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Article
Fluorinated Alcohols’ Effects on Lipid Bilayer
Properties
Mike Zhang,1,2 Thasin Peyear,1 Ilias Patmanidis,3 Denise V. Greathouse,4 Siewert J. Marrink,3

Olaf S. Andersen,1,* and Helgi I. Ingólfsson1,3,5,*
1Department Physiology and Biophysics, Weill Cornell Medicine, New York City, New York; 2The Bronx High School of Science, New York City,
New York; 3Groningen Biomolecular Science and Biotechnology Institute and Zernike Institute for Advanced Materials, University of
Groningen, Groningen, the Netherlands; 4Department of Chemistry and Biochemistry, University of Arkansas, Fayetteville, Arkansas; and
5Biosciences and Biotechnology Division, Physical and Life Sciences Directorate, Lawrence Livermore National Laboratory, Livermore,
California
ABSTRACT Fluorinated alcohols (fluoroalcohols) have physicochemical properties that make them excellent solvents of
peptides, proteins, and other compounds. Like other alcohols, fluoroalcohols also alter membrane protein function and lipid
bilayer properties and stability. Thus, the questions arise: how potent are fluoroalcohols as lipid-bilayer-perturbing com-
pounds, could small residual amounts that remain after adding compounds dissolved in fluoroalcohols alter lipid bilayer
properties sufficiently to affect membranes and membrane protein function, and do they behave like other alcohols? To
address these questions, we used a gramicidin-based fluorescence assay to determine the bilayer-modifying potency of
selected fluoroalcohols: trifluoroethanol (TFE), HFIP, and perfluoro-tert-butanol (PFTB). These fluoroalcohols alter bilayer
properties in the low (PFTB) to high (TFE) mM range. Using the same assay, we determined the bilayer partitioning of the
alcohols. When referenced to the aqueous concentrations, the fluoroalcohols are more bilayer perturbing than their non-
fluorinated counterparts, with the largest fluoroalcohol, PFTB, being the most potent and the smallest, TFE, the least.
When referenced to the mole fractions in the membrane, however, the fluoroalcohols have equal or lesser bilayer-perturb-
ing potency than their nonfluorinated counterparts, with TFE being more bilayer perturbing than PFