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Abstract

The wavelength-dependent tryptophan (Trp) fluorescence decays of Ca^prothrombin fragment 1 (Ca-BF1), which
contains three tryptophan residues, in the presence of pure phosphatidylcholine (PC) small unilamellar vesicles (SUV) and
PC-SUV containing either 25% phosphatidyl-L-serine (PS), and 25% or 40% phosphatidylglycerol (PG) are characterized,
using fluorescence lifetime distribution, conventional multiexponential, and global analysis. In analogy to previous
investigations on apo- and Ca-BF1 (M. Hof, G.R. Fleming, V. Fidler, Proteins Struct. Func. Genet. 24 (1996) 485^494), the
analysis resulted in a five exponential decay model in all investigated systems, where the five fluorescence lifetimes (e.g.
0.04 þ 0.02 ns (component A), 0.24 þ 0.02 ns (B), 0.66 þ 0.03 ns (C), 2.4 þ 0.3 ns (D), and 5.4 þ 0.4 ns (E) for Ca-BF1 in the
presence of PC-SUV) are wavelength-independent. The fluorescence lifetimes and the corresponding amplitudes of the `Gla^
Trp' (components D and E) and of the two `kringle^Trp' (components B, C, and D) remain unchanged when bound to the
PS-containing vesicles. Saturation binding to PG-containing membranes leads to a prolongation of the Gla component E
from 5.3 in solution to 7.5 ns, indicating a change in the Gla-domain conformation. The results represent the first
experimental evidence of a lipid-specific conformational change in the N-terminal `Gla domain' of a vitamin K-dependent
protein. ß 1998 Elsevier Science B.V. All rights reserved.
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Phosphatidylserine; Phosphatidylglycerol

1. Introduction

Prothrombin is the substrate of the `prothrombi-
nase' complex, which consists of the serine protease
factor Xa, the protein co-factor Va, calcium ions and
anionic phospholipid surfaces [2]. Membranes com-
posed of certain acidic phospholipids [3^5] increase

the turnover number of the prothrombin proteolysis
by roughly a thousandfold relative to the rate of
catalysis in the absence of phospholipid surfaces. A
clear di¡erence in the catalytic potency between var-
ious anionic phospholipids has been found, with
phosphatidyl-L-serine (PS) taking a unique position.
Jones et al. have shown that PS-containing mem-
branes support thrombin formation at a thousand-
fold lower concentration than do phosphatidylglycer-
ol (PG)-containing membranes [3]. Rosing et al.
demonstrated that membranes containing low sur-
face concentrations of PS, but not PG, would sup-
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port thrombin formation even when doped with suf-
¢cient positively charged amphiphats to impart a net
positive surface potential [4]. On a mechanistic level
the preference of the prothrombinase for certain
acidic lipids and especially for PS, must re£ect either
di¡erent binding a¤nities or di¡erent catalytic capa-
bilities. Since di¡erences in the binding constants of
prothrombin and factor X/Xa to di¡erently com-
posed (e.g. PG- versus PS-containing) membranes
[6,7] are far too small to explain the observed di¡er-
ences in catalytic activities of the investigated mem-
brane systems, it has been speculated whether the
procoagulant PS induces conformational changes in
the substrate factor II and/or the enzyme Xa leading
to the PS-speci¢c enhancement in the prothrombi-
nase activity.

Prothrombin fragment 1 (BF1) is the 1^156 N-ter-
minal peptide, which is believed to be the region
predominantly responsible for the metal ion and
membrane binding properties of prothrombin. Be-
sides small but signi¢cant di¡erences in the adsorp-
tion rate, it displays basically very similar membrane
binding characteristics as the entire protein [8]. The

structure of BF1 is commonly divided into the N-
terminal `Gla domain', characterized by 10 Q-carboxy-
glutamic acid residues (Gla) and a region of disul¢de
linkages known as the `kringle region'. Calcium ions
bind (almost) [9] exclusively to the Gla domain and
form the native conformation required for membrane
binding [10]. Fig. 1 depicts a sketch of the X-ray
structure of Ca-BF1 and shows the location of its
three tryptophan residues and the seven calcium
ions bound to the Gla domain. When examining mo-
lecular di¡erences in the binding of the calcium^pro-
thrombin complex to di¡erently composed, nega-
tively charged membrane surfaces, the above
mentioned facts lead to the speculation whether
such di¡erences can be found in the conformation
of membrane-bound Gla domains. Though hints
for PS-induced changes in the conformation of other
fragments of prothrombin than fragment 1 have been
found by di¡erential scanning calorimetry [11^13]
and Fourier transform infrared spectroscopy [14],
no evidence for the most obvious speculation, a lip-
id-speci¢c conformational change in the BF1 portion
of prothrombin, is reported.

