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Abstract
SERPINB3 has been found in chronic liver damage and hepatocellular carcinoma, but not in normal liver. By direct mRNA

sequencing, a new SERPINB3 polymorphism (SCCA-PD) has been identified, presenting the substitution Gly351Ala in the

reactive center loop of the protein. The prevalence of the SCCA-PD isoform has been found to be significantly higher in

patients with cirrhosis than in patients with chronic liver disease and in normal subjects. The aim of this study was to

investigate the biological and functional activity of SERPINB3 isoforms using in vitro models. HepG2 and Huh7 cells lines

were transfected with plasmid vectors containing wild-type SERPINB3 or its polymorphic variant SCCA-PD and their

expression at transcriptional and protein level was determined. To assess the functional activity, both recombinant

proteins were produced and kinetic analysis was carried out using papain and cathepsin-L as target proteases. In

addition, the inhibition of JNK kinase activity by SERPINB3 isoforms was assessed. The crystal structure of wild-type

SERPINB3 at 2.7 Å resolution was used for preparation of refined 3D models of the two isoforms. The results showed that

transcriptional activity and protein expression of the two isoforms were similar in both transfected cell lines. Both

SERPINB3 preparations exerted a dose-dependent protease inhibitory activity, but the effect of SCCA-PD was higher than

that of the wild-type isoform. This result was supported by 3D modelling, where increased hydrophobic profile of the

SCCA-PD isoform, introduced by the G351A mutation, was detected. In addition, at high protein concentration, SCCA-PD

revealed a 16% higher inhibitory effect on c-Jun phosphorylation by JNK1, compared with wild-type SERPINB3. In

conclusion, the single amino acid substitution in the SERPINB3 reactive site loop improves the functional activity of SCCA-

PD isoform. This different antiprotease activity might favor disease progression in patients carrying this polymorphism.
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Introduction

SERPINB3, formerly known as Squamous Cell Carcinoma
Antigen-1 or SCCA-1, is a member of the ovalbumin
family of serine proteinase inhibitors.

The protein was initially isolated from a metastatic cervi-
cal squamous cell carcinoma by Kato and Torigoe.1

SERPINB3 is detected in the superficial and intermediate
layers of normal squamous epithelium, while its mRNA is
detectable in the basal and sub-basal levels. This serpin
has been used in the clinical setting as a circulating tumor

marker for squamous cell tumors, especially those of the
cervix, head and neck, lung and esophagus.2

SERPINB3 has been also detected in damaged liver tissue
and high amounts have been observed at the transcription
and protein levels in neoplastic and highly displastic cells
but not in normal liver.3 – 5 By direct mRNA sequencing, a
new SERPINB3 polymorphic variant (SCCA-PD) has been
identified in cases of hepatocellular carcinoma, presenting
the 351G!A mutation in the reactive site loop (RSL) of the
protein3 (GeneBank accession number: EU852041, SNP
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identification rs3180227). Since the mechanism of protease
inhibition by serpins involves a profound change in confor-
mation, initiated by interaction of the protease with the reac-
tive center of the serpin, the specific amino acid change
detected in the reactive center of SCCA-PD might confer a
different biological behavior to the serpin.

Inhibitory serpins function via an exposed RSL of about 20
amino acids and irreversibly inhibit proteinases through a
suicide substrate inhibition mechanism. The enzyme recog-
nizes and binds the RSL, forming a serpin–enzyme
complex (SEC).6 This leads to cleavage of the RSL between
the reactive P1 and P1’ residues, causing a significant and
irreversible conformational change with complete insertion
of the RSL loop into a b-sheet. The enzyme is inactivated by
the formation of an acyl ester linkage between the active
serine site and a serpin side chain.7,8 Although in these con-
ditions the SEC is kinetically stable, it is thermodynamically
unstable and could eventually break down, releasing inacti-
vated (cleaved) serpin and active proteinase. Therefore, the
irreversible inhibition of the proteinase requires removal of
the SEC from the circulation.7

The reactive site of a serpin consists of a loop projecting from
the body of the protein, comprising a hinge region and a vari-
able reactive center loop. Site-directed mutagenesis has been
used to examine the role of individual residues within the
RSL.8–11 Previous studies of inhibition of serine proteinase by
serpins demonstrate that alteration to the hinge region affects
serpin activity by altering the RSL mobility and the rate at
which the RSL inserts into the serpin. Mutation of the P14
residue from alanine to arginine blocks RSL insertion and abro-
gates inhibitory activity, although the protein still functions as a
substrate.9 Mutation of the variable region has shown that the
P3 residue is critical in the interaction between cathepsin-S
and SERPINB3, such that mutation of the P3 phenylalanine
to alanine results in a loss of cathepsin-S inhibition.9

The effect of SCCA-PD variant, presenting the Gly351Ala
mutation, in the reactive center of the protein (P4) has not
yet been studied.

