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Abstract: The family of serpins is known to fold into a metastable state that is required for the
proteinase inhibition mechanism. One of the consequences of this conformational flexibility is the
tendency of some mutated serpins to form polymers, which occur through the insertion of the
reactive center loop of one serpin molecule into the A-sheet of another. This “A-sheet
polymerization” has remained an attractive explanation for the molecular mechanism of

serpinopathies. Polymerization of serpins can also take place in vitro under certain conditions
(e.g., pH or temperature). Surprisingly, on sodium dodecyl sulfate/polyacrylamide gel
electrophoresis, bovSERPINA3-3 extracted from skeletal muscle or expressed in Escherichia coli
was mainly observed as a homodimer. Here, in this report, by site-directed mutagenesis of
recombinant bovSERPINAS3-3, with substitution D371A, we demonstrate the importance of D371 for
the intermolecular linkage observed in denaturing and reducing conditions. This residue influences
the electrophoretic and conformational properties of bovSERPINA3-3. By structural modeling of
mature bovSERPINA3-3, we propose a new “non-A-sheet swap” model of serpin homodimer in

which D371 is involved at the molecular interface.
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Introduction
Serine peptidase inhibitors (serpins) represent a con-
stantly expanding family of structurally related pro-

Abbreviations: kass, association rate constant; PAGE, polyacryl-
amide gel electrophoresis; PAIl, plasminogen activator inhibitor;
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sulfate.
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teins. Most serpins are inhibitory and use a unique
suicide mechanism for inactivation of their target
proteases. The formation of the non covalent
Michaelis complex, the subsequent cleavage of the
peptide bond followed by rapid insertion of the ser-
ine protease N-terminal part of the loop in the main
body of the serpin are well documented.!

Since the first structure of cleaved human o;-
proteinase inhibitor,2 X-ray and other structural
studies of different serpins and serpins complexes
have revealed remarkable similarities of secondary
and tertiary structures for all serpins. In the meta-
stable native conformation, serpins contain three
antiparallel B-sheets (A, B, and C) and nine o-helices
(1-9). B-sheet A is composed of five strands, while B-
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Sheets B and C are shorter and contained six and
four strands, respectively. The reactive center loop
(RCL) is exposed outside of the tertiary core of the
serpin and contains the residues that, in inhibitory
serpins, interact directly with the cognate protein-
ase.> More than 85 serpin structures are now
resolved. They indicate that inhibitory serpins
undergo a dramatic conformational change when
they interact with target proteinases. Notably, prote-
ase binding leads to the cleavage of the exposed
amino-acid sequence RCL. This conformational
change allows the serpin to incorporate the RCL
into its B-sheet A as strand 4A resulting in a hyper-
stable six-stranded conformation. There is another
type of structure found for uncomplexed serpin,
called the latent form. This conformational state was
first described for plasminogen activator inhibitor-1
(PAI-1).* It presents a stronger thermodynamic sta-
bility than the normal active form. In this structure,
as for the cleaved serpins, B-sheet A has undergone
an expansion by insertion of RCL. The major differ-
ence is that the uninserted residues of the C-termi-
nal part of the reactive bound, which composed
strand 1 of B-sheet C, were pulled away to provide
“a return” to the top of the molecule.

An unwanted consequence of this thermodynami-
cally favored conformational change is the tendency of
serpins to form polymers. Serpins are able to form
large stable multimers by ordered B-sheet linkages
leading to intracellular aggregation and diseases
known as serpinopathies. These conformational disor-
ders are responsible for thrombosis by mutations in
antithrombin,® still respiratory disease emphysema,
liver cirrhosis caused by mutation in ol-antitrypsin
(¢1AT) or al-antichymotrypsin (¢1ACT)® or dementia
caused by polymerization and tissue deposition of the
mutated neuron specific protein, neuroserpin.” The
serpin family has therefore become a model system
for understanding the p-sheet expansion disorders
collectively known as the conformational diseases,
including Alzheimer’s, Huntington’s, Parkinson’s, and
prion encephalopathies.

Serpin polymerization was first described for the
Z variant of a1AT. In this mutant, a single-nucleotide
mutation in the gene is responsible for the substitu-
tion E342K. The mutation results in the accumula-
tion of highly stable, inactive polymers of the serpin
in the endoplasmic reticulum of liver cells. Patients
with this mutation develop emphysema in early
adulthood and some develop liver cirrhosis in child-
hood.? Besides, two mutants of a1ACT (P229A and
L55P) could be responsible for liver retention with
hepatocyte inclusions and additional plasma defi-
ciency.? In a recent study, Yamasaki et al.'° reported
the crystallographic structure of stable dimers to
explain the molecular basis of serpin polymerization.
A domain swapping, involving two strands of the A
B-sheet and including the RCL, results in the forma-
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tion of an antithrombin dimer. To explain the forma-
tion of polymers able of incorporating more than two
monomers, the authors proposed that the swapping
occurred across several molecules.