Fig. 1. A depiction of the X-ray structure of Ca-BF1. The right part of the protein is the kringle-domain, where Trp90 and Trp126
are located. The Gla-domain is the left part of the protein, containing Trp42 and seven calcium ions (dots). The coordinates where
taken from the Brookhaven Protein Data Bank entries [35] and displayed via Rasmol V2.6 software (Glaxo Wellcome Research De-
velopment, Stevenage, UK).
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The calcium-induced conformational change in
prothrombin, which is essential for membrane bind-
ing, can be observed experimentally by circular di-
chroism [15], by antibody binding experiments [16],
di¡erential scanning calorimetric (DSC) studies
[11,17], Fourier transform infrared spectroscopy
(FTIR) [14] and by intrinsic £uorescence quenching
[1,10,18,19]. In a recent work [1] we have presented a
detailed study of this conformational change in BF1,
taking advantage of the high accuracy of a picosec-
ond £uorescence time-correlated single photon
counting experiment. Using this technique, changes
in the microenvironment of the three individual tryp-
tophans can be separated from each other without
cleaving BF1 into the isolated Gla (containing
Trp42) and kringle domains (containing Trp90 and
Trp126) or modifying the protein by site-directed
mutagenesis. We have shown that addition of calci-
um ions does not change £uorescence lifetimes and
intensities of those components, which have been as-
signed exclusively to the two kringle tryptophans
Trp90 and Trp126 (0.24 ns and 0.68 ns), which ar-
gues against a calcium binding site in the kringle
domain [9]. On the other hand, we found that the
overall £uorescence quenching is due to a static
quenching of the Gla^Trp (Trp42) component E
(5.1 ns for Ca-BF1) as a consequence of a ground
state interaction between Trp42 and the Cys18^
Cys23 disul¢de bridge. Component D (2.3 ns) comes
from the £uorescence of both tryptophan types, with
the consequence that the observed decrease in its
intensity is smaller than the one detected for compo-
nent E. It is important to note that an observed
decrease in the £uorescence intensity in the 5.1 ns
component of 85% is up to magnitudes larger than
the calcium-induced changes in the parameters deter-
mined by the above listed alternative methods (e.g.
for illustration compare Fig. 7 in Ref. [14] with Fig.
6 in Ref. [1]). Component A (40 ps^60 ps) remains
due to the limited time resolution of the experiment
unassigned.

The high sensitivity of the time-resolved Trp42
£uorescence to conformational changes in the Gla
domain was one motivation to re-examine the hy-
pothesis of possible lipid-induced conformational
changes in the Gla-domain of prothrombin by pico-
second tryptophan £uorescence spectroscopy of BF1.
To this end the wavelength-dependent tryptophan

£uorescence decays of Ca-BF1 in the presence of
pure phosphatidylcholine (PC) small unilamellar
vesicles (SUV) and PC-SUV containing either 25%
PS, 25% PG, or 40% PG are characterized, using
£uorescence lifetime distribution, conventional multi-
exponential, and global analysis.

2. Materials and methods

2.1. Prothrombin fragment 1

Bovine prothrombin fragment 1 was puri¢ed as
previously described [20^22]. Sodium dodecyl sul-
fate^polyacrylamide gel electrophoresis indicated ho-
mogeneity after silver staining. Concentrations were
determined by ultraviolet spectrophotometry at 280
nm (O= 1.05 ml mg31 cm31, molecular mass = 23
kDa). Protein solutions were stored in Tris-bu¡ered
saline (0.05 M Tris, 0.1 M NaCl; pH 7.4) at 370³C
until immediately before use. Fluorescence experi-
ments were carried out at a ¢nal concentration of
4 WM BF1 in Tris-bu¡ered saline (0.01 M Tris,
0.1 M NaCl; pH 7.4) at 25³C. BF1 was preincubated
with 5 mM CaCl2 for 30 min before adding it to the
vesicle suspensions in Tris bu¡er containing 5 mM
CaCl2. The ¢nal lipid concentration for all four lipid
systems was 1.3 mM.

