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ABSTRACT

Background

Identification of mutations in the SERPINC1 gene has revealed different mechanisms respon-
sible for antithrombin deficiency. Deletions and nonsense mutations associate with type [ defi-
ciency. Certain missense mutations cause type II deficiency by affecting the heparin binding
site or the reactive center loop, while others result in type I deficiency by intracellular retention
or RNA instability.

Design and Methods
We studied the molecular, biochemical, proteomic and glycomic characterization of a new nat-
ural mutant (K241E) that may be classified as pleiotropic.

Results

The mutation caused a significant decrease in the anticoagulant activity mainly due to a
reduced heparin affinity and a modification of the electrostatic potential that might explain the
impaired ability of the mutant protein to form complexes with the target protease in the
absence of heparin. Mass spectrometry and glycomic analyses confirmed an increased molec-
ular weight of 800 Da in the mutant protein possibly due to core-fucosylation, provoking the
loss of heparin affinity. Additionally, carriers of this mutation also have a minor mutant isoform
that still followed normal glycosylation, retaining similar heparin affinity to wild-type
o—antithrombin, and certain anticoagulant activity, which may explain the milder thrombotic
risk of patients carrying this mutation. Similar results were observed using recombinant K241E
antithrombin molecules.

Conclusions
Our data suggest a new mechanism involved in antithrombin type II deficiency by indirectly
affecting the glycosylation of a natural variant. Additional studies are required to confirm this
hypothesis.
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Introduction

Antithrombin is a serpin that plays a key anticoagulant
role by correctly controlling and preventing inappropriate,
excessive or mislocalized clotting of blood which may cause
thrombotic disorders.' Indeed, this was the first hemostatic
element shown to be involved in venous thrombosis. Since
then, up to 228 distinct mutations have been described in the
SERPINC1 gene associated with two types of deficiency:” I
and II, distinguished by the presence of a variant protein in
the latter. Type II deficiency, with significant clinical hetero-
geneity, is further sub-classified on the basis of mutations
that either alter the function of the reactive site, the heparin-
binding site or have multiple or pleiotropic effects.’ Research
has provided information concerning the mechanisms
responsible for antithrombin deficiency. Thus, the identifica-
tion of missense mutations affecting mobile regions (mainly
the hinges of the reactive center loop (RCL) or the region
involved in the shutter-like opening of the main B-sheet) that
caused oligomer formation and intracellular retention,
revealed a new pathological mechanism causing antithrom-
bin deficiency, including some cases of thrombosis within
the group of conformational diseases.’ Moreover, characteri-
zation of other missense mutations has been decisive in
identifying key structural and functional domains, such as
the heparin-binding domain, which is crucial for the control
of its anticoagulant activity.’ Indeed, most circulating
antithrombin has a native conformation with low anticoag-
ulant properties that allows thrombin to form the clot.° The
binding of glycosaminoglycans to the heparin-binding site
causes a conformational transition in the antithrombin that
closes the B-sheet A, which expels the RCL, activating the
molecule” This control allows a slight delay in the
antithrombin anticoagulant function and ensures it remains
localized at the site of vascular injury. Therefore, alteration
of heparin affinity results in a defective inhibitory function of
this serpin.

We present here the occurrence of a new pleiotropic natu-
ral mutant (K241E) that may induce alteration of the glyco-
sylation which would result in a novel mechanism of
antithrombin deficiency by an impaired heparin binding and
thrombin inhibition. The impairment of antithrombin is
confirmed through the recombinant expression of the
mutant.

Design and Methods

Functional and genetic analysis

Anti-FXa activity, antigen levels and heparin affinity of
plasma antithrombin from plasma of the patient and family
members, and PCR amplification and sequencing of the SER-
PINC1 gene was performed essentially as reported.’
Thrombophilic tests including protein C, protein S, antiphos-
pholipid antibodies, FV Leiden and prothrombin G20210A
were also performed. Crossed immunoelectrophoresis of
antithrombin  with unfractionated sodium heparin
(Laboratorios Rovi SA, Madrid, Spain) was performed as pre-
viously reported.”

