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Abstract

The phospholipid headgroup mobility of small unilamellar vesicles composed of different mixtures of phosphatidyl-L-
serine (PS) and phosphatidylcholine is characterized by the solvent relaxation behavior of the polarity sensitive dyes 6-
propionyl-2-(dimethylamino)naphthalene (Prodan) and 6-palmitoyl-2-[trimethylammoniumethyl]-methylamino]naphthalene
chloride (Patman). If the PS content exceeds 10%, the addition of calcium leads to a substantial deceleration of the solvent
relaxation of both dyes, indicating the formation of Ca(PS)2 complexes. Addition of prothrombin and its fragment 1 leads to
a further decrease of the headgroup mobility, as explained by the binding of more than two PS-molecules by a single protein
molecule. Prodan monitors the outermost region of the bilayer and it clearly distinguishes between the binding of
prothrombin and its fragment 1. The deeper incalated Patman does not distinguish between both proteins. The validity of the
solvent relaxation technique for the investigation of the membrane binding of peripheral proteins is demonstrated by the
studies of prothrombin induced changes in the steady-state fluorescence anisotropies of 1,6-diphenyl-1,3,5-hexa-
triene. ß 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

The prothrombinase complex catalyzes the activa-
tion of prothrombin to thrombin. It consists of the
serine protease factor Xa which associates with co-
factor Va on membrane surfaces containing nega-
tively charged phospholipids in the presence of
Ca2� [1]. The catalytic activity of the prothrombinase

complex strongly depends on the chemical structure
of the phospholipid headgroup. Although several
anionic phospholipids accelerate the prothrombin ac-
tivation, the L-serine headgroup has been shown to
be by far the most e¤cient one, promoting phospha-
tidyl-L-serine (PS) to the outstanding prothrombin
activating lipid [2^5]. The reason for this high lipid
speci¢city is not yet known. However, the under-
standing of the molecular mechanism of the interac-
tion between the three proteins and the membrane
surface seems to be a key step.

In this work, we focus on the interaction of the
substrate prothrombin with membrane surfaces con-
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taining PS. The N-terminal region of prothrombin
contains 10 Q-carboxyglutamic acid residues (Gla)
and is thus negatively charged. Similar to other vita-
min K-dependent coagulation factors (factor VII, IX,
X and protein C+S), this region is believed to be
predominantly responsible for the membrane binding
properties of prothrombin. The X-ray structure of
the isolated N-terminus of prothrombin (fragment
1) in the presence of Ca2� reveals three Gla residues
reasonably located to be involved in a calcium-medi-
ated interaction with negatively charged phospholip-
ids [6]. The binding isotherms obtained by dynamic
light scattering suggest the existence of four equiva-
lent lipid binding sites per prothrombin molecule [7].
It has to be stressed that the number of Gla mole-
cules found by Soriano-Garcia et al. (three) [6] can-
not be directly correlated with the number of binding
sites concluded by Cutsforth et al. (four) [7], but it is
obvious, on the basis of a calcium mediated binding
model, that both studies ¢nd roughly similar num-
bers of binding sites in prothrombin and/or its frag-
ment 1. Since two or three PS molecules were found
to be associated with each surface bound prothrom-
bin molecule, it appears likely that each bound PS
molecule is coordinated with one individual lipid
binding site (`1:1 complex'). This conclusion is in
agreement with the chelate model for the interaction
of vitamin K-dependent proteins with PS molecules,
which assumes that calcium ions form a coordination
complex with Gla residues of the protein and the
negatively charged headgroups of PS [3^5]. Since
all three ¢xed charges in the polar headgroup of PS
are believed to be involved in the formation of a
stable chelate complex [5] and considering the
maximum coordination number of six for the cal-
cium central atom, a `1:1 complex' seems to be
likely.

