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The hepurin affinity of normal and two Pl variants of antithrombin-111 (AT) was smd:ed by gradient elution with. NaCl in Tris buller on heparin-
Sepharose. At pH 7.4 normal AT eluted at [Na*] 0.78 molfl and the-variunts both showed increased ummty with AT Pescara cluting at [Na*)
0.86 mol/l and AT Glasgow at [Na*) 0.92 moljl. We have carlier proposed a model for heparin activation in which the native state of AT maintalns
a salt bridge involving the Pl Arg-393 residue. Binding of heparin induces a higher heparin affinity conformation in which the salt bridge is disrupted
to reveal the reactive centre for inhibition of thrombin. The Glasgow and Pescara variants, lacking a reactive centre Tl basic residue, would be
unable to farm this salt bridge, and we suggested that the high affinity conformation which they adopt as their native state would resemble the
heparin induced conformation. To examine this model, we measured the heparin induced fluorescence of two P1 variants and tested the susceptibility
of their reactive loops to catalytic cleavage. Both variants had fluorescence spectra indistinguishable from normal AT. In the absence of heparin,
neither variant was more susceptible than normal to catulytu. cleavage by human neutrophil ¢lastase. These findings suggest that the conformation
: of these P1 variants is different to that of fully heparinized normul AT,

Antithrombin; Heparin binding; Rct\;t;vc site mumm

1. INTRODUCTION

AT is the major physiological inhibitor of thrombin,
The rate of inhibition-is slow in the absence of heparin,
but on binding to heparin AT undergoes a conforma-
tional change to give a configuration that rapidly reacts

.with target proteases and inactivates them.

Three main approaches have been taken to define the
region of AT that is involved in heparin binding: (i) the
characterisation of the mutations in AT variants that
have reduced heparin binding affinity [2,3]; (ii) the
identification of uniquely conserved basic residues in
the homologous heparin binding serpins, heparin co-
factor-11, AT, and protease nexin-1 [4,5]; (iii) the labell-
ing of lysine residues in the presence and absence of
heparin [6]. The cumulative results of these experiments
show the primary heparin binding site to be a zone ex-
tending along the underside of the D-helix up towards
the large B-sheet structure [3-5].

Somewhat less clear is the mechanism by which bin-
ding of heparin to antithrombin results in the activation
of the inhibitor. Heparin is presumed to induce a con-
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formational change in AT from an inactive to an active
form. The evidence for this has come from studies such
as heparin-induced changes in the fluorescence spectra
{7, or circular dichroism {8], and the heparin affinity of
P1 variant antithrombin Glasgow 393 Arg to His [1].
At pH 7.4, AT Glasgow has an increased affinity for
heparin but at-pH 6.0 with the protonation of the
histidine this reverts to normal. On the basis of .these

_studies, we have suggested that an ionic bond is formed

with the positively charged Arg-393 and that this plays
a role in maintaining. AT in a constrained, non-
activated configuration. When heparin binds at the bin-
ding site, the induced conformational change that is
transmitted to the reactive centre, results in the disrup-
tion of this ionic bond. Thus, as a consequence, the
reactive loop is freed to interact with target proteases in
the heparin activated conformation. It was also sug-
gested that the loss of this charged residue in Pl
variants of AT results in a conformation more like the
heparin activated form. This model predicts that all the
P1 variants which are unable to form this ionic bond
will have an increased heparin affinity. To date two
other P] variants have been identified, AT Northwick
Park (393 Arg io Cys) [9] and AT Pescara (393 Arg to
Pro) [10]. The first of these has been reported to have
an increased affinity. Here we report the heparin affini-
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ty, at pH 7.4, of AT Pescara rclmive ta normal AT and
AT Glasgow.

It ix also known that heparin accelerates inactivation
of AT by eatalytic cleavage of its reactive loop. Thus in

the presence of heparin normal AT is very susceptible o

proteolytic cleavage with human neutrophil ¢lastase
which aceurs either side of residue 391 (P4) [L1]. If, the
absence of heparin, the Pl variants of AT are already in
the heparin setivated conformation due to their inabili-
ty to form the PI ionic bond, they would be expected 1@
be more susceptible than normal AT to catalytie
cleavage of the reactive loop. This paper reports the
results of experiments to test this prediction.

2. MATERIALS AND METHODS

2.1, Heparin-Sephurose chromatography at pH 74

To 10 mt of plasma was added 0.1 ml of 10% dextran sulphale (M,
500 000) and 6,1 miof 3 molZl CaCly The superndtint was loaded one
10 o heparin-Sepharose column (0.9 x 15 em) equilibrated with 0.08
molbs1 Trisy 0,01 melsl citrate, 0.15 mol/l NuCl, pH 7.4, The AT
wire eluted with a linear NaCl gradient to 1,65 mol/l, stanting with
210 mi of each bulfer [2).

