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Essentials 

• Factor (F)VIII is activated by thrombin-catalyzed cleavage at three Arg sites. 

• Thrombin-interactive sites responsible for cleavage atArg372 in Al residues remain unknown. 

• Residues 346・349provided a thrombin-interactive site responsible for cleavage atArg372. 

• A hirugen-hybrid Al mutant was more susceptible to thrombin cleavage at Arg372 than wild 

type. 
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Summary 

Background: Factor σ）VIII is activated by thrombin-catalyzed cleavage at three sites. Previous 

reports indicated that the A2 domain contained thrombin-interactive sites responsible for cleavage 

at Arg372. We hav巴alsofound that the A 1 domain of FVIII bound to the anion-binding exosite I 

ofthrombin. The present study focused, therefore, on thrombin interaction with Al residues 337・

372 containing clustered acidic and hirugen-like sequences. Aim: To identi命specificthrombin-

interactive site(s) within the Al acidic region of FVIII. Methods and Results: The synthetic 

peptide of residues 337・353with sulfated Tyr346 (337・353S)significantly blocked thrombin-

catalyzed FVIII activation and cleavage atArg372, whilst a co汀espondingpeptide of residues 354・

3 72 had no significant effect. Trea加国ntwith 1-ethylふ（3-dimethylaminopropyl)-carbodiimide

to cross-link thrombin and 340・350Ssuggested that the 344・349clustered acidic region w出

involved in thrombin interaction. Alanine-substituted FVIII mutants, Y346A and 

D347A/D348A/D349A, depressed thrombin-catalyzed activation and cleavage at Arg372, with 

pe北 activationat～50% and cleavage rates of ～10-20% comp訂edto wild type (WT). The peak 

level of thrombin-catalyzed activation and the cleavage rate at Arg372 using FVIII mutants with 

337・346residues substituted with hirugen-sequences (MKNNEEAEDY337-346GDFEEIPEEY) 

were～1.5・姐d～2.5・foldof WT, respectively. Surface plasmon resonance-based analysis 

demonstrated也atthe Kd for active-site modified thrombin interactions using Y346A組 d

D347A/D348A/D349Amutants was～3-6-fold higher than that of WT；叩dthat the hirugen-hybrid 

mutant facilitated association kinetics ～1.8・foldof WT. Conclusion: Residues 346回 349with 

sulfated Tyr provided a thrombin-interactive site responsible for activation and cleavage atArg372. 

A hirugen-hybrid A 1 mutant showed more efficient thrombin-catalyzed cleavage at Arg372. 

Key words: Factor VIII, Thrombin, Mutant Protein, Hirudin, Protein-Protein Interaction Domain 
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Introduction 

Factor (F)VIII, a plasma protein deficient or defective in the severe inherited bleeding disorder, 

hemophilia A, functions as a procofactor for the serine protease, FIXa, in phospholipid surface-

dependent conversion of FX to FXa [1]. FVIII is synthesized出 amulti-domain, single chain 

molecule (Al・A2-B-AテCl・C2)consisting of 2,332 amino acid residues with a molecular m鎚 S

of ~300 kDa [2,3]. FVIII is processed during secretion by白rincleavage, generating a variably 

proteolyzed sized heavy chain (HCh) consisting of the Al・A2-Bdomains, linked to a light chain 

(LCh) consisting of the A3-CトC2domains [2・4].

Thrombin functions as a positive feedback amplifier in the coagulation cascade by specific 

cleavage of FVIII [ 5]. The pro-cofactor is converted to the active-cofactor, FVIIIa, by limited 

proteolysis. Proteolysis occurs in the HCh at Arg372 separating the Al・A2domains, and at Arg740 

at the A2・Bdomain junction to generate the 50・kDaAland 40・kDaA2 subunits. The LCh is 

cleaved at the N-terminal Arg1689 to release a 1649”1689 residue同 fragment企omthe 80・kDa

subunit generating 70・・kDapolypeptide [ 5]. Cleavage at Arg372 site exposes a functional FIXa-

interactive site within the A2 subunit that is cryptic in the unactivated molecule [6]. Cleavage at 

Arg1689 liberates the cofactor企omits carrier protein, von Willebrand factor [7], and contributes 

to overall sp巴cificactivity of the cofactor [8,9]. 

The potential pro司thromboticactivity of thrombin is controlled by regulatory surface loops and 

by two anion-b出dingexosites (ABE-I組 dABE-II). These ABEs are characterized by a high 

density of solvent-exposed basic residues, and play crucial roles in regulating substrate specificity. 

ABE-I binds to fibrinogen [10], and involves the acidic residue-rich tail (residues 54・65,termed 

hirugen) associated with hirudin interactions [11,12]. ABE-II binds to heparin [13] and serpins 

[14]. BothABEs are also involved in the activation and cleavage ofFV叩 dFVIII [ 15]. Studies 

using 53 thrombin mutants with ABE residues substituted with alanine, indicated that the ABE-I 

binding sites responsible for FVIII activation involved cleavages at Arg372 and Arg1689, whilst 

ABE-II appe紅 edto be essential for regulating proteolysis at Arg372 and Arg740 [16]. 

