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Abstract

The in-depth molar distribution function of fluorophores is revealed by a new methodology for fluorescence quenching data

analysis in membranes. Brownian dynamics simulation was used to study the in-depth location profile of quenchers. A Lorentzian

profile was reached. Since the Stern–Volmer equation is valid at every depth in the membrane for low quencher concentrations, the

molar distribution of the fluorophore (also regarded as a Lorentzian) can be achieved. The average location and the broadness of the

fluorophore distribution can be calculated. The importance of the knowledge of the location width is demonstrated and discussed,

since this parameter reveals important conclusions on structural features of the interaction of membranes with probes and bio-

molecules (e.g., conformational freedom in proteins), as well as photophysical properties (e.g., differential fluorophore quantum

yields). Subsequent use of this methodology by the reader does not, necessarily, involve the performance of simulations and is not

limited to the use of Lorentzian function distributions. � 2002 Elsevier Science (USA). All rights reserved.
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Few methodologies can provide information on the
in-depth location of molecules inserted in lipidic mem-
branes, although this knowledge is crucial to fully un-
derstand the biochemical role of several biomolecules,
such as membrane proteins [1] and antibiotics [2].
Among these techniques, fluorescence quenching with
derivatized lipids or fatty acids [3] stands out. A
quencher group (usually Br or a stable free radical such
as a nitroxi moiety) is covalently attached to different
locations in the acyl chains of the lipids or fatty acids. In
the acyl chain, such different positions correspond to
different depths in the bilayer’s lipidic matrix, once the
derivatized chain is inserted in a membrane. The
quenchers placed closer to the fluorophore are more ef-
ficient, revealing an approximate in-depth location of
these molecules. The location of molecules inside the

membranes has been studied this way on several occa-
sions (for a review see [3]). Nevertheless, this approach is
rather qualitative and more refined methodologies have
been proposed. The Parallax Method [4] adapts concepts
related to the three-dimensional quenching sphere-of-
action model [5] to a two-dimensional space and relies on
a non-diffusive (‘‘static’’) approach. This assumption
confines the meaningful application of the Parallax
Method to very few experimental cases, in spite of its
intrinsic theoretical interest. More recently, Ladokhin
proposed the so-called ‘‘distribution analysis of depth-
dependent fluorescence quenching’’ [6], a semi-empirical
approach, which does not suffer from such strict con-
straints and was applied to several experimental systems
with reasonable success [6]. The basic assumptions are:
(a) the probability of quenching is proportional to the
distance separating fluorophore and quencher; (b) a
Gaussian function is adequate to describe the distribu-
tion of separating distances and; (c) the dynamics of the
quencher during the excited state lifetime of the fluoro-
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phore is not dependent on its in-depth location (as dis-
cussed later, this last condition is controversial but it can
be taken as a reasonable approximation in some condi-
tions). Moreover, the Gaussian profile of the in-depth
distribution of the fluorophore is recovered in a rather
indirect way and assumes quencher distributions with
equal broadness regardless of the quencher. The meth-
odology here proposed overcomes some of these diffi-
culties. Instead of using the X-ray diffraction data [7] to
accurately locate the quenchers in the membranes, we
have used Brownian dynamics (BD)1 single molecule
simulation to study the distribution of the derivatized
acyl chain, thereby accessing the location probability
functions of quencher groups (both Br and nitroxides).
Under the ergodic hypothesis this function is also valid
for the population ensemble average (admitting a pop-
ulation of independent quencher molecules, i.e., low
concentrations). Stern–Volmer formalism is then as-
sumed as valid in each depth of the membrane. With the
use of a pair of quenchers it is possible to deduce the in-
depth distributions of the fluorophores, which were as-
sumed as Lorentzian functions. The methodology,
however, is still valid if other kinds of functions are used
(e.g., Gaussian or even asymmetric functions2). Imple-
mentation of this methodology by the reader may not
need carrying out BD simulations, as data here published
can be used in other studies, or distributions of
quenchers obtained by other techniques. The transfer-
ability of simulation results from one bilayer system to
another is possible when using a mean-field approach,
such as the one used in our BD simulations. This can be
done if the two systems share similar properties [8,9]. The
simulation results here presented could be transferred to
other bilayer systems, namely the ones constituted by
unsaturated phospholipids, provided that the degree of
unsaturation is low [9], or the ones constituted by
phospholipids with acyl chain length different than the
one simulated. The results could be transferred to sys-
tems with acyl chain length between C14–C20 [9]. The
reader may also use quenchers distribution data obtained
by other techniques. Note that, in the work here re-
ported, only the quenchers’ distributions are obtained by
BD simulations, but that the fluorophore distributions

are obtained by direct application of the proposed
methodology.
The methodology was applied to several problems

related to the location of molecules with biochemical
relevance: membrane probes, proteins, and antibiotics.

Methodology

Fluorescence quenching data analysis

Admitting that the z-axis represents the bilayer nor-
mal, where z ¼ 0 is the bilayer center, �zf and zf are the
bilayer interfaces, and that: (i) the Stern–Volmer equa-
tion, in its simpler (linear) version, is valid at each depth,
z, in the membrane (a condition attainable at low
quencher concentrations)—Eq. (1);

I0ðzÞ=IðzÞ ¼ 1þ KSVðzÞ½Q�ðzÞ ð1Þ
(I0 and I are the fluorescence in the absence of quencher
and at a quencher concentration ½Q�, respectively, and
KSV is the Stern–Volmer constant); (ii) the Stern–Volmer
plot experimentally accessible is equally described by a
linear function—Eq. (2)

I0=I ¼ 1þ KSV;apph½Q�i ð2Þ
(the brackets h i denote average quantities over the
whole membrane volume and app stands for apparent
quantity); it follows that Eqs. (3A) and (3B) are valid
under certain conditions (see Appendix A)

Xn
i¼1

XF ðziÞ
1þ n 
 KSVðziÞh½Q�i 
 XQðziÞ

 !�1

¼ 1þ KSV;apph½Q�i;

