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activity over AFTT activity for h1z)psrin and each of the LMHF are 
listed in Table I. 

TABLE I 

Supp 1 i er Mean Anti-FXa APTT Ant.i--FXa: 
Mol ecu1 ar Uni ts/mg Uni t.5,’ APT1 
Weight mg Ratio 

Acti n Hcti vated Cephal opl. a:jtin Reagent (for APTT measure- 
ments) was from Dade Diagonostics Inc.) Aguada, Puerto Rico. 
Subs-trate S-2222, antit.hrnmbin II I 9 Factor Xa, antithrombin II I, 
hr_ufran normal plasma and buffer !O.C% tl ‘i-r-is, 7.5 mM EDTA, pH 8.4) 
for the anti-FXa measurement.s were obtained as a Coatest Heparin 
Ki. t from KabiVitrum, 5toc:khoIm. Protamine sc!lf ate (grade I I I 
f ram tier-r i ng ) was from Sigma C:hetnical Company, St. Louis, MU. 
Bi o--Gel A agarose (ES%) was obt,ained from Bin-F&d Laboratories, 
Richmond, California. Human blood was cc~llected in citrate (9: 1, 
i//v whole blood tcs 3.8 % weight trisodium citrate) from paid 
donor-s at Chi Ildren ‘cj Hor,pi t.al Medical Center Blood Bank, Boston, 
Massachusetts n AI I chemical r, were reagent grade, and water was 
twice distilled. 

Hepar i nase I produced by Fl_a_lCg,bacterLqE, heparjJ_.iq (15) was 
purified using batch hydroxylapatite chromatography (16). The 
partially purified heparinac;e was used directly or was immobi- 
lized cm cross-1ini::ed 8 % agarose beads pre--activated with cyano- 
gen bromi de, according tu t.he method described previ ous1.y (17) m 
One 1-m i .t of hepar i. 13ask-s activity was; defined as the amount of E?IT--- 

zyme which degrades 1 mg ot: heparin/h. 

A~_~~y_._.f..~.u:._.._~.~~.~..~.~~..~~~~~~~~____,_.,_._~_~_... T’hr-ombopla?-t.j.n Time ._._?.___._..._ ,... _.._...__rAf:..Tr.2. 

10(I) ~1.. of Activated Cephal opl ast i n Reagent prewarmed to :37% 
were incubated with 100 PI._ o-F plasma sampl.e at 3’7% for 2 min y 
fol.lowed by .the addi,tion of l.(X) )II_ of O.K? M CaC12. After an- 
othw- 25 sE?c, a p1at.inu.m innocul.ating loop was drawn through the 
mixtc!r-e iii2t.i 1 a clot was formed and the time was recorded. The 
APTT ws.5 compared t,o a standard curve prepared for each of the 
individual L...MHF at concentrations of 0 -- 0. 6 units/mL. ‘T h e AF’ T‘ “1 

uni tr, were defined crsiriq the 3-d I-ieparin International Standard 
a5 ref erencze. Samples fnr measurements were first diluted with 
normal. human plasma un.ti.1 the AF’TT lay w~thir! the linear range of 
the standard ct_wve. 
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I:::‘1 asma contairriny hepari n or- L.MWF was prepared a.% described 
above. Ta 9 mL of the heparinired plasma, 5 ml.. of cross-l i r?C::ed 8 
X bPadEj (a 75 % c;uspension in physiologic sal ine solution! con- 
staining immobilized heparinar-e ! 1.45 units/ml of beads! were 
added s “We mixture was incubated at 37% with gentle agitation. 
Cit time intervals of Or 10, 20, 40, arid bi:) min duri ng the :t ncu- 
bat. i c:gri ) xi al. i quot of 1 ml_ of the mixture waEj withdrawn and cen- 
tr i f uged at :3 v 000 9 , CWZ for 3 min .to remove the beads and quench 
t.he react.xon. ‘The residual AFT and ant:t -FXa a c t lvities in the 
supernatan.t were meaa_tr-ed ., The resi. dual act:.j. vi. t.y ~~3.5 repre5ent.ed 
a.5 the rel at i ve act i vi ty asf;l...uni ng a :I.00 X val.ue fc:)r t,he initial 
activity. 

