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ABSTRACT Fluorescence quenching techniques have been used extensively in recent years to examine reaction rates
and the compartmentalization of components in lipid micelles and membranes. Steady-state fluorescence methods are
frequently employed in such studies but the interpretation of the resulting Stern-Volmer plots is often hampered by
uncertainties regarding the mode of association of the quencher with the lipid structure and the nature of the quenching
mechanism. This paper presents a method for simulating steady-state Stern-Volmer plots in two phase systems, and
shows how the forms of such plots are influenced by the type of association of the quencher with the membrane or
micelle (partition and/or binding) and by the type of quenching mechanism (dynamic and/or static). Comparisons of
simulated plots with experimental data must take into account the possible combinations of quencher association(s) and
quenching mechanism(s). The methods presented are applicable to synthetic and natural membranes and provide a
basis for comparing the quenching of fluorescent molecules in biological membranes of differing composition.

INTRODUCTION

The quenching of fluorescent molecules has for many years
provided useful information on the nature of bimolecular
interactions in free solution. In more recent times, the
experimental techniques and methods of data analysis have
been extended to two-phase systems to study the structural
and dynamical properties of molecular assemblies such as
detergent micelles and phospholipid bilayers (1). Analysis
of the time-resolved and steady-state emission yields infor-
mation on the permeability of the lipid-water interface to
the quencher, the proximity of fluorophore and quencher
within the lipid structure and the dynamical properties of
the lipid interior.

In most steady-state fluorescence experiments, data is
initially presented in the form of Stern-Volmer plots where
the quenching efficiency is related to the total quencher
concentration (2). In homogeneous solvents of low viscosi-
ty, linear Stern-Volmer plots are obtained and the bimo-
lecular rate constant may be calculated from a knowledge
of the excited-state lifetime of the fluorophore. Upward-
curving Stern-Voimer plots have also been observed as the
viscosity of the solvent increases, and can be attributed to a
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static quenching mechanism (3). Under the latter condi-
tion, a fluorophore within a spherical volume surrounding
the quencher is quenched instantaneously, while fluoro-
phores located outside an active sphere may be quenched
by collisional interactions.

These quenching mechanisms (i.e., dynamic and/or
static) have also been proposed to explain the shapes of
Stern-Volmer plots in two-phase systems (3-8). However,
the nature of the distribution of quencher between aqueous
and lipid compartments has not been examined in detail,
and the effects of this distribution on the characteristics of
Stern-Volmer plots have not been explored. Two distribu-
tion processes have been identified: partitioning and bind-
ing (9). These are separate thermodynamic processes and
cannot be interchanged. The former requires that the ratio
of the concentration of quencher between aqueous and
lipid phases is constant and independent of the amount of
quencher added and of the volume fraction of each phase,
whereas the latter implies saturable binding to a limited
number of binding sites (10).

Identification of these processes is important from three
points of view. First, if values of the bimolecular rate
constant for dynamic quenching are to be derived from
Stern-Volmer plots, then the abscissa must represent the
concentration of quencher in the lipid phase rather than its
concentration in the total volume of the system. Second,
once the concentration of quencher in the lipid phase is
determined experimentally, the data may be tested accord-
ing to a partition or binding model to distinguish between
the two association processes. Finally, the effect of the
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association process on the form of the Stern-Volmer plot
can be considered. This article examines these questions
and aims to describe the effects of quenching mechanism
and type of quencher association on Stern-Volmer plots for
detergent micelles and phospholipid bilayers. Computer-
simulated curves highlighting the variety of obtainable
shapes are generated for each case, and where appropriate,
are used to fit previously published experimental data. The
results show that, with careful manipulation of data,
comprehensive descriptions of the quenching processes
involved are obtainable.

METHOD OF SIMULATING
STERN-VOLMER PLOTS

In solvents of low viscosity the quenching efficiency is given by (2)

I T
70 1= :° — 1 = kg7o[Q] 1, M)

where Iy, I and 1,, 7 are the fluorescence intensities and lifetimes in the
absence and presence of quenchers, respectively, k, is the bimolecular rate
constant and [Q]y is the total quencher concentration. As the viscosity
increases static quenching competes effectively and Eq. 1 becomes (11)

Iy
1 exp W[Q] T
where W is the static quenching constant. The right-hand side of Eq. 2
vanishes when only static quenching occurs.