ð3AÞ

zi ¼ ð2i� 1Þzf =n; ð3BÞ

where XF ðzÞ is the fluorophore molar fraction in-depth
distribution, XQðzÞ is the quencher molar fraction in-
depth distribution, n is the number of depth intervals
present in the membrane, and zi the depth value of the
ith interval. Thus, provided that XQðzÞ is known, XF ðzÞ
can be calculated. XQðzÞ was obtained by single molecule
BD simulation (see below) for two pairs of the most
widely used quenchers in membranes: 1-palmitoyl-2-
(x,y-dibromostearoyl) phosphatidylcholine, x,y-Br2PC,
with Br atoms at positions 6,7 (6,7-Br2PC) or 11,12
(11,12-Br2PC), and x-doxylstearic acid, x-NS, with
nitroxides at positions 5 (5-NS) or 16 (16-NS). Under
the ergodic hypothesis, the population distribution
equals the time distribution of a single molecule. The
distributions are very adequately described by Lorentz-
ian functions2 (Table 1 and Fig. 1A), provided that
negative values are set to zero. Due to the symmetry of a
bilayer, the whole quencher distribution is described by
a sum of two symmetrical Lorentzian profiles relative to
the bilayer center:

1 Abbreviations used: BD, Brownian dynamics; DPPC, dipalmitoyl

phosphatidylcholine; x,y-Br2PC, 1-palmitoyl-2-(x,y-dibromostearoyl)

phosphatidylcholine, where x, y are the positions of the bromine

atoms; x-NS, x-doxylstearic acid, where x is the position of the nitroxi

moiety; PyrnPC, 1-palmitoyl-2-(pyrenil-n-acyl) phosphatidylcholine,

where n is the length of the acyl chain in methylene units; PyrDecAc,

pyrene decanoic acid; PyrButAc, pyrene butyric acid; t-PnA, trans-

parinaric acid; 12-AS, 12-(9-anthroyloxy)-stearic acid; TOE, trypto-

phan octyl ester; OmpA, outer membrane protein A.
2 In fact, truncation of symmetrical distribution functions at the

membrane surfaces results, in most cases, in asymmetrical functions,

the effect being more pronounced for shallower fluorophores.
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XQðzÞ ¼
kQ

bQþðz�mQÞ2
þ kQ

bQþðzþmQÞ2
þ 2v if z1;Q < jzj < z2;Q;

0 otherwise

(

ð4Þ

(z1;Q and z2;Q are the positive roots of the double Lo-
rentzian function, �mQ and mQ are the maxima,

ffiffiffiffiffi
bQ

p
is

the half-width at half-height (HWHH) of each of the
Lorentzian profiles, v is the baseline, and kQ is a nor-
malization constant upon truncation in the interval
½�zf ; zf �).3
The fluorophore profile, XF ðzÞ is also regarded as a

double Lorentzian function, but a zero baseline is as-
sumed for the sake of simplicity

XF ðzÞ ¼
kF

bF þ ðz� mF Þ2
þ kF
bF þ ðzþ mF Þ2

ð5Þ

(kF ffi 0:5
ffiffiffiffiffi
bF

p
=p if truncation in the membrane limits

does not significantly change the area under the curve;
i.e., if the distributions are narrow and peak near the
membrane core).
Basically, the methodology consists in calculating bF

and mF (maxima of fluorophore location profile) using
Eqs. (3A) and (3B), (4) and (5). This can be achieved
using Eq. (6); the universe of possible solutions is such
that SðbF ;mF Þ ¼ 0 simultaneously for a pair of
quenchers (e.g., 5-NS and 16-NS, or 6,7-Br2PC and
11,12-Br2PC)

Xn
i¼1

XF ðziÞ
1þ n 
 KSVðziÞh½Q�i 
 XQðziÞ

 !�1

� ð1þ KSV;apph½Q�iÞ ¼ SðbF ;mF Þ: ð6Þ

(Notice that SðbF ;mF Þ, as defined in Eq. (6), is the
difference between the theoretical expectation and the
experimental result.)

Peculiar features of the methodology

In the limits where XQðziÞ ¼ 0, SðbF ;mF Þ ¼
�KSV;app 
 h½Q�i; thus SðbF ;mF Þ ¼ �KSV;app 
 h½Q�i if there
is no overlap between quencher and fluorophore distri-
butions. Moreover, as the quencher distribution is
symmetrical, the overlapping degree is the same for fluo-
rophore distributions having mF ¼ mQ þ k or mF ¼
mQ � k (k is a constant), meaning SðbF ;mQ þ kÞ ¼

Fig. 1. Application of the proposed methodology (Eq. (6); see text) to

the fluorescence quenching data of trans-parinaric acid (t-PnA) by

nitroxi radicals attached to carbons 5 (5-NS) and 16 (16-NS) of a

stearic acid. (A) The quenchers in-depth distribution in the membrane

was obtained by Brownian dynamics (BD) simulation (full symbols)

and fitted by a double Lorentzian profile (lines) with a least-squares

approach. (B) Eq. (6) was used to select the ðbF ;mF Þ pair that renders
SðbF ;mF Þ ¼ 0 for both quenchers (the value that results from the in-
tersection of the two surfaces with the xy plane). (C) The solution

(solid line) was compared to the location of t-PnA simulated by BD

(full symbols) and the agreement is remarkable. The DA method (see

text) was also applied to the experimental data and the generated

gaussian DFQ is represented in C (dashed line). This distribution is

unrealistic because it should be a convolution of both probe and

quencher distributions. Note: In (A) and (C) open symbols represent a

symmetry operation to get quencher and fluorophore profiles in both

layers of the membrane.

Table 1

Parameters of XQðzÞ simulated functions

Quencher
ffiffiffiffiffi
bQ

p
/�AA (�%) mQ/�AA (�%) v

6,7-Br2PC 3:0� 9:6 12.30�0.6 �8:9� 10�3
11,12-Br2PC 3:9� 9:0 9.10�0.9 �8:0� 10�3
5-NS 1:8� 5:2 13.91�0.3 �1:2� 10�2
16-NS 5:1� 9:4 9.35�1.2 �1:5� 10�2

Note. The values are valid for zf ¼ 20�AA (e.g., DPPC bilayers in the
liquid crystal state phase [14,28]). Quenchers are depicted in Fig. 3.

mQ/�AA and
ffiffiffiffiffiffi
bQ

p
/�AA are the average location and HWHH of quencher

distributions. The associate standard deviations of the estimates are

indicated as percentage values.

