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the enzyme is a tetramer and that it is sufficient to block one 
of the monomers to inactivate the complex. These results are 
in agreement with previously published data which demon- 
strated evidence for fluorescence energy transfer between 
purified reconstituted (Ca*+)ATPase monomers (Vanderkooi 
et al., 1977) and with equilibrium centrifugation of cata- 
lytically active (Ca2+)ATPase soluble in detergent (Le Maire 
et al., 1976). An alternative explanation for the observed 
results is that the interaction of DCCD with the enzyme 
follows multiple routes: part of the I4C label is released as 
a diacylurea derivative following a nucleophilic attack of the 
intermediary complex (by an adjacent amino group of an 
amino acid side chain?) and part of the DCCD is covalently 
bound as a result of a rearrangement conversion of the in- 
termediary complex (Carraway & Koshland, 1972). 
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Antithrombin Reactions with cy- and y-Thrombins? 
Tien-ling Chang, Richard D. Feinman,* Bryan H .  Landis, and John W. Fenton I1 

ABSTRACT: Human a-thrombin with high clotting activity and 
its proteolyzed derivative y-thrombin with virtually no clotting 
activity reacted in an essentially identical manner with an- 
tithrombin. The two enzyme forms bound proflavin with 
similar constants and showed identical behavior with small 
substrates. No significant differences were found for the 
antithrombin reactions (measured by proflavin displacement 
or active site titration) with respect to kinetics, extent of 
reaction, or effect of added heparin. The enzyme-anti- 
thrombin complexes could not be dissociated with sodium 
dodecyl sulfate (NaDodS04) but the NaDodS0,-denatured 

T h e  enzyme responsible for the clotting of fibrinogen in blood, 
a-thrombin (EC 3.4.21 S), can be converted by proteolysis to 
a form, y-thrombin, which retains esterase activity but has 
minimal clotting ability. The existence of multiple active forms 
is also known for other proteases such as trypsin and chy- 
motrypsin, but the thrombin preparations have two unusual 
properties. First, a-thrombin's ability to clot fibrinogen 
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complexes were dissociated by hydroxylamine treatment. The 
y-thrombin-antithrombin complex has an approximate mo- 
lecular weight of 75 000 by disc gel electrophoresis as compared 
with 100000 for the a-complex, consistent with the polypeptide 
structures of the two proteins. The y-thrombin-antithrombin 
complex did not inhibit clotting catalyzed by a-thrombin. In  
addition, fibrinogen did not affect the reaction of y-thrombin 
with antithrombin or antithrombin-heparin. Thus, the an- 
tithrombin and antithrombin-heparin reactions do not involve 
the fibrinogen recognition sites which are destroyed by pro- 
teolytic conversion of a-thrombin to the noncoagulant y form. 

represents high specificity for particular arginylglycine bonds. 
An enzymically active form such as y-thrombin, which has 
lost this specificity, is clearly useful. Second, the amino acid 
residues responsible for enzymatic activity appear on three 
separate chains in y-thrombin as a result of the a- to y- 
proteolytic conversion, and is, thus, of interest in the study of 
enzyme mechanism. The structure and properties of the 
various human thrombin forms are summarized in Figure 1. 
The derivative y-thrombin has been found to retain some of 
the biological activities of a-thrombin. These include activation 
of factor XIII (Credo et al., 1976; Lorand & Credo, 1977), 
factor D like activity in the alternate complement pathway 
(Davis et al., 1978), and reduced although qualitatively similar 
activity in initiating platelet reactions (Charo et al., 1977). 
Also, reaction of native and y-thrombins was shown to be the 
same toward an affinity label for sites adjacent to the active 
site (exo-sites; Bing et al., 1977). 
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and Dr. Fred Feldman of Armour Pharmaceutical Co., 
Kankakee, 111.) and stored frozen in 0.75 M NaCl at  -70 OC 
until used (Fenton et al., 1977a,b). Preparations of pre- 
dominantly the y-thrombin form Mere made by controlled 
passage of a-thrombin through trypsin-Sepharose 4B and 
similarily stored (Fenton et al. ,  1977b; Bing et al., 1977). 
Protein concentrations were based on an absorption coefficient 
of 1.83 mL mg-' cm ' at  280 nm in 0.10 M N a O H ,  and a 
molecular weight of 36500 was assumed for all thrombin 
forms. Clotting assays were standardized against reference 
thrombin B-3 (kindly supplied by Dr. David L .  Aronson, 
Bureau of Biologics, Food and Drug Administration, Bethesda, 
Md.). Thrombin preparations were evaluated for enzymic 
purity as described elsewhere (Fenton et a] . ,  1977a). The 
majority of the present experiments were performed with two 
a-thrombin preparations (2300 and 2600 LS ( N I H )  clotting 
units,"&; 75.2 and 84.3% active by Y P G B  titration; 98.5% 
0-. 1.5% 9-, 0.0% y-thrombins and 99.4% a- ,  0.6% e-, 0.0% 
?-thrombin forms by electrophoresis of ['4CjDFP-labeled 
samples. respectively) and with three ;.-thrombin preparations 
(1.3.  2.3. and 5.7 units/mg: 72.5. 75.0. and 76.5% active; and 
0.0% a- ,  15.0% $-. 85.0% ?-thrombin, 0.0% ck- ,  11.5% $-, 
88.5% y-thrombin, and 3.7OzO LY-. 12.7. 6-. 83.6% ?-thrombin 
forms. respectively). 