For a quencher that associates with a micelle or vesicle, the effective
quencher concentration may be given by (12, 13)

@
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where {(Q) is the average number of quenchers per lipid structure and ¥

is the molar volume of the lipid structure. (Q) can also be expressed in
terms of [Q]rand [(Q]4 by (14)

(2l — [Qla

(Q) = ]
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where [M] is the concentration of lipid structures (micelles or bilayer
membranes). Substitution of [Q’], for [Q] in Eq. 2 and rearrangement
gives
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Values of (Q) depend on the type of association and can be expressed in
terms of a combination of partitioning and binding processes (9, 15)

PKW[Q]a
1+ Ky[Qla”

where [Q], is the concentration of quencher in the aqueous phase, (Q),
and (), are the average number of partitioned and bound quenchers per
lipid structure, respectively, K, is the partition coefficient, K, is the
binding constant, and p is the number of binding sites. A plot of
{Q)/[Q]4 against (Q) is in fact a Scatchard plot from which the type
and strength of association may be derived. Determination of the
constants K, K,, and p will be discussed in detail in a later section.
Three possible types of association arise: partition, binding, or a
combination of partition and binding (9). To simulate Stern-Volmer plots

(@) =(Q)p + (Q)p = VLK, [Q]4 + ©)
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(i.e., Iy/I — 1 vs. [@]1), it is necessary to calculate values of {(Q) over a
range of selected values of [Q]r and substitute into Eq. 5. This will also
allow choice of dynamic and /or static quenching mechanisms.

Partition

In the case of a quencher whose distribution is determined only by a
partition equilibrium, (@), = 0 and the combination of Egs. 4 and 6 gives
(Q) in terms of [Q]y

VLK, [Qlr

1+ VK, IM]’ M

(@) =(Q), =

At particular values of K, and [M], the Stern-Volmer plot may be
generated by substitution into Eq. 5. The partition coefficient is indepen-
dent of the volume fraction of each phase and is only limited by the
solubility of the quencher in each phase.

Binding
In the case of binding only, (@), = 0 and the combination of Egs. 4 and 6
leads to a quadratic of the form

A[QI4 + B[Qlx + C=0, (8)

where A = K, B = pK,[M] — K,[Q]r + 1, and C = —[Q]+. Solving for
[Q]a at particular values of p, K, [M], and [@]y allows calculation of
(Q) and substitution into Eq. 5.

Partition and Binding

In cases where both processes occur simultaneously, a quadratic of the
form shown by Eq. 8 is obtained with 4 = K,(1 + K,V [M]), B =
K VL IM] + pKy[M] — Ku[Q]7 + 1, and C = —[Q]7. Substitution of
chosen association parameters at various values of [Q]r, and solving for
(@14, enables calculation of {@) (= (@), + {Q)s). Since, in effect, there
are two populations of quenchers, namely, partitioned and bound, allow-
ance must be made whereby each population can quench fluorescence by
static and/or dynamic mechanisms. Under these conditions, Eq. 5
becomes

Io _1
W(Q), + (@)
p v,

Iex

- {,ﬂ (kop (@) + kop (@)s),  (9)
L

where &, and k,, are the bimolecular rate constants for partitioned and
bound quenchers, respectively. Values of k,, and k., may differ (see
below). In all fitting procedures, however, we have assumed that both
partitioned and bound quenchers have the same static quenching con-
stant.

EXPERIMENTAL METHOD OF
DETERMINING ASSOCIATION CONSTANTS

Although a number of standard biochemical techniques exist for determi-
nation of association constants, recent developments in steady-state
fluorescence quenching methods have provided an alternative procedure
in compartmentalized systems. The simplest method of differentiating
between binding and partitioning processes is based on a procedure of
Encinas and Lissi (15) as extended by Blatt et al. (16). The main
assumption is that the quenching efficiency at a particular concentration
of quencher is determined by a single independent variable, (Q),
irrespective of the quenching mechanism or the type of quencher distribu-
tion. The concentration of quencher in the lipid phase, [Q],, with respect
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to the total volume of the system is given by

[Ql = (Q)[M]. (10)
Making use of the law of conservation of mass
(Qlr = [l + [Q]a- (11)
Substitution of Eq. 10 into Eq. 11 gives
[Qlr = (@) [M] + [Qla- (12)