To complete this study, Whisstock and Bottom-
ley™ proposed a short-lived intermediate between
the unfolded protein and the native serpin. This
folding intermediate corresponds to a structure in
which the region intended to form the 5A B-strand
of the A B-sheet, and the externalized RCL are still
flexible and unstructured. When folding normally,
the last structure to assemble is the 5A B-strand of
the A B-sheet. When folding is abnormal, two serpin
monomers can swap domains, one monomer donates
the 4A B-strand and its neighboring 5A B-strand to
replace that of the second monomer. Some mutations
induce this process and the folding intermediate
begins to polymerize. For example, in the mutant Z,
the substitution E342K in the 5A B-strand prevents
the interaction of this strand with the 6A B-strand
and the incorporation of this segment into the pB-
sheet A does not take place.>! Moreover, in a recent
study, Yamasaki et al.'? produced and crystallized a
trimeric form of a1AT recognized by an antibody spe-
cific for the pathological polymers. This structure
reveals another polymeric state mediated by domain
swapping the carboxy-terminal 34 residues.

Polymers, observed in cases of some serpinopa-
thies, can also take place in vitro for non mutated
serpins. So, wildtype olACT forms polymers by
interaction between the RCL of one molecule and
the B-sheet A of a second molecule at a rate that
depends on protein concentration and the tempera-
ture of the reaction.'® When analyzed by sodium do-
decyl sulfate/polyacrylamide gel electrophoresis
(SDS/PAGE), some serpins dimerize in the presence
of SDS. That is the case for TI, an inhibitor of tryp-
sin isolated from bovine plasma; the N-terminal
sequence of this protein TI'* matches with bovSER-
PINAS. It is also the case for muscle bovSERPINAS3-
1, a serpin isolated from bovine muscle and which
inhibits elastase.'® This serpin is encoded by a gene
very similar to the unique human SERPINA3 gene
of the 0y;ACT. Dimer formation was shown to be cat-
alyzed by heating and denaturing agents, such as
acidic pH.1%'8 In denaturing conditions, the samples
are heated in the presence of both SDS and B-mer-
captoethanol, a set of conditions necessary and suffi-
cient to induce the formation of the dimers, heating
very likely being the primary cause of the process.
Unfortunately, the question of why and how do the
serpins dimerize in such conditions remains without
answer. Does this dimerization imply conformational
changes as those proposed by Yamasaki et al.'° and
Whisstock and Bottomley'' or mechanisms in which
the RCL forms additional B-strands of the pB-sheet C
and A'®?? Can we suppose other mechanism
involved in the process of dimerization?
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Table I. Association Rate Constants for Inhibition of
Serine Proteinase Trypsin

Base M1 s™)

Muscular skeletal bovSERPINAS3-3 0.67 x 10°
Bacterial recombinant bovSERPINAS3-3
BovSERPINAS3-3 1.87 x 10°
BovSERPINA3-3D371A 0.78 x 10°
BovSERPINA3-3D371E ND
BovSERPINAS3-3D371N ND

ND, nondetermined.

The bovine serpin A3-3 (bovSERPINA3-3, Uni-
ProtKB/Swiss-Prot: Q3ZEJ6) was isolated from
bovine muscle as previously described by Brémaud
et al.?? In our study, we demonstrate the role of resi-
due D371 in the dimeric state of the bovine serpin
A3-3 in denaturing conditions. This residue D371
corresponds to D384 of mature human serpinA3
(SERPINAS3, UniProtKB/Swiss-Prot: P01011) and to
N378 of mature human serpinAl (SERPINA1, Uni-
ProtKB/Swiss-Prot: P01009). To test the predicted
properties of this residue, recombinant NHy-His-
tagged bovSERPINAS3-3 was expressed to examine
its structural behavior in denaturing and native con-
ditions. The role of this residue was assessed by site-
directed mutagenesis experiments designed on the
basis of a modeling of the dimeric form of bovSER-
PINAS-3. The results indicated that D371 influences
the electrophoretic mobility on denaturing conditions
and favors the dimer formation of bovSERPINAS3-3.

The polymerization of wild-type o;ACT occurs
under physiological conditions and may be important
in the deposition of o;ACT in plaques in patients
with Alzheimer’s disease.'?> The bovSERPINAS could
become another model system to determine the
structural basis of inter molecular linkages and to
develop strategies with human serpins to prevent
polymerization-related disorders.