Less complete information is available, however, on thrombin-interactive sites in FVIII. We have 

previously identified some thrombin-interactive sites in the differ百 itdomains of FVIII. The C2 

domain w出 shownto govern thrombin cleavage at Arg1689 during pro-cofactor activation [17]. 

The acidic region comprising residues 389圃 394in A2 interacted with thrombin via ABE・IIand 
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supported cleavage at Arg740 [18]. The clustered basic residues within the 484・509region in A2 

contribut吋 tothrombin-catalyzed cleavage at Arg372, ABE-independently [19]. In addition, Fay 

and colleague reported that the clustered acid residues within the 720・725region at the C-terminus 

of A2 seemed to participate in thrombin-catalyzed cleavage at Arg372 [20]. However, further 

interactions involving cleavage at Arg372 remained to be fully identified. 

Hirudin is a 65・residuepolypeptide inhibitor of αー出rombinderived from the leech Hれ1do

medicinails [21]. Hirudin binds toα－thrombin with exceedingly high affinity [21], and residues 

54・65(GDFEEIPEE工LQ)in the C-terminus of hirudin, termed hirugen, participate in this 

binding significantly [22]. Sulfation at Tyr63 in hirudin contributes to its interaction with thrombin 

by increasing affinity ～10-fold [23]. We previously reported that hirudin competitively blocked 

the interaction of the FVIII A 1 domain with thrombin dose-dependently, strongly indicating that 

thrombin might interact with this subunit in an ABE・I・－relatedmechanism [18]. Notably, the amino 

acid sequence of A 1 acidic region appears to be similar to that of hirugen. In the present s加dy,

therefore, we focused on the N-terminus region (residues 337-353; MKNNEEAEDYDDDLTDS) 

within the acidic region of Al, involving both the clustered acidic residues and the hirugen・like

sequence, including sulfation at Tyr346, to characterize the thrombin-interactive region responsible 

for activation and cleavage at Arg372. 

Materials and Methods 

Reagents -Purified recombinant FVIII preparations were generous gifts from Bayer Co中・ Jap組

(Osaka, Japan). Human α・thrombin,FXa, Phe-Pro-Arg-chloromethylketone (PPA-ck）ラand

recombinant hirudin (Calbiochem, San Diego, CA), peroxidase-conjugated s悦 ptavidin(Sigma-

Aldrich, St Louis, MO), and EDC (1・ethyl-3・［3-dimethylaminopropyl]-carbodiimide

hydrochloride, Pierce; Rockford, IL) were purchased企omthe indicated vendors. A mAbJR8 

recognizing the C-terminus (residues 563-7 40) in A2 was obtained from JR Scientific Inc. 

(Woodlamd, CA) [24,25]. The synthetic peptides corresponding to residues 337・353and 354-372, 

and that corresponding to 3 3 7・353with sulfated Tyr346 (337胴 353S),and biotinylated and non-

biotinylated peptide with residues 340・350with sulfatedηr346 (340・350S)were prep紅edby 

Biosynthesis (Lewisville, TX). All synthetic peptides demonstrated >95% purity. 

Mutagenesis，ιxpression, and purification of mutated FVIJ l -B domain-deleted FVIII (lacking 

Q744・81637),rFVIII wild type (WT), mutated products Lys338Glu (K338D), Asn340Glu 
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(N340E), Glu342Ile (E342I), Asn340Glu/Glu342Ile (N340E/E342I), Glu344Ala/Asp345Ala 

(E344A/D345A), Tyr346Ala (Y346A), Asp34 7 Ala/ Asp348Ala/ Asp349 Ala 

(D347A/D348A/D349A), and the FVIII hybrid containing the hirugen sequence 

(MKNNEEAEDY337・346GDFEEIPEEY)were stably expressed in baby hamster kidney cells 

and purified [26]. The “legacy" numbering for FVIII residues w出 usedfor consistency with the 

earlier study. Resultant FVIII forms were typically >90% pure as judged by SDS polyacrylamide 

gel electrophoresis (SDS-PAGE) and staining with G巴ICode⑧ Blue-Stain Reagent (Pierce), with 

albumin representing the major contaminant. FVIII concentrations were me出 uredby ane回 yme-

linked immunosorbent assay (ELISA) using two anti-FVIII mAbs. Samples were q凶ck－企ozenand 

stored at -80 °C. 

Preparation of active site哨 odifiedPPA-thrombin -Thrombin (15 μM) was incubated overnight 

at 4 °C with a 10-fold molar excess of PP A-ck in 50 mM  HEPES, pH 7.2, 0.1 M NaCl, and 0.01 % 

Tween 20 (HBS-buffer) containing 5 m M  CaCh. Unbound PPA司 ckwas removed by extensive 

dialysis at 4 °C in 20 mM  E王EPES,pH 7.2, and 0.1 M T、faCl.Chromogenic assays using S-2238 

(Chrmnogenix, Diapharma Inc., West Chester, 0町 demonstratedless than 0.1 % residual 

thrombin activity (data not shown). 

