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Abstract

A comparative study of the dynamical fluorescence properties of three phosphatidylcholines having a
diphenyl-1,3,5-hexatriene (DPH) group attached at different depths from the head group incorporated into
membrane vesicles has been carried out. The probes were covalently attached to the sn-2 position of the
glycerol part of the phosphatidyicholine via either carboxyl, ethyl or propanoyl links. The vesicles were
composed of either dimyristoylphosphatidylcholine or dipalmitoylphosphatidylcholine, The experimental
time-resolved polarized fluorescence data of the probes were analysed by two different methods: maximum
entropy and global analysis. Distributed fluorescence lifetimes and correlation times of the DPH derivatives
were obtained with the maximum entropy method. All DPH derivatives exhibited a bimodal distribution of
fluorescence lifetimes with a dependence of the lifetime peak positions on the lipid phase, confirming previous
data in the literature. The anisotropic rotational dynamics of the DPH moieties in the membranes could be
described by several distributed correlation times. In the fluid phase of the membrane the residual anisotropy
of free DPH became very small in contrast with those of the other probes, indicating that restriction of probe
rotation is mainly imposed by the molecular geometry of the lipid probes. A two-dimensional analysis using the
maximum entropy method demonstrated that both rotational correlation times were associated with the same
set of fluorescence lifetimes. Global analysis of the data sets according to the general rotational diffusion
model vielded weighted orientational distributions. Unexpectedly, a component of the DPH moiety oriented
parallel to the membrane surface was obtained in the orientational distributions of the DPH lipids (as was
reported earlier for DPH and TMA-DPH), which seems at variance with the geometric constraints imposed by
the headgroups.

Keywords: DPH-phospholipids; Fluorescence lifetime distribution; Rotational correlation-time distribution; Maximum entropy
method

1. Introduction studying structure and dynamics of membrane
bilayers with the advantage of having a minimal

Fluorescence spectroscopy of lipid probe disturbing effect on the membrane. Many time-
molecules provides us with a valuable tool for resolved fluorescence studies (Summarized in [1])

on the physical properties of the cylindrically
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eral studies distinguished two distinct DPH popu-
lations, distributed parallel and perpendicular
with respect to the normal of the membrane
[2-9]. A better defined orientational distribution
would be desirable. To achieve this goal we have
used three distinct DPH-labeled phosphatidyl-
cholines with the DPH moieties incorporated at
different depths at the sn-2 position (Fig. 1).
These DPH lipids are expected to have a more
defined orientational distribution and, in addi-
tion, they do not significantly perturb the bilayer
packing.

We have undertaken a comparative time-re-
solved fluorescence study of these DPH lipids,
including also DPH and TMA-DPH in this com-
parison. Two methods of analysis of time-re-
solved data have been employed. The first non a
priori method consists of a mathematical descrip-
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tion in distribution of relaxation times (both for
total fluorescence and for fluorescence
anisotropy) using the maximum entropy method
(MEM) [10-13]. The physical parameters which
can be extracted from this mathematical descrip-
tion of the anisotropy decay are the initial
anisotropy (r,) and the perpendicular rotational
diffusion coefficient (D ,) of this cylindrically
symmetrical molecule. Secondly, the polarized
time-resolved fluorescence data were also sub-
jected to a global analysis with the (a priori)
general diffusion model (rg3) to yield the target
parameters D, and the second-rank and fourth-
rank order parameters ((P,) and (P,)) [14,15].
The measurements were performed as a function
of temperature by using macroscopically isotropic,
small unilamellar vesicles (SUVs) of dimyris-
toylphosphatidylcholine (DMPC) and dipalmi-

o
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Fig. 1. Chemical structures of the used DPH-labeled phosphatidylcholines. (a) DPHcPC, (b) DPHePC, (c) DPHpPC.
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toylphosphatidylcholine (DPPC) with lamellar
phase transition temperatures (7,) of 24°C and
42°C, respectively [16).

2. Materials and methods
2.1. Materials

DMPC and DPPC were purchased from Sigma
(St. Louis, MO, USA) and used without further
purification. The fluorescent probes DPH, TMA-
DPH, DPHpPC and DPH-carboxylic acid were
obtained from Molecular Probes (Eugene, OR,
USA). DPH-acetic acid was purchased from
Lambda (Graz, Austria). The lipid probes
DPHePC and DPHcPC were synthesized as de-
scribed below. The probes were dissolved in abso-

lute ethanol and stored under nitrogen in the
dark at —20°C.

