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Proteolytic processing of human coagulation factor IX by plasmin

John A. Samis, Gillian D. Ramsey, John B. Walker, Michael E. Nesheim, and Alan R. Giles

Previous studies have shown that throm-
bin generation in vivo caused a 92%
decrease in factor IX (F.IX) activity and the
appearance of a cleavage product after
immunoblotting that comigrated with acti-
vated F.IX (F.IXa). Under these conditions,
the fibrinolytic system was clearly acti-
vated, suggesting plasmin may have
altered F.IX. Thus, the effect(s) of plasmin
on human F.IX was determined in vitro.
Plasmin (50 nM) decreased the 1-stage
clotting activity of FIX (4 M) by 80% and
the activity of FIXa (4 M) by 50% after 30
minutes at 37°C. Plasmin hydrolysis of
F.IX yields products of 45, 30, 20, and 14

kd on reducing sodium dodecy! sulfate—
polyacrylamide gel electrophoresis (SDS-
PAGE) and 2 products of 52 and 14 kd
under nonreducing conditions. Plasmin-
treated F.IX did not bind the active site
probe, p-aminobenzamidine, or form an
SDS-stable complex with antithrombin. It
only marginally activated human factor X
in the presence of phospholipid and
activated factor VIII. Although dansyl-Glu-
Gly-Arg-chloromethyl ketone inactivated—
F.IXa inhibited the clotting activity of
F.IXa, plasmin-treated F.IX did not. Plas-
min cleaves F.IX after Lys43, Argl45,
Arg180, Lys316, and Arg318, but F.IXa is

not appreciably generated despite cleav-
age at the 2 normal activation sites
(Argl45 and Argl80). Tissue plasmino-
gen activator—catalyzed lysis of fibrin
formed in human plasma results in gen-
eration of the 45- and 30-kd fragments of
F.IX and decreased F.IX clotting activity.
Collectively, the results suggest that
plasmin is able to down-regulate coagula-
tion by inactivating F.IX. (Blood. 2000;95:
943-951)
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Introduction

The processes of clot formation and lysis consist of a series thfombin generation in vivo. At elevated doses of F.Xa and PCPS,
enzymatic reactions that involve the controlled activation dhe regulation of hemostasis may be compromised, and the
inactive zymogens and cofactdré.The blood-clotting reactions resultant phenotype is remarkably similar to the human disorder,
result in the generation of thrombin, which mediates clot formatiatisseminated intravascular coagulation (D¥CA study of the
by catalyzing the conversion of soluble fibrinogen to insolubladividual coagulation factors indicated that the clotting activity of
fibrin. Fibrinolysis occurs upon generation of plasmin, whicli.IX decreased by 92% in this experimental model after F.Xa/PCPS
cleaves insoluble fibrin to fibrin degradation products. Experimemfusion?! In addition, a lower apparent molecular mass cleavage
tal evidence indicates that a hemostatic balance exists betwg@eoaduct of F.IX approximating the size of F.IXa was observed by
coagulation and fibrinolysis under normal conditiohsnd that immunoblotting following F.Xa/PCPS infusion. This result was
this balance is perturbed in response to injugnd during unexpected because the F.IXa-like species produced as a result of
disease:1° Components of the coagulation and fibrinolytic prothrombin generation would have been expected to complex with
cesses may not only regulate their respective pathways but n@gsma antithrombin (AT) into a larger product. These results
also interact with each other. For example, in the presence safggest that, in response to thrombin generation in vivo, either
thrombomodulin, thrombin activates a plasma carboxypeptidaBéXa was generated from the action of its physiologic activators—
(thrombin activable fibrinolysis inhibitor) whose resultant activity.X1a?2 or F.VIla and tissue factor (TE3—and further cleaved to
downregulates fibrinolysi¥. Conversely, plasmin has been showran “inactive” protease, or that a different protease cleaved F.IX
in vitro to inactivate factor (F.)IX? activate F.VIE® and F.XII14  directly to a F.IXa-like product possessing decreased coagulant
and initially activate and then subsequently inactivate!¥and activity. These changes in F.IX were associated with a 10- to
F.VIII.18 Plasmin’s action on F.V, F.VII, F. VI, F.IX, and F.XIl may 25-fold increase in the functional activity and antigen levels of
profoundly alter the levels of thrombin generated and significanttissue plasminogen activator (tPA) and a 2.5-fold decrease in the
influence the resultant rate of coagulation. antigen levels ofa,—antiplasmin &»-AP),1° suggesting that in-
The infusion of activated F.X (F.Xa) and phosphatidylcholine¢treased generation of plasmin may have mediated the effect(s)
phosphatidylserine (PCPS) vesicles results in thrombin generatamF.1X.
in vivo.1”"1% These animal models have been used to study the F.IX is synthesized in the liver as a single-chain glycoprotein
coagulation and fibrinolytic reactions that occur subsequent @®l, 57 000), and the zymogen circulates in human plasma at
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approximately 5 pg/mL (0.09 uMy. The complete nucleotide Methods
sequence of the F.IX gene and amino acid sequence of the maw

r . ) .
protein has been determinétk-.|X is activated in a 2-step process ySmlyS's of .IX and FIXa by plasmin. Purified F.IX or F.IXa (4 uM)

. L was treated at 37°C with 50 nM of plasmin in 50 mM of HEPES per 0.15
2 3
by either F.XI&% or TF and F.VIIa Initial cleavage occurs at mol/L NaCl, pH 7.4 (HBS) containing 5 of mM CaC(HBS/Ca). After