3 Lorentzian functions are related to the statistical Cauchy distribu-

tion.
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SðbF ;mQ � kÞ. This symmetry in SðbF ;mF Þ relative to mQ

is clear in Fig. 1B.
It is noteworthy to highlight some features of Eqs.

(3A), (3B) and (6): When XQðzÞ and XF ðzÞ are not totally
overlapped, a fraction of fluorophores remains un-
quenched, even at high concentrations of the quencher.
In this case a downward curvature in the Stern–Volmer
plot is expected as previously demonstrated [10]. Fig. 2B
shows that a similar behavior is predicted by application
of Eqs. (3A) and (3B). The methodology can only be
applied in cases where the fluorophore distribution
overlaps both quencher distributions. If this is not the
case, then I0=I (Eq. (2)) is constant (¼ 1) and other
quencher or quenchers have to be used.
In the special case where the fluorophore distribution,

XF ðzÞ, is monodispersed, or very close to it, and located
at z0 such that ½Q�ðz0Þ ¼ h½Q�i, then KSV ¼ KSV;app.
Although we have used Lorentzian functions to de-

scribe XQðzÞ and XF ðzÞ, Eqs. (4) and (5), other functions
could be applied in the same fashion, if other quenchers
were used or other fluorophore distributions were ex-
pected.
Eqs. (3A), (3B), and (6) were derived and applied

assuming that the quenching process occurs in the
membranes like it would in a three-dimensional homo-
geneous solvent. This is clearly an approximation since
anisotropic media cannot be fully regarded as homoge-
neous [11]. However, to consider the lipidic matrix as bi-
dimensional is a worse approximation. As it can be seen
in Fig. 1A, XQðzÞ is too broad to be regarded as a d
function in z, so a two-dimensional approximation is
not reasonable. Moreover, the diffusion of probes along
zz is significant in the time scale of most fluorescence
experiments [5,12] and probe environment is quasi-iso-
tropic above the main phase transition temperature [13].
It was also assumed that the fluorophore population is
homogeneous in terms of quantum yield. If not, XF ðzÞ,
may not adequately reflect the molar distribution and it
needs to be corrected (i.e., divided by the quantum yield
at each depth, /ðzÞ). Severe dependence of / on z is only
expected near the bilayer interfaces, where the hydration
changes rapidly with z [14]. The range of zz covered in
this paper (i.e., the range of depths where the quencher
pairs intersect) does not include the bilayer interface. In
fact, the quencher pairs were chosen so that a broad
range of zz could be covered, but no interface was in-
cluded. Moreover, the less perturbing quenchers for the
lipid matrix were preferred among those most widely
used [15].
Eqs. (3A), (3B), and (6) demand previous knowledge

on KSVðzÞ, which is very complex to achieve. As previ-
ously done by Ladokhin [6] and implied by Chatto-
padhyay and London [4] when assuming depth-
independent quenching efficiency, KSVðzÞ ¼ KSV is as-
sumed, but this approximation is rather controversial.
Admitting that the Stokes–Einstein equation is valid,

this issue resumes to the question: Does the ‘‘microvis-
cosity’’ change with z? Although NMR data (namely
NMR spin–lattice relaxation times, T1) provide clues to
the answer [16], fluorescence depolarization involving
rotational diffusion is widely used with this purpose for
more than 20 years [17]. Sawyer et al. [18] suggested the
existence of an in-depth gradient in membranes based
only in steady state measurements. Later, other groups
added time resolved data but, while Vincent et al. [19]
reinforced the conclusions of Sawyer’s group in liquid
crystal membranes, Kutchai et al. [20] concluded the
contrary. The data analysis by Vincent et al. [19] seems
sounder since it takes into account ‘‘in-plane’’ and ‘‘out-
of-plane’’ depolarization of the probe. Nevertheless,
throughout the present work we have used the approx-
imation KSVðzÞ ¼ KSV (i.e., KSV independent of z) due to
the following reasons: (1) for the sake of simplicity in
data analysis; (2) for the sake of coherence with BD
simulations (the use of a viscosity gradient in these
simulations is discouraged by the intrinsic complexity
involved in the calculations); and (3) a very thorough
study on the implications of the ‘‘microviscosity’’ profile
in the fluorescence quenching analysis in membranes
concluded that relative quenching efficiencies for a set of
quenchers located at different depths in the membrane
(including 5-NS and 16-NS) is related to the quencher/
fluorophore proximity, not to ‘‘microviscosity’’ [21].
NMR data reinforces the idea that ‘‘microviscosity’’
does not change significantly in the range C4–C13 [16].
However, the problem of what value to choose for

KSV still remains. It is better to use excited state lifetime
data than estimate KSV from side experiments in ho-
mogeneous solvents. The ratio s0=s ( the ratio of lifetime
in the absence and presence of quencher) can be used in

Fig. 2. Application of Eqs. (3A) and (3B) to simulated distribution of

fluorophores, XF ðzÞ, and quenchers XQðzÞ, leads to an almost linear
Stern–Volmer plot in case the distributions are totally overlapped

(dotted line in B) and a pronounced downward curvature in the case of

partially overlapped distributions (A and solid line in B).