2.2. Methods

2.2.1. Synthesis of 2-[3-(diphenylhexatrienyl)-ethy!-
3-paimitoyl-L-a-phosphatidylcholine and of 2-[3-
{diphenylhexatrienyl)-carboxyl-3-palmitoyl-L-a-
phosphatidylcholine

DPHePC and DPHcPC were synthesized es-
sentially as described for sn-2-(pyrenyldecanoyl)-
PC by Somerharju and Wirtz [17]. Because of the
low solubility of the DPH probes in chloroform,
pyridine was used as solvent during the esterifica-
tion. The DPH-labeled lipids were purified on a
silicic acid column, using a methanol gradient in
chloroform as eluent. The final yvield of the fluo-
rescent phospholipids, based on phosphorous
content was about 5%.

2.2.2. Vesicle preparation

SUVs were prepared by injecting 10 wl of a
lipid solution (20 m M lipid in ethanol) through a
Hamilton syringe into 1 mL of a magnetically
stirred buffer solution (0.1 M NaCl, 10 mM Tris,
pH 8.0) at a temperature 15 degrees higher than
the tranmsition temperature of the used phos-
phatidylcholine species. This procedure produces
SUVs having an average diameter of the vesicles
at this lipid concentration of 30 nm [18]. The
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probe :lipid ratio was 1:500 on a molar basis.
The total phospholipid content was determined
by phosphate analysis according to the method of
Rousser et al. [19].

2.2.3. Fluorescence methods

Time-resolved fluorescent measurements were
carried out using the time-correlated single-pho-
ton counting technique [20]. For excitation with
light of 345 nm a frequency-doubled syn-
chronously pumped dye laser (DCM) was used
[21]. An electro-optic modulator setup was used
to decrease the excitation pulse rate from 76
MHz to 596 kHz. The emission light was col-
lected with a single-photon counting detection
system. A combination of a Schott KV399 cutoff
filter and Schott 441.7 nm interference filter was
used to select the emission wavelength. As a
reference compound POPOP (Eastman Kodak
Rochester, NY, USA) dissolved in ethanol was
used to yield the dynamic instrumental response
function of the setup. In the analysis of the polar-
ized fluorescence data, the single exponential ref-
erence fluorescence decay time was fixed to a
value of 1.35 ns [22). All measurements consisted
of a number of sequences of registration of 10 s
parallel and 10 s perpendicular polarized emis-
sion. The temperature of the samples in a ther-
mostated cuvet holder was regulated using a tem-
perature controller (Oxford model ITC4). After
measuring the fluorescence of a sample the back-
ground emission of samples without DPH probes
was measured, at one fifth of the time of sample
acquisition, and then used for background sub-
traction. The background emission was always
below 1.5% of the total fluorescence of DPH-
labeled samples. The data were collected in a
multichannel analyzer and after transfer, ana-
lyzed on a Silicon Graphics Personal Iris (model
4D35) computer using the commercially available
second generation global analysis package
(Globals Unlimited™, Urbana, IL, USA) and
MEM (Maximum Entropy Data Consultants Ltd.,
Cambridge, UK).

2.2.4. Maximum entropy method
MEM is able to analyze polarized fluorescence
data without any restrictions on number, shape
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and position of relaxation time distributions. Since
this method of analysis is fully described in Refs.
[10-13], we will only briefly describe the principle
of the maximum entropy method in relation to
our application. The recovery of the distribution
of exponentials describing the decay of the fluo-
rescence which is convolved by the shape of the
excitation flash, is accomplished by minimizing
the y? statistic and maximising the Skilling—
Jaynes entropy function [23]. The expression for
the parallel and perpendicular intensity compo-
nents after deconvolving the instrumental re-
sponse function is given in eqs. (1) and (2). The
total fluorescence decay is obtained by summing
the parallel (i") and twice the perpendicular (i )
components
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where y(r, ¢, r,) represents the number of fluo-
rophores with lifetime 7, rotational correlation
time ¢ and initial anisotropy r; [13]. One also is
able to recover the distribution pattern of the
fluorescence anisotropy given by r(¢),

() i)
O @tz

In case that there is a correlation between 7 and
¢ (associative modelling), the complete three-di-
mensional image given by y(r, ¢, r,) can be re-
solved from time-resolved polarized fluorescence
experiments. In the two-dimensional MEM analy-
sis, assuming a constant r,, the cross-correlations
between lifetimes and rotational correlation times
are disclosed [10,13].