2.2. Phospholipid vesicles

Aliquots of PS from bovine brain, PG, and PC
(both from egg yolk; all from Sigma, St. Louis,
MO) in chloroform were combined, dried under a
stream of nitrogen to a thin ¢lm, redissolved in
1 ml cyclohexane, dried by vacuum centrifugation,
and then resuspended to 2 mM with Tris bu¡er.
The lipid mixture was sonicated (Heat Systems Ul-
trasonics sonicator; Model W-375) for 30 min in an
ice bath. Following sonication, the vesicle dispersion
was centrifuged for 30 min at 150 000Ug. The top
half of the centrifuged vesicle suspension was used
within 24 h.

2.3. Light scattering measurements

Equilibrium dissociation constants (Kd) of BF1
binding to small unilamellar vesicles were determined
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by light scattering [23]. All solutions except lipid
vesicles were passed through a 0.2-Wm ¢lter immedi-
ately before use. BF1 was preincubated with 5 mM
CaCl2 for 30 min before sequential additions to a
magnetically stirred cuvette containing 1.5 ml solu-
tions of 0.05 mg/ml lipid and 5 mM CaCl2 in Tris
bu¡er (25³C). Scattering intensities were corrected
for sample volume increase and scatter of unbound
protein. Light scattering at 340 nm was monitored
with a SLM 8000 spectro£uorometer (Urbana, IL).
The binding isotherms were analyzed essentially by
the method of Nelsestuen and Lim [23] using a mo-
lecular mass of 23 kDa for BF1 [20]. Apparent outer
lea£et phospholipid to protein stoichiometries N/n
were calculated from saturation values of the ratio
of the molecular mass of the protein^vesicle complex
to the molecular mass of the vesicle, [M2/M1]sat, as
described in Ref. [7]. The [M2/M1]sat-values were de-
termined from the light scattering isotherms [7]. The
values and standard deviations are based on six in-
dependent determinations. The Kd-values are
0.9 þ 0.1 WM, 0.8 þ 0.1 WM, and 2.4 þ 0.5 WM for 25
mol% PS, 40 mol% PG, and 20% PG, respectively.
The corresponding N/n-values are 41 þ 8, 43 þ 9, and
140 þ 40 for 25 mol% PS, 40 mol% PG, and 20% PG,
respectively. The amount of BF1 binding was esti-
mated using equation A13 in the work of Cutsforth
et al. [7], which had to be corrected for a typograph-
ical error:

Pb � Pf PL=�1:5N=n�Kd � Pf��
Pb and Pf are the concentrations of bound and free
protein, respectively. PL is the total phospholipid
concentration.

2.4. Fluorescence measurements

Corrected £uorescence spectra were obtained on a
SLM 8000 spectro£uorometer (Urbana, IL) using a
`magic angle' con¢guration. Bandwidths of 2 nm
were set for the excitation as well as for the emission.
The £uorescence lifetime measurements were per-
formed using a single photon counting technique as
described elsewhere [24,25]. The excitation at 295 nm
was vertically polarized. The emission was detected
after passing through a `magic angle' polarizer and a
J-Y H10 (Instrument SA, Metochen, NJ) monochro-
mator with a 2-nm band pass, on a Hamamatsu

R1645U (Bridgewater, NJ) microchannel plate pho-
tomultiplier. Fluorescence decays were collected with
10 000 to 40 000 counts in the peak. The time scales
were 14.2, 25.5 and 62.4 ps per channel, 512 channels
collected. The instrument response functions (55 ps
full width at half maximum) were measured using a
light scattering solution of a non-dairy co¡ee
creamer. The £uorescence decays were collected
from 300 nm to 420 nm in 5-nm steps. Blank experi-
ments using Tris-bu¡ered saline were performed to
exclude distortions by scattered light. The intensity
of the scattered light at 300 nm, as well as at the
H2O-Raman band, was negligible.

