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Oligosaccharides (10-20 monosaccharide units)  with 
high affinity  for  antithrombin, as well as larger high- 
affinity  heparin  fractions  (having  relative molecular 
masses between 6,000 and 21,500), all markedly ac- 
celerated  the  inhibition of Factor Xa  by antithrombin. 
Moreover, all high-affinity oligosaccharides and hep- 
arins enhanced,  to a similar  extent,  the amount of free 
proteolytically modified antithrombin cleaved at the 
reactive bond by Factor Xa. In  contrast, a minimum 
high-affinity  heparin size of -18 monosaccharide units 
was  required  to  significantly  accelerate  the  inactiva- 
tion of thrombin by antithrombin  and  to  enhance  the 
production of modified antithrombin by this enzyme. 
All high-affinity  fractions  studied  had  similar  affini- 
ties  for  antithrombin, as determined by fluorescence 
titrations. In competition experiments,  binary com- 
plexes of antithrombin  with octadecasaccharide or 
larger high-affinity  heparins,  but not with  smaller ol- 
igosaccharides, displaced inactivated ’261-thrombin 
from  matrix-linked  low-affinity  heparin. Moreover, 
similar  binary complexes with ‘H-labeled octadecasac- 
charide  or  larger chains,  but not with  smaller oligosac- 
charides,  were  capable of binding  to  matrix-linked 
inactivated thrombin. These results  indicate that si- 
multaneous binding of antithrombin  and  thrombin  to 
high-affinity  heparin is a prerequisite  to  the  accelera- 
tion of the  antithrombin-thrombin  reaction  and that 
the minimum heparin sequence capable of binding both 
proteins comprises - 18 monosaccharide units.  Similar 
complex formation  apparently  is not required  for  the 
acceleration of the  antithrombin-Factor Xa reaction. 

Heparin,  a  sulfated glycosaminoglycan, dramatically in- 
creases the  rate  at which the plasma proteinase  inhibitor 
antithrombin forms inactive equimolar complexes with serine 
proteinases of the coagulation system (Rosenberg and Damus, 
1973). The polysaccharide also markedly promotes the con- 
current production of a modified form of antithrombin, 
cleaved at  the reactive bond, in the reactions with thrombin 
and Factor  Xa  (Jornvall et at., 1979; Marciniak, 1981; Bjork 
et al., 1982; Bjork and Fish, 1982). Only about  one-third of 
commercial preparations of heparin is active in these respects 
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and binds with high affinity to antithrombin (high-affinity 
heparin). The remaining fraction (low-affinity heparin) is 
inactive and  binds only  weakly to  the inhibitor (for a review, 
see Bjork and Lindahl, 1982). High-affinity heparin contains 
a specific pentasaccharide sequence which constitutes  the 
binding site for antithrombin  (Thunberg et al., 1982; Lindahl 
et al., 1984; Petitou, 1984). 

Several mechanisms have  been  suggested for the acceler- 
ating effect of heparin on the inhibition of coagulation pro- 
teinases by antithrombin (see Bjork and Lindahl, 1982). The 
available data indicate that  the effect is primarily dependent 
on the  tight heparin-antithrombin  interaction (Rosenberg and 
Damus, 1973; Bjork and Lindahl, 1982). This  interaction, 
which induces a conformational change in  antithrombin (Vil- 
lanueva and Danishefsky, 1977; Nordenman and Bjork, 1978a; 
Olson et al., 1981), appears  to be sufficient for the acceleration 
of the inactivation of some coagulation enzymes, such as 
Factor Xa. A chemically synthesized high-affinity pentasac- 
charide, containing only the antithrombin-binding sequence 
of heparin, thus accelerates the inhibition of Factor  Xa by 
antithrombin to nearly the same extent  as full-length heparin 
(Choay et al., 1983). However, an interaction also between 
heparin and  the target enzyme has been  suggested to be 
essential for the acceleration of the inhibition of thrombin 
and  certain  other proteinases (Laurent et al., 1978 Pomeranz 
and Owen,  1978; Holmer et al., 1979). In  support of this 
proposal, short high-affinity heparin fragments have little 
effect on the antithrombin-thrombin reaction, while larger 
high-affinity chains show increasing activity (Holmer et al., 
1980; Oosta et ai, 1981; Lane et a[., 1984). Moreover, simul- 
taneous binding of antithrombin  and thrombin to the same 
molecule  of full-length high-affinity heparin was indicated by 
affinity chromatography (Pomeranz and Owen, 1978), and 
the importance of such complexes for the acceleration of the 
inactivation of thrombin has been suggested by kinetic anal- 
yses (Griffith, 1982; Pletcher  and Nelsestuen, 1983; Nesheim, 
1983; Hoylaerts et al., 1984). 

