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Small-Molecule Photostabilizing Agents are Modifiers of Lipid Bilayer
Properties
Jose L. Alejo, Scott C. Blanchard, and Olaf S. Andersen*
Department of Physiology and Biophysics, Weill Cornell Medical College, New York, New York
ABSTRACT Small-molecule photostabilizing or protective agents (PAs) provide essential support for the stability demands on
fluorescent dyes in single-molecule spectroscopy and fluorescence microscopy. These agents are employed also in studies of
cell membranes and model systems mimicking lipid bilayer environments, but there is little information about their possible
effects on membrane structure and physical properties. Given the impact of amphipathic small molecules on bilayer properties
such as elasticity and intrinsic curvature, we investigated the effects of six commonly used PAs—cyclooctatetraene (COT),
para-nitrobenzyl alcohol (NBA), Trolox (TX), 1,4-diazabicyclo[2.2.2]octane (DABCO), para-nitrobenzoic acid (pNBA), and
n-propyl gallate (nPG)—on bilayer properties using a gramicidin A (gA)-based fluorescence quench assay to probe for PA-
induced changes in the gramicidin monomer4dimer equilibrium. The experiments were done using fluorophore-loaded large
unilamellar vesicles that had been doped with gA, and changes in the gA monomer4dimer equilibrium were assayed using a
gA channel-permeable fluorescence quencher (Tlþ). Changes in bilayer properties caused by, e.g., PA adsorption at the
bilayer/solution interface that alter the equilibrium constant for gA channel formation, and thus the number of conducting gA
channels in the large unilamellar vesicle membrane, will be detectable as changes in the rate of Tlþ influx—the fluorescence
quench rate. Over the experimentally relevant millimolar concentration range, TX, NBA, and pNBA, caused comparable
increases in gA channel activity. COT, also in the millimolar range, caused a slight decrease in gA channel activity. nPG
increased channel activity at submillimolar concentrations. DABCO did not alter gA activity. Five of the six tested PAs thus alter
lipid bilayer properties at experimentally relevant concentrations, which becomes important for the design and analysis of
fluorescence studies in cells and model membrane systems. We therefore tested combinations of COT, NBA, and TX; the
combinations altered the fluorescence quench rate less than would be predicted assuming their effects on bilayer properties
were additive. The combination of equimolar concentrations of COT and NBA caused minimal changes in the fluorescence
quench rate.
INTRODUCTION
Fluorescence techniques such as bulk fluorometry, fluores-
cence correlation spectroscopy, wide-field, scanning
confocal, total internal reflection fluorescence, and super-
resolution microscopy rely on stable fluorescent species
(1–4). The use of such fluorophores, which include organic
dyes, fluorescent proteins, inorganic quantum dots, and
nanocrystals, is limited by stochastic blinking and irre-
versible photobleaching. Blinking is an illumination inten-
sity-dependent, reversible loss of fluorescence that leads to
dark states. Photobleaching is an irreversible loss of fluores-
cence arising from chemical damage of the fluorogenic cen-
ter. As oxygen and oxygen-generated molecular species
contribute directly to photobleaching (5–7), oxygen-scav-
enging systems are typically employed to extend fluoro-
phore lifetimes (4). However, such efforts tend to increase
the prevalence of long-lived dark states because oxygen is
also an effective triplet state quencher (TSQ) (5,8). It thus
becomes important to control these photophysical pro-
cesses, in order to enhance dye brightness, stability, and
lifetime. To this end, small-molecule photostabilizing, or
protective agents (PAs), such as the antioxidant Trolox,
Submitted August 7, 2012, and accepted for publication April 11, 2013.

*Correspondence: sparre@med.cornell.edu

Editor: Huey Huang.

� 2013 by the Biophysical Society

0006-3495/13/06/2410/9 $2.00
the TSQ cyclooctatetraene, and the oxidant para-nitroben-
zoic acid, are typically employed to suppress the prevalence
and duration of triplet dark states (1–4,8–12).

Many of these compounds are rather hydrophobic—
the calculated logarithm of the octanol/water distribution
coefficient at pH 7.4 (cLogD) ranges from ~–1.3 for para-
nitrobenzoic acid to ~2.5 for cyclooctatetraene (see Table
S1 in the Supporting Material)—and they are employed at
millimolar concentrations. These compounds thus may
have undesired effects because they partition into the
bilayer, thereby altering bilayer properties (13–15). This is
important because membrane proteins occur in different
conformations, with different organization of the bilayer-
spanning domains (16), and hydrophobic interactions
between bilayer proteins and their host bilayers couple
conformational changes of bilayer-spanning proteins to
local deformations of the bilayer adjacent to the proteins
(16–19). This bilayer deformation has an associated ener-
getic cost, the bilayer deformation energy ðDGdefÞ—and
the difference in bilayer deformation energy between two
protein conformations (I and II) becomes the bilayer con-
tribution ðDGI/II