2.2, DEAE-Sephadex A-30, pH 8,6

Further purification of AT and the removal of trace amounts of
cluted heparin were accomplished by chromatography on DEAE-
. Sephadex A-30, pH R.6, eluting with & linear gradient t Q.48 mob/l
NacCi {2).

2.3, Electrolnnmuie assay of column fractions.

A} mm thick plate was poured-from 30 m! of 1% agarose in 78
mmol/i Tris/Glyeine/Barbitone buffer pH 8.6, containing 150 4l of
Dake antisernm 1o AT. A 3 4l volumie from each fraction was loaded

Heparin-Sepharose Chromatography pH 7.4
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Fig. 1. Electroimmunoassay for antithrombin (AT} in fractions from

chromatography of plasma from patients with normal AT, AT

Pescara and AT Glasgow on heparin-Sepharose at pH 7.4, The insert

shows electrophoresis in agarose gel at pH 8.6 of fractions a, b, ¢ and

d pooled from the heparin-Sepharose chromatography of AT Pescara

and. AT Glasgow patients’ plasma. Normal human serum isrunasa
reference in the first and last lanes.
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fnto the wells and electrophoresis carrled out ar 130 V for 6 is. Plates
were presied, deied and sained with Coamassie blue [12),

2.4, oAgaraye pel eleciropheresiy ar phl & 6
"This was curried out us deveribed previously {2).

2.8, Sedivm fon concentrationy

These were performed on peoled peaks from heparin-Sepharase
chromatography on a Hitaehi analyzer, model 717, using an lon
speeific eleet rede.

2.4, Sbs Pulmcrwmnide el elecirophoresis
This was earried our in 10% gels using the method of Laemmit |13)

2.7 Caalytie cleavage aof AT with human neutrophit etasiase

Purified AT tnormal, Glasgow and Peveara variants) was incubated
at A75C with human neutrophil elastase (1 gift from Dr M. Vissers) at
A MEss e ok 1380 (chistase/AT), with and without heparin, and
samples were taken a timed intervals, The aliquots were immediately
boiled with an equal volume of SDS sample buffer containing mer-
caproethanol, and analysed by SDS-polyacrylamide gel  elee:
trapharesis,

In detail, the incubation mixture with heparin comprised 17 ug an-
tithrombin, 0.068 pg human aeutrophil elastase and § U of heparin all
dissolved in 100 gl of 0.01 mol/sl Tris, 0.03 mol/l NaCl, 1.5 mmol/l
K:EDTA, pH 8.4, 15 4l nliquots were taken at 0, 1, 2,:3,.5, 10 and 20
min, The mixture without heparin contained the same amounts of AT
and elastase and buffer, but in place of heparin contained 5 ug of pro-
tamine sulphate. 15 xl aliguots were taken.ac 0, 1,2, §, 10, 20 and 60
min, The possible presence of contaminating” proteinases in the
clz\smse preparation was tested for by incubating the elastase firstly
with a specific elastase inhibitor, Me(hoxy suecinyl-Ala-Ala-Pro-Val-
chloromethyl ketoneat a molar ratio of 1:100. AT was then incubated
with this preparation in the presence of heparin and aliguots taken at
timed intervals as above.

2.8, Fluorescence emission spectra of normal, Glasgow and Pescara
AT with and withour -heparin at pH 7.4 and 6,0

The method follaws that of Olson (7). Measurements were pcr-’
formed in an Aminco Bowman spectrofluorimeter witli excitation at
280 nm and emission from 310 to 410 nm. Measuréments at pH 7.4
were performed in phosphate buffered saline, and at pH 6.0 in 0.0l
mol/t EDTA, 0.01 mol/] citrate buffer,

AT was added 10 2 ml of buffer to give a final concentration of
about 50 ug/ml. Spéctra were performed with no added heparin, and
with 1.5U, 3U, 10U and 20 U, Spectra were also produced for buffer
blanks,

3. RESULTS

3.1. Heparin binding affinity '

The fractions from the heparin-Sepharose columns
of normal, Pescara and Glasgow plasmas were analysed
by electroimmuno assay. These results (Fig. 1) show
that for theé Glasgow sample AT elutes as two distinet
peaks, whereas Pescara plasma has a broadened peak
with a trailing edge, and normal plasma an almost sym-
metical peak. Agarose gel electrophoresis of the pooled
first half of the Pescara peak-(Fig. 1a), and tiie pooled
second half (Fig. 1b) demonstrates that the variant pro-
tein is electrophoretically faster running, and elutes at a
higher ionic strength than the normal component. The
resolution for Glasgow is almost complete, with the ear-
ly peak (Fig. 1c)identified by.electrophoresis as the nor-
mal-AT-component, and the later peak (Fig. 1d) as the

variant, The sodium ion concentration of the fraction
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Fig. 2. 8DS-polyacrylamice of purificd normal AT (n and b), dnd Glasgow variant (¢ and d) and Peseara variunt {e and 1) as u control (C) and

as incubaced with human neutrophil dastise and spmpled-attimes 0, 1, 2, 3, 5, 10, 20 and 60 min as shown. Gels 1, ¢ and ¢ were fram incubations

in the presence of heparin, and gels b, d and i the absence. Melecular weight markers (M) carrespond wo proteins of AL Gin kDay 116, 97, 68,
45 and 29 from top to bottom of ge) respectively. Lane 2 in gel b isfgnered as an artifact.

