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ABSTRACT: In this paper, we report functional characterization of positions 192 and 217 (chymotrypsinogen
numbering system) in human factor 1X and discuss the distinction and similarity of these two sites among
the blood coagulation factors. Recombinant factor IXQ192E (residue glutamine at position 192 replaced
by glutamic acid), IXQ192K, IXE217D, and IXE217R proteins exhibited 11%, 46%, 39%, and 2% of the
wild-type factor IX's clotting activity, respectively. Binding of these variants to factor Villa (FVllia)
was inefficient compared to that of wild-type factor IX, and the dissociation constants doubled for IXQ192E,
3-fold higher for IXQ192K and 4-fold higher for both IXE217D and IXE217R. In the presence of FVllia,

all variant factor IX hydrolyzed factor X at the catalytic efficiencies correlating with respective clotting
activities. However, FVllla greatly enhanced the catalytic efficiency of both IXE217 variants to a greater
extent 7 x 10*fold) as compared to its effect on the wild-type factor IXa and the other two 1XQ192
variants [by a factor of (32) x 10%. Moreover, while both IXQ192 variants demonstrated small substrate
selectivity similar to that of wild-type factor 1Xa, the selectivity of both IXE217 variants was greatly
altered. Mutations at position 192 disturbed the interaction of factor 1Xa with physiological inhibitors.
Although all variants formed an SDS-stable complex with antithrombin 11l (ATIII) equally well in the
presence of heparin and were readily inhibited by ATIII in the absence of heparin, activated 1XQ192K
exhibited a slower stable complex formation with ATIII without heparin. On the other hand, only IXQ192E
showed decreased interaction with TFPI. Our results demonstrate that positions 192 and 217 play different
roles unique to factor I1X in specifying the interaction of factor IX with substrates and inhibitors.

Blood coagulation factors, i.e., prothrombin, factors VII, thrombin @, 7). In protein C, changing the glutamic acid at
IX, and X, and protein C, belong to the serine protease superthis position to glutamine increased the rate of inhibition of
gene family, one of the most well-characterized groups of the activated protein C hyl-proteinase inhibitor by a factor
enzymes both structurally and functionally. They are vitamin of approximately 300%1). Factor X contains glutamine at
K-dependent factors with a trypsin-like catalytic domain of position 192, and replacing it by glutamic acid or methionine
histidine-aspartic acid-serine at comparable positions andgjiminates factor X’s catalytic function toward prethrombin
functions ). Unlike trypsin, the blood-clotting proteases 5 s 7y This is overcome by the presence of factor Va in
interact rather specifically with their cognate cofactors, the reaction, suggesting that factor Va could modify the

substrates, and inhibitor4)( Many studies of these interac- conformation of the enzyme and/or the substréjeRactor
tions have suggested that positions 192 and 217 (chymot—V” exhibits a preference for lysine at position 192. Several

rypsinogen numbering system) are crucial for the selectivity T ) L ,
of these enzymes, e.g., thromb®-), factor X (6, 7), and styd|es, |nclgd|ng ours, havg _shovyn that substitution of Iy§|ne
factor VII (8—10), and protein C of the anticoagulation with glutamine at this position in factor VIl reduced its
system {1). Recombinant thrombin with the 192 position clotting activity to 44%, and substitution with glutamic acid
replaced by glutamine (thrombin E192Q) activated protein generated a completely inactive molecule with greatly altered
C approximately 20 times more rapidly than wild-type selectivity toward factor X, factor 1X, and the synthetic
substrate chromozyme tP£8, 10). The glutamine substitu-

< " This vaork V\_/IaSR SUD%?”G? gﬁ,grantS_FO_S--W(-é- from’\tlféec Q?ﬂzognﬁ!, tion facilitated the interaction of factor VII with BPTI (bovine
cience Councll, Republic O ina on Taiwan (Grants - - H in inhihi H ;
B-002.004-M42. NSC87-2732.B-002-001, NSC88.2314-B-002.390. Pancreatic trypsin inhibitor), whereas the glutamic acid

M42, and NSC89-2320-B-002-002). substitution diminished its interaction. Furthermore, both
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According to the crystal structure of the serine proteases,

both positions 192 and 217 are within the sec@rdarrel

of the catalytic domain. Position 192 is within loop 1
(residues 184195) and is one of the extensive walls of
residue 193 and 195substrate hydrogen bindings (reviewed
in ref 13). Position 217 is in loop 2 (residues 21328),
close to the catalytic cleft of residues 21216. Both
positions 192 and 217 are thought to confer the recognition
of either or both P2 and P3 residuds}(15). Position 217
plays an interesting role in the selectivity of thrombin. Like
position 192, the substitution at 217 of thrombin affects
thrombin’s substrate selectivity. In particular, the substitution
with alanine and lysine converted thrombin into an antico-
agulant more than a procoagulant enzynte 16). The

Hsu et al.

(Beverly, MA). Geneticin (G418) was from GibcoBRL
(Gaithersburg, MD). Factor IX deficient plasma, phosphati-
dylcholine (PC), phosphatidylserine (PS), and ATIII were
purchased from Sigma (St. Louis, MO). The concentration
of ATIII was calculated as describetld). Human factor Xla
and factor X were from Enzyme Research Laboratory (South
Bend, IN). Plasma-derived human factor VIl (Monoclate-
P) was from Armore Pharmaceutical Co. Inc. (Aventis
Behring, Marburg, Germany). Recombinant factor Vlla was
prepared as describedld). Recombinant human TF was a
gift from Dr. Wolfram Ruf (Department of Immunology and
Vascular Biology, The Scripps Research Institute, La Jolla,
CA). TFPI was a gift from Dr. Y. Kamikubo (Kaketsuken,
Kyokushi Kikuchi, Kumamoto, Japan). Chromozyme tPA

authors of this paper and others have reported that positionand ITS supplements used in serum-free media were from

217 in factor VIl is important for P3 recognition and inhibitor
binding ©, 15). In addition, factor VIIQ217A binds anti-
thrombin [l (ATII) with twice the affinity of wild-type
factor VII (15).

Among the vitamin K-dependent blood-clotting factors,
factor 1X has comparatively more stringent selectivity for
substrates in these cognate enzyroefactor-substrate
interactions. Factor Vllla (FVllla), so far, is the only
macromolecular protein cofactor identified for factor 1Xa.
Upon complex formation with FVIlla, the catalytic function
of factor IXa toward its physiological substrate, factor X, is
enhanced 200 000 time4? 18). By replacement and by
point mutation studies, two regions at the catalytic domain
of factor 1X have been suggested to play some role in the
FVllla-dependent stimulatiori@, 20). One is loop c34-40
(loop 199-204 of factor IX, ref21), located near the active
site, and the other region is loop c13234 (301303 of
factor IX, refs20, 22) and a surface-exposed helix of residues
162—170 (330-338 of factor IX, refs22, 23). The surface
helix is in close proximity to the corresponding region in
factor VII proposed for TF binding. However, the mutations
at these regions had limited effects on the FVllla interaction.