Huninn antirhronibin \+as purified b) a modification of the 
procedure of Thaler & Schmer (1975). The final eluate of 
the Sepharose 4B-heparin-affinity column (0.02 M imidazole, 
1.2 M NaCI, pH 6.5) was concentrated to a small volume with 
an Amicon ultrafiltration cell fitted with a PM 30 membrane. 
I t  was then dialyzed against 0.025 M Tris. 0.1 M biaCl, pH 
7.0, and passed through a DEAE-Sephadex column equili- 
brated with 0.025 M Tris-HC1. 0.1 M NaCI, pH 7.0. Elution 
was carried out with 0.025 M Tris. 0.22 M NaCI. pH 7.0. The 
eluate \4as again concentrated with n PM 30 membrane. 
Ammonium sulfate precipitation \\as ;is described by Thaler 
& Schmer (1975). The final precipitate was dissolved in 
distilled water and extensively dialyzed against 0.01 M am- 
monium acetate and the 0.05 M sodium barbital. 0. I M KaCI. 
pH 8.3 at  4 "C.  The total protein concentration was de- 
termined b) the method of Lowq et al. (1951). The con- 
centration of actii'e antithrombin was determined by the 
amount of thrombin which could be inactivated. Preparations 
Mere 90-9806 active antithrombin and appeared to be a single 
band protein b) NaDodSOj gel electrophoresis. 

Hepurin (Inolex Co; sodium snit) \vas used Mithout further 
purifications or was purified to fraction A by cetylpyridinium 
chloride (Roden et al., 1972). Heparin concentrations are 
given in approximate molar value based on specific activit! 
and approximate average molecular neiglit of 1 1  000 deter- 
mined by osmometr?. 

Fibrinogen of bovine origin \\.as purchased from Calbiochem 
and \\as further purified by the method of Bloniback & 
Blomback (3956). The final product u a s  9606 clottable. 

Cbet?~iculs. p-'%itrophenyl p'-guanidinobenzoate hydro- 
chloride (pXPGB)'  was purchased from Vega-Fox Bio- 
chemicals. Tosylarginine met hql  ester (Tos-Arg-OMe) was 
purchased from Schwarzl Mann Biochemical Co. Proflavin 
sulfate (Schwarz/ Mann) wa5 recrjstallized from methanol 
i n the dark . S- cv - Ben zo y 1 p hen y la I a n y lv  a 1 y la rg i n i ne p -  n i t ro- 
anilide \ \ a h  purchased from Ortho (Raritan. N . J . ) .  Other 

- 0 c:u _I 
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F l G L K t  I :  Human thrombins. The  product of human prothrombin 
activation is tk-thrombin. This form consists of a 36-residue A-chain 
and a 259-residue B-chain polypeptide joined by a disulfide bridge. 
Limited proteolysis (e.g., autolytic, tryptic) converts a-thrombin to 
i3- and subsequently y-thrombin with an accompanying loss of clotting 
activit) (see text). These cleavages occur at  approximately one-third 
and two-thirds from the B-chain amino terminus in the formation 
of $- and r-thrombins, respectiveil. Human *(-thrombin is a unique 
enzymic form i n  that the B-chain fragmentation separates the 
functional residues comprising the charge relay sqstem (His-57. 
Ser-195, and Asp-102) and the activation salt bridge (lle-16 and 
Asp-194). This form has no counterpart in the bovine thrombin 
system. Those residues \* hich are expected-from comparison \+ ith 
pancreatic proteases-to participate in small-molecule substrate 
binding are  located adjacent to the catalytic serine in the carb- 
oxy-terminal 8 4  fragment (Magnusson et al., 1975). Structures are 
based on sequence data of Butkowski et al .  (1977) and Thompson 
et ai. (1977) for tu-thrombin. Cleavage sites for 3- and 3-thrombins 
a re  tentative assignments from Fenton et al .  (1977b). Numbers for 
amino acids refer to  the homologous position in chymotrypsin. The 
correspondences between these numbers and the actual position in 
the thrombin peptidechain arc: Ilc-16. I: His-57. 13 :  Ser-195. 305: 

:e L S 5 -  - s s d  

. ~ s P -  102. 99: Asp-194, 204. 