Clotting 仰の1sofF阿71activi；秒ーFVIIIcoagulation activity was measured in one-stage clotting 

assays using commercial FVIII-deficient plasma (Sysmex, Kobe, Japan) with a STart4 

Hemostasis Analyzerロ（DiagnosticaStago, Asnieres, France). All reactions were performed at 

37 °C. FVIII (10 111のwasactivated by the addition of thrombin (0.4 nM) in HBS buffer 

containing 5 mM  CaCh and 0.01 % bovine serum albumin. Aliquots were removed from the 

mixtures, and thrombin w出 rapidlyinactivated by the addition of hirudin (1 U/ml) and 2,500・

fold dilution [19]. FVIII activity in FVIII-WT and mutants was also determined using a 

chromogenic, FXa generation assay (Chromogenix）.百iepresence ofthrombin and hirudin in the 

diluted samples did not affect FVIII activity in these assays (data not shown). 

FVIII cleavage by thrombin ・Thrombin(2 nM) was added to FVIII (50 nM) at a 1:25 molar 

ratio in HBS-bu百erat 37 °C. Samples were obtained at the indicated times, and the reactions were 

immediately terminated and prepared for SDS-PAGE by adding SDS under reducing conditions 

and boiling for 3 min. 
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Electrophoresis and Western blotting -SDS-PAGE W出 performedat 150 V for 1 hr, using 8 % 

gels followed by Western blotting using a Bio-Rad mini-trans blot appara佃s(BIO-RAD, Hercules, 

CA) at 100 V for 1 hr. Protein bands were probed using組組ti-A2mAbJR8, followed by goat 

anti-mouse peroxidase-linked secondary antibody. Signals were detected using enhanced 

chemiluminescence (PerkinElmer Life Science, Boston, MA). Densitometric sc組 swere 

quantitated using Fusion Solo S™ (Vilber Lourmat, Collegien, France). 

EDC cross-linking assay -Zero-length cross-linking reactions with EDC were examined in RBS 

buffer containing 1 mM  CaCh at 37 °C [19]. Thrombin (300 nM) was incubated with various 

amounts of biotinylated 340・350Sfor 1 hr. EDC (500 μM) w出 addedto the mixtures, followed 

by a白rther45 min-incubation. After the addition of sample buffer under reducing conditions and 

boiling, the reactant mixtures were subjected to electrophoresis on 15% gels. Proteins were 

transfeηed to PVDF membranes, and were probed using peroxidase-con ugated s仕eptavidin.

Regarding the N-terminal sequence of cross”linked product, thrombin (1 μ問wasincubated with 

340・350S(1 mM) in the presence ofEDC (5 mM). The reactant mixtures prepared under reducing 

conditions were subjected to SDS-PAGE, followed by transferring to membrane. The blots of 

cross-linked products were stained with 0.2% Coomassie brilliant blue in 40% methanol and 10% 

acetic acid for 10 min. The samples企omindividual bands were loaded into the ca附 idgeof 

ABI492 Prociss HT protein sequencer, rinsed with ethyl acetate, dried, and the N-terminal 

sequence of cross-linked product was analyzed commercially by Bio”Synthesis Inc. (Lewisville, 

TX). 

Su宅faceてplasmonresonance (SPR)-based assαl)l -The kinetics ofFVIII and thrombin interaction 

were determined by SPR based assays at 37 °C using Biacore T200™ instrument (Cytiva, Sheffield, 

UK). PPA-thrombin was covalently coupled to the CMS sensor chip at a coupling density of 1,770 

response units (RU). Ligand binding w出 monitoredin running buffer (20 mM  HEPES, 1 mM  

CaCh, 0.005% polysorbate20) for 2 min at a flow rate 10 μl/min. The dissociation of bound ligand 

was recorded over a 2・minperiod by replacing the ligand-containing bu首位 withbuffer alone. 

The level of nonspecific binding, corresponding to ligand binding to the uncoated chip, w部

subtracted from the signal. The surface on the sensor chip was regenerated by washing 50 mM  

NaOH. The rate constants for association （ん回） and dissociation (kwss) were determined by 

nonlinear regression analysis using evaluation so丘wareprovided by Biacore AB. Dissociation 

constants (Kd) were calculated as kwsslk田 so.The residuals of the fitted data (Chi-square test；χ2) as 
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a function of time were used to出 sesspossible systematic deviation. 

Data ana砂山・ Allexperiments were performed on two or three separate occasions, and the 

average and standard deviation values are shown. Nonlinear least squares regression姐 alyses

were performed using Kaleidagraph (Synergy Reading, PA). The rate const組 ts（めforcleavage 

at Arg372 by thrombin were calculated using the equation Atニ A0(1-e-kt) (Equation l); 

where Ao is the initial concentration of HCh form in nM，んisthe concentration at time point （。

of A2 subunit, k is the rate constant in minutes-1, and tis the time in minutes. 

