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The molecular basis and functional propertics of a variant antithrombin (AT) protcin. AT Budapest 3, were studied. A single base substiution

was identified in codon 99, CTC—TTC, altering the normal leucine to phenylalanine. The proband presented with a history of venous thrombotic

disease and was found to be homozygous for the mutation. The variant protein demonsirated reduced heparin affinity and reduced antiproicinase

activity in the presence of cither unfractionated heparin or the AT-binding heparin pentasaccharide. when compared to normal AT. A small change

in the isoelectric point was also identified. The substituted amino acid residuc of AT Budapest 3 is located near to the proposed AT heparin binding

site, and it is suggested that reduced heparin affinity of the variant protein may result from substitution-induced distortion of positive charge
geometry in the binding site and/or changes in its position relative 10 the rest of the inhibitor molecule.

Antithrombin; Heparin binding; Homozygous mutation: Hereditary thrombosis

1. INTRODUCTION

AT is the main physiological inhibitor of the acti-
vated serine proteinases of the coagulation system. For-
mation of complexes between thrombin and AT is accel-
erated at lcast two-thousand-fold in the presence of hep-
arin and a similar enhancement is seen for inhibition of
factors Xa and IXa (reviewed in [1]). There is evidence
that in vivo heparin sulphate, located on the endothelial
cell surface, fulfills the same role as extrinsic heparin [2].
The mechanism by which hepatin accelerates the anti-
proteinase activity of AT is broadly understood but
several aspects remain to be clarified. In this respect the
identification of the heparin binding domain of the AT
protein is of crucial importance. One approach is the
study of naturally occurring variants with impaired
ability to interact with this glycosaminoglycan. We re-
port here the analysis of AT Budapest 3 and show that
the reduced heparin affinity of the variant is associated
with an amino acid substitution at posiiion 99.

2. MATERIALS AND METHODS

2.1. Case history

We studied the presenting individual from a previously identified
kindred suspected of having an AT variant with impaired hepaiin
affinity. AT Budapest 3 [3]. The proband is the only family member
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to have had clinical thrombotic discase. Heparin cofactor and immu-
nological AT assays and crossed immunoclectrophoresis petformed in
the presence of heparin demonstrated ap abnormal AT protein with
impaired heparir binding in the plasma of the presenling female, with
no trace of normal AT, Roth her parents, her two sisters and maternal
grandmother were found to have the abnormal AT in addition 10 a
normal component.

2.2. AT protein analysis

Blood was collected into citrate anticoagulant from the proband.
the plasma scparated from the cells and stoved at -70°C. Control
normal plasima was obtained from healthy volunteers. AT antigen
levels were assayed using Behring NorPartigen plates. The affinity of
plasma AT for heparin was mcasured by clution from a heparin-
Scpharosc (Pharmacia) column with a NaCl gradient as described [4).
The ability of unfractionated heparin and the specific AT-bir. 2
pentasaccharide . . accelerate the antiproteinase acuvaty of the variani
was studied using plasma from the proband and normal individuals
in a heparin cofactor assay, based upon the anti-factor Xa (Coatest,
KabiVitrum) assay. For this, the conditions were essentially identical
1o those suggested by the manuatacturer, except the concentration of
added heparin {Leo Laboratories Princes Risborough, UK) and pen-
tasaecharide (a kind gift from Dr. J. Choay. Sanofi‘Choay. Paris) was
varied, as indicated.

SDS-PAGE was carricd out using the Phast system (Pharmacia).
Tsoclectric focusing also was carricd out on the Phast system, using
premade 4-6.5 LEF gels, For this, plasma was subject 1o focusing and
the protein was transferred (Phast Transfer, Phammagia) onto tmmo-
blin membrancs, incubated with anti-AT antibody (Dakopatts, High
Wycombe, UK) and then peroxidase coupled swine anti-rabbit 1gG
{Dakopatis, High Wycombe)

24 AT gene sequence analyvse

DNA was extracted from oo Jeuvocytes by standard methods,
The coding regions and Danking intron sequences of the AT gene were
amplified by the polymerase chain reaction (PCR) and directly se-
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quenced pymg oligoauckootide primers and convdivans as eported
previowsly {S.6] For several segments of the geoe, biotmylated oligo-
aucleotide primers were used in the ificiation reaction, allowing
subsoquent preparation of single DNA strands by the Dynabead sys-
1em {(Dvank UK L1d.) for soquencing {7).

