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ERRATA

p 48 section 1.5.3 lines 3, 11 and 14: “Barbour et al (2002 (a))" for "Barbour ef a/
{2002)"

p 49 lines 9, 11 and 14: “Barbour ef al (2002 (a))” for “Barbour et af (2002)"

p 49 paragraph 2 lines 7, 10 and 12: “Barbour et al (2002(b})" for “Barbour et af
(2002)

p 63 line 1: “AD494(DE3)" for “AD494”

p 81 section 4.2.3 line 2: “AD434(DE3)” for “AD4%94"

Figure 4.4 figure legend: “sequences” for “sequecnas’

p 106 paragraph 3 line 5. “decreases” for “increases”

Figure 6.3 figure legend line 6: “anti-His antibody” for “anti-His”

p 148: insert line between references by Stein et af (1995) and Stephen et af (2002).
p 168: line 6: “(2002(a))” for “(2002)”

p168: line 10: “(2002(b})” for “(2002)"

ADDENDUM

Figure 1.1, figure legend: delete last two sentences and add

“The formation of cleaved serpin (I") and active protease, with the rate constant k,,
results from complete proteolysis. However, if the serpin  kinetically traps the
protease, the inhibitory complex (E-1*) is formed with the rate constant k3.”

p 81 cection 4.2.3: delete second sentence and replace with

“The AD4394(DE3) strain carries the DE3 lysogen and a mutation in the thioredoxin
reductase gene facilitating disulfide bond formation in the cytopiasm, providing the
potential to produce properly folded active proteins.”

p 96 paragraph 1. delete last sentence and add

“The 90kDa entity which co-purified with His-MMCM2 was separated on 12.5% SDS-
PAGE and the band excised and prepared for mass spectroscopy. 18 fragments
were identifiable using MS-Fit search. The 18 peptides matched MMCM2 and no
other high probability matches with any other proteins were identified. Mass

spectroscopy demonstrated that the only protein present in the 90kDa entity was His- .
MMCM2.”




p 108: delete sentence 3 and replace with
“The native His-MMCM2 demonstrates a sharp decrease in ellipticity commencing at

55°C consistent with loss of secondary structure.”

p 108 paragraph 4: Add after sentence 2
“Because His-MMCM2 did not undergo a sigmoidal unfolding transition the use of.
the first derivative plot makes the calculation of the melting temperature error prone.”

p 137: Add at the end of paragraph 1
“The proteases that inhibited the serpina3 members are consistent with the predicted
Pi. From the data presented in this thesis, definitive identification of the Py residue
will require either N-terminal sequencing or mass spectroscopy of serpin-protease
complexes. These studies will be performed when functionally active recombinant
6C28 and 3E46 become available. “
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ABSTRACT

One of the major serpins circulating in human plasma is aq-antichymotrypsin. it
is predominantly expressed in liver, and participates in inflammatory responses
through the regulation of the granuiar protease cathepsin G. Unlike the human
genome which contains a single copy of the oy-antichymotrypsin gene,
analysis of the syntenic murine serpina3 locus revealed an extensive
expansion to fourteen genes. Although the murine genes share a high degree
of overall sequence homology, the reactive centre loop domain, which
determines target protease specificity, is markedly divergent. The studies
presented in this thesis describe the characterisation of the serpina3 locus.

Using a reverse transcription PCR technique designed to distinguish between
the highly homologous serpina3 genes, nine members were shown to be
expressed in a tissue specific manner, As expected, mouse serpina3 genes
were strongly expressed in the liver, although prominent expression of some
serpins was observed in brain, immune and haemopoietic tissues.

Functional characterisation was carried cut on four of the most abundantly
expressed serpina3 members, EB22.4, MMCM2, 3E46 and 6C28. Biochemical
and biophysical analysis of these serpins showed that they were able to
undergo the confermational change required for protease inhibition. As
predicted, they differed in their ability to inhibit the serine and cysteine
proteases as demonstrated by their ability to form covalent complexes and in
kinetic assays.

Previous studies indicated that serpina3g is strongly expressed in haemopoietic
stem cells and down-regulated upon differentiation. In order to explore the
biological significance of this cbservation a method was developed to express
sempina3g constitutively in murine haemopoietic progenitors in vivo. This

method provides a platform for further work on the biology of serpina3 genes.
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CHAPTER 1

THE SERPIN SUPERFAMILY: STRUCTURE, FUNCTION AND
EVOLUTION

Serpins belong to a superfamily of proteins which share a highly ordered
3-dimensional tertiary structure (Carrell and Travis 1985). They were first
described as serine protease inhibitors, however a multitude of alternative
functions have been ascribed to them. The serpin scaffold is present in all
members and is fundamental to their inhibitory activity. Despite the
conservation of their structure, the amino acid sequence identity between
members can be as low as 25%, suggesting that they are quite distinct from
each other and possess variable biological functions (van Gent ef al. 2003).
The presence of extensions at both C- and N- termini and the degree of
glycosylation also allows for variation in function (Perkins ef al. 1990; Frank ef
&l. 2003; McCoy ef al. 2003). Some members of the superfamily possess no
protease inhibitory function and have developed alternate roles such as the
hormone trafficking serpins, corticosteroid binding giobulin (Hammond ef ai.
1987), thyroxine-binding glovulin (Flink ef al. 1986) and the protein folding
chaperone serpin, HSP-47 (Hirayoshi et al. 1991).

Approximately 700 members have been identified, ranging across species
from prokaryotes to multicellular eukaryotes (lrving et al. 2002 (a)). With the
continued sequencing of new genomes and the completion of existing ones, it
is expected that even more membpers will be identified and additional functions

attributed to this structurally similar yet functionally diverse superfamily of
proteins.




g 1.1. SERPIN CONFORMATION AND MECHANISM OF ACTION

Serpins are single chain polypeptides of ~400 residues which fold into the
conserved serpin structure, consisting of three p-sheets (A-C) and nine
a-helices (Huber and Carrell 1989), although a few serpins possess only 8

o-helices, such as the viral serpin CrmA (Simonovic et al 2000).
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Approximately 30-40 residues from the C-terminus is an exposed, mobile loop
structure containing the reactive site residues which, in inhibitory serpins,
interacts with the cognate protease. This region is termed the reactive centre
: loop (RCL). Cleavage of the RCL resuits in a dramatic conformational change
in the serpin molecule and is characterised by insertion of the N-terminai
portion of the cleaved RCL into B-sheet A (Carrell and Travis 1985). This
'j- conformational change is accompanied by a dramatic increase in the
,‘,. molecular stability of the protein. The denaturation temperature (Ty) of the

TR

protein is increased from a typical 55°C in the native state to 100°C in the
loop-inserted form (Carrell and Owen 1985). This change in molecular stability

is termed the stressed to relaxed (S—R) transition. The conformational change
results in irrsversible inhibition of the target protease as loop inseition

translocates the protease and distorts its active site.

In addition to its importance in the inhibition of target proteases, the
conformational flexibility of the serpin molecule is also utilised as a mechanism
to regulate activity. The non-inhibitory hormone binding serpins, cortisol
binding giobulin and thyroxine binding globulin, underge conformational
change on cleavage of their RCL to release hormones at sites of inflammation
(Pemberton ef al. 1988). Therefore, the serpin structure is important for both
inhibitory and non-inhibitory activity. However, not all serpins undergo
conformational change. The non-inhibitory serpins, ovalbumin, maspin,
angiotensinogen and PEDF are unable to undergo the S—R conformational
change on loop cleavage (Mast ef al. 1991; Becerra ef al. 1995; Pemberton et
al. 1995).
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1.1.1. Mechanism of inhibition

Serpins inhibit serine proteases by a unique process known as the “suicide
substrate inhibition mechanism” (Potempa et al. 1984). Irreversible protease
inhibition is achieved through the formation of a covalent complex in which
both serpin and protease are rendered inactive. This methed is distinct from
other classes of protease inhibitors, Kunitz and Kazal type, which inhibit
through a reversible, tight, non-covalent lock and key mechanism (reviewed in
(Bode and Huber 2000)). Serpin-protease complexes can be observed on
SDS-PAGE as their covalent nature prevents dissociation.

The scheme shown in Figure 1.1 represents the kinetic mechanism of
inhibition (Gettins 2002 (a)). The initial interaction between the serpin (l) and
protease (E) forms a reversible non-covalent Michaelis complex (El) (Stone
and LeBonniec 1997). Cleavage of the peptide bond at Ps-P{ occurs by
nucleophilic attack by the catalytic serine of the protease on the carbonyl
carbon of the P4 residue. The attack proceeds through the standard covalent
tetrahedral intermediate of a substrate cleavage reaction, with the subsequent
formation of an ester bond between the hydroxyl group of the Ser residue and
the carbonyl carbon of the Py residue. This forms the covalent acyl-enzyme
intermediate (EI*) (Lawrence et al. 1995; Wilczynska et al. 1995). With the
peptide bond between the serpin P1-P¢’ residues broken, the N-terminal strand
of the RCL is released and the loop can insert into the A-§ sheet.

The mechanism becomses branched at this point with the rate of toop insertion
determining whether the serpin behaves as a substrate or an inhibitor
(Lawrence et al. 2000). If the loop insertion process is rapid (k;>ky), the
inhibitory pathway proceeds towards fuli protease inhibition (E-I*) by trapping
the acyi intermediate before the protease can complete the deacylation
reaction. The rapid loop insertion, accompanied by conformational chang= in
the serpin and translocation of the protease, distorts the protease active site
and results in complete inhibition (Huntington et al. 2000; Lawrence et al.
2000). However, if loop insertion proceeds too slowly (kis>ks), then the
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Figure 1.1: Schematic representation showing the mechanism of inhibition of a
protease by a serpin. The Michaelis-like complex (El) is formed after the initial
interaction of the protease (E)} and serpin (1), with the forward rate constant k, and
the back constant of k., This proceeds to formation of the covalent
acyl-intermediate (El'}, with the k.. From this point the reaction can proceed down
two different pathways which primarily depends on how rapidly the cleaved serpin
loop is able to insert ito the A B-sheet. The formation of cleaved serpin (1*) and
active protease, with the rate constant k;, results from complete proteolysis.
However, if the serpin kinetically traps the protease, the inhibitory complex (E-I*) is
formed with the rate constant k,.




deacylation reaction continues, the serpin is cleaved without protease
inhibition (E + 1) and active protease is released. The inhibited serpin-protease
complex is stable for days-weeks, depending on the serpin-protease pair
(Calugaru et al. 2001; Zhou et al. 2001; Plotnick et al. 2002). The effectiveness
with which the enzyme is trapped is reflected in the rate constant (ks). It has
been estimated that ks is at minimum 5-7 orders of magnitude less than (Ka).
This mechanism of protease inhibition was confirmed by the elucidation of the
crystal structure of a covalent serpin-protease complex (Huntington ef al.
2000).

1.2.  SERPIN CONFORMATIONS

Extensive investigations have been carried out on the three dimensional serpin
structure utilising X-ray crystallography and other structural techniques. The
first serpin crystal structure to be elucidated was that of cleaved
aq-antitrypsin (o4-AT) (Loebermann et al. 1984). This has become the
archetypal structure against which subsequent serpin structures are compared.
A number of crystal structures have been solved for a wide variety of serpins in
various conformations over the years., Structures have been described for
native inhibitory and non-inhibitory serpins, RCL cleaved, latent serpin,
polymerised serpin, inactive dimers and serpin-protease complex. These

studies have emphasised the important relationship between structure and
function.

1.2.1. The Native Structure

The first crystal structure of a native serpin was that of the non-inhibitory
serpin, ovalbumin, by Stein et al (Stein ef al. 1990; Stein ef al. 1991).
Subsequently, the first native crystal structure of an inhibitory serpin was
determined for antithrombin (Carrell ef al. 1994; Schreuder et al. 1994). To
date, a further 9 serpins have been crystallised in their native conformation.
Comparison revealed tight conservation of both secondary and tertiary
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structure between all members, including inhibitory and non-inhibitory serpins.
They share approximately 51 residues, mostly buried, which are important for
correct packaging of the serpin core (Irving et al, 2000).

The native structure highlights the exposure of the RCL-region outside the
central serpin molecuie and shows its attachment at the N-terminus to s5A of

B-sheet A and at the C-terminus to s1C of p-sheet C (Figure 1.2). Of the three
B-sheets, the A-sheet is the largest and is composed of five strands which are
essentially antiparallél except for the two central strands. Insertion of the
cleaved RCL occurs between these central strands making p-sheet A fully
antiparallel. Seven of the eight o-helices are located at the rear of the serpin
molecule, relative to p-sheet-A, whilst helix-F lies across the front. It has been
proposed that helix-F may participate in stabilisation of the five-stranded
conformation and opening of the A-sheet (Gettins 2002 (b)).

One of the striking features highlighted by the comparison of native structures
is the variety of conformations the RCL adopts. The crystal structure of the
archetypal serpin o4-AT revealed a RCL in extended B-conformation whereas
the RCL of both ovalbumin and os-antichymotrypsin (c.-ACT) are helical (Stein
et al. 1991; Wei ef al. 1994; Elliott et al. 1998 (a)). Native ovalbumin consists of
a 3 turn o-helix and native a1-ACT is a distorted two-turn a-helix with strand
s1C partially dissociated from the C-sheet. In the PAI-2 struciure the RCL was
shown to have nc regular secondary structure (Harrop et al. 1999). Given the
sequence variability of the RCL it is no surprise that its conformation differs
between serpins.

The conformation of the RCL may play a role in the regulation of serpin
activity. The native crystal structures of antithrombin and heparin cofactor It are
unusual as they display an insertion of two residues of the RCL, Pys and P1,,
into B-sheet A. This is made possible due to a partial expansion in the
A-B-sheet (Carrell et al. 1994). In their native conformations, antithrombin and
heparin cofactor Il, interact with their target proteases inefficiently. Binding of
the polysaccharide heparin to antithrombin and heparin cofactor Il expels the
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Figure 1.2: Structure of native o,-antitrypsin. The a—helices are labelled hA-hl and B-sheets A-C
are indicated. The positions of the RCL, shutter, breach and gate are shown.
Modified from Whisstock et a/(2000).




residues from the p-sheet and increases the kinetics of interaction with
factor Xa and thrombin (Jin et al. 1997; Baglin ef al. 2002).

1.2.2. Cleaved serpins

o4-AT was the first serpin to have its structure determined in the cleaved
conformation (Figure 1.3(A)). The most striking observation was the separation
of the P; and Py residues by 67A to opposite sides of the molecule
(Loebermann et al, 1984; Mottenen et al. 1992). The cleaved structure showed
that the N-terminal portion of the cleaved reactive centre loop, from 17
residues prior to the reactive centre (P17-P4), had inserted itself into the 5
stranded p-sheet A to form the middle (fourth) strand between strands 3 and 5.
This resulted in a six-stranded antiparallel A--sheet. The observed differences
between the native and cleaved structures suggested that protease cleavage
of the RCL gave rise to a major conformational change in the serpin molecule.
The incorporation of the cleaved RCL was made possible by an opening of the
B-sheet based on a shift of the first three strands of the sheet (Steir. and
Chothia 1991). This gave rise to further structural changes in the serpin
molecule and allowed the p-sheet A to fully open and accept the inserting
reactive centre loop.

The ability to incorporate the cleaved RCL into B-sheet A and the
conformational change that ensues, is a characteristic feature of inhibitory
serpins, and is supported by all reported crystal structures of cleaved inhibitory
serpins, a4-ACT (Baumann ef al. 1991), antithrombin (Mourey et al. 1993), and
PAl-1 (Aertgeerts ef al. 1995). However, this feature is not preserved in all
non-inhibitory serpins. Elucidation of the cleaved structure of ovalbumin
(plakalbumin) revealed that the RCL had not inserted into the A B-sheet
(Wright et al. 1990). The absence of RCL insertion by some non-inhibitory
serpins was further suppoited by the absence of an increase in thermostability

upon loop cleavage, as observed with the non-inhibitory serpins
angiotensinogen and PEDF (Stein et al. 1989, Becerra et al. 1995).
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Figure 1.3: Serpin Conformations. A) Cleaved a,-antitrypsin, B) latent PAI-1,

C)initial serpin-protease complex and D) final serpin-protease complex.
Modified from Silverman et a/ (2000).




1.2.3. Latent serpin

An alternative native structure confined to a small number of serpins is the
latent conformation. The latent state is analogous 1o the cleaved conformation
and is similarly inactive and stable (Figure 1.3(B)). it was first observed in the
crystal structure of PAI-1, in which the reactive centre loop from P7-P4 had
inserted into p-sheet A in the absence of loop cleavage (Mottonen et al. 1992).
Loop insertion was permitted by the release of the first strand of p-sheet-C,
C-terminal to the reactive site residues, which provided a return for the RCL
from the base of sheet-A back to sheet-B. Consequently, latent PAI-1 is unable
to interact with target proteases as the reactive site residues are inaccessible.
This conformation has also been described for the antithrombin mutant Rouen
VI (187Asn—Asp) and resulis in the loss of inhibitory activity leading to
thrombosis (Bruce et al. 1994).

PAI-1 is the only known wild-type serpin to spontaneously adopt the latent,
inactive conformation under physiological conditions. The latent conformation
can be induced in antithrombin and in a4-AT by mild denaturation at 60°C in
the presence of citrate (Bruce et al, 1994, Lomas et al. 1995 (a)).

1.2.4. S-conformation

A naturally occurring variant of a4-ACT (Leub55—-Pro) was crystallised in which
the RCL had partially inserted into B-sheet A, up to residue P12 (Gooptu et al.
2000). The leve! of loop insertion observed was greatér than the few hinge
residues observed for antithrombin but less than the full loop insertion
observed for latent PAI-1. The 8-0.4-ACT crystal structure provided evidence for
the presence of conformational intermediates between the formation of the
initial Michaelis complex and the final irreversible loop inserted serpin.
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1.2.5. Serpin — protease struciure

The crystal structure of o4-AT in complex with trypsin confirmed that, upon full
loop—insertion, the protease is translocated from one pole of the serpin
molecule to the other (Huntington ef al. 2000) (Figure 1.3 (C&D)). The
structure further demonstrated that steric conflict between the two molecules,
as the protease is forced over the serpin body on loop insertion, results in
protease inhibition. The a4-AT molecule was unaffected, as its X-ray structure
remained ordered, presumably due to the increased stability of the serpin
molecule achieved upon -loop insertion. However, the structure of the
complexed protease was extensively disordered indicating that loop insertion
caused destabilisation of the protease. The primary event in this destabilisation
was the observed repositioning of the active serine residue (Ser195) more
than 6A away from its catalytic partner (His57) thus destroying the catalytic
trtad. The movement of the Ser residue also destroys the adjacent oxyanion

hole which then prevents the continued catalytic deacylation of the ester bond
with the serpin.

The extensive distortion of the catalytic site further destabilised interactions
within the complexed protease. The X-ray structure showed a number of
disordered regions in the complexed protease including the trypsin activation
domain and the hinge region connecting the two large domains of the
molecule. These observations explain why proteases in complex have an
increased vulnerability to proteolysis (Kaslik ef al. 1995; Stavridi ef al. 1996).
Destruction of the catalytic site therefore prevents the release of the protease
from the complex and the structural disorder allows for its proteolytic
destruction (Huntington et al. 2000).

1.2.6. Serpin polymerisation

One of the consequences of conformational flexibility of the serpin molecule is
the formation of polymers. Native inhibitory serpins readily form polymers when
heated to 50-60°C and their presence can be observed on non-denaturing gels
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where a typical laddering pattern is observed due to the formation of non-
covalent dimers, trimers and higher muitimeric forms (Schuize ef al. 1990;
Patston et al. 1995). Serpin polymers can form following insertion of the RCL
of one serpin molecule into the A B-sheet of another to form a continuous
polymeric serpin strand. Alternatively, polymers can form by a loop-C-sheet
mechanism where the insertion of a serpin’s RCL into its own A-sheet liberates
strand 1C which is then replaced by the RCL of a donor molecule. The C-sheet
mechanism of polymerisation was highlighted in the crystal structure of an
antithrombin native/latent dimer, where the RCL of the native molecule had
inserted into the position of strand1 in the C-sheet of the latent molecule
(Carrell ef al. 1994). In addition, serpin polymers have also been shown to fem
between the cleaved RCL of one serpin into the A B-sheet of another serpin
molecule (Huntington ef al. 1999; Dunstone et al. 2000).

Polymerisation occurs in vive when a mutation affects the stability of the native
serpin. This leads to the formaticn of polymeric aggregates within the cell of
expression and as a consequence deficiency in plasma serpin activity. The
a-AT variant, Z-antitrypsin (Glu342-L.ys), is one of the best characterised
examples of polymerisation induced serpin deficiency and disease. The variant
is present in 4% of Northern Europeans and perturbs the structure of the a4-AT
molecule such that polymerisation proceeds through the insertion of an
uncleaved RCL of one molecule into the A-sheet of the another (Sivasothy et
al. 2000). The resultant phenotype is formation of inclusion bodies in liver and
decreased levels of circulating a;-AT (Lomas et al. 1992). Deficiency of a4-AT
activity results in uncontrolled proteolysis by the serine proteases elastase and
cathepsin G and subsequent destruction of lung tissue leading to emphysema
(Elliott ef al. 1998 (b)). The hepatocyte polymeric inclusion bodies are
associated with liver cirrhosis, neonatal hepatitis and hepatocellular
carcinoma (Sveger 1976; Eriksson ef al. 1986). Loop-sheet polymerisation of
the o4-ACT variant (Pro229-»Ala) is also associated with the onset of
emphysérna due to uncontrolled cathepsin G activity, via a similar mechanism
to that of a4-AT deficiency (Faber et al. 1993; Poller et al. 1993).
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Loop-sheet nolymerisation has been described for variants of C1-inhibitor,
antithrombin and neuroserpin associated with angioedema, thrombosis and
dementia respectively (reviewed in (Stein and Carrell 1995) and (Lomas and
Carrell 2002)). A number of point mutations in neuroserpin are associated with
polymer formation and inclusion body accumulation in neurones. The
Ser49—-Pro or Serb2—Arg mutations in neuroserpin are located at the start of
B-helix and destabilise the sheet-opening mechanism, leading to the formation

of loop-sheet polymers and a loss of inhibitory activity towards tPA (Davis et al.
1999; Belorgey et al. 2002).

1.2.7. Regulaticn of conformational change

Regions important for regulating and modulating conformational change in
serpins include. the reactive centre loop, padicularly the hinge region
(discussed in section 1.3.1), the breach, the shutter and the gate, and the
F-helix, as indicted in Figure 1.2 (Stein and Carrell 1995; Whisstock ef al.
2000). In addition, some serpins such as antithrombin and heparin-co-factor [
require exosites to modulate their activity. Their irportance in regulating serpin
conformational mobility and activity is hightighted through the loss of functional
activity caused by mutations in these regions (Stein and Carrell 1995).

The breach region is located at the iny: of the A-B sheet where initial loop
insertion occurs. The pattern of amirio acid conservation and the hydrogen

bond network formed by these residues is likely to be critical for effective loop
insertion (Wnisstock ef al. 2000).

The shutter region controls the opening of the A-sheet ard is positioned at the
centre of the serpin molecule towards the middle of the A-sheet (Whisstock ef
al. 2000). Mutations in the conserved residues of the shutter region renders

the A-sheet more open 2nd suscaptible to incorporate a RCL, either its own or
that of another serpin molecule. Subsequently, these mutations have an
increased tendency to convert to the latent or polymeric conformation and
usually result in serpin deficiency and loss of inhibitory activity, as discussed
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previously for the o4-AT variant Z-antitrypsin (Section 1.2.6) (Stein and Carrel!
1995).

The gate is located in the distal RCL hinge region and is a loop that is formed
by the connection of strands s3C and s4c. Mutations in the gate region of
antithrombin result in loss of inhibitory activity and the development of
thrombosis (Stein and Carrell 1995).

Heiix-F is positioned across the lower part of S-sheet A and its location makes
it spatially impossible for the loop to insert past P9-P8 without movement of the
helix (Gettins 2002 (b})). For the cleaved RCL to insert into the A-sheet helix F
needs to be displaced from its position. It has been suggested that helix F
moves from the front of the A-sheet to facilitate both loop-insertion and to
produce the favourable serpin-proteas:; end complex. This displacement is
thermodynamically coupled to the energy of loop insertion and is required to
make the final protease transiocation and inhibition step an energetically
favourable one.

1.2.8. Co-factor binding

The serpins antithrombin, heparin cofactor il, protease nexin 1, PAl-1 and
protein C inhibitor (PCi) can bind sulphated polysaceharides, such as heparin,
to increase their inhibitory activity towards proteases involved in the
coagulation and fibrinolysis cascades ((reviewed by Huntington 2003) (Keijer
et al. 1991; Cunningham ef al. 1992; Rovelli et al. 1992)). Heparin binditig to
antithrombin causes a 1000-fold increase in activity towards thrombin and
300-fold activity towards factor Xa (Olson and Bjork 1992; Olson et al. 1922).
The sulphated polysaccharides line the walls of the vasculature and, in the
case of antithrombin, binding also aids in localising the serpin to sites requiring
inhibitory activity (Olson and Bjérk 1991).

There are two mechanisms of activation used by sulphated polysaccharides,
(f the bridging mechanis™ and (i) a conformational change mechanism. In the
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bridging mechanism the sulphated polysaccharide binds both serpin and
protease to bring the two together in an appropriate orientation for interaction.
This mechanism is used by all the aforementioned serpins. A cluster of
positively charged residues located at the base of helix-A to the upper half of
helix D, constitutes the heparin binding site for all these serpins (Huntington

2003), except PC1 which utilises basic residues from helices A and H (Kuhn et
al. 1990; Neese et al. 1998).

As discussed in Section 1.2.1, the RCL of heparin cofactor Il and antithrombin
are partially inserted into B-sheet A. The binding of sulphated polysaccharides
to antithrombin and heparin cofactor il induces a conformational change and
results in the expulsion of the partially inserted RCL from B-sheet A to an
exposed position more suitable for interaction with the target proteases (Olson
and Bjork 1991; Baglin ef al. 2002). In addition, the conformational change in
heparin cofactor il is associated with displacement of the hirudin-like N-
terminal extension which is sequestered in the native state. The N-terminal
extension tethers to thrombin and confers increased specificity of heparin
cofactor 1l towards the protease (Baglin ef al. 2002). The conformational
changes in antithrombin and heparin cofactor Il dramatically contribute to an
increase in the rate of inhibition, with the inhibition of factor Xa by antithrombin
increased 300-fold (Olson ef al. 1992) and the rate of heparin cofactor |
inhibitory activity towards thrombin enhanced approximately 16,000-fold with

either heparin or dermatan sulfate (Van Deerlin and Tollefsen 1991; Olson et
al. 1992; Sheehan et al. 1994).

In addition to binding heparin, PAI-1 is also able to bind vitronectin. PAI-1
spontaneously adopts the inactive, latent conformation and binding of
vitronectin stabilises the active conformation. This enables efficient protease
interactions and may localise PAl-1 to specific tissues requiring inhibitory
activity (Lawrence et al. 1994 (a); Lawrence et al. 1997).

As the name suggests, protein Z-dependent protease inhibitor (ZP1) binds
protein Z which dramatically enhances the serpin’s inhibitory activity towards
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factor Xa (Tabatabai ef al. 2001). Protein Z is a vitamin-K dependent plasmé
protein, similar in structure to factors VI, IX, X and protein C but without any
properties of a serine protease zymogen (Sejima ef al. 1990; Tabatabai ef al.
2001). In the presence of phospholipid and calcium the ZPl-protein Z complex
inhibits factor Xa at a rate 1000-fold faster than ZP1 on its own.

1.3. REACTIVE CENTRE LOOP AND PROTEASE SPECIFICITY

The reactive centre loop (RCL) plays a pivotal role in serpin and protease
interactions. The reactive site, designated P¢-P+', comprises the bait peptide
bond for protease inteérzction. The residues N-terminal to the scissile bond are
designated the P-residues (P16-P1) and the residues on the C-terminal end are

designated the P'-residues (Py'-Pq’) (as defined by (Schechter and Berger
1967)).

1.3.1. Importance of reactive centre loop composition

The amino acid compoesition of the RCL not only determines target protease
specificity for inhibitory serpins but is also critical for the mechanism of
inhibition. The residues occupying P4s-Pg, the proximal hinge region, determine
the ability of the loop to insert upon cleavage (Hopkins et al. 1993; Potempa et
al. 1994). Sequence comparisons between inhibitory and non-inhibitory
serpins indicate a conservation of short-chain residues, mainly alanine,
between residues P2-Pg for inhibitory serpins. Non-inhibitory serpins have a
high substitution rate to other residues, with few or no alanines {(Hopkins ef al.
1993).

The pattern of conservation in the proximal hinge is thought to facilitate the
rapid insertion of the RCL once the P44 side chain has incorporated into the
A-sheet (Hopkins et al. 1993; Irving et al. 2000). The conservation of P4 is
critical as this is the first side-chain to insert into the A-sheet and stabilises the

inserted loop conformation. For this reason P4 is typically a non-charged,
short-chain residue, either threonine or serine. Site-directed mutagenesis of
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the non-inhibitory serpin ovalbumin at P4 Arg—Ser resuited in spontaneous
insertion of the RCL on cleavage (Huntington ef al. 1997). The Pys residue is
almost always occupied by glycine in inhibiviry serpins and Py3 is usually
glutamic acid (Hopkins et al. 1993). The proximal hinge has a requirement of
non-proline residues at P2 and Pq. This is supported by the P4 antithrombin
mutation, Ala (384) —Pro, which is associated with a loss of inhibitory activity
and substrate-like behaviour with thrombin (Perry ef al 1989).
Angiotensinogen also contains a Pro residue at P12 and an Arg at P44 and is
unable to undergo the S—R transition presumably due to the inability to loop
insert. Ps also shows a preference for the small threonine side chain.

i

=ik

The residues from Ps-Ps' modulate target protease specificity as demonstrated
by the absence of residue conservation between serpins and the ability of

R

mutations to alter inhibitory activity (Djie ef al. 1996; ChaillanHuntington ef al
1997; Dijie et al. 1997). Natural variants and site-directed mutagenesis studies
have shown P, as the most important determinant of protease specificity
é ((Travis et al. 1985; Jallat ef al. 1986; Derechin et al. 1990; Stein and Carrell
5“% 1998)). The a4-AT Pittsburgh variant has a Met—>Arg mutation at P, and alters

the serpin specificity from elastase to thrombin (Owen ef al. 1983). A number
of antithrombin mutants at P4 (Arg— His, Cys or Pro) result in complete loss of
inhibitory activity towards factor Xa. C1-inhibitor Py mutants (Arg—His, Cys,
Ser, Leu) are associated with angioedema due to the loss of inhibitory activity

towards the serine protease preizin C (reviewed in (Stein and Carrell 1995)).

L
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The ability to change protease specificity by swapping the RCL from one
serpin to ancther also illustrates the importance of RCL compaosition. Rubin et
al (1980) demonstrated that swapping the loop of a+-ACT for the RCL residues
P3-P3 of a4-AT produced a modest inhibitor of neutrophil elastase (Rubin et al.

.l b i ’
i

1990). Both a4-ACT and a4-AT were converted into chimeras with the viral

serp1 RCL. Although loop swapping generated changes in protease specificity,

i a1-ACT/serp1 and a4-AT/serp1 varied in their ability to inhibit the proteases |
g examined (Bottomiey and Stone 1998). This indicated that the serpin scaffoid 5
% was also an important factor in determining the effectiveness of inhibition.
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1.3.2. Importance of reactive centre loop length

The length of the RCL can determine the effectiveness of target protease
inhibition. The RCL length shows very litlle variation in inhibitory serpins,
usually consisting of 17 residues, with antiplasmin, Ci-inhibitor and crmA
being 16 residues (Simonovic ef al. 2000; Gettins 2002 (a)). Variation on loop
length, either by the addition of extra residues or removal of residues
N-terminal to the P+-P¢ bond, can result in loss of inhibitory activity or a
decrease in the Kinetics of interaction. RCL length is critical for generating the
correct tension to remove the active serine residue within the catalytic triad of
the protease (Zhou et al. 2001). The natural variant, az-antiplasmin Enschede,
has an alanine insertion at Pg taking the RCL from the normal length of 16
residues to 17, and results in weak inhibitory activity towards piasmin (Holmes
et al. 1987; Rijken et al. 1988). The increased RCL length decreases the force
exerted on the protease active site residue and a loss of protease
destabilisation and inhibition (Zhou et al. 2001).

1.3.3. Protease specificity

Proleases catalyse the hydrolytic cleavage of peptide bonds between amino
acids. Different proteases utilise different strategies to generate a nuclecphilic
attack on the targeted peptide bond and this mechanism is used to classify
them (Chapman ef al. 1997). Important subgroups include the serine, cysteine,
aspartic and metallo- proteases. The cleavage preference of a protease can
often be used to predict the inhibitory profile of a serpin (Table 1.1).

Serine proteases are named after the nucleophilic Ser residue present at the
active site which mediates binding to substrates during catalysis (Hedstrom
2002). They can be sub-divided into groups based on their substrate specificity
(Table 1.1). Chymotryspin-like proteases cleave after non-polar and aromatic
amino acid residues such as Leu or Phe. The trypsin-like proteases have a
preference for charged, basic residues such as Arg and Lys, while elastase
has a preference for small non-polar residues such as Ala and Val and can
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Table 1.1: Serine and cysteine proteases: Specificity and their serpin inhibitors

M ————

~ | PREFERRED b
PROTEASE CLEAVAGE INHIBITORY SERPIN P, RESIDUE
RESIDUE lt
a-ACT, SCCA-2 Leu
Chymotrypsin Leu, Phe MNEI Phe
o4-AT, PI-6 Met |
o-ACT Leu
Chymase Leu, Phe
MNEI Phe
o-ACT leu
MNEI] Phe
ik Cathepsin G Leu, Phe
Pi-6 Arg
(11-AT Met
SERINE - 1
PI-6, PI-8, yukopin Arg
PROTEASES Tryspin Arg, Lys
il aq-AT, Met
Antithrombin, PI-6,
Thrombin Arg . Arg
PCI, protease nexin 1
Antithrombin,
Factor Xa Arg . Arg
protease nexin 1
CIMA Asp
Granzyme B Asp
PI-9 Cys
ay-AT Met |
Elastase Ala, Val
# MNEI Cys
Hurpin, MENT | |
CYSTEINE Cathepsin L. Leu, lle (P;) | SQN-5 Thr
PROTEASES SCCA-1 Glu il
Hurpin, MENT, SQN-5 Thr
Cathepsin V Ley, lle (P2)
SCCA-1 Glu X
Caspases Asp crmA, Pl-9 Asp ‘i

P residues for inhibitory serpins were adapted from Gettins (2003 (a)) and z:dditional information derived
from Zhou ef af. 1997 (crmA), Welss et al. 2003 (hurpin), Irving ef al. 2002 {(MENT), and Al-Khunaizi et al.
2002 (SQN-5). Information on protease specificity was derived from Perona and Craik 1995 (serine

proteases) and Chapman et al. 1997 (cysteine proteases).




cleave after polar residues Met and Cys (Perona and Craik 1995; Hedstrom
2002). The serine protease granzyma B cleaves after the acidic residue Asp. E

All members of the cysteine protease family utilise the sulphydryl moiety of the
Cys residue at the active site for catalysis and they primarily reside within the
intraceliular compartment. The cysteine proteases can be grouped into two
families, the caspase and the papain-like family (Chapman et al. 1997). The
caspases cleave their substrates after Asp residues and participate in one of
two distinct pathways, the activation of proinflammatory cytokines and

promotion of apoptotic cell death (reviewed (Salvesen and Dixit 1997)). The
papain-like subfamily is made up of the lysomomal cathepsins and the calcium
dependent proteases, the calpains. The calpains are thought to play a role in
cellular signalling through the proteolysis of intracellular proteins which
regulate intraceliular calcium concentration (Croall and DeMartino 1991; Du et
al. 1995).

Substrate specificity of cathepsins is primarily determined by the S2 subsite
rather than the S1 cleavage site as seen in the serine proteases (Chapman ef
al. 1997, Turk et al, 2001). There are 11 different human cathepsins which can
be divided into two groups based on their amino acid preferences.
Cathepsin B-like proteases cleave proteins after basic amino acids Arg-Arg or
Arg-Lys while cathepsin L-like enzymes have a strong preference for
hydrophobic or branched chain amino acids, such as lle or Lys in the 82
subsite. The lysosomal cathepsins are associated with extracellular matrix
degradation during bone remodelling, MHC 11 antigen presentation and
prohormone processing (Chapman et al. 1997; Turk et al. 2001).

1.3.4. Cross-class inhibition

A number of serpins have been reported to possess irhibitory activity towards
proteases outside of the serine protease family. These include proteases from
the caspase and papain cysteine protease subfamilies and subtilisins. The
intracellutar serpin PI-8 is an efficient inhibitor of the endoproteinase furin and
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serpin PI-9 is a potent inhibitor of subtilisin A (Dahlen et al. 1997; Dahlen et al.
1998 (a)). The plasma sermpin oy-AT inhibits both subltilisin Carlsberg and
proteinase K. o-ACT has also been shown to display inhibitory activity
towards proteinase K (Komiyama ef al. 1996).

The viral serpin ctrmA inhibits caspase1 (interleukin-18 converting enzyme),
caspase3 and caspase 8, whilst PI-9 is a weak inhibitor of caspasel (Annand
ef al. 1999; Young et al. 2000). Human SCCA1 and chicken MENT are
efficient but relatively non-selective inhibitors of several lysosomal caithepsins
namely, cathepsin L, V and K (Schick ef al. 1998; Irving et al. 2002 (b)).
However, the human serpin hurpin/headpin is a selective and efficient inhibitor
of cathepsin L, with limited activity towards cathepsin V and cathepsin K
(Welss et al. 2003).

The ability of the serpin scaffold to support cysteine protease inhibition was
shown by substituting the RCL of SCCA-1, a known cysteine protease
inhibitor, into the serpin scaffold of a4-AT (lrving ef al. 2002 {(c)). Inhibitory
activity towards the cysteine proteases, cathepsin L, V and K, could be
induced in the chimeras. Inhibitory activity of the o-AT/SCCA-1 chimera was
abolished by pre-incubating the chimera with an antithrombin RCL peptide
which inserted into the A B-sheet. This suggested that loop insertion was
required for cysteine protease inhibition and could occur via a mechanism
similar to that of the serine proteases (lrving ef al. 2002 (c)).

1.4. PHYLOGENY AND EVOLUTION OF THE SERPIN SUPERFAMILY

The evolutionary origin of the ancestral gene to the serpin superfamily is
unclear. The presence of serpins in all eukaryotes suggests that serpins arcse
before animal and plant divergence (~2.7 billion years ago). The recent
isolation of serpins in prokaryotes suggests they may have evolved even
before eukaryote development (>3.9 billion years ago). However, with the
sporadic distribution of serpins in prokaryotes and yeast, it is possible that the
serpins are in fact a younger gene farily and their presence in prokaryotes
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& has  occurred through  horizontal  transfer  from  eukaryotes
(Irving et al. 2002 (a)).
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Many of the serpin gene families have conserved intron-exon structures,
indicating that they share a phylogenetic history. A number of studies over the
years have highlighted that many serpins are located in clusters (Remold-
O'Donnell 1993; Rollini and Fournier 1997, Scott ef al. 1998 (a)). In the human
genome serpin clusters are located at chromosomes 1q, 6p25, 11q, 149321,
17p13, 18921.3-23. The genes within these clusters often share the same
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intron-exon pattern although the intron-exon pattern varies between serpin
clusters on different chromosomes. The exception is the human intracellular
% serpins which are clustered at 6p25 and 18g21.3-23, as the genes located at
é 8p25 have one iess exon (Scott et al. 1999 (a)).

Ragg ef al (2001) assigned the vertebrate serpins to six gene families based
on their exon-intron patterns, diagnostic amino acid sites, and rare indels. This
clade assignment was subsequently modified by tree reconstruction analyses,
integrating amino acid sequences with intron-exon struciure and diagnostic
amino acids. Viral serpins were also included in thi: analysis (Atchley et al.
2001). These two alignments were analogous, hov:¢vzr differed from the clade
organisation proposed by Irving et al (2000), where <2:pins were assigned to
[} clades by consensus analysis based on patterns of sequence conservation.,
The genomic structure of the cerpins was not included in this analysis. The
phylogenetic trees of Ragg et a/ (2001) and Irving et al {2000) are similar, with
} exceptions in the evolutionary classification of the human serpins PAI-1,

S A

e A e T

_H protease nexin 1 and neuroserpin and assignment of the viral serpins (Irving et
H al. 2000; Ragg et al. 2001).

Based on the clade structure of Irving et al (2000), a nomenclature for the
entire serpin family was proposed which organised the serpin sunerfamily into
sixteen phylogenetic ciades (Irving et al 2000; Silverman et al. 2001).
Currently the clades are designated A to P, with individual members within
each clade numbered from one onwards (Silverman et al. 2001) (Table 1.2).
The majority of the human serpins are dispersed between clades A-l.




Table 1.2: The serpin clades (Modified from (Irving ef al. 2000; Silverman et
al. 2001). |

CLADE NAME CLADE LETTER

ol -proteinaserinhibitor A

Intracellular, ov-serpin
Antithrombin

Heparin cofactor |l

O O] wm

Proteinase nexin, PAI-1

a2-antiplasmin, PEDF
C1 inhibitor
HSP47

Neuroserpin

Horseshoe crab

Insect

Nematode

Blood fiuke

Viral SP11-2/CrmA
Viral SPI-3-like

Plant

DO Z =jr| A = ~=] I G M m

Unclassified (orphans)

1.4.1. The A clade serpins

The A clade contains the archetypal human serpins a-AT(SERPINA1) and
o-ACT(SERPINA3), and also three non-inhibitory serpins, the hormone
binding serpins corticosteroid binding globulin (CBG ;SERPINAG), thyroxine
binding globulin (TBG;SERPINA7) and angiotensinogen (AGT; SERPINAS).
The majority of the serpins are clustered together on human chromosome
14q32.1 (Forsyth et al. 2003) (Figure 1.4) with the exception of TBG and AGT
which are located on chromosomes Xq22.2 (Mori et al. 1995) and 1q42-q43
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(Isa et al. 1990), respectively. Many of the A-clade serpins are e:kpréssed in
liver (Marsden and Fournier 2003), except for centerin (SERPINA10) and
some also have secondary sites of expression (Krebs et al. 1999; Frazer et al.
2000; Uhrin et al. 2000). All A-clade serpins appear to have N-terminal
secretion peptides and are predictably secreted into extracellutar
compartments (Table 1.3).

1.4.1.a. op-Antitrypsin (SERPIN A1)

The most abundant serpin in human plasma (1.5 mg/ml) a1-AT, is a 50-55kDa
glycoprotein which is synthesised primarily in liver (Travis and Salvesen 1983).
Originally identified as the major trypsin inhibitor in plasma, it was given the
name o4-AT. It is also known as os-proteinase inhibitor because of its broad
spectrum of inhibitory activities towards chymotrypsin-like and trypsin-like
proleases together with its primary target, leukocyte elastase (Beatty ef al.
1980). The pairing of Met-Ser at P1-P¢’ allows efficient inhibition of elastase
and a4-AT activity can be regulated through the oxidation of methionine
residues both at the reactive site and at other positions throughout the serpin
moiecule (Johnson and Travis 1978). The oxidation of «4-AT leads to the loss
of inhibitory activity and subsequent proteolysis of the serpin (Taggart ef al.
2000). Deficiencies in a4-AT are associated with emphysema and liver
cirrhosis, as already outlined in section 1.2.6.

Lower levels of o4-AT are also expressed in extra-hepatic compartments
suggesting a role in regulating protease activity in these microenvironments.
These compartments include haemopoietic cells, as well as gastric and breast
carcinoma cells (Geboes et al. 1982; Kroli and Briand 1988; Missen et al.
2004). The exact function of a-AT in these cell types is yet to be fully
understood, however, expression in monocytes is implicated in their activation
which may contribute to the formation of atherosclerotic plaques
(Janciauskiene and Lindgren 1999; Dichtl ef al. 2000). Expression in the bone
marrow compartment is likely to be linked to the mobilisation of haemopoietic
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Table 1.3: Human clade A serpins. Adapted from Gettins (2003 (a))

—
GENE

COMMON NAME

CHROMOSOME

RCL

TARGET
PROTEINASES

FUNCTION

SERPINA1

oq-proteinase inhibitor (a,4-P1),
as-antitrypsin (o;-AT)

14932.1

GTEAAGAMFLEAIPM-SIPPE

Neutrophil elastase

Inflammatory response

WI SERPINA2

o-antitrypsin related protein,
proteinase inhibitor like

14932.1

GTEATGAPHLEEKAW-SKYQT

Uncharacterised-truncated
gene possible pseudogene

SERPINA3

ag-antichymotrypsin, a4-ACT

149321

GTEASAATAVKITLL-SALVE

CathepsinG,
chymase, protease
specific antigen,

chymotrypsin

Inflammatory response, binds
p-amyloid peptide-implicated
in Alzheimer's disease.
Diagnostic marker in complex

with PSA

SERFINA4

Kallistatin, kallikrein inhibitor, Pi4

14932.1

GTEAAAATTFAIKFF~SAQTN

Kallikrein

in vivo function not
established

SERPINAS
i

Protein C inhibitct (PCi),
plasminogen activator inhibitor (PAI-3)

14q32.1

GTRAAAATGTIFTFR-SARLN

Activated protein ¢,
uPA tPA, acrosin

Possible role in male
reproduction

SERPINAG

Corticosteriod-binding globulin (CBG)

14932.1

GVDTAGSTGVTLNLT-SKPII

Non-inhibitory

Transport of corticosteriod

SERPINA7

Thyroxine-binding globulin (TBG)

Xq22.2

GTEAAAVPEVELSDQ-PENTF

Non-inhibitory

Transport of thyroxine

SERPINAS

Angiotensinogen (AGT)

1q42-g43

EREPTESTQQLNKPE~-VLEV

Non-inhibitory

Peptide fragment increases
blood presstire

SERPINAS

Centerin

14q32.1

GTEATAATTTKFIVR-SKDPG

Uncharacterised

Maturation of B-cells

SERPINATO

Protein-Z dependent protease
inhibitor (PZ1)

14932.1

GTEAVAGILSEITAY-SMPPV

Factor Xa and Xla

Binds proteinZ for factor Xa
inhibition

SERPINA11

14q32.1

GTEAGAASGLLSQPP-SLNTM

Uncharacterised

Uncharacterised

SERPINA12

Vaspin

14932.1

GTEGAAGTGAQTLPM-EPLVV

Uncharacterised

Uncharacterised




stem cells from the bone marrow to peripheral blood, as discussed in section
1.6.4 (Winkler et al. 2004).

14.1.b. as-Antichymotrypsin (SERPINA3J)

a-ACT is plasma glycoprotein of ~66kDa and is primarily synthesised in the
liver (Travis and Salvesen 1983) with lower levels of expression seen in
bronchial epithelia, prostate and breast (Cichy ef al, 1995). It is an acute phase
protein whose plasma levels rise 2-fold within 8-16 hr following an
inflammatory stimulus (Aronsen ef al 1972). Its primary function is the
regulation of the chymotrypsin-like granular proteinases cathepsin G and mast
cell chymase released by leukocytes at sites of inflammation (Travis and
Salvesen 1983). a4-ACT also regulates neutrophil chemotaxis and superoxide
production (Schuster ef al. 1992; Lomas et al. 1995 (b)). Two mutations in
a4-ACT, Leub5—-Pro and Pro229—Ala alter the conformational stability of
a~ACT (section 1.2.6) and render the serpin inactive. Both mutations are
associated with s#:um deficiency of «4-ACT and contribute to the development
of chronic obstructive pulmonary disease (Poller ef al. 1993). In addition,
01-ACT and the serine protease, prostate specific antigen, circulate as a
complex in plasma and this complex is used as a diagnostic marker for
prostate cancer (Mikolajczyk et al. 2002; Stephan et al. 2002).

A number of reports have suggested that o-ACT may have biological
functions in addition to protease inhibition. a4-ACT expression is higher in
breast cancer tissue than normal breast tissue, where it is also up regulated by
steroid hormones (Laursen and Lykkesfeldt 1992; Confort ef al. 1995). In a
study investigating the differential gene expression between cells expressing
the Raf-1 oncogene, o-ACT was identified as a gene whose expression
increases when Raf-1 expression was down-regulated (Patel ef al. 1997). This
suggested that a4-ACT is associated with the Raf-1 signalling pathway and
may modulate cell growth and proliferation.
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A number of inflammatory cytokines have been reported to up-regulate «-ACT
expression in sites other than the liver (Cichy ef al. 1995; Kordula ef al. 1998,
Nilsson et al. 2001). a4-ACT is known to be expressed by astrocytes and may
play a permissive role in amyloid peptide polymerisation. In vitro evidence
demonstrates that o;-ACT binds the amyloid B142 peptide by insertion into the
serpin A B-sheet (Ma et al. 1994). The subsequent induction of fibrillogenesis
and generation of amyloid plaque deposits is associated with the progression
of Alzheimer’s disease (Ma ef al. 1994, Abraham 2001). Over expression of
human o4-ACT in a murine model of Alzheimer's disease caused an increased
rate of disease progression (Mucke ef al. 2000).

Nuclear localisation of 01-ACT has been observed in cells and it has been
suggested that «-ACT may bind DNA through an unusual DNA binding motif
of three lysine residues, located at residues 212-214 and a C-terminal peptide
at residues 390-398 (Takada ef al. 1986; Naidoo ef al. 1995). This feature may
reflect its reported inhibition of DNA primase and DNA polymerase (Tsuda ef
al. 1986, Takada et al. 1988). Although a:-ACT does not contain a typical
nuclear localisation signal, it was recently shown to interact with the DnaJ-like
protein 1 which does possess a putative nuclear localisation
signal (Kroczynska et al, 2003). The DnaJ-like protein activates the molecular
chaperone BiP by its membrane associated J-domain. Binding to a-ACT is
mediated through the SANT2 motif. The exact role of the SANT2-04-ACT
complex is unclear, however, the complex may be involved in gene
transcription and regulation. SANT motifs are important for acetylation of
histone N-terminal tails and are suggested to play a role in delivering histone
substrates to chromatin-modifying enzymes (Yu ef al. 2003).

1.4.2. The B clade serpins

Members of the B clade constitute the subgroup of serpins known as the
ovalbumin family. Based on the common characteristics of five serpins,
ovalbumin, MNEI, PAI-2 SCCA and gene Y, Remold-O’'Donnell et al (1993)
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named the “Ov-serpin family” after the oldest known member, ovalbumin.
Some of their identifiable features are the absence of N-terminal and
C-terminal extensions, (in patticular the absence of an N-terminal secretion
peptide), an almost identical gene organisation and the presence of oxidisable
residues in or adjacent to the reactive centre residues P+-P; (Remold-
O'Donnell 1993).

In comparison to the archetypal serpin «4-AT, ov-serpins begin and end at the
first and last buried residues at positions 23 and 391 respectively (Remold-
O'Donnell 1993). The absence of an N-terminal cleavable signal sequence
renders most ov-serpins intracellular, however, some ov-sermins may be
secreted. For example, PAI-2 (SERPINB2) is both a cytoplasmic
non-glycosylated protein and a glycosylated protein secreted from stimulated
monocytes and placenta (Belin et al. 1989). it is believed that ov-serpins utilise
non-cleavable internal signal sequences for secretion. A hydrophobic region at
the N-terminus of both PAI-2 and ovalbumin has been linked to secretion (Ye
et al. 1988; von Heijne et al. 1991).

The ov-serpin family currently consists of 13 members which share a higher
amino acid identity to each other, than with other members of the serpin
superfamily (Remold-O'Donnelt 1993). The serpins are clustered on two
chromosomes, 6p25 and 18q21.3 and share a conserved intron-exon
structure, except that the genes located on chromosome 6p25 have one less
exon. Their evolution from the ancestral “ov-serpin” gene is thought to have
occurred by one or two interchromosomal duplications and several
intrachromosomal duplications (Scott ef al. 1999 (a)).

The B clade serpins are involved in a diverse array of functions which they
mediate through the regulation of intracellular proteases as well as
non-inhibitory roles. These functions include: the regulation of inflammatory
response via the inhibition of neutrophil proteases, cathepsin G and elastase,
by PI-6 and MNEI (Scott ef al. 1999 (a); Cooley et al. 2001); invoivement in
tumourgenesis by SCCA-I, SCCA-2 and hurpin (Abts ef al. 1999; Welss et al.



2003) and cell differentiation/apoptosis by PAI-2 and PI-9 (Dickinson et al.
1995; Bird ef al. 1998; Darnell ef al. 2003). The non-inhibitory B clade serpin,
maspin (SERPINBS), is associated with breast cancer, is an inhibitor of
metastasis and functions as a tumour suppressor (Zou ef al. 1994). Maspin
has also been reported to possess potent anti-angiogenic activity in the
absence of serpin inhibitory activity (Zhang et al. 2000).