Arg145 to yield a 2-chain inactive “intermediate”of 46 kd (F&X.  yarying times of incubation, 2 aliquots were removed from the same
Subsequent hydrolysis at Arg180 generates the fully active profgaction. One aliquot was added to an equal volume of SDS-PAGE sample
ase (F.IX@) consisting of an N-terminal 18-kd light-chain disul-puffer as previously describé8The other aliquot was added to VFK-CMK
phide linked to a C-terminal 28-kd heavy chain. The physiologi@.2 puM final concentration) in HBS and incubated on ice for 10 minutes
importance of cleavage at Arg145 relates to an increased bindimipr to assay for F.IX clotting activity (see below). VFK-CMK (2.2 pM)
affinity between F.IX and its essential cofactor in the tenaseompletely inactivated plasmin activity toward both F.IX and the plasmin
complex, F.VIIla2 Hydrolysis at Arg180 generates the structurapeptide substrate S-2251, but it had no effect on the F.IX/IXa coagulant
rearrangements necessary for the development of a catalytic regigfivity at the concentrations of F.IX/IXa assayed. _
surrounding the active site serine, Ser36% The following Factor IX cIottm_g_ assay. This was performe_d using an aPTT clotting
studies describe a detailed characterization of F.IX cleavage By and F.IX-deficient human plasma as previously desciiiéidP was

- - . S S used as the standard, assigning 1 unit of F.IX clotting activity per milliliter
plasmin using purified proteins in vitro. The results indicate thal plasma
plasmin-like fragments of F.IX are detectible in reactions of Sodium dodecyl sulfate-polyacrylamide gel electrophoresiSDS-

tPA-induced lysis of fibrin formed In.hurnan_plasma. Plasm'F—"AGEwas carried out according to the method of Nevfllapproximately
catalyzes cleavage not only at the 2 activation sites of F.IX (Argl4¥5“g of F.IX protein was loaded per lane using 5%-to-15% or 5%-to-20%
and Arg180) but also at at least 3 additional sites by which th@ear polyacrylamide gradient gels. The plasmin cleavage products of F.IX
molecule is inactivated. Collectively, the results suggest thgkre visualized after 12 to 16 hours of staining at 22°C with 0.0016%
plasmin has the potential to down-regulate coagulation by inactiv@eomassie Blue R-250 in 5% acetic acid and 7.5% ethanol and destaining
ing F.IX. for 2 to 3 hours in 18% methanol and 9% acetic acid.

Binding of pAB to F.IX treated with F.Xla or plasmin. The binding of
the fluorescent active site probe pAB to F.IX treated with either F.Xla or

Materials and methods plasmin was performed according to Lin et@F.1X (4 uM) was incubated
with either 500 nM of F.Xla or 50 nM of plasmin and 4 uM of pAB in HBS,
Materials pH 7.4. The reactions were performed at 37°C using a Perkin Elmer

Luminescence Spectrometer (Model LS50B; Montreal, Quebec) with

Human prothrombin, F.IX, and F.X were purified from frozen plasma,itation and emission wavelengths of 336 nm and 376 nm, respectively,
according to Bajaj et & Human thrombin was prepared from prothrombing 4 2 350-nm cutoff filter in the emission beam.

according to Lundblad et 4. Bovine F.XIa was from Enzyme Research Effect of plasmin on the interaction of F.IX and F.IXa with AT. F.IX

Laborat.orles (South Bend, IN). Human F.IX (4.1 “_M) was agtlvated tf’4 uM) was incubated in HBS/Ca at 37°C with either no additions for 60
F.IXa with 500 M of F.Xla for 2 hours at 37°_C accordl.rjg to Lenting e¥al. minutes (control) or with 50 nM of plasmin for 60 minutes (F.IXp) or with
Hurpan F.X was activated to F.Xa according to Fupkawg ¥ #CPS 500 nM of F.Xla for 2 hours (F.IXa). In some cases, F.IXa and F.IXp (4 uM
\{esmles were prgpared according t9 Baren_holz &@and their concentra- of each) were further treated at 37°C with plasmin (50 nM for 60 minutes)
tion W.as determined by assay of inorganic phosphq%uﬂuman Glu- and F.Xla (500 nM for 2 hours); samples were designated F.IXa/p and
Z?CSOT(;?r?gig \A(I;SstZIrl?r?;rii dfr(;rgm;;ﬁzair; pélzzvm;egsg 9 g{:éﬁnsm?: rEﬁ?(p/a, respectively. The plasmin was inactivated as described above. The
urokinase according to Bajzar et %I.Dansylarginine-N-(3-ethyl-1,5- F.IX samples were then either diluted for the clotting assay, prepared
} . . ) o fiirectly for nonreducing SDS-PAGE, or further incubated with AT (5 uM)
pentanediyl) amide (DAPA) was synthesized according to Neshein?&t aénd heparin (2 mg/mL) for 30 minutes at 37°C and prepared for
Human F.VIII was from Bayer (Darmstedt, Germany). Bovine serum

) . S . nonreducing SDS-PAGE.
albumin (BSA), p-aminobenzamidine (pAB), N-[2-Hydroxyethyl]pipera- T .
( ). P (PAB), N-[2-Hy vethyllpip Activation of human factor X. Factor VIII (60 U/mL) was activated

zine-N’-[2-ethanesulfonic acid] (HEPES), porcine intestinal mucosa hepa-

fin, and Coomassie Blue R 250 were from Sigma (St. Louis, MO). The F.)&’x’th thrombin (1 nM) for 5 minutes at 37°C according to Astermark ét al.

and plasmin peptide substrates, S-2222 and S-2251, respectively, were fidifembin was inactivated by the addition of DAPA to a final concentration

