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The two major protease inhibitors in mouse plasma are a,-protease inhibitor (o,-PI), putative inhibitor of
neutrophil elastase, and contrapsin, an inhibitor in vitro of trypsinlike proteases. We have shown by nucleotide
sequence analysis that these two inhibitors are related (R. E. Hill, P. H. Shaw, P. A. Boyd, H. Baumann, and
N. D. Hastie, Nature (London) 311:175-177, 1984). Here, we show that the contrapsin and o,-PI genes are
members of two different multigene families, each containing at least three genes in mice and rats. We
established the chromosomal locations of these genes by analyzing the segregation of restriction fragment length
polymorphisms in recombinant inbred mouse strains. These experiments show that the multiple genes in each
family are clustered and that the two gene families are closely linked on chromosome 12. Thus the genes for
contrapsin and «,-PI are likely to have evolved by duplication of a common ancestral gene. The contrapsin
multigene family codes for multiple mRNA transcripts in the liver. There is a genetic difference among inbred
mouse strains in the regulation of two of these transcripts. In some inbred strains the transcripts are
synthesized constitutively; in others they are induced by inflammation. We mapped in recombinant inbred
strains the regulatory locus responsible for this genetic variation and found it is linked to the contrapsin
multigene family, which suggests a cis-acting regulatory element. We also found that the contrapsin and the
a,-PI multigene families have acquired very different regulatory responses since the time of the gene

duplication event.

The two major mouse plasma protease inhibitors are
a;-proteinase inhibitor (a;-PI; also called a;-antitrypsin) and
contrapsin, which together are responsible for most of the
trypsinlike inhibitory activity of mice (27, 28). These two
inhibitors are synthesized by hepatocytes, and secretion
from this cell type is primarily responsible for their high
levels in plasma (3, 4, 21). Mouse a;-PI is homologous to (14)
and appears to be functionally equivalent to human «;-PI; in
contrast, contrapsin activity appears to be novel to rodents
(27). At the nucleotide sequence level, however, the
contrapsin gene is closely related to that encoding human
plasma a;-antichymotrypsin (a;-achy) (14). In addition,
contrapsin and o,-PI are related to each other (59% nucleo-
tide homology) but to a lesser extent than with their coun-
terparts in humans (14).

These inhibitors have been placed into a larger superfam-
ily of proteins (sharing 29 to 34% amino acid homology with
each member) which includes other protease inhibitors such
as antithrombin III (7) as well as proteins with no known
inhibitory activity, including chicken ovalbumin (15) and rat
angiotensinogen (10). It is not known whether these mem-
bers evolved from a common ancestral gene or are related
through a process of convergent evolution (19). Genetic
analysis of the chromosomal location of related genes may
provide insight into their mode of evolution. Because a;-PI
and contrapsin are the most closely related members of this
superfamily, it is of particular interest to map their chromo-
somal locations.

We showed, first, that both these genes are members of
small multigene families in rodents. By using recombinant
inbred strains of mice, we showed that the genes in each
multigene family are clustered and that the two gene families
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are closely linked on chromosome 12. Therefore, the gene
families are likely to have evolved by duplication from a
single common ancestral gene. These two families are des-
ignated the Spi (serine protease inhibitor) complex; the Spi-1
locus contains the a;-PI gene, and the Spi-2 locus contains
the contrapsin gene.

Secondly, we studied the expression of these multigene
families in an attempt (i) to establish the number of genes
expressed and the level and regulation of expression of each
and (ii) to identify any expression differences that occur
among inbred mouse strains. A genetic locus involved in
controlling the level of a particular mRNA could be instru-
mental in identifying elements at the molecular level that are
involved in gene expression. We found that in the liver the
contrapsin gene family can encode multiple mRNA tran-
scripts detected as three different molecular weight species.
The level of two of these differs dramatically among inbred
strains. The strains that produce low levels of these two
RNA species can be stimulated to synthesize levels compa-
rable to those of the high-producing strains by treatment
with bacterial lipopolysaccharides (LPS) or dexamethasone.
We mapped this regulatory variation to the structural locus
Spi-2, which suggests it functions as a cis-acting element.
This regulatory locus is designated Spi-2r.