In  this work, we have studied the ability of well-defined 
high-affinity heparin oligosaccharides, differing in length by 
only one disaccharide unit, to accelerate the reactions between 
antithrombin  and  thrombin or Factor  Xa  and  to promote the 
formation of the modified form of antithrombin in these 
reactions. The results  are  consistent with ternary complexes, 
in which antithrombin  and proteinase bind to  the same hep- 
arin molecule (AT.H .proteinase complexes’.*), being in- 

’ This notation will be used to indicate simultaneous binding of 
antithrombin  (AT) and proteinase to  the same heparin (H) chain. 
Such ternary complex formation presumably precedes the reaction 
between the bound antithrombin and proteinase at  their reactive 
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FIG. 1. Initial  rates of inactivation of  thrombin by  anti- 
thrombin in the presence of increasing concentrations of high- 
affinity heparin or heparin oligosaccharides of different 
lengths. The antithrombin and thrombin  concentrations were  194 
and 20  nM, respectively, in all analyses, and  the reaction volume  was 
2.3 ml. .”-., hexadecasaccharide; A-A, octadecasaccharide; 
a ” 0 ,  eicosasaccharide; W, heparin, molecular weight  -8400. 

volved  in the mechanism of both  these effects in the reaction 
with thrombin,  but playing only a minor role in the Factor 
Xa reaction. Moreover, the analyses indicate that such com- 
plexes with thrombin may form only with oligosaccharides at 
least 18 monosaccharide units long. In support of this conclu- 
sion, ternary complexes between heparin,  antithrombin,  and 
inactive thrombin were demonstrated by  two different meth- 
ods essentially only with oligosaccharides of this size and 
longer. The amount of such complexes that could be formed 
increased with the size of the oligosaccharide in parallel with 
the accelerating ability and  the ability to increase the forma- 
tion of modified antithrombin. 

MATERIALS AND METHODS3 

RESULTS 

Kinetics of the Reactions  between Antithrombin and Throm- 
bin or Factor Xa in the Presence of Different Size Heparim- 
Initial  rates of inactivation of  20  nM thrombin  in the presence 
of a  constant 10-fold higher concentration of antithrombin 
were obtained at  an ionic strength of 0.15 as  a function of 
heparin  concentration for a number of high-affinity heparin 
fractions with different molecular weights. The conditions of 
the experiments were such that all heparin fractions essen- 
tially bound stoichiometrically to antithrombin. At the hep- 
arin  concentrations studied, plots of the observed initial  rates 
of thrombin  inactivation versus heparin  concentration were 
linear (Fig. 1). The  apparent accelerating ability of heparin 

sites. This type of complex thus differs from a  ternary H .AT. 
proteinase complex (apparently involved in the inhibition of Factor 
Xa), in which heparin  binds only to antithrombin in an intermediate 
ternary complex on the inactivation  pathway. 

The abbreviations used are: AT, antithrombin; H, heparin; MS- 
thrombin, methanesulfonyl fluoride-inactivated thrombin. 

“Materials and Methods” are presented  in  miniprint at  the end 
of this paper. Miniprint is easily read with the aid of a  standard 
magnifying glass. Full size photocopies are available from the  Journal 
of Biological Chemistry, 9650  Rockville Pike, Bethesda, MD  20814. 
Request Document No. 86M-2386, cite the authors, and include a 
check or money order for $2.00 per set of photocopies. Full size 
photocopies are also included in the microfilm edition of the  Journal 
that is available from Waverly Press. 

on the antithrombin-thrombin reaction was defined from the 
slope of these plots  as  a specific heparin activity (mol of 
thrombin  inhibited/s x mol of heparin)  and was plotted  as  a 
function of heparin molecular weight  (Fig. 2). It is evident 
that heparin oligosaccharides shorter than 18 monosaccharide 
units minimally affect the rate of the antithrombin-thrombin 
reaction, while the accelerating ability increases markedly 
with molecular weight for longer heparin chains. Since all 
heparin  fractions essentially were saturated with antithrom- 
bin, this increase most likely is due to  an increased binding 
of thrombin. The heparin fraction with the highest molecular 
weight  showed the largest effect, i.e. about a 600-fold increase 
in accelerating ability over that shown by the hexadecasac- 
charide. 

The observed initial  rates of Factor  Xa inactivation, ob- 
tained in a similar manner  as  those of thrombin inactivation, 
also increased linearly with heparin concentration for all 
fractions of the polysaccharide at  the concentrations analyzed 
(data  not shown). A plot of the accelerating ability, defined 
as described previously, uersus heparin molecular weight (Fig. 
2) showed that heparin fractions below a molecular weight of 
about 6000 accelerated the  antithrombin-Factor Xa reaction 
to about the same extent.  This accelerating effect was consid- 
erably higher than  that observed for the inactivation of throm- 
bin. At  molecular weights higher than about 6000, the ability 
of heparin to accelerate the inactivation of Factor Xa in- 
creased notably. However, less than a 10-fold increase in 
accelerating ability occurred over the entire molecular weight 
range. 