Boehringer Mannheim (Germany). Monoclonal antibodies
Al, A5, and A7 against human factor IX were described
previously @4). A Vmax microtiter plate reader (Molecular
Devices Corp., Menlo Park, CA) equipped with a thermal
controller was used for all spectrophotometric assays. QAE-
Sephadex, Mono Q column, Akta FPLC purifier, and
Enhanced Chemiluminescence (ECL) Western blotting de-
tection reagents were from Amersham (Amersham Pharmacia
BioTech, UK). Spectrozyme FXa and Spectrozyme FlIXa
were purchased from American Diagnostica (Greenwich,
CT). Substrates S2222, S2288, S2238, S2366, and S2765
were from Chromogenix (Sweden), and CBS31.39 was from
Diagnostica Stago (France).

In Vitro Mutagenesis, Expression of Factor IX, and Protein
Purification. Mutagenesis was performed as described previ-
ously (15, 25). The primer sequences wereGAAGGAG-
GTAGAGACAGCTGTGAA(or AAAGGAGATAGTGG-3
and 3-TTATTAGCTGGGGTGAC(or CGCBAGTGCG-
CAATGAAAGGCAA-3' for generating cDNA fragments
with the GIn-362 and Glu-387 codons replaced by those of
glutamic acid (or lysine) and aspartic acid (or arginine),
respectively. The altered cDNA was fully sequenced before

This leads to the question about whether any other regionsbeing expressed in the human 293 cells as described

of factor IX are also involved in FVllla interaction. In

previously @5). To collect media with large quantities of

addition to that question, another question raised is whetherfactor IX, transfected cell clones were isolated and expanded
the functions in which positions 192 and 217 are supposedin serum-free media as describetb(25). The factor IX

to be involved will also confer the same aspects in factor
IX. This study attempts to address the structural and
functional contributions of positions 192 and 217 to the
interaction of factor IX with substrates and inhibitors.

MATERIALS AND METHODS

Materials All the restriction endonucleases and poly-
merases were obtained from New England Biolabs, Inc.

! Abbreviations: ATIII, antithrombin 11l or antithrombin; FVllia,
factor Vllla; IXQ192E and IXQ192K, IXE217D and IXE217R, the
glutamine at residue 192 (amino acid residue 362 in factor 1X) and the
glutamic acid residue at 217 (387 in factor I1X) replaced by glutamic
acid and lysine and by aspartic acid and arginine, respectively; TFPI,
tissue factor pathway inhibitor; PCPS, phosphatidylcholine and phos-
phatidylserine; ITS, insulirtransferrin-sodium selenite; SDS/PAGE,
sodium dodecyl sulfate/polyacrylamide gel electrophoresis; PEG,
polyethylene glycol; TF, tissue factor; tPA, tissue-type plasminogen
activator; VIlaQ217A, VIlaK192Q, and VIlaK192E, activated factor
VIl with the glutamine at residue 217 (chymotrypsinogen numbering
system) replaced by alanine and the lysine at residue 192 replaced b
glutamine and by glutamic acid, respectively; BPTI, bovine pancreatic
trypsin inhibitor; PPACK p-Phe-Pro-Arg-chloromethyl ketone.

concentration, estimated by ELISA, was approximately
0.5-2 mg/L.

Protein Purification, Immunoblotting, and Clotting Assay
Recombinant factor IX was purified from the cultured
supernatant through a QAE Sephadex-A50 column eluted
with 12—20 mM CaC} in TBS (20 mM Tris-HCI, pH 7.4,
100 mM NaCl) and 0.5 mM benzamidin®%). Further
purification was performed with a column coupled with the
metal ion-dependent A7 antibodp4) or by a Mono Q
column @5). Purified proteins were verified by SDS/PAGE
and visualized by staining with silver nitrate (silver stain kit,
Bio-Rad, Hercules, CA) or immunoblotting using antibody
A1l followed by chemiluminescence4, 25). The protein
concentration was measured by a protein assay kit (Bio-Rad)
modified from the Bradford metho@6). Factor IX clotting
activity was measured by the one-stage clotting assay using
factor IX deficient plasma as described previousty)(

Activation of Factor IX by Factor Xla and Factor \\H
TF Complex.The effect of mutation on the activation of

actor IX was analyzed at an enzyme-to-substrate ratio of

1:200 for factor Xla and 1:45 for VIlaTF complex @5).
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The final concentration of factor 1X in reaction with factor points. TheKy values were derived by calculations described
Xla was 0.uM. Reaction was at 37C in TBS, 5 mM CaCl previously @8, 29) using the equation:

(TBS/Ca), and 0.1% PEG. Activation of factor IX by VHa

TF used factor Vila in complex with relipidated recombinant ;o . ;11 — [IXa], + [Vllla] + Ky

TF (15). Factor IX (0.6uM) was added to a 13 nM sample 2

of the Vlla—TF complex in a total volume of 6L of TBS/ 2

Cal0.1% PEG with 8&M PCPS (from the relipidated TF). J(UXal, + [Villa]  + Ky - 4[IXal Villa]
The reaction mixtures of both Xla and VHaF analyses 2

were withdrawn at timed intervals {80 min), placed in a . N
gel loading buffer (1% SDS, 2 mM EDTA, and 8% glycerol), Inhibition by ATIIl and TFPI The |nh|b|_t|on of factor IXa
boiled for 5 min, and then revealed by SDS/PAGE and silver Y ATIIl was performed by gel analysis of the enzyme
staining. inhibitor complex and py ' blndlng in solutlong. When
Enzyme Actities. Factor [Xa and the amidolytic activity ~ Performed by gel analysis, incubation was at°87in 100
assays of the enzyme were prepared as described previouslifL of 'I_'BS/Ca_ containing _O'G“M facto_r IXa_ and 2.9uM
(15, 24, 25). The change of absorbance at 405 nm was ATHI with or without 0.6 unit/mL heparin. Aliquots (2@L)
recorded continuously at 3T on the plate reader, and the of the reaction mixtures were withdrawn at timed intervals

data were used to calculatg andkes (15). The amidolytic (0—30 min for presence of heparin.and-24 h for absence
activities of factor IXa were also performed in the presence ©f heparin), stopped by the gel loading buffer, and developed

of freshly prepared FVIllag5). Five microliters of Fvilla 0¥ SDS/PAGE and silver stain. When analysis of ATIII

was mixed with 35.L of factor IXa preincubated with PCPS inhibition was assessed by slow-binding kinetics in the

in TBS/Ca/BSA. The mixture was allowed to stand at room absence of hgparin, the activat.ed f_actor IXa (wild—type and
temperature for 5 min to form the intrinsic tenase complex mutants) was incubated at 3C with different concentrations

before the addition of 1@ of a mixture of PCPS and  Of ATl and CBS31.39 in 10Q.L of TBS/Ca/BSA/PCPS.