MATERIALS AND METHODS

Treatment of animals. Hypophysectomized mice were
purchased from Charles River Breeding Laboratories, Inc.
Hormonal treatment of the mice was begun on day 11 after
surgery. Dexamethasone (Sigma Chemical Co.) was injected
subcutaneously (2.5 mg in 300 pl of olive oil) at 24-h intervals
for 2 consecutive days, and the animals were killed on the
third day. Mice that received no hormonal treatment were
killed on day 13 after hypophysectomy. Inflammation was
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induced in intact mice by a single subcutaneous injection of
Escherichia coli LPS (serotype no. 0127:B8; Sigma) at a dose
of 25 pg in 30 pl of phosphate-buffered saline (pH 7.3), and
the mice were killed 24 h later.

Isolation of DNA and restriction endonuclease analysis.
Nuclei from the livers of C57BL/6J and BALB/cBy mice and
Buffalo rats were isolated by homogenization of the tissue in
0.3 M sucrose-3 mM EDTA-A buffer (60 mM KClI, 0.5 mM
spermine, 0.15 mM spermidine, 14 mM 2-mercaptoethanol,
15 mM Tris hydrochloride [pH 7.4]) (20) and centrifugation
of the nuclei through a 1.37 M sucrose cushion in A buffer.
DNA was isolated from the nuclear pellet, which was
suspended in pronase buffer (50 mM Tris [pH 10], 150 mM
NaCl, 100 mM EDTA), lysed in 0.1% sodium dodecyl
sulfate, and digested with 100 ng of RNase A per ml for 30
min at 37°C. Protein was removed by further digestion with
protease K (100 pg/ml) in 1% sodium dodecyl sulfate for 4 h
at 37°C, followed by phenol-chloroform extractions. The
DNA was spooled onto a glass rod after the addition of 2
volumes of ethanol. Restriction digestions were done as
recommended by the commercial supplier. Digested DNA
was fractionated electrophoretically in 0.8% agarose gels,
and the DNA was transferred to nitrocellulose by the
method of Southern (26).

Preparation of radioactive probes and analysis of Southern
blots. Plasmid DNA and insert fragments were radiolabeled
with [a-32P]TTP (800 Ci/mmol; Amersham Corp.) by nick
translation (23). The small insert fragments of the contrapsin
cDNA clone (no. pLv54) (3) were isolated from the complete
pLv54 insert fragment by digestion with Pvull or Haell and
fractionated on 1.5% agarose gels. The appropriate frag-
ments were electroeluted from the gel onto NA-45 filter
paper (Schleicher & Schuell, Inc.), and the bound DNA was
eluted by the method of Dretzen et al. (11). The probes were
hybridized to Southern blots in 5x SSC at 68°C and washed
in 2Xx SSC at the same temperature (1x SSC is 0.15 M NaCl
plus 0.015 M sodium citrate).

RNA isolation and fractionation, Northern blot analysis,
and in vitro translation. Total RNA was isolated from mouse
livers by using guanidinium hydrochloride (3). Cytoplasmic
and polysomal RNA were isolated by homogenizing four
mouse livers in 40 ml of 0.35 M sucrose in the TKMS buffer
described by Shore and Tata (25) which contains 200 mM
Tris-acetate [pH 8.5; at 4°C], 50 mM KCI, 10 mM
Mg(CH5COO0),, and 6 mM 2-mercaptoethanol. This was
made 8 mM Vanadyl Ribonucleoside Complex (Bethesda
Research Laboratories, Inc.) before use. The homogenate
was spun down at 8,000 rpm in a Sorvall HB-4 swinging
bucket rotor for 10 min. Heparin (grade 1 from Sigma) was
added to a final concentration of 500 pg/ml; 5 ml of super-
natant was then used to extract cytoplasmic RNA with
guanidium hydrochloride. The remaining supernatant was
made 1% Triton X-100 and 1% sodium deoxycholate and
homogenized in a Dounce homogenizer. This supernatant
was layered on a discontinuous sucrose gradient with the
3-ml bottom layer containing 2.0 M sucrose and the 4-ml top
layer containing 1.6 M sucrose, each with TKM buffer-6 mM
2-mercaptoethanol-100 pg of heparin per ml. These were
spun in the Sorvall T865.1 fixed-angle rotor for 16 h (2°C) at
40,000 rpm. RNA was isolated from the pelleted polysomes
by guanidinium hydrochloride extraction.