bilayer ¼ DGII
def � DGI

defÞ to the overall free
energy cost of the protein conformational change (16).
Adsorption of amphiphiles at the bilayer interface (or parti-
tioning into the bilayer core) with the associated changes in
http://dx.doi.org/10.1016/j.bpj.2013.04.039
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FIGURE 1 Using gA channels as probes for changes in lipid bilayer

properties. Bilayer-spanning gA channels form by transmembrane dimer-

ization of two b6.3-helical subunits, with a hydrophobic length that is less

than the hydrophobic length of the unperturbed bilayer. (Left) Because

the channel length (l) is less than the unperturbed bilayer thickness (d0),

there is a hydrophobic mismatch; the bilayer will adapt to minimize the

exposure of hydrophobic residues to water. This adaptation involves local

compression of the bilayer hydrophobic core and bending of the bilayer/

solution interface. Channel formation thus will incur an energetic cost,

meaning that the energetic cost of channel formation varies with changes

in lipid bilayer properties. (Right) In bilayers that have been modified by

the adsorption of amphiphiles at the bilayer/solution interface, the bilayer

has additional degrees of freedom in terms of how it adapts to a channel-

bilayer hydrophobic mismatch because the amphiphiles may redistribute

between the membrane and the aqueous phases, which will tend to reduce

the magnitude of the energetic cost of channel formation such that the gA

monomer4dimer equilibrium will tend to be shifted toward the conducting

dimers. (In some cases, e.g., our results with COT, the compound increases

the energetic cost of channel formation and shifts the gA monomer4dimer

equilibrium toward the nonconducting monomers.)
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bilayer physical properties (such as changes in thickness,
intrinsic curvature, and the associated elastic moduli),
together with this energetic coupling, provides a general
mechanism for nonspecific alterations in membrane
protein function (20–24). Because the PAs listed above
have been employed in fluorescence-based studies on live
cells (25–32) and biomembrane model systems (33–38),
we explored whether commonly used PAs such as
TX (Trolox), nPG (n-propyl gallate), DABCO (1,4-Diazabi-
cyclo[2.2.2]octane), COT (cyclooctatetraene), NBA (para-
nitrobenzyl alcohol), pNBA (para-nitrobenzoic acid), and
PCA (protocatechuic acid) (their structures are shown in
Fig. S1 in the Supporting Material and their physico-
chemical properties are summarized in Table S1) alter lipid
bilayer properties, as sensed by bilayer-spanning channels,
using the gramicidin A (gA) channels as probes.

gA channels have been employed extensively as probes
to explore how changes in membrane composition,
including the adsorption of small amphiphiles, alter bilayer
properties using electrophysiological (18,20–24,39) and
stopped-flow fluorescence (40,41) methods. gA channels
are suitable probes for changes in bilayer properties
because channel formation in a bilayer with a hydrophobic
thickness (3–5 nm) that exceeds the channel’s hydrophobic
length (~2.2 nm (42,43)) causes a local decrease in bilayer
thickness to match the channel length (44); see Fig. 1. (An
alternative scheme, in which the gA current transitions
were proposed to represent closed4open transitions in
stable dimers, was proposed recently in Jones et al. (45).
This scheme is at odds with 40 years of studies. (Much
of the early evidence is summarized in Andersen et al.
(46), which show the gA channels form by the bimolecular
association/dissociation of gA subunits, and the results of
Jones et al. can be accounted for by exchange of gA
between different bilayer leaflets, which was proposed
long ago (47,48), and demonstrated experimentally (49).
We therefore do not consider this model.) As is the case
for membrane proteins, the bilayer deformation associated
with gA channel formation has an energetic cost, and the
difference in the bilayer deformation energy for the mono-
mers (M) and the bilayer-spanning dimers (D) becomes the
bilayer contribution ðDGM/D

bilayer ¼ DGD
def � DGM

defÞ to the
free energy of dimerization. Changes in lipid bilayer prop-
erties, whether it be changes in hydrophobic thickness,
intrinsic monolayer curvature, or the associated elastic
moduli (caused by adsorption at the bilayer/solution inter-
face or partitioning into the bilayer core), e.g., Evans et al.
(13), and Zhelev (50), will alter the DGM/D

bilayer contribution
to the free energy gA formation and be observed as
changes in channel activity (the time-averaged channel
density in the bilayer). It is thus possible to use gA chan-
nels to probe for, e.g., PA-induced changes in bilayer
properties.