different concentrations of peptide substrates to start the/APSorbance at 405 nm was measured kinetically with a
reaction. Final concentrations were as follows: wild-type or Microtiter plate reader. Final concentrations were as fol-
mutant factor 1Xa, 20 nM; FVllla, 6 nM; PCPS, 40V lows: ATIII, O_Z'S.ﬂM.; Fl).(a,.l.O-HM; CBS31.39, 2.5 mM.
and peptide substrates, 8:3 mM. Cleavage of factor X by Data of the slow—blndlng |r_1h|b|t|on curves were calculated
wild-type and mutant factor IXa was assayed as describeq?Y the following two equations to derive thg first-order rate
(25). In the absence of FVIlla, factor IXa was incubated with CONStantK’, kass andkas, as described by Morrison and Walsh
PCPS at room temperature for 5 min. Spectrozyme FXa and(30):
factor X were added to the mixture to start the reaction at
37°C in TBS/Ca/BSA/PCPS. Final concentrations were as
follows: factor IXa, 10 nM; PCPS, 4@M; Spectrozyme K,
FXa, 0.5 mM; and factor X, 0.0251 M. When analysis K =kye+ — 2= 2)
was carried out in the presence of FVIII, 2B of FVllia ® 14[SJK,

was mixed with an equal volume of factor IXa. The mixture ] .

was allowed to stand for 5 min to form the intrinsic tenase WhereAis the absorbance at 405 nm at tite, andvs are
complex before the addition of 50 of a mixture of PCPS,  the initial a_nd steady-state velocities, resp_ectlvk’ly_s _the
Spectrozyme FXa, and factor X to start the reaction. The apparent first-order rate constant, aid is the initial
intrinsic tenase activity was detected kinetically on the absorbance at 405 nm. . o
microtiter plate reader. Final concentrations were the fol- ~ The reaction with TFPI was monitored by amidolytic
lowing: wild-type or mutant factor IXa, 0.25 nM; FVIlla, —@ssays in a microtiter plate format as descrit&d¥). Factor
0.4 nM; PCPS, 4QM; factor X, 0-200 nM; and Spec- 1Xa (10 _nM) was incubated with PCPS at room temperature
trozyme FXa, 0.5 mM. The factor IXa activity in the presence for 5 min, and Spectrozyme FIXa (1 mM) and different
and absence of FVllla was calculated by the following concentrations (61 uM) of TFPI were then added to the

A=uvt+ (v,— vd(L— e YK + A, (1)

equation as describe@7): mixture to start recording the change of absorbance for 120
min at 37°C. The result was used to calculate the hydrolysis
absorbanceA,,) = at® + bt + ¢ rate for each reaction. Residual activity of each factor IXa
was determined relative to the activity in the absence of TFPI.
Binding of Factor IXa to Factor VlllaBinding experi- The rates in the absence of TFPI were taken as 100%.

ments were performed by monitoring the intrinsic tenase RESULTS
activity at limited concentrations of FVllla, as describ&8)(

The tenase complex was formed by incubatingg25of Effects of Mutations at Positions 192 and 217 on the
freshly prepared FVllla and 24 of different concentrations  Clotting Actiity of Factor IX and Its Binding to Factor Vllla

of wild-type or mutant factor 1Xa (620 nM), as described  We have expressed four factor IX variants with single-point
above. Activity of the intrinsic tenase complex was then mutations at positions 192 and 217: two with Q192 replaced
measured by the addition of 5QL of factor X and by glutamic acid (IXQ192E) and lysine (IXQ192K), and the
Spectrozyme FXa in TBS/Ca/BSA/PCPS. Final concentra- other two with E217 replaced by aspartic acid (IXE217D)
tions were as follows: FVIlla, 0.4 nM; factor IXa; <5 nM; and arginine (IXE217R). All four variant proteins were
PCPS, 4uM; factor X, 100 nM; and Spectrozyme FXa, secreted into the cultured supernatant at a level equivalent
0.5 mM. Experiments were performed in duplicate fors3 to that of the wild-type factor IX. The influence of the four
independent reactions, and curves were fitted using all datasubstitutions on factor IX was first observed in the clotting
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Table 1: Specific Activitiesand FVllla Binding Parametets o ) ®) ]
zymogen/enzyme aPTT (%) Kg (nM) | o lXwt © IXQ192E
0.08 - X IXQ192K o IXE217D 108
IXwt 100+ 6.5 0.87+ 0.02 AIXE217R
IXQ192E 11.4+1.1 1.69+ 0.38 E 0.06 ] os
IXQ192K 46.0+ 5.0 2.20+ 0.09 = | ’
IXE217D 39.4+53 3.43+0.29 S 004 b 1 oa
IXE217R 1.9+0.1 3.00+ 0.37 c
2Shown are results from aPTT divided by protein concentrations 0.02 | 102
determined by ELISA. Normal pooled plasma was used to construct a A=
standard curve and defined as 100% for both aPTT and ELISA assays. 0
b Mean+ standard deviatiom — 3. 0 200 400 600 800 10000 50 100 150 200
FX (nM)
18 Ficure 2: Kinetics of factor X activation by wild-type and mutant
® IXwt ©IXQ192E factor IXa. (Panel A) In the absence of FVllla. Total volumes were
15 [ xIXQ192K ©IXE217D 100uL. Final concentrations were factor IXa, 10 nM, Spectrozyme
AIXE217R FXa, 0.5 mM, and factor X, 0.0251 uM, in TBS/Ca/BSA/PCPS.