The aim of the present study was to investigate the bio-
logical behavior and functional activity of the new
SERPINB3 mutant, compared with wild-type, using in
vitro models of transient cell line transfection and recombi-
nant SERPINB3 proteins.

Materials and methods

Construction of SERPINB3 expression vectors

SERPINB3 cDNA was obtained from total RNA extracted
from surgical liver biopsies of hepatocellular carcinoma of
patients carrying the two different SERPINB3 variants:
SERPINB3 wild type (accession number NM_006919) and

SCCA-PD (Gly351Ala; accession number EU852041). Total
cellular RNA was extracted using the Trizol reagent
(Invitrogen, Carlsbad, CA, USA). First strand cDNA was
synthesized (Superscript II reverse transcriptase,
Invitrogen) and subsequently amplified by nested polymer-
ase chain reaction (PCR), using two pairs of specific oligo-
nucleotide primers (Invitrogen), described in Table 1, and
Pwo DNA Polymerase (Roche Diagnostics GmbH,
Indianapolis, IN, USA). PCR cycling for both reactions
was performed in the Thermal Cycler 480 (Perkin Elmer,
Norwalk, CT, USA) as follows: 948C for three minutes, fol-
lowed by 558C for 60 s, and 728C for 60 s (1 cycle); 948C
for 60 s, followed by 558C for 60 s, and 728C for 60 s (32
cycles) and the last cycle of 948C for 60 s, followed by
558C for 60 s, and a final extension step (728C for 3 min).

The obtained PCR fragment was cloned directly into the
mammalian expression vector pcDNA3.1D/V5-His-TOPO
(Invitrogen). The construct was propagated into Escherichia
coli TOP10 competent cells (Invitrogen) and purified using
the Genopure Plasmid Maxi kit (Roche Applied Science,
Indianapolis, IN, USA).

The expression constructs were verified by restriction
digestion and DNA sequencing using an ABI 310 auto-
mated DNA sequencer (Applied Biosystems, Foster City,
CA, USA), according to the manufacturer’s instructions.
The alignment analysis (using nucleotide BLAST) confirmed
complete sequence homology of the SERPINB3 inserts with
the published sequences of the two mRNA SERPINB3 iso-
forms (NM_006919 and EU852041). pcDNA3.1, lacking the
SERPINB3 insert, was used as a negative control.

Cell lines transfection

HepG2 and Huh7 cell lines were transiently transfected
with plasmid vectors carrying SERPINB3 and SCCA-PD,
constructed as described above, or with the empty vector,
as control. Cells were plated in six-well plates at a density
of 1 � 106 and 8 � 105 cells/well (�60% confluence),
respectively, 24 h before transfection. Cells were then incu-
bated with 1 mg of plasmid DNA/well in the presence of
Lipofectamin Reagent and Plus Reagent (Invitrogen). After
five hours incubation at 378C in a humified atmosphere con-
taining 5% CO2, wells were washed twice with OptiMEM
(Invitrogen) and incubated with fresh RPMI medium
(Sigma-Aldrich, St Louis, MO, USA) supplemented with
10% fetal bovine serum for further 120 h.

Characterization of SERPINB3 expression

Quantitative realtime reverse transcription-PCR
The levels of SERPINB3 mRNA in transfected cells were
measured with the realtime reverse transcription (RT)-PCR

Table 1 Primer pairs used for construction of SERPINB3 expression vectors

Primers pair set Sequence 50 –30 Position (mRNA)

primer-1 out For CACAGGAGTTCCAGATCACATCGAG 231/ 2 7

primer-2 out Rev CTGGAAGAAAAAGTACATTTATATGTGGGC þ1355/ þ 1384

primer-3 in For CACCATGAATTCACTCAGTGAAGCCA 21/ þ 21

primer-4 in Rev ATTGCATCTACGGGGATGAG þ1161/ þ 1181

For, forward; Rev, reverse
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method using SYBRw green. Total RNA was purified from
cells grown in monolayer with the Trizol reagent
(Invitrogen), following the manufacturer’s instructions.
RT-PCR was performed with 2 mL of cDNA, synthesized
after standard reverse transcription of extracted RNA. The
amplification mix was prepared using Roche LightCycler
FastStart DNA MasterPLUS SYBR Green I kit, following the
manufacturer’s instructions, and realtime PCR was per-
formed using the LightCycler instrument (Roche
Diagnostics GmbH). The oligonucleotide sequences of
primers designed for realtime PCR were the following:
SERPINB3 sense 50-GCA AAT GCT CCA GAA GAA
AG-30, SERPINB3 reverse 50-CGA GGC AAA ATG AAA
AGA TG-30; housekeeping gene: GAPDH sense 50-TGG
TAT TCG GGA AGG ACT CAT GAC-30, GAPDH reverse
50-ATG CCA GTG AGC TTC CCG TTC AGC-30.