Production of Modified Antithrombin-The ability of high- 
affinity heparins of different molecular weights to increase 
the production of modified antithrombin by thrombin or 
Factor Xa was studied with a  constant molar heparin to 
antithrombin  ratio of  0.2 (Bjork and Fish, 1982). A 4-fold 
increase of this  ratio was  used in selected control experiments, 
which  gave identical results. Time course analyses monitored 
by  gel electrophoresis showed that  the incubation times used 
were sufficient for virtual completion of all reactions, i.e. all 
free antithrombin was consumed. Little modified antithrom- 
bin was produced by thrombin in the absence of heparin and 
also in  the presence of high-affinity heparin oligosaccharides 
containing 518 monosaccharides (Fig. 3). However, a  sharp 
increase in the amount of modified inhibitor formed occurred 
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FIG. 2. The molecular weight dependence of the accelerat- 
ing  ability of high-affinity heparin and heparin oligosaccha- 
rides on the antithrombin-thrombin (M) and antithrom- 
bin-Factor Xa (0- - -0) reactions. The accelerating ability was 
calculated from the plots of Fig. 1 and additional plots  not shown, as 
described under “Results.” The number of monosaccharide units is 
given for each heparin fraction. 
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FIG. 3. Production of modified antithrombin by  thrombin 
or Factor Xa in the presence of high-affinity heparin or 
heparin oligosaccharides of different lengths. Modified anti- 
thrombin was analyzed  by  gel electrophoresis as described  under 
“Materials and Methods.” The amount of modified antithrombin 
formed is given in percent of the total amount of antithrombin added 
to the reaction  mixture, the remainder  occurring  largely  in  complex 
with the proteinase. All points  represent  averages of duplicate  exper- 
iments. o ” 0 ,  reaction with  thrombin; M, reaction  with  Fac- 
tor Xa. The number of monosaccharide units is given for  each  heparin 
fraction. 

TABLE I 
Binding  constants for the binding of high-affinity  heparin 

oligosaccharides or undegraded high-affinity  heparin  to  antithrombin 
at I = 0.3 

Number of 

units 
monosaccharide M$gy Binding constant 

Oligosaccharides 
10 
12 
14 
16 
18 
20 

-20 
-28 
-44 
-70 

Undegraded  heparin 

2,860 
3,480 
4,090 
4,710 
5,320 
5,940 

6,000 
8,400 

13,200 
21.500 

x10-7 M-’ 

2.0“ 
2 9” 
5.0 
6.0 
6.5 
6.5 

0.8‘ 
1.0’ 
O.Sb 
0.6‘ 

Published  earlier by Lindahl et al. (1984). 
* Published  earlier by Danielsson  and  Bjork (1981). 

with longer chains, i.e. in  the  same molecular  weight range  as 
the  increase  in  accelerating ability. The decreased production 
of modified antithrombin  in  the  presence of still longer  poly- 
saccharide  chains  has  also been noted by Marciniak (1982). 
Factor  Xa  generated  more of the modified antithrombin  than 
did  thrombin  in  the  absence of heparin (Fig. 3), and  the 
proportion of this  component  was  further  increased  in  the 
presence of heparin. However, in  contrast  to  the  results  with 
thrombin,  small oligosaccharides also  increased  the  formation 
of modified antithrombin by Factor  Xa  to  about  the  same 
extent  as  long  heparin  chains. 

Binding Constants-The affinities between the  high-affin- 
ity oligosaccharides or  larger  heparin  chains  used  in  this work 
and  antithrombin were measured by fluorescence titrations 
at   an ionic strength of 0.3 (Table I). A small  increase  in 
affinity from deca-  to  tetradecasaccharide was apparent, while 
the  affinity of the larger  oligosaccharides was essentially 

identical.  Notably,  all  fractions of undegraded heparin  had 
lower binding  constants  than  the oligosaccharides.  Possibly, 
the  degradation  and  isolation procedure  selected  oligosaccha- 
rides with  somewhat higher affinities  than  that of the major 
population of undegraded molecules. 

