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Antithrombin Mutants May Play a Role in the Clinical Severity
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Mutations affecting mobile domains of antithrombin induce conformational instability resulting in protein polymerization that
associates with a severe clinical phenotype, probably by an unknown gain of function. By homology with other conformational
diseases, we speculated that these variants might infect wild-type (WT) monomers reducing the anticoagulant capacity. Infec-
tive polymerization of WT polymers and different P1 mutants (p.R425del, p.R425C and p.R425H) were evaluated by using native
gels and radiolabeled WT monomers and functional assays. Human embryonic kidney cells expressing the Epstein-Barr nuclear
antigen 1 (HEK-EBNA) cells expressing inducible (p.R425del) or two novel constitutive (p.F271S and p.M370T) conformational vari-
ants were used to evaluate infracellular and secreted antithrombin under mild stress (pH 6.5 and 39°C for 5 h). We demonstrated
the conformational sensitivity of antithrombin London (p.R425del) to form polymers under mild heating. Under these conditions
purified antithrombin London recruited WT monomers into growing polymers, reducing the anticoagulant activity. This process was
also observed in the plasma of patients with p.R425del, p.R425C and p.R425H mutations. Under moderate stress, coexpression of
WT and conformational variants in HEK-EBNA cells increased the intracellular retention of antithrombin and the formation of disul-
fide-linked polymers, which correlated with impaired secretion and reduction of anficoagulant activity in the medium. Therefore,
mutations inducing conformational instability in antithrombin allow its polymerization with the subsequent loss of function, which
under stress could sequestrate WT monomers, resulting in a new prothrombotic gain of function, particularly relevant for intracel-
lular antithrombin. The in vifro results suggest a temporal and severe plasma antithrombin deficiency that may contribute to the
development of the thrombotic event and to the clinical severity of these mutations.
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INTRODUCTION

The broad ranges of procoagulant ser-
ine proteases that are inhibited by anti-
thrombin, together with its strong and ef-
ficient mechanism of inhibition, explain
the embryonic lethality observed in
knock-out mice and the high risk of
thrombosis associated with the anti-
thrombin heterozygous deficiency (1,2).
Nevertheless, the risk and clinical sever-

ity of thrombosis reported in patients
with antithrombin deficiency is heteroge-
neous. Thus, type II deficiencies, charac-
terized by a heterogeneous population of
mutant and wild-type (WT) antithrombin
in plasma, usually have a milder throm-
botic phenotype requiring the coexistence
of additional risk factors, mainly when
the heparin binding site is affected (3).
Unfortunately, there are some type II
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antithrombin deficiencies with a very se-
vere thrombotic phenotype. Interestingly,
most individuals with this phenotype
carry conformational mutations (4-6).
These mutations have also been identi-
fied in other members of the serpin su-
perfamily and affect predominantly mo-
bile domains of the molecule (7). As a
consequence of the high energy required
for keeping the native metastable confor-
mation of serpins, which is essential for
the inhibitory activity of these molecules
(7), these mutations cause aberrant con-
formational transitions, mainly resulting
in a unique hyperstable ordered pro-
tein—protein linkage (polymerization)
(8,9). These ordered polymers that are re-
tained within the cell and result in pro-
tein overload, plasma deficiency and ulti-
mately cell death are associated with a



variety of diseases, called serpinopathies
(10).

The aberrant p-strand linkages that
underlie the serpinopathies have been
used as a paradigm for the wider cate-
gory of “conformational diseases” (11),
which include amyloid, Alzheimer’s
and Parkinson diseases. The mechanism
of in vivo serpin polymerization is still
under discussion (12), although recent
data obtained with the use of anti-
trypsin as a model suggest that domain
swapping is the molecular mechanism
of polymerization (13). This mechanism
is also involved in the aggregation of
prion proteins that lead to spongiform
encephalopathies, other conformational
diseases (14). Interestingly, prion pro-
teins are infectious molecules composed
of the abnormal disease-causing isoform
prion protein (PrP)Sc, which induces
conformational conversion of the host-
encoded normal cellular prion protein
PrPC to PrPSc (15).

These data and the demonstration that
the initiating step in serpin polymeriza-
tion induced by denaturing conditions
occurs when two molecules with coinci-
dentally perturbed conformations link to
form an initial dimer with two active in-
terfaces (a donor and an acceptor), which
acts as an infective seed (16), encouraged
us to propose that conformational mu-
tants that form unstable monomers of
antithrombin could behave as an infec-
tive seed that recruits WT monomers
into the growing polymers under mild
stress. This new potential gain of func-
tion could contribute to explain the thus
far unknown mechanism associated with
the severity of conformational mutations
of antithrombin (6). In this investigation,
we evaluated this hypothesis by study-
ing the infectivity of inducible or consti-
tutive polymers caused by conforma-
tional mutations identified in patients
with antithrombin deficiency.