1.4.2.a. The C-D interhelical loop

A common feature of the intracellular serpins is the presence of an interhelical
loop between helices C and D (Remold-O'Donnell 1993). The presence ¢f this
C-D loop has been described for B-clade members encoded on human
chromosome 18g21.3, including the serpins PAIl-2, bomapin and hurpin. The
CD loop varies in length between members and is located at the opposite side
of the serpin molecule from the RCL, suggesting that other protgins can bind to
the serpin via the loop without affecting inhibitory activity. its presence is
associated with auxiliary functions to serpin inhibitory activity and may provide
a means of localising serpin activity to specific intracellular locations (Jensen et
al. 1994),

The human serpins PAI-2 and bomapin have 33-residue and 25-residue C-D
loop insertions, respectively. This insertion in PAI-2 is linked with cell survival,
and is thought to protect cells from TNFa induced apoptosis (Dickinson et &,
1998). Resistance tc apoptosis is conferred by the presence of a
retinoblastoma protein (Rb) binding domain within the C-D interhelical region
(Darnell ef al. 2003). Rb is a transcriptional regulator involved in cellular
activities including cel! cycle control, apoptosis, differentiation and tumour
suppression. The degradation of Rb is prevented by binding to PAI-2 which
results in the retention of Rb activity.

The C-D interhelical residues in bomapin are important for nuclear {ocalisation.
The insertion consists of a series of basic amino acid residues (Lys-Lys-
Arg-Lys) which exhibit homology to the known nuclear targeting signal for
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SV40 antigen. Substitution of these residues in bomapin completely abrogates
nuclear localisation (Chuang and Schieef 1999). The chicken intracellular
serpin MENT also possesses a 30 amino acid interhelical C-D loop. MENT is
the predominant non-histone protein to associate with heterochromatin DNA in
avian haemopoietic cells (Grigoryev and Woodcock 1998). The interhelical
insertion contains two critical functional motifs, a nuclear localisation signal
required for nuclear import and an AT-hook motif which is associated with
chromatin and DNA binding (Grigoryev et al. 1999).

1.4.3. Clades C-P

The remaining human clades (clades C-lI) consist of small groups containing
1-3 members and include both inhibitory and non-inhibitory serpins. They have
a diverse array of functional activities including regulation of coagulation, by
antithrombin (SERPINC1), heparin cofactor il (SERPIND1) (Huntington 2003)
and og-antiplasmin (SERPINF2) (Lijnen and Collen 1985) and protein
chaperoning by HSP 47 (SERPINH1) (Dafforn ef al. 2001). The non-inhibitory
serpin PEDF (SERPINF2) has been shown to be anti-angiogenic and
neurotrophic (Becerra et al. 1995), and there is also the neuronally expressed
neuroserpin  (SERPINI1) (Hastings ef al. 1997). Several additional
phylogenetic clades (clades J-P) have been described in a variety of animal,
plant and viral species.

1.5. THE MURINE MULTIGENE SERPIN FAMILIES

The serpin clusters on human chromosomes appear to be conserved in the
mouse. Syntenic regions have been reported for both A-clade and B-clade
serpins (Borriello and Krauter 1991; Sun ef al. 1997; Kaiserman et al. 2002;
Forsyth et al. 2003). However, a number of the murine loci have expanded to

multigene clusters encoding more than the one gene present in humans.

Multigene families have been described for the murine equivalents of human
A-clade serpirs o4-AT and o4-ACT, and for B-clade members PI-6, PI-9 and
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MNE! (Hill et al. 1985; Borriello and Krauter 1991; Sun et al. 1995 (a); Sun ef
al. 1997, Kaiserman ei al. 2002). Whilst murine homologues have been
identified for serpins from clades C-l, the murine serpin expansion has only
been reported for clades A and B. This thesis will focus on the expansion of
the serpina3 family.

1.5.1. Comparison of the serpin clade A between human and mice

The clade A genes located on human chromosome 14q.32.1 have a syntenic
region on chromosome 12F1 in the mouse (Forsyth et al. 2003). The
organisation of clade A between human and mouse is largely conserved, as
depicted in Figure 1.4. All human SERPINA3 genes are present at syntenic
mouse loci except the mouse homologue of the human serpin gene,
SERPINA4, the kallikrein inhibitor, which appears to be a pseudogene due to
the presence of stop codons (Forsyth ef al 2003). The two murine loci
encoding the homologous genes to human SERPINAT (04-AT) and SERPINA3
(4-ACT) are the only two mouse a-clade genes to have undergone
multiplication. All other A clade members are represented by a single murine
homologue (Forsyth ef al. 2003).

1.5.2. Serpina3 family of serpins

The first murine orthologue of human o-ACT was isolated from mouse plasma
in 1982 by Takahara and Sinohara. However, this serpin displayed greater
inhibitory activity towards trypsin than chymotrypsin and was named contrapsin
(contra-trypsin) (Takahara and Sinohara 1982). It was shown to possess
inhibitory activity towards mouse plasmin and trypsin-like proteases from the
mouse submaxillary gland (Takahara and Sinchara 1983). Sequence analysis
revealed that the closest human orthologue to contrapsin was o4-ACT, with
70% nucleotide and 60% amino acid identity, although the RCL had
significantly diverged (Hill et al. 1984). Contrapsin was subsequently shown to
be a member of a multigene family termed the Spi-2 locus by Inglis and Hill in
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Figure 1.4: Gene organisation of the human A-clade serpins on chromosome 14q32.1 in comparison to the syntenic a-clade region on mouse
chromosome 12F 1. The human and mouse serpins are Jabelled according to the serpin nomenclature; A1: «,-AT,A2: a,-AT pseudogene, A3: o,-ACT,
Ad: kallistatin, A5: protein C inhibitor, A6: corticosteriod-binding globulin, A9: centerin, A10: protein Z-dependent inhibitor, A11 (un-named) and A12:
vaspin. The murine homologues of «,-AT (a1) are shown in red. The murine homologues of a,-ACT (a3) are shown in blue and the arrows indicate the
orientation of the genes.




1991. They demonstrated the existence of a locus of 10 closely linked
members of a proteinase inhibitor multigene family on chromosome 12 (Inglis
and Hill 1991). A further four members have since been identified (Forsyth et
al. 2003). All orthologues have greatest sequence homology to a4-ACT (Table
1.4) and are believed to be derived from a single common ancestor. The
murine Spi-2 locus has since been renamed, in keeping with current serpin
nomenclature, as the serpina3 gene locus (Forsyth et al. 2003).

Comparative nucleotide and predicted protein sequence analysis of the mouse
serpina3 members revealed a high level of homology to human a4-ACT,
particularly in sequences encoding the serpin scaffold (Inglis and Hill 1991). it
appears however, that accelerated divergence has occurred in the predicted
RCL region, with a high number of amino atid substitutions in this area
(Table 1.4). The cDNA of the serpina3 genes encode full open reading frames
indicating the potential to give rise 10 functional proteins (Inglis and Hill 1991;
Forsyth ef al. 2003). The evolutionary pressures driving the expansion are
unknown. Nevertheless, the murine orthologues of «4-ACT have evolved to
preserve the serpin scaffold with divergence restricted to the RCL. This
suggests they may have an array of target proteinase specificity.

The RCL of two mouse serpina3 members resemble the human o4-ACT with a
P, and P4’ pairing of Leu and Ser (Table 1.4). Another two serpina3 members
have predicted anti-tryptic behaviour with a Py residue of Arg. Interestingly,
four of the mouse serpina3 members have a Cys residue at the predicted Py’
position and furthermore, three members also have a cysteine residue at the
Py position. Cysteine residues at the P1-P¢’ positions have not previously been
described in naturaily occurring serpins therefore a target protease is difficult to
predict. Recent work with the mouse member serpin2A (serpina3g) suggests
cysteine proteases as targets (Liu ef al. 2003). The unusual motifs in the RCL
indicates the potential for novel target specificities (Inglis and Hill 1991; Forsyth
ef al. 2003). Another interesting feature of the mouse serpina3 locus is the lack
of predicted secretion signals in some of the genes indicating the possibility of
both intracellular and extracellular serpins (Forsyth et al. 2003).
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Table 1.4: Predicted RCL sequences of mouse a4-ACT homologues in

comparison with human o4-ACT. Adapted from Forsyth ef al (2003)
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(a) predicted pseudogene

SERPIN COMMON NAME RCL {P4-Ps) TO HUMAN
NOMENCLATURE

a4-ACT
SERPINA3(human) | a4-ACT GTEASAATAVKITLL-SALVE
Serpina3a UNK1 GTEADVITIARYNFQ~SAKIK 51%
Serpina3b B6A1 GTEGDAITIVGYNFM~-SAKLK 51%
Serpina3c 1A1 GTEGVAATGVNFRIL-SRRTS 59%
Seminal3d 2B1 GTEADAATRFKIAPL-SAKFL 53%
Serpinale 2B2* GTEAAAATGVKVNLR-CGKIY 58%
Serpina3f 2A1 GTEARAGTGYQNLQC~CQGVI 53%
Serpina3g 2A2 or serpin2A GTEAAAATGMAGVGC-CAVFD 55%
Serpina3h 6C28 GTEAARATGVKLILC-CEKIY 60% i
Serpina3i 282 GTEAAAATGVKVNLR-CGKIY 59%
Serpina3j UNK2 GTEARATTRDKYDFL~STKSN 53% 1
Serpina3k MMCM2 GTEAARATGVIGGIR-KAVLP 58%
Serpina3ll 3E2 DTEVDATSRAIYNFQ-SSKMY 51%
Serpina3n 3E46 GTEAARATGFIFGFR~SRRILQ 61%
Serpina3n EB22.4 GTEAAAATGVKFVPM-SAKLY 61 ?/."_ _]
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1.5.2.a. Gene organisation of the mouse serpina3 locus

Gene organisation of the mouse serpina3 locus on chromosome 12F1 was
determined from sequence information generated by the Mouse Genome
Sequencing Consortium: and from arrangements determined by Inglis and Hill
(1991) (Forsyth et al. 2003) (Figure1.4). There appears to be no ordered
orientation of the genes although the predicted intracellular members cluster
together at the centre of the locus flanked on each side by their extracellular
counterparts. All intron/exon boundaries are conserved and correspond with
those in the human SERPINAZ clade (Silverman et al. 2001).

1.8.2.b. Expression of the serpina3 genes

Prior to the data presented in this thesis limited information was available on
expression of the mouse serpina3 locus. Two serpina3 cDNA transcripts,
termed EB22/3 and EB22/4, were isolated from a mouse chondrocytic
teratocarcinoma cell line EB22 (inglis et al. 1991). The 2035bp EB22/4 cDNA
contained the entire coding region, with a complete 3-UTR and 40 bp of 5'-
UTR, and was expressed specifically in liver. it has subsequently been
identified in murine pancreatic p-celis where it is regulated by interferon-y
(IFN-y} {Pavlovic et al. 1999). The EB22/3 transcript, which is also known as

serpin2A and serpinalg, has since been further characterised and is described
in section 1.5.2.c.

Whilst a number of reports cite the expression of mouse o1-ACT-like genes it is
difficult to ascertain the exact member identified, given the high homology
between them. Many of the c¢cDNA probes used to identify the genes are
designed against conserved serpin regions and would not disciiminate
between the highly homologous serpina3 members. For example, Chiang et al
reported the up-regulation of a mouse serpinad gene(s) in the brains of I1L-5

over-expressing mice and this was associated with the development of
reactive gliosis (Chiang et al. 1994). Furthermore, a member from this locus




was implicated in the progression and pathogenesis of Alzheimer's disease in
mouse models (Licastro et al. 1999). The probes used in both studies were
designed to conserved regions of the serpin molecule therefore it is impossible
to predict which mouse sermina3 gene is responsible for the reported
expression.

A number of reports have implicated the mouse serpina3 locus in celiular
growth, differentiation and transformation. Whitehead et al isolated an
antisense transcript of a serpina3 gene which produced celluiar transformation
in mouse fibroblasts (Whitehead et al. 1995). Using DNA microarray to analyse
gene expression following malignant transformation of mouse PB-3c mast cells
with v-H-ras oncogene, a serpina3 gene was shown to be down-regulated in
tumour cell lines (Brem et al. 2001). Furthermore, in a study to identify
differentially expressed genes on IFN-y induced maturation of pre-B cells, a
mouse serpina3 cDNA transcript was implicated in the pre-B to immature B cell
transition (Patrone ef al. 2001). However, these studies may reflect the
expression of one or more members of the serpina3 family.

1.5.2.c. Semin2A (serpina3g)

Serpin2A is a unigite and intriguing member of the murine serpina3 gene
family. Subsequent to its partial cDNA isolation from the teratocarcinoma cell
line EB/22, serpin2A was separately identified by subtractive hybridisation
between immature and differentiated haemopoietic stem cells (Hampson ef al.
1997). Hampson et al utilised the primitive murine, pluripotent, haemopoietic
cell line, FDCP-Mix A4, which can be stimulated to differentiate down different
lineages under the influence of growth factors. SerpinZA was found to be
highly expressed in undifferentiated cells and was down-regulated upon
differentiation. Constitutive serpin2A expression in FDCP-Mix A4 cells also
delayed differentiation and increased clonogenicity. Additionally, they
demonstrated that high level serpin2A expression in bone-marrow derived
bipotent granulocyte/macrophage-colony forming cells (GM-CFC) was down-
regulated in their maturing progeny (Hampson et al. 1997). Northern blot
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analysis showed that the principal tissues expressing serpin2A were thymus,
lung, spleen, testis and bone marrow (Hampson ef al. 1997). At the time it was
believed a specific probe had been designed to serpin2A but given the highly
homologous nature of the mouse serpina3 family it is likely the probe would
have cross reacted with other members of the family. However, other groups
have confirmed serpin2A to be differentially expressed in the haemopoietic
stem cell compartment when compared with total cells of the bone marrow
(Terskikh ef al. 2001). The prominent expression of serpin2A in haemopoietic
progenitors and its down regulation during differentiation suggests a role in
haemopoietic differentiation. The biological role of serpin2A in haemopoiesis is
a matter of investigation in this thesis.

Serpin2A is also up-regulated during macrophage and T-cell activation.
Expression was stimulated in activated but not in resting T-cells (Hampson et
al. 1997) and in macrophages in response to IFNy and macrophage activation
in vivo (Hamerman et al. 2002). Conjugation of serpin2A to the 15kDa protein
ISG15, an interferon stimulated gene product which is homologous to ubiquitin,
was also obszrved in macrophages (Hamerman et al. 2002). The conjugation
process is thought to be similar but distinct to that of ubiquitination and is not
believed to target proteins for degradation. its significance to serpin2A function
in activated macrophages is yet to be elucidated.

Despite sharing 60% amino acid identity with human a4-ACT, serpin2A has
features which are distinct from its closest human orthologue. it has a Cys-Cys
pairing at P4-P¢' and an unusual C-terminal extension of approximately 30
residues which contains a further two cysteine residues. Another cysteine
residue is also present in the N-terminus (Morris ef al. 2003). The exposed
nature of these residues suggests that they partake in redox reactions. In fact,
recombinant serpin2A shows decreased structural stability under reducing
conditions suggesting that serpin activity may be regulated by a redox

environment. Furthermore, the absence of a conventional N-terminal signal

sequence suggests it would be an intracellular protein. This was confirmed by




Morris et al where subcellular localisation studies of serpin2A demonstrated
prominent nuclear localisation (Morris ef al. 2003).

The biological role of serpin2A is unknown. it is able to undergo the
stressed—relaxed conformational change and therefore has the capacity to
function as an inhibitory serpin. Recently, serpin2A was demonstrated to
possess inhibitory activity against the serine protease cathepsin G and the
cysteine proteases, cathepsin L, V, K H and B (Liu et al. 2003). The ability to
inhibit such a wide range of proteases which possess different mechanisms is
surprising. No such inhibitory activity is observed by any of the cystatins which
are the regulators of cysteine protease activity in vivo. Furthermore, these
results are in direct contrast to our own data, in which no inhibitory activity
towards cysteine proteases was observed (Morris et al. 2003). Therefore, the

exact nature of this inhibition requires further investigation to fully understand
the mechanisms involved.
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1.5.3. The serpinat family

Y e,

The second mouse a-clade locus to have undergone expansion, in comparison
to its human counterpart, is the mouse sempinat (o1-AT) locus. Up to seven
different isoforms have been identified in mice (Barbour et al. 2002). The
number of genes present in mice is both species and strain specific, with Mus
caroli and Mus cookie expressing only one isoform, while Mus saxicola and
Wius domesticus possess four and five genes respectively (Goodwin ef al.
1997). Furthermore, the: Inter-strain variation is highlighted in Mus domesticus
where some strains express between 3-5 different genes. For example,
& C57BL/6J and AlJ express five isoforms (serpinaia, serpinaib, serpinaic,
serpinald, and serpinale) whilst BALB/cJ express only three (serpinaia,
serpinalb and serpinaif) (Barbour ef al 2002). The inter-species and
inter-strain variation observed in mice is the result of a differing number of
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genes present at the locus and not merely differences in gene expression, as
shown by gene specific PCR (Barbour ef al. 2002).
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All the sempinat genes are expressed in liver as demonstrated by Northern blot
analysis and by RT-PCR and all appear competent to encode functional
proteins (Borriello and Krauter 1991). The sequence between the members is
highly conserved throughout the core serpin structure with variations between
the isoforms and their human homolegue restricted to the reactive centre loop.
The Met-Ser at P+-P.' is identical to that of their human orthologue a4-A7 and
this pairing is conserved in all mouse isoforms but two where the P4 residue
has been substituted by either a leucine or tyrosine (Borriello and Krauter
1991; Barbour ef al. 2002; Forsyth ef al. 2003). The Leu-Ser pairing suggests
an o4-ACT like inhibitory specificity, whereas the Tyr-Ser was shown to inhibit
trypsin and chymotrypsin (Barbour et al. 2002). The variations in expression
observed between species and strains appears to involve only the unorthodox
members (those with a substitution at Py} as all mice express at least one gene
with the orthodox Met-Ser at P+-P¢' (Barbour et al. 2002). Other variations in
sequence flank the predicted Py-P¢’ residues in the RCL. The proline residues
at P> are conserved in four of the isoforms and all but one isoform has the
Pro-Pro residue at P3’ and P4'. However, between P, and Pg there is extensive
divergence (Table 1.5). This may reflect either a broader target protease
specificity or protection from cleavage by non-cognate proteases.

The amino acid variations in the RCL are thought to be driven by positive
Darwinian selection to provide adaptive functional activity between the different
isoforms of mouse o4-AT. Analysis of the protease specificity of the oy-AT
isoforms is consistent with this stggestion. Biochemical analysis showed that
those isoforms with orthodox methionine at P, were efficient inhibitors of
elastase, whilst the three unorthodox members with tyrosine at Py were able to
inhibit either trypsin, chymotrypsin or both proteases (Barbour et al. 2002).
Furthermore, by using RCL-swapping chimeras, it was demonstrated that the
variation in target protease activity was directly attributable to the reactive
centre sequence (Barbour et al. 2002). In addition, the different o4-AT isoforms
from Mus. saxicola differed in their ability to bind proteinases in crude snake
venom (Barbour ef al. 2002). This is consistent with the theory that the array of
exogenous proteases, introduced by a pathogen or predator, may drive the
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Table 1.5: Predicted RCL sequences of mouse a1-AT homologues from
Mus.domesticus (DOM) and Mus. Saxicola (SAX) in comparison with
human a4-AT. Adapted from Goodwin et a! (1897)

i
|

SERP-IN RCL
Human a4-AT | AMFLEAIPM-SIPPEVKFNK "
DOM1 VTVLQOMVPM-SMPPILRFDH
DOM2 ATVFEAVPM-SMPPILRFDH l
DOM3 ATVLLAVPY-SMPPIVRFDH
DOM4 ATVLQVATY-SMPPIVRFDH
DOMS ATVLOAGFL~SMPPILHENR
DOM6 ATVLLAVPY-SMPPILRFDR
H SAX1 TTIVEAVEM-SLPPILHFNH
SAX2 TTIVEGVFM-SLPPILNFNH
SAX3 TTVLAGSYM-SAPPILNFNC
SAX4 TTVLGSTLY-SAPAILHFNH
II SAXS TTVLAGTFT-SWPPILNFNR
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functional diversification of the o4-AT's during evolution (Hill and Hastie 1987,
Borrielio and Krauter 1991).

1.5.4. Murine expansion of intracellular serpins

When comparing the human B-clade serpins MNEI, Pi-6 and PI-8 with their
murine counterparts a similar gene expansion was observed (Kaiserman ef al.
2002). Analogous to their human counterparis the murine ov-serpins are
clustered on two chromosomes in the mouse on chromosomes 1 and 13
syntenic to human chromosomes 6p25 and 1821 (Copeland ef al. 1993; Sun
et al. 1995 (a)). The serpins at human 6p25 include the genes MNEI, Pl-6, and
PI-9 and the syntenic region on mouse chromosome 13 has expanded to
encode approximately 16 genes (Sun ef al 1998; Kaiserman ef al. 2002).
Each of these loci has expanded to 4, 5, and 7 genes respectively. They are
highly homologous to their human equivalents but, like the mouse a-clade
expanded members, the murine b-clade expanded serpin genes show
considerable variation in the functionally important RCL domain. Each of the
mouse b-clade clusters encodes both functional genes and pseudogenes. The

second syntenic region at 18¢21 appears not to have undergone this
expansion (Kaiserman et al. 2002).

Gene expression studies showed that at least one member from each
expanded b-clade serpin locus has similar tissue distribution to their human
counterpart (Benarafa ef al. 2002; Kaiserman et al. 2002). In addition, at least
one member shared the same target protease(s) as the human serpin, whilst
other members showed either varied or reduced activity towards these

proteases (Benarafa et al. 2002). This is most likely the result of the variation
in RCL sequence.

The generation of multiple genes in mice is most likely to have occurred post
divergence of the mice and men. The selective pressures driving the
expansion are unknown. Whilst there is an increased number of granule

proteases in mice these are only in the subclasses of granzymes and cysteine
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proteases (Smyth and Trapani 1995; Deussing et al. 2002). it has been
suggested that the increased copy number of serpin genes contributes to
resistance to parasites and other pathogens (Hill and Hastie 1987, Inglis and
Hill 1991). This selective pressure may be stronger in rodents due to increased
exposure to parasitic infection and pathogens. Inhibition of the NS3 serine
protease of the hepatitis C virus by the serpins C1 inhibitor and oz-antiplasmin
in vitro demonstrates that serpins may have a role in regulating pathogen
proteases (Drouet et al. 1999). However, no direct evidence supports the
theory of exogenous proteinases driving serpin loci expansion. Therefore, it is
equally likely that thiese serpins play a role in endogenous biochemical or
celluiar responses.

1.6. SERPINS AND THEIR ROLE IN HAEMOPOIESIS

1.6.1. Haemopoiesis

Throughout life the normal haemopoietic system generates approximately 4 x
10° mature blood cells per second in humans (Moore 1996). These mature
cells have a limited life span and therefore a balance must be achieved
between the production and loss of cells to maintain homeostasis.
Haemopoiesis is sustained in adult mammals by primitive multipotential
haemopoietic stem celis (HSC) which reside within the bone marrow. The key
features of primitive HSC's are their ability to proliferate (self-renewal) and to
undergo differentiation to replenish the mature blood cells of at least nine
lineages (Szilvassy 2003) (Figure 1.5). As haemopoiesis proceeds from the
primitive HSC's to their more mature progeny, there is a loss in self-renewal
potential associated with increased lineage restriction.

Primitive HSC's differentiate into three branches of committed progenitor cells
which give rise to the vascular, myeioid and lymphoid lineages. The vascular
progenitors produce cells responsible for the maintenance of the circulatory
system: erythrocytes, megakaryocytes and macrophages. The myeloid lineage
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Figure 1.5: Schematic representation of the differentiation of haemepoietic stem cells into the mature progeny located in the circulation.
Progenitor cells are represented as: colony-forming cells (CFC) or colony forming units (CFU) and specific lineages defined as
GM:granulocyte/macrophage, G: granulocyte, M: macrophage, E0s: eosinophil, Mast: Mast or basophil and Mk: megakaryocyte. The terms
BFU-E and CFU-E describe blast- and colony-forming units of the erythriod lineage. Adapted from Szilvassy (2001)




progenitors give rise to cells responsible for the innate immunity system:
granulocytes, macrophages and mast cells. The cells generated from the
lymphoid lineages are associated with antigen-specific acquired immunity: the
B and T cells (reviewed in (Cooper and Spangrude 1999)). Differentiation of
the HSC's to their more mature progeny is achieved by a number of
stimulatory haemopoietic cytokines and tnhese include the factors, colony
stimulating factor-1 (CSF-1), granulocyte colony-stimulating factor (G-CSF)
and erythropoietin.

In the steady-state bone marrow, the primitive HSC's are quiescent whiist
more mature progenitors are actively cycling. A number of cytokines have
been identified to promote survival and induce quiescent cells to cycle and
include stem cell factor (SCF), Flt3-ligand, IL-6 and IL-11. Cytokines shown to
induce the proliferation of primitve HSC's include IL-3, granulocyte-
macrophage colony-stimulating factor (GM-CSF), and mpl ligand
(thrombopoietin) (reviewed in (Ogawa 1993)) (Sitnicka ef al. 1996).

The functional characterisation of a primitive HSC in vivo is the ability to
reconstitute hasmopoiesis in a marrow-ablated recipient (Lorenz ef al. 1951),
whilst the in vifro phenotype is characterised by the expression of specific cell
surface markers. Cells that express Thy-1.1 and stem cell associated (Sca)
antigen and the c-kit receptor, but lack lineage markers (Lin"), are viewed as
primitive HSC's (Weissman et al. 2001).

1.6.2. Haemopoiesis and proteolysis

A number of proteases are associated with haemopoiesis. Meyer ef al
identified the Stat5 serine protease in primitive haemopoietic cells (Meyer et al.
1998). This nucleus-associated protease cleaves the Statd protein in both
active and inactive forms, to produce a carboxy! truncated STAT5p (Lee et al.
1999). StatS is a signal transduction molecule, involved in the JAK/STAT
signalling pathway and is stimulated by the cytokines that regulate the
proliferation of and differentiation of the myeloid and lymphoid lineages,
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including IL-3, IL-2, IL-15 and GM-CSF. In its cleaved form the Stat5 proteir is
unable to promote the induction of target genes. In the absence of Stat
proteins there are significant defects in the development of CFU-Mix, CFU-Eos
and CFU-GM colonies (Teglund ef al. 1998), suggesting that the protease may
regulate differentiation and self-renewal kinetics in the haemopoietic
compartment (Lee et al. 1999).

The azurophilic granules of neutrophils contain the serine proteases elastase,
cathepsin G and proteinase3/myeloblastin (Borregaard and Cowland 1997).
These are released at sites of inflammation where they are responsible for the
degradation of matrix components such as elastin, fibronectin and collagen
(Owen et al. 1995; Shapiro 2002). Elastase and cathepsin G have been shown
to cleave the cytokine receptors for IL-2 and IL-6, respectively (Bank et al.
1999). Mice lacking elastase are impaired in their ability to kill Gram-negative
bacteria but are otherwise normal, whereas cathepsin G deficient mice are
phenotypically normal (Belaaouaj ef al. 1998; Maclvor et al. 1999).

The mapping of the gene responsible for autosomal dominant cyclical
neutropenia to chromosome 19p13.3, the location of the human neutrophil
elastase gene, highlights the importance of the neutrophil proteases in
regulating haemopoiesis (Horwitz ef al, 1999). Subsequent studies showed
that patients with congenital neutropenia also have mutations in the elastase
gene (Dale et al. 2000).

The neutrophil proteases have been implicated in the mobilisation of HSC’s.
Mobilisation of HSC's from the bone marrow into the peripheral circulation
occurs in response to a wide variety of stimuli including polyanions,
chemokines and haemopoietic growth factors (To et al. 1997). The cytokine
G-CSF promotes the release of HSC’s and is used therapeutically to
reconstitute haemopoiesis following high-dose chemotherapy (Korbling and
Anderlini 2001). HSC mobilisation in response to G-CSF has been shown to
coincide with the accumulation of high concentrations of neutrophil elastase
and cathepsin G in the bone marrow extracellular fluid (Levesque et al. 2001:
Levesque et al. 2002). The two proteases disrupt the adhesive and
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chemotactic interactions by which HSC's home to and remain in the bone
marrow. The cleavage of VCAM-1 by the proteases reduces their adhesion to
the bone marrow stroma and chemotaxis of the HSC's is altered due to the
cleavage of the chemokine receptor CXCR4 expressed on HSC's (Levesque
ef al. 2001; Levesque et al. 2003). The exact mechanism by which neutrophil
proteases accumulate in bone marrow is unknown, however, it is associated
with a decrease in the expression and concentration of their cognate inhibitors,
the serpins a4-AT and o4-ACT (Winkler ef al. 2004).

Proteinase 3 (myeloblastin) was originally identified as a gene down-regulated
in differentiating HL60 cells. Furthermore, down-regulation of proteinase3
using an anti-sense oligonucleotide resulted in the growth arrest and induction
of monocytoid differentiation (Bories et al. 1986). Proteinase 3 down-regulates
DNA synthesis of normal granulocytic progenitor cells and its expression is
upreguiated by G-CSF, a cytokine that promotes survival and proliferation of
granulocytic progenitors (Lutz ef al, 2000). The constitutive over-expression of

proteinase 3 confers factor independent growth to Ba/F3 cells expressing the
G-CSF receptor.

1.6.3. Intracellular serpins and haemopciesis

The two intracellular serpins, MNE! and PI-6, are efficient inhibitors of the
neutrophil granule proteases. PI-6 was originaily isolated from the cytosolic
fraction of the leukemic cell line K662 and from human placental extracts
(Coughlin ef al. 1993 (a,b)). More recently, its expression has been
demonstrated in monocytes, granulocytes and myelomonocytic cell iines. PI-6
is an extremely rapid inhibitor of cathepsin G and is suggested to protect cells
by sequestering the cathepsin G activity that leaks from leukocyte granules
during biosynthesis or phagocytosis (Scott et al. 1999 (a)).

MNEI was initially purified from the cytoplasmic fraction of monocytic cells
(Remold-O'Donnell 1985). The presence of Cys-Met residues at Pi-Py
suggested an oxidation sensitive molecule. MNEI is an efficient inhibitor of
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both elastase-like and chymotrypsin-like proteases and the reactions are
mediated through the use of two reactive sites. The rapid inhibition rate
constants (>107 M''sec™) seen with neutrophil elastase and proteinase 3 is
mediated through Cys (344), whilst inhibition of cathepsin G occurs through
the preceding residue Phe (343) (Cooley ef al. 2001). MNEI is thought behave

The intracellular serpins PI1-9 and PI-10 were first identified by their expression
i bone marrow (Riewald and Schleef 1995). Further examination of PI-9
showed predominant expression in natural killer cells and T and B
lymphocytes (Sun ef al. 1996). The presence of the Glu residue at Py makes
PI1-9 a rapid inhibitor of granzyme B. Transfection of PI-9 protected cells from

similarly to P1-6 in controlling proteolysis in the cytosol to protect monocytes
and granulocytes from their own granule contents (Remold-O'Donnell et al,
1992).

i apoptosis induced by either granzyme B or perforin. The degree of protection
% correlated with the level of PI-8 expression (Bird et al. 1998). Its exact role in
T the regulation of granzyme B is yet to be fully elucidated, however it is thought
i to protect cytotoxic Ilymphocytes and bystander cells from
i granzyme B-mediated apoptosis.

ﬁ Sequence analysis of Pl-10 predicts an Arg-lle at P-Py and it has been
f demonstrated to form stable inhibitory complexes with trypsin and thrombin
’ (Riewald and Schieef 1995). It possesses a CD interhelical loop, as previously
, described (section 1.4.2) and this loop is required for its nuclear localisation
E {Chuang and Schleef 1999). Riewald et al (1998) showed that PI-10 (bomapin)
? expression is higher in bone marrow than in peripheral blood. Furthermore, the
;:c levels of PI-10 were higher in the peripheral blood of patients with acute
i

monoblastic leukaemia and chronic myelomonocytic leukaemia when
compared with normai controls. From these results they inferred that PI-10 is
expressed in haemopoietic precursors, although no direct evidence of PI-10
expression in haemopoietic progenitors was demonstrated (Riewald et al.
1698). The functional role for PI-10 in haemopoietic cells has not yet been
determined, although Hela cells transfected with Pi-10 are protected from

TNFa-induced cell death. This was associated with the formation of a higher-
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molecular weight complex, which was suggested to be an interaction between
Pl-10 and a putative target protease (Schleef and Chuang 2000).

The serpin megakaryocyte maturation promoting factor (MMF) was initially
identified as a factor able to induce megakaryocyte differentiation of murine
bone marrow (Tsujimoto ef al. 1997). The presence of Lys at P4 predicts a
trypsin-like inhibitory specificity, however, a cognate protease is yet to be
elucidated. Recombinant MMF is able to promote megakaryocyte growth from
human bone marrow in vitro, in the presence of IL-3, and its activity is similar
to the cywokine IL-11. The injection of mice with recombinant MMF for 10 days
resulted in é 40% increase in platelet count compared to control mice
{Tsujimoto ef al. 1997). These preliminary studies suggest MMF has a
megakaryocyte potentiating activity, although further investigation is required
to fully understand the role of MMF in haemopoiesis. In separate
investigations, MMF has been identified as a serpin produced by mesangial
cells in kidney and given the additional name, megsin (Suzuki et al. 1999).

1.6.4. Extracellular serpins and haemop:iiesis

Whilst o4-AT is primarily expressed in the liver, it is also expressed in
monocytes and myelomonocytic celis (Perimutter et al. 1985; Krugliak ef al.
1986; Missen et al. 2004). The role of a4-AT in the haemopoietic compartment
is poorly characterised. Extracellular protease inhibitors have been suggested
to be important in the protection of cytokines, growth factor receptors and other
proteins essential to the HSC microenvironment from degradation by
proteases secreted by myeloid cells in the bone marrow (Goselink et al. 1996;
Winkler et al. 2004). Goselink et al (1996) demonstrated that addition of o1-AT
to growth media was able to support growth of CD34" haemopoietic progenitor
cells (HPC) in vitro. They suggested that the presence of protease inhibitors,
such as o4-AT, protected the mediators of HPC proliferation, such as cytokines
and cell surface receptors from degradation (Goselink et al. 1996).
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In a recent study, gene products from the mouse a-clade loci of o4-AT
(serpinat) and o4-ACT (serpira3) were suggested to play a role in the
homeostasis of the haemopoietic microenvironment by determining the fate of
HPC’s (Winkler ef al. 2004). Serine proteases have been shown to accumulate
in the bone marrow after G-CSF treatment which promotes mobilisation of
HSC's into the periphery (as described in Section 1.6.2). Gene expression of
both mouse serpinal and serpina3 loci was down-regulated in murine bone
marrow in response t¢ G-CSF and cyclophosphamide treatment without a
significant increase in transcription of neutrophil elastase and cathepsin G.
Therefore, the accumulation of neutrophil elastase and cathepsin G in the HPC
microenvironment and subsequent mobilisation of stem cells was suggested to
be a result of serpina’ and serpina3 down-regulation. This suggests that
disruption of the serpin/protease balance may contribute to the mobilization of
HSC'’s (Winkler et al. 2004).

At the commencement of this study little was known about the murine
orthologues of o-ACT. The aim of this study is to characterise the mouse
serpina3 locus by investigating gene expression and to determine whether the
prominently expressed genes represent functional serpins. The latter part of
this study aims to investigate the biological role of serpin2A in haemopoietic

progenitors which may provide insights into one of many pcssible roles of the
serpina3 genes in vivo.
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CHAPTER 2

MATERIALS AND METHODS

2.1. GENERAL REAGENTS AND EQUIPMENT

2.1.1. Reagents

All chemicals and reagents were obtained from either Sigma Aldrich (Castle
Hill, Australia) or BDH Chemicals (Dorset, UK). Bacterial growth media
constituents were obtained from Oxoid (Hampshire, England). Mammalian cell
culture media and L-glutamine was obtained from Invitrogen (Melbourme,
Australia) and fetal calf serum obtained from JRH Biosciences (Kansas, USA).
Antibiotic Antimycotic Solution (100x) was purchased from Sigma Aldrich
(Castle Hill, Australia). The radiochemicals **S Methionine and o-32P-dATP
were obtained from Perkin Elmer (Rowville, Australia). The *$-Met was
aliquoted and stored at -80°C, and a->P-dATP stored at 4°C. Commonly used
buffers and media are presented in Table 2.1.

2.1.2. Enzymes

Taq polymerase was purchased from Geneworks (Adelaide, Australia).
Superscript I reverse transcriptase and DNase A were purchased from
Invitrogen (Melbourne, Australia). Restriction endonucleases, T4 DNA ligase
and Vent polymerase were purchased from New England Bio Labs (Beverly,
USA). RNasin® Ribonuclease Inhibitor was obtained from Promega
(Annendale, Australia).
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Table 2.1: Commonly used buffers and media

Buffers

10 X PBS 1.37 M NaCl, 27 mM KCli, 43 mM NaHPO,.7H,0,14
mM KH,POy4, pH 7.2

PBST 1 X PBS/0.1% Tween 20

TE 10 mM Tris-Cl, pH 7.4, 1 mM EDTA

TAE 40 mM Tris, 50 mM sodium acetate, 2mM EDTA

TBE 89m M Tris, 89mM boric acid, 2 mM EDTA

Native anode buffer (10x)

1M Tris-HCi, pH 7.8

Native cathode buffer (10x)

529 mM Tris-HC), pH 8.2, 684 mM glycine

10 X SDS-PAGE
electrophoresis buffer

0.250 M Tris base, pH_1.92 M glycine, 1%(wiv) SOS

10 x Western transfer buffer

0.250 M Tris base, 1.92 M glycine, For 1 X buffer: stock
was diluted 1/10 with dH,0 and 10% methanol {final)

Coomassie Stain 50% (viv) Methanol, 0.05% Coomassie Brilliant Blue
R-250, 10% (viv), acetic acid, 40 % dH,0

Destain 10% (viv) glacial acetic acid, 40% (v/v) methanol

DNA loading 1.5 mM Tris-Cl, pH 7.8, 2% glycerol (v/v), 10 mM EDTA,
0.2% SDS (wfv), 0.02% bromophenol blue (whv)

TBE Gel fixative 20 % methanol, 7% acetic acid

5 X SDS-PAGE sample buffer

125 mM Tris-HCI, pH 6.8, 25% glycerol (v/v), 10% SDS
(wh), 0.5% bromophenol blue, 100pl of 14.2 M p-
mercaptoethanol per ml loading dye

2 X SDS-PAGE sample buffer

50mM Tris-HCl, pH 6.8, 10% glycerol (viv), 4% SDS
(whv), 0.20 % bromophenol blue {(wiv), 25ul of 14.2 M
B-mercaptoethanol per mi of loading dye

5 X Native-PAGE sample buffer

235 mM Tris, pH 6.8, 10% glycerol (viv), 0.04%
bromophenol blue {(w/v)

Media

Luria Broth (LB) 10g tryptone, 10g yeast extract, 5g NaCl, 1ml IM NaOH
make up to 1 litre with dH,0

2XTY 16 g tryptone, 10 g yeast extract, 59 NaCl make up to 1
litre with dH0

LBlagar 16g of agar per litre of LB media




2.1.3. Proteases

Bovine chymotrypsin and trypsin were purchased from Sigma Aldrich (Castle
Hill, Australia). Tryspin and chymotryspin were dissolved in 50 mM Tris-HCI,
pH7.4, 20 mM CaCl; at a concentration of 10 mg/mi and divided into 50 pul
aliquots and stored at -80°C. Elastase and cathepsin G were obtained from
Athens Research Technology (Athens, USA). Recombinant human
cathepsin L and cathepsin V expressed in Pichia pastoris (GS115 host strain)
and purified by Pch Chee Ong and Wei Wen Dai (Department of Biochemistry
and Molecular Biology, Monash University). Thrombin and factor Xa were
obtained from Dr Noelene Quinsey (Depaﬂment of Biochemistry and Molecular
Biology, Monash University). All proteases were aliquoted and stored at -80°C.

2.1.4. Equipment

The DNA gel electrophoresis apparatus, the Wide Mini-Sub Cell GT, and both
the Mini-Protean [li electrophoresis system and Mini Trans blot module for
Western blotting were purchased from Bio Rad (California, USA). The Chemi
Genius used for the visualisation of ethidium-bromide stained DNA gels, and
Coomassie stained SDS-PAGE gels was obtained from Syngene (Fredrick,
USA).

The DU 530 UV/Vis spectrophotometer (Beckman: Gladesville, Australia) was
used for 1) protein estimation at 595nM and 280nM, 2) DNA qualification and
quantification at OD 260nm and 280nm, and 3) bacterial density at 600nM.
The Polstar Optima from BMG (Offenburg, Germany) was used for fluorogenic
assays and for chromogenic assays ThermomaXx microplate reader from
Molecular Devices (California, USA). The shaker-incubator for variable settings
(20-37°C) was from Ratek (Boronia, Australia), and the 37°C CO; incubator
was from Sanyo (Bensenville, IL, USA). Centrifuges used included; the Sorvall
RC5B Plus with the SS34 and SLA-1500 rotors and the Heraus Biofuge




Centrifuge which were purchased from Kendro (Lane Cove, Australia) and the
Beckman GS-6R centrifuge from Beckman-Couliter (Gladesville, Australia).

2.2 MOLECULAR BIOLOGY

2.2.1. DNA purification

2.2.1.a. PCR purification and gel extraction of DNA

PCR products were purified using the PCR purification kit from Qiagen
(Melbourne, Australia) according to manufacturer's instructions and DNA was

eluted into sterile dH,0. DNA bands excised from agarose gels were purified

using the Gel Extraction Kit (Qiagen) according to manufacturer’s instructions.
2,2.1.b. Mini Preparation

Mini Prep DNA was routinely purified from 1.5-5 ml overnight culture of E. Coli
using the Qiagen Miniprep kit, and according to manufacturer's instructions.

DNA bound to the silica-membrane of the spin-column was eluted into sterile
Milli-Q dH;0.

2.2.1.c. Maxi Preparation

Maxi Prep DNA was purified from 400-500 ml overnight £.Coli cultures using
the Wizard Plus Maxipreps DNA Purification System (Promega). DNA was

eluted into sterile Milli-Q dH20 and concentration quantified by measuring

absorbance at 260nM and calculated as follows:

DNA concentration (ug/ml) = Absorbance 260nM (units) x 50 x dilution factor.




2.2.2. DNA Electrophoresis

Agarose was dissolved into 1 x TAE buffer to a final concentration of either 1%
or 2%. Ethidium bromide was added to a final concentration of 0.5 pg/ml.
Molecular weight markers used were either A/Hindlll marker or ¢X/Haelil
marker from New England Bio Labs (Beverly, USA) or 100bp ladder from
Promega (Annandale, Australia). DNA gels were electrophoresed at 80V in
1 x TAE buffer. DNA bands were visualized under a UV illuminator.

6% polyacrylamide/TBE electrophoretic gels were used to analyse DNA
smaller then 200bp. Gels were poured between two glass plates with 1mm
spacers and electrophoresed using the Mini-Protean System Ill in 1 x TBE at
120V for 50 mins.

TBE gel composition

6% polyacrylamide gel
40% acrylamide (29:1) 1.5 ml
10x TBE 1ml
Deionised H0 7.5ml
30% APS 70 pl
TEMED 5l

To visualise DNA gels were stained with ethidium bromide (0.2 ug/ml)/TBE for
5 min. For visualisation of *P-dATP labelled DNA the gels were fixed in TBE
gel fixative (20% methanol, 7% acetic acid, in dH;0) and dried under vacuum
at 80°C for 1 hr.




2.2.3. Polymerase Chain Reaction (PCR)

PCR was used to amplify DNA sequences of interest. PCR primers were
designed to anneal to specific regions of template DNA as outlined in Table
2.1. Primers were obtained from Sigma Genosys (Castle Hill, Australia). PCR
was carried out using the Gene Amp® PCR System 9700 from Perkin Elmer
(Rowville, Australia). The basic constituents of the PCR reaction consisted of:
10 x PCR buffer, 0.2 mM dNTP mix, 1.5 mM MgCl,, 40 pmol of each primer,
DNA polymerase (0.05 units/ul) and DNA template ~10 ng per 100 ul reaction.
Specific primer pairs and cycle conditions are described in the subsequent
cnapters. PCR products were analysed by ethidium bromide agarose gel
electrophoresis.

2.2.4, DNA Sequencing

Sequencing of DNA was performed using the Big Dye Terminator Cycle
Sequencing kit Version 3 and 3.1 (ABI Prism, Perkin Eimer. Rowville,
Australia) and performed according to manufacturers instructions. A PCR
based sequencing reaction consisted of 200-500 ng of plasmid DNA, 3.2 pmol
of sequencing primer and 8 ul of Big Dye sequencing reagent version 3. For
reactions with Big Dye sequencing reagent version 3.1, 2 ul of sequencing dye
was used in the presence of 3 pl of 5 x PCR buffer. Sequencing PCR cycles
were: 94°C 30 sec, {94°C 5 sec, 50°C 5 sec, 60°C 4min] x 25 cycles. The
20 p! sequencing reactions were ethanol precipitated using 62.5 pl of 96%
ethanol, 14.5 ul of dH20 and 3 pl of 3M Na-acetate pH 4.6, for 15 min. The
samples were centrifuged at 16,000 x g for 20 min. The pellet was washed
with 250 pl of 70% ethanol and centrifuged at 16,000 x g for 5 min. The
ethanol was removed and pellet air dried. Samples were sent to Australian
Genome Research Facility (WEHI, Melbourne, Australia) for DNA sequencing.




Table 2.2: Primer sequences

— e

Primer Number | 5'— 3’ Template Orientation
254 ATGGATCCTTCCCAGATGGCAC MMCM2/EB22 4 at position 61 | Sense
255 ATGGATCCTTCTCAGATGACACATG 3E46 at position 1254 Sense
256 ATGGATCCTACTTGGGGTATTG MMCM?2 at position 1242 Antisense
257 ATGGATCCTCATTTGGGGTTGGCT EB22.4 at position 1254 Antisense
258 ATGGATCCTCACTTGGGGTTAGTG 3E46 at position 61 Antisense
260 ATGGATCCTCACTTGGGATTTG 6C28 at position 1214 Antisense
265 ATGGATCCATGGCTGGTATCTCCCCTG | 6C28 to amplify from start Met | Sense
334 GATGGAGAACTTGGGCTG e on o Pne famiyat | pgisense
335 GTCTCAAGTTCAATCTCACAG ooy /s familyat | sense
T7 TAATACGACTCACTATAGG Sequencing from T7 promoter | Sense
oligo(dT) LARARERERARELAE] Poly A-tail of RNA Antisense




2.2.5. Preparation and transformation of chemically competent ceils

BL21(DE3)plysS, DH5a, XL1-blue and AD494 competent cells were prepared
by chemical methods. Cells were streaked out onto LB/agar plates and
incubated overnight at 37°C. A single colony was used to inoculate 5 mi LB.
The culture was incubated ovemight with shaking at 225 rpm and the following
day diluted into 1:10 into 100 ml LB. The cells were grown until the ODgoonm
reached 0.5-0.6 (approximately 2hr). The ceils were harvested, placed on ice
for 15 min and centrifuged at 3,00C x g for at 4°C. The cells were resuspended
in 40 m! ice cold rubidium chioride buffer 1 (30 mM |, 100 mM rubidium
chloride, 10 mM CaCl,, 50 mM MgCl; and 15% glycerol (viv), pH 5.8), and
placed on ice 15 min. The cells were centrifuged at 3,000 x g for 15 min at
4°C. The pelleted cells were resuspended in 2 m! ice cold rubidium chloride
buffer 2 (10 mM MOPS, 75 mM CaCl,, 10 mM rubidium chloride, 15% glycerol
(viv), pH6.5) and incubated on ice for 15 min. The cells were either used
immediately or divided into 100 pl aliguots on dry ice and then stored at -80°C.

2.2.6, Transformzation of circular plasmid DNA

1wl of plasmid DNA was added to 50 ul of competent cells, and incubated on
ice for 10 min. The cells were then heat shocked at 42°C for 1 min and
returned to ice for 2 min, 950ut of LB was added to the cells and incubated at

37°C for 10 min. The cells were then centrifuged at 500 x a for 5 min and cells

resuspended in 100pl of LB. The cells were streaked out onto a
LB/agar/ampicillin (60 pg/ml) plates (for DH5«. and BL21(DE3)pLysS) or
LB/agar/ampicillin (50 pg/mikanaryein (30 png/ml) plates (for AD494 celis)
with a sterile loop. Plates were incubated at 37°C overnight.
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2.2.7. Transformation of ligations

3 pl of ligation reaction was added to 50 uf of DH5a competent cells and
incubated on ice for 30 min. The cells were then heat shocked for 90 sec and
returned to ice for 2 min. 950 ul of LB was added to the reaction and incubated
at 37°C for 45-60 min. The cells were then piated out onto LB/agar/ampicillin
(50 ng/mi) plates and incubated overnight at 37°C.

2,2.8. pGEMT-easy cloning

PCR products were ligated into the pGEMT-easy vector (Promega, Annandale,
Australia) for sequencing. 25 ng of pGEMT-easy vector was ligated with 3.5 pl
of purified PCR product and ligated with units of ligase. Ligations were
incubated overnight at 4°C. Ligations were transformed into XL1t-blue
competent cells and plated onto LB/agar/ampiciliin/IPTG/X-gal plates.

LB/agar/ampicilin/IPTG/X-gal plates were prepared by plating 100 ul of
100mM PTG and 20 pl of X-gal (50 pg/ml} onto the surface of LB/ampicillin
(50 ng/mi) plates and aliowed to absorb at 37°C for 30 min prior to use.

2.2.9. Colony PCR

This method was used to screen DHS5a cells transformed with ligations to
rapidly identify bacterial colonies containing a cloned cDNA insert in a plasmid.
20 u! PCR reactions were set up containing either two gene specific primers cr
a plasmid specific primer (je.T7 promoter primer) and a gene specific primer,
Taq polymerase, 0.2 mM dNTP's and 1.5 mM MgCl,. Corresponding 2 mi
cultures of LB/ampicillin (50 ug/ml) were also prepared. Each colony was
touched with a sterile toothpick and the colony was first transferred to the PCR
tube and then used to inoculate the 2 ml LB/ampicillin (50 pg/ml). PCR was
performed using conditions which varied according to the properties of primers
and template. Reaction products were analysed on ethidium bromide agarose
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gels. Positive colonies were cultured overnight and mini-prep DNA extracted
the following day. The presence of cDNA of interest was confirmed by
restriction digests and DNA sequencing.

2.2.10. RNA extraction and purification

2.2.10.a. Tissue RNA

RNA was extracted from mouse tissue by the method of Chomczynski and
Sacchi. The tissue was homogenized in 5 ml of 4 M guanidinium per 1 g of
tissue. 1 ml of the homogenate was removed for RNA extraction and the
remainder frozen in liquid N, and stored at -80°C. To 1 ml of homogenate
7.2 pl of 14.2 M p-mercaptoethanol and 25 pl of 20% (w/v) sarcosyl was
added. The RNA was phenol-chloroform extracted by adding the following
reagents in order: 100 pl 2M sodium-acetate pH 4.0, 1 ml water-saturated
phenol, 200 pi chioroform/isoamyi alcohol 49:1 and the solution was mixed
vigorously for 10 sec and incubated on ice for 30 min. The solution was
centrifuged for 15min at 16,000 x g. The upper aqueous phase was
transferred to a new microfuge tube and an equal volume of ice cold 100%
isopropanol added and precipitated at -20°C 1 hr. The sample was centrifuged
at 16,000 x g at 4°C for 15 min. The peilet was resuspended in 300 pl of 4 M
guanidinium solution and 300 wl 100% ice cold isopropanol and precipitated at
-20°C for 1hr. The sample was centrifuged at 16,000 x g at 4°C for 15 min, and
the pellet washed in ice-cold 70% ethanol. The pellet was air dried and
resuspended in 25-50 ul of DEPC-dH,0 and stored at -20°C (Chomczynski
and Sacchi 1987).

DEPC-treated dH>O was prepared by adding 1 m! DEPC to 500 ml of dH20,
shaking the water vigorously for 30 min and then autoclaved. All buffers for
RNA isolation were prepared using DEPC-treated dH,0.




2.2.10.b. Cell line RNA

1-5 x 10° cells were harvested and washed in 1 x PBS. RNA from celi lines
was extracted using the Qiagen RNA extraction kit according to manufacturer's
instructions. RNA was eluted in DEPC-treated dH,O and stored at -20°C.

2.2.11. RNA integrity and concentration

RNA was visualized on 1% agarose/ethidium bromide gels and
electrophoresed in 1 x TAE. RNA concentration determined by absorbance at
260nm.

RNA concentration{ug/ml) = Absorbance units at 260nm x 40 x dilution factor

2.2.12. Reverse Transcription

Each RNA source was treated with DNase prior to reverse transcription. 2 pg
of RNA was treated with 1 ul of DNase, 1 ul 10 x reaction buffer in a final
reaction volume of 10 pl. The reaction was incubated at room temperature for
15 min and 1 ul of 25 mM EDTA added. The DNase was heat inactivated at
65°C for 10 min.

For reverse transcription 2 ul of the DNase-treated RNA was combined with
1 pl of 100 uM oligo(dT) and 9 pl of sterile dH,O and incubated at 72°C for
10 min. The reaction was cooled and the following reaction components were
added: 2 ul of dNTP’s, 4 il of 5 x Superscript [l reaction buffer, 1 ul of RNasin
(40 u/p). The reaction was incubated at 42°C for 2 min and then 0.5 ul of

Superscript Il added. A control reaction minus reverse transcriptase was set up
in parallel to rule out genomic DNA contamination. The reaction was then

incubated at 42°C for 50 min. The reverse transcriptase was heat inactivated
at 72°C for 10 min.
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2.2.13. RT-PCR

1 wl of cDNA (RT-reaction) and 1:5 and 1:20 diluted ¢cDNA was added to
separate PCR reactions consisting of 40 pmol gene specific primers, 0.2 mM
dNTP, 1.5 mM MaCl,, 1 x PCR reaction buffer and Taq polymerase. For the
isolation of genes for cloning Vent polymerase was used.