Plots of [Q]1 against [M], at the same quenching efficiency, for a series of
values of Io/I allows determination of (@) as a function of [Q].. As
indicated earlier, the dependence of (Q)/{Q]s on (@) is commonly
evaluated in the study of ligand binding to proteins and is known as a
Scatchard plot. If only partitioning occurs, a horizontal Scatchard plot is
abtained (refiecting the independence of (Q)/[Q], with (Q)), and
(Q)/1Q], is directly related to K, by

)
Q1 WNIQI\

where the primed symbols ([Q’]., {Q'].) refer to concentrations of
quencher with respect to the volumes of lipid and aqueous phases,
respectively (17). In the case of binding to a single class of independent
binding sites, a linear Scatchard plot with a negative slope is obtained and
K, and p are evaluated from the slope and abscissa intercept, respectively
(10). When both association processes occur simultaneously, Eq. 6
predicts that (Q)/[Q]. will decrease with increasing (@], (and hence
with increasing (Q)) and will asymptote to a constant value of V. K, (15).
K, and p may be calculated from the slope and intercept of the linear
region of a plot of (Q) against [Q]. (9) (ie., when [Q], » 1/K,).
Substitution of these values into a rearranged form of Eq. 6

_ (Q)/[Qls - ViK,
* 7 p - [QI(KQ)/[Qla — V1K,

The value of K, may be determined by suitable choice of {Q) correspond-
ing to a value of [Q]..

The association constants obtained from the above analysis can be used
to simulate Stern-Volmer plots, as outlined in the previous section. The
quenching parameters, k, and W, are then varied until the best fit of the
experimental Stern-Volmer plot is obtained.

K, (13)

(14)

COMPARISON OF SIMULATED CURVES
WITH EXPERIMENTAL DATA

In this section, Stern-Volmer plots are constructed under
differing conditions of quencher association and quenching

[DM Al (mM]

mechanism and are compared with experimental data
obtained in detergent micelles and phospholipid bilayer
vesicles. The association parameters chosen for these simu-
lations are those determined previously by experiment.

Partition

An example of partition behavior is seen with dimethylan-
iline (DMA)' as the quencher and Triton X-100 as the
lipid structure. The fluorophores used were anthracene,
9-methyl anthracene (9-MA), and n-(9-anthroyloxy) fatty
acids (n = 2, 6,9, 12) (16, 18). Horizontal Scatchard plots
were found in all cases indicating a partitioning process
with no contribution from binding (data not shown).
Values of K, were calculated by substitution into Eq. 13.
Stern-Volmer plots were then generated by varying k, and
W in Eq. 5 until best fits were obtained over a range of
micelle concentrations. Fig. 1 a shows typical experimental
data with lines of best fit, and Table I lists the resulting
quenching constants obtained for all fluorophores. As
expected for quenching in aqueous micellar solutions (5),
both quenching mechanisms contribute to the change in
fluorescence emission. Also listed in Table I are values of
k, calculated by correcting the abscissa axis of transient
Stern-Volmer plots (Fig. 1 b) by substitution of [Q’], for
[Q]+ and determination of the slopes of the linear plots.
Fig. 1 b shows the expected steady-state Stern-Volmer
plots (Eq. 1) when only dynamic quenching operates.
Except for 6-AS, excellent agreement between the two
extracted values of k, is obtained (the reason for the
unusual behavior of 6-AS is not clear). Although the
fluorophores locate at different depths within the lipid
structure, little variation in values of k, is apparent,
supporting the notion of micelle homogeneity (17). The
microviscosity (19) of the micelle interior may be calcu-

! Abbreviations used in this paper: 2-AP, 2-(9-anthroyloxy) palmitic acid;
n-AS, n-(9-anthroyloxy) stearic acid (n = 6, 9, 12); 9-MA, 9-methyl
anthracene; DMA, N,N-dimethylaniline; SDS, sodiumdodecy! sulphate;
CTAB, cetyltrimethylammonium bromide; egg PC, egg phosphatidyl-
choline.