AT gene soquence polyvmorphisms were wdentified by DNA sequenc-
ing or by cxamination of the amplificd DNA fragments on agarose
gels in the case of the length polymorphism in the §™-region of the gene

)

AT alleles from a normal population were examined for the pres-
ence of the single base subsiitution ideniified in the AT Budapest 3
allele by allele-specific priming of the PCR [5.9). An oligonucieotide
primer complementary to the noncoding mutant DNA strand (5
ACCTCCATCAGTTGCTCGAA-3" mutation underlined) was uscd
in conjunction with an upstream primer (5-GTTGCAGCC-
TAGCTTAACTTGGCA-3): under stringent conditions specific am-
plidcation of a 409 bp DNA fragment was observed only when the
mutation was present. Efficiency of amplification was monitored by
an independent set of primers specific for an independent (8 globin)
gene segment [5). The PCR was performed in a 25 gl volumzs composed
of 100-200 ng DNA. S pmol of ach primer, 2.5 mM MgCl, 50 mM
KCL 100 mM Tris-HCL pH 8.3, 100 uM of cach dNTPand 0.5 U Tag
polymerase. Therma! ¢ycling conditions were 27 cyctes of 94°C for 1
min, 58°C for 1 min and 72°C for 2 min. with the last extension phase
prolonged to 10 min.

3. RESULTS

AT assays showed a reduction in both hepann co-
factor activity {Fig. 1) and AT immunological quantita-
tion (77%: normal 80-120%). A reduction in heparin
affinity was observed by heparin-Sepharose chromatog-
raphy. Whereas normal AT from control plasma cluted
from the column at 0.88 M NaCl, AT from the plasma
of the proband was recovered at 0.48 M NaCl, as 2
single peak. consistent with the presence of AT protein
with reduced heparin affinity in her plasma and no nor-
mat AT componeni. Both unfractionated heparin and
the AT-binding pentasaccharide were found to have
diminished ability to accelerate the antiproteinase activ-
iy of the Budapest 3 AT, when compared 1o normal
AT, in a plasma based assay (Fig. 1). At high concentra-
tions of the pentasaccharic’e, however, muximal anti-
proteinase activity could be induced in the Budapest 3
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Fig. 2. Nonreducing SDS polyacrylamide gel and isoclectric focusing
gel. cach with normal (N) AT in left lane and AT Budapest 3 (B3) in
the right lane. The major normal AT band (arrowed) migrates with
pl 5.50. while that of AT Budapest 3 (arrowed) migrates with pl 5.75.

AT. consistent with a mutation that alters the heparin
binding domain. but not the reactive site of the inhibi-
tor. AT Budapest 3 purified by hepari- Sepharose
chromatography showed equal mobility to normal AT
on SDS-PAGE under nnnreducing conditions (Fig. 2).
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Fig. 3. DNA sequence analysis of the AT genes of the proband in the

region of codon 99. The sequencing template is amplified DNA so

both alleles are sequenced topether. A single T (arvowed) is seen in the

first position of cedon 99, instead of the normal C, indicating a ho-
mozygous C—T substitution.

Isoelectric focusing revealed a shift in the isoelectric
point of the major component of the variant AT (Fig.
2) from 5.50 t0 5.75.