2.2.14. Semi-quantitative RT-PCR

A one-twentieth volume of cDNA was used for PCR. 30 cycles (94°C 30 sec,
47°C 30 sec, 72°C 30 sec) were performed with 0.5 U Taq polymerase, in the
presence of 10 pCiM00ul *2P-dATP and 40 pmol of sense and antisense
primers. The mRNA expression levels of GAPDH were used as a control.
GAPDH primers were used in RT-PCR for 15-35 cycles and determined that
30 cycles exponentially amplified cDNA, thus a semi-quantitative estimation of
the products was possible. PCR products were separated on 6%
polyacrylamide/TBE gels. Gels were fixed in 20% methanol, 7% acetic acid,
dried and analysed by autoradiography.

2,2.15. Genomjc DNA extraction

Mouse genomic DNA (gDNA) was isolated from C57/Blk6, PT and NMRI liver
and the cell line 32D. Single cell suspensions were prepared by homogenising
liver in PBS and passaging through a 40 um cell strainer. The cells were lysed
on ice for 15 min in 0.32 M sucrose, 1% Tritor: X-100 (v/v), 5 mM MgCl,, 10
mM Tris-HCI, p7.5. The lysate was centrifuged at 1,000 x g for 10 min. The
pellet was resuspended in 200 pl. of TE bufier, and then 400 pl of nuclear lysis
buffer (0.32 M lithium acetate, 2% lithium dodecyl sulphate (wiv),10 mM Tris-
HCl, pH8.0, 1mM EDTA) and mixed gently. An equal volume of
phenol/chloroform was added and mixed gently. This was then centrifuged at
1,000 x g, 10 min at 4°C. gDNA was piecipitated with 10 pl of 3 M sodium
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acetate, pH 5.5 in 500 ul 100% ethanol on ice for 30 mins, centrifuged at
16,000 x g for 15 min and supernatant removed. The pellet was washed in
500 wi of 70% dH,0, air dried and resuspended in 40-50 il of sterile dH20.

2.3. PROTEIN BIOCHEMISTRY

2.3.1. Generation of recombinant proteins by in vitro transcription and
translation

In vitro transériptionftranslation experiments were performed using the TNT® T7
Coupled Reticulocyte Lysate System according to manufacturer's instructions
(Promega, Annandale, Australia). The reticulocyte lysate was aliquoted into
25 pl aliquots and stored with all reaction components at -70°C. When required
the reticulocyte lysate was rapidly thawed and immediately stored on ice. All
reaction components and 0.5-1 ug of circular plasmid DNA were added to the
25 i of reticulocyte lysate on ice. The following reaction components were
added: 2ul of TyT® reaction buffer, 1 pl of TyT® T7 RNA polymerase, 1 pl 1mM
Amino Acid Mixture minus Methionine, 2 pl of [*°S] methionine, 1pl RNasin®
Ribonuclease Inhibitor (40 u/p!) and the volume made up to 50 ul with sterile
dH20. The reaction was incubated for 90 min at 30°C. 2.5 pt of the reaction of
then used to incubate with either 20 or 100 ng of each protease as outlined in
Chapter 6. 5 pl of 5 x SDS-PAGE loading dye was added to each sample and
loaded onto 10% SDS-PAGE and electrophoresed at 200 V for 50 min or until
the dye front had run off. The gel was soaked in fixing solution (20% methanol,
10% acetic acid) for 30 min followed by soaking in the fluorographic
enhancement solution Amplify™ Reagent (Amersham: New Jersey, USA) for
30 min at room temperature. The gel was dried under vacuum at 80°C for 1 hr
and exposed to film overnight at room temperature.




2.3.2, SDS-PAGE

Electrophoretic separation of proteins was carried out by Tris-glycine buffered
SDS-PAGE based on the method of Laemmli and using the Mini-PROTEAN
electrophoresis system (Bio Rad; California, USA) (Laemmii 1970).
Composition of resolving and stacking gel were as follows:

Resolving gel Stacking gel
12.5% 10% - 4%
40% acrlyamide (37.5:1) 3. 1m| 25mi 1 ml
1.5M Tris-HCI pH 8.9 2.5ml 2.5ml -
05 MTrispH 6.8 - - 25
deionised H,O 425 ml 4.85 mi 6.34 ml
10% SDS 100 100 pl 100 Wl
10% APS 50 pl 50 ul 50
TEMED 5pl Sul 10 pl

Samples were diluted 1:1 or 1:5 with either 2 x or 5 x SDS-PAGE sample
buffer, and heated at 95°C for § min and centrifuged to remove condensation.
The samples were then loaded into the wells, and electrophoresed in 1 x SDS-
PAGE electrophoresis buffer at 200 V for 45-50 min, or until dye front had
reached the end of the gel. Pre-stained markers, low molecular weight
standards (Bio Rad; Catifornia, USA) were also run on the gel. The gel was

either stained with Coomassie stain or transferred onto Immobilon-P PVDF
membrane (Millipore, North Ryde, Australia) for Western blotting.
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2.3.3. Non-denaturing Polyacrylamide Gel Electrophoresis

(Native PAGE)

Electrophoretic separation of proteins on native PAGE gels was carried out by
the method of Goldenberg (1989 (a)) on 7% native resolving gels and 4%
native stacking gels, using the Mini-PROTEAN electrophoresis system (Bio

Rad; California, USA). Composition of resolving and stacking gels were as
follows:

Resolving gel Stacking gel

7% - 4%
40% acrlyamide (37.5:1) 1.75ml 1 mi
1.5M Tris-HCI pH 8.9 2.5 mi -
C.5M TrispH 6.8 - 2.5
deionised H,0 5.7 mi 6.34 mi
10% APS 50 wl 50 pl
TEMED 5l 10

Samples were diluted in 5 x Native-PAGE loading dye. The gels were
electrophoresed in 1 x cathode buffer (inner) and 1 x anode buffer (outer) at
10 mA per gel until sample had migrated through the stacking gel, and then at
25 mA per gel until the dye front had run to the end of the gel. To visualise
proteins the gel was stained with Coomassie stain.

2.3.4. Transverse Urea Gradient (TUG) Gel Electrophoresis

The TUG gel consisted of 7% polyacrylamide non-denaturing PAGE buffer
system and a linear gradient of 0-8M urea was established by using a gradient
maker and a pump (Goldenberg 1989 (b); Mast et al. 1992).
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TUG gel composition

OM Urea 8M Urea
40% Acrylamide 2ml 2mi
Separating buffer 2.5ml 2.5ml
Urea - 48¢g
dH20 5.5ml to 10 mi

3 ml of each solution was added to each side of the gradient maker, and 3 pl of
TEMED and 12 pl of 10% APS were added immediately prior to pouring of the
gel. Once polymerized, the gel was rotated 90°C and a 1 ml stacker layer
(using non-denaturing stacker gel) was poured across the top of the gel.
Protein samples (20-100 ug) were combined with 5§ x native-loading dye, and
samples loaded across the entire length of the stacking gel. The gels were run
using the discontinuous buffer system described for non-denaturing PAGE.
The gels were ran at 15 mA per gel whilst the protein migrated through the
stacker, and then at 30 mA per gel through the urea gradient until the dye front
reached the end of the gel. The gel was then either stained for protein with
Coomassie stain cr transferred to PVDF for Western blotting.

2.3.5. Western Blotting

Proteins separated by electrophoresis were transferred to Immobilon-P PVDF
membrane (Millipore; North Ryde, Australia) using the Mini Protean || Western
Blot apparatus from Bio Rad. The membrane was pre-wetted with 100%
methanol, prior to “sandwiching” of the membrane and gel between two sheets
of filter paper on each side. The tank was filled with 1 x Western transfer
buffer/10% methanol and the proteins electroblotted at 80 V for 60 min. After
transfer the memborane was blocked with 5% skim milk powder/PBST for a
minimum of 30 min at room temperature or 4°C overnight. Primary antibody
was added at the dilutions specified in Section 2.3.6 using 0.5% skim

milk/PBST and incubated at either room temperature for 1 hr, or 4°C overnight.




AL L e = ol ST B S
R P T T et e R G e T

s et e s L T
2 ITII T L e e T T S

The membrane was then washed 3 x § min in PBST and secondary antibody
added at a dilution of 1:5000 in PBST and incubated for 1 hr. The membrane
was washed in PBST 3 x 5min, and developed using the chemiluminescence
ECL reagents (Amersham: New Jersey, USA). Protein was detected by
exposure to X-ray film from AGFA (Nunawading, Australia).

2.3.6. Antisera

Rabbit polyclonal anti-serpin2A was produced against recombinant serpin2A
as described in Morris (2003) et al. The antibody was used at a dilution of
1:1000. Mouse monoclonal poly-His-tag antibody was purchased from Qiagen
(Melbourne, Australia) and used at a dilution of 1:2000. HRP-conjugated anti-
rabbit raised in sheep and HRP-conjugated anti-mouse raised in goat was
obtained from Chemicon (California, USA) and used at a dilution of 1:5000.

2.3.7. Protein concentration determination

2.3.7.a. Bio Rad Protein Assay

To determine the concentration of a mixture of proteins the Bio Rad Protein
Assay system was used. The dye-based assay binds Coomassie Brilliant Blue
G-250 to protein and colour change occurs according to concentration of
protein. The absorbance maximum shifts from 465nm to 595nm on protein
binding. Protein samples were diluted between 1:1000 to 1:20 in dH20 to 800
ul and 200 pl of Bio Rad assay reagent was added. Absorbance was
measured at 595nm and protein concentration caiculated as follows:

Protein concentration (mg/mi) = Absorbance at §95nm x dilution factor x 31.25

where the value 31.25 represents absorbance units/mg based on a standard
curve using bovine serum albumin.




2.3.7.b. Absorbance at 280nM

The protein concentration of purified recombinant proteins was measured by
taking absorbance readings at 280nm. The extinction co-efficient and the
molecular weight of each recombinant protein was determined using the full
amino acid sequence and the Peptide Properties Calculator

(http:/iwww.basic.nwu.edu/biotools/proteincale. himl).

Concentration was calculated as follows:

Molecular weight (g/mol)

Protein concentration (mg/ml) = Absorbance (unitsicm) X

Extinction co-efficient (U.ml.mg™.cm™)

24. CELL CULTURE

2.4.1. Culture conditions

All cell lines were cultured in 10cm tissue culture dishes in a humidified
incubator, at 37°C, 5% CO.. Cell lines and specific culture conditions used in
this investigation are summarised in Table 2.3.

The adherent cells were passaged once cells had reached approximately
80-90% confluence. The cells were washed with 1 x PBS and 1 mi
0.05% trypsin/0.1 mM EDTA/PBS added and cells incubated at 37°C for 5 min
or until the cells detached from the dish. To neutralize the trypsin 10 ml media
was added and celis resuspended to single cell suspension and passaged
1/10. Non-adherent cells were passaged as they approached 10° cells/ml and
diluted to 2 x 10° cells i,



Table 2.3: Description of mammalian cell lines and culture conditions

BaF3

Mouse, peripheral blood pro-B cell, BALB/c, non-adherent; cuitured in DMEM, 10% heat inactivated FCS (HI-FCS), 10%
WEHI-conditioned mediz, 2mM L-glutamine, 1 x antibioticfantimycotic solution (1 x Anb) (Sigma)

B16-F10

Mouse epithelial melanoma, C57Blk/6 adherent; cultured in RPMI 1640, 2mi L-glutamine, 10% HI-FCS, 1 x Anb

CH1

Mouse B-cell iymphoma, non-adherant; RPMI 1640, cuitured in 5% HI-FCS, 2mM L-glutamine, 1 x Anb

COs-7

African green Monkey kidney, fibroblast, adherent; cultured in DMEM 10% HI-FCS, 2mM L-glutamine, 1 x Anb

CEMT

Mouse, mammary adenocarcinoma/ sarcorﬁ';; adherent; cultured in DMEM 10% HI-FCS, 2mM L-glutamine, 1 x Anb

EJ6

Mouse fibroblast, NiH/3T3 cells transformed with DNA from the human EJ bladder cascinoma. Cultured in DMEM, 10%
HI-FCS, 2mM L-giutamine, 1 x Anb

FDCP-]

Mouse bone marrow (IL-3 dependent), non-adnerent; cultured in DMEM, 10% HI-FCS, 10% WEHI-conditioned media, 2mM
L-glutamine, 1 x Anb

FDCP Mix A4

Mouse primitive bone marrow non-adherent: cuitured in Iscove's media, 20% horse serum and 10% WEHI-3BD” conditioned

media, 1 X Anb

J558L

Mouse myeloma, lymphoblast BALB/¢, adherent; cultured in RPMI 1640, 10% HI-FCS, 2mM L-glutamine, 1 x Arh

M1

Mouse, myeloid leukemia bone marrow from SL rnouse, non-adherent;, culiured in RFMI 1640, 10% HI-FCS, 2mM

L-glutamine, 1 X Anb

NIH-3T3

Mouse fibroblast from Swiss NIH embryc, adherent; cultured in DMEM 10% HI-FCS, 2mM L-glutamine, 1 x Anb

Swiss-3T3

Mouse, fibroblast Swiss embryo, adherent; cultured in DMEM 10% HI-FC3, 2mM L-giutamine, 1 x Anb

WEH!-3BD”

Mous< Balb/c, leukemia, granulocytic myelocytic, non-adherent; cultured in DMEM 10% HI-FCS, 2mM L-glutamine, 1 x Anb

32D

Mouse bone marrow (IL-3 dependent), non-adherent; cultured in DMEM 10% HI-FCS, 10% WEHI-3BD" conditicned media,
2mM L-giutamine, 1 x Anb

4T1.2

Mouse, mammary high metastatic potential, adherent; cultured in DMEM 10% Hi-FCS, 2mM L-glutamine, 1 x Anb

66cin14

Mouse, matnmary intermediate metastatic, adherent; cultured in DMEM 10% HI-FCS, ZmM L-glutamine, 1 x Anb

67NR

Mouse, mammary carcinoma low metastatic, adherent; cultured in DMEM 10% HI-FCS, 2mM L-glutamine, 1 x Anb
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2.4.2. WEHI-conditicned media

Approximately 80% confluent WEHI-3BD" cells were split 1:20 in 2 x Tys flasks
in 30 ml DMEM, 10% FCS, ZmM L-glutamine, 1 x antibiotic/antimycotic
solution (1 x Anb){(Sigma). Cells were cultured until approximately 3-4 days or
until confluence, ana then media harvested and centrifuged at 1,500 x g to
pellet the cells. The media was carefuily removed to not disrupt the cell pellet,
and then filter sterilized through 2 0.2um filter. The WEHI-conditioned media
was then either diluted to 10% in culture media or stored at -20°C until

required.

2.4.3. Storage of cells

At approximately 80% cenfluence the cells were split 1:5 into 5 x 10 ¢m tissue
culture dishes. The cells were harvested the foliowing day and centrifuged at
500 x g for 10min. The cell peliet was resuspended at 10° cells/ml in FCS/10%
DMSO (v/v) and 1ml cell suspension per vial was aliquoted into cryovials. The
cells were frozen at -80°C in an insulated container and then transferred to
liquid nitrogen for long-term storage.

To recover cells from long-term storage, the cells were yapidly thawed at 37°C
and diluted in 10ml culture media. Adherent cells were plated directly into a
10cm tissue cuiture dish. The media was replaced with fresh culture the next
day. Non-adherent cells were centrifuged at 500 x g for 10 min, and the cell

pellet resuspended in fresh culture media and the cells plated into a 10cm
tissue cuiture dish.

2.4.4, Preparation of cells for RNA extraction

At approximately 80% confluence the cells were split 1:5 into 5 x 10cm tissue
cultura dishes. The cells were harvested the following day for RNA
preparation.
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CHAPTER 3

Gene expression studies of the serpina3 and serpinat locus

Presented as;

Horvath, A.J., Forsyth, S.L. and Coughtlin, P.B (2004). Expression patterns of
murine antichymotrypsin-like genes reflect evolutionary divergence at the

serpina3 locus. J Mol Evol (in press)

77




P TNy S TS S g
o e T e el el

i *‘ =

[y

ETER

I o o
NEES

g

R

AN

3
3
‘.
t i
}
(3

T e e

Expression patterns of murine antichymotrypsin-like genes refiect
evolutionary divergence at the serpina3locus.
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Running title: Expression pattern of murine ‘a3’ serpins

Abstract

Members of the serpin (serine protease inhibitor) superfamily of genes are well
represented in both human and murine genomes. In many cases it is possible to identify a
definite ortholog on the basis of sequence similarity and by examining the surrounding
genes at syntenic loci. We have recently examined the murine serpin locus at 12F1 and
observed that the single human al-antichymotrypsin gene is represented by 14 paralogs.
It is also known that the single human ol -antitrypsin gene has 5 paralogs in the mouse.
The forces driving this gene multiplication are unknown and there are no data describing
the function of the various serpin gene products at the al-antichymotrypsin multigene
locus. Examination of the predicted amino acid sequences shows that the serpins are
likely to be functional protease inhibitors but with differing target protease specificities.
In order to begin to address the question of the problem presented by the murine o i-
antichymotrypsins we have used RT-PCR to examine the expression pattern of these
serpin genes. Our data show that the divergent reactive center loop sequence, and
predictably variable target protease specificity, is reflected in tissue-specific expression
for many of the family members. These observations add weight to the hypothesis that
the antichymotrypsin-like serpins have an evolutionary importance which has led to their
expansion and diversification in multiple species.

Keywords
Serpinal, serpina3, protease, aniichymotrypsin, antitrypsin.
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Introduction

The predominant proiease inhibitors prescnt in human plasma are o, -antitrypsin and o;-
antichymotrypsin. Both are acute phase reactants produced in the liver and play roles in
regulation of granular proteases released by leukocytes during the inflammatory
response. The importance of this function is highlighted by the occurrence of destructive
lung disease in patients with deficiency of a;-antitrypsin or a;-antichymotrypsin. The
expression of oj-antichymotrypsin in other tissues such as brain, lung, breast anid prostate
has also raised the possibility of other important roles for this serpin (Higashiyama et al.
1995; Kanemaru et al. 1996; Laursen and Lykkesfeldt 1992; Wu et al. 1998).

The human genome contains single copies of q;-antitrypsin and a;-antichymotrypsin
genes at chromosome 14q32.1. The corresponding serpinal and serpina3 loci on mouse
chromosoine 12F1 are dramatically expanded. The serpinal locus (equivalent to human
o.p-antitrypsin) contains up t> £ closely related genes (Barbour et al. 2002; Borriello and
Krauter 1991), The first thorough examination of the mstirine serpine3 locus (equivalent
to human ay-antichymotrypsin) was performed by Inglis who identified 10 closely reiated
genes on two cosmid contigs spanning 220 kb (Inglis and Hill 1991). Sequencing of the
terminal exons demonstrated hypervariability of the predicted reactive center loop (RCL)
region hinting at the possibility of diverse functions for these serpins. Snbsequent
examination of the mouse genome (Mouse Genome Sequencing Consortium,
http://www.ensembl.org/Mus _musci{us/) has shown 14 serpina3 genes of which 13 are
predicted t) encode full length, functional serpins (Forsz'th et al. 2003). In contrast, 7
other serpin genes present in the same region of human chromosome 14q32.1 have only a
single orthologous gene at mouse chromosome 12F1.

Although it is known that murine liver expresses antichymotrypsin-like serpins (often
referred to as mouse contrapsin or Spi-2) and that murine plasma contains anti-
chymotrypsin-like activity there is little data to indicate which genes arz responsible for
this (Hill et al. 1984; Inglis et ai. 1991). There is also minimal published information on
the expression of the ‘a3’ serpins in other tissues. The murine ‘a3’ and ‘al’ serpins
present a fascinating challenge because of the potential for functional diversity mediated
by their hypervariable reactive center loops. Expression studies on these gene clusters
using Northern blot or immunological reagents are complicated by their high degree of
conservation at nucleotide and amino acid levels outside of the RCL region.

Ini order to examine the expression of the ‘a3’ serpins and begin to address their functions
and understand the forces driving their duplication we have developed a gene-specific

PCR method. This has allowed us to assess individual gene expression across a range of
tissues and cell lines.
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Materials and Methods

Murine tissues and cell lines

Tissue for RNA extraction was isolated from 7 week NMRI mice. The cell lines NIH-
3T3, Swiss-3T3 (fibroblast), EJ6 (transformed fibroblast), WEHI-3BD"
(myelomonocytic) and the mammary carcinoma cell lines EMT6.5, 4T1.2 (highly
metastatic), 66cl4 (intermediate metastatic) and 67NR (non-metastatic), were cultured in
DMEM (Gibco) media supplemented with 10% heat-inactivated fetal calf-serum,
2mmol/l.  L-glutamine (Gibco) and 1% antibiotic/antimycotic (Sigma). The
hematopoietic cell lines FDCP-1 (myeloid), 32D (myeloid) and BAF-3 (Pro-B-celi) were
cultured as above with the addition of 10% WEHI-3BD" conditioned media as a source
of IL-3. The remaining hematopoietic cell lines M1 (myeloid), CHI (B-cell), J558L
(myeloma) and B16-F10 (melanoma) were cultured in RPMI 1640 (Gibco) and
supplemented with 10% fetal calf serum and 1% antibiotic/antimycotic (Sigma). Cultures
were maintained in a 5% CO-, 95% air mixture at 37°C.

Mouse genomic DNA extraction

Mouse genomic DNA was isolated from C57/Black6, PT and NMRI liver and the cell
line 32D. Single cell suspensions were prepared by homogenizing liver in PBS and
passaging tlirough a 40 pam cell strainer. Cells were lysed on ice for 15 minutes in 0.32M
sucrose, 1% Triton X-100 v/v, 5mM MgCl;, 10mM Tris-Hcel, pH 7.5. Lysate was
centrifuged at 1000xg for 10minutes. The pellet was resuspended in 200l of TE buffer,
and then 400ul of nuclear lysis buffer (0.32M lithium acetaie, 2% w/v lithium dodecyl
sulphate, 10mM Tris-HC1 pH 8.0, ImM EDTA, and mixed gently. An equal volume of
phenol/chloroform (1:1) was added and mixed gerdtly. This was then centrifuged at

1060xg for 10 minutes at 4°C. DNA was precipitated by adding a 1/10 volume of 3M
sodium acetate, pH 5.5 and 2 volumes of ethanol.

RNA Extraction

Total RNA was extracted from cell lines using Qiagen RNeasy mini-kit and from murine
tissue using the acid-guanidinium/phenol/chloroform method (Chomczynski and Sacchi

1987). 2pug of total RNA was treated with 1U DNase (Invitrogen) to remove genomic
DNA contaminatirn prior to reverss transcription.

Reverse transcription-PCR.

21l of each DDNase-treated RNA was reverse transcribed using Superscript Il reverse
transcriptase (Invitrogen), 100 pmol oligo(dT) and RNase inhibitor (Promega) in a 20 pl
reaction. A control reaction minus reverse transcriptase was set up in paraiiel to rule out
genomic DNA contaminadion. Each 20 pl PCR reaction was made up of 1 pl of s»verse
transcription reaction (diluted 1/20), 8 pmol of each gene specific primer pair (see {'ig. 1),
200 uM dNTP, 10 mM Tris-HCI, pH 8.8, 1.5 mM MgCl,, 50 mM KCl, 0.1% Triton X-
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100, 1.0U Taq polymerase (Geneworks) and 2 pCi o’’P-dATP(Perkin Elmer). 30 cycles
(94°C 30sec, 47°C 30sec, 72°C 30sec) were performed. The primer sequences and
positions are shown in 1. PCR for GAPDH was included as an internal control for each
template analysed (primers: forward, ACGGATTTGGCCGTA and reverse,
ACGTCAGATCCACGA). PCR products were separated on 6% polyacrylamide/TBE
gels. Gels were fixed in 20% methanol/7% acetic acid (v/v), dried and exposed to X-ray
film (Agfa) overnight at -80°C.

Genomic PCR

PCR was carried out as for RT-PCR, using the serpina3 primers with mouse genomic
DNA as template. Products were analysed on 2% ethidium bromide agarose gels. The
products from each serpin primer pair were subcloned into pGEMT-easy vector
(Promega) and nucleviide sequencing performed using Big Dye Terminator (Applied
Biosystems) mix to confirm that the correct serpins were amplified with each primer pair.

Results

Establishment of a semi-quantitative and specific RT-PCR assay.

In order to examine the expression of serpina3 genes in a variety of tissues and cell lines
we needed to use a method which was at least semi-quantitative and which allowed us to
distinguish between closely related sequences. As Northern blotting is problematic
because of the high degree of nucleotide sequence conservation outside the RCL we used
gene-specific RT-PCR. To improve the quantitative accuracy and sensitivity of this
method we added o.*?P-dATP to the PCR so that the isotope would be incorporated into
the product. We found incremental intensity of radioactive product between 25 and 35
cycles (data not shown). Therefore we selected 30 cycles as the standard for RT-PCR and
used the intensity of GAPDH product as an internal controi for quantity of template to
allow comparison between various tissues and cell lines.

In order to make the PCR gene specific we designed a series of primer pairs in which the
forward primer was based on the non-conserved RCL while the design of the reverse
primer exploited minor sequence variations at the 3’ end of the serpin open reading frame
(Fig. 1). As all the PCR products corresponded to a portion of a single exon we were able
to assess the specificity of the process by amplifying from genomic DNA ., When this was
done an appropriate sized product was seen on electrophoretic gels and authenticity was
confirmed by nucleotide sequencing.

Expression pattern of a3 serpins in murine tissues.

In Homo sapiens al-antitrypsin (SERPINAI) and al-antichymotrypsin (SERPINA3) are
expressed at high level in the liver. Fig. 2 shows that representatives of the al and a3
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serpins are also strongly expressed in the murine liver, Of the 13 murine a3 genes, 3 are
expressed prominently in the liver, namely EB22.4 (serpina3n), MMCM?2 (serpina3k) and
3E46 (serpina3m). When the reactive center loops of the liver expressed murine a3
serpins are compared with human o l-antichymotrypsin (Table 1) they appear to have
markedly different amino acid sequences and predicted protease inhibitory activities.
Human al-antichymotrypsin (SERPINA3) possesses a P|-P;’ of Leu-Ser making it an
effective inhibitor of the chymotrypsin-like protease cathepsin G. In contrast, EB22.4
(serpina3n) has a reactive center sequence with a predicted P|-P;’ of Met-Ser,
reminiscent of human al-antitrypsin. However, a consistent feature ¢f human o.1-
antitrypsin and the murine al-antitrypsins is a Py’-P4” PP motif which is absent from
EB22.4 (serpina3n) and this difference may affect the kinetics of interaction with target
proteases. The other a3 serpins expressed strongly in the liver (serpina3k and serpina3nt)
have reactive center P)-P,’ residues of R-K and R-S respectively, suggesting preferential
inhibition of trypsin-like proteases. Clearly the prediction of target protease specificity is
at best approximate and more precise interpretations await biochemical and kinetic data.

Of all the murine a3 serpins, serpina3n (EB22.4) has the widest distribution with high
level expression in brain, testis, lung, thymus and spleen and low level expression in bone
marrow, skeletal muscle and kidney (Fig. 2A). The grouping of lung, thymus and splenic
tissue is consistent with expression in lympheoid tissue and has been reported for human
al-antichymotrypsin (Krugliak et al. 1986). The actual cells which express serpinain
and the role it plays in these tissues awaits further investigation.

Serpina3n (EB22.4) is the only member demonstrating significant expression in the brain
(Fig. 2A). Similarly, human antichymotrypsin is expressed by astrocytes in the centr::
nervous system and may play a permissive role in the progression of Alzheimer’s Di:iuase
and cerebral amyloid angiopathy (Abraham 2001; Kanemaru et al. 1996; Yamada 3:%::2).
In vitro evidence demonstrates that o.-antichymotrypsin binds the amyloid ;42 pepus’
by insertion into the serpin A [3-sheet (Janciauskiene et al. 1998). Also, overexpressiown of
human a;-antichymotrypsin in a murine model of Alzheimer’s disease increases the rate
of disease progression (Licastro et al. 1999; Mucke et al, 2000). The expression of an
endogenous ‘a3’ serpin is also increased in the apolipoprotein E (apoE) knockout mouse
model of Alzheimer’s disease and this effect was reversed when apoE3 was re-expressed
(Licastro et al. 1999). Our data demonstrate that serpina3n, being the only member of the
a3 and 2] groups expressed in murine brain under resting conditions, is likely to be the
functional ortholog of human antichymotrypsin in the brain.

Serpina3m (3E46) is expressed in liver and testis (Fig. 2). Its reactive center (P5-P3’
IFGFRSRR) bears a striking resemblance to human Protein C inhibitor (SERPINAS)
(PS-P3’ IFTFRSAR) ailthough the overall Ievel of sequence identity is relatively low at
47%. Murine Protein C inhibitor (serpina5) (P5-P3’ IFTFRSAR) shares this conserved
bait region strongly suggesting a similar target protease specificity and possible overlap
of function.

Serpina3m (3E46; and serpina3n (EB22.4) are expressed in both liver and testis (Fig. 2A)
while serpina3a (Unkmown 1) is primarily expressed in the testis (Fig. 2B). Testicular




expression of human al-antichymotrypsin has not previously been noted although
several other members of the human serpin family including PI-S (SERPINB9), CBG
(SERPINAG), PEDF (SERPINF1), SERPINB12 and Protein C inhibitor (SERPINAS) are
produced in this tissue (Askew et al. 2001; Bladergroen et al. 2001; Hammond et al.
1987; Hirst et al. 2001; Uhrin et al. 2000). The known role of proteases in fertilization
and implantation together with the abundance of proteases and serpins expressed in the
testis and prostate suggests that control of proteolysis is important in reproductive
biology (Hirst et al. 2001; Mikolajczyk et al. 1999; Stephan et al. 2002). Further evidence
for the significance of serpins in the testis is highlighted by the finding of infertility
related to defective spermatogenesis in the Protein C inhibitor knockout mouse (Uhrin et
al. 2000).

Serpina3k (MMCM2), which possesses a predicted P\-P,’ of RK, is expressed exclusively
in the liver (Fig. 2A). The protease specificity of this serpin is difficult to predict as it
possesses an unusual di-basic RK segquence at its reactive center. Furthermore, the RCL is
shortened by 2 amino acids with respect to the other a3 members and this has been shown
to affect inhibitory activity and susceptibility to polymerization in serpins (Bottomley and
Chang 1997; Bottomley and Stone 1998). The expression by murine liver of 3 serpina3
genes plus at least one serpinal gene potentially provides a much broader protease
inhibitor spectrum in plasma compared to man. The reason for this is unclear as there is
no evidence that mice possess a greater range of leukocyte proteases than humans.
Furthermore, there is no direct evidence to support the proposal that serpins are invoived
in defence against parasites.

Serpina3h (6C28), like serpina3n (EB22.5), is expressed in murine thymus, spleen and
lung (Fig. 2A) again suggesting a role in immune function. However, in contrast to
serpinan, serpinalh is predicted to be intraccllular and the presence of a CC motif at the
reactive center is consistent with this localization. Low level expression of serpina3g
(242, serpin24) is evident in bone marrow, spleen, thymus and lung as previously
reported (Hampson et al. 1997). Serpina3g is known to be dramatically upregulated upon
macrophage stimulation or T cell activation and this may account for its modest intensity
in unstimulated spleen and thymus in our RT-PCR screen (Hamerman et al. 2002;
Hampson et al. 1997). Similarly, only low level expression of serpina3g is seen in bone
marrow but published data indicate that the gene is strongly activated in hematopoietic
precursors which make up a small proportion of total cell mass {Hampson et al. 1997
Terskikh et al. 2001).

We also examined the expression pattern of the murine serpinal genes using PCR
primers which were designed to anneal to all 5 known known members (Fig. 2) (Borriello
and Krauter 1921). As expected strong expression was noted in the liver but only low
levels were seen in other sites. This is generally consistent with the pattern seen in
humans but does not exclude the possibility of serpinal expression in sub-populations of
cells within tissues.
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Expressior pattern of a3 serpins in murirne cell lines.

In order to try to address the possibility of isolated gene expression within particular cell
types we studied a panel of cell lines for expression of the a3 serpins. Fig. 3A shows the
results of analysis of hematopoietic cell lines in which serpina3g (242) is predominant.
Low levels of serpina3f(241) were also cbserved. Previous work has demonstrated
serpina3g (242, serpin 24) is one of the most abundant transcripts in hematopoietic stem
cells and is down-regulated upon induction of differentiation (Hampson et al. 1997,
Terskikh et al. 2001). Constitutive, low level expression of serpina3g by retroviral
transduction of FDCP Mix-A4 cells was associated with delayed differentiation and
increased clonogenicity (Hampsor: et al. 1997). Using gene specific primers we were able
to assess whether other members of the a3 family were also expressed in these cells. Fig.
3A confirms expression of serpina3g in FDCP Mix-A4 cells. Similar levels of expression
were also noted in the 1L-3 dependent cell lines FDCP-1, BaF3 and 32D while the IL-3
independent lines M1 and CH1 showed only low level serpina3g expression. The 32D
cells and BaF3 also showed low level expression of serpina3f which is closely related to
serpina3g with a similar reactive center P,-P;’ of Cys-Cys. Serpina3f and serpina3g lack
secretion signal peptides and intracellular localization has been confirmed for serpina3g
(Morris et al. 2003).

Fig. 3B shows results from fibroblast cell lines NIH 3T3, Swiss 3T3 and EJ6. Both
serpina3n and serpina3h were expressed in Swiss 3T3 and NIH 3T3 cell lines although
the absolute level was higher in Swiss 3T3 cells. In contrast, the transformed fibroblast
cell line E16, which is derived from NIH 3T3 cells, expressed serpina3n almost
exclusively, with minimal serpina3h expression. The role of these serpins in fibroblasts is
obscure however Whitehead et al (Whitehead et al. 1995) previously showed that the
expression of an antisense serpina3 cDNA in NIH 3T3 celis induced transformation, It
may be that protease-inhibitor balance plays a role in modulating the interaction between
cel surface proteins and extra-cellular matrix.

In addition to the hematopoietic and fibroblast cell lines investigated we have also tested
mammary (4TL.2, 66d4, 67NR and EMT6.5) and melanoma (B16-F10) cell lines but did
not detect any significant expression of a3 serpins (data not shown). This was a surprising

as al-antichymotrypsin is known to be expressed by human mammary cell lines (Laursen
and Lykkesfeldt 1992).

We were aware that the number of antitrypsin genes vary between mouse species and it
has even been shown that gene number is different between strains of Mus domesticus
(Goodwin et al. 1997). In order to address this possibility for the serpina3 locus we
performed gene specific PCR using genomic DNA from four different murine laboratory
strains. Fig. 4 shows that all 13 of the serpina3 genes predicted to encode full length
serpin cDNAs are present in all strains examined. We also performed PCR using cDNA
from liver of C57/BI6 and PT mice to assess strain dependence of gene expression. Fig. 5
shows an identical pattern of serpina3 expression in C57/B16 and PT to that seen in the
NMRI mice.
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Discussion

The simplest hypothesis to explain the spectacular multiplication of murine serpinal and
serpina3 genes is that it has been driven by positive selection. If, as seems likely, it
occurred through duplication and subsequent gene conversion events, then it follows that
there was some advantage in preserving the basic serpin structure while expanding the
range of potential protease targets through hypervariability in the specificity-determining
RCL region. The expansion of the serpina3 genes is clearly not restricted to the mouse.
There are six rat antichymotrypsin-like serpins (contrapsins) identifiable in the rat
genome (hitp://www.ncbi.nlm.nih.gov/genome/guide/rat/} (Table 2). Strikingly the rat
serpin Spin2c has a RCL which is identical to murine EB22.4 (serpina3n) from Pys to P4’.
The remaining five rat a3 serpins are divergent and bear little resemblance to the murine
a3 serpins in the RCL domain. Similarly, multiple bovine antichymotrypsins have been
identified and three of these cloned and shown to have variable reactive center loops and
tissue specific expression (Hwang et al. 1994; Hwang et al. 1995). Three distinct porcine
antichymotrypsins have also been reported (Stratil et al. 1995). It therefore seems likely
that Homo sapiens with only one antichymotrypsin gene is the exception rather than the
rule. The formal possibility exists that the single human SERPINA3 is a result of gene
loss, however, there is no evidence of related pseudogenes or gene fragments close by on
chromosome 14. Examination of the ‘A’ clade cluster in other primates may also help to
address ihis question.

Without evolutionary advantage driving this process most of these genes would be
expected to fall into disuse and degenerate into pseudogenes. On the contrary,
examination of the 14 murine serpina3 genes shows only one (serpina3e, 282(b)) which
is truncated at the 5’ end and is therefore almost cert2inly non-functional. The remaining
13 genes encode serpins with full open reading {frames and reactive center loop proximal
hinge sequences indicative of inhibitory activity (Table 1). Five of the 13 genes have
atypical proximal hinge sequences (a3a, a3b, a3d, a3j and a3/) with a Py, charged residue
(Gluin 4 cases and Arg in 1). One of the rat serpins (CPI-26) also has a P;; Glu. The
significance of this is uncertain as it is not present in other serpins except the non-
inhibitory serpin, Hsp47. This comparison is not really informative as Hsp47 has other
proximal hinge variations which abolish inhibitory function.

Four serpin genes (a3f, a3g, a3h and a3i) lack predicted N-terminal secretion signal
peptides suggesting that they would be produced as intracellular proteins similar to
members of the ov-serpin subfamily. In keeping with this observation they possess
cysteine residues at the reactive site scissile bond which in other serpins confers
functional sensitivity to oxidation. Qur own experimental data confirms this prediction
for serpinalg (Morris et al. 2003). The presence of intracellular serpins within the a3
murine cluster is most unexpected and raises the possibility of convergent evolution in
which genes related to antichymotrypsin have lost the secretion signal peptide and
acquired oxidisable residues in the RCL akin to the human clade B serpins. The recent
demonstration that serpina3g (serpin2A) plays a key role in NF-kB mediated control of
TNF activity highlights the potential importance of a3 intracellular serpins in murine
biology (Liu et al. 2003).




i‘;

e

.
5

]

Py
St =t

e R R R

e e

i AT

Further support for the functional importance of the expanded serpina3 and serpinal
genes comes from examination of the other ‘a’ clade serpins in the surrounding region of
murine chromosome 12 F1. All of the remaining seven serpin genes in this locus are
present as a single copy orthologous to their cozresponding genes at the syntenic human
chromosome 14q32.1 (Fig. 6). Whatever force has driven the serpina3 and serpinal
expansion was clearly a specific process not involving the surrounding serpin genes.

It should be noted that some members of the intracellular serpin family display a similar
expansion in the mouse. Human P1-6, P1-9 and MNEI are represented in the mouse by a
total of 15 genes in the mouse (Kaiscrman et al. 2002). We are not aware of any unique
structural features of the serpins or any flanking repeats which would increase the
likelihood of gene duplication. One common theme linking the human intracellular
serpins with the SERPINA1 and SERPINA3J proteins is that they piay important roles in
controlling leukocyte proteases. P16 and MNEI are efficient intracellular inhibitors of
elastase, cathepsin G and proteinase 3 while PI-9 inhibits granzyme B. SERPINA] and
SERPINA3 regulate the same leukocyte enzymes in the extracellular environment. These
observations do not, however, help to explain the murine serpin expansions as there is no
corresponding multiplication of the proteases.

The data presented in this paper gives the first comprehensive description of the
expression pattern of the murine antichymotrypsin-like serpins. The observed
hypervariability of the reactive center loop of the murine a3 serpins, in the context of
striking conservation of the remaining structural elements of the proteins, argues strongly
in favour of evolutionarily advantageous functional diversity. The fact that expansion of
the a3 serpin locus has occurred in other species gives these genes a special status. Our
observations on the expression pattern of these genes add further support to this concept.
We are currently producing recombinant murine serpina3 proteins in order to examine
their biochemical and biophysical properties and target protease specificity. Ultimately
we expect this work to provide insights into murine and human serpins whose complete
repertoire of functions is only beginning to be understood.

Abbreviations

GAPDH, glyceraldehyde-3-phosphate dehydrogénase; RCL, reactive center loop
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Figure legends

Figure 1. Position of PCR primers for serpina3 genes.

The nucleotide sequences of serpina3 genes around the reactive center loop (left side)
and close to the stop codon (right side) are shown. Sites for 5° and 3’primers for the
serpina3 genes are indicated by arrows below each sequence. Primer design exploited
differences in nucleotide sequence between serpina3 genes in order to make the PCR
gene specific. Individual 5° gene specific primers were used as shown. Some 3’ primers
were used for two genes (serpinaifand serpina3g, serpina3h and serpina3i, serpina3k
and serpina3m). Note that only part of the serpina3a and serpina3l primers are shown.
The full sequences are (serpina3a) AGATGTCATCACAATAGCCCG and (serpina3l)
CTAGTTTTCTAAAGGATCCAC. The numbering above the sequences refers to
serpina3n (EB22.4) cDNA sequence (Inglis et al. 1991). Serpinal primers were designed
to amplify all members of the murine antitrypsin family equally (5°
GAAGCTGCAGCAGCTACAGTC and 3’ TGTGGGATCTACCACTTTTCC).

Figure 2. RT-PCR of from murine tissues.

Polyacrylamide gel electrophoresis of *2P labelled RT-PCR products from a panel of
murine tissues are shown. Panels A and B represent different experiments in which
distinct sets of reverse transcription reactions for the various tissues were used. The tissue
sources of RNA for each set of RT-PCRs are shown on the left (Panel A) and right (Panel
B). The mouse gene nomenclature names are shown across the top of the figure while the
common names ar¢ shown across the bottom. For the sake of clarity molecular weight
markers are not shown however the PCR products shown are correct size based on the
known cDNA sequences and position of PCR primers. In some cases (a3n and a3k) a
secondary band is evident with the predicted product size being the lower, dominant
band. The significance of the upper band is uncertain as primers are sited within a single
exon making alternatively spliced templates unlikely. It should be noted that there is
some variation in the intensity of the GAPDH product and this should be taken into
consideration when assessing serpin PCR products. Some RT templates (heart, kidney
and skeletal muscle) yielded smears in some lanes rather than clearly defined bands and
we regarded this as negative for specific product.

Figure 3 RT-PCR from (A) murine hematopoietic cell lines and (B) murine
fibroblast cell lines.

Polyacrylamide gel electrophoresis of **P labelled RT-PCR products from murine
hematopoietic cell lines and murine fibroblast cell lines are shown. The tissue sources of
RNA for each set of RT-PCRs are shown on the left (Panel A) and right (Panel B). The
mouse gene nomenclature names are shown across the top of the figure while the
common names are shown across the bottom. For the sake of clarity molecular weight
markers are not shown however the PCR products shown are correct size based on the
known ¢DNA sequences and position of PCR primers. As indicated for Fig. 2, some
primer pairs (a3g and a3n) yielded secondary higher molecular weight products whose

significance is uncertain. The lower, dominant bands correspond to the predicted
molecular weights.




Figure 4. PCR from genomic DNA derived from different mouse strains.

Agarose gel electrophoresis of RT-PCR products from the liver of different strains of
mice is shown. Products were detected by ethidium bromide staining and UV
transillumination. The strain of mouse from which RNA was derived is shown on the left.
Mouse gene nomenciature names are shown across the top and common names are
shown across the bottom. For the sake of clarity molecular weight markers are not shown
however the PCR products shown are correct size based on the known cDNA sequences
and position of PCR primers. RT-PCR products from NMRI mice were sub-cloned and
nucleotide sequencing performed in order to ensure authenticity.

Figure 5. RT-PCR from liver tissue derived from mouse strains C57/B16 and PT.
Polyacrylamide gel electrophoresis of *?P labeiled RT-PCR products from the livers of
C57/Bl6 and PT mice. The mouse gene nomenclature names are shown across the top of
the figure while the common names are shown across the bottom. Strong expression of
serpina3m, serpina3n and serpina3k is demonstrated which is identical to the pattern of
expression seen in the liver of strain NMRI (Fig. 2).

Figure 6. Schematic representation of mouse, rat and human A clade clusters.

The A clade clusters for mouse, rat and human at chromosome loci 12F1, 6q32 and

14932.1, respectively, are shown. Individual genes are represented by grey bars with the

gene symbol (or accession number) shown above. The mouse and rat al and a3

expansions are shown above the main chromosomal representations. It can be seen that,

with the exception of al, a3 and HongrESI, all genes are conserved in single copies.

HongrES1 (Hu et al. 2002), an epididymis specific serpins appears to be absent from the

human A clade cluster. SERPINA4 is represented by a psuedogene in the mouse. The
common names for the serpins are as follows: A10, Protein Z-dependent protease :
inhibitor; A6, cortisol binding globulin; A2, al-antitrypsin-related protein; A1, ot1- .
antitrypsin; All, unnamed; A9, centerin; A12, OL-64 or visceral adipose specific serpin;
A4, kallistatin; A5, protein C inhibitor; A3, al-antichymotrypsin. :

Table 1: Reactive centre loop sequences of the murine serpina3 genes and tissue o
expression. |
The sequences shown in this table are derived from the publicly available mouse genome
sequence (hitp://www.ncbi.nlm.nih.gov/genome/guide/mouse/). The Py/P;’ site is shown
in bold and the predicted scissile bond is indicated by the symbol Y. Human al-

antichymotrypsin and o1-antirypsin and murine antitrypsin (serpinala) are shown below
for comparison. Tissue expression of the murine a3 serpins is based on the results
presented in Fig. 2 and Fig. 3. Expression levels are: +, low level; ++, intermediate and

+++, high. Note that results from haematopoietic cell lines are summarized under “Blood
cells”.
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Table 1: Reactive centre loop sequences of the murine serpina3 genes and tissue expression.

Tissue expression
Predicied @ 2 e
Revised (common) Reactive centre loop pro}ease @ o § = % E; &
name specificity L £ % E. -% & E 2 = 2 2
3 & & £ g 3 4 &% 2 & 3
Serpinada (Unknownl) HTEADVITIARYNFQ SAKIKAKIVKY ? +4 +
Serpinadb [6Al) GTEGDAITIVGYNFM SAKLKPVFVEF Elastase ++
Serpina3e (121} GTEGVAATGVNFRIL'SRRTSLWFNRT Chymotrypsin-like +
Searpina3d (2B1}) GTEADBATRFKIAPLYSAKFDIVN-VR Chymotrypsin-likc
Serpina3e (2B2(b}) GTERAAATGVKVNLR'CGKIYSMT-IY -
Berpinalif (2Aa1) GTEAAAATGYONLOCTCOGVIYSMKIY ? +
Serpinalg (2A2) GTEAARATGMAGVGCCAVFDFLEIFF ? + + + e
Serpina3h {6C28) GTEAAAATGVKLILC'CEKIYSMT-IY ? + + + ++ +4 ++ ++ 4+
Berpina3i (2B2) GTEARAATGVIVNLR'CGKIYSMT-IY Trypsin-like + + +
Serpina3j {(Unknown2} GTEARATTRDKYDPFLSTKSNPTVVNL Chymotrypsin-like
Serpina3k (MMCMZ) GTEAAAATGVICGIR'RAVLPAVCFNR Trypsin-like +++
Serpina3l (3E2) DTEVDATSRAIYNFQ'SSKMYPMLLRY ?
Serpina3m (3E46) GTEAAANTGPIFGFR'SRRLOTMTVQF Trypsin-fike a4 ++
Serpina3n (EB22.4) GTEARRATGVKFVPM'SAKLY PLTVYF Elastasc +++ 4 ++ ++ ++ +4+ + ++ ++

(antitrypsin — hum)

?:::;::;;:in _ I'I'IOUSG) GTEAAAVTVLQMVPM SMPPILRFDHP Elastase
fj:iﬁ f:;:i trypsin - hum) GTEASARTAVKITLL'SALVETRTIVR Cal G / chymase
SERPINAI GTERAGAMFLEAYPM'SIPPEVKFNKP Elastase




Table 2. Reactive center loop sequences of rat, cow and pig antichymotrypsin-like
serpins.

The sequences shown below are derived from the publicly available rat genome database
(http://www.ncbi.nlm.nih. gov/genome/guide/rat/) and published cow (Hwang et al. 1994;
Hwang et al, 1995)and pig (Stratil et al. 1995) sequences. The predicted P,/P,’ sites are

indicated by the symbol Y.

Species Name Accession no. Sequence
Rat SPI-2.4 XM_216782 GTEAAAATGANLVPR' SGR-PPMIVWENR
CP1-26, SPI-3, SPI-2.2 XM_234494 GTEAEATTRVEYNFR' PAKLNDTEVNEFVR
LOC299279 XM_234496 GTEAAAATGVKIIPM® CAKFYYVTMYFNR
Spin2b, SPI2, Spin2, CPi-2l NM_012657 GTEGAAATAVTAALK' SLPQTVPLLNFNR
Spin2a, SPI1, Spin}, CPi-23 NM_182474 GTEATAATGVATVIR'RQPRT--~LNFNR
Spin2c NM_031531 GTEAAAATGVKFVPM'SAKLDPLIIAFDR
Bovine pHHKI11 UI3608  GTEGAAATGISME~R' TISR--IIVRVNR
pHHK12 U13609 GTEGAAVTAVYMA-T ' SSLLHTLTVSFNR
Pit ACT $80570 GTEGAAATGIGIE-R' TFLR—-TIVRVNR
Porcine SERPINA3-3 AJ293891  GTEAAAATGIEMMTS' TL-0S-LTVIFSR
SERPINA3-1 AJ293892  GTEGAASTGVVIERK' SFEN-~FIVRFDS
SERPINA3.2 AJ293890  GTEAAAATGIDINVR'SLER- IALHFNR
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CHAPTER 4

Production and purification of bacterial recombinant mouse

serpina3 proteins

4.1. INTRODUCTION

The studies in the previous chapter demonstrate that the most abundant
serpina3 genes expressed in mouse tissue are MMCMZ2, EB22.4, 3E46, and
6C28. The members MMCM2, EB22.4 and 3E46 share strong expression in
liver and based on their predicted amino acid sequences, also have in
common an N-terminal secretion peptide which suggests secretion into the
circulation. 6C28 is expressed in a number of lymphoid tissues, however, the
absence of a predicted N-terminal secretion peptide is suggestive of
intracellular localisation. The predicted RCL sequences of all four serpins are
significaritly divergent and suggest distinct biological functions in mouse
plasma and tissues. The possibility of functional diversity prompted an
investigation into whether these four genes encode functional protease

inhibitors. The aim of this chapter is to produce recombinant proteins for
biochemical and biophysical analysis.

Recombinant proteins can be generated by a number of prokaryotic and
eukaryotic expression systems. In our laboratory recombinant protein is
routinely generated in Escherichia coli, Pichia pastoris and baculovirus.
Eukaryotic expression has the advantage of yieiding recombinant proizins with
disulfide-bond formation and glycosylation. By contrast, bacterial systems are
easy to manipulate, inexpensive and can generate a high yield of protein.

The studies undertaken in this chapter describe the production of the
recombinant serpina3 proteins; MMCM2, EB22.4, 3E46 and 6C28 in a
bacterial expression system and their subsequent purification. Bacterial
expression was chosen as a number of recombinant serpins, including human
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a-ACT, have been successfully generated in bacteria and yielded ample
quantities of recombinant protein for structural and functional characterisation
(Rubin et al. 1990; Hopkins et al. 1993; McCarthy and Worrall 1997; lrving et
al. 2002 (b); lrving et al. 2003).

4.2. METHODS

4.2.1. RT-PCR of mouse tissue ¢DNA and construction of expression
plasmids

Mouse liver, brain and spleen were isolated from 7 week NMRI mice and RNA
extracted using the acid-guanidinium/phenol/chloroform method, as described
in Chapter 2. 2 ug of total RNA was treated with DNase prior to reverse
transcription with Superscript i reverse transcriptase and 5 pmol/L oligo(dT),
as described in Chapter 2. For RT-PCR, the sense primers were designed to
ampiify the serpina3 genes EB22.4 (oligo 254), MMCM2 (oligo 254), and 3E46
(oligo 255), without the N-terminal secretion peptide. The 5 primer for 6C28
(oligo 265) was designed to the predicted start methionine, as shown in
Figure 4.1. The antisense primers used were as follows: oligo 257 for EB22.4,
oligo 256 for MMCM?2, oligo 258 for 3E46 and oligo 260 for 6C28 (as described
in Chapter 2 Table 2.2). Both sense and antisense primers included §' tails
encoding a BamH! restriction site for cloning into the pETHis(3a) expression
vector. The § primers were also designed to clone in frame with and
immediately downstream of the His-tag sequence of the pETHis(3a) vector
chosen for expression (Figure 4.1). The vector is modified from the parental
pET3a with a poly-histidine tag inserted between the Ndel/ and BamH/
restriction site (constructed by Dr Paul Coughlin).