Studies comparing the binding behavior of di¡er-
ent fragments of prothrombin led to the postulate of
a calcium independent binding site of prothrombin in
its non-fragment 1 portion, when bound to PS-con-
taining membranes [8,9]. Although the di¡erences in
the binding constants of prothrombin and its frag-
ment 1 are small [10] and the calcium-independent
binding constant (Kd) of prothrombin to PS contain-
ing membranes is only slightly smaller than the Kd of
unspeci¢c binding to neutral membranes, it has been
speculated that this interaction might be one key for

the understanding of the described lipid speci¢city
[8,9].

Since the binding of vitamin K-dependent proteins
should predominantly in£uence the organization of
the interfacial region, we have characterized the
headgroup organization in lipid bilayers in the ab-
sence and presence of protein binding. The applied
`solvent relaxation technique' has been originally
used for picosecond relaxation dynamics in polar
solvents [11] and it has been most recently applied
for the investigation of di¡erent aspects of head-
group organization in lipid bilayers [12^15]. Using
this approach, we try to shed some light on the
understanding of the molecular mechanism of the
membrane binding of prothrombin and its frag-
ment 1.

2. Materials and methods

Egg yolk phosphatidylcholine (PC) and bovine
brain phosphatidyl-L-serine (PS) were supplied by
Fluka. Prodan (6-propionyl-2-(dimethylamino)naph-
thalene), Patman (6-palmitoyl-2-[trimethylammoni-
umethyl]methylamino]naphthalene chloride) and
DPH (1,6-diphenyl-1,3,5-hexatriene) were purchased
from Molecular Probes. All other chemicals were of
the highest purity commercially obtainable. Small
unilamellar vesicles (SUV) were prepared essentially
as described by Bashford et al. [16]. In brief, the
respective dye (in EtOH) was added to the lipid in
CHCl3 to yield a lipid/dye ratio of 100:1. The solvent
was removed under a stream of N2 and the lipid^dye
mixture was further dried under vacuum overnight.
After addition of Tris bu¡er (pH 7.5, 100 mM NaCl)
the lipid suspension (1 mM) was sonicated at room
temperature for 10 min, allowed to anneal for 30 min
[17] and centrifuged for 15 min to remove any tita-
nium particles. For the time-resolved measurements,
lipid concentrations of 300 WM were used. Isolation
and puri¢cation of prothrombin [18] and prothrom-
bin fragment 1 [19] were carried out as described
elsewhere.

Steady-state spectra and anisotropies were re-
corded using an Aminco Bowman II spectrometer.
All steady-state data were corrected for instrument
response. Temperature was controlled within 0.2³C.
Fluorescence decays (Vex = 337 nm) were recorded
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with commercial single photon counting equipment
(Edinburgh Instruments 199S) and analyzed using an
iterative reconvolution technique, as described before
[20]. Mean decay times were calculated according to

6ds � �A1d1 � A2d2�=100 �1�
where the d1;2 are the individual decay times and the
A1;2 are the corresponding relative amplitudes. Time-
resolved emission spectra (TRES) were calculated
from the ¢t parameters of the multi-exponential de-
cays detected from 390 to 530 nm and the corre-
sponding steady-state intensities [11]. The TRES
were ¢tted by log-normal functions [21]. Correlation
functions C(t) are calculated from the emission max-
ima X(t) of the TRES at de¢ned time t after excita-
tion:

C�t� � v�t�3v�r�
v�0�3v�r� �2�

where X(0) and X(r) are the emission maxima (in
cm31) at times zero and r, respectively. The latter
two values have been assessed by inspection of the
reconstructed TRES [11]. In all cases, the solvent
response cannot be satisfactorily described by a
monoexponential relaxation model. In order to char-
acterize the overall time scale of the solvation re-
sponse, we use an (integral) average relaxation time:

6dsr
Z r

0
C�t�dt �3�

3. Results

3.1. Decay behavior

The wavelength-dependent £uorescence decays of
Patman and Prodan in SUV composed of di¡erent
ratios of PS and PC were determined at 25³C which
is far above the phase transition temperature for the
given phospholipid systems. The £uorescence decays
can be well described using a bi-exponential model
for both dyes at all emission wavelengths (M2 6 1.2).
For Vem v 470 nm one decay component is always
obtained with a negative pre-exponential factor. An
increase in the mean decay times is observed with
increasing Vem, as expected for increasing contribu-
tions of relaxed states.