(3)
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If onc assumes a priori that there is no corre-
lation between r and ¢, (non-associative mod-
elling) the images a(r) and B(¢) are indepen-
dent, and egs. (1) and (2) can be simplified to

b= %f:a(r) e/ d"/:h +2B($) e7'/%] d¢,
4

i - %j:a(f) et/ dT[:[l —B($) e/#] dg.
&)

The integrated amplitude B(¢) corresponds to
the fundamental anisotropy r,. When using this
separation the time dependence of the anisotropy
can be described with the integral

r(1) = [0 “B() e/ do. (6)

In the anisotropy analysis with MEM, this inte-
gral is approximated by a sum of n exponentials
(n =40 in our analyses) yielding the spectrum of
amplitudes B against correlation times ¢. The
rotational diffusion coefficient D | is defined as
(14]

D ! li o 7
L G ()

where dr/dt at time zero is calculated from the

correlation time spectra according to eq. (8) be-
low:

lim — = _2 —, (8)

where the summation is carried out over the
whole range (n) of B; values divided by the
corresponding correlation times (¢,). In this cal-
culation D, was obtained by assuming an aver-
age initial anisotropy of the DPH probes of 0.36.

2.2.5. Global analysis

We also analyzed our experimental data with
the rotational diffusion model (r,;) in which the
motion of the probe is described as diffusion in
an anisotropic environment {14,15]. The parame-
ters of this model are the second-rank and
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Fig. 2. Experimental total fluorescence decay of DPHpPC in DPPC vesicles at 45°C. Also shown is the response of the POPOP
reference compound (shaded). The plots of residuals and autocorrelation of the residuals in the upper panel arise from the fit in a
lifetime distribution. These plots are typical for the quality of the fits of all other analyses.
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fourth-rank order parameters, {(P,) and (P,),
the diffusion coefficient D, and the initial
anisotropy r,. Multiple experiments of each DPH
probe were simultaneously analyzed by linking
the initial anisotropy over all temperatures. All
fits were subjected to a rigorous error analysis
based on an exhaustive search along each param-
eter axis as to find a minimum y2. The error of
the fitting parameters was determined according
to an F-statistic criterion at the 67% confidence
level [24]. Weighted orientational distribution
functions were reconstructed from the resolved
(P,) and (P,) pairs using relationships estab-
lished by others [6,9,25].

3. Results
3.1. Analysis of fluorescence lifetime distributions

As a typical example the experimental total
fluorescence decay of DPHpPC in DPPC vesicles
at 45°C is presented in Fig. 2. In all experiments
the weighted residuals and autocorrelation func-
tions of the residuals were randomly scattered
around zero as illustrated in Fig. 2. The results of
a distribution analysis of the fluorescence decay
of DPHpPC in DMPC vesicles at several temper-
atures arc shown in Fig. 3. The barycenters of the
peaks in the lifetime distribution of the DPH
derivatives at several temperatures are presented
in Fig. 4. The values of these barycenters agree
with published values [3,14,26-29]. All the DPH
derivatives show a bimodal distribution, although
this is less clear for DPHcPC. The shorter com-
ponent (denoted ,) as well as the longer compo-
nent (denoted 7,) are dependent on temperature
and physical state of the vesicle (Fig. 3). Because
of the low accuracy of 7, in the lifetime distribu-
tion of DPHcPC, these barycenters have been
omitted in Fig. 4. The separation between the
peak values of 7, and r, decreases from DPH >
DPHpPC = DPHePC > DPHcPC = TMA-DPH.
The lifetime distributions of the DPH derivatives
in DPPC-vesicles are below and above the phase
transition temperature (7,,) essentially the same
as in DMPC vesicles. When we compare the
lifetime distributions of the different DPH
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T (ns)

Fig. 3. Temperature dependence of the fluorescence lifetime

distribution of DPHpPC in DMPC vesicles. The plots at

different temperatures have different offsets which implicates
that the ordinate values apply only to the data at 15°C.

derivatives the following conclusions can be
drawn: _

(i) The widths of the distributions of TMA-
DPH and DPHcPC are broader than those of
DPH and DPHpPC which might be due to the
fact that DPH in the first two probes resides in a
region with a large polarity gradient {27].

(i) The lifetime spectrum of DPHePC is simi-
lar to that of DPHpPC, indicating that the dielec-
tric constant near the headgroups is not de-
tectably different within a distance of one C-C
bond (=18 A). Differences in barycenters of
both probes are within the error margins.

(iii) The lifetime distribution pattern of
DPHCcPC is shifted to shorter time as compared
to that of the other lipid probes. This shift in
distribution is probably related to the sensitivity
of the fluorescence lifetime of the DPH moiety to
substitutions directly in the phenyl group of DPH
[30]. All DPH probes exhibit a shortening of the
lifetimes with increasing temperature as shown in
Figs. 3 and 4, which is consistent with increased
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water penetration into bilayers. The relative tem-
perature dependence of the average fluorescence
lifetime of the probes located close to the head-
group region of the bilayer (TMA-DPH and
DPHcPC) is slightly more marked than that of
the other probes (see also [31]). The width of the
distribution decreases at higher temperature,
which might be a consequence of an increasing
rate of exchange between states of slightly differ-
ent lifetimes within one distribution [27]. During
the phase transition the barycenters of both dis-
tributed lifetime components of all DPH deriva-
tives shift to shorter times, indicating the sensitiv-
ity of the lifetime values to the phase of the lipid
bilayer (see also [27,32-34)).
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Fig. 4. Temperature dependence of the barycenters of the
bimodal fluorescence lifetime distribution of different DPH
- probes in DPPC bilayers. (A) The shorter fluorescence life-
time 7,. (B) The longer fluorescence lifetime 7,. (0) DPH, (#)
DPHpPC, (©) TMA-DPH, (¢) DPHcPC, (o) DPHePC. In
each plot one representative data set is presented with error
bars.
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3.2. Distribution of correlation times from fluores-
cence anisotropy decay

An example of the experimental fluorescence
anisotropy decay of DPHpPC in DPPC at 45°C is
presented in Fig. 5. We have analyzed the po-
larised fluorescence decay data in terms of a
distribution of correlation times and a limiting
anisotropy at infinite time (r_). For all analyses
the weighted residuals and their autocorrelation
functions are randomly scattered around zero
(see relevant plots). The correlation time spectra
of DPHpPC in DMPC as function of temperature
are given in Fig. 6. The time-resolved fluores-
cence anisotropy of the DPH probes at lower
temperatures can be described by a unimodal
distribution and at higher temperatures by a dis-
tribution with at least two components, which can
satisfactorily be explained by anisotropic rotation
of the DPH moieties using the rotational diffu-
sion model [14,15]. This result agrees with that of
discrete exponential analysis [7,27,35,36). In the
inset of Fig. 6 the temperature dependence of the
limiting anisotropy r, is given. The contribution
of the limiting anisotropy accounts for more than
80% of the initial anisotropy in the gel state of
the membrane bilayer. At T > T, , the anisotropy
of free DPH tends to relax to a value of r, close
to zero, while r, of the other DPH derivatives
has still a finite value (Fig. 7A). This behaviour
has been explained by assuming a hindered rota-
tion of DPH in lipid bilayers in which the angular
barriers are formed by a potential cage consisting
of the fatty acid chains in an all-trans configura-
tion, making an angle with the normal of the
bilayer [35,36). When exceeding T, rotational
isomerizations of the fatty acid chains take place
causing a drastic increase in rotational freedom
in the liquid-crystalline phase. Because the pat-
tern of r,, at T <T,, is essentially the same for all
probes used, it seems that the limiting anisotropy
in the gel phase is only determined by the envi-
ronment around the fluorescent lipid, and not by
intramolecular geometrical restrictions. At higher
temperatures the differences between the limit-
ing anisotropies of DPH lipids and free DPH
become considerable. Apparently, geometrical
constraints or differences in location in the bi-
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Fig. 5. Experimental, reconstructed flucrescence anisotropy decay of DPHpPC in DMPC vesicles at 28°C. The plots of residuals
and autocorrelation of the residuals in the upper panel arise from the fit in a correlation time distribution. These plots are typical
for the quality of the fit of all other analyses.
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layer become relatively more important in deter-
mining the limiting anisotropy in fluid mem-
branes. The 7, of DPHcPC and TMA-DPH is at
T > T, significantly larger than that of DPHePC
and DPHpPC. In Fig. 7B and C the barycenters
of the main distributed correlation time and the
integrated amplitude are given as function of
temperatute (barycenters of the shorter dis-
tributed correlation time could not be deter-
mined accurately). The barycenters move to
shorter time scale at higher temperatures, which
can be explained by faster restricted DPH move-
ments. The barycenters of the main distributed
correlation times of the DPH derivatives in
DMPC and DPPC vesicles at equal temperatures
are essentially the same, while the r_ differs
largely at temperatures between 20°C and 45°C,
which is an obvious consequence of the differ-
ences in phase of the two membrane bilayers.
The perpendicular diffusion coefficients (D | ) of

20 30 40 50 60

T (°C)

40°C
\ 35°C

25 °C
=TT T T

01 1 10 100

o (ns)

