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A. HÄFNER,1 F. MEROLA,2 G. DUPORTAIL,3 R. HUTTERER,1 F. W. SCHNEIDER,1 M. HOF4

1 Institute of Physical Chemistry, University of Würzburg, Am Hubland, 97074 Würzburg, Germany

2 Laboratoire pour L’Utilisation du Rayonnement Electromagnetique, Batiment 209D, Centre Universitaire Paris-Sud,
B.P. 34, 91898 Orsay Cedex, France

3 UMR CNRS 7034, Department of Pharmacy, Louis Pasteur University of Strasbourg, B.P. 24, 67401 Illkirch, France
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ABSTRACT: Time-resolved fluorescence of the single tryptophan residue Trp41 in fragment
1-86 of factor X (FX F1-86) is studied using a time-correlated single photon counting
technique with synchrotron radiation as the excitation source. Calcium ions are believed to
induce a conformational change in the N-termini of the activated factor X and other
vitamin K dependent proteins, which is accompanied by a decrease in fluorescence inten-
sity. The titration with calcium yields a sigmoidal fluorescence titration curve with a
transition midpoint concentration of 0.44 mM. The wavelength-dependent tryptophan
fluorescence decays of the apo-FX F1-86 (in the absence of calcium) and Ca-FX F1-86 are
characterized by conventional multiexponential analysis and fluorescence lifetime distri-
bution analysis. In the absence of calcium there are three significant classes of fluorescence
lifetimes (ns) that are nearly wavelength independent: 0.55 6 0.08 (component A), 2.6 6 0.1
(component B), and 5.3 6 0.3 (component C). However, their preexponential amplitudes
vary with wavelength. The decay associated emission spectra of the individual components
show that components B and C contribute over 85% to the total fluorescence for all
examined wavelengths. However, in the presence of calcium, the analysis of the time-
resolved fluorescence data of Ca-FX F1-86 yields four wavelength-independent lifetimes
(ns) of 0.30 6 0.09 (component D), 0.65 6 0.10 (component A), 2.7 6 0.2 (component B), and
5.4 6 0.3 (component C). Calcium addition to the apo-FX F1-86 leads to a decrease in the
fluorescence intensities of components B and C while their decay times remain unaffected.
In Ca-FX F1-86 an additional component D arises that has a decay time of 0.30 ns and that
contributes up to 35% to the total fluorescence intensity. A comparison with a previous
investigation of prothrombin fragment 1 demonstrates the extensive structural and func-
tional homology between the N termini of prothrombin and factor Xa. © 2000 John Wiley &
Sons, Inc. Biopolymers (Biospectroscopy) 57: 226–234, 2000
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INTRODUCTION

Blood coagulation consists of a cascade of proteo-
lytic enzyme reactions. The last step of the cas-
cade is the factor Xa catalyzed proteolysis of pro-
thrombin by the prothrombinase complex. This
membrane bound complex consists of factor Xa,
cofactor Va, and bound calcium ions. The mem-
brane contains negatively charged phospholip-
ids.1 The acidic phospholipids exert a strong in-
fluence on the catalytic activity of the
prothrombinase. Certain acidic phospholipids in-
crease the turnover number of prothrombin con-
siderably,2–4 and phosphatidyl-L-serine is the
most efficient.2,3 The molecular background of
this extreme lipid specificity is still unknown,
which gives the motivation for studying the mo-
lecular mechanism of the interactions among the
proteins, the calcium ions,5 and the negatively
charged membrane surface.6

The two proteins factor X and prothrombin,
which are the enzyme and substrate of the pro-
thrombinase reaction, respectively, belong to the
class of vitamin K dependent proteins and are
homologous in their N termini. It has been as-
sumed that these proteins are bound to nega-
tively charged phospholipid head groups by cal-
cium ions. The region that is predominantly
responsible for calcium and membrane binding is
the g-carboxyglutamic acid residues domain (Gla
domain) where the calcium ions are chelated by
Gla residues. In the case of factor X, 12 Gla resi-
dues chelate the calcium ions.7 The calcium ions
induce a conformational change in the Gla do-
main, yielding the native conformation of the pro-
tein that, in turn, is necessary for membrane
binding.8

Recent picosecond time-resolved fluorescence
studies5 provided new insights that make a sig-
nificant contribution to the understanding of the
calcium-induced conformational change in pro-
thrombin fragment 1 (BF1). BF1 consists of 156
amino acids that build the Gla domain and the
“kringle” domain, and it contains three trypto-
phan residues: one tryptophan residue is located
in the Gla domain (Trp42) while the other two are
buried in the “kringle” domain.9 In the present
study we investigate the calcium-induced confor-
mational change of the 1-86 amino acid N termi-
nus of factor Xa (FX F1-86), which contains the
N-terminal Gla domain followed by an epidermal
growth factor like domain (Fig. 1). The Gla do-
main of factor Xa is highly homologous to that of

BF1.9 FX F1-86 contains only a single tryptophan
residue (Trp41) that is located in the membrane-
and calcium-binding part of the protein, which is
the Gla domain (Fig. 1). The calcium-binding
properties of the Gla domain are very similar to
those of the entire protein.10 Thus, the factor X
fragment is an excellent model compound for in-
vestigating the interaction between the N-termi-
nal end of vitamin K dependent proteins, calcium
ions, and certain phospholipids.

MATERIALS AND METHODS

Protein

Bovine factor X was isolated according to the pro-
cedure of Esnouf et al.11 Factor X fragment 1-86

Figure 1. The 2-dimensional NMR structure of fac-
tor X fragment 1-86 without calcium (apo-FX 1-86). The
coordinates were taken from the Brookhaven Protein
Data Bank entry7 and were displayed by RasMol soft-
ware (R. Sayle, Glaxo Wellcome Research and Devel-
opment, Stevenage, Hertfordshire, U.K.). The Trp41 is
located in the Gla domain, which is shown on the right
site; the EGF domain is on the left site. The black
structures are the Trp41, and the hatched grey struc-
tures are the Gla residues.
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was cleaved by tryptic digestion and purified by
chromatography on a mono Q column by the
method of Persson et al.12 The homogeneity was
checked by SDS-PAGE. The amino acid sequence
of the Gla domain was determined by sequence
analysis and it was in line with the literature
sequence.7 The concentrations of bovine factor X
fragment 1-86 were determined by UV spectro-
photometry at 280 nm (E1cm

1% 5 9.9, molecular
mass 5 10.3 kDa). The protein solutions were
stored in Tris-buffered saline (0.05M Tris, 0.1M
NaCl, pH 8.0) at 230°C before use. All experi-
ments were carried out in Tris-buffered saline
(0.05M Tris, 0.1M NaCl, pH 7.5).

Fluorescence Measurements

Steady-State Measurements

Stationary fluorescence spectra were obtained
with a SLM Aminco–Bowman series 2 lumines-
cence spectrometer. Fluorescence emission spec-
tra for calculating the decay associated emission
spectra (DAS) in the absence and presence of cal-
cium ions were determined at an excitation wave-
length of 295 nm. Bandwidths of 2 nm were set for
excitation and for emission. The spectra were cor-
rected for instrument response and Raman scat-
tering.

Calcium Titration

Fluorescence titrations were performed in 1.0-mL
volumes containing 2 mM FX F1-86 by adding
aliquots of a 2 and 20 mM CaCl2 stock solution.
The fluorescence intensities were obtained by de-
termining the mean value of the fluorescence
emission intensity over 10 s at 350 nm (8-nm
bandwidth) 1 min after adding the titrant. In
addition, each fluorescence emission spectrum
was integrated from 310 to 390 nm. The excita-
tion wavelengths were set at 280 and 295 nm
(2-nm bandwidth). All intensities were corrected
for dilution.

The titration curve recorded at an excitation
wavelength of 295 nm was fitted according to the
Hill equation13:

R 5
f 3 @Ca21#n

Kd 1 @Ca21#n

where R is defined as I/I0; I is the observed fluo-
rescence; I0 is the intensity in the absence of
Ca21; Kd is the dissociation constant; n is the Hill

coefficient; and f is a constant value of R, when no
further quenching occurs after calcium addition.