In this study, the changes in gA channel activity were
monitored using a scalable gramicidin-based fluorescence
quench method (40) using gA-doped large-unilamellar
vesicles (LUVs) loaded with the fluorophore ANTS
(8-aminonaphthalene-1,3,6-trisulfonate) (Fig. 2), which
allows for the determination of the PA-dependent changes
in DGM/D

bilayer. When the ANTS-loaded LUVs are mixed with
the gA channel-permeant fluorescence quencher Tlþ in a
stopped-flow spectrofluorometer, the changes in the time
course of fluorescence quenching becomes a measure of
the changes of the average number of gA channels per
vesicle. Using this strategy, we find that TX, NBA, and
pNBA, at millimolar (1–4 mM) concentrations, caused
comparable increments (up to ninefold) in the average
gA activity. COT, again at millimolar (1–4 mM) con-
centrations, caused a slight decrease in the average gA
activity (up to ~50%), whereas nPG caused large (more
than 10-fold) activity increments at submillimolar
(0.2–0.8 mM) concentrations. DABCO did not alter gA
activity at the highest concentration tested (4 mM), sug-
gesting it does not alter bilayer properties. Knowing the
effects of these and other additives on lipid bilayer pro-
perties is anticipated to inform decisions about their use
in fluorescence studies on live cells and model membrane
systems.
Biophysical Journal 104(11) 2410–2418
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FIGURE 2 Testing for bilayer-modifying effects using stopped-flow

spectrofluorometry. ANTS-loaded LUVs formed with gramicidin A (gA)

are exposed to the quencher Tlþ. Over the experiment timescale of 1 s,

ANTS and TlNO3 are only slightly permeant through the lipid bilayer,

whereas gA channels are highly Tlþ permeable. The rate of Tlþ influx is

proportional to the number of conducting channels in the LUV membrane.

(Expanded view on the right) Segment of the lipid bilayer with the two

major gA conformers: nonconducting monomers and conducting dimers.

Modified after (40).
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MATERIALS AND METHODS

Materials

Unless otherwise noted, all reagents were from Sigma (St. Louis, MO), the

gramicidin used was the natural mixture of gramicidins, which is pre-

dominantly gramicidin A. DC22:1PC (1,2-C22:1-sn-glycero-3-phospho-

choline) was from Avanti Polar Lipids (Birmingham, AL). ANTS

(8-Aminonaphthalene-1,3,6-trisulfonate) disodium salt was from Invitrogen

(Eugene, OR). NBA (para-nitrobenzyl alcohol), nPG (n-Propyl gallate), and

COT (cyclooctatetraene)) were dissolved in DMSO (dimethyl sulfoxide) to

a final concentration of 1 M. PCA (protocatechuic acid, 3,4-Dihydroxyben-

zoic acid) was dissolved in deionized water to a final concentration of

100 mM, and the pH was adjusted to 7.0 using HNO3. DABCO (1,4-Diaza-

bicyclo[2.2.2]octane) was dissolved in water, and the pHwas adjusted to 7.0

with HNO3; the final concentration was 1 M. A buffered TX (Trolox) solu-

tion was prepared by dissolving TX in DMSO (0.5 M) followed by addition

of HEPES, NaNO3, and deionized water to yield a final composition:

135 mM NaNO3, 10 mM HEPES, and 10 mM TX at pH 7.0. A buffered

pNBA (para-nitrobenzoic acid) solution was prepared by dissolving

pNBA, HEPES, and NaNO3 in deionized water to a final composition of

130 mM NaNO3, 10 mM HEPES, and 20 mM pNBA at pH 7.0. The actual

TX and pNBA concentration was adjusted by mixing the TX/pNBA-

containing buffer with the TX/pNBA-free suspension of LUVs in extrave-

sicular buffer (140 mM NaNO3 and 10 mM HEPES at pH 7.0).
LUV preparations

The fluorophore ANTS was loaded into LUVs using hydration/mini-

extrusion (51). For each batch of LUVs, the lipid and gA solution was dried

under nitrogen and dried further in a desiccator under vacuum overnight.