The open reading frames were amplified from their respective tissue cDNA
using PCR, with either Vent polymerase, or Taq polymerase, as indicated in
the results section. PCR cycles for the amplification of MMCM2 and EB22.4
were: 94°C Smin, [94°C 30 sec, 50°C 30 sec, 72°C 90 sec} x 30, 72°C 2 min.
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A) secretion signat RCL B)

EB24

MMCM2

3E46

pETHis(3a)

pETHis{3a)

Figure 4.1. Cloning schematic for the introduction of the serpina3 cDNA into the pETHis(3a) expression vector. A) cDNA for
EB22.4, 3k46 and MMCM2 were PCR amplified after their predicted N-terminal secretion signal (red). B} ¢cDNA for 6C28 was amplified
from predicted start codon. Arrows indicate the location of primers. The serpina2 cDNA were inserted in-frame with the polyhistidine tag
(6x His) via the BamH1 restriction site.
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For the amplification of 3E45 and 6C28 the PCR cycle conditions were: 94°C 5
min, [94°C 30 sec, 47°C 30 sec, 72°C 90 sec] x 30, 72°C 2 min. Products were
identified on 1% (w/v) agarose/ethidium bromiide gels as a band of
approximately 1.2 kB. The amplified products were purified using the Qiagen
PCR purification kit, according to manufacturer’s instructions. The purified PCR
products and the plasmid pETHis(3a) were digested with the restriction
enzyme BamH1T at 37°C overnight. 0.1U of calf intestine alkaline phosphatase
was added to the restriction digest reaction of pETHis(3a) and incubated at
37°C for 1 hr. The digested products and pETHis(3a) vector were
electrophoresed on 1% agarose gel and the bands excised and gel purified
using the Qiagen gel extraction kit. The serpina3 inserts and cut vector were
ligated using T4 DNA ligase in a standard ligation reaction. The ligation
reactions were transformed into chemicailly competent DH5a cells and plated
onto LB agar/arnpicillin plates as described in Chapter 2.

Colony PCR reactions were performed to identify clones containing inserts in
the correct orientation. The primers used were the T7 promoter primer and the
insert specific oligonucleotides 256, 257, 285 and 260. Positive colonies were
cultured overnight at 37°C, and miniprep DNA was isolated using the Qiagen
minprep kit. The presence of insert was confirmed by restriction enzyme
digestion of the plasmids with BamH1. Correct orientation and sequence were
confirmed by DNA sequencing with T7 primer and insert specific
oligonucleotides 256, 257, 285, 260, 334, and 335 (Chapter 2: Table 2.2).

4.2.2. Trial inductions of serpina3 proteins in BL21(DE3)pLysS

The four serpina3 expression constructs and the pETHis(3a) empty vector
were transformed into BL21(DE3)pLysS chemically competent cells. The
BL21(DE3)pLysS cells are deficient in proteases that can degrade expressed
proteins prior to purification. In addition, this host strain contains the pLysS
plasmid which encodes the T7 lysozyme gene. Presence of the T7 lysozyme
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lowers the basal expression of the target gene by binding to and inhibiting the
T7 RNA polymerase.

Single colonies were used to inoculete an overnight culture of 2 ml 2 x TY,
ampicillin (60 pg/ml). Cultures were incubated at 37°C overnight and shaking
at 225 rpm. The following day cultures were diluted 1:10 into 2 ml
2 x TY/ampicillin (50 pg/ml) and incubated at 37°C in shaker incubator for 2 hr,
Protein expression was induced by the addition of 0.2 mM IPTG. The addition
of IPTG to bacterial cultures induces the lacUV5 promoter which allows the
transcriptionftranslation of T7 RNA polymerase and its subsequent binding to
the T7 promoter drives target gene expression. Foliowing addition of IPTG, the
cultures were then incubated for an additional 2 hr at 37°C. For inductions at
30°C or room temperature, the calls were cooled to room temperature prior to
the addition of 0.2 mM IPTG and were then incubated at either 30°C or room
temperature for an additional 4 hr in a shaker incubator. Inductions in the
presence of rifampicin were carried out as described above except that 30 min
after induction with 0.2 mM IPTG, rifampicin was added to a final concentration

of 100 pg/ml and cultures were grown for an additional 2 hr,

4.2.3. Trial inductions of His-MMCM2 and His-3E46 in AD494 cells

The expression vectors pETHis(3a)/MMCM2 and pETHis(3a)/3E46 were
transformed into chemically competent AD494 cells and plated onto
LB agarkanamycin (30 pug/mil)/ampicillin (80 pg/ml) plates. The AD494 cells
are an alternative bacterial strain for expression of recombinant proteins.
These cells were a genercus gift from Dr Noelene Quinsey (Department of
Biochemistry and Molecular Biology, Monash University). Single colonies were
grown overnight in 2ml cuitures of 2 x TY/kanamycin (30 ug/ml)/ ampicillin
(50 pg/ml) at 37°C in a shaker incubator at 225 rpm. The following day the
cultures were diiuted 1:10 in 2mL 2 x YT/kanamycin (30 pg/miyampiciilin
(50 ng/ml) and incubated at 37°C in a shaker incubator for 2 hr. The cells were
induced for expression (as with the BL21(DE3)pLysS) by the addition of
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0.2 mM IPTG. The cultures were grown for an additionat 2 hr after-which the
cells were harvested for analysis.

4.2.4, Analysis of trial inductions

The bacterial cells were harvested by centrifugation at 1,000 x g for 10 min at
4°C. The cells were resuspended in 500 pb ice-cold PBS, pH 7.4, lysozyme
(1mg/ml), PMSF (20 pg/mi) and protease inhibitor cocktait (Sigma) 1/1000 and
incubated on ice for 20 min. The cells were lysed by sonication on ice with
5 x 10 sec pulses at 30 sec intervals. Lysates were centrifuged at 16,000 x g
for 10 min at 4°C and the supernatant, containing soluble protein, was
transferred into a microfuge tube and set aside on ice. The pellet containing
the insoluble protein fraction was resuspended in S00 plL ice-cold 1 PBS,
pH 7.4, lysozyme (1 mg/mi), PMSF (20 pg/ml) and protease inhibitor cocktail
(1/1000).

To determine the level of recombinant protein expression equal volumes of the
soluble and inscluble fraction (10 pl) were combined with 2 x SDS-PAGE
sample buffer (10 ul) and heated to 95°C for 5 min. The proteins were
separated on 12.5% SDS-PAGE and then transferred to PVDF membrane by
Western blotling. Membranes were probed with mouse-anti-His (1/2000
dilution) and goat-anti-mouse-HRP (1/5000). Proteins were detected with ECL
reagent and visualised by autoradiography.

4.2.5. Large scale-production of serpina3 proteins

A single colony of BL21(DE3)plysS transformed with each of the
pET(3a)His/serpina3d plasmids was used to inoculate a 50 ml overnight culture
of 2 x YT/ampicillin (50xg/ml). The overnight cultures were diluted 1/100 into
1L of 2 x YT/ampicillin (50pg/ml) and grown at 37°C until ODggonm reached 0.7.
They were then induced with 0.2 mM IPTG. Cultures of His-EB22.4 and
His-MMCM2 were grown for a further 2-3 hrs at 37°C, at 225 rpm. His-3E46
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and His-6C28 cultures were cooled to room temperature prior to induction and
induced with 0.2 mM IPTG. The induced His-3E46 and His-6C28 cultures were
incubated at 30°C and room temperature, respectively, for 4 hr with shaking at
225 rpm.

Cells were harvested by centrifugation (1,500 x g) and resuspended in 10 ml
equilibration buffer (50 mM sodium phosphate, 100 mM NaCl, pH 7.8, 10 mM
imidazole) to which lysozyme (1 mg/ml), § mM MgCl; 20 pg/mi PMSF,
protease inhibitor cocktail (1/1000) and 5 mM B-mercaptoethanol were added.
Lysates were incubated on ice for 30 min and DNase (25 ug/ml) added. The
cells were freezethawed 3 times in liquid N, and at 37°C water bath
respectively. The cell lysates were centrifuged at 27,000 x g for 15 min (Sorvall
S$S34 rotor) and the soluble supernatant transferred to a clean tube and stored
on ice.

4.2.6. Purification of serpina3 recombinants on Nickel-agarose

The first stage purification of recombinant proteins from soluble lysate was
performed on Nickel-nitrilotriacetic acid (Ni-NTA) Agarose (Qiagen, Meibourne,
Australia). The 50% (v/v) slurry of nickel-agarose (Ni-agarose) beads was
washed with 10 column volumes of equilibration buffer and 2 ml of a 50%
slurry was added to the soluble fraction and incubated overnight at 4°C with
rotation. The lysate/beads were centrifuged at 1,500 x g for 10 min and
supernatant removed and set aside as the unbound fraction. The beads were
resuspended in 5 ml equilibration buffer and loaded onto a 10 cm X 1 cm
chromatography column (Bio Rad) and attached to a Gilson peristaltic pump.
The column was washed with 20 column volumes of equilibration buffer at
1 mi/min. Bound proteins were eluted with 20 column volumes of 1256 mM
imidazole/equilibration buffer in 1ml fractions. 10-50 ul of each fraction was

diluted to a final volume of 800 pl with dH:0 and 200 pl of Bio-Rad Protein
Assay reagent was added in order to measure protein concentration by
absorbance at §95nM.
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20 pl of each peak fraction was added to 20 ul of 2 x SDS-PAGE loading dye
and samples heated to 95°C for 5 min. 20 pl of each sample was loaded onto
12.5% SDS-PAGE and proteins either visualised with Coomassie-stain or
transferred to PVDF membranes by Western blotting. Membranes were probed
with anti-His (1/2000) and anti-mouse-HRP (1/56000). Bound antibody was
detected with ECL reagent and visualised by autoradiography.

4.2.7. Purification of recombinant His-tagged serpina3 proteins by
anion-exchange chromatography

To further purify the recombinant His-tagged serpina3 proteins, anion
exchange chromatography was performed using a Mono-Q column
(Pharmacia,(Amersham) New Jersey, USA)) controlled by a Bio Logic Duo
Flow HPLC (Bio Rad; California, USA; California, USA). The column was
equilibrated with 15 column volumes of Buffer A [20 mM Tris, pH8.0, 5 mM B-
mercaptoethanol, 5§ mM EDTA], at a flow rate of 1 ml/min. The column was
further washed with 10 column volumes of Buffer B, [20 mM Tris pH8.0, 0.5 M
NaCl, 5 mM p-mercaptoethanol, 5 mM EDTA], and then with Buffer A until
conductivity returned to baseline. The system was used at room temperature
but all samples were kept on ice before and after chromatography.

The peak fractions from the Ni-agarose purification that contained recombinant
protein, as assessed by 12.5% SDS-PAGE and Western blotting, were pooled
and dialysed into 1L of Buffer A overnight. The dialysed recombinants were
loaded onto the Mono-Q column by buk loading. The column was then
washed with 5 column volumes of Buffer A and bound protein was eluted with
a 0-0.5 M NaCl gradient over 30 min. Peak fractions were determined by
continuous recording of absorbance at 280nM and 1 mlL fractions were
collected by the automated fraction collector. The Mono-Q was washed in 20
column volumes of Buffer B and then re-equilibrated into Buffer A prior to
commencing the next purification. Fractions containing the semina3 proteins




S

%
_::'_ by
i
2
o
i
23]
)
2y
2
..Jl\-
Pt

5,
T

T e e L 2 A0 L
#..\-,
i T R P A Sy

were identified by 12.5% SDS-PAGE and Western blotting (as described
above in Section 4.2.6).

4.2.8. Purification of His-MMCM2 by Gel Filtration

To separate monomeric His-MMCM2 from the co-purifying immunoreactive
90kDa complex, gel fitration was performed. Superosei2 (Bio-Rad) coupled
with a Bio Logic Duo Flow HPLC (Bio-Rad) was utilised for this purpose. The
column was equilibrated in Buffer C [20 mM Tris, pH 8.0, 0.15 M NaCl, 5 mM
B-mercaptoethanol, 5 mM EDTA] for 1 hr at a flow rate of 1ml/min. 50 ul of gel
filtration standards (Bio Rad; California, USA) were loaded onto the column by
injection via the 1 mi loop and separated over 60 min at a flow rate of
0.5 ml/min. The column was re-equilibrated with Buffer C for 1 hr at 1 ml/min.
500 pi of a peak fraction eluted from the Mono-Q (ider.iified on Coomassie
stained SD3-PAGE and Western blotting) was loaded onto the Superose 12
column. The proteins were separated at 0.5 ml/min over 60 min and protein
peaks detected by continuous measurement of absorbance at 280nM. 1 ml
fractions were collected by the automated fraction collector and 10 pl of each

peak fraction was analysed on 12.5% SDS-PAGE and protein detected by
Coomassie staining.

4.2.9. Mass spectroscopy

To determine the identity of the 80kDa complex, which co-purified with
monhomeric His-MMCM2, the complex was analysed by mass spectroscopy.
Peak fractions of His-MMCM2 eluted from the anion-exchange column, were
separated on 12.5% SDS-PAGE and proteins visualised by Coomassie
staining. The band corresponding to high molecular weight immunoreactive
complex, between 90-110 kDa was excised and the gel slice incubated with
500 pl of 100 mM ammonium bicarbonate, pH 8.0 for 1 hr. The ammonium
bicarbonate was removed and replaced with 8500 pl of 50%
acetonitrile/100 mM ammonium bicarbonate, pH 8.9 and incubated for 1 hr
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with shaking. This buffer was discarded and the gel slice was cut into 1 mm
cubed gel slices and placed into three separate microfuge tubes. 50 pl of
acetonitrile was added to shrink the gel pieces and incubated for 10-15 min.
The soivent was removed and the gel slices dried in a RC1010 Speedvac
(Jouan: Easton, USA) followed by re-swelling in 40 pl of 256 mM ammonium
bicarbonate pH 8.0 containing 0.5 pg of sequencing grade trypsin. The sample
was incubated at 37°C overnight. The supernatant was transferred to a new
tube and samples submitted for MALDI|-mass spectroscopy (performed by Dr

Simon Harris from Department of Biochemistry and Molecular Biology, Monash
University).

4.2.10. Multiple sequence alignments and prediction of cleavage point,
molecular weight, extinction co-efficient and pl.

The predicted amino acid sequences of the four cDNA isolated in this study
were compared to sequences in GenBank as follows;, EB22.4 (Accession
No: M64086.1), 3E46 (Accession No: X55148), and MMCM2 (Accession
No: X565147) and 6C28 (Mouse Genome), as well as the two mouse testis
sequences isolated from EST databases, (EST1 Gl: 28841458, EST2
Gl: 29490274). Multiple amino acid sequence alignments were carried out
using MultAlign (hitp://prodes.toulouse.inra.fimultalin/multalin) (Corpet 1988).
Signal P V1.1 was used to predict the location of the signal peptide cleavage
site in the predicted amino acid sequences of MMCM2, EB22.4 and 3E46
(http:/fwww.cbs.dtu.dk/services/SignalP). Molecular weight and extinction
co-efficient of His-EB22.4, His-MMCMZ2, His-3E46 and His-6C23 were
calculated based on the predicted amino acid sequence using the Peptide

Properties Calculator (hitp://www.basic.nwu.edu/biotools/proteincale.html). The
pl for each recombinant protein was predicted using the Compute pl/Mw tool
from Expasy (http://au.expasy.org/tools/pi_tool).
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43. RESULTS

4.3.1. Isolation of serpina3 cDNA transcripts

Figure 4.1 outlines the cloning strategy employed for the isolation of the
serpinad  transcripts and their subsequent insertion into the
pETHis(3a) expression vector. The predicted amino acid sequences
suggested that MMCM2, 3E46 and EB22.4 possessed an N-terminal secretion
peptide thus to produce a recombinant resembling the mature extracellular
protein the 5’ primers for these were designed to amplify from the predicted N-
terminal secretion signal cleavage point. The apparent absence of a secretion
peptide for 6C28 suggested that the encoded protein would most likely localise

intracellularly and accordingly the &' primer was designed to amplify from the
predicted start codon.

RT-PCR was employed to isolate the full length transcripts from the tissue
¢DNA in which the genes were dominantly expressed (Chapter 3) namely,
brain for EB22.4, liver for MMCM2 and 3E46, and spleen and the cell line
Swiss-3T3 for 6C28 (Figure 4.2). Using the proof reading Vent polymerase,
cDNA transcripts were only amplified for MMCM2 and EB22 4 at the expected
size of approximately 1.2kb (Figure 4.2(A)). The isolation of the full length
cDNA for 3E46 and 6C28 using Vent polymerase was unsuccessful (Figure
4.2(A) and (B)). Therefore, Taq polymerase amplified products were isolated
for these two genes and used for succeeding cloning steps. The four serpina3
¢DNA were inserted into the BamHl| site of the pET(3a)His vector as outlined
schematically in Figure 4.1. Each full length serpina3 ¢cDNA was nucleotide
sequenced with T7 primers and gene specific primers (Table 2.3) to verify the
authenticity of the product (described in Chapter 2).

Figure 4.3 shows a multiple alignment of the predicted amino acid sequences

of the EB22.4, 3E46 and MMCM2, as determined from the cDNA sequence of
the amplified products. This is shown in comparison to corresponding
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Figure 4.2; Isolation of full length transcripts for serpina3 genes EB22 4, MMCM2, 3E46 and
6C28. A) RT-PCR using Vent polymerase and indicated mouse tissue cDNA. B) RT-PCR
using Taq polymerase to isclate 3E46 and 6C28. Arrows indicate the presence of PCR
amplified products of interest.
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sequences from published sources present in GenBank. The predicted
cleavage point is shown by the arrow, and the predicted N-terminal secretion
peptide is indicated in green. Variations between the GenBank sequences and
isolated sequences are highlighted in red {(non-conserved) and blue
(conserved). To determine whether these variations were to conserved amino
acids, the highlighted residues were compared to the other members of the
mouse serpina3 family and to a multiple sequence alignment of the serpin
superfamily reported by Irving sf 2/ {2000).

EB22.4 shows a Lys(70)-Thr substitution in the N-terminal region.
Comparison of this substitution to amino acids which reside at this position in
other mouse serpina3 members revealed that it is conserved with Thr (70) in
MMCM2. The Thr residue is also present in human and mouse o4-AT's. A
further two substitutions at Val(85)—Leu and Met(86)—»Val are also conserved
with other mouse serpina3 members. 3E46 also has an amino acid variation of
fle(210)>Val in strand3 of B-sheet A. Whilst all the mouse serpina3 have an lle
residue at this position, comparison of this variation with other members of the
serpin superfamily showed that Val(210) was present in human Pi-6 and
mouse SCCA-2. Therefore, it is unlikely that any of these variations would
affect structural stability or functional activity. No predicted amino acid
variations were observed for MMCM2.

Of particular interest is the 6C28 cDNA transcript amplified from spleen ¢cDNA.
Figure 44 is a comparison of the predicted amino acid sequence of the
amplified 6C28 (spleen) to the sequence taken from the Mouse genome
(6C28 (genome)). The figure demonstrates a total of 20 amino acid
substitutions as highlighted in red (non-conserved) and blue (conserved).
Table 4.1 shows an analysis of these variations to residues present in
members of the mouse serpinal locus and the serpin superfamily. Six of the
substitutions are located N-terminal of the first structural element helix A and
are therefore unlikely to influence the structural stability of the serpin molecule.
The variations that are located in structural regions are to residues which are
conserved with either members of the mouse serpina3d family or the serpin
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MMCH2 (G)
MMCM2 (R)
3E46 (G)
3E46 (R}
EB22.4 (G)
£822. 4 (R)

MMOM2 {G)
MMCM2 (R)
3E46 (G)
3E46 (R)
EB22.4(G)
EB22.4 (R)

MMCM2 (G)
MMCM2 (R)
3E46(G)
3E46 (R)
EB22.4 (G)
EB22.4 (R)

MMCM2 {G)
MMCM2 (R)
3E46(G)
3E46(R)
EB22.4(G)
EB22.4 (R)

MMCMM2 (G)
MMCMZ (R)
3E46 (G)
3846 (R)
EB22.4 (G)
EB22.4 (R)

MMCM2 (G)
MMCM2 (R)
3E46 (G)
3E46 (R)
EB22.4 (G}
EB22.4 (R)

MEZMZ (G)
MMCM2 (R)
3E46 (G)
3E46 (R)
EB22.4 (G)
EB22.4 (R)

1
MAFIVAMGMI

MAFIAALG-I

MAFIAALG-L

61

KKLALKNPDT
KKLALKNPDT
KELVLKNPDK
KELVLKNPDK
KELVLKNPDK
KELVLKNPDT

121

LLOSLSQPED
LLOSLSQPED
LLORLSQFED
LLORLSQPED
LLQRLNQPKD
LLQRLNQPKD

igt

DYVSNQTOGM
DYVSNQTQGM
DYVSNQTOGM
DYVSNQTOGM
DYVRKQTQGM
DYVRKQTQGM

241
PMMKMKLLTT
PMMKMKLLTT
PMMKMKFLTT
PMMEMKFLTT
PMMSMEDLTT
PMMSMEDLTT

301

TLFPSQIEEL
TLFPSQIEEL
SLKTRKIGEL
SLKTRKIGEL
SLKPRMIDEL
SLKPRMIDEL

361

AVLDVAETGT
AVLDVAETGT
AVLDVAETGT
AVLDVAETGT
AVLDVAETGT
AVLDVAETGT

l

LMAGVCPAVLC FPDGTKEMD

FPDGTKEMD

LMRGICPTVLC FSDDTWGID

FSDDTWGID

LMAGICPAVLC FPDGTLGMD

NIVFSPLSIS
NIVFSPLSIS
NIVFSPLSIS
NIVFSPLSIS
NIVFSPLSIS
NIVFSPLSIS

QODOINIGNAM
ODQINIGNAM
QDQINIGNAM
QODQINIGNAM
QVRISTGSAL
QVOISTGSAL

IKELISELDE
IKELISELDE
IKELISELDT
IKELISELDT
IKELVSDLDK
IKELVSDLDK

RHFRDEELSC
RHFRDEELSC
RHFRDEELSC
RHFRDEELSC
PYFRDEELSC
PYFRDEELSC

NLPKFSIASN
NLPKFSIASN
YLPEKFSISTD
YLPKFSISTD
HLPKFSISTD
HLPKFSISTD

EAARRTGVIG
EARAATGVIG
EAAAATGFIF
EAAAATGFIF
EAAAATGVKF
EAAAATGVKF

FPDGTLGMD

AALALVSLGA
AALALVSLGA
BALALVSLGA
AALALVELGA
AALAVMSLGA
AARLALVSLGA

FIEKDLQILA
FIEKDLQILA
FIEKDLQILA
FIEKDLQILA
FIEKRQQILT
FIEKRQOILT

RTLMVLVNYI
RTLMVLVNY L
DTLMVLVNYI
DTLMVLVNYV
RTLMVLVNYI
RTLMVLVNYI

SVLELKYTGN
SVLELKYTGN
SVLELKYTGN
SVLELKY'TGN
TVVELKYTGN
TVVELKYTGHN

YRLEEDVLPE
YRLEEDVLPE
YNLK~-DILPE
YNLK-DILPE
YSLE-DVLSK
YSLE-DVLSK

PP,
GIR KAILPA-
GIR KAILPA-
GFR SRRLOTM
GFR SRRLOTM
VPM SAKLYPL
VEM SAKLYPL

IVFHEHQDNG
IVFHEHQDNG
ILLHKNQESG
ILLHKNQESG
AAVQEDHDNG
ARVQEDHDNG

KGKTMEEILE
KGKTMEEILE
KGNTLEEILE
KGNTLEEILE
KGNTLEEILE
KGNTLEELLE

EFHEKTRALY
EFHEKTRALY
EFHEKARALY
EFHEKARALY
EFQEKAKTLY
EFQEKAKTLY

YFRKCKWKISE
YFPKGKWKIS =
YFKGKWKISFE
YFKGKWKISF
YFKAKWKVPEF
YFKAKWKVPE

ASALLILPDQC
ASALLILPDO
ASALFILPDQ
ASALFILPDO
ASALFILPDQ
ASALFILPDO

MGIKEVFTEQ
MGIKEVETEQ
LGIKEIFSKQ
LGIKEIFSKQ
LGIREVESTQ
LGIREVESTQO

TQDDSLTLAS
TODDSLTLAS
TPRODSLTLAS
TPDDSLTLAS
TOLDSLTLAS
TQLDSLTLAS

GLKFNLTETP
GLKFNLTETP
GLKFNLTETS
GLKFNLTETS
GLKFNLTETS
GLKFNLTETS

QTEAFTADFQ
QTEAFTADFQ
QTEAFTADFQ
QTEAFTADFQ
QAEARFTADFQ
QAEAFTADEQ

DPQDTFESEF
DPQDTFESEF
DPODTFESEF
DPODTFESEF
DPLDTFKSEF
DPLDTEKSEFR

GRMOQVEASL
GRMQOQVEASL
GRMQQVEASL
CRMQOVEASL
GRMOOVEASL
GRMQOQVEASL

ADLSGITETK
ADLSGITETK
ADLSGITGTK
ADLSGITGTK
ADLSAITGTK
ADLSAITGTK

&0
VNTDFAFSLY
VNTDFAFSLY
INTDFAFSLY
INTDFAFSLY
INTDFAFSLY
INTDFPAFSLY

120
EADIHOGEGN
EADIHQGFGN
EADIHQGFGH
EADIHQGFGH
EADIHQGFGH
EADIHQGFGH

180
QPTEAKNLIN
QPTEAKNLIN
KPTEAKNLIN
KPTEAKNLIN
QPRQAKKLIN
QPROAKKLIN

240
YLDEKRSVKV
YLDEKRSVKV
YLDEKRSVKV
YLDEKRSVEV
YCGKRRPVIV
YCGKRREVIV

300
QPETLRKWRK
QPETLRKWRK
QPETLRKWWK
QPETLRKWWK
QPETLRKWKN
QPETLRKWKN

360
KLSVSQVVHK
KLSVSQVVHK
DLSVSQVVHK
DLSVSQVVHK
DLRVSQVVHK
DLRV3QVVHK

420

-VHFNRPFLF VIYHTSAQST
~VHFNRPFLF VIYRTSAQSI
TVQFNRPFLM VISHTGVQTT
TVQFNRPFLM VISHTGVQTT
TVYFNRPFL.I MIFDTETETA
TVYFNRPFLLI MIFDTETEIA

LEMAKVNNPK
LEMAKVNNPK
LEFMAKVTNPK
LEFMAKVTNPK
PFRIAKIANPK
PFIAKIANPK

Figure 4.3: Comparison of predicted amino acid sequences of EB22.4, MMCM2 and 3E4G isolated
by RT-PCR (R) to reported sequences in Genebank(G). Alignment was analysed using MultAlign
(http://prodes.toulouse.inra.frfmultalin/multalin). The arrow indicates the predicted cleavage site
and P,-P,' are shown in bold (black). Conserved variations are shown in biue and non-conserved in

red.




i 40
6C28 {genomic) MAGISPAVIG CPCVTLDRDT ~AVHEVQENI TSGDSFTLAS SNTDFAFSLY RKLVLKNPDE
6C28 {spleen) MAGISPAVEG IPDVTLERNT VAVHEVQENI TSGDSLTVAS SNTDFAFSLY RKLALKNPDE
Testis BESTl ... ... .. ....-, Ches seraataaes reamesecas teataasrie avesesaaan
Tastis EST2 @ .. ... iitnt it atrntns tasaacesss sassrassns sotvsansess tansnssnns
BTISPA2 i itiie t i i e et saeeraaaes saereaaeae reaeaaaven cre e aens

6C28 (genomic) NVVESPESIS AALALLSLGA KSNTLKEILE GLKFNLTETP EPDIHQGFRY LLDLLSQPGD
6C28 (spleen) NVVESPFS1S AALALLSLGA KGNTLKEILE GLKFNLTGAP EPDIHQGFRY LLDLLSQPGD
Testis EST1 M e taants s sasteer seeesrhees saemeatesas tesaseenes saesoann .o
Testis BSTZ  ....... S he mee s aatea seessaaear teasareaae teressasae seevesnana
ara3spi2 00 el et et tess dawrsmrasr s esatitas teseerarie etesarans .

6C28B (genomic) OVQISTGSAL FIEKHLQILA EFKEKARALY QAEAFTADFL QFROATKLIN DYVSNQTQGK
6C28 (spleen} QVQIRTGSAL FIEKHLQILA EFKEKARALY QAEAFTADFL QPROATKLIN DYVSNQTQGK
Testis ESTL ....... Gt s m e e as e aeaa sasaasaane e aseeerta mecasetese arewasaraea
Testis EST2 c et ar e ie A tateeanan e e s e e e aeeans et iaaare aes e aeanaw
ITIASPA2 i ahiamaaeas e et e b e i s eaeases

6C28 (genomic}) IKELISDLDK STLMVLVNYI YFKGKWKMPF DPHDTEFNSVF YLDEKRSVNV SMMKIEELTT
6C28 (spleen) IKELISDLDK STLMVLVNYI YFKGKWKMPEF DPHDTFNSVF YLDEKGSVNV SMMKIEELTT
Testis BSTL ... er aeisees B s sasaresars s sarerase trasereter et esaeea .
Testis EST2 f ettt siraeseraa eesansas bt re et abene thetesatera seaeearaiees
3T3aspiz @ ........ e e s D T et areeserans

€C28 {genomic¢) PYFRDDELSC TVVELKYTGN ASAMFILEDQ GRMOOVEASL QPETLRKWKN SLKPRRIDEL
€C28 (spleen) PYFRDDELSC TVVELKYTGN ASAMFILPDQ GRMQQVEASL QPETLRKWKN SLKPRRIDEL

Tastis ESTY  .......... C et e f orarietarret tamaaaraaas Araa s st b amaramas
Testis EST2 C o r et e s aer arer e aaea ema e P e e e erars haesasaene Ce e e s e
3T3spi2 000 ... W e e e N P h e e 4 eaarr Aeraresera veaeeraean

6C28 {genomic) HLPKFSISMD NSLEHILPEL GIRELFSTQA DLSAITGTKD LRVSQVVHKA VLDVAETGTE
6C28 (spleen) HLPKFSISTD NSLEHILPEL GIREVFSMQA DLSAITGTKD LRVSQVVHKA VLDVAETGTE

TeStis ESTL ouvvrerer ovencevenn cenennns QA DLSAITGTKD LRVSQUVHKA VLDVAETGTE
TEBEIS EST2Z  .vineiir ot ieeiiiae et eeaaaanas D LRVSQUVHKA VLDVAETGTE
K LY 1 - A PRI KA VLDVAETGTE

6C28 (genomic) AAAATGVKLI LC CEKIYSMT IYFNRPFLMI ISDINAHIAL FMAKVTNPK
6C28 (spleen) AARATGVKLI LL CRKIYSMT IYFNRPFLMI ISDTKAHIAL FMAKVTNPK
Testis EST1 AAAATGVKLI LL CRKIYSMT IYFNRPFLMI ISDTQAHIAL FMAKVTNPK
Testis EST2 AAARATGVKLI LL CRKIYSMT IYFNRPFLMI ISDTKAHIAL FMARVTNPK
3T3spi2 AAAATGVKLI LL CRKIYSMT IYFNRPFLMI ISDTKARIAL FMAKVTNPK

Figure 4.4: Comparison of the predicted amino acid sequence of 6C28 (spleen) to 6C28 (genome),
3T3-Spi2 and to two sequecnes identified in the mouse EST database which are expressed in testis.
Conserved amino acid variations are highlighted in blue and non-conserved variations are
highlighted in red.
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Table 4.1: Predicated amino acid substitutions in 6C28 (spleen) and comparison of these rasidues to those

present in mouse serpina3 and serpin superfamily.

Substitution Location Conserved NE

Leu(9)->Phe N-terminus

Cys(11)-lle N-terminus

Cys(13)—Asp N-terminus

Asp{17)-Glu N-terminus

Asp(19)->Asn N-terminus

Insertion at P20 N-terminus

Phe(35)—Leu Helix A Conserved: Leu residue conserved with serpin superfamily
Leu(37}->Val Helix A Conserved. Val residue present in avian MENT and human PAI-1
Val(§3) —Ala Helix A Conserved: Ala residue conserved with serpin superfamily
Ser(81) -Gly Helix C Conserved: Giu residue conserved with serpin superfamily
Glu(97)> Gly Beiween helix C and D Conserved: Gly residue present in human megsin and mouse antiplasmin
Thr(98)— Ala Between helix C and D Conserved: Ala residue present in rat RASP-1

Arg(145)->Gly Between s4C and £3C Conserved: Gly residue present in viral éerpins. Spi-3
Met(288)>Thr strand6A Congerved: Thr residue conserved with mouse serpina3 members
Leu(304) —» Val Between helix | and sbA | Conserved: Val residue present in mouse serpina3 members
Thr(307) —sMet Between helix | and s5A Not conserved with any serpins

Cys(372) »leu RSL -P, residue Conserved: Leu residue present in 373-Spi2

Giu(374) = Arg RSL- Py residue Conserved: Arg residue present in 3T3-spi2

lle(393) »Thr Between s4B and s5B Conserved: Thr residue present in 3T3-Spi2 and serpinZA

Asn(394)-Lys

Between s4B and s5B

Conserved: Lys residue present in 3T3-Spi2 and serpin2A
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superfamily (Table 4.1). However, the Thr(307)—>Met substitution is not shared
by any other members of the serpin superfamily. This substitution is located in
a non-conserved region between helix | and strand 5 of § sheet A and is
unlikely to influence serpin structure or function (Irving et al. 2000).

There are however, a number of functionally significant substitutions in the
predicted amino acid sequence of 6C28 (spleen). Of particular importance is
the Cys (372)—Lys at the predicted Py residue of the RCL, which would alter
the target protease profile of the serpin. A further substitution at the predicted
P2’ residue from Glu—Arg could also alter protease interactions. Figure 4.4
shows that the tfanscript isolated from spleen is identical to a partial transcript
obtained from a fibroblast cell line in our laboratory by Dr Sharon Forsyth
(unpublished results). 6C28 (spleen) similarly shows 100% amino acid identity
with EST's isolated from mouse testis. The predicted amino acid sequence of
6C28 (spleen) and 6C28 (genome) share 96% nucleotide sequence homology
and 95% overall amino acid identity. The highly homologous nature of the two
genes suggests they are likely to be strain/species variants.

The predicted amino acid sequences of the four recombinant serpina3 proteins

were used © calculate their molecular weight, extinction co-efficient and
pl (Table 4.2).

Table 4.2: Predicted properties of recombinant serpina3 proteins

His-EB22.4

His-MMCRM2

His-3E46

His-6C28

Molecular Weight
(Daltons)

45885

45837

46109

46329

Extinction co-efficient

(u.mt.mg*.cm™)

25700

23020

34400

24780

pi
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4.3.2. Small-scale induction of serpina3 proteins

The induction of the four serpina3 proteins at 37°C with IPTG resulted in varied
levels of expression. Analysis of protein expression was carried out by
centrifugation of the total bacterial lysate into the soluble supematant and
insoluble pellet and both fractions were Western blotted and probed with the
His-tag antibody. Figure 4.5 shows the Western blots of His-EB22.4 and
His-MMCM2 inductions. Immunoreactive bands to the His-antibody were
detected below the level of the 50kDa marker corresponding to the expected
size of His-EB22.4 and His-MMCM2. The bands were present in both insoluble
and soluble fractions, with significant quantities partitioning into the soluble
fraction (Figure 4.5(A)). In both soluble and insoluble lysates of His-MMCM2 a
high molecular weight band at approximately 90kDa was also immunoreactive
with the His-antibody. This band was not observed in His-EB22.4 fractions.
Figure 4.5(B) demonstrates that the proteins recognised by the His-antibody
(at approximately 50kDa and 90kDa) in His-MMCM2 fractions, are also
immunoreactive with the polyclonal serpin2A antibody. This was expected
based on the high amino acid identity shared by the mouse serpina3 family.
No cross-reactivity with bacterial proteins was observed with either antibody in
vector control samples.

Analysis of the soluble and insoluble fractions of His-3E46 induced at 37°C,
revealed the presence of a prominent band below the level of the 50kDa
marker (Figure 4.6(A)). Only small amounts of the recombinant protein
partitioned into the soluble fraction and appeared to be smalier in molecular
mass than His-EB22.4 and His-MMCM2. In the insoluble pellet fraction a
second entity migrating at a slightly higher molecular weight than the domirant
immunoreactive band is evident and is indicated by the upper arrow. These
data raise the possibility that His-3E46 may be cleaved in bacteria during
expression. Figure 4.6(B) shows the induction of His-6C28 at 37°C and
demonstrates the presence of an impunoreactive inducible band below the
50kDa marker. However, all of the recombinant protein partitioned into the
insoluble fraction, with no soluble protein detected.
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A) Insoluble fraction Soluble fraction

pET(3a)His
His-MMCM2
His-EB22.4
pET(3a)His
His-MMCM2
His-EB22.4

kDa
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His-MMCM2
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Figure 4.5: Trial induction of pET(3a)His constructs of His-MMCM2 and His-EB22.4.
Cultures were induced by the addition of 0.2mM IPTG. Protein was then fractionated into
either soluble or insoluble fractions and seperated on 12.5% SDS-PAGE electrophorasis.
The presence of recombinant proteins was detected by Western blotting with A) monoclonai
His-tag antibody and B) polyctonal antibody to serpin 2A. Arrows indicate the presence of
immunoreactive entities. pETHis(3a) lanes are lysates isoiated from vector control
inductions. Relative molecular mass is shown on the left.
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Figure 4.6: Trial inductions of recombinant His-3E46 and His-6C28. BL21 ceils were
induced for expression for either A) His-3E46 at 37°C or 30°C, or B) His-6C28 at 37°C or
room temperature, with 0.2mM IPTG. Protein was then fractionated into insoluble (IN) and
soluble (SOL) fractions, seperated on 12.5% SDS-PAGE and analysed by Western
blotting with a monoclonal His-antibody. Arrows indicate immunoreactive bands at the

expecied molecuiar weight for the recombinant proteins. Relative molecular mass is
shown onthe left.

L N L




ot - ., Lt = e o P O R B
rr— o ot hh h st LRl = et e i 2 e i T L B i PRI e TR B e e A S e, e T s A o ST R T
ST R e e S At e e G B ) S A T RO R R R i e b A i bl i S L RN I L e B e B

o R e T ] i

R e S T T i

Sy e

4.3.3. Optimisation of expression

in order to optimise the expression of solubie His-3E46 and His-6C28, protein
expression was induced at 30°C or room temperature and compared to
inductions at 37°C. Figure 4.6(A) shows that there was no change in the level
of soluble protein present by inducing His-3E468 expression at 30°C. In
contrast, the induction of His-6C28 at room temperature did increase the
production of soluble protein (Figure 4.6 (B)).

Previous studies with bacterially produced human o4-AT have shown that
addition of rifampicin to bacterial cultures, following induction with IPTG,
increased the level of soluble protein (Hopkins ef al. 1993). Rifampicin inhibits
E.coli RNA polymerases but not the T7 RNA polymerase, therefore, protein
synthesis in bacteria is diverted towards transcripts produced by the T7 RNA
polymerase. Figure 4.7 shows the effect of the addition of rifampicin to the
His-3E46 and His-6C28 cultures following induction with 0.2 mM IPTG at 37°C
and room temperature respectively. The addition of rifampicin to either
His-3E46 or His-6C28 cultures did not alter the solubility of either protein.

The bacterial cell line AD494 was used to investigate whether expression in an
alternative bacterial cell type could alter the size and solubility of His-3E46.
Figure 4.7(A) shows that there was no difference observed in solubility or
molecular weight of recombinant His-3E46 synthesised in AD494 cells in
comparison to that generated in. BL21(DE3)pLysS cells. Induction of
His-MMCM2 was also trialled in the presence of rifampicin and in AD494 cells
to see if the high molecular weight protein at approximately 90kDa could be
removed. Figure 4.7(A) shows no significant difference in the amount of 90kDa
protein present in the soluble fractions between the different expression trials.
The small decrease observed in BL21(DE3)pLysS and rifampicin lysates is
likely to be the result of a decrease in total protein expressicii. Expression of
His-6C28 was not trialied in AD494 as no difference in solubility was observed
with either His-3E46 or His-MMCM2 inductions in these cells. Figure 4.7(A)
clearly demonstrates the lower molecular mass of His-3E46 to recombinant
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Figure 4.7: Optimisation of expression for His-3E46, His-MMCM2 ard His-6C28.
(A) Expression of His-3E46 and His-MMCMZ2 in the BL21 cells in the presence or absence
of rifampicin (1 mg/ml) and in comparison to induction in AD494 cells. (B) Expression of
His-6C28 in the BL21 cells in the presence or absence of rifampicin{1 mg/ml). Bacterial
lysates were fractionated into scluble and insoluble fractions and proteins separated on
i 12.5% SDS-PAGE followed by Western blotting. Recombinant proteins were detected by
the moncclonal His-antibody and anti-mouse-HRP. Arrows indicate immunoreactive
bandsofinterest.
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His-MMCM2, suggesting the protein may have been cleaved during
expression,

Results of the trial inductions demonstrated that ail four serpina3 proteins
could be generated as soluble proteins in BL21(DE3)pLysS. Induction at 37°C
for 2 hr produced abundant soluble His-EB22.4 and His-MMCM2 and induction
at room temperature for 4 hr was required to generate soluble His-6C28.
Whiist trial inductions appeared to show no difference between the amount of
soluble His-3E46 generated, large scale inductions at 37°C produced variable
amounts of soluble protein between preparations. Therefore, His-3E46
inductions were cartied out at 30°C.

4.3.4. Large scale expression and purification of serpina3 proteins

4.3.4.a. Purification of His-EB22.4

The soluble lysate of His-EB22.4 was bound to a 1 mi Ni-agarose affinity
column and eluted with 125 mM imidazole (Figure 4.8(A)). Peak fractions were
analysed on 12.5% SDS-PAGE, as shown in Figure 4.8(B). The Coomassie
stained gel shows the elution of a dominant band near the 52kDa marker,
which Western blotting with His-antibody confirmed to be the recombinant
protein His-EB22.4. This procedure routinely generated approximately 10 mg
of protein, with a small amount of contaminating entities observed on
Coomassie stained SDS-PAGE.

Following dialysis into the anion exchange equilibration buffer A, recombinant
His-EB22.4 was bound to the Mono-Q column and eluted using a linear 0-0.5M
NaCl gradient. A typical elution profile is shown in Figure 4.9(A) and
demonstrates the elution of a single dominant peak at a conductivity of
23.5 mS/cm. Figure 4.9(B) shows the analysis of fractions on Coomassie
stained 12.5% SDS-PAGE and demonstrates that His-EB22.4 bound strongly
to the Mono-Q and confirms that the dominant peak fraction contained
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Figure 4.8: A) Elution profile of recombinant His-EB22.4 from Ni-agarose. Peak fractions
were analysed on 12.6% SDS-PAGE by B) Coomassie staining and C) Western blotting
with the His-antibody. The recombinant His-EB22.4 is indicated by the arrow. The soluble
starting material (SOL) and flowthrough (FT) are also shown. Relative molecular massis
indicated on the left.
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recombinant His-EB22.4. Furthermore, no Coomassie-stainable contaminating
bands were detected in the peak fraction, indicziing that His-EB22.4 was
purified to homogeneity. The total amount of protein present after this final
purification stage was between 1-2 mg.

4.3.4.b. Purification of His-MMCM2

The purification of His-MMCM2 from the Ni-agarose column is shown in
Figure 4.10(A). The elution profile shows a distinct peak, which correlates with
ihe presence of recombinant protein as observed on Coomassie stained
12.5% SDS-PAGE (Figure 4.10(B)). Whilst the recombinant protein migrates at
the predicted molecular weight of approximately 46kDa, a second dominant
band at approximately 90kDa is also observed. The corresponding Western
blot shows that the His-antibody reacts with both the 46 kDa and ~90kDa
proteins (Figure 4.10 (C)). This suggests that during protein expression either
a complex betwezn His-MMCM2 and a bacterial protein, or a dimer of
recombinant His-MMCM2 was generated. Ni-agarose purification yielded
between 10-20 mg of protein, of which the monomeric recombinant
His-MMCM2 appeared to be ~50% of the total protein present. The peak
fractions were pooled and dialysed into Buffer A for anion-exchange
chromatography.

His-MMCM2 displayed strong binding to the Mono-Q matrix and a single
dominant peak was eluted at a conductivity of 22.8 mS/cm (Figure 4.11(A)).
Peak fractions were shown to confain the recombinant His-MMCMz by
Coomassie stained 12.5% SDS-PAGE (Figure 4.11(B)). The peak fractions
also contained the immunoreactive high molecular weight protein at 90kDa.
The total amount of protein present after purification by anion-exchange

chromatography was approximately 2-4 mg.
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Figure 4.10: A) Elution profile of recombinant His-MMCM2 from Ni-agarose. Peak fractions
were analysed on 12.5% SDS-PAGE by B) Coomassie staining and C) Western blotting with
monoclonal His-antibedy. The recombinant His-MMCM2 is indicated by the arrow. Soluble
starting material (SOL) and the flowthrough (FT) are also shown. Relative molecular mass is
indicated on the left.
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4.3.4.c. Gelfiltration of His-MMCM2

The co-purification of a higher molecular weight protein with recombinant
His-MMCM2 prompted an attempt to separate the two proteins by gel filtration.
Figure 4.12(A&B) shows the separation profile on Superose 12 of the
molecular weight standards and His-MMCM2. Analysis of the eluted fractions
by 12.5% SDS-PAGE highlighted that gel filtration of His-MMCM2 on Superose
12 was unable to separate the 46kDa and 90kDa proteins (Figure 4.12(C)).

4.3.4.d. Purification of His-3E46

The purification of His-3E46 from the soluble bacterial lysate on Ni-agarose
column is shown in Figure 4.13(A). The corresponding Coomassie stained gel
indicated the dominant eluted protein to be recombinant His-3E46
(Figure 4.13(B)) and this was confirmed by Western blots probed with
His-antibody (Figure 4.13(C)). Ni-agarose affinity purification of His-3E46
yielded between 5 mg of protein with only minor amounts of contaminating
protein observed on Coomassie stained gels. The peak fractions were pooled
and dialysed into Buffer A for anion-exchange chromatography.

Recombinant His-3E46 aiso eluted from the Mono-Q column as a single peak
at conductivity of 25.8 mS/cm, as demonstrated by the elution profile recorded
over the 0-0.5M NaCl gradient (Figure 4.14(A)). Coomassie stained 12.5%
SDS-PAGE of the peak and adjacent fractions confirmed the presence of
recombinant His-3E46 (Figure 4.14(B)). The gel also shows fraction 11 is free
of any other Coomassie-stainable contaminating bands, indicating that
His-3E46 has been purified to homogeneity. The total yield of protein after final
purification by anion-exchange chromatography was approximately 500 pg-
1 mg.
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4.3.4.¢. Purification of His-6C28

Figure 4.15(A) shows the purification of recombinant His-6C28 from the
bacterial lysate by chromatography on Ni-agarose. The 12.5% Coomassie-
stained SDS-PAGE gel demonstrates the presence of recombinant His-6C28
at approximately 46 kDa, but with a number of contaminating proteins (Figure
4.15(B)). The band observed at 46kDa corresponds with the immunoreactive
band at this molecular weight observed on a Western blot (Figure 4.15(C)). In
addition to recognising the recombinant His-6C28 at 4€kDa, the His-antibody
aiso reacted with a number of low molecular weight proteins suggesting serpin
cleavage during expression. A prominent 80 kDa contaminant was not
recognised by the His antibody and is therefore likely to be a bacterial protein.

Figure 4.16(A) shows the elution profile of recombinant His-6C28 from Mono-Q
with a linear 0-0.5M NaCl gradient. The profile consists of muitiple peaks, with
the largest observed at a conductivity of 30 mS/cm, a broad elution peak
between a conductivity of 38-42 mS/cm and two minor peaks at 7 and
10 mS/em. A corresponding Coomassie stained 12.5% SDS-PAGE indicates
that recombinant His-6C28 is eluted in the two minor peaks at a conductivity of
7 and 10 mS/cm corresponding to fractions 5 and 7 (Figure 4.16(B)). Western
blotting also demonstrated the presence of His-6C28 in the flowthrough
(Figure 4.16(C)). In addition, a small amount of recombinant proiein was also
detected in later elution fractions (Figure 4.16(C)). The presence of His-6C28
in the flowthrough together with its elution with a low NaCl concentration
indicates weak binding to the Mono-Q matrix. The amount of purified material
resuiting from the bacterial expression and the two-stage purification was
50-100 ug/ml from a 1 litre culture and was pure as assessed by Coomassie
stained gels. This provided enough material to commence biophysical and
biochemical studies.
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4.3.5. Mass Spectroscopy of His-MMCM2 90 kDa complex

The 90kDa complex which co-purified with His-MMCM2 was separated on
12.5% SDS-PAGE and the band excised and prepared for mass spectroscopy.
Mass spectroscopy demonstrated that the only protein present in the complex
was His-MMCM2.

4.3.6. Comparison of purified serpina3 proteins

Figure 4.17 shows the appearance of the serpina3 proteins after their final
purification step. The four proteins migrate differently despite having similar
predicted molecular weights. His-3E46 is clearly smaller than the other
proteins raising the possibility that it is cleaved in bacteria. In addition,
His-MMCM2 is slightly higher in molecular weight than His-EB22.4 and
His-6C28.

4.4. DISCUSSION

The full length ¢cDNA of the four serpina3 genes, MMCM2, EB22.4, 3E46 and
6C28 were successfully isolated from mouse tissue using RT-PCR. Two of the
transcripts, MMCM2 and EB22.4, were isolated using Vent polymerase
however, 3E46 and 6C28 were isolated using Taq polymerase. DNA
sequencing of the ¢DNA confirmed the nuclcotide sequences for MMCM2
based on both published and GenBank sequences. Nucleotide substitutions in
3E46 and EB22.4 resulted in amino acid changes. The variations for £B22.4
were confirmed in two different EB22.4 transcripts and in both cases Vent
polymerase was used. Therefore, it is unlikely that the changes were due to
PCR emrors and is moere likely aftributed to inter species variation or
polymorphism. The amino acid substitutions for both EB22.4 and 3E46 are to
conserved amino acids and are therefore unlikely to alter the serpin structure
or function.
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The fulldength 6C28 transcript amplified from spleen cDNA is signiﬁcantly
different from the predicted sequence in the mouse genome database. All the
amino acid substitutions (except Thr (307)—>Met) are to conserved resiaues
present in either members of the mouse serpina3 family or in the serpin
superfamily. The 6C28 (spleen) predicted amino acid sequence is 100%
homologous to a partial cDNA transcript from the NIB-3T3 cell line previously
isolated in our laboratory by Dr Sharon Forsyth (unpublished results) and to
two cDNA franscripts from mouse testis ideniiiied in EST databases. These
sequences include the RCL region and support the existence of a
6C28 (spleen) gene in the mouse genome. This leads us to question the
relationship between 6C28 (spleen) and 6C28 (genome). The sequences of
these cDNA are highly homologous and share approximately 95% amino acid
identity and 96% nucleotide sequence homology. The large number of amino
acid differences between the two make it unlikely that 6C28 (spleen) is a
polymorphism of 6C28 (genome). Database searches of the mouse genome
using the RCL loop sequence of 6C28 (spleen) failed to identify a separaie
gene from 6C28 (genome). In addition, no mouse EST's were identified for
6C28 (genome) although the gene has been reported by Inglis ef al (1991) and
is present in the mouse genome database (Inglis and Hill 1991). A possible
explanation is that 6C28 (spleen) is a variant of 6C28 (genome) resulting from
strain divergence. A number of strain variations have been reported for the
mouse o-AT muitigene locus (reviewed in Chapter 1) (Goodwin et al. 1997;
Barbour ef al. 2002).

There are two significant amino acid alterations in 6C28 (spleen) which affects
the functionally important RCL. Of particular importance is the variation at the
predicted Py of Cys—Leu which may alter target protease specificity. The
Cys-Cys pairing at P;-P4’ in 6C28 (genome) is unusual and its possible target
‘protease specificity is still uncertain. Recenily, Liu et a/ reported inhibitory
activity towards cysteine proteases by serpin2A which alse possess the
Cys-Cys pairing at P4-P4' (Liu et al. 2003). The alteration of the P4-P4’ pairing
to Leu-Cys would make the serpin more like human a4-ACT which also
possesses a Leu at Py and has target protease specificity towards
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chymotrypsin-like proteases such as cathepsin G. A further variation ét P2,
Glu—Arg, rnay also alter interactions with target proteases, although the exact
effects of the C-terminal region of the RCL are yet to be fully elucidated and
may depend on the target protease.

The two recombinant proteins, His-MMCM2 and His-EB22.4, were produced in
significant quantities as soluble proteins in bacteria. The two-step purification
resulted in His-EB22.4 purified to homogeneity, with Coomassie stained gels
of peak frictions eluted from Mono Q consisting of a single band at
approximately 46kDa. The amount of protein purified from this expression
system routinely yielded between 1-2 mg of pure protein per litre of culture.

The purification of His-MMCM2 was complicated by the presence of a higher
molecular weight moiety of approximately 90kDa which was immunoreactive
with both the anti-His antibody and the polyclonal antibody to sermpin2A (which
recognises all mouse a3 serpins). The 90 kDa complex co-purified with the
46 kDa recombinant His-MMCMZ2 on all chromatography media tested,
including gel filtration using Superose 12. A gel filtration column which can
better separate proteins between 40kDa and 100kDa is required to fully test
whether the monomeric His-MMCM2 can be separated from the co-purifying
complex. Mass spectroscopy of the immunoreactive 90kDa entity indicated
that it consisted only of the recombinant protein His-MMCM2, leading to the
conclusion that it was a serpin dimer. The nature of this dimer is obscure as it
was not dissociable on SDS-PAGE excluding the possibilities of disulfide-
linkage or non-covalent loop-sheet interactions. This phenomenon appeared
specific for His-MMCM2 as no such complex formation was observed with any
of the other recombinant proteins. The 90kDa moiety was also present when
His-MMCM2 was expressed in AD494 cells, showing that the phenomenon
was not bacterial strain specific. Transglutamination is a possible mechanism
by which a covalent dimer could form. The transgiutaminase catalyses the
formation of an isopeptide bond between a glutamine and lysine residue in the
_presence of Ca®" (Chen and Mehta 1999). However, at this stage this
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mechanism is speculative. Further analysis of the 90kDa moiety is required
and this can only be accomplished on its separation from the monomer.

