5]. The associ-
ation of proteinase and inhibitor is very ratpi«:l_’5
with second order rate constants of 10°-10
M's!, however, the complex dissociates very
slowly yielding an active proteinase and a
cleaved inhibitor.

A typical structure of serpin resembles that of
an ay-proteinase inhibitor, a molecule where
helices constitute 30% of the structure and three
B-sheets 40%. One of the sheets (sheet A), made
of six anti-parallel strands, is a predominant
feature of serpins with the reactive-centre
tide extending from the middle strand, desig-
nated 54 [6]. The similarity in tertiary structure
of serpins allows for classification of its mem-
bers, however, there are regions where some
members have a different amino-acid sequence
and these differences give clues as to their indi-
vidual functions. The exposed portion of the
loop Pg-P'5 is one of the few regions of the
molecule that is highly variable, being specific
for the target proteinase. Immediately proximal
to the exposed loop (towards the amino end) is
the hinge area of the molecule, Pg-Py5, where
strand 5 of the B-sheet turns to re-enter as
strand 4 and then leaves the sheet to form the
reactive-centre loop. The hinge region is strong-
ly conserved in all the inhibitory serpins, with
Pg-Py2 being primarily alanines [7]. Mutations
in this region result ina loss of inhibitory activ-
ity when the reactive-centre loop is locked in
the extended position, as it can be seen in mole-
cules of angiotensinogen or egg-white oval-
bumin. Serpins can adopt alternative confor-
mations depending on the degree to which a
peptide loop has been incorporated into the
sheet to form the middle, fourth strand. Crys-
tallographic structures show that a cleaved in-
hibitory serpin completely incorporates its
cleaved loop back into the A sheet with a con-
sequent separation of the P; residue from the
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P’; residue by 70 A. The shift is accompanied
by an increase in overall stability of the mole-
cule, as it gains thermal stability and becomes
less susceptible to SDS treatment, presumably
due to reorganization of the five-stranded B-
sheet A from a mixed parallel-antiparallel ar-
rangement to a six-stranded, predominantly
anti-parallel B-sheet [2]. The molecule is said to
undergo from a stressed (S) to relaxed (R) con-
formation. The serpins ability to vary confor-
mations of the reactive-centre allows
modulation of their inhibitory activity and also
protects the circulating inhibitor against a
proteolytic attack. The external position of the
reactive-centre loop makes it vulnerable to
proteolytic cleavage and the serpins are readily
inactivated in this way by numerous protei-
nases. In fact, the inhibitory activity of a serpin
depends on its ability to fold its reactive-centre
loop. Serpins which are not proteinase inhibi-
tors are susceptible to proteolytic cleavage in
the exposed loop but do not undergo a stressed
to relaxed conformation switch [8].

Two structural extremes of the potential loop
configuration have been determined based on
crystal structures of non-functional serpins:
ovalbumin and latent plasminogen activator
inhibitor-1 (PAI-1) [9, 10]. In ovalbumin, strand
54 is not inserted at all into sheet A and a
pseudo-reactive site peptide loop isexposed on
the final turn of a mobile three-turn helix ex-
tending from the underlying molecule [9]. La-
tent PAI-1, on the other hand, has a reactive site
loop fully incorporated into sheet A as ob-
served with cleaved serpins [10]. Other serpins
when exposed to mild denaturing agents atlow
temperatures can also be induced to form an
inactive-locked conformation. Also, incubation
with small synthesized reactive-site loop pep-
tides can induce formation of a binary complex
in which a synthesized peptide will insert into
the space otherwise occupied by strand S4 [3].
Only recently the spatial structure of active,
functional antithrombin has been described by
Carrell et al. [11] and for the first time a recon-
struction of the intact reactive-centre loop was
possible. The study was based on crystal struc-
ture of a dimer formed by linkage of an inactive
molecule of antithrombin with an incorporated
reactive loop and an active molecule of anti-
thrombin which resembles that of ovalbumin,
with an exposed reactive loop and a five-
stranded B-sheet A. As opposed to ovalbumin,