MATERIALS AND METHODS

Patient and Family Studies
We studied six different antithrombin
mutants detected in unrelated patients

with venous or arterial thrombosis asso-
ciated with antithrombin deficiency
(Supplementary Table S1) from a selected
investigation of self-referred families
with thrombophilia. Patients and rela-
tives were fully informed of the aim of
this study, which was performed accord-
ing to the Declaration of Helsinki, as
amended in Edinburgh in 2000, and the
study participants gave written informed
consent for genetic analysis.

Functional and Genetic Analyses

Anti-FXa activity, antigen levels and
heparin affinity of antithrombin from
plasma of patient and family members,
and polymerase chain reaction amplifica-
tion and sequencing of the SERPINCI
gene were performed essentially as re-
ported (17). Thrombophilic tests in-
cluded quantification of free protein S
and protein C activity, detection of an-
tiphospholipid antibodies and genotyp-
ing of FV Leiden and prothrombin
G20210A polymorphisms.

Additional anti-FXa activity assays
were performed under particular condi-
tions by heating plasma of four patients
with P1 mutations and two controls at
37°C or 42°C for 3 d. The activity was
also measured in plasma of six controls
supplemented or not with 12.5 umol/L
WT antithrombin polymers generated by
severe heating (60°C for 10 min) and in-
cubated for up to 9 d at 42°C.

Protein Purification and
Electrophoretic and Functional
Evaluation of Antithrombin London
(p.R425del)

Antithrombin from plasma of healthy
subjects and patients carrying the
p-R425del mutation (c.1272_1274delCCG)
or antithrombin London (from now on
also referred to as A393) was purified by
heparin affinity chromatography on
1 mL HiTrap Heparin columns (GE
Healthcare, Barcelona, Spain), using an
AKTA Purifier (GE Healthcare) in
100 mmol /L Tris-HCI and 10 mmol /L
citric acid, in a gradient from 0.15 to
2 mol /L NaCl. Fractions with antithrom-
bin were applied to a HiTrap Q column
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(GE Healthcare). Finally, proteins were
eluted in three different peaks and de-
salted over 5 mL HiTrap Desalting
columns (GE Healthcare) and stored at
-70°C.

Purity and separation of proteins were
checked by sodium dodecyl sulfate—
polyacrylamide gel electrophoresis (SDS-
PAGE), performed in 10% (w/v) poly-
acrylamide and nondenaturing PAGE in
the presence and absence of 6 mol/L
urea, essentially performed as indicated
elsewhere (17,18). SDS-PAGE under
nonreducing conditions was run to de-
tect disulfide-linked dimers (19). After
separation, proteins were transblotted
onto a polyvinylidene difluoride mem-
brane. Antithrombin was immunostained
with rabbit anti-human antithrombin
polyclonal antibody (Sigma-Aldrich,
Madrid, Spain), followed by donkey
anti-rabbit I[gG-horseradish peroxidase
conjugate (GE Healthcare), with detec-
tion via an ECL kit (Amersham Bio-
sciences, Piscataway, NJ, USA).

Purified antithrombin at a final con-
centration of 100 nmol/L was incubated
with 10 nmol/L thrombin, and activity
was quantified by measuring its in-
hibitory activity by using S-2238, as a
chromogenic substrate (Chromogenix,
IZASA, Madrid, Spain). Samples were
previously incubated with or without
unfractionated heparin (ROVI, Madrid,
Spain) (1 nmol/L or 1 umol/L) at room
temperature for 30 min. Heparin effec-
tive concentration was calculated by stoi-
chiometric titration against a solution of
known antithrombin concentration. The
absorbance of the reaction was measured
at a wavelength of 405 nm by using a
plate reader in a continuous method
(Synergy HT, Biotek, Bedfordshire, UK)
for up to 30 min. Additionally, formation
of a thrombin-antithrombin complex was
evaluated by incubation of 129 nmol/L
antithrombin with 10 nmol/L thrombin
and incubated for 15 min at 37°C. The re-
action was carried out with and without
previous incubation of antithrombin
with 1 nmol/L heparin for 30 min. These
samples were analyzed by SDS-PAGE as
indicated previously.
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Matrix-Assisted Laser Desorption
lonization/Time of Flight-Mass
Spectrometry Analysis

A solution of 3,5-dimethoxy-4-
hydroxycinnamic acid (10 g/L) in ace-
tonitrile/ water/trifluoroacetic acid
(50:50:0.1 by vol.) was chosen for protein
analysis. Experiments were carried out
on a Voyager-DE™ STR Biospectrometry
workstation (Applied Biosystems,
Madrid, Spain), equipped with an N,
laser (337 nm). Recorded data were
processed with Data Explorer™ software
(Applied Biosystems).

Antithrombin samples were also di-
gested in 100 mmol/L NH,HCO, (pH 7.8)
containing trypsin (ratio enzyme/
substrate 1:50) at 37°C for 16 h. Peptide
mixtures from in situ digestion of pro-
teins were desalted in a GELoader tip
packed with 0.5 uL POROS-10 R2
(PerSeptive Biosystem, East Lyme, CT,
USA) slurry.

Calorimetry Measurements

The heat capacity Cp of samples was
recorded over a temperature range of
10°C-130°C by using differential scan-
ning calorimetry (VP-DSC, MicroCal,
LLC, Northampton, MA, USA), which
consisted of two fixed cells, a reference
cell and a sample cell. Prior to all the
measurements, the buffer and protein so-
lutions were degassed. The volume of
the calorimetric cells was 0.5 mL and
the protein concentration used was
0.2 mg/mL. The measurements were car-
ried out with a microcalorimeter at a
scan rate of 60°C/h with WT and an-
tithrombin London, purified from
plasma. Data were analyzed by using the
ORIGIN DSC software that was pro-
vided by MicroCal Inc.

Circular Dichroism

Changes of protein secondary struc-
ture with temperature in WT and an-
tithrombin London were also measured
by monitoring a circular dichroism signal
at 222 nm with a spectrapolarimeter (Ap-
plied Photophysic, Surrey, UK) with a
temperature control and N2 stream sys-
tem. One scan was completed within

1.21 min. Samples (0.1 mg/mL) were
assessed in a 20 mmol /L sodium phos-
phate buffer, pH 7.4, containing

0.1 mol/L NaCl, 0.1 mmol/L EDTA and
0.1% polyethylene glycol 8000. The tem-
perature within the cuvette was main-
tained by a computer-controlled water
bath connected to a peltier and moni-
tored by a sensor directly located in the
cuvette. Data were fitted to a two-state
protein-unfolding model as previously
described for other serpins (20).

Infectivity of P1 Mutants and Polymers
of WT Antithrombin

Monomers of WT antithrombin were
radiolabeled with I7'%, following the
procedure previously described (17). The
native conformation of the radiolabeled
protein was checked, employing native
PAGE analysis in the presence and ab-
sence of 6 mol/L urea. The latent com-
ponent was less than 5% of total protein
and no polymers were detected (data
not shown). Purified WT monomers,
heat-induced polymers, and antithrom-
bin A393 (2.5 umol /L) were incubated
with equimolecular amounts of "*>-
radiolabeled antithrombin at 42°C for 3 d.
Similarly, citrate plasma of patients with
P1 mutations, and control plasma sup-
plemented or not with 12.5 umol/L poly-
mers of WT antithrombin generated by
heating were incubated with 2.5 umol /L
of I'"*-radiolabeled antithrombin at
42°C for up to 3 d. Samples were run in
native PAGE, fixed and dried, and ra-
dioactivity was detected with x-ray
films, essentially as described (17).

Recombinant Expression of WT and
Antithrombin Mutants

Analysis of intracellular and secreted
antithrombin under moderate stress
conditions. Recombinants of antithrom-
bin were constructed on the $-glycoform
p-S169A (from now on referred to as
5137A) antithrombin background to re-
duce glycosylation heterogeneity and to
facilitate purification. Site-directed muta-
genesis of the pCEP4-S137A / antithrom-
bin plasmid was performed with the
Stratagene QuikChange Site-Directed
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Mutagenesis kit and the appropriate
primers for the following mutations:
A393, p.F271S (from now on referred to
as F2395) and p.M370T (from now on re-
ferred to as M338T). Human embryonic
kidney cells expressing the Epstein-Barr
nuclear antigen 1 (HEK-EBNA) were
grown in DMEM with GlutaMAX-I me-
dium (Invitrogen, Barcelona, Spain) sup-
plemented with 5% fetal bovine serum
(Sigma-Aldrich) to 60% confluence at
37°C and 5% CO, in a humidified incu-
bator. Transfection was performed by ad-
dition of pCEP4-5137A WT antithrombin
and plasmids encoding for the three an-
tithrombin mutants (200 ug/mL) inde-
pendently or cotransfected (adding the
same final concentration of DNA) and
preincubated for 30 min in serum-free
OptiMEM culture medium with Lipofec-
tamine LTX reagent (Invitrogen) accord-
ing to the manufacturer’s protocol.
Twenty-four hours after transfection the
cells were washed with phosphate-
buffered saline (PBS) and exchanged into
CD-CHO medium (Invitrogen) supple-
mented with 4 mmol/L L-glutamine and
0.25 mg/mL Geneticin (Invitrogen). Cells
were grown at different conditions (at
37°C and 39°C, and at pH 6.5, 7.5 and
8.5) for 5 h. After that, culture medium
was collected and cells were harvested
for analysis. Transfected cells were

then lysed with 500 uL of lysis buffer

(10 mmol /L Tris-HCl, 0.5 mmol/L
dithiothreitol, 0.035% SDS, 1 mmol/L
EGTA [ethylene glycol bis(B-aminoethyl
ether)-N,N,N’N'-tetraacetic acid],