The single-tube RT-PCR assay for SERPINB3 was per-
formed on the LightCycler and consisted of one denatura-
tion cycle at 958C for 10 min, 45 cycles of amplification at
948C for one second, 628C for 10 s and 728C for 10 s fol-
lowed by a melt from 72 to 988C rising at 0.18C/s. The capil-
laries were then cooled to 378C for 30 s. The fluorescence of
the SYBR green dye was determined as a function of the
PCR cycle number, giving the threshold cycle (CT)
number. The CT values were used to quantify the PCR
product; DCT was calculated by subtracting CT (control
gene: GAPDH) from CT (target gene: SERPINB3). The DCT

value of a control (untransfected cells) was arbitrarily used
as a constant that was subtracted from all other DCT

values to determine DDCT value. Samples were run in tripli-
cate and fold changes were then generated for each sample
by calculating 22DDCT.

Fluorescence techniques
The expression of SERPINB3 in transiently transfected and
control HepG2 and Huh7 cells was assessed by immuno-
fluorescence. Cells were seeded on slides (2 � 105 HepG2
cells/slide) and cultured for 48 h. Cells were fixed in 4% par-
aformaldehyde, permeabilized in 0.2% Tryton X100 and
blocked with 5% bovine serum albumin in phosphate-
buffered saline (PBS). Slides were then incubated at room
temperature for two hours with 10 mg/mL of a monoclonal
anti-SCCA antibody (Xeptagen, SpA, Marghera, VE, Italy),
washed with 0.1% Tween 20 in PBS and incubated with
the TRITC-conjugated secondary antibody (1:50 dilution)
(Dako, Copenhagen, Denmark) at room temperature for
two hours. The cellular nuclei were stained by cell incu-
bation with 20 mg/mL of Hoechst 33342 (Sigma-Aldrich)
for five minutes. Slides were washed in PBS, mounted
with glycerol (Sigma-Aldrich) and observed under confocal
microscope ViCo (Nikon, New York, NY, USA).

Enzyme-linked immunosorbent assay
To assess the amount of recombinant SERPINB3 protein
isoform produced in transfected cells, their concentration
was measured in parallel in the supernatant and in cellular
extracts of transfected cells using an enzyme-linked immu-
nosorbent assay (ELISA) kit (Xeptagen), following the man-
ufacturer’s instructions. Sample concentration of

recombinant SERPINB3 protein was calculated on the
basis of a standard curve included in the ELISA kit.

Expression and purification of recombinant
SERPINB3 proteins

SERPINB3 wild-type cDNA and SCCA-PD cDNA were
cloned in the directional expression vector pET101
(Invitrogen).

The resultant blunt-ended SERPINB3 cDNA, complemen-
tary to 21/ þ 21 and þ1161/ þ 1181 regions of SERPINB3
mRNA, was ligated with the pET101 directional TOPO
vector (1 and 1 mL salt solution; Invitrogen) for 15 min at
room temperature. A volume of 50 mL of top 10 chemically
competent E. coli (Invitrogen) were transformed by incu-
bation with 3 mL of ligation mix for 30 min on ice, followed
by a heat shock of 428C for 30 s. SOC medium (250 mL;
Invitrogen) was added to the cells and they were then incu-
bated at 378C for 30 min in a shaking bath. The transform-
ation mix (100 mL) was then plated on a LuriaBertoni (LB)
plate (100 mg mL21) and incubated overnight at 378C. The
sequence of the insert of the constructed plasmid pET101/
SERPINB3 was verified as described above.

The purified plasmids (40 ng each) were transformed into
BL21 Star (DE3) cells (Invitrogen) for SERPINB3 expression.
After SOC addition and incubation, the culture was trans-
ferred to fresh LB (10 mL) and grown overnight at 378C in
a shaking bath. 1 mL of the culture was then transferred
into 100 mL of fresh LB and was grown at 378C under
shaking. For the production of SERPINB3 proteins,
isopropylthio-ß-galactoside (isopropyl-beta-thio galactopyr-
anoside, 1 mmol L21 final concentration; Roche Diagnostics
GmbH) was added when the culture had attained an optical
density of 0.6 at a 600 nm wavelength, and the culture was
incubated at 308C and 200 revs/min.

Preliminary experiments were carried out to optimize the
rates of SERPINB3 protein production. The maximal
amount of recombinant protein production was reached
four hours after induction.