4 M.X. Fernandes et al. / Analytical Biochemistry 307 (2002) 1–12



Eqs. (1) to (3A), instead of I0=I . Only dynamic (diffu-
sional) processes are accounted for and KSVðzÞ becomes
the product kq 
 s0, where kq is the bimolecular quench-
ing kinetic constant. kq can be estimated theoretically [5],
e.g., by means of the Smoluchovsky equation.
The final solution ðbF ;mF Þ is independent of ½Q�,

provided that Eqs. (1) and (2) are valid (results with
simulated data not shown). Thus the results are largely
independent on KSV 
 ½Q� and, so, on KSV itself. This
means that, as long as the estimated KSV is not very
different from the physically meaningful KSV, the solu-
tion ðbF ;mF Þ is still valid. However, the relative mag-
nitude of the KSV;app used for the two quenchers of a pair
must be correctly estimated. Otherwise, the solution is
significantly biased (results with simulated data not
shown). If a pair of quenchers is used so that they only
differ from the position where they are attached in the
intermediate region of an acyl chain, there should be no
significant difference in their KSV since association con-
stants, maximal approximation distances and diffusion
coefficients are similar. This similarity further contrib-
utes to the reliability of the methodology.
With membrane proteins inserted from the outer

surface of vesicles, it is not expected a symmetrical lo-
cation of fluorophores relative to the bilayer center and
therefore Eq. (5) should be replaced by a single Lo-
rentzian profile, Eq. (7). Nevertheless, due to the loca-
tion of the quencher in both leaflets of the membrane,
data analysis does not permit to distinguish solution
ðbF ;mF Þ from ðbF ;�mF Þ, i.e., it is possible to calculate
how far the fluorophore is from the membrane surface
but not in which of the layers (inner or outer). In
practice the use of Eq. (5) or (7) leads to the same so-
lution. The function defined by Eq. (7) has the same
mean and HWHH as solution attained from Eq. (5).

XF ðzÞ ¼
2kF

bF þ ðz� mF Þ2
: ð7Þ

Brownian dynamics simulations

The BD trajectories were simulated using the algo-
rithm of Ermak and McCammon [22], with a predictor–
corrector modification introduced by Iniesta and Garc�ııa
de la Torre [23]. We used the version without hydro-
dynamic interaction, because equilibrium properties,
like average distributions, do not have any dependence
on the rate of dynamic processes. Furthermore, BD
without hydrodynamic interaction is less computer time
consuming. The equations of motion (for details see
[23]) of simulated molecules were solved numerically
with a time step of 4–10 fs and for a total trajectory time
of 0:2ls for each molecule.
The simulated molecules, represented by a chain of

spherical elements with a finite size, have a quasi-atomic
level detail since the extended atom representation was

used (i.e., the H atoms are not represented explicitly)
and some groups of atoms were substituted by pseudo-
atoms or not represented at all, namely: when simulating
t-PnA, the carboxylic group was substituted by a pseu-
do-atom; when simulating x,y-Br2PC, the phosphat-
idylcholine head was substituted by a pseudo-atom and
the palmitoyl chain was not represented; and when
simulating x-NS, the carboxylic group and the nitroxi
moiety were substituted by pseudo-atoms. We consid-
ered that the contribution of the substituted, or not
represented, atoms to the motion of each molecule is
accounted for in the mean-field description used in each
particular case. The substitution of groups of atoms
allows a significant economy of computation time
without compromising the necessary accuracy in the
description of simulated properties [24,25].
The total intermolecular potential has contributions

resulting from stretching (bond) potential, bending
(angle) potential, torsional (dihedral angle) potential
and non-bonded atoms interaction (van der Waals in-
teractions) potential, and their expressions and magni-
tudes are quite standard [26,27].
Regarding the mean-field potentials, we used a hard-

wall potential to confine the motion of simulated mol-
ecules to the interior of our model membrane. This
potential acts whenever a sphere of simulated molecules
leaves the allowed region of motion and its effect is to
place the mentioned sphere once again inside the model
membrane. The confinement of the chain elements to the
desired region is represented by

Vconf ¼ 0 if jzj6 zf ;
Vconf ¼ 1 if jzj > zf ;

�
ð8Þ

where Vconf is the magnitude of the potential and z is the
coordinate along the bilayer normal, with z ¼ 0 for the
center of the bilayer and z ¼ �zf for the interfaces.
To describe the membrane environment we consid-

ered three distinct potentials [24,25]. The enclosing po-
tential, Vencl, takes into account the non-polarity of the
methyl and methylene groups, and their interaction with
the finite model membrane along the z direction, and has
the form of

VenclðziÞ ¼
kTKz

ðz2f � z2i Þ
; ð9Þ

where i runs from 2 to 18, in the case of t-PnA and of
x-NS, and from 2 to 20 in the case of x,y-Br2PC (in our
simulations, the numeration of the spheres begins with
the sphere that represents the carboxylic group or
phosphatidylcholine head, followed by the hydrocarbon
chain and finally ending with side elements like Br atoms
or doxyl groups). The parameters of this expression are:
zi is the z coordinate of the ith sphere of the chain, zf is
the half width of the membrane, k is the Boltzmann
constant, T the temperature and Kz the magnitude of the
enclosing potential. This potential replicates in a smooth

M.X. Fernandes et al. / Analytical Biochemistry 307 (2002) 1–12 5



way the behavior of the hard-wall potential. We use this
potential mainly to avoid triggering the hard-wall po-
tential, since discontinuities are not very desirable. This
way the hard-wall potential only acts upon sphere 1 of
the simulated chains and on spheres representing the
doxyl groups of x-NS.
The first sphere of the chains was designed to anchor to

the membrane boundaries, so it is submitted to an an-
chorage potential, Vanch, having the following expression:

Vanch ¼ kTKanch cos2
z1p
2zf

� 	
; ð10Þ

where z1 is the z coordinate of the first sphere of the
chain and Kanch is the magnitude of the potential. This
potential allows a restricted perpendicular motion of the
entire hydrocarbon chain. Since doxyl groups present a
strong hydrophilic character, we also applied a potential
of this type, though with a magnitude 7.5-fold lower, to
the pseudo-atom that represents them (in that case z1 is
substituted by z19 in Eq. (10)). This does not mean that
the pseudo-atom that represents doxyl groups is an-
chored to the membrane wall, only that it shows some
affinity towards the bilayer interfaces.
To simulate the ordering effect induced by the mem-

brane environment an orientational potential, Vorient, is
introduced. This potential pushes the simulated chain to
a more parallel orientation to the transverse plane of the
membrane, which is to say along the z-axis. The field
strength, Kh, of this potential is not constant throughout
the membrane, reproducing the different packing of
hydrocarbon tails in biological membranes determined
by neutron diffraction [14]. Instead, it changes linearly
with the distance to the membrane boundaries [25], be-
ing higher at the membrane boundaries and lower at
membrane interior. This way it is possible to reproduce
the deuterium order parameters of a hydrocarbon mol-
ecule in a DPPC model membrane [28]. The potential is
given by

