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ABSTRACT The specific complex between the extracellular part of tissue factor (sTF) and factor Vlla (FVIla) was chosen as
a model for studies of the binding interface between two interacting proteins. Six surface-exposed positions in sTF, residues
known to contribute to the sTF-FVIla interaction, were selected for cysteine mutation and site-directed labeling with spin and
fluorescent probes. The binding interface was characterized by spectral data from electron paramagnetic resonance (EPR)
and steady-state and time-domain fluorescence spectroscopy. The labels reported on compact local environments at
positions 158 and 207 in the interface region between sTF and the y-carboxyglutamic acid (Gla) domain of FVlla, and at
positions 22 and 140 in the interface region between sTF and the first epidermal growth factor-like (EGF1) domain of FVlla.
The tightness of the local interactions in these parts of the interface is similar to that seen in the interior of globular proteins.
This was further emphasized by the reduced local polarity detected by the fluorescent label upon FVlla binding, especially in
the sTF-Gla region. There were indications of structural rigidity also at positions 45 and 94 in the interface region between sTF
and the protease domain (PD) of FVlla, despite the perturbed cofactor function of these sTF variants. The results of the
present study indicate that the multi-probing approach enables comparison of the tightness and characteristics of interaction
along the binding interface of a protein complex. This approach also increases the probability of acquiring reliable structural
data that are descriptive of the wild-type proteins.

INTRODUCTION

Many biologically important processes in the body, such agour domains: a catalytic serine protease domain (PD), two
cell signaling, transcription, immunity, and transport areepidermal growth factor-like domains (EGF1, EGF2), and a
dependent on, and regulated by, the formation of highlyy-carboxyglutamic acid (Gla) domain. The complex forma-
specific, non-covalent complexes between proteins. Th&on between sTF and FVila (sTF-FVlla) involves all sTF
physiological relevance of these protein-protein interactiongnd FVlla domains (Fig. 1), creating an extended contact
has drawn the attention to questions concerning proteiarea, which is a common feature of heterodimeric com-
recognition, specificity, association kinetics, and the con{plexes (Lo Conte et al., 1999). This area is divided into three
nection between binding affinity and biological activity. regions: sTF-PD, sTF-EGF1, and sTF-Gla (Banner et al.,
Protein-protein interactions are governed by the chemical996). The sTF structure is unaltered by the binding of
properties, shape, and flexibility of the encountering mole+Vlla. The solved crystal structure of sSTF-FVlla (Banner et
cules. al., 1996) and mutational studies of sTF (Gibbs et al., 1994;
We have chosen the extracellular domain of tissue factoRuf et al., 1994, 1995; Schullek et al., 1994; Kelley et al.,
(STF, i.e., soluble TF) and the activated form of factor VII 1995) have resulted in a detailed picture of the residues in
(FVlla) as a model system. In vivo, the binding of FVIla to sTF that are most important for the binding of FVlla.
membrane-anchored TF is the primary event in the coagu- The objective of this study was to further investigate the
lation cascade. sTF is a 219-residue protein composed dbcal environmental properties of the binding interface of
two immunoglobulin-like domains, and its crystal structurethe sTF-FVIla complex. The interaction between sTF and
has been solved (Harlos et al., 1994; Muller et al., 1994FVlla was studied at six selected positions in sTF: 122,
1996). FVlla consists of 406 residues that are divided intoN45, Y94, F140, W158, and V207. All of them are located
on the surface of sTF, with a surface accessibility of 18—
62% according to the crystal structure (Muller et al., 1996),
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rescence wavelength, quenching, anisotropy, and lifetime
data provided additional information on label dynamics and
environmental properties in the vicinity of the label. Re-
cently, the site-directed labeling approach was used on the
sTF-FVIla complex (position F140 in sTF) to evaluate the
applicability of the method, the performance of different
labels, and the influence of €aand the Gla domain on the
SsTF-EGF1 interaction (Owenius et al., 1999%t€rlund et

al., 2000). In this study we combine information on the
dynamics of the labels with physicochemical data of their
immediate environment to analyze and compare the char-
acteristics of the three regions of the sTF-FVlla binding
interface. We also discuss the influence of mutation- and
labeling-induced structural and functional perturbations on
the EPR and fluorescence data, and point at benefits of
using a multi-probing approach.

MATERIALS AND METHODS

Chemicals

The spin labelN-(1-oxyl-2,2,5,5-tetramethyl-3-pyrrolidinyl)iodoacet-
amide (IPSL) was purchased from Sigma, Stockholm, Sweden and the
spin label (1-oxyl-2,2,5,5-tetramethylpyrroline-3-methyl)methanethio-
sulfonate (MTSSL) was obtained from Reanal, Budapest, Hungary. The
fluorescent label 5-((((2-iodoacetyl)amino)ethyl)amino)naphthalene-1-
sulfonic acid (1,5-IAEDANS) was obtained from Molecular Probes,
Eugene, OR. All other chemicals used were of analytical grade.

FIGURE 1 The crystal structure of the sTF-FVIla complex. sTF is Protein isolation, purification, and labeling

shown in light gray and the four domains of FVlla (Gla, EGF1, EGF2, and . . o
PD) in dark gray. The six positions in STF selected for Cys mutation andThe single-Cys mutants of sTF, with the substitutions 122C, W45C, Y94C,

labeling are shown in white (displayed as space-filling models). w158 and 140C. W158C, and V207C, were expressedEscherichia coliand
V207 are located in the sTF-Gla region, 122 and F140 in the sTF-EGF1PUrified by Q Sepharose and FVila affinity chromatography as described

region, and W45 and Y94 in the sTF-PD region. The figure was generate&ar"er (Owenius etal., 1999). The isoIaFion of human recombinant FVila
using the program WebLab ViewerLite 3.10 (Molecular Simulations Inc., and_ preparation of the FVIIao affinity matrix have begn described glsewhere
San Diego, CA) and the coordinates from Banner et al., 1996. (Thim gt al., 1988; _Fre;kgard et al., 1996). Protein concentrations were
determined on a Hitachi U-2000 spectrophotometer. The attachment of

spectroscopic labels to the free Cys residue of the various sTF mutants was
performed as previously described (Owenius et al., 1999). A final purifi-
and V207 take part in major hydrophobic interactions be-cation step was performed after labeling using FVlla affinity chromatog-
tween sTF and FVlla (Banner et al., 1996). raphy.