The bacteria were recovered by centrifugation and
washed three times with PBS buffer. The recovered pellet
was resuspended in PBS (4 mL/300 mg, wet weight) and
sonicated with the Ultrasonic W-380, using the immersion
probe microtip 419A, f 4.8 mm (Heat Systems Ultrasonics,
Farmingdale, NY, USA). The sonication was stopped at
95–98% of lysis of the bacteria, as checked with an optical
microscope. The crude bacterial extract was centrifuged at
15,000g, at 48C for 30 min to separate the soluble and the
insoluble fractions. The soluble fraction was dialyzed
against 20 mmol/L 2-(N-morpholino)ethanesulfonic acid
(MES), pH 6 (buffer A), and the protein concentration was
determined with the Bio-Rad Protein Assay kit. The dia-
lyzed soluble fraction was diluted in buffer A to reach a
final concentration of 500 mg/mL. A glass column (25 �
0.5-cm inner diameter) (Omnifit, Diba Industries,
Cambridge, UK) was filled with cationic exchange Source
30S resin (Amersham Pharmacia Biotech, Uppsala,
Sweden) and equilibrated at a flow rate of 3.0 mL/min
with buffer A. The diluted soluble fraction was then
loaded on the column, and following the elution of
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unretained material, a gradient from 0% to 100% of buffer B
(20 mmol/L MES, pH 6.0, 0.5mol/L NaCl) was applied to
elute bound proteins. The retained fraction was recovered
and dialyzed against PBS, pH 7.5.12

Recombinant SERPINB3 proteins were characterized by
SDS-polyacrylamide gel electrophoresis with Coomassie
blue staining.

Kinetic analysis

The inhibitory activity of SERPINB3 isoforms against
cysteine proteinases was assessed by monitoring their
effect on papain (Sigma-Aldrich, Fluka) and cathepsin-L
(Sigma-Aldrich) catalyzed hydrolysis of rhodamine110
bis-(Z-L-phenylalanyl-L-arginyl)amide, (Z-FR)2R110, taken
as substrate. The commercially available dihydrocloride
salt of the substrate (Molecular Probes, Invitrogen) was
used through the study. The kinetics measurements were
performed in a microtiter plate format using OptiPlate
plates (Perkin Elmer); the release of the fluorescent
product was monitored recording the fluorescence emission
at 521 nm using an excitation wavelength of 499 nm. All the
kinetic measurements were run at 258C using a Victor X3
multilabel plate reader (Perkin Elmer) controlled by the
WorkOut 2.5 software (Perkin Elmer). The raw fluorescence
data were expressed as relative fluorescence units (rfu). The
reactions were carried out in 50 mmol/L sodium acetate
buffer pH 5.5 containing 4 mmol/L dithiothreitol and
1 mmol/L EDTA, hereinafter referred to as reaction buffer.

Active site titration of papain and cathepsin-L
The exact concentration of active enzyme was determined
by active site titration, performed according to a modified
Barrett method.13 A fixed amount of enzyme solution,
obtained diluting a concentrated stock with reaction
buffer, was incubated for one hour at room temperature
with increasing concentrations of the irreversible
cysteine-proteinase inhibitor E64, trans-Epoxysuccinyl-L-
leucylamido(4-guanidino)butane (Sigma-Aldrich). The
residual enzymatic activity was assayed by adding an
excess (Z-FR)2R110. The substrate final concentration to
test cathepsin residual activity was set to 0.5 mmol/L,
while in the case of papain the concentration was set to
0.1 mmol/L. The release of the fluorescent product was
monitored over time. The residual enzyme activity after
incubation with each different concentration of E64 was
expressed as the ratio of the initial rates measured in the
presence of E64 and that measured in a control experiment
in the absence of inhibitor. For the two considered
enzymes, the concentrations of E64 spanned the range
0–1250 nmol/L.

Kinetics of the interaction between SERPINB3 isoforms
and the cysteine proteinases papain and cathepsin-L
The kinetic analysis of the interaction between SERPINB3
wild-type and SCCA-PD with the cysteine proteinases
papain and cathepsin-L was performed under first-order
conditions using the progress curve method.14,15 Inhibition
experiments were performed using different amounts of
SERPINB3 isoforms for papain (range 0–100 nmol/L) and

for cathepsin-L (range 0–50 nmol/L). Each enzyme (1.50
and 1.68 nmol/L) was mixed with increasing amounts of
inhibitors in the presence of an excess substrate
(250 nmol/L for cathepsin and 500 nmol/L for papain)
and the formation of the fluorescent product was monitored
over time. The release of the fluorescent product was fitted
to the following model: P ¼ vs t þ (vz 2 vs)(1 2 e2kobs t )/kobs,14

where a zeroth order and a simple exponential decay with
observed rate constant kobs were considered. In the case of
cathepsin, the zeroth-order contribution was disregarded
since in the fitting process vs vanished and the overall curve
was better described by the model P ¼ vz(12 e2kobs t )/kobs.15

The kobs obtained at different concentrations of the inhibitors
were plotted against the inhibitor concentration; the slope of
these curves, k0, represented the uncorrected second-order
rate constant for the association between the inhibitors
and the enzyme. The proper second-order rate constant
was obtained correcting these data for the substrate concen-
tration and the appropriate Km values, according to the
equation ka ¼ k0 (1 þ [S]0/Km).