Fig. 6. Temperature dependence of the correlation-time dis-
tribution of DPHpPC in DPPC vesicles as obtained with a
non-associative MEM analysis. The distributions have differ-
ent offset values, which implicates that the ordinate values
apply only to the data at 25°C. The temperature dependence
of the anisotropy at limiting time (.} is presented in the inset.
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the DPH probes in DMPC vesicles, calculated
with egs. (7) and (8), are presented in Table 1. In
this approach D | is considered to be an average
diffusion coefficient of all chromophores in the
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membrane. The D | values of DPH and TMA-
DPH agree rather well with those found by oth-
ers using discrete exponential analysis [6-8]. The
results in Table 1 show that the D, values are
considerably smaller for the DPH lipids than for
DPH; D, increases in the following order:
DPHcPC = TMA-DPH < DPHePC < DPHpPC

< DPH. An increase in temperature accelerated
the depolarizing motions of the probes in each of
the vesicle systems examined. An abrupt change
in rate of diffusion was observed during the phase
transition for the probes DPH and DPHpPC. For
the other probes the changes were more gradual.

3.3, Two-dimensional maximum entropy analysis

All experimental results were further analyzed
with a two-dimensional maximum entropy analy-
sis in which the associative behaviour between
the fluorescence lifetimes and the rotational cor-
relation times was investigated. As a typical ex-
ample the results of the analysis of DPHpPC in
DMPC at 40°C is presented in Fig. 8. The pattern
clearly displays the two lifetime components cen-
tred at their true positions along the 7 axis (1, =
3.7 and 7, ="7.6 ns). Along the ¢ axis we can see
the two separated correlation-time peaks associ-
ated with 7, and 7, next to the limiting anisotropy
at ¢ = oo, Three conclusions from these two-di-
mensional analyses can be drawn:

(i) The two correlation-time peaks share the
same fluorescence lifetimes. The association of
the resolved correlation-time peaks with both
lifetimes is ambiguous due to iso-kappa interfer-
ence [10,13]. The four peaks A, B, C and D in

Table 1

Temperature dependence of the perpendicular rotational dif-
fusion coefficient (ns~ ') of the DPH probes in DMPC vesi-
cles. D, was calculated from the correlation time distribu-
tions (obtained from MEM) using eqs. (7) and (8)

T (°C) DPHpPC DPHePC DPHcPC DPH TMA-DPH

15 0.002 0.004 0.006 0.023 0.006
225 0.016 0.026 0.018 0.027
25 0.071 0.049 0.152 0.048
28 0.097 0.082 0.061 0.163 0.068
40 0.118 0.132 0.198 0.138

E.H.W. Pap et al. / Biophys. Chem. 48 (1994) 337-351

Fig. 8. A three-dimensional plot (r, ¢, y) for DPHpPC in

DMPC vesicles at 40°C. The ¢ axis extends between 0.1 and

20 ns. Infinite time scale (¢ ~» =) is indicated at the last point
of this axis.

Fig. 8 belong to two different iso-kappa curves
and three combinations A+ D, B+Cor A+B
+ C + D accurately fit the data, only the relative
proportion of these peaks being changed. Addi-
tional information is needed to resolve this ambi-
guity.

(ii) The main lifetime r,, associated with the
correlation-time peaks A and B, is in most experi-
ments slightly (< 1 ns) shorter than the fluores-
cence lifetime associated with 7, (see Fig. 8).
Simulations (results not shown) in which both
correlation-time peaks and r, were associated
with the main lifetime peak r,, indicated that
this difference in lifetimes could be satisfactorily
explained by the fact that at long times the ob-
served anisotropy is dominated by the species
with the longest lifetime [37].

(iii) None of the analyses demonstrated an
association of the limiting anisotropy term with
the shorter lifctime r,.

3.4. Weighted orientational distribution from global
analysis of fluorescence anisotropy decay

In addition to the mathematical approach, the
experimental fluorescence anisotropy decays were
globally analyzed using the r,; model (see section
2.2). To obtain optimal fits, the order parameters
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Table 2

Results of global analysis of the data sets of the DPH probes in DMPC vesicles at various temperatures using the t,3 model. The
pumbers within the parentheses correspond to the errors as determined from a rigorous error analysis at a 67% confidence level. In
the analysis the initial anisotropy of each lipid probe was globally linked