Formation of Ternary  AT. H. Proteinase Complexes with 
Inactive Thrombin-The ability of a single high-affinity  hep- 
arin  chain  to  bind  both  antithrombin  and  thrombin  in a 
ternary  AT. H .proteinase complex was investigated  as a func- 
tion of the size of the  heparin by two different procedures 
(Fig. 4). Inactive  thrombin, which has  the  same  affinity for 
heparin  as  the  active enzyme (Nordenman  and Bjork,  1978b) 
was used to  avoid direct  binding  to  antithrombin;  methane- 
sulfonyl  fluoride was chosen as inactivating  reagent because 
of its  small size (Sonder  and  Fenton, 1984). Affinity chro- 
matography of inactive  thrombin  on  antithrombin-Sepharose 
with or without  heparin, a method previously  used to  dem- 
onstrate  ternary complex formation with  full-length heparin 
(Pomeranz  and Owen, 1978), was found to  be  unsuitable. 
Attachment of antithrombin  to  the  matrix  in  the absence of 
heparin  thus led to a  complete  loss of heparin-binding ability. 
Moreover, attempts  to include heparin (even  only  a small 
excess of extensively N-acetylated high-affinity heparin)  in 
the coupling reaction  to  protect  the  heparin  binding  site 
(Hook  et al.,  1976)  always led to  the  binding of a small  amount 
of polysaccharide to  the gel, which thus also bound  thrombin 
in  control  experiments. Two other procedures, therefore, were 
developed. 

Distribution of Inactive  Thrombin between Heparin-Anti- 
thrombin Complexes and Matrix-[inked Low-affinity Hepa- 
rin-In this  method,  the  high-affinity  heparin  sample was 
mixed with  antithrombin, radiolabeled MS-thrombin,  and 
low-affinity heparin-agarose,  and  the  amount of inactive 
thrombin  not  bound  to  the immobilized  low-affinity heparin 
at equilibrium was analyzed. The rationale of the  experiment 
was that only  complexes  between antithrombin  and a  high- 
affinity  heparin  chain sufficiently  long to also  accommodate 
a thrombin molecule would be  able  to  bind  the  inactive 
thrombin  and  thus  prevent  it from binding  to  the  matrix- 
linked low-affinity heparin (Fig. 4A). In  contrast, complexes 
of antithrombin  with  shorter high-affinity chains would show 
no  such effect. The  conditions of the  experiments were chosen 

HA-hepal 

(A) (supernatant) 
I I 

. . -. 
MS-thrombin (column effluent) 

FIG. 4. Outline of experimental design for the study of ter- 
nary complex formation between antithrombin, heparin, and 
inactivated thrombin by competition experiments (A)  and 
affinity chromatography (B).  For experimental  details, see “Ma- 
terials and  Methods.” LA-heparin, low-affinity  heparin; HA-heparin, 
high-affinity  heparin. 
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such that >95% of the high-affinity heparin was bound to 
antithrombin,  as calculated from the binding constants  (Table 
I; Nordenman et ab, 1978; Danielsson and Bjork, 1981; Lin- 
dah1 et al., 1984). The expected maximal concentration of free 
high-affinity heparin could only minimally have affected the 
analyses, as shown by a  control  experiment  in which this 
concentration (0.2 p ~ )  was used in the absence of antithrom- 
bin. The concentrations of the  reactants were also chosen 
such that most of the inactive thrombin was bound to  the 
immobilized low-affinity heparin  in the absence of any added 
heparin in solution. Low-affinity heparin-agarose, which 
binds  thrombin  as  tightly  as  matrix-linked high-affinity hep- 
arin  (Nordenman  and Bjork, 197813) but  has only weak affinity 
for antithrombin (Hook et al.,  1976; Nordenman and Bjork, 
1978a), was  used to minimize the binding of antithrombin to 
the gel. 

Complexes between antithrombin  and high-affinity heparin 
oligosaccharides containing less than 18 monosaccharide 
units were unable to compete with the matrix-linked low- 
affinity heparin for binding of inactive thrombin (Fig. 5). In 
contrast, complexes between antithrombin  and larger heparin 
chains did compete, the effect increasing with increasing size 
of the high-affinity heparin. This behavior indicates that 
appreciable amounts of ternary AT. H.proteinase complexes 
are formed only if the heparin  chain is at least 18 monosac- 
charide residues long. The alternative possibility, that binding 
of inactive thrombin to  the longer high-affinity heparin  chains 
dramatically decreases the heparin-antithrombin affinity so 
that antithrombin is displaced and no ternary complexes are 
formed, is highly unlikely for several reasons. Thus, no evi- 
dence for such an effect has been observed in previous studies, 
in which ternary complex formation was analyzed with active 
thrombin  and full-length heparin by enzymatic methods 
(Griffith, 1982; Pletcher and Nelsestuen, 1983; Nesheim, 
1983). Moreover, the high-affinity oligosaccharides and larger 
heparin  chains were found to associate quantitatively with 
antithrombin in gel chromatography on Sephadex G-100 and 
also when the two species were  mixed with a 10-fold excess 
of inactive thrombin before the experiment (results  not 
shown). No ternary complexes were observed under the  non- 
equilibrium conditions of these analyses, presumably because 
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FIG. 5. Displacement of ‘*“I-labeled MS-thrombin from 
low-affinity heparin-agarose by complexes between anti- 
thrombin and high-affinity heparin or heparin oligosaccha- 
rides  of  different lengths. The dashed line indicates the equilib- 
rium level of free MS-thrombin, i.e. the proportion of MS-thrombin 
which was not bound to low-affinity heparin-agarose in a  control 
experiment where high-affinity heparin was omitted. Incubations 
were performed and analyzed as detailed under  “Materials and  Meth- 
ods.” Each  point  represents the average of duplicate experiments. 
The number of monosaccharide units is given for each heparin 
fraction. 

of insufficient affinity between inactive thrombin  and  hepa- 
rin. 