An important physiologic reaction of thrombin is the in -  
teraction with the endogenous plasma coagulation inhibitors. 
Thrombin. as well as other coagulation enzymes, is known to 
react with the 65 000 molecular weight inhibitor antithrombin.' 
This inhibitor forms a tight. probably covalent complex with 
the active site of thrombin (Rosenberg & Damus, 1973: Owen. 
1975).  The glycosaminoglycan heparin is a positive effector 
of the reaction and is generally believed t o  effect rate en- 
hancement via a conformation change in the antithrombin 
molecule (Rosenberg & Damus. 1973: 1.i et a i . .  1976). al- 
though it has also been proposed that the inhibited enzymes 
are the target for heparin (Sturtzebecher & Markwardt. 1977: 
Machovich et al., 1975-1977). The reaction of antithrombin 
M,ith proteases can be followed b j  observing displacement of 
the acridine dye proflavin from the active site of the enzyme 
(Li  et 211.. 1976. Feinman et ai., 1977). and it is thus possible 
to study the kinetics of this reaction by continuous recording 
of enzyme inactivation. The results reported here show that 
( t -  and y-thronibins have virtually identical kinetic behavior 
with respect to the antithrombin reaction and its activation 
by heparin. Thus, the modification in thrombin Lvhich 
abolishes clotting activity is at a locus separate from those sites 
i nc ol red i n  the antithrombin and antithrombin- h epa r i n r e - 
actions. 

M a ter iii Is :i nd Met hods 

7hromhin Prqwatiorzs. Human oc-thrombin \vas prepared 
from fraction I11 paste (gifts from Dr. Robert M. Silverstein 

' Antithrombin is also referred to in the literature as antithrombin 1 1 1 .  
antithrombin-heparin cofactor. heparin cofactor, and Xa inhibitor (Xal).  

,,\bbreviations used: Bz-Arg-OEt, ,~I'-benzoq.l-L-arginine ethyl ester: 
Dip- F .  diisoprop) i phosphofiuoridace: pS PG B. p-nitrophcn) 1 p '- 
guanidinobenrodte; PEG. pol!(eth!lene glycol): B7-t'he-Val-hrg-p- 
nitroanilide. .'L"-benzo) l-t.-phen) lalan! I-L-valql-L-arginine p-nitroanilide: 
Tos-Arg-Oblc. .Y"-tos)l-i -arginine methyl ester: AT, 'intithroinbin. 
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Table I: Effect of Antithrombin on  the Activity of CY- and 
7-Thrombin in the Clotting Test‘ 

clotting time (s) 

A N T I T H R O M B I N - 7 - T H R O M B I N  R E A C T I O N S  

* ’  

i 

O’ IO 20 30 ’ 
Time ( m l n )  

FIGURE 2: Inactivation of y-thrombin by antithrombin. Antithrombin 
(2.4 X M) was incubated with y-thrombin (4.3 X M) in 
0.05 M sodium barbital, 0.1 M NaCI, pH 8.3, 25 ‘C. Samples a t  
indicated times were titrated with 5 X 10” M pNPGB (solid circles), 
Control (no antithrombin): open circles. 

chemicals were reagent grade and were used without puri- 
fica tion, 

Kinetic Methods. Reactions of enzymes with Bz-Arg-OEt 
and Bz-Phe-Val-Arg-p-nitroanilide were followed spectro- 
photometrically a t  253 and 410 nm, respectively. Kinetic 
constants were determined by double-reciprocal plot using a 
weighted least-squares fit by a Wang calculator. The reactions 
with antithrombin using the proflavin method and stop-flow 
spectrophotometry were as described previously (Feinman et 
al., 1977). The extent of the antithrombin reactions were 
determined by active site titration with pNPGB (Chase & 
Shaw, 1969) or by proflavin difference spectra (Li et al., 1974). 
Proflavin-enzyme dissociation constants were determined by 
titration of fixed concentrations of dye with enzyme (Bernhard 
et al., 1966; Li et al., 1974). Clotting tests were performed 
on the Hyland Clotek machine, in the presence of low con- 
centrations of PEG 6000 (Fenton & Fasco, 1975; Fenton et 
al., 1977a). 

Effect of Fibrinogen on the y- Thrombin-Antithrombin 
Reactions. In these experiments the loss of proflavin from the 
active site of y-thrombin as antithrombin binds was followed 
spectrophotometrically. The reaction mixture contained 3.4 
X 10” M y-thrombin and 1.2 X M heparin in 1.98 mL. 
Reaction was initiated by the addition of 20 pL of anti- 
thrombin solution to a final concentration of 3.9 X M. 
Before the antithrombin addition, 20 pL of fibrinogen was 
added to final concentrations of 0.8 to 9 X lo-’ M.  The same 
concentrations of fibrinogen were added to the reference 
solutions which were identical with the sample except that 
enzyme was omitted. Heparin was used in these experiments 
to accelerate the reaction before a clot formed; although 
y-thrombin has only 0.1% of normal clotting activity, a clot 
will form a t  very high enzyme concentrations. 