The methodological approach of site-directed labeling
was used, which involves specific attachment of Va”OUSActivity measurements
reporter groups such as spin or fluorescent labels. Local
structural information about the protein(s) of interest can\n amidolytic assay was performed to determine the cofactor activity of

- - . unlabeled and labeled sTF mutants, as described in Persson et al.
then be obtained via electron paramagnetic resonan(_:e (EP%LSW). Briefly, the cofactor function of the sTF variants was assessed by
or fluorescence spectroscopy measurements (Berliner angbasuring the amidolytic activity of 10 nM FVila in the presence of
Reuben, 1989; Likhtenshtein, 1993; Carlsson and JonsSofarious concentrations of sTF variant (0-500 nM) in 50 mM Hepes, 150
1995; Hubbell et al., 1996, 1998, 2000; Feix and Klug,mM NaCl, 5 mM CaC}, pH 7.5. The maximal activity was compared to
1998; Lakowicz, 1999). First, we performed Single-CySthat of the_wild-type FVII_a-sTF_ (_:omplex (set_ to 1000_/0)_ Aglappyis the
mutations at the selected six positions in STF, where the Cy%oncem'r"’mon of STF variant giving half-maximal activity.
residue constitutes the handle for the reporter groups. Then,
the Cys mutants were labeled with two different spin labelsEPR measurements
(IPSL and MTSSL) and one fluorescent label (IAEDANS). _ .

The Iineshapes of the 9-GHz EPR spectra were simulate PR megsgrements wer(_e cqrned out using a Bruker CW X-band spectrom-
er consisting of a combination of the ER200D-SRC and ESP300 systems.

and analyzed in terms of |Oca|_ (internal) mOtiC_'n of the spinan ER4103TM cavity was connected to the 200 mW microwave bridge.
label and global (overall) motion of the protein. The fluo- The different protein samples were introduced in a standarg, T4t cell
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for aqueous samples (Wilmad Glass, Buena, NJ). Two sets of samples we@teady-state fluorescence measurements

prepared: 1) the six STF mutants labeled with either IPSL or MTSSL in 50

mM Hepes, 150 mM NacCl, pH 7.5; and 2) FVlla in a 1.5-fold molar excess Fluorescence measurements at equilibrium conditions were performed on a

over sTF together with the six IPSL- or MTSSL-labeled sTF mutants in 50Hitachi F-4500 spectrofluorimeter equipped with a thermostatic sample

mM Hepes, 150 mM NaCl, pH 7.5, with CaCadded to a final concen ~ compartment unit holding a magnetic stirrer. Emission spectra were reg-

tration of 5 mM. The STF concentration was 61 in all samples. EPR istered from each of the IAEDANS-labeled sTF mutants, [sFF] uM,

spectra were acquired at 20 1°C using 400ul sample volume. The in 50 mM Hepes, 150 mM NaCl, pH 7.5. After addition of FVlla in

modulation amplitude was set lower than one-half (sTF) or one-third1.5-fold molar excess over sTF and Catd a final concentration of 5 mM,

(sTF-FVlla) of the linewidth of them, = 0 nitrogen hyperfine transition ~— another set of spectra was recorded. The excitation wavelength was 350 nm

and the microwave power was set to 4 mW. and the emitted light was collected in the region 400-600 nm. The
wavelength shift £A¢,,.,) was defined as the difference between the
wavelengths of the emission intensity maxima of sTF-FVlla and sTF, i.e.,
Mo = Aemad STR-FVIIA) — AprmaSTF).

EPR lineshape simulations The same samples were used for subsequent acrylamide quenching of
the fluorescence. The IAEDANS-fluorescence was quenched by progres-

To analyze X-band EPR spectra and estimate the dynamic parameters &ive addition of 2.5ul aliquots of 5.6 M acrylamide solution ewe8 s by

the spin labels in the various locations in sTF and at the binding interfacean automatic Microlab 1000 burette to the cuvette (Hamilton Bonaduz AG,

between sTF and FVlla, the program “nislpl” developed by Freed andBonaduz, Switzerland). After excitation of the IAEDANS molecule at 350

co-workers was used (Budil et al., 1996). This program makes it possibleim the quenched fluorescence was monitored at the emission maximum of

to perform nonlinear least-squares analysis of EPR spectra in the slowhe respective sTF or sTF-FVlla sample. Fluorescence registration was

motional regime (Freed, 1976). continued to a final acrylamide concentration of 600 mM during continu-

The same hyperfine coupling\) tensor andy tensor components for  ous stirring. Quenching data were analyzed according to the modified

IPSL and MTSSL were used as in Owenius et al. (1999). Diffefgnt  Stern-Volmer equation,

components were used in simulations of labeled sTF spectra than in

simulations of labeled sTF-FVlla spectra, because the polarity of the Fo 1 1

environment of the spin label was known to decrease upon FVlla-binding AE = m + f (2)

to sSTF. A decreased polarity has been found to result in a decrégsed ansv, a

(Krinichnyi et al., 1985; Ondar et al., 1985), as well as a concomitantassyming that there are two populations of fluorophores, one accessible to
!ncreast_alrgxx._However, the changes @, were found to be insignificant ¢ quencher (a) and the other inaccessible or buifedis the total
in our simulations. , fluorescence (intensity) in the absence of quencher &fRd= F, — F,

In simulations of spectra from spin-labeled sTF, g of a solvent-  \yhereF is the measured fluorescence at quencher concentragiof,fis
exposed spin label was used. One axially symmetric motional componene fraction of the initial fluorescence that is accessible to the quencher and
was assumed, with Brownian diffusion tensé, [ R], whose frame of s the Stern-Volmer constant of the accessible fractigandKs,
rotation is related to the magnetic frame through the diffusion tilt an@lle (  \yere determined graphically from modified Stern-Volmer plots for each
(see Fig. 2 in Schneider and Freed, 1989). A second axially symmetrigamme (Lakowicz, 1999).
motiqnal component Wi_th the_sarﬂgz (but with different local dynamics) Fluorescence anisotropy spectra were recorded for the same samples.
was included in the simulations in cases where the spectral lineshapgne polarization of the excited and emitted light was changed between
indicated two components. The two-component spectra correspond to tWgetical (v) and horizontal (h). The emitted fluorescent light for IAEDANS
populations of spin labels experiencing different local environments. Inyas collected in the range 400—600 nm. The fluorescence anisotrdpy (

simulations of spectra from spin-labeled STF in complex with FVila, i.e., was calculated over the wavelength interval using the conventional for-
in the case of spectra with near-rigid limit features, &ggof a buried spin =~ 1, ja:

label was used. The Brownian diffusion tensor was assumed to be isotropic
(R=R, =R, g =0°). This component represents a motional range from Fo(A) — GV)F(A)
the global (overall) motion of the protein complex (due to a tightly locked r{A) = 2 (3)
spin label) to minor local motion of the spin label. Also here, a second FVV()‘) + G()‘)FV"(A)
motional component, axially symmetric with tie, of a solvent-exposed
spin label, was added if there were signs of fast local spin-label motion i
the spectra.