Time-Resolved Measurements

Fluorescence lifetime measurements were per-
formed at the Laboratoire pour L’Utilisation du
Rayonnement Electromagnetique (LURE, Orsay)
using the single photon counting technique as
summarized in the literature.14,15 The optical and
electronic parts of the instrumental setup are de-
scribed elsewhere.16 The synchrotron radiation of
the SUPER-ACO at LURE was used for pulsed
excitation of approximately 650 ps full width at
half-maximum at a frequency of 8.3 MHz. The
excitation wavelength of 295 nm was polarized
and the emission was detected after passing a
“magic angle” polarizer with a microchannel plate
photomultiplier. Up to 50,000 counts of fluores-
cent photons were collected in the peak and the
time scale was 24.93 ps per channel with 2048
channels collected. The fluorescence decays of
apo-FX F1-86 and Ca-FX F1-86 were collected at
emission wavelengths of 315–405 nm in 7.5-nm
steps. Experiments under apo conditions (i.e., in
the absence of calcium ions) were carried out in 5
mM FX F1-86 in Tris-buffered saline while the Ca
experiments were performed in 10 mM FX F1-86
in Tris-buffered saline at 20°C. The CaCl2 concen-
tration in the Ca-FX F1-86 samples was 7.0 mM.
The fluorescence was measured 30 min after
CaCl2 addition.

Data Analysis

Different analytical methods were applied for
data analysis. A nonlinear least-squares iterative
reconvolution procedure based on the Mar-
quardt–Levenberg algorithm was used for the ba-
sic multiexponential analysis.17,18 According to
the following equations, the results of these anal-
yses were used to calculate the fractional inten-
sity fi and fractional amplitude ai of each compo-
nent. In addition, the Edinburgh Analytical
Instruments (EAI) distribution program19 was
employed to characterize the number of fluores-
cence lifetimes. In these programs the time shift
calculation was included in the iteration. In addi-
tion to the EAI distribution program, a program
employing the maximum entropy method
(MEM)20,21 was used for determining the number
of lifetimes. In contrast to the conventional mul-
tiexponential analysis, there is no a priori as-
sumption about the shape of the distribution. In-
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stead, the two programs (EAI distribution and
MEM) fit the fluorescence decay using an arbi-
trary sum of 100 (EAI) and 150 (MEM) lifetimes.
In the MEM analysis a systematic correction for
variable time shifts was applied as discussed by
Garcia et al.22 (and references therein). This cor-
rection is critical for a stable recovery of fluores-
cence lifetime distributions, especially in studies
using variable settings of the emission monochro-
mator. Avoiding possible compensations or cross-
talks due to the simultaneous variation with
wavelength of protein fluorescence and the optical
path, the time offset over the detected emission
range was determined independently using a so-
lution of n-acetyltryptophanamide under identi-
cal optical settings. The variations of this time
offset where found to be perfectly correlated with
the monochromator position.

DAS

The DAS Fi(l) for each component i were obtained
by combining time-resolved data with the total
steady-state emission spectrum F(l) according to
the following equation23:

Fi~l! 5
Ai~l! 3 ti~l!

Ai~l! 3 ti~l!
3 Fi~l!

where Ai and ti are the preexponential contribu-
tion and lifetime of component i, respectively.

RESULTS

Steady-State Experiments

Calcium titration experiments were carried out
using two different excitation wavelengths (lexc)
of 280 and 295 nm. Excitation at 280 nm is known
to create both tryptophan (Trp41) and tyrosine
(Tyr44, Tyr68) excited states.23 In analogy to Per-
sson et al.24 we used an excitation wavelength of
280 nm and an emission wavelength of 350 nm.
We found titration curves similar to Persson et
al.24 who observed an initial fluorescence increase
with a half-maximum at around 0.1 mM CaCl2
followed by a fluorescence quenching of about
60%. (For details see figs. 10 and 11 in Persson et
al.24) This observation is in agreement with the
performed isolation procedure,12 which yielded
identical proteins as investigated in Persson et
al.24 We used excitation at 295 nm to exclusively
excite the tryptophan residue Trp41. Again, the