3.2. Solvent relaxation of Prodan and Patman in
PC/PS SUV in the absence and presence of Ca2+

Similar to other liquid phase phospholipid systems
[12^15], the reconstructed TRES of Prodan and Pat-
man in PC/PS SUV show large time-dependent
Stokes shifts of W50 nm. The TRES of Patman
are signi¢cantly blue shifted compared to those of
Prodan (15 nm). As for pure 1,2-dimyristoyl-sn-glyc-
ero-3-phosphatidylcholine (DMPC) SUV in the £uid
phase [12], the solvent response of Patman is about
two-fold slower than that of Prodan for all investi-
gated PS/PC mixtures. A recent publication deals
exclusively with the comparison of both dyes [12].
Results obtained by £uorescence and 1H-NMR spec-
troscopy led to the conclusion that Patman is inca-
lated deeper between the lipid acyl chains than Pro-
dan, sensing a less polar and/or more restricted
environment. Prodan, on the other hand, is located
very close to the membrane/water interface.

Addition of 3 mM CaCl2 does not a¡ect the sol-
vent relaxation behavior of pure PC vesicles, as
monitored by both dyes. Thus, the zwitterionic PC
headgroup seems not to interact with the Ca2� ions
at the given experimental conditions. In the absence
of Ca2�, a small increase in the relaxation times of
Patman with increasing PS content is observed, while
Prodan shows no e¡ect. The presence of Ca2� yields
a much stronger dependence of the solvent relaxation
on the PS content. For Prodan, the average relaxa-
tion times increase from 1.1 ns for 100% PC vesicles
to 1.5 ns for vesicles composed of an equimolar PC/
PS mixture. For Patman a continuous increase from
2.1 to 3.4 ns is observed. These results are summar-
ized in Fig. 1A. Information about the relative num-
ber of excited states contributing to the emission at
given times after excitation can be obtained from the
halfwidths of the reconstructed TRES. In all cases,
the halfwidths increase with time after excitation and
reach a maximum at a time near to the average re-
laxation time. At longer times after the excitation, we
observe a decrease in the halfwidths corresponding to
a reduced number of excited states. The observed
halfwidth/time after excitation pro¢le indicates that
during the lifetime of the excited state, solvent relax-
ation completes and that the major part of the sol-
vent relaxation process is detectable with the given
subnanosecond time resolution of the experiment
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[15]. Thus, observed changes in the solvent relaxa-
tion kinetics can be interpreted without discussing
intrinsic experimental limitations [15]. Increasing PS
content broadens the TRES at all times after excita-
tion showing a larger heterogeneity of the dye envi-
ronment (Fig. 1B; presence of 3 mM CaCl2 ). More-
over, a comparison of the halfwidths of Patman with
those of Prodan indicates a less heterogeneous local-
ization of Patman, probably due to its long acyl
chain.

3.3. Patman and Prodan do not bind signi¢cantly to
proteins the in presence of SUV

For the application of the solvent relaxation meth-
od described above to the protein^Ca2�^PS interac-
tion, it had to be veri¢ed that the used £uorophores
do not bind signi¢cantly to the proteins in the pres-
ence of lipid. This was done comparing steady-state
spectra of Prodan and Patman in Tris bu¡er, in the
presence of 40 WM BF1 or 30 WM prothrombin, re-
spectively, and after addition of di¡erent amounts of
vesicle suspension. While the addition of the proteins
alone did not change the emission spectra, addition
of vesicles in the presence of the protein led to a new
blue shifted emission band caused by the binding of
Prodan and Patman, respectively, to the membrane
(Fig. 2).