there is a complete loss of helicity in the loop
and a slight opening of the f-sheet A which
would allow potential insertion of the loop. In
fact, the active molecule has a conformation
which keeps the molecule ready to react with
its proteinase, that is, its reactive loop is neither
fully exposed nor totally incorporated into the
A-sheet. In keeping with earlier predictions,
Carrell et al. [11] confirmed that the active mole-
cule of antithrombin has a flexible reactive loop
that can be considered to adopt a series of con-
formations, and this appears to be a major char-
acteristic of inhibitory serpins. The most recent
communication of Song et al. [12] reveals a
crystal structure of uncleaved «;-PI where a
reactive loop adopts a distorted helical confor-
mation similar to that of antithrombin. How-
ever, in contrast to antithrombin, no wider
opening between the strands s3Aand s5A inthe
f-sheet A is observed, implying that partial
insertion of N-terminal residues of the reactive
loop does not takes place in oy-PI [12].

The vast majority of serpins is being secreted
as their protease targets function in the extra-
cellular environment. These serpins, however,
have been closely investigated and described in
much detail. In contrast to the amount of infor-
mation available on the regulatory activities of
the extracellular serpins that functon either in
plasma, the pericellular space of tissue or at the
cell surface, very little is known regarding the
intracellular members of this superfamily.
Since, in most cases, the intracellular inhibitor
is spatially separated from the proteinases it
can be postulated that its physiological func-
tion is protection of cytoplasmic proteins in the
intact cytosol of cells, or inactivation in vivo of
released proteinases only in the case of total cell
disruption. Most of the intracellularly occur-
ring serpins have been classified into a subfam-
ily of ovalbumin serpins which is continuously
expanding. Nonetheless, there are still emerg-
ing new intracellular serpins which are hard to
classify. But still, one feature distinguishing all
of them is their more or less miscellaneous role
in the organism.

SUBFAMILY OF OVALBUMIN SERPINS
(OV-SERPINS)

The ovalbumin family consists of serpins
which are largely non-secreted, with its repre-
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sentative — ovalbumin as a major exception.
The species so far classified as ovalbumin ser-
pins are: a chicken oviduct protein — oval-
bumin, a product of chicken gene Y (not stu-
died at the protein level), human plasminogen
activator inhibitor-2 (PAI-2), squamous cell car-
cinoma antigen (SCCA), leucocyte elastase in-
hibitor derived from humans (HEI), horse
(HLEI), and pig (PLEI), human proteinase in-
hibitor (P1-6), its relatives: PI-8 and PI-9, leupin,
bomapin (PI-10) and maspin. Some recently
defined serpins such as: B-43 isolated from bo-
vine brain, Limulus (horseshoe crab) intracellu-
lar coagulation inhibitors (LICI-1 and LICI-2),
PAPI-2 a crayfish serpin or a viral serpin CrmA
seem to be close in structure to ovalbumin ser-
pins, however, they either do not fulfill all the
requirements to be classified into this family or
still remain to be examined more closely.

A classification of serpins to ovalbumin fam-
ily is based on a few commonly shared charac-
teristics. Ov-serpins share similarities in gene
structure pointing to close evolutionary links
and a possibility of divergent evolution from a
common ancestor [13]. In most cases, the genes
of the ovalbumin family members which have
been characterized contain seven exons with
nearly identical placement of the same junc-
tional type introns within the coding sequence
[13, 14]. Very characteristic of ovalbumin ser-
pins is the lack of a typical, cleavable signal
peptide that would promote their translocation
across a membrane. Despite that, ovalbumin,
PAI-2, SCCA and maspin are still able to pass
through the endoplasmic reticulum and be ef-
ficiently secreted [13]. Most serpins possess an
amino-terminal hydrophobic signal sequence
which is removed by signal peptidase during
translocation. Therefore it has been suggested,
that efficient secretion requires a hydrophobic
sequence to initiate translocation and a site for
signal peptidase cleavage to separate the hy-
drophobic sequence from the secreted protein
[15]. Ovalbumin and PAI-2 apparently possess
an internal sequence, made up of hydrophobic
regions which act as a translocation sequence,
the difference being that it is not cleaved when
the protein passes through the endoplasmic
reticulum membrane [15]. A signal probably
resides in the first 70 amino acids of ovalbumin
and PAI-2 and it remains fused to the protein
upon its translocation [15]. Most probably, in
the case of other non-secreted ov-serpins a