Protein purification

Antithrombin of the proband and his affected daughter
were purified by heparin affinity chromatography at pH 7.4
on HiTrap Heparin columns (GE Healthcare, Barcelona,
Spain) using a Biologic LP system (Bio-Rad, Madrid, Spain).
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Fractions with variant antithrombins were applied to a
HiTrap Q affinity column (GE Healthcare, Barcelona, Spain).
Purity and separation of proteins were evaluated by 8%
SDS-PAGE, non-denaturing PAGE, and immunoblotting, as
indicated elsewhere."

Antithrombin activity

Formation of thrombin-antithrombin complex (TAT) was
evaluated by incubation of 150 ng antithrombin with 0.25 U
thrombin at 37°C. Aliquots were withdrawn at different
time intervals. The reaction was carried out with and with-
out previous incubation of antithrombin with 0.6 U heparin
for 30 min. These samples were evaluated by SDS-PAGE as
indicated previously.

Fluorescence studies

Equilibrium dissociation constants (Kd) for the AT-
heparin interaction were determined essentially as
described previously.” Briefly, change in intrinsic fluores-
cence of AT (25-50 nM) upon titration of the unfractionated
heparin was monitored at 340 nm on a PerkinElmer Life
Sciences 50B spectrofluorometer, with excitation at 280 nm
and using bandwidths of 3.5 nm for both excitation and
emission. All titrations were carried out at room tempera-
ture under physiological ionic strength (/ = 0.15) in 20 mM
NaPO4, 100 mM NaCl, 0.1 mM EDTA, 0.1% polyethylene
glycol 8000, pH 7.4. Fluorescence emission intensity was
taken as the average of 100 measurements recorded at one
second intervals for each addition of heparin. Data were fit-
ted as previously described.”

Endo and exoglycosidase digestions

Purified antithrombins (1.50 ug) were treated with 2 U
02-3,6,8,9 neuraminidase (sialidase) (N 3786, Sigma-
Aldrich, Saint Louis, USA) at 37°C for 18h in 50 mM sodi-
um phosphate buffer, pH 6.0. Treatment with N-glycosi-
dase F (Roche Diagnostics GmbH, Mannheim, Germany)
required a previous denaturing step (5 min at 95°C in 150
mM sodium phosphate buffer, pH 7.4). Afterwards, sam-
ples were chilled on ice and digested with 0.6 U N-glycosi-
dase F by incubation at 37°C for 15h. Samples were
resolved by SDS-PAGE.

Plasma from the proband and healthy donors were treat-
ed with 0.01 U a-1,6-fucosidase (F 6272, Sigma-Aldrich,
Saint Louis, USA) for 24h at 37°C.

MALDI-TOF-MS analysis

A solution of 8,5-dimethoxy-4-hydroxycinnamic acid (10
g/L) in acetonitrile (ACN)/water/trifluoroacetic acid (TFA)
(50:50:0.1 by vol.) was chosen as matrix for protein analysis.
Experiments were carried out on a Voyager-DE™ STR
Biospectrometry workstation (Applied Biosystems),
equipped with a N: laser (337 nm). Recorded data were
processed with Data Explorer™ Software (Applied
Biosystems).

Antithrombin samples were also digested in 100 mM
NH:HCOs (pH 7.8) containing trypsin (enzyme/substrate
ratio 1:50) at 37°C for 16h. Peptide mixtures from in situ
digestion of proteins were desalted in a GELoader tip packed
with 0.5 uL POROS-10 R2 (PerSeptive Biosystem) slurry.

Glycan profiling

Weak anion-exchange HPLC of 2-aminobenzamide (2-AB)
N-linked glycans were carried on a VYDAC 301 VHP col-
umn (7.5 x 50 mm) using an Agilent 1090 HPLC equipped
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with a fluorescence detector (1100 Agilent fluorescence
module): excitation A=330 nm and emission A=420 nm. The
column was calibrated with 2-AB labeled N-glycans from
bovine fetuin."

Normal-phase high performance liquid chromatography
(HPLC) analyses were performed on a capillary system used
for SA analyses. Fluorescence detector parameters were
those recommended for 2-AB tag-like in WAX analyses.
Normal phase profiling was carried out on a TSK gel Amide-
80 column (0.5 x 150 mm). The system was calibrated in glu-
cose units using a 2-aminobenzamide-labeled dextran
hydrolysate. The total running time was 125 min.