Vorient ¼ � 3
2
kTKhðzÞðcos2 hi � 1Þ; ð11Þ

where KhðzÞ is the field strength of the orientational
potential, hi is the angle formed by the z-axis and the
vector that joins atoms Ci�1 and Ciþ1 from the hydro-
carbon backbone of simulated molecules. With the ad-
equate parameterization of these potentials it is possible
to reproduce a DPPC bilayer in the liquid crystal state
[25] and also in the gel state [29].
All the potentials and their first derivatives used to

describe the membrane environment are continuous
within the domain accessible to the motion of the sim-
ulated molecules. The half-thickness of the simulated
membrane was 20�AA [14,28], the temperature of the
system was set to 324K, well above the transition phase
temperature of DPPC (314K) and the magnitudes of
these potentials were previously established [25]. This

way we reproduced the environment of a DPPC bilayer
in the liquid crystal phase and the trajectories generated
for simulated molecules within this mean-field potentials
framework were analyzed to recover the distribution of
specified atoms.

Summary of the experimental application of the method-
ology

(1) Take one of the quenchers and plot I0=I vs. h½Q�i
(Stern–Volmer plot); I is the fluorescence intensity at
molar quencher concentration h½Q�i inside the lipidic
matrix. Calculate KSV;app (Eq. (2)).
(2) Follow the same procedure with the other quench-
er.
(3) Use Eqs. (4)–(6) combined in the data analysis of
both quenchers separately. Set KSVðziÞ constant and
equal to the theoretically calculated by means of the
Smoluchovsky equation, if the quenching process is
dynamic in nature. Use the appropriate values of
bQ; mQ, and kQ, according to the quenchers you are
using (Table 1; kQ is a normalization constant).
(4) Search for the bF and mF values that render
SðbF ;mF Þ ¼ 0 for both quenchers. kF is such that
XF ðzÞ has unit area.

Results and discussion

Testing the methodology

Our BD simulations recover experimentally deter-
mined positions [30,31] for 5-NS and 16-NS but they
have shown different results when compared to experi-
mentally determined average locations of 5,6-Br2PC and
11,12-Br2PC [32]. This last result for bromolipids is not
surprising because McIntosh and Holloway obtained
their results from bilayers formed exclusively by bro-
molipids [32] and we simulated bromolipids in a DPPC
environment. As fluorescence quenching data used in
our work was obtained for bilayers that are not formed
exclusively by bromolipids, we prefer to use the distri-
bution functions presented in Table 1. Bulky atoms like
Br, when present in high concentration, will dramati-
cally reduce the motion of neighbor molecules, like
other bromolipids, due to tighter packing.
The BD simulations successfully recover the experi-

mental angular distribution of trans-parinaric acid,
t-PnA, cromophore as well as experimental data of
fluorescence anisotropy decays [29]. This way we can
ensure that the simulated distribution of t-PnA is valid.
The fluorescence quenching data analysis methodol-

ogy was applied to the data of fluorescence quenching of
t-PnA by 5-NS and 16-NS collected from the literature
[33]. In this case, the quenching process is essentially
static, so estimation of KSV by Smoluchovsky equation
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was not possible. Instead, we have used the peculiarity
that if XF ðzÞ is fairly narrow at z0 and ½Q�ðz0Þ ¼ h½Q�i (see
above), then KSV;app ¼ KSV. In the vicinity of t-PnA, the
5-NS concentration is ½Q� ¼ 0:7h½Q�i (with KSV;app ¼
4M�1) and the 16-NS concentration is ½Q� ¼ 11h½Q�i
(with KSV;app ¼ 50M�1). Interpolating both values for
½Q�ðzÞ ¼ h½Q�i the value KSV ¼ 5:34M�1 is obtained. The
values KSV ¼ 5:34M�1 (5- and 16-NS), with KSV;app ¼
4M�1 (5-NS) and KSV;app ¼ 50M�1 (16-NS) were used
in Eq. (6), along with XQðzÞ (5- and 16-NS) determined
by BD simulations (Fig. 1A). SðbF ;mF Þ was calculated
and the values ðbF ;mF Þ such that S5-NSðbF ;mF Þ ¼
S16-NSðbF ;mF Þ ¼ 0 were extracted (Fig. 1B). The pair
ðbF ;mF Þ defines XF ðzÞ, the in-depth distribution of the
fluorophore (Eq. (5) and Fig. 1C). This distribution was
compared to the one simulated by BD (Fig. 1C) and the
agreement is remarkable. The use of Gaussian functions
instead of Lorentzian leads to similar results, but to a
poorer fit of the data.
Although the Parallax method can be meaningfully

applied because the quenching process is static, the re-
sult is not satisfactory: quencher concentration depen-
dence is observed and unrealistic fluorophore positions
are obtained (3–7.5�AA from the bilayer center).
Ladokhin’s DA method was applied to the data with

[5-NS]¼ [16-NS]¼ 0.03M (effective concentrations in
the membrane matrix). Minor adaptations were re-
quired to obtain normalized area functions, namely
lnðF0=F ðhÞÞ=S, instead of lnðF0=F ðhÞÞ, was plotted
against h (F0 and F ðhÞ are the fluorescence intensity in
the absence of quencher and in the presence of quencher
at depth h in the membrane; S is the area under the fitted
function). An iterative fitting procedure was used until a
normalized Gaussian function was obtained with opti-
mized estimates for both the average and variance of the

in-depth fluorophore distribution. The result is depicted
in Fig. 1C. While the average locations resulting from
the proposed and DA methods do not significantly dif-
fer, the variances of the distributions are similar only
apparently. The proposed method output refers to the
fluorophore distribution only, but the distribution re-
sulting from the DA method (named depth-dependent
fluorescence quenching profile, DFQ) is a convolution
of both fluorophore and quencher distributions. The
DFQ variance is the sum of the quencher and fluoro-
phore location variances [6]. However, the sum of the
quencher and fluorophore distributions (Figs. 1A and
C) is much higher than the value predicted by the DFQ.
The reason for this pitfall may be related to the as-
sumption of the DA method that the variance of the
quencher distribution does not depend on the quencher,
which is a crude approximation (e.g., Fig. 1A). More-
over, quencher concentration dependence was obtained
for the DFQ (results not shown).
A selection of results, from the literature, of fluores-

cence quenching of membrane probes and biological
molecules by x,y-Br2PC and x-NS was carried out. In
most of the cases, the data had to be processed so that
Eq. (6) could be used (i.e., evaluation of h½Q�i, estima-
tion of KSV, calculation of KSV;app in the linear regime).
The procedures are detailed in Appendix B.