50 mmol /L sodium fluoride, 50 umol/L
sodium orthovanadate, 5 mmol/L benza-
midine and 20 mmol/L phenylmethyl-
sulphonyl fluoride) and stored at —70°C.
Bradford assays (Bio Rad, Madrid, Spain)
were carried out to determine the protein
concentration. Intracellular antithrombin
was evaluated by Western blotting, es-
sentially as indicated above, running

40 ug of cell lysates in 10% SDS-PAGE
under reducing and nonreducing condi-
tions. Moreover, we also performed im-
munofluorescence to study intracellular
antithrombin, essentially as previously
reported (21). Briefly, HEK-EBNA cells
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Figure 1. Conformationally unstable antithrombin mutants. (A) 6 umol/L WT and London
(A393) antithrombin purified from plasma were incubated at 37 °C and 42°C for 3 d. Pro-
teins were separafted by nondenaturing electrophoresis and identified by western blot.
Polymers were generated by heating WT antithrombin 10 min at 60°C. (B) Intracellular
disulfide-linked polymers produced by constitutively conformational unstable recombi-
nant antithrombin mutants. Intracellular lysate from cells transfected with WT plasmid was
also run as a control. Disulfide-linked polymers were detected by SDS under nonreducing
(SDS-nr) and reducing (SDS-r) conditions and Western blot.

were fixed in 4% (w/v) paraformalde-
hyde diluted in PBS buffer, pH 7.4, for
20 min at room temperature and then
washed with PBS and permeabilized
with 0.1% saponin, 0.2% gelatin and
0.02% azide (3 x 5 min). All subsequent
incubations and washes contained 0.1%
saponin, 0.2% gelatin and 0.02% azide in
PBS buffer. Anti-antithrombin antibody
was used at 1:500 and incubated for 1 h
at room temperature. We carried out in-
direct immunofluorescence using the ap-
propriate fluorescein-conjugated goat
anti-rabbit antibody. Fluorescence was
analyzed on a Leica 6000B microscope
with its associated software (Leica Mi-
crosystems, Barcelona, Spain).

Secreted antithrombin was evaluated
by Western blotting, and by measuring
the anti-FXa activity, as previously
described.

All supplementary materials are available
online at www.molmed.org.

RESULTS

Purification and Functional Effect of
Antithrombin London (A393): Loss of
Anticoagulant and Procoagulant
Gain of Function

Genetic analysis revealed heterozygous
deletion of the P1 residue (R393) respon-

sible for the variant antithrombin London
in two unrelated Spanish families with a
type II antithrombin deficiency without
the heparin-binding defect.

Purification of antithrombin London
from plasma of carriers of A393 mutation
by heparin affinity chromatography was
facilitated by the increased heparin affin-
ity associated with the deletion of P1
(22). Thus, the variant eluted at a higher
NaCl concentration (1.8 mol/L) than o
(1 mol/L) and B (1.5 mol/L) WT iso-
forms. Moreover, the deletion produced
a variant with faster electrophoretic mo-
bility in native gels, consistent with dele-
tion of the positively charged R393,
which helped in the identification of the
mutant molecule (Supplementary Fig-
ure S1). Fractions containing the high
heparin-affinity variant antithrombin
peak were pooled, concentrated and
dialyzed into equilibration buffer
(50 mmol /L Tris-HCl, pH 7.4). SDS-
PAGE of the purified protein revealed
more than 95% of purity (Supplementary
Figure S1). Proteomic analysis by matrix-
assisted laser desorption ionization/time
of flight-mass spectrometry confirmed
the deletion of P1 in the purified variant
(data not shown).

Functional chromogenic assays per-
formed with purified antithrombin Lon-
don confirmed that this variant had no
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inhibitory activity, because it did not in-
hibit thrombin in the presence or absence
of heparin. Moreover, equimolecular
amounts (100 nmol/L) of antithrombin
London significantly impaired the inhibi-
tion of thrombin by WT molecules only
under subsaturating amounts of heparin
(1 nmol/L) (Supplementary Figure S2).
This effect was more severe for the o WT
isoform (19-fold reduction of its activity)
than for the p WT isoform (4-fold reduc-
tion), and it was not observed with satu-
rating heparin (1 umol/L) (Supplemen-
tary Figure S2). Consistent with this
result, the formation of thrombin—
antithrombin complexes was reduced in
the presence of antithrombin London
(Supplementary Figure S2).