Electrophoresis of RNA and Northern blot analysis were
done as described by Meehan et al. (21). Hybrid selection of
RNA complementary to the pL.v54 DNA was done by the
method of Barth et al. (3). Translation of poly(A) RNA and
hybrid-selected RN A was done in a fractionated reticulocyte
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lysate cell-free translation system as described by Held et al.
13).

RESULTS

Both contrapsin and «;-PI are represented by small
multigene families in the mouse and rat genome. Southern
blot analysis of rodent genomic DNA by using either the
pLv54 DNA probe (contrapsin cDNA clone) or the pLv1796
DNA probe (a;-PI cDNA clone) revealed a number of
restriction fragments which indicated that within the genome
there are several related genes homologous to each cDNA
probe (data not shown). To understand this complexity, we
analyzed the restriction fragment patterns for DNA from two
inbred mouse strains, CS7BL/6J and BALB/c, and from
Buffalo rats by using as probes small DNA fragments from
different regions of the cloned insert. Figure 1 shows the
results of two identical Southern blots hybridized with
different fragments from within the contrapsin-cloned insert.
One insert fragment contained DNA from the internal Haell
site to the 5’ end of the insert (220 bases of cDNA), and the
other contained DNA from the Pvull site to the 3’ end of the
insert (288 bases of cDNA) (designated in Fig. 1). The DNA
restriction fragments that hybridized with both the 5’ and 3’
insert probes must represent separate and distinct genes or
pseudogenes. Several restriction enzymés were used to
reduce the chance of comigration of fragments. The frag-
ments in common represent a minimum number of genes,
and the data suggest that there are at least three genes in
both inbred strains of mice and in the rats. The gel lanes
containing the SstI digestions indicated that SstI restriction
sites exist in the genes between the regions represented by
the probes. In all digests, the more 5' probe produced a
higher degree of complexity than the 3’ probe. We do not yet
know whether this represents more introns within the region
of the 5’ probe or whether the 3’ ends of some genes have
diverged and will not hybridize under our conditions (5X
SSC at 68°C).

A similar experiment with different insert fragments of the
mouse o;-PI DNA clone suggested that there are at least four
related genes in the BALB/c mouse, five in the C57BL/6
mouse, and three in the rat haploid genomes (data not
shown). These data indicate that each of the two protease
inhibitors is encoded by a gene (or genes) that is a member of
a family of related genes.

The multigene families for «;-PI and contrapsin are clus-
tered and closely linked on chromosome 12 of the mouse. To
determine the relative chromosomal location of the members
in these multiple gene families, we used DNA isolated from
recombinant inbred (RI) strains of mice (2, 29). We wanted
to determine, first, whether the multiple genes of each family
are clustered or dispersed throughout the genome and,
secondly, the chromosomal location of each family or family
member. Briefly, RI strains are the result of systematic
inbreeding of the F, progeny of two different inbred strains.
This essentially fixes within each resulting strain a specific
pattern of recombination. Having established restriction
fragment length polymorphisms between two inbred strain
progenitors, one can compare the strain distribution pattern
of the unmapped gene in a set of RI strains relative to
well-characterized genomic markers. Restriction fragment
length polymorphisms in RI strains have proved very useful
in the mapping of a number of mouse genes and gene families
5,6, 12, 16).

Figure 2 shows the pattern of restriction fragments ob-
tained for a;-Pl-related genes generated by the restriction
enzyme BglII in C57BL/6J and DBA/2 mice. These are the



2116 HILL ET AL.

Towards 5 end

PstI Haell

MoL. CELL. BioL.