Affinity Chromatography of Heparin-Antithrombin Com- 
plexes  on  Matrix-linized Inactive Thrombin-In this proce- 
dure, radiolabeled high-affinity heparin fractions were applied 
to a column of agarose-bound MS-thrombin in the presence 
of antithrombin,  and the column was eluted with a  salt 
gradient, also in  the presence of antithrombin. As in the 
previous experiment, the antithrombin concentration was 
such that all heparin species were essentially saturated with 
the protein throughout the analyses. The proportion of hep- 
arin bound to  the column in  the presence of antithrombin 
thus must reflect the amount of ternary AT-H-proteinase 
complex formed with the different heparin fractions (see Fig. 
4B); a displacement of antithrombin from the heparin chain 
by the immobilized inactive thrombin is highly unlikely for 
the reasons discussed earlier. Control experiments showed 
that all heparin fractions bound quantitatively  to the column 
in  the absence of antithrombin  and that  the interaction 
between antithrombin  and the matrix-linked inactive throm- 
bin was  negligible. In the presence of antithrombin, only small 
amounts of the  short oligosaccharides bound to the column, 
while increasing proportions of the polysaccharide were bound 
as  the length of the  chain increased over 18 monosaccharide 
residues (Figs. 6 and 7). The bound fraction eluted at  the 
same ionic strength as in the absence of antithrombin. Ap- 
preciable amounts of ternary AT. H  .proteinase complex thus 
were detected by this method only with heparin chains longer 
than 18 monosaccharide units, in good agreement with the 
preceding analyses. 

DISCUSSION 

Early proposals regarding the occurrence of ternary AT. 
H-proteinase complexes in which heparin binds both anti- 
thrombin  and  thrombin  (Laurent  et al.,  1978; Pomerantz  and 
Owen,  1978; Machovich and Aranyi, 1978; Holmer et al., 1979) 
and  the implications of such interactions for the mechanism 
of the heparin effect  were based on limited experimental 
evidence. These proposals were supported by subsequent ki- 
netic analyses with full-length heparin (Jordan et  at., 1980; 
Griffith, 1982; Pletcher  and Nelsestuen, 1983; Nesheim, 1983; 
Petersen  and Jorgensen, 1983) or with heparin covalently 
linked to antithrombin  (Hoylaerts et al., 1984), which  were 
consistent with AT. H .proteinase complexes increasing the 
rate of inactivation of thrombin by approximating the enzyme 

0 10 20 30 40 
Elution  volume (ml) 

FIG. 6. Affinity chromatography on immobilized MS- 
thrombin of complexes between antithrombin and ‘H-labeled 
high-affinity heparins of  different lengths. The experimental 
details  are described under “Materials and Methods.” The QWOW 
marks the start of the NaCl gradient. The labeled heparin fractions 
contained 10 (- - -), 20 (. . . . ), and -28 (-) monosaccharide units. 
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FIG. 7. Binding of complexes between antithrombin  and aH- 
labeled high-affinity heparin or heparin oligosaccharides of 
different lengths to  immobilized  MS-thrombin. The vertical 
axis shows the proportion of labeled polysaccharide which  was bound 
to  and eluted from a column of matrix-linked inactive thrombin  in 
the presence of antithrombin. Three such  experiments are shown in 
Fig. 6. For further  experimental detail, see “Materials and Methods.” 
The number of monosaccharide units is given for each heparin 
fraction. 

to  the inhibitor.  Heparin  has also been shown to markedly 
increase the stability of the initial  antithrombin-thrombin 
complex, possibly by ternary complex formation (Olson and 
Shore, 1982). In  contrast, kinetic analyses have suggested that 
AT.H .proteinase complexes are only of minor importance 
for the acceleration of the reaction between antithrombin  and 
Factor  Xa  (Jordan et at., 1980; Griffith, 1983; Pletcher  and 
Nelsestuen, 1983). 