Results 
Antithrombin Reactions with y- Thrombin. The inactivation 

of y-thrombin by antithrombin is shown in Figure 2. Enzyme 
activity was determined by titration with the active site ti- 
trating agent pNPGB (Chase & Shaw, 1969). The molar 
concentration of active sites lost was equal to the antithrombin 
added. 

The y-thrombin preparations studied contained 10-15% p- 
and 80-90% y-thrombin forms, but C5% parent a-thrombin. 
These preparations had less than 0.2% of the clotting activity 
of pure a-thrombin. Preincubation of antithrombin with 
y-thrombin, however, protected the clotting activity of a- 
thrombin from the effect of the inhibitor. This was true both 
in the presence and absence of heparin. The behavior of 
y-thrombin in the clotting test is summarized in Table I. 

expt conditions Ominb 30minb  6 0 m i n b  

1 a(native)-thrombin + 4.6 4.8 4.4 

2 ythrombin + buffer >300 >300 
3 a(native)-thrombin + 4.6 70.7 98.4 

4 ythrombin + >300 >300 

5 a(native)-thrombin t 5 , 2  5.3 5.3 

buffer 

antithrombin 

antithrombin 

antithrombin (pre. 
incub. with y for 
6 0  min) 

antithrombin (pre- 
incub. with a for 
6 0  min) 

6 y-thrombin t 88.2 92.8 86.6 

For each experiment, the clotting time for thrombin (test 
solution) was measured at  0, 30, or 60  min after mixing with anti- 
thrombin (experiments 3-6) or buffer (experiments 1 and 2). In 
experiments 5 and 6,  the antithrombin was first preincubated with 
the indicated thrombin before mixing with the test solution. In  
each case, the mixture of antithrombin and test thrombin were 
maintained at 25 “C in 0.025 M sodium phosphate, 0.1 M NaC1, 
0.66% PEG 6000, pH 7.0. The clotting was measured as described 
in Materials and Methods at 37 “C with the same buffer. 
after mixing thrombin with antithrombin or buffer (min). 

Time 

Complex formation between y-thrombin and antithrombin 
was also demonstrable with NaDodS04 disc gel electropho- 
resis. On NaDodS04 electrophoresis y-thrombin showed three 
bands corresponding to B1, B3, and B4 chains (Figure 1). 
Mixtures of A T  and the enzyme showed a new band at  ap- 
proximately 75 000 molecular weight, consistent with complex 
formation between AT and B4. Hydroxylamine addition to 
the system caused dissociation of the (NaDodS04-denatured) 
complex, analogous to results of Owen (1975) with the native 
enzyme. 

Mixtures of y- 
thrombin and the acridine dye proflavin show the characteristic 
visible difference absorption spectrum of serine protease- 
proflavin complexes (Figure 3; Bernhard et al., 1966; Li et 
al., 1974; Koehler & Magnusson, 1974). The difference A,,, 
= 466 mn. Titration of proflavin with y-thrombin gives a 
dissociation constant, Kd = 8.5 X M. This is approxi- 
mately the same as the constant determined for the native 
enzyme, Kd = 7.0 X 10” M. It should be mentioned that this 
is the first published value for the binding constant of proflavin 
to human a-thrombin and is quite a bit tighter than the binding 
of dye to the bovine enzyme where the value is Kd = 3.0 X 
lo-$ M (Koehler & Magnusson, 1974; Li et al., 1974). 
Addition of antithrombin to  proflavin-y-thrombin mixtures 
abolished the difference spectrum (Figure 3). Table I1 shows 
results of experiments, discussed below, in which y-thrombin 
was found to be partially inhibited by antithrombin-heparin 
mixtures. The amount of thrombin inhibited was the same 
whether determined by proflavin absorption changes or by 
titration of remaining sites with pNPGB. Loss of enzyme- 
proflavin difference absorption, then, reflects loss of enzyme 
active sites. 

Kinetics of A T-y-Thrombin Reaction. The reaction of 
antithrombin with thrombin can be studied by continuous 
recording of the change in proflavin absorption (Li et a]., 1976; 
Feinman & Li, 1977). In the absence of heparin or in the 
presence of low concentrations of heparin, the reactions can 
be recorded by conventional methods. Figures 4A-C show 
kinetic traces for reaction of antithrombin with a- and y- 

Binding of Profauin to y-Thrombin. 
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FIGURE 3: Proflavin difference spectra of solutions containing y- 
thrombin and y-thrombin-antithrombin complex. Reference solution: 
3 X lo-' M proflavin, 0.05 M sodium barbital, 0.1 M NaCI, pH 8.3. 
Sample solutions: (curve 1 )  same as reference plus 2.9 X M 
y-thrombin; (curve 2) same as reference plus 2.9 X 10" M y-thrombin 
and 3.4 X M antithrombin (45 min after incubation), 25 O C .  