fable I I summarizes .the res;t~l ts of the enzymatic degr-adati on 
of heparin and LMHF with heparinaze. As indic:at.ed by their di+- 
.f erent Km valires, heparinase appears to exhibit camp1et.el.y di+-, 
det-ent affiriities for- different LMHF, despite si mi 1 sr mani.\+ ac- 
tur:i.ng procedru\rr!s and even similar molec~~.lar weight d%stribution 
,f or- these LMHF s For i nst.ance ., while both Kabi 21.65 and PK 10169 
di spJ. ay si mi I. ar mol. ec:ul ar wei ght.5 1 F’K I. 0 :I. 69 5tiuws a Km va 1. ue ten 
times higher than that of Kabi 2165. This difference in Km val- 
1I.ec-i may be acco!.u?ted for in terms of the di+ferent molecular com- 
posi t.i on% and/or chemical strc!ctures present in these compounds. 
However q 3.1 niost. w~ual molar quant.itxer; of final degradation pro- 
dUCt5 were produced by each gram of hepc7irin and LMt-!F (with the 
ei: cept j. cm c-8 .f _ pt::: 1 1:) 1. $+, ‘7 ) r;uggesting that the reaczti. on mode cata- 
lyzed by heparinase miiht be simi iar- for heparrin and I-MHF::‘. The 
identi ty in average mol ecu1 ar weight of the final degradation 
product.5 al so re4 1. ects r,c.~ct) a ceric 3. cirsi on m It: i.5 not clear What 

c:a.uses the di screprncy between the reac:t,ion kin&i cs and the re- 
act, i on mode= One explanat.iclr1 rwu1.d be t.hat. .thtz nnit%al binding 
si-tes on heparin and LMHF -for heparinase bindincj might not be 
those i nvul. vpd in cl. eavag~! m 

TABLE. I I 

Aver-age t::m Moles of Degr-ada- Average PI01 eccrl at- 
Mol ecu.1 ar CM) tion F’roductsfper- G?ei nht of Lkgt-a-- 
Wei gt1.t gram of sub5trat.e dati on Pr-cdcrcts 



604 REMOVAL OF LMHF BY HEPARINASE Vol. 44, No. 5 

120 I 1 I I I 

Kabi 2165 

0 
r” 0' 

120; 0.05 0.10 0.15 0.20 0.25 0 30 
I I 1 I I I 

‘I- 
O 0.05 0.10 0.15 0.20 0.25 0.30 

Protamrne Concentration (mg/ml) 

20- 

0 , I I 1 1 
0.05 0.10 0.15 0.20 0.25 0.30 

140 I I I I I 

20- 

O- I I I I I 
0 0.05 0.10 0.15 0 20 0.25 0.30 

Protamine Concentration (mg/ml) 



Vol. 44, No. 5 REMOVAL.OF LMHF BY HEPARINASE 605 

0 10 20 30 40 50 60 70 

I I 1 I I I I I 

, -!, 

0 IO 20 30 40 50 60 70 

I I I I 1 1 I I 

20 30 40 50 60 70 

Time (min) 

FLG. 2 

lo 20 30 40 50 60 70 

r I I I I I I 

CY222 

\O 
20- O-b6 -o- ---___ o--_-_-_- 

OO IO I 20 I 30 I 40 50 , 60 4 70 

Time (min) 



606 REMOVAL OF LMHF BY HEPARINASE Vol. 44, No. 5 

Figure 1 shows the neutralization of heparin and LIYHF by 
protami ne, When protamine was suppl.emented at 0. 09 mg/ml_, a cam- 
plebe neutralization o.1: both AF’T’T and Anti-FXa activities was ob- 
served fnr hepar-in. ‘This valcre (i.e. the equivalent value) is in 
good agreement. with the figure that is widely accept.ed and com- 
monly LLsed in c:linic::al practice Ci .e. 1 -- 2 mg of protamine for 
each 100 LISP ?rnitzi of heparin). ‘The prolongation in RPTT and the 
i nc:rease in ?nti-FXa acti vi ty corresponding to the further addi -. 
tion of protamine beyond the eq?riva.len~t value is a common phenom- 
en on I It ir:; believed tc, be related ta protamine ‘S own anticoagu- 
lant. proper~ties (201 m 