=y
N
T

Reaction conditions and calculations were as described in Figure
1. TheK,, andVax values were 274.4- 10.8 nM and 0.15: 0.05

nM FXa/min for wild-type factor 1Xa, 156t 25.8 nM and 0.014

+ 0.003 nM FXa/min for IXaQ192E, 154 13.1 nM and 0.065-
0.007 nM FXa/min for IXaQ192K, 314.% 25.8 nM and 0.018
0.002 nM FXa/min for IXaE217D, and 3019.64 37.2 nM and
0.045 + 0.007 nM FXa/min for IXaE217R. (Panel B) In the
presence of FVllla. Final concentrations were factor IXa, 0.25 nM,
FVllla, 0.4 nM, factor X, 6-200 nM, and Spectrozyme FXa, 0.5

nM FXa/min
©

o
T

FiXa (nM) mM, in 100 uL of TBS/Ca/BSA/PCPS. Th&m and Vimax values
Ficure 1. Binding of wild-type and mutant factor IXa to cofactor, were 18.94+ 1.4 nM and 2.48k 0.035 nM FXa/min for wild-type
FVllla. The total volume of the reaction mixtures was 10, factor IXa, 15.9+ 1.9 nM and 0.114t 0.009 nM FXa/min for

and the final concentrations were FVllla, 0.4 nM, factor X, 100 1XaQ192E, 40.74+ 5.5 nM and 0.61+ 0.27 nM FXa/min for
nM, Spectrozyme FXa, 0.5 mM, and factor IXa;BnM, in TBS/ IXaQ192K, 51.5+ 5.2 nM and 0.624+ 0.009 nM FXa/min for
Ca/BSA/PCPS. The reaction was measured &C3Kinetically on IXaE217D, and 57.5t 8.6 nM and 0.16+ 0.05 nM FXa/min for
a microtiter plate reader, and the results were calculated as describedXaE217R.

under Materials and Methods. Duplicates of 3 independent experi-

ments were performed, and the mean of the rate of factor Xa (FXa) function that seems to correlate with its 1.9% clotting activity.
generation at each factor IXa concentration was plotted. The other variants were also defective in cleavage of factor
assay. As shown in Table 1, IXQ192K and IXE217D X; factor IXQ192E revealed a 12-fold reduction kg
exhibited 46-50% of the normal clotting activity of factor  IXQ192K, nearly 3-fold; and IXE217D, 8-fold, relative to
IX. The other two variants, IXQ192E and IXE217R, showed wild-type factor IX. With the addition of FVIlla, phospho-
only 11.4% and 1.9% of normal activity, respectively. None lipids, and calcium ions, the rate of catalydis.§ increased
of the mutations prolonged the ox brain thromboplastin time dramatically for both wild-type and mutant factor IXa's
or depicted the hemophila Bm phenotype (data not shown). (Figure 2 and Table 2). The effect of FVIlla on the Q192
All mutant factor 1X's could be activated by factor Xla or and E217 mutations is different. FVIlla potentiated the rates
by factor Vlla—TF complex, and the efficiency for product (kea) of factor Xa generation by IXQ192E and IXQ192K up
generation as observed in SDS/PAGE was indistinguishableto as high as 2250 and 2830 times normal levels, respectively.
from wild-type factor IX by either enzyme, suggesting that It enhanced thé, of wild-type factor IXa by nearly the
the lower clotting activities of the variants were not due to same figure (a factor of 2300). However, FVllla greatly
incomplete activation (data not shown). When the binding enhanced the catalytic efficiency of IXE217D and caused a
to FVIlla was examined by evaluating the tenase activity of nearly 12 400-fold increase in tlkgy. FVllla also decreased
the factor IXa and FVllla complex, all the variants were the Ky, values of the variants, especially that of IXE217R.
defective in binding FVIlla and displayed-2-fold increases  Apparently, the decreased tenase activities of IXE217D and
in Kg as compared to wild-type factor IX (Table 1 and Figure IXE217R were due to the combination of a 2.7- and 3-fold
1). The results might partially explain the decreased levels higherK, (51.5 and 57.5 nM, respectively) as well as a 1.5-
of clotting activity of these mutants. However, the extent of and 6-fold lowerk.,; (0.371 and 0.096°3, respectively) as
the loss of the clotting activity observed with IXQ192E and compared to wild-type factor IXa.
IXE217R cannot be simply explained by the reduced affinity ~ Alteration of Substrate Selegitly of the Variant Factor
of the variants toward FVllla, since their counterparts, IX’s. We used a series of chromogenic substrates to
IXQ192K and IXE217D, had similaKy's. investigate the selectivity of these variants. Table 3 and Table
Activation of Factor X by Mutant Factor IXa's Was 4 summarize respective results analyzed in the absence and
Enefficient To assess the cause of different clotting activities, presence of FVllla. In the absence of FVllla, tkg and
cleavage of factor X was analyzed with normal and mutant k.,:were mostly unchanged or within a-2-fold difference
factor 1Xa’s, and the results are shown in Figure 2. Table 2 (Table 3). Wild-type factor 1Xa preferentially hydrolyzed
summarizes the MichaelidMenten parameters. In the ab- substrates with glycine at P2 (as in S2765), and basic or
sence of cofactor FVllla, all the mutants had more or less hydrophobic residues such as arginine, leucine, and isoleu-
similar Ky, values, with the exception of IXE217R, which cine (as in S2765) but not glutamic acid (as in S2366) at
displayed a significantly highé4,, (10-fold) relative to wild- P3. It appears that the activities of wild-type factor IXa,
type factor 1X, and an overall 50-fold reduction of catalytic IXQ192E, and IXQ192K were very similar for many
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Table 2: Kinetic Parameters for Factor IXa Activation of Factor X in the Presence and Absence of Factor Vllla

[enzyme] Keal Km
Km (M) Vimax (NM FXa min1) (nM) Keat (S71) (molts™)
without FVIlla
IXwt 274.4+10.8 0.150+ 0.050 10 25x 1075 1093
IXQ192E 150.04 25.8 0.014+ 0.003 10 2x 1075 133
IXQ192K 151.0+ 13.1 0.065+ 0.007 10 10x 10°° 662
IXE217D 314.14+ 25.8 0.018+ 0.002 10 3x 1075 96
IXE217R 3019.0H 37.2 0.045+ 0.007 10 7.5¢< 1075 24
with 0.4 nM FVIlla
IXwt 189+ 1.4 2.475+ 0.035 0.071 0.577 30.5 1¢°
IXQ192E 159+ 1.9 0.1144 0.009 0.044 0.045 3 10°
IXQ192K 40.7£ 5.5 0.6104+ 0.269 0.036 0.283 6.9 10°
IXE217D 51.5+5.2 0.6244+ 0.009 0.028 0.371 7.2 10°
IXE217R 57.5+ 8.6 0.1644+ 0.049 0.028 0.096 1.% 106

a Concentrations of FIXaFVllla complex were derived from experimental conditions andKkhealues of wild-type and mutant factor IXa for

FVllla (see Table 1).