Results

Production and characterization of
bovSERPINA3-3s

Wild-type bovSERPINA3-3 and mutant forms of bov-
SERPINAS3-3 (without signal sequences) were
expressed in FEscherichia coli as NH,-His-tagged
fusion proteins. The recombinant proteins were puri-
fied by affinity chromatography on Ni-NTA Fast
Start column with a yield ~ 0.1 mg L™! of induced
culture. For each construction (wild-type and mu-
tant forms), the expressed proteins were found in
the cytoplasmic soluble fraction.

To assess the functionality of recombinant bov-
SERPINAS-3s, the inhibitory activity of the purified
inhibitors against the serine proteinase trypsin was
determined (Table I and Ref. 23). According to the
experimentally determined association rate con-
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stants (k,s), wild-type bovSERPINA3-3 and bov-
SERPINA3-3D371A, expressed in E. coli, show
values closed to bovSERPINAS3-3 extracted from
bovine skeletal muscle.??

Electrophoretic mobility of recombinant
wild-type bovSERPINA3-3
Migration on reducing SDS/PAGE indicated purified
recombinant wild-type bovSERPINAS3-3 as a mainly
100 kDa band and as a minor 47 kDa band revealed
by Coomassie blue staining [Fig. 1(A), Lane 1] and
by Western blot using two antibodies as described in
the Materials and methods section [Fig. 1(B), Lanes
1 and 2]. The bovine skeletal muscular bovSER-
PINA3-3 purified as described by Brémaud et al.,??
was observed as 75 and 150 kDa bands on SDS/
PAGE [Fig. 1(A), Lane 2]. Five consensus potential
N-glycosylation sites are found in the sequence of
bovSERPINAS3-3. The glycosylation state of the
bovine skeletal muscular bovSERPINA3-3 probably
explains the difference in the molecular mass
revealed for the bovine extracted protein, when com-
pared with the recombinant serpin expressed in
E. coli (75 kDa vs. 47 kDa and 150 kDa vs. 100 kDa).
To assign the 47 kDa to bovSERPINAS3-3, the
100 kDa band to a homodimer and so, to verify the
noncontamination of purified recombinant protein by
bacterial proteins of the production system, Mascot
query was performed with “all species” taxonomy
and then filtered for only bovine and bacterial
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Figure 1. Electrophoretic analyses of bovSERPINA3-3.

A: Comparative migration of recombinant bovSERPINA3-3
(Lane 1) and skeletal muscular bovSERPINA3-3 (Lane 2) on
discontinuous SDS/PAGE 12% (1 pg of purified protein for
each lane). Proteins were revealed by Coomassie blue
staining. The two proteins were expressed under
monomeric form (=) and dimeric form (=w). M, molecular
weight markers. B: Western blot analyses of recombinant
bovSERPINAS-3. The immunodetection of recombinant
bovSERPINA3-3 was realized with anti-Hisg-Peroxidase
(Lane 1) or rabbit anti-bovine SERPINA3s serum

(Lane 2). C: Native PAGE analysis of recombinant
bovSERPINA3-3 on discontinuous PAGE 10%

(1 pg of purified protein). Proteins were revealed by
Coomassie blue staining. The protein was expressed under
monomeric form. The molecular weight (44.4 kDa) was
calculated as described in the Materials and methods
section.
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proteins. Analysis by nano-LC MS/MS of 47 and 100
kDa bands leads to the identification of bovine SER-
PINAS3-3, with a coverage of 39% and 62%, respec-
tively. No bacterial protein was found in the 100
kDa band, confirming that this band is a homodimer
of the bovSERPINAS-3.

Moreover, migration on native PAGE revealed
the recombinant wild-type bovSERPINAS3-3 as a sin-
gle form [Fig. 1(C)]. To estimate the molecular mass
of this single band, we used the method described by
Ferguson?® with a set of referent proteins provided
by Sigma (Catalog number MWND500). So, the cal-
culated mass of this form is 44.4 kDa and corre-
sponds to a monomeric bovSERPINAS-3.

Electrophoretic profile of D371 mutant

forms of bovSERPINA3-3

In another study,?® we were interested in the cross-
class inhibition of bovSERPINA3-3. Possible roles
for different residues, especially D371, in the cyste-
ine proteinase inhibitory are examined (data not
shown). Thus, three different mutant recombinant
bovSERPINAS3-3s were expressed.

In  DbovSERPINA3-3D371N, the asparagine
brings an uncharged polar amide group. In bovSER-
PINA3-3D371E, aspartate was converted to gluta-
mate; the length of the side chain was increased
but the negatively electric charge due to the acidic
carboxylic group was unchanged. In the third
mutant bovSERPINA3-3D371A, aspartate was sub-
stituted for alanine, a residue with a small and
hydrophobic side chain. Surprisingly, in SDS/PAGE,
electrophoretic profiles of these mutant proteins are
variable as indicated in Figure 2.