Membrane probes

Most membrane probes are bulky, hydrophobic
molecules, such as pyrene, perylene, and 9-anthroates
(structures are depicted in Fig. 3). We have analyzed
fluorescence quenching data of pyrene moieties attached
to acyl chains of fatty acids [34], pyrene moieties at-
tached to acyl chains of lipids [35], free perylene [36],

Fig. 3. Structure of studied molecules. 1. Pyrene decanoic acid (n ¼ 9); pyrene butyric acid (n ¼ 3); 2. PyrnPC, 1-palmitoyl-2-(pyrenil-n-acyl)
phosphatidylcholine (n is the length in methylene units); 3. 12-AS, 12-(9-anthroyloxy)-stearic acid; 4. 5-NS, 5-doxylstearic acid (n ¼ 3; m ¼ 10),
16-NS, 16-doxylstearic acid (n ¼ 14; m ¼ 1); 5. 6,7-Br2PC, 1-palmitoyl-2-(6,7-dibromostearoyl) phosphatidylcholine (n ¼ 4; m ¼ 10), 11,12-Br2PC,
1-palmitoyl-2-(11,12-dibromostearoyl) phosphatidylcholine (n ¼ 9; m ¼ 5); 6. t-PnA, trans-parinaric acid; 7. perylene; 8. filipin.
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and of 12-(9-anthroyloxy)-stearic acid (12-AS) [21]. It is
interesting to note that the average location of these
probes in the membrane is similar (closer to the inter-
face—data and distributions included in Table 2 and Fig.
4A, respectively), regardless of the position in the acyl
backbone where they are attached. It is the width of the
distribution that is strikingly dependent on the position
where the fluorophore is attached. Bulky groups at-
tached to longer acyl chains can span a broader range of
depths in the membrane, and this is particularly true for
fluorophores attached to the terminal carbon of those
chains. The result here obtained with 1-palmitoyl-2-
(pyrenil-n-acyl) phosphatidylcholine, PyrnPC, with 4–14
carbons in the acyl chain is very elucidative (Table 2 in
and Fig. 4—results for probes PyrnPC, n ¼ 4; . . . ; 14Þ.
With fatty acids, this chain length effect does not seem to
exist (Table 2 in and Fig. 4B—results for pyrene deca-
noic acid, PyrDecAc, and from pyrene butyric acid,
PyrButAc) probably because the steric hindrance is not
so severe in this case. Free perylene in the membrane
resides closer to the core but with a moderately narrow

distribution (Table 2). For a smaller probe attached to
an intermediate carbon, such as 12-AS, it is possible a
closer insertion to the core of the membrane, with a
narrow distribution (Table 2 in and Fig. 4B—results for
12-AS). For t-PnA, where the chromophore is not bulky
and is located at about the same chain position as 12-
AS, the result is similar. Chromophores located at ter-
minal carbon of a chain are generally recognized as not
being in the trend (i.e., presenting very peculiar results)
with molecules having the same chromophore in inter-
mediate positions, even if the chromophore is not as
bulky as pyrene (e.g., [17–19]).
It should be stressed out that, analyzing the same

data set here used for the PyrnPC probes, Sassaroli et al.
[35] reached conclusions that are at variance with ours,
namely a more pronounced difference in the average
position of the pyrene moiety was found in the series
Pyr4PC–Pyr14PC, as well as a reasonably constant dis-
tribution width. Since the experimental data is the same,
one should focus on the data analysis method for
comparison. Some differences are worth mentioning: (1)

Table 2

Parameters of XF ðzÞ simulated functions
Fluorophore This method Other methodsffiffiffiffiffi

bF
p

/�AA mF /�AA HWHH/�AA Mean location/�AA

Perylenea 2.4 11.5

PyrButAca 1.4 15.7

PyrDecAca 1.7 14.0

12-ASa 1.8 11.3

Pyr4PC
a 2.0 15.5 4.2c 13.7

Pyr6PC
a 2.6 13.8 7.2c 11.8

Pyr8PC
a 3.7 13.6 4.9c 10.3

Pyr10PC
a 5.3 14.0 4.9c 8.9

Pyr12PC
a 5.3 14.0 6.6c 5.4

Pyr14PC
a 5.4 14.0 5.9c 5.4

Filipina 4.6 3.2

TOEa 2.7 10.8 4.4d 11.0

t-PnAa 2.1 9.2

OmpA(Trp7)b 1.4 10.0 10.0

OmpA(Trp15)b 3.7 13.5 9.8

OmpA(Trp57)b 5.4 13.0 9.5

OmpA(Trp102)b 3.7 13.5 10.0

OmpA(Trp143)b 2.8 13.0 10.2

OmpAb (t ¼ 2min) 1.5 10.5 2.8e 7.5

OmpAb (t ¼ 1) 3.0 13.0 —f 10.0

Cytochrome b5b 2.8 10.5 2.4d 11.1

Bacteriorhodpsin (native)b 1.7 14.8

Bacteriorhodpsin (bleached)b 2.4 12.0

The values are valid for zf ¼ 20�AA (e.g., DPPC bilayers in the liquid crystal state phase [14,28]). Fluorophores are depicted in Fig. 3. mF /�AA andffiffiffiffiffi
bF

p
/�AA are the average location and HWHH of fluorophore distributions. Propagation of typical errors in mQ,

ffiffiffiffiffiffi
bQ

p
, and KSV (0.5, 5, and 10%,

respectively) to mF and
ffiffiffiffiffi
bF

p
leads to uncertainties of 7 and 9%, respectively.