Pvu I Pst I

Y L !
o e, et denf
o Oprobe pSinsert 3 probe
BamHl  KpnT Hind@Wl =~ SstT ~ BamHl  Kpnl HindM Sl
§g 38 #g #8 48 $: &8 &3
BEIBRIIBIIRE ZRFIRFZIBEZIRE

FIG. 1. Complexity analysis of the mouse multigene family of which contrapsin is a member. Two identical Southern transfers of mouse
and rat DNAs were probed with 3?P-labeled fragments from the pLv54 cDNA insert. The fragments used as probes are identified at the top
of the figure. The dots indicate the restriction fragments that are in common between the two transfers, representing distinct homologous
genes. Unfortunately, the BamHI restriction bands hybridized with the 5’ end probe in the lanes designated BALB/c and C57BL/6 did not

reproduce well.

progenitor strains for the BXD series of RI strains. Of the
restriction enzymes screened, Bgl/ll produced the most
extensive variation of restriction fragments between these
two inbred strains. The pattern of restriction fragments in
each RI strain showed inheritance from either the C57BL/6
or the DBA/2 progenitor; no intermediate pattern represent-
ing recombination between the a,-Pl-related genes was
generated. Therefore most if not all of the genes mapped to
a single chromosome, and the lack of detectable recombina-
tion upon examination of 25 RI strains suggests that all are
clustered within a region of approximately one centimorgan
(cM). We designated this genetic locus Spi-1. To determine
the chromosomal location of these genes, it was necessary to

determine linkage of Spi-1 to known mouse chromosomal
markers. Comparison of the strain distribution patterns of
the above data with those of markers previously determined
(computer analysis performed by Benjamin Taylor of Jack-
son Laboratory) revealed that Spi-1 is tightly linked to the
prealbumin-1 (Pre-1) locus (Table 1). This places the Spi-1
locus on mouse chromosome 12. No recombination events
occur between the Pre-1 and Spi-1 loci in this series of RI
strains; however, both show seven recombination events
with the immunoglobulin heavy chain-1 (Igh-1) locus in BXD
RI strains.

We performed a similar analysis for the mouse contrapsin
gene family. With the restriction enzyme HindlIII, more than
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FIG. 2. Mapping restriction fragment length polymorphisms of
the mouse a;-PI multigene family in RI strains. Bg/lI-digested DNA
from the prongenitor strains and 13 RI strains is shown. Radiola-
beled p1796 DNA was used as the probe. The progenitor strain
restriction pattern of each RI strain analyzed is indicated below each
gel lane as B (C57BL/6J) or D (DBA/2).

half the restriction fragments, including the three distinct
genes shown in Fig. 1, were polymorphic (data not shown).
All these polymorphic bands segregated together in RI
strains, showing that, like the a;-PI-related genes, they are
clustered. We designated this gene cluster Spi-2. Further-
more, the strain distribution pattern for the restriction frag-
ments corresponding to Spi-2 is the same as that for Spi-1 in
the BxD RI strains, except for RI strain 13 (Table 1). DNA
from strain 13 has the C57BL/6 restriction pattern for the
Spi-1 locus and the DBA/2 pattern for the Spi-2 locus,
representing a recombination event between the two gene
clusters. Therefore, the two protease inhibitor gene families
are linked on chromosome 12, with approximately one
recombination unit between the two.

In the case of contrapsin, we were able to show that the
particular gene(s) encoding contrapsin is within the cluster
predicted by the DNA analysis. This was done by using a
size polymorphism in the in vitro-synthesized contrapsin
polypeptide detected in different inbred mouse strains. Be-
cause of the abundance of contrapsin mRNA (3), contrapsin
is detected as a major protein band in the liver mRNA
translation product analyzed by sodium dodecyl sulfate-urea
polyacrylamide gel electrophoresis. The relative position of
the contrapsin polypeptide band was shown by isolating
contrapsin mRNA from liver poly(A) RNA of C57BL/6 or
BALB/c mice by hybrid selection (3) with the pLv54 cDNA
clone, translation in vitro, and analysis by electrophoresis
(Fig. 3a). The mRNA selected from BALB/c liver poly(A)
RNA directed the synthesis of an apparently smaller poly-
peptide than that from C57BL/6 (Fig. 3a). These
polypeptides can be detected as two abundant polypeptides
in the total translation product of liver poly(A) RNA from
(CS7BL/6 x BALB/c)F; mice (Fig. 3a). When total mRNA
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from 17 different inbred strains was translated in vitro and
the product was analyzed, a polypeptide showing the abun-
dance and size of one of the polymorphic forms of contrapsin
was found in each strain. A representative sample is shown
in Fig. 3b. Because C57BL/6 and DBA/2 express this poly-
morphism, it was possible to map the contrapsin gene,
analyzing the translation products of liver mRNA from the
BXD RI strains (Fig. 3c). Analysis of the strain distribution
pattern of the in vitro-synthesized polypeptides (Table 1)
places the contrapsin gene(s) within the multigene cluster,
showing the recombination in RI strain 13 between the
contrapsin gene and the Spi-1 locus.