This behavior is also re£ected by time-resolved
measurements which are summarized as an illustra-
tion for Prodan and BF1 in Table 1. The decay times
and amplitudes of Prodan in bu¡er remain constant
after addition of the protein, which indicates that no
protein-binding occurs. It has to be stressed, that the
aim of this studies is to demonstrate the protein and
membrane binding behavior of Prodan, and not to
reopen the discussion upon the origin of the non-
monoexponential decay behavior of Prodan in £uid
solvents [22,23]. Gradually adding increasing lipid

Fig. 1. (A) Mean solvent relaxation times calculated according
to Eq. 3 for Prodan (circles) and Patman (triangles) as a func-
tion of the PS content in the absence (open symbols) and pres-
ence of 3 mM Ca2�. The temperature was 25³C. (B) Maximum
halfwidths of the time-resolved emission spectra for Prodan
(circles) and Patman (triangles) as a function of the PS content
in the presence of 3 mM Ca2�. The temperature was 25³C.

Fig. 2. Emission spectra of Prodan in bu¡er (1035 M) (a) in
the presence of 40 WM BF1 (b); and in the presence of increasing
amounts of vesicles (PC/PS 60:40): c, 75 WM lipid; d, 150 WM
lipid; e, 225 WM lipid; excitation wavelength was 360 nm; the
temperature was 25³C.
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concentration changes both, lifetimes and their am-
plitudes. Obviously, an increasing number of mem-
brane bound dye prolongs the apparent average £uo-
rescence lifetime recorded at 430 nm. Since the
solvent relaxation kinetics of Prodan bound to lipid
systems occurs on the nanosecond time scale [12^15],
the amplitudes and lifetimes of membrane bound
Prodan have to be interpreted in terms of an excited
state process rather than by a £uorescence of excited
state Prodan in two de¢ned environments or confor-
mations. All the shown data suggest that no signi¢-
cant binding of the dyes to the proteins does occur.

3.4. In£uence of prothrombin and its fragment 1 on
the relaxation behavior

Prothrombin and its fragment 1 have been added
to vesicles composed of 60:40 and 80:20 PC/PS mix-
tures. As shown in Tables 2 and 3 the binding of
both proteins lead to substantial increases of the re-
laxation times Gdrf. This general trend has been ob-
served for both Patman and Prodan.

Since the solvent relaxation method has not been
used for the characterization of protein binding up to

now, the e¡ect of increasing amounts of protein on
the solvent relaxation times was investigated exem-
plary for the Patman/Prothrombin/20% PS system.
Table 2 shows that the SR kinetics becomes slower
with increasing protein concentration up to a satura-
tion level, which is apparently reached at a pro-
thrombin concentration of 12 WM. Averaging over
the Gdrf values for protein concentrations at the ap-
parent saturation concentrations (i.e. 12, 16, and 20
WM) yields a total deceleration of 0.7 ns, correspond-
ing to 30% relative to the corresponding system with-
out protein. Table 2 indicates a direct connection
between amount of surface coverage and solvent re-
laxation kinetics and the ¢rst step (i.e. from 0 to 2
WM prothrombin), which can be considered as the
physiological relevant one, shows the largest change
in Gdrf. The observed binding behavior appears to be
qualitatively in line with binding isotherms deter-
mined by other methods [7]. It has to be stressed,
however, that the experimental errors are too large,
preventing use of this method for the determination
of binding constants. The deceleration at saturation
concentrations, however, is signi¢cant and will be
used for the comparison of prothrombin versus frag-
ment 1 binding.