Results 

Impact of 337-・353Speptide on thrombin-catalyzed FVIII activation・TheN-terminal region 

within the acidic region in the Al domain (residues 337-372) consists of clustered acidic residues 

and a sulfated Tyr. This sequence is highly conserved among species and is similar to hirugen 

(Figure lA and B). We speculated, therefore, that this region might contribute to thrombin 

interaction. Synthetic peptides were prep紅ed,th巴r巴fore,corresponding to residues 337・353and 

354・372,encompassing the 337・372region, together with a 337・353peptide containing sulfated 

Tyr346 (337・353S).The impact of these peptides was initially examined on thrombin-catalyzed 

FVIII activation (Figure 2). FVIII (10凶ti)together with peptide (200 μ恥のW出 incubatedwith 

thrombin (0.4 nM). Both the 337回 353peptide and the 354・372 peptide modestly depressed peak 

levels of thrombin-catalyzed FVIII activation, although the inhibitory e百ectof the former peptide 

appeared to be greater (Figure 2A-a). As expected, the inhibitory effect of the 337・353Speptide 

was more pronounced compared to the 337-353 peptide. FVIII (10仙の wasalso mixed with 

various amounts of these peptides prior to incubation with thrombin (0.4 nl¥め，andactivation w出

assessed by measuring FVIIIa activity at 1 min. All peptides inhibited thrombin-catalyzed FVIII 

activation dose-dependently. The IC50 values of 337・353,354・372,and 337・353Speptides were 

～80, 400く， andく25μM, respectively (Figure 2A-b). In addition, the 337・353Speptide again 

exhibited a significantly greater inhibitory effect on thrombin-catalyzed activation, suggesting 

that the 337・353region including a sulfated Tyr predominantly contributed to thrombin 

interactions. 

Inhibition of thrombin cleavage of the HCh at Arg372 by the 337-・353Speptide -Mixtures of 

FVIII (50 nM) and synthetic peptides (200 μM) were incubated with thrombin (2 nM), prior to 

SDS-PAGE and Western blotting analysis as described in Methods. Figure 2B illustrates the time-
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course ofHCh cleavage reactions determined by Western blotting using an anti-A2 mAJR8. The 

disappearance of Al・A2fragments and generation of A2 fragments reflects cleavage at Arg372. 

The 354・372peptide did not affect thrombin cleavage of the HCh. The 337・353peptide modestly 

delayed the disappearance of Al・A2fragments and the generation of A2 fragments compared to 

that in its absence. In contrast, the inhibitory e百ectof the 337・3538peptide was markedly greater 

than that of the 337・353peptide. These results indicated that residues 337・353with sulfated Tyr346 

in the Al acidic region contributed to the HCh cleavage at Arg372. 

N-terminal sequence anゆsisof zero占 ng幼 cross-linkedproducts of Al acidic peptides and 

thrombin -The involvement of Al residues 337-353 in thrombin interactions was白rther

examined by direct binding using EDC-mediated cross-linking experiments [19]. The 337・3538

peptide failed biotinylation, however, and a 340・3508peptide w出 utilizedfor these p田poses.

Thrombin (300 ill¥のwasincubated with increasing amounts of biotinylated 340・3508and EDC 

(500 μM). The formation of cross-linked products of ~34 kDa was demonstrated by姐 increasing

intensity of band staining at various concentrations of peptide (Supplemental Figure lA). 

Thrombin consists of an A chain （～5 kDa）組dB chain （～32 kDa) linked by a disulfide bond. 

Since the samples on SDS・PAGEanalysis were prepared under reducing conditions, the cross-

linked B chain is observed. The m出 Sof the combined product （～34 kDa) was consistent with a 

1: 1 stoichiome町 ofthe 問 tideト1.5kDa) and the B chain of thrombinト32ゆ a).No cross-

linked products were evident with peptides using BSA in control experiments (data not shown). 

To confirm the specificity of interaction be何reenthe biotinylated 340・3508and thrombin, various 

amounts of unlabeled 340・3508peptides were combined with the fixed concentrations of 

thrombin (300 nM）姐dbiotinylated peptide (0.8 μM), and the mixtures were reacted with EDC 

(500 μM). Unlabeled 340・3508si伊ificantlyinhibited the cross-linking formation between 

biotinylated peptide and thrombin in a dose-dependent manner, supporting the specificity of this 

interaction (Supplemental Figure lB). 

N-terminal sequence analyses of the peptide－伽ombin adducts were performed in order to identi命

the specific residue(s) in 340・3508that cross-linked with thrombin. The peptide・thrombin

compound contained two N-termini, and each cycle of sequencing cleaved a residue from each 

chain. Th巴residuesidentifi巴dby these analyses matched the predicted residues for the N-termini 

of the peptide and thrombin (Table 1 ), confirming a 1: 1 stoichiometry of peptide and thrombin. 

