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ABSTRACT  Affinity-fractionated porcine heparin was ran-
domly scissioned by chemical techniques to give hexasaccharides,
octasaccharides, decasaccharides, and mucopolysaccharide frag-
ments of =14 residues and ~16 residues that were able to complex
with the protease inhibitor. Direct measurements of the kinetic
behavior of the hexasaccharides, octasaccharides, and decasac-
charides showed that these fractions greatly enhanced the rate of
Factor Xa inactivation by antithrombin. Indeed, these species ex-
hibited specific molar activities that ranged from 6.9% (hexasac-
charide) to 60.9% (decasaccharide) of that of the heparin fragment
of =16 residues. However, these oligosaccharides exhibited es-
sentially no ability to accelerate thrombin—antithrombin interac-
tions. The avidity of the hexasaccharides, octasaccharides, and
decasaccharides for the protease inhibitor increased as a function
of size with the respective dissociation constants ranging from 5.5
X 1076 M to 2.9 x 10”7 M. These data suggest that the region of
the heparin molecule needed for catalyzing Factor Xa—antithrombin
interaction is intimately related to the antithrombin binding do-
main. The smallest complex carbohydrate fragment that accel-
erated the inactivation of thrombin by antithrombin had ~14 res-
idues. This fraction had an avidity for the protease inhibitor of 2.8
x 1077 M and specific molar activities of 140 units per gtmol
(thrombin neutra‘ization) and 460 units per pumol (factor Xa in-
activation). The largest heparin fragment examined contained
=16 residues. This fraction gad an avidity for antithrombin of 2.4
x 10™7 M and specific molar activities of 500 units per gmol
(thrombin neutralization) and 560 units per umol (Factor Xa in-
activation). Detailed kinetic analyses showed that these two spe-
cies are able to directly activate antithrombin to the same extent
with res; to thrombin inhibition. However, the larger muco-
polysaccharide fragment is also capable of approximating free en-
zyme with protease inhibitor.

Only a small fraction of a given heparin preparation binds tightly
to antithrombin, and this fraction is largely responsible for its
anticoagulating activity (1, 2). Evidence has been provided that
a unique tetrasaccharide sequence containing two nonsulfated
uronic acid moieties is found almost exclusively in the highly
active heparin, and it has been suggested that this portion of
the mucopolysaccharide must represent a binding site that is
recognized by antithrombin (3, 4). These findings have been
confirmed by others (5). In this communication, we show that
relatively small oligosaccharides can complex tightly with the
protease inhibitor and dramatically accelerate Factor
Xa-antithrombin but not thrombin-antithrombin interactions.
We also show that larger mucopolysaccharide fragments are
essential for approximating enzyme with protease inhibitor or
activating antithrombin such that it can rapidly neutralize
thrombin. Based on these data, we propose that heparin pos-
sesses multiple structural domains that modulate different func-
tions of antithrombin.

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked “advertise-
ment” in accordance with 18 U. S. C. §1734 solely to indicate this fact.

829

MATERIALS AND METHODS

The mucopolysaccharide concentrations of the samples were
determined by uronic acid assay (6). The activity of the heparin
fractions with respect to Factor Xa inactivation was measured
by a two-stage assay. First, the procedure was initiated by add-
ing a known amount of mucopolysaccharide to a solution con-
taining Factor Xa and antithrombin, each at a final concentra-
tion of 0.227 uM. The environmental conditions were 0.136 M
NaCl in 0.09 M Tris - HCI (pH 7.5) and 37°C. After the reaction
mixture was incubated for 45 sec, Polybrene and $-2222 sub-
strate (Ortho Diagnostics, Raritan, NJ) in water were added to
final concentrations of 0.31 mg/ml and 3.75 mg/ml, respec-
tively. Then, the solutions were incubated for 90 sec at 37°C
and enzymatic activity was quenched by addition of glacial
acetic acid to a final concentration of 6.7 M. The extent of sub-
strate amidolysis was determined by measuring absorbance at
405 nm, using unfractionated preparation of heparin with a
known USP potency as a reference standard. All assays were
performed in triplicate.