The present  study more directly implicates AT.  H  .protein- 
ase complexes in the heparin-accelerated inhibition of throm- 
bin by antithrombin.  MS-thrombin, with similar heparin 
affinity as active thrombin, was shown to bind to binary 
complexes of heparin and  antithrombin only when the hepa- 
rin was at least 18 monosaccharide units long, whereas all 
free heparin species bound similarly to  the inactive enzyme. 
Moreover, the ability of heparins of increasing size to form a 
ternary complex with antithrombin  and  thrombin  strictly 
paralleled the ability of the fractions to accelerate the inacti- 
vation of the enzyme by the inhibitor. Although the  ternary 
AT. H. proteinase complexes of necessity could be demon- 
strated only with inactive thrombin,  this parallel increase 
strongly suggests that such complexes are involved in the 
effects of the polysaccharide on the antithrombin-thrombin 
reaction. This conclusion does not exclude the possibility that 
interactions of antithrombin  and  thrombin at their reactive 
sites  in the  ternary complex may somewhat influence complex 
formation. The size dependence of the accelerating ability is 
similar to  that of the anticoagulant activity (a more approxi- 
mate measure of the accelerating ability), determined in  a 
pure system with thrombin  as the target enzyme by Lane et 
al. (1984), but differs somewhat from the results of Oosta et 
al. (1981). These  authors  thus also found significant activity 
in hexadeca- and tetradecasaccharide fractions, possibly due 
to impurities of larger fragments. All oligosaccharides tested, 
from dodecasaccharide upward, showed appreciable ability to 
accelerate the inactivation of Factor  Xa by antithrombin, in 
agreement with previous findings (Holmer et al., 1980,  1981; 
Oosta et al., 1981; Choay et al., 1983; Lane et al., 1984) and 
with the suggestion that AT.  H  .proteinase complexes are of 
minor importance  in this reaction. The moderate increase in 
the ability to accelerate the inactivation of Factor Xa observed 
in  the present  study for heparin  chains longer than about 30 
monosaccharide units does not necessarily contradict  this 

suggestion, since the increase may at least partly reflect the 
increasing occurrence of two antithrombin-binding  sites in 
these long polysaccharide chains (Rosenberg et al., 1979; 
Jordan et al., 1982). 

The binding constants for the  interaction between anti- 
thrombin  and high-affinity heparin were found to be largely 
independent of the moiecular size of the saccharide. This 
observation suggests that  the antithrombin-heparin  interac- 
tion is essentially restricted to  the specific pentasaccharide 
binding region and  that no additional interactions  contribut- 
ing appreciable binding energy thus occur with longer heparin 
chains (see also Lindahl et al., 1984). It therefore  appears 
likely that  the minimal additional sequence of about 12  mon- 
osaccharide units required to obtain  a significant acceleration 
of the antithrombin-thrombin reaction serves mainly to bind 
the thrombin molecule  by nonspecific electrostatic  interac- 
tion. The enzyme  may also be captured by more extended 
saccharide sequences and  then be transferred by unidimen- 
sional diffusion toward the antithrombin bound at  the pen- 
tasaccharide segment (see Bjork and Lindahl, 1982; Hoylaerts 
et al., 1984). The efficiency of this process would  be promoted 
by the increasing length of the polysaccharide chain,  thus 
partly explaining the  sharp molecular  weight dependence of 
the ability of heparin to accelerate the inactivation of throm- 
bin: The subsequent reaction between enzyme and  inhibitor 
presumably is further facilitated by the conformational 
change induced in  antithrombin by binding to  the pentasac- 
charide segment (Villanueva and Danishefsky, 1977; Norden- 
man and Bjork, 1978a;  Olsen et al., 1981; Lindahl et al., 1984). 

The effects of heparin on the production of a modified  form 
of antithrombin, cleaved at  the reactive bond, followed essen- 
tially the same dependence on the size of the polysaccharide 
as  the effects on proteinase inactivation. This behavior is 
consistent with ternary AT. H-proteinase complexes being 
similarly involved in the mechanisms of the two phenomena, 
i.e. playing a major  role  in the thrombin reactions but being 
of considerably less importance in the reactions with Factor 
Xa. Modified antithrombin presumably is formed by a reac- 
tion pathway which branches off from that leading to forma- 
tion of the stable  antithrombin-proteinase complex and in 
which antithrombin serves as  a normal substrate for the 
proteinase (Bjork and Fish, 1982;  Olson, 1985). In  the  anti- 
thrombin-thrombin  reaction,  a heparin chain sufficiently long 
to bind  both the inhibitor  and the enzyme may remain bound 
in this ternary complex past  the intermediate stage of the 
reaction at which the two pathways diverge. In  this way, the 
heparin molecule  may accelerate the formation of both the 
stable  antithrombin-thrombin complex and modified anti- 
thrombin. However, the  rate of the reaction branch leading 
to  the modified inhibitor presumably is preferentially in- 
creased, and thus a higher proportion of antithrombin is 
distributed along this pathway. Both effects most likely de- 
pend on activation of the antithrombin molecule by the hep- 
arin-induced conformational change, in addition to binding 
of thrombin to  the heparin chain. In  the Factor  Xa reaction, 
however, presumably neither  the acceleration of inhibitor- 
enzyme  complex formation nor the increase in the production 
of modified antithrombin requires that  AT.H .proteinase 
complexes are formed; instead  both effects can be ascribed 