A summary of the segregation analysis in the BxD RI
strains is presented in Table 1. The results suggest the
following arrangement of the loci on mouse chromosome 12.
(i) The Spi-1 locus made up of at least four tightly clustered
members is near or perhaps includes the Pre-1 locus showing
seven recombinations with the Igh-1 locus. (ii) The Spi-2
locus (at least three tightly linked genes) is 1 = 1 cM from the
Spi-1 and Pre-1 loci (one recombination in 23 RI strains) to
the distal side of the Igh-1 locus with which it has undergone
eight recombination events.

Expression of multiple contrapsin mRNA transcripts is
genetically variant in inbred mouse strains. We screened liver
mRNA from several different inbred mouse strains to study
the level of contrapsin and a;-PI mRNA in an attempt to
establish any genetic variation that may exist between inbred
strains. Figure 4 shows a Northern blot analysis of liver
RNA from 22 different inbred mouse strains with cloned
contrapsin cDNA as probe. This analysis clearly showed
that among these species there is a difference in the mRNA
molecular weight species expressed in the liver. In some
strains, represented by the C57BL/6 and C3H/He strains,
only one contrapsin-related mRNA, which migrated at 18S
(1.9 kilobases), was detected; however, in other strains,
represented by BALB/c and DBA/2 strains, three RNA
species migrating at 18S, 20S (approx. 2.4 kilobases), and
28S (approx. 5.0 kilobases) predominate. All 22 strains had
one RNA pattern or the other; however, noticeable differ-
ences did exist in the relative level of RNA in some of these
bands, e.g., CS7Br/Cd.

Long exposure of Northern blots of C57BL/6 liver mnRNA
revealed no detectable contrapsin-related 20S mRNA, and
the level was determined to be at least 20-fold lower in this
strain than in DBA/2. However, the 28S contrapsin-related
RNA was detected in CS57BL/6 at very low levels (data not
shown). The difference between DBA/2 and C57BL/6 in the
total steady-state level of the contrapsin-related mRNAs
(which is approximately 1% of total liver mRNA [3]) was less
than twofold; the most easily discernible difference was in
the expression of the upper-molecular-weight mRNAs.

Comparison of the distribution of protein polymorphism in
the 17 inbred strains discussed above to that of these RNA
patterns in the corresponding strains shows a distinct rela-
tionship between mobility of the in vitro-synthesized protein
and mRNA pattern (Table 2). Strains that contain the three
contrapsin-related liver RNA species show the less mobile
polypeptide, and strains with one mRNA band show the
more mobile polypeptide. This relationship of RNA pattern
to protein mobility suggests that the RNA variation is a true
genetic difference.

Liver mRNA from these inbred strains was also screened
with the cloned a;-PI cDNA probe. The a;-PI RNA species
is relatively invariant in inbred mice and is composed of a
single molecular weight species migrating at 16-17S (approx.
1,600 bases) (data not shown).
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TABLE 1. Segregation analysis of chromosome 12 genetic loci in BxD RI strains®

X X Patterns for strain no.
Genetic loci Parameter

6 8 9 11 12 13 14 15 16 18 19 21 22 23 24 25 27 28 29 30 31 32
Igh-1 B B B DB B D DB B DD D B B B B D B D D B D D D
X X X X X X X
Pre-1 B B B DDDD B B B DD B D B B B D D D D B D B D
a;-PI DNA B B B DDDD B B B DD B D B B B D D D D B D B D
X

Contrapsin Protein B B B D D DD B D B D D B B B D D B D B D
DNA B B B b DD B D B D DB D B B B D D D D B D B D

“ The letters represent the progenitor strain patterns to which RI strains correspond for each locus. B, C57BL/6J; D, DBA/2. The Xs represent recombination
events that occurred between two loci in an RI strain.