The lipid film was hydrated in 100 mM NaNO3, 25 mM ANTS (Naþ

salt), and 10 mM HEPES, pH 7.0 at room temperature overnight, adjusting

the volume to give a 10 mM lipid, 5.2 mM gA suspension. The suspension

was sonicated in a Bransonic 3510 bath sonicator (Branson Ultrasonics,

Danbury, CT) at 90 W power for 1 min, subjected to five freeze-thaw cycles
Biophysical Journal 104(11) 2410–2418
and extruded 21 times at room temperature with an Avanti Polar Lipids

mini-extruder and 0.1 mm polycarbonate membrane filter. Unencapsulated

ANTS was removed using a PD-10 desalting column (GE Healthcare,

Piscataway, NJ), and the vesicle stock solution (~5 mM lipid) was stored

in the dark at 12.5�C for a maximum of seven days. For the fluorescence

experiments, the ANTS-loaded LUV stock solution was diluted 1:20 with

extravesicular solution buffer of 140 mM NaNO3 and 10 mM HEPES

at pH 7.0. (HEPES has some effects on lipid bilayer properties at high,

100-mM, concentrations, but is inert at 10 mM (52).) Electron microscopy

imaging of such samples showed that the vesicle size is normally distributed

with an average vesicle diameter of ~150 5 50 nm (data not shown).
Fluorescence spectroscopy

The time course of ANTS fluorescence quenching was measured at 25�C
using a SX.20 stopped-flow spectrofluorometer (Applied Photophysics,

Leatherhead, UK) with a 150 W Xenon lamp and two-sample-rapid mixing

unit with machine dead time ~1.5 ms. The excitation was at 352 nm and the

fluorescence was recorded above 450 nm with ProData control software and

high-pass filter from Applied Photophysics, with a sampling rate of 5000

points/s. For each sample, the additives were incubated with the LUV

suspension for 10 min and several (at least five) 1-s mixing trials were

recorded. In each buffer (fluorescence baseline) trial, the vesicle solution

was mixed with extravesicular solution buffer (140 mM NaNO3 and

10 mM HEPES at pH 7.0). In each quenching trial the vesicle solution

was mixed with quenching buffer (50 mM TlNO3, 94 mM NaNO3, and

10 mM HEPES at pH 7.0).
Data analysis

To quantify the PA-induced changes in the time course of fluorescence

quenching, the kinetics of ANTS quenching by Tlþ must be considered.

For a singlevesiclewith afixed numberof conducting channels, theTlþ influx

can be approximated as a first-order process. The size distribution of the

vesicles, however, leads to different-sized vesicles filling with Tlþ at varying

rates—and initially active pores may deactivate and new channels may form

over the time course of the experiment. For a single vesicle, with a single

conducting channel, the time course of fluorescence quenching is given by

EðtÞ ¼ FðtÞ
F0

¼ 1

1þ KQðNÞ½1� expf�ktg�; (1)

where F(0) and F(t) denote the fluorescence at time 0 (in the absence of

quencher) and at time t; E(t) is the normalized fluorescence; K is the

Stern-Volmer quenching constant; Q(N) is the intravesicular quencher con-

centration at time infinity (¼ the extravesicular quencher concentration);

and k is the rate constant for quencher influx (k ¼ s/Vol, where Vol is the

LUV volume and s is the quencher’s single-channel permeability coeffi-

cient). In this case, the initial rate of quenching (at t¼ 0) is given simply by

dEðtÞ
dt

����
t¼ 0

¼ �kKQðNÞ:

For a mixed population of vesicles, where the different populations

(1, 2,...) have different influx rates (k1, k2,.), the time course of quencher

influx becomes the weighted sum of exponential terms of the form of Eq. 1,

with weights that reflect distribution of vesicle size and the number of con-

ducting channels in the vesicle membrane (as well as the channel formation

rate and lifetime),

EðtÞ ¼ FðtÞ
F0

¼
X
i

wi

1þ KQðNÞ½1� riðtÞ�
; (2)
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where wi is the volume fraction and ri is the retention function (53) of the

vesicles in population i (vesicles of the same size will be distributed across

different populations based on the number of channel in their membrane).

Equation 2 can be expressed as a sum of exponential terms (see Methods in

the Supporting Material) such that

EðtÞ ¼ 1� Bþ B
X

i;m;n¼ 1

Jði;m; nÞe�kimnt; (3)

where B ¼ KQ(N)/[1 þ KQ(N)] and J(i,m,n) denotes the frequency

distribution of the exponential terms, and the indices i, m, and n denote

the vesicles size distribution, the pore distribution across vesicles, and

a series expansion of the wi=ð1þ KQðNÞ½1� riðtÞ�Þ terms in Eq. 2 (see

Methods in the Supporting Material and Eq. 15). Jði;m; nÞ accounts for
the distribution of vesicle sizes, as well as the distribution of conducting

channels among the vesicles. Such infinite sums of exponential terms can

often be represented in a mathematically efficient manner by a so-called

modified stretched exponential (54,55)

IðtÞ ¼ exp

�
1�

�
1þ t

t1

�b�
; (4)

where t1 is a parameter with units of time, and b (0< b% 1) is a parameter

that describes the dispersity of the distribution of vesicle sizes and number

of gA channels/vesicle. The experimental time course of fluorescence

quenching thus can be can be described as

EðtÞ ¼ FðtÞ
F0

¼ 1� Bþ B exp

�
1�

�
1þ t

t1

�b�
; (5)

with the initial rate of fluorescence quenching given by dEðtÞ=
dtjt¼0¼ �Bb=t1:

For the analysis, the fluorescence intensities F(t) were normalized to the

initial (first 2–10 ms) average fluorescence in the absence of quencher, F0.