The potency of the mucopolysaccharide samples with respect
to thrombin inhibition was also determined by a two-stage assay.
The first stage of this procedure was identical to that described
above, except that thrombin and antithrombin were used at fi-
nal concentrations of 0.127 uM and 0.272 uM, respectively,
and the reaction mixture was incubated for only 12 sec. The
second stage of this technique was similar to that described
above, except that Polybrene and S-2160 substrate (Ortho Di-
agnostics) in water were added to final concentrations of 1.0 mg/
ml and 26 ug/ml, respectively, and the reaction mixture was
incubated for 96 sec before the action of the enzyme was
quenched.

Human thrombin, human Factor Xa, human antithrombin,
and bovine antithrombin were prepared in homogeneous form
as described (7-9). The heparin preparations were porcine in
origin and were provided by Riker Laboratories (Northridge,
CA) (specific anticoagulating activity of 150 USP units/mg).
The anticoagulant fraction was obtained by mixing complex car-
bohydrate and bovine antithrombin, each at a final concentra-
tion of 7.5 mg/ml. The environmental conditions were 0.15 M
NaClin 0.01 M Tris - HCI (pH 7.5). Heparin capable of binding
to protease inhibitor was separated from free mucopolysac-
charide and then from protein as described (2). The final prod-
uct was a mixture of fragments having a variety of molecular
sizes. Highly active heparin of M, =6500 was also prepared
from porcine mucopolysaccharide by affinity fractionation but
with limiting amounts of human antithrombin (2).

The initial rates of thrombin inactivation by antithrombin
were determined in the presence of mucopolysaccharide frag-
ments at enzyme and inhibitor concentrations of 0.01 uM and
oligosaccharide concentrations of 0.01-10 uM. The environ-
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mental conditions were 0.15 M NaCl in 0.01 M Tris- HCI (pH
7.5). After the reaction mixture was incubated for 0-75 sec, the
neutralization process was quenched and the residual amounts
of thrombin were quantitated as described (8). The kinetic data
were analyzed by fitting the initial level of thrombin, E,, and
all subsequent concentrations of residual enzyme, E, observed
at times ¢ to the equation
1 1

— — ==Kt
E, E

The time points used included the first 30—50% of the reaction,
with associated r values of 0.809—0.996. The initial velocity of
the reaction at a given concentration of heparin or oligosaccha-
ride is represented by K[E,)? (2, 7, 8).

A series of determinations of this parameter at various levels
of mucopolysaccharide allowed us to calculate the bimolecular
rate constant for the interaction between free thrombin and
antithrombin saturated with heparin or oligosaccharide (k,), as
well as the rate constant for the interaction between enzyme
and protease inhibitor when both are saturated with heparin or
oligosaccharide (k). Indeed, it has been shown that the maximal
peak of this profile is =k, E,? and the subsequent minimal pla-
teau (if present) is =k,E,Z. Absence of the latter phase of the
plot indicates that k, = k; (2, 7, 8).

RESULTS

Approximately 300 mg of affinity-fractionated heparin were
cleaved to a mixture of different molecular size fragments by
treatment with limiting amounts of nitrous acid and then with
dilute sulfuric acid. The mucopolysaccharide was dissolved in
0.05 M NaNO, in 0.2 M sodium citrate buffer (pH 1.5) to a final
concentration of 50 mg/ml. After the reaction mixture was in-
cubated for 30 min at 0°C, the pH of the solution was adjusted
to =8, and the entire sample was chromatographed on a 1.8
X 200 cm Bio-Gel P-10 column equilibrated with buffer A (0.5
M NH,HCO;, pH 7.6). Under these conditions, the addition
of nitrous acid to heparin results predominately in the formation
of 2-aldehydo-D-pentofuranose residues (deaminative ring con-
tracture) rather than of 2,5-anhydro-D-mannose moieties
(deaminative ring cleavage). The mucopolysaccharide frag-
ments recovered from the column were pooled and lyo-
philized to dryness. Then, the 2-aldehydo-p-pentofurano-
side—uronic linkages were hydrolyzed by dissolving the lyophilate
in 18 ml of distilled H,O, adjusting the pH of the solution to
1.9, and incubating the reaction mixture for 30 min at 50°C. The
sample was brought to pH =8, concentrated to =3 ml by rotary
evaporation, and rechromatographed at =14 ml/hr on a 1.8
X 200 cm Bio-Gel P-10 column equilibrated with buffer A (Fig.
1). Comparison of the peak elution volumes with those of sul-
fated disaccharides and tetrasaccharides of known molecular
structure permitted us to ascertain the dimensions of the two
components of lowest molecular size. Additional assignments
were based on the assumption that nitrous acid cleavage of
mucopolysaccharide occurs in relatively random fashion and
releases products having multiple numbers of disaccharide
units.