On reducing SDS/PAGE, it was noted that bov-
SERPINA3-3D371N was detected as a doublet con-
sisting of a major band of 100 kDa and a lesser band
of 47 kDa corresponding to monomeric form. More-
over, nearly equivalent levels of monomeric and di-
meric forms were detected in bovSERPINA3-
3D371E. Finally, mutagenesis of D to A resulted in
the detection of only the monomeric form of bovSER-
PINA3-3D371A. These data suggest that the length
of the side chain and the negatively electric charge
of the residue at the position 371 modify the electro-
phoretic profile and oligomeric state of bovSER-
PINAS3-3. These results highlight the importance of
aspartate 371 in the presence of an intermolecular
bound between two molecules of bovSERPINA3-3
that could generate a homodimer.

Dimerization of a closely related protein
bovSERPINA3-7?

Serpins are able to polymerize such as 0 1AT?® or PAI-
2.2 However, it seems that some of them do not possess
this property. In a previous study,?” we have character-
ized a bovine multigenic SERPINA3 family composed
of eight genes and one pseudo gene with an unexpected
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Figure 2. Effect of D371 on the dimerization of
bovSERPINA3-3. Purified recombinant wild-type and
mutant bovSERPINA3-3s were prepared as described in
the Materials and methods section, analyzed by
discontinuous SDS/PAGE 12% and revealed by Coomassie
blue staining (1 pg of protein for each lane). WT, purified
wild-type bovSERPINA3-3; D371N, bovSERPINA3-3D371N;
D371E, bovSERPINA3-3D371E; D371A, bovSERPINAS3-
3D371A. The monomeric (=) and dimeric (mmw) forms are
indicated by arrows, respectively. M, molecular weight
markers.

high degree of conservation. BovSERPINAS3-3 is one of
the proteins encoded by these genes. Among the seven
others members, we also study bovSERPINA3-7 (Uni-
ProtKB/Swiss-Prot: A2I7N3).

Wild-type bovSERPINA3-7 (without signal
sequence) was expressed in E. coli and purified
according to the same method as described above.
These two closely related proteins show a different
electrophoretic mobility and profile. BovSERPINAS3-7
presents a unique monomeric (43.1 kDa) form after
migration under native [Fig. 3(C)] but also denatur-
ing [Fig. 3(A), Lane 2] conditions. The absence of
dimer was confirmed by Western Blot analysis [Fig.
3(B)]. Moreover, site-directed mutagenesis of bovSER-
PINA3-7 demonstrates that the substitution E376D
does not allow anymore dimer (data not shown).

BovSERPINA3-3 and bovSERPINA3-7 have dif-
ferent behavior in denaturing conditions. Despite
the high level of sequence identity (75%), they pres-
ent major differences within the RCL (only 35% of
identity and two additional amino acids in the RCL
of bovSERPINAS3-7). We can suppose that these dif-
ferences prevent the exposure of E376 at the inter-
face of the protein and inhibit its dimerization. The
conservation of the negative charge (D371 and E376)
is necessary but not sufficient for the dimerization of
serpin in denaturing conditions.

Structural modeling of dimeric bovSERPINA3-3

If D371 could modify the electrophoretic mobility of
wild-type bovSERPINAS3-3, in contrast, the equiva-
lent residue E376 has no effect on the mobility of a

Mutagenesis of the bovSERPINA3-3
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Figure 3. Electrophoretic analyses of recombinant
bovSERPINA3-7. A: Comparative migration of recombinant
bovSERPINAS-3 (Lane 1) and recombinant bovSERPINA3-7
(Lane 2) on discontinuous SDS/PAGE 12% (1 pg of purified
protein for each lane). Proteins were revealed by
Coomassie blue staining. The two proteins were expressed
under monomeric form (=). SDS induced dimer formation
for bovSERPINA3-3 (mm). M, molecular weight markers. B:
Immunodetection of recombinant bovSERPINA3-7 with
anti-Hisg-Peroxidase. Immunoblot revealed a unique
monomeric form. C: Native PAGE analysis of recombinant
bovSERPINA3-7 on discontinuous PAGE 10% (1 pg of
purified protein). Proteins were revealed by Coomassie blue
staining. The protein was expressed under monomeric
form. The molecular weight (43.1 kDa) was calculated as
described in the Materials and methods section.

closely related protein bovSERPINAS3-7. The analy-
sis of the homodimeric molecular model computed
for the bovSERPINAS3-3 indicates that the D371 is
involved at the interface of the dimer [Fig. 4(A)]. On
the contrary, in the model of bovSERPINA3-7, the
equivalent E376 is not involved and points toward
the hydrophobic core of the molecule [Fig. 4(B)].
Moreover, in comparison with the recently solved
structure of serpins in domain-swapped dimeric
state,! the N378 residue in mature human serpinAl
corresponding to D371 is not involved in the dimer
interface and points to the solvent in the middle of
each monomer. Thus, our computed model better
explains experimental results observed in denatur-
ing conditions.