Table 11: Kinetic Parameters for Reaction of a- and 
y-Thrombin with AT' 

% enzyme inhibited 

thrombin (pM) (10' M-'  s'.l ) proflavin titration 

2nd-order -'-- 

heparin rate constant NPGB 

N 1.9 96.9 95.4 
7 2.0 93.2 93.3 
a 3.5 510.0 61.2 11 .2  
Y 3.5 490.0 62.1 62.2 _- 

app 1st-order 
rate constant 

( 1 0 - 2  s-') 

a 0.12 3.4 1 3 . 5  7 1  0 
7 0.12 3.8 74.1 

0.035 1 . 5  19.3 
_-I___- 

' Values are for reactions measured by proflavin displacement 
determined by conventional spectrophotometry (low values or no 
heparin) or in the stop-flow ([heparin] = 3.5 p M ) .  Reactant con- 
centrations were: a-thrombin, 2.8 pbf; y-thrombin, 2.9 p M ;  and 
antithrombin. 3.4 p M .  

thrombin with no added heparin or a t  low heparin concen- 
tration. Figure 4D contains traces from rapid-mixing, 
stop-flow studies where high (about equimolar) concentrations 
of heparin were used. It is evident that the kinetic behavior 
of a- and y-thrombins is virtually identical in this system. 
Kinetic behavior of antithrombin and thrombins is summarized 
in Table 11. The reaction of antithrombin and thrombin alone 
followed second-order kinetics and the rate constants from 
reciprocal plots are the same. At low heparin concentrations, 
the reaction has an apparent first-order behavior (Li, Windwer, 
& Feinman, in preparation). The apparent first-order rate 
constants are  identical for the two thrombin forms. Figure 
5 shows that the first half-time of CY- and y-thrombin reactions 
is the same in the range of low (approximately 0.3-3.5 X IO- '  

Table 111: Steady-State Kinetic Parameters fnr Reaction of  
Thronibins with Sinall Substrates - _ _  . .... - ..... ._ .. .. .. ~~ .. . ... -. _ _  - __ . . -.. .. 

137-Ph e-V 31. ,\ r g.-p - 
Rz-Arg-OEt nitroanilide 

... -_I.. . -. .. .. .- . .- 

.. - I- .- _- -_ . . . . .__ . _. - ._ . . . .. . . - -- ... . . - . .. -. 

a-thrombin 4 1  3 u T? 49  
y-thrombin 4 0 3 r j  i n 3  24 - -. . .  .~... . .. . . ~ . ~ .. , -. . . . 

a Reactions were followed s~~ectropl iotoineir ic ; , l l~  a t  2 5 . 1  11171 

for Bz-Arg-OEt or 4 10 nm for Bz-Plie-Val-Arg-i..iiitio:iniiide. 

M) heparin and varies inversely nitti the heparin concentration. 
In all experiments reported here, heparin was preincubated 
with antithrombin. Premixing thrombin with heparin did not 
appear to change the kinetics Interpretation of such premixing 
experiments is now believed to depend on the analjsis and 
fractionation of particular heparin samples (Oaen,  1977) and 
these results wil l  be discussed elsewhere (1.i. C h n g ,  & 
Feinman, in preparation). 

We also observed i n  these reactions that the addition of 
heparin reduced the total extent of thrombin inhibited by 
antithrombin, consistent w i t h  many other reports in the l i t -  
erature and recently proposed to be a consequence of hete- 
rogeneity of heparin (Owen, 1977, and references therein). 

Reactions of y-7'/rror~biti iurd A T  irr the  Prryetic-e c!f k9- 
brinogen. The exceedingly low specific clotting activities of 
y-thrombin preparations allow reactions of this enzyme form 
to be studied in the presence of fibrinogen. We found that 
fibrinogen would not displace proflavin from 7-tlirombin. and 
was without effect in the antithrombin reactions. Figures 4C 
and 5 show that ?-thrombin reacts with antithrombin a t  the 
same rate regardless of the presence or absence of fibrinogen. 
We also found thar. fibrinogen (up to 45 p M )  did not affect 
the rate of hydrolysis of 2 X 10 hf Rz-Phe-Val-Arg-p- 
nitroanilide by -pthroinbin, but a complete kinetic s tudy  of 
this system was not performed (Figure 6). 

