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ABSTRACT. Upon injury of a blood vessel, activated factor VII (FVIla) forms a high-affinity complex

with its allosteric regulator, tissue factor (TF), and initiates blood clotting. Active site-inhibited factor
Vlla (FVllai) binds to TF with even higher affinity. We compared the interactions of FVllai and FVlla
with soluble TF (sTF). Six residues in STF were individually selected for mutagenesis and site-directed
labeling. The residues are distributed along the extensive binding interface, and were chosen because
they are known to interact with the different domains of FVlla. Fluorescent and spin probes were attached
to engineered Cys residues to monitor local changes in hydrophobicity, accessibility, and rigidity in the
sTF—FVlla complex upon occupation of the active site of FVlla. The results show that inhibition of
FVlla caused the structures around the positions in sTF that interact with the protease domain of FVlla
to become more rigid and less accessible to solvent. Thus, the presence of an active site inhibitor renders
the interface in this region less flexible and more compact, whereas the interface between sTF and the
light chain of FVlla is unaffected by active site occupancy.

Tissue factor (TP)is a cell-surface transmembrane protein
that initiates the blood coagulation cascade by acting as a
cofactor for activated factor VII (FVIla)l). The extracellular
part of TF (STF) consists of two domains with fibronectin-
type Il topology, and it binds both FVIla and FVII. FVila
is composed of a protease domain (PD), two EGF-like STE:PD
domains (EGF1 and EGF2), andyecarboxyglutamic acid
(Gla) domain. The four-domain structure of FVIla and the
two-domain structure of sTF form a tight complex with an
extensive binding interface2( 3) that encompasses three STF:EGF1
binding regions, designated s¥PD, STFEGF1, and sTF
Gla (Figure 1). The crystal structures of active site-inhibited

FVlla (FVllai) alone @) and in complex with sTF2) have
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inducing conformational changes in the P®).( Fluorescence MeasurementSamples were prepared

Our aim was to further investigate the conformational consisting of protein in 5 mM Cagl50 mM Hepes, and
changes that occur in the extended interface between sTFL50 mM NaCl (pH 7.5). The IAEDANS molecule was
and FVlla upon inhibitor binding. For this purpose, we excited at 350 nm while recording the fluorescence emission
constructed two sTF mutants in each of the three binding at 420-550 nm from three separate samples: free STF;STF
regions. We used the site-directed labeling technique, whichFVlla, and sTFFVllai. Protein concentrations were 0.25
can provide structural information by introducing reporter uM IAEDANS-labeled sTF variant and 0.zM FVlla/
groups such as fluorescent or spin-labels into the protein of FVllai. The same samples were used for subsequent acry-
interest B, 9). It involves introduction of a Cys residue at a lamide quenching of the fluorescence. The IAEDANS
desired position in the protein, followed by attachment of a fluorescence was quenched by progressive addition every 8
sulfhydryl-specific spectroscopic label. Such labels are s of 2.5uL aliquots of a 5.6 M acrylamide solution with
sensitive to their local environment and can therefore monitor continuous stirring. After excitation of the IAEDANS
changes that occur in the vicinity of the site of mutation. molecule, quenching was monitored at the emission maxi-
This methodology enabled us to specifically register inhibi- mum. Quenching data were analyzed according to the Stern
tor-induced conformational changes in one particular binding Volmer equation
region of the interface between sTF and FVlla.

I:O
MATERIALS AND METHODS = 1+ KslQ]

ChemicalsN-(1-Oxyl-2,2,5,5-tetramethyl-3-pyrrolidinyl)- . ,
iodoacetamide (IPSL) was purchased from Sigma (St. Louis, WhereFo is the total fluorescence in the apsence of quencher,
MO), and 5-{ [(2-iodoacetyl)amino]ethyamino)naphthalene- Ksy is the Stera-Volmer constant, andr IS the measured
1-sulfonic acid (IAEDANS) was from Molecular Probes fluorescence at a quencher concentration [y values
(Eugene, OR). The chemicals that were used were analyticalVe'® calculated for each sample. All measurements were
grade. performed at 23C.

