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Inter- and Intramolecular Dynamics of Pyrenyl Lipidsin
Bilayer Membranes from Time-Resolved Fluorescence

Spectroscopy

Eugene G. Novikov! and Antonie J. W. G. Visser?

The analysis of time-resolved fluorescence of monopyrenyl phospholipid monomer and excimer
emission is reviewed using a model based on the diffusion equation for bimolecular reactions in
two-dimensional planar membrane bilayers. This aspect is illustrated by the analysis of a rea
experiment. The method can also be extended to short-range diffusion, which can be measured for
dipyrenyl phospholipids in membrane bilayers. The latter aspect is illustrated by the analysis of a
simulated experiment to show the experimental requirements to recover the desired parameters.
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INTRODUCTION

Pyrene-containing phospholipids report on the lat-
eral mobility of theselipidsin bilayer membranes because
of the ability of forming excimers, when one pyrene
molecule in the excited state collides with another one
in the ground state [1]. The excimer fluorescence is at
longer wavelengths than the monomer fluorescence. The
ratio of excimer-to-monomer emission intensities (E/M
ratio) isameasure of the rate of excimer formation, which
is determined by the frequency of collisions between
pyrene moieties and hence can be related to parameters
describing membrane dynamics and organization (for
reviews see Refs. 2 and 3, and for a pictorial view of al
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aspects see Fig. 1). In short, the E/M ratio isindicative of
the “microfluidity” of the membrane, since the dynamic
properties of the local probe environment are investi-
gated: the higher thisratio, the more fluid the membrane.
The dynamic processes governing the excimer formation
have been modeled with a lattice or “milling crowd”
model, which considers lipid probes migrating in atrigo-
nal lattice of lipids by exchanging positions with one of
their six neighbors [4—6]. This lateral diffusion is over
an intermediate to long range, covering a distance of the
order of magnitude of tens to hundreds of nanometers.
Instead of measuring steady-state E/M ratios, time-
resolved fluorescence techniques can also be utilized to
determine diffusion coefficients of pyrene-containing lip-
ids in membranes using a model of diffusion-controlled
bimolecular reactions in two dimensions derived in the
mid-1970s by Razi Nagvi [7]. The validation of the latter
model in the case of long-range diffusion has been done
using time-resolved fluorescence applied to monopyre-
nylphosphatidylcholine [pyr,PC; 1-palmitoyl-2-(pyre-
nodecanoyl)-sn-glycero-3-phosphocholine (see Fig. 1D)]
in  1-palmitoyl-2-oleoyl-phosphatidylcholine  (POPC)
vesicles [8]. The approach developed in Ref. 8 has been
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Fig. 1. (A) Schematic view of long-range lateral diffusion of two monopyrene (phospho-) lipid molecules at the surface of the membrane (one
excited and one not) leading to collision and excimer formation. Also shown is the short-range motion of a dipyrenyl lipid, which reports on the
microfluidity near the probe lipid. (B) Excimers can also be formed between monopyrene lipids residing in both parts of the bilayer. (C) An example
of monomer and excimer emission spectra taken from dipyrenedecanoylphosphatidylcholine (dipyroPC) in dioleoylphosphatidylcholine (DOPC)

vesicles. (D) Chemical structures of monopyr,oPC and dipyr;oPC.

extended by global analysisof both monomer and excimer
emission decays, thereby linking the common parameters
[9]. As the model developed by Razi Nagvi [7] contains
anumber of parameters that are highly correlated, physi-
cally meaningful values of the different parameters have
been critically assessed [9].

The collision between two pyr,,PC's is an intermo-
lecular event and reports on lateral diffusion of this probe
lipid dispersed in liposomes. On the other hand, dipyre-
nylphosphatidylcholine [two pyrene acyl chains are
bound at the sn1 and sn2 positions in a phospholipid (see
Fig. 1D)] forms excimers intramolecularly. This short-
range diffusion, which actually is a motion over a short
distance, of the order of the diameter of one or two
phospholipids, is directly related to the motional freedom
and the reorientational dynamics of the pyrene chains in
the membrane. The E/M ratio then gives information on

the loca fluidity in a bilayer (see Fig. 1A). Changes
in fluidity of membranes can then be detected via the
intramolecular collision frequency of such dipyrenylpho-
sphatidylcholines. These probes are highly sensitive to
constraints imposed by their environment and can there-
fore be used as fluidity sensors for interior regions of
bilayer membranes. By using both pyrenyl groups at dif-
ferent depths with respect to the glycerol moiety of the
phospholipid, the fluidity can be measured at different
depths in the membrane. Dipyrenylphosphatidylcholines
have been widely used in membrane research [10-16].
The advantage is that they can be incorporated at a very
low concentration (the typical probe/lipid mole fraction
iscirca0.1%), which minimizes the possible perturbation
of the host membrane.