2.5. Data analysis

For the basic multiexponential analysis a non-lin-
ear least-squares iterative reconvolution procedure
was used. The program is based on the Marquardt
Levenberg algorithm [26] and the optimization in-
cludes stray light and time shift [27]. A modi¢ed
version of the commercially available Edinburgh An-
alytical Instruments (Edinburgh, UK) global analysis
program was employed to simultaneously reconvolve
the decays collected at di¡erent emission wave-
lengths. The program also uses the Marquardt Leven-
berg algorithm. The wavelength-dependent sets of
£uorescence decays were analyzed by linking the life-
time values. To characterize the number of classes of
£uorescence lifetimes, the Edinburgh Analytical In-
struments distribution program was used. In contra-
diction to analysis using basic multiexponential or
continuous distribution models [1,27], no a priori
assumption about the distribution shape is made.
The £uorescence decay is ¢t using a sum of hundred
lifetime values, which are equally spaced on a loga-
rithmic scale. The best ¢t is determined by the mini-
mum energy method. The signi¢cance and accuracy
of the obtained lifetime pro¢les was tested in an ear-
lier publication [1]. All three programs use reduced
M2 as a criterion for the goodness of ¢t evaluation. In
the case of the global analysis the mean reduced M2-
value (M2 �Global�) was used to evaluate the goodness
of the ¢t. The decay-associated spectra (DAS) of Ca-
BF1 were determined by combining the time-resolved
data with the steady-state emission spectra, as de-
scribed elsewhere [28]. To determine the emission
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maxima, the DAS were ¢t to log-normal distribution
functions [29].

3. Results

For all ¢ve investigated systems (Ca-BF1 in Tris
bu¡er as well as Ca-BF1 in the presence of PC-, 25%
PS/75% PC-, 40% PG/60% PC-, and 20% PG/80%
PC-SUV), the £uorescence decays were recorded at
25 di¡erent wavelengths (300 nm to 420 nm). The
wavelength-dependent £uorescence behavior was
characterized by the distribution of lifetimes method,
by conventional multiexponential analysis, and by
the global analysis method. The analogous proce-
dures have been described and discussed in detail
for apo- and Ca-BF1 [1]. For all ¢ve systems inves-
tigated in this work, the analysis resulted in a ¢ve-
exponential decay model, where the ¢ve £uorescence
lifetimes are wavelength-independent.

3.1. Characterization of the £uorescence decay of
Ca-BF1

From the analysis of Ca-BF1 £uorescence decays,
¢ve wavelength-independent lifetimes are concluded.
The global analysis of the £uorescence decays of the
sample preparation investigated in this work yields a
M2 �Global�-value of 1.19 for a ¢ve-exponential analysis.
The obtained £uorescence lifetimes 0.05 þ 0.02 ns
(component A), 0.24 þ 0.01 ns (B), 0.66 þ 0.02 ns
(C), 2.3 þ 0.3 ns (D), and 5.3 þ 0.2 ns (E) are in ex-
cellent agreement with the results obtained from a
previous sample preparation [1]. The calculated
DAS of Ca-BF1 are shown in Fig. 2. The emission
maxima of the DAS log-normal ¢ts are 326 nm
(component A), 327 nm (B), 334 nm (C), 337 nm
(D), and 348 nm (E).

3.2. Fluorescence decays of Ca-BF1 in the presence of
PC-SUV

The £uorescence decays of Ca-BF1 in the presence
of PC-SUV measured from 300 nm to 420 nm are
again characterized by ¢ve lifetime components:
0.04 þ 0.02 ns (component A), 0.24 þ 0.02 ns (B),
0.66 þ 0.03 ns (C), 2.4 þ 0.3 ns (D), and 5.4 þ 0.4 ns
(E). The obtained M2 �Global�-value was 1.28. The pres-

ence of SUV introduces a high background to the
steady-state emission spectrum. Thus, it is more in-
formative to display the wavelength-dependence of
the £uorescence by a graph showing the dependence
of the corresponding amplitudes on the wavelength
(Fig. 3 for components A, B, and C and Fig. 4 for
components D and E) rather than by DAS. The am-
plitude of lifetimes/wavelength dependence of Ca-
BF1 in the presence of PC-SUV cannot be distin-
guished from the one obtained for Ca-BF1 in Tris
bu¡er (data not shown). Obviously, neither non-spe-
ci¢c binding to PC-SUV nor the presence of more
scattered light changes the apparent, overall £uores-
cence behavior of Ca-BF1.