Initially, oligosaccharides of a specific size were prepared by
combining fractions from given regions of the above chro-
matogram, lyophilizing each of these pools, and individually
rechromatographing the various species at flow rates of =3
ml/hr on 0.5 X 200 cm Bio-Gel P-10 columns equilibrated
with buffer A. The recoveries of hexasaccharide, octasaccharide,
and decasaccharide fragments averaged 12.6 mg, 12.3 mg, and
11.2 mg, respectively.

Subsequently, the oligosaccharides were affinity fractionated
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Fic. 1. Elution profile of oligosaccharide fractions. Porcine hep-
arin was treated with nitrous acid at pH 1.5 and then sulfuric acid at
pH 1.9, and the product was chromatographed on Bio-Gel P-10 (®). The
volume of each fraction is 2.8 ml. (Inset) Activities after Bio-Gel P-10
chromatography of the hexasaccharide (o), octasaccharide (a), and
decasaccharide (x) fragments.

to obtain fractions that interacted strongly with antithrombin.
These isolations were begun by mixing equimolar quantities of
a given heparin fragment and bovine protease inhibitor. Envi-
ronmental conditions were buffer B (0.15 M NaCl in 0.01 M
Tris- HCI, pH 7.5) and 24°C. Species capable of binding to an-
tithrombin were separated from free mucopolysaccharide and
then from protease inhibitor as described (2). The recoveries of
hexasaccharide, octasaccharide, and decasaccharide fractions
averaged 0.71 mg, 1.27 mg, and 1.54 mg, respectively. The end
groups of the affinity-fractionated heparin fragments were al-
dehyde reduced with 0.1 M NaB*H, at pH 8.5, and the resultant
labeled products were chromatographed at flow rates of =3 ml/
hr on 0.5 X 200 cm Bio-Gel P-10 columns equilibrated with
buffer A (see Fig. 1 Inset).

These three products were used to examine the mucopoly-
saccharide-dependent acceleration of Factor Xa—-antithrombin
and thrombin-antithrombin interactions. The avidities of the
fragments for the protease inhibitor were determined by a solid-
phase competitive binding assay usiné unlabeled oligosaccha-
rides or mucopolysaccharides and '*I-labeled highly active
heparin. We found that the hexasaccharide, octasaccharide, and
decasaccharide fragments possessed a significant capacity to
accelerate Factor Xa neutralization by antithrombin compared
with that of larger heparin fragments isolated from the same
mucopolysaccharide hydrolysate (Table 1). The various forms
of these fragments showed a substantial increase in this biologic
activity as a function of size. In addition, the three oligosac-
charides exhibited essentially no ability to enhance the rate of
thrombin inactivation by antithrombin compared with that of
the larger heparin fragments. Furthermore, they had a consid-
erable avidity for the protease inhibitor that increased as a func-
tion of size. Indeed, the K} of the decasaccharide approaches
that of the larger fragments.

We next attempted to define the smallest heparin fragment
that is able to catalyze thrombin—antithrombin interactions. All
components with an apparent molecular size greater than a do-
decasaccharide (fractions 50-91 of Fig. 1) were combined, con-
centrated by rotary evaporation, and rechromatographed at a
flow rate of =3 ml/hr on a0.5 X 200 cm Sephadex G-50 column
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Table 1. Kinetic behavior and binding constants of mucopolysaccharide fragments
Factor Xa inhibitory activity Thrombin inhibitory activity
Specific molar  Final concentration, Specific molar  Final concentration, K&,
activity* uM activity* uM M

Hexasaccharide 38.5 0.30 <0.1 15 5.5 x 1076
Octasaccharide 221 0.053 <0.1 21 8.0 x 1077
Decasaccharide 341 0.026 <0.1 13 29 %1077
Heparin fragments of