+ liver mRNA from (C57BI/6J x BALBIcBy)F,
+ hybrid selected mRNA from BALBIcBy liver
+ hybrid selected mRNA from C57BI/6J liver
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FIG. 3. Mapping the contrapsin gene by using size polymorphisms of the in vitro-synthesized protein. (a) Analysis of polypeptide
polymorphism of [**Slmethionine-labeled translation product directed by total liver poly(A) RNA from (C57BL/6J X BALB/cBy)F; mice and
from the RNA complementary to the pLv54 cDNA from the F, progenitors. The arrowheads in all panels point to contrapsin variants. (b)
Analysis of the translation products from liver poly(A) RNA of RI progenitor strains. (c) Analysis of the translation products from liver
poly(A) RNA from the BxD RI strains. Panels (a) and (c) are autoradiographs of 10% polyacrylamide gels, and panel (b) is a 7% gel.
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FIG. 4. Analysis of liver RNA from different inbred strains of
mice for the expression of contrapsin mRNA. Radiolabeled pLv54
cDNA was used as the probe to screen the Northern blot. The name
of each inbred strain used is indicated above the respective gel lane.

Upper-molecular-weight contrapsin-related mRNA species
are inducible in inbred strains that normally express them at
low levels. The levels of several plasma proteins synthesized
in the liver are known to increase during the initial phase of
an inflammatory response and are known as acute-phase
reactants (for a review see reference 17). In humans, two
such proteins are «;-PI and, especially, a;-achy (1), the
counterparts of the two major mouse protease inhibitors. An
inflammatory response is induced in rodents with a single
subcutaneous injection of bacterial LPS. Attempts to affect
the levels of contrapsin-related mRNAs in DBA/2 mice were
not successful. Twenty-four hours after treatment with LPS
there was no change in the relative amount of these mRNA
species (Fig. 5a). Unexpectedly, when C57BL/6 or C3H
mice were treated, although there was little change in the
18S RNA species, there was a rapid increase in the 20S and
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28S contrapsin-related mRNAs to a level comparable to that
of DBA/2 mice. The inbred strains tested have the capacity
to express at high levels; the 20S and 28S RNA species
expressed either constitutively (DBA/2 mice) or in response
to inflammation (C57BL/6 and C3H). It therefore appears
that an undefined regulatory element is reponsible for the
genetic difference in contrapsin-related mRNA expression.

We also showed another level at which the genes at the
Spi-2 locus can be regulated. Hypophysectomy (removal of
the hypothalmus and pituitary responsible for producing
many of the tropic and stimulating hormones, most impor-
tantly here adrenocorticotropin) of BALB/c and C57BL/6
mice resulted in a dramatic decrease (approx. 50-fold) in the
levels of all the contrapsin-related mRNAs (Fig. 5a). Treat-
ment of these animals with the glucocorticoid analog
dexamethasone resulted in a rapid return (within 24 h) of
mRNA levels to normal. However, in C57BL/6 mice the 20S
and to a lesser extent the 28S mRNA species also appeared
in the liver. Therefore, it appears that the normal levels in
the liver of these mRNA species are at least in part main-
tained by the circulating levels of glucocorticoids. Appar-
ently, high pharmacological doses can induce the production
of the upper-molecular-weight mRNA species in C57BL/6
mice.

In an initial approach to determine whether these mRNA
species can be translated, we prepared RNA from the
cytoplasmic and polysomal cell fractions isolated from
BALB/c mouse livers (Fig. 5b). Cytoplasmic RNA clearly
contained all three molecular weight species, suggesting that
these RNAs are processed and potentially translatable. We
had difficulty isolating completely intact polysomal RNA;
however, although degradation slightly obscured the resolu-
tion of the RNA species, the polysomal fraction contained all
three mRNAs, again suggesting that all these RNAs are
translatable. We have not yet determined the nature of the
protein encoded by these transcripts.