Rearlions with Sniall  tS'zhrrute,s. For corripariwn with 
protein substrate reactions. the stead) -state kinetic parameters 
for two small synthetic substrates were determined, Vie  
observed values are cuiniiiarized i n  '['able IT1 

__._̂ I_.. . .I____ - .. __I___ ." . 

Discussion 
The structural basis of the specificity of thrombin for f ' i -  

brinogcn remains a challenging problem in coagulation 
chemistry. The region of the fibrinogen molecule required for 
interaction with thrombin appears to be extensive (for review. 
see Scheraga, 1977), and a reasonable working hypothesis is 
that thrombin contains tho functionally identifiable sites. The 
first is the classical active site and immediately adjacent area 
(probable sites for specificity for arginine and/or benzamidine 
binding). This first site would contain the residues involved - 
in catalysis (His-57. Ser- 195. Asp- 102 .  Asp- 194, Figure I ) arid 
would be relatii'tly nonspecific w i t h  regard to protein sub- 
strates. t h e  second w ~ u l d  be ii region of greater biologic 
s peci ficit,; presu ma bl). cwta  ini ng those st rucl lira 1 features that 
recognize the fibrinopeptide region of fibrinogen. 'The pro- 
teolyzed product -) -thronibin pruvidcs presumptive support for 
this idea as well a s  3 mean, of' elaborating and further testing 
it. This derivative has virtually no clotting activity but has 
the same esterase activitj- as native thrombin for Bz-Arg OEt. 
'4 wmmary of the cvidencc that the active site and neighboring 
regions are unchanged by the ( Y -  to y-thrombin conversiori i s  
as fnllo\+s. Small rnolecule substrates and competitive in- 
hibitors have the same behavior with both forms (Fenton et 
al.. 1977b): there is no cletcctable difference in Ser-195 (205) 



A N T  I T  H R 0 M R I N- y - T H R 0 M B I N R EA C T  I O N  S V O L .  1 8 ,  N O .  I ,  1 9 7 9  117 

0.06 

10 

* 
0 
0 

0.04 - 

D 

FIGURF 4. Kinelic studie, of 1-thrumhin-antithrumbin and a-thrombin-antithrumbin rcdction,. and the effe;tr at heparin and fibrinogen 
Reactions werc carried out b) observing the dic lacement of proflavin from the x i i w  ciler of tnqmec b) Intithrombin 31 466 nm spec- 

effcct of I O U  concentration, of heplrin un thrumbin-antithrombin reactions Antithrombin. 1 4  X IO6 M. uac premixed u i t h  I.? X 10.’ M 
heparin and then added tu 2.8 X 10’ M a-thrombin (IJ and 2.9 X 10 M ,-thr.”in (2). Both reference and sample solutions contained 
3 X I O ”  M profl;irin in 005 \odium M barbital. 0.1 M SaCI. pH 8.3 at 25 “C. (C) ‘The effect of fibrinugon on -,-thrumbtn-3ntithrumbin 
reaction. .4ntithronibin. 1.9 X 10 \I -,-ihrombm and 
I 2 X IO-’ hl  heparin. Fibrinogen concentrations uere. (I) rcro, (2)  0.8 X 10 ’ M. ( I )  1.5 X 10 ’ M. (4)  9 X 10’ M. (D) Slopped-flow 
kinetics: rcaclions uf thrombin. -,.thrombin. and anrilhrombin-heparin. ( I )  ct-lhrombin (5  3 X M) in “ne ,yringc ua, mixed u i r h  a 
)oluliun of aniithrombin (4.9 X 10 51) and heparin (6.9 X 10 Mi in the other syringe. Both qringcs contained 0.05 M sodium barbital. 
0.05 M SaCI. pll R.0. and proflxvin (4.2 X 10.’ M). ( 2 )  -,.Thrumbin (4.0 X 1 U . O  Mi, anlilhrumbin (4 2 X I O ’ ”  \11, heparin (1.7 X 10 51). 
and proflavin ( 3  X 10 ’ \ I )  i n  0.05 sodium M barbital. 0.1 M SdC‘l. p l l  8.3. Resclian as dtrcribcd i n  I 

trophotometrically. ( A )  Antithrmbin. 3.4 X I O ’  ! U. uds added to 2 X X 10“ M a-thrombin ( I )  3nd 2.9 X I O ”  \I -,-thrombin ( 2 J  (B) l h c  

M. and varling conccntratms of fibrinogen xere added io 3 solution of 1.4 X 10 

[HEPARIN] I I W ’ M  I 

FIGURE 5: The effect of heparin concentration on a- and y-thrombin 
antithrombin reaction. A mixture of 3.4 X IOd M antithrombin and 
varying concentrations of heparin was added to 3.0 X IO” M a- 
thrombin (A) or 3.2 X 10~6 M y-thrombin (0). The decrease of 
absorbance at 466 nm due to dye displacement was recorded spec- 
trophotometrically. The first half-time of the reaction was measured 
and plotted against heparin concentrations. All reactions were carried 
out with 3 X 10.’ M proflavin, 0.05 M sodium barbital, 0.1 M NaCI, 
pH 8.3. 