charge distribution around a potential hydro-
phobic signal sequence accounts for their cyto-
solic accumulation; for example HLEI contains
six charged amino acids [16] in positions which
in PAI-2 are occupied by a hydrophobic or a
polar amino-acid residues [14]. Nevertheless,
all ov-serpins can be said to share a common
teature, which is the lack of a cleavable translo-
cation signal. Ov-serpins also lack the N-termi-
nal extension regions common to other serpins.
Relative to ¢;-PI they begin atamino acid num-
ber 23. Another feature distinguishing them
from a larger family of serpins is the lack of
C-terminal extension (they terminate at Pro376,
the equivalent of Pro391 in «-Pl), even though
a structural importance has been suggested for
these last residues because mutants of «;-P1
shorter by even one residue are degraded in the
cell {14]. Ov-serpins have serine rather than
asparagine, as in most serpins, at the position
390 of @;-Pl and a variable residue rather than
valine at position 388 [14]. Nearly the same
gene organization pattern for all members of
ov-serpins suggests very close evolutionary
links between them even though they have
different functions and come from different
species. Albeit a structural resemblance allows
ovalbumin serpins to belong to the same class
of related proteins, their more or less specula-
tive functions are strikingly varied. Some, like
ovalbumin, have lost their original inhibitory
function and the character of inhibitory speci-
ficity of others is largely determined by the
nature of the reactive site P;-P*; peptide bond.

PAI-2, originally derived from human placen-
ta, is a serine proteinase inhibitor which regu-
lates plasmin generation by inhibiting uro-
kinase and tissue plaminogen activator. It is a
unique example of protein that by design has
an inefficient translocation signal allowing, as
already mentioned, the synthesis of both extra
and intracellular forms. PAI-2 is supposed to
secure homeostasis during pregnancy and de-
livery which implies its functional relationship
to ovalbumin [17]. It was noted that the syn-
thesis of PAI-2 in monocytes or endothelium
can be drastically affected by inflammatory
mediators and, considering its insensitivity to
oxidants, it is possible that it has a function in
the inflammatory reaction [14, 15, 18]. The latter
argument is strengthened by the observation
that TNF-at induces PAI-2 gene transcription in
mononuclear phagocytes and fibroblasts [14].
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Since TNF-a. induces most inflammatory and
cell mediated immune reactions, it is possible
that the induced release of PAI-2 may allow
deposition of fibrin by inhibiting plasminogen
activation [14, 19]. According to Belin [14], PAI-
2 canalso have a cytoprotective role resembling,
the anti-apoptotic action of the oncogene bcl-2
gene which is in close proximity of the PAI-2
gene on the chromosome 18.

Another member of the ovalbumin family,
homologous in 50.1% to PAI-2, is a human leu-
cocyte elastase inhibitor (HEI) which was first
found in the cytosol of human monocyte-
derived macrophages [20] and then in the gra-
nules of neutrophils — PMNs [21]. It has been
long investigated with respect to its possible
extracellular localization but can be quite sure-
ly said to occur intracellularly. HEI is an effi-
cient inhibitor of neutrophil elastase, prote-
inase-3 and, to a lesser degree, cathepsin G [22].
[ts close relatives were found in horse, ovine
and porcine PMNs [23-26]. They all function to
inhibit elastase showing more or less broad
specificity. For example HLEI, unlike human
elastase inhibitor, shows a broad specificity and
inhibits not only elastases found in human and
horse leucocytes but also elastase from pig pan-
creas and dog leucocyte [23, 27]. It also shows
a remarkably high antichymotrypsin activity
while antitrypsin activity is very low [23]. A
peculiar aspect of the intracellular elastase in-
hibitor is that the content of the inhibitor with
respect to its substrate found in the granules
varies quite significantly from species to
species and is the main cause of the debate
about the inhibitor’s hypothetical function. For
example, in human PMNs the content of elas-
tase is much higher than that of its inhibitor (3
pg and 0.03 pg per cell) [21], while in horse
PMNs both proteins occur in similar amounts
(0.5 pg per cell) [27]. This difference is substan-
tial but its role remains to be explained. When
it comes to primary structure, elastase inhibi-
tors purified from bovine (BLEI), porcine
(PLEI), or horse (HLEI) leucocytes are very
highly homologous (78% identity for Py-P'a;
position) [28]. They all show an outstanding
similarity of primary structures and this simi-
larity extends to active site sequences, reflect-
ing functional relationship of elastase inhi-
bition. Similarly, no carbohydrate attachment
to either species of elastase inhibitors from
mammalian PMNs was found suggesting their