DiaPharma (Franklin, OH). tPA and human AT were generous gifts frofff THM- FIX (4 iM) was treated at 37°C in HBS/Ca with either 50 nM of
Genentech (San Francisco, CA). The AT was further purified usir@asmm fgr 60 minutes or with 500 nM of F.Xla for 2 hours. The plasmin
heparin-Sepharose chromatograhyThe sodium dodecyl sulfate— was mactlvateq as descrlb_ed above. F.IXa or plasmin-treated F.IX (0.3 nM
polyacrylamide gel electrophoresis (SDS-PAGE) molecular weight staff €ach) was incubated with human F.X (600 nM), F.Vila (0-10 U/mL),
dards were from Pharmacia (Uppsala, Sweden). F.IX-deficient hum@Rd PCPS vesicles (30 uM) according to Nishimura ét Aksay of F.Xa
plasma was from BioPool (Burlington, Ontario). The activated partiegenerated was carried out following the addition of S-2222 to 0.4 mM and
thromboplastin time (aPTT) reagent and the Coag-a-mate XC Plus wépgasurement of the initial rates of p-nitoraniline produced at 405 nm and
from Organon Teknika (Scarborough, Ontario). Valyl-phenyl-lysyl chloro37°C in a 96-well plate (Dynatech Immulon, VWR Scientific, Mississauga,
methylketone (VFK-CMK) and 1,5-dansyl-glutamyl-glycyl-arginine-Ontario) using a SpectroMax 250 plate reader (Molecular Devices,
chloromethylketone (dEGR) were from Calbiochem (San Diego, CApunnyvale, CA). The amount of F.Xa in the different reactions was
Normal human pooled plasma (NHP) was from Precision BiologicaRalculated from a standard curve using purified human F.Xa.

(Dartmouth, Nova Scotia). Immobilon-P membranes were from Millipore Effect of plasmin-cleaved F.IX or dEGR-F.IXa on the clotting activity
(Bedford, MA). Prestained molecular weight standards were from Gibcef F.IXa. F.IX (4 uM) was treated at 37°C in HBS/Ca with either 50 nM of
Bethesda Research Laboratories (Burlington, Ontario). The rabbit antiggasmin for 60 minutes or with 500 nM of F.Xla for 2 hours. The plasmin
rum to human F.IX was generously supplied by Dr Arthur R. Thompsowas inactivated as described above. Half of the F.IXa reaction was further
(University of Washington, Seattle, WA). Goat anti-rabbit immunoglobulitreated with a 5-fold molar excess of dEGR-CMK (20 uM) for 20 minutes at
G (IgG) conjugated to horseradish peroxidase and SDS were from BioR2&rC and incubated for 30 minutes at 37°C to inactivate any free
(Mississauga, Ontario). Western blot Chemiluminescene Reagent Plus WE&R-CMK. The F.IX samples were assayed at 0.01 to 10 000 pmol/L in
from Mandel Scientific (Guelph, Ontario). the clotting assay using a fixed concentration of F.IXa (10 pmol/L).
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NH,-terminal sequencing of the plasmin cleavage products of F.IX. A
F.IX (4 uM) was incubated with plasmin (50 nM) for 2 or 30 minutes in
HBS/Ca at 37°C, and the plasmin was inactivated as described above. Tt 120

fragments from the 2 plasmin-digested F.IX samples were subjected t _
dialysis, reducing SDS-PAGE, and blotting as previously descfbed. E 100
Amino acid sequencing was performed by Dr Teng-Song Chen at The 2
Hospital For Sick Children (Toronto, Ontario) directly from the blotted o 80 -
material using a Porton Gas-Phase Microsequencer (Model 2090; Tarzan %
CA) with online phenylthiohydantoin (PTH) analysis. The PTH-amino < 60
acids were identified by HPLC and compared with a chromatogram ,E'
containing all the amino acids, excluding cysteine. E 401
tPA-catalyzed lysis of fibrin clots formed in human plasma and F.IX g 20 A
immunoblotting. NHP was added to the wells of a Dynatech Immulon r
plate that contained separated aliquots of thrombin, £a@id tPA. The 0 . . . . .
final concentrations of thrombin, CaCand tPAwere 6 nM, 2 mM, and 0 to 0 5 10 15 20 25 30

10 nM, respectively. The plate was incubated at 37°C, and the absorbance
405 nm was measured every 2 minutes for 74 minutes using a SpectroMe
250 plate reader. The material in the wells was then solubilized ancB
prepared for reducing SDS-PAGE according to Nevillén cases where 120
the fibrin clot had lysed completely, an aliquot was added to 2.2 uM of

Incubation Time (min)

VFK-CMK prior to measurement of its F.IX clotting activity. In some cases, .'°!. 100
purified F.IX (4 uM) was digested with plasmin (50 nM) for various times s
(2-60 minutes) at 37°C and “spiked” into NHP before reducing SDS-PAGE §' 80 1
to serve as a positive control. The proteins were transferred to at B
Immobilon-P membrane according to Towbin et¥and probed sequen- f,, 80 1
tially with rabbit anti-human F.IX IgG and then goat anti-rabbit IgG E. 40 i
conjugated to horseradish peroxidase. Detection of F.IX and its cleavag <-_-°,
products was accomplished using the chemiluminescence reagents a S 20
exposing the blots to Kodak X-OMAT AR film before development in a i
Kodak M35A processor (Eastman Kodak, Rochester, NY). 0 . ‘ . . .
0 5 10 15 20 25 30

Incubation Time (min)
Results
Figure 1. The effect of plasmin on the aPTT coagulant activity of F.IX and F.IXa.

The effect of plasmin on the procoagulant activity Pgrified hu.man FIX qr F.IXa (4 pM of each) was incubated ei_ther along (control) or
f E1X and F.IX with plasmin (50 nM) in HBS/Ca, pH 7.4 at 37°C. At selected times, 2 aliquots of the
ofFltandrlra same reaction mixtures were removed and assayed for either F.IX aPTT coagulant