In addition it should be noted that  the antithrombin-binding 
region presumably is randomly located in the high-affinity oligosac- 
charides obtained by deaminative cleavage (Lindahl et nl., 1984). For 
the octadecasaccharides, thus only the fraction of the molecules in 
which this region is maximally shifted toward one end should be able 
to bind both antithrombin and thrombin. The proportion of molecules 
with this ability should increase with increasing molecular size of the 
oligosaccharides. 
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only to  the conformational change in antithrombin induced 
by the bound heparin. 
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SUPPLEMENTARY M l E R l A L  10 

R o l e   o f   l e r n l r y  COmpleXer, i n  w h i c h   H e p a r i n   b l n d i   b o t h   A n t i t h r o m b i n   a n d   P r o t e i n a s e ,   i n   t h e  
A c c e l e r a t i o n   o f   t h e   R e a C t i O n l  between A n t i t h r a n b i n   a n d   l h r o n b i n  or Fac to r  Xa 

8ke   Dan ie l r ron .   E l ke  Raub, U l f  L indahl   and Ingelnar B j o r k  

MTERlALS AND K l H O O S  
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l h r o n b i n  was i n a c t l v a r e d   U i t h   m e t h a n e r u l f a n y i   f l v o r l d e  as desc r ibed  by Sander and Fenton 
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F o r  prepdrltlon Of rad io labe l led   01 lg01dCChdr ide   hepar in  was f l r r t  N-deacety la ted   by  
l h y d r d z i n a l y r i r  a t  l 0 O Y  f o r  1 h  and was t h e n   r e - N - % - a c e t y l a t e d  by t r ea tmen t  w t h  [3Hlace- 
t i c   a n h y d r i d e  (Hook e t  d l . ,  19821. L a b e l l e d   p o l y s a c c h a r i d e  110  m9l Y I 5  depo lymer ized  w i th  
n i t r o u s   a c i d ,  a n d   O l i g O I a C C h d r l d e l   w i t h   h i g h   a f f i n i t y   f o r   a n t i t h r a n b i n  were i s o l a t e d  and 
f u r t h e r   f r a c t i o n a t e d   b y   g e l  Ch10mato raphy &I descr ibed  above. The s p e c i f i c   r a d i o a c t i v i t y  
O f  t he   p roduc ts  was e s t i m a t e d   t o  -lo2 dpmlnml   o f   O l igosacChaTide .  
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The production o f   m d l f i e d   d n t l t h r o m i n  by thrornbln or F a c t o r  Xd I n  the  presence O f  hep- 

c o n d i t l o n r .   A n t i t h r o n b i n   ( f i n a l   C o n c e n t r a t i o n  15 yM1 war I n c u b a t e d   w i t h   d i f f e r e n t   h l g h -  
a r l n  was m n i t o r e d   b y   d a d e c y l   I U l p h d t e i p ~ l y l C r y l d ~ i d e   g e l   e l e c t r o p h o r e s i r  undel reduc ing  

a f f i n i t y   h e p a r i n  fractions or f r a g m e n t s   ( f i n a l   c o n c e n t r a t i o n   3  "MI i n  0.02 M m d l m   p h o r -  
p h a t e   b u f f e r .  0.11 M NaCl. pH 1 . 0 .   f o r  5 min a t  25'C. Thranb in  or Fac to r  X 1  Has then  added 
to a f i n a l  Concentration o f  15 Y M .  A f t e r  redct lon  t imes Of 5 m n  f o r   t h e   d n t i t h r o n b i n -  
t h r o n b l n   r e a c t i o n  or I0 m l n  for t h e   r e a c t i o n   w i t h   F a c t o r  X a ,  t h e   i a m p l e l  were mdde 16 I "  

b a t h  f o r  60 I .  Gels were s t a i n e d   v l t h   C o o m a i r i e  brilliant b l u e  R 250 a f t e r   e l e c t r o p h o r e l i i  
sodium  dodecyl   Wlphdte  and 1.3 M i n  2-mercaptoethanol and wre k e p t  on a b o i l i n g   w a t e r  

fragment Of m d l f i e d   a n t i t h r o m l n  was d e t e r m n e d   i n   p e r  cent o f   t h e   t o t a l  absorbance O f  
[Weber and Orborn, 19691 and were scanned a t  510 nm. The absorbance g iven  by t h e   l a r g e  

a l l  bands on t h e  g e l .  and t h e   f r a c t i o n  O f  d n t i t h r o n b l n  converted t o  t h e   m d i f i e d   f o r m  was 
C a l c u l a t e d   f r o m   t h l 5   v a l u e   I B j o r k   a n d   F i s h .  19821. 
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r a d i o l d b e l l e d ,   I n a c t i v e  enzyme 10.85 "MI was I ncuba ted   w1 th   l ow-a f f i n l t y   hepar ln -Sepharose  

h e p a r i n   f r a c t i o n 5  or f r agnen t r  13 .8  "MI a f   d l f f e r e n t   l e n g t h s .  The amount o f  r d d i O a C t l v I t y  
( i n  an a m u n t   C m l e l p O n d i n g  t o  3 yg o f  l o w   a f f i n i t y   h e p a r i n ) .   a n t l t h r o n b i n  1 5 . 2  yH1 and 