intracellular localization. The only communi-
cation we have of a secreted leucocyte elastase
inhibitor is that which Remold-O'Donnell &
Lewandowski found in guinea pig macro-
phages [29]. However, our reluctance to as-
sume the extracellular presence of the elastase
inhibitors from earlier described species is due
to the uncertain mechanism of their release.
Nevertheless, many workers have postulated
that compartmentation of the elastase inhibitor
and its confinement to cytosol of leucocytes of
most investigated species suggests its main
function to be the control intracellular protein
turnover rather than proteolysis outside the cell
[21, 23]).

More recently, a novel intracellular thrombin
inhibitor was isolated from human placenta
and later identified in monkey kidney epithe-
lial cell line BSC-1. It was designated CAP (cy-
toplasmic antiproteinase) or PTI (placental
thrombin inhibitor) [30, 31] but to avoid confu-
sion the Genome Data Base organization has
recommended that it be known as proteinase
inhibitor 6 (PI-6). The purified 38-kDa protein
was found to inhibit thrombin, trypsin, uroki-
nase and factor Xa, but not elastase [30]. Its
amino-acid sequencing showed the highest ho-
mology to HLEI (51%) and PAI-2 (49%), and
some other common features like lack of classi-
cal signal sequence, blockage of N-terminus,
and sensitivity to oxidation [32]. All these fea-
tures and a comparatively lower molecular
mass suggesting the absence of covalently at-
tached carbohydrate, are in agreement with
intracellular localization of PI-6 [30-32]. How-
ever, the physiological function of this novel
cytoplasmic inhibitor is still unknown. Cough-
lin et al. [32] suggest that due to the inhibitors
intracellular confinement, thrombin is not a
natural target for PI-6, unless it can be secreted
under certain circumstances like PAI-2. In this
case, however, the oxidation sensitivity of PI-6
should limit its action to the immediate vicinity
of the site of its release. Even though all evi-
dences based on molecular structure and
amino-acid similarity suggest that PI-6 belongs
to the ov-serpin subfamily. Sun et al. [33] pro-
pose that PI-6 has recently diverged from ov-
serpins but might not belong to the same group.
The main reason lays in one intron (intron C),
which is present in PAI-2 and ovalbumin genes,
and absent in the PI-6 gene; other than that it is
identical as to the number, position, and phas-
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ing of the intron/exon boundaries. Also local-
ization of the genes for PI-6 and for other ov-
serpin family members on different chromo-
somes implies that they can not be part of the
same gene cluster [33]. Nevertheless, P'l-6 is
very closely related to ov-serpins. In fact, two
novel gene sequences encoding regions very
similar to those of PI-6 have been identified by
Sprecher et al. [34] on screening human placen-
tal cDNA library. These two genes code for
proteins designated PI-8 and PI-9 which are
both very similar in structure to ov-serpins,
demonstrating all the unique features men-
tioned above. The PI-8 was shown to form a
complex with human thrombin, and its P1-P'y
centre was identified as Arg-Cys [34]. PI-9 has
Glu-Cys as its Py-I”'; residues, but still its
possible target protein has not been found. PI-9
is, however, expected to be an inhibitory serpin,
since its hinge region located close to that reac-
tive centre is highly homologous with thatof all
inhibitory serpins. It is a peculiar feature of PI-9
that it seems to be the first human serpin ident-
ified which has an acidic residue in the reactive-
centre P; position [34]. In addition, the reactive
centre loop of PI-9 exhibits 54% identity with
the residues found in the reactive-centre loop
of the cowpox virus CrmA serpin (described
below) also having an acidic P; residue. Thus,
PI-9 appears to be the closest mammalian ser-
pin relative of the viral serpin reported to date
[34].