Sequence analysis of the native peptide demonstrated that residues 344・349were evident企om
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the 5也 to10也 cycles(data not shown). These residues were not detected, however, during 

sequencing of the cross-linked adduct. In contrast, the expected yields of all residues in the B自

chain chain were detectable in all thrombin cycles, other than the ヂ，供 and11也 Residues

involved in covalent cross-links of this旬pemight not be detected in sequence analyses, however, 

resulting in an apparent gap in the sequences of that chain, and in these circumstances, 

interpretation of the data was limited. Nevertheless, the data tentatively confirmed that the acidic 

residues 344・349(EDYDDD) in the Al peptide白rmeda bridge柑 hayet unidentified carboxylic 

basic residue in the B-chain of thrombin. The sequence of the A-chain was not detected, 

confirming the participation of the B-chain ofthrombin between cross-linked adducts. 

Thrombin-catalyzed activation and cleavage within 344-349 residues of FVIII mutants・百ie

residues responsible for thrombin interaction within 344-349 sequences were directly identified 

using a series of FVIII mut組 .tsprepared with Ala substitution using a BHK cell system; one 

double mutant E344A/D345A, one single mutant Y346A，組d one triple mutant 

D347A/D348A/D349A. Specific activities were determined by a one-stage clo仕ingassay and a 

FXa-generation assay (Table 2). The specific activities of E344A/D345A, Y346A, and 

D347A/D348A/D349A were 56 and 85%, 61 and 124%, and 28 and 51 % of WT respectively in 

the two assays, indicating lower specific activities measured by one-stage assay compared to FXa 

generation assays. These results were consistent with the characteristics of hemophilia A patients 

with F8 mutations associated with thrombin cleavage-or adjacent sit巴（s)[27,28]. The Y346A and 

D347A/D348A/D349A mutations appeared reflect a greater influence than the E344A/D345A 

mutant. 

These FVIII mutants (10仙のwere白rtherexamined for activation by thrombin (0.4 nM). Time-

co町 seactivation and inactivation curves訂eshown in Figure 3A. Activation of the 

E344A/D345A mutant was slightly decreased to～80% of WT. Thrombin-catalyzed activation of 

Y346A and D347A/D348A/D349A mutants w出 diminished,however, with peak activity of 

～50% of WT (Table 3). We also investigated thrombin-catalyzed proteolytic cleavage of the HCh 

at Arg372. Figure 3B-a shows the time-course patterns as described above. In addition, since the 

ratio of A2/A2+AlA2 fragments reflects thrombin-catalyzed cleavage at Arg372, cleavage rates 

were calculated using quantitative densitometry (Figure 3B-b, Table 3). The cleavage rate of 

E344A/D345A appeared to be ～90% of the WT, in keeping with the similar cleavage pattern of 

WT FVIII. The cleavage rates of the Y346A and D34 7 A/D348A/D349A mutants were decreased, 
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however, to～10%叩 d～20%of WT. These results demonstrated that the 346・349clustered acidic 

region, including sulfated Tyr, governed thrombin activation ofFVIII through cleavage atArg372. 

Thrombin-catalyzed activation and cleavage of FVIII Al acidic mutants replaced by the 

hirugen sequence・Thesequence 3 3 7・346(MKNNEEAEDY〕inA 1 appears to be similar to the 

hirugen sequence (Figure lB). It seemed possible therefore, that FVIII mut釦臼 containing

residues of the hirugen sequence within 337・346could be more e伍cientlyactivated and 

proteolyzed by thrombin th叩 WT.On this b出 is,four FVIII mutants were prepared with one or 

two amino acid residues substituted with corresponding hirugen residues (K33 8D, N340EヲE342I,

and N340E/E342I), together with a FVIII mut祖 tcomprising 白11 hirugen sequence 

(MKNNEEAEDY337・346GDFEEIPEEY;al-hirugen hybrid mutant). The specific FVIII 

activities of these mutants determined by one-stage clotting出 sayswere 35・45%and were lower 

than those obtained by FXa generation assays, consistent with a possible association between 

thrombin and these mutated residues. 

Figure 4A illustrates that peak levels of activation of the fo町 mutants(K338D, N340E, E3421, 

and N340E厄3421)by thrombin were decreased by 50・60%compared to WT. In contrast, 

thrombin-catalyzed activation of al-hirugen hybrid mutant was increased by ～1.5・foldof WT 

(Table 3). In addition, time course analysis ofthrombin cleavage atArg372 of these FVIII mutants 

was repeated (Figure 4B-a), and suggested that, except with E342I and the al・hirugenhybrid, 

the cleavage rate was 35・55%slower th組 thatof WT. There was no significant difference in the 

cleavage rate of E342I compared to WT. Conversely, the rate of thrombin cleavage at Arg372 in 

al・hirugenhybrid mutant exl註bitedan～2.5-fold increase compared to WT (Figure 4B-・b《 Table

3). These results demonstrated that FVIII Al mutant containing the白11hirugen sequence 

facilitated thrombin-catalyzed activation and cleavage at Arg372. 