H : : H ctivity after addition to 2.2 pM of VFK-CMK (A and B) or analyzed by reducing
Human F.IX or F.IXa was incubated with plasmin, and aliquo DS-PAGE (see Figure 2). The relative FIX and F.IXa aPTT coagulant activity

were removed after varying times to measure the F.IX coagulaRfmalized to the time = 0 sample in each case) versus incubation time with (closed
activity. In addition, other aliquots were removed simultaneousbjcles) and without (open circles) added plasmin is illustrated in A and B,
from the same reaction mixtures for analysis by reducing SD&spectively.
PAGE. Initial experiments indicated that the addition of plasmin
(5-500 nM) to F.IX (4.0 uM) for up to 30 minutes at 37°C resultedo directly compare the plasmin cleavage profiles of F.IX and F.IXa
only in reduced F.IX clotting activity, with no evidence of transientvith the changes in their clotting activities. The results observed for
activation. A concentration of 50 nM was selected for subsequdntX and F.IXa (4 pM) treated with 50 nM of plasmin are shown in
study because this was the minimum concentration required to givigure 2A and 2B, respectively. The initial plasmin-mediated loss
a maximum effect over this time interval. The effect of plasmin oaf F.IX coagulant activity after 0.5 to 2 minutes correlated with the
the clotting activity of F.IX is shown in Figure 1A. Plasminhydrolysis of F.IX and the production of at least 4 protein
decreased the clotting activity of F.IX from 100% to 50% after 1&ragments of 45, 30, 20, and 14 kd (Figure 2A, lanes 1-3).
minutes and to 20% after 30 minutes. The clotting activity of F.IX hereafter, over the next 28 minutes, during which plasmin had the
after 30 minutes without plasmin was 114% of the initial activity. greatest inactivation effect on the F.IX clotting activity, the 45-kd
Plasmin also decreased the clotting activity of F.IXa, but thisagment became converted into 3 more stable products of 30, 20,
magnitude of the reduction (16%-25%) was less than was obsenasfl 14 kd (Figure 2A, lanes 4-6). The 30- and 20-kd protein
with F.IX (Figure 1B). This occurred during the initial 0.5 to 2fragments comigrated with the heavy and light chains, respectively,
minutes of incubation (Figure 1B). Over the next 28 minutes, thgf F.IX activated with F.Xla (Figure 2A, compare lanes 4-6 with
clotting activity of F.IXa approached stable levels such thdane 8).
approximately 50% of its initial activity was present after 30 The initial 16% to 25% loss in the clotting activity of F.IXa
minutes of incubation with plasmin. The clotting activity of F.IXacorresponded with the generation of at least 2 protein fragments of
after 30 minutes in the absence of plasmin was 106% of tidé (doublet) and 14 kd (Figure 2B, lanes 1-3). The generation of the
initial activity. 16- and 14-kd fragments increased over the next 28 minutes, during
which time the F.IXa clotting activity decreased to and remained at
approximately 50% of the initial level (Figure 2B, lanes 4-6).
Reducing SDS-PAGE was performed using the same reactions &ehsitometry indicated that the decreased staining intensity of the
sampling times that were employed for the clotting assays in ord&®-kd heavy chain correlated very well with both the increase in the

SDS-PAGE analysis of plasmin cleavage of F.IX and F.IXa
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A from these same reactions were also analyzed with respect to their
1. 2 3 4 5 6 7 8 F.IX clotting activities (Figure 3C).
Activation of F.IX with F.Xla resulted in the generation of a
94 - protein product of 45 kd after nonreducing SDS-PAGE (Figure 3A,
67 - -— > - - lane 2). Cleavage of F.IX with plasmin resulted in the appearance
45 - of products of 52 and 14 kd (Figure 3A, lane 3). The 52-kd product
30 - — stained weakly with Coomassie Blue, suggesting that it still
possessed the activation peptide portion of F.IX. This was con-
201 - firmed upon demonstration that the 52-kd product, but not the
14.4 - 14-kd product, was susceptible to cleavage by F.Xla. This resulted
in the generation of a product of 37 kd (Figure 3A, lane 5) and

partial activation of its clotting activity (Figure 3C). Treatment of
F.IXa with plasmin resulted in the appearance of fragments of 37
and 14 kd (Figure 3A, lane 4).
B F.IXa formed at least 2 larger complexes with AT plus heparin
of 93 and 106 kd after nonreducing SDS-PAGE (Figure 3B, lane 2).
This agrees with published observatidfsn contrast, the 52-kd

94 - product of plasmin-treated F.IX comigrated with AT under these
67 - conditions and closely approximated that observed in the absence
45 - of plasmin (Figure 3B, compare lanes 3 and 6). Similarly, F.IX did
not complex with AT in the presence of heparin (Figure 3B, lane 1).
30 | - —— e — i
F.IXa/p formed reduced levels of the larger species of 93 and 106

kd with AT in comparison with that observed with F.IXa (Figure
3B, compare lanes 2 and 4). F.IXp/a did not form larger complexes
14.4 - with AT and heparin, and the resultant 60- and 69-kd protein
products stained similarly with that observed when untreated F.IX

} , A was incubated with AT and heparin (Figure 3B, compare lane 5
Figure 2. Reducing SDS-PAGE of human F.IX and F.IXa after proteolysis by ith |
plasmin. Purified human F.IX or F.IXa (4 pM of each) was incubated with plasmin (50 with lane l)' ) ) o )
nM) as described in the legend to Figure 1. Aliquots (containing approximately 4 ug of The same reactions used for the AT/heparin binding studies
F.IX protein) of F.IX (A) or F.IXa (B) were withdrawn into reducing SDS-PAGE sample were also assayed over a wide range of concentrations for their
buffer after 0, 0.5, 2, 10, 20, and 30 minutes of incubation with plasmin at 37°C (lanes EIX clotti L Th . fEIX ith eith
1-6, respectively). F.IX and F.IXa (A, lanes 7 and 8, respectively) or F.IXa (B, lane 7) ' c Ottlng a_CtIVItIeS' e times o ' treatment with eit _er
incubated as described above for 30 minutes at 37°C but in the absence of added ~ F.Xla or plasmin were chosen to preclude large amounts of residual
plasmin are also shown. The migration positions of the molecular weight standards F.IX and its cleavage intermediates from being present. F.IXp
(in kd) are shown at the left of each panel. . . L

possessed a clotting activity that was significantly less than

untreated F.I1X but exhibited greater activity than the buffer control

staining intensity of the 16- and 14-kd fragments as well as thEigure 3C). F.Xla treatment of F.IXp increased its clotting activity
decrease in the F.IXa activity (results not shown). These resufi@Proximately 3- to 5-fold to levels that were intermediate between
suggest that plasmin inactivates the activity of F.IXa after cleavag8treated F.IX and F.IXp. F.IXa was the most active species, and