For each experiment, Eq. 5 was fitted to the initial 1 s of each quenching

repeat (see Fig. 3 B) using a nonlinear least-squares fit implemented in

the software MATLAB (The MathWorks, Natick, MA) to provide estimates

for b and t1 (see Table S2). The initial quench rate (hki) then was estimated

as the initial rate of decay of the modified stretched exponential (Eq. 5, and

see Berberan-Santos et al. (55))

hki ¼ b

t1
; (6)

where the variation in hki reports on PA-induced changes in gA activity.

More specifically, approximating the theoretical average exponential decay
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rate (obtained from Eq. 3) to that obtained from the fits as Eq. 6, we obtain

the relation (see Methods in the Supporting Material)

r ¼ hki � hki0
hkiref � hki0

¼ ðb=t1Þ � ðb=t1Þ0
ðb=t1Þref � ðb=t1Þ0

y
p

pref
; (7)

where hki is the initial influx rate in the presence of the bilayer modifier;

hkrefi is the initial rate with no added modifier; hk0i is the average influx

rate in the absence of gA; and p and pref are the average number of gA

channels/vesicle in the presence and absence of the PA. This normalized

rate was used to quantify the changes in gA activity. In the limit

hki0=hki/0,

ry
hki
hkiref

:

Assuming that the added compounds alter only the bilayer contribution to

the free energy of the gA monomer4dimer equilibrium, we estimate the

modifier-induced changes in DDGM/D
bilayer as in Lundbaek et al. (16):

DDGM/D
bilayer ¼ DGM/D

bilayer;PA � DGM/D
bilayer;refy� kBT lnfrg: (8)

RESULTS

Tlþ permeates lipid bilayers slowly but is very permeant
through conducting gA channels. The rate of fluorescence
quenching hence is proportional to gA channel activity
(average number of conducting channels in the vesicle
membrane), which varies with changes in bilayer properties.
Such changes may be caused by amphiphiles that adsorb at
the bilayer/solution interface and thereby alter lipid bilayer
properties and thus the energetic cost of bilayer adaptation
required for hydrophobic matching to the bilayer-spanning
gA channel. Fig. 3 shows the time courses of fluorescence
quenching for vesicles incubated with increasing amounts
of TX. In the absence of the quencher, Tlþ, the ANTS-filled
LUVs fluoresce stably over the 1 s record (Fig. 3 A, top
curve). In gA-free LUVs, Tlþ produces a small, immediate
drop in fluorescence (Fig. 3 A, second curve from top) due to
the quenching of unencapsulated ANTS, as well as a slow
decay most likely due to TlNO3 ion-pair (56,57) leakage
across the bilayer. The time course of this slow fluorescence
+gA, 0 mM TX

+gA, 1 mM TX
+gA, 2 mM TX
+gA, 3 mM TX
+gA, 4 mM TX

s
.06      0.08      0.1

FIGURE 3 Effect of Trolox (TX) on the time

course of ANTS fluorescence quenching. (A)

(Traces) Normalized fluorescence time signal

over 1 s; (shaded dots) results from all repeats

(n > 5 per condition); (solid lines) average of all

repeats. (Top trace) Results in the absence of

the quencher Tlþ; (next two traces) results in the

absence of gA with Tlþ and without or with the

highest TX concentration employed (4 mM);

(lower five fluorescence time courses, from top to

bottom) gA-containing vesicles incubated with 0,

1, 2, 3, and 4 mM TX. (B) (Dots) Results from a

single repeat for each condition; (lines) modified

stretched exponential fits to those repeats. (C)

The first 100 ms of the fluorescence time courses

and their corresponding fits.

Biophysical Journal 104(11) 2410–2418



2414 Alejo et al.
quenching is comparable in the absence and presence of
4 mM TX, meaning that TX neither promotes Tlþ leakage
across the bilayer nor induces membrane destabilization.
In the presence of gA, TX increases the fluorescence quench
rate in a concentration-dependent manner (Fig. 3, curves
4–7 from the top). Fig. 3, B and C, shows the fits (to
Eq. 5) of the fluorescence quench time courses for various
concentrations of TX.