In all simulations theA- and g-tensor components were defined as
constants, whered®, , R, (or R), B (except for isotropic motion), and the

L ; ) . .~ averagerg over the given wavelength interval.
Gaussmr_l linewidthgw) qf each 'defln_ed motlc_)nal component were.varled All measurements were performed with the samples in a 1-cm quartz
from their start values in the iterative nonlinear least-squares fit of the

. ) - . ) . cell maintained at 23°C with a 5-nm bandwidth for both excitation and
experimental spectrum, until a satisfactorily good fit was obtained. When

two spectral components were defined, the relative contributipofeach emission.
component was given. To reduce the number of parameters in the fit the
Lorentzian linewidth tensorh,,, Iw,,, Iw,,] was not specified. As in
Owenius et al. (1999) the estimated errorsAgrandg; were=0.2 G and
+0.0002, respectively. Fluorescence lifetimes of the IAEDANS-labeled sTF mutants in absence
The rotational correlation timef) of a specific motional component  and presence of FVila were measured using a miniature fluorescence
was determined from the Brownian diffusion tensor according to lifetime analyzer, minir (Edinburgh Instruments Ltd., Edinburgh, UK)
equipped with a PDL 800-B pulsed diode laser (PicoQuant GmbH, Berlin,
1 Germany). Measurements were made at room temperature- (21C),
b, = R 6.RR (1) using 380 nm excitation pulses (10 MHz repetition rat&§00 ps pulse
A} LR{I width). The emission was monitored through a FCGO065 long pass filter
(>475 nm) (Melles Griot, Inc., Irvine, CA). The Brewster angle polarizers
(Goldman et al., 1972). were set in “magic angle” configuration, i.e., the analyzer polarizer was set

whereF,, andF,,, are the fluorescence intensities at a given wavelength
Mwith the respective polarization configuratidB.is an apparatus constant
taking into account the polarization dependence of the detection system,
G(A) = Fr(A)/F(A). The final rg value was then determined as the

Time-resolved fluorescence measurements
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TABLE 1 Functional binding of unlabeled and labeled i.e., the cofactor function, was assessed using an amidolytic
sTF variants to FVlla as measured by amidolytic assay. The allosteric enhancement of the amidolytic activity
activity stimulation of FVlla critically depends on a proper binding between
STF Kacapp) (NM) sTF and FVlla. In Table 1 the functiond sy, Values
Variant* Unlabeled IPSL MTSSL IAEDANS Obtained for the unlabeled and labeled sTF variants are
W158C 13 W8 28 05 shown, reflecting the affinities of _the varlants_ for FVlla. As
V207C 22 9.6 3.9 13 expected, replacement of the wild-type residue (Trp, Val,
122C 26 20 27 66 lle, Phe, or Tyr) with a Cys increased tKg,,,,for each of
F140C 60 110 27 40 the studied positions compared with wild-type sTF
W45C 300 1600 440 230 (Wt-sTF).
Y94C 21 99 1300 130

The surface accessibility of the wt-sTF residues (Table 2)
“W158 and V207 in the sTF-Gla region, 122 and F140 in the sTF-EGF1made it possible to achieve almost complete labeling of the
oo z)r:dw\th“Tf’Fairs‘dz\ggﬁl\'ﬂn(.gfeflxgjpg ;elglggbo) introduced Cys residue with all of the labels. Attachment of
*KZ:ZZ;values for derivatives of sTF(F14OC), are taken froste®lund et ![ike)elzsif;i?]ittr;/e P;;Jtall:t\e/ﬂjlt(eﬁag?g Vlirlofﬁ];igltlgn?ésgeif on
al. (2000). :
(2000 STF(W158C) and sTF(V207C) (sTF-Gla region) resulted
overall in decreasedy,pp,) Values, making the variants
54.7° with respect to the excitation polarization. The emitted photons werdunctionally more similar to wt-sTF. The labeled variants of
detecte_zd with a _Pentium—ll _PC—based SPC-300 single_photon counter (‘STF(IZZC) and sTF(F140C) (sTF-EGF1 region) resulted in
o i;é—::gdﬁsio;id;“hz“.:s:.;“z”;.;“;“;z;zz-f::rsgzz“;;r;:sz%g;he; dereaed o crees v cepenang on
' el used, whereas those of sTF(W45C) and sTF(Y94C

measurement time was 20 min. The instrument response function (IR . . ]
was determined by measuring light scatter from a turbid reference solutiodS TF-PD  region) showed almost exclusively increased
In this way, adjustment for the lifetime of the excitation could be made. Ky, Values. Despite the sometimes large functionat per

Data were analyzed using the F900 (v. 5.13) analysis toolkit (Edinburghtyrbation, the formation of the sTF-FVlla complex was

Instruments Ltd.). A smglg-exponentlal decay fL_mctlgn was fitted to e_ac_hpromoted by using relatively high protein concentrations
experimental data set using both a reconvolution fit method and tail fit .
(see Materials and Methods).

method yielding essentially the same results, as the lifetimes of IAEDANS
generally were longer than the excitation lifetime.
From the anisotropyr() and lifetime ¢) of the fluorophore the rota

tional correlation time ¢.) was calculated from the Perrin equation, Probing the attachment sites in sTF in the

o absence of FVlla

1+ T, (4) In the absence of FVlla, the six selected residues in sTF are
surface-exposed to 18—62% (Table 2) in the crystal struc-
ture (Muller et al., 1996). The mutation and labeling result
in new side chains, and thereby altered degrees of surface
RESULTS accessibility. Fluorescence acrylamide quenching experi-
ments were performed to determine the exposure of the
dansyl fluorophore of the IAEDANS side chain, located
The protease activity of FVlla is enhanced by the allosteric~11 A from the C, of the backbone (Hammarstroet al.,
changes that take place upon complex formation with sTF2001), when attached to the sSTF mutants. We found that the
The ability of the sTF variants to stimulate FVlla activation, Stern-Volmer plots displayed curvatures characteristic of

I's

assuming, to be 0.4 for IAEDANS

Functional characterization of the sTF variants

TABLE 2 Fluorescence parameters obtained from steady-state experiments of IAEDANS-labeled sTF mutants

Afmax (NM) Ksv,a(M ™) SA* (%)
STF Variant* Adgma (NM) sTF-FVlla STF sTF-FVila wt-sTF/wt-sTF-FVlla

W158C -15 477 45 0.5 18/5
V207C -30 465 43 14 45/0
122C -5 490 34 2.4 30/5

F140C -10 487 5.6 1.8 62/20

W45C -1 489 45 2.9 25/13
Y94C -2 490 5.6 3.7 45/1

*W158 and V207 in the sTF-Gla region, 122 and F140 in the sTF-EGF1 region, and W45 and Y94 in the sTF-PD region.