Probe T(¢C (P (Pyy D, (™Y global g global x?
DPH 15 0.89 0.79 0.06 ‘
(0.87-0.9) 0.72-0.83) {0.04-0.09)
225 0.72 0.64 0.12
(0.11-0.74) 0.62-0.72) {0.08-0.18)
25 044 047 0.23 0.350 1.09
(0.41-0.46) (0.42-0.56) 0.16-0.38)
28 0.34 0.41 0.28
0.32-035) (0.39-0.46) {0.19-0.40)
40 0.17 0.11 0.43
(0.13-0.18) {0.07-0.16) {0.36-0.49)
TMA-DPH 15 0.89 0.80 0.03
0.88-0.90) (0.74-0.82) (0.02-0.08)
25 0.75 0.62 0.11
0.73-0.77) (0.59-0.70) (0.09-0.16)
25 0.65 0.52 0.15 0.355 124
0.62-0.68 (0.50-0.62) (0.13-0.31)
28 0.61 046 0.20
(0.56-0.66) (0.41-0.51) {0.16-0.28)
40 0.49 0.18 0.30
(0.45-0.55) (0.13-0.24) (0.28-0.38)
DPHpPC 15 0.86 077 0.03
(0.68-091) (0.74-0.84) (0.02-0.08)
25 0.76 0.66 0.06
(0.66-0.8) 0.62-0.77) (0.05-0.1)
25 0.68 0.63 0.10 0.361 1.09
(0.64-0.71) (0.61-0.68) (0.07-0.15)
28 0.63 0.56 0.11
(0.56-0.64) (051-0.63) (0.08-0.21)
40 0.53 0.43 0.15
(0.49-0.55) 0.38-0.52) (0.13-0.30)
DPHePC 15 0.84 0.77 0.03 0.356 123
(0.81-0.89) (0.74-0.83) (0.02-0.08)
28 0.57 0.53 0.21
0.51-0.6) (0.49-0.58) 0.14-037)
DPHCPC 15 0.86 0.73 0.07
0.68-0.92) 0.72-0.82) (0.05-0.10)
225 0.77 0.59 0.12
(0.69-0.80) 0.53-0.66) (0.09-0.24)
25 0.7 0.50 0.17 0.355 1.29
0.63-0.74) (047-0.59) (0.10-0.36)
28 0.64 040 0.28
(0.61-0.66) (0.35-0.48) (0.23-0.45)
40 0.45 0.13 049

(0.43-0.53) 0.96-0.19) (0.42-0.67)
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(P,), {P,) and the diffusion constant D , were
associated with two discrete lifetimes. These fluo-
rescence lifetimes were obtained from a separate
analysis of the total fluorescence decay. The life-
time values obtained approached those of the
barycenters from the lifetime distributions (see
section 3.1). The initial anisotropy for each probe
was linked over experiments at all temperatures.
The results of the global analysis are presented in
Table 2. The ambiguity of the solution for {P,)
was investigated for DPHpPC in DMPC at 40°C.
Although two minima in the dependence of the
x* on the value of {P,) were obtained (data not
shown), the y? minimum at { P,> = 0.4 (x* = 1.06)
is lower than the minimum at (P,) = —0.2 (y%=
1.43). As expected, both (P,» and (P,) of all
derivatives decrease with temperature. At tem-
peratures below T, the {P,) and (P,) values of
the different DPH compounds are almost equal,
while at temperatures above T, differences in
{P,) and {(P,) values become pronounced. It is
hard to explain the differences between the esti-
mates for the diffusion coefficient D | obtained
by MEM (Table 1) and the r,; model (Table 2).
One possibility might be that the value of the
initial anisotropy, which is determined differently
in both programs, has a strong effect on the
diffusion coefficient values. The value of the ini-
tial anisotropy is determined in the MEM analy-
sis for each experiment individually, while in the
1,5 analysis it is determined globally from several
experiments. The real nature of the difference
remains to be investigated systematically. Plots of
the weighted orientational distribution of probe
molecules against the angle of the emission dipole
moment & with the membrane normal could be
constructed from the (P,) and {P,) values
[6,9,25]. These plots contain information about
the angular displacement which is determined by
both sterical and geometrical constraints. An ex-
ample of such a plot for the three DPH lipids is
given in Fig. 9. The weighted orientational distri-
butions for the DPH derivatives indicate that the
reorientational freedorn is restricted both in the
hydrophobic core and at the bilayer—water inter-
face. The width of the weighted distribution of
DPHpPC and DPHePC is smaller than that of
DPHcPC (see Fig. 9), DPH and TMA-DPH (data
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Fig. 9. The weighted orientational distribution £(8)) sin(6) for

DPHpPC, DPHePC and DPHcPC in DPPC vesicles at 45°C.