In contrast, a similar analysis with the a;-PI cDNA clone
showed that LPS (data not shown), hypophysectomy, and
dexamethasome had little effect on the levels of a;-PI mRNA
in the liver (Fig. 5¢).

Regulatory variation is linked to structural locus. The strain
variation that exists in the regulation of the upper-molecular-
weight contrapsin RNA species can be explained in several
ways. LPS has little effect on the levels of contrapsin-related
RNA species in strains constitutively expressing these
RNAs, which may suggest that trans-acting factors involved
in the induction of the RNAs are present at a high level in
these animals. Alternatively, the strain variation may be
owing to a cis-acting regulatory element that lies close to the
contrapsin-related gene(s) involved.

To characterize the regulatory difference observed, we
assayed liver RNAs from the 21 BxD RI strains of mice. We
compared the pattern of RN A expression in the liver of each
RI strain with those of the progenitor strains DBA/2 (all

TABLE 2. Distribution of mRNA polymorphism in inbred mouse strains®

Pattern for the following strains:

BALB/cBy Sec/cRe] CBA/] LT/SV C3H/Hel] LG A/J C57L/J SWR DBA/2J AKR/J CS7BL/6 I/Ln]J MA/My RF/J C57Br/Cd) C58/1

Parameter
RNA + + + + - - - +
Protein H H H H L L L H

+ + + - + - + + -
H H H L H L H H L

¢ + Designates strains in which the three contrapsin-related mRNA species are predominant, — designates strains in which only one mRNA species is
predominant, and H and L designate high and low mobility, respectively, of the in vitro-synthesized contrapsin polypeptide in sodium dodecyl sulfate-urea

polyacrylamide gels.
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FIG. 5. Analysis of the levels of contrapsin and a;,-PI mRNA species in mouse livers. (a) Levels of contrapsin-related mRNAs in normal
and LPS-treated DBA/2, C3H, and C57BL/6 mice and C57BL/6 and BALB/c mice that have been hypophysectomized (hypox) and left
untreated or treated with dexamethasone (hypox + dex). (b) Fractionation of liver nRNA from BALB/c mice into total cellular RNA, total
cytoplasmic RNA, or polysomal RNA. The arrows indicate the 18S, 20S, and 28S contrapsin-related RNA species. (c) Levels of «;-PI mRNA
in the livers of C57BL/6 mice that were normal, hypophysectomized, or hypophysectomized and subsequently treated with dexamethasone.

The dot represents the position of the 17S RNA species.

three RNA species) and C57BL/6 (only the 18S RNA spe-
cies). Each RI strain had either the DBA/2 or the C57BL/6
pattern. The strain distribution pattern of these RNA species
(Table 3) is exactly that of the DNA polymorphism. There-
fore, the regulatory element is located near or at the struc-
tural locus Spi-2. We designated this regulatory locus Spi-2r
and suggest that this genetic element is cis-acting.

DISCUSSION

We have shown that there is a complex of clustered genes,
designated the Spi complex, that code for serine protease
inhibitors. The two inhibitors now characterized are «;-PI
and contrapsin. This complex can be separated into two
multigene families: Spi-1, which contains the gene for a;-PI,
and Spi-2, which contains the gene for contrapsin, because
(i) the cDNAs for these proteins, although related (59%
nucleotide homology), do not crosshybridize under normal
stringency conditions; and (ii) one recombination event has
been shown between and not within the multigene families.
However, these families are closely linked (1 = 1 cM) and
are located on chromosome 12.

Our finding that o;-PI and contrapsin gene families map
close together supports the idea that the precursor to these

particular genes arose by a process of duplication from a
common ancestral gene. We have predicted from the extent
of nucleotide homology between contrapsin and a;-PI that
this occurred some 200 million to 300 million years ago (14).
After these genes began to diversify, amplification events
may have occurred to produce the two distinct gene families.
Alternatively, one series of amplication events from a single
primordial gene may have occurred, and the genes located
most distantly diverged at different rates but locally re-
mained more closely related by processes such as gene
conversion.