Table 3: Hydrolysis of Synthetic Peptide Substrates by Wild-Type and Mutant Factdr 1Xa

enzymes

substrates IXwt Q192E Q192K E217D E217R
S2765 22.7 13 11.3 ND ND
(Z-0-R-G-R-pNA) (3.9/0.172) (3.3/0.251) (3.3/0.291)
Spectrozyme FlXa 135 23.1 9.2 20.8 20.4
(H-p-L-phG-R-pNA) (3.5/0.26) (4.1/0.177) (3.3/0.359) (12.5/0.6) (2.5/0.122)
S2288 6.6 8.1 5.5 ND ND
(p-1-P-R-pNA) (2.4/0.363) (2.6/0.32) (2.7/0.5)
Chromozyme tPA 2.6 2.9 2.9 ND ND
(McSO,-D-F-G-R-pNA) (2.58/0.995) (3.3/1.15) (2.8/0.93)
CBS31.39 2.2 4 3.9 5.1 5.6
(McSO,-D-L-G-R-pNA) (1.1/0.511) (3.9/0.997) (3.15/0.8) (4.7/0.92) (5.2/0.927)
Spectrozyme FXa 2.8 1.4 2.4 1.4 1.8
(MeO-CODb-chG-G-R-pNA) (8.3/3.8) (2.3/1.6) (3.6/1.5) (3.3/12.4) (2.8/1.6)
S2222 0.21 0.18 0.19 0.23 0.17
(Bz-I-E-G-R-pNA) (1/4.7) (1.6/9.1) (0.8/4.2) (0.8/3.6) (1.2/7.1)
S2366 ND 0.2 ND 4.3 0.75
(<E-P-R-pNA) (0.2/0.997) (0.83/0.192) (1.84/2.45)
S2238 ND 15 ND ND ND
(D-F-Pip-R-pNA) (2.1/1.432)

aShown are thdca/Km (MM~1 s71) values. Individuakea (™) and respectivék,, (mM) are calculated from 3 or 4 experiments and shown in
parentheses as the numerator (former) and the denominator (latter) without standard deViBtiotts. IXa concentration was 50 n¥IND: not

detectable.

substrates we tested. Exceptions were that IXQ192E hydro-interaction of the factor IX variants with ATIIlI appeared
lyzed Spectrozyme FlXa better than S2765, and it displayed similar to that of wild-type factor IXa (data not shown).

better levels of catalytic activity than wild-type factor IXa However, different results were obtained when heparin was
with CBS31.39, S2366, and S2238. For the E217 mutations,omitted in the reaction. Figure 3 depicts the formation of
dramatic differences were found. Both IXE217D and IXE217R SDS-stable complexes of mutant and wild-type factor IXa
displayed barely detectable activity toward S2765, S2288, with ATIII without heparin after 24 h incubation. While
and Chromozyme tPA. Instead, both variants hydrolyzed complex formation appeared normal with wild-type and
Spectrozyme FIXa and CBS31.39 more efficiently than wild- mutant factor IXa, IXaQ192K did not form after it had been
type factor IXa, and they could hydrolyze S2366, toward incubated for 10 h (Figure 3, panel A). The complex
which wild-type factor IXa displayed no detectable activity. formation of IXaQ192K with ATIII occurred at much lower
In contrast to the effect of FVIlla on factor IXa, in cleavage rates (Figure 3, panel B, lanes-B) compared to wild-type
of factor X, FVllla had a minor effect in cleavage of small factor IXa (Figure 3, panel B, lanes—4). To determine
substrates. The amidolytic activities of wild-type factor IXa whether ATIII is capable of inhibiting IXQ192K or not, the
either were unchanged or only showed-al®-fold elevation inhibition was assessed in soluble conditions containing small
in the presence of FVllla (Table 4). However, it had a substrates, CBS31.39. The amidolytic activity of mutant and
profound effect on the E217 variants toward S2765, S2288, wild-type factor 1Xa in the presence of different concentra-
and Chromozyme tPA in that wild-type and mutant factor tions of ATIII is depicted in Figure 3, panel C. It appears
IXa demonstrated equivalent activities toward each individual that ATIII inhibits IXQ192K as well as wild-type factor 1Xa
substrate. The only exception was IXQ192E; with FVllla, and the other mutants since the measured association rate
it showed an 8-fold decrease in catalytic efficiency toward constant K.s9 and dissociation rate constamt;{ were not
Spectrozyme FlXa. much different for any of the factor 1Xa's. The effect of
Distinct Interaction of the Variant Factor IX's with Serpin- mutation at Q192 and E217 on the interaction with TFPI
and Kunitz-Type Inhibitorsin the presence of heparin, the was assessed, and the results are shown in Figure 4. TFPI
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Table 4: Substrate Catalysis by Factor Xase Coniplex
enzymes
substrates IXwt Q192E Q192K E217D E217R

S2765 1.69 1.89 1.63 2.37 212
(Z-D-R-G-R-pNA) (2.9/11.72) (2.08/1.10) (2.17/1.33) (2.42/1.02) (2.25/1.06)
Spectrozyme FlXa 55.7 3.15 38.2 40.8 33.9
(H-D-L-phG-R-pNA) (19.2/0.344) (16.7/5.3) (22.9/0.6) (20.4/0.5) (20/0.58)
S2288 —c - - - -
(p-I-P-R-pNA)
Chromozyme tPA 2.23 2.28 1.44 1.89 2.44
(McSO,-D-F-G-R-pNA) (4.58/2.05) (6.67/2.93) (4.17/2.9) (5/2.64) (5/2.05)
CBS31.39 29.1 22.6 33.2 312 27.3
(McSO,-D-L-G-R-pNA) (19.2/0.66) (16.7/0.74) (15.6/0.47) (22.5/0.72) (18.3/0.67)
S2222 NI ND ND ND ND
(Bz-I-E-G-R-pNA)
Spectrozyme FXa 8.2 51 3.9 5.8 6.7
(MeO-COb-chG-G-R-pNA) (12.3/1.5) (15.4/3) (9.1/2.3) (13.3/2.3) (15.8/2.4)
S2366 15.6 9.6 105 10.2 9.8
(<E-P-R-pNA) (4.7/0.3) (5.4/0.56) (4.4/0.42) (6/0.59) (6.3/0.64)
S2238 - - - - -

(p-F-Pip-R-pNA)

aShown are thé:a/Km (MM~ s71) values. Individuakes (s™%) and respectivd,, (mM) were determined as described in Tablé® BID: not
detectable® (—): not determined.