20.1 -

of its 30-kd heavy chain. plasmin treatment of F.IXa inactivated approximately 50% of its
clotting activity. Plasmin-treated F.IX possessed 3% to 4% of the
The interaction of F.IXa and plasmin treated F.IX with pAB clotting activity of the F.IX control reaction without added

- L __protease. It is possible that the very low clotting activity of
The binding of pAB to the active site of F.IXa and F.IX treated W'tre)lasmin-treated F.IX is due to the presence of trace amounts of

plasmin was studied by measuring the fluorescence change all§tleaved F.IX or residual activity associated with the completely

lees :/;ge.ﬂ(q)f':li.(lﬁ( with lf‘é(l.a art1.d pr:\jsmln, drestp.ectlvely. .Trfr? tmi drolyzed product. The results suggest that plasmin cleavage of
ot LA with . Ala resulted in atime-depenaent InCrease In e PAE | 305 ctivated its clotting activity but did not entirely eliminate

fluorescence, which reached maximal levels about 50 to 60 minu £S . . . : . o
. o .. ItS potential to be activated upon further incubation with purified
following the addition of F.Xla (results not shown). In striking .
i . %Ia compared with the buffer control.
contrast, no increase in pAB fluorescence was observed when F.I
was incubated with plasmin (results not shown). The inability of
F.IX cleaved by plasmin to bind pAB and display an increase ictivation of human factor X by F.IXa and plasmin-treated F.IX

fluorescence suggests the active site was not developed. Plasmin-cleaved F.IX and F.IXa were also compared with respect

to their ability to activate human F.X with increasing amounts of
The interaction of F.IX derivatives with AT and heparin F.Villa. As illustrated in Figure 4, F.X activation by plasmin-
F.IX, F.IXa, plasmin-cleaved F.IX (F.IXp), F.IXa cleaved withtreated F.IX was only marginally affected by increasing the
plasmin (F.IXa/p), and plasmin-treated F.IX that was subsequen@gncentration of F.VIlla compared with F.IXa. At the greatest level
exposed to F.Xla (F.IXp/a) were compared with respect to theif F.Vllla assayed (10 U/mL), plasmin-treated F.IX possessed
nonreducing SDS-PAGE staining patterns before and after inculagproximately 5% of the F.X activating potential, as was observed
tion with AT and heparin (Figures 3A and B), respectively. Aliquotsvith equivalent amounts of F.IXa (Figure 4).
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The effect of dEGR-F.IXa and plasmin-treated F.IX on the The 14-kd fragment possessed 2 amino acid sequences matching
clotting activity of F.IXa the 6 amino acids in F.IX from Gly317 to Val322 and Ser319 to

The effect of increasing amounts of dEGR-F.IXa and plasmir§|n324’_ indicating plasmin cleavage at Lys316 and Arg318,
treated F.IX on the clotting activity of a fixed amount of F.IXa Waéespectlvely. . .

also studied. The results indicate that when dEGR-F.IXa was '€ SDS-PAGE and Ngterminal sequencing results are
present at 10, 100, 1000, and 10 000 pmol/L, the clot times of 10

pmol/L of F.IXa progressively increased from 63.6 seconds to 65

seconds, 71.1 seconds, 84.9 seconds, and 98.2 seconds, re: 1 2 3 4 5
tively. In contrast, when plasmin-treated F.IX was assayed at ]

100, 1000, and 10 000 pmol/L, the clot times of 10 pmol/L of F.IXi 94 -

remained for the most part unchanged from 63.6 seconds to 6

seconds, 63.5 seconds, 61.4 seconds, and 53.1 seconds, res 67 - |

tively. The shortened clot time of 10 pmol/L of F.IXa (53.1 -

seconds) upon assay with 10 000 pmol/L of plasmin-treated F. 43 -

may reflect the presence of a low level of uncleaved F.IX thi N —
manifested its increased coagulant activity only upon assay at t 30 -

elevated concentration. Collectively, the overall lack of a larg

competitive prolongation of the F.IXa aPTT clot times witr 201

increasing amounts of plasmin-treated F.IX suggests that t
products of plasmin-cleaved F.IX failed to block the prope 14.4 - s
assembly of F.IXa into the tenase complex.

NH,-terminal sequencing of the plasmin cleavage

products of F.IX B 1 2 3 4 5 6

The data from the NKterminal sequencing of the plasmin
cleavage products of F.IX are shown in Table 1, and a scheme

diagram of the plasmin cleavage sites within the F.IX molecule 94 -
presented in Figure 5.
The 45-kd fragment possessed an amino acid sequence ma 67 - —

ing the 6 amino acids from Alal46 to Pro151, indicating plasmi
hydrolysis at Arg145. The 30-kd fragment possessed 3 amino a 43 -
sequences matching the 7 amino acids from Alal46 to Asplt

Vall181 to Alal87, and Tyrl to Glu7, indicating plasmin cleavage i 30 -
Arg145, Arg180, and the Njterminus of intact F.IX, respectively.

