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ABSTRACT. Factor IX activation by factor Xla is thought to proceed through the singly-cleaved free

intermediate, factor . However, we observed no

intermediate development during factor IX activation

by factor Xla when using a low substrate to enzyme ratio (44:1 mol/mol). This result can be explained
by one of two mechanisms: (1) factor Xla-catalyzed activation proceeds via a singly-cleaved free
intermediate with a much higher efficiency of cleavage than factor IX zymogen, or (2) the reaction occurs
without free intermediate generation, whereby factor Xla makes both proteolytic cleavages in a single
substrate molecule before releasing the final product (processive mechanism). We compared the factor
Xla cleavage rates of free factor ¢éXand factor IXa with that of factor IX zymogen. In contrast to the
requirements of mechanism (1), the cleavage rate constants of factor IX zymogen, factantfactor

IXao were similar: 0.38+ 0.02 s1, 0.34+ 0.05 s'1, and 0.27+ 0.01 s%, respectively. It seems likely

that factor Xla-generated intermediates observed under some reaction conditions are produced through

the occasional failure of a processive mechanism.

Indeed, in reactions using a high substrate to enzyme

ratio (1900:1 mol/mol), we observed some factooldevelopment; however, the pattern of intermediate

and product development over time was inconsistent with a mechanism involving an obligate intermediate.
Rather, it corresponded to behavior expected from a processive mechanism undergoing a consistent low
failure. We conclude that factor Xla-catalyzed activation of factor IX proceeds via a processive mechanism

without release of a free intermediate.

Factor 1X is a 57 kDa zymogen glycoprotein which

1977). Lawson and Mann (1991) showed that factor Xa is

circulates in plasma at a concentration of approximately 90 capable of cleaving factor IX between residues 145 and 146,

nM (DiScipio et al., 1977; Osteruet al., 1978). Factor IX

producing the singly-cleaved species, factonlXA protease

becomes active after cleavages between residues 145/146 anitch Russell's Viper Venom cleaves factor IX between residues
180/181, which releases a 10 kDa glycosylated activation 180 and 181, converting factor IX to factor I¥Xawhich

peptide, resulting in a two-chain, disulfide-linked molecule
(Fujikawa et al,, 1974; Lindquistet al., 1978) (Figure 1).
Activated factor I1X (factor IX#),' with its cofactor, factor
Vllla, then activates factor X in the tenase complex.
Deficiencies in factor IX synthesis, activation, or activity

result in the bleeding diathesis, hemophilia B, which ranges

from mild to severe, depending on the plasma antigen
concentration and level of remaining protein function (Gi-
annelliet al.,, 1994).

Several proteins and protein complexes activate factor IX
to factor IXg3. Both the factor Vlla/tissue factor complex
and factor Xla are physiological activators of factor IX in
the extrinsic and intrinsic pathways, respectively (DiScipio
et al, 1978; Lindquistet al., 1978; Osterud & Rapaport,
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1 Abbreviations: factor IX, factor IX cleaved between residues 145/
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factor Xla; RVV-X, Russell's Viper Venom-X; TBS, Tris-buffered
saline (20 mM Tris, pH 7.3, 137 mM NacCl); TBS-T, Tris-buffered
saline containing 0.1% Tween 20 (Bio-Rad); SBFAGE, sodium
dodecyl sulfate-polyacrylamide gel electrophoresis; PC, phosphati-
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tor.

has approximately 20% of the activity of factor IXa
(Lindquistet al.,, 1978). Monroeet al. (1985) showed that
trypsin is able to catalyze factor IX activation.