conjugated spin-label and fluorescent probes (Berliner & Shen, 
1977); proflavin binding is essentially the same for the two 
enzymes (Results); the two thrombin forms show identical A- 

ol--A. ~ --... ..... ~ ..J 
[FIBRINOGEN] 110-5~) 

1 2 3 4  

FIGURE 6: The effect of fibrinogen on the reaction of y-thrombin with 
a small substrate. 4.4 X M y-thrombin was added to a solution 
of 2 X M Bz-Phe-Val-Arg-p-nitroanilide and different con- 
centrations of fibrinogen. Reference contained the same solution of 
the anilide substrate and fibrinogen except no enzyme was added. The 
rate of pnitroaniline formation was measured spectrophotometrically 
at 405 nm. The reaction was carried out with 0.05 M Tris. 0.05 M 
imidazole, 0.125 M NaCI, pH 8.3 at  25  OC. 

and 9-chain labeling ratios with an  exo-site affinity-labeling 
reagent (Bing et al., 1977). 

T h e  activity of y-thrombin is not restricted t o  small mol- 
ecules. This derivative can activate factor XI11 (Credo et  al., 
1976; Lorand & Credo, 1977) and has factor D like activity 
in the alternate pathway of complement (Davis et al., 1978). 
These protein substrates, therefore, presumably do not require 
the fibrinogen binding site in thrombin. The  reduced pro- 
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coagulant activity (factors V and VIII)  of y-thrombin may, 
however, be indicative of the loss of this specific biologic site 
(Fenton et al., 1977b). Platelets show a somewhat inter- 
mediary effect, responding in a qualitatively similar way to 
y-thrombin but a t  a much reduced level from the native 
enzyme (Charo et al., 1977). 

The observations that -y- and @-thrombin have essentially 
identical behavior with antithrombin are surprising, especially 
with regard to the effect of heparin. Heparin is generally 
believed to cause a conformation change in the antithrombin 
molecule so as to effect a more rapid rate, and it is reasonable 
to believe that this will involve facilitated binding of some part 
of the activated antithrombin molecule to some secondary site 
on thrombin (in addition to the active site). It has been 
suggested that such a secondary site might be identical with 
or part of the secondary fibrinogen site (Feinman & Li, 1977). 
This would seem not to be the case from results presented here. 
It would thus appear that antithrombin only reacts a t  the 
primary site (active site and immediately adjacent regions). 
In addition, if fibrinogen binds to y-thrombin at  all, it does 
not occlude this site since the reaction with antithrombin is 
unaffected by the presence of fibrinogen. The fact that tri- 
peptide anilide hydrolysis is not reduced by fibrinogen would 
seem to indicate that the latter does not bind at  all. These 
results do not mean that the binding of antithrombin to 
thrombin (or other proteases) does not involve sites other than 
the active center. but only that such regions of the thrombin 
molecule probably did not coevolve with antithrombin in the 
way that fibrinogen and fibrinogen-binding sites evolved in 
parallel. 

I t  should be mentioned that the fact that the antithrombin 
reaction in the presence of heparin is the same for the modified 
and native thrombin is further suggestive evidence that an- 
tithrombin and not the enzyme is the target for heparin, a 
question which is still considered open. This is consistent with 
the fact that antithrombin and heparin-antithrombin react 
with other coagulation factors (Harpel & Rosenberg, 1976). 
These results are. however, somewhat in conflict with those 
of Machovich et al. (1977) who studied the interaction of 
plasma inhibitors with bovine &thrombin. This form is a less 
proteolyzed derivative than ?-thrombin and retains about 10% 
clotting activity (Kingdon et al., 1977). They measured the 
loss of this residual activity u hen reaction Lvith antithrombin 
took place. The $thrombin was somewhat less susceptible 
to antithrombin than a,  but, more striking, there was a drastic 
difference in the response to heparin added to their system. 
It is possible that the results reported by Machovich dem- 
onstrate the effect of heparin on $-thrombin in the clotting 
test. Measuring the active-site behavior, for example, by active 
ester titration. might explain the discrepancy between that 
report and our results. 

The behavior of antithrombin with the two forms of 
thrombin is in contrast with that of hirudin, the anticoagulant 
protein from leeches (Bagdp et al.. 1976, and references 
therein). Hirudin has a molecular weight of -7000 and forms 
an extremely tight noncovalent complex with a-thrombin. The 
complex with y-thrombin is two to three orders of magnitude 
weaker (Landis et al., 1978). Thus, hirudin would seem to 
bind to fibrinogen recognition sites and these results are  
consistent M ith hirudin being a thrombin-specific inhibitor, 
which forms a noncovalent complex. whereas antithrombin is 
a relatively nonspecific protease inhibitor, forming covalent 
complexes. 