DNA sequence analysis revealed a single mutation,
the substitution of T for C in the first position of codon
99 (Fig. 3) in both AT alleles of the proband. This
predicts the replacement of the normal leucine by phe-
nylalanine. The proband is cleatly homozygous for the
mutation, compatible with the inheritance of a mutant
allele [rom each of her parents, who as protein pheno-
typic data had already suggested were both heterozy-
gous for a heparin binding AT variant. The total coding
region of the AT alleles of the proband and the flanking
intron segments were sequenced and no further muta-
tions were observed. Furthermore, the proband was
homozygous for the previously desctibed AT gene se-
quence polymoerphisms; the Budapest 3 allele was asso-
ciated with the short length polymerphisin 5 to the gene
[8]. the absence of the Psil cutting site within exon 4
[10], the GTA sequence within codon 295 [11] and the
presence of the Ddel cutting site at position 60 within
intron 5 [12). The C—T substitution within codon 99
was not found in 142 AT alleles from normal unrelated
individuals, screened by allele-specific priming of the
PCR. confirming that the change was not a sequence
polymorphism but unigue to AT Budapest 3.

4. DISCUSSION

We have identified the mutation L99F (CTC—-TTC)
as the basis of the AT variant Budapest 3. The proband
from the Budapest 3 kindred is homozygous for the
mutant allele and has suffercd recurrent venous throm-
boembolic disease. Since the proband was also homozy-
gous for sequence polymorphisms within the AT genc,
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it is likely that the mutant AT alleles are of a single
origin. This would be consistent with previous labo-
ratory evidence that both parents were heterozygous for
this AT variant and would suggest consanguinity within
the family. The absence of clinical thrombotic disease
in the parents and other family members who appear to
be heterozygous on laboratory testing [3] is consistent
with the previous demonstration that thrombosis in in-
dividuals heterozygous for heparin binding variants is
very uacommon [13). ‘

The proband represents the fifth repo:scd individual
homozygous for an AT variant whose pam- v abnor-
mality is decreased haparin affinity. It is apparent thai
homozygosity for L99F has a milder phenotype both in
rerms of laboratory assays and clinical disease. In three
of the olher four cases the mutation was identified as
R47C [14-16] while the molecular basis of AT Fon-
tainebleau [17] has not been reported. In contrast to AT
Budapest 3, the other four cases all had minimal affinity
for heparin and this was reflected by the absence of
heparin cofacior activity. Whereas the quantity of AT
Budapest 3 in the plasma of the proband was just below
the lower limit of the normal range, plasma AT i the
other bomozygous individuals was actually raised. Clin-
ically the proband studied here has had only venous
thrombotic disease, while all four of the other patients
had episodes, sometimes recurrent, of arterial thrombo-
sis. It is tempting to suggest that the difference in clinical
course is a reflection of the severity of impairment of
anticoagulant activity of the variant antithrombins.

Table 1
Residues implicated in AT heparin binding

AT residue

Substitution or Equivalent Reference
modification residue of
o, -antitrypsin®

17 17N, AT Rouen 11 none [23)
R24 R24C, AT Rouen IV none 241
P4l PdiL, AT Basel Hi6 {251
R47 R47C. AT Toyama T22 f15}
ks, 21, Rouen 1 [26]
R47S, AT Rouen 11 [191
w49 HNB modification N24 2N

L99 AT Budapest 3 H73 this report
K107 S-DABITC modification N8l 128}
Kild TNBS modification 187 129)
K125 TNBS modification E98 |25t
S-DABITC modification 28]
PSP modification [30]
RI12% R129Q, AT Geneva TI02 |31}
HPG modification 32}
N135 AT S108 [331
K136 S-DABITC modification Q109 28]
R145 HPG modification GI17 37

*see Fig 4a alignment. HNB. hydroxyaitrobenzyl, HPG (s~hydroxy-

phenylighvoval; PSP, pyridenal 5-phosphate; S-DABITC, 4-NV.N-di-

mclh_\'laminoazubcnzcnc-i'-isulhiocyano-z’—sulfonic acid; TNBS. tri-
nitrobenzene sellieaic acid.
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The AT Budapest 3 variant demonstrates reduced
heparin affinity by heparin-Sepharose chromatogra-
phy, and a diminished rate of antiprotcinase activity
“compared to normal AT, in the presence of either un-
Tractmnated hcpann or; the AT-bmdmg pentasaccha-