The extrinsic pathway activator of factor IX, factor Vlla,
is a 50 kDa serine protease which activates factor IX in the
presence of calcium ions, a negatively charged phospholipid
surface, and the factor Vlla cofactor, tissue factor (Lawson
et al, 1992). Lawson and Mann (1991) characterized the
activation of factor IX by factor Vlla/tissue factor and
showed that activation by the extrinsic pathway complex
proceeds via the factor kXintermediate, which is subse-
quently converted to factor XA

The intrinsic pathway activator of factor IX, factor Xla,
is a serine protease dimer consisting of identical disulfide-
linked molecules. The role of the intrinsic pathway in
hemostasis is unclear since individuals lacking the intrinsic
pathway initiators (factor XllI, prekallikrein, and high mo-
lecular weight kininogen) exhibit a normal coagulant re-
sponse (Schmaiest al., 1988). However, deficiencies in
factor XI cause mild to severe bleeding disorders which
usually present only after significant trauma or in surgery
(Rapaportet al., 1961; Sidiet al., 1978), suggesting a role
for factor Xla in more demanding responses of hemostasis.
Factor Xla does not require a membrane or protein cofactor
for factor 1X activation (DiScipicet al., 1978; Lindquistet
al., 1978; Osteruet al., 1978); however, it has been shown
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Ficure 1: Schematic representation of factor IX activation pathways. Factor IX cleavages occur between residues 145 and 146 (resulting

in factor IXa), residues 180 and 181 (resulting in factor &Jaor both (resulting in factor 1X8). The factor Vlla/tissue factor complex-
catalyzed activation proceeds via the factonliitermediate. Russell's Viper Venom-X produces primarily factordXhowever, the
protease also generates a significant amount of factqf taing the reaction. We are unable to determine from our experiments which
cleavage occurs first in factor Xla-catalyzed activation.

that the factor IX activation rate increases slightly in the mechanisms may explain the presence of multiple physi-
presence of phospholipids (Mannhaléal., 1984). Factor  ological activators of factor IX and may help to distinguish

Xla requires calcium for factor IX activation, although the relative mechanisms of action of the extrinsic and
magnesium ions increase the factor IX activation rate when intrinsic pathways of blood clotting.

either physiological or higher concentrations of calcium are

used (Sekiyaet al, 1995). MATERIALS AND METHODS

In contrast to factor IX activation by the factor Vlla/tissue
factor complex, the mechanism of factor IX activation by ~ Materials Human factor Xla, human factor Vlla, human
factor Xla is disputed. Using human factor IX, Osteretd ~ factor Xa, and human factor IXawere purchased from
al. (1978) observed no intermediate development during the Enzyme Research Laboratories (South Bend, IN). Human
factor Xla-catalyzed activation process. They concluded that plasma factor IX was purchased from Enzyme Research
the first cleavage made in factor IX is the rate-limiting step Laboratories or was a generous gift from Dr. Kenneth J.
in the activation event and that the second cleavage occursSmith (Smith & Ono, 1984). Recombinant tissue factor was
rapidly, with no apparent intermediate formation. Con- a gift from Genentech Inc. (San Francisco, CA). Phosphati-
versely, using both human and bovine factor IX, other groups dylcholine and phosphatidylserine were purchased from
observed the factor IX intermediate during the activation Avanti Polar Lipids, Inc.
reaction and concluded that factor IX activation requires  Three monoclonal antibodies were used in this study: A-7,
production of a singly-cleaved free factordXntermediate A-1, and A-2. Antibody A-7 is divalent metal ion-dependent
(DiScipio et al, 1978; Fujikawaet al., 1974; Lindquistet and recognizes residues-380 of factor IX (Cheunget al.,
al., 1978). None of these studies, however, address thel995). Antibodies A-1 and A-2 recognize human factor IX
possibility that factor IX activation by factor Xla proceeds at residues 147153 (activation peptide) and 18310
via a processive mechanism. (heavy chain), respectively (Fraziet al., 1989).