TAAEmax = ApmafSTF-FVIIA) — Apraf(STF).

*Surface accessibilitySA) values (relative the total surface area of the residue) were calculated from the solved crystal structures of wt-sTF (Muller et al.,
1996) and wt-sTF-FVlla (Banner et al., 1996) using the Sybyl 6.3 software (Tripos Inc., St. Louis, MO) on a Silicon Graphics work station.
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TABLE 3 EPR parameters of IPSL and MTSSL attached to different sTF mutants in the absence of and in complex with FViia,
obtained from lineshape simulations of EPR spectra

sTF sTF-FVlla
IPSL* MTSSL® IPSL* MTSSLS®
STF Variant* Parametér C c, [N Slow Fast Slow Fast
W158C R, (s 3.1% 107 2.6X 107 1.9 10 1.4 10 — 1.1 10 —
R (s 8.4x 1¢° 2.6x 10 6.5x 10° 1.4x 107 — 1.1x 107 —
B(° 25 0 39 0 — 0 —
¢, (%) 100 66 34 100 — 100 —
V207C R, (sh 2.8x 10° 2.5 107 5.4 % 10 1.4x 10 — 5.7x 10° —
R (s 1.2x 10° 2.5% 107 3.6x 10° 1.4 10 — 5.7 10° —
B () 34 0 31 0 — 0 —
¢ (%) 100 74 26 100 — 100 —
122C R (sY 2.4 10 5.2x 10° — 7.0x 10° — 1.9 10° —
R (s 6.6 x 10° 1.1x10° — 7.0x 10° — 1.9x 10° —
B () 34 47 — 0 — 0 —
¢, (%) 100 100 — 100 — 100 —
F140C R, (sh 3.1% 107 1.3x 10 — 1.2 10 2.0x 10 2.0x 10° —
R (s 9.2x 10° 3.5x 10° — 1.2x 107 7.6x 10° 2.0x 1C° —
B(° 36 36 — 0 33 0 —
¢, (%) 100 100 — 63 37 100 —
W45C R, (sh 3.6 10’ 7.2x 10° — 3.1x 107 3.5x 107 2.0x 1C° 2.9x 10’
R (s 8.2x 10° 3.4x10° — 3.1x 107 1.4x 10° 2.0x 10° 1.0x 10°
B () 40 44 — 0 35 0 23
¢, (%) 100 100 — 50 50 46 54
Y94C R (sY 3.8x 107 1.8 10’ 1.7 x 10 3.2x 10° 2.7x 10 1.4 10 1.6x 10
R (s 1.7x 10° 3.5x% 10° 5.2% 10° 3.2x 10° 15x 10° 1.4x 10 4.0% 10°
B () 32 28 44 0 35 0 33
¢, (%) 100 74 26 26 74 26 74

*W158 and V207 in the sTF-Gla region, 122 and F140 in the sTF-EGF1 region, and W45 and Y94 in the sTF-PD region.

"Parameters are defined in Materials and Methods.

*EPRy- and hyperfine tensor components used in simulations of IPSL spggtra:2.0084,9,, = 2.0056,g,, = 2.0022A,, = 6.5G,A,, =55GA,, =
35.0 G (slow),A,, = 35.9 G (g, fast) (Owenius et al., 1999). Gaussian linewidths: (sTF) 1.0-1.4 G; (sTF-FVIla) 1.5-3.7 G (slow), 1.5 G (fast).
®EPR- and hyperfine tensor components used in simulations of MTSSL spggtra: 2.0080,9,, = 2.0059,g,, = 2.0023,A,, = 7.1 G,A,, = 6.0 G,
A,, = 34.7 G (slow)A,, = 35.5 G (g, C,, fast) (Owenius et al., 1999). Gaussian linewidths: (sTF) 0.6—-2.8)GX8-2.0 G (¢); (STF-FVlla) 0-4.2 G
(slow), 0.5-1.7 (fast).

two fluorophore populations, one of which is not accessiblecalculated from Eq. 1, reflects the motion of IPSL at the
to the quencher. The modified Stern-Volmer plots indicatedparticular site of attachment. Its mobility was largest and
that the fraction of accessible fluorophorg) (at the six = most anisotropic when situated at pos. 94, and smallest at
positions was 0.8—0.9. The obtained Stern-Volmer conpos. 22, but the differences are quite small (Tables 3 and 4).
stants of the accessible populatiodg(, ), presented in For the spectra of the MTSSL-labeled sTF mutants, a sec-
Table 2, indicated that the fluorophore is most exposed t@nd motional component was in some cases (pos. 94, 158,
solvent at pos. 94 and 140 and least exposed at pos. 2and 207) visible and, therefore, an additional component
However, the range of exposure among the sites was relavas used in the simulations. This indicates that MTSSL
tively small and there was no obvious relation between theesides in two separate orientations with different local
Ksyv o andSAvalues (Table 2). environment. The slowest of the two components was dom-
EPR spectra of the IPSL- and MTSSL-labeled sTF mu-inant for all three positions and the differencefinbetween
tants are shown as insets in Fig. 2, together with simulatethe two components was largest for pos. 207 (Table 4).
lineshapes. The parameters obtained from the simulationdTSSL reported on the fastest motion at pos. 207, and the
are summarized in Table 3. All IPSL spectra show theslowest at pos. 22, 158, and 207, but in general MTSSL was
three-line hyperfine pattern, associated with the isotropidess mobile than IPSL. As in the case of IPSL, the motion of
hyperfine interaction between the unpaired electron and th#ITSSL was anisotropic, except for the slow spectral com-
nitrogen nucleus of the spin label, that is characteristic oponent at pos. 158 and 207, which was best-fitted with an
fast spin label motion. The IPSL spectra could be simulatedsotropic component (Fig. 2, insets; Table 3).
with a single motional component, which reported on rather The local environment of the different mutated sTF sites
high diffusion constantsR,, R) with large motional an- in the absence of FVlla was also investigated with the
isotropy ®/R, >> 1). The rotational correlation timep(),  fluorescent label IAEDANS. Intensity maxima were ob-
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served between 488 and 497 nm depending on positioaTF(W158C)-FVlla, it was found that IPSL and MTSSL
(data not shown) corresponding to IAEDANS in 20—-45% reported on¢. values of 12 ns and 15 ns, respectively
ethanol (Owenius et al., 1999). Steady-state fluorescenc@able 4). A similar analysis of the spectra from spin-
anisotropy measurements were performed and the anisdibeled sTF(V207C)-FVlla resulted i, values of 12 ns
ropy of IAEDANS was found to be 0.07-0.11 (data not (IPSL) or 29 ns (MTSSL). Thus, the motion probed by the
shown). Furthermore, fluorescence lifetime measurementspin labels was greatly reduced compared with that sensed
were made, from which the IAEDANS lifetime was deter- at pos. 158 or 207 in the absence of FVlla. Possible traces
mined to be 12.6-15.5 ns (data not shown). Both paramesf a second, more mobile component were visible in some
ters were used to calculate, of IAEDANS at the various of the spectra, but they were too weak (of the same order of
positions in sTF using the Perrin equation (Eq. 4). The lowintensity as the uncertainty introduced by the Brownian
¢, values (3.1-5.6 ns) indicated substantial local motion oidiffusion model) to be simulated accurately, and were there-
IAEDANS at the surface-exposed sites (Table 4), beingore neglected.
most pronounced at pos. 140 and smallest at pos. 22. Taken Substantial wavelength shifts were registered from the
together, the data of the labeled sTF mutants indicate thatvo IAEDANS-labeled sTF mutants upon association with
the labels are solvent-exposed, thus sensing a rather pol&WIla (Table 2). The blue-shift was 15 nm={477 nm) and
environment, with moderate motional restrictions imposed30 nm (=465 nm) at pos. 158 and 207, respectively. This
by the surrounding residues. indicates that IAEDANS is in an environment correspond-
ing to 75-100% ethanol in polarity (Owenius et al., 1999;
. e Hammarstie et al., 2001). The, values obtained from the
Probing the binding interface between sTF same samples were 14.9 ns atcpos. 158 and 18.9 ns at pos.
and FVila 207, i.e., four to five times longer compared to the times for
The sTF-Gla region IAEDANS-labeled sTF (Table 4). Taken together, the local
environments of pos. 158, and especially pos. 207, became
considerably more compact and less polar upon binding of
Vlla as reported by the labels.