Assay of the JNK1 kinase activity

To investigate the JNK1 inhibition activity of wild-type
SERPINB3 and SCCA-PD proteins, the SAPK/JNK kinase
assay kit (Cell Signaling Technology, Beverly, MA, USA)
and active JNK1 (Vinci-Biochem, Vinci [Firenze], Italy)
were used. A variable amount of recombinant SERPINB3
isoforms (50, 100, 200 ng) was incubated with 10 ng of
active JNK1 in a kinase buffer for 3 h at 48C. Then, c-Jun
beads were added and incubated overnight at 48C. The
mixture was further incubated for 30 min at 308C and
probed with an anti-phospho-c-Jun antibody using the
JNK/SAPK kinase assay kit, following the manufacturer’s
instructions (Cell Signaling Technology).

Molecular modelling and molecular dynamics
simulations

The crystal structure of wild-type human SERPINB3 at 2.7 Å
resolution (PDB entry code 2ZV6, chain B with visible RSL)16

was used for the preparation of refined 3D models of wild-
type SERPINB3 and SCCA-PD. The G351A residue replace-
ment in SCCA-PD was done by the Biopolymer module of
Insight-II.17 Both SERPINB3 isoforms were then carefully
refined by molecular mechanics energy minimization using
all-atom representation, a CFF91 force field18 and Discover
molecular simulation software.17 Non-bonding interaction
distance cut-off set to 15 Å was employed and dielectric con-
stant of 4 was used to take into account dielectric shielding
effects in proteins. Minimization of the protein was carried
out by relaxing the structure gradually, starting with hydro-
gen atoms, then proceeding with residue side chains
and concluding the relaxation with freeing of all atoms
including the protein backbone. In the geometry optimiz-
ation, a sufficient number of conjugate gradient iterative
cycles, with a convergence criterion set to average gradient
of 0.01 kcal/mol21/Å21, was used.

Molecular dynamics (MD) was used for sampling the
conformational space of the RSL, especially the backbone
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conformation of the mutated residue 351, in both SERPINB3
isoforms. MD simulations were carried out for the RSL of
the two isoforms; residues other than those of the RSL
were kept fixed at their initial crystal structure configur-
ation. The system was equilibrated in NVT ensemble at
300 K for over 100 ps, setting the integration time step to
1 fs and recording the trajectory every 0.1 ps, with a non-
bonded interaction cut-off distance of 15 Å. MD simulation
trajectories of the solvated isoforms, obtained during the
last 100 ps of the data collection of the 200 ps trajectory,
were used for the calculation of the local backbone confor-
mation of the mutated residue 351.

Results

SERPINB3 transcriptional activity

Total RNA was purified from Huh7 and HepG2 cells trans-
fected with both the plasmid vectors pcDNA3.1/SERPINB3
wild-type and pcDNA3.1/SCCA-PD and from the corre-
sponding control cells transfected with the pcDNA3.1
vector alone. SERPINB3 mRNA transcripts were then
assessed in each sample by realtime RT-PCR using
primers specific for the human SERPINB3 gene. The analy-
sis of SERPINB3 expression over time showed in both cell
lines a progressive increase, reaching the maximal value at
72 h, while SERPINB3 transcription significantly decreased
after 120 h. SERPINB3 transcription levels were similar in
cells transfected with pcDNA3.1/SERPINB3 wild-type and
in those transfected with pcDNA3.1/SCCA-PD (P .

0.005), as shown in the example reported in Figure 1.

SERPINB3 localization

SERPINB3 protein in transfected cells was revealed by
immunofluorescence. As shown in Figure 2, a diffuse, gran-
ular cytoplasmic and nuclear SERPINB3 localization was
detected in both Huh7 and HepG2, where high protein
levels were detected. The fluorescence signals and the
pattern of expression were comparable in cells expressing

SERPINB3 wild type and SCCA-PD isoforms. No
SERPINB3 protein could be detected in cells transfected
with the empty vector alone.

Determination of SERPINB3 protein secretion

Recombinant SERPINB3 concentration was measured 48 h
after cell transfection in the supernatant and in cellular
extracts by ELISA. The recombinant protein was detected
mainly in cellular extracts, while the corresponding super-
natants contained 14.4% and 15.6% of the respective cellular
content.

Antiprotease activity of recombinant SERPINB3
proteins

Wild-type SERPINB3 and SCCA-PD recombinant proteins
were purified by ionic exchange chromatography and
characterized by sodium dodecyl sulfate polyacrylamide
gel electrophoresis analysis with Coomassie blue staining.
As shown in Figure 3, a main sharp band was detected
migrating at the expected molecular weight (45 kDa) of
SERPINB3.

In order to compare the antiprotease activity of the
SERPINB3 isoforms, we examined the inhibitory effects of
these two proteins on papain and cathepsin-L. We con-
firmed that both SERPINB3 preparations exerted a dose-
dependent inhibitory activity on both target proteases.
Using (Z-FR)2R110 as substrate, preliminary experiments
provided a Km of 650+ 110nmol/L for papain and 27+
3 nmol/L for cathepsin-L. In the example of Figure 4,
using papain, the inhibitory activity of SCCA-PD
(Figure 4a) was stronger than the activity of SERPINB3
wild-type (Figure 4b) at all considered concentrations.