We present a study of the activation of plasma-purified  Factor IX Activation by Factor Xla Factor IX and factor
human factor IX by factor Xla in which no intermediate Xla (at concentrations indicated in the figure legends) were
development during the reaction course was observed at ancubated in TBS and 5 mM Cagat 37°C. Aliquots were
low substrate to enzyme ratio (44:1 mol/mol), and in which drawn, quenched in SBSPAGE loading buffer withs-mer-
intermediate development observed at a high substrate tocaptoethanol, and analyzed immediately or storee-2®
enzyme ratio (1900:1 mol/mol) was inconsistent with a °C until analysis.
mechanism involving an obligate free intermediate. Our  Factor IX Activation by Factor VII/Tissue FactorLipid
results suggest that factor Xla activates factor IX via a vesicles containing 70% phosphatidylcholine (PC) and 30%
different mechanism of activation than is observed by factor phosphatidylserine (PS) were made using a variation of the
Vlla/tissue factor. Whereas factor Vlla/tissue factor activates method of Hopeet al. (1985). Briefly, lipids were combined,
factor IX in a nonprocessive mechanism via the long-lived dried under nitrogen, lyophilized, and resuspended in TBS
free factor IXo intermediate, factor Xla appears to activate containing 0.1 mM EDTA. The lipids were then extruded
factor IX using a processive mechanism in which both through a 0.2um filter 10 times and stored at 4C under
proteolytic cleavages are made rapidly during a single nitrogen for no more than 2 weeks before using. Factor Vila
association between the enzyme and substrate so that no fre€l0 nM) and tissue factor (3.3 nM) were preincubated with
intermediate is generated. The differences in activation PS/PC vesicles (104M) in TBS plus 5 mM CaClat room
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temperature for 30 min. Factor IX (1:84) was added, and a.

aliquots were removed, quenched in SEFSAGE loading 1 2 3 4 5 6 7 8 9 10 11 12 13
buffer with g-mercaptoethanol, and analyzed immediately kpa

or stored at-20 °C until analysis.

Generation of Factor 4. Factor IX (1.7uM) and factor
Xa (400 nM) were incubated in TBS with 5 mM CaGlt 66.2 YT LR —FIX
37°C for 12 h. Conversion of factor I1X to factor Xwas
judged to be greater than 90%, based on gel analysis.
Residual factor Xa in the factor iXpreparation had no affect
in subsequent reactions (data not shown).

Competition between Factor IX Zymogen and Factar.IX 31.0 - = - —he
Factor 1X zymogen (500 nM) and factor ¢X(500 nM) were
incubated with factor Xla (4.7 nM) in TBS and 5 mM CaCl
at 37°C. Aliquots were removed and quenched in SDS
PAGE loading buffer containing-mercaptoethanol.

Comparison of Factor 1X Zymogen, Factor dX and b.
Factor IXao. Corversion Rates to Factor 1A Factor IX 100
zymogen, factor IXt or factor IXax (500 nm), and factor
Xla (4.7 nM) were incubated at 37TC in TBS and 5 mM 80
CaCb. Aliquots were removed and quenched in SBS
PAGE loading buffer (with3-mercaptoethanol for factor
IXa).

lodination of Protein One hundred micrograms of
monoclonal antibody was labeled with 1 mCi of Rfh
(Amersham) using lodobeads according to the manufacturer’s
directions (Pierce). Labeled antibody was purified from free
Na'?¥ using a Sephadex G-25 column.

Detection of Factor IX and Its Cleage Products
Samples were boiled prior to being loaded onto SIPAGE
(Laemmli, 1970). The proteins were then either silver- o
stained or transferred to Immobilon-P transfer membrane TGURE 2: Factor Xla activation of factor IX at a low substrate to

Millipore) for 2 h at 4°C and 60 V in transfer buffer (25 a2 ratio (44:1 mol/mol). ‘Factor IX (0. 1) and faoctor Xla
(Millipore) ( (3.1 nM) were incubated in TBS and 5 mM CaG@k 37°C. (a)

mM Tris, pH 8.6, 192 mM glycine, and 15% methanol). To Phosphorimage of a Western blot membrane probed with the anti-
ensure that transfer was complete, Immobilon membranesheavy-chain antibody A-2. Lanes-13 depict aliquots drawn and

were stained with Coomassie Brilliant Blue and destained duenched at 0, 0.5, 1, 1.5, 2, 2.5, 4, 6, 8, 10, 15, 20, and 30 min,