Recombinant antithrombin expression and purification

The K241E mutation was constructed on the recombinant
B-glycoform S137A AT background in order to reduce glyco-
sylation heterogeneity and facilitate purification, essentially
as previously described.” Site directed mutagenesis of the
pCEP4-S137A/AT plasmid was performed using the
Stratagene QuikChange Site-Directed Mutagenesis kit and
the appropriate primers for the mutation. A second site
directed mutagenesis was also performed to obtain the
K241E mutant following the same strategy. Human
Embryonic Kidney cells expressing the Epstein Barr Nuclear
Antigen 1 (HEK-EBNA) were grown to 60% confluence at
37°C, 5% CO:;, in DMEM with GlutaMAX-I medium
(Invitrogen) supplemented with 5% fetal bovine serum
(Sigma). Transfection was performed by addition of 1/10
volume of pCEP4/AT plasmid (3ug/mL) preincubated for 15
min in DMEM with polyethylenimine (15ug/mL). After 24h
the cells were washed with PBS and exchanged into CD-
CHO medium (Invitrogen) supplemented with 4mM L-glut-
amine and 0.25mg/mL Geneticin (Invitrogen). Cells were
grown to confluence and media was harvested after 72h.
The variant expressed at levels similar to wild-type, although
the level of expression was low. Purification was achieved by
affinity chromatography on heparin-Sepharose. Purified
material was evaluated by SDS-PAGE and Western blot as
described before.

Structural representation

Structural representation was performed by using SWISS-
MODEL  and the Swiss-PdbViewer programs®
(http://www.expasy.ch/spdbv) using native (PDB accession
number: 1t1fA) conformational states as template.
Electrostatic potential was studied using both Poisson-
Boltzmann Solver (APBS) program' and a Coulomb compu-
tation method. Python Molecule Viewer” was used as the
graphic interface for the calculated Poisson-Boltzmann elec-
trostatic potential.

Results

Clinical data

The proband, a 44-year old Caucasian male, developed a
deep venous thrombosis (popliteal venous of the right leg) at
the age of 37 after traumatism and immobilization. Since
then, he has been under stable oral anticoagulation with
coumarins without recurrence. Plasma and DNA from all
family members were obtained. All included subjects gave
their informed consent to enter the study.

Identification of antithrombin Murcia, K241E
Thrombophilic test revealed that the proband had two

- . Martinez-Martinez et al.

prothrombotic defects, both in heterozygosis: Factor V (EV)
Leiden, and antithrombin deficiency (60% anti-EXa levels).
The deficiency of antithrombin should be a spontaneous
mutation, as it was transmitted to one of his daughters, but
was absent in his parents (Figure 1A).

Antithrombin levels of 77% in carriers and an increased
fraction with low heparin affinity (Figure 1B) suggested a
type Il deficiency with heparin binding defect. Sequencing of
the SERPINC1 gene in the proband and his affected daugh-
ter revealed a single base pair mutation responsible for the
K241E change (Figure 1C). This mutation, which we called
antithrombin Murcia, had not been described previously,
and affected a non-conserved residue located at 3-strand C4
(Figure 1D).

Western-blot analysis of native gels revealed two extra
bands with increased mobility compared to wild-type
antithrombin in the proband (Figure 1E). Native gels with
urea showed two latent forms (wild-type and mutant) that
shared a similar proportion compared with the native forms
(~5%) (Figure 1F). The same results were observed in the
proband’s daughter (data not shown).

Purification of wild-type and mutant antithrombins

Purification of antithrombins from plasma of the proband
and his affected daughter was performed by heparin-agarose
chromatography. Normal profiles were obtained by eluting
with a 0.15-2 M NaCl gradient. Native-PAGE revealed two
bands in the peaks containing wild-type a and latent forms
(Figure 2). The main mutant variant observed in plasma,
Variant 1 (V1), eluted in the flow-through fraction (Figure 2,
lane 3) with trace amounts in the peak of the wild-type latent
antithrombin (data not shown). A 0-2M NaCl gradient result-
ed in three peaks, with mutant V1 and wild-type latent form
eluting in the first peak (Figure 2, lane 6). The second peak
contained o-wild type and the minor mutant isoform,
Variant 2 (V2) (Figure 2, lane 7). Since the mutation incorpo-
rates an extra negative charge, mutant variants were further
purified by anion exchange chromatography at pH 6.0. After
the second purification step, both V1 and V2 were pure
(>90%), without contamination from wild-type latent and o
isoforms (Figure 2, lanes 5 and 8). However, this step con-
firmed a different pl between both variants since variant 1
eluted before the wild-type latent and V2 after the wild-type
o isoform (Online Supplementary Figure S1). Finally, wild-type
B-antithrombin was purified from the fraction with the high-
est heparin affinity (Figure 2, lane 10).