Spectrophotometerg$2rotein concentrations were deter-
mined on a Hitachi U-2000 spectrophotometer, and fluores-
cence measurements were performed on a Hitachi F-4500 Biochemical studies have shown that incorporation of an
instrument equipped with a thermostatic sample compartmentinhibitor into the active site of FVlla increases the binding
unit with a magnetic stirrer. affinity between sTF and FVIla5-7). Since an extensive

Protein Purification and LabelinglThe single-Cys mutants  binding interface is formed during association of these two
of sTF were produced, purified, and labeled as describedmolecules?2, 3), there are many regions where the interaction
previously (L0). FVlla was isolated and optionally modified may be altered. So far, the increase in binding affinity
with the active site inhibitor FFR-chloromethyl ketore (  between sTF and FVlla upon incorporation of an inhibitor
11, 12). in the active site has been attributed to changes at the STF

Activity MeasurementsAn amidolytic assay was per-  PD interface §). However, Leonard et al1f) recently found
formed to determine the cofactor activity of the labeled sTF that conformational changes occur in the EGF1 domain in
variants as described previoush3j. Briefly, 10 nM FVlla free FVIla upon occupation of the active site by an inhibitor.
was titrated in separate experiments with the sTF variantsWe used site-directed labeling to incorporate spectroscopic
(0—500 nM) in 50 mM Hepes, 150 mM NaCl, and 5 mM probes along the entire binding interface between sTF and
CaCk (pH 7.5). FVlla. These probes were intended to serve as sensors to

EPR Spectroscopy Measuremeiiistee different samples  register any differences in the local environment in the
were prepared containing an IPSL-labeled sTF variant in 50 absence or presence of an active site inhibitor in the-sTF
mM Hepes, 150 mM NacCl, and 5 mM CadpH 7.5): (1) FVila complex. We used two sTF residues in each of the
STF, (2) sTF-FVlla, and (3) sTFFVllai. The concentration  three sTFFVIla binding regions: Y94 and W45 in the
of the spin-labeled sTF variant was 4M, and the FVlla/ STFPD region, F140 and 122 in the sHEGF1 region,
FVllai concentration was 6.«tM. Measurements were and W158 and V207 in the sFGla region. These residues
performed with both IPSL-labeled Y94C- and W45C-sTF. were individually replaced with Cys (Figure 1), and a
Each sample was introduced in a standard 400TM 110 fluorescent probe (IAEDANS) was attached to each of the
flat cell for aqueous samples (Wilmad Glass, Buena, NJ). engineered Cys residues in sTF. All six labeled variants
EPR measurements were carried out using a Bruker continu-retained reasonable affinity for FVlla and were able to
ous wave X-band spectrometer (Bruker Analytik GmbH, stimulate its amidolytic activity. The following results were
Rheinstetten/Karlsruhe, Germany) consisting of a combina- obtained [equilibrium dissociation constant (7 nM for wt-
tion of the ER200D-SRC and ESP300 systems and ansTF) and activity (compared to that of wt-sTF which was
ER4103TM cavity connected to the 200 mW microwave setto 100%)]in a previously described functional asd&y (
bridge. The modulation amplitude was set lower than one- 15): Y94C-IAEDANS, 130 nM and 33%; W45C-IAEDANS,
half of the line width of them = O nitrogen hyperfine 230 nM and 31%; F140C-IAEDANS, 40 nM and 86%; 122C-
transition (1.2 G), and EPR spectra were recorded at alAEDANS, 66 nM and 104%; W158C-IAEDANS, 10 nM
microwave power of 4 mW. All measurements were per- and 88%; and V207C-IAEDANS, 13 nM and 82%, respec-
formed under equilibrium conditions at room temperature tively. The complexes containing sTF variants with mutations
(21 + 1 °C). All first-derivative EPR spectra were baseline- in positions contacting the light chain of FVlla appeared to
corrected and normalized to a constant spin concentrationhave normal activity, whereas the two first variants, with
(Bruker Win-EPR 2.11 and Matlab 5.2). mutations in positions contacting the PD in FVlla, exhibited