T r i l -HC1 ,  0.1 M NaCl. 1% p o l y l e t h y l e n e   g l y c o l i ,  pH 7.4. The i a m p l e l  were ro ta ted   end-over -  
i n  each   i ncuba t ion  was -5000 c.p.m. and the t o t a l  volume was 0.3 ml. The b u f f e r  w a s  0.05 M 

end a t  22f2'C f o r  3 h. The tubes wew then   cen t r i fuged.   and  the  amount Of r a d l o a c t l v i t y   i n  
t h e   s u p e r n a t a n t ,   p r o p o r t i o n a l   t o  the amount o f  ternary complex  formed, was determined. 

The f o r m a t i o n   o f   t e r n a r y  AT-H-P comp lexe l   w i th   l ndc t l ve   t h romb in  wdl a110 s t u d i e d  by a f f i -  

manner O u t l l n e d   i n   F i g .  58. A 200 "1 sample, containing a n t i t h r a n b i n  (100 YMI a n d  3H- 
n i t y   ch romatog raphy   o f   hepar ln -an t l t h ro rnb in   comp lexes  on i m b i l i z e d   K - t h r o n b i n  in t he  

l a b e l l e d   h e p a r i n  or hepar in   O l i gO ldCChar ide i  125 yM, lO00U c.p.m.1. was a p p l l e d  t o  a 
column 11.6 x 1.5 cml o f   M S - t h m n b i n - S e p h a m l e   a t  4-C. The colunm * d l  p r e v i o u s l y   e q u i l l b -  
r a t e d   w l t h  0.05 M T r i i - H C 1   b u f f e r .  pH 7.4. c o n t a i n i n g  0.1 M NaCl and 3 .5  y M  a n t i t h r o m b i n .  
Unbound m t e r i a l  was e l u t e d   w t h  -25 ml o f   t h i s   b u f f e r ,  and a g r a d l e n t  (10 f IO m l i  to 0.6 
M NaCl i n   t h e   d n t i t h r o n b i n - c 0 n t d i n i n g   b u f f e r  was t h e n   I t d v t e d .  The f l o w  rate was 5 n l / h ,  
and  1-ml f m c t i o n s  were c o l l e c t e d .  A volume Of 800 111 f rom  each  f rac t ion  was analysed  by 
l i q u l d   s c i n t i l l a t i o n  counting. The p r o p a r t i a n   o f   b o u n d   r a d i o a c t l w  maternal. reflecting 

unretarded  peaks. I n  C o n t r o l   e x p e r i m e n t $ .   a n t i t h r o n b i n  * a i  omit ted  f rom  both  sample and 
the   f o rma t ion  o f  t e r n a r y   c o n p l e i e r .  was e s t i m a t e d   f r o m   t h e  areal u n d e r   t h e   r e t a r d e d  and 

b u f f e r .  

The f o r m a t i o n   o f  ternary comp lexe i .  i n  w h i c h   h e p a r i n   b i n d s   b o t h   a n t i t h m n b l n   a n d   i n a c t i v e  
t h r o n b l n  IAT-H-P c a n q l e x e r l ,  YII s t u d l e d  by c o m p e t i t i o n  elperlmentr bared  on t h e   a b i l i t y  
o f   t h e   d n t i t h r o n b i n - h e p a r i n   c o m p l e x   t o   p r e v e n t   1 2 5 1 - l a b e l l e d  K-th;onbln f r o m   b i n d i n g   t o  
m d t r 1 X - l i n k e d   l o w - d f f l n l t y   h e p a r > " .  The exper imen ta l   des ign  7 5  O u t l i n e d   i n   F l g .  5 A .  The 

P r o t e i n  COnCentrationS Yere measured I p e C t l ~ p h ~ t ~ m e t ~ i ~ d l l y   a t  280 nm. The s p e c i f i c  ab- 
I O r p t i o n   c o e f f i c i e n t s  used f o r   a n t i t h r a n b i n   t h r o n b i n  and F a c t o r  X 1  were 0 . 6 1  [Nordenman 
e t  d l . .  19771,   1 .75   (F ish  e t  d l . ,  19791 and' 1 . 2 2  (Jackson e t  a l . .  19681 l i t e r  9-1 cm-1.  
r e s p e c t i v e l y .  