Conformational Instability of
Antithrombin London

Antithrombin London (A393) was pre-
dominantly secreted as monomer to the
plasma of patients carrying this mutation
(Figure 1A). Recombinant expression of
antithrombin London showed similar re-
sults, with secretion rates comparable to
WT antithrombin (data not shown).
However, our data supported a confor-
mational instability for the variant lack-
ing the P1 residue. Thus, incubation of
plasma-purified antithrombin London at
37°C and 42°C for 3 d generated poly-
mers, while these conditions slightly af-
fected the conformation of the WT mole-
cule (Figure 1A). Calorimetry assay was
also performed to identify the melting
temperature (Tm) of antithrombin Lon-
don. However, the profile obtained was
compatible with an already polymerized
protein, perhaps owing to the ultrafiltra-
tion steps required for an optimal con-
centration of the protein (Supplementary
Figures S3A-C), because the monomeric
conformation was not altered after freez-
ing and thawing cycles or any of the pu-
rification steps. Indeed, this was con-
firmed by gel filtration chromatography
(Supplementary Figure S3C), in which no
monomer was detected. To validate the
conformational instability of antithrom-
bin London, circular dichroism assay
was performed with recombinant mole-
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cules, because we had no further variant
purified from plasma of patients. As
shown in Supplementary Figure S3D, an-
tithrombin London was significantly
more unstable (Tm = 43.54°C + 1.34°C)
than WT protein (Tm = 57.36°C +
0.14°C), which explained its high
propensity to polymerize.

Identification and Conformational
Effect of Other Antithrombin Mutants
For this study we also selected four
additional unrelated thrombophilic
Spanish families with antithrombin defi-
ciency. Supplementary Table S1 shows
the functional and antigen levels of
plasma antithrombin, as well as the clini-
cal data of these families. Genetic analy-
sis revealed missense heterozygous mu-
tations in all cases. Two families carried
mutations affecting the P1 residue
(c.1274G > A and ¢.1273C > T; p.R425H
and p.R425C, from now also referred to
as R393H and R393C, respectively) asso-
ciated with type II deficiency without the
heparin-binding defect. We also selected
two novel conformational mutations
(c.1109T > C, M338T; and ¢.812T > C,
F239S) on the basis of their conse-
quences. M338T carriers had disulfide-
linked dimers in plasma identical to
those described previously by our group
in patients with a P80S mutation (19).
Additionally, recombinant expression of
the M338T variant also revealed disul-
fide-linked dimers in the culture medium
and increased intracellular retention as-
sociated with intracellular disulfide-
linked polymers (Figure 1B). The F239S
variant was almost not secreted to the
plasma, and similarly, its expression in
HEK-EBNA cells resulted in a very mild
secretion to the culture medium. This
variant also formed intracellular disul-
fide-linked polymers (Figure 1B). There-
fore, the recombinant variants seemed to
fulfill the features of the variants de-
tected in the plasma of the patients.

Infectivity of WT Polymers and A393
Monomers under Moderate Stress

To detect the incorporation of WT an-
tithrombin monomers to polymers we

Immunostaining  Auto-Radiography
0 3 0

Time of i
at 42°C (days)

AT-I'2s
Control R393H A393 R393C

Figure 2. Infectivity of antithrombin polymers and P1 variants. (A) Immunostaining and
autoradiography of 2.5 umol/L '®l-radiolabeled WT antithrombin added to WT polymers.
B) Autoradiography of 2.5 umol/L '*I-radiolabeled WT antithrombin added to 2.5 umol/L
purified antithrombin London (A393) after 3 d incubated at 42°C. C) Polymerization of
2.5 umol/L "®l-radiolabeled WT antithrombin added to Tul control plasma and Tul
plasma of carriers of P1 mutants heated at 42°C up to 3 d. Samples were run in native
gels. Arrows indicate monomer (M), dimer (D) and frimer (T).

used a new method, which also validated
the infectivity of WT polymers. To do so,
we incubated at 24°C or 42°C equimolec-
ular amounts of 'I-radiolabeled WT
monomers with WT monomers or heat-
induced polymers, and ran the obtained
products on a native PAGE. With the de-
tection of radioactivity in the polymers
we could conclude that radiolabeled
monomers were being recruited into
growing polymers, identifying the parti-
cle that incorporates the WT monomer
(dimer, trimer, and so on). We point out
that this method is applicable to biologi-
cal samples, supplementing plasma with
'®I-radiolabeled WT monomers.

No radioactive polymers were detected
when we incubated '*I-radiolabeled WT
monomers in the absence of WT poly-
mers, or if the incubations with WT poly-
mers were performed at 24°C (data not
shown). However, at 42°C in the pres-
ence of WT polymers, we detected incor-
poration of radiolabeled antithrombin in
trimers and higher species but not in
dimers (Figure 2A). Interestingly, when
we incubated '*I-radiolabeled WT at
42°C with a monomer of antithrombin
London purified from two patients, ra-
dioactivity was also detected in dimers
(Figure 2B). In agreement with this re-
sult, 42°C incubation of plasma of pa-
tients with the A393 mutation, supple-
mented with traces of '*I-radiolabeled
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WT antithrombin, also revealed radioac-
tivity in dimers and trimers (Figure 2C).
Similar results were obtained with
plasma of patients carrying other P1 mu-
tations, but not when using plasma from
healthy subjects (Figure 2C and Supple-
mentary Figure 54).