This region of the binding interface involves two of the
selected sTF residues, W158 and V207. According to th
crystal structure of sTF-FVlla (Banner et al., 1996) the
surface accessibility of the two residues are reduced to 5%
and 0%, respectively, upon complex formation; i.e., they ar
more or less completely buried between the two interactin
proteins. Fluorescence quenching of IAEDANS-labeledPositions 122 and F140 are located in this contact region of
sTF-FVlla indicated two populations, as in the absence o§TF-FVlla, and they are surface-exposed to 5% and 20% in
FVila. With IAEDANS at pos. 158 the modified Stern- the complex, respectively. The surface exposure of IAE-
Volmer plot indicated that the fraction of accessible fluoro-DANS at the respective position, determined from the flu-
phore §)) was only 0.5. However, at pos. 207 and theorescence quenching, was decreased compared with that in
remaining four positionsf, for IAEDANS had a value sTF alone; howevekKg, ,decreased only from 3.4Mto
similar (0.8—0.9) to its value in the absence of FVIla. The2.4 M~ ! at pos. 22 due to the relatively low exposure in the
degree of surface exposure of the IAEDANS fluorophoreabsence of FVlla.
(i.e., the accessible fraction) was considerably decreased The EPR spectra of IPSL- or MTSSL-labeled sTF(122C)-
compared to that in STF alone, concluded from the reduce&Vlla have broad lineshapes similar to those found for the
Ksy o Values of sTF-FVlla (Table 2). two sites in the sTF-Gla region (Fig. 2). The single-compo-
The EPR spectra of spin-labeled sTF-FVlla describingnent simulations reported @), values of 24 ns (IPSL) or 88
the local environment of pos. 158 and 207 had similams (MTSSL). Also, in the case of sTF(F140C)-FVlla,
lineshapes independent of the spin label used (Fig. 2). AIMTSSL probed slow rotation (83 ns). However, the IPSL
four spectra were largely dominated by a broad spectraspectrum of sTF(F140C)-FVIla was interpreted as a super-
component, which has the features of a typical “powderposition of a slow ¢, = 14 ns) and a fastd(, = 1.4 ns)
spectrum” resulting from anisotropic hyperfine interaction.component, the latter contributing with40%. The EPR
Such lineshapes are only obtained for spin labels involvedata from simulations regarding pos. 140 (Table 3) differ
in slow motion . > ~10 ns). From single-component slightly from those previously determined (Owenius et al.,
lineshape simulations of the spectra from spin-labeledl999), which were determined using an earlier version of

gl'he STF-EGF1 region

FIGURE 2 Experimental and simulated EPR spectrdedf)(IPSL-labeled andright) MTSSL-labeled sTF mutants in complex with FVlla, and spectra
of the same sTF variants in absence of FVlla as insets. The different spectral components are: (——) experimental spectrum; (- — —),smsllaed c
component if two-component spectrum;{—-) simulated ¢ or fast component if two-component spectrum; and ( - - - ) simulated spectrum. The
parameters used in and obtained from the simulations are given in Table 3.
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TABLE 4 Rotational correlation times calculated from dynamic parameters obtained from IAEDANS, IPSL, and MTSSL attached
to different sTF mutants in the absence of and in complex with FVila

¢ (ns)
sTF sTF-FVlla
MTSSL* IPSL* MTSSL*

STF Variant* IAEDANS'" IPSL* c, C, IAEDANS" Slow Fast Slow Fast
W158C 3.4 1.0 6.4 1.5 14.9 12 — 15 —
V207C 3.6 0.9 6.7 0.4 18.9 12 — 29 —

122C 5.6 1.3 6.9 — 12.6 24 — 88 —
F140C 3.1 1.0 2.5 — 15.7 14 1.4 83 —
W45C 5.2 1.0 3.4 — 11.6 5.4 0.8 83 1.0
Y94C 4.7 0.7 2.1 1.8 8.1 52 0.8 12 2.1

*W158 and V207 in the sTF-Gla region, 122 and F140 in the sTF-EGF1 region, and W45 and Y94 in the sTF-PD region.
T¢. was determined from the Perrin equation (Eq. 4).
*¢. was determined from Eq. 1 using data in Table 3.

the simulation program lacking the least-squares analysidefined than that of IPSL. For both labels the contribution
feature (Schneider and Freed, 1989). from the slow component was50%. Similarly, the motion