In mice, a;-Pl is located approximately 8 to 12 cm from the
Igh-1 locus on chromosome 12. The human «;-PI locus has
been mapped and assigned to chromosome 14, which is also
linked to the immunoglobulin heavy chain locus (9). Thus,
these loci on chromosome 12 in mice and chromosome 14 in
humans represent conserved linkage groups. We have evi-
dence that the human o;-achy gene is also located on
chromosome 14 (unpublished data). At least two different
related o;-PI genes map to chromosome 14 in humans (18),
whereas the number of aj-achy genes in humans has yet to
be determined. It does appear that the number of genes in
the two multigene families varies among mice, rats, and
humans.

TABLE 3. Distribution of mRNA polymorphism in BXxD RI strains®

Pattern for the following strains:

Parameter 2 5 6 8 9 11 12 13 14 16 19 21 2 23 24 28 29 30 31 3
RNA B B B D D D D B D B D D B B B D D B D B D
DNA B B B D D D B D B D D B B B D D B D B D

2 B and D designate the progenitor strains (see the footnote to Table 1).
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There are several possible consequences of the formation
of a multigene family. (i) After amplification, one or a few
genes remain active and the others eventually acquire mu-
tations to form pseudogenes. (ii) An increase in gene number
results in an increase in the level of the gene product. (iii) It
allows for diversification in the function and regulation of the
original primordial gene. Although we do not yet know the
number of active or inactive genes within each family, we
have shown that the regulation of expression between, as
well as within, these families is quite different. We showed
previously that the expression of the a;-PI- and contrapsin-
related mRNAs commences at different times in liver devel-
opment (3, 21). We show here that these genes also have
evolved very different regulatory mechanisms. Whereas the
expression of contrapsin-related mRNAs is responsive to
inflammation, glucocorticoid steroid hormone analogs, and
hypophysectomy, the levels of «;-PI mRNA(s) are not
appreciably affected. The contrapsin gene family has ac-
quired regulatory elements independent of the «;-PI gene
family; this must have occurred recently in evolutionary
time. Of particular interest is the difference in regulation
within the contrapsin gene family. The inbred strains we
studied have acquired different mechanisms for regulating
the level of 20S and 28S mRNA species. Inbred strains,
represented by C57BL/6 mice, normally express very little
of these mRNAs, but the level can be induced rapidly after
stimulation of inflammation. However, other inbred strains,
represented by DBA mice, constitutively synthesize a high
level of 20S an 28S mRNA, comparable to that of the
stimulated C57BL/6. Genetic analysis of this regulatory
variation in the BXD RI strains allowed us to show that a
single genetic locus, which we designated Spi-2r, is tightly
linked to the structural locus. The data suggest that the
regulatory element is cis-acting and that the difference is at
the level of the primary structure of the gene(s) affected.
Although it seems unlikely, we cannot dismiss the possibility
that a very tightly linked frans-acting element is involved.
Analysis of this genetic variation will be important in under-
standing the response to the inflammatory process of these
genes and perhaps other liver genes.

We do not now know the nature of the different contrap-
sin-related mRNAs. All the transcripts are localized in the
cytoplasm, and this suggests that they are not precursor
RNAs and are capable of being translated. We do not believe
that the higher-molecular-weight species are a result of
nuclear leakage during the isolation of cytoplasmic RNA,
because the relative ratio of the contrapsin RNA species is
not altered when compared with that of the total RNA
preparation. We also found multiple contrapsin-related
mRNAs in rats. Here, we have evidence that these mRNAs
are products of different genes (manuscript in preparation).
We are now investigating whether the mRNAs code for
different proteins. Interestingly, only a single substitution is
required in the reactive center region (at the P, amino acid
site) of the protein to change the specificity of the inhibitor
(8, 22, 24). Therefore, it is possible that the genes of the
family encode a set of very closely related protease inhibi-
tors with diverse specificities and functions. We previously
showed that mouse contrapsin is homologous to human
aj-achy, but these proteins have diverged significantly
within their reactive center regions, resulting in inhibitors
with different specificities (14). Contrapsin activity is not
detected in human plasma (27), suggesting that the appear-
ance of contrapsin in mice must have occurred at a time in
evolutionary history after rodents and primates diverged.
We are now trying to determine whether one gene in the
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mouse multigene family codes for a protein that more closely
resembles aj-achy at the reactive center region.
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