emission wavelength was set to 350 nm with a
bandwidth of 8 nm. Here the titration curve dif-
fered markedly from the titration curve using
280-nm excitation. The addition of calcium ions
led to a quenching of the intrinsic fluorescence
emission of FX F1-86 with a decrease of the total
fluorescence intensity of about 70%. As shown in
Figure 2, a sigmoidal curve with a transition mid-
point concentration (Tm) at 0.44 mM was ob-
served. We did not find any evidence for the initial
increase observed in Persson et al.24 using
280-nm excitation. The sigmoidal shape indicated
that binding of calcium ions was cooperative. The
cooperative nature was also reflected in the pa-
rameters resulting from the fit according to the
Hill equation (2.86 and 0.10 mM for the Hill co-
efficient and Kd, respectively). The observed fluo-
rescence transition appeared to be saturated at 2
mM Ca21. Thus, the CaCl2 concentration of 7 mM
used in the characterization of the time-resolved
fluorescence of Ca-FX F1-86 guaranteed that al-
most the entire amount of protein exhibited a Gla
domain conformation that was responsible for the
decrease of tryptophan fluorescence.

Characterization of Fluorescence Decay of apo-FX
F1-86 and x2 values

In the absence of calcium a multiexponential
analysis of the fluorescence decay of FX F1-86
(detected from 315 to 405 nm) yielded four com-
ponents at all wavelengths. The lifetimes of all
components obtained from 337.5 to 405 nm did
not change with increasing emission wavelength
(Fig. 3). The lifetimes of components B and C at

Figure 2. The calcium titration curve of FX F1-86 for
the fractional fluorescence (I/I0 5 R) versus Ca21 con-
centration; lexc 5 295 nm.
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315, 322.5, and 330 nm differed slightly from
these wavelength-independent values. Strictly
speaking, these deviations, which were most pro-
nounced at 322.5 nm for components B and C,
might argue against a model with three wave-
length-independent major components. However,
the obtained high x2 values (.1.4) at these wave-
lengths indicated that the quality of those data
was somewhat lower than the quality of the data
collected at higher wavelengths (x2 , 1.2). The
lifetime-linked global analysis of the entire wave-
length data set yielded a global x2 of 1.32, which
certainly does not argue against wavelength-in-
dependent lifetime values. We favor a model with
three wavelength-independent lifetimes for com-
ponents A, B, and C where the respective lifetime
values are 0.54 6 0.08, 2.6 6 0.1, and 5.3 6 0.2 ns.
For example, at 367.5 nm, the fractional intensi-
ties are 0.05, 0.50, and 0.44 and the correspond-
ing fractional amplitudes are 0.25, 0.52, and 0.23
for the three major components A–C, respectively,
at 0.54 (component A), 2.6 (component B), and 5.3
(component C) ns. Moreover, a long-lifetime com-
ponent ('15 ns) was detected at all wavelengths
in the absence of calcium. It is neglected, because
the fractional intensities and corresponding frac-
tional amplitudes of this component were less
than 0.02 and 0.005, respectively, at all examined
emission wavelengths, although we are aware of

discussions concerning “long lifetime compo-
nents” in tryptophan fluorescence.25 It should be
stressed that the existence of four different life-
times was supported by two different methods
(EAI and MEM) of lifetime data analysis. Com-
bining steady-state intensities with the various
percentage contributions of the decays led to the
DAS. As shown in Figure 4, components B (2.6 ns)
and C (5.3 ns) contributed over 85% to the total
fluorescence at all examined wavelengths. The
emission maxima (nm) of the polynomial fits of
the DAS were 333 (component A), 346 (component
B), and 350 (component C).

Characterization of Fluorescence Decay
of Ca-FX F1-86

The fluorescence decays in the presence of cal-
cium were detected from 315 to 405 nm in 7.5-nm
steps. To characterize the decay behavior of
Ca-FX F1-86, the apo-FX F1-86 analysis proce-
dure was applied. Multiexponential analysis of
the time-resolved data of Ca-FX F1-86 yielded
four decay times (ns): 0.30 6 0.09 (component D),
0.65 6 0.10 (component A), 2.7 6 0.2 (component
B), and 5.4 6 0.3 (component C). The individual
contributions of the components were again illus-
trated by the fractional intensities of 0.17 (com-
ponent D), 0.17 (component A), 0.41 (component
B), and 0.25 (component C) or corresponding frac-

Figure 3. The fluorescence decay times of apo-FX
F1-86 (5 mM) that are dependent on the emission wave-
lengths in Tris-buffered saline (50 mM Tris-HCl, 100
mM NaCl, pH 7.5). The lifetime values (ns) of the
significant components are (l) 0.55 6 0.08 (component
A), (F) 2.60 6 0.1 (component B), and (■) 5.3 6 0.2
(component C). (‚) The 15-ns component with a contri-
bution of ,2%.