Inhibitory activity and heparin affinity

Mutant V2 displayed similar inhibition of thrombin to
wild-type a-antithrombin in the presence of heparin (Figure
3A). However, such inhibition was impaired without
heparin, although it was still higher than that of V1 (Figure
3B). In contrast, mutant V1 showed very low thrombin
inhibitory activity and long incubation periods were needed
to establish the complex with the protease (Figure 3C).
These results could explain why plasma anticoagulant activ-
ity in carriers of antithrombin Murcia was over 50%, prob-
ing the functionality of part of the mutant antithrombin.

The heparin affinity of the variants was initially observed
during purification with the heparin-Sepharose column, and
was confirmed by determining the equilibrium dissociation
constants of the antithrombin variants for the heparin by fol-
lowing changes in intrinsic fluorescence (Figure 3D). The dis-
sociation constants (K« values) were 551+0.3, and 43.9+0.4
nM for V1 and wild-type o—-antithrombin, respectively.
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Unfortunately, we did not have enough V2 protein to deter-
mine its heparin affinity by this method.

Biochemical characterization

SDS-PAGE analysis suggested that mutant V1 isoform had
slightly higher molecular weight than mutant V2 isoform
(Figure 4A). This could be due to a differential glycosylation
pattern, which was examined by treating the mutant vari-
ants with sialidase and N-glycosidase F plus subsequent
evaluation by electrophoresis and mass spectrometry.
Removing sialic acid residues with sialidase slightly reduced
the size of both mutant variants, but did not diminish the
difference in molecular weight between V1 and V2 (Figure
4A). MALDI-TOF analysis confirmed the mutation in the
peptides obtained from both variants and showed an
approximately 800 Da mass increase for V1 in comparison to
wild-type o-antithrombin and V2. As wild-type B-
antithrombin is physiologically produced due to the absence
of glycosylation at N135,*" we suspected that V2 could rep-
resent the mutant B-isoform. However, the MALDI-TOF
spectrum analysis of V2 after treatment with N-glycosidase
F'*® and partial de-N-glycosylation confirmed the presence of
five different centroids in the mutant V2 (Figure 4B). These
correspond to the presence of up to four residual N-glycans
in the treated protein, the same pattern observed in wild-
type o-antithrombin (Figure 4B). These data were corrobo-
rated at the glycoprotein level through treatment with sever-
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al exoglycosidases and eventually N-glycosidase F yielding
the completely de-N-glycosylated antithrombin at approxi-
mately 49 kDa (data not shown). Furthermore, glycan profiling
analysis showed the same glycosylation pattern for V2 as
found in wild-type o-antithrombin (Figure 4C).
Nevertheless, the mutant V2 was not identical to wild-type
o-antithrombin, as it showed a slightly faster electrophoret-
ic mobility on native gels (Figure 2). Moreover, V2 was less
efficient than wild-type a-antithrombin in forming complex-
es with thrombin when heparin was absent (Figure 3),
besides which it displayed a different isoelectric point.

Since fucosylation of antithrombin has been reported to
reduce the heparin affinity of the protein,””" treatment of the
plasma from proband and a control pool of citrated plasma
from 100 healthy subjects with a-1,6-fucosidase was carried
out. Figure 5 shows that this enzyme only provoked a
change in the mobility of the main mutant form, probing the
presence of core-fucosylation in V1.