: ; . o. respectively. Because the membrane was first probed with A-7
prior to blocking. The membranes were blocked with 5% antibody and then stripped and reprobed with A-2 antibody, some

Carnation dry milk in TBS-T, probed with the radiolabeled  remaining A-7 antibody bound to the factor IX light chain appears
antibodies in TBS-T containing 5 mM CafGfor A-7 probes) as a faint band below the heavy chain. The factor IX zymogen
or 10 mM EDTA (for A-1 and A-2 probes), washed in (FIX) and heavy chain (h.c.) are labeled. (b) Graph of the relative
TBS-T (containing CaGlor EDTA), and exposed on a concentration of the zymoge®]) present during the reaction course.
- Quantitation was performed as described under Materials and
Phosphor Screen (Moleculgr Dynamlps)' Each membraneMethods_ Results shown represent the meatrarfges) of four
was probed successively with antibodies A-7, A-2, and A-1 independent experiments. The data were fit to the equation for a
for identification of all factor IX species. The membranes first-order exponential function.
were stripped between subsequent antibody probes using 62.5

1 0,
g]tl\g(;rjg'fglr-ls%iyniznﬂ) SDS, and 100 mftmercaptoethanol in which substantial factor 1X intermediate was detected

prior to the appearance of the product.
Competition between Factor IX Zymogen and Factar.IX
If the reaction proceeds through an efficiency-enhanced
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Data Analysis The intensity of each band detected by
the phosphorimager (Molecular Dynamics) or densitometer

(Molecular Dynamics) was determined using the program distributive mechanism in which the singly-cleaved inter-

;mngaﬁguz?éérlh%gﬁ: Inrt(-:?sn;rlwttyir?fez":‘:?\hk)lgﬂg wgz 2;E$;i’mediate species is a better substrate than factor IX zymogen,
and anaII[;/zed P P cEhe intermediate will be converted to product rapidly and
' therefore not be detected. To examine this possibility, factor
RESULTS IX zymogen and factor 1 were combined and incubated
with factor Xla. The factor IX concentration decreased at
Activation of Factor IX Neither antibody A-1 (data not  approximately the same rate as factor IX zymogen (data not
shown) nor antibody A-2 (Figure 2a,b) detected a band shown). Thus, the conversion of factordXo factor IXg5
corresponding to the factor iintermediate at low substrate  was equal to that of factor IX zymogen to factor [Xavhich
to enzyme (44:1 mol/mol) conditions, using factor IX and is incompatible with an efficiency-enhanced distributive
factor Xla concentrations below the reported of 0.37uM mechanism.
(in 5 mM CaCl}) (Sinhaet al., 1987). In contrast, factor IX Comparison of the Factor IX Zymogen, FactomdXand
activation by factor Vlla/tissue factor was similar to that Factor IXao Corwersion Rates To further evaluate the
observed previously (Lawson & Mann, 1991) (Figure 3a,b), possibility of an efficiency-enhanced distributive mechanism,
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FiGure 3: Factor Vlla/tissue factor activation of factor IX. The £
experiment and quantitation of results were performed as described § | \\®
under Materials and Methods. (a) Phosphorimage of a Western ¢
blot membrane probed with antibody A-2. Lanes1P depict 8 sl 2
aliquots drawn at 0, 2, 4, 6, 10, 15, 30, 60, 90, 120, 180, and 240 &
min, respectively. The factor IX zymogen (FIX), heavy chain with “ 0l
attached activation peptide (h.¢. a.p.), and heavy chain alone 3
(h.c.) are labeled. (b) Graph of the relative concentrations of factor 0 . . . . . X
IX zymogen ), factor IXa intermediate 4), and factor IX# (4) 0 5 10 15 20 25 30 3
present during the factor Vlla/tissue factor-catalyzed activation Time (min)
reaction. The data were fit to equations described by Lawson and Ficure 4: Conversions of factor IX zymogen, factor dX and
Mann (1991). factor IXao to factor 1Xg8. Factor IX zymogen, factor IX or