The aim of the present is twofold. One aspect is
concerned with the parametric modeling of the fluores-
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cence kinetics of monomer and excimer emissions of
pyrio PC in bilayer membranes to obtain the lateral diffu-
sion coefficients. Thispoint issummarized and illustrated
with experimental data obtained previously [9]. The other
aspect isto show that local diffusion coefficients of dipy-
renylphosphatidylcholine in bilayer membranes can be
determined from global analysis of the time-resolved flu-
orescence of the pyrene monomer and excimer emissions,
similarly as obtained for the lateral diffusion of monopy-
renylphosphatidylcholine. Thisisillustrated by simulated
experiments, which provide us with the required experi-
mental accuracy that isneeded to obtain physically mean-
ingful parameters.

GLOBAL ANALYSIS OF TIME-RESOLVED
FLUORESCENCE OF MONOMER AND
EXCIMER EMISSIONS OF
MONOPYRENYLPHOSPHATIDYLCHOLINE IN
BILAYER MEMBRANES

Models. Themodel for monomer and excimer emis-
sion is based on the general reaction scheme depicted in
Scheme |. The monomer M*, being excited by an infi-
nitely narrow optical pulse 3(t), can undergo a reaction
in the excited state with an unexcited monomer, M, thus
forming the (excited) excimer E*. The time-dependent
rate of this reaction is denoted k(t). Excited monomers
and excimers can relax to the ground state, emitting light
with rate constants 1/t and l/tg, respectively. While
relaxing to the ground state the excimer is dissociated
into two monomers.

The monomer fluorescence intensity decay, excited
by an infinitely narrow optical pulse, is given by [17,18]
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M(t) = Mo exp { L J k(x)dx} 1)
0

™

where My is the fluorescence intensity at zero time (t =
0), v is the monomer fluorescence decay time, and k(x)
is the time-dependent reaction rate coefficient, derived
fromtheanalytical solution of thediffusion equation[19],
subject to Coallins and Kimball boundary conditions and
uniform initial conditions [7]:

8

J exp { —2 Dxu?/R?% W @

0 uf(hJo (u) + udy (W)? + (hY(u) + uYa(u))?]
where h = kR/D, J,, and Y, are Bessdl functions of the
first and second kind, respectively, of order v, c is the
concentration of the excimer probe (molecules per area),
D is the diffusion coefficient of one reactant, R is the
reaction distance, and « isthe intrinsic reaction rate con-
stant. When k — oo reaction always occurs at contact,
and when k — 0 reaction never occurs[17]. The excimer
fluorescence intensity decay is represented by a convolu-
tion of the monomer decay and its own monoexponential
excimer decay law [17,20]:

E(t) = k(t)M(t) ® exp{ —t/Te} (3

where ® denotes convolution and 7¢ is the fluorescence
decay time of the excimer.

Analysis. To avoid distortions connected to the
wavelength dependence of the detecting path, analysis
has been performed by the reference reconvolution
method [21], where the observed detected decay isrepre-
sented viathe monoexponential decay of areference com-

k(t)
MM > E'
/vy 1/7g
3(t)
M+M

Scheme 1. Scheme describing the pyrene excimer reaction.
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pound, which emits light at the same wavelength as the
investigated samples (POPOP in this case). Applying the
reference reconvol ution method to the analysis of mono-
mer and excimer fluorescence decays leads to

Fu(t) = Fr(t) @ {M'(t) + M(0)/7r} + FrOM(0)  (4)
Fe(t) = Fr(®) ® {E'(Y) + EWO/r} + FROEO) (5

where Fr(X) and T are the fluorescence decay function
and decay time of the reference compound, respectively,
and M’ (t) and E’ (t) are the first-order time derivatives
of monomer and excimer decay laws, respectively.