Neutral, izatrion of LMHF by protamirte fol. lowed a simi iar pat- 
tern to that nf heparin. 8ot.h AF’TT and anti ,-FXa activities de- 
c:reac;ed with the increase in protamine concentration ur1t.i 1 t.hey 
reached a minimum, at which the protamine concentration iti de-- 
fined a5 the apparent equivalent value, and then increased with 
f~urttier iricreaze5.5 in protamine ct:x-tcentr-ation. However , nei t.her- 
of these activities were ever completely. neutralized by protamine 
for arty of the LMHF samples. Even at the apparent eqcri val.ent 
val ue5 q at l.east. 40 % 0.f: the AF’TT activity still remaj.ned in 
plasma for each of the cases (Fig. 1) . ‘The anti-FXa activity ex- 
hi bited a stronger resistance to protamine neutral irat.ion than 
that. of the AF’TT’ activity, and was insensitive to neutralization 
over a broad range of prcAam:i.ne concentrations. The degree of 
nei!tralization, as we:l.l as the apparent equivalent value varied 
with the samples used for t.esting. These results support the 
findings reported by other groups that, protamine from different 
source5 i 5 not an efficient. antagonist to LMHF (10-12) m 

Removal of Ar?t i c:oagr..tl ar,.r?jt....#c t i vi t y of LMHF Q_u_....t~~.+_r i nas~__j~n_,lufiu+,y! --- _.___.. _-_._.- ..__.._ _-._- ..- - ..- 
Pl a5ma 

Figure 2 shows the removal of the anticoagulant activity of 
heparin and LMHF by heparinase. In all cases including that with 
nor-ma1 hepari n 1 more than 80 :/ of both APTT and anti-FXa actxv- 
itiec, were abolished in less than 20 min. After 20 min, a nearly 
comp1et.e removal of bot.h activj.ties WEIS noted. The residual ac- 
tivities dropped t.o a level of less t.han ‘7 % of their initial 
.val ue5, and remained unchanged thereafter. Since heparinase was 
present i.n a lar-ge excess over the level required for- complete 
removal, the kinetics of removal, or in other wnrds, the rate of 
remc?val was almost identi Cal. for each of the cases despite the 
different Km values for these LMHF. Since the final degradat.iori 
products, produced by a complete heparinase digestion were re- 
ported to possek3s t.race an?:ic:oagulant activities (4,1(I), 14) , the 
small. amount of APTT and anti-FXa activities (<:I’7 %) remaining in 
each of the samples after the heparinaeje digestion nf L.MHF was 
believed to be attributed to t.hose of the degradation products. 

During the past decade, the development of LMHF as new anti- 
thrombotir agents or heparin substitutes has gained increased at- 
tention. These coppounds are characterized with a poor ability 
to prolong the plasma clotting time and a strong potential to in- 
hibit coagulation Factor Xa (h-9). The potent anti-FXa activity 



Vol. 44, No. 5 REMOVAL OF LMHF BY HEPARINASE 607 

pruvide~ the dr!.rgs with their antithramhotic properties, whereas 
the low 6V”T’T activity is believed to significantly reduce the 
1~1. eedi ng ri 51::~ normal. 3.y ar,x~::~.at.ed with conventional heparin 
therapy (1 , 6-T) . In addition, +r.he l.ow platelet binding of these 
agentVs al 50 enabl i”5 a reduced tendency of causing thrombocyto- 
pen i 2 ! 2 1 ) y Mcx-ec!VfL3r- , t.hc t_MHF exhibit a longer _I,n y,.jlig hal,f- 
:l.i,f:e than tha.t of heparin, which may provide them with another 
beni+icial .featc!.‘re to permit a low dosage in the prophylactic 
I I 5 @c. n f “.. ._ - the antithrombntic agents !21) s 

Pro-tami ne ha7s 1 ong been u5er-l in con.jc!nction with heparin 
therapy a5 a hepari n antagonist. (2;2__;%<) . A dosage of I. n :5 mg o.f 
protamine a!I:f.ate generally is used in clinical practice to neu- 
tr-al.ize :I.O~~~ LISF’ crriits of heparin !22) . Pr-c&amine binds heparin 
chemic:all.y and dic;p’la:es it. from its binding site on the anti- 
thrc!mbin mol erl:ul~~~ rendering hepar-i n ‘5 arrticoa.yul.arrt effects in- 
e f .f e (1: t i v e ( :;;: 2 “-’ 2 5 ) /( ‘me k~indirig wan r,r.rggested to require a mini- 
mum 0.f 1.6 5atr:c:haride r.rnit.5 ! I. :I.) 1 Since L.MHF CMW 3 % , 1 FJt:)(:l .- :j , c:l(:H:t 
daltons) prepared by depolymer izatinn nf normal. heparin were com-- 
posed i:?$ Sj .-- lb saczcharide units, they displayed a very weak a+- 
finity for prcttamine. Several. groups have reported the lack 0.6 
both .i_n. ~,j:_$!:~J, and 6.~1 .yi_\r!a e.f f i ci envy .f c3r protami rie in neutral .‘_ 
iring the al”lticoagulant. effects n.f LMHF ! 1 (I)--. 12) . C!w- in vi trc? _ __._ _ -.- .__.-.... .._... 
re5u:Lts are consistent with these +indings. When protami ne sc!l ‘- 