A blue-shift of the emitted IAEDANS fluorescence was of both spin labels at pos. 94 in sTF-FVlla was clearly
obtained also in this region upon complex formation withinfluenced by a fast local component, with a somewhat
FVlla, 5 nm at pos. 22 and 10 nm at pos. 140, and thénigher ¢, value than in the absence of FVlla. The slow
polarity sensed by the probe was comparable to 40-50%omponent was rather pronounced in the spectra of both
ethanol (Owenius et al., 1999). Tikie value at pos. 140, as spin labels (IPSLi¢p, = 52 ns, MTSSL:¢. = 12 ns), but
reported by IAEDANS, was slightly higher than at pos. 22, contributed only with—~25% to the spectral intensity.
but both were clearly increased comparedhtdn free sTF The fluorescence wavelength shift of IAEDANS upon
(Table 4). Theg, of IAEDANS at pos. 140 in sTF-FVIla complex formation was small (1-2 nm) at both pos. 45 and
was lower than previously determined (Owenius et al..94. The polarity of their surroundings was comparable to
1999), in which the fluorescence lifetime was estimated~40% ethanol (Owenius et al., 1999). Also in this region of
from the relative quantum yield instead of an actual lifetimesTF-FVlla, thed, values reported by IAEDANS were-n
measurement, and an average value of the f&&tover the creased compared to those determined for free sTF (Table
wavelength region was used. 4), and¢, at pos. 45 was slightly higher than at pos. 94.

In summary, the labels reported on slightly more apolar Conclusively, the labels reported on a minor decrease in
and considerably more rigid local environments of pos. 22olarity due to FVIla binding and mixed motional states
and 140 in the sTF-FVIlla complex compared to in sTFwith substantial local motion at pos. 45 and 94 of the
alone. sTF-FVlla interface.

The sTF-PD region

This contact region contains the sTF residues W45 and Y9AP ISCUSSION
These residues are exposed to 13% and 1%, respectively, Bite-directed labeling techniques are currently used in nu-
the crystal structure of the sTF-FVIla complex. The fluo- merous ways to obtain structural information about mem-
rescence quenching measurements showed rather small deane proteins and high-molecular-weight proteins in solu-
creases of the Stern-Volmer constant upon complex formation, as well as in studies of protein folding and
tion (Table 2). conformational transitions. In addition, this approach is
The EPR spectra of IPSL- or MTSSL-labeled sTF-FVIlaapplicable to the mapping of protein-protein interactions
presented rather complicated lineshapes indicating morand conformational transitions upon protein association, as
than one spectral component (Fig. 2). It was necessary tshown for human carbonic anhydrase 11 (HCAIl) and the
apply two motional components to obtain good simulationschaperonin GroEL (Persson et al., 1999; Hammansted
Using IPSL at pos. 45, there was clear evidence of locahl., 2000), and in studies of protein aggregation (Ham-
motion despite the presence of FVlla, withpavalue that marstron et al., 1999). Recently, we used this approach on
is similar to that of spin-labeled sTF(W45C) alone (Tablethe receptor-ligand system sTF-FVlla to obtain local infor-
4). However, a broader component was also foupd = mation about the binding interface at a selected position
5.4 ns). Also, MTSSL reported on a mobile local compo-(Owenius et al., 1999). The sTF-FVIla complex is known to
nent, but the slow componenp{ = 83 ns) was more well rely on very specific protein-protein interactions distributed
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over an extensive contact surface, divided into three regionkabel is governed by the structural restrictions imposed by
(Banner et al., 1996), and the significance of individual sidethe surrounding protein structure, but also by the flexibility
chains is known from mutational studies (Gibbs et al., 1994and physicochemical character of the label, which can pro-
Ruf et al., 1994, 1995; Schullek et al., 1994; Kelley et al.,mote interaction with nearby groups. Therefore, such a
1995). However, these latter investigations are based omultitude of EPR lineshapes aid values are observed for
global methods, such as functional and binding assays, arttie selected sTF sites.

SPR, i.e., the importance of a residue is judged from the

effect of its removal on the cofactor function of STF or on

the overall binding of FVlla to sTF. Further information Global and local consequences of the

about the two interacting proteins, but at a local level, carintroduced labels

be obtained by studying the local environment of sTF res

idues along the sTF-FVlla interface using the site-directe Vlla, the probability of detecting an environmental change

labeling approach. upon FVlla binding is increased. Unfortunately, this will

Ir(;t?e present fstudy we use(_j the sTF_—FVIIa comlplex af] 3lso affect structural and functional properties of the sTF
model system of two interacting proteins to evaluate ey, n; However, the introduction of a label was sometimes
appl!catlon of speC|f|ca_IIy at_tacheo_l Iapels to Investigate aeq ¢, improve the cofactor function of some sTF mutants,
binding surface at multiple sites. Six single-Cys mutants (_)fe.g., STF(W158C) and sTF(V207C) (Table 1). Apparently,

STF were mad_e_ and_ each mutant was then Iab_eled Witlhe introduced labels can use the cavity created by the
sulfhydryl-specific spin and fluorescent labels. Spin Iabelsmutation, even though the labels are too large to fit com-
are sensitive to the local compactness of the surroundingIetely (Owenius et al., 1999), and at least in regions dom-

protein structure, which determines the mobility of the SPiINinated by hydrophobic interactions they contribute to the
label and thereby the lineshape of the associated EPR Spe&’nding capacity

trum. Llnfeshhape_S|Irnglallt|onsdwre]zre p;)erfot;m_ed to quzntlf)_/l the " 1he differentkapp) Values of different protein variants
motion of the spin labels and thereby obtain more details of g4y te 5 problem in the application of site-directed la-

the Ioca! dy_nam|c st_ructure surroundmg them. Fluore_sceng)e“ng to study protein-protein interactions, because diffi-

Iabels_ give |r_1f(_)r_mat|on about the polarity of the EVINON- ¢ lties are introduced in the data analysis and comparison of
ment In Its vicinity, detected as a wavelength shift of the y,, petyeen sites. The reduced binding affinity, which is a
er_nltted light, but also the dy_nam|cs of the_lat_)el was deter'global parameter, is probably the direct consequence of the
mined from fluqres_cence anisotropy and lifetime MeasUresiryctural disturbance caused by the labeled Cys residue. It
ments. By monitoring the quenching of the fluorescence ifg e refore necessary to pay attention to the large differ-
‘ences inKy.,,,yamong the differently labeled sTF mutants

the presence of acrylamide, the accessibility of the fluoro
phore was determined. and take this into account in the analysis of spectroscopic
data.

y choosing sites in sTF that are important for binding

Local environments in sTF in the absence
of FVlla

The rather shortp, values (3—6 ns) determined from-an o ) ] )
isotropy and lifetime data reported by the fluorescent labePPOn association of sTF and FVlla the wild-type residues in