=14 residues 460 0.023 140 0.018 2.8 x 1077
Heparin fragments of

=16 residues 560 0.021 500 0.017 2.4 x1077

Highly active heparin has a Factor Xa-specific molar activity of 1840 units/umol, a thrombin-specific molar activity of 2750
units/umol, and a K52 of 5.7 x 1078 M. The larger affinity-purified mucopolysaccharide fragments possess similarly des-
ignated kinetic and binding parameters that are lower in magnitude (one-third to one-fifth). These phenomena may be sec-
ondary to the more selective separation schema used to isolate the highly active heparin. All kinetic and binding experiments
were conducted with human antithrombin. The values cited represent the average of two separate determinations. The in-
teractions of the various mucopolysaccharide fragments with human antithrombin were quantitated by a competitive solid-
phase binding assay using '?*I-highly active heparin. The environmental conditions were 0.15 M NaCl in 0.01 M Tris- HC]
(pH 7.5). The molar reaction stoichiometry and K4 of the '*I-highly active heparin were set at 8.3 and 83 nM, respectively.
These parameters were obtained by performing direct binding determinations with radiolabeled, highly active heparin in the
above assay system and are in excellent accord with those derived by other techniques (7). The molar stoichiometries of the
unlabeled ligand were assumed to be one. However, small changes in this parameter would have little effect on our estimates
of K34, The experimental data were analyzed by a single-site, competitive binding model. The values of K cited above

represent an average of at least two separate determinations. )
* Expressed as units/umol. It should be noted that these fractionations were not conducted with limiting amounts of antithrom-

bin; therefore, the values above represent minimal estimates of specific molar activity.
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equilibrated with buffer A (Fig. 2). Examination of the various
fractions to determine their abilities to accelerate thrombin
neutralization by antithrombin showed that the mucopolysac-
charide fragments of =14 monosaccharide units had this prop-
erty but that the maximal specific activity was at 18—20 mono-
saccharide units, as judged by comparison with the elution
position of highly active heparin of M, =6500.

The kinetic properties of the fractions that catalyze thrombin-
antithrombin interactions were examined in considerable de-
tail. Fractions 40—41 (heparin fragments of =16 residues) and
fraction 43 (heparin fragments of ~14 residues) were affinity
chromatographed by using bovine antithrombin as described
above. The recoveries of mucopolysaccharide fragments from
these two pools that were able to complex with protease inhib-
itor averaged 26% and 30%, respectively. As shown in Table 1
the two affinity-fractionated species were able to significantly
accelerate both thrombin-antithrombin and Factor Xa-
antithrombin interactions. However, heparin fragments of
=16 residues possessed considerably greater activity than hep-
arin fragments of =14 residues with respect to thrombin in-
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Fig. 2. Elution profile of fractions from Sephadex G-50 chroma-
tography of fractions 54-91 of Fig. 1. The volume of each fraction is
0.72 ml. The arrow indicates the peak elution position of highly active
heparin of 18—-20 monosaccharide residues.

activation. Furthermore, the avidity of the larger species for
antithrombin was slightly greater than that of the smaller
species.

The detailed kinetics of the thrombin neutralization were
next investigated. The results of a typical experiment in which
the initial rates of thrombin inhibition by antithrombin were
determined as a function of the concentration of heparin frag-
ments of =16 residues are shown in Fig. 3. These species pos-
sess a kinetic profile that is similar to that obtained with highly
active heparin (2, 7, 8). Indeed, the plot of reaction velocity as
a function of the level of mucopolysaccharide exhibits an as-
cending limb, a pseudoplateau, a descending limb, and a final
plateau. It has been shown that the initial phases of this process
correlate with the formation of larger amounts of hep-
arin-antithrombin complex, whereas the final phases are gen-