factor IXao (500 nM), and factor Xla (4.7 nM) were incubated at

the factor Xla cleavage rates of factor IX zymogen (Figures f3a7ct(§:r i;IBrﬁoarg:w ir:ghpag%?:a((c(’gn?/g\r/seigﬁ;atig?gc?grl Ig{?ﬁml_r;féng
4a,b), factor 1. (Figure .4a)’ ?”d faCtor. !)@(Elgure .4b) 1 shows %olegular weight markers. Lanes&and 9-15 show
were compared under identical conditions in which €S- factor IX zymogen and factor X conversions, respectively.
sentially no factor IX: intermediate was observed during  Aliquots from each reaction were drawn and quenched in-SDS
zymogen activation (Figure 4a, lanes-8). All three PAGE loading buffer containing-mercaptoethanol at 0, 2, 4, 7,
activation rates were estimated using the integrated Henri 10;“15' g”dnéof min. I()a S"xer‘rsta'rr]‘e‘{ g‘fe' comparing ff]‘Ctolr IX
Mlchaells_—Menten equation (_S_egel, 1993). In cc_untr_ast _to g%ovsgemo?eculgrcvc\)/eight (r:r?ar\ll<eer§.o Ear?esggnd)gﬁasheow
the requirements of the efficiency-enhanced distributive factor IX zymogen and factor Ixaconversions, respectively. Factor
mechanism, both the factor &Xand factor IXa. concentra- IXao. migrated slightly slower than factor IX zymogen, like due to
tions decreased at rates similar to factor IX zymogen (Figure conformational changes after cleavage between residues 180 and
40). The conversion rae constarts for factr X zymogen, 101, Sme Fcio i G o 1) hes resent e S
factor IXa, _a_nd factor IXa to the product, factor IX@ at and guenched in nonredu(g:ing SBBAGE loading buffer at 0, 2,
these conditions were 0.380.02 s*, 0.34+ 0.05 s, and 4,7, 10, 15, and 20 min. (c) Graph showing decreasing factor IX
0.27 + 0.01 s, respectively. (0), factor IXa. (2), and factor IXa. (¢) during the reaction course.

Intermediate Deelopment during the Actation Reaction Results shown represent the means of two independent experiments.
At high substrate to enzyme ratios, we sometimes observedluantitation was performed as described under Materials and

' . . Methods.

the appearance of the factordXntermediate. In reactions
using a 1900:1 (mol/mol) factor IX to factor Xla ratio, with
a factor IX concentration 9 times the reporteg some factor
IXa development was observed during the reaction course
(Figure 5a). Howevgr, trace.amounts of factomolXvere DISCUSSION
present in the reaction starting sample, and factorflXa
developed concomitant with additional factordXlevelop- The role of the intrinsic coagulation pathway has been
ment (Figure 5b). This is contrary to what was observed in questioned because individuals lacking the intrinsic pathway
the nonprocessive activation by factor Vlla/tissue factor initiators (factor XlI, prekallikrein, high molecular weight

(compare Figures 3b and 5b) and to what would be expected
from an efficiency-enhanced distributive mechanism.
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a. Factor Xla-catalyzed Activation
(n M s FIXa + FXIa
xDa - .
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215 Factor Vlla/tissue factor-catalyzed Activation

FIX + VIa/tf — FIX:VIa/tf — FIXo: VIIatf

\:

" L ° FIXo + VIa/tf

b. A

100 FIXou: Vilatf—> FIXaB:VIa/tf —> FIXap + VIIatf

Ficure 6: Comparison between the factor Xla- and factor Vila/
tissue factor-dependent mechanisms of factor IX activation. Pro-
teins are abbreviated as follows: FIX (factor IX), FXla (factor Xla),
FIXo (factor IXa), FIXaa (factor IXan), FIX; (singly-cleaved
factor IX), FIXa5 (factor 1Xg3), Vlla/tf (factor Vlla/tissue factor).

In contrast to factor Vlla/tissue factor-catalyzed activation, factor
Xla-catalyzed activation of factor IX proceeds without dissociation
between the enzyme and substrate complex during the reaction
course.