Recombinant K241E

Cells transfected with wild-type ¢DNA only produced
recombinant antithrombin with high heparin affinity. In con-
trast, cells transfected with mutant cDNA produced two iso-
forms with different heparin affinity and size (Figure 6). In
accordance with data from the patient, the mutant isoform
with low heparin affinity had higher molecular weight than
the isoform with high heparin affinity, which had a similar

Figure 1. Characterization of the antithrom-
bin K241E mutation (antithrombin Murcia).
(A) Pedigree of proband with ages in brack-
ets. The proband is indicated by the arrow,
family members documented with
antithrombin deficiency are in black, and
individuals affected with Factor V Leiden are
typed in gray. Anti-FXa activities (first row)
and antigen levels (second row) are repre-
sented for each family member in percent-
age rates. (B) Crossed immunoelectrophore-
sis in the presence of heparin: (1) proband,
(2) control. The antithrombin forms of high
and low heparin affinity are indicated. (C)
Electropherogram of the proband PCR-
amplified product of exon 4, showing a het-
erozygous base C—T base change in exon 4
at codon 241. (D) Structural modeling of
antithrombin Murcia. Strands are displayed
in blue and helices in red. Mutation at
residue 241 is represented as yellow CPK
spheres. (E) Western blotting of antithrom-
bin from plasma. Lane 1, proband; lane 2,
control; run on native PAGE. The wild-type
(WT) and the mutant variants (V1 and V2)
identified in the proband are marked. (F)
Western blotting of antithrombin from plas-
ma run on native PAGE with urea. Lane 1,
proband; lane 2, control. Native (N) and
latent (L) antithrombins are indicated (wild-
type-wt and mutant-mut).




size to the wild-type recombinant antithrombin (Figure 6).
Thus, recombinant V1 seemed to have an altered glycosyla-
tion that did not affect N135. Unfortunately, the level of
expression was too low to perform additional biochemical,
functional or glycomic analysis.

Discussion

Natural variants of antithrombin have provided valuable
insights into its anticoagulant function, its structural features,
the mechanisms leading to its deficiency and the associated
thrombotic risk. The clinical, biochemical, proteomic, gly-
comic and electrostatic potential analysis of a new pleiotrop-
ic mutation (K241E, antithrombin Murcia) located in the B-
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strand C4 have now widened our understanding (Figure 7A).

The presence of different isoforms of antithrombin has
been well defined for both wild-type'®”” and mutant
antithrombin.” However, our study revealed a new hetero-
geneity. Subjects carrying antithrombin Murcia had two cir-
culating mutant isoforms that displayed different biochemi-
cal and functional features. V1, the main mutant form,
exhibited the highest mobility in native gels (Figure 1E), a
decreased heparin affinity (Figure 2), and very low anticoag-
ulant function (Figure 3). Although this might suggest a
latent conformation for mutant V1, such a variant was dena-
tured in native gels with urea (Online Supplementary Figure
52) in concordance with the levels of mutant latent form
identified in plasma (Figure 1F). Moreover, mutant V1 had

Figure 2. Western blot (native gel electrophoresis) of different fractions from purification steps of the antithrombin Murcia variants. Lane 1,
plasma control; lane 2, plasma proband; lane 3, flow-through fraction when heparin affinity chromatography is performed using 100 mM
Tris-HCI, 20 mM citric acid, 150 mM NaCl as start buffer; lane 4, flow-through fraction when heparin affinity chromatography is performed
with the same start buffer but with no NaCl; lane 5, antithrombin Murcia V1 purified by ion exchange; lane 6, fraction eluted at 180-200
mM NaCl from heparin affinity chromatography, containing wild-type latent antithrombin and mutant V1; lane 7, fraction eluted at 0.98-1
M NaCl from heparin affinity chromatography, containing wild-type a-antithrombin and mutant V2; lane 8, mutant V2 purified by ion
exchange; lanes 9 and 10, wild-type a- and B-antithrombin forms purified from proband.
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higher molecular weight and a different pI than V2, which is
not compatible with a latent form (Figure 4; Ounline
Supplementary Figure S1) and it was able to inhibit thrombin
when lengthy incubations were carried out (Figure 3C). On
the contrary, V2, the minor mutant form, had the same
heparin affinity and activity if activated by heparin than
wild-type a-antithrombin (Figures 2 and 3) but it showed an
impaired function in absence of heparin (Figure 3B). Similar

A
+ + Sialidase
B
N4
N3
N2
N1

a antithrombin

M+3] Me2)” MY
15000 27000 39000 51000 63000 75000
Mass (m/z)

N4
antithrombin Murcia V2 N3

[M+1]°
15000 27000 39000 51000 63000 75000
Mass (m/z)