After combining Egs. (1) and (4) the detected decay
for the monomer via the fluorescence decay of the refer-
ence compound is obtained:

Fu(® = Frlt) @ {(tr* — 7v" = KOIMO} + MoFx(t)
(6)

From Egs. (3) and (5), the detected excimer fluores-
cence profile is obtained as

Fe(t) = Fr(t) @ {(w=" — Te)E) + KOM®} (7)

The fit of the monomer and excimer fluorescence
decay parameters was based on the Marquardt nonlinear
method of least squares, described in detail elsewhere
[22]. Since the time-dependent reaction rate coefficient
k(t) is equally present in the models for monomer [Eq.
(1)] and excimer [Eq. (3)] emissions, the parameters char-
acterizing k(t) (i.e., concentration c, diffusion coefficient
D, and intrinsic reaction rate constant k) are the same
for both decays. This implies the necessity of a global
parametric fit of the fluorescence decay curves of mono-
mer [Eq. (6)] and excimer [Eq. (7)] emission, assuming
that the common parameters are equal for both curves.
The reaction radius R was fixed to a value of 7.1 X
1078 cm, obtained from Refs. 8 and 23 for two pyrene
molecules. The goodness of fit was judged by x? criteria,
visual inspection of the residuals between experimental
and fitted curves, and the autocorrelation function of
residuals. The error estimation of the recovered parame-
terswas performed by the exhaustive search method [24].

Example. As stated above, parameters such as the
concentration, diffusion coefficient, and intrinsic reaction
rate constant must always be the same for the monomer
and excimer emissions of one membrane sample and
therefore must be linked in the fitting procedure. The
parameters that were not linked are the monomer and
excimer decay times, since they may reflect kinetically
different processes deactivating the excited state which
cannot be resolved, and, of course, scaling factors for
monomer and excimer emission intensities. A typica
example of experimental and fitted decay curves is pre-
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sented in Fig. 2 [for pyr,oPC in dioleoylphosphatidylcho-
line (DOPC) liposomes]. The fitted curves show an
acceptable quality, and therefore, the applicability of the
model is justified. The parameters recovered after global
analysis are given in the legend to Fig. 2. The diffusion
coefficient D obtained is similar to that found by other
methods such as FRAP [25], NMR [26], ESR [27], and
single-molecule tracking [28,29]. The estimates for the
global parametersare 3.1 X 102 mol cm~2for the concen-
tration and 3720 cm s~ for the intrinsic reaction rate.
Thelatter observationindicatesafinite (albeit rather high)
reactivity of both reactants. In other words, there is a
certain probability that the two reactants will not form
an excimer upon contact.

INTRAMOLECULAR DYNAMICS OF
DIPYRENYL LIPIDSIN BILAYER
MEMBRANES FROM TIME-RESOLVED
FLUORESCENCE SPECTROSCOPY

Models. Themonomer fluorescenceintensity decay,
excited by an infinitely narrow optical pulse, is given by

M(t) = exp{ —t/Tu} (1) ©)

where St) is the quenching survival probability, i.e., the
probability that the excited state of the fluorophore gener-
ated at t = 0 has not been quenched by time t, and Ty,
is the monomer fluorescence decay time.

The survival probability S(t) isderived from amodel
for diffusion-mediated intramolecular fluorescence
guenching based on the analytical solution of the Smolu-
chowski differential equation [30-32]. It is assumed that
guenching occurs with afinite intrinsic reaction rate con-
stant k at the distance of closest approach R (reaction
radius) between the reactants. At the distance of maximal
separation R, the boundary is closed. The probability
distribution density of the initial separation between the
ends of both pyrene moietiesis assumed to be uniform. In
two dimensions, the survival probability St) is given by

[

St) = > a(hg) exp{ —N2Dt}/\,

n=0
X A{R[I-1(MR) + y(\n) Y-1(AR)]
~ RiadJ-1(AMaRma) + Y(\n) Y-1(AnRmax)]} (9)

where D is the diffusion coefficient; J, and Y, are Bessdl
functions of the first and second kind, respectively, of
order v; and the coefficients \,, y(\,), and a(\,) are
determined from the initial and boundary conditions.
Admissible values for A are the roots of the following
transcendental equation:
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R1

f {30t + YO o)}

a(\,) = ¢ =2

f FLIo0) + YO YoM} 2 cl
Ro

n=0,1, .. (12)
where ¢ = [m(R2 — R L.