Direct binding of Y346A, D347AID348AID349A, and al-hirugen hybrid mutant to PPA・

thrombin胸 Thedirect binding ofY346A, D347A/D348A/D349A，組dal-hirugen hybrid mutants 

to thrombin, was investigated using a fluid-phase SPR-based assay. Various concentrations of 

FVIII mutants were added to active-site modified PPA・thrombinimmobilized onto the CM5 

sensor chip as described in Methods, and Figure 5 illustrates representative binding curves. The 

data was comparatively fitted by non-linear regression using a 1: 1 binding model with a drifting 

baseline. The binding a節目tiesof Y346A (k蹴 ＝ 0.90土 0.10×105M-1s・1, kdiss = 22.7土 7.3×104s・1, 
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Kd; 25.3 nM; x2 = 2.3）姐dD34 7 A/D348A/D349A （ん.＝1.3士0.17×105M・1s・1, kdiss= 61.3土9.9×10-

4 s・1, Kd; 47.4 nM; ぽ＝ 8.7) mutants for PPA-thrombin were reduced by J品 ldand～5 5・白ld

com par巴dto WT （んs= 1.0土 0.11×105M・1s・1, kdiss = 8.6土 3.8×104s・1, Kd ; 8.5凶 1;x2 = 11.2), 

confirming that residues 346・349played a direct and important role in thrombin interactions. 

Alternatively, the association kinetics of the al-hirugen hybrid mutant (k制＝ 1.8土0.24×105M九ー

1, kdiss= 26.0土 1.9×104s・1, Kd; 14.6 nM；ピ＝36.7) to PPA”thrombin was enhanced by ～1.8・fold.

However, since the dissociation kinetics W出 reducedby ～3・foldof WT, the binding affinity (Kd) 

for this interaction was not enhanced. 

Discussion 

Thrombin and FXa activation of FVIII by limited proteolysis at Arg372, Arg740, and Arg1689 is 

essential for normal blood coagulation. In this context, cleavage at Arg372 and Arg1689 is especially 

import組 tfor generating FVIIla cofactor activity on the FXase complex [9]. Our earlier study 

demonstrated that the 337・372acidic region in Al domain of FVIII, in p訂 ticularthe clustered 

acidic residues D361/D362/D363, contained a FXa-interactive site [29-31]. We had previously 

shown that the Al subunit bound directly to an active-site modified Phe剛 Pro-Arg-thrombin組 dto 

mutated recombinant thrombin (Ser205Ala) [19]. This interaction was competitively blocked by 

the addition of hirudin, indicating an ionic-strength-dependent interaction involving the ABE-I 

of thrombin [19]. We have now extended these studies to further characterize the thrombin-

interactive site(s) in the Al acidic region (residues 337・372).Our results demonstrated for the 

first time that the Y346/D347/D348/D349 residues in Al directly participate in the thrombin 

interactions responsible for proteolytic cleavage at Arg372. In addition, the al-hirugen hybrid 

mutant w部 associatedwith more e旺icientthrombin-catalyzed activation and cleavage. 

Detailed peptide exper町ientsindicated that the N-terminus residues 337・353in the Al acidic 

region contributed to thrombin-catalyzed activation and cleavage atArg372. Furthermore, our data 

coぱIrmedthat sulfation of Tyr346 could be essential for thrombin association. Earlier reports 

demons仕ated也attyrosine sulfation ofFVIII is req凶redfor白HFVIIIa cofactor activity [32,33], 

indicating the importance of tyrosine sulfation in this mechanism. In addition, hemophilia A 

patients identified with Tyr346His, Tyr346Cys and Tyr346* mutations reported in the F8 gene 

variant database (httn://www.factorviii-db.eahad.org) exhibited a mild-severe hemophilic 

phenotype, consistent with a白nctionalrole for this residue. 

12 



Our results utilizing FVIII mutants where acidic residues in the 344・349segment were replaced 

with Ala showed reductions in specific activity. In particular, the D34 7 A/D348A/D349A mutation 

severely affected specific activity. Thrombin activation and cleavage rates with the E344A/D345A 

mutant were not significantly different from WT. In contrast, Y346A and D347A/D348A/D349A 

mutants appeared to be linked to reduced rates for thrombin-catalyzed activation and cleavage at 

Arg372. Moreover, SPR・basedanalysis showed that Y346A and D347A/D348A/D349A mutants 

possessed姐～3・5-foldlower a宜inityfor active-site modified thrombin relative to WT. These 

results suggested that the sulfated residue (Tyr346) and the clustered 347-349 acidic region played 

an important role in direct thrombin interaction via ABE-I. The :findings were consistent with 

those of Michnick et al. [33], emphasizing that sulfation at Tyr346 increased the efficiency of 

thrombin activation and cleavage. 

Alternative studies have suggested that Ala mutations of the acidic residues in the A2 domain, 

E720A, D721A, E724A，組 dD725A, also impaired thrombin activation and cleavage rates at 

Arg372 [20]. Our observations paralleled thos巴results,and showed that the acidic residue flanking 

tyrosine sulfation in FVIII significantly contributed to thrombin-catalyzed activation and cleavage. 

Binding ofthrombin to the 484・509region inA2 also appeared to govern cleavage atArg372 [19]. 