The 20-kd fragment possessed an amino acid sequence matcl 20.1 -
the 6 amino acids from Tyrl to Leu6, indicating the Ntdrminus

of intact F.IX. The 18-kd fragment possessed an amino ac 14.4 -
sequence matching the 7 amino acids from GIn44 to GIn5
indicating plasmin cleavage at Lys43. This plasmin cleava(
product of F.IX was either not present in sufficient amounts cg
resolved from the 20-kd protein fragment to be observed in tt
smaller gel systems used in the initial analysis (Figure 2). Tt
16-kd fragment possessed 2 amino acid sequences matching tl 100
amino acids from Vall81 to Lys188 and Gly317 to GIn324

indicating plasmin cleavage at Arg180 and Lys316, respective 90
80+
)
Figure 3. The effect of plasmin or F.Xla on F.IX complexation with AT in the ;g, 70+
presence of heparin and aPTT coagulant activity. The different F.IX derivatives S
were produced as described in “Materials and Methods.” Aliquots of the samples =
(containing approximately 3 pg of F.IX protein) were prepared for nonreducing ; 604
SDS-PAGE without and with incubation with AT (5 pM) and heparin (2 mg/mL) for 30 e
minutes at 37°C (A and B, respectively). The different F.IX samples were also diluted 6

in HBS/BSA and assayed for their F.IX aPTT coagulant activity (C). A and B illustrate
the nonreducing SDS-PAGE analysis of the different F.IX samples without and with 504
incubation with AT and heparin, respectively: F.IX (lane 1), F.IXa (lane 2), plasmin-
treated F.IX (lane 3), plasmin-treated F.IXa (lane 4), F.IX treated with plasmin then
F.Xla (lane 5). B also shows AT and heparin alone (lane 6). The migration positions of
the molecular weight standards (in kd) are shown to the left of A and B. C illustrates
the log F.IX aPTT clot time (in seconds) versus the log F.IX derivative concentration 40 ' ' '

(in pmol/L): HBS/BSA buffer control (closed circles); F.IX (open circles); plasmin- 0.1 1 10 100 1000 10000
treated F.IX (open downward triangles); F.IX treated with plasmin then F.Xla (open . .

squares); F.IXa (closed downward triangles); plasmin-treated F.IXa (closed squares). FIX Derivative, [pM]
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50 (Figure 6A, closed squares). Inclusion of 0.2 nM or 0.5 nM of tPA
with NHP, thrombin, and Cagldid not significantly change the
time course of the turbidity profile from that observed with NHP,
thrombin, and CaGl(Figure 6A, compare downward and upward
closed triangles, respectively, with closed squares). Addition of 1
and 2 nM of tPA to NHP, thrombin, and CaCincreased the
maximal turbidity at all times by 5% to 8% from that observed in
the absence of tPA or with 0.2 and 0.5 nM of tPA (Figure 6A,
compare open squares and open circles, respectively, with closed
squares and downward and upward closed triangles). Significant
fibrin clot lysis was observed only when 5 and 10 nM of tPA were
each combined with NHP, thrombin, and CaGFigure 6A,
downward and upward open triangles, respectively).
F.IX immunoreactive species of approximately 60 kd (F.IX
zymogen), 45 kd, and 25 kd were detected in all the samples
‘ : ] analyzed (Figure 6B, lanes 1-8). Over the concentration range of
0 2 4 6 8 10  tPA studied with thrombin and calcium, increased levels of F.IX
[rF.VIlla], Units/m| immunorea_ctive products of 45 and 30 kd were detected only in the
’ samples with 5 and 10 nM of tPA (Figure 6B, lanes 7 and 8,
Faiggfe ;\l/i The effect gff-g’"'?ts”(;hse a:/:i"af“OFnl )‘Zf thlna”;aC‘_le- Hou3ma:/lF->§ respectively). The increased levels of the 45- and 30-kd species
:)Iasm?n-ciigve\z,ztsedlnf(::.lljxa(sper:wcirclés) ?n th?e prés:nc(z %ievar(i::)rucsezim?::ent-ratigns zf p_resent In t_hese 2 Cl'f-’t lysis react_lc_ms comlgrateq with purified F.IX
human F.VIlla in TBS (tris buffered saline), pH 7.4 containing 0.1% BSA/5mM cacl, ~ digested with plasmin upon addition to NHP (Figure 6B, lane 9),

and 30 mM of PCPS vesicles for 10 minutes at 37°C. The initial rate of cleavage ofthe  and these were the only 2 reactions that displayed significant clot
chromogenic substrate S-2222 (0.4 mM final concentration) by human F.Xa gener- Iysis (Figure 6A).

ated is shown after determination of the F.Xa activity levels in the reactions with a
standard curve constructed with known amounts of purified human F.Xa.

hF.Xa Formed (nM/min/nM F.IXa)

Clotting assays indicated that the F.IX activity decreased from
1.07 U/mL and 1.08 U/mL for NHP and NHP/10-nM tPA to 0.91
) ) ) ] o U/mL and 0.80 U/mL for NHP/ thrombin/Cagand 5 and 10 nM
consistent with 2 reaction pathways for the inactivation of F.IX by tPA, respectively. These results strongly suggest that the
plasmin (Figure 5). Plasmin hydrolyzes F.IX initially at Arg145,creased levels of the 45- and 30-kd fragments of F.IX observed
(pathway A) or Arg180 (pathway B), but not at both sites within thgere due to the increased plasmin activity toward both the fibrin
same molecule, to generate FiXand F.IXa, its 2 normal ang FIX in plasma and that this increased plasmin activity

activation intermediate®:?* Subsequently, F.IX and F.IXax are  gecreased the F.IX coagulant activity to levels comparable to that
hydrolyzed at Lys43, Lys316, and Arg318 and at Lys316 anghserved in vitro (see Figure 1A).