inhibited the amidolytic activity of all the variants at a rate substrates. All of these data suggest that the exosites (other

similar to that of wild-type factor IXa. In contrast, IXaQ192E than active site) for binding macromolecular substrates

was inhibited to a lesser extent, and a clear difference from govern the assembly of the intrinsic factor Xaseibstrate

the wild-type factor 1Xa persisted in the presence of high complex. Furthermore, in the presence of factor Vllla, factor

concentrations of TFPI. These data demonstrate that IXaQ192BXQ192K and those two E217 mutants displayed3imes

is defective in forming inhibitor complex with TFPI. higherK, than wild-type factor 1Xa in cleavage of factor X
(Table 2), whereas their affinities for peptide substrates are

DISCUSSION indistinguishable from the wild-type (Table 4). The afore-

The present study attempted to explore whether positionsme”t'oned fa_ct combined wlth the fact that those.muta.nts
192 and 217 of factor IX serve the same functions in factor Showed equivalence to wild-type factor IX amidolytic
IX as their corresponding sites in other coagulation factors. activities but reduqed acuvme; toward_factor X r_allso |nd|_cat¢s
We found distinct influences that these two sites exert on that extended regions (exosites) are involved in the binding
factor IX, rather than the corresponding ones have on other®f macromolecular substrates, factor X1(32). Mutations
clotting factors. In factor 1X, replacing Q192 with either at Q192 and E217 may have affected the extended substrate/
glutamic acid (as in thrombin and protein C) or lysine (as in inhibitor binding sites. For example, position 192 is near
factor VII) rendered factor IX less active toward factor X. K148, and it makes a salt bridge to R143 which is near the
In contrast, in both thrombin and protein C, better activity autolysis loop of factor IXaZ2). The mutational effect of
toward macromolecular substrates (fibrinogen and protein K148 on the interaction of factor IX with substrates and
C in the case of thrombin, and factor Va in protein C) was |nh|b|tc_)r has begn described as the effect on the exosite
observed with E192Q mutationg,(7, 11). When mutated allteratlons’\'BS). Miyata et al. shoyved that exchange of G142
at Q192, factor IX also showed different levels of dependence With E142 in factor IX would disrupt the specific confor-
on the cofactor, compared with similar mutational study in Mational state in the active site environment of factor 1Xa,
factor X. In factor X, decreased activity of the factor XQ192E resulting in the malformation of the substrate binding site
mutant 6) in cleavage of prothrombin was only observed (34). In the case of position E217, we showed that the
in the absence, but not the presence, of factor Va. In contrast2ctivities of the E217 mutants toward factor X were enhanced
factor IXQ192E was only 10% as active as wild-type factor DY factor Villa to a greater extent than that of wild-type
IX, regardless of the presence of FVIlla. This indicates that (Table 2), and the binding of factor Vlllaorrectedthe
binding of cofactors (FVllla and factor Va) may have subs’;rat_e specificity for peptide s_ubstrates of these mutants.
different effects on position 192 of their cognate enzymes This indicates that the conformational change caused by the
(factor IX and factor X, respectively) in terms of the activity Mutations at position 217 was somehow compromised by
toward their macromolecular substrates. factor Vllla binding. Besides, the fact that the E217 mutants

We found that the catalytic functions of the wild-type and had 4 times higheK, for factor Vllla suggests broader
the four mutant factor IX’s toward factor X were consistent conformational effects caused by these mutations.
with their individual clotting activities (comparing Table 2 The lower catalytic function of the factor IXQ192 variants
with Table 1). However, among the synthetic peptide relative to wild-type factor 1Xa toward factor X in the
substrates we have tested, none of them could predict thepresence and absence of FVllla was mainly due to the
clotting activity or the catalytic efficiency of these enzymes alterations irk.,. In addition to the macromolecular substrate
in cleavage of factor X. In the presence and absence ofbinding exosite(s) that might be affected in the 1XQ192
FVllla, the Ky, of wild-type and mutant factor IXa for factor ~ variants, using chromogenic peptides as substrates, we found
X is very much smaller than those for chromogenic peptide that the active site of factor 1Xa was also affected by
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( ) TFPI. The final concentrations were as follows: factor IXa, 10 nM;

TFPI, 0-1 uM; Spectrozyme FIXa, 1 mM; in TBS/Ca/BSA/PCPS.
TFPI was added last to the reaction, and the rate of hydrolysis of
Spectrozyme FIXa was determined immediately after the addition
of TFPI and continued for 120 min at 3T on a microtiter plate
reader. Only curves representing the linear phase of hydrolysis were
used for calculation. Residual factor IXa activities relative to its
activity in the absence of TFPI are shown. Means of duplicates of
two independent experiments are shown. The inset depicts the
inhibition by low concentrations of TFPI 6100 nM).

0 1 2 3 charged glutamic acid residue in IXQ192E, which is more
Antithrombin ( ;M) exposed in the factor 1XaVllla complex than in factor IXa

- , alone.
Ficure 3: ATIII binding. (Panel A) Wild-type and mutant IXa . . .
(0.6 M) were incubated overnight (12 h) with ATIII (2,8M) in Our analysis revealed that factor IXE217D is partially

the absence of heparin, followed by quenching with gel loading active and that IXE217R is almost inert in aPTT assays.
buffer, and subjected to SDS/PAGE under nonreducing conditions. Hemophilia B patients with E217 mutated to glycine, alanine,
The gel was stained with silver. The amount of protein loaded in o lysine featured a CRMphenotype with 2% factor IX

each lane was 600 ng of factor IXa before reaction. (Panel B) The . - : : :
same conditions as in panel A. The reactions were withdrawn at clotting activity 36). Together with this study with IXE217R,