These series of investigations on thrombin interactions have suggested, therefore, that thrombin 

cleavage at Arg372 is likely re思ilatedby a range of binding mechanisms involving; i) the clustered 

basic 484-509 region independent of ABE, ii) the clustered acidic 346・349region dependent on 

ABE・I，組diii) the clustered acidic 720・725region [18・20].

Some of the FVIII Al mutants containing one or two amino acid residue(s) of the hirugen 

sequence (K338D, N340E, E342I, and N340E厄3421)reduced the catal戸icefficiency of 

thrombin-catalyzed reactions compared to WT. The cleavage rate of E342I by thrombin was not 

significantly different from that of WT, however. The reason for this remains unclear, but it may 

be that this residue is not crucial for thrombin cleavage. Notably, however, results from the time帽

course experiments of thrombin-catalyzed activation and cleavage at Arg372 using the al-hirugen 

hybrid mutant demonstrated an～1.5・foldand ～2.5・foldincrease, respectively, compared to those 

with WT. These data indicate that this novel FVIII mutant might confer more e百icientthrombin 

cleavage at Arg372 in FVIII. 

We speculated that the白Hhirugen sequence might contribute to higher affi凶tyof thrombin 
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interactions, possibly resulting泊 moreefficient thrombin activation and cleavage. However, 

SPR-based assays designed to examine the interactions between th巴hybridmutant and PPA-

thrombin failed to reveal組 ysignificant enhancement of af自国tyin thrombin binding compared 

to WT. The kinetic detenninants for both thrombin association （んs)and dissociation (kc!iss) with 

the al・hirugenhybrid mut佃 twere greater than those in WT. Thrombin appe紅ed,therefore, to 

bind rapidly and dissociate 企omthis mutant easily. It may be that the full hirugen S巴quenceitself 

inserted in the Al domain may have increased binding potency but induced an unfavorable 

conformational change for白llyeffective thrombin interactions. A previo田 studyreported that 

P3干3’residuesflanking Arg740 and Arg1689 were associated with more potent thrombin cleavage 

than those flankingArg372 [34]. In addition, Newell剛 Caitoet al. [35] suggested that FVIII mutants 

composed of residues flanking the Arg372 site e対libitedmore rapid rates of thrombin-catalyzed 

cleavage and pro帽 cofactoractivation than WT, indicating that optimum thrombin interactions may 

be influenced by this sequence. 

Our prese凶 studyprovided new insights into novel thrombin叩teractivesite in the Al acidic 

region of FVIII. Furthermore, the full hirugen sequence in the mutated A 1 acidic region (residues 

337-346) appeared to be more susceptible to thrombin cleavage at Arg372 than WT. However, the 

binding mechanism(s) responsible for these findings remain to be determined and do not exclude 

possible allosteric effects in the FVIII mutants away from the Al acidic region and thrombin 

exosite. 
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Figure Legends 

Figure 1. Sequence alignment of residues 337-353 in human and other mammalian FVIII 

proteins and of residues 53回 65of hirugen”Pσnel (A) shows that the acidic residues within 

residues 337-353 in FVIII are highly conserved across species. Panel (B) shows the sequence of 

hirugen compared to that of human FVIII. Acidic residues and tyrosine residues are illustrated in 
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bold and in italic bold, respectively. 

Figure 2. Effects of synthetic pep姐desof the Al acidic region on activation and cleavage at 

Arg372 of FVIII by thrombin”Panel (A-a); Time course reaction: FVIII (10 nM) was mixed 

with Al peptide (200凶1;open circles; 337・353peptide, closed circles; 354-372 peptide, closed 

squares; 337-3538 peptide, open triangles; no peptide), and was incubated with thrombin (0.4 

nM). The reac討onswere terminated at the indicated times prior to measuring FVIIIa activity in a 

one-stage clotting assay as described in Methods. Initial FVIII levels were～9 .9 IU/ml. FVIIIa 

activities were expressed as fold of initial, and were plotted出 afunction of incubation time. Panel 

(A-b); Dose-devendent e併ct:FVIII (10凶1)was mixed with various concentrations of Al 

peptide (open circles; 337・353peptide, closed circles; 354・372peptide, closed squares; 337幽 353S

peptide) prior to incubation with thrombin (0.4品,f)£町 1min. FVIIla activity at 1 min without 

peptide was～180 IU/ml and this level w出 reg紅白d回 initial.FVIIIa activity was plotted as a 

function of peptide concentration.印刷 （B);Time course of cleavaze. FVIII (50 nM) w出

incubated with thrombin (2 nM) for the indicated times in the absence or presen印 ofAl peptide 

(200 μM; 337・353peptide, 354・372peptide, and 337岨 353Speptide). Samples were analyzed by 

8% SDS-PAGE, followed by Western blotting using an anti-A2 mAJR8 as described in Methods. 

Experiments in (A) and (B) were performed出reeseparate times. Average and standard deviation 

values in (A) and representative data in (B) are shown. 