3.3. Fluorescence decays of Ca-BF1 in the presence of
PS/PC-SUV (25%:75%)

Based on the determined apparent membrane dis-
sociation constant Kd (0.9 þ 0.1 WM) and the phos-
pholipid to protein stoichiometric ratio N/n (41 þ 8),
Ca-BF1 (4 WM) should have been s 90% bound to
the membrane surface at a lipid concentration of 1.3
mM. Again, the distribution of lifetime analysis (Fig.
5 shows the analysis for Vem = 400 nm) as well as the

Fig. 2. Decay-associated emission spectra of 4 WM Ca-BF1 in
Tris bu¡er (Vex = 295 nm). The £uorescence decay time values
are 0.05 þ 0.02 ns (component A, E), 0.24 þ 0.01 ns (B, +),
0.66 þ 0.02 ns (C, W), 2.3 þ 0.3 ns (D, O), and 5.3 þ 0.2 ns (E,
no symbol). The emission maxima of the log-normal distribu-
tion ¢ts are 326 nm (A), 327 nm (B), 334 nm (C), 337 nm (D),
and 348 nm (E). Shown are log-normal distribution ¢ts to the
original data.
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global analysis identify the existence of ¢ve wave-
length-independent lifetimes: 0.04 þ 0.02 ns (compo-
nent A), 0.23 þ 0.02 ns (B), 0.66 þ 0.03 ns (C),
2.3 þ 0.3 ns (D), and 5.2 þ 0.4 ns (E). The obtained
M2 �Global�-value was 1.24. Comparison of the ob-

tained lifetimes and the corresponding wavelength
dependent amplitudes with those obtained for Ca-
BF1 in the presence of PC-SUV (Figs. 3 and 4)
shows that speci¢c binding to PS-containing mem-
branes does not change the £uorescence character-
istics of Ca-BF1.

3.4. Fluorescence decays of Ca-BF1 in the presence of
PG/PC-SUV (40%:60%)

Since the lipid and protein concentrations are iden-
tical and the determined binding parameters are very

Fig. 4. Amplitude/wavelength dependence of components D
(squares) and E (circles) for Ca-BF1 in the presence of PC-
SUV (open symbols) and of PS/PC-SUV (25%:75%) (¢lled sym-
bols). Shown are the original data points.

Fig. 5. Amplitude pro¢le of the £uorescence lifetimes distribu-
tion of Ca-BF1 in the presence of 1.3 mM 25% PS/75% PC
SUV (Vex = 295 nm; Vem = 400 nm; 4 WM in Tris bu¡er) result-
ing from Edinburgh Analytical Instruments distribution analysis
of the corresponding £uorescence decay. The resulting mean
lifetimes for this measurement are 0.05, 0.26, 0.75, 2.3, and
5.3 ns.

Fig. 6. Amplitude pro¢le of the £uorescence lifetimes distribu-
tion of Ca-BF1 in the presence of 1.3 mM PG/PC-SUV
(40%:60%) (Vex = 295 nm; Vem = 360 nm; 4 mM in Tris bu¡er)
resulting from Edinburgh Analytical Instruments distribution
analysis of the corresponding £uorescence decay. The resulting
mean lifetimes for this measurement are 0.07, 0.26, 0.70, 3.0,
and 7.5 ns.

Fig. 3. Amplitude/wavelength dependence of components A, B,
C for Ca-BF1 in the presence of PC-SUV (solid line), PS/PC-
SUV (25%:75%) (small dashes), and PG/PC-SUV (40%:60%)
(large and small dashes). Shown are the polynomial ¢ts (poly-
nomial degree = 5). Exemplarily, the original data points are
shown for Ca-BF1 in the presence of PG/PC-SUV (40%:60%).
Above 320 nm, component C shows the largest contributions
and component A the smallest for all three vesicle systems.
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similar to the PS-experiment, Ca-BF1 in a concen-
tration of 4 mM should have again been bound at
least s 90% to the 40% PG-containing SUV (1.3
mM). As for the PS-containing vesicles, the data
analysis yields the existence of ¢ve wavelength-inde-
pendent lifetimes: 0.04 þ 0.02 ns (component A),
0.23 þ 0.03 ns (B), 0.66 þ 0.03 ns (C), 2.8 þ 0.3 ns
(D), and 7.5 þ 0.5 ns (E). The obtained M2 �Global�-val-
ue was 1.32. Exemplarily, the distribution of lifetime
analysis for the £uorescence decay recorded at 360
nm is shown in Fig. 6. Apparently, the s 90% bind-
ing to PG-containing lipid surfaces prolongs the life-
times of component E and possibly also component
D. Though we observe changes in the amplitudes/
wavelength dependence in D and E (Fig. 7), they
are too small to allow their extensive physical inter-
pretation. The amplitudes/wavelength dependence in
A, B, and C are absolutely identical with those de-
termined in the experiments above (Fig. 3).