Functional Consequences of
Antithrombin Infectivity in Plasma

This infectivity might be a prothrom-
botic gain of function if it affects the anti-
coagulant activity of WT antithrombin.
Thus, the loss of anticoagulant function
was exacerbated in the plasma of pa-
tients with the P1 mutation compared
with that of the controls when incubated
at 42°C for up to 3 d (Table 1). To verify
this effect, we determined the anticoagu-
lant activity of control plasma supple-
mented with 12.5 umol /L of WT an-
tithrombin polymers and incubated at
42°C for up to 9 d. The presence of high
levels of antithrombin polymers mildly
but significantly increased the loss of an-
ticoagulant function induced by moder-
ate heating (Figure 3).

Conformational Mutations and
Secretion of WT Antithrombin under
Mild Stress Conditions

High concentrations of WT antithrom-
bin polymers (12.5 umol/L) and long in-
cubations at 42°C slightly impaired anti-



Table 1. Anfi-FXa activity in plasma of patients carrying P1 mutations and conftrols after 3 d

of incubations at 37°C and 42°C.©

Anti-FXa activity, %°

37°C 42°C Activity reduction, %°
Control 100.0 £ 5.1 73.5+3.7 26.5
A393 47.8 2.3 284 +2.2 40.6
R393H 548+ 1.8 21.3+3.5 61.1
R393C 50.5 + 1.1 253 +4.1 49.9

°Data are mean + SD of three independent measurements.
PPercentage of the activity observed in a pool of 100 healthy subjects.
“Reduction of activity induced by heating at 42°C and considering the value observed at

37°C for control plasma as 100%.

coagulant activity. Obviously, these are
not pathological conditions, which sug-
gests that the infectivity of plasma WT
molecules induced by antithrombin mu-
tants might have no physiopathological
relevance. However, we speculated that
this infectivity process could be more rel-
evant at an intracellular level. To test this
hypothesis, we performed experiments
with a cellular model of recombinant ex-
pression of antithrombin, cotransfecting
WT antithrombin and different confor-
mational mutants, evaluating both the
intracellular and secreted antithrombin.
Cotransfection experiments were de-
signed to simulate the heterozygous state
observed in patients. Interestingly, patho-
logical temperatures (39°C) and pH

(8.5 and 6.5) during short periods of time
(5 h) reduced secretion of antithrombin
in cells lines coexpressing with an-
tithrombin London (Figure 4).

In addition, we further evaluated the
consequences of cotransfection with con-
stitutive conformational mutations:
M338T and F239S. The experiment was
undertaken at pH 6.5 because it pro-
voked the most potent impairment on
extracellular secretion (Figure 4). More-
over, in this experiment, the final amount
of WT plasmid transfected was the same
in the control as in those cells cotrans-
fected with mutant plasmids. Similarly
to that found for the London variant, co-
transfection of M338T, F239S increased
the intracellular retention of antithrom-
bin (Figure 5A). Interestingly, for all mu-
tants, the increased retention of an-
tithrombin associated to the stress was

accompanied by an augmentation of
disulfide-linked polymers (Figure 5B),
even for antithrombin London. More-
over, the anti-FXa activity of super-
natants was significantly reduced in cells
cotransfected with conformational mu-
tants (50% + 5%, 26.7% + 4.1%, and 39.3%
+2.5%, for A393, F239S and M338T muta-
tions, respectively, compared with the ac-
tivity observed in control cells: 100%).

DISCUSSION

Mutations associated with loss of func-
tion are involved in a high number of
different diseases due to a reduced or
abolished protein function. In contrast,
gain of function mutations, which are
much less common, confer an abnormal
activity on a protein, which can also as-
sociate with the development of patholo-
gies (23). The superfamily of serpins,
crucial for many systems, displays par-
ticular features: high homology, struc-
tural flexibility, and target specificity,
that supports the presence of both loss-
of-function and gain-of-function muta-
tions associated with different disorders.
Similarly, most of the mutations affecting
serpins belong to the loss-of-function
type. Different mechanisms have been
identified for these mutations, such as
generation of stop codons, or significant
modification of key functional residues
or domains (3). Some loss-of-function
mutations are specific for serpins and
other conformationally sensitive pro-
teins, because they induce or promote a
transition of the protein conformation
rendering inactive molecules that, in
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Figure 3. Anfi-FXa activity of control
plasma incubated with antithrombin poly-
mers. Control plasma was incubated at
42°C up to 9 d in the presence and ab-
sence of 12,5 umol/L WT antithrombin
polymers. The graphic shows the average
from 3 independent experiments, repre-
sented as % of the basal activity + stan-
dard deviation.

some cases, can also be toxic (10). Few
gain-of-function mutations have been de-
scribed in serpins. The best example is
antitrypsin Pittsburg (24), for which the
change affecting the P1 residue (p.M382R
or M358R) greatly diminishes the anti-
elastase activity of a,-antitrypsin but
markedly affects antithrombin activity,
increasing the risk of bleeding (24). In
this study report, we present the data ob-
tained with plasma and recombinant an-
tithrombin London (A393), which is asso-
ciated with loss- and gain-of-function
mutations, both inducing the loss of anti-
coagulant capacity (22).