Figure 4. Decay-associated emission spectra of apo-
FX F1-86 in Tris-buffered saline (lexc 5 295 nm). The
emission maxima (nm) of the polynomial fits are (l)
332.0 (component A), (F) 345.9 (component B), and (■)
349.9 (component C). The experimental points are the
symbols, and the polynomal fit functions are the solid
lines.
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tional amplitudes of 0.55 (component D), 0.25
(component A), 0.15 (component B), and 0.05
(component C) for the four components (0.30 ns
for component D, 0.65 ns for component A, 2.7 ns
for component B, and 5.4 ns for component C)
obtained by the analysis of the data collected at
367.5 nm. Thus, an additional subnanosecond
component with a decay time of #300 ps ap-
peared. For all detected emission wavelengths,
the decay times remained nearly constant (Fig. 5)
while the amplitudes varied with wavelength.

These results were confirmed by a MEM distribu-
tion analysis as shown for the decay at 360 nm
(Fig. 6). Polynomial fits of the DAS (Fig. 7) yielded
the following fluorescence emission maxima: com-
ponent A at 330 nm, component B at 341 nm,
component C at 345 nm, and component D at 327
nm. The addition of calcium ions led to a strong
decrease of the fluorescence intensities for the B
and C components (Fig. 8). By contrast, the inten-

Figure 5. Fluorescence decay times of Ca-FX F1-86
(10 mM) in Tris-buffered saline that are dependent on
the emission wavelength (lexc 5 295 nm). The lifetime
values (ns) are (�) 0.30 6 0.09 (component D), (l) 0.65
6 0.10 (component A), (F) 2.70 6 0.2 (component B),
and (■) 5.40 6 0.3 (component C).

Figure 6. The MEM distribution of lifetimes analyses of Ca-FX F1-86 shown for the
emission wavelength of 360 nm. The lifetime values (ns) are 0.35 6 0.06 (component D),
1.01 6 0.16 (component A), 3.05 6 0.13 (component B), and 5.73 6 0.03 (component C).

Figure 7. Decay-associated emission spectra of Ca-
FX F1-86 in Tris-buffered saline (lexc 5 295 nm). The
experimental points are the symbols, and the polyno-
mial fit functions are the solid lines. The emission
maxima (nm) of the polynomial fits are (�) 326.5 (com-
ponent D), (l) 330.3 (component A), (F) 341.0 (compo-
nent B), and (■) 345.2 (component C).
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sity of component A (0.65 ns) remained nearly
unchanged upon calcium addition.

DISCUSSION

The calcium titration resulted in a sigmoidal
shaped curve with a Tm value of 0.44 mM, which
is in line with analogous investigations on pro-
thrombin fragment 1 (0.18 mM in Bajaj et al.,26

0.19 mM in Bloom and Mann,27 0.35 mM in Pren-
dergast and Mann,28 and 0.4 mM in Nelses-
tuen29). Considering the extensive homology be-
tween the Gla domains of prothrombin and factor
X/Xa, this was certainly not a surprising result. At
first glance, however, our calcium titration re-
sults were in disagreement with the experiments
performed in another group.24 However, the ex-
perimental conditions (excitation at 280 nm in-
stead of 295 nm as in this study) in Persson et
al.24 showed that, in addition to Trp41, the two
tyrosines (Tyr44, Tyr68) present in FX F1-86 con-
tribute to the fluorescence. Thus, the measured
signal in Persson et al.24 is a superposition of both
intrinsic tryptophan and tyrosine fluorescence23

and it is therefore not a valid indicator for any
conformational changes in the microenvironment
of Trp41 alone.