the timed points shown above lanes. (Panel C) Binding of ATIIl it can be speculated that the negatively charged side chain
to normal and mutant factor IXa in the absence of heparin. Plot of 0of E217 has active roles in the physiological activity of factor
k' at different inhibitor concentrations is shown. Calculation was IX. Our previous study has shown that factor VIIQ217E is
2 descfrlbedhﬂ?ndervyateggsla?d Mfé@g‘ﬁ;ﬁifm"j’?'ﬂ '&\t/\f/‘te as active as wild-type factor VI in clotting assays and in
?.‘))??6?8ia&7) xeiv??ﬁ/lgl min.‘l)f;)(r IXQ192E (), (7.31 0.1) factor Xa g_ene_ration _experiments, and VIIQ217_A is pr_ﬂy
x 103 M~ min~1 for IXQ192K (*), 7.6 x 103 M~ min for 10% as active in clotting due to the lower catalytic activity
IXE217D (©), and (7.2+ 0.4) x 1073 M~! min~1 for IXE217R (keap) toward factor X {5). It seems that in factor VII, the
(a). Thekgis is they intercept. size of the side chain interferes with factor VII's activity,
rather than its charge. In the case of factor IX, both the
mutations at Q192 (Tables 3 and 4). In general, both Q192 strycture and the charge of position 217 are critically defined
mutants were not effective in cleavage of the peptide for the activity toward factor X. This is further demonstrated
substrates. In contrast to the selectivity order of wild-type in the purified system that both th&, andke of the E217
factor 1Xa and 1XaQ192K, factor IXaQ192E catalyzed mutants in cleavage of factor X were affected in the absence
putative thrombin’s substrates, S2366 and S2238, moreof FVlila (Table 2). This also suggests that the function of
effectively than wild-type factor IXa. However, in the position 217 is related to the collision between the enzyme,
presence of FVllla, factor IXQ192E exhibited a dramatic factor IXa, and the substrate, factor X. In addition to the
decrease in catalytic efficiency toward Spectromzyme FIXa effect of E217 mutations on the exosites that may contribute
(Table 3) due to a 15-fold increase K, which was not  to the altered interactions between factor IX and factor X,
observed in the absence of FVllla. Since the binding of the synthetic peptide hydrolysis experiments revealed that
FVllla to factor IXa may cause a conformational change at residue 217 is involved in P3 recognition in factor IX as
the active site¥5), and affect the positioning of the substrate was observed in factor VII15). When mutating E217 to
at the active site, therefore, compared to the catalytic domainaspartic acid and arginine, the new factor IX variants
of wild-type factor IXa, the active site of the Q192 mutants exhibited quite different selectivity for the peptide substrates
might not be properly rearranged for substrates upon FVIlla from that of wild-type factor IXa (Table 4). The E217
binding. Moreover, the phenol ring structure at the P2 mutants were not able to cleave S2765 with a basic P3
position of Spectrozyme FIXa might repel the negatively residue; however, they were effective in cleavage of S2222
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and S2366 with acidic P3 residues. When factor VIIQ217 interacts with the second kunitz domain of TFPI as factor
was mutated to glutamic acid (that is in wild-type factor IX), Xa (38), thrombin E192Q J), and protein C E192Q1()

the activity of factor Vlla toward S2765 increased by a factor still await further investigation. As observed in the super-
of 9. Apparently, a glutamic acid at position 217 significantly position of factor Xa on the crystal structure of the second
enhanced the hydrolysis of S2765 by both factor IX and kunitz domain of TFPI complexed with trypsin, the car-
factor VII. Moreover, Chromozyme tPA and CBS31.39 differ boxamide nitrogen atom of the Q192 of factor Xa makes a
only at the P3 residue. While wild-type factor IX displays hydrogen bond with the cysteine (P2) of TFPI and also
similar activity toward these two substrates, the two E217 bridges to G216, G219, S147, and N143 of factor Xa through
variants cleaved only CBS31.39, also suggesting the involve-water molecules40). This suggests that a hydrogen donor
ment of position 217 in P3 recognition. The E217 in relation such as glutamine and lysine is preferred at position 192 for
to P3 recognition may be implicated by the crystal structure. better binding with TFPI. In the case of interaction with
In the crystal structure of porcine factor IXa3), the side ATIII, while the lysine at position 192 in factor IX did not
chain of E217 makes a salt-bridge to lysine at position 224; affect TFPI binding, it caused slow interaction of factor
however, there is no direct contact with the cocrystallized 1XQ192K with ATIII. As mentioned above, Q192 is near
active site inhibitor. The distance between the backbone K148 (K316 of human factor 1X), the mutation of which
atoms of E217 and the backbone of P3 is about 5 A has affected exosites for factor X binding. The slow
(measured in the crystal structure from 1PFX.PDB). It is interaction of IXQ192K with ATIIlI was similar to that of
possible that the side chain of the E217 variants may bethe K148 mutants (IXK316E and IXK316A) with ATIII,
subjected to reorientation, replacing the salt-bridges to which were readily inhibited by ATIII in soluble forms but
position 224 with direct interaction with the P3 residue. were slow in making a stable 1:1 complex with ATl in the
Alternatively, the change in the side chain of E217 may absence of heparir84). Thus, it is consistent with the idea
disturb the orientation of the adjacent residue, W215, which that this region of factor IX affects the extended macromo-
is highly conserved in P3 binding, and thus affect the P3 lecular recognition sites.

binding. Intriguingly, the defect in the E217 mutations was

compensated for by FVlila, as revealed by the apparently ACKNOWLEDGMENT

lower Ky, of factor IXE217R for factor X in the presence
than in the absence of FVllla (Table 2). In the presence of
FVllla, both IXE217 variants were effective toward Chro-
mozyme tPA and S2765, suggesting both a profound effect
of FVllla on the local structure of position 217 of factor
IXa and also the importance of E217 on the selection for P3
side chains.

In trypsin and thrombin complexed with benzamidine, the
inhibitor recognition pocket is formed by two segments
consisting of residues 18995 lining one side of the pocket
and residues 214220 on the other 7). In thrombin, REFERENCES
replacing E217 with alanine decreased its interaction with
ATIII both in the presence and in the absence of heparin 1.Ichinose, A., and Davie, E. W. (1994) iHemostasis and
(38). In factor VII, replacing Q217 with alanine facilitated Thrombosis: basic principles and clinical practi¢olman,

. . . A R. W., et al., Eds.) Philadelphia: Lippincott, pp-1%4.
the interaction of factor VII and ATIII while replacing it 2. Le Bonniec, B., and Esmon, C. T. (19%joc. Natl. Acad.

We thank Dr. Johan Stenflo for help in the Gla analysis.
We thank Professor Inn-Ho Tsai at the Department of
Biochemistry, Academia Sinica, for rigorous discussions on
slow-binding experiments, Professor Shou-Yin Yiu at the
Department of Pharmacy for providing facilities for the
preparation of PCPS, and Dr. Ting-Chang Hsu for helpful
discussions. Also many thanks to Chia-Ni Lin, Chia-Wei
Chang, Pei-Huan Kao, Chia-Cheng Lee, and Yi-Lin Liu for
technical assistance.

with glutamic acid decreased the interactidib)( These Sci. U.S.A. 887371-7375.

mutagenesis studies support the involvement of residue 217 3. Guinto, E. R., Ye, J., Le Bonniec, B., and Esmon, C. T. (1994)
in inhibitor binding. However, in factor IXa, mutations at J. Biol. Chem. 26918395-18400.