Similar results were obtained with most of the other PAs
examined. Fig. 4 summarizes our results on the bilayer-
modifying effects of the PAs over the concentration ranges
that are used in single-molecule fluorescence microscopy.
The b, t1, and hki parameters determined from the fits of
Eq. 5 to the experimental results are summarized in Table
S2. Changes in the time course of quenching are reflected
primarily as changes in t1, whereas b usually varies little.
The PA effects on the bilayer properties were quantified
by the relative change in the rate of fluorescence quenching,
r (Eq. 7), which provides an estimate of the relative change
in the average number of gA channels/vesicle in the
presence and absence of the PA. At low millimolar con-
centrations (1–4 mM), TX, NBA, and pNBA alter bilayer
properties, as sensed by gA channels, with up to ninefold
increases in the average dimer ratio over the millimolar
(1–4 mM) concentration range.

TX partly degrades in buffer to form a quinone derivative
(58). TX on its own therefore functions as a reducing/
oxidizing system (ROXS), where TX itself is a reductant
and the TX-quinone is the oxidant (58). Prolonged (up to
36 h) room temperature aging of the dissolved TX had no
effect on our observations, indicating that the bilayer
alterations caused by TX are insensitive to TX-quinone
formation. nPG is the most potent bilayer modifier,
FIGURE 4 Normalized gA activation-induced fluorescence quenching

rates (r ¼ hki/hkiref); see Eq. 7, quantifying the effect of photostabilizing

agents on lipid bilayer properties. The symbols denote: ;, COT; <,

DABCO; :, NBA; =, pNBA; C, nPG; and -, TX. (Straight line at

r ¼ 1) Guide to the eye.
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increasing the average channel density more than 10-fold
in the submillimolar (0.2–0.8 mM) concentration range.
COT, in contrast, decreased gA channel activity, reducing
the average channel density by 10–50% over the millimolar
(1–4 mM) concentration range. The strong base DABCO
had no effect on gA activity. PCA (protocatechuic acid),
part of a widely used oxygen scavenging system (5), simi-
larly was found to have no effect on bilayer properties as
sensed by gA channels (data not shown).

When comparing the structurally related NBA (para-
nitrobenzyl alcohol) and pNBA (para-nitrobenzoic acid)
at pH 7, where pNBA is almost completely deprotonated
(pKa ¼ 3.4 (59)), pNBA is a weaker bilayer modifier
than its alcohol counterpart (Fig. 4), likely owing to its
reduced partitioning into the lipid bilayer at neutral pH
(the interfacial PK of weak acids tend to be 2–2.5 pH units
higher than their bulk pKa (60–62)). To test this hypothesis,
we also performed experiments also at pH 4, where ~20%
of the pNBA is expected to be protonated. The normalized
fluorescence quench rate induced by 3 mM pNBA
increased from 2.4 5 0.2 at pH 7 to 3.7 5 0.1 at pH 4,
reflecting the increased bilayer partitioning of protonated
pNBA.

The PA effects on the bilayer energetics were quantified
using Eq. 8. The results over the relevant concentration
ranges are summarized in Fig. 5. The energy differences
vary widely among the different compounds and con-
centrations, reaching values of 2 kBT. DDG

M/D
bilayer for all the

membrane-active PAs (TX, NBA, nPG, COT, and pNBA)
varies linearly (r2 > 0.98 for each compound) as a function
of concentration across the ranges explored. The slopes of
the DDGM/D

bilayer-[PA] relations vary in both magnitude and
FIGURE 5 Shifts in the bilayer contribution to the energetic cost of gA

dimer formation due to the influence of various PAs at the specified concen-

trations. The symbols denote:;, COT;<, DABCO;:, NBA;=, pNBA;

C, nPG; and -, TX. (Dotted line) Linear fits to the data for COT (y ¼
0.160x þ 0.03, r2 ¼ 0.982); (dot-dashed line) for pNBA (y ¼ –0.275x –

0.005, r2 ¼ 0.994); (dot-dot-dashed line) for TX (y ¼ –0.505x – 0.033,

r2 ¼ 0.995); (solid line) for NBA (y ¼ –0.558x þ 0.026, r2 ¼ 0.996);

and (dashed line) for nPG (slope ¼ –3.096x – 0.1134, r2 ¼ 0.988).
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sign, from large (–3.1 kBT/mM for nPG) to moderate
(0.16 kBT/mM for COT).