Arg318, respectively.

tPA-catalyzed lysis of fibrin in human plasma

and F.IX immunoblotting Discussion

To test the potential relevance of the cleavage and inactivationlohas been proposed that, in normal hemostasis, a balance exists
F.IX by plasmin in vitro, a series of tPA-induced fibrin clot lysisbetween coagulation and fibrinolysis and, thus, thrombus formation
experiments were performed in NHP, and the reactions wesed dissolution is finely regulated at the point of vascular infdry.
subjected to F.IX immunoblotting. The time courses of clot lysik has also been suggested that imbalance between these 2 systems
induced by tPA (0-10 nM), which occurred subsequent to fibrimay lead to pathologic thrombosis or bleedif§Both experimen-
formation in NHP catalyzed by thrombin in the presence GagEé tal***> and clinicaf®*” observations support this proposal. In
illustrated in Figure 6A. These same reactions were also subjectdiciical DIC, the course is frequently complicated by bleeding

to F.IX immunoblotting to probe for the presence of plasmin-likeonsequent to the significant consumption and proteolysis of vital
fragments of F.IX (Figure 6B). Combining NHP with thrombin anctlotting factors during its developmefit.Plasmin is a likely

CaCl, resulted in maximal fibrin formation after 18 minutescandidate as an instigator of the proteolysis observed. Experimen-

Table 1. NH,-terminal sequence of human factor IX-derived fragments following plasmin digestion

Plasmin Cleavage Products of Human F.IX

Cycle
No. 45 kd 30 kd 20 kd 18 kd 16 kd 14 kd

1 A (20.0) A (45.0)/Y (26.0)/V (20.0) Y (142.0) Q (29.0) V (36.0)/G (4.0) G (67.0)/S (10.0)
2 E (20.0) E (36.0)/N (20.0)/V (10.0) N (116.0) Y (35.0) V (35.0)/R (5.0) R (90.0)/A (4.0)
3 T (10.0)/A (19.0) T (30.0)/A (30.0)/S (15.0)/G (9.0) S (66.0) V (24.0) G (36.0)/S (5.0) S (48.0)/L (6.0)
4 V (14.0) V (27.0)/G (7.0) G (32.0) D (27.0) G (33.0)/A (6.0) A (70.0)/V (4.0)
5 F (14.0) F (33.0)/K (8.0)/E (5.0) K (60.0) G (17.0) E (21.0)/L (3.0) L (70.0)
6 P (10.0) P (25.0)/L (12.0)/D (9.0) L (56.0) D (16.0) D (27.0)/V (8.0) V (50.0)/Q (8.0)
7 D (35.0)/E (7.0)/A (8.0) Q (8.0) A (30.0)/L (5.0)
8 K (40.0)/Q (6.0)

Human F.IX (4 uM) was treated with plasmin (50 nM) for 2 and 30 minutes at 37°C in HBS/Ca, as described in “Materials and Methods.” Approximately 100 pg (1750 pmol)
of F.IX was used for each reaction. The apparent molecular mass of the protein fragments is indicated with the amount of each amino acid (in pmol) after the number of cycles
performed. Fragments of 45, 30, 20, 18, 16, and 14 kd represent the plasmin cleavage products of human F.IX.
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Figure 5. Schematic diagram of plasmin cleavage
and inactivation of human F.IX. Human F.IX is com- FOCTOT X

posed of a light chain (residues 1-145), an activation | M 57,000 1
peptide (residues 146-180), and a heavy chain (resi- r

dues 181-415). The light chain comprises a domain

containing 10-12 vy-carboxyglutamic acid (GLA) resi- FXla FXla

dues, 2 human epidermal growth factor (EGF)-like ¢ i

domains, and a linker (L) region.?> The activation

peptide (AP) is cleaved and removed upon F.IX activa- 1 45 85 122146 180 415
tion by F.Vlla/tissue factor or F.Xla. The heavy chain HN-TGA ] EGF [EGF [ L] AP | CD | cCOOH
contains the catalytic domain (CD), which is made up of 2 1

the active site formed by the triad of residues: Asp270, S S

His221, gnq Ss_5r365. The resglt; of t.he NH,-terminal + Plasmin

sequencing indicate that plasmin inactivates the coagu- A B

lant activity of F.IX after hydrolysis at Lys43, Arg145,

Arg180, Lys316, and Arg318. The results of reducing

and nonreducing SDS-PAGE, NH,-terminal sequenc-

ing, and FIX aPTT coagulant activity assays are Ar9145 Arg]ao

collectively consistent only with plasmin hydrolysis

following 2 pathways, which are indicated (A and B), as 20,000 + 45,000 30,000 v 30,000

are the cleavage sites and the apparent molecular H,N J[ }coon HN{ I I | } COOH
masses of the cleavage products. By this scheme, no ‘S _—3 §————3§

single molecule is cleaved at both Arg145 and Arg180
and nowhere else. Thus, although plasmin can cata- (FOCTor IX 0‘) (FOCTOT X Oot]
lyze the activation cleavages individually, plasmin does

not generate F.IXa.

2 145 N6 318 180 36 318
Lys Arg lys /Arg Arg Lys /Arg
50004 18000 { 30000 ¢ 14,000 30,000 { 16,000 § 14,000