Another member of ovalbumin family is a
tumour associated protein first isolated from
squamous cell carcinoma tissue of the uterine
cervix and referred to as squamous cell carcino-
ma antigen (SCCA). It is closely homologous to
chicken gene Y protein (47%), PAI-2 (45%) and
ovalbumin (42%) [35]. Because of the highly
conserved hinge region consisting mainly of
alanines it possesses an inhibitory function
[35]. In fact, it was found to inhibit cystein
proteinases such as papain and cathepsin L but
showed no inhibitory activity against a wide
range of serine proteinases [36]. Its reactive site
P;-P'q is Ser-Ser, which has not been found in
other members of the serpin family. Conside-
ring that cancer tissue is more apt to release
SCCA than normal squamous epithelium,
Suminami ef al. [35] speculate that SCCA may
act as a modulator of a host immune response
against tumour cells. Only recently, a very pe-
culiar novel serpin gene has been identified

using PCR for sequence alignment of con-
served regions of several proteins — members
of the intracellular ov-serpin subfamily. The
gene product, designated leupin, is expressed
in human placenta and in HeLa cell lines [36].
The predicted protein shows high sequence
similarity of 91.8% to one of the ov-serpins —
SCCA. There are only six amino-acid differen-
ces in the reactive loop sequence including the
predicted P; position which is a leucine residue
in leupin, as opposed to a serine residue in
SCCA [36]. These serpins are likely to have
different target proteases; it may be expected
that leupin will inhibit chymotrypsin or ca-
thepsin G because it has the same cleavage site
as ay-antichymotrypsin, or perhaps it will also
show inhibitory activity against a cysteine pro-
teinase in the same manner as does SCCA. Bar-
nes & Worrall [36] suggest that leupin and
SCCA represent a relatively recent gene dupli-
cation event, since the two serpins show a
closer evolutionary divergence than previously
seen in mammalian serpins.

The cross-class inhibitory activity demon-
strated by SCCA is not an only exception. Such
activity has previously been seen in the viral
serpin CrmA. CrmA is a 38-kDa protein en-
coded by a viral gene crmA (cytokine response
modifier gene) the amino-acid sequence of
which is similar to those of members of the
serpin superfamily [37]. It can not be classified
as an ovalbumin serpin, however, it probably
belongs to a group of intracellular species since
it was not found to be secreted. This serpin’s
predicted reactive site is not similar to any of
the known serine proteinase inhibitors, as it has
aspartic acid and cysteine as residues at the
P;-P'y position, and its target was found to be
specifically an interleukin-1P converting enzy-
me (ICE). ICE is responsible for processing of
interleukin-1B, therefore the serpin encoded by
crmA gene can prevent proteolytic activation of
interleukin-1, and thereby suppress the host
response to infection. However, preliminary
characterizations of ICE suggest that it is not a
serine proteinase but a cysteine proteinase [37].
These findings are significant since they con-
firm that the proteinase specificity of other ser-
pins may extend beyond serine proteinases, as
in the case of SCCA and CrmA.

Another novel serpin which is closest in its
structure to ov-serpins has been described by
Riewald & Schleef [38]. It is bomapin (bone
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marrow-associated serpin), expressed specifi-
cally in the human bone marrow. [t has a low
molecular mass of 45 kDa and is closest in
structure to PAI-2 (they share 48% amino-acid
homology). It was found to form SDS-stable
complexes with thrombin and trypsin. All of
the structural features that distinguish ov-ser-
pins from the family of serpin proteins are also
met by bomapin, that is lack of a C-terminal
extension region (ending with the equivalent of
Pro391 in o;-Pl), serine rather than asparagine
at the penultimate position, no valine at Val388
relative to «;-PI, and lack of an N-terminal
extension. Bomapin has Arg-lle as its P’-P4
residues and a highly conserved hinge region
responsible for mobility of the reactive-site
loop. The expression of bomapin restricted to
the bone marrow raises the possibility that this
serpin may play a role in regulation of protei-
nases activity during hematopoiesis [38].