Initial velocity, nM/min

Heparin, log M

Fic. 3. Kinetic properties of heparin fragments that accelerate
thrombin—antithrombin interactions. The initial rates of enzyme in-
activation by protease inhibitor were examined in the presence of hep-
arin fragments of =16 residues (curve A) or =14 residues (curve B),
respectively. Thrombin adsorption to the vessels used in these exper-
iments was evaluated in the presence of the above mucopolysaccharide
fragments. The initial velocities of enzyme inactivation have been cor-
rected to remove this artifactual effect. Each point in the kinetic profile
represents either a single evaluation of initial velocity or the average
of two separate determinations.
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erated by increasing levels of mucopolysaccharide—thrombin
interaction product (7, 8). Based on the above analyses, two
characteristic parameters can be extracted from the kinetic data.
On the one hand, the maximal value of initial velocity in the
pseudoplateau region provides an estimate of the second-order
rate constant (k,) for the neutralization of thrombin by the hep-
arin-antithrombin complex. On the other hand, the minimal
initial velocity in the final plateau region allows us to compute
the second-order rate constant (k,) for the inactivation of the
mucopolysaccharide—thrombin interaction product by the hep-
arin-antithrombin complex. For heparin fragments of =16 res-
idues, these two kinetic parameters are 1.0 X 10 M~! min™!
and 4.6 X 10" M~! min~", respectively.

The kinetic data obtained by quantitating the initial rates of
thrombin neutralization by antithrombin as a function of the
concentration of heparin fragments of =14 residues are also
shown in Fig. 3. Itis of particular interest that the initial velocity
plot has only an ascending limb and a plateau region. Previous
considerations of reaction mechanism have suggested that the
descending limb and final plateau regions are absent when free
enzyme and mucopolysaccharide—enzyme interaction product
are neutralized at the same rate by heparin-antithrombin com-
plex (k, = ky). Under these conditions, the maximal value of
initial velocity in the plateau region allows us to calculate k,.
For heparin fragments of =14 residues, this parameter is 4.6
X 10" M~ min~L.

DISCUSSION

We have randomly cleaved preparations of heparin having an-
ticoagulating activity by using appropriate chemical techniques.
The resultant species were separated by gel filtration chroma-
tography. The smallest fragments that exhibited a capacity to
bind to antithrombin were found in the hexasaccharide, octa-
saccharide, and decasaccharide regions. These fractions were
further purified by affinity fractionation with equimolar amounts
of the protease inhibitor.

Our studies showed that the hexasaccharide, octasaccharide,
and decasaccharide species bind to antithrombin with progres-
sively increasing avidity. Indeed, the latter oligosaccharide ex-
hibits a K{A that approaches that obtained when components
of =16 residues are used. Our investigations also showed that
the hexasaccharide, octasaccharide, and decasaccharide species
are able to catalyze Factor Xa-antithrombin interactions at rates
that range from 6.9% (smallest component) to 60.9% (largest
component) of that obtained when heparin fragments of ~16
residues are used. It should be emphasized that these com-
ponents were assayed at virtually identical saturations of the
protease inhibitor (=5%). Thus, the specific molar biologic ac-
tivities observed for the various oligosaccharides represent the
effect of equivalent numbers of mucopolysaccharide molecules
bound to protease inhibitor. The kinetic and binding parame-
ters of the three mucopolysaccharide fragments suggest that the
structures essential for accelerating Factor Xa—antithrombin in-
teractions are closely linked to those required for complexing
with antithrombin. Preliminary chemical data suggest that this
critical region is represented in large measure by the tetrasac-
charide sequence reported previously (4). Indeed, this unique
monosaccharide sequence appears to be located on the non-
reducing ends of the hexasaccharide, octasaccharide, and de-
casaccharide species. Our observations are strengthened by the
recent findings of others concerning the partial structure of a
heparin-derived oligosaccharide that binds tightly to antithrom-
bin (10, 11). :

Given the above, it was surprising to note that the three oli-
gosaccharides had essentially no effect on the rate of inactivation
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of thrombin by antithrombin. These negative results are partic-
ularly impressive because sufficiently high concentrations of
these components were used to saturate the protease inhibitor.
Furthermore, heparin fragments of =14 monosaccharide resi-
dues or greater are capable of catalyzing thrombin inactivation
by antithrombin (see below). These experimental observations
suggest that carbohydrate sequences that lie outside the pri-
mary antithrombin binding domain must be essential for accel-
erating the neutralization of the above enzyme by the protease
inhibitor.