Antithrombin is the major coagulation inhibitor of the 
plasma and the only component whose concentration can be 
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related to thrombotic tendencies (Harpel & Rosenberg, 1976, 
and references therein). The demonstration that y-thrombin 
has behavior identical with that of native enzyme suggests that, 
if  any proteolyzed forms of thrombin exist in the circulation, 
they may be of importance in reducing the antithrombin 
content. Machovich et al. (1976, 1977) has similarly suggested 
that $-thrombin which, in his work, reacted with antithrombin 
but with a reduced rate may be of biologic importance. The 
type of autolytic degradation required to produce these de- 
rivative forms is encountered in handling 'concentrated 
preparations but autolytic conversion of a- to the derivative 
$- and y-thrombins might conceivably occur in vivo a t  sites 
of high local enzyme concentrations. Also, homologous 
conversions might be carried out by trypsin-like enzymes of 
various origins. In this regard, although brief exposure of 
a-thrombin to platelets does not cause conversion to derivative 
enzyme (Martin et al., 1976). enzyme species resembling the 
derivative forms have been observed upon incubating thrombin 
with tissue cultures (Zetter et al., 1977). Whether these 
derivatives do, in fact, accumulate in plasma and may thereby 
reduce endogenous anticoagulant activity remains to be de- 
termined. 

One important implication of the present studies is that the 
use of an impure thrombin preparation will lead to low an- 
tithrombin assays when measured with the clotting test. Since 
any proteolyzed forms of thrombin will also react with an- 
tithrombin. the apparent inhibition of the clotting power of 
a thrombin preparation \vi11 be reduced compared with the 
actual molar concentration of inhibitor in the antithrombin 
sample under test. Ideally, well-characterized a-thrombin 
preparations should be used. or the ability of antithrombin to 
neutralize titratable active sites should be measured as well 
as clotting inhibition. 

In summary. an important biological function of thrombin, 
reaction with antithrombin and heparin-antithrombin, is 
unaffected by the proteolysis that leads to loss of clotting 
activity. 
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Yeast Mitochrondrial Deoxyribonuclease Stimulated by Ethidium 
Bromide. 1. Purification and Propertiest 
HilCne Jacquemin-Sablon,* Alain Jacquemin-Sablon, and Claude Paoletti 

ABSTRACT: A deoxyribonuclease (EtdBr DNase), which is 
about 25 times more active on double-stranded DNA, in which 
EtdBr is intercalated has been purified from yeast isolated 
mitochondria. This enzyme appears to be located in the 
mitochondrial membrane. Sodium dodecyl sulfate-poly- 
acrylamide gel electrophoresis of the purified fraction yielded 
six major bands whereas, in native conditions, i t  migrates as 
a single band. In addition to the EtdBr DNase, this fraction 
contains two other DNase activities, both of which are in- 
hibited by EtdBr a t  the same concentration which is used to 
measure the EtdBr DNase activity. One is detected on 
double-stranded DNA a t  acid pH and the other on single- 
stranded DNA at neutral pH. The three activities cosediment 
in a sucrose gradient and have similar rates of heat inacti- 

T h e  D N A  intercalating drug ethidium bromide’ displays 
biological properties in several organisms. Smith et al. (1971) 
reported that, in mammalian cells, it rapidly inhibits mito- 
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vation. The level of stimulation of the EtdBr DNase depends 
on the amount of intercalated EtdBr per nucleotide, the 
maximal activity being reached when all the intercalated sites 
are occupied. More detailed studies on the mechanism of this 
stimulation are described in the accompanying paper (Jac- 
quemin-Sablon, H., et al. (1979) Biochemistry 18 (following 
paper in this issue)). The enzyme, which cuts one strand a t  
a time in a covalently closed circular PM2 DNA molecule, 
is classified as an endonuclease. Possible involvement of the 
EtdBr DNase in the process of “petite” induction by EtdBr 
was investigated by measuring the enzyme level in two mutants 
resistant to EtdBr mutagenesis. This enzyme was present a t  
a normal level in both strains. 

chondrial DNA synthesis and induces a change in  its su- 
perhelix density. However, there was no significant nicking 
or degradation of this DNA (Smith, 1977). Similar effects 
have been observed in the kinetoplastic DNA of trypanosome 
(Riou & Delain, 1969; J. Benard, G. Riou, & J. M. Saucier, 

’ Abbreviations used: EtdBr, ethidium bromide; mtDNA, mitochondrial 
DNA; PhCH2S02F, phenylmethanesulfonyl fluoride; NaDodS04, sodium 
dodecyl sulfate; BSA, bovine serum albumin. 
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