A quite interesting member of ovalbumin ser-
pins is a tumour suppressor — maspin which
can be produced by a number of cells of epithe-
lial origin and which in fact is reported to occur
extracellularly [39]. It has an arginine residue at
the Py position, but most likely it is not an
inhibitor due to the lack of homology in the
hinge region, a region very conserved in all
inhibitory serpins. It does not undergo a
stressed to relaxed transition in its conforma-
tion and does not inhibit any known protei-
nase. Hypothetically, it should be able to inhibit
u-PA and t-PA similarly as does PAI-2 because
they both have arginine at the P, position [39].
Maspin, however, has been shown to block the
growth, invasion and metastatic properties of
mammary tumour cell lines [39, 40]. According
to Hopkins [41] maspin might function as a
ligand binding serpin — possibly of thymosin
Bs and in this respect might have a binding
domain similar to that hypothesized for HLEL
HLEI was found to possess a short loop be-
tween strand 3B and helix G which is exposed
on the protein surface and consists of a group
of negatively charged residues (Asp-lle-Glu-
Asp-Glu) [16]. The charge distribution in this
region is complementary to that of Ps-thy-
mosin, suggesting that HLEI can bind thy-
mosin fi;. In fact, during sequencing, Dubin et
al. [16] found that about 70% of the inhibitor in
the preparation is associated with thymosin fi;.
This is in contrast to other mammalian elastase
inhibitors which, when purified, are not found

to be associated with substantial amounts of
thymosin Bg. Maspin has a structure that is
identical in 43% to HLEI and a similar insertion
between strand 3B and helix G [41]. Maspin has
a sequence Asp-Val-Glu-Asp-Glu inserted at
the equivalent position as in HLEI (Asp-lle-
Glu-Asp-Glu), complementary to thymosin
[41]. All this might suggest that HLEI is an
evolutionary ancestor of the recently identified
maspin. Most probably, maspin has evolved a
new function, since its Pg to Py; residues show
no homology with any other known inhibitory
serpin. This speculative association with thy-
mosin has no defined meaning, however, it} .s
been suggested that thymosin Bg binds a:tin
monomers and controls their polymerization
[42]. On the other hand, Hopkins & Whisstock
[41] suggest that maspin suppresses cell mo-
tility and tumour metastasis, which is a logical
continuation of thymosin properties. Maspin,
therefore, might bind elements involved in
regulating cell shape change and cell mobility.
The pool of newly defined serpins is continu-
ously increasing and in accordance with this
trend, a novel serpin designated B-43 has been
described [43]. It is of a particular interest since
again it is most homologous to PAI-2, HEI and
PI-6. B-43 has been isolated from bovine brain
and is present in both neurons and astrocytes.
It was reported not to form SDS-resistant com-
plexes with thrombin, urokinase, elastase or
plasmin, suggesting other unknown targets.
Nishibori et al. [43] suggest that B-43 may be
involved in the barrier function of blood vessels
in the brain through the inhibition of the activ-
ity of proteinases extravasated from blood; it
might also be involved in the regulation of
neuronal plasticity in cooperation with protei-
nase nexin-1 and oy-antichymotrypsin.
Another recently described possible relatives
of the ovalbumin family of serpins are Limulus
intracellular coagulation inhibitor type-1 and
type-2 (LICI-1, LICI-2) isolated from Japanese
horseshoe crab [44, 45]. They occur specifically
in the large granules of the hematocytes and
show closest homology to such ovalbumin ser-
pins as PAI-2 (40%) and HEI (39%). They are
both inhibitory serpins, LICI-1 inhibits lipo-
polysaccharide-sensitive serine proteinase, fac-
tor C, while LICI-2 in addition to factor C, also
inhibits the limulus clotting enzyme and mam-
malian serine proteinases: a-thrombin, kal-
likrein, plasmin, and tissue plasminogen
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activator [44, 45]. The primary function of these
inhibitors might be to regulate the clotting
enzyme cascade; this function canbe evenmore
effective as the proenzymes of the clotting cas-
cade are co-localized with the inhibitors in the
granules of hematocytes. The only restriction
which would account for placing these inhibi-
tors outside the ovalbumin family of serpins
and not within it is the fact that even though
being intracellular, they possess a typical N-ter-
minal signal destining them for endoplasmic
reticulum [45]. Miura et al. [45] suggest they
might be co-released with several coagulation
factors and bactericidal peptides in response to
external LPS stimulation.