HNLJL — [ 10 } cooH HN [ 1 : [ T cooH
1 T

§——— 8§ §——5§

tal'*4° and clinicat®>! evidence have confirmed its excessivglasmin concentrations (5-500 nM) or with the addition of phospho-
generation in fulminating DIC and, predictably, its specificity fotipid vesicles (50 uM). Moreover, the unavailability of a functional
fibrin would be compromised if the capacity of its naturahctive site in the plasmin-digested F.IX products was demonstrated
inhibitor, a,-AP, were exceeded. However, numerous proteasky the failure to bind pAB and form complexes with its physiologic
may be active simultaneously during experimental or clinical DIGnhibitor, AT, in the presence of heparin. An explanation for these
In an animal model of human DIC, a drastic reduction in théndings is apparent from the additional observations from SDS-
functional activity of F.IX was observed. Substantial plasmin PAGE and NH-terminal sequence analysis. Reducing SDS-PAGE
generation was documented in this mé8leind could therefore demonstrated the generation of a 14-kd product concomitantly with
have been responsible for the observed effects on F.IX. Howeviire appearance of products of 45, 30, and 20 kd, angttditfninal
additional studies demonstrated that neutrophil elastase (NE), veasjuence analysis suggested cleavage at Lys43, Lys316, and
also a candidate protea®end the precise details of NE-dependenfrg318. Based on the known structural/functional relationships of
proteolysis of F.IX has been report&dConsequently, to facilitate the F.IX molecul&? this pattern of degradation would have
assigning priority of activity in the more complex situation in vivopredictable consequences for the protein’s coagulant function. Of
it was imperative initially to characterize in detail the profile ofmajor importance, cleavage of F.IX at Lys316 and Arg318 and
F.IX proteolysis by plasmin. The use of purified proteins in an igeneration of the 14-kd product would result in the loss of covalent
vitro system and analysis by a combination of SDS-PAGHttachment of a portion of the catalytic domain containing the
NH.-terminal sequence analysis, and functional assays permittettive site serine residue, Ser365, given there are no disulphide
the unambiguous correlation between the specific plasmin cleavdgads to link the light and heavy chains within the F.IX molecule
sites within the F.IX molecule and the resultant product’s physic@l-terminal to Lys316 and Arg318. It is possible that this portion
and procoagulant characteristics. may remain noncovalently associated with the remainder of the
The results reported confirm and extend the observations F6fX molecule and retain some clotting activity. If this does occur, it
Osterud and coworkerswith respect to the cleavage and inactivawas undetectable by the functional assays employed here. Kisiel
tion of F.IX by plasmin in vitro. The amino acid cleavageand coworker® have demonstrated that-thrombin cleaved
specificity of plasmin observed is in agreement with this proteasdisman F.IX in the absence of calcium at Arg318, Arg327, and
known preference for hydrolyzing substrates after either arginiteg338, rendering the product incapable of developing coagulant
or lysine residue® NH,-terminal sequence analysis indicated thadctivity with or without prior treatment with purified F.Xla.
plasmin initially cleaves F.IX at its 2 physiologic activation sitesThrombin cleavage of human F.IX at Arg318 is identical to 1 of the
Arg145 and Arg180, to generate 2 reaction intermediatespR4#% plasmin cleavage sites reported here. Finally, plasmin cleavage at
kd) and F.IXa (30 kd), respectively. However, no transientLys43 would be expected to decrease the product’s coagulant
evidence of plasmin-dependent activation of F.IX coagulant actigetivity by removal of they-carboxylic acid residue domain, which
ity was observed by 1-stage F.IX clotting assays under any of tlee required for the optimal calcium-dependent interaction of
experimental conditions employed, including a wide range &fs.IX/IXa with phospholipid surfaces. These observations
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Figure 6. tPA-induced clot lysis and F.IX immunoblotting. Fibrin clot lysis was
monitored by measurement of the absorbance at 405 nm every 2 minutes at 37°C (A).
At the end of the 74-minute time course, the reactions were either solubilized directly
in reducing SDS-PAGE buffer for F.IX immunoblotting, or an aliquot was diluted in
HBS/BSA for F.IX clotting assays prior to solubilization and reducing SDS-PAGE/F.IX
immunoblotting (B). NHP (90 pL) was combined with either (final concentrations)
thrombin (6 nM) and CaCl, (2 mM) (closed squares in A; or lane 1 in B), or tPA (10 nM,
closed circles in A; or lane 2 in B), or thrombin/CaCl, and 0.2 nM of tPA (closed
downward triangles in A; or lane 3 in B), or 0.5 nM of tPA (closed upward triangles in A; or
lane 4in B), or 1 nM of tPA (open squares in A; or lane 5 in B), or 2 nM of tPA (open circles in
A; or lane 6 in B), or 5 nM of tPA (open downward triangles in A; or lane 7 in B), or 10 nM of
tPA (open upward triangles in A; or lane 8 in B). Purified FIX (4 uM) was digested with
plasmin (50 nM) for 2 minutes at 37°C and added to NHP at 0.18 uM prior to solubilization
and FIX immunoblotting (B, lane 9). The positions of prestained molecular weight
standards (in kd) are shown to the left of B. The migration positions of F.IX and the 45- and
30-kd immunoreactive species are shown to the right of B.
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suggest that any “active” F.IX coagulant species generated by
plasmin proteolysis were either present at undetectable levels or
rapidly converted to more “inactive” species. The inactivation of
F.IXa, as assessed by functional assay, associated with the produc-
tion of degradation products of 16 and 14 kd identified by
SDS-PAGE is in line with this conclusion. However, the observa-
tion that some activation occurred when purified F.Xla was added
to the terminal digest raises the possibility that, in a more complete
plasma or whole-blood milieu, plasmin may initially activate and
subsequently inactivate F.IX coagulant activity.

The results of the present studies indicate that plasmin hydro-
lyzes F.IX and F.1Xa to products with decreased coagulant function.
Should this occur in vivo, thrombin generation via the intrinsic
pathway would be significantly reduced. It will be important to
establish the relevance of these findings in the in vivo context to
assess the role of plasmin and its importance relative to other
proteases in the pathogenesis of DIC. This understanding is
essential if more effective management strategies are to be
developed for this serious condition. Although the purified system
used aided in the specific characterization of the proteolytic
process, it is clearly remote from the in vivo context. The results
from the tPA-catalyzed fibrin clot lysis studies were reassuring in
that they supported the conclusions drawn from the SDS-PAGE
analyses using the purified system. Thus, in a more complete
system, as in whole plasma, the inferences drawn and the informa-
tion obtained was similar. Of particular importance was the
observation that F.IX may be cleaved by plasmin during normal
clot lysis. The high concentration af-AP (approximately 1.5
UM)%6 in human plasma may have been expected to prevent F.IX
cleavage by plasmin in a whole-plasma—based system. These data
suggest that fibrin-bound plasmin may be protected from inhibition
by physiologic levels o&,-AP, as other investigators have pro-
posed®” Nonetheless, it will now be important to apply this
information to in vivo study in experimental and clinical DIC. The
results of this and our previous study of the NE-dependent cleavage
of F.IX38 should permit a more detailed analysis of F.IX degrada-
tion in such cases than was previously possible. Such studies
should lead to a more detailed understanding of the role and
hierarchy of these proteases during normal coagulation and fibrino-
lysis and in the pathogenesis of DIC.
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