The fluorescence decay behavior of apo-FX
F1-86 was characterized by the three components
at 0.54 6 0.08 (component A), 2.6 6 0.1 (compo-
nent B), and 5.3 6 0.2 ns (component C), which
might be assigned to three different conforma-

tional states of the microenvironment of the sin-
gle Trp41 residue. The conformational substates
B and C with respective lifetimes of 2.6 and 5.3 ns
contribute over 85% to the total fluorescence (see
DAS in Fig. 4) whereas the fractional intensities
of component A are less than 10% for all exam-
ined wavelengths (Fig. 4). As a matter of fact, the
lifetime values of components B and C are in good
agreement with the decay times determined for
the comparable Trp42 in the apo-prothrombin
fragment 1 (BF 1, 2.5 and 5.3 ns),5 which gives
further evidence for an extensive structural ho-
mology within the Gla domains of prothrombin
and factor X/Xa.

After calcium addition we observed four dis-
crete lifetimes: 0.30 6 0.09 (component D), 0.65 6
0.10 (component A), 2.7 6 0.2 (component B), and
5.4 6 0.3 ns (component C). Apparently, the life-
time values of components A, B, and C are very
close to those found for apo-FX F1-86. While the
DAS of component A appears to not be affected by
calcium addition, the intensities of components B
and C strongly decrease (Figs. 7 and 8). Thus, a
decrease of the population of the fluorescent sub-
states B and C appeared to be responsible for the
observed total fluorescence decrease of about
70%. We must stress that we found essentially
the same quenching patterns for the two main
fluorescence components B and C of the Gla-tryp-
tophan in a previous study on prothrombin frag-
ment 1. While the lifetime values (2.3 and 5 ns,
respectively) did not change within experimental
error after the addition of calcium, the DAS of
both components showed large intensity de-
creases. The X-ray structure of Ca-BF1 showed
that calcium addition stabilized the interaction
between the disulfide bridge Cys18-Cys23 and the
aromatic cluster Phe41, Trp42, and Tyr45. Fluo-
rescence and phosphorescence studies of other
proteins gave strong evidence for the existence of
specific disulfide–tryptophan or disulfide–ty-
rosine interactions.30–34 Fluorescence studies on
tyrosine and tryptophan residues in model com-
pounds and proteins indicated that the interac-
tion between the aromatic p system and the di-
sulfide bridge leads to a quenching pattern that is
more static (formation of a ground-state complex)
than dynamic.33,34 The Gla domain of factor Xa
displays extensive homology to residues 1–48 of
prothrombin: the Gla-tryptophan Trp41 is part of
an aromatic cluster with residues Phe40 and
Tyr44, and a disulfide bridge (Cys17-Cys22) is
located in the vicinity of Trp41. Furthermore, the
extensive homology among the N termini of both

Figure 8. A comparison of the DAS of components
(■, h) B and (F, E) C (■, F) before and (h, E) after
calcium addition.
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proteins is demonstrated by the nearly identical
lifetime values of the 2.5- and 5-ns components of
the Gla-tryptophans in the presence and absence
of calcium. Although no structural data about
Ca-FX F1-86 are available at the present time, in
our opinion the striking similarities in the fluo-
rescence lifetimes and the calcium-induced
quenching pattern, together with the homology
derived from the amino acid sequence, justify the
speculation that a ground-state adduct between
Trp41 and Cys17-Cys22 might be formed.