Also recently, a serpin isolated from fresh-
water crayfish Pacifastacus leniusculus was de-
scribed as an intracellular protein found to be
expressed in the crayfish hematocytes [46, 47].
The serpin — Pacifastacus proteinase inhibitor
2 (PAPI-2) has the highest sequence similarity
to PAI-2 (38%) and PLEI (38%), however, on the
genetic tree it is clustered with serpins of in-
sects, therefore can not be regarded as a poten-
tial ovalbumin serpin [46, 47]. In contrast, the
horseshoe crab serpin described above is classi-
fied with mammalian ovalbumin serpins.

PLANT SERFINS

Serpins present in plants are allowed a separ-
ate section because they are on a far end of the
genetic tree when compared with ovalbumin
serpins. So far, however, they have been found
specifically in the grain and therefore can be
classified as intracellularly occurring serpins.
Barley seeds seem to be a source of a unique
serpin with unidentified target proteinase. A
serpin, described by Brandt ef al. [48] as barley
protein Zy, is accumulated and stored in the
endosperm but neither the site of its synthesis
and deposition within the cell or its function are
known. Protein Z4, a protein with molecular
mass of about 40 kDa, displays extreme heat
stability after cleavage of its P;-P’; bond,
which, as for mostinhibitory serpins, is Met-Ser
[48]. Protein Z, is synthesized both by the free
and membrane bound polysomes, moreover,
its sequence contains a hydrophobic section in
the amino-terminal region in a position similar
to that of the hydrophobic region of PAI-2 [48]
which, as earlier emphasized, is synthesized
both as a secreted and cytosolic form. This

PAPI-2

-

0.136

LICI-1

—

| | 0,035

0145

0357
e

PAI-2
|

- - - - Bomapin(PI-10)
' -=-Gene Y

Ovalbumin

Barley protein Z4

Fig. 1. Phylogenetic tree of some intracellular serpin family members (prepared after modification [45, 46,

50]).

Dash lines represent only hypothetical position without phylogenetic analysis, PAPI-2, crayfish hematocytes serpin [46];
LICI-1 and LICI-2, inhibitor from horseshoe crab [45]; HEI, human elastase inhibitor [51]; HLEI, horse leucocyte clastase
inhibitor [16]; PLE], porcine leucocyte elastase inhibitor [26]; SCCA, squamous cell carcinoma antigen [35]; leupin [36];
Pl-6, PI-8 and PI-9, placental thrombin inhibitor [33, 34]; PAI-2, plasminogen activator inhibitor [17]; bomapin, bone
marrow-associated serpin [38]; ovalbumin [52]; barley protein Z; [48, 49]. The number along the line is the mutation

distance between each branch point.
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could imply that protein Z4 has a dual mode of
synthesis and possesses no cleavable signal
peptide as it is the case with members of the
ov-serpin family.

Other serpins, collectively called Z proteins,
have been isolated from barley seeds which for
some time continued to be the only source of
plant serpins. Only lately a Z-like protein, with
molecular mass of also about 40 kDa, was iso-
lated from wheat grain. Wheat Z proteins have
Gln as a P; residue instead of Ser or Thr, as in
most serpins, nonetheless they form with chy-
motrypsin stable complexes capable of with-
standing treatment with SDS or boiling [49]
which is a unique property of serpins. Sequenc-
ing of amino acids of Z proteins isolated from
barley or wheat confirmed a substantial homo-
logy with mammalian members of serpin fam-
ily, therefore it would be of future interest to
find possible target proteinases and investigate
the role of serpins in plants.

CONCLUSION

It seems reasonable to classify the intracellu-
lar serpins as a separate family because they
appear to share many substantial features in
common and, most importantly, many seem to
be quite close evolutionary relatives. The
possible phylogenetic tree of 14 intracellularly
occurring serpins is shown in Fig. 1. In fact,
almost all of them can be classified into the
already existing subfamily of ovalbumin ser-
pins, grouping together serpins of different
origin and, in most instances, with unknown
function. It is hoped and in fact most expected
to find the explanation for their specific role
which remains to be speculative.
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