3.5. Fluorescence decays of Ca-BF1 in the presence of
PG/PC-SUV (20%:80%)

Taking into account the large experimental errors
in the binding parameters, the amount of Ca-BF1 (4
WM) binding to 20% PG-containing SUV (1.3 mM)
should have been between 40% and 70%. Thus, the
£uorescence decay behavior of (roughly) an equimo-

lar mixture of bound and unbound Ca-BF1 was in-
vestigated. The purpose of this experiment is to show
that the e¡ect of PG-induced increase of the £uores-
cence lifetimes of components D and E decreases
with lower amount of surface binding. The analysis
again yielded ¢ve lifetime values: 0.03 þ 0.02 ns
(component A), 0.23 þ 0.03 ns (B), 0.66 þ 0.03 ns
(C), 2.5 þ 0.3 ns (D), and 6.5 þ 0.6 ns (E). The ob-
tained M2 �Global�-value was 1.49.

4. Discussion

Before discussing the mechanistic consequences of
the observed PG-speci¢c conformational change in
the Gla-domain of BF1, the author would like to
point out the remarkable reproducibility and signi¢-
cance of the BF1 tryptophan £uorescence: The re-
sults obtained from an entirely new sample prepara-
tion as well as recorded in the presence of light-
scattering PC-SUV are basically identical with those
obtained previously [1]. The description of the £uo-
rescence decays in all investigated systems by a decay
model with ¢ve wavelength-independent lifetimes re-
sults from three di¡erent analysis procedures (£uo-
rescence lifetimes distribution, Marquardt Levenberg
multiexponential analysis, and global analysis). The
performed acrylamide quenching studies as well as
the calcium induced static quenching not only led
to an assignment of components B and C to the
kringle^Trp and of the component E to the Trp42,
but also con¢rmed the wavelength-independent ¢ve-
exponential decay model [1]. Moreover, most recent
time-resolved £uorescence investigations of the 1^86
amino acid N-terminus of factor X, which exhibits a
Gla domain homologous to prothrombin and con-
tains only a single Trp (Trp41), strongly support
the BF1 results and their interpretation [30]: the life-
time values of the Gla^tryptophan (Trp41) in factor
X [30] are identical with those found for Trp42 in
prothrombin [1], and the calcium-induced conforma-
tional change is, as well, paralleled by a static
quenching process. This time-resolved £uorescence
studies on this second vitamin K-dependent protein
[30], together with the conclusiveness of the acryl-
amide and calcium-induced quenching studies on
BF1 [1], lead to an unambiguous interpretation of
the decay pro¢les of BF1 and make further experi-

Fig. 7. Amplitude/wavelength dependence of components D
(squares) and E (circles) for Ca-BF1 in the presence of PG/PC-
SUV (40%:60%) (open symbols) and of PS/PC-SUV (25%:75%)
(¢lled symbols). Shown are the original data points.
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ments involving site-directed mutagenesis unneces-
sary. In summary, the components B and C appear
to be capable to report conformational changes in
the kringle domain, whereas component E gives
exclusively information about the fate of the Gla
domain. Component D comes from the £uorescence
of both Trp-types, and the 40^60 ps component A
remains uninterpreted.

As expected, the presence of SUV composed only
of the neutral phospholipid does not change the ap-
parent protein conformation. It has been known for
a long time that calcium-mediated membrane bind-
ing of vitamin K-dependent proteins requires nega-
tively charged phospholipid headgroups, and that, if
at all, these proteins only exhibit weak, non-speci¢c
binding to PC vesicles [2].