IAEDANS were expected from the large solvent exposureSTF _selecte_d for Cys mutation and labeling are exposed to
of the label (Table 2). Furthermore, the EPR spectra obth€ interacting part of FVlla, and the degree of surface
tained from the IPSL-labeled STF mutants showed that th@ccessibility is reduced to between 0 and 20%. Because the
label is in a state of intermediate mobility (Fig. 2, insets; Structure of sTF is known not to change due to FVila
Table 4). Wheng/°° is sufficiently short andp % < assomaﬂop, any detectable spectral changes originate from
$.3"°"2! the local motion of the label completely dominates the formation of the sTF-FVila complex.

the spectral lineshape. The large motional anisotropy, due to

a faster axial rotationR)), indicated that the neighboring
residues put restrictions especially on the motion in th
plane orthogonal to the parallel componeRt). In general, Of the six labeled sTF mutants, sTF(W158C) and
the mobility of MTSSL is lower compared to that of IPSL sTF(V207C) were those with the least functional perturba-
at the different sites (Tables 3 and 4). An explanation fortion due to the introduced labels, Wity ,pp Values only
this behavior could be the lower flexibility of MTSSL 1.9-6.5 times that of wt-sTF (Table 1). Therefore, we
compared to that of IPSL due to the disulfide linkage to theanticipate that the local structural perturbations in the vicin-
protein and the interaction of the disulfide bond with main-ity of pos. 158 and 207 are small. For both IPSL- and
chain atoms (Mchaourab et al., 1996; Owenius et al., 1999TSSL-labeled sTF-FVlla the EPR spectra were domi-
Langen et al., 2000). Thus, the motion of a protein-attachedated by the “powder” features of a slowly rotating spin

Local environments along the sTF-FVIla interface

eThe STF-Gla region
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label (Fig. 2). The one-component lineshape simulations ofhat of wt-sTF and their overall conformation seemed to be
the assumed global isotropic motion did not produce perfedintact (Owenius et al., 1999; sterlund et al., 2000). The
fits (@ known drawback of the Brownian diffusion model; rather low, identical Kypp,, values of MTSSL-labeled
Freed, 1976). If the shape of the sTF-FVIla complex issTF(122C) and sTF(F140C) imply that the MTSSL data
modeled as a circular cylinder, the diffusion coefficients canobtained from the two positions are representative of the
be determined by hydrodynamic theory (Tirado and de lawt-sTF-EGF1 interface and can be compared with each
Torre, 1980; Keyes and Bobst, 1995). The cylinder dimen-other. Spectra of MTSSL-labeled sTF(122C)-FVlla and
sions were taken from Banner et al. (1996): length, 115 AsTF(F140C)-FVlla showed similar “powder” lineshapes to
radius, 22.5 A. Assuming a temperature of 20°C and ahose seen in the sTF-Gla region (Fig. 2). However, the
viscosity of 0.001 Ns/rf the modeled diffusion coefficients isotropic one-component simulations indicated even lower
becameR, = 1.6-10°s ™, R = 4.6-10°s%, i.e,, with ¢, values (-85 ns, Table 4), i.e., of the order of the modeled
some motional anisotropyR(/R, ~ 3), resulting in an tumbling of the protein complex itself (see above). Also for
averagep. value of~61 ns (Eq. 1). At these low diffusion IPSL-labeled sTF(122C)-FVila and sTF(F140C)-FVila,
rates (near the rigid limit) the sensitivity of the EPR spec-spectra were dominated by the slow global component, with
trum to motional anisotropy is low, which means that thesimilar (pos. 140) or higher (pos. 23). values compared to
assumption of an isotropic global tumbling of the proteinthose of IPSL at pos. 158 and 207. The less compact
complex made in the simulations is legitimate. In compar-structure in the vicinity of pos. 140 than around pos. 22
ison with the modeled diffusion, the simulations presentectould be due to the more perturbed functional binding due
shorter¢. values (Table 4) than the time expected from ato IPSL at pos. 140 (Table 1). At pos. 140, as previously
spin label tightly locked within the protein structure, indi- shown (Owenius et al., 1999), a local component is also
cating minor local motion of the spin labels. The fluorescentpresent in the spectrum, indicative of a rather mobile label,
label reported o, values similar to the spin labels (Table but less mobile than in the absence of FVlla. The higher
4), which in fact were two of the three longest times rotational freedom of IPSL compared to MTSSL at pos. 140
detected with IAEDANS. Both the fluorescence wavelengthcan be explained by their different properties (Mchaourab et
shifts (the two largest) and the Stern-Volmer constants (thel., 1996; Owenius et al., 1999; Langen et al., 2000). How-
two lowest) further emphasized that the environments agver, we cannot completely rule out the influence of the
these two positions are the most apolar and least accessitdéte-directed labeling on the local structure, possibly re-
of the studied sites (Table 2). In fact, IAEDANS reported onflected upon by the much highé€,,,, of IPSL-labeled
wavelengths Ag,(STF-FVIla), similar to values previ sTF(F140C) compared to that of MTSSL-labeled
ously obtained from hydrophobic clusters of the globularsTF(F140C) (Table 1). This makes EPR data from IPSL-
protein HCAII (Svensson et al., 1995; Hammaisiret al.,  labeled sTF(F140C)-FVIla the least reliable as a description
2001). of the wild-type situation of all EPR data from the two
Thus, all labels are probably involved in minor local positions. Fluorescence data from the IAEDANS-labeled
motion at their site of attachment (pos. 158 and 207) withinsTF-FVIla showed less solvent exposure, larger blue-shift,
the interface, but the dominating “powder” features of theand higherg, of the label at pos. 140 in relation to pos. 22
EPR spectra from both spin labels and low emission wave(Tables 2 and 4). Taken together, their local environments
lengths of IAEDANS point to structured hydrophobic local were reported as slightly less (pos. 22) or similarly (pos.
environments with high compactness. It seems like eithel40) compact, but not as apolar as those of the two sTF-Gla
W158 or V207 of the sTF-Gla region, both known to take sites (pos. 158 and 207). The latter observation is likely due
major part in the regional hydrophobic interaction (Bannerto the higher presence of vicinal polar residues and the
et al., 1996), can be substituted for another side chaitarger solvent exposure of the fluorophore at pos. 22 and
without altering the compactness of the interface in this140, although some influence from the lower binding affin-
region. The minor importance of individual STF residues inities of IAEDANS-labeled sTF(122C) and sTF(F140C) can-
general in the sTF-Gla region, for the affinity of sTF for not be excluded. Theb, values of IAEDANS (including
FVlla, was previously demonstrated in a more global sens¢hose at pos. 158 and 207) are comparable to those of IPSL.
by SPR measurements (Kelley et al., 1995). This is indicative of some residual motion, possibly enabled
by the more flexible structure of IAEDANS compared to
that of MTSSL, and the lower binding affinities of the
IAEDANS-labeled mutants compared to those of the
The two STF mutants in this region, sTF(I122C) and MTSSL-labeled mutants.
sTF(F140C), were subjected to larger functional perturba- Despite the weaker binding affinities of labeled
tions than sTF(W158C) and sTF(V207C) when introducingsTF(I122C) and sTF(F140C) compared to those of labeled
the labels Ky(appyvalues 10-55 times that of wt-sTF) (Table sTF(W158C) and sTF(V207C), all labels (with reservation
1). Still, the ability of the labeled sTF(F140C) derivatives to for IPSL at pos. 140 due to its major perturbation) report on
activate FVlla was previously found to be at least 75% ofcompact local environments. In fact, the rigidity of the