RESULTS AND DISCUSSION
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140, 158, and 207 (data not shown). This clearly suggests
that neither the sTFEGF1 nor the sTFGla binding
interface is affected by occupancy of the active site of FVlla.
This does not support the hypothesis of Leonard and co-
workers that conformational changes occur in thesEGF1
region upon inhibitor bindingl@). However, that assumption
was based on data from measurements on free FVlla, using
a monoclonal antibody that specifically binds to residues 51
88 in EGF1. The inhibitor-induced conformational changes
detected in EGF1 of free FVlla may reflect conformational

TR U Y N S changes occurring in the PD but being sensed by other
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420 440 460 480 500 520 540 domains due to interdomain contacts in the potentially
Wavelength (nm) compact structure of free FVIIA). On the contrary, during
our measurements, an elongated shape of FVlla is ensured
EClUN L D A L by the binding to sTF.

300 The fluorescence spectrum of sSTF labeled at position 45

in complex with FVIla shows a significant blue shift upon
addition of inhibitor, which indicates that the environment
around the probe has become more apolar (Figure 2B). In
contrast, corresponding measurements at position 94 show
a red shift (Figure 2C). Thus, the fluorescence emission
maxima for the two sTFFVIlai complexes demonstrate a
difference in polarity between the two positions.
- Since no effects of active site occupancy on the fluores-
cence emission could be detected at any of the other sTF
420 440 460 480 500 520 540 positions in the binding interface of the stFVlla complex,
Wavelength (nm) we continued our study solely on the two specific sites in
the sTFPD interface, W45 and Y94 in sTF. According to
Banner et al. %), five key interactions occur in the sHPD
binding interface, two of which involve W45 and Y94. W45
appears to be necessary for the affinity)( whereas Y94
is presumably more important for the allosteric activation
of FVlla (18). A spin-label, IPSL, was attached to an
engineered Cys residue at these positions to serve as a sensor
for the binding between sTF and FVlla/FVllai. The spin-
labeled sTF variants, Y94C-IPSL and W45C-IPSL, had
affinities for FVIla described by dissociation constants of
N e 99 and 1600 nM, respectively, and the complexes with FVila
had amidolytic activities that were 57 and 85%, respectively,
of that of the wild-type complex. EPR spectra of free spin-
Wavelength (nm) labeled sTF as well as spin-labeled sTF in complex with
Ficure 2: Fluorescence emission spectra of the IAEDANS-labeled FVlla/FVllai are presented in Figure 3. The line shape of
sTF variants. The labeled positions were F140C (A), W45C (B), the spectrum is influenced by the mobility of the spin-label,
and Y94C (C), and the figures show spectra of STF (gray; bottom \ypich can be restricted by the surrounding groups. The less
curve), the sTFFVIla complex (light gray; middle curve), and . . oo
the sTF-FVIlai complex (black; top curve). mqb|le th_e spm-labe!, the greater _the Contnpunon of the
anisotropic hyperfine interaction, which results in a broaden-
an impaired cofactor activity. However, in these two cases, ing of the spectral bands. Complex formation between sTF
the activity enhancement on complex formation was still and FVlla or FVllai places motional restrictions on IPSL.
almost 10-fold, indicating that the native complex is formed Thus, from the spectra, it is apparent that the spin-label is
and that the Cys-IAEDANS residue cannot functionally less mobile in the sTFFVllai than in the sTFFVlla
replace the wild-type residue in these two positions. The datacomplex. The relatively low dissociation constant for Y94C-
justify the use of the sTF variants in characterizing the effects IPSL ensures that close to 100% of the sTF molecules are
of an active site inhibitor on the sFFVlla complex. included in the complex. Thus, the spectral broadening must
Fluorescence emission spectra were recorded for free sTHie due to a more rigid immediate environment of IPSL at
and for sTF in complex with FVIla or FVllai. Results of position 94 when an active site inhibitor is present. Two-
the fluorescence measurements at one representative positiorcomponent line-shape simulations showed a major increase
IAEDANS-labeled position 140 at the border of the sTF  of the slow-mobility component upon addition of the
EGF1 and sTFGla regions, are shown in Figure 2A. No inhibitor (from 26 to 54%), further corroborating the above
difference in polarity between the sHFVlla and sTF conclusion (data not shown). The situation is somewhat
FVllai complexes was sensed by the fluorophore in this complicated by the high dissocitaion constant for W45C-
position according to the emission wavelength maximum. IPSL, causing a fraction of the sTF molecules (22%) to be
Exactly the same behavior was observed for positions 22,uncomplexed. However, addition of FVlla leads to a
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Ficure 3: EPR spectra of IPSL-labeled sTF variants. The sTF 0 0.02 0.04 0.06 0.08 0.1
mutants that were used were W45C (A) and Y94C (B), and the [Acrylamide] (M)
figures show spectra of sTF(), the sTFFVlla complex (gray),
and the sTFFVllai complex (black). FIGURE 4: Stern-Volmer plots of the extent of acrylamide