The calculated second-order association constant using
papain was (6.3+2.1)� 104 mol/L21s21 for SERPINB3
wild-type and (4.1+0.7)� 105 mol/L21s21 for SCCA-PD,
accounting for a 6.5 times faster association for the SCCA-PD
isoform (Figure 5a). A similar behavior was observed with
cathepsin-L, although in this case a smaller difference

Figure 1 Time course of SERPINB3 mRNA expression. HepG2 cells were transfected with wild-type SERPINB3 and SCCA-PD carrying vectors, while cells trans-

fected with pcDNA3.1 empty vector were used as negative control. Data were normalized to GAPDH housekeeping gene and expressed as fold differences in

mRNA SERPINB3 expression after normalization to the internal reference. The y-axis represents the relative mRNA level of the SERPINB3 gene calculated by

22DDC
T method. Results are the average of three separate experiments performed in triplicate with the bars representing the standard error. GAPDH, glyceralde-

hyde 3-phosphate dehydrogenase
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between the two isoforms was detected: the second-order
association constant was (3.5+0.7) � 106 mol/L21s21 for
SERPINB3 wild-type and (4.5+0.9) � 106 mol/L21s21 for
SCCA-PD. In this latter case the magnitudes of the association
constants of the two SERPINB3 isoforms with cathepsin were
similar, although SCCA-PD reacted faster than SERPINB3
wild type (Figure 5b).

JNK1 kinase activity inhibition

The effect of SERPINB3 isoforms on the kinase activity of
JNK1 was explored. As reported in Figure 6, densitometric

values showed that SERPINB3 isoforms inhibited the
kinase activity of JNK1 in a dose-dependent manner. At
high concentration (200 ng), SCCA-PD revealed a 16%
higher inhibitory activity on JNK1-induced c-Jun phos-
phorylation, compared with SERPINB3 wild type.

Molecular modelling of SERPINB3

Three-dimensional models of the wild-type SERPINB3 and
its G351A polymorphic variant SCCA-PD were prepared
by refining the crystal structure of the SERPINB316 followed
by site-directed virtual mutagenesis G351! A (Figures 7a
and b). To explore whether the G351A mutation in the puta-
tive P4 site of the variable reactive center loop may signifi-
cantly change the conformational flexibility of the RSL, a
short MD simulation on both SERPINB3 isoforms was
carried out and the w and c backbone torsion angles of
the residue 351 was followed (Figures 7c and d).

The small difference in the w and c backbone torsion
angles of Gly351 in SERPINB3 and of Ala351 in the
SCCA-PD isoform indicated that no significant confor-
mational change in the RSL loop was expected to occur,
due to the residue Gly351 replacement by the only slightly
bulkier and more hydrophobic Ala residue.

Discussion

A novel variant of the ov-serpin SERPINB3 (SCCA-PD) has
been found by direct mRNA sequencing in liver tumors, pre-
senting the 351G!A mutation in the reactive center of the

Figure 2 Immunostaining for SERPINB3 in HepG2- and Huh7-transfected cells. Both cytoplasmic and nuclear protein expression are detectable in HepG2 and

Huh7 cells transfected with the two SERPINB3 isoforms. WT, wild-type (A color version of this figure is available in the online journal)

Figure 3 SDS-PAGE/Coomassie staining. Recombinant SERPINB3 isoforms

before (a) and after (b) ionic exchange chromatography purification.

SDS-PAGE, sodium dodecyl sulfate polyacrylamide gel electrophoresis
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protein.3 Previous studies indicate that the prevalence of
SCCA-PD was 24% in the normal population and in patients
with chronic hepatitis, while in patients with cirrhosis it was
45% (P ¼ 0.038),19 supporting the hypothesis of a higher con-
tribution of this isoform to liver disease progression. Recent

results indicate that SERPINB3 can induce RSL-dependent
TGF-b1 synthesis and the effect is modulated by single
amino acid mutation in the reactive loop.20 In chronically
damaged livers, a parallel over-expression of SERPINB3
and TGF-b1 was correlated directly to the fibrosis stage, as

Figure 4 Inhibition of papain by SERPINB3 isoforms. The interaction of papain with SERPINB3 wild-type and SCCA-PD was studied under pseudo-first-order

conditions. In the study the substrate concentration was set to 500 nmol/L, while the concentration of enzyme was 1.5 nmol/L. The inhibitory activity of SCCA-PD

(panel a) and wild-type SERPINB3 (panel b) was monitored by mixing different amounts of recombinant proteins (range concentration 0–100 nmol/L) with the

substrate, and initiating the reaction by addition of the enzyme. The fluorescent product formation was monitored every seven seconds at 521 nm; for the sake of

clarity, only a reduced number of data points are displayed. 0 nmol/L (W); 20 nmol/L (S); 30 nmol/L (†); 50 nmol/L (B)