The sTF-EGF1 region
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vicinal structures is large enough to tightly lock MTSSL corresponding to slow motion, and one narrow, emanating
within the binding interface at the two sites. The degree offrom a rapidly diffusing spin label. Table 3 shows that the
immobilization of the spin labels at pos. 22, 140, 158, anddiffusion tensor parameter&(, R) of the fast component
207 upon FVlla binding, i.e., along a major part of the were similar to those of the spectrum in the absence of
whole binding interface, is equal or even more pronouncedVila, thus confirming the existence of uncomplexed sTF
compared to what previously has been observed when theariants. However, according to the simulations, the fast
labels are embedded in the hydrophobic interior of a proteitomponent contributed with-50% at pos. 45 and 74% at
(Lindgren et al., 1993; Svensson et al., 1995; Hammarstro pos. 94, i.e., considerably more than expected. The addi-
et al.,, 2001). This is indicative of interactions of similar tional contribution to the fast component probably has its
strength as in the interior of a globular protein. A very origin in a second fraction of spin labels (different from the
similar packing density of atoms at recognition sites andslow component) in a relatively unrestricted environment
protein interiors is seen for a large number of protein-despite the presence of FVlla, whose motion is undistin-
protein complexes (Lo Conte et al., 1999). Both 122 andguishable from that of the spin label in free sTF.

F140 contribute with major hydrophobic interactions with  The slow motional component found in all four spectra
FVlla (Banner et al., 1996). The compactness sensed in theriginates from a more restricted population of spin labels.
vicinity of pos. 22 is probably maintained, despite its sub-In MTSSL-labeled sTF(W45C)-FVlla it had ¢, value (83
stitution, as a consequence of the strong FVlla-bindinghs) comparable to the tumbling of the protein complex, i.e.,
contributions by the adjacent residues K20 and D58 (Kelleyin this orientation MTSSL becomes locked by the surround-
et al., 1995). K20 is especially important because it particing structure (Table 4). IPSL was much less restricted in
ipates in both hydrophobic and hydrogen bonding interacsTF(W45C)-FVlla, which is likely due to the largerBX)
tions (Banner et al., 1996). F140 is in itself more importantperturbation caused by IPSL and its different properties
for FVlla binding than 122 (Kelley et al., 1995), but is also compared to MTSSL. On the contrary, when sTF-FVlla was
supported by nearby sTF residues (e.g., R131, L133) erprobed at pos. 94, the slow-mobility component of the IPSL
gaged in hydrophobic interaction, however, with small in-spectrum corresponded to a highly immobilized label (al-
dividual binding contributions (Kelley et al., 1995; Banner most completely lockedp. = 52 ns), whereas MTSSL was
et al., 1996). This probably maintains the compact environslightly less restricted at the same sitg & 12 ns). This is
ment at pos. 140 despite the modified side chain, at least {robably due to the>12x lower Ky, vValue of IPSL-

the label does not cause too much perturbation. The highdabeled sTF(Y94C). However, the unexpectedly small dif-
polarity probed by IAEDANS in the sTF-EGF1 region ference ing. could possibly be due to the lower flexibility
compared to that of the sTF-Gla region is likely the effect ofof MTSSL compared to IPSL. Because #g,,,,values of

the higher occurrence of polar residues in the sTF-EGFthe IAEDANS-labeled sTF mutants in the sTF-PD region
interface (Banner et al., 1996). were only somewhat larger than those of IPSL-labeled
STF(Y94C), but not as large as those of MTSSL-labeled
STF(W45C), IAEDANS can provide additional information
about the two sites. Indications of a less structured local
The functional binding of the labeled variants of environment were found from the surface exposure of the
sTF(W45C) and sTF(Y94C) to FVlla was largely perturbedAEDANS fluorophore (largest of the six studied sites) and
(Kg(app) values~50-800 times that of wt-sTF) (Table 1). the fluorescence blue-shift (smallest of the six studied sites)
With very high Ky, Values, such as for IPSL-labeled (Table 2). The rather polar environments of pos. 45 and 94
sTF(W45C) and MTSSL-labeled sTF(Y94C), it is reason-in sTF-FVIla, comparable to those of pos. 22 and 140, are
able to assume that the local environment of the introducetikely a consequence of the vicinal polar residues and the
label is somewhat altered from that of the wild-type residuerelatively high accessibility of the fluorophore. The effect of
However, the amidolytic activities are still relatively high the quite low binding affinities of the IAEDANS-labeled
(IPSL-sTF(W45C) 85%, MTSSL-sTF(Y94C) 15%), indi- sTF(W45C) and sTF(Y94C) on the accessibility cannot be
cating that native-like complexes are formed. Another conexcluded (Table 1). The shodi, values provided further
sequence of very highypp values is that unreasonably evidence for a considerable local flexibility of the label at
high protein concentrations are needed to form a stoichioboth sites.

metric complex. From th&,p,, values and protein cen To conclude, both W45 and Y94 are important for bind-
centrations used, the following percentages of formed sTFing of FVIla and the binding interface in this region is rather
FVlla were expected: 78% (pos. 45, IPSL), 91% (pos. 45complex, with both residues directly involved in three of the
MTSSL), 97% (pos. 94, IPSL), and 84% (pos. 94, MTSSL);five identified key interactions (Kelley et al., 1995; Banner
i.e., there is a fraction of free spin-labeled sTF(W45C) ancet al., 1996). The existence of a local motional component
STF(Y94C) in the samples. As shown in Fig. 2, all four EPRwith fast dynamics in the EPR spectra and the large degree
spectra of spin-labeled sTF(W45C)-FVlla and sTF(Y94C)-of exposure and flexibility of the fluorescent label suggest
FVlla have features of two spectral components: one broadhat the global perturbation of the labels may be a direct

The sTF-PD region
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