Wild type V2

Cc

weak anion exchange weak anion exchange

Di
2AB |
excess |

Neutral

2AB _
Neutral #¢°5 Di

Fluorescence (Ex. 330 nm/Em. =420 nm)

o Mono Ti

0 5 10 15 20 25 min|

=Y
3=
B

20 25 min

normal phase normal phase

=420 nm)

A252

A282

Fluorescence (Ex. 330 nm/Em. =420 nm) _ Fluorescence (Ex. 330 nm/Em. =420 nm)

20 40 60 80 100 min_|* 20 40 60 80 100 min

Figure 4. Analysis of the glycosylation of antithrombin Murcia. (A)
Western blot of desialylated antithrombin run on SDS-PAGE. (B)
Mass spectra of partially deglycosylated wild-type a-antithrombin
and mutant V2 using N-glycosidase F. (C) Glycan profiling of wild-type
a-antithrombin and mutant V2. Glycan structures were determined
by normal phase and anion exchange in an HPLC system. AB:
aminobenzamide; Mono: monoantennary; Di: diantennary; Tri: tri-
antennary; A2S2: diantennary and desialylated.
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results were observed with recombinant proteins (Figure 6).

Changes in the electrostatics of the surface of antithrom-
bin just below the RCL (Figure 7) described in previous
mutants at C-sheet might explain the reduced activity of
mutant V2 in the absence of heparin.” However, binding of
heparin to the mutant protein, by activating the molecule,
would overcome such limitation (Figure 3).

But how could the heparin affinity of V2 be explained if
both variants have the same mutation¢ The answer could be
found by analyzing the differences between V1 and V2. As
they differ in circulating levels, size and heparin affinity, our
first hypothesis was to consider V1 and V2 to be the o and
mutant isoforms, respectively. Indeed, two isoforms of wild-
type antithrombin are present in plasma: the main o form
(90% of circulating antithrombin), has four N-glycans and
lower heparin affinity than the minor f form, smaller
because of its three N-glycans.'” We speculated that if V2
were the  mutant isoform, the absence of N-glycosylation
at position 135, by removing steric hindrance, might com-
pensate the effects of the K241E mutation on the heparin
affinity. However, MALDI-TOF spectrum of the N-glycosi-
dase treated V2 revealed the presence of four N-glycans as in
wild-type a—antithrombin (Figure 4B). Consequently, there
was something else, affecting V1 but not V2, responsible for
the loss in heparin affinity. As V1 was approximately 800 Da
larger than V2, the only posttranslational modification
affecting antithrombin is N-glycosylation,'*" and since dif-
ferences in glycosylation may affect the heparin affinity of
this serpin,*”'* we tried to identify an abnormal glycosyla-
tion on V1. A relevant modification of the mobility of V1
was observed after treatment with a-1,6-fucosidase (Figure
5), supporting the hypothesis that V1 could present core-
fucosylation. The election of this exoglycosidase was based
on the severe effect that fucose has on the heparin affinity of
antithrombin when it is expressed in recombinant systems."”
% Unfortunately, despite being the main mutant form, the
lower purification yield did not allow us to perform addi-
tional studies to define the structure of the N-linked oligosac-
charides in the V1 mutant isoform. However, there might be
additional glycosylation modifications in V1 since after treat-
ment with a-1,6-fucosidase the mobility of the V1 in native
gels increased (Figure 5). This could be explained by an
increased sialylation that would explain the different pl
between the two variants and that has been reported to
occur in transgenic mouse models from hepatocellular carci-
noma.” For such a reason, the difference in sialylation would
explain the different pl between the two variants. To deter-
mine if the difference in sialylation between V1 and V2 could
be responsible for the loss of activity in V1, sialic acid in such

Plasma control Plasma proband

- + - +

a-1,6-fucosidase

V1
V1 (fucose removing)

Figure 5. Determination of the presence of core-fucosylation in the
V1 isoform of antithrombin Murcia. Western blot of plasma
antithrombin under non-denaturing PAGE.

haematologica | 2010; 95(8) -



- haematologica | 2010; 95(8)

. Martinez-Martinez et al.