Figure 3. Thrombin-catalyzed activation and cleavage at Arg372 of FVIII mutated in the 344・

349 sequence -Panel (A); Time course of activation: FVIII WT or mutants (10 nM) were 

incubated with thrombin (0.4凶 1)prior to measuring FVIIIa activity at the indicated tim田 ma 

one-stage clotting assay as described in Methods. The initial FVIII activities of WT (closed 

circles), E344A/D345A (open circles), Y346A (closed squares), D347A/D348A/D349A (open 

squares), were～8.2, 4.6, 5.0, and 2.3 IU/ml at t=O, respectively. FVIIIa activity was expressed出

fold of initial，姐dwas plotted as a function of incubation time. Panel (B); Time course of 

4些辺広三 WT or mutants (E344A/D345A, Y346A，叩dD347A/D348A/D349A) ofFVIII (50凶1)

we閃 incubatedwith thrombin (2仙の forthe indicated times. Samples were run on 8% gels, 

followed by Western blotting using an anti-A2 mAbJR8 (panel a）出describedin M仙 ods.Panel 

(b) shows change in the band density of HCh, representing cleavage at Arg372 assessed by 

qu油口tativeband densitometry in panel (a). The ratios of A2/A2+A1A2 band of the FVIII forms 

inpαnel (a) measured by quantitative densitometry are shown in panel (b). The symbols used are: 
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closed circles; WT, open circles; E344A/D345A, closed squares; Y346A, open squares; 

D347A/D348A/D349A. Experiments in (A) and (B) were performed three separate times and 

twice, respectively, and average and st姐 darddeviation calculations are shown. HCh; heavy chain 

Figure 4. Thrombin-catalyzed activation and cleavage at Arg372 for FVIII mutants with 

hirugen-sequence substitution in the 337-346 region -Pαnel (A); Time course of activation: 

The WT or muta凶s(K338D, N340E, E3421, N340E/E342I, and al-hirugen hybrid) ofFVIII (10 

nM) were incubated with thrombin (0.4 nM) prior to measuring FVIIIa activity at the indicated 

times in a one-stage clotting assay as described in Methods. The initial FVIII activities of WT 

(closed circles）ラ K338D(closed sq開 res),N340E (open squares), £3421 (closedかiangles),

N340E/E342I (open triangles), and al hirugen (open circles) were～8.2, 3.8, 3.8, 3.1, 3.0, and 2.8 

IU/ml at t=O, respectively. FVIIIa activi勿W出 expressedas fold of initial. Panel (B); Time course 

of cleav正H!e.The WT or mutants (K338D, N340E, £3421, N340E/E342I, and al・hirugenhybrid 

substitution) of FVIII (50 nM) were incubated with thrombin (2 nM) for the indicated times. 

Samples were run on 8% gels, followed by Western blotting using an anti-A2 mAbJRS (panel a) 

as described in Methods. Panel (b) shows change in the band density of HCh, representing 

cleavage at Arg372 assessed by quantitative band densitometiy in panel (a). The ratios of 

A2/A2十AIA2band ofFVIII forms in panel (a) measured by quantitative densitomet可 areshown 

in panel (b). The panel (b）姐dpanel ( c) show the time-course data for 3 0 min and an enlargement 

of the scale for 3 min, respectively. The symbols used are: closed circles; WT, closed squares; 

K338D, open squa陀 s;N340E, closed triangles; E342I, open triangles; N340E/E342I, and open 

circles; al hirugen. Experiments in (A) and (B) were performed t祉ee抑制tetimes and twice, 

respectively, and average and standard deviation calculations are shown. HCh; heavy chain, al 

hirugen; MKNNEEAEDY33 7圃 346GDFEEIPEEY

Figure 5. Fluid-phase SPR-based binding assay ofY346A, D347A/D348A/D349A, and al-

hirugen hybrid FVIII mutants to immobilized PPA-modified thrombin 閉 V釘 ious

concentrations of FVIII WT (.panel A), Y346A (B), D347A/D348A/D349A (C), and al-hirugen 

hybrid (D) mutants were incubated for 2 min withPPA-modified thrombin immobilized on a CMS 

sensor chip, prior to a change of running buffer for 2 min as described in Methods. The lines 1・5

show representative association and dissociation curves of FVIII mutants at various 

concentrations (5, 10, 25, 50, and 100品1,respectively), and the fitted curves using the one-site 

binding model are shown (solid thin line). The Kd between PPA-modified thrombin and FVIII 
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mut組 tsis shown on each p組 el.al hirugen; MKNNEEAEDY337・346GDFEEIPEEY

Supplemental Figure 1. 

EDC cross-linking between 340・350Speptide and thrombin -Panel (A); Thrombin (300 nM) 

was incubated with various concentrations ofbiotinylated 340・350Sin the presence of EDC (500 

μM), prior to SDS-PAGE using 15% gels and immunoblotting by using s仕eptavidinfor detection 

as described in Methods. Panel (B); Thrombin (300 nM) and biotinylated 340・350S(0.8 μ1-の

were incubated with EDC (500 μM) together with various concentrations of unlabeled 340・350S

and were immunoblotted. Experiments were performed at three separate times, and representative 

data is shown. 
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