Table 1
Fluorescence decay behaviour of Prodan in bu¡er (1035 M), in the presence of 40 WM BF1 and in the presence of di¡erent lipid con-
centrations (Vex = 337 nm, Vem = 430 nm)

System d1 (ns) d2 (ns) A1 (%) A2 (%) Gdf (ns)

Prodan (bu¡er A) 0.76 2.06 67.7 32.3 1.18
Prodan+40 WM BF1 (bu¡er B) 0.76 2.10 66.6 33.4 1.21
B+75 WM PC/PS 60:40 0.99 2.52 43.9 56.1 2.33
B+150 WM PC/PS 60:40 1.10 3.50 30.9 69.1 2.76
B+225 WM PC/PS 60:40 1.23 3.61 22.8 77.2 3.13

The temperature was 25³C. The presence of 30 WM prothrombin yielded very similar results.

Table 2
Mean relaxation times Gdrf in ns according to Eq. 3 of Patman
in PC/PS 80:20 vesicles in presence of di¡erent amounts of pro-
thrombin

PC/PS Fluoro-
phore

Prothrombin

0 WM 2 WM 5 WM 8 WM

80:20 Patman 2.3 þ 0.2 2.7 þ 0.2 2.6 þ 0.3 2.8 þ 0.4

12 WM 16 WM 20 WM 25 WM

80:20 Patman 3.0 þ 0.3 3.1 þ 0.3 2.9 þ 0.3 3.0 þ 0.2

The temperature was 25³C.

Table 3
Increases of Gdrf in the presence of protein relative to the relax-
ation times in the absence of proteins

PC/PS Fluorophore PT BF1

80:20 Patman 30% 30%
60:40 Patman 35% 30%
80:20 Prodan 100% 50%
60:40 Prodan 92% 58%

Final values of Gdrf are obtained by averaging the Gdrf values
obtained at apparent saturation protein concentrations (8, 12,
16 WM for PC/PS 60:40 and 12, 16, 20 WM for PC/PS 80:20).
The temperature was 25³C.
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The e¡ects of binding of prothrombin on the sol-
vent relaxation kinetics of Prodan and Patman are
compared with those of its fragment 1 using SUV
composed of PC/PS 60:40 and 80:20 at saturating
protein concentrations (8, 12, 16 and 12, 16, 20 WM
for PC/PS 60:40 and 80:20, respectively). In Fig. 3
the reconstructed TRES are shown for Patman in the
absence (Fig. 3A) and presence (Fig. 3B) of 16 WM
prothrombin. Fig. 4 gives the corresponding correla-
tion functions for Patman (Fig. 4A) and Prodan
(Fig. 4B) in the absence and presence of proteins.
For Patman (Fig. 4A) both proteins yield nearly

identical e¡ects on the mean relaxation times. For
both lipid systems and both proteins the averaged
increase in Gdrf at saturating concentrations was
w30% (Table 3).

In contrast to Patman which obviously could not
di¡erentiate between both proteins, a clear di¡erence
was detected using Prodan as the £uorophore (Fig.
4B). Addition of BF1 yielded an increase of Gdrf of 50
and 58% relative to the system without protein for 20
and 40% PS vesicles, respectively, while the corre-
sponding increases for prothrombin were as high as
100 and 92%, respectively (Table 3). Thus, Prodan

Fig. 3. Time-resolved emission spectra for Patman in PC/PS
60:40 vesicles in the presence of 5 mM Ca2� without protein
(A) and in the presence of 16 WM prothrombin (B). The tem-
perature was 25³C. Spectra are shown at 0.2 ns after excitation
(circles), 1.0 ns (triangles), 2.0 ns (boxes) and 5.0 ns (dia-
monds).

Fig. 4. Correlation functions C(t) (according to Eq. 2) for Pat-
man (A) and Prodan (B) in PC/PS 60:40 vesicles in the pres-
ence of 5 mM Ca2� without protein (open circles), in the pres-
ence of 16 WM BF1 and prothrombin (triangles). The
temperature was 25³C.
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which has been shown to be localized closer to the
lipid/water interface [12] reacts considerably more
sensitive to the binding of di¡erent proteins than
does Patman.