In addition, we describe a new pro-
thrombotic gain of function for this mu-
tation, the infectivity of WT molecules,
which can be extrapolated to other an-
tithrombin mutations, and potentially
other serpins and molecules involved in
conformational diseases.

Deletion of the P1 residue of the reac-
tive center loop abolishes inhibitory ac-
tivity but enhances heparin affinity (22).
A similar effect has also been reported
when R393 is changed to His, Pro, Leu,
Thr (25,26) and Cys residues (27), or
when R393 is citrullinated (28). All these
mutations and citrullination share a com-
mon consequence: the rupture of the salt
bridge established between E237 and P1.
The rupture of this interaction causes a
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partial activation of the molecule that
also has structural consequences on the
heparin-binding domain, resulting in sig-
nificantly higher heparin affinity (26).
The consequences are particularly signif-
icant for antithrombin London, because
the tension produced as a consequence
of the shortening in the reactive center
loop by deletion of P1 causes additional
changes in the structural orientation of
the residues of the heparin-binding site
(22). The coexistence in plasma of similar
amounts of antithrombin London and
WT together with the limiting amounts
of endothelial cell surface heparan sul-
fate molecules that contain the pentasac-
charide sequence (around 1%) (29,30) ex-
plains that the inactive variant with high
heparin affinity impairs (19-fold) the acti-
vation of WT antithrombin by competing
with the normal molecule for the binding
of heparin. Moreover, our results might
also help to clarify the development of
arterial thrombosis in carriers of this mu-
tation. Indeed, we here demonstrate that
the anticoagulant activity of the B iso-
form is also impaired (4-fold) by the
presence of the London variant (Supple-
mentary Figure S2). The p isoform, with
higher heparin affinity than the main o
isoform (31), has been suggested to be
the main entity responsible for the con-
trol of thrombin at the endothelial sur-
face and to play a relevant role in arterial
thrombosis (32,33). Importantly, all these
results encourage the development of
new diagnostic methods of antithrombin
deficiency by use of subsaturating con-
centrations of heparin and shorter incu-
bation times to detect this gain of func-
tion associated with a more severe
clinical phenotype.

In addition, we here demonstrate that
antithrombin London, like other P1 mu-
tants, also has increased sensitivity to
polymerize, because the energy required
to transform the native form to polymers
in WT antithrombin is significantly re-
duced. Thus, mild stress (42°C) allows
the formation of mutant polymers (Fig-
ure 1). The partially activated conforma-
tion of these mutants might significantly
facilitate the domain swapping required
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Figure 4. Antithrombin secretion and retention under stress conditions. HEK-EBNA cells
were transfected with 200 ng of WT/WT plasmid or cotransfected with 100 ng of WT plas-
mid and 100 ng of A393 plasmid (WT/London) and then treated at different pHs (A) and
temperatures (B). Culture medium from cells were collected after treatment and ana-
lyzed by SDS-PAGE under reducing conditions by western blot with an antibody to an-
fithrombin. Intracellular antithrombin was detected by immunofluorescence.

for polymerization (12,13). However, ac-
tivated antithrombin does not tend to
polymerize. Therefore, P1 mutants
should become polymerization nucleat-
ing units because they are unstable and
may unfold at lower temperatures than
WT antithrombin (Supplementary

Figure S3D). Indeed, we have recently re-
ported that citrullination of antithrombin
also caused the polymerization of the
molecule (34). The identification of an in-
creased sensitivity of P1 mutants to poly-
merize could also indicate the presence
of a new prothrombotic gain of function.
Elegant studies have suggested that ser-
pin dimers (the study was performed
with antithrombin and al-antitrypsin)
contain an active interface that allows
progressive intermolecular B-linkages
with resultant oligomeric extension and
propagated polymerization, describing
how the active and infective interface of
oligomers is inherently toxic (16,35). This
property, called “infectivity” encouraged
us to study the potential deleterious ef-
fects on WT antithrombin of antithrom-
bin London. Our results indicate that
mutant polymers present in even small
amounts in plasma of patients with an-
tithrombin London and other P1 muta-
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tions are infective under moderate stress
conditions, incorporating WT monomers
into the growing polymers (Figure 2).
The stress is necessary to induce at least
a minor modification in WT molecules to
provide active donor or acceptor ends
(12,16). Moreover, the identification of ra-
diolabeled dimers suggests that not only
the dimer is infective, but also the mu-
tant monomer. Thus, under mild stress
(42°C in our experiments) antithrombin
London monomers might polymerize,
more probably by interacting with an-
other mutant molecule, but also by form-
ing a dimer with a WT monomer (Fig-
ure 2). Similarly, infectivity has been
described for other B-structured confor-
mational diseases such as prion diseases
(36) and Alzheimer’s disease (37).