.+ate ~a.5 5~pplemented at a dosa.ge mc>st e.ff icient for neut.ral i-- 
zation (i.e. the apparent equivalent value) , .more t.han 40 % of 
?:he f#‘I”r and 63 % of the anti-FXa activitie% still remained un- 
newkr-a:!. j, zed -for al :L ~11.t-i~ L.MHF. These vs.1 uez are sl i ght I. y higher 
than I:h!:x~e r c?part:ed by other?; with the employment nf protami ne 
r:h 1 !:.ri de ‘f rather .than protami ne 5ul fate ‘I d5 the neutral i-ring 
~3. q en 1:. ! I 0 , 1. :I. 1 j ‘[he 1 ac C:: IA+ ir~teract:.ion wi t.h protami ne, as we1 1 
c+. 5 t h e ab 5enr:. e C7f ii proper antagoni st to L.MHF might exclude the 
L.PIHF from some major potential therapeut.i.c appl. icat.iix”~z r-uc:h a!~ 
i 1-i e:.:.!zracror-porea:l t.herapy Y brxau!3e of the concern of the bleeding 
‘“i ::,I.;5 a~~oc:iated wi t.h these app:L icatiuns where a high dor,e uf 
t* r-1 t I il: o 13 g I..!. ‘1 ant.5 are required y 

FVevi o!.ic-l y we have sl_l.ggec;t.ed an approach which would el i mi -- 
na-1r.e bl.eeding prob3.emr- associated with ectracorporeal heparin 
-I::hi-,rapy ( I::) ~ Thi 5 apprrsach consists of placing a blood kilter 
c on t. 2 i 13 i I-I q i mmobi 1 i red hepari. nase at the effluent of the extra- 
c:orpar ~33.1 device. The + i :! t.er wc3~.1ld convert. heparin residing irk 
.t h e e x t. I- a c: (3 r p c3 I*. ea 1 device .tc3 :;mal 1 saccharides with minimal. anti- 
c 0 a ~3 I...\ ? an .t s.c:tivity be.fore the blood ret.urned to the patient. 
Pr-el iminar’l: data shr3wed t1-ia.t sclch a C 1. Iter was capable of re- 
moviny ~!p to 9Q Yi;. of heparin in a single pass for L_n. yi$r_~. arid jn_ 
\il,“p L.! 4 e 5; ! 13 9 1’7 ) . Normal heparin is polydisperse with a mol.ecu- 
lar weight range frr-lm 3 ,000 to 40,000 da1 tons (2h! 9 and per se 
c o n t a i 17 5 a cer-kain f r-action of Iow molec~~l.ar weight 5pei:ies. 
Si rgc::e hepari nase ha.5 been r-hown t.o degrade t.his polydiq!err;e hep-- 
a-1.1~ 1rld1.~~:r1.~ii~na..... .I-~21 y tc3 smal. 1 fragments with 3.n average mol. ecu- 
1 ai” weight of 1. ,CKK) r.llal. tc:,nr, ! 1.4) ‘I it is int:er-est.inq to exL7mine 
whether the above device i 5 capabI.e of neutral. i z in9 LMHF. Th e jr\_ 
vi t,ria data cnnf i r-m thi 5 f easibi 1 i ty” .” .._.. -,__‘--_ LJIHF were degraded by hep-- 
arlnac;e in buf,fer- in ;r fashion simx lar to that c~f heparin, al- 
thcx.~~I-~ the I~::inc~et:ic.:-1 of degradation were somewhat different; this 
:t s prexim& 1 y bec:ause uf di fference5 in tht c.hemi c:al riature of 
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