The parameters of the model are the reaction radius
R, the distance of maximum separation R..,, the diffusion
coefficient D, the intrinsic rate constant k; and the mono-
mer decay timeTy. In Ref. 32, it was shown that the global
identifiability of thismodel requiresapriori knowledge of
the value of at least one the following parameters: R,

Rmax: D, OF k.
The excimer fluorescence intensity decay is repre-

sented by a convolution [33]:
)] a8y
R} o

where ® denotes convolution and ¢ is the fluorescence
decay time of the excimer.

Data Analysis. As before, we apply the reference
reconvolution method [see Egs. (4) and (5)] totheanalysis
of monomer and excimer fluorescence decays. After com-
bining Egs. (4) and (8), the detected decay for the mono-
mer viathefluorescence decay of thereference compound
takes the form

E(t) = exp(—l> & exp(—
TE

Fu(®) = Falt) ® {[— - Lo

+ S0) exp( )ds(t)} + S0) Fa) (14)

From Egs. (5) and (13), the detected excimer fluores-
cence profile is obtained as

Fe(t) = Fr(t) ® {(— - —> E(t)
TR

~ e L) 90
exp( TM) dt} [15]

In the intramolecular model the survival probability
S(t) is equally present in the models for monomer [Eq.
(8)] and excimer [Eqg. (13)] emissions. Therefore, the
parameters characterizing S(t) (i.e., reaction radius R,
maximum separation R, diffusion coefficient D, and
intrinsic reaction rate constant ) are the same for both
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decays, which impliesthe necessity of aglobal parametric
fit of the fluorescence decay curves of monomer [Eg.
(14)] and excimer [Eqg. (15)] emission, assuming that the
common parameters are equal for both curves.

Smulated Experiments. Here we explore how well
two systems with different diffusion coefficients (D = 3
X 1078 and 6 X 1078 cm? s71) and the other parameters
being equivalent (R = 4 X 1078 cm, Ry = 1077 cm,
k = 103 cm s7%, 7y = 165 ns, and 7 = 60 ns) can be
distinguished by the fitting procedure, applied globally
to the monomer and excimer kinetics, simulated with
three values of signal-to-noise ratio (corresponding to 5
X 10% 10° and 5 X 10° counts in the peak channel).

The simulated model mimics the reference reconvo-
[ution method [21] with the reference decay time 1 =
1.35 ns, which was assumed to be known and fixed during
the fit. According to the conclusions of the deterministic
identifiability analysis[32], at |east one of the parameters,
D, R, Ryax, Or k, must also be fixed. Thus, in fitting, we
set the reaction radius R to its true value (4 X 1078 cm).
A typical example of simulated and fitted decay curves
for a system with diffusion coefficient 3 X 1078 cm? s*
is presented in Fig. 3.

The results of simulated experiments are presented
in Table I. The confidence intervals at the 67% level for
the estimated values of parameters were obtained by the
exhaustive search method [24]. One can see that the “ sta-
tistical” identifiability of the diffusion coefficient can be
achieved only under reasonably high values of signal-to-
noise ratio. For example, with 5 X 10* counts in the
peak channel, both diffusion coefficients are practically
undistinguishable (their confidence intervals are highly
overlapping). Relatively wide confidence intervals for
parameters such as D, R, k, and Ty indicate that these
parameters are strongly correlated: a change in one of
them is well compensated by a change in the other ones,
yet yielding agood quality of fit. Therefore, although the
deterministic identifiabilty requiresthat only one parame-
ter (in our case, it was R) must be fixed during the fit,
in practicethismight not be sufficient. The only parameter
on which we can rely is the excimer decay time 7¢: the
width of the confidence intervals for this parameter is
almost negligible compared to that for the other parame-
ters.