Discussion

In denaturing conditions, the two SERPINAS3-3 prep-
arations, extracted from bovine skeletal muscle??
and produced and purified from E. coli
observed as a homodimer. The difference of molecu-
lar mass, 150 versus 100 kDa, respectively, is prob-
ably due to post-translational modifications. Consen-
sus N-glycosylation sites (N-X-S/T) predicted that
bovSERPINAS3-3 may be a glycoprotein with five
potential N-linked oligosaccharides. The expression
of bovSERPINAS3-3 in Saccharomyces cerevisiae as
~60 kDa protein (Fig. 5) confirmed that this serpin
is a glycoprotein. Partial digestion by PNGase F,
which removes all N-glycans, was performed on the
protein produced and purified from S. cerevisiae. Six

were
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states of glycosylation were detected on SDS/PAGE
(Fig. 5). They correspond to different molecular
masses, 60 kDa for fully glycosylated protein and 57,
54.6, 52.3, 46.6, and 44.1 kDa (unglycosylated state).
Also, we can conclude that the five N-glycosylation
sites of bovSERPINAS3-3 are effectively occupied and
can account for the molecular mass of the extracted
protein and that predicted from the amino acid
sequence.

On native PAGE (10%), recombinant wild-type
bovSERPINAS3-3 and mutant D371A migrate under
a monomeric form exclusively. By heating the same
samples in denaturing conditions and, in presence of
both SDS and B-mercaptoethanol, we induce the po-
lymerization of the serpins. In our tested conditions,
on native PAGE, a typically ladder pattern is visual-
ized for the two proteins (data not shown). This
result demonstrated that D371 was not required for
the polymerization process.

On denaturing conditions (SDS/PAGE, 12%),
recombinant wild-type bovSERPINAS3-3 was mainly
observed as a dimeric protein. Even when we used a
buffer without p-mercapthoethanol and without
heating of samples, bovSERPINA3-3 was observed
as a dimer. These results would indicate that SDS is
responsible for the dimerization of bovSERPINAS3-3
and suggest that SDS promotes a conformational
change to generate a thermodynamically stable
homodimer that is observed as a 100 kDa band on
denaturing PAGE.

A mutant form of bovSERPINA3-3 with the sub-
stitution D371A was generated by site-directed mu-
tagenesis, expressed as NH,-His-Tagged protein in
E. coli and purified by affinity purification on NiZ*
column. The substitution D371A resulted in loss of
dimerization on denaturing PAGE. BovSERPINAS3-7,
one member of bovine multigenic SERPINA3 family,
which shares 75% of identity of sequence with bov-
SERPINAS3-3, presents a unique monomeric form af-
ter migration under native but also denaturing con-
ditions. The substitution E376D in bovSERPINA3-7,
equivalent to the position 371 in bovSERPINAS-3, is
not sufficient to induce the dimerization of the pro-
tein in denaturing conditions, in presence of SDS.
These results indicate that D371 is not the only
amino acid of bovSERPINAS3-3 involved in the for-
mation of dimer. The analysis of the homodimeric
molecular model computed for the bovSERPINA3-3
indicates that D371 is involved with other residues
R100, N240, K370, and T372 at the interface of the
dimer. The substitution D371A prevents the forma-
tion and/or stabilization of this interface. On the
contrary, in the model of bovSERPINAS3-7 the amino
acid at the same position, E376, is not involved and
points toward the hydrophobic core of the molecule.

Interestingly, the glycosylated recombinant pro-
tein produced in S. cerevisiae remains under a
monomeric form after migration in presence of SDS

PROTEIN SCIENCE ‘ VOL 21:977-866 981



Figure 4. Modeling of bovSERPINA3-3 and bovSERPINA3-7. A: Modeling of dimeric bovSERPINA3-3. The two chains of the
dimer are rendered in cartoon mode with in red chain A and blue chain B. The D371 atoms are rendered in sphere and
colored in yellow for chain A and in cyan for chain B (Figure drawn with PyMOL 0.99rc6). The aspartate residues of each
monomer are involved in the dimeric interface in this model. B: Superposition of the two chains bovSERPINA3-3 (blue) and
bovSERPINAS-7 (green). The D371 radical in bovSERPINA3-3 points toward the external face of the molecule. On contrary,
the E376 radical in bovSERPINAS3-7 points toward hydrophobic core of the molecule.