Given the linear DDGM/D
bilayer-[PA] relations, we explored

whether the bilayer effects of different PAs were additive;
they are not. Fig. 6 shows results obtained with equimolar
mixtures of COTþNBAþTX (4), as well as equimolar
binary mixtures of COTþNBA, COTþTX, and NBAþ
TX. As was the case when only one PA was present, the
DDGM/D

bilayer-[PA] relations were linear (r2 > 0.9) for each
combination (with the exception of the COTþNBA mix,
which oscillated around zero), but the changes in DGM/D

bilayer

were consistently less than would be predicted from the
experiments with the individual compounds (see Fig. S7).
The combination of 1 mM COT, 1 mM NBA, and 1 mM
TX, for example, changed DGM/D

bilayer by –0.63 5 0.06 kBT,
whereas the sum of the changes produced by 1 mM of
COT, NBA, or TX when added individually was –0.97 5
0.19 kBT. This disparity increased with increasing PA con-
centration, suggesting that it would be advantageous to
use combinations of PAs to reduce the risk of unwanted
bilayer effects. We note, in particular, that the COTþNBA
mixture produced no changes in the fluorescence quench
rate at the highest concentrations tested (2 mM of each PA).
DISCUSSION

We show that commonly used fluorescence stabilizers alter
lipid bilayer properties at the concentrations in which these
reagents typically are employed in fluorescence imaging
studies. The photostabilizing agents studied were chosen
FIGURE 6 Shifts in the bilayer contribution to the energetic cost of gA

dimer formation due to the influence of various PA combinations at the

specified concentrations. The symbols denote: -, COTþNBAþTX; C,

COTþNBA; ;, COTþTX; and :, NBAþTX. The concentrations indi-

cated on the abscissa denote the concentration of each of the PAs, which

were added as equimolar mixtures. (Straight line at DDGbilayer ¼ 0) Guide

to the eye. (Dotted line) Linear fits for COTþNBAþTX (y ¼ –0.578x þ
0.028, r2 ¼ 0.91); (dot-dashed line) NBAþTX (y ¼ –0.776x – 0.02, r2 ¼
0.98); and (dashed line) COTþTX (y ¼ –0.166x – 0.02, r2 ¼ 0.982). The

COTþNBA data could not be fitted to a linear expression.
for their different chemical functionalities (see Fig. S1), as
well as their reported capacity to improve dye stability by
serving as TSQs, antioxidants, ROXS components, or
singlet oxygen quenchers. For example, DABCO, used as
an antifading agent in fluorescence microscopy and as a
stabilizer of dye lasers, likely exerts its actions by a combi-
nation of triplet state and singlet oxygen quenching
(3,63,64). The antioxidant nPG has been shown to slow
photobleaching in fluorescence microscopy applications
(2,65–67), including live cell studies (68–71). TX, which
initially was thought to function as an antioxidant and has
been widely employed as an antioxidant in different cell
treatments (72–75), partly degrades to form a quinone deriv-
ative (58). However, prolonged (36 h) room temperature
aging of the dissolved TX had no effect on our observations,
indicating that the bilayer alterations caused by TX are
insensitive to any TX-quinone formation. Both NBA and
pNBA have been employed as PA, including as oxidants
in ROXS systems (4,12) and COT has been used as a TSQ
(2,4,31). Additionally, PCA is an additive used in conjunc-
tion with the protocatechuate-3,4-dioxygenase oxygen-
scavenging system (4,5,76). These compounds usually are
employed in the millimolar regime, concentrations at which
they alter lipid bilayer properties, as reported by changes in
gA channel activity.

Each of these PAs are amphiphiles, displaying varying
degrees of hydrophobicity, which means that they may be
expected to partition into the lipid bilayer and thus alter lipid
bilayer properties (13,17), which would alter membrane
protein function (16). PAs also may alter membrane protein
function by binding directly to the protein—either in the
substrate sites of the membrane protein or by interac-
ting with sites that allosterically modulate function (e.g.,
Andersen (77)). It is in this context important that the gA
channel structure, being an almost ideal cylinder (78–81),
effectively precludes specific binding. The results obtained
are parsimoniously explained by a model in which the
PAs (except for DABCO) alter the energetic cost of bilayer
deformation associated with gA channel formation.

TX, NBA, nPG, and pNBA increased the average number
of gA channels/LUVs (Fig. 4), reflecting a shift in the gA
monomer-dimer equilibrium toward the Tlþ-permeable
dimer. That is, TX, NBA, nPG, and pNBA reduced the
energetic cost of the bilayer deformation associated with
gA channel formation. Such an effect would be similar to
what has been observed with other amphiphiles (17,20–
24,41,82–84), including short chain alcohols (14,85) and
salicylate (15), where changes in bilayer properties reflect,
at least in part, a decrease in bilayer bending stiffness.