3.5. E¡ect of prothrombin and its fragment 1 on
PC/PS membrane order

The determination of the so-called `membrane or-
der' by steady-state £uorescence anisotropy measure-
ments of DPH [24] is certainly the most frequently
used tool for the characterization of the physical
state of a membrane system [25]. The method has
been used for the investigation of the prothrombin
binding to SUV composed of di¡erent ratios of
DMPC and 1,2-dimyristoyl-sn-glycero-3-phosphati-
dylserine (DMPS) [8]. Nevertheless, we have deter-
mined the dependence of the DPH anisotropy in
SUV composed of PC/PS 60:40 mixtures on the
binding of prothrombin and its fragment 1. The tem-
perature scan (10^35³C) of the DPH anisotropy is
shown in Fig. 5. Adding both proteins to a concen-
tration leading to nearly surface coverage slightly
increases the membrane order. The e¡ect of pro-
thrombin appears to be larger than that of BF1. It
should be noted that the increases in the anisotropies
expressed as percentages, averaged over all temper-
atures are only 5 and 3% for prothrombin and its
fragment 1, respectively.

4. Discussion

The purpose of this work is two-fold: ¢rst, we
present the `solvent relaxation technique' as a sensi-
tive method for the investigation of structural
changes in the phospholipid headgroup region in-
duced by e.g. binding of peripheral membrane pro-
teins; and second, we apply this method to get fur-
ther insight into the nature of the prothrombin^PS
interaction in the presence of calcium ions.

The TRES and the solvent relaxation kinetics of
Prodan and Patman in all investigated systems sup-
port our previous conclusion [12,15] that this pair of
£uorophores is capable to distinguish between struc-
tural changes at the membrane/water interface (Pro-
dan) and in the region between the lipid headgroups
and the ¢rst C-atoms of the hydrophobic acyl chains
(Patman).

The slight deceleration of the solvent relaxation
monitored by Patman due to increasing PS content
in the absence of Ca2� suggests a lower £exibility of
the PS headgroup compared to the PC headgroup.
This conclusion is in agreement with NMR studies,
having shown that the rotational mobility of the PS
headgroup is lower than for phosphatidylglycerol,
which is on the other hand less mobile than the PC
headgroup [26,27]. In contrast to pure PC vesicles,
the addition of 3 mM Ca2� leads to a considerable
deceleration of the solvent relaxation in PS-contain-
ing vesicles as observed by both dyes. This e¡ect
increases with increasing PS content (Fig. 1A).
Thus, the deceleration of the headgroup mobility
with increasing PS content is much more pronounced
when Ca2� is present. These results indicate a tighter
phospholipid headgroup packing with increasing PS
content and suggest a bridging of PS molecules by
Ca2� within the plane of the membrane leading to a
decrease in lipid mobility. A Ca2�-induced increase
of the lateral packing density in bilayers has already
been suggested by studies investigating the phase
transition of 1,2-dipentadecanoyl-3-sn-phosphatid-
ylglycerol/1,2-dimyristoyl-3-sn-phosphatidylcholine
SUV [28] and more recently, by the fractal analysis
of the monomer £uorescence decay of pyrene-labeled
phosphatidylglycerol in PC vesicles [29].

On the molecular level, the observed tighter head-
group packing can be explained by a coordinative
Ca^PS binding. The ¢rst possibility of 1:1 calcium/

Fig. 5. Steady-state anisotropies of DPH (0.5 WM) in PC/PS
60:40 vesicles (50 WM) in the presence of 5 mM Ca2� without
protein (open circles), 10 WM BF1 (closed circles) and 10 WM
prothrombin (triangles). The excitation wavelength was 360 nm,
emission was detected at 430 nm.
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PS complexes would only lead to an increase of the
molecular mass of the serine headgroup and cannot
explain the observed large increase in the mean re-
laxation times with increasing PS content. A much
more likely explanation is the formation of Ca(PS)x

complexes (xs 1). Considering the calcium coordina-
tion number of six and the presence of two negative
charges in the PS headgroup, x should be 2.