aObtained with Eq. (5).
bObtained with Eq. (7).
c h=ð

ffiffiffi
2

p
eÞ of the Gaussian describing the pyrene distributions (h—standard deviation; see Ref. [35]).

dHWHH (¼ r
ffiffiffiffiffiffiffiffiffiffiffi
2 ln 2

p
in Gaussian functions) after deconvolution of fluorophore and quencher distributions (Ref. [40]).

e Idem; 30 �C; Ref. [42].
f The convoluted standard deviation is 2�AA (Ref. [42]). However, the standard deviation of the quencher distribution alone is 3.5�AA (Ref. [40]). Both

results are not compatible.
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Sassaroli et al. [35] used a semi-empirical equation for
data analysis, while the well known and established
Stern–Volmer equation is the basis of the methodology
here presented; (2) Sassaroli et al. [35] obtained the
mean and the width of the distributions in a rather in-
direct way; (3) quenching of PyrnPC by Br2PC is totally
dynamic [35] which ensures reliable estimates of KSV,
and further increases the confidence in the methodology
here proposed; and (4) this methodology was tested
thoroughly by comparison to simulated data obtained
by BD (see above).

Biological molecules in membranes

Filipin is a polyene antibiotic intrinsically fluorescent
that acts at the cell membranes level [2] and distributes

in a gel phase membrane between rigid regions and
disordered (‘‘fluid-like’’ defects) regions [37]. Excited
state lifetimes are different and a plot of s0=s is possible
for data in the ‘‘fluid-like’’ defects, when 5-NS and
16-NS were used as quenchers [37]. The symmetrical
double Lorentzian profile that better describes the filipin
in-depth distribution (Eq. (5)) has mF ¼ 3:2�AA andffiffiffiffiffi
bF

p
¼ 4:58�AA; i.e., the antibiotic is buried in the mem-

brane core. The two Lorentzian profiles are overlapped,
almost creating a monomodal distribution (Fig. 4C).
This location is in agreement with NMR data [38] and
the information fills a gap in a reference model of the
antibiotic’s biochemical mode of action [39].
Most of the studies regarding in-depth location of

fluorophores involve proteins, namely the tryptophan
residues. For better understanding and model Trp
fluorescence quenching in membranes, Ladokhin and
Holloway [40] studied a simple molecule as a model for
Trp fluorescence: tryptophan octyl ester (TOE). Using
hs0i=hsi data (where the brackets denote average quan-
tities from a three-exponential decay) a mean for the
location at mF ¼ 10:8�AA is obtained with

ffiffiffiffiffi
bF

p
¼ 2:74�AA

(Table 2 and Fig. 4C). Thus, TOE can only be used as an
accurate model for Trp residues exposed to the lipidic
environment in the vicinity of the bilayer interface. A
similar distribution (same mean but broader) was ob-
tained using a Gaussian distribution analysis [6]. This
location is due to the octyl chain, since free Trp locates
at the interface [41].
Results from proteins with several tryptophans rep-

resent weighted contributions from all the tryptophans
according to their quantum yield. The outer membrane
protein A, OmpA, a membrane protein that forms an
eight-stranded b barrel in the outer membrane of
Escherichia coli, and several similar single Trp proteins
obtained by directed mutagenesis were studied [42,43].
The contribution of each Trp was evaluated, as well as
their location (Table 2 and Fig. 4D1). Being a trans-
membrane protein inserted from the outer surface of
vesicles, Eq. (7) was used instead of Eq. (5).
The Trp7 is inserted in a slightly deeper position than

the others, which all locate at the same depth. The dis-
tributions’ widths, however, are very different among
them (Table 2 and Fig. 4D1). While Trp7 is located at a
very specific depth, Trp57 can occupy a broad range of
locations, pointing towards a great mobility of the
OmpA segment where Trp57 is inserted and/or a great
conformational variability of OmpA involving the seg-
ment that includes Trp57.
When OmpA with the 5 tryptophan residues is

studied, the average location is in agreement with the
results obtained for the single Trp mutant proteins
(Table 2). If the location distribution of native OmpA
(with the 5 Trp residues) were obtained doing a simple
average of the 5 location distributions of 1 Trp residue
mutant proteins one would attain a broader distribution

Fig. 4. Recovered topographic (in-depth) distribution of: (A) Pyrene

derivatized lipids (PyrnPC, 1-palmitoyl-2-(pyrenil-n-acyl) phosphat-

idylcholine where n is the length in methylene units); (B) other mem-

brane probes (12-AS, 12-(9-anthroyloxy)-stearic acid;. AcDecPyr,

pyrene decanoic acid; AcButPyr, Pyrene butyric acid; t-PnA, trans-

parinaric acid); (C) free molecules in the membrane (TOE, tryptophan

octyl ester); (D1) single Trp mutants of outer membrane protein A

(OmpA), (D2) native OmpA 2min after insertion and after full in-

sertion (t ¼ inf); the distribution pointed as average is the result of
averaging the five distributions of figure D1. In all cases, for the x-axis

0 indicates the bilayers midplane whereas 20 or )20�AA the interfaces,
and the y-axis represents the values of the probability density func-

tions.
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(results labeled as average in Fig. 4D2) than the real
location distribution of native OmpA (results labeled as
t ¼ inf in Fig. 4D2). This reveals that the four shallower
Trp residues have quantum yields bigger that Trp7.
Comparing the data obtained for OmpA 2min after

the insertion in the membrane has started and after full
insertion (results labeled as t ¼ 2min and t ¼ 1 in Fig.
4D2), one can conclude that only a slight change in the
distance to membrane surface occurs during this period,
but the location profile becomes wider. Nevertheless, a
transbilayer movement cannot be discarded, as it could
not affect the average distance to membrane surface.
Kinetic data reveals that this is the case [43]. The results
here obtained generally concur to those obtained by
application of Ladokhin distribution analysis method.
Another protein, cytochrome b5, having only one high

quantum yield Trp residue in the transmembrane seg-
ment, was studied by fluorescence quenching using Br
derivatized phospholipids [44]. Data analysis (including
s0=s) by the methodology presented here, leads to
mF ¼ 10:5�AA and