Although this infectivity impairs the
anticoagulant capacity of plasma (Fig-
ure 3 and Table 1), long incubations with
relatively high temperatures and concen-
trations of infective molecules are re-
quired to make evident this effect in se-
creted and folded WT antithrombin,
which are nonphysiological conditions.
Therefore, infectivity in plasma would
never have pathological consequences,
and this also explains the absence of



A WT/-  WTL  WT/F _ WTM
antithrombin

WT/-  WTL WT/F__WT/M
B-actin

B WT/- WTL WT/F WT/M _ _
___disulfide linked

antithrombin dimer

Figure 5. Infracellular antithrombin in HEK-
EBNA cells transfected with conforma-
fional unstable mutants under moderate
stress. Cells were transfected with WT plas-
mid alone (WT/-) or in combination with
A393 (WT/L), F239S (WT/F) and M338T
(WT/mol/L). Cell lysates after freatment for
5 h at pH 6.5 were run in SDS-PAGE under
reducing (A) and nonreducing conditions
(B) and antithrombin was detected by
Western blofting. f-Actin was used as
loading control.

polymers in the plasma of patients carry-
ing these mutations. However, the cir-
cumstances are different inside the cell,
with increased concentrations of anti-
thrombin and the presence of intermedi-
ate folded protein that might facilitate
polymerization and intracellular reten-
tion (38). Indeed, intracellular antithrom-
bin seems to be more sensitive to con-
formational changes than plasma
antithrombin (21,39,40). Accordingly, our
cell models indicate that the presence of
not only antithrombin London (a stress-
inducible variant), but also other novel
constitutive conformational mutations
(M338T, F239S), significantly reduce the
secretion of WT antithrombin and in-
crease the amount of disulfide-linked
polymers, leading to higher intracellular
accumulation of antithrombin under
moderate stress conditions (Figures 4
and 5). It has been recently demonstrated
for al-antitrypsin (13) that, during fold-
ing, the instability of the protein caused
by different conformational mutations
provokes the domain swapping of the
C-terminal strands of the molecule, in
which the C-terminal disulfide bond is
included. Thus, this domain swapping
between monomers allows a disulfide
bridge between different monomers, ren-

dering disulfide linked polymers. M338T
and F239S seem to be conformational
mutations because they associate with
few amounts of disulfide-linked dimers
in plasma, which are potentially the
main oligomers that can be secreted. The
stress-inducible mutant antithrombin
London is also able to polymerize by
forming disulfide intermolecular link-
ages intracellularly. This polymerization
might be explained by the existence of
intermediate folding states in the endo-
plasmic reticulum during protein synthe-
sis, which can follow a more stable con-
formation under these conditions,
remaining accumulated inside the cells
or being driven to the proteasome
(41-43). Antithrombin has three disulfide
bridges that should be formed early dur-
ing folding. Then, mutations that affect
the early folding steps would tend to dis-
rupt intramolecular disulfide bridging
and promote intermolecular associations.
This seems to be the case for the two mu-
tants at residues 239 and 338, located at
s4C and helix I, respectively. By attaining
some homology with the polymerization
of neuroserpin (42) and al-antitrypsin
(13,43), both mutations could affect the
previous step to achieve native confor-
mation, in which the s1C-s4B-s5B region
cannot efficiently associate with the al-
ready folded N-terminal region. The P1
mutations might slow down the last
folding step, when all disulfide bridges
are already formed (13,43). Thus, the mu-
tation does not reduce secretion as much
as seen with the constitutive mutants,
and some protein ends up in the plasma.
However, these mutants are still sensi-
tive and can return to the last folding
step and turn polymerizable. Thus, it is
tentative to speculate that the P1-E237
salt bridge interaction might play a role
in accelerating folding and stabilizing
native antithrombin conformation.
Therefore, in plasma samples from car-
riers of these mutations only those small
polymer species composed of two or
three monomers can be detected, because
they may escape and be secreted into the
plasma but they are indeed reflecting a
secretion defect due to intracellular re-
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tention of the polymers (44). Whether or
not these effects may be mediated by in-
fectivity of mutant molecules, the final
consequence is an acquired exacerbated
deficiency of antithrombin in plasma
(<50% of functional antithrombin) that
might contribute to the thrombotic event.
Actually, it is common for the onset of
thrombosis in patients with conforma-
tional mutations to be associated with
stress-inducing conditions such as infec-
tion or inflammation (4,6,19,38,41,44).

CONCLUSION

In summary, our results sustain the
clinical severity of conformational an-
tithrombin mutations and the develop-
ment of vein thrombosis under certain
conditions of stress, such as hyperther-
mia or metabolic acidosis. In addition to
the loss of function, and specific gain of
functions such as the higher heparin
affinity of P1 mutants, unstable mutant
monomers of antithrombin could initiate
protein polymerization under mild stress
that sequestrate WT functional
monomers. We suggest that this process
could be a new prothrombotic gain of
function, more relevant for intracellular
antithrombin, which results in a tempo-
ral but very severe plasma deficiency
that may contribute to the development
of the thrombotic event.
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