217 did not affect its binding to ATIII. The fact that in factor 4. Le Bonniec, B., Guinto, E. R., and Esmon, C. T. (1992)
IX, the segment of residues 21220 has greater mobility Biol. Chem. 2676970-6976. _ _

and flexibility than the counterparts in the other trypsin-like ~ °- 61bbs. C. S., Coutre, S. E,, Tsiang, M., Li, W.-X., Jain, A.

. . K., Dunn, K. E., Law, V. S., Mao, C. T., Matsumura, S. Y.,

serine proteases may partly explain the result. Mejza, S. J., Paborsky, L. R., and Leung, L. L. K. (1995)
We found that factor IXQ192E showed normal ATIII Nature 378 413-416.

binding but decreased the reactivity toward TFPI. In factor 6. Rezaie, A. R., and Esmon, C. T. (1995)Biol. Chem. 270

X, the mutant, factor XQ192E, has been reported to react _ 16176-16181. .

with ATIII as effectively as wild-type factor X, whereas it /- Z{?e;ai%f- R.,and Esmon, C. T. (19&8)r. J. Biochem. 242

reacted with BPTl and TFPI approximately 30 “m?S more 8. Neuenschwander, P. F., and Morrissey, J. H. (18%&3hem-

slowly than wild-type factor X§). In contrast, thrombin and istry 34 8701-8707.

protein C with E192Q mutation exhibited better affinity for 9. Dickinson, C. D., Kelly, C. R., and Ruf, W. (199BJoc. Natl.

TFPIl and BPTI 8, 11). Therefore, it seems that among these Acad. Sci. U.S.A. 9314379-14384.

serine proteases, Q192 and E192 are equally effective for 10. Chang, S. C,, Lu, T. T., Ruf, W., Shen, M. C., and Lin, S. W.

these enzymes to bind ATIIl, but, comparatively, Q192 (1995) Thromb. Haemostasis 78), 1165a.

seems to be advantageous for these proteins to bind BPTI 11-?99924‘:"3'5139‘%* and Esmon, C. T. (199B)Biol. Chem. 268

and TFPI. In this study, we demonstrated that K192 is also '

. . . 12. Zhang, Y.-L., Hervio, L., Strandberg, L., and Madison, E. L.
effective for factor IXa to bind TFPI. Exactly how glutamine (1933?3_ Biol. Cﬂg’,‘ﬁ_ 27,47122_7%%_ and Madison

and lysine instead of glutamic acid would support the 13 perona, J. J., and Craik, C. S. (1997)Biol. Chem. 272
interaction of factor IXa with TFPI, and whether factor IXa 29987-29990.



Factor IX Interaction with Substrates and Inhibitors

14.
15.
16.

17.

21.
22.
23.
24.
25.
26.
27.
28.
20.

Stubbs, M. T., Huber, R., and Bode, W. (19985BS Lett.
375 103-107.

Chang, Y. J., Hamaguchi, N., Chang, S. C., Ruf, W., Shen,
M. C., and Lin, S. W. (1999Biochemistry 3810940-10948.
Tsiang, M., Jain, A. K., Dunn, K. E., Rojas, M. E., Leung, L.
L. K., and Gibbs, C. S. (1995). Biol. Chem. 27016854~
16863.

Van Diejien, G., Tans, G., Rosing, J., and Hemker, H. C.
(1981)J. Biol. Chem. 2563433-3442.

.Mann, K. G. (1999 hromb. Haemostasis 8265-174.
.Bajaj, S. P. (1999Thromb. Haemostasis 8218-225.
.KolKman, J. A, Lenting, P. J., and Mertens, K. (1999)

Biochem. J. 339217—-221.

Kolkman, J. A., Christophe, O. D., Lenting, P. J., and Mertens,
K. (1999)J. Biol. Chem. 27429087-29093.

Brandstetter, H., Bauer, M., Herber, R., Lollar, P., and Bode,
W. (1995)Proc. Natl. Acad. Sci. U.S.A. 92796-9800.
Mathur, A., and Bajaj, S. P. (1999)Biol. Chem. 27418477
18486.

Lin, S. W., Smith, K. J., Welch, D., and Stafford, D. W. (1990)
J. Biol. Chem. 265144—150.

Wu, P. C., Hamaguchi, N., Yu, I. S., Shen, M. C., and Lin, S.
W. (2000) Thromb. Haemostasis 8426—634.

Bradford, M. (1976Anal. Biochem72, 248.

Griffith, M. J., Breithreutz, L., Trapp, H., Briet, E., Noyes, C.
M., Lundblad, R. L., and Roberts, H. R. (198B)Clin. Invest

75, 4—-10.

Krishnaswamy, S., William, E. B., and Mann, K. G. (1986)
J. Biol. Chem 261, 9684-9693.

Duffy, E. J., Parker, E. T., Mutucumarana, V. P., Johnson, A.
E., and Lollar, P. (1992). Biol. Chem 267, 17006-17011.

Biochemistry, Vol. 40, No. 37, 200111269

30. Morrison, J. F., and Walsh, C. T. (1988)v. Enzymal Relat
Areas Mol Biol. 61, 201—301.

31. Betz, A., and Krishnaswamy, S. (1998)Biol. Chem. 273
10709-10718.

32. Baugh, R. J., Dickinson, C. D., Ruf, W., and Krishnaswamy,
S. (2000)J. Biol. Chem. 27528826-28833.

33. Joost, A. K., and Mertens, K. (200B)ochem J. 350, 70+
707.

34. Miyata, T., Sakai, T., Sugimoto, M., Naka, H., Yamamoto,
K., Yoshioka, A., Fukui, H., Mitsui, K., Kamiya, K., Um-
eyama, H., and lwanaga, S. (19®ipchemistry30, 11286~
11291.

35. Mutucumarana, V. P., Duffy, E. J., Loller, P., and Johnson,
A. E. (1992)J. Biol. Chem. 26717012-17021.

36. Tsiang, M., Jain, A. K., and Gibbs, C. S. (1997Biol. Chem
272 12024-12029.

37. Kolkman, J. A., and Mertens, K. (200@jochemistry 39
7398-7405.

38. Banner, D. W., and Hadvary, P. (199L)Biol. Chem 266,
20085-20093.

39. Girard, T. J., Warren, L. A., Novotny, W. F., Likert, K. M.,
Brown, S. G., Miletich, J. P., and Broze, G. J., Jr. (1989)
Nature 338, 518-520.

40. Burgering, M. J. M., Orbons, L. P. M., van der Doelen, A.,
Mulders, J., Theunissen, H. J. M., Grootenhuis, P. D. J., Bode,
W., Huber, R., and Stubbs, M. T. (199J) Mol. Biol. 269,
395-407.

B1010262T