The increased effect of pNBA at pH 4, as compared to pH
7, is similar to that observed for antifusion peptides (86),
indicating that the neutral form of pNBA is a more potent
bilayer modifier than the deprotonated/charged form.
These results, however, are in contrast to observations
made using straight-chain fatty acids, whether mono- or
Biophysical Journal 104(11) 2410–2418
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polyunsaturated (87), suggesting that there may be a com-
plex relationship between changes in charge and changes
in bilayer-perturbing potency. Consistent with this notion,
the alterations in gA activity observed for TX and NBA
are similar, despite the fact that their structures and lipophi-
licity at neutral pH differ considerably (see Table S1 and
Fig. S1). For the nonpolar COT molecule, the decreased
gA channel activity (Fig. 4) reflects a shift the gA mono-
mer-dimer equilibrium toward the nonconducting mono-
mers that most likely is caused by its partitioning into the
bilayer core to increase in bilayer thickness (88) and acyl-
chain order (82). DABCO had no significant effect in chan-
nel activity, most likely owing to poor partitioning into the
lipid membrane.

Assuming that the PAs do not interact directly with (bind
to) the gA monomers or dimers, the changes in the free
energy of channel formation can be attributed to the bilayer
contribution to the energetic cost of dimer formation
DGM/D

bilayer (16). Consistent with what has been observed for
other amphiphiles (13–15,50), DDGM/D

bilayer is reduced by the
PAs TX, NBA, nPG, and pNBA, unaffected by DABCO
and (somewhat surprisingly) increased by COT over the
tested concentrations (Fig. 5). For the various compounds
tested, DDGM/D

bilayer varies linearly with [PA], and may exceed
2 kBT. When we tested equimolar combinations of PAs
(Fig. 6 and Fig. S7), DDGM/D

bilayer similarly varied linearly
with PA concentration (Fig. 6)—except for the COTþNBA
mix where DDGM/D

bilayerz0with no systematic variation—and
was consistently less than the sum of energies predicted
from the experiments with the individual PAs (see
Fig. S7). It thus appears to be advantageous to use combina-
tions of PAs, as this will reduce the likelihood of membrane
effects.

From the theory of elastic bilayer deformations (18), it can
be concluded that DDGM/D

bilayer will vary as an approximately
linear function of channel (protein) radius (for a given chan-
nel-bilayer hydrophobic mismatch). The gA channel radius,
~10 Å, is less than the radius of most integral membrane
proteins, but the channel-bilayer hydrophobic mismatch in
the gA-LUV system is likely to be larger than for integral
membrane proteins in biological membranes. Our results
do not allow for direct comparison with integral membrane
proteins—but a kBT change in DGI/II

bilayer changes the I4II
equilibrium e-fold. The actual change in DGI/II

bilayer produced
by a given PAwill vary depending on the membrane protein
conformational change and the properties of the host bilayer,
but PAs cannot be assumed to be inert—and they should
be assumed to alter membrane protein function at the
concentrations where they alter the energetics of the gA
monomer4dimer equilibrium; see Lundbaek et al. (22)
and Rusinova et al. (41).

These results demonstrate the importance of explicitly
monitoring the bilayer-modifying potency of molecules
used to explore the function of membrane proteins and cells.
They further illustrate the complexities of associating a
Biophysical Journal 104(11) 2410–2418
small molecule with its bilayer-modifying effects and, by
extension, with its influence on membrane protein function.
In cell and model membrane environments, amphiphiles
may elicit a variety of unwanted effects due to their parti-
tioning into the lipid bilayers. In this context, it is important
that it is the energy on the entire bilayer/aqueous environ-
ment/membrane protein system that is minimized (46) and
that the amphiphiles may redistribute in the membrane—
being enriched (24) or depleted in the vicinity of the protein,
as compared to the unperturbed bilayer. Additionally, inter-
facial effects such as pKa alterations (60) can alter the pro-
tonation states of the adsorbed species and by extension
their effects on bilayer properties and protein function.
Thus, an amphiphile’s bilayer-modifying potency may not
be predicted simply by its hydrophobicity, but may instead
reflect complex interactions between the compound and
the host bilayer (and the embedded proteins).

Synthetic cell membrane models and live cell imaging
constitute a crucial frontier of fluorescence microscopy
and spectroscopy. Understanding the effects of PAs and
other additives on membrane properties, protein function,
and organization will become increasingly important for
the controlled study of membrane protein function and
cell function in general. The unwanted effects of such com-
pounds can be minimized by informed selection of the
molecules employed and their working concentrations.
Such effects also may be circumnavigated through the
development of strategies in which PAs are directly or prox-
imally conjugated to the fluorogenic center. Such pursuits,
shown to be an effective means of enhancing the photo-
stabilities of cyanine fluorophores (76,89), may provide a
powerful approach for minimizing the risk of unwanted
membrane effects.
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