DISCUSSION

One important conclusion from both real and simu-
lated decaysisthat one of the most significant parameters,
thelateral diffusion constant (both long- and short-range),
can be obtained within reasonable confidence boundaries
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Fig. 3. Reference reconvolution of the time dependence of the monomer (curve 1) and excimer (curve 2)
fluorescence of a simulated system with diffusion coefficient D = 3 X 1078 cm? s™%. Other parameters are
listed in Table |. Simulated curves are represented by points and fitted curves by solid lines. The weighted
residuals (W. Res.) for both globally analyzed curves (points) are also shown. The number of countsin the

peak channel was 10° the number of time channels,

when the experimental data have sufficient accuracy.
When the time-correlated single-photon counting tech-
nique is used for pyrene-containing phospholipids in
bilayer membranes, this would correspond to at least 10°
photon counts in the peak channel.

1000; and the width of each time channel, 0.4 ns.

It is noteworthy that the value of the trandational
diffusion coefficient recovered from analysis of the dipy-
renyl derivative should not be compared to that derived
from analysis of the monopyreny! derivative. The value
for the dipyrenyl case was taken rather arbitrarily, as the
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Tablel. Estimated Parameters of the Simulated “Intramolecular” System and Their Confidence Intervals at the 67% Level (Given in Square
Brackets) for Two Values of the Diffusion Coefficient (3 X 1078 and 6 X 1078 cm? s™%, Respectively) as a Function of the Number of Counts
in the Peak Channel?

Peak channel D(108cm?s?} Rmax (1078 cm) k (cms? v (NS e (N9
D=3x10%cm?s?
50104 3.21 [3.68; 1.63] 10.09 [14.12; 8.18] 1217.5 [15515.0; 430.0] 172.65 [226.61; 105.21] 60.01 [60.39; 59.64]

10° 3.22[3.81; 1.97]
5 010° 3.11[3.81; 2.63]

10.16 [13.08; 8.70]
10.17 [11.61; 9.53]

1416.4 [15721.6; 571.0]
1450.9 [5694.8; 838.8]

169.37 [202.18; 119.62]
161.50 [180.68; 138.28]

59.99 [60.37; 59.62]
60.00 [60.38; 59.63]

D=6X108%cms?

5010 5.99 [8.58; 2.17]
10° 6.02 [8.73; 3.17]
5010° 6.03 [8.76; 4.82]

9.99 [15.11; 7.55]
9.97 [16.07; 8.16]
9.99 [13.61; 9.30]

1070.7 [11670.4; 391.5]
1016.8 [5338.0; 530.6]
999.4 [1986.4; 755.9]

169.49 [529.66; 86.33]
178.75 [522.85; 95.52]
171.41 [242.12; 98.03]

60.07 [60.45; 59.70]
60.02 [60.40; 59.65]
60.00 [60.38; 59.63]

2 True values of the parameters are k = 10° cm s7%, Ry = 1077 cm, 7y = 165 ns, and 7 = 60 ns.

most important point was to demonstrate the quality of
parameter recovery using simulated data. The values are
expected to be different for intra- and intermolecular
situations because of the different length scales involved
for the two types of reactions.

There is an increasing demand to extrapolate the
results obtained with a well-defined model system such
as a homogeneous membrane bilayer to more complex
systems such as the plasma membrane of a living cell.
Can we use the same methodology to recover membrane
fluidity gradients in situ? Such an approach implies that
the current model has to be extended with a spatially
dependent diffusion coefficient. Devising this model is
not a simple task, as a closed mathematical solution is
not expected and one has to rely on numerical methods
to model the reaction kinetics. Then the advanced model
must be tested on its parametric identifiability, but an
experiment can always be arranged in such a way that
the parameters of interest will be obtained with certain
confidence by linking or fixing the other parameters. One
should realize, however, that modeling of more complex
systems such as the plasma membrane of a living cell
requires more modificationsthan only spatially dependent
diffusion coefficients.

A comprehensive overview of modeling reactions
in biologica membranes using pyrene excimer kinetics
covering the literature up to the year 2000 is given in
Ref. 34. Useful extensions are simulations using the
Monte Carlo method for analyzing the kinetics of a diffu-
sion-controlled irreversible bimolecular reaction and to
compare the consistency of the simulated results with
that of the experimental results of the pyrene excimer
reaction [35]. The sameauthors have al so devel oped some
recipesfor analyzing diffusion-controlled reactionsin two

dimensions with an eye toward the pragmatics of data
analysis [36].
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