Wild type Mutant

Wild type

Mutant

0.10 0.31 0.36 05 o 01015 031 0.36 0.5

0.60 0.71 1.02 122 o 01 0.80 112 1.2 1.33 NaCl (M)

Figure 6. Western blot (SDS-PAGE) of fractions of wild-type and antithrombin Murcia recombinants eluted with NaCl from the heparin affin-

ity chromatography

Figure 7. Structural representation of antithrombin Murcia. (A)
Molecular representation of the residues involved in the interaction
with the mutated residue at position 241. Hydrogen bonds at a dis-
tance from 2.35 up to 3.2 A are drawn as green dotted lines, whilst
weaker hydrogen bonds appear in gray. Steric hindrances are shown
in purple. (B) Solvent accessible surface of wild-type protein (WT)
and antithrombin Murcia (MUT), displaying their electrostatic poten-
tials by Poisson-Boltzmann method. A ribbon diagram of the protein
(left) is drawn in yellow for (-strands and in pink for o-helices. (C)
Electrostatic potential of wild-type protein (WT) and antithrombin
Murcia (MUT) by Coulomb method. Charge distribution is represent-
ed as a gradient in which positive potentials are drawn in blue and
negative in red.

a form was removed. However, negligible anti-Flla and FXa
activity in the presence of heparin was detected for treated
V1 whereas the same activity was obtained with the treated
wild-type protein (data not shown). Moreover, after sialidase
treatment V1 was evaluated in native gel pointing out the
presence of an altered glycosylation (Figure 8). Therefore, the
presence of core-fucose in V1 would explain the increased
size of this isoform and its lower heparin affinity. To com-
plete the puzzle, we had to explain why a mutation located
in the C-sheet allowed an altered glycosylation. This is mere-
ly speculative, but the answer could be related to an
improved accessibility of the Asn-linked GIcNAc to the fuco-
syltransferase-VIII after folding or an impaired secretion dur-

Wild type \al

Sialidase

E + E E +

Figure 8. Sialidase treatment of mutant V1 and wild-type antithrom-
bin evaluated in native gels by Western blot.

ing Golgi secretion.” The importance of this result lies in the
functional consequences of this posttranslational modifica-
tion and its pathological implication. The different glycosy-
lation pattern reduced the heparin affinity and caused the
loss of activity. This is, as far as we know, a novel mecha-
nism involved in the deficiency of this key anticoagulant and
it is described for the first time for a natural mutation.

It only remained then to provide an explanation for V2.
We suggest that some mutant molecules (V2) will not be
core-fucosylated resulting in the glycosylation pattern of
wild-type o-antithrombin with the same size and glycomic
features (Figure 4B and C). Exactly this heterogeneity has
already been described in recombinant wild-type antithrom-
bin produced by baby hamster kidney or Chinese hamster
ovary cells, which produced a low-heparin affinity form
with increased carbohydrate content (with fucose) and other
smaller forms with normal affinity to heparin,*** proving
the incomplete nature of the glycosylation machinery.” The
clinical consequences of this heterogeneity may be relevant,
as a small but significant proportion of the mutant protein
present in plasma has heparin affinity and functional activi-
ty, which is consistent with the reduced anticoagulant activ-
ity observed in carriers of this mutation (60-65%). These
results also help to explain the relatively moderate thrombot-
ic profile of the patient who had additional thrombotic risk
factors, both genetic (FV Leiden) and environmental (trauma-
tism and immobilization).

In conclusion, our studies on a new natural pleiotropic
mutant (antithrombin Murcia, K241E) and the concordant
results obtained with the recombinant molecule underline
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the relevance that not only the primary sequence, but also
the three-dimensional structure and posttranslational modi-
fications, have on the affinity of antithrombin for heparin.
Our results suggest a new mechanism leading to deficiency
of antithrombin since this mutation might facilitate an
altered glycosylation, probably involving fucosylation that
damages the heparin affinity and causes the deficiency.
However, mutant molecules that still follow a standard gly-
cosylation pattern retain the heparin affinity and some func-
tionality that could contribute to reduce the thrombotic risk.
Despite the coherent and solid evidence presented, we are
fully aware of the main limitation of this study. The small
amounts of natural protein available, purified from plasma,
or recombinantly expressed mutant protein, did not allow us

to perform confirmative analysis, such as an exhaustive gly-
comic analysis. Therefore, further studies are required to sus-
tain the hypothesis suggested by our results.
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