Figure 5 Kinetics of the interaction between SERPINB3 isoforms and the cysteine proteinases papain and cathepsin-L. The dependence of the first-order con-

stant on the concentration of the different SERPINB3 isoforms was determined from the data obtained by a non-linear fitting of the progress curves. The slope of

the line interpolating the kobs obtained at different concentrations of inhibitors represents the uncorrected second-order rate constant for the interaction between

SERPINB3 isoforms and papain (panel a) and cathepsin-L (panel b). For each kobs value reported in the graph, the error bars represent two times the uncertainty

calculated by the fitting routine (wild-type SERPINB3/papain R ¼ 0.95, P , 0.05; SCCA-PD/papain R ¼ 0.95, P , 0.05). By correcting for the observed Michaelis–

Menten constant of (ZFR)2R110 (650 nmol/L), the second-order rate constant for the association of SCCA-1 wild-type and SCCA-PD with papain resulted 6.3 �
104 mol/L21 s21 and 4.1 � 105 mol/L21 s21, respectively. In the case of cathepsin-L, the error bars represent two times the uncertainty calculated by the fitting

routine (wild-type SERPINB3/cathepsin-L R ¼ 0.98, P , 0.05; SCCA-PD/ cathepsin-L R ¼ 0.95, P , 0.05). By correcting for the observed Michaelis–Menten con-

stant of (ZFR)2R110 (27 nmol/L), the second-order rate constant for the association of wild-type SERPINB3 and SCCA-PD with cathepsin-L resulted 3.5 �
106 mol/L21 s21 and 4.5 � 106 mol/L21 s21, respectively. Wild-type SERPINB3 (W); SCCA-PD (†)
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a result of a dynamic interplay of these molecules, leading to
progressive collagen deposition.20

Different mutations of the active loop have been described,
altering the functional activity of SERPINB3.9,11 However, no
information is available for the SCCA-PD mutant. This study
describes for the first time the increased inhibitory activity of
SCCA-PD, compared with wild-type SERPINB3.

Among serpins, the hinge region in the RSL is well con-
served.21 In contrast, the amino acid sequences of the

variable portions resemble substrates in that they are comp-
lementary to the subsite specificities of the target protein-
ases. Previous studies have demonstrated that mutations
within the hinge region (P15-P9) affected RSL mobility
and the rate at which the RSL inserts into the body of the
serpin. Mutation of the P14 residue to charged residues
with large side chains blocked RSL insertion and abrogated
the inhibitory activity, while mutation of P14 to uncharged
residues had little effect.9,22 – 24 In the present study,

Figure 6 Effect of SERPINB3 isoforms on the kinase activity of JNK1. Different concentrations of recombinant wild-type SERPINB3 or SCCA-PD protein were

used to assess their effect on JNK1 activity, measured as c-Jun phosphorylation ability (SAPK/JNK kinase assay kit, Cell Signaling Technology). Results were

derived by densitometric analysis of Western blot bands and were expressed as percent c-Jun phosphorylation, compared with controls (PBS). Bars represent

mean þ SD values of three different experiments. �P , 0.05: wild-type SERPINB3 versus SCCA-PD

Figure 7 Molecular modelling of SERPINB3. (a) Crystal structure of SERPINB3 with a detailed view of the RSL. Magnified reactive site loop (RSL) shows stick

representation colored by atom type with the papain cysteine protease cleavage site recognition pattern labelled in the Schecter and Berger numbering scheme.38

Hydrogen atoms are omitted for better clarity. Gly351 is shown in yellow color. (b) 3D molecular model of SERPINB3 obtained by molecular mechanics refinement

of the crystal structure.16 Position of the solvent exposed RSL is highlighted in red color. (c) Evolution of w and c dihedral angles of residues Gly351 and Ala351.

Backbone dihedral angles of Gly351 residue fluctuate around average values of w ¼ 260 deg and c ¼ 180 deg in the wild-type SERPINB3 and (d) of mutated

Ala351 in SCCA-PD isoform fluctuate around w ¼ 260 deg and c ¼ 165 deg during a 200 ps molecular dynamics simulation (A color version of this figure is avail-

able in the online journal)
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evidence has been provided that the mutation to the P4Gly
to Ala residue of SERPINB3, found in the SCCA-PD
isoform, improves the antiprotease activity of this serpin,
but had no effect on transfection efficiency, transcriptional
activity, protein expression and cellular localization com-
pared with SERPINB3 wild-type.