% Protein Present
H [} o]
o o o

n
o

single association between the substrate and the enzyme
during which both cleavages are made. To test the ef-
ficiency-enhanced distributive mechanism, we combined
o ] equimolar amounts of free factor éXand factor IX zymogen
FIGUrRe 5: Factor Xla_l activation of factor IX at a high substrate to with factor Xla and observed that factor éXwas cleaved
enzyme ratio (1900:1 mol/mol). Factor IX (1:8M) and factor o o
Xla (0.94 nM) were incubated with TBS and 5 mM Ca@t 37 at a rate similar to that of factor IX zymogen. Additionally,
°C. (a) Phosphorimage of a Western blot membrane probed with We studied the factor Xla cleavages of free factooland
antibody A-2. Lanes 412 depict aliquots drawn and quenched at factor IXao. The cleavage rates of both free intermediates
0, 10, 20, 30, 45, and 60 min, and at 2, 4, 6, 8, 10, and 24 h, \yere essentially identical to that of factor IX zymogen.

respectively. (b) Graph showing the changing concentrations of ;
factor IX zymogen ), factor IXa. (A), and factor IX# (#) between According to the calculated rates for free factorolXand

0 and 5 h of theeaction course. The data were fit to the equations factor IXau conversion, approximately 42% intermediate
described by Lawson and Mann (1991). should have accumulated during the reaction course; how-

ever, we did not observe significant intermediate accumula-

kininogen, and factor XI) do not typically exhibit a bleeding tion. These results strongly suggest that factor Xla-catalyzed
diathesis. Indeed, the need for multiple physiological activation does not proceed via a free factonl¥r factor
activators of factor IX is perplexing, particularly when factor [Xaa species.
Vllaltissue factor can effectively generate factor Bxand When we used a high factor 1X to factor Xla ratio (1900:1
lead to thrombin development (Jones & Mann, 1994; Lawson mol/mol), a small but significant amount of factor dX
& Mann, 1991). However, our study of factor IX activation development was observed. In the case of a honprocessive
by factor Xla indicates that intrinsic activation proceeds reaction, such as that observed during extrinsic activation,
differently than extrinsic activation and therefore may factor Vlla first makes one cleavage in factor IX and releases
function in a different capacity than factor Vlla/tissue factor- the factor Xa intermediate. Thus, the intermediate appears
catalyzed activation. prior to the product (Figure 3a,b). Even when an efficiency-

In our hands, factor IX activation by factor Xla proceeded enhanced distributive mechanism is operating, the obligate
without the development of the factor éXntermediate when  intermediate must appear prior to the product. However,
using a low substrate to enzyme ratio (44:1 mol/mol). Given during factor Xla cleavage of factor IX, the intermediate
the sensitivity of our detection system, only two mechanisms (factor 1Xa) developedwith and notprior to generation of
could explain the absence of an intermediate in the activationthe factor IXg product (Figure 5a,b). Indeed, the codevel-
reaction. First, it is possible that factor Xla makes one opment of factor 1%t and factor IX# was also observed in
cleavage and releases the singly-cleaved intermediate whiclseveral earlier papers (DiScipat al.,, 1978; Monroeet al.,
then rapidly reassociates with the enzyme and is converted1989). These observations are inconsistent with an ef-
to product, so that the intermediate is not detected (an ficiency-enhanced distributive model. On the other hand,
efficiency-enhanced distributive mechanism) (Mogisl., if a processive enzyme undergoes a consistent, periodic
1995). Since no intermediate was observed in the reactionsfailure and makes only one cleavage before releasing a
the free intermediate to product conversion rate would have singly-cleaved intermediate, we would observe the interme-
to beat least 100-fold faster thathe zymogen to intermedi-  diate concentration to initially rise with, and not prior to,
ate conversion rate to comply with the efficiency-enhanced the product. Thus, the observed behavior at a high substrate
distributive mechanism. Alternatively, the reaction may to enzyme ratio is consistent with a processive mechanism
proceed via a processive mechanism, in which there is adisplaying a low failure rate.

Time (h)
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