[ DMA] (mM]

FIGURE 1 Stern-Volmer plots for Triton X-100 with DMA as quencher. (a) Steady-state quenching of 9-MA; [Triton X-100] = 0.01 M
(@),0.02 M (0),0.03 M (A), 0.04 M (O). Lines of best fit were simulated using parameters given in Table 1. (b) Dynamic quenching in 0.04
M Triton X-100; anthracene (A), 9-MA (0O), 12-AS (@), 9-AS (0), 6-AS (W), 2-AP (A).
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TABLE I
PARTITION AND QUENCHING CONSTANTS IN TRITON X-100 WITH DMA AS QUENCHER

Fluorophore

Parameter

12-AS 9-AS 6-AS 2-AP Anthracene 9-MA
K, 60 + 2 60 + 2 60 + 2 60 + 2 722 64 +2
1o(n8) 14.0 + 0.2 13.3 £ 0.2 119 + 0.2 8.7+0.2 3702 127 £ 0.2
kq(IO‘M"s")‘ 6+1 Sx1 31 51 41 41
ko (10° M~'s~Ni 6x1 Sx1 61 51 521 411
Ww(M™H)* 605 7+0.5 7+0.5 6+05 5+05 5+05
WM-Y)§ 9:05 10 £ 0.5 10 £ 0.5 9+0S5 3+05 3:05

*Best fit from Eq. 5.
$Calculated from value of K, and Fig. 1 b.
§ Values in hydrocarbon solvents taken from Refs. 3 and 18.

lated by substitution of k  into the modified form of the
Debye expression (13).

8RT

- i
120009 (13)

where 7 is the microviscosity corresponding to a specific
quencher/fluorophore interaction. This results in microvis-
cosities of 16—24 centipoise (cP), compared with previously
determined values of between 12-35 cP (12, 20, 21). It has
been recognized that the assumptions underlying Eq. 15
are not valid within the confined spaces of micelles and
bilayer vesicles (22). Nevertheless, as the above compari-
son shows, good agreement is observed between this proce-
dure and other fluorescence probe techniques such as
fluorescence polarization (20) and changes in quantum
yields (21). Values of k; may also reflect the accessibility
of the fluorophore to quencher, as illustrated in protein
quenching studies (23, 24).

The static quenching constant, W, has usually been
interpreted in terms of an active sphere surrounding the
fluorophore. The probability of quenching is 1 if a
quencher resides within this sphere of influence. Various
combinations of quencher and fluorophore will have dif-
ferent intrinsic values of W and therefore different spheres
of influence. Table I summarizes values of W extracted by
application of Eq. 5. These are compared with values
determined from Stern-Volmer plots of steady-state data
for DMA quenching in hydrocarbon solvents, analyzed
according to Eq. 2. Within Triton X-100 micelles and in
hydrocarbon solvents, W varies between the anthroyloxy
fatty acids on the one hand and anthracene and 9-MA on
the other. We note also that the values of W determined by
both methods are constant within the series of fatty acid
fluorophores, indicating that the size of the active sphere is
independent of the position of the anthroyloxy group along
the acyl chain of the fatty acid.

Binding
Some confusion in the literature exists regarding the
descriptive and formal usage of the two association pro-
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cesses, binding and partition. Often, an equilibrium con-
stant is defined either without specifying the type of
process (25-28), or expressing the process as binding
without adherence to the formal definition of that process
(29-31). The latter situation probably arises from the
appealing description of ionic quenchers as “binding™ to
micelles with head-groups of opposite charge. Formal
description of the association process as binding, however,
requires demonstration that the interaction is saturable
and is described by one or more binding constants with
their respective site numbers.

To simulate Stern-Volmer plots for the case of binding,
we chose to use the thermodynamic (p, K,) and spectros-
copic (k,, 7o) parameters pertaining to the quenching of
anthracene fluorescence by Cu?* in sodium dodecylsul-
phate (SDS) micelles (29). The effects of varying K, and p
when only dynamic quenching occurs are shown in Figs.
2 aand 2 b, respectively. In these plots, 7 = 5 x 10~%s,and
ky = 1.2 x 10° M~'s~". (29). An interesting feature of Fig.
2 is the direct proportionality of the quenching efficiency
with (Q), so that at high concentrations of quencher the
curves can be seen to asymptote as {Q) approaches p. In
Fig. 2 a, pis constant (p = 3) and K, is varied between 100
M-! and K, — =. Here there are significant differences
between the curves at low [Q]r, although as K, — o
(>10° M!) the curves become indistinguishable. Fig. 2 b
shows that at low [Q]y it may not be possible to discrimi-
nate between different values of p. For example, in order to
distinguish between p = 40 and p = 60, the total concentra-
tion of added quencher must exceed 30 mM.