Kinetic analysis showed that SCCA-PD isoform displays
an increased antiprotease activity against the cystein pro-
tease papain, accounting for a 6.5 times faster association
compared with SERPINB3 wild type isoform. Provided
that the actual cleavage site (P1 P10) of papain corresponds
in the numbering scheme of the RSL to residues Ser354 2

Ser355 (Table 2), we may connect the increased rate of
association with the active site specificity of papain. The
active site of this protease consists of seven subsites (S1–
S4 and S10 –S30). Specificity is controlled by the hydrophobic
pocket of the S2 subsite. Papain exhibits specific substrate
preferences primarily for bulky hydrophobic or aromatic
residues at the S2.25 Beyond the S2 subsite preferences,
there is a lack of clearly defined residue selectivity within
the active site, but in general higher preference is given to
hydrophobic resides including the S4 subsite (Table 2).25–28

Therefore, increased hydrophobic profile of the SCCA-PD
introduced by the G351A mutation in the P4 position
(hydropathy score Gly: 20.4, Ala: 1.8)29 may thus explain
the observed elevated rate of association of the more hydro-
phobic RSL of SCCA-PD to papain compared with the wild-
type SERPINB3.

Moreover, cathepsin-L displays substrate specificity
similar to that of papain: hydrophobic amino acids at the
positions P3 and P2 are necessary, and a further apolar
amino acid at P1 may be helpful for rapid hydrolysis.30

Little structural information is available from X-ray crystal-
lographic studies on the S4 subsites of papain and
cathepsin-L; it was uncertain whether these subsites

would participate in the binding.31 – 33 However, some
authors indicate that P4–S4 interaction exists because
significant differences were observed in hydrolytic effi-
ciency towards substrates with variations at the P4 pos-
ition.33,34 The S4 subsite of papain seems to exhibit
specific substrate preferences primarily for bulky hydro-
phobic, followed by polar/basic and aromatic residues,
while cathepsin-L shows preferences primarily for aromatic
residues followed by hydrophobic and polar/basic residues
(Table 2).

The analysis of cellular localization by immunofluores-
cence has demonstrated dual cytoplasm and nuclear localiz-
ation for both isoforms in HepG2 and in Huh7 transfected
cells, without any significant difference in distribution.
Although it was initially reported that SERPINB3 is a cytoso-
lic protein,35 its nuclear localization has been also described
recently, expanding the potential range of physiological func-
tions of this molecule.36 Nuclear translocation of SERPINB3
bound to c-Jun NH2-terminal kinase-1 (JNK1) after UV
irradiation has been indeed described in keratinocyte
cells,37 resulting in inhibition of UV-induced apoptosis via
the suppression of JNK1 activity. In the present study, we
have confirmed that SERPINB3 suppresses JNK1 phosphoryl-
ation activity in a dose-dependent manner and we have
provided evidence that SCCA-PD isoform has a better sup-
pressive effect, at least at high protein concentration.

In conclusion, these results indicate that SERPINB3 poly-
morphic variants have different antiprotease activity and
they might contribute differently to disease progression in
injured tissue.

Author contributions: CT was involved in experimental
design of the study and conducted realtime PCR, expression
vector constructions, JNK assay and manuscript writing.
AB and PPe performed kinetic analysis, VF performed

Table 2 Papain and cathepsin-L cleavage site preferences aligned with the sequence of RSL of SERPINB3 and SCCA-PD using the Schecter and
Berger numbering scheme38

RSL variable region

Papain S5 S4 S3 S2 S1 S10 S20 S30 S40

Substrate P5 P4 P3 P2 P1 P10 P20 P30 P40

Papain X HfoPoAr4 ArHfo3 ArHfo2 Arg1 Lys HfoArPo5 ArHfo6 ArPo7 X

Cathepsin-L X ArHfoPo11 ArPo10 ArHfoBs9 Arg8 Lys BsPo12 Ar13 Xp14 X

SERPINB3 V G F G S S P T S

SCCA-PD V A F G S S P T S

RSL, reactive site loop

Papain:
1P1 – basic residues (Arg, Lys)30

2P2 – large aromatic residues (Phe, Trp, Tyr) partly also hydrophobic residues (Ala, Leu, Ile, Val),30,33 (ArHfo – property mentioned first in the acronym has the

priority, i.e. larger kcat/Km values for aromatic than for hydrophobic residues in P2)
3P3 – aromatic residues (Phe) and hydrophobic residues (Leu)33

4P4 – hydrophobic (Leu), polar/basic (His and Lys) and aromatic (Phe)33

5P10 – hydrophobic residues (Leu) but not Val; aromatic residues (Trp), polar (Ser)30

6P20 – aromatic residues (Trp, Tyr, Phe) and hydrophobic residues (Leu)33

7P30 – aromatic residues (Tyr, Trp) and polar (Asn)33

Cathepsin-L:
8P1 – basic (Arg, Lys), aromatic and hydrophobic residues30,33

9P2 – aromatic residues (Phe, Trp, Tyr) and hydrophobic residues (mainly Leu, Ile)30,33

10P3 – aromatic residues (Phe, Trp) and polar/basic residues (His, also Lys)33

11P4 – aromatic residues (Phe), hydrophobic residues (Leu) and polar/basic residues (His)33

12P10 – basic and polar residues30,33

13P20 – aromatic residues (Trp)33

14P30 – some preference for small residues (Ala, Ser)33
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