containing normal AT was 0.78 mol/l; the Pescara
variant (b) 0.86 mol/I, and the Glasgow variant {(d) 0.92
mol/l,

3.2. Cleavage with human neutrophil elastase

The human neutrophil elastase contained negligible
contaminating proteinases. Incubation of AT -and
heparin with clastase pretreated - with the inhibitor
showed very little reaction after 20 min, with maybe
2-3% of the protein being cleaved.

3.2.1. Normal AT. In the presence of heparin (Fig.
2a) proteolytic inactivation proceeds rapidly. There is
often an initial formation of a higher M, band which by
I min comprises some 70% of the AT. This is then fur-
ther degraded to give a lower M, product. At 20 min

about 70% of the AT has becn degraded to the low M,

product. In contrast, the reaction is very-much slower in
the absence of heparin (Fig. 2b) and proceeds with a
slow production of the low M, product. At 20 min only
about 10% of-the AT has been degraded to the low M,
product, :

3.2.2. AT Glasgow. In the presencé of heparin (Fig.
2¢) there is conversion to a higher M, band which is
complete by about 5 min (¢f. normal, about 2 min).

However, there is no further degradation to the lower

M, band. In the absence of heparin (Fig. 2d) there is
very little reaction, or change, over.the 60 min.
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3.2.3. AT Pescara. In the presence of heparin (Fig,
2¢) there is the formation of-a higher M, which then
degrades to a low My band, as in normal AT. However,
the reaction is' much slower, probably about 20% that
of normal. AT 10 min Pescara has a similar pattern to
normal AT at 1-2 min. In the absence of heparin (Fig.
2f) there is essentially no reaction over 60 min.

3.3. Fluorescence emission spectra of normal, Glasgow
~.and Pescara ‘

The fluorescence spectra of normal AT at pH 7.4 and
6.0 is shown in Fig. 3a, With the addition of heparin,
the peak at 347 nm increases until an optimal beyond
which no further ‘increase occurs. The fluorescence
enhancement with heparin was calculated from the
change in the fluorescence at the 347 nm peak, allowing
for the non-AT fluorescence in the buffer blank, {(defin-
ing the baseline at 400 nm). For normal AT the change
was 8% at pH 7.4 and 26% at pH 6.0. Similarly for
AT Glasgow (Fig. 3b) and Pescara (spectra not shown)
the corresponding change was 58% at pH 7.4 and 25%
at pH 6.0. o '

4. DISCUSSION

We set out to test 3 predictions that stem from our
earlier proposal [1] concerning the role of the P1 active
site residue in the activation of AT by heparin, Heparin



Velume 280, number 2

Fluorescence Emission Spectra

l'1|

S EIBES \
a: A

xll |
H7

310 350 400

Wavelength (nm)
Fig. 3. Fluorescence emission gpecta of purified normal (a) and AT
Glasgow (b) at pH 6.0 and-7:4. Excitation was at 280 nimy and spectra

were run in the absence of heparin and with the addition of 1.5, 3, 6,
10 and 20 U, as shown on the traces.

binds to AT and induces a conformational change from

an inactive to an active form. AT Glasgow, 393 Arg to-

His,- has -an increased affinity for heparin, but this
reverts to normial at pH 6.0, Thus, we suggested, the
positively charged Arg-393.plays a role in maintaining
AT in a constrained, lower heparin affinity conforma-
tion. This conformation is stabilized by an ionic bond
involving the P1 Arg residue. So, we reasoned; when
heparin binds to AT at its primary tinding site along the
D-helix, there is a conformational change that is
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tranymitted to the reactive centre disrupting this fonie
bond. Thix would then free the residues in the reactive
centre loop for intersction with proteases. The loss of
the charged P1 ARg-393 way predicted 1o result in a
confornation moare like the heparin activated form,
This madel would predict Firstly, that all P1 variants
which are unable to farm this ionic bond will have an
incrensed heparin affinity, Secandly, it follows that
even it the absence of heparin these P varianty should
be susceptible to catalvtic cleavage by elastase. Thirdly,
if the conformation of these variants was like the ae-