The recombinant His-MMCM2 was purified to contain only the two proteins at
46kDa and 90kDA. The amount of the 90kDa entity varied between
preparations, and appeared to be related to the gquantity of recombinant protein
expressed in bacteria. Longer induction times increased the reiative amount of
dimer to monomer therefore, induction times were limited to 2 hr. The protein
yields obtained from the two-stage purification were approximately 1-2mg of
recombinant His-MMCM2 per litre of culture. In comparison to His-6C28 and
His-EB22.4, monomeric His-MMCM2 appeared slightly higher in molecular
weight, aithough, no post transiational modifications were expected for
His-MMCM2. At this stage, the differences in molecular weight remain
unexplained. Purified samples of His-MMCM2 with the least amount of high
molecular weight contaminant were used for biochemical and biophysical
analyses.

The third predicted extracellular serpina3 member, 3E46, was also purified by
the two-stage purification process. Coomassie stained SDS-PAGE revealed
that the peak fractions eluted from Mono-Q consisted of a single band of
approximately 45kDa. The His-3E46 appearad to be slightly smaller than the
other recombinant proteins, however, based on the varied migration of all four
proteins on SDS-PAGE, it was difficult to ascertain whether this was due to
cleavage in bacteria. The biophysical characteristics of recombinant His-3E46
are investigated in Chapter 5.

Abundant quantities of recombinant protein were produced for His-EB22.4,
His-MMCM2 and His-3E46, although this was not the case for His-6C28.
Whilst expression at room temperature did yield some soluble protein, the
majority of the protein (between 95-98%) appeared in the insoluble pellet.
His-6C28 differs from the other three serpina3 members under investigation as
it is predicted to be an intracellular serpin (absence of a predicted N-terminal
secretion peptide) and has an oxidisable residue at P,. Other intracellular
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serpins expressed in bacteria, namely serpin2A and PI-8, have also been
found to be insoluble (Sun et al. 1995 (b); Morris et al. 2003).

The low levels of soluble His-6C28 in bacterial lysate may have promoted the
binding of non-specific proteins to Ni-agarose resulting in significant amounts
of contaminants. The pl of 6C28 is not significantly different from the other
three recombinants (Table 4.2). Therefore, the unusual binding to and elution
from the Mono-Q column, with some protein eluting at the start of the gradient
and some at the end of the gradient, suggests that conformational differences
may exist. The biophysical characteristics of recombinant His-6C28 are
explored in subsequent chapters.

4.5, CONCLUSION

The bacterial expression system which utilises the pETHis(3a) expression
vector and BL21(DE3)pLysS host cells was successful in producing the four
serpina3 proteins. The quantity and purity of the recombinant proteins was
sufficient for biochemical and biophysical characterisation.

100




CHAPTER 5

BIOPHYSICAL CHARACTERISATION OF RECOMBINANT
SERPINA3 PROTEINS

51. INTRODUCTION

One of the distinguishing features of the serpin superfamily is a dramatic
conformational change which results in inhibition of the target protease
(Huntington et al. 2000). Cleavage of the RCL by a protease results in a
substantial structural rearrangement of the serpin molecule in order to open
the A-B-sheet for insertion of the proximal loop (Stein and Chothia 1991). Loop
insertion is accompanied by a gain in thermal stability, thus the cleaved serpin
possesses increased stability over the native conformation (Carrell and Owen
1985). This change in molecular stability is termed the stressed to relaxed
(S-R) transition. Conformational change, in addition to being essential for
protease inhibition, is also used by some non-inhibitory serpins to regulate
activity. For example, the hormane binding semin CBG requires cleavage of
the RCL and conformational change to release cortisol at sites of inflammation
(Pemberton et al. 1988). The metastable nature of the serpin molecule also
renders it susceptible to adopting conformations which can abolish inhibitory
activity. Inhibitory serpins are able to undergo polymerisation or form the latent
state, both of which are relaxed conformations, and make the se. Jin extremely
stable.

The aim of this chapter is to define the biophysical properties of the serpina3
recombinant proteins and, in particular, establish whether they undergo the
conformational change necessary for protease inhibition. To investigate
changes in stability the four proteins were assessed by chemical and thermal
denaturation studies, namely transverse urea gradient gel (TUG)
electrophoresis and circular dichroism (CD), respectively. When serpins are in
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their native/stressed conformation a characteristic unfolding transition is
observed by both methods. However, when the serpin is in the relaxed state,
either due to loop insertion, polymerisation or latency, molecular stability is
increased and therefore resists unfolding by both themal and chemical
denaturation. This chapter describes the biophysical characterisation of the
four serpina3 recombinanis, His-EB22.4, His-MMCM2, His-3E46 and
His-6C28.

5.2. METHODS

§.2.1. Reactive centre loop cleavage studies

Chymotrypsin and trypsin were prepared as described in Chapter 2. 2 pg of
His-EB22.4 and His-MMCM2 were incubated at various serpin:protease ratios
(wiw) (from 1:1 to 1:200), in a 20 pl reaction in 20 mM Tris pH 7.4, 2.5 mM
CaCi, at 37°C for 2 hr. The reactions were terminated by the addition of an
equal volume of 2 x reducing SDS-PAGE loading buffer and denatured at 85°C
for 5 min. The cleavage reactions were analysed by 12.5% SDS-PAGE and
protein detected by Coomassie staining.

5.2.2. TUG electrophoresis of native recombinant serpina3 proteins

TUG gels were prepared as described in Chapter 2. To determine the

conformational stability of native serpina3 recombinant proteins, 75 nug of
recombinant His-EB22.4, His-MMCM2 and His-3E46 and 10 ng of His-6C28
were electrophoresed on TUG gels. TUG gels of His-EB22 .4, His-MMCM2 and
His-3E46 were Coomassie stained, while His-6C28 was detected by
electroblotting to a PVDF membrane and probed with monoclonal
His-antibody.
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5.2.3. TUG electrophoresis of cleaved recombinant serpina3 proteins

Cleavage of the reactive site loop was achieved by incubating 75 pg of
His-EB22.4 and His-MMCM2 with trypsin at 1:20 and 1:5 protease:serpin
(wiw), respectively, at 37°C for 2 hr. Control reactions in which native
His-EB22.4 and His-MMCMZ were incubated in the absence of protease were
set up in parallel. The reactions were stopped by the addition of PMSF fo a
final concentration of 20 pg/mbL and samples placed on ice. Reaction products
were electrophoresed on 7.5% TUG gels and proteins visualised by
Coomassie staining.

5.2.4. Circular dichroism (CD) analysis of thermal stability

CD analysis was performed on a Jasco 820s spectropolarimeter (Jasco:
Easton, USA). Changes in protein secondary structure were monitored by
measuring the change in ellipticity at 222nm using a 0.05c¢cm path-length
cuvette. Native and cleaved serpina3 protein concentration was 0.2 mg/ml in
PBS, pH 7.4. Thermal unfolding experiments were performed by heating at a
rate of 1°C/min from 25-90°C. To generate RCL cleaved serpin, 1 mg of
His-EB22.4 and His-MMCM2 were incubated with trypsin at 20:1 and 5:1 (w:w)
respectively, at 37°C for 2 hr. The reactions were stopped by the addition of
PMSF to a final concentration of 20 pg/mL and samples placed on ice.
Cleaved proteins were purified on a Mono-Q (as described in Chapter 4 for
native proteins), to remove traces of protease.

To determine the melting temperature (Tr), the CD data was modified to the
first derivative and represented as mdeg as a function of temperature. The T,
was determined as the minimum point of the curve. The reported melting
temperature of His-MMCM2 and His-EB22 4 represents the average of three
scans. The limiting amount of protein generated from the expression of
recombinant His-3E46 and His-6C28 only allowed for a single scan.
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5.2.5. Polymerisation Studies

To determine if His-MMCM2 and His-EB22.4 formed polymers, 2 pg of each
recombinant protein was incubated at temperatures between 37°C and 95°C
for 10 min. Samples were placed immediately on ice and 5 x native sample
buffer added. The reactions were analysed on 7% non-denaturing
polyacrylamide gels and protein detected by Coomassie staining.

5.2.6. In Vitro Transcription/Translation

¥S.Jabelled His-3E46 and His-6C28 were synthesised by in vitro
transcription/translation for 90 min at 30°C from the pETHis(3a)-3E46 and
pETHis(3a)-6C28 constructs, using the TNT T7 Coupled Reticulocyte Lysate
System, as described in Chapter 2. Loop cleavage of the serpins was
accomplished by incubating 45 pl of in vitro tfranscribed/translated protein with
1.8 ug of trypsin (His-6C28) or 1.8 ug of chymotrypsin (His-3E46). Reactions
were made up o 200 pl in 20 mM Tris pH 7.4, 10 mM CaCl; and incubated at
37°C for 15 min. Equal amounts of in vitro transcribed/translated serpins (5 pl
of native and 22 pl of cleaved), were analysed by 12.5% SDS-PAGE and the
remainder loaded onto 7.5% TUG gels. Proteins were detected by
autoradiography.

5.3. RESULTS

5.3.1. Conformational analysis of native recombinant serpina3 proteins

The initial task undertaken was an analysis of the conformational state of the
four native recombinant serpina3 proteins. The four proteins were
electrophoresed on TUG gels which are composed of a 0M-8M gradient of the
chemical denaturant urea. As the concentration of urea increases across the
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gel, the protein begins to unfold and its passage through the gel becomes
retarded. Consequently an unfolding curve can be observed.

Figure 5.1(A) shows the appearance of His-EB22.4 on a TUG gel. The
observed unfolding pattern is similar to the that seen with the prototypical
serpin o4-AT (Lomas ef al. 1995 (a); Elliott ef al. 1998 (b)). At low
concentrations of urea the serpin is able to traverse through the gel with
minimal impediment, however, between 1-2 M urea, His-EB22.4 begins to
unfold. As the concentration of urea continues io increase the ability of
His-EB22.4 to migrate through the gel becomes completely retarded. A similar
unfolding transition was observed with His-MMCM2 on TUG gels, with the
protein beginning to unfoid between 1-2 M urea, and completely retarded by
8 M urea (Figure 5.1(B)). These data suggest that His-EB22.4 and
His-MMCM2 are in a native conformation.

Figure 5.1 (C) shows the appearance of recombinant His-3E46 on TUG gels.
Unlike His-EB22.4 and His-MMCM2, His-3E46 is resistant o unfolding, even at
8M urea, suggesting that the protein is extremely stable. This appearance is
similar to that observed with cleaved or latent serpins. As already suggested in
Chapter 4, His-3E46 has a lower molecular weight on reducing SDS-PAGE to
the other three serpina3 recombinants suggesting its cleavage in bacteria. The
presence of minor additional bands, that are resistant to high concentrations of
urea, may represent a small amount of polymerised protein as is similarly
observed with polymerised human o4-AT (Elliott ef al. 1998 (b)).

The migration of recombinant His-6C28 on TUG gels is atypical of native
serpins. Figure 5.1(D) displays a late unfolding transition at 5-6 M urea. This is
in marked contrast to that seen with His-MMCM2 and His-EB22.4 which
display an unfolding transition characteristic ¢f native serpins. The unusual
appearance of His-6C28 on TUG gels raises the possibility that the protein
may be misfolded in bacteria.
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His-EB22.4
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om Urea gradient &M
B)
His-MMCM2
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C) His-3E46
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Figure 5.1: Transverse urea gradient gel electrophoresis of native recombinant serpina3 proteins
A) His-EB22.4, B) His-MMCM2, C) His-3E46 and D) His-6C28. Recombinant His-MMCM2, His-
EB22.4 and His-3E46 were detected by Coomassie staining. The TUG gel of His-6C28 was
Westem blotted and detected with monoctonal antibody to the 6xHis-tag. The concentration of urea
increases from left to right as shown.




5.3.2. Cleavage studies of His-MMCM2 and His-EB22.4

Cleavage studies were undertaken to define the conditions under which
proteases could specifically cleave the RCL of His-MMCMZ2 and His-EB22.4.
Incubations with trypsin and chymotrypsin were set up using protease:serpin
ratios of 1:1 to 1:200 (w/w) and incubated at 37°C for 2 hr. The reactions were
then analysed by SDS-PAGE to determine the conditions which resulted in
loop-cleavage, as demonstrated by a reduction in serpin molecular mass of
approximately 5kDa.

Figure 5.2 shows the effect of incubating His-EB22.4 with either trypsin or
chymotrypsin at the indicated ratios. incubation with trypsin revealed that
His-EB22.4 is cleaved by the protease, with a number of low molecular weight
species present at a 1:1 ratio, suggesting a number of cleavage points in the
serpin molecule (Figure 5.2(A)). As the trypsin:His-EB22.4 ratio increased to
1:100, the lower molecular weight bands were no longer evident and the
majority of the protein appeared as a single band at a molecular weight 5kDa
lower than uncleaved His-EB22.4. A small amount of protein is also present
corresponding to native His-EB22.4. By the protease:serpin ratio of 1:200
there is more native serpin than cleaved.

Figure 5.2(B) shows that His-EB22.4 is both cleaved by and able to form
complex with chymotrypsin. At the protease:serpin ratio of 1:1, a small amount
of low molecular weight species are present, consistent with loop-cleavage. in
addition, high molecular weight entities are also observed, suggestive of
complex formation. As the ratio between the protease and serpin increases
more native serpin is seen, accompanied by a decrease in intensity of the
His-EB22.4/chymotrypsin complex at approximately 70kDa.

As described in Chapter 4, the purified fractions of recombinant His-MMCM2
often contained a contaminating 90kDa immunoreactive protein. For cleavage
studies, fractions of His-MMCM2 with minimal 90kDa contaminating complex
were chosen in order to simplify interpretations. Figure 5.3(A) shows that the
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Figure 8§.2: Protease cleavage studies of rec-mbinant His-EB22.4. His-EB22.4 was
incubated with (A) trypsin or (B) chymotrypsin atir:dicated protease:serpin ratios (w:w) for
2 hr at 37°C. Serpin cleavage was analysed on Coomassie stained 12.5% SDS-PAGE.

The relative molecular mass is shown on the lef.
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Figure 5.3: Protease cleavage studies of recombinant His-MMCM2. His-MMCM2 was
incubated with A) trypsin or B) chymotrypsin at indicated protease:serpin ratios (w:w) for
2hr at 37°C. Reactions were analysed on Coomassie stained 12.5% SDS-PAGE, The
relative molecular mass is shown onthe left.
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incubation of His-MMCM2 with trypsin produced cleaved sermpin at
protease:serpin ratios of 1:1 and 1:5. At a 1:1 ratio two dominant entities below
the native His-MMCM2 are present at approximately 42 and 45kDa. This
suggests the presence of two different cleavage points within the serpin
molecule. A further cleavage product is present at 27kDa. Incubation at a 1:5
ratio resulted in the majority of the protein cleaved to a single species at
around 42kDa. In addition, the presence of high molecular weight entities at
approximately 70kDa was consistent with complex formation. Figure 5.3(B)
shows the results of incubating His-MMCM2 with chymotrypsin. His-MMCM2
was digested by the protease at lower ratios of protease:serpin with a number
of low molecular weight fragments detected. incubation of His-MMCM2 with
lower concentrations of chymotrypsin decreased the degradation of the serpin,
but no serpin-protease complex was observed.

The data presented above demonstrates that, under specified conditions,
trypsin was able to digest His-EB22.4 and His-MMCM2 in a manner suggestive
of specific RCL cleavage. Therefore, TUG electrophoresis and CD analysis
were performed on the cleaved species. Figure 5.4(A) shows trypsin cleaved
His-EB22.4 on a TUG gel. Unlike the unfolding curve observed with the native
protein, the cleaved form runs as a straight band across the urea gradient.
This suggests that trypsin cleavage of His-EB22.4 resulted in a stable serpin,
resistant to unfolding at high concentrations of urea and is indicative of RCL
cleavage and loop insertion into the A-B-sheet.

The effect of treatment of His-MMCM2 with trypsin, as observed by TUG
electrophoresis, is shown in Figure 5.4(B). This shows a highly stable serpin,
with no observed unfolding, at high concentrations of urea, indicative of loop
insertion into A-B-sheet. The presence of minor species, which are also
retarded within the gradient, is consistent with the small amount of
serpin/protease complex seen in Figure 5.3(A).
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Figure 5.4: TUG electrophoresis of cleaved His-EB22.4 and His-MMCM2. The cleaved
recombinant A) His-EB22.4 and B) His-MMCM2 were generated by incubation with trypsin at
protease:serpin ratio (w/iw) of 1:20 and 1:5 respectively, for 2hrat 37°C. Proteins on TUG gels

were detected by Coomassie staining. The concentration of urea increases from left to right
asshown.
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Preliminary cleavage studies of recombinant His-6C28 demonstrated extensive
degradation of the protein. Therefore, subsequent investigations of His-3E46
and His-6C28 were carried out using in vitro transcribed/iranslated protein.

5.3.3. Circular dichroism analysis of recombinant serpina3 proteins

To confirm the observations from TUG electrophoresis, the four native
recombinant serpina3 proteins and the trypsin cleaved His-MMCM2 and
His-EB22.4 were analysed by circular dichroism. The structural stability of the
proteins was determined by measuring changes in ellipticity at 222nm whilst
increasing temperature from 25-90°C at 1°C/min. The wavelength 222nM was

chosen as this reflects the o-helical content of the protein.

Figure 5.5(A) shows the appearance of native His-EB22.4 and trypsin cieaved
His-EB22.4 prior to CD analysis. Whilst most of the protein is cleaved there is
minimal residual uncieaved/native materiai present. Figure 5.5(B) shows the
CD data obtained for native and cleaved forms of His-EB22.4. In its native
conformation, His-EB22.4 undergoes a sigmoidal transition with a loss in
secondary structure. This is similar to that observed for other native semins,
such as human PAI-1 (Lawience el al. 1994 (b)). In the cleaved state this
transition was absent. This was consistent with the TUG analysis, and
indicates that RCL cleavage of the His-EB224 results in a stable
conformation.

Figure 5.6(A) is a 12.5% SDS-PAGE illustrating the appearance of native and
trypsin cleaved His-MMCM2 prior to CD analysis. Incubation with trypsin
resuited in the majority of the serpin being cleaved although some residual
uncleaved/native material is present (Figure 5.6(B)). The native His-MMCM2
underwent a sigmoidal transition, with a loss in secondary structure observed
at 55°C. The CD signal increases between approximately 60°C and 65°C
indicating an increase in secondary structure. Whilst this unfolding pattern is
different from that observed with His-EB22.4, the apparent increase in
secondary structure suggests the formation of polymers at higher
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Figure 5.5: Thermal stability of native and trypsin cleaved recombinant His-EB22 4.
A} 12.5% SDS-PAGE of native and cleaved His-EB22.4 prior to CD analysis.
B) Thermal stability of native (black) and trypsin cleaved (red) His-EB22.4, measured as
changesin ellipticity at 2220M.
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Figure 5.6: Thermal stability of native and trypsin cleaved recombiant His-MMCM2.
A) 12.5% SDS-PAGE of native and cleaved His-MMCM2 prior to CD analysis. B) Thermal
stability of native (black) and trypsin cleaved (red) His-MMCM2, measured as changes in
ellipticity at 222nM.




temperatures. This type of transition is also observed on thermal denaturation
of human as-AT and antithrombin (Dafforn ef al. 1999; Zhou et al 2003).
Cleaved His-MMCM2 does not demonstrate an unfolding transition suggesting
that it has been stabilised by RCL insertion. The thermal denaturation of
recombinant His-MMCM2 confirms the results obtained by TUG analysis.

Figure 5.7 shows the thermal unfolding of native recombinant His-3E46 and
His-6C28 as detected by changes in ellipticity by CD. No change in secondary
structure was observed by thermal denaturation of His-3E46 (Figure 5.7(A)).
This is consistent with bacterial recombinant His-3E46 being produced as
either a RCL cleaved or latent conformation and supports the TUG analysis.

The native His-6C28 underwent a loss in secondary structure, as shown by a
decrease in ellipticity between 70°C and 80°C. This agreed with the analysis
by TUG electrophoresis of His-6C28 and indicates that the native serpin is
unusually stable at high temperatures and requires up to 70°C to comimence
unfolding (Figure 5.7 (B)).

Thermal denaturation studies of native His-EB22.4, His-MMCM2 and His-6C28
allowed for the calcutation of the melting temperature for each protein and the

values obtained are presented in Table 5.1. The melting temperatures of
His-EB22.4 and His-MMCM2, of 61.5°C and 60.2°C respectively, are
comparable to human o4-ACT (67.7°C) and a4-AT (61.4°C) (Dafforn ef al.
1999; Gooptu et al. 2000). In comparison, the melting temperature of His-6C28
is significantly higher than both His-EB22.4 and His-MMCM2 and other native
serpins.




His-3E46

Ellipticity(mDeg)

' I ' i} 1 '

-
30 40 50 60 70 80 90
Temperature (°C)

His-06C28

Ellipticity (mDeg)

1 ) \ L 1

L L
30 40 50 60 70 80 90
Temperature (°C)

Figure 5.7: Thermal stability of A} His-3E46 and B) His-6C28. The effect on secondary
structure was measured as change in ellipticity at222nM.




Table 5.1: Melting temperatures of recombinant serpina3 proteins

His-EB22.4 His-MMCM2 His-6C28
o . . 2%0. .
Tn(°C) 61.5+0.74 60.2 25 75.9
{n=3) (n=3)

5.3.4. Polymerisation studies

To determine if the recombinant proteins formed heat induced polymers,
His-EB22.4 and His-MMCM2 were incubated at temperatures between 37°C
and 100°C, and analysed on 7% native PAGE. Figure 5.8(A) shows the effect
of heat-treatment on His-EB22.4. At temperatures between 37°C and 60°C
His-EB22.4 runs as a single band. The band corresponding to the native
serpin is Jost at temperatures higher than 60°C and no high molecular weight
polymers are evident. There is liftle evidence of retarded protein in the well or
at the interface between the stacking and separating gels. A smal' amount of
insoluble material is evident in the wells at 70°C and 80°C suggesting that

His-EB22.4 has aggregated which may explain the absence of polymeric
bands.

His-MMCM2 runs as a set of three bands on non-denaturing PAGE at
temperatures between 37°C-50°C. This is similar to the appearance of
recombinant human o4-AT on non-denaturing PAGE which also separates into
several bands at these temperatures (Bottomley and Chang 1997).
Figure 5.8(B) shows the presence of higher molecular weight entities between
60°C-100°C which is suggestive of serpin polymerisation. The high molecular
weight species are unlike human plasma o4-AT polymers which separate into
several bands on non-denaturing PAGE (Lomas el al 1995 (a)). The
His-MMCM2 high moiecular weight entities are extremely large and are unable
to migrate into the gel. They appear in the wells and at the interface between
the stacking and separating gel. The presence of these high molecular weight
entities agrees with the CD data which indicate that, at temperatures higher
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Figure 5.8: Polymerisation studies of recombinant A) His-EB22.4 and B) His-MMCM2.
2 pgof recombinant protein was incubated at the indicated temperatures for 10 minutes
and then subjected to 7% native acrylamide gel electrophoresis. Protein was detected
by Ccomassie staining.




than 60°C, there is a gain in secondary structure possibly due to

polymerisation.

5.3.5. Conformational studies of in vitro transcribed/transiated His-3E46
and His-6C28

Both recombinant His-3E46 and His-6C28 display atypical behaviour on
conformational analysis and a possible explanation for this is that, during
bacterial expression, His-3E46 is cleaved by a bacterial protease and
His-6C28 is misfolded. Therefore, an alternative expression system, namely in
vitro transcription/translation was employed to generate native, intact protein.
Serpins produced by in vitro transcription/transiation have previously been
shown to form functional protease inhibitors and examples include Pi-6 and
MNEI (Coughlin et al. 1993(a); Benarafa et al. 2002). This method utilises the
eukaryotic translation apparatus derived from rabbit reticulocyte iysate and
generates between nanogram and microgram amounts of protein. In order to
analyse these products the protein is labelled with 3°S at methionine/cysteine
residues.

Figure 5.9(A) shows a 12.5% SDS-PAGE gel of in vitro transcribed/transiated
ris-3E46. A dominant band at the expected size for native His-3E46, of
approximately 48kDa, is evident. A number of minor low molecular weight
bands are also present and possibly resuit from the translation of a truncated
protein caused by the ribosome recognizing a methionine residue C-terminal of
the start codon. Preliminary investigations with a panel of proteases showed
that His-3E46 is loop cleaved by chymotrypsin (presented in detail in
Chapter 6). Figure 5.8(A) shows the results of incubating His-3E46 with
chymotrypsin, demonstrating a loss in molecular weight of approximately 5kDa
which is indicative of serpin RCL loop cleavage.

The native and chymotrypsin treated His-3E46 were subjected to TUG gel
electrophoresis and the results are presented in Figure 5.9(B & C). The in vitro
transcribed/translated native His-3E46 shows a sigmoidal unfolding transition
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Figure 5.9: A) 12.5% SDS-PAGE of in vitrotranscribedftranslated S-labelled His-3E46 in .
the absence (native) or presence (cleaved) of chymotrypsin. Post incubation of (B) native i
and (C) chymotrypsin-treated in vitro transcribed/translated His-3E46 were analysed by 3

TUG gel electrophoresis. Proteins were detected by autoradiography.
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Figure 5.10: (A) 12.5 % SDS-PAGE of in vitro transcribed/translated, S-labelled native
and trypsin cleaved His-6C28. Post incubation, in vitro transcribed/translated (B) native
and (C} trypsin treated His-6C28 were electrophorised on TUG gels and proteins
detected by autoradiography.




as it migrates through increasing concentrations of urea. This unfolding pattern
is similar to that observed for the recombinant proteins His-EB22.4 and
His-MMCM2. A small amount of protein resistant to unfolding suggests the
presence of some latent or loop-cleaved His-3E46 or, alternatively, may relate
to the minor truncated bands observed on SDS-PAGE. Chymotrypsin treated
His-3E46 migrates as a horizontal hne indicating a gain in molecular stability
due to RCL insertion into the A-B-sheet. These results suggest that in vitro
transcribed/translated His-3E46 is in a native and potentially functional
conformation.

Figure 5.10(A) shows a 12.5% SDS-PAGE of the product of in vitro
transcribed/translated His-6C28. The presence of a prominent band at
approximately 48kDa indicates its successful production in this system. in
protease imteraction studies (described in detal in chapter 6) in vitro
transcribed/translated His-6C28 could be cleaved by trypsin. Figure 5.10(A)
further shows that treatment with trypsin resulted in loop cleavage of His-6C28
with an observed loss in molecular weight of approximately 5kDa.
Figure 5.10(B) illustrates that in vifro transcribed/translated native His-6C28
unfolds with increasing concentrations of urea. However, similar to the
bacterially produced recombinant, the in vitro transcribed/translated His-6C28
requires a high concentration of urea (approximately 4-5M urea) to unfold the
protein. This resistance fo unfolding is considerably greater than other native
serpins. Surprisingly, RCL cleavage of in vitro transcribed/transiated His-6C28
results in the formation of a stable protein, as evidenced by the absence of an
unfolding transition &t b’3h urea concentrations on TUG electrophoresis
(Figure 5.10(C)). This suggests that His-6C28 is able to undergo the
conformational change associated with loop insertion into the A-B-sheet.

5.4. DISCUSSION

Expression in the bacterial system produced four recombinant mouse serpina3
proteins at approximately the correct molecular weight, as observed on
reduced SDS-PAGE. However, it was unknown whether the four recombinants
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have the structural requirements for protease inhibition. The stressed—relaxed
conformational change, crucial for serpin function, provides a means to assess
the structural characteristics of the four recombinants. The two techniques
applied, chemical denaturation by TUG gel! electrophoresis and thermal
denaturation by CD, gave complimentary evidence on the structural stability of
the proteins. Analysis by TUG gel electrophoresis gives qualitative data on
protein unfolding in increasing concentrations of urea. CD analysis provides
both qualitative and quantitative information regarding the stability of a protein,
both in the appearance of the unfolding curve and the calculation of melting
temperature.

Analyses of the four native recombinant proteins by both chemical and thermal
denaturation studies revealed that only two of the recombinants, His-MMCM2
and His-EB22.4, behaved as inhibitory serpins. Both techniques demonstrated
that the two recombinants underwent a characteristic sigmoidal unfolding
pattern in the native metastable/stressed conformation. TUG gel
electrophoresis showed an unfolding of both native His-MMCM2 and
His-EB22.4 between 1 and 3 M urea. The thermal denaturation of native
His-EB22.4 and His-MMCM2 demonstrated a loss in a-helical secondary
structure at 61.5 = 0.74°C and 60.2 +0.25°C, respectively. These values are
similar to the published melting temperatures for both recombinant human
a-ACT and o4-AT (Dafforn et al. 1999; Gooptu et al. 2000).

The thermal denaturation unfolding curve of native His-MMCM2 indicated an
increase in secondary structure between temperatures 60°C and 85°C. This is
reminiscent of the thermal unfolding curves of native human serpins, o-AT
and antithrombin, which also display a gain in secondary structure at
temperatures higher than 60°C (Dafforn et al. 1999; Zhou et al. 2003). This
gain in secondary structure has been attributed to the formation of
heat-induced serpin polymers. Polymerisation studies of recombinant
His-MMCM2 demonstrated the formation of high molecular weight species at
60°C and higher, however no polymer ladder was observed. This is different to

that observed with human plasma o4-AT and a4-ACT which form a ladder of




slow migrating, high molecular polymers (Dafforn et al. 1999; Crowthér et al.
2003). Previous studies have demonstrated that heat-induced recombinant
polymers form higher order polymers than those derived from plasma serpins
and is associated with poor resolution on non-denaturing PAGE (Bottomley
and Chang 1997; Chang et al. 1997).

The cleavage of the RCL of His-EB22.4 and His-MMCM2 with trypsin resuited
in the generation of a stable species, resistant to chemical denaturation up to
8M urea and thermal denaturation up to 90°C. The increased stability
observed on cleavage of the reactive loop is characteristic of a serpin which
has undergene conformational change due to insertion of the RCL. Therefore,
taken together with the analysis of the native recombinants, His-MMCM2 and
His-EB22.4 appear to be in their native conformation and are able to undergo
the stressed—relaxed conformational change characteristic of inhibitory
serpins.

Neither recombinant His-3E46 nor His-6C28 behaved as typical native serpins
on TUG gels or in thermal denaturation studies. The recombinant His-3E46
appeared to be in a stable conformation, resisting chemical denaturation even
at 8M urea and thermal unfolding up to 90°C. The unexpectedly low molecular S
weight of His-3E46 on SDS-PAGE indicated that the protein may have been |
cleaved in bacteria. In some preparations of recombinant His-3E46, a minor g
entity migrating at a slightly higher molecular weight than the dominant band
was observed and may represent a small amount of non-cleaved serpin.
Based on its lower molecular weight recombinant His-3E46 is likely to be RCL
cleaved as opposed to other stable (relaxed) conformational states such as
latent or polymerised serpin.

In contrast to the recombinant, in vitro transcribedftranslated His-3E46
underwent a loss in secondary structure at approximately 2M urea as shown
by TUG electrophoresis. This is characteristic of a serpin in the native
metastable/stressed conformation. Furthermore, His-3E46 underwent a

stressed—relaxed conformational change on treatment with chymotrypsin,
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indicating the potential for protease inhibitory activity. This confirms the
potential cleavage of His-3E46 in the bacterial expression system.

Native recombinant His-6C28 demonstrated atypica!l unfolding behaviour when
analysed by TUG electrophoresis and CD analysis. TUG analysis showed a
delayed unfolding at 5-6M urea and these cbservations were parallelled by a
late loss in a-helical secondary structure at 74°C, as measured by circuiar
dichroism. The unusual results observed with bacterial recombinant His-6C28
were corroborated by the in vitro franscribeditranslated protein. This material
also demonstrated delayed unfoiding on TUG gels between 5-6M urea. Whilst
recombinant His-6C28 is more stable than other native serpins, its delayed
unfolding is inconsistent with 1oop cleavage. This is supported by the surprising
observation that in vitro transcribedftranslated His-6C28 is converted to a
stable serpin by trypsin cleavage. Therefore, despite an atypical increased
stability, His-6C28 is able to undergo.the stressed—relaxed conformational
change characteristic of inhibitory serpins. This also rules out the possibility
that His-6C28 is in a conventional latent conformation, as tatent serpins do not
undergo conformational change (Mast et al. 1992, Lawrence ef al. 1994 (c);
Lomas et al. 1995 (a)).

Whilst in vitro transcribedftransiated His-3E46 and His-6C28 produced
functional serpins, the system only yields limiting quantities of protein. Further
detailed analysis of the biophysical properties of both proteins requires an
alternative recombinant expression system. If time had permitted, 3E46 and
6C28 could have been produced in baculovirus, yeast or mammalian cells.
These approaches have the advantage over their prokaryotic counterparts of
more authentic post-translational modifications and a greater likelihood of
producing correctly folded proteins. Both baculovirus and Pichia pastoris have
successfully produced several other serpins in a soluble and native form
(Pemberton et al. 1995; Sprecher ef al. 1995; Sun ef al. 1995 (b); Cooley ef al.
1998; Jayakumar et al. 2003) and this includes another member of the
serpina3 locus, serpin2A (Morris ef al. 2003).
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5.5. CONCLUSION

The two bacterial recombinants His-MMCM2 and His-EB22.4 possess the
structural requirements for protease inhibition, as demonstrated by their ability
to undergo the stressed—relaxed conformational change. The bacterial
recombinant of His-3E46 is in a relaxed conformation although analysis of in
vifro transcribedftranslated His-3E46 demonstrates that the serpin can
underge the conformational change required for protease inhibition. The

conformational nature of His-6C28 remains in doubt and will require further
biophysical analysis.




CHAPTER 6

Protease interactions of murine serpina3 serpins

6.1. INTRODUCTION

Elucidating the cognate protease of a sermpin is central to determining its
inhibitory function in vivo. As described in the previous chapter, four mouse
serpinald proteins were shown to possess the structural requirements which
would predict protease inhibitory function. The aim of this chapter is to
characterise the interactions of His-EB22.4, His-MMCMZ2, His-3E46 and

His-6C28 against a panel of serine and cysteine proteases in vitro to develop a
profile of possible in vivo activity.

The amino acid sequence of the RCL determines target piotease specificity
with the P, residue being the most critical as it interacts with the S1 subsite of
the target protease (Bode and Huber 2000). The regions surrounding the
reactive site P4 can influence the kinetics of interaction and have been shown
to influence the division between hydrolysis and inhibition pathways
(ChaillanHuntington et al. 1997, Plotnick et al. 1897).

The initial interaction between a serpin and protease is a reversible
Michaelis-Menten reaction which proceeds to the formation of an
acyl-intermediate. Subsequent reactions may proceed down two different
pathways; 1) the completion of the inhibitory pathway with loop insertion and
tfranslocation of the protease or 2) cleavage of the serpin without protease
inactivation. The balance between these two pathways is reflected in the
stoichiometry of inhibition (SI). If the inhibitory pathway proceeds faster than
the substrate pathway then the Si approaches 1. However, if serpin proteolysis
and the substrate pathway prevail over the inhibitory pathway then the Sl is
greater than 1 (Gettins 2002(b)). A typical inhibitory serpin forms a covalent
complex with its cognate protease which is resistant to SDS and thermal
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denaturation, has a stoichiometry of inhibition close tc 1 and an association
constant (ka) of = 10° M'sec™ (Askew et al. 2001).

The diversity of residues within the RCL of the serpina3 members suggest that
they may interact with a diverse range of cognate proteases. This chapter
describes the protease interactions of the four mouse serpina3d proteins,
His-EB22.4, His-MMCM2, His-3E46 and His-6C28.

6.2. METHODS

6.2.1, Analysis of complex formation of recombinant His-MMCM2 and
His-EB22.4 using SDS-PAGE

6.2.1.a. Serine proteases

Serine proteases used in this investigation include: bovine chymotrypsin,
bovine trypsin, human neutrophil cathepsin G (CatG), human leukocyte
elastase (HLE), human plasma thrombin and factor Xa. The serine proteases
were prepared as outlined in Chapter 2.

10 w of each serine protease (1 pM) was incubated with 10 ul of either
His-EB22.4 or His-MMCM2 (1 uM or 5 uM) in 20 pl of PBS, pH 7.4. Reactions
were incubated at 37°C for 30 min and immediately placed on ice. § ul of
5 x SDS-PAGE reducing buffer was added. Samples were denatured at 95°C
for 5 min, separated on either 10% or 12.5% reducing SDS-PAGE (as
indicated in figure legends) and transferred to PVDF by Western blotting.
Membranes were probed with mouse-His-antibody (1/2000) and
goat-anti-mouse-HRP (1/5000). Proteins were detected with ECL reagent and
visualised by autoradiography.




6.2.1.b. Cysteine proteases

The cysteine proteases used in this investigation included human recombinant
cathepsin L and cathepsin V. Complex formation was investigated on
SDS-PAGE by a method developed by Poh Chee Ong from the laboratory of
Ass Prof Robert Pike. 2 uM of either His-EB22.4 or His-MMCM2 was
incubated with either 0.4 uM or 2 uM of each cysteine protease in cysteine
protease buffer (0.1 M acetate, pH 5.5, 1 mM EDTA, 0.1% (w/v) Brij-35, 10 mM
cysteine) in a 25 plL reaction at 37°C for 1 hr. A control reaction of recombinant
His-MENT (kindly provided by Poh Chee Ong) and cathepsin L at 1:8 molar
ratio was set-up in parallel. Samples were immediately placed on ice. To
resolve the complexes the method utilises a low pH 2x SDS-PAGE loading
buffer (0.125 M Tris-HCI, pH 4.3, 4% (w/v) SDS, 20% (viv) glycerol, 0.2 M
DTT, 0.02% (w/v) bromophenol blue). The low pH loading buffer was added to
the samples and heated at 80°C for 2 min. Proteins were separated on 12.5%
SDS-PAGE and transferred to PVDF membranes for Western blotting.
Membranes were probed with His-antibody (1/2000) and goat-anti-mouse-HRP
(1/5000). Proteins were detected with ECL reagent and visuvalised by
autoradiography.

6.2.2, Complex formation of in Vvitro (transcribed/translated
serpina3 proteins

®S-labelled His-3E46 and His-6C28 were synthesised by in vitro
transcription/transiation for 90 min at 30°C from the pETHis(3a)-3E46 and
pETHis(3a)-6C28 constructs, using the TNT T7 Coupled Reticulocyte Lysate
System (as outlined in Chapter 2). 2.5 ulL of in vitro transcribed/translated
protein was incubated with either 20 ng or 100 ng of each seiine protease in a
20 pl reaction in PBS for 10 min. Samples were placed on ice, § x SDS-PAGE
sample buffer dye added, heated at 95°C for 5§ min and electrophoresed on
10% SDS-PAGE. The gels were dried and **S-labelled proteins detected by
autoradiography. incubations with cysteine proteases were carried out as for
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serine proteases, except that cysteine protease buffer was used in reactions
and samples were prepared for SDS-PAGE as described in section 6.2.1.b,

6.2.3. Enzymes, assay buffers and substrates

Chymotrypsin was assayed in 25 mM Tris, pH 8.0, 10 mM CaCl; and
cathepsin G in 20 mM Tris-HCI, pH7.4, 500 mM NaCi, 0.1% polyethylene
glycol (PEG) 8000. The activity of chymotrypsin and cathepsin G was
measured with the substrate N-succinyl-Ala-Ala-Pro-Phe-pNA at a final
concentration of 100uM and 1mM respectively. The release of the chromogen
pNA was monitored by absorbance at 405nM. Elastase was assayed in 0.1 M
Hepes, 0.5 M NaCl, pH 8.0 and activity measured using the substrate
N-methoxy-Ala-Ala-Pro-Val-pNA at a final concentration of 200 uM. Release of
pNA was measured at an absorbance of 405nM. Trypsin activity was assayed
in 25 mM Tris, pHB.0, 10 mM CaCl; with the substrate Z-Phe-Arg-AMC. The
release of the fluorogenic leaving group, AMC, was measured using
excitation/emission wavelengths of 370/460nm. Enzymatic measurements
were performed on a Polarstar Optima (BMG: Offenburg, Germany) for trypsin
and chymotrypsin and elastase and cathepsin G were measured on a
Thermomax microplate reader (Molecular Devices: California, USA).

6.2.4. Active site titration of proteases

The active concentration of human neutrophil elastase, cathepsin G and
trypsin was determined by titrating the proteases against a known active
amount of purified human plasma o4-AT, kindly provided by Dr. Steve
Bottomley (see Section 6.2.6). Plasma o4-AT aclivity was titrated against
active site-titrated bovine chymotrypsin.

120

e R e e s MR i " o Lt el ey




6.2.5. BSA coated-microtitre plates

A solution consisting of 0.2% BSA (w/v), 0.05% PEG-8000 (w/v) and 0.01%
Triton X-200 (viv) was added to each well of a 96-well microtitre plate. The
plates were incubated overnight at room temperature and washed three times
in ddH20. The plates were placed face-down and left to air dry.

6.2.6. Determination of the Stoichiometry of Inhibition

Prior to determining the stoichiometry of inhibition values with His-EB22.4 and
His-MMCM2 the proteases were titrated against a known active amount of
human a4-AT. These reactions with a4-AT were performed as described below
for His-MMCM2 and His-EB22.4.

Stoichiometry of inhibition {Si) values for His-EB22.4 were determined with
chymotrypsin, cathepsin G and elastase with His-EB22.4 in 60ul reactions.
Different concentrations of His-EB22.4 (0.5nM-4nM) were incubated with a
constant concentration of chymotrypsin (2nM) at 37°C for 4hrs and residual
activity assayed with the substrate N-succinyl-Ala-Ala-Pro-Phe-pNA. Inhibition
of cathepsin G (30nM) was titrated with increasing concentrations of
His-EB22.4 (7.5nM-80nM) at room temperature for 2hr and residual activity
assayed with the substrate N-succinyl-Ala-Ala-Pro-Phe-pNA on BSA coated
microtitre plates. HLE (2nM) was incubated with increasing concentrations of
His-EB22.4 (0.5nM-4nM) at 37°C for 2hr and assayed with 200 uM N-methoxy-
Ala-Ala-Pro-Val-pNA on BSA coated microtitre plates. The SiI of trypsin
inhibition by His-MMCM2 was determined by incubating 10nM trypsin with
increasing concentrations of His-MMCM2 (2.5nM-50nM) and assaying for
residual trypsin activity with Z-Phe-Arg-AMC. Linear regression analysis of the
loss in protease activity with increasing serpin concentration was performed
and the Sl was determined by extrapolating fo the protease:serpin ratio where
protease activity is zero. The Sl values represent the average of thrée

separate experiments.




6.2.7. Kinetics of inhibitory reactions

6.2.7.a. Continuous method

Rate constants were measured under pseudo-first order conditions using the
progress-curve method for the interaction of His-EB22.4 with HLE and catG.
For HLE, assays were carried out using 0.4 nM HLE, 0.4-2.8 nM His-EB22.4
and 200 uM N-methoxy-Afa-Ala-Pro-Val-pNA at 37°C in BSA coated microtitre
plates. For catG, assays were performed with 20nM catG,
440 nM His-EB224 and 1 mM N-succinyl-Ala-Ala-Pro-Phe-pNA at room
temperature in BSA coated microtitre plates. A constant arnount of protease
was mixed with varying amounts of His-EB22.4 and substrate. The rate of
product formation was measured at ODsgsnm. Product formation is described by
Equation 1 where P is the concentration of product at time §, kyps is the
apparent first-order rate constant and v, is the initial velocity.

p = Vo x[1_e(~kobsf)]

k
ons Equation 1

For each combination of protease <nd His-EB22.4, a ks value was calculated
by non-linear regression analysis of the data using Equation 1. The kqps values
were plotted against the respective serpin concentration {l} and linear
regression was used to provide a line to the points. The slope of this line gave
the second-order rate censtant k', As the rate of inhibition is dependent on the
Sl and the inhibitor is in competition with the substirate, the second order rate
constant k' was corrected for substrate concentration, the Ky of the protease
for substrate and Si to calculate by equation 2 to calculate k..

[S]
ka=k'x (14 &) xSl
Equation 2
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The k. values for the inhibition of cathepsin G and 2lastase represent the
average of two and three separate experiments, respectively. Linear and
non-linear regression analysis was fitted using Graphpad Prism 3.

6.2.7.b. Discontinuous method

The discontinuous method was used to determine the rate of inhibition (kg) of
chymotrypsin by His-EB22.4 and of trypsin with His-MMCM2. The pseudo-first
order rate constant with chymotrypsin (2 nM) and His-EB22.4 (10-100 nM) was
determined by incubation for different periods of time (0-5mins) followed by
measurement of residual chymotrypsin activity. For MMCM2 and trypsin,
30 nM trypsin was incubated with various concentrations of His-MMCM?2
(150 nM-240 nM) and assayed for residual activity at various time peints (0-
5mins). The pseudo first order constant, ks, was determined by the slope of a
semi-lcg plot of the residual protease activity against time. The kys values
were then plotted against serpin concentration and linear regression was used
to fit the points to a line. The slope of this line gave an estimate of the second-
order rate constant k,. The k, values represent the average of three separate
experiments.

6.3. RESULTS

6.3.1. The RCL of the mouse serpina3 proteins predict a varied protease
inhibitory spectrum

Figure 6.1 shows the reactive centre loop residues of the four serpina3

members in comparison to their human counterpart, a4-ACT, as well as the i
human serpins a4-AT, protein C inhibitor (PCl) and MNEI. All four mouse . B
serpina3 proteins have proximal hinge regions typical of inhibitory serpins, with
the conserved Gly-Thr-Glu motif between P15-P43 followed by an Ala-rich
region. Sequence through the protease specificity determining region (P4-Py4’)
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shows marked divergence between the mouse serpina3 members and their
closest human counterpart, a-ACT. What is immediately apparent is that none
of the serpina3 members have RCL residues identical to o4-ACT. Only one of
the four members, 6C28, shares a Leu in the major specificity P position. The
presence of Leu at P suggests that 6C28 may have inhibitory activity towards
chymotrypsin-like proteases resembling human «-ACT. However the Py
residue of 6C28 is Cys.

The reactive site pairing of Met-Ser in EB22.4 is identical ic that of human
oq-AT. Furthermore, EB22.4 shares a Pro residue at P; with human a4-AT.
This predicts that EB22.4 is most likely to behave like o¢-AT, with inhibitory

activity towards the serine proteases elastase and cathepsin G. The Ps-P3’

RCL residues of 3E46 show striking simifatity to human PCl and importantly,

they share Arg-Ser at P{-P{. This suggests that 3E46 is likely to have
inhibitory properties in corimon with PCl and inhibit trypsin-like serine
proteases. MMCM2 has an unusual reactive centre, a pairing of Arg-Lys, and a
large number of Gly residues between Ps-Py. This P4-P4’ pairing is not present
in any other known serpins although the presence of Arg at P; suggests
inhibitory activity towards trypsin-like proteases.

A number of serpins have been reporied to use dual reactive sites within the
RCL to inhibit different types of target proteases. Serpins with dual specificity
include MNEI, which has separate sites for elastase/proteinase 3 and
cathepsin G/chymase/chymotrypsin (Cooley ef al. 2001), P16 and PI-8 have
sites for thrombin and chymotrypsin (Riewald and Schieef 1996; Dahlen et al.
1998 (b)) and PI-G is able to inhibit granzymes B and neutrophil elastase (Sun
et al. 1996, Dahlen et al. 1999). This suggests that the serpina3 members may
also inhibit proteases through the use of alternate reactive sites. Serpin
inhibitiors of cysteine proteases demonstrates that some serpins can also
function as cross-class inhibitors. Both crmA and PI-9 have been shown to
inhibit caspases, whilst SCCA1, MENT and hurpin are all cathepsin inhibitors
(Schick ef al 1998, Annand ef al 1989; Young ef al 2000;
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Figure 6.1: Comparison of the predicted RCL residues of the four mouse serpina3 members EB22.4, MMCM2, 3E46 and 6C28 with the human
homologue «,-ACT, and the human serpins a,-AT, PCl and MNE!. RCL residues are shown from P,.-P,.'and P, and P,' residues are shownin bold. P,
residues conserved with: «,-ACT are shown in red, o,-AT are shown in blue, and with PCI are shown in green. Predicted protease specificity is

indicated on right.

P,-P,

GTEASAATAVKITLLSALVETRTIVREFNRPF

GTEAAGAMFLEAIPMSIPPEVK----FNKPF

GTEAAAATGVKFVPMSAKLYPLTVY-FNRPF
GTEAAAATGVIGGIRKAVLPAVC~—-~-FNRPFE
GTEAAAATGEIFGFRSRRLOQTMTVQ-FNRPFE
GTEAAAATGVKLILLCRKIYSMTIY-FNRPF

GTRAAAATGTIFTEFRSARLNSQRLV-FNRPF

GTEAAAATAGIATFCMLMPEENFTA--DHPF

Protease Specificity

Chymotrypsin-like, cathepsin G, chymase
Elastase, chymotrypsin- and trypsin- like
Elastase and chymotrypsin-like
Trypsin-like

Trypsin-like

Chymotrypsin-like

Trypsin-like, kallikrein, acrosin

Neutrophil elastase, cathepsin G




Irving et al. 2002 (b); Welss et al. 2003). Therefore, it is also possible that the
serpina3 members may inhibit cysteine proteases.

To establish the target protease specificity of the four serpina3d proteins, a

panel of proteases consisting of six serine proteases and two cysteine
proteases were analysed. Each protease was incubated with the serpin at two
different protease:serpin ratios and the formation of a covalent compiex
betweer: the serpin and protease analysed on SDS-PAGE. Conventional
serpin-serine protease covalent complexes migrate at approximately the
molecular weight of the sum of the proteins. Cleavage of the serpin within the
RCL, without subsequent complex formation, causes it to migrate at
approximately 5kDa smaller than the native protein.

6.3.2. Protease interactions of His-EB22.4

Figure 6.2(A&B) shows an SDS-PAGE of His-EB22.4 incubated with the panel
of serine proteases. Recombinant His-EB22.4 forms SDS-stable complexes
with elastase and cathepsin G and minimal complex formation is observed with
chymotrypsin at a ratio of 1:1. Increasing the serpin concentration, whilst

keeping the protease constant, results in increased complex formation with

elastase and chymotrypsin.

His-EB22.4 is cleaved by trypsin as shown by the presence of a 42kDa

predominant band at both protease:serpin concentrations. A higher molecular
weight species at approximately 55kDa is also oiserved. This most likely
represents complex degradation by excess uninhibited protease. His-EB22.4

did not interact with factor Xa, although some complex formation was observed
with thrombin, at the higher protease:semin ratio of 1.5 (Figure 6.2(B)).

Incubations with cysteine proteases were carried out by maintaining a constant
serpin concentration and diluting the protease 1:5. Figure 6.2(C) shows the
effect of incubating His-EB22.4 with cathepsins L and V. The serpin is
completely digested by cathepsin V at a 1:1 ratio and cleaved by cathepsin L
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Figure 6.2: (A&B) Protease interactions of recombinant His-EB22.4 with panel of serine
proteases and analysed for complex formation on 10% SDS-PAGE. Lanes marked 1:1and 1:5
signify different protease:serpin ratios. C) 12.5% SDS-PAGE of showing the interaction of
recombinant His-EB22.4 with two cysteine proteases, cathepsin L and V. A positive controf
reaction showing the interaction of MENT witir cathepsinL is included. Gels were Western
blotted and probed with anti-His antibody. Chy: chymotrypsin, HLE: human leukocyte elastase,
CatG. cathepsin G, Catl: cathepsin L, CatV: cathepsinV,




to a low molecular weight entity in the absence of inhibitory complex formation.
To demonstrate that a cysteine protease-serpin interaction can be resolved by
this method, a positive control of the serpin, His-MENT, incubated with
cathepsin L is included. Figure 6.2(C) demonstrates that complex formation
between His-MENT and cathepsin L is able to be resolved on 12.5%
SDS-PAGE.

6.3.3. Protease interactions of His-MMCM2

Incubation of His-MMCM2 with a panel of serine proteases was carried out
using fractions of His-MMCM2 which contained minimal contaminating 90kDa
complex (Figure 6.3(A&B)). His-MMCM2 was cleaved by the serine proteasas
chymotrypsin, cathepsin G and elastase (Figure 6.3(A)). Incubation of
His-MMCM2 with chymotrypsin was associated with low molecular weight
digestion products at both protease:serpin ratios. Incubation with cathepsin G
resulted in the complete digestion of His-MMCM2 with no residual material
apparent on the gel. A similar effect was observed by incubating His-MMCM2
with elastase, where complete digestion was observed at a ratio of 1:1 and
only a small amount of low molecular protein detected at the ratio of 1:5.

No compiex formation was observed with trypsin at a ratio of 1:1, however
increasing the protease:serpin ratio to 1:5 resulted in complex being observed
at approximately 70kDa. No interaction was observed with the other trypsin-
like proteases, thrombin or factor Xa, either in complex formation or cleavage
of the serpin. Incubation of His-MMCM2 with the cysteine proteases cathepsin
L and cathepsin V was carried out by maintaining a constant serpin

concentration and diluting the protease 1:£. Figure 6.3(C) demonstrates that
incubation of His-MMCM2 with cathepsin L and V resulted in cleavage of the
serpin by both proteases. A band smaller than native His-MMCM2, of
approximately 40kDa, is evident at a ratio of 1:5. His-MMCM2 was also
cleaved by cathepsin L at 1:1 (w/w) ratio but not a 1:5 ratio.
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Figure 6.3: A&B) Protease interactions of recombinant His-MMCM2 with the serine
protease panel and analysed for complex formation on 10% SDS-PAGE. Lanes marked
1:1 and 1.5 indicate protease:serpin ratios. C} 12.5% SDS-PAGE of showing the
interaction of recombinant His-MMCM2 with two cysteine proteases. U indicates the
presence of the unrelated His-MMCM2 dimer. Gels were Western blotted and probed with
anti-His. Chy: chymotrypsin, HLE: human leukocyte elastase, CatG: cathepsin G Catl:
cathepsin Land CatV: cathepsin V.