The area under the curve represents the probability of finding
the probe at a certain angle.

not shown) indicating that DPH attached to the
former two lipids has a narrower angular distribu-
tion around the membrane normal. The weighted
orientational distributions of the DPH derivatives
show a considerable sensitivity to temperature
(data not shown). The effect of increasing tem-
perature on the weighted distribution patterns
leads us to distinguish three effects:

(i) The distribution shows broadening.

(i) A shift of the most populated angle in the
distribution from shorter values to longer ones.
Both effects indicate a decrease of acyl chain
ordering.

(iii) A shift of the orientation in favour of
alignment of the DPH fluorophore perpendicular
to the acyl side chains. This shift was also ob-
served by other workers for DPH [2-8] and
TMA-DPH [7,9]. At 60°C in DPPC, the hy-
drophobic core is even so fluid that DPH rotates
almost isotropically, while the other DPH deriva-
tives still have an appreciable distribution mini-
mum between 8 =30° and 8 =70°, and hence
consist of a heterogeneous probe population of
anisotropically rotating probes. As shown in Fig.
9 a significant population of DPHpPC and
DPHePC molecules is oriented parallel to the
plane of the DMPC bilayer at 28°C. This bimodal
distribution is less clear and broader for DPHcPC.
This remarkable result is due to a relatively high
contribution of ( P,» (Table 2). Unexpectedly, the
weighted orientational distributions of both
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TMA-DPH and DPHcPC are broader and shifted
to longer angles than those of DPHePC and
DPHpPC. The relatively high position of DPH in
the hydrocarbon region of the former probes
might affect the heterogeneity in orientation an-
gles. Because the rotational freedom experienced
by the DPH portion of the lipids is an effect of
both lipid environmental and intramolecular mo-
tional restrictions, one would predict that the
DPH moiety of DPHcPC and TMA-DPH is more
hindered than DPHpPC. It is unclear which two
factors determine the differences in the weighted
orientational distributions.

No significant differences could be detected in
the weighted distribution functions of the DPH
derivatives in DMPC compared with those in
DPPC at equal temperature and lipid phase.

4, Discussion

4.1. Distribution width

In general the width of a distribution depends
on the number of slightly different environmental
substates of probe molecules in the membrane
and on the rate of exchange between those states.
Since all time-resolved fluorescence experiments
were carried out using the same total integrated
intensity, we can compare the widths of the distri-
butions of different samples. The width of the
lifetime distribution depends on temperature and
lipid bilayer phase (see also [27]). In Fig. 10 the
rotational diffusion coefficient D, , which is a
measure for the (perpendicular) rotational ex-
change rate, is plotted against the relative width
of r, for DPHpPC and free DPH in DPPC at
several temperatures. Although the uncertainty in
the points is large, it is evident that the depen-
dencies of the distribution width on D | is differ-
ent for both DPH molecules. In case of DPHpPC
the plot is shifted to lower values. From this it
can be concluded that DPH is more heteroge-
neously distributed in the lipid bilayer than DPH-
pPC.
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Fig. 10. The rotational diffusion coefficient (D ) versus the
relative peak half width (A7 /7) of the longer lifetime compo-
nent (r,) of DPH () and DPHpPC (a ) in DPPC vesicles at
various temperatures. Presented are averages with standard
errors of values (obtained by MEM) of duplicate experiments.

4.2. Lifetime and correlation time distributions

The fluorescence decay of the DPH probes in
lipid bilayers is described by a bimodal distribu-
tion. In chloroform we observed also a bimodal
lifetime distribution for DPH and DPHpPC, al-
though the contribution of 7, to the fluorescence
relaxation is only 6%-12% (results not shown).
Several explanations for the physical origin of the
shorter lifetime component have been sum-
marised by Lentz [1). A new viewpoint has re-
cently been given by Brand and co-workers [38].
A double exponential character of the fluores-
cence decay is expected on the basis of an orien-
tational dependence of the radiative decay rate in
optically anisotropic systems. Because we ob-
served also a bimodal lifetime distribution of
DPH in isotropic systems {(unpublished observa-
tions) this phenomenon can not be the only
mechanism causing the complex fluorescence re-
laxation. The ratio of the integrated amplitude,
a(7,)/a(7,), varied upon changing the state of
the membrane. If two different probe environ-
ments would be responsible for the bimodal fluo-
rescence relaxation, both populations would exist
at each temperature, in fluid and gel-phase of
either DMPC and DPPC membranes.