(data not shown). We can hypothesize that N-glycans
present on the yeast protein prevent the dimeriza-
tion of bovSERPINAS3-3 unlike the bovSERPINAS3-3
purified from skeletal muscles. In fact, the recombi-
nant serpin produced in the yeast (60 kDa) and the
extracted bovine serpin (75 kDa) share the same
amino acid sequence and differ only by their gly-
cans. This is consistent with glycosylation ability of
the yeast, which is recognized as lower than in
mammalian cells.

Different studies showed that serpins are a
superfamily of proteins susceptible to polymerize.

982 PROTEINSCIENCE.ORG

In vivo, this polymerization leads to multiple pathol-
ogies including both emphysema and severe liver
disease.?®?° The molecular basis of this mechanism
remains unknown. However, to understand these
misfoldings, crystallographic structures of initial®°
and aggregated forms of «1AT?! and antithrombin®®
have been resolved. In dimer structure, the two
monomers simply exchange parts of their A-sheet
including the long P-strands s4A and s5A.1° More
recently, a structure of a domain-swapped trimer of
a1AT was resolved including strand 1 from B-sheet C
and Strands 4 and 5 from B-sheet B.!? In serpins,

Mutagenesis of the bovSERPINA3-3
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Figure 5. Deglycosylation of S. cerevisiae recombinant
bovSERPINAS-3. Kinetic of PNGase F digestion (2.5 Units,
37°C) was performed on bovSERPINA3-3 (6.5 pg) produced
and purified from S. cerevisiae. Six states of glycosylation
were detected on 12% SDS/PAGE, 44.1 for unglycosylated
state until 60 kDa for fully glycosylated protein. Proteins
were revealed by Coomassie blue staining.

the amino acid sequence of RCL, within the C-termi-
nus loop, is responsible, for the specificity of
protease inhibition. It was also shown that the
length of the serpin RCL is critical for its mecha-
nism of protease inhibition.32 Although the RCL was
involved in the polymerization process, the P10-P6
region of RCL constitutes only a small part of the
extensive domain swap. Indeed, the P8-P6 Asp
mutations do not prevent the in vitro and in vivo
polymerization.>?

Our in vitro study, performed on SERPINA3-3s
extracted from the bovine skeletal muscle or pro-
duced as a bacterial recombinant protein, allows to
propose another modeling of dimerization without
swap of B-strands. In this modeling, the D371 resi-
due, localized in the C-terminus loop, is essential for
this mechanism of dimerization in denaturing condi-
tions. As previously analyzed, this amino acid is
essential but not sufficient. Therefore, the amino
acid sequence and the length of RCL (two additional
amino acids in bovSERPINAS3-7) play central role in
this in vitro dimerization process.

Finally, these studies highlight the intermolecu-
lar linkages that occurred in vitro. As serpin poly-
merizations take place in pathological situations,
the work on bovSERPINAS3s could constitute a
model system to develop strategies with human ser-
pins to prevent serpin polymerization and cellular
dysfunctions.

Materials and Methods

Site-directed mutagenesis

Substitutions of A, E, and N for D371 of bovSER-
PINA3-3 and D for E376 of bovSERPINA3-7 were
achieved by polymerization chain reaction (PCR) site
directed-mutagenesis to generate bovSERPINAS3-
3D371A, bovSERPINAS3-3D371E, bovSERPINAS3-
3D371N, and bovSERPINA3-7E376D mutants.

Blanchet et al.

The pCR®2.1-TOPO® vector (Invitrogen, Carls-
bad, CA) containing the coding sequence without its
signal peptide of the bovine SERPINAS3-3 and SER-
PINA3-7 c¢DNAs (wild-type bovSERPINA3-3 and
wild-type bovSERPINA3-7) were directly used for
PCR-based mutagenesis. The mutations were per-
formed with the QuickChange™ Site-Directed Mu-
tagenesis Kit (Stratagene, La Jolla, CA). Reactions
were performed with 10 ng of vector, 125 ng of
sense, and reverse primers listed in Table II and 2.5
units of the PfuTurbo DNA polymerase. Amplifica-
tion was performed under PCR conditions of 95°C
for 30 s followed by 16 cycles of 95°C for 30 s, 55°C
for 1 min, and 68°C for 6 min. Parental DNA was
removed by treatment with the Dpnl restriction
endonuclease.

The E. coli TOP10 competent cells (Invitrogen)
were directly transformed with the different ampli-
fied vectors. Mutations were verified by automated
DNA sequencing with fluorescent-labeled dideoxynu-
cleotides and the ABI PRISM® 3130 Genetic Ana-
lyzer (Applied Biosystems, CA).