‘tivated Torm, then they should display & reduced

fluorescence enhancement on the addition of heparin,

4.1, Heparin binding of PI variants
Both AT CGlasgow and AT Pescara have inereased

heparin binding affinity. Compared with normal AT

which elutes at 0.78 mol/l [Na*], Glasgow clutes at
.92 mol/l [Na™] and Pescara at 0.86 mol/l [Na*].
Although we have not been able to measure the heparin
affinity of AT Northwick Park, 393 Argto Cys, under
these conditions, it has been reported to have an’in-
creased heparin atfinity [14]. Thus, all the reported Pl
variants have an increased heparin affinity. Further, we
have previously shown that protonation of the Pl
histidine in AT Glasgow at pH 6.0 results in the heparin
affinity reverting to normal. Callectively, these results
imply that the P1 residue plays a critical role in' main-
taining the normal non-activated conformation. A role
that is consistent with a residue requiring a positive
charge is its involvement in an ionic bond, #-AT lacks
a carbohydrate side chain at Asn-135 which results in an
increase in heparin binding affinity. However, the
higher heparin affinity of AT Pescara and Glasgow can
not be explained by the lack of a carbohydrate side
chain since they have molecular weights identical to
normal AT..

4.2, Catalytic cleavage by elastase

In the absence of heparin, AT is relatively resistant to
inactivation by cleavage of the reactive centre loop by
human neutrophil elastase (Fig. 2b). This is consistent

with our proposal that in this conformation .an-ionic

bond is formed with the positively charged-Arg-393 and
the adjacent residues would also be protected from pro-
teolysis. Similarly in this conformation the Pl residue is
unavailable, orinappropriately orientated, for interac-
tion with the target enzymes, thrombin or Factor Xa. In

‘the presence of heparm the resultant conformational

change gives a form in which the reactive centre loop is
both available for interaction with thrombin or Xa and
is very susceptible to catalytic cleavage by elastase (Fig.
2a). If this ionic bond contributes to maintaining the

.non-activated conformation, then variants. unable to

form the ionic bond could be expected to be susceptible
to catalytic cleavage of the reactive loop in the absence
of heparin. However, the results of incubating AT
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Glasgow and AT Peseara with ¢lastase in the absence of
heparin de not show increased susceptibility to
vleavage. Although this may mean that the model pro-
posed iy inappropriate, interpretation of the dawu is
complicared by the lack of proteolytic degradation ¢ven
in the presence of heparin, Possibly these mutations
have a different effect o the conformation of the reac-
tive centre loop. Thig situation ¢an casily be conceived
as applying for AT Pescara where the replacement of an

arginine for a proline, an amino acid, would be ex-

pected to constrain the preceding loop in such a way
that the effects are not easy to predict, However, AT
Glasgow, with a histidine, would not be expected to
procuce a similar structural constraint. We have found
that AT Glasgow with or without heparin does not in-
hibit clastase even at the catalytic ratios used in the
catalytie cleavage experiments. Hence the lack of pro-
teolytic degradation of Glasgow is not explicable in this
way,

4.3, Fluorescence enhancement with heparin

As AT Glasgow at pH-7.4 is in a high heparin affinity
conformation, it might be expected to have a reduced
fluorescence enhancement with heparin, compared with
normal AT, However, the results of these experiments
show, at pH 7.4, identical fluorescence enhancement of
58% with normal and Glasgow, At pH 6.0, with the Pl
residue charged in Glasgow, as expected from the
model, the results are essentially identical; normal 26%
enhancement and Glasgow 25%. These results may be

interpreted as showing that the change in fluorescence

induced by heparin binding is a direct consequénce of
heparin being bound adjacent to a critical tryptophan
(e.g. residuc 49). This is unlikely because other evidence
[7] suggests' the enhancement is due to a buried
trytophan, probably 225, The enhancement then would
be due to the same conformation change occurring in
Glasgow and normal. The results do suggest that the
high affinity conformation of AT Glasgow and Pescara
(i.e. in ihe absence of heparin) is not similar to the

heparin .induced conformation of normal AT. The

results do not preclude there being a localized-confor-
mational difference, between Glasgow and.normal, that
is not reflected in a change in fluorescence enhance-
ment.

Heparin binding to AT results in the P1 residue
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changing from a relatively inacvessible position, with
reypect 1o ils target protease, 1o & very-aceessible posi-
tion: With this ¢hange, the reactive loop becomes age
cessible to cleavage by clastase. The resistance of the P
virriants to elastase in the absence of heparin does not
preelude the involvement of a P1 onie bond, but shows
that the conformation of these PT variants is not the
same as the normal heparin activated conformation.
The changes which result in the increase heparin bin-
ding affinity of P1 variants are not identical to the ma-
jor change in conformation that occurs on heparm bin-
ding.
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