The outstanding speci¢c thrombin-generating ac-
tivity of PS as compared to other equally charged
acidic lipids [3^5,31] has led to the speculation that
PS, and not other phospholipids, might trigger spe-
ci¢c conformational changes in prothrombin do-
mains and that such changes are connected to the
PS-speci¢c enhancement in prothrombinase activity.
In this context, the conformation of prothrombin
and its isolated fragments has been examined when
bound to di¡erent catalytic active membrane systems
using DSC [11,12] and FTIR spectroscopy [14]. The
authors conclude that a PS-induced conformational
change occurs rather in the nonmembrane-binding
portion of prothrombin (i.e. fragment 2, prethrombin
2), and not in the N-terminal BF1. In this work we
have reinvestigated the PS in£uence on the BF1 con-
formation, taking advantage of the substantially
higher sensitivity of the time-resolved Trp £uores-
cence (when compared with the cited DSC and
FTIR studies) to conformational changes, which is
best demonstrated for the calcium-induced confor-
mational change [1]. Based on the determined as
well as the literature-referenced binding constants
for prothrombin to PS/PC-vesicles [7,32], the used
concentrations guarantee a s 90% binding to the
25%:75% PS/PC-SUV. The observation that the £uo-
rescence characteristic of BF1 bound to PS contain-
ing vesicles is identical with those reported for Ca-
BF1 in the presence and absence of PC-SUV is in
line with the cited FTIR and DSC investigations.
Apparently, the membrane-binding part of calcium^
prothrombin remains in its native conformation,

when bound to the highly procoagulant PS-contain-
ing membrane surface.

In contrast to the PS results, the tryptophan stud-
ies of the `PG'-bound BF1 result in the new ¢nding
of a lipid-induced conformational change in the Gla-
domain, observed by a signi¢cant prolongation of
lifetime E. At protein/lipid concentrations which en-
sure that the majority of the protein is bound to the
40%:60% PG/PC-surface, the lifetime of component
E shifts from 5.3 to 7.5 ns, when compared with the
Ca-BF1 in solution. The prolongation of the Trp42
£uorescence lifetime can be observed as well by an
apparent shift of the component D from 2.4 ns to 2.8
ns. On the other hand, as in the case of the binding
to PS-containing surfaces, the kringle components B
and C remain unchanged. Since component D is due
to the £uorescence of Gla and kringle tryptophans,
the constant kringle tryptophan £uorescence portion
in D might mask the entire magnitude of the lifetime
shift in the Gla-portion of component D. Theoreti-
cally, a six-exponential decay model should yield the
entire shift in the Gla-portion of component D. The
fact that the distribution of lifetime analysis never
gave more than ¢ve peaks for all lifetime data re-
corded for this work as well as an acceptable
M2 �Global�-value of 1.32 demonstrate that such a pos-
sible sixth component cannot be resolved in the used
experimental concept. The observation of a lifetime
prolongation in the Trp42 £uorescence due to bind-
ing to PG-containing membranes is supported by the
studies in the presence of 20%:80% PG/PC-SUV.
Here, the £uorescence of roughly an equimolar mix-
ture of `free' and `PG-bound' BF1 is investigated.
Again, the limited resolution does not allow the char-
acterization of more then ¢ve lifetimes. Thus, the
observed component E lifetime value of 6.5 ns is
simply the approximate average of lifetime compo-
nent E in `PG-bound' (7.5 ns) and unbound form
(5.3 ns). In summary, it can be concluded that PG
in£uences the £uorescence pro¢le of the Gla^Trp,
suggesting a disruption of the Gla-domain conforma-
tion. The kringle conformation, on the other hand,
appears to be una¡ected.

The results presented herein, of course, do not give
any information about possible lipid-induced confor-
mational changes in the non-fragment 1 portion of
prothrombin. For the N-terminal membrane binding
part, however, the comparison between the PS- and
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the PG-results leads to the conclusion that the Ca-
BF1 already exhibits the `perfect' conformation for
binding and proteolysis and, thus, retains its confor-
mation when bound to PS surfaces. The PG-induced
conformational disruption of the Gla domain possi-
bly might a¡ect the protein conformation in the non-
fragment 1 part of the protein and/or the lateral dif-
fusion on the membrane surface. Both could be a
possible explanation for the lower procoagulant ac-
tivity of PG when compared with PS. A possible
lipid in£uence on the lateral di¡usion of mem-
brane-bound prothrombin is presently under investi-
gation using £uorescence correlation spectroscopy of
dye-labeled prothrombin.

One reviewer points out that the experiments have
been performed on small unilamellar vesicles, which
certainly have a higher curvature than real biological
membranes. There are two reasons which make one
believe that the curvature of the membrane system
used is not crucial for the presented argumentation.
First, the conformation of BF1, which is bound to
three or four PS or PG molecules [7], should not be
a¡ected by the curvature, and second, it is known
that lipid assemblies even smaller than SUV are in-
volved in the prothrombin proteolysis [13].