In order to apply the solvent relaxation method
described above to the protein^Ca2�^PS interactions,
it had to be veri¢ed that the used £uorophores do
not bind signi¢cantly to BF1 or prothrombin in the
presence of lipid. This was shown comparing steady-
state spectra of Prodan and Patman in bu¡er, in the
presence of high protein concentrations, and after
addition of di¡erent amounts of vesicle suspension
(Fig. 2). While neither the addition of prothrombin
nor BF1 changed the emission spectra or the decay
behavior, addition of vesicles in the presence of the
proteins led to a new blue shifted emission band and
a pronounced increase of the lifetimes (Table 1)
caused by the binding of Prodan and Patman, re-
spectively, to the membrane. Thus, it could be as-
sumed that signi¢cant binding of the dyes to the
proteins does not occur.

The validity of the solvent relaxation approach for
the investigation of the prothrombin binding is dem-
onstrated by a comparison of both the TRES (Fig. 3)
and the changes in the mean relaxation times ex-
pressed as percentages (Fig. 4 and Table 3) with ef-
fects observed in the steady-state anisotropies (Fig.
5). While the latter shows only small increases in the
membrane order due to saturation binding of pro-
thrombin and its fragment 1 (5 and 3%, respectively),
the determined changes in the solvent relaxation ki-
netics nearly reach 100%. It has to be mentioned that
the in£uence of prothrombin and fragment 1 binding
on the membrane order has been intensively studied
before [8]. These authors did not detect any e¡ect of
BF1 binding on the membrane order of £uid phase
DMPC/DMPS SUV. On the other hand, they found
a substantial increase due to prothrombin binding.
Our experiments show similar trends, with the major
di¡erence, however, that we observe a detectable,
though very small e¡ect of BF1 and a smaller pro-
thrombin induced increase of membrane order than
detected by Tendian and Lentz [8]. One reason for

this discrepancy might be the di¡erent lipids used,
with very di¡erent phase transition temperatures.
The other major di¡erence is the choice of the tem-
peratures used for the comparison of the anisotropies
in the presence and absence of prothrombin and
fragment 1. In this work, we simply compare the
anisotropies at absolute temperatures far above the
phase transition, while Tendian and Lentz de¢ned a
relative temperature (5³C above the respective phase
transition) for each experiment. Summarizing both
these investigations, it can be stated that binding of
prothrombin and its BF1 leads, if at all, only to a
very small increase in packing density of the hydro-
carbon region of the bilayer. On the other hand, the
phospholipid headgroup region becomes consider-
ably more rigid, as demonstrated by our solvent re-
laxation data.

Considering the results of Cutsforth et al. [7],
showing that up to three PS molecules are bound
to one prothrombin molecule, it seems understand-
able that this extensive bridging of the serine head-
groups by a single calcium/protein complex lowers
the headgroup mobility. The deceleration of the sol-
vent relaxation process due to BF1 binding is larger
for Prodan which is bound near the surface of the
membrane, than for Patman which is located closer
to the hydrocarbon region (Fig. 4 and Table 3). Ap-
parently, the binding of the proteins predominantly
a¡ects the outermost region of the membrane, where
the amino and the carboxyl group are supposed to be
located. Our observations argue against a hydropho-
bic protein membrane interaction [30] and favor the
formation of a coordination complex by the PS
headgroup, calcium ions and the Gla residues of
the proteins [5].