The effects of introducing a static quenching component
are shown in Fig. 3. Similar sigmoidal curves are obtained
under conditions of static quenching only (curve a) and
when both static and dynamic mechanisms operate simul-
taneously (curve b), although the quenching efficiency is
enhanced in the latter case. It should be noted, however,
that unlike the case of dynamic quenching only, the
quenching efficiencies, however, are not proportional to
{Q) and the plateau region will not correspond to a
particular value of p.

The simulations shown in Figs. 2 and 3 can now be
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FIGURE 2 Simulated Stern-Volmer plots in the case of binding and dynamic quenching. (a) p = 3, from bottom to top, K, = 100, 1,000,
8,800 M~', and K, — . (b) K, = 8,800 M~"; from bottom to top, p = 3, 20, 40, 60. In both graphs, 7o = 5 x 107°s, k, = 1.2 x 10° M~'s~"
[SDS] = 0.05 M. Note the scale in {(Q) on the right hand side of each figure.

compared with the Stern-Volmer plots of Ziemiecki et al.
(Fig. 1 of reference 29). There, the plots curve upward at
low [Q]+, but become linear at higher quencher concentra-
tions. Such behavior was attributed to static and dynamic
quenching. The quenching data presented, however, could
not be reasonably fitted by our model within the following
range of values: W = 0-8 M™'; k, = 0-10'° M~'s™' (the
upper value of k, is the diffusion limiting rate constant for
water at 20°C); K, = 100 — « M~'; p = 1-60 (the upper
value of p is the aggregation number of SDS). Further
interpretation and fitting of the data will be presented in
the following section.

Partition and Binding

Four combinations are examined in the case of simulta-
neous quencher partition and binding:

(a) dynamic quenching only (k,,, k,p).

(b) dynamic quenching for partitioning molecules (k
and static quenching for binding molecules (W}).

(¢) dynamic and static quenching for partitioning mole-
cules (k,,, W,) and static quenching for binding molecules
(W,) (i.e., bound quenchers are unable to diffuse).

(d) dynamic and static quenching for partitioning and
binding molecules (k ,, kyn, Wp, Wy).

Fig. 4 shows typical Stern-Volmer plots according to
case a where k,, was constant and k,, was varied between

9P )

O i i A
0 3 6 9

{aly (mM)

FIGURE 3 Simulated Stern-Volmer plots for binding in the case of (a)
static quenching only with W = 2 M~'; () static and dynamic quenching
with W = 2M~" and k, = 1.8 x 10* M~'S~". For both plots, K, = 10°
M~ p=10,7,=5 x 107%, and [SDS] = 0.05 M.
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zero and k_,, that is, we assumed that the translational
diffusion of the bound quenchers was less than that for
partitioned quenchers. The association constants chosen
for the simulations were those obtained for the quenching
of 2-AP by 5-nitroxide stearate (5-NS) in egg yolk phos-
phatidylcholine vesicles (egg PC) (16, 17). In all cases,
biphasic plots are observed where the initial slope is due to
the contribution of binding and partitioning quenchers and
the parallel lines at higher [Q]y correspond to partitioning
quenchers only. An interesting feature of Fig. 4 is the
apparent linearity of curve d brought about by specific
relative values of k., and k,,. Such a plot could not be
readily distinguished from the case of partitioning with
dynamic quenching (see Fig. 1 b).

Experimental data for the quenching of 2-AP by 5-NS
in egg PC vesicles are plotted in Fig. 5. Clearly, the data do
not follow the curvature predicted by case a above. How-
ever, the points were well fitted by case d with quenching
parameters of k,, = 2.1 x 10* M~'s7', k,, = 0.7 x 10°
M~'s™'and W, = W, = 2.8 M™". The significantly higher
value of k_, than k_, implies that the partitioned quenchers
can move more easily from one point in the membrane to
another, whereas the bound quenchers are more restricted
in their translational diffusion.

Previous quenching studies of anthracene fluorescence

04 L
e
Io
T L U//
02| /
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i
0 L i i
0 3 6 g
[Qly (uM)

FIGURE 4 Simulated Stern-Volmer plots for the case of binding and
partition with dynamic quenching only. Constants chosen were from
reference 16 and are K, = 3.9 x 10, K, = 10° M~', p = 139, 1, = 8.8 x
107%, [Lipid] = 0.07S mM, k,, = 4.5 x 10* M~'s™!, k. = (2) O, (b) 10%,
(€)2 x 10%, (d) 3 x 10%, () 4.5 x 10° M~'s~".