6.3.4. Protease interactions of His-3E46

As the recombinant His-3E46 was shown to be in a relaxed conformation, in
vitro transcribed/translated protein was used to investigate for protease
interactions. His-3E46 was incubated with either 20 ng or 100 ng of each
protease from the panel for 10 min at 37°C. Inhibitory complex formation was
analysed on 10% SDS-PAGE and the results are presented in Figure 6.4.
His-3E46 was cleaved in the presence of 100 ng of HLE, indicated by the
reduction in molecular weight of approximately 5 kDa with respect to native
serpin. It was not cleaved at the lower HLE concentration of 20 ng. His-3E46
was also cleaved by chymotrypsin at both protease concentrations. The
presence of high molecular weight entities at a concentration of 20 ng
indicates a small amount of complex formalion between His-3E46 and
chymotrypsin. Neither complex formation nor RCL cleavage was observed with
cathepsin G.

Figure 6.4(B) demonstrates that high molecular weight complexes were formed
when His-3E46 was incubated with trypsin, thrombin and factor Xa. The
greatest amount of complex formation occurred with thrombin, with prominent
complexes at both concentrations of protease. Less inhibitory complex was
formed with factor Xa. Incubation with trypsin at both concentrations resulted in
the formation of an SDS-stable complex of approximately 60kDa and an entity
of approximately 40kDa, consistent with loop-cleavage of His-3E46.

Figure 6.4(C) demonstrates that incubation with the cysteine proteases
cathepsin V and cathepsin L resulted in the cleavage of His-3E46. Cathepsin V
appeared to cleave the serpin at two points due to the presence of a doublet at
approximately 40kDa. Incubations with cathepsin L also resulted in serpin

cleavage as demonstrated by the presence of a number of low molecular
weight entities around the 40 kDa.
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Figure 6.4: Protease interactions of *S-Met-labelled His-3E46 with protease panel. His-3E46
was incubated with either 20 or 100 ng of protease and complex formation analysed on 10% SDS-
PAGE gels. A) Interactions with Chy. chymotrypsin, CatG: cathepsin G and HLE: human
leukocyte elastase. B) Interactions with tryspin-ike serine proteases. C) Interactions with
cysteine proteases, Catl. cathepsin Land CatV. cathepsin V.




6.3.5. Protease interactions of His-6C28

The presence of Leu-Cys at the predicted reactive site of 6C28 suggests that
the protein would inhibit chymotrypsin-like proteases which cleave after
hydrophobic residues. Preliminary experiments with recombinant His-6C28
demonstrated that bacterial recombinant His-6C28 was completely degraded
in complex formation assays with chymotrypsin-like proteases. Therefore, fo
assess if this was a true feature of the 6C28, it was generated by in vitro
transcription and translation.

In vitro transcribeditransiated His-6C28 was incubated with 20 ng and 100 ng

of the protease panel for 10 min at 37°C. Surprisingly, inhibitory activity was
f observed despite the atypical behaviour of His-6C28 seen on TUG gels
(Chapter 5). Figure 8.5(A) shows the effect of incubating His-6C28 with the
serine proteases HLE, cathepsin G and chymotrypsin. The °S-labelled
His-6C28 formed complex with HLE at both protease concentrations, as
indicated by the presence of inhibitory cecmplex of approximately 70kDa. At the
higher elastase concentration cleavage is also observed with an entity present
of approximately 42kDa. His-6C28 was able to form inhibitory complexes with
cathepsin G at both protease concentrations and more complex was observed
in the presence of 100 ng of cathepsin G than 20 ng. Incubation of His-6C28
with 20 ng of chymotrypsin yielded an inhibitory complex at approximately
70kDa. Increasing the concentration of chymotrypsin to 100ng resulted in a
series of high molecular weight entities between 50-60kDa which most likely
represent proteolysis of the His-6C28-chymotrypsin complex.

Figure 6.5(B) shows the effect of incubating His-6C28 with trypsin-like
proteases. His-6C28 appeared to be loop-cleaved by trypsin as shown by the
loss in molecular weight of approximately 5kDa. There was no evidence of
complex formation with trypsin, thrombin or factor Xa. His-6C28 is cleaved by
20 and 100 ng cathepsin V, producing a prortuct at approximately 40kDa
(Figure 6.5(C)). However, incubation with 20 ng of cathepsin L resulted in the
formation of a complex between 75-80 kDa. In the presence of larger amounts
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of cathepsin L the amount of complex present was reduced which is likely due
10 proteotssic of the complex by excess protease. Repeated experiments
showed wat complex formation with cathepsin L was reproducible. This
suggested that, in addition to being an active inhibitor of cathepsin G and
elastase, this serpin is also a cross class inhibitor of the cysteine proteases.

6.3.6. Kinetics of interactions

6.3.7. Inhibitory kinetics of recombinant His-EB22.4 with chymotrypsin,
cathepsin G and elastase

From the panel of proteases tested, His-EB22.4 appeared to inhibit the serine
proteases chymotrypsin, cathepsin G and elastase. In order to establish

whether these protease interactions are physiologically relevant, the kinetics of
inhibition were determined.

To determine the S| of His-EB22.4 and the proteases chymotrypsin,
cathepsin G and elastase, increasing concentrations of serpin were incubated
with a constant amount of protease. The residual protease activity was
measured and plotted against the respective serpini].protease(E]
concentration. Figure 6.5 shows a linear decrease in protease activity as
serpin concentration increased. The Sl was determined by extrapolating to the
serpinfi].protease[E] concentration which resulted in total loss of protease
activity. The SI of His-EB22.4 with chymotrypsin was 2.1 which is higher than
that reported for human «4-ACT and o4-AT. The SI for interactions with
elastase and cathepsin G were determined as 1.1 and 1.0 respectively, which
agree with SI values previously reported for a4-ACT and «4-AT (Table 6.1).

The association rate constant (k;) between His-EB22.4 and chymotrypsin was

measured under pseudo-first order conditions using the discontinucus method.
Different concentrations of His-EB22.4 and chymotrypsin were pre-incubated
for various lengths of time (0-5 min), after which substrate was added and
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Figure 6.6: Inhibition of chymotrypsin, elastase and cathepsin G by Fis-EB22.4. The proteases were
incubated with varying amounts of His-EB22.4 at the indicated serpin:protease ratios {moi:mol) and
residual protease actvity assayed. The stoichiometry of inhibition was determined by extrapolation to
serpin;protease ratio where residual protease activity was zero.




residual enzyme activity measured. When the log of enzyme activity,
(represented by In Aspsem) Was plotted against time, a linear relationship was
observed (Figure 6.7(A)). Linear regression analysis of the slope of each line
provided the different association rates, kops, at the respective serpin
concentrations. The kqps values were plotted against serpin concentration and
the slope of this line (Figure 6.7(B)), gave the &k value of
5.8+ 0.7 x 10° M sec™.

In preliminary investigations, the inhibition of cathepsin G and HLE was tested
using the discontinuous method. However, inhibition occurred too rapidly and
we were unable to measure residual protease activity post incubation.
Therefore, the association rate constant between His-EB22.4 with cathepsin G
and elastase was determined using the progress curve method. This method
has the advantage of substrate being present throughout the incubation and
inhibition is measured by the continuous loss of protease activity.

Figure 6.8(A) is a representative example of the studies undertaken to
determine the association constant of elastase with His-EB22.4. The progress
of inhibition was monitored as change in absorbance at 405nm as a function of
time and the rate of loss of enzyme activity was calculated as kg (Equation 1).
The kops values obtained with different concentrations of His-EB22.4 were then
plotted against semin concentration (Figure 6.8(B)). The slope of this line, the
Kwm of the substrate and the S| were then used to calculate the overall k., as per
Equation 2. The results show that His-EB22.4 is a fast inhibitor of elastase with
a ky of 4 + 0.9 x 10° M sec”, which is 5-10 fold slower than human as-AT
(Beatty ef al. 1980). The interaction with cathepsin G gave a k, value of
7.9+0.9 x 10° M'sec™, which makes it a faster inhibitor than human o4-AT.
Although the k, is approximately 60-fold less than human o(-ACT reported by
Beatty et al (1980), it does agree with the inhibitory constants reported by
Lomas ef al {1995 (b)) and Duranton et al (1998) (Table 6.1).
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Figure 6.7: Determination of the inhibitory constant k, for the inhibition of chymotrypin by
His-EB22 4. A} Semilog plots of residual cymotrypsin activity vs time for reactions at various
concentrations of His-EB22 4. B) Piot of k,,, as a function of His-EB22.4 concentration.
Linear regression of the slope gave the second-order rate constant &, for the inhibition of
chymotrypsin by His-EB22.4.
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Figure 6.8: Kinetic analysis of the inhibition of human neutrophil elastase by His-EB22.4.
A) Progress curves of the interaction between elastase (0.4nM) and His-EB22.4(0.4-2nM),
monitored by contincus measurement of the change in A,.. K.. at each serpin
concentration was determined by non-linear regression analysis of each curve using
Equation 1. B) k,, were plotted against His-EB22.4 concetration, and linear regression
analysis was used to determine second-order rate constant (k). &, was determined by
accounting for the K,, ofthe protease for substrate {Equation2).




Table 6.1: Kinetic constants for recombinant His-EB22.4 and His-MMCM2 in
comparison with human o4-ACT and o4-AT.

- PROTEASE SERPIN st ke (Msec™)
1 ?{ His-EB22.4 2 58%0.7x10°
' Chymotrypsin (bovine) His-MMCM2 Substrate | -
§ e ACT 6 x10% 5 (Beatty et al. 1980)
B ¥ 1 55x10 (Lomas ef al. 1995 (b))
59x10° (Beatty et a!. 1980)
.-: ; a1-AT 1 36x10°  (Lomas et al. 1995 (b))
F f His-EB22.4 1 79:00x10°
Cathepsin G {human} His-MMCM2 Substrate -
51x10 (Bealty et al. 1980}
ar-ACT 1 8.1x10°  (Lomas et al. 1995 (b))
7.0x10°  (Duranton et al. 1998)
-, . ar-AT 1.1 4.1x10° (Beatty ot al. 1980)
] His-EB22.4 11 40:09x10°
| Neutrophil Eiastase (human) : His-MMCM2 Substrate -
a-ACT Substrate - (Lomas et al. 1995 (b))
" ] 5x 10 Beatty of al. 1980
arAT 11 119x107 (Lo:nas ::' ol 1995 (b)))
: His-EB22.4 Substrate | -
' Trypsin (bovine) His-MMCM2 10 27+09x10°
a~ACT Substrate .
o-AT 1.4 1.69 x 10°
: i (ChaillanHuntington et af. 1997)

6.3.8. Inhibitory kinetics of recombinant His-MMCM2 with (ryyiin

Figure 6.9 is a representative example of the studies used to determine the
inhibitory kinetic parameters for the interaction of His-MMCM2 with trypsin.
Fractions of His-MMCM2 were used that contained the least amount of
contaminating 90kDa complex. The stoichiometry of inhibition was determined
as described for His-EB22.4 (Figure 6.9(A)) and three separate calculations
gave an S! of 10.0. The k, was determined using the discontinuous method, as
previously outlined for the interaction of His-EB22.4 and chymotrypsin.
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Figure6.9: Determination of the kinetic parameters of inhibition of try psin by His-MMCM2.
A) His-MMCM2 and trypsin were incubated with varying amounts at the indicated
serpin.protease ratios and residual protease actvily z::2yed. The stoichiometry of
inhibition was determined by extrapoiation to serpin:protease ratio where residual protease
activity was zero. B) Semilog plots of residual trypsin activity vs time for reactions with
various concentrations of His-MIMCM2. C) Piot of k,, as a function of His-MMCM2
concentration. Linear regression of the slope gave the second-orderrate constant &, for the
inhibition of trypsin by His-MMCM2,




His-MMCM2 was found to be a moderate inhibitor of trypsin with a k, value of
2.7+0.9 x 10*M'sec” (Table 6.1).

6.4. DISCUSSION

Target protease specificity is determined by the amino acid composition of the
reactive centre loop. Compatison of the RCL residues of human o4-ACT and
the nmwuse serpina3 paralogues EB22.4, MMCM2, 3E46 and EB22.4 reveal
that only 6C28 shares the Leu of o-ACT at the critical Py position.
Furthermore, the highly divergent RCL residues suggest that the serpina3
mouse serpins possess highly variable protease specificity. As predicted, this
study demonstrates that inkibitory activity is mediated towards a wide range cf
serine proteases, including members from the chymotrypsin, trypsin and
elastase subfamilies. Cross class inhibitory activity towards the cysteine
protease family is also observed.

In addition to residue composition, the effectiveness of protease inhibition is
also modulated by RCL length (Lawrence ef al. 2000). The human o-ACT
RCL length is four residues longer than the archetypal serpin human a-AT
(Table 6.1). In comparison to a4-AT, the MMCM2 loop is one residue fonger,
whilst the other three mouse serpin RCL's have three extra tesidues. The
longer loop lengths did not appear tn interfere with protease inhibitory activity,
as complex formation was observed with all four serpins. However, the longer
loop-lengths may have implications for RCL conformation.

The mouse serpin EB22.4 shares many features with human a4-ACT and
a4-AT and functionally appears to be an intermediate between the two serpins.
Whiist EB22.4 has greatest sequence homology to human «o4-ACT outside the

RCL, the P;-Py residues (Met-Ser) are identical to human o4-AT. Complex
formation assays show that His-EB22.4 shares the target proteasss

chymotrypsin, cathepsin G and neutrophil elastase, with a4-ACT and o4-AT.

Aithough there is no direct evidence, the inhibitory activity is likely to be
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mediated through the Met residue at P4, resembling a4-AT, where P; Met
functions in the inhibition of both elastase and cathepsin G (Beatty ef al. 1980).

Kinetic analyses show that His-EB22.4 is a fast and efficient inhibitor of
cathepsin G and elastase with k, values of approximately 10® M™'sec™ and
stoichiometry of inhibition of ~1 with both proteases. The ability of His-EB22.4
to inhibit elastase is a feature in cormmon with human o4-AT but not human
04-ACT which has no inhibitory activity towards elastase. Previous attempts to
convert human o4-ACT into an elastase inhibitor by producing a series of
a1-ACT-a1-AT chimeras, in which sections of the o4-AT RCL (between Pg-P3")
were replaced in the corresponding region of o4-ACT, were unable to yield a
fast inhibitor of elastase {Plotnick et al. 1997). The most effective «4-ACT-
chimera (P3-P3') possessed at least 60-fold slower rate of inhibition than a4-AT.
Furthermore, the complexes df o1-ACT (P3-P3)-chimera-HLE broke down
more rapidly than a4-AT-HLE complexes (Rubin et al. 1994). The inability to
convert a4-ACT into an HLE inhibitor was attributed to differences between
RCL conformations of «y-ACT and o4-AT (Plotnick et al. 1997). His-EB22.4 i-.
at least 30-fold faster than any of the a4-ACT-chimeras which suggests i’
the RCL of His-EB22.4 is in a more favourable conformation to interact with
HLE. it would be interesting to determine the conformation of the His-EB22.4
RCL and compare it to those of human a4-ACT and «(-AT.

Despite some complex formation observed between His-EB22.4 and trypsin on
SDS-PAGE, kinetic assays show no inhibitory activity towards trypsin. It is
possible that the Sl is so high that we are unable to observe an inhibitory effect
in kinetic assays. The presence of basic Lys residues at Ps and P2’ are ideal
cleavage points for trypsin, which is consistent with the loop-cleavage
observed on SDS-PAGE. Cieavage of the RCL away from the P, residue is
more likely to result in substrate-like behaviour of the serpin due to change in
loop length (Zhou et al. 2001).

The prominent mRNA expression of EB22.4 in liver and the presence of a
predicted N-terminal secretion peptide suggest plasma localisation in vivo.
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Subsequently, it is likely to parallel human o1-ACT and a4-AT in the regulation
of elastase and cathepsin G at sites of inflammation. The fast inhibition of
cathepsin G and elastase by EB22.4 further supports that the two proteases
are likely to be physiological targets in the mouse. Elastase and cathepsin G
are serine proteases produced by myelomonocytic cells and stored in the
azurophil granules of neutrophils (Borregaard and Cowiand 1997). The
proteases are released from the granules into the phagosome to eliminate
phagocytosed particles including pathogens, parasites or apoptctic cells.
Stimulation of cells during an inflammatory response signals the release of
cathepsin G and elastase into the extracellular milieu (Borregaard and
Cowland 1997). These neutrophil proteases are associated with several
destructive tissue disease states including emphysema, chronic obstructive
pulmonary disease (COPD) and cystic fibrosis. Human o4-ACT and o4-AT are
the primary extracellular regulators of cathepsin G and elastase activity and
this is corroborated by patients with oq-antitrypsin or aq-antichymotrypsin
deficiency who develop emphysema (Faber et al. 1923; Poller et al. 1993).

The efficiency with which His-EB22.4 is able to inhibit cathepsin G also
supports EB22.4 10 be the closest functional homologue of human o4-ACT. It is
important to note that the proteases used in this study were of human origin. A
better understanding of the physiclogical role of EB22 .4 would come from the
use of mouse proteases as it is likely that association rates with mouse
cathepsin G and elastase would be greater than the values determined with

their human counterparts. Furthermore, one of the consequences of using

bacterial recombinants is the absence of glycosylation. Glycosylation rates
may alter function and using native plasma EB22.4 may result in a further
increase in the Kinetics of interaction may also be observed.

Analysis on TUG gels suggested that His-6C28 was exiremely stable and
resisted unfolding to fairly high concentrations of urea. Thus the inhibitory
complex formation observed with chymotrypsin, cathepsin G and elastase was
unexpected. This complex formation appeared to increase with greater
amounts of elastase and cathepsin G, although in the case of HLE, this also
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resulted in more cleaved serpin. Both o-ACT and 6C28 have a Leu residue at
P4, which supports the inhibitory activity observed towards cathepsin G. It is
interesting that inhibition of neutrophil elastase is observed when human
a4-ACT does not interact. Unlike o4-ACT, 6C28 possesses a Cys residue at
P1'. Other serpins previously shown to inhibit elastase include the drosophila
protein Necrotic (Nec) which also has a Leu at P4 and MNE! which has a Cys
at Py. (Cooley ef al. 2001; Robertson et al. 2003). Therefore, the inhibitory
activity towards elastase could be mediated through either P4 or P4 of 6C28.

6028 is a predicted intracellular serpin with mRNA expression detected in
lymphoid tissue and fibroblast cells but not in haemopoietic cells. Given that
both cathepsin G and elastase are exclusively expressed in myelomonaocytic
cell lineages, it is unlikely that 6C28 and the two proteases could physically
interact, given their compartmental division. It is more likely that 6C28 interacts
with other chymases present in the intracellular compartment.

His-6C28 did not show any inhibitory activity towards trypsin-like proteases
factor Xa and thrombin however, it was loop cleaved by trypsin. This is
consistent with the presence of the basic residues Lys at Ps and P35’ and Arg at
P, which are ideal cleavage sites for trypsin.

The 3%S-Met-labelled His-6C28 also formed a stable inhibitory complex with
cathepsin L. and was loop cleaved by cathepsin V in the absence of complex
formation. Substrate specificity for cathepsin L is primarily determined by the
S2 subsite which has a preference for hydrophobic or branched amino acids
(Chapman et al. 1997). The presence of lle at Pz makes the 6C28 RCL a good
pseudo-substrate for cathepsinL and V. Cathepsin L is a ubiquitously
expressed lysosomal cysteine protease with predominant intracellular
localisation (Turk et al. 2000). Therefore, it is possible that 6C28 interacts with
either the murine homologue of cathepsin L or a cysteine protease which
possesses cathepsin L-like activity in vivo. Further work with a functional

recombinant would be required to fully characterise this interaction.




The presence of an Arg at P in His-MMCM2 suggested inhibitory activity
towards trypsin-like proteases. His-MMCM2 was shown to inhibit trypsin with a
ks of 1 x 10 M"sec™. The observed Sl of 10.0 is consistent with SDS-PAGE
analysis which demonstrates that His-MMCM2 is also loop cleaved. The S
also suggests that trypsin is unlikely to be its physiological target in vivo and
therefore, MMCM2 is likely to interact with another trypsin-like serine protease.
There are a number of trypsin-like proteases involved in the regulation of
coagulation, fibrinolysis and the complement cascade towards which MMCM2
may function as a specific inhibitor. However, His-MMCM2 showed neither
inhibitory or substrate activity towards the trypsin-like proteases factor Xa or
thrombin. Cathepsin G, elastase and chymotrypsin digested MMCM2 with no
evidence of complex formation. Incubation of His-MMCM2 with the cysteine
proteases also resulted in apparent RCL cleavage in the absence of complex
formation which may have occurred via the hydrophobic lle residue at P3 in the
RCL.

The in vitro transcribedftranslated His-3E46 formed SDS-PAGE stable
complexes with all three trypsin-like proteases investigated. The predicted P,
Arg of 3E46 is consistent with trypsin-like inhibitory activity. It is interesting that
complex formation with thrombin is observed, whilst incubation of trypsin
results in the majority of the serpin being cleaved. The 3E46 RCL has a further
two Arg residues at Py’ and P;’ which can also act as substrates for trypsin,
and may explain the presence of loop-cleavage in conjunction with complex
formation. Thrombin has an almost exclusive cleavage preference for Py Arg,
and can accemmodate P, Pro/Gly and Py Ser/Thr/Gly plus has a requirement
for no acidic residues between P3 and P73’ (Le Bonniec et al. 1991). Therefore,
thrombin may only cleave the RCL of 3E46 at P4-P¢, as the Arg residues
located at P,’ and P3' may not meet its specific substrate requirements.

The RCL residues of 3E46 are very similar to human PCI (Figure 6.1). PClis a
heparin-binding serpin and inhibits several trypsin-like proteases including ;
activated protein C, thrombin and factor Xa (Suzuki et al. 1984; Espana and |
Griffin 1989). The binding of heparin to PCl accelerates the inhibition of
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thrombin and activated protein C approximately 30-fold (Suzuki ef al. 1384;
Pratt and Church 1992). PCl binds heparin primarily through four basic
residues of helix H (Lys-266, Arg-269, Lys-270 and Lys-273), and these
residues are also present in 3E46. However, 3E46 does not share the
additional residues on halix D, which also contribute to heparin binding of PCI
(Kuhn ef al. 1990; Neese ef al. 1998). Furthermore, the residues important for
antithrombin-heparin interactions are also absent in 3E46 (Jin et al. 1997). In
the absence of a functional recombinant it is difficult to ascertain the
effectiveness of the interactions between 3E46 and target proteases and to
assess its heparin binding ability. It will be of interest to determine whether
3E46 activity is also modulated by co-factors.

6.5. CONCLUSION

The serpina3 proteins investigated have varied target protease specificity as
predicted by their hypervariable RCL. The four serpins, EB22.4, MMCM2,
3E46 and 6C28 were demonstrated to inhibit proteases of different classes,
and from different families. This suggests that they posses distinct inhibitory
and biological functions in vivo.




CHAPTER7

Establishment of a retroviral-mediated gene transfer system
to introduce serpin2A into murine haemopoietic progenitors

71. INTRODUCTION

A number of human intracellular serpins are expressed in haemopoietic cells at
different stages of differentiation where they are involved in a diverse range of
biclogical functions including cell growth, differentiation, and apoptosis (as
described in Section 1.5.1). Serpin2A is an intracellular member of the mouse
serpina3 locus with high level expression in haemopoietic progenitor cells
(HPC) and is down-regulated on differentiation (Hampson ef al. 1997; Terskikh
et al. 2001). Constitutive expression of serpin2A in the primitive muitipotential
cell line FDCP-MixA4 resulted in a higher clonogenic potential and a delay in
differentiation in comparison to control cells (Hampson et al. 1997). These
studies suggested that serpin2A may play a regulatory role in haemopoietic
differentiation. However, the effect of serpin2A expression in primitive
haemopoietic progenitors in vivo is unknown,

Primitive haemopoietic progenitor cells have the capacity to self-renew and to
differentiate into all blood cell lineages. Integration of a gene into the genome
of HPC's is an effective way to investigate its biological function in
haemopoiesis as the ‘atroduced gene will be transferred to all HPC-derived
progeny. The most common approach of gene delivery to HPC’s is through the
use of retroviruses that carry the gene of interest. The retrovirally-transduced
HPCs can then be assessed for their ability to repopulate the marrow and
contribute to haemopoiesis in ablated host mice.

The aim of this chapter was to establish a retroviral system to introduce
constitutive serpin2A expression in HPC's and to investigate the effects on
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normal haemopoietic cell proliferation and differentiation. Based on the work
reported by Hampson et al, the enforced expression of serpin2A is likely to
lead to delayed maturation with a consequent reduced contribution to mature
peripheral blood cells.

7.2. METHODS

A schematic of the approach undertaken to introduce the serpin2A gene into
the haemopoietic compartment is presented in Figure 7.1. Retroviral gene
transfer requires cells to be cycling. Donor mice were treated with
5-fluorouracil (5-FU) which kills the cycling progeny normally present in the
marrow driving the normally quiescent primitive stem cells into cycle (Szilvassy
and Cory 1993). To further enrich for primitive progenitors, bone marrow cells
were sorted and cultured ex vivo for 2-3 days in the presence of cell cycle
promoting cytokines. The progenitors were then transduced with retroviral
vector encoding either green fluorescent protein (GFP) alone or serpin2A/GFP.
Post-infection the transduced cells were sorted by fluorescence activated cell
sorting (FACS), based on GFP positivity (GFP*) and introduced into lethally
irradiated host mice or plated into HPP-CFC assays (described in 7.2.11).
isolation of blood and bone marrow in the recovering mice was then examined
to assess the contribution of transduced donor progenitor cells to
haemopoiesis in host mice. These experiments were performed in
coltaboration with and in the laboratory of Dr ivan Bertoncello from the Peter
MacCallum Cancer Centre, Australia.

7.2.1. Cell lines and vector construction

The ecotropic packaging cell line GP'E86 was used for the generation of the
ecotropic retroviruses. GP'E86 and NIH-3T3 cell lines were maintained in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% heat-
inactivated fetal calf serum, 2 mmol/L glutamine, 100U/ml penicillin and
100 pg/ml streptomycin at 37°C in 5% CO..
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Figure 7.1: Schematic representation of progenitor enrichment and retroviral transduction. Bone marrow from 5-FU,, treated Ly5.1" mice was isolated and

enriched for progenitors. After priming in cytokines for 2 days, the progenitor cells were co-cultured for 2 days with irradiated retroviral producer cell fines.

Post-retroviral transduction the cells were sorted based on GFP expression and either transplanted into lethally irradiated Ly5.2" mice or plated into in vitro
HPP-CFC assay.
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The retroviral expression vector pMSCV-IRES-GFP was obtained from Dr Paul
Simmons, (Peter MacCallum Cancer Centre, Melbourne, Australia). The
serpinZA cDNA was subcloned into MSCV-GFP vactor at the first translation
start site, 5’ of the IRES.

7.2.2, Generation of ecotropic producer cells.

The pMSCV-IRES-GFP and pMSCV-IRES-GFP/2A were transfected into the
ecotropic retroviral cell line GP+E86 by the calcium phosphate transfection
procedure according to manufacturer's instructions (Invitrogen: Melbourne,
Australia). Transduced ceils were sorted by FACS based on GFP expression
one week post-transfection and then either expanded in culture (mass culture)
or single cell plated into 96-well plates to produce clonal producers of each
vector.

A high titre viral stock from each producer population was generated by
growing each producer cell line in Tss-flasks until they were 80% confluent.
7 ml of fresh culture media was added and harvested once the pH indicator in
the media turned yellow. It was then centrifuged at 3,000 x g for 10 min to

remove debris, aliauoted and stored at -80°C.

The viral titre of conditioned media from each of these producer cell
populations was determined by infection of NIH-3T3 cells. The NIH-3T3's were
established in 6-well dishes at 5 x 10* cells per well. The following day either
5 pl, 650 pl or 500 yl of viral supernatant was added to the cells in the presence
of 8 pg/ml polybrene and made up to 1.5 ml with DMEM/10% FCS. The cells
were incubated for 48 hr at 37°C, 5%CO0,. After incubation the NIH-3T3 celis
were washed in PBS, trypsinised and centrifuged at 500 x g. Cells were
resuspended in 500 ui PBS and analysed by flow cytometry for GFP

expression. Viral titre was expressed as number of cells infected per mi and

calculated as follows:




Viral titre = (% GFP’ cells x 5x10*(NiH-3T3 celis) x dilution factor of supernatant)
(cells/ml)

Each viral titre is the average + SEM calculated from the volume of viral
supernatant added to NiH-3T3 cells.

7.2.3. Western blot analysis

5 x 10° NIH-3T3 cells were plated into 6cm tissue culture dishes. The following
day 1 ml retroviral supernatant from each clone, 8 ug/ml polybrene and 0.5 m!
DMEM/10%FCS was added to separate dishes of NIH-3T3 cells. Cells were
incubated for 48 hr at 37°C, 5%CO.. The cells were harvested and washed in
PBS. Transduced cells were lysed in PBS, pH 7.4, 0.2% Triton-X100, 20 pg/mi
PMSF at a concentration of 10°cells/ml for 20 min on ice. The lysate was spun
at 16,000 x g for 10 min at 4°C. The supernatant '‘was removed and an equal
volume of 2 x SDS-PAGE loading dye added. Purified recombinant
His-serpin2A was included as a positive controi. Samples were heated at 95°C
for 5 min, loaded onto 12.5% SDS-PAGE gels and electrophoresed. The
separated proteins were transferred to PVDF membranes by Western blotting.
To identify cells expressing the serpin2A gene the membrane was probed with
the serpin2A-polycional antibody and anti-rabbit-HRP conjugated antibody.
Proteins were detected with ECL. reagent and visualised by autoradiography.

7.24. Mice

Congenic C57BI/6J (Ly 5.2) and B6.SJL-Ptprc® Pep3®/BoyJ (Ly 5.1) were
purchased from the Animal Resources Centre (Perth, WA, Australia). The
revised terminology for the Ly 5 alleles of the leukocyte common antigen
(CD45) as proposed by Morse ef al, (1987) has been used in these studies.
The Ly5.1 and Ly5.2 congenic markers are cell surface markers present on the
two different congenic strains of C57Bi/6 mice (Morse ef al. 1987). This
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provided a means to differentiate between donor cells (Ly5.1%) and host cells
(Ly5.2") in transplant models.

7.2.5. Bone marrow harvesting and sorting

Regenerating bone marrow was harvested from mice intravenously injected
with S-fluorouracil (FU; David Bull Laboratories, Mulgrave, Australia) via the
lateral tail vein at a dose of 200mg/kg body weight and sampled at day 3 post-
FU injection (FU34). Mice were anaesthetised by CO2 inhalation and killed by
cervical dislocation. Bone marrow (BM) cell suspensions were prepared by
excising femurs, tibiae and illiac crests then removing any excess tissue from
the bones by scraping with a sterile #11 surgical blade. The whole bones were
crushed with a sterile mortar and pestle in cold PBS-2% heat-inactivated FCS.
The cells were filtered through a 40um nylon celi strainer (Falcon, Becton
Dickinson, NJ, USA) to remove bone debris and washed fwice by
centrifugation at 500 x g and cells resuspended in 2% FCS/PBS.

Low-density EM (LD-BM) cells were isolated by discontinuous density gradient
separation using Nycoprep Animal (density 1.077g/cm® osmolarity 265mOsm;
Nyegaard, Oslo, Norway). The washed BM cells were layered onto a cushion
of Nycoprep and centrifuged at 500 x g for 25 min at 4°C, with the brake off to
prevent disruption of the gradient. Gradients were set up in 50ml tubes with a
maximum of 15 femur equivalents of BM cells in 9mi of 2% FCS/PBS and
layered onto 10 ml of Nycoprep. The LD-BM cells (<1.077g/cm® at the
interface of the Nycoprep and PBS were collected into 2% FCS/PBS using a

Pasteur pipette and then washed once in 2% FCS/PBS and resuspended at
approximately 10° cells/mi.
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7.2.6. Negative Immunomagnetic Cell Separation

LD-BM cells were depleted of cells expressing mature haemopoietic cell
antigens by immunomagnetic selection using the MACS system (Miltenyi
Biotech, Bergisch Gladbach, Germany). The lineage antibody cocktail
comprised pre-titred concentrations of antibodies directed against B cells (anti-
B220), T celis (anti-CD3, anti-CD4, anti-CDS, anti-CD8), neutrophils (anti-Gr-

1), and macrophages (anti-Mac-1) either in their purified or biotin-conjugated
forms.

LD-BM cells were centrifuged at 500 x g for 5 min at 4°C and the supernatant
decanted. 50ul of the antibody cocktail described above was added pér
5.0 x 10° cells and the suspension incubated on ice for 20 min. The celis were
washed and incubated with goat anti-rat microbeads (Miltenyi Biotech,
Bergisch Gladbach, Germany) at 13 pl beads plus 87 ul 0.5% BSA/PBS, 5§ mM
EDTA per 107 cells, with regular agitation for 15 mins on ice. The cells were
then added to the column (D column, maximum capacity 10° cells), run into the
mesh and left to magnetise for 5 minutes. The non-magnetic fraction (mature
cell lineage antigen-negative celis; Lin-) was collected by eluting the cells
through a 20-G needle with a solution of 100 ml 0.5% BSA/PBS, 5 mM EDTA.
The cells were then washed. The needle was changed to a larger diameter
(18-G) and the column demagnetised for 5 min. The bound cells were then
flushed into the upper reservoir and the column magnetised for 5 min. The

wash fraction was then collected as described above and cell washed in 2%
FCS/PBS.

7.2.7. Isolation of Lin" Sca-1" HPC

Lin" cells were isolated as described above and then resuspended at 5.0 x 10°
cells per 100 . These were then stained with 1t of FITC-conjugated stem
cell antigen {Sca-1). Residual biotinylated Lin* cells were identified by labelling
with 50ul of Streptavidin-RED670 per 5.0 x 10° cells for 20 min on ice. The
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cells were then washed by centrifugation and resuspended at 15.0 x 10°
cells/ml for sorting. Non-viable cells were identified by labelling with 7-AAD.
Cells for sorting were kept on ice and sorted at a rate of approximately 10,000
cells/sec at 4°C, and collected into serum-coated tubes.
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7.2.8. Fluorescence activated cell sorting (FACS)

FACS was performed with a FACStar™® cell sorter (Becton Dickinson),
equipped with a 5-watt argon ion laser running at 200mW power, and a
Spectra-Physics ultraviolet (UV) laser (Mountain View, CA), running at 50mwW
power. Low angle forward scatter (FSC) and 90°C light scatter (SSC) were
collected through a 488nm band pass 10 filter, and a 1 decade neutral density
filter in the forward light scatter path. Green fluorescence (FITC and GFF) was
collected through a FITC 530nm filter, with a bandwidth of + 15 nm. Red
fluorescence (PE) was collected through a 5§75DF26 filter, whilst 7-AAD
emission was collected through a red glass filter. Pulses emitted foliowing the
excitation of Streptavidin-RED870 were collected through a long-pass RG655
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filter. A 610 DMSP (610nm short pass dichroic mirror) was used to separate
the emission wavelengths. The PMT voltages were adjusted to compensate for
the overlap of FITC, PE and 7AAD emission spectra using cells labelled with
7AAD, FITC or PE alone.
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7.2.9. Retroviral transduction of haemopguoietic progenitors

Haemopoietic progenitor cells (either low density BM or Lin"Sca” cells) were
stimulated with either 100ng/ml of stem cell factor (SCF) and IL-6, or 100ng/mi
SCF, 100ng/mi Fit-3-ligand and 100ng/ml Mpl-ligand, for 3 days in alpha
modification of Eagles Minimal Essential Medium («-MEM) supplemented with
20% FCS. GP+E8B6 cell lines stably expressing MSCV/SFP (clone H3) or
MSCVIGFP/serpin2A (clone C12) were plated into Tas-flasks at 7 x 10° cells.
The following day the retroviral producer cell lines were irradiated (10 Gy). The
stimulated progenitor cells were then added to irradiated retroviral producer
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cells in DMEM/10% FCS, the above cytokines, and 8 pg/mi polybrene.
Progenitors were co-cultured for 48 hr at 37°C, 5%CO,. For fransduction of
progenitors using retroviral supernatant, the cytokine stimulated progenitors
were centrifuged at 500 x g, to remove media and then resuspended in 0.5 mL
DMEM/10% FCS, 8 pg polybrene, above cytokines and 1 ml retroviral
supernatant prepared as per Section 7.2.2. Cells were incubated for 48 hr at
37°C, 5%CO..

7.2.10. Flow cytometry of retrovirally transduced progenitor cells

Progenitor cells were removed from the co-culture and washed twice in PBS.
The celis were resuspended in 500 ul of PBS, 7-AAD added for viability and
analysed for GFP expression (as described 7.2.8). Cells were then sorted as
(as described in Section 7.2.8) and either plated into HPP-CFC assays or used
for transplantation. After the completion of the viral transduction procedure,
progenitor cells were washed twice in phosphate buffered saline (PBS), and
resuspended in PBS for FACS sorting. The cells were treated with 7-AAD 30
mins on ice prior to cell sorting. The GFP* and GFP” were gated as described
in Results section and FACS sorted as described in Section 7.2.8. Dead cells
were excluded from the sorted population based on their uptake of the viability
marker 7-AAD and low forward scatter, Sorted populations were reanalysed for
GFP expression and routinely showed purities at approximately 99%.

7.2.11. High Proliferative Potential Colony Forming (HPP-CFC) Assay

The in vitro HPP-CFC assay provides a short-term surrogate analysis of the
primitive haemopoietic compartment and allows for the identification of cell
phenotype based on cytokine requirements (Bertoncello and Kriegler 1997).
Two types of colony forming celis aie identified by tne assay, cells of low or
high proliferative potential (LPP-CFC and HPP-CFC). The HPP-CFC cells
share many features of primitive haemopoietic stem cells, namely the ability to
repopulate, they are mulitpotential and require multiple cytokines to proliferate.
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LPP-CFC cells are more differentiated, lineage restricted and require less
cytokines to proliferate (Bertoncello and Kriegler 1997).

Cells were assayed for colony-forming ability in 35mm Petri dishes using a
double layer nutrient agar culture system (Bradley and Hodgson 1979). Double
strength o-MEM, supplemented with Eagle's MEM vitamins, 1% L-glutamine,
and 40% FCS was used, and diluted with double strength agar to give the final
working concentrations. Growth factors were diluted in saline/1% BSA and
included in the 1 ml underlay, which contained a-MEM medium and agar at a
final concentration of 0.5%. The progenitor cells were plated at 1000 cells/dish
for Lin"Sca® progenitors and low density 5-FUyy BM at 1,250 cells/dish. Target
cells were plated in triplicate in a 0.5 ml overlay, which contained above
o-MEM medium and agar at a final concentration of 0.3%. The dishes were
gassed in plastic boxes at low oxygen tension (Bradley et al. 1978), using a
ars mixture of 5% 02, 10% CO; and 85% N at a flow rate of 2.0 L/minute for
20 minutes, prior to sealing for incubation at 37°C for 14 days.

Macrop’wig2 lineage restricted progenitor cells of low proliferative potential
(LPP-C:3) grown in the presence of CSF-1 alone typically formed colonies
less than 0.5mm in diameter containing at least 50 and less than 50,000 cells.
High proliferative potential colony forming cells (HPP-CFC) grown in the
presence of multiple growth factor combinations typically formed colonies
greater than 0.5mm in diameter containing 50,000 cells or more, and could be
distinguished on the basis of their growth factor requirements (Bartelmez ef al.
1989). Colonies were counted at times 20 magnification, using a binocular

dissecting microscope and indirect light.




7.2.12. Competitive repopulation transplant assay

The relative haemopoietic regenerative capacity of sorted, cultured and
manipulated HPC derived from Ly5.1 donor mice was assessed by
transplantation into cong enic Ly5.2 myeloablated recipients which were lethally
irradiated (10 Gy irradiation, 1.3Gy/min, split dose, 4 hours apart) using a *’Cs
source (Gamma cell 40, Atomic Energy, Ottawa, Canada), 24 hours prior to
the transplant. Each transplant recipient received 1000-5000 sorted or sorted/
fransduced Lyb5.1 donor cells plus 50,000 supporting Ly5.2 bone marrow cells
in 200ul PBS, by intravenous injection via the lateral tail vein. Transplanted
mice were maintained in microisolators and analysed for donor contribution to
blood cell production at intervals up to 1 year post-transplant.

7.2.13. Transpiant analysis

Donor cell engraftment was determined by immunofluorescence and FACS
analysis using a PE-conjugated anti-mouse Ly5.1 monoclonal antibody and
GFP expression. At 5-6 weeks post-transplantation, 200 pl of peripheral blood
from the transplant recipients and three unmanipulated Ly5.1 and Ly5.2 mice
was collected via the retro-orbital sinus using heparinized micro-hematocrit
tubes. The percentage of donor cells in individual mice was assessed by
measuring the percentage of donor-positive cells in individual mice, correcting
for background fluorescence utilising a standard curve constructed of mixtures
of Ly5.1 and 5.2 peripheral blood cells comprising 0%, 12%, 15%, 25%, 50%,
75% and 100% Ly5.1 cells (Figure 7.2 ). Excessive red blood cells were lysed
by adding 3 ml of 1 x NH,Cl; (freshly made) per 200 pl of whole blood solution,
for 10 min on ice. The cell suspension was washed three times in PBS-2%FCS

and the remaining nucleated blood cells incubated on ice for 20 min with 50 ul
of the Ly5.1-PE antibody.
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Figure 7.2: Standard curve for the measurement of Ly5.1 expression. In each transplant
experiment, peripheral blood cells from Ly5.1 and Ly5.2 mice were titrated and labeled with PE-
conjugated mouse anti-mouse monoclonal antibody against the Ly 5.1 epitope to generate a
standard curve in order to demonstrate a linear relationship between the percentage of Ly 5.1
measured by immunofiuorescence and the percentage of Ly 5. 1-positive cells in the sample. Data
is representative of one experiment.




7.3. RESULTS

7.3.1. Establishment of a retroviral producer cell line

Figure 7.3(A) shows the bicistronic, murine stem cell virus (MSCV)-based
retroviral vectors used to enforce GFP or GFP/serpin2A expression in
haemopoietic progenitors. The bicistronic vector allows for the co-expression
of GFP and serpin2A. The presence of an internal ribosome entry site (IRES)
transcriptionally links the co-translation of GFP and serpin2A. The control
MSCV-GFP vector contains the GFP cDNA at the second translational
position. In the MSCV-GFP/serpin2A vector, the serpin2A cDNA is positioned
at the first translational position linked to GFP cDNA through the IRES. The
co-expression of the serpin2A gene with GFP facilitates the identification and
quantification of expressing cells.

The two vectors were transfected into the GP+E86 ecotropic packaging cell
line and one week later analysed for GFP* expression. Flow cytometric
analysis shown in Figure7.3(B) demonstrates intense residual GFP
fluorescence in >1% of the population. The brightest 10% of the cells
expressing GFP were FACS sorted and either expanded in culture or plated
into clonal assays.

Table 7.1 shows the viral titre of the conditioned media obtained from either
the expanded culture of GFP* sorted celis or the clonally expanded cell lines.
Viral titre was determined by flow cytometric analysis of NIH-3T3 cells infected
by retrovirus from either GFP or GFP/serpin2A cell lines and calculated based
on the percentage of GFP expression. All viral titres had infection rates,

between 1 x 10* ~ 3 x 10° cells/m! of viral supernatant. The best vira! producer
clones for each construct were GFP(cH3) and GFP/serpin2A(cC12) which had
titres of 2.7 x 10° cells/ml and 1.4 x 10° cells/ml of viral supernatant,

respectively. To assess the expression of serpin2A protein, whole cell lysates
from NIH-3T3 cells transduced with GFP and GFP/serpin2A were analysed by
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Figure 7.3: A) Schematic representation of MSCV-GFP retroviral vectors. The internal ribosome
entry site (IRES) allows bicistronic translation of GFP and serpin2A. Flow cytometry analysis of
GFP expression 1 week post transfection of B) GP+E-86 parental cells, C) GP+E86 transfected
with MSCV-GFP, and D) GP+E-86 transfected with MSCV-GFP/serpin2A. M1 represent the cells
sorted for the establishment of the stable retroviral cellline.
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immunoblotting with the serpin2A polyclonal antibody. Figure 7.4 demonstrétes
the expression of an immunoreactive band of the correct molecular size
(~48kDa) serpin2A in all NIH-3T3 cells infected by the viral producer cells
GP'E86-MSCV-serpin2A/GFP. No immunoreactive band was observed in
NIH-3T3 cell lysates transduced with control vector MSCV-GFP. The retroviral
producer clones chosen for subsequent infections were the ones with the
highest calculated titre, the GFP/serpin2A(cC12) and GFP(cH3).

Table 7.1: Viral tire of GP+E86 retroviral producer clones

GP+E86 viral producer clone

GFP GFP GFP/sepin2A | GFPfserpin2A | GFP/serpin2A
(MC) {cH3) (MC) (CAT) (cC12)
Viral Titre 5 5 . . s
1.14£24x10° | 3.0x1.3x10° | 76+£2.9%x10 7.2+3.0x10 14104 x10
(cells/mi)

7.3.2. Retroviral transduction of murine progeniters by co-culture

Low density BM cells were isolated from bone marrow of 3 day 5-FU treated
mice and stimulated with IL-6 and SCF for 48hrs. The cells were co-cultured
on either GP+/MSCV-GFP{cH3) or GP+/MSCV-GFP/serpin2A(cC12) retroviral
producer celis for 48hrs. Figure 7.5(A) shows the flow cytometric analysis of
murine BM progenitor cells after co-culture. Non-viable cells were identified by
labelling with 7-AAD and viable progenitor cells were anzdysed for GFP
expression. Approximately 10% and 14% of viable progenitor cells were
positive for GFP expression after co-culture with the retroviral producer cell
lines MSCV-GFP and MSCV-GFP/serpin2A, respectively.

A significant reduction in viable cells was observed between the number of

cells added to the producer cells on day one of the co-culture (1 x10° cells per/
per flask) and the number of viable cells present 48hrs post incubation,
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Figure 7.4: Western blot analysis of cell lysates of NIH-3T3 cells transduced with
GFP/control or GFP/serpin2A probed with the polyclonal anti-serpin2A. rec His-serpin2A
represents recombinant His-serpin2A purified from Pichia Pastorns.
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Figure 7.5: Flow cytometric analysis of low density BM cells post retroviral
transduction. Cells were gated for viability (R1: 7-AAD-) and analysed for GFP
expression. A} Whole BM from C57BI/6 (controi) B) low density BM transduced with
GFP/control C) low density BM transduced with GFP/serpin2A. M represents GFP*
cells sorted for transplant into donor mice.




~5 x 10* total for each vector. Figure 7. 5(B&C) demonstrates that a significant
number of cells post co-culture took up the viability marker 7-AAD in
comparison to control cells. These could be gither retroviral producers (which
have detached from the base of the flask) or dead transduced BM cells. No
difference in the percentage of viable cells was observed between GFP and
GFP/serpin2A transduced cells. This suggested that loss in BM cell number

could be attributed to cell death during co-culture and was independent of
serpin2A expression.

The GFP* cells were FACS sorted and yielded approximately 1.5 x 10° and
4x 10° cells GFP and GFP/serpin2A, respectively. To evaluate the ability of
the GFP” sorted progenitor celis to reconstitute haemopoiesis, the cells were
combined with 50,000 BM celis of host origin (C57BIk/6-Ly5.2"), and injected
into lethally irradiated host mice.

Whilst haemopoiesis was effectively reconstituted in all transplanted mice, only
two mice showed GFP expression in peripheral blood (PB). Figure 7.6 shows
the flow cytometric analysis of peripheral blood from mice 5-weeks post
engraftiment. Host peripheral blood cells were analysed for cells of denor origin
via the expression of the Ly5.1" congenic marker and GFP expression.
Figure 7.6 (C&D) show the GFP and Ly5.1(denor) analysis of peripheral blood
from the twe positive mice. Only a small percentage of cells expressed GFP
(less than 0.5%) in both GFP/control and GFP/serpin2A transplanted mice. All
PB cells which expressed the Ly5.1 congenic marker also expressed GFP and
this was demonstrated for both PB from GFP/control and GFP/serpin2A

transplanted mice. This suggested that the low level of GFP expression was
not due to gene silencing in donor progenitors.

These results were reproducible over a number of experiments, and the
transduced GFP* cells made either no or low levels of contribution to

haemopoietic reconstiitution in host mice. These data suggested that

insufficient numbers of progenitor cells had been transduced and transplanted
to achieve a robust contribution in host mice.
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Figure 7.6: Flow cytometric analysis of peripheral blood (PB) from host mice
transplanted with retrovirally transduced progenitor cells. Cells were labelled with
Ly5.1-PE and analysed for Ly5.1 (donor) and GFP expression. A) C578Blk6-
Ly5.2(control-host) 8) C57Bl/6-LyS.1(donor) C) C57BI/6(host) transplanted with
GFP/control cells and D) C57BI/6(host) transplanted with GFP/semin2A donor
celis. Arrows indicate Ly5.1*/GFP* cells.




Analysis of the mice one year post transplant demonstrated that a single host
mouse transplanted with GFP/serpin2A donor cells possessed a small amount
of GFP* cells in peripheral blood (Figure 7.7(A)). These celis were also Ly5.1
positive demonstrating that the cells were of donor origin (Figure 7.7(B)). This
suggested that retroviral transduction was able to infect primitive progenitors
capable of long-term repopulation.

7.3.3. Optimisation of retroviral transduction protocol

Different cytokine combinations have been shown to promote cycling and

proliferation of progenitor cells (Luskey et al. 1992; Szilvassy and Cory 1984).
To increase the number of primitive progenitors for retroviral transduction an
investigation of cytokine conditions was undertaken. A comparison was made
between the two cytokine combination IL-6 and SCF, and the three cytokine
combination SCF, Mpl ligand and FIt-3 ligand. Figure 7.8 shows the forward
scatter (FSC)/7-AAD profile of progenitor cells stimulated by the two different
cytokine cocktails and subsequently transduced with GFP/serpin2A. In
comparison to untreated BM celis (Figure 7.8(A)), a significant proportion of
treated cells took up the viability marker 7-AAD (Figure 7.8(B&C)). Live cells
(7-AAD) were gated and subsequently analysed for GFP expression. No
significant difference in GFP expression of cells cultured in cells was observed
between cells cuttured in IL-6 and SCF (22% GFP*) and SCF/Mpl-L/Fit-3-L.
(16% GFP"). The viable cells were sorted for GFP* based on the position of
the markers shown in Figure 7.8(B&C).

The HPP-CFC assay was used as an in vitro surrogate assay of the stem cell
potential of GFP" sorted cells. Tabie 7.2 shows that the three-cytokine
combination of SCF, Mpl-L and FIt-3-L gave a 10-fold increase in total
HPP-CFC number in comparison to the two-cytokine cockiail. When HPP-CFC
numbers were adjusted for total CFC number, the three cytokine cocktail still
gave a 5-fold increase in HPP-CFC. This suggested that lower numbers of
progenitors were stimulated into cycle and to proliferate with IL-6 and SCF.
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Figure 7.7: Peripheral blood analysis 1 year post transplant of a single host mouse
transplanted with progenitors transduced with GFP/serpin2A. A} Unlabelled
peripheral blood analysed for GFP (x-axis) vs. Ly5.1-PE auto-fluorescence (y-
axis). B) Peripheral blood labelied with Ly5.1-PE and analysed for GFP (x-axis)

and Ly5.1-PE (y-axis). Circled population indicates Ly5.1*/GFP* cells of donor
origin.
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Figure 7.8: Flow cytometric analysis of low density BM post ¢cytokine pre-stimulation
and retroviral transduction with GFP/serpin2A. Cells were stained withh 7-AAD prior
to analysis A) Whole BM analysis of 7-AAD and GFP expression. B) Low density 5-
FU BM pre-stimulated with IL-6 and SCF and C) low density 5-FU BM pre-

stimulated with Mpl-L, Flt-3-L and SCF. M1 represents GFP* cells sorted for HPP-
CFC assays. '
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Table 7.2: Colony forming assay of GFP* post priming in either two cytokine or
three cytokine cocktails.

LPP-CFC HPP-CFC
Colonies per 25,000 cells

'SCF +IL-6 GFP* 962 25
SCF, Fit-3-L
GFP* 1475 250
+ Mpl-L

Values are the Mean of duplicate plates from the single experiment.

To further enrich for primitive progenitors, the low density 5-FU BM derived
cells were enriched for cells lacking lineage markers (Lin-) and sorted on the
basis of Sca antigen expression (Sca®). The gating strategy employed for this
isolation is shown in Figure 7.9 (A&B). The sorted Lin'Sca® cells were
stimulated with the three cytokine combination and exposed to GFP/control
and GFP/serpin2A irradiated retroviral producer cell lines. Figure 7.9 (C&D)
shows the flow cytometry analysis of progenitors post co-culture. Analysis
based on 7-AAD upiake showed that a significant proportion of cells were
7-AAD*, demonstrating again that many cells died during co-culture. GFP
expression analysis of 7-AAD cells (Quadrant R1) showed that 12% of
GFP/control and 22% of GFP/serpin2A cells were transduced with the
retroviral vector, The GFP* cells were then FACS sorted and either
transplanted into lethally irradiated mice or analysed by HPP-CFC assays.