The in£uence of the prothrombin binding on the
physical structure of the membrane shares many
common features with that of BF1. The only sub-
stantial di¡erence observed is the solvent relaxation
kinetics of Prodan. Obviously, the interaction of pro-
thrombin and its fragment 1 with the anionic lipid
surface is di¡erent for the outermost region of the
bilayer. Patman, on the other hand, located slightly
deeper in the membrane, cannot distinguish between
binding of the entire protein and its fragment 1. As
for BF1, this observation argues against a proposed
hydrophobic interaction of the non-fragment 1 por-
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tion of prothrombin with the phospholipid bilayer
[30]. There are several reports in the literature about
di¡erences in the binding behavior of prothrombin
and its fragment 1 [8^10,30]. Yet, the origin of the
observed di¡erences is not clear and several hypoth-
eses have been discussed. One possible explanation is
that prothrombin, but not fragment 1, experiences a
Ca2�-independent interaction with PS-containing
membranes [8^10]. Such an interaction would in-
crease the number of protein bound lipid molecules
by one, leading to a somewhat more dense head-
group packing. Following the trend observed for
the calcium and BF1 binding, one would expect a
decrease in the solvent relaxation dynamics for
both Prodan and Patman. The fact that Patman
does not experience any di¡erences does not support
this argumentation.

An alternative explanation is that in the entire
prothrombin molecule, the PS-speci¢c sites in the
fragment 1 region are more readily occupied by
membrane associated PS than in the case of the iso-
lated fragment 1 [10]. In other words, the presence of
the non-fragment 1 part of prothrombin strengthens
the coordinative binding between the PS headgroups
and the Ca fragment 1 complex. In order to judge
this hypothesis on the basis of our results, we recon-
sider the basic principles of the solvent relaxation
approach. The process observed is the reorientation
dynamics of the dye microenvironment after the in-
stantaneous change of the dipole moment of the
chromophore. Supposing that Prodan is located in
the close vicinity of the serine group forming the
chelate complex, the reorientation of the Prodan mi-
croenvironment will depend on the binding strength
of the calcium coordination of the PS ligands. As-
suming that prothrombin strengthens this coordina-
tion compared to fragment 1, an increase in the sol-
vent relaxation time monitored by Prodan should be
the consequence. On the other hand, Patman, which
is located closer to the acyl chain region, will not
sense this enforced binding; thus its relaxation
behavior is essentially the same for either prothrom-
bin or BF1 binding. Of course, this interpretation
is speculative. In summary, however, our results
rather favor a tighter fragment 1 binding in the
case of prothrombin compared with the isolated
BF1, than support the possibility of a further

PS binding site in the non-fragment 1 portion of
prothrombin.

5. Conclusions

The herein presented results certainly demonstrate,
that the `solvent relaxation technique' is a useful
method for mechanistic investigations of the mem-
brane binding of peripheral membrane proteins.
Binding of more than one negatively charged phos-
pholipid molecule to a single divalent cation or a
single protein molecule rigidi¢es signi¢cantly the
phospholipid headgroup region. When using mem-
brane labels, which are located at di¡erent depths
within the bilayer, information about possible hydro-
phobic interactions can be gained. Comparison of
the changes in the solvent relaxation times, induced
by either prothrombin or its fragment 1 monitored
by either Patman or Prodan, together with the com-
paratively small changes in the membrane order de-
tected by DPH, indicate that the negatively charged
headgroup region of PS-containing membranes is
predominantly responsible for the calcium-mediated
prothrombin binding. The observation that the in-
crease in the solvent relaxation times monitored by
Patman is identical for prothrombin and its N-termi-
nal fragment 1 indicates similarities in the binding
mechanisms of both proteins. The solvent relaxation
kinetics of Prodan, however, which is located closer
to the lipid/water interface than Patman, is more
a¡ected by the binding of prothrombin than by its
fragment 1. A possible explanation for the more rigid
outermost region of the negatively charged phospho-
lipid headgroup due to the binding of the entire pro-
tein could be a tighter binding of the fragment 1
portion in the case of the entire prothrombin mole-
cule when compared to the isolated fragment 1.
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