The second significant calcium-induced change
in the fluorescence of FX F1-86 was the appear-
ance of the 300-ps component. As seen from the
calcium-induced increase of the 0.23-ns compo-
nent of prothrombin fragment 1 (fig. 7 in Hof et
al.5), the calcium-induced appearance of such a
highly quenched component is another common
feature of Ca binding to BF1 and FX F1-86. We
interprete this component in terms of a conforma-
tion that is characterized by the close proximity
(,0.5 nm) of Cys17-Cys22 to Trp41, which is not
present in apo-FX F1-86. Apparently, the trypto-
phan-disulfide ground-state complex formed fluo-
resces and cannot be considered as a purely dark,
statically quenched complex between the fluoro-
phore and the quenching agent (i.e., Cys17-
Cys22). The ratios between the average lifetimes
of Ca-FX F1-86 and apo-FX F1-86, however, were
substantially larger than the corresponding ra-
tios of the steady-state fluorescence intensities at
all examined wavelengths. A 69% decrease in the
steady-state intensity and a 48% decrease in the
first-order average fluorescence lifetime, both de-
tected at 337.5 nm, might serve as an illustration.
A possible explanation for this obvious difference
might be that the highly efficient quenching lead-
ing to the 300-ps component was accompanied by
static quenching in terms of the existence of a
dark complex. Analogous to phosphorescence
studies on proteins exhibiting such disulfide–p
interactions,32 one might speculate that an elec-
tron transfer from the tryptophan excited state to
the disulfide bridge might have resulted in the
observed fast (300 ps) quenching process. Further
arguments for the suggested electron transfer
model for the quenching of tryptophan fluores-
cence by disulfides are given by Mérola et al.30

Although our original motivation for investigat-
ing FX F1-86 was to furnish more precise infor-
mation about a possible lipid-specific conforma-
tional change in the Gla domain, it should be
mentioned that FX F1-86 represents a good model

compound for more detailed photophysical stud-
ies of such disulfide–p interactions.

The simplest explanation for the remaining
fluorescence of components B and C after calcium
addition (Fig. 8) would be a substantial residual
portion of apo-FX F1-86. Considering the calcium
titration curve (Fig. 2) and a calcium concentra-
tion of 7 mM, however, the possibility of a signif-
icant portion of apo-FX F1-86 in the time-resolved
experiment has to be neglected. As for BF1, we
suggest that the remaining fluorescence of com-
ponents B and C after calcium addition could be
due to Gla conformations of Ca-FX F1-86, which
are characterized by microenvironments of Trp41
that are similar to those in apo-FX F1-86. If this
hypothesis is correct, an equilibrium between the
Trp41 microenvironment in its unquenched form
and the tryptophan–disulfide adduct exists,
which was already suggested for prothrombin
fragment 1.5

Because the two tryptophan residues (Trp90
and Trp126) that are present in the second pro-
tein domain of BF1 (“kringle”) mainly fluoresce
with a lifetime of 0.67 6 0.02 ns, it is not be
possible to resolve a possible 0.55 6 0.08 ns com-
ponent of Trp42 in BF1. Thus, the appearance of
component A in apo-FX F1-86 has to be explained
exclusively on the basis of the presented FX F1-86
data. It is certainly possible that component A
again accounts for a third unquenched major con-
formation of the microenvironment of Trp41. One
might speculate that the calcium-induced disul-
fide–tryptophan interaction might lead to an ad-
ditional contribution in the 0.5-ns range that
masks an expected population decrease of the
third unquenched conformation (component A).
However, on the basis of the presented data, the
observation that the intensity of component A is
not affected by calcium addition remains unex-
plained.

CONCLUSION

Factor X fragment 1-86 was used as a model com-
pound for the detection of calcium-induced confor-
mational changes in the Gla domain of vitamin K
dependent proteins. The investigations support
the results of former experiments with prothrom-
bin fragment 1. The addition of calcium ions led to
a conformational change in the Gla domain re-
sulting in “static-like” quenching of the fluores-
cence of the tryptophan residue located in the Gla
domain.5 In both experiments the intensities of
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the components strongly decreased with decay
times in the range of 2.5 and 5 ns of the two
comparable tryptophan residues Trp41/Trp42 of
FX F1-86 and BF1, respectively. Moreover, in
both proteins calcium addition led to the appear-
ance of a 200–300 ps component. These studies
give strong evidence for the structural and func-
tional homology between BF1 and FX F1-86. The
catalytic activity of the prothrombinase complex
strongly depends on the composition of the mem-
brane. The influence of membrane binding on the
conformation of BF1 was investigated in previous
experiments6 and it was shown that certain lipids
alter the conformation of the Gla domain.6 Fur-
ther work on lipid-specific conformational
changes in the Gla domain of factor Xa is in
progress.

The authors acknowledge the help from the Technical
Staff of Laboratoire pour L’Utilisation du Rayonne-
ment Electromagnetique.
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