Table 7.3 shows a 67-fold increase in HPP-CFC number after enrichment of
low density 5-FU BM for Lin"Sca® cells. After cytokine treatment and retroviral
transduction of Lin"Sca® progenitor cells a 5-fold increase in total HPP-CFC
number is observed. Comparisons between GFP* and GFP" fractions
suggested no significant difference between HPP-CFC number, although
progenitors transduced with GFP/control appeared to have higher HPP-CFC in
the GFP* progenitor cells. Given the high number of HPP-CFC present post

1562
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Figure 7.9: A&B) FACS sort of low density 5-FU BM celis. Cells gated in quadrant
R1 were sorted based on Lin- and Sca* expression (quadrant R2). Lin-Sca* sorted
cells were stimulated with Fit-3-1., Mpl-L and SCF and then co-cultured with either
GFP/control or GFP/serpin2A retroviral producer cells. C) Lin-Sca* progenitors
fransduced with GFP/control. D) LinSca* progenitors transduced with
GFPlerpin2A. 7-AAD" cells were gated (R1) and then analysed for GFP
expression. Cells were then sorted based on GFP{M1) or GFP*{M2).
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transduction we would expect to see a robust contribution by donor cells to
engraftment in host mice.

Table 7.3: HPP-CFC assay of sorted progenitor cells

LPP-CFC HPP-CFC
Colonies per 25,000 cells
Primary Unfractionated 66.3+2.9 7.0£12
explanted and FUsq bone
sorted bone Marrow
marrow cells | | jn" Sca-1* cells 892 + 106 467 £33
Following MSCV GFP” 633 + 156 300+25
priming and co- GFP*| 1692358 908 + 183
culture with
producer cell
i Serpin2A GFP" 1875 + 200 488 +63
ines
GFP* 1540 + 175 408 + 71

Values are the Mean £ SEM of one experiment plated in friplicate in the presence of SCF + IL-
1+ [L-3 + CSF-1

When transduced Lin'Sca® cells were transplanted into host mice they made

no contribution to reconstituted haemopoiesis. This was demonstrated by the
absence of GFP and Ly5.1 expression in peripheral blood 6-7 weeks
post-transplant. This was in direct contrast to the data obtained from the
HPP-CFC assays which demonstrated a significant number of progenitor cells
present with high proliferative potential. Based on this, we would have
expected to see a more robust engraftment in host mice.
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7.3.4. Retroviral transduction of Lin" Sca® progenitors using

retroviral supernatant

One of the concerns raised during the infection of the progenitors was the
significant amount of cells to stain positive with the viability marker 7-AAD. In
addition, a large amount of debris within the infection media was also apparent
during and post infection. The presence of debris was attributed to the
retiaviral feeder layer detaching from the flask and it was postulated that this
may adversely influence the progenitors. To overcome these issues it was
decided to incubate the enriched progenitors in the absence of the viral
producer cell line using the retroviral supernatant.

Incubation of progenitor cells with retroviral supernatant resulted in a dramatic
increase in progenitor numbers present post transduction with both
GFP/control and GFP/serpin2A vectors. The cells doubled every 12 hrs in
contrast to ihe dramatic loss in cell number observed with retroviral co-culture.
Flow cytometry analysis for GFP expression revealed a low level of retroviral
transduction (2%), with both GFP/control and GFP/serpin2A supernatants. The
low level of transduction was not surprising as the retroviral titre was
determined as 1 x 10* cells/ml and 2.9 x 10* cells/ml for the GFP/control and
GFP/serpin2A supernatants respectively. Given the low level of transduction
the cells were not sorted and the complete population of in vitro cultured cells
were transplanted into lethally irradiated mice.

Figure 7.10(A) shows the results of flow cytometry analysis of GFP expression
and Ly5.1 labelling of PB isolated from host mice. Only a single mouse
transplanted with GFP/serpin2A transduced progenitor cells had low level GFP
expression (1.3%). No GFP expression in PB was detected in the other
transplanted mice despite haemopoiesis being restored. As host mice were
transplanted with unsorted donor cells, progenitors that were GFP” but Ly5.1*
could also contribute to host reconstitution. Flow cytometry analysis using the
congenic marker Ly5.1 showed that transduced GFP/control and
GFP/serpin2A donor cells contributed approximately 50.5% and 63.3%,
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Figure 7.10: A} Summary of the flow cytometric analysis of peripherat blood from
host mice transplanted with GFP/serpin2A and GFP/control. Lin-Sca* cells were
transduced with retroviral supernatant and the complete population introduced into
: host mice. Peripheral blood cells were labeled with Ly5.1-PE and analysed for GFP
and Ly5.1 expression to identify cells of donor origin. B) Dot plot of the analysis of

the single host mouse with positive for donor cells {Ly5.1*/GFP*) transduced with
GFP/serpin2A.
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respectively (Figure 7.10(A)). This demonstrated that Lin'Sca® donor cells
could engraft and contribute to haemopoiesis in host mice.

7.4, DISCUSSION

To investigate the biological role of serpin2A in haemopoiesis, a retroviral
mediated gene transfer system was developed to introduce constitutive
serpin2A expression into haemopoietic progenitors. This system successfully
yielded clonal viral producer cell lines capable of infecting target mouse cells
with GFP and GFP/serpin2A. The presence of the IRES in the retroviral vector
translationally linked the expression of GFP and serpin2A and facilitated the
identification of vector expressing cells and their progeny. Western blot
analysis confirmed the expression of serpin2A in cells infected with virus from
the producer line GP'E86-MSCV/GFP/serpin2A.

Progenitor cells transduced with either GFP/control or GFP/serpin2A resuited
in varied levels of transduction efficiency between experiments, with 10-50%
GFP expression as assessed by flow cytometry. There was no significant
difference in transduction efficiency between the producer cell lines,
GFP/control and GFP/serpin2A. A consistent feature of the retroviral
transduction protocol was the high level of cell death observed after co-culture.
The high uptake of the viability marker 7-AAD could be attributed to either
shedding of the retroviral producer layer or death of transduced progenitors.
Given the considerable reduction in progenitor numbers post-transduction, it is
likely that many of the 7-AAD" cells are progenitors.

The use of retroviral supernatant to infect progenitors did not result in high
levels of cell death as demonstrated by a 20-fold increase in cell number post
retroviral transduction. However, by using the retroviral supernatant only 2% of
the cells were transduced. Therefore, it is difficult to ascertain whether the
difference in cell death observed was due to vector expression in progenitor
cells, or due to culture conditions. In order to distinguish between these
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possibilities, a higher retroviral titre supernatant would need to be produced
and examined for the effect on progenitors.

The HPP-CFC assay was used as a surrogate assay tc identify the phenotype
of the haemopoietic progenitors present pre- and post-retroviral transduction
and to determine reconstitution potential. HPP-CFC’s share many features with
primitive haemopoietic stem cells; the ability for long-term haemopoietic
reconstitution, they are able to proliferate in the presence of multiple cytokines,
and are mulitpotential (Bertoncello and Kriegler 1997). As expected, the
HPP-CFC assays revealed that HPP humber was enriched 67-fold from S-FU
treated low density bone marrow to cytokine treated Lin'Sca’. Retroviral
transduction of progenitor cells with either GFP/control or GFP/serpin2A did
not affect HPP-CFC numbers, and there was no difference observed in HPP-
CFC number between GFP* and GFP" fractions. Furthermore, the numbers of
HPP-CFC present after co-culture would predict a robust engraftment in
ablated mice.

Previous studies by Hampson et al (1997) demonstrated that constitutive
expression of serpin2A in the multipotential cell line FDCP-MixA4 resulted in
an increase in clonogenicity. We observed no difference in colony numbers
between serpin2A and control transduced cells. Although these results are
apparently contradictory, the two studies are not directly comparable. The
current study utilised primary isolated and enriched progenitors whilst
Hampson ef af used FDCP-MixA4 cells which require IL-3 and serum for the
maintenance of a primitive, self-renewing phenotype (Spooncer et al, 1984).
This would suggest that the cell line is more differentiated than the
multi-cytokine dependent progenitors used in this investigation.

The ability of donor cells to reconstitute haesmopoiesis in host mice was
assessed by competitive repopulation studies. The retfrovirally transduced
progenitor cells falled to contribute more than 2% to haemopoietic repopulation
in host mice. This was observed with both GFP and GFP/serpin2A transduced
cells. These observations were in direct contrast to in vitro HPP-CFC assays
which predicted that the number of HPP-CFC present in these populations
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would produce a robust engraftment in host mice. Furthermare, untransduced
Lin"Sca® donor cells contributed between 40-65% to haemopoiesis in host
mice. These results validated that the enrichment process and cytokine
incubations did not affe_ct the ability of the donor cells to reconstitute
haemopoiesis in host mice. This suggests that either co-culture with the
retroviral producer cell lines or retroviral transduction had altered their
engraftment potential.

The MSCYV retroviral vectors have previously been shown to efficiently infect
haemopoietic progenitors, and these transduced celis were able to reconstitute
haemopoiesis in host mice. (Persons et al. 1997; Persons et al. 1999; Leimig
et al. 2002) Therefore, it is unlikely that the presence of the vector altered the
engraftment potential of the progenitors. Furthermore, this vector system has
recently been shown to correct the lysosomal disorder, galactosialidosis, in
cathepsin A knockout mice by retroviral gene transfer of cathepsin A into
haemopoietic stem cells. Leimig ef al (2002) demonstrated that progenitor cells
transduced with the MSCV vector resulted in 20-50% GFP expression in
erythr-cytes, lymphocytes and platelets from peripheral blood of transplanted
mice.

The migration of HSCs through the circulation and back o organs that support
their proliferation and differentiation, such as the bone marrow, is referred to
as homing. To successfully reconstitute and contribute to haemopoiesis in
ablated hosts requires the maintenance of self-renewal capacity in the donor
cell population, and the ability of these cells to home to the bone marrow
(Szilvassy ef al. 1999). The HPP-CFC assays indicated that progenitor cells
post transduction maintained self-renewal capacity due to their ability to form
HPP-CFC in vitro. One possible explanation for the absence of GFP* cells in
the periphery of host mice is that the homing capacity of the progenitors may
have been altered by co-culture or retroviral transduction. Another possibility
was that the donor cells and their progeny were retained within the bone
marrow. However, no difference in GFP expression was observed between
peripheral blood and bone marrow from reconstituted mice.
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Successful reconstitution is aiso dependent on survival of these primitive cells
during the period of in vitro manipulation. In the current investigation, the
co-culture of progenitor cells with retroviral producer cell lines consistently
resuited in a loss in progenitor number associated with celi death. This
suggests that necrotic or apoptotic pathways may have been stimulated in the
donor cells. The activation of apoptosis has been implicated to target donor
cells for destruction upon transplantation, subsequently compromising their
ability to engraft in host mice (Young et al. 2001; Moore 2002).

7.5. CONCLUSION

In this investigation, we set out {o analyse the effect of constitutive serpin2A
expression on haemopoietic progenitor differentiation in vivo by establishing a
retroviral-mediated transduction protocol. Using this method we were unable to
obtain successful engraftment in ablated mice but this effect was not related to
serpin2A expression. The role of serpin2A in primitive haemopoietic
progenitors in vivo therefore remains an open question.




CHAPTER 8

GENERAL DISCUSSION

8.1. The mouse serpina3 locus

Members of the mouse serpina3 locus have undergone remarkable expansion
and diversification within the RCL. The multiplication of the murine serpina3
genes was most likely driven by positive selection to have conserved the
serpin structure whilst expanding the range of potential protease targets
through the hypervariable RCL. This is the first study to comprehensively
demonstrate that the individual members of the serpina3 locus are functional
and the hypervariable RCL mediates diverse activity.

Nature has adopted two methods to increase the functional diversity of serpin
loci. In higher organisms, gene duplication and gene conversion events have
resulted in serpin multigene families with hypervariable RCL. These include the
mouse serpina3, a4-AT, PI-6, PI-8 and MNE! which have evolved to encode
fourteen members for the serpina3 loci, five paralogues for both mouse o4-AT
and PI-6, and four and seven paralogues for MNElI and PIS respectively
(Borriello and Krauter 1991; Kaiserman et al. 2002; Forsyth et al. 2003).
instead of duplication, the variable genes of Manduca Sexta, Drosophila and
C.Elegans arise from the multiplication of the exon encoding the RCL.
Sequence divergence within these exons has led to the ability to produce
different RCL from a single gene by alternate exon splicing. Manduca sexfa
contains twelve alternatively spliced variants (Jiang and Kanost 1997) whilst
the Drosophila gene sp4 encodes ten different mRNA’s (Kruger ef al. 2002)
and the srp-7 gene in C.Elegans has three variants (Jiang and Kanost 1997,
Pak et al. 2004). The mouse serpina3 locus is remarkable in being the largest

multiplication observed in any species to date.




In the absence of an evolutionary advantage, it would be expected that the
serpina3 genes would fall info disuse and degenerate into pseudogenes.
However, only one member of the family, serpina3e (2B2(b)), is predicted to be
pseudogene due its truncated 3’ end. The other thirteen members encode
serpins with full open reading frames. Furthermore, the variable tissue specific
expression of the serpina3 genes, as dernonstrated in this study, supporis the
idea that individual gene products carry out unique functions.

Human o4-ACT is prominently expressed in liver and is secreted into the
circulation (Travis and Salvesen 1983). The current study demonstrated three
mouse serpina3 genes; EB22.4, MMCM2 and 3E46, with high liver expression.
All possess predicted N-terminal secretion peptides, consistent with
localisation into the extracellular compariment and plasma. However, the
relative concentrations of «4-ACT orthologues in mouse plasma are unknown.
An antichymotrypsin-like protein, contrapsin, with inhibitory activity towards
trypsin, was previously purified from mouse plasma (Takahara and Sinohara
1982). The relationship between the plasma contrapsin activity described by
Takahara ef al (1982) and the contrapsin gene identified in liver by Hill ef a/
(1984) is unclear. Based on the studies presented in this thesis, the liver
expressed serpins 3E46 and MMCM2 have inhibitory activity towards trypsin
and therefore, either could be responsible for the reported contrapsin activity.
Four additional serpina3 genes, with predicted N-terminal secretion peptides,
are exprassed in other mouse tissue. It is more likely that these serpins act
locally in the tissues of their expression. Clues to the in vivo function of these
genes may be provided by elucidation of the cells that express them,

The basis for tissue specific gene expression remains unknown as the o
sequences upstream of the transcription start are yet to be fully investigated,
except for serpin2A. The promoter region for serpin2A was previcusly shown
to contain a NF-xB and a Moloney murine leukaemia enhancer factor Lva
binding sites (Hampson et al. 2001). Subsequent studies demonstrated that
serpin2A mRNA was strongly induced by NF-xB in murine embryonic
fibroblasts (Liu ef al. 2003). Consistent with the presence of a NF-xB binding
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site serpin2A expression was reported to be induced in macrophages by the
inflammatory stimuli LPS and bacterial products (Hamerman et al. 2002). In
addition, a putative STAT binding site was seported for its stimulation by {FN-y
(Hamerman et al, 2002). Inflammatory stimuli have also been reported to
up-regulate the expression of serpina3 genes in the liver but it is unclear which
members of the cluster were induced (Hill ef al. 1985; Inglis et al. 1991). No
[ocus control regions have been identified nor the role of chromatin structure

analysed. Further work is required to fully understand the mechanisms
involved in gene requlation of the locus.

Analysis of the predicted amino acid sequences of the serpina3 members
demonstrates that the serpina3 locus is distinct from other serpin multigene
families. It does not encode an obvious murine orthologue of human o4-ACT,
as none have RCL composition like their human counterpart. This is unlike the
other murine expanded serpin loci which all have an obvious murine
orthologue (Goodwin et al. 1997; Benarafa ef a/. 2002; Kaiserman et al. 2002).

8.2.  Molecular characterisation of extracellular serpina3 members

From the work presented in this thesis, EB22.4 is likely to be the closest
functional murine orthologue of human a4-ACT. His-EB22.4 is a fast inhibitor of
cathepsin G with an S! of 1 and &, of 7.9 x 10° M 'sec™ which is equivalent to
the k, reported for human «;-ACT (Lomas et al. 1995 (b); Duranton et al.
1998). However, the Py-P¢ of EB22.4 is Met-Ser and this contrasts with
Leu-Ser for human o-ACT. The presence ¢f Met at Py explains the fast
inhibitory activity observed towards elastase, with an S! of 1 and k; of 4 x 10°

M'sec!. The elastase inhibitory activity is unlike human a4-ACT which is a
substrate of elastase. The fast inhibition of cathepsin G and elastase makes
EB22.4 a good candidate to be the physiological inhibitor of both proteases.




Biophysical and biochemical studies demonstrated that recombinant
His-MMCM2 is an inhibitory serpin. Analysis of interactions with a panel of
proteases revealed His-MMCM2 to be an inhibitor of trypsin but not thrombin
or factor Xa. Kinetic assays showed a moderate inhibition of trypsin, with an SI
of 10 and a k, of 2.7 x 10 M'sec”. The interactions of MMCM2 and its
cognete protease in the physiological context may be more favourable than
those observed in this study. It is likely that in vivo MMCM2 in mouse plasma
would interact with other trypsin-like proteases, for example, those involved in
the fibrinolytic pathway and complement activation.

The RCL sequence of 3E46 is strikingly similar to both human and mouse
Protein C Inhibitor (PCl) and the serpins share expression in liver and testis.
This suggests that they may have a similar target protease profile and overlap
in function. The current investigation demonstrated that 3E46 is able to form
inhibitory complexes with trypsin-like proteases, including trypsin, thrombin and
factor Xa. As expected, this inhibitory profile is similar to PCI, which is alse
able to inhibit these clotting factors (Espana and Griffin 1989). However, gene
knockout studies demonstrated that PCI”" mice were viable but were infertile
as a result of impaired spermatogenesis (Uhrin ef al. 2000). This suggests that,
at least in mouse testis, 3E46 was not able to compensate for loss of PCl
inhibitory activity. Further experiments with a functional recombinant are
required to fuily characterise interactions with cognate protease/s to give

pointers to the in vivo function of 3E46.

8.3,  Molecular characterisation of intracellular serpina3 members

The current study investigated the biochemical features of the predicted
intracellular member of the serpina3 locus, 6C28. The baclerial recombinant
His-6C28 demonstrated atypical unfolding in biophysical studies with a late
transition at 75.9°C. The increased stability is unlikely to be attributable to
misfolding of the serpin in bacteria as this was also observed when in vifro

transcribed/translated protein was analysed.
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Other native inhibitory serpins have melting temperatures between 45°C and
65°C. The question arises whether recombinant His-6C28 is latent. It is known
that latent PAI-1 and the 3-conformation of a-ACT (Leub5—Pro) variant have
high melting temperatures of 67.5°C and 70.7°C respectively (Lawrence ef al.
1994 (b); Gooptu et al. 2000). Both these conformations render the serpin
molecule functionally inactive (Lawrence ef al. 1994 (c); Gooptu ef al. 2000).
However, in the case of His-6C28 lcop cleavage of in vitro
transcribedftranslated protein resulted in a stable species completely resistant
to unfolding and complex formation assays suggested inhibitory activity
towards a number of proteases. There were several predicted amino acid
differences between the 6C28 ¢DNA isolated from spleen and the sequence
present in the mouse genomic database. Although the majority of these
variations were to conserved residues present in other members of the mouse
serpina3 locus or in the serpin superfamily, we can not rule out that these
variations did not aiter the stability of the protein. Isolation of an independent
cDNA clone from an aiternative mouse strain would clarify whether these
amino acid substitutions contribute to the unusual biophysical characteristics of
the protein. Formal demonstration of 6C28 hyperstability awaits a functional

recombinant protein in which biophysical and inhibition studies can be
performed in detail.

What is the in vivo function of 6C28? From the studies presented in this thesis,
6C28 is a cross-class inhibitor, able to form inhibitory complexes with serine
and cysteine proteases. Gene expression studies demonstrated prominent
expression in a number of lymphoid tissue and fibroblasts however its
expression was absent in haemopoietic cells. Therefore, 6C28 is unlikely to
interact with cathepsin G and elastase intracellularly as these proteases are
exclusively expressed in the haemopoietic compartment. The presence of an
inhibitory complex with cathepsin L also suggests that 6C28 may inhibit
lysosomal cysteine proteases. This is similar to the observations with serpin2A
which has also been demonstrated to inhibit cysteine proteases (Liu et al
2003). The identification of cell types that express 6C28 may provide clues
towards in vivo protease targets.
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Previous studies have shown sempin2A to be expressed in primitive
haemopoietic progenitors and there was some evidence to suggest modulation
of differentiation (Hampson et al. 1997). We therefore developed a system in
which the biological role of serpinZA in vivo could be examined. This method
employed retroviral mediated gene transfer of serpin2A into primary isolated
progenitors. We showed that the primary isolated progenitors were
multi-potential  in  colony forming assays and allowed haemopoietic
re-constitution in radio-ablated mice. Furthermore, we could transduce these
HPC with confrol and serpin2A constructs and colony forming assays
demonstrated that transduced cells were multipotent, demonstrating their
potential to give rise to multi-lineage engraftment. However, both control and
serpin2A iransduced progenitors contributed minimally to reconstituted
haemopoiesis in competitive repopulation assays. Clarification of the function
of serpin2A in murine haemopoietic progenitors and its role in hematopoiesis
wilt require further studies.

In order to overcome the minimal engraftment in host mice, new viral producer
cell lines need to be generated to give efficient transduction of progenitors. An
alternative to retroviral vectors are those derived from lentiviruses. These
vectors can transduce non-dividing cells and are therefore more efficient in
transducing quiescent haemopoietic progenitors than retrovirai vectors (Logan
et al. 2002). Changing the vector used may help to overcome the low viral titre
and extensive cell death observed in the current system. An alternative
approach would be to produce transgenic mice with expression of serpin2A
targeted to the haemopoietic lineages. For example, either the CD45 or vav

promoters could be used to target serpin2A to the stem cell compartment and
for multilineage expression (Ogilvy et al. 1999; Radomska et al. 2002).
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8.4. FUTURE DIRECTIONS

The main conclusion drawn from this thesis is that the gene expansion
observed at the mouse serpina3 locus gives rise to functionally diverse
serpins. They are expressed in a tissue specific manner and are likely to
undertake specialised inhibitory activities consistent with diverse protease
inhibitory profiles. The challenge is to establish the roles of these serpins in

vivo and to ascertain their relationship to human o4-ACT.

For two members investigated in this study, namely 3E46 and 6C28, functional
recombinant proteins are required to characterise their inhibitory interactions
with proteases. This would require expression in an alternative system such
as, Pichia patoris or baculovirus. The recombinant proteins generated by these
expression systems could then be used for biophysical and biochemical
analysis. In particular, a functional recombinant of 6C28 would elucidate
whether the unusual bioghysical characteristics observed in this investigation
are truly a feature of the 6C28 serpin structure or are a refiection of expression
in bacteria or in vitro transcription/transiation.

The absence of a predicted N-terminal secretion peptide for 6C28 suggests an
intracellular localisation. Further work is required to investigate the subcellular
localisation of 6C28 which could be accomplished by insertion of the ¢cDNA
into a mammalian expression vector and the transfection into mammalian cell
lines. Subcellular localisation could be determined by indirect
immunofiuorescence.

Human o4+-ACT has been shown to bind the amyloid B peptide and is
implicated in the progression of Alzheimer's disease (Abraham 2001). The
crossing of plaque-producing PDGF-APP mice with transgenic mice
expressing human a4-ACT in astrocytes resulted in a 2-fold increase in plaque
formation compared to control mice (Mucke ef al. 2000). EB22.4 is the closest
orthologue of human o4-ACT and is highly expressed in mouse brain. We
would expect that EB22.4 is also expressed in astrocytes however, RT-PCR of
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cDNA from primary isolated astrocytes would need to be undertaken to confirm
its expression. To determine whether EB22.4 has the same effect on plaque
formation as human o4-ACT, transgenic mice producing EB22.4 in astrocytes
driven by the glial fibrillary acidic protein (GFAP) promoter could be produced
(Mucke et al. 2000). These mice could then be crossed with the plaque-
producing PDGF-APP transgenic mice and assessed for amyloid plaque
formation in EB22.4/APP brain. These studies could further be extended in
EB22.4 knockout mice. Crossing of PDGF-APP transgenics with EB22.4™
would predictably have a reduced rate of amyloid plaque formation.

The studies in this thesis present a biophysical and functional characterisation
of EB22.4. Human o4-ACT structure provides a poor comparator because of its
relatively low resolution and results from a chimeric recombinant protein, We
have a recombinant protein which has been purified tc homogeneity and is
suitable for crystallisation and structure determination. The data from this could
be compared with not only o4-ACT but also o4-AT.

This study investigated only five members of the serpina3 locus. A further four
members were shown to be expressed in mouse tissue and cell lines. The
generation of recombinant proteins and characterisation of their biophysical
and hiochemical properties is required to give a more complete understanding
of the diversity of functions carried out by the member of the mouse serpina3
locus.
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Abstract

The major human plasma protease inhibitors, ar-antitrypsin and «,-antichymotrypsin, are each encoded by a single gene, whereas in the
mouse they are represented by clusters of 5 and 14 genes, respectively. Althoogh there is a high degree of overall sequence similarity within
these groupings, the reactive-center loop {RCL) domain, which determines target protease specificity, is markedly divergent. The literature
dealing with members of these mouse serine protease inhibitor (serpin) clusters has been complicated by inconsistent nomenclatre.
Furthermore, some investigators, unaware of the complexity of the family, have failed (o distinpuish between closely related genes when
measuring expression levels or functional activity. We have reviewed the literature dealing with the mouse equivalents of human
a,-antirypsin and a,-antichymetrypsin and made vse of the recently completed mouse genome sequence 10 propose a systematic
nomenclature. We have also examined the extended mouse clade “a™ serpin cluster at chromosome 12F1 and compared it with the syntenic
region ai human cbromosome {4932, In summarizing the literature and sugpesting 2 standardized nomenclature, we aim 1o provide a logical

structure on which future research may be based.
© 2003 Elsevier Science (USA). All rights reserved.

Keywords: Serpin; aj-antitrypsin; o -antichymotrypsin: Clade A: Murine; Human; Evelution: Gene duplication

Introduction

Human disease has been the inspiration for the study of
genetics. The conventional approach to inherited disorders
has been to track phenotypes through family studies and,
more recenily, through positional cloning, to identify the
responsible gene. Mass sequencing of genomes has made
available large volumes of genetic data, and there is a need
to corretate this information with human disease. To address
this problem, researchers have relied increastngly on 2ni-
mals for the purpose of modifying or deleting specific genes
of nterest and assessing the consequent phenotype. Implicit
in this approach is the assumption that the molecular mech-
anisms subserving major biological processes are conserved
among species. In some cases this seems accurate, and
valuable lessons can be learned from genetically modified
organisms as {ar removed from humans as nemaiodes or
fruitflies. A more relevant model organism for mammatian

* Correspondding author. Fax: +61-3-98950332.

E-mail address:! (P. Coughlin).

biology is the genetically tractable mouse and, in general,
there is a high degree of conservation between human and
mouse genomes, not only within the coding regions but aiso
in the intergenic, noncoding DNA [1.2]. This is reflected
overall in strong functional conservation, making the mouse
an instructive model organism for genetic manipulation,
although there are clear exceptions to this general rule,
Our particular interest is the serpin gene family and the
function of its varions members in human biology and
disease. This review deais with the cluster of genes at mouse
chromosorme 12F1 corresponding to human chromosome
14q32.1 in which occur the clade A serpins, antitrypsin and
antichymotrypsin [3]. Both of these genes have undergone
considerable expansion in the mouse, and as a consequence
the number, function, and nomenclature of all of these genes
are confusing and inconsistent, This review summarizes the
literature dealing with the mouse antitrypsin and antichy-
motrypsin serpins and, using the resources available from
the recently completed mouse genome, describes their
genomic organization and presents an updated, systematic
nomenclature. In addition the genomic organization and

0888-7543/03/% - see front matter @ 2003 Elsevier Science (USA). AN rights reserved.
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homologies of genes present in the human and mousc serpin
A clades on Hsal4 and Mmu |2 are compared.

The mous¢ a,-profease inhibitor (antitrypsin) and con-
trapsin (antichymotrypsin) clusters comprise 5 and 14 mem-
bers, respectively, Both clusters represent the results of
multiple gene duplication events, with a high degree of
conservation in secondary structural elements surrounding
substantially divergent reactive centers giving rise to func-
tional inhibitors with variable specificities [4.5]. The com-
plexity of the mouse /2F/ locus, and the forces driving its
diversity. may well hold some of the keys to understanding
the biology of human 2titrypsin and antichymotrypsin,
Furthermore. the mechan..ms underlying the evolution of
the serpins have implications for other gene families. The
finding the’ :he serpin scaflold is under strong conservative
pressure, whereas the specificity-determining reactive-site
loop s relatively free 10 diverge, provides an unusual evo-
lutionary paradigm. Soine appreciation of the intricacies of
this locus is essential 1o understand and interpret the bio-
chemical and biological liternure dealing with these ser-
Pins.

The serpin superfamify—structure, function, and
phyiagenetic history

The serine protease inhibitors (serpins) compose a large
family of functionally diverse proteins (>>700 to date). Most
serpins are inhibitors of either serine or cysieine proteases
involved in numercus intracellular and extracellular pro-
cesses including blood coagulation, fibrinolysis, cell migra-
tion, proliteration, embryoe implaniation. complement acli-
vation, and tumor sappression (for reviews see [3,6]). Some
serpins have nonminhibitory roles such as blood pressure
regulation by angiotensinogen, chaperoning of collagen
{folding by the heat shock protein Hspd7. and hormone
binding by corticosteroid-binding globulin (for reviews see
[3.6]). Representatives of the serpin family have been found
in all eukaryotes as well as pox viruses, and have recently
been described in prokaryotes as well [7.8]). However, none
have been identified in unicellular yeast, and several pro-
karyotic genomes have been fully sequenced without find-
ing any members of the serpin family. in general, the evi-
dence suggests that serpins may have arisen before animai
and plant divergence (—2.7 billion years ago) and even
before eukaryole development (=39 billion years ago).
Another possibility is that the serpins are in fact a younger
gene family and that horizonal transfer has occurred
through viruses. Although there is no direct evidence for
this, it would explain the apparently paichy representation
of serpins in prokaryotes and yeast,

Despite their diversity of function. serpins demonstrate a
highly conserved siructure consisting of thice B-sheets (A.
B, and C) and at least seven a-helices (Fig. 1) (for review
see |3)). The critical feature of the serpin mechanism is that
the active, native conformation is metastable and interactton
with a (arget protease triggers the transition to a stable

configuration. In the native conformation the RCL, a short
flexible sirand composing the profcase recognition region. is
exposed forinteraction with its ligand. After formation of an
initial noncovalent complex. a covalent link is established
during cleavage of the peptide bond between Py and P|. The
free RCL inserts into the middie of S8-sheet A, dislorting the
tethered proteinase, which impedes deacylation and traps
the protease tn an effecitvely irreversible complex (Fig. 1).
Numerous chromosomal localization studies and. more
recently. whole-genome analyses reveal that serpin genes
are ofien clustered. presumably as a result of gene duplica-
tiens [9]. Many serpin gene subfamilies demonstrate con-
served intron-exon patierns providing clues to their phylo-
genetic  history. Using these patterns, together with
diagnostic amino acid sites and rare indels (insertion or
deletion of three nucleotides corresponding to a codon).
Ragg et al. have assigned the serpins 1o six gene families
[10). Subsequently they assigned the serpins to various
clades by means of tree reconstruction analyses incerpo-
rating amino acid sequences, exon-intron structure, and
family-specific diagnostic amine acid sites 19). Irving et al.,
in contrast, assigned the serpins 10 clades by means of
congensus analysis based on examination of patteras of
sequence conservation to assess phylogenetic relationships
within the superfamily [ 7], Genomic structore was not laken
into account. With some exceptions. the phylogenetic trees
suggested by Ragg et al. and Irving et al. are similar.
However. from a practical perspective. phylogenetic analy-
sis based on amino acid sequence alone provides the mosi
accessible method for seipin classification. Therefore, sub-
sequent lo the Second International Symposium on the
Structure and Biotogy of Serpins {1999), a nomenclature for
the entire scrpin family was proposed based on the clade
structure suggested by Irving et al. and was presented as
supplementary data in the review by Silverman et al, [3].

The mouse a-antitrypsin, o -protease infilbitor family

Human «-protease inhibitor (e ,Pl) or a;-antitrypsin
(AIAT) (SERPINAI) is a 50- 55-kDa glycosylated protein
that is synthesized primarily in the liver. It is expressed at
high levels and is an efficient inhibitor of neutrophil elas-
tase. Deficiency of ATAT results in unregulated leukocyte
elastase activity, leading to destruction of lung elastic tissve
{emphysema; for review see [ 11)). In striking contrast to the
human and bovine genomes, wherein o Pi is represented by
a single gene, four gene members are found in the guinea
pig and wabbit, and mdividual mouse species possess as
many as five o, Pl isoforms (Table 1) |5,12-14]. However,
the number of different a,Pl genes is species-specific, with
Mus caroli and Mus cookii expressing only one form of the
a)\Pl gene, whereas Mus savicola express four «,Pl iso-
forms and Mus domesticus five [5]. Surprisingly, intraspe-
cies varilion of expression is also observed, with M. do-
mesticus C57/BL/6), A/, and C3H/He) strains expressing
five variants whereas AKR/J and DBA/2J express only three
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Fig. 1. Schematic representation of 4 serpin aind a serpin-protease cemplex. The siructure of native human ol -antitrypsin is shown on the lefi with the reactive
center loop at the 1op of the molecule. The complex of «l-antiteypsin with trypsin is shown on the right. The cleaved reactive center loop (shown in black)
is inserted inw the A sheet and the lethered, inactivated protease {dark gruy) is ut the base of the af-antitrypsin molecule, The figures were produced vsing
Protein Explorer (hup:/molvis_sdsc.edu/protespl/fmtdoor.ium) using PDB Ditabase entries [QLP and 1EZX from Elfiot ¢t al., 2000 [48] and Huntington et

al.. 2000 [49).

{5]. The simplest explanation for this observation would be
variability at the transcriptional level, yet evidence based on
gene-specific PCR indicates that intraspecies and interspe-
cies variability is caused by different e, Pl gene numbers [5)
(see Table 3 for revised nomenclature of the M. domesticus
o PY genes). All species studied so far express at least one
orthodox a,Pl (with methionine at the P, position), and
differences in expression belween strains involve only the

Table |
RCL

Human SERPINAI AMFLEAI PMSIPPEVKFNK
Murine DOM] VIVLOMVPMSMPPILRFDH
Murine DOM2 ATVFEAVFHMSEMPPILRFDH
Murine DOMJ ATVLLAVPYSMPPIVRFDH
Murine DOM4 ATVLOVATYSMPPIVRFDH
Murine DOMS ATVLOAGFLSMPPILHFNR
Murine DOM6 ATVLLAVPYSMPPILRFDH
Murine SAX] TTIVEAVFMSLPPILHFNH
Murine SAX2 TTIVEGVFMSLPPILNFNH
Murine SAX3 TTVLAGSYMSAPPILNFNC
Murine SAX4 TTVLGSTLYSAPAILHFRH
Murine SAXS TTVLAGTFTSWPPILNFNR

(Adapied from Goodwin et al., 1997.)

unorthodox members {(variation at the P, amino acid) (Table
1). The presence of methionine at the P, position may be
favored pecause it produces efficient iahibition of elastase
while conferring sensitivity (o oxidation: this property of
a,Pl allows relatively unrestrained proteolytic activity
wilhin the privileged microenvironment of an inflammatory
site [15~171].

The o Pl gene family is notable for its strikingly rapid
accumulation of amino acid substitutions in the RCL result-
ing from a higher than average rate of nonsynonymous
substituttons |5,18]. The evolutionary forces driving diver-
sity within the «, Pl RCL are not understood. It is likely that
the requirement for maximum control of elastase activily
acts as a selective constraint on the orthodox a,Pl genes. It
is noteworthy, however, that although the P, amino acid
remains unchanged in the orthodox a,PL, there is consider-
able variation in the remaining reactive site, especially be-
tween P, and P, which may confer a broader inhibitory
spectrum or resistance (o cleavage by nontarget proteases.
The duplication of «,Pl genes combined with rapid diver-
gent evolution within the RCL implies that positive darwin-
ian selection is operating. In contrast, the 5’ domain of the
serpin genes, which encode most of the secondary structural
elements, is highly conserved [13]. Calculations based on
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o3 - TFable 2
¥ i Conunon name Revised RCL
' Unkoown (1) or 9334061 18RIK Serpinalia IARYNFQSA-KIKARIVK
(Al Serpinaib IVGYNFMSA-KLKPVFVK
IAl or KLKBP Serpinaic GVNFRILSR-RTS~---LW
2BI Serpinatd RFKIAPLSA-KFDIVNVN
2B2 (v Serpinale GVRVNLRCG-KTIYSMTITY
2Al Serpinaif GYQNLQCCOGVIYSMKIY
242 or Spiliebl or Spi-1 Serpinaie GMAGVGCCA-VFDFLELF
6C28 Serpinuih GVKLILCCE-KIYSMTIY
2B2 Serpinadi GVKVNLRC-GKIYSMTIY
Unknown?2 Serpinaij RDKYDFLST-KSNPTVVN
' MMCM2 or MMSpi2 Serpinadk GVIGGIRKA-VLP--AVC
3E2 Serpinall RAIYNFQSS-KMYPMLLR
3edts or MMCM7? or MMSPI2.4 Serpinatm GFIFGFRSR-RLOTMTV(Q
Spi/eb22.d or Spi2.2 Serpinadn GVKFVPMSA-KLYPLTVY
Hunin antichymolrypsin SERPINAZ AVKITLLSALVETRTIVR

the rate of synonymous substitutions (which do not result in
an amino acid change and accumulate at a constant rate)
suggest that amplification events within the «, Pl gene oc-
curred before Mus speciation, resulting in three to five genes
in several species and only one in others |13},

Positive darwinian selection within the RCL would im-
ply altered functional activity between the various gene
products. Of the five gene members expressed in M. domes-
ticns. the two orthodox genes, with methionine o the P,
position, are clficient inhibitors of elastase, as expected
{19]. These two, together with two unorthodox members,
were also found to be efficient inhibitors of chymotrypsin,
though not rypsin. No cognale protease was found for the
filth unorthodox member. A recent study by Barbour et al.
confirmed that different Serpinal gene products within the
same species differ in their ability to bind various serine
proteases indicating distinet btochemical functions |20].
RCL-swapped chimeras showed that the variation in bind-
ing was specific to the reactive-site sequence. This group
similarly examined the binding of three M. saxicola «,Pl
variants (o crude snake venom proteases and again found
marked differences in their recognition of different uniden-
tified ligands, These results are consistent with the theory
that the array of pathogen- or predator-introduced proteascs
may drive accelerated evolution and the resullant isotorms
of the a, Pl family. Another interesting consequence of this
study was the observation that two of the «, P! isoforms
expressed in M. domesticus are sexually dimorphic, with a
greater expression in males than in females,

The mouse o -antichymotrypsin, Spi2 family

Human o -antichymotrypsin (SERPINA3) is a 66-kDa
glycoproicin synthesized primarily in the liver. aithough
expression in other tissues has been observed {21,22]. It is
an efficient inhibitor of the chymotrypsin-like protease ca-
thepsin G as well as chymase, and deficiency is associated

with emphysema, presumably by a mechanism similar to
the one that occurs in antitrypsin deficiency 123.24). a-
antichymotrypsin has also been reported to inhibit purified
DNA polymerase {257 as well as DNA primase {26]; this
observation may be physiologically relevant, in that the
serpin contains a nuclear localization signal and nuclear
distribution has been shown in some cells [25-28)]. The
complex of SERPINA3Z with the prostate-specitic antigen is
commonly used as a clinical marker of prostate cancer (for
review see [29] and {30]). More recently the binding of
SERPINA3 to the amyloid-B peptide and subsequent dep-
osition of this complex in amyloid plaque deposits has been
linked 10 the progression of Alzheimer’s disease (for review
see |31]).

A mouse gene with sequence similarily to human anti-
chymotrypsin (SERPINA3) was originally given the name
contrapsin [4]. 1t displayed 70% nucleotide and 60% amino
acid identity with human SERPINA3; however, the RCL
wis substamtially different. Further investigation showed
that contrapsin was a member of a mulligene cluster on
chromosome 12 that has been termed the Spi-2 locus [32]
and, until recently, was thought to encompass 11 members,
A high degree of sequence homology suggests these genes
were all derived from a common ancestor represented in
humans by the single-copy SERPINA3 gene on chro-
mosome 4¢32.1 [33). Recenti availability of the mouse
genome from the Mouse Genome Sequencing Consor-
tiura thup:ffiwww ensembl.org/Mus_musculus/) indicates 14
members of this gene family at chromosomal location /2F 1.
To simplify analysis of this gene cluster, we have assigned
systematic names consistent with the recently suggesied
serpin nomenclatre {3] and that have been approved by the
Mouse Gene Nemenciature Commitice (MGNC) (heep://
www,informatics.jax.org/mgihome/nomen/} (Table 2), The
gene structure of the family is illustrated in Figure 2 and
shows no ordered ortentation of the genes. The direction of
3E2 (Serpina3l), 3EA6 (Serpinadmy), and 1Al (Serpina3c)
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Fip. 2. The structure of the Serpinad ($pi2) locus on murine chromasome 12, Al 14 genes are represented and the direction of ranseription is indicated by
the block arrow, The genes are Jabelled according o the classification in Tabie 2. The “common’ names are indicated within the arrow and the revised name
is indicated befow and in bold. The lengih of cach gene as well as the intergenic sequence is shown, Information for this figure was sequired from the publicly
avaitable mouse genome sequence database (wp:fwvww ensemblorg/Mus_musculush),

differs from that predicted by Inglis and Hill |33]. Of the 14
genes, 2 (Serpinala and Serpina3j) have not been identified
before and another is a shortened form of 2B2 (Serpina3i).
Although 1Al (Serpina3c) has been identified in 1he public
databases as the mouse homolog of human SERPINAH (kal-
listatin} [34.35]. it actually shows « higher degree of ho-
mology with SERPINA3 or antichymotrypsin (39% amino
acid identity) than with SERPINAZ (45% amino acid iden-
tity). We have therefore given it a name consistent with
its genomic position within the Serpinal cluster. Iniron/
exon boundaries between members are conserved, except
that four of the genes (1Al Serpinale. 2A2/Serpinalg,
MMSpi2/Serpinazk, and eb22.4/Serpinadn) have a fifth
exon it the 57 end. All intron/exon boundaries correspond
with those in the human SERPINA clade [3]. It is interesting
(o note that five members of this family (1A Y/ Serpinade, Un-
known (2)/Serpinalj, MMSpi2/Serpina3k, 3IE46/Serpinadm,
and eb22.4/Serpina3n) possess an amino-terminal secretion
signal, whereas another five (6Al/Serpina3b, 2A\/Serpinalf,
2A2Serpina3g, 2B2/Serpinali, 3EUSerpina3f) would be
predicted to have an intracellular localization, The 5’ end of
the remaining four genes is absent from the predicted cDNA
sequences in the mouse genome database: therefore, their
targeting to intracellular or extracellular sites cannol be
predicted at this stage. The remaining sequence of these
genes indicates that, despir: substantial variation in the
reactive center, most should be able to act as funclional
protease inhibitors, some with a predictable inhibitory spec-
trum, others with novel inhibitory activity. In particular the
unusual Cys-Cys motif at the P,-P) appears in more than
one of the gene members (Table 2),

The evoluticn of this gene lamily is not as well docu-
mented as the Serpinal cluster but similarly involves accel-
crated substitution and divergence at the reactive site and
conservation of the remaining sequence [33,36). This was
suggested (o be the result of at least three localized gene
conversion events that have preserved the structurally im-
portant {framework of the protein outside of the reactive
center. No gene conversion events were detected that en-
compass the reactive site, thus allowing variation within this
region [33]. As with the “a/” cluster, the expansion of the
“a3” group appears Lo be the result of a comparatively
recent series of duplication events.

Since the identification of the multiple Spi-2 genes [32],
there has been little progress toward characterizing mem-
bers of the family. However, one of the genes, namely 2A2
or, as it has been since described. serpin 2A [37]. and now
Serpinalg, has demonstrated a number of interesting char-
acteristics. One of these was its expression at high levels in
the primitive, pluripotent, hematopoietic cell line, FDCP-
mix A4, and more importantly, its marked downregulation
upon differentiation of these cells [37]. Similarly, down-
regulation of serpin 2A (Serpina3g) expression was ob-
served in granulocyte/macrophage colony-forming cells iso-
lated from mouse bone marrow. Conslitutive expression of
serpin 2A by retroviral transduction into FDCP-mix A4
cells also resulted in a delayed ditferentiation and increased
clonogenicity [37]. In addition, serpin 2A expression was
shown to be substantially upregulated upon T-cell activation
in splenocyte culture [37]. An independent DNA subtrac-
tion study conducted to identify genes selectively expressed
in mouse adult hematopoietic siem cells found that the two
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most abundant transcripts encoded the protease inhibitors.
serpin 24 and CTLA-2 [38]. Interestingly CTILA-2 is also
selectively expressed in activated T cells. The importance of
these observations remains 10 be elucidated, and as yet no
larget protease for serpin 2A has been identified. Examina-
tion of the amino acid sequence of this serpin, however,
indicates a number of unique {eatures. Despite homology
with the secreted human SERPINA3, serpin 2A has no
N-terminal secretion signal. In addition serpin 2A has the
unusual Cys-Cys at the P,-P; of the reactive center and
possesses a unique carboxy-terminal extension of ~30
amino acids containing an additional two cysteine residues.
These residues may be involved in some form of redox
control mechanism for the activity of the inhibitor. A recent
study by Hampson et al. identified the promoter region of
serpin 2A and found it contained both an NF-kB as well as
the Moloney murine leukemia enhancer factor Lva binding
sites {39]. In the FDCP-mix A4 cells they demonstrated the
binding of a unique and unidentified protein to the NF-xB
site and flanking residues. NF-kB was, however, the major
DNA-binding protein in the T cells. The promoter was
shown fo act in a tissue- and differentiation stage-specific
manner. The combined evidence suggests that serpin 2A
contributes to the differentiation of primitive hematopoietic
cells as well as to the activation of T cells, and that this
activity may be :egulated by an intracetlular redox environ-
meat. It will be of great interest to find the physiological
target of this inhibitor and to elucidate its mechanism of
action.

Mouse Serpina3 genes have been implicated in the
pathogenesis and progression of Alzheimer’s disease in
studies conducted by Chiang et al. and Licastro et al.
{40.41]. They measured the expression of mouse Serpinal
by RNA protection assay and in situ hybridization. The
probes used were derived from Serpina3g (eb22.3 or Serpin
2A) 142]. but were not located in a unique area of sequence
and were thus unlikely to be able 1o distinguish among the
multiple Spi-2 genes. Results may thus refiect expression of
any one or more of the 14 paralogs. The data showing a
correlation between expression of one of the Serpina3
genes, and the progression of Alzheimer’s disease-like pa-
thology in apoE4-deficient mice is reriniscent of the up-
regulation of human SERPINAZ in Alzheimer's disease.

The substantial expansion of the Serpina3 gene cluster
gives rise 1o some obvious questions, Why are there 14
genes in the mouse and only one in humans? Why have they
diverged (o such an extent. are all of the genes expressed,
and what functions are they carrying out?

Comparison of the clade A serpin cluster on Innnan
chromosome 14 with the syntenic region on mouse
chromosome 12

Considering that multiple gene duplications have oc-
curred at the mouse Serpinal and Serpina3 loci, we won-
dered about the status of the other clade *a” serpins on

mouse chromosome 12F1 and the syntenic region on human
chromosome 14q32.1 [3]. By examining the recently avail-
able M. musculus and H. sapiens genomes, we were able to
make a direct comparison of this A clade cluster belween
the two species. An assessment of amino acid identities
{Table 3) confirms the high homology of five mouse genes
with human SERFINA] and 14 mouse genes with human
SERPINA3. 1t also shows that the mouse equivalents of
SERPINA IO (PZI; protein Z-dependent prolease inhibitor),
SERPINAG (CBG: corticosteroid-binding globulin). and
SERPINAS (PCI; protein C inhibitor) are all represented by
single homologous genes. The organization of these genes
in the chromosome is depicted in Figure 3. What is imme-
diately clear from this figure is that the organization of the
A clade serpin genes is largely conserved between the two
species, and SERPINAT and SERPINA3 are the only genes
within this locus that have undergone expansion in the
mouse. Therefore, the overali organization of the clade A
locus predaies the evolutionary divergence of mouse and
human.

It is odd that there is no obvious homoiog for the kal-
likrein inhibitor (SERPINAS in the mouse. There is a
mouse gene in the syntenic chromosomal location whose
predicted trarscript shows 57% amino acid identity with
SERPINA4 (Table 3); however, it contains stop codons and
therefore appears 10 be a pseudogene. Although the mouse
gene 1Al (Serpinaic) has previously been nominated as the
homolog of SERPINA+ [34.35], it can be seen from Table 3
that the mouse gene shows o far greater overall similarity
with SERPINA3 (59% as opposed to 45% identity with
SERPINA4). Nevertheless, the RCLs of SERPINA4 and
Serpinalc are very similar, and it is predictable that both
proteins inhibit Kallikrein efficiently. Comparison of the
tissue-specific expression of the two genes and in vitro
biochemical examination of their protease specificities
wonld be useful 1o demonstrate their functional similarity,
SERPINA9 (centerin) [43] is conserved in the mouse, but
the gene appears deficient at the 3’ ead. Whether this rep-
resents incomplete sequencing or rather that the gene has
fallen into disuse awaits further clarification,

Within the clade A locus there are two novel, uncharac-
terized serpin genes in the human and one in the mouse. In
keeping with the revised serpin nomenclature, the human
genes have been named SERPINAII and SERPINAIZ, re-
spectively. There is no mouse homolog for SERPINA L, but
there exists a mouse gene syntenic with SERPINAI2 with
60% predicted amino acid identity that we have designated
Serpinal2 (Fig. 3). These names have been approved by the
HUGO Gene Nomenclature Committee (HGNC) (hitp://
www.gene.ucl.ac.uk/nomenclatere/) and the MGNC ¢hup:/
www.informatics.jax.org/mgihome/nomen/), respectively.
SERPINAIZ coptains 2 Met-Glu at the P,-P} position,
whereas SERPINA1I contains a Gln-Pro at the P,-P; posi-
tion, stmilar to human SERPINA7 (TBG; thyroxine-binding
globutin).