Construction of wild-type and mutant forms

of bovSERPINA3-3 and bovSERPINA3-7

for expression in E. coli

For each construction, purified plasmid DNA was
digested with Ndel and BamHI restriction endonu-
cleases (New England Biolabs, Beverly, MA) and
ligatured in the pET19b (Novagen, Madison, WI)
digested with the same enzymes. DNA sequencing of
the wild-type and mutant forms of the pET19b/SER-
PINA3-3 and pET19b/SERPINA3-7 constructs were
performed.

Expression and purification of wild-type

and mutant forms of recombinant
bovSERPINA3-3 and bovSERPINAS3-7

Wild-type and mutant forms of bovSERPINAS3-3 and
bovSERPINA3-7 were transformed in the E. coli
strain BL21-CodonPlus® (DE3)-RP competent cells
(Stratagene, La Jolla, CA), and expression of
recombinant NH,-His tagged proteins were induced
by adding 1 mM Isopropyl B-bp-1-thiogalactopyrano-
side for 2 h at 37°C. Purification in native conditions
of recombinant proteins was performed by affinity
chromatography on Ni-NTA Fast Start column (QIA-
GEN, Les Ulis, France) according to the manufac-
turer’s recommendations. Briefly, after bacteria
lysis, liquid phase was packed on the column before
washing twice with the lysis buffer adjusted to 20
mM imidazole, pH 8. The elution was performed in
the same buffer adjusted at 250 mM imidazole, and
the sample was then dialyzed. The concentration of
recombinant protein in eluted fraction was deter-
mined by the Bradford method according to the pro-
tocol provided by Biorad (Biorad, Marne la Coquette,
France). Eluted fractions were analyzed by SDS/
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Table II. Primers Used in this Study

Primer name Strand?® Primer sequence
BovSERPINA3-3
SERPINAS3-3f S 5'-CATATGCTGCCGGAGAATGTGGTGGTGAAGGACCGTCAC-3
SERPINA3-3r a 5-GGATCCCTAGGCTTCACTGGGGTTGACTTTC-3’
SERPINA3-3D371Af S 5'-GTAGTTCTCAAAGCCACCCAGAGCATC-3
SERPINA3-3D371Ar a 5-GATGCTCTGGGTGGCTTTGAGAACTAC-3
SERPINA3-3D371Ef s 5-GTAGTTCTCAAAGAAACCCAGAGCATC-3
SERPINA3-2D371Er a 5 -GATGCTCTGGGTTTGTTTGAGAACTAC-3'
SERPINA3-3D371Nf S 5-GTAGTTCTCAAAAACACCCAGAGCATC-3
SERPINA3-2D371Nr a 5 -GATGCTCTGGGTGTTTTTGAGAACTAC-3'
BovSERPINAS3-7
SERPINA3-7f S 5'-CATATGCTGCCGGAGAATGTGACCCCA-3
SERPINA3-7r a 5'-GGATCCCTAGGCTTCCTTGGGGTTGGT-3
SERPINAS3-7E376Df S 5 -CTTTCCATATTCTGCAAAGACACTCAGAGCATCATCTTTTTG-3
SERPINA3-7E376Dr a 5'-CAAAAAGATGATGCTCTGAGTGTCTTTGCAGAATATGGAAAG-3

& Strand refers to orientation of the primer in the sense (s) or antisense (a) direction.

PAGE with Coomassie blue staining and Western
blot.

Gel electrophoresis
SDS/PAGE was performed as described previously®*
under reducing conditions on a 12% acrylamide sep-
arating gel. Proteins were mixed with 2x reducing
loading buffer (2% SDS, 20% glycerol, 100 mM Tris-
HCI, pH 6.8, 0.1% bromophenol blue, 5% B-mercap-
toethanol). Molecular masses were estimated by
using the Precision Plus Protein Standards calibra-
tion kit (Biorad). Proteins were revealed with 0.25%
Coomassie brillant R-250 solution.
Electrophoresis in nondenaturing
was performed as above on acrylamide separating
gels but in nonreducing conditions and in the ab-
sence of SDS. The determination of the molecular
weights of bovSERPINA3-3 and A3-7 were calcu-
lated according to Ferguson’s method®* using four
protein standards (o lactalbumin from bovine milk,
carbonic anhydrase from bovine erythrocytes, albu-
min from chicken egg white, and albumin monomer
from bovine serum) provided by Sigma (Catalog
number MWND500). Four gels of different polyacryl-
amide concentrations (8%, 10%, 12%, and 15%) were
used. For each protein, the log of migration distance
according to acrylamide concentration was reported,
and the molecular weight according to relative retar-
dation coefficient was determined.

conditions

Western blot analysis
Anti-bovine SERPINA3 antibodies were performed
as previously described,®® raised against purified
bovSERPINAS3-1, and crossreacted with all isoforms
of bovine serpins identified in Pélissier et al.2” and
named bovSERPINA3s.