353



0 10 20 30
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FIGURE 5 Stern-Volmer plots for the quenching of 2-AP by 5-NS in
egg phosphatidylcholine vesicles, at [Lipid] = 0.075 mM (@), 0.1 mM
(0), 0.2 mM (A), 0.3 mM (0). Association constants were the same as in
Fig. 4. Lines of best fit are plotted with k., = 2.1 x 10® M~'s7,

kyp =07 x 10°M™'s™!, W, = W, =28 M~".

by DMA in cetyltrimethylammonium bromide (CTAB)
micelles (15, 32) indicated that the fluorophore locates at
the micelle surface. DMA was shown to “bind” specifically
to anthracene molecules associated with the micelle, as
well as to partition within the lipid phase as revealed by the
quenching of fluorophores buried deeper in the micelle
(32). Re-examination of the data according to the theory
outlined here gave K, = 190, K, = 1.23 x 10°M™'and p =
1.9. The experimental points plotted in Fig. 6 are then only
fitted well by case ¢ with k,, = 1.3 x 10° M~'s™" and
W, = W, = 1.6 M. That the bound quenchers do not
show a dynamic component is to be expected, since the
corresponding DMA /anthracene complexes are tightly
held together and will not collide. The value of k, = 1.3 x
10° M~'s™' (corresponding to collisions between parti-
tioned quenchers and anthracene) is approximately three
times greater than in Triton X-100 (see Table I), and
reflects either easier accessibility of quencher to fluoro-
phore brought about by the concentration of both mole-
cules at the micelle surface, or a lower “viscosity” within
CTAB.

A re-evaluation of the quenching data presented by
Ziemiecki et al. (29) is now considered. In that study, a

[DMA]+ (mM]

FIGURE 6 Stern-Volmer plots for the quenching of anthracene by
DMA in CTABat [L] = 0.01 M (@), 0.02 (), 0.03 M (A), 0.04 M (O).
Calculated association constants were K, = 190, K, = 1.23 x 10° M~',
andp = 1.9. 7, = 1.22 x 10~ s was taken from reference 32. Lines of best
fit are also plotted with ko, = 1.3 x 1 M™'s™, W, = W, = L6 M~".
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binding constant for Cu®* to SDS was determined from the
linear region of a Stern-Volmer plot at high values of [Q]+,
according to an expression derived by Atik and Singer
(33). The model used, however, is applicable to dynamic
quenching only. Thus, the linear region was considered to
be due to dynamic (or collisional) interactions, and the
nonlinear region at low [Q]; as the result of a static
quenching mechanism. This interpretation is unlikely,
especially in the case of fluorophores with short excited-
state lifetimes (5), and it seems more probable that the two
quenching mechanisms contribute simultaneously. (In-
deed, as [Q]r increases the ratio of static quenching to
dynamic quenching increases [see Eq. 2]).

We showed earlier that the binding model did not fit the
quenching data under a number of different conditions.
Plots ‘according to Eq. 12, however, were linear and a
Scatchard plot indicated that partitioning (with K, ~ 100)
was the main association process. The experimental points
were then fitted to the four possible binding and partition-
ing combinations assuming K, = 8,800 M~ and allowing p
to be an additional variable. Although the best fit was
obtained with p = 3, it was not possible to distinguish
between cases a, b, or d. (Case ¢ was clearly inappro-
priate). Fig. 7 shows the experimental points and typical
lines of best fit using case b, and Table II lists the
parameters obtained for the best-fitted combinations.

It can be seen in Fig. 7 that at [SDS] = 0.05 M and 0.1
M the data are fitted well by the simulated curves, but at
[SDS] = 0.15 M there is significant deviation. The reason
for this is not clear, although we do point out that in
previous studies of quencher association, surfactant con-
centrations were generally below 0.1 M (25-27, 31-33).
There is evidence suggesting changes in micellar shape at
high surfactant concentrations (34). Interesting compari-
sons can be made between the resulting fitted parameters
listed in Table II and those obtained by Ziemiecki et al.
(29). The case b fit gave a bimolecular rate constant
corresponding to the partition process of k., = 1.6 x 10°
M~'s~!and a static quenching constant associated with the