Tryptophan protein studies frequently discuss pho-
tophysical reasons for lifetime changes. Certainly, a
lifetime value of 7.5 ns is not unusual, but quite
large, when compared to other protein tryptophans
[28], possibly indicating speci¢c interactions of tryp-
tophan with neighboring functional groups. Consid-
ering the following facts, however, a photophysical
interpretation appears to be highly speculative in the
presented case: (a) since the decay time is generally
determined by both, the radiative lifetime and the
nonradiative deactivation processes, one has to con-
sider changes in both of them; (b) several functional
groups are suspected to prolong tryptophan £uores-
cence lifetimes [33,34]; (c) the X-ray structure of Ca-
BF1 shows several functional groups capable of
changing the lifetime in the vicinity of Trp42 [33^
35]; (d) the X-ray structure of membrane-bound
BF1 could not yet be determined.

It has to be stressed that a correlation between any
observed structural di¡erences between the PS and
PG bound prothrombin and the di¡erent procoagu-
lant activities of these membrane is not fully inescap-
able. The results presented in this work, however,

strongly suggest to include the role of the Gla do-
main in the discussion on the molecular reasons for
the lipid speci¢city in the prothrombin proteolysis.
This claim is in line with the results of Comfurius
et al. [5] indicating that the unique position of PS
among the procoagulant phospholipids is correlated
with the high a¤nity of L-serine group (and, e.g.,
lower a¤nity of D-serine) for forming a coordination
complex in which calcium is chelated by Gla residues
of prothrombin and the PS headgroup. Following
this, a postulated chelate model for the PS^Ca^Gla
interaction [4,5] might lead to an interesting, even if
highly speculative, interpretation of the herein pre-
sented Trp £uorescence results. The neutral L-serine
group of PS appears to be the perfect calcium ligand
for the formation of a calcium^chelate complex. In
this case the membrane binding to the Ca^Gla do-
main should be exclusively done via this coordinative
Ca^serine binding without any direct binding contri-
bution of the negative charge at the phosphate^oxy-
gen. This mechanistic picture would agree with the
fact that only PS is able to support thrombin forma-
tion even when imparting a net positive surface po-
tential. In the case of PG, the excellent Ca-ligand
serine is substituted by a vicinal diole group, which
exhibits a lower coordination a¤nity to the calcium
central atom. Accepting the chelate model, one might
speculate that the binding might directly involve the
negatively charged phosphate group. The PG^diole
group would then be free and could possibly disrupt
the Gla domain conformation and/or the Trp42 £uo-
rescence [33,34].

The experimental ¢nding of a PG-speci¢c confor-
mational change in the Gla domain surprisingly ¢nds
support by a closer look to the analogous FTIR
studies [14]. Though the authors state not having
found evidence for conformational change in BF1
induced by binding to both PS-containing as well
as to PG-containing membranes, the qualitative com-
parison of the shape of the shown FTIR spectra (see
Fig. 7 in Ref. [14]) might lead to an opposite con-
clusion. Accepting that the di¡erences in the shown
spectra of the Amide IP region of apo- and Ca-BF1
can be interpreted in terms of the above described
calcium-induced conformational change in the Gla
domain, one is certainly tempted to conclude that
PG-containing membranes induce a conformational
change in BF1, whereas binding to PS-containing
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surfaces does not alter the BF1 conformation (see
Fig. 7 in Ref. [14]).

5. Conclusions

The higher sensitivity for conformational changes
in BF1 of the picosecond Trp £uorescence when
compared with already applied methods made it for
the ¢rst time possible to detect a lipid-induced con-
formational change in the Gla domain of prothrom-
bin. Though the di¡erences in the Gla domain con-
formation of PG bound BF1 compared with the PS
bound protein cannot be directly correlated with the
di¡erent procoagulant activities of these lipids, the
results steer the discussion on the molecular reasons
for the lipid speci¢city in the prothrombin proteoly-
sis toward the characterization of the proposed cal-
cium^chelate complex. A possible, and, of course,
speculative explanation for the di¡erences in the cat-
alytic activities of the lipids PS and PG could be
di¡erent lateral di¡usion mechanism of the corre-
sponding membrane-bound Gla-domains, which, as
shown in this work, show clear conformational dif-
ferences.
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