Separated proteins were then transferred 40
min at 200 mA onto a PVDF Western Blotting mem-
brane (Roche Diagnostics, Mannheim, Germany). Af-
ter overnight saturation, the membrane was first
incubated with agitation and rabbit anti-bovine
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SERPINAS3 serum (dilution 1:500) for 1 h at room
temperature, and then with a second antibody, a
swine anti-rabbit IgG conjugated to horseradish per-
oxidase (dilution 1:1000) (DAKO, Denmark) for 40
min at room temperature with agitation or with
monoclonal anti-Hisg-Peroxidase (Roche Diagnostics,
Mannheim, Germany) raised against the NH,-His
tag (dilution 1:500) for 2 h at room temperature
with agitation. The immunoblot was processed by
chemiluminescence detection (Chemiluminescence
Blotting Substrate [POD], Roche Molecular Biochem-
icals, Mannheim, Germany).

Enzyme activity

To ensure the viability of various purified proteins,
second-order association rate constant (k,s) of bov-
SERPINA3s with trypsin were determined as
described by Beatty et al.?® using titrated trypsin as
serine protease. Titration of bovine pancreatic tryp-
sin was performed using 4-nitrophenyl p-guanidino-
benzoate.>” Each purified inhibitor (5 nM) was pre-
incubated with equimolar amounts (5 nM) of enzyme
in 50 mM Tris-HCI buffer, pH 8.0, containing 10 mM
CaCl;, for given periods of time (0 to 10 min). A total
of 50 pL of 100 uM substrate stock solution (N-CBZ-
Phe-Arg-NHMec) were then added before measuring
residual activity.

In-gel protein digestion

All chemical products for mass spectrometry analy-
sis were purchased from Sigma (St Louis, MO).
Sequencing grade modified trypsin used for protein
digestion was purchased from Promega (Charbon-
niéres, France).

Bands of interest were excised from the gel and
in-gel digestion was performed as described®® with
minor modifications. Briefly, bands were destained
and dried under vacuum. Proteins were reduced
with 10 mM DTT in 100 mM NHHCO3 for 35 min
at 56°C, and alkylated with 55 mM iodoacetamide in
100 mM NH,HCO3 for 30 min at room temperature

Mutagenesis of the bovSERPINA3-3



in the dark. Trypsin digestion was performed over-
night at 37°C (20 ng pL ! in 25 mM NH,HCO,).
Resulting peptides were extracted successively by
acetonitrile 40%—formic acid 1%, acetonitrile 25%—
formic acid 1%, and acetonitrile 60% dried and
resuspended in 6 uL of acetonitrile 2%—trifluoroace-
tic acid 0.05% for mass spectrometry analysis.

Nanospray liquid chromatography tandem mass
spectrometry (LC-MS/MS) analysis and
database searching

Five microliters of the tryptic digest were analyzed
by nanoLC-MS/MS using a LC Packings system
(Dionex, Amsterdam, The Netherlands) coupled with
a QTRAP mass spectrometer (Applied Biosystems/
MDS Sciex, CA). Peptides were separated on a 75
um ID x 150 mm C18 Pepmap™ column (LC Pack-
ings). Mass data collected during analysis were proc-
essed by the Analyst software 1.4.1 (Applied Biosys-
tems/MDS Sciex, CA) and the MS/MS data were
used to query Swiss Prot database using the Mascot
software (version 2.2, Matrix Science, England) with
the following criteria: 0.5 Da for peptide and frag-
ment mass tolerances, one missed trypsin cleavage
site allowed, carbamidomethylation of cysteine resi-
dues (from iodoacetamide exposure), and methionine
oxidation as variable modifications. The protein
identification, filtered for bovine and bacterial spe-
cies, was established if one peptide matches of ion
score above 50 or at least two peptides match of ion
score above 25 at 95% confidence level.

Homology molecular modeling of
bovSERPINA3-3 and bovSERPINA3-7

The bovSERPINA3-3 and bovSERPINAS3-7 mono-
meric molecular models were computed with the
Geno3D web server for automatic modeling of pro-
tein structure,®® using the template structure PDB
ID: 1SEK chain A.*® The dimeric models and their
interface analysis were computed with the Swiss-Pdb
Viewer software 4.0*' from the proposed biological
unit structure of 1SEK in PDB*? and PQS*® data-
bases. A maximum interchain interatomic distance
threshold of 4 A was applied to determine which resi-
dues are located at the interface of the homodimer.
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