[Cu**l(mMi

FiGURE 7 Lines of best fit for the fluorescence quenching data of
Ziemiecki et al. (29) using case (b) binding and partitioning (see text),
with K, = 100, K, ~ 8,800 M ' and fitted parameters of k , = 1.6 x 10°
M-is-l W =68M', p=3.[SDS] - 005M(e),0.1 M (O),0.15M
(A).
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TABLE I1
FITTED QUENCHING CONSTANTS FOR THE DATA OF
ZIEMIECKI ET AL. (29) FOR THE CASE OF
SIMULTANEOUS BINDING AND PARTITIONING*

Type of combination

Parameter
(@) )] d)
k10’ M5! 55+ 1.0 1.6 +0.3 46+ 038
kq.,,lo9 M5! 1.6 £ 0.3 1.7+ 03
WM™ — 68 +0.5 0.3 £ 0.1

*Constants were: K, = 100, K, = 8,800 M~', p = 3. Cases (a), (b) and
(d); see text.

binding process of W, = 6.8 M~'. The former value is
similar to k; = 1.2 x 10~ M~'s™" determined from the
analysis of lifetime measurements of methylpyrene
quenching by Cu?* (27). However, in contrast to the model
of Ziemiecki et al. (29), the model presented here is
consistent with the nonlinear region resulting from the
static quenching mechanism, and the linear region brought
about by the dynamic quenching mechanism, that is, once
the binding sites are occupied, only the dynamic interac-
tions of the partitioned quenchers and the fluorophore are
observed. The value of W is similar to that in Triton X-100
with DMA as quencher (Table I) indicating a radius of
active sphere of ~14 A (35).

The similar dynamic quenching parameters of fits to
cases a and d, and the very low value of W in the latter
case, suggest the two combinations cannot be differen-
tiated. Moreover, it seems unlikely that either type
describes the experimental results since, as mentioned
earlier, a large contribution of static quenching is expected.
It should be noted that, in general, case d behavior
predicts upward curvature as [Q]r increases (see Fig. 6).
Also, the data was well fitted by case a due to the small
value of p; that is, the linear region at low [Q]y, brought
about by dynamic interactions of the binding quenchers, is
quickly overshadowed by ensuing partitioning quenchers.
This effect can be contrasted to the longer linear regions
observed at relatively low [Q]r when p is much greater
(Fig. 4).

It should be noted that the data of Ziemiecki et al. (Fig.
7) is collected under conditions where [Cu**] « [SDS]
and thus saturation of binding sites is not possible. In such
situations where a wide range of fractional saturation of
binding sites is not examined, it becomes difficult to
determine binding parameters accurately.

Finally, we note that the combination of dynamic
quenching with quencher partitioning has been treated by
Lakowicz and colleagues (36; 37) in relation to the quench-
ing of carbazole-labeled phospholipids by chlorinated
hydrocarbon insecticides. The principle employed, that of
using the dependence of quenching on the membrane
concentration to determine k, and k,, is the same as that
discussed here although the method of data analysis is
different. In their particular examples it was not necessary
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to consider the effects of mixed partition-binding associa-
tions or of mixed dynamic-static mechanisms.

CONCLUSION

Information about the internal properties of lipid struc-
tures and the permeability of lipid/water interfaces to
quencher molecules can be obtained by the fluorescence
quenching technique. Understanding of the fundamental
processes involved, and the effects of compartmentaliza-
tion on these processes, are requisites for qualitative and
quantitative descriptions. This paper has shown the effects
of the type of quencher association and quenching mecha-
nism on Stern-Volmer plots in compartmentalized systems,
in order to achieve that aim.

The computer simulations and consequent fitting to
experimental data, show the variety of situations that can
arise from a consideration of the two quenching mecha-
nisms, dynamic and static, and the two association pro-
cesses, binding and partition.

A particular set of data can sometimes be fitted by a
variety of parameters. Under these conditions, however, it
is often possible to assess the most likely combination of
parameters. The advantage of the fitting procedure is that
it enables a comprehensive description of the quenching
process from steady-state data alone. Thus, lengthy experi-
ments with expensive equipment (for measuring fluores-
cence lifetimes) can be circumvented. It should also be
noted that in some cases high quencher concentrations are
required before various models can be differentiated.
Under such conditions, due consideration must be given to
the possibility of perturbations in macromolecular struc-
ture.
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