In conclusion, the phenomenon evident within the mouse
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Table 3
Mouse clade ~a” serpins versus the human clade A serpins®

Huwman chde A semins

Cavrion mine AIAT ATR

AACT

KAL Pl CaG Comerin 171 Novel Newel

Hevised name SERMNAT SERPINAZ

KERPINAS SERPINAD KERPINAS SERPINAG XURIMNAV SERPINALD SERPINAID SERPINALL

Ensembl gene IFIVA3- YDTEGG-  YQSEROO0. 9RAAI0S.  ONRG0S66-  U22TTIUO. GRAAGGSS. DOTUDEIX- Q92AL6I6%0  YA60RG2-

locatiof o 6 MAME 7606 53R SG66EE  W6KEG 443399 RO2S4D 426404 471956

chromosme 134331
Bl clide *a” serping
Revised  Comnn Enwembl gene Eascmbl gene 1D
i IR location on (EISMUSGIKRRHIDE

chromosome 1217]
Serpinafa Spil-UAIT) 2 S3% 345 455 42 115 4% NG TR
Serpinalt SpAIT2 21077 S0 225 35 W% HI% 3% ME 424
Serpimade  Spil- AT 1077 a5 425 A2 407 HIG- 415 e S
Seepinatd  Spis-4AITS 21077 s 3G $55 % 225 e 2% 2%
Serpinale  SPI-SAITS  URI2R0)- (47191 21083 534 455 e 1235 a5 a5 NG 295
"ATR” YTHIZOILOMIS 21088 kit A2 i) g % 29% g 3G
Serpingia Unkiown (13 983I6084-325141 3183, 370 235 FEE; M5 kL RhL S 336 u% IRG
Serpmadh 6AL ORIINTI-MDLSY  0NS A kBT S1%. W s NG 140 WG A%6
Serpinale KALUPHAL  9H3S0262-387406 41513 255 v 59 5% 1% 2% 5% % KELS
Serpinayl 2B YBITTION-AS1727 IS a5 Ryl 3% T 0% % 0% 9% 9%
Serpinade 2R ORI 0BT a7 K A5 iB% 40% S0 H14G 32 s A%
Serpivadf  2A) USA20690-24266 31480 351 34 -59%.; 4% 0% 134 45 % 155
Serpinady 2A2 OFHO06R-S4RTIG 41981 % 1% < S5%: e 9% W J0% 2% 2%
Serpimadh  6C28 OR4STITA0M 1Y 41479 35 ki 150% 414 5 a5 4925 3G 3y
Serpinati 232 ORITIRS6ATSICY 21073 106 4G sew. 4 4575 435 47% 135 $45
Serpinad  Unkpown (21 D8524350-820039  1145% g 374 (53%. 14 WE wR AT ik £
Serpinath  MMSpi2 URA4S207.555927 1340 35 v S58%. % 1% 445 i 5. g
Serpintdl M2 O8567863-§73327 41403 w5 113 [5i% 05 W% k4 w5 i A
Sergvinadm AE4G ORGOANIA-GORTS]  2me EEL) 4G "_ﬁll'%' 455 455G 3% 43 k1 At
Serpinitn SpiYEdS  OR62ISS0-629188  2HM 3% Al 6%, 4% 455 i 0% RIL 3%
“RALE"  OR2XISTR-20033T  JIKSK W5 R a5 Kyl 45 a5 a7 2w 0%

Serpinus  PCI QRIOSITANIGL J1S50 % % 05 39 5% W 2% 3% 14
Serpiné  CBG UIRSOIRD-HEDIRS  HIS9S 3% 4% % 0% 3% vl Y % W A4
Serpingy  Cemetin GRI0UME-2170606 210/ IRG Rkl 2% R 1% 425 T MG 455
Serpinat9 VZI 9TRIOFYL-RA4ITY L3 5% 85 26 ne 255 2913 25% T65%: 235
Serpinall  Novel YEEIEI. 26T 15507 w5 w5 Ry W% me 5% A % s

* The mouse serpins are compared with the human clade A serpins by percentage amine acid identity, which was obiained using pairwise BLAST
(hupediwww . nebi.nimunih.gov/BLAST/). Highest homology is indicmed by a shaded box, Where knowa, the genomic location and Ensembl gene 1D of the
mouse serpin is indicated (as derived from hnp:/www.ensemblorg/Mus_musculusf). The genomic locations of the buman serpins are also indicated (as
derived from htup://wwiwv.ensembl.org/Homo_sapicnst), PCL, Proein C inhibitor; ATR. e-antitrypsin-related protein; AIAT, o,-mntitrypsin; AACT,
a,-antichymotrypsin: CBG. corticosteroid-binding globufin; KAL. kallikrein inhibitor; PZL protein Z-dependent prolease inhibitor. The mouse “ATR™ is in
quotation marks because, although it is deseribed as the human ATR homolog in the genome, it has very linte homology with ii. "KALps™ appears 10 be
a pseudogene with homology (o human SERPINA- (KAL) gene. The new name of each mouse serpin, as approved by the MGNC, is shown. New serpins
identified jn the human genome are shown and their names, as approved by the HGNC, are underlined. See Fig. 3 for organization of the genes.

clade “a™ serpin cluster, namely hypervariability of a de-
fined domain with conservation of surrounding regions en-
coding structural elements, has been observed elsewhere. In
the highly pelymorphic MHC genes, variability allows for
recognition of a vast array of antigenic peptides derived
from pathogens. Variation is largely restricted to the pep-
tide-binding region and results from a high ratio of nonsyn-
onymous (o synonymous substitutions [44].

Additional examples of gene expansion may come to
light with the recent completion of the mouse genome.
Mouse chromosome 16 (Mmulg), for example, contains
731 genes; 509 of these represent human homologs whereas
222 (30%) do not. Of these, 44 (8%) are gene paralogs
having arisen from duplication events [1,2]. A recent exam-
ple of gene expansion involves the C2H2-type zinc-finger
genes, which in the human are dispersed among 11 clusters
on chromosome 19 and encode putative transcription fac-
tors, olfactory receptors, and putative pheromone receptors

[45]. Many of the related mouse clusters, however, contain
a very different complement of genes, and these appear to
have arisen from duplication and independent selection
from the original gene. The resulting genes appear to be
functional and have nonredundant adaptive {unctions in
addition, and complementary to, the ancestral gene. In one
extreme example of these, a single zinc-finger gene on the
human chromosome is represented by a cluster of 12 genes
in the mouse. ln the case of the putative pheromone recep-
tors only one functional gene has been identified on human
chromosome 19 as opposed to at least 17 genes at the
syntenic locus in the mouse. Differences observed in the
mouse olfactory and putative pheromone receplor genes,
when compared with those in the human, are suggested to
account for differences in the way mice and humans taste
food and attract sex partners [1,2,45].

Besides the antitrypsin and antichymotrypsin genes de-
scribed earlier, the intracellular (clade B) serpins have also
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Fig. 3, Organization of mowse chromosome 12F1 containing the ¢lade ‘a’ serpins versus the syntenic region on human chromosome 14321, The number
within each box indicates the number of geaes within the locus, A question mark within a box indicates a pene fragment, The hatched boxes (SERPINALE
and SEKXPINA Y)Y are represented inhe ENSEMBL, database as one gene (ENSGKKIN1T0054) with two alternative transeripts but closer examination ol the
genomie sequence using the gene finding NIX wol (hiep:/fAwww hgmp.ec.ac,ok/NIXA indicates two separate genes (as shown here), The size of (he genels
{hase pairs) as well as the intergenic sequrence is indicated below (Hsa) and above (Mmu). The lengah of the entire clusier of genes is adso shown, The question
£ mark for the Serpinad locus in the mouse indicates an area with poor sequence and only Spil -5 (Serpina fe) has bees confirmed here. However, the remaining
four Spil genes (see texy) have been idemitied within an unassigned chromosome (ragiment which is likely 1o belong in this focus, Murine "ATR™ is in
inverted commas as, although it bas been idemified in the databases as the homolog, it shows lile identity with the huntan gene (Table 3). The murine gene
in the corresponding position 10 hunn SERPINA-Z (Kallikrein tohibitor) has 57% amino acid ideotity with SERPINAY (Table 3) but appears © be a
. pseudogene and is described as "KALps™, PZI = protein-Z dependent protease inhibitor. CBG = cotticosteroid binding globulin, ATR = ¢ -antitrypsin
p/ sermns related protein, ATAT = op-antitrypsing KAL = Kalfikrein inhibitor, PCT = protein C inhibitor ad AACT = e -antichymotrypsin, New names, as

approved by the MGNC and the HGNC, are underlined. Dat for this figure was derived from the pubiicly avaiiable mouse and human genomes
thitpiwvww.ensemblorg/)

fomain

'pear_ 10 undergone gene duplication in the mouse |46,47). Mouse tion in the a,PI gene repertoire argues against this theory. It

lection chromosome 13 encompasses at least 15 genes of the intra- seems unrealistic (o propose that M. caroli, which expresses

E- lo be cellular gene family compared to 3 genes on human chro- only one form of «;Pl, has been exposed to substantially

ions i mosome 6p25. Once again the mouse genes demonstrate fewer pathogens than M. domesticus, for example, which
In one considerable variation in the RCL, whereas the proximal express up (o five members. The evolutionary pressures and :
on the and distal hinge motifs. ¢ritical for anti-proteinase function, ultimate benefits of these gene duplications remiain 1o be
gencs are conserved, The RCLs of these genes also vary to the seen but, quite apart from the interesting evolutionary is-
recep- extent that they are likely to inhibit different proteases and sues, they reinforee the proposition that mice may not al- ;
_Ilumam thus demonstrate very different functional activities. Char- ways be an ideal model for human biology. :
at the icterization of the mouse homologs of MNEI (SERPINB1)
_ in the -ndeed show altered binding specificity of at least one of the

| fencs, aralogs as well as alternate expression patierns of all four Abbreviations :

ested 10 f the gene members [47].

s taste Speculation on the driving force behind the rapid diver- RCL; reactive center loop. «,Pl; ay-protease inhibitor,
s tence of the mouse serpins has focused on the potential PCI: protein C inhibitor, ATR; «,-antitrypsin related pro- ]

E“’«‘S de- xposure of mice to a large range of pathogen-associated tein, AIAT: o,-antitrypsin, AACT: a-antichymotrypsin, ;
ve also woteases 33,361, The interspecies and intraspecies varia- CBG; corticosteroid binding globulin, KAL: kallikrein in-

:
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hibitor and PZ): protein-Z dependent proiease inhibitor,
MGNC:; Mouse Gene Nomenclature Commitee, HGNC:
HUGO Gene Nomenclature Committee here were derived
from C57BI/6) mice, and Inglis and Hill obtained their
sequences from the inbred mouse strain 129/8t. The gene
described as 2B2 (b) is novel but is a truncated form of 2B2.
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Abstract

We report that the activity of neutrophil serine-proteases within the bone marrow is regulated
by the expression of naturally-occurring inhibitors (serpinal and serpina3) produced locally
within this tissue. We found that serpinal and serpina3 are transcribed in the bone marrow by
many different hematopoietic cell populations and that a strong reduction in expression
occurs both at the protein and mRNA levels during mobilization induced by granulocyte
colony-stimulating fz}ctor or chemotherapy, whereas expression of neutrophil elastase and
cathepsin G remains unaltered. This decreased expression was restricted to the bone marrow
as serpinal expression was maintained in the liver, leading to no change in plasma
concentrations during mobilization. The down-regulation of serpinal and serpina3 during
mobilization, shifts the balance between serine-proteases and their inhibitors, allowing the
accumulation of active neutrophil serine-proteases in bone marrow extravascular fluids that
cleave and inactivate molecules essential to the retention of hematopoietic progenitor cells
within the bone marrow. These data reveal an unexpected role for serpinal and serpina3 in
regulating the bone marrow hematopoietic microenvironment as well as influencing the

migratory behavior of hematopoictic precursors.
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i Introduction

"- Hemopoietic stem and progenitor cells (HPC) are responsible for the renewal of all mature
blood celis. In adult mammals, the majority of HPC reside in the bone marrow (BM) whereas
their differentiated progeny migrate to the circulation. Transient increases in the number of
HPC circulating in the peripheral blood (mobilization) occur in response to a wide variety of
stimuli including strenuous physical exercise, myelosuppressive chemotherapy, polyanions,
H chemokines, and hematopoietic growth factors (1).

Mobilized HRC are now the favored source of transplantable cells 1o reconstitute
hematopoiesis following high-dose chemotherapy. Currently, the agent most commonly used
to elicit HPC mobilization is granulocyte-colony stimulating factor (G-CSF) used alone or in
combination with myelosuppressive chemotherapy (2, 3). The administration of G-CSF
induces a 10- to 100- fold increase in the level of circulating HPCs in both humans and mice.
G-CSF-induced mobilization is time- and dose-dependeni, involving a rapid neutrophilia
(evident within hours) and a gradual increase in HPC numbers in the blood peaking between
4-7 days of G-CSF administration. Mobilization with chemotherapeutic agents such as
¢vziophosphamide (CY) occurs during the recovery phase following the chemotherapy-
induced neutropenia, that is, days 6-8 in mice, and days 10-14 in humans. Aithough
mobilized HPC collected from the peripheral blood are extensively used to rescue
hematopoiesis in patients undergoin high-dose myeloablative chemotherapy, the exact
molecular mechanisms responsible for the mobilization of HPC from the BM into the
peripheral blood remain unclear.

Essential for the retention of HPC in the BM are adhesive and chemotactic

interactions. Particularly important are 1) the adhesive interaction between the vascular cell
adhesion molecule VCAM-1 (CD106) expressed by the BM stroma with its counter receptor i
integrin 04p1 (VLA-4) expressed by HPC, and 2) HPC chemotaxis due to binding of the
chemokine CXCL12 (SDF-1) produced by the BM stroma, to its cognate receptor CXCR4
(CD184) expressed at the surface of HPC. Blocking either of these interactions; the VCAM-
1/a4B1 adhesive interaction {4-7) or the CXCL12/CXCR4 chemotaxic interaction (8-10), by

means of antibodies, antagonists or tissue-specific gene-targeted deletion has been shown to

| result in mobilization of HPC in vivo,
Our group has shown that HPC mobilization induced by G-CSF or CY coincides with

the accumulation of high concentrations of active neutrophil serine-proteases within the BM.

The predominant proteases were identified as neutrophil elastase (NE) and cathepsin G (CG), . ;
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both released by neutrophils upon activation (11, 12). Once released into the BM
extracellular fluid, these proteases can disrupt locally the two important mechanisms by
which HPC home to and remain within the BM: 1) adhesion to the BM stroma (by cleaving
the extracellular demain of VCAM-1) (11, 12), and 2) chemotaxis of HPC by degrading and
inactivating the chemokine CXCL12 and cleaving the 1¥ extracellular domain of CXCR4
expressed by human HPC (13). As previous studies have shown, inactivation of either is
sufficient to induce mobilization. However the mechanism to explain how high
concentrations of active neutrophil serine-proteases can accumulate in the BM during
mobilization remains unclear.

Neutrophil serine-protease activity is controlled in vivo by naturally occurring serine-
protease inhibitors or serpins (14, 15). Serpins function like mousetraps with a protruding
reactive center loop in a metastable conformation. Cleavage of this reactive center loop by a
specific protease triggers a spring-like mechanism, which entraps the protease within the
serpin structure blocking access of potential substrates to the proteolytic center of the
protease (16-18). Once formed, the inactive serpin-protease complex is rapidly cleared from
the body. Although serpin structure is very conserved, the reactive center loop sequence is
highly variable between different serpins allowing the targeting of specific proteases. Two
groups of serpins located on chromosome 14 in humans and chromosome 12 in mice
(referred to as ‘Clade A’ serpins) can inactivate neutrophil serine-proteases in blood and
tissues. These are SERPINAI (also known as ol-antitrypsin: AAT) and SERPINA3 (al-
antichymotrypsin: ACT) (19, 20). Although humans express a single copy of each SERPINA
and SERPINA3 gene, in the house mouse Mus musculus the serpinal gene has replicated 5
times (serpinala-e) (21-23) whereas the serpina3 gene has replicated 14 times (serpina3u-n)
(23, 24). ,

In this sty we repott that in the mouse, serpinal and sepina3 are produced in steady-
state BM in sufficient concentrations to inhibit local serine-proteases. During mobilization
induced by either G-CSF or CY, the levels of serpinal and serpina3 in the BM dramatically
drop boosting the levels of active neutrophil serine-proieases with concomitant cleavage and

inactivation of molecules essential for the retention of HPC within the BM,

4 Role of serpins in bone marrow microenvironment and mobilization
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Materials and Methods

Mobilization of mice, tissue collection and clonogenic assay. Male 8-10 week old
BALB/c mice (4-6 mice per group) were injected twice daily (days 0-5) with 250pg/kg/day
recombinant human G-CSF (Neupogen Filgastrim; Amgen, Thousand Oaks, CA) or an equal
volume of saline (control mice). Mice were harvested at days 2, 4 ,6 following G-CSF
injection or allowed to rest and harvested at days 8 and 10. Cyclophosphamide treated mice
received a single intra-peritoneal injection of 200mg/kg CY (Cycloblastin, Pharmacia and
Upjohn, Rydalmere, Augualia) on day 0.

Peripheral blood was collected in EDTA. Plasma was separated and red cells lysed with
10mM NaHCO; pH 7.4, 150mM NH4CL. Nucleated cells were plated in double-layer nutrient
agar clonogenic cultures (1,500 cells/dish) in the presence human IL-1a, mouse IL-3, mouse
CSF-1 and rat KIT ligand as previously described (11). Colonies were scored after a two
week culture at 37°C in the presence of 5% Oy, 10% CO; and 85% Ns.

The BM content of 1 femur from each mouse was flushed into 1 mL PBS on ice.
Following centrifugation for 5 min at 400xg, the supernatant fraction (BM extracellular fluid)
was removed and used directly in western blots or for the digestion of recombinant human
VCAM-1. The BM cell pellet, as well as the liver and spleen were used for RNA extraction,
immunostaining and cell sorting, or to generate frozen sections.

Flow cytometry and cell sorting. Bone marrow and spleen cells were stained using
1pg/mL of directly conjugated mAb (Becton Dickinson, San Jose, CA) for myeloid cells (Gr-
1-FITC (cloneRB6-8C5) and CD11b-PE (clone M1/70)), for B-lymphoctyes (B220-PE (clone
RA3-6B2)), for T-lymphoctyes (mix of CD3-FITC (clone 17A2), CD4-FITC (clone
Hi25.19), CDS-FITC (clone 53-7.3) and CD8a-FITC (clone 53-6.7)), and for total
hematopoietic cells (CD45-PE (clone 30-F11)). Cells positive for each category were sorted
and RNA extracted as described below.

RNA extraction and quantitative real-time RT-PCR. Total RNA was extracted using
Trizol (Invitrogen, Carlsbad, CA). Following DNase treatment and reverse transcription
using random hexamers, quantitative real-time PCR with SYBR green (ABI systems, Foster
City, CA) was performed following manufacturer’s instructions using the oligonucleotide
combinations shown in Table 1. RNA levels were standardized by parallel RT-PCRs using
primers to two different house-keeping genes, vimentin (a cytoskeletal protein, forward
primer 5'-CACCCTGCAGTCATTCAGACA-3’ and reverse 5-
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GATTCCACTTTCCGTTCAAGGT-3’) and [ir-microglobulin (forward primer 5°-
TTCACCCCCACTGAGACTGAT and reverse S-GTCTTGGGCTCGGCCATA-3’).
Additional RT-PCRs for the serine protecases NE (forward primer 5°-
ACCCTCATTGCCAGGAACTTC-3" and reverse 5°-CCTGCACTGACCGGAAATTT-3%),
CG (forward primer 5-AGGCAGGGAAGATCATTGGA-3* and reverse 5°-
TGGATCAGAAGAAATGCCATGT-3’) as well as VCAM-1 (forward primer 5°-
CTGGGAAGCTGGAACGAAGTA-3 and reverse 5%-
GCCACTGAATTGAATCTCTGGAT-3’) and CXCR4  (forward  primer 5°-
GGCTGACTGGTARCTTTGGGAAA-B’ and reverse 5’-CCGGTCCAGGCTGATGAA-3)
were also performed. A PCR from each sample prior to reverse transcription was also
performed to confirm the absence of contaminating genomic DNA.

VCAM-1 cleavage and immunoblotting. BM extracellular fluids collected from three
mice at day 4 of G-CSF-induced mobilization were pooled and mixed with an equal volume
(10pL) of either pooled BM {fluids from three non-mobilized mice or with PBS. Where
indicated, protease inhibitors were added to the following concentrations: 1mg/mL human
al-antitrypsin (Sigma Chemicals, St Louis, MO), 1uM BB-94/Batimastat (British Biotech
Pharmaceuticals, Oxford, UK), 1mM O-phenantroline. Following a 20 min incubation at
room temperature, 10ng recombinant human VCAM-1 (98 kDa glycosylated extracellular
domain, R&D Systems, Minneapolis, MN) was added and the mixture re-incubated at 37°C
for 20 min. An equal volume of loading buffer (125mM Tris-HCI pH6.8, 20% glycerol, 2%
SDS) was then added and samples boiled for 3 min, before separation by electrophoresis on
10% SDS-PAGE and transfer onto nitrocellulosc membrane. Membranes were
immunobloited using a goat anti-human VCAM-1 antibody as previousiv described (11, 12).

Immunoblotiing for serpinal and a2-macroglobulin. 10uL aliquots of pooled BM
extracellular fluids from 3 mice at indicated time-points of G-CSF or saline administration
were mixed with an equal volume of loading buffer with 10mM dithiothreitol and boiled for
3 min. Following separation by electrophoresis on SDS-PAGE (10% for serpinal; 8% for a.2-
macroglobulin) and transfer onto a nitrocellulose membrane, membranes were blocked with
PBS containing 0.05% Tween-20 (PBST) and 5% dry skim milk and incubated for 1 hour
with 1/3,000 dilution of either a purified rabbit anti-human oi-antitrypsin Ab (Sigma
Chemicals) cross-reacting with mouse serpinal or a rabbit anti-human o2-macroglobulin Ab
cross-reacting with mouse a2-macroglobulin (Sigma Chemicals). Following extensive

washes with PBST and incubation with a 1/10,000 dilution of horseradish peroxidase-
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conjugated donkey F(ab)2 anti-rabbit IgG (Jackson ImmunoResearch, West Grove, PA),
blots were revealed by enhanced chemoluminescence.

Immunohistochemistry. Frozen sections of mouse liver and spleen were air dried, then
fixed for 30 min in methanol containing 0.3% H,0: to destroy endogenous peroxidases.
Slides were then blocked in 4X SSC containing 5% BSA, 5% skim milk powder and 0.05%
Triton X-100 for 2 hours, before incubation with either 25ug/m! purified rabbit anti-human
al-antitrypsin or non-immune purified rabbit IgG in PBST with 5% skim milk and 5% BSA
overnight at‘\4°C. Following extensive washes, slides were incubated with a 1/500 dilution of
horseradish peroxidase-conjugated donkey F(ab)’2 anti-rabbit IgG with minimal cross-
reactivity to mouse proteins for 2 hours at room temperature, then washed. Staining was
revealed using 0.5 mg/mL 3,3° diaminobenzidine in 50 mM Tris-HCI pH 7.4, 0.3% H,O,
before counterstaining with hematoxylin and mounting with Aquamount (BDH).

For BM wax-embedded sections, femoral BM was fixed by perfusing 0.05%
glutaraldehyde, 2% paraformaldehyde into the descending femoral aorta and femurs
processed exactly as described by Nilsson et al (25). Longitedinal 3.5um sections were cut,
dewaxed in xylene then rehydrated using progressive baths from ethanol to water. Following
antigen retrieval (12 min boiling in 10mM sodium citrate pH 6.0), endogenous peroxidase
elimination and antigen labelling were performed as described above.

Statistics. Levels of significance were calculated using the non-parametric Mann-

Whitney test.

Results

Serpins are present in steady-state BM extracellular fluids. We have previously
reported a dramatic increase in active serine-protease levels in the BM at the peak of
mobilization induced either by G-CSF or CY (11-13). This could be due to i) a corresponding
increase in protease production/release, or ii) a drop in the level of inhibitors which control
the activity of these proteases. To determine whether naturally-occurring protease inhibitors
are involved in the regulation of protease activity in the BM, recombinant VCAM-1 was
incubated with pooled BM fluids from three saline-injected mice (Figure 1, lane 1), three G-
CSF day 4 mice (lane 3), or a mixture of the two (lane 2). As expected from our previous
work, no cleavage of VCAM-1 was ¢bserved when incubated with BM fluids from saline-

injected non-mobilized mice, while cleavage of VCAM-1 did occur when incubated with BM
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fluids from G-CSF day 4 mice (11, 12). Interestingly, when both BM fluids were mixed
together (lane 2) cleavage was also prevented. This result demonstrates that naturally-
occurring protease inhibitors are present in the BM fluids from steady-state (saline-injected)
mice in sufficient quantities to completely inhibit the proteolytic activity of BM fluids from
mice mobilized with G-CSF.

When these same pooled BM fluids from G-CSF day 4 mice were incubated with
purified human SERPINA1 (cl-antitrypsin), complete inhibition of VCAM-1 cleavage was
observed, suggesting that murine steady-state BM may contain similar serine protease
inhibitors (Figure 1, compare lanes 1, 3 and 4). Inhibitors of matrix metalloproteinases
(MMPs) such as BB-94 (lane 5) or O-nhenanthroline (lane 6), did not prevent VCAM-]
cleavage. Together these results indicate that the proteases in G-CSF-mobilized murine BM
fluids able to cleave VCAM-1 are predominately serine proteases (inhibited by SERPINAL)
and not MMPs. Thus the inhibition of protease activity by steady-state BM fluids is
essentially due te endogenous serpins and not to tissue inhibitors of metalloproteinases
(TIMPs).

Serpinal protein concentration decreases in the BM during G-CSF-induced or CY-
induced mobilization. A decrease in serpin expression at the peak of mobilization was
confirmed by immunoblotting of BM fluids using a polyclonal anti-human SERPTNA] Ab
that cross-reacts with murine serpinal. Immunoblotting revealed that serpinal was present in
pooled BM fluids before and after mobilization but not at the peak of mobilization on days 4~
6 following G-CSF administration (Figure 2A). This decrease was restricted to the BM as no
corresponding change in serpinal concentration was observed in the blood plasma from these
animals (Figure 2B). Similarly, serpinal levels were decreased in the BM fluids from CY-
treated mice between days 6-10 again corresponding with the peak of mobilization in these
mice whereas blood plasma concentrations remained unchanged.

In contrast, on day 3 following CY injection, an increase in serpinal proteins was

observed. As the BM is very damaged with high red cell content at this time-point, we

hypothesized that this peak in serpinal in the BM could be due to blood infiltration across the

endothelial barrier between the blood and the bone marrow extravascular compartment. This
was confirmed by immunoblotting the same BM fluids as above for a2-macroglobulin, a
major plasma protein. Because of its large size (four 160 kDa subunits linked by disulfide
bridges), a2-macroglobulin cannot normaily diffuse through vascular walls from the biood

into tissues. While a2-macroglobulin was readily detected in all blood samples, it was
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detected in the BM extravascular compartment of mice only at day 3 following CY
administration, but was absent from BM fluids collected from saline-injected or G-CSF
injected mice, or from mice harvested 6 or 8 days following CY injection (Figure 2E and 2F).
In suinmary, the spike in serpinal protein concentration in BM extracellular fluids 3 days
following CY injection is most likely due to blood infiltration rather than up-regulation of
serpin production in the BM. Together, these results suggest that 1) serpin presence in the
extravascular compartment of the BM is due to local secretion by BM cells and not to
diffusion of blood across the endothelial barrier, and 2) serpin expression in the BM drops
during HPC nobilization induced by G-CSF or CY.

Reduction of serpinala-e mRNA levels in the BM during mobilization. To determine
whether transcription of serpinal and serpina3 genes was decreased in the BM at the peak of
mobilization, total RNA was extracted from BM cells of 6 individual mice injected with
either saline for 4 days, G-CSF for 4 days, or 8 days following a single injection of CY, and
quantitative real-time RT-PCR performed. Results were standardized using primers specific
for murine vimentin, a cytoskeleton protein ubiquitously expressed.

Using a primer pair amplifying transcripts from the five murine serpinal genes
(serpinala-¢), we observed a dramatic decrease in serpinala-e mRNA levels in the BM of
mice mobilized with G-CSF (8,000 fold decrease) or CY (790 fold decrease) (Figure 3A).
When primers to f2-microglobulin (another ubiquitously expressed gene) were substituted
for the pan-serpinal primers, there was no difference between saline-, G-CSF- or CY-injected
mice. These results confirm that the decrease in concentration of mouse serpinaia-e
transcripts is specific (no changes are found with other RNAs such as B;-microglobulin)
when compared to the vimentin and that a sharp decrease in serpinala-e transcripts is
associated with the drop in serpinal proiein concentration in the BM (as shown by
immunloblotting in Figure 2).

To confirm real-time RT-PCR results, a repeat PCR was stopped at 30 cycles for
serpinal (mid-log phase of reaction) or 25 cycles for 8>-microglobulin, run on 8% PAGE and
bands visualized with ethidium bromide (Figure 3B). After 30 cycles, serpinal product
(140bp) was detectable in RNA from the BM of three individual saline injected mice but not
in three G-CSF mobilized mice.

Real-time RT-PCR was performed from BM at different time-points of G-CSF-induced
mobilization. The decrease in serpinal mRNA on days 2 and 4 (Figure 3C) correspond to the

timing of decreased serpinal protein in BM fluids (Figure 2) as well as the rise in colony-
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forming cells mobilized into the peripheral blood (Figure 3D). Interestingly, this comparison
of serpinal mRNA and protein levels with the timing of G-CSF-induced mobilization reveals
a time lag at day 6. At this point in time, serpinal transcript levei has rebounded and serpin
protein levels are beginning to be detectable again; however high levels of active proteases
remain in the BM with large numbers of CFC stili in the PB.

Similar decreases in serpinala-e mRNA levels were observed in the BM at the peak of
CY-induced mobilization (days 6-8). Together these data indicate that a significant 2-3 log
decrease in serpinala-e mRNA concentration occurs in the BM at the peak of mobilization
even when two completely different mobilization protocols (either G-CSF, a cytokine, or CY,
a cytotoxic agent) are used.

Transcription of the neutrophil proteases NE, CG as well as VCAM-1 and CXCR4 in
the BM remains unchanged duri .~ mobilization. In sharp contrast to serpinal, no significant
change in NE or CG transcripts was observed during mobilization induced by G-CSF or CY
(Figures 3D and 4). Similarly, the transcription of other molecules reported to be important
for the retention of HPC in the BM such as VCAM-1 or CXCR4 remained unaltered (Figure
4). Taken together, these results support the notion that a dramatic drop in serpin expression,
not an increase in protease expression, is responsible for the enhanced ievels of active serine-
proteases observed in mouse BM at the peak of G-CSF- and CY-induced mobilization.

Decrease of serpina3 mRNA in the BM at the peak of mobilization. Using the same
approach, we followed the mRNA levels of six murine serpina3 genes which encode serpins
with an N-terminal secretion sequence and thus are potentially secreted by cells (serpina3b,
serpinadc, serpina3d, serpina3k, serpinaim and serpina3n) (23). A similar decrease in
ranscripts (between 8 and 1,400 fold} was found in the BM at the peak of mobilization
induced by either G-CSF or CY (Figure 4, top panel) with the exception of serpina3b which
was not transcribed in the BM of BALB/c mice. We also analyzed by real-time RT-PCR,
transcripts of another five murine serpina3 genes Ithat have no secretion sequences and are
thus presumed to remain cytoplasmic (serpina3e, serpinalyf, serpina3g, serpinalh, serpina3i),
the majority of which were detected in the BM of steady-state BALB/c mice (Table I).
Similar to the secreted serpina3, the mRNA levels of these other serpinal genes were
significantly decreased at the peak of mobilization (Fold reduction in BM transcription at day
4 of G-CSF was 85 with p<0.001 for serpinale and serpina3i, 621 with p<0.01 for

serpina3g, and 1,592 with p<0.01 for serpina3h). Serpina3f was not expressed in steady-state
or mobilized BM.
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Decreased expression of serpinal and serpina3 in the BM during mobilization is due to
reduced mRNA levels in serpin producing cells. The exact identity of cell types expressing
serpinal and serpina3 in mouse BM has not been thoroughly investigated. We sorted BM
cells from saline- and G-CSF-treated mice at day 4 based on lineage markers to determine
which cell types were expressing serpinal and serpina3 and whether serpin transcription in
these cells was down-regulated during mobilization.

We first examined myeloid cells as they are the predominant cell type accumulating in
the BM at the peak of r+ hilization (Figure 5A). Bone marrow myeloid cells were sorted on
the basis of positive CD11b expression and relative maturity on the basis of Gr-1 expression
(Figure 5B and 5C) with primitive-mono/myeloid cells being Gr-19™ (sort gate R3),
immature myeloid intermediate for Gr-1 staining (sort gate R4), and mature BM neutrophils
Gr-1"" (sort gate R2). With G-CSF-induced mobilization a 2-fold increase in both the

proportion and total cell number of primitive Mac-1*Gr-] 9™/ ntemediate

myeloid cells (R3 plus
R4 regions) was found in the BM.

By real-time RT-PCR, serpinala-e mRNA transcripts were greatest in BM neutrophils
(Mac-1" Gr-1""") with one or two log fess mRNA in more primitive Gr-1"™ and Gr-
19" cells respectively (Figure SD). Interestingly, at the peak of G-CSF mobilization, a
dramatic and significant transcriptional down-regulation of serpinala-e genes was observed
when compared {0 saline-injected BM in ail myeloid subsets (Figure 5D). This transcriptional
down-regulation was not just specific to serpinala-e genes, but was also found with the
secreted ay-anti-chymotrypsin serpina3c durtng mobilization (mRNA concentration was 5-
fold lewer in BM reuirophils and 10-fold lower in more primitive myeloid cells). However,
during mobilization no change was found for other mRNAs transcribed by these cells such as
the protease CG (Figure SE). Although CG transcription is higher in more primitive myeloid
cells than in mature BM neutrophils (consistent with packaging in primary granules),
administration of G-CSF was not found to alter CG transcript levels in any of the three
myeloid cell populations sorted from the BM.

A similar 100-1,000 fold decrease in serpinala-e mRNA levels was also observed
during mobilization for other sorted BM cell populations such as B220" B-lymphocytes,
CD4" and CD8" T-lymphocytes and totai CD45™ hematopoietic cells (data not shown).

Decreases in serpinal transcripts is restricted to the BM of mobilized mice. During
mobilization, a large number of the mobilized HPC home to the spleen. We therefore queried

whether the drop in serpinal and serpina3 transcripts during mobilization was a general
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phenomenon or restricted to the BM. For this purpose, we analyzed serpinal mRNA levels in
liver, BM and spleen by real-time RT-PCR and confirmed these results at the protein level by
immunchistochemistry of tissue sections.

SERPINA] and SERPINA3 proteins are present in the blood at high concentrations
(2mg/mL and 0.5 mg/mL respectively in humans). They are mainly produced by the liver,
however the regulation of expression has not been exhaustively studied in the mouse. As
expected, we found high levels of serpinala-e mRNAs (Figure 6A, left panel) and serpinal
protein expression (Figure 6B, left panel) in liver cells, with no change in mRNA or protein
expression during G-CSF-induced mobilization. Conversely, serpinala-e transcripts dropped
dramatically (1,000 fold) in mouse BM during G-CSF-induced mobilization (Figure 6A) with
a corresponding sharp drop in protein expression (Figure 6B, middle panel).

Interestingly, while serpinala-e transcription in the spleen of mice was minimal, it
increased during mobilization (Figure 6A). This finding was confirmed at the protein level by
immunohistochemistry showing accumulation of cell clusters producing serpinal proteins
within the myeloid areas of the spleen from mobilized mice but barely detectable in the
spleens from non-mobilized mice. However, no increase in serpinala-e mRNA was found in
Gr-1" cells sorted from spleens of mobilized versus non-mobilized mice (data not shown)
suggesting that the increase in serpinal protein and mRNA levels in the spleen following the
administration of G-CSF is most likely due to the migration of serpin-producing cells (such
as myeloid cells) from the BM into the spleen. This is supported by the findings that the
spleen of saline-injected mice contained 6 + 2% Gr-1" neutrophils increasing to 25 +5% Gi-
1" neutrophils following 4 days of G-CSF. When absolute numbers are considered, this
corresponds to 5 = 2 x 10® neutrophils/spleen in non-mobilized animals compared to 38 + 7 x
10 neutrophils/spleen with mobilization.

RT-PCRs using primers for serpina3c revealed a similar phenomenon, that is a drop in
mRNA levels in the BM and increased mRNA concentrations in spleen during mobilization
(Figure 6A, right panel). In the liver, mobilization resulted in a 10-fold decrease in serpina3c

transcripts, but interestingly no decrease in serpinal mRNA levels.

Discussion
In this report we demonstrate that the mRNA levels of five murine serpinal and nine
serpina3 genes are decreased specifically in the BM during HPC mobilization induced by

either G-CSF or chemotherapy. Conversely, we found that the increased proteolytic activity
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of NE and CG in mobilized BM (i1, 12) was not associated with changes in the transcription
of these proieases. Similar results were found in other inbred mouse strains such as C57BL6J,
C3H/HEJ and 129Svj confirming that this phenomenon is not restricted to a particular mouse
strain (data not shown). Collectively, these data support the notion that the sharp drop in
concentration of serpinal and serpina3 protein and mRNA levels (either due to transcriptional
down-regulation and/or mRNA destabilization) is responsible for the accumulation of active
NE and CG in the BM during mobilization.

Interestingly, hepatic transcription of serpinal is not altered, resulting in constant
blood plasma levels during HPC mobilization. This would explain why there is no active NE
or CG in the blood and no cleavage of VCAM-1 on the lumen of BM capillaries (11). We
have previously shown that the expression of VCAM-1 in the spleen does not change during
mobilization (11). In this study using immunohistochemistry as well as real-time RT-PCR we
show that cells producing serpinal proteins accumulate in the spleen during mobilization,
possibly protecting VCAM-1 from proteolytic cleavage by neutrophil serine-proteases in this
tissue.

The human genome has only one copy of the SERPINAT and SERPINA3 gene and their
target protease specificity is well established (26). Both human SERPINAT and SERPINA3
proteins can inhibit NE and CG in vitro, however human SERPINAI preferentially targets
NE (with the reactive center loop P/Pi amino acids ‘MS’) (19) while SERPINA3
preferentially targets CG (with reactive center loop P{P, amino acids ‘LS’) (20). The reactive
center loop of many of the murine serpinal and serpina3 proteins have diverged (27),
although several still exhibit the canonical ol-antitrypsin reactive center (such as murine
serpinala, serpinalb, serpina3b and serpina3n) while others have the canonical al-
antichymotrypsin reactive center (such as murine serpinadc, serpina3d, serpinale, and
serpina3j) (see Table 1). Therefore members of both the murine serpinal and serpina3
families are likely to be involved in the inhibition of serine protease activity in steady-state
BM as shown in Figure 1.

An interesting finding of this study, is that although the level of serpinala-e transcripts
dropped dramatically in the BM of mice during mobilization, hepatic mRNA levels did not
alter resulting in no changes in plasma serpinal concentrations. Earlier studies on human
SERPINAI transcription/expression reveal five alternative transcription starts can be used
depending on the tissue in which expression occurs (with three transcription start sites in

leukocytes, one in cornea and one in hepatocytes) (28) resulting in alternative splicing of
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regions upstream of the translational ‘ATG’ start codon (28). Hence human SERPINAIL
expression is controlled by both tissue specific transcriptional and pre-transiational
mechanisms (28). In this study we found a sharp reduction in serpinal transcripts specifically
in BM levkocytes during mobilization while hepatic transcription remained unchanged
suggesting that different tissue-specific serpinal transcriptional start sites are also employed
in murine leukocyte and hepatic cells, although we cannot exclude mechanisms involving
mRNA desiabilization. In contrast to SERPINA I, the human SERPINA3 gene appears to use a
single promoter regardless of tissue-type in which it is expressed (28).

Both human SERPINAT and SERPINA3 genes are reported to be ‘acute phase proteins’
as expression increases 2 to 5-fold in the hiver during inflammation leading to increased
levels of SERPINA] and SERPINA3 proteins in plasma (29, 30). Whether a similar increase
in the transcription of hepatic murine serpinal occurs during inflammation remains
coniroversial (31, 32). A few studies have reported that several cytokines (such as IL-6, IL-
1B or TNF-o) incrzase SEZERPINAI transcription in human monocytes (33, 34), However, to
our knowledge, no down-regulation of human or mouse SERPINA1 or SERPINA3 in
response to cytokines/growth factors has previously been reported in leukocytes or even
hepatocytes. There is one report that the glucocorticoid analogue dexamethasone inhibits
monocytic production of human SERPINAI (35). In summary, the mechanisms by which
murine serpinal and serpina3 expression is down-regulated in the BM during mobilization
remain to be determined. '

An intriguing finding of this study is that the same murine BM Gr-1" myeloid cells
contain large amounts of serine proteases as well as large amounts of serine protease
inhibitors which would suggest that the serpins and proteases, although present in the same
cells, are packaged in different granules. This is likely to be the case as serpiral transcription
is greatest in BM neutrophils, while serine protease (NE and CG) transcription was highest in
primitive mono/myeloid cells (Figure 5). It is known that the serine proteases synthesized by
primitive myeloid cells are packaged predominantly in primary granules, while proteins
synthesized by more mature BM neutrophils are more likely packaged in secondary or
tertiary granules (36). The release of these distinct granules by a neutrophil occurs at different
stages during the inflammatory process (37), so although contained within the one cell, bolh‘
the serine proteases and their specific inhibitors may be released separately. Alternatively,

serpins max 2 constitutively secreted with the proteases remaining sequestered in granules.

14 Role of serpins in bone marrow microenvironment and mobilization

it Pl WA L ,..__......___.._-..___._‘..-.._.

e e e L i, T T

b A weTie e

Fo I

:‘
i
!
i
1
1
i




T L 4L sy L T A TUR T

BT

LA P T A L5

——

T

P A s e Al e A [T e

iy

i o e e

How are these findings relevant to mobilization in humans? We have previously
reported several observations that strongly imply that active neutrophil serine-proteases
accumulate in humasn BM during mobilization. Firstly, CXCR4 is cleaved from the surface of
human CD34" cells in the BM and blood during mobilization, resulting in its inactivation
(13). Furthermore this cleavage and inactivation of CXCR4 can be recapitulated in vitro
using NE or CG (13). Secondly, the concentration of cleaved VCAM-1 fragments is
increased in the blood of mobilized patients and donors and this increase is significantly
correlated to number of clonogenic cells mobilized in the peripheral blood (11). Finally, RT-
PCR experiments on sorted populations of human BM cells indicate that transcription of
human SERPINAI gene is also greater in mature granulocytes, with lower transcription in
immature myeloid cells {Coughlin P, manuscript in preparation). The similarity in
SERPINAI expression profiles between human and mouse myeloid cells, suggests that a
decrease in SERPINA1 and SERPINA3 transcripts with mobilization may also cceur in
human BM.

In conclusion, cur study is the first to identify a novel role of serpinal and serpina3
proteins in regulating the homeostasis of the hematopoietic microenvironment which
ultimately determines the fate of hematopoietic stem cells. This conclusion is strengthened by
other studies using genetic linkage analysis showing that the Aaf locus containing the
serpinal genes, is significantly linked to BM cellularity in inbred mouse straing (38). As
previously reported, many proteoglycans (39, 40), extracellular matrix proteins (41-44),
cytokines and chemokines (45, 46) expressed in the BM hematopoietic microenvironment
and playing a major role in determining the fate of hematopoietic stem cells, are substrates of
the neutrophil serine-proteases that these serpins inhibit. Similarly, an earlier report has
shown that the addition of either recombinant human SERPINAI or antileukoproteinase to
serum-free culture media boosts in vitro proliforation. and survival of HPC, probably by
protecting cytokines from the proteases released by differentiated leukocytes (47). Therefore
we propose that 1) serpinal and serpina3 proteins play a major role in maintaining the
molecular and functional integrity of the BM hematopoietic microenvironment, 2) the
stoichiometric balance between these serpins and neutrophil serine-proteases is disrupted
locally in the BM during systemic administration of G-CSF or chemotherapy due o a
reduction in serpinal and serpina3 transcripts, and 3) the disruption of the serpin/protease
balance allows proteases to evade their naturally-occurring inhibitors, to accumulate in active

form and to coniribute to the mobilization of HSC.
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Figure legends

Figure 1. Extracellular fluids from steady-state BM contain serine-protease inhibitors while
those from mobilized BM do not. Extracellular fluids from the BM of G-CSF-mobilized mice
were mixed with an equal volume of PBS or extracellular fluids from saline-injected mice or
with purified human SERPINA1, BB-94 or O-phenantroline as indicated. The proteolytic
activity of each sample was estimated by cleavage of recombinant human VCAM-I

visualized following immunoblotting with a goat anti-human VCAM-1 antibody.

Figure 2. Concentration of serpinal and a2-macroglobulin proteins in BM extracellular
fluids drops during mobilization induced by G-CSF or CY. Aliquots BM extracellular fluids
and blood plasma were taken at indicated time-points of mobilization induced by G-CSF (A,
B) or by CY (C, D) and analyzed by immunoblotting with a rabbit anti-human SERPINAI
cross-reacting with mouse serpinai. Panels E and F are BM extracellular fluids and blood
plasma at different time-points following a single CY injection and analyzed by

immunoblotting with a rabbit anti-human a2-macroglobulin.

Figure 3. Reduced serpinal mRNA levels in the BM during mobilization induced by G-CSF
or CY. (A) Total RNA was isolated from BM cells of mice injected for 4 days with saline
(Sal), G-CSF (G) or 8 days following a single cyclophosphamide injection (Cy). Murine
serpinala-e (left panel) and [;-microglobulin (Bom) mRNA levels were measured by
quantitative real-time RT-PCR. Results are expressed as mRNA amount relative to mRNA
for the cellular cytoskeleton protein vimentin (on a log scale). Each symbol represents the
mRNA level from a different mouse. Black bars represent average of each group. (B) RNA
was extracted from the BM cells of six mice injected with saline or G-CSF for 4 days.
Products following RT-PCR for serpinala-e (30 cycles) or Bom (25 cycles) were loaded on
8% PAGE and visualized by ethidium bromide staining. (C) Kinetics of serpinal mRNA
levels during the course of G-CSF-induced (left panel) and CY-induced (right panel)
mobilization. Concentrations of serpinal mRNA were measured by real-time RT-PCR from
whole BM cells and are ::lative to vimentin mRNA. Data are mean + SD of 6-9 mice per
time-point. (D) Kinetics of NE mRNA levels during the course of G-CSF-induced (left panel)

and CY-induced (right panel) mobilization. Concenirations of mRNA were measured as
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described in (C). (E) Kinetics of CFC mobilization into the peripheral blood induced by G-
CSF (left panel) and CY (right panel). Data are mean £ 8D of 6-9 mice per time-point.

Figure 4. mRNA levels of secreted murine serpina3, NE, CG, VCAM-1, CXCR4 at the peak
of HPC mobilization induced by G-CSF or CY. mRNA levels were measured by real-time
RT-PCR from BM cells isolated from mice injected for 4 days with saline (Sal) or G-CSF (G)
or at day 6 following a single CY injection (Cy). Results are expressed as mRNA level
relative to mRNA for the cytoskeleton protein vimentin (on a log scale). Each symbol
represents the mRNA level from a different mouse. Black bars represent average of each
group. Fold decreases between saline-treated groups and G-CSF- or CY-treated groups,
together with corresponding significance levels (* for p<0.05, ** for p<0.01 and NS for non

significant) are indicated underneath.

Figure 5. Serpinal transcripts are decreased in all BM mono/myeloid populations during
HPC mobilization. (A) Number of nucleated cells and Mac-1* (CD11b") mono/mysloid cells
in the femoral BM during the course of G-CSF administration, Data represent mean + SD
from 6-9 mice per group. (B) Phenotypic expression and sorting of primitive mono/myeloid
Mac-1* Gr-19™ cells (gate R3), immature myeloid Mac-1" Gr-10tmediate oo (gate R4) and
mature Mac-1* Gr-1""" neutrophils (gate R2) from mouse BM following 4 days of saline
(left panel) or G-CSF (right panel) injection. Percentages in sorting gates indicate the
proportion of these cells among total BM nucleated cells. (C) Giemsa staining of the R3, R4
and R2 populations sorted as above. Top row corresponds to cells sorted from BM ¢f saline-
‘njected mice wheareas the bottom row corresponds to cells sorted from the BM of G-CSF-
injected mice. (D) Serpinal mRNA expression levels in R3, R4 and R2 populations sorted
from the BM of mice injected for 4 days with saline (gray columns) or G-CSF (whitc
columns). Results are expressed as mRNA concentration relative to vimentin mRNA on a log
scale. (E) Cathepsin G (CG) mRNA expression levels in R3, R4 and R2 populations sorted
from the BM of mice injected for 4 days with saline {gray columns) or G-CSF (white
columns). Results are expressed as mRNA concentration relative to vimentin mRNA on a log

scale.

Figure 6. Down-regulation of serpinal is restricted to the BM during HPC mobilization. (A)
Serpinala-e (left panel) and serpina3c (right panel) mRNA levels were measured in liver,

whole BM and spleen cells from mice injected for 4 days with saline (gray colvans) or G-
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CSF (white columns). Results are expressed as mRNA concentration relative to vimentin
mRNA on a log scale. (B) Immunohistochemical staining of liver, BM and spleen sections
with a rabbit anti-human SERPINA1 antibody cross-reacting with mouse serpinal. The top
row are sections from mice injected for 4 days with saline while the bottom row are sections
from mice injected for 4 days with G-CSF. The small inserts shown in the liver sections are
negative controls performed with non-imimmune control rabbit IgG used at the same

concenaation as the rabbit anti-human SERPINA 1. All sections are magnified 200 times.
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Table 1

Murine serpin genes and primer sequences.

o T et T e AT AL TR e s e e

nomencleture

Serpinaia
Serpina3b
Serpinalc
Serpinald
Serpinale
Serpina3l
Serpinalg
Serpina3h
Serpina3i
Serpinalj
Serpinaik
Serpina3|
Serpina3m

Serpina3n

Serpinala-e

Old

Unnownl

6Al
LAl
2B)
1B
2A1
242
6C28
2B2
Unknown2
MMCM

3E2

3cd6

ER22.4

Sequence  Potentially RT-PCR
of reactive secreted Oligonucleotide sequences BALBc
loop, P\P"  from cells for realtime RT-PCR BM

Qs yes ND

Ms* yes f 5 - TCATGTCTGCAAAACTTAAAG~3! .
b 5’ -TGTGGGGTTGATAACCTTTCC-3"

LSt yes f 57 -CTTAGTAGARGAACCAGTCTG-3¢ +
b §' -CTTAGGGTGAGTGATTTTGGC-3*

LS yes f 5' -AGATTCAAAATTGCCCCACTG-3" +
b 5' ~CTTGGGATTCAAGACTTTCAC-3'

RC ? f 5' -AGGAGTTAAAGTTAATCTACG-3* 44
b 5! -CTTGGGATTTGTAACTTTGEC-37

CC no £ 5' -ATCTCCAATGTTGTCAAGGTG-3' .
b 5'-TG(T/G)AACTTTTGCCATANAGAG-3!

cC no £ 5 ~«CAGGAATGGCAGGTGTCGG~ 3" +*
b 5 -TG{T/G)AACTTTTGCCATARAGAG-3*

cC no f 5 -CCACAGGGGTCAANTTAATTC-3’ +
b 5% -CITGGGATTTGTAACTTTIGGC~3 '

RC no £ 5 -AGGAGTTAMAGTTAATCTALG-3’ +9
b 5 ~CTTGGGATTTGTAACTTIGGC-3*

1.8 yes ND

RK yes £ 5" -GTTATTGGTGGCATTCGTAAG-3! +
b 5 -CTTGGGGTTA(T/G) TGACTTTGGC-3

Qs yes ND

RS yes £ 5 -GCTTTCGTTCTAGAAGATTAC-3* +°
b %' -CTTGGGGTTA(T/G) TGACTTTGGC~3'

Ms* yes £ 5" -CAATGTCTGCGAARCTSTACC-3/ +
b 5 -TPTGGGGTTGGCTATCTIGGC -3

yes f 5" -GAAGCTGCAGCAGCTACAGTC-3’ +

b

3 —TGTGGGATCTACCACTTTTCC-31

2. 'MS" is the canonical human a-antiltypsina teaclive center loop PPy
b. ‘LS’ is the canonical human a,~antichymolrypsin reactive center loop PI';
c. denotes that PCR was performed with a lower annealing tempesature of 55°C

d. oligonuclectides for serpina3e and serpina3i do not distinguish between these two transcripts.

25

Role of serpins in bone marrow microenvironment and mobilization

e T TSI




e e

L T s R LT

PB

fluid

Figure 1.

BM | Salin
Gesfin

VCAM-1-»
-,

Cleavage
products <

LR
=L

Lanes

1

SerpinA1 BES4 O-Phen




I

Figure 2.

Days following G-CSF injection
0 4 6 8 10 12 14

B i e
B

" 36

* 50

D .blood .
> o e G e

Days following CY injection
8.3 s B
P T 180 ™

- I
oo - g8
E (BM . B84

- 98
F |blood -4 ~

1euidias

unnqojbosorw-zn




Tt A e L e ot e e e i i 2 BN AT W e e e,

Figure 3,

serpinal
A. 2

1o ——

0.1 7%
E
8

0.01

0.0Mm

mRNA expression

0.0001

| d

0.00001

ey

0.000001
B. Sal G Cy Sa G CY

Sal G-CSFdd_ H,0

serpina1

0'1‘ Serpinai mRNA
0.014 4

{
A
/ RN
1
00000 "2 4 6 £ 10 0 2 4 & & 1012 14
Days of G-CSF Days following CY

10
NE mRNA
1 b i ] I A_-,\ 2

04

0.0001 ]

RMNA expression
o
:
]

m

©

s

I

oM

mRNA expression

0,001 hrrrrer————— — —
0G24 ®& 8 100 2 46 81012 14

Days of G-CSF Days {ollowing Cy

CFC

m

500
400 {

Feribi e L

300 [% {\

=7\ 7\
o a gAY
o"/ Ji\/

0 2 4 6 8 10 0 2 4 6 81012 14
Days of G-CSF Days following CY

"\:'“l“"\
CFCx10°/mLPE

e
P

!A
. PRI




Figure 4.

10 NE CG VCAM-1 CXCRd4
=
O
i o8 ag e
928 B LY ]
< ~ a
Z 001
£
0.001
0.0001
0.00004
SalG Cy SalGCy SaiGCy Sal G Cy
Swonificance NS NS NS NS NS NS NS NS
serpinaldc  sempinadk  serpinadm  serpina3n  serpina3d
10
S o)
0
g S 3 8
2 0.1 ) b )
g o g : 8%
< Fay
Z oot S Y |
£ Im TaY S a % w
0.001 % £ x mw w w A
0.6001} 2 o~ <o
Pl
0.00001 O ¢ 2 O E
SalGCy SaG Cy SalGCy Sal GCy Sal G Cy =
ma_._u.—.-g._s (1] - 1] L) - L] - - * + w
Fold decresse 72 8 129 79 608 408 1401 124 40 31




ngA expression o MRNA expression

4509

4—’ Mac-1/CD11b

o.

}

<

4$0-9jo sdeq

£

Flelalm|
sutes [

oL

WBC x10°% femur

—

‘¢ 2nJ1 4

é"&“%.”#‘
DBM 1810}

SHes mojalut




R A P S NS AT

B.
Saline

GCSF

Figure 6.

mRNA expression

0.1

0.01

0.001
0.000

serpinat

e oS e e S YR A

10]

A

B saline

semina3c

-—

T

0 GCSF

0.13

]
0.01

0.0000H

— 0.000

0.00 =X

]

K
AR
TRt
al

B 0.0000?
0.00000

Liver

P Bt ctam = = s s