,ti\nty are cons:stent wnh the 1dent1ﬁcat1on of a L99F
substitution and ‘current coneepts of the AT ‘heparin
binding .2omaiz The AT residues listed in Table T ap-
pear to participate discctly in heparin binding or lie in
close proximity to the heparin binding site. These resi-
dues were identifled by studies of antithrombin genetic
variants and the glycosylation isoform, AT-B, and
through chemical modification experiments {references
in Table I). Crystallographic studies of cleaved AT [18]
and modelling studies using the structuraily homolo-
gous serpin a,~-antitrypsin [19,20] show that the residues
implicated in AT heparin binding map to two spatially
contiguous clements on the surface of the inhibitor mol-
ecule. These are; (i) the amino-terminal polypeptide of
AT, which is not present in other members of the serpin
family, and (ii) the helix D region, which contains a high
density of positively charged amino acids in AT relative
to other serpins. Basic residues of the AT heparin bind-
ing site are believed to interact with negatively charged
sulphate groups on hepatin.

Figure 4 shows the location of the AT Budapest 3
substitution in a model of the AT heparin binding site
based in the crystal structure of the prototypical serpin
a,-antitrypsin whick shares a common three-dimen-
sional template with AT [18,20). The illustration in Fig.
4b was gencrated by aligning the sequences of AT and
ot;-antistrypsin (Fig. da), and marking the positions of
amino acids corresponding to AT residues implicated in
heparin binding (Table I) onto the structure for post-
complex (cleaved) a,-antitrypsin {21]. In this model, the
heparin binding domain is present as a region of high
positive charge density, composed of basic residues
from the A and D helices and probably alse the amino

- —

Fig. 4. (A) Partia] sequenices of human AT and human x,-anlitrypsin,
aligned as in Huber and Carrell [20]. Residues implicated in AT hep-
arin binding arc boxed (see Table 1). (-) indicates gaps in the aligned
sequences. Invariant and highly conserved serpin residues arc under-
Yned. (A) marks residues lecated in alpha helices and (*) marks resi-
dues in S-sheets of cleaved ¢-antitrypsin [21]. hX designates helix X;
sXY.strand X in sheet Y. {B) Localion of the AT Budapes1 3 mutation
in 2 model of the AT heparin binding site based on the structure of
postcomplex a,-antitsypsin [21]. Ribbon diagram shows the helix D-
centaining surface of Brookhaven Protein Structure Database enlry
5API onte which the side chains for a,-antitrypsin residucs cquivalent
1o thosc implicated in AT heparin binding (sce Table I and Fig. 4a
alignment) have been drawn. Notation aaXN/aaY indicales that amino
acid X of ,-antitiypsin carmesponds to amino acid Y of AT. Location
of the non-homotegous N-1erminal polypeptide of AT car be inferred
from the disutphide bond pattern (C3-C128, C21-C95) 10 extend from
the asterisk marking the position of AT C128§, through thal marking

€95, 1o that masking the amino terminal of helix A.
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termninal polypeptide. A model of the AT heparin bind-
ing site based on the structure of native ovalbumin [22)
leads to the same conclusion {data not shown).

L99, the substituted ‘residue of° AT-Budapest 3, is
located in helix “C, which Kes - undemeath the heparin
binding domam. In thss location, the L99F substitution
could perturb.. the geometry of the posnwely charged
surface and/or alter its position relative to the rest of the
inhibitor molecule. This could occur in several ways.
For sxample, L99 is located near to N96, u plycosyla-
tion site of AT} alteration in the degree of glycosylation
at this sit¢ could affect heparin interaction & % its hind-
ing site on AT through steric blockage or increased
exposare of charged amino acids. Alternatively. the
LY9F substitution may displace the N-terminal element
of the heparin binding dotain, which is fixed to helix
C by a disulphide bond between the nearby C95 and
C21. Finally, substitution of L9% by a bulkier phenyla-
lanine residue may distort interaction between hehix C
and the amino terminal end of helix D above it. Distor-
tions produced through any of these mechanisms could
alter the relative geometry of positive charges in the
binding site so that heparin is bound less efficiently. and
might additionally interfere with protein conforma-
tional changes proposed as the basis for AT heparin
colactor activity.
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