Previous studies have shown that mucopolysaccharide-in-
duced rate enhancement of the above reaction is dependent on
the direct binding of heparin to antithrombin, as well as on the
interaction between free enzyme and complex carbohydrate
attached to protease inhibitor (approximation effect) (8). The
latter phenomenon appears to be responsible for no more than
1-2% of the direct effect of heparin on antithrombin (7, 8).
However, the approximation effect significantly augments the
overall rate enhancement of enzyme neutralization because it
acts in multiplicative fashion with the direct effect of the mu-
copolysaccharide (7, 8). On the basis of this information, we
surmised that the heparin fragments of =14 monosaccharide
units or greater must possess additional structural elements that
approximate free enzyme with protease inhibitor and directly
or indirectly activate antithrombin with respect to thrombin
neutralization.

Initially, molecular species of the smallest possible dimen-
sions (=14 residues) that are able to catalyze thrombin inacti-
vation by antithrombin were isolated. The resultant fragments
had ak, of4.6 X 10’ M~ min ™. This kinetic parameter remains
unchanged at high levels of mucopolysaccharide, at which po-
tential approximation sites on the serine protease are saturated
with complex carbohydrate (2, 7, 8). These findings imply that
the above component must possess the ability to accelerate
thrombin-antithrombin interactions because of a direct effect on
the protease inhibitor. Furthermore, this mucopolysaccharide
species appears to lack the structural regions needed to approx-
imate free enzyme with antithrombin (see Fig. 3).

Subsequently, heparin fragments of somewhat larger size
(=16 residues) were obtained. The resultant species bind to the
protease inhibitor with a slightly greater avidity than heparin
fragments of =14 residues and have a k; of 1.0 x 10° M™!
min~'. This kinetic parameter decreases significantly at high
levels of complex carbohydrate but attains a constant value at
heparin concentrations in excess of 1 X 1076 M. Data obtained
from the latter region allow us to calculate that the mucopoly-
saccharide has a k, of 4.6 X 10" M™! min™!, an estimate that
represents the rate of inactivation of heparin-thrombin inter-
action product by heparin-antithrombin complex. Given that
potential approximation sites on the serine protease must be
saturated with mucopolysaccharide under these conditions, k,
provides a quantitative measure of the direct kinetic effect of
heparin on antithrombin. This parameter is identical in mag-
nitude to that of k; obtained for the smaller complex carbohy-
drate fragment. These experimental findings suggest that the
two forms of the mucopolysaccharide possess similar capacities
to directly activate antithrombin with respect to thrombin neu-
tralization. However, the larger species of heparin contains an
additional structural element that is required for approximating
free enzyme with protease inhibitor. Therefore, this component
is able to more rapidly accelerate the interaction of thrombin
with antithrombin. The results of experiments in which heparin
fragments of ~14 and =16 residues were degraded by using
a purified endoglucuronidase derived from human platelets
suggest that the monosaccharide sequences responsible for ac-
tivating antithrombin with respect to thrombin neutralization
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and for approximating free enzyme with protease inhibitor must
- lie on the nonreducing end of the critical tetrasaccharide.

In summary, our results suggest that heparin possesses mul-
tiple discrete structural domains that are responsible for its abil-
ity to complex with antithrombin and to modulate the biologic
properties of the protease inhibitor. The absence or improper
alignment of one or more of these regions within a heparin pop-

-ulation would explain the previously reported differential ac-
tions of mucopolysaccharide preparations with regard to the
neutralization of various hemostatic enzymes (11, 12).

Note Added in Proof. We have also analyzed the ability of the various
mucopolysaccharide fragments to accelerate Factor IXa-antithrombin
as well as Factor XIa-antithrombin interactions. The assay systems used
to obtain these.data monitor the release of *H-labeled activation pep-
tides from Factor IX or Factor X. These methods are similar to those
developed by Nemerson and coworkers and have been previously uti-
lized in our laboratory (8). Our results indicate that hexasaccharide,
octasaccharide, and decasaccharide species exhibit minimal biologic
activities only slightly greater than those observed with thrombin. Fur-
thermore, oligosaccharide. fragments of =16 monosaccharides or
greater are required to accelerate neutralization of Factor IXa or Factor
Xla by antithrombin. These observations considerably strengthen our
-model of multiple functional domains within the heparin molecule and
further suggest the existence of functional heterogeneity within the
activation region of the mucopolysaccharide that lie on the nonreducing
side of the tetrasaccharide-binding domain.
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