ffiffiffiffiffi
bF

p
¼ 2:8�AA. These results, namely the

narrowdistribution, are evidence that the protein inserted
in a model membrane has a very specific conformation.
The average location is intermediate between the con-
clusion of Markello et al. [44] and the ones in previous
work of other groups [45]. Ladokhin [40] also studied
cytochrome b5 by fluorescence quenching and concluded
for an average location of 11.1�AA from the bilayer center
and a standard deviation of r ¼ 2:1�AA. Our results are in
agreement with the latter distribution’s mean and width,
although different experimental data sets were used.
Finally, bacteriorhodopsin fluorescence quenching

data, in biological membrane fragments (purple mem-
branes of Halobacterium halobium) [46], was analyzed.
In this case, a lack of transverse fluidity gradient was
suggested [46]. Individual aminoacid residues location
can be inferred from models [47] and qualitative fluo-
rescence quenching data analysis [46]. Both studies point
towards the existence of Trp residues close to the
membrane surface (�7�AA). However, the knowledge
about the distribution width enables one to go further in
this subject. By knowing not only that mF ¼ 14:8�AA
(close to the previously suggested value) but alsoffiffiffiffiffi
bF

p
¼ 1:73�AA (Table 2), it is possible to conclude that

the Trp residues of this location have quantum yields
much bigger than the rest, or, alternatively, all seven
residues reside at the same location. The last hypothesis
can be ruled out on molecular conformational grounds.
Only two Trp (137 and 188) are expected to have similar
location. The other Trp residues are quenched by retinal
[46]. A narrow distribution also indicates great confor-
mational order in bacteriorhodopsin inserted in purple
membrane fragments. Upon bleaching, bacteriorho-
dopsin apparently dislocates a little deeper into the
membrane and spans over a little broader location
range. An increase in the contribution to the total

fluorescence intensity from the other Trp residues due to
the absence of retinal may be responsible for this dif-
ference, although Trp188 and 137 probably still main-
tain quantum yields bigger than the rest. If all Trp
residues contributed equally to the locations profile,
much more pronounced changes would be expected
both in the mean and broadness of the distribution. This
conclusion is at variance with the ones from more
qualitative approaches [46].
The method here presented determines the depth in

the membrane of fluorescent groups using information
about quenching process and quenchers. Concerning the
quenchers, the information about their location is
complete because BD was used. This way each quencher
has its own and unique distribution, which ensures more
rigorous results for the calculated fluorophore distribu-
tion’s parameters comparatively to other methods.

Acknowledgments

We thank Fundac�~aao para a Ciêencia e Tecnologia
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Appendix A. Derivation of equations (3A) and (3B)

Supposing that a simple (linear) Stern–Volmer rela-
tionship is valid at each depth,

I0ðzÞ
IðzÞ ¼ 1þ KSVðzÞ 
 ½Q�ðzÞ; ðA:1Þ

where z 2 ½�zf ; zf �, and a similar equation is valid for
the experimentally accessible function I0=I vs. h½Q�i
I0
I
¼ 1þ KSV;apph½Q�i; ðA:2Þ

where h½Q�i is the average quencher concentration in all
the membrane volume and I0 and I are the fluorophore
fluorescence intensities in the absence and presence of
quencher, respectively, then Eq. (A.3) is valid. This
equation includes the fluorophore molar fraction in-
depth distribution, XF ðzÞ, the goal of the present work.

I0
I
¼
R zf
�zf

I0ðzÞdzR zf
�zf

IðzÞdz
¼

R zf
�zf

nF ðzÞR zf
�zf

nF ðzÞ
1þKSVðzÞ½Q�ðzÞ

¼ 1R zf
�zf

XF ðzÞ
1þKSVðzÞ½Q�ðzÞ

dz

ðA:3Þ
(nF is the number of moles of fluorophore in the mem-
brane). ½Q�ðzÞ is unknown but can be expressed in terms of
the quencher molar fraction in-depth distribution, XQðzÞ

½Q�ðzÞ ¼ XQðzÞh½Q�i
zf
dz

: ðA:4Þ
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This distribution is known from Brownian dynamics
simulation (dz is the width of a membrane slab).
Eq. (A.4) was incorporated in Eq. (A.3) and a nu-

merical integration was performed to estimate the value
of the integral (Eqs. (3A) and (3B) in main text). In Eq.
(A.3) a zero-order Romberg integration is used just to
illustrate the procedure of determination of the fluoro-
phore distribution parameters more clearly. Although
the accuracy of this type of integration is lower when
compared with higher order Romberg integration or
Gaussian quadrature, which could be applied, we pre-
ferred the zero-order integration for reasons of better
perception to the reader who might be less familiarized
with computational methods. An analytical integration
of equation was performed using commercial software
Maple V, but the resulting equation is very lengthy (over
23 pages) and the procedure very slow. The deviations
between results obtained analytically and numerically
are less than 2%, and the uncertainty introduced is be-
low the one associated to the experimental determina-
tion of KSV in the literature data.

Appendix B. Processing data from the literature

Some of the data available in the literature is ex-
pressed in terms of quencher molar fraction in the
membrane [34,41–43] and it had to be converted in
molar concentration, so that it could be used altogether
with theoretical expectations for KSV. The molar volume
of the lipid (POPC or DOPC) was estimated from data
available [48] using DPPC in the liquid crystal phase as
reference, and taking into account increments due to
additional groups, and the radius of Br [49]. This data
was used to convert quencher molar fractions into molar
concentrations (relative to the total volume of the
membrane; h½Q�i). KSV was calculated in units of M�1.
The results from Ladokhin and Holloway [40] were
converted in the same way.
Data expressed in average number of quencher mole-

cules per vesicle [21] or membrane fragment [45] were
converted in h½Q�i by simple consideration of the vesicles/
fragments volumes given in those references. Other works
use 5-NS and 16-NS concentrations that are not corrected
for the incomplete partitioning of these quenchers into the
membrane [34]. Conversion for h½Q�i is possible using
the partition coefficient calculated by Blatt et al. [21] and
the equation derived in Castanho and Prieto [37]. An
analogous method was used for the data expressed in
uncorrected molar fraction of 5-NS and 16-NS [33].
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