quenching of IAEDANS-labeled sTF variants. The mutants that

S Aifi ; ; i~h ic Were used were W45C (A) and Y94C (B), and the figures show
significant line broadening of the EPR spectrum, which is the fluorescence of STF (gray: top curve). the sFVlla complex

further broadgned by binding of the a'lc.tive site inhibitor. light gray: middle curve), and the sFRVIlai complex (black:

Altogether, this demonstrates that the vicinal structure of the pottom curve).

probes becomes more rigid and compact in the presence of ) N

an active site inhibitor. This agrees with earlier studies Inhibitorin FVila has a large effect on the label in position

showing that active site occupancy of FVila results in tighter 94. This is in agreement with studies on FVlila where

binding of STF 7). Previous results concerning position Mutations of Met306, which in the FVitasTF complex is

94 are ambiguous. Kelley et all§) have reported that this ~ Wedged in a hydrophobic groove formed in part by Tyr94,

position makes a major contribution to the binding energy abolish or reduce the effect of active site occupancy on the

(AAG = 1 kcal/mol), whereas Ruf and co-workers have affinity of FVila for sTF (7, 20). Additionally, since EPR

found only insignificant involvement of Y941). Neverthe- ~ and quenching data implied a rigid structure and inaccessible

less, our observations demonstrate that positions 45 and 940cation of the labeled site in position 94, we suggest that

are both affected by the presence of an active site inhibitor. the observed red shift in the fluorescence measurements
We also probed the complex formation by studying the Originates from a closer contact of this region W!th polar

accessibility of the fluorescent labels at positions 45 and 94 residues GIn308 and Asp309)(in FVila upon the incor-

in sTF. The IAEDANS fluorescence was progressively Poration of an inhibitor. S

quenched by adding acrylamide to the protein solution. In conclusion, our results show that the active site inhibitor

Acrylamide quenching of IAEDANS-labeled sTF alone and Makes the sTFFVila complex more stable and more

in complex with either FVIla or FVllai is illustrated in Figure ~ compact in the regions around both Trp45 and Tyr94 in the

4. The extent of quenching was different (sFFTF—FVlla STFPD interface, whereas the sFEGF1 and sTFGla

> sTF—FVIlai), indicating that attachment of an inhibitor ~ interfaces are unaffected.

reduces the accessibility of the labeled site. A more thorough REFERENCES
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