The two-dimensional MEM analyses of all data
sets showed that r_ is not associated with the



350

shorter lifetime component r,, indicating that the
anisotropic behaviour of chromophores associ-
ated with r, is different from the behaviour of
those responsible for r,. Non-associative fluores-
cence anisotropy data analysis as applied in the
one-dimensional MEM analysis or r, global
analysis, is therefore a first-order approximation.
Excitation and emission wavelength dependence
of the ratio a(7,)/a(r,) might provide informa-
tion on the possibility of photoproducts or on the
presence of two energetically close excited states
[39] as the origin of the shorter lifetime compo-
nent. ‘

At higher temperatures the anisotropy decay
of the DPH derivatives is mathematically de-
scribed by at least two distributed components of
rotational correlation times, next to a limiting
anisotropy term. This behaviour is expected in
the r,; model (three exponentials and a constant
term) in which the preexponential factors are
dependent on the actual values of { P,) and { P,)
and the relaxation times on {P,), {P,) and D | .

4.3. Weighted orientational distribution of the DPH
lipids

According to the results of the fits to the
rotational diffusion model, all DPH derivatives
have a significant population of probe molecules
oriented perpendicular with respect to the nor-
mal of the membrane. This result is in contradic-
tion with the current physical model of intrinsi-
cally oriented DPH lipids in which it is assumed
that the DPH moiety is located in the hydrocar-
bon region oriented parallel to the acyl chains of
the bilayer. Although the uncertainty in the value
of {P,) is large (Table 2), attempts to force the
(P,) values down to values necessary for a uni-
modal orientational distribution gave according
to the F-statistic criterion (see section 2.2), an
unacceptable rise in y? values. It is worth noting
that the less optimal fit with a negative (P,)
solution (see section 3.4) predicts a physically
more consistent unimodal distribution of DPH
lipids (see also [8]). Either the r;; model or the
physical description of motional restriction of in-
trinsically oriented probes should be further in-
vestigated. The parameters used in the 1,; model
reflect average properties (rotational dynamics
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and angular barriers) experienced by all probe
molecules. With this assumption a bimodally ori-
ented population of probe molecules is found
(Fig. 9. The limitation of the T3 approach can be
envisioned by considering that both populations
probably consist of probe molecules with differ-
ent order and diffusion properties. Since the fluo-
rescence lifetimes are hardly dependent on the
lipid environment, one is not able to separate
both populations on the basis of fluorescence
lifetimes. On the other hand it has been shown
with molecular dynamics simulations [40] that the
overall structure of the membrane shows consid-
erable disorder. If there is a population with the
DPH moiety oriented parallel to the membrane
plane, these fluorophores are probably not lo-
cated very high in the hydrocarbon zone, because
one would expect a shortening of the average
fluorescence lifetime of these chromophores [27],
which is not observed.

4.4. DPH lipids

Comparing the fluorescence and anisotropy re-
laxations of the different DPH-labeled lipids we
can conclude that the substitution of the carbonyl
group directly to the phenyl ring of DPH
(DPHCcPC) strongly influences the photophysical
properties like observed with TMA-DPH. All dis-
tributions are broader than those of DPHePC or
DPHpPC, indicating a less defined, heteroge-
neous environment. On the other hand, the total
fluorescence propertiecs and anisotropic be-
haviour of DPHePC and DPHpPC are very simi-
lar. From a comparison of the fluorescence life-
time distributions and weighted crientational dis-
tributions of DPHpPC and DPHePC with those
of DPH, we can conclude that the DPH lipids
exhibit more defined emission properties (sharper
lifetime peaks), slower rotational diffusion and
narrower angular distributions around the mem-
brane normal.
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Appendix

Abbreviations. DCM: 4-dicyanomethylene-2-
methyl-6-( p-dimethyl-aminostyryl)-4H-pyran;
DMPC: dimyristoylphosphatidyicholine; DPPC:
dipalmitoylphosphatidylcholine; DPH: 1,6-di-
phenyl-1,3,5-hexatriene; DPHcPC: 2-{3-(diphenyl-
hexatrienyl)-carboxyl]-3-palmitoyl-L-a-phosphati-
dylcholine; DPHePC: 2-[3-(diphenylhexatrienyl)-
ethyl}-3-palmitoyl-L-a-phosphatidylcholine; DPH-
pPC: 2-[3-(diphenylhexatrienyl)-propanoyl]-3-
palmitoyl-L-a-phosphatidylcholine; MEM: maxi-
mum entropy method; POPOP: 1,4-bis[2-(5-phen-
yloxazolyl)lbenzene; r,;: general rotational diffu-
sion model; SUVs: small unilamellar vesicles;
TMA-DPH: 1-[4-(trimethylamino)phenyl]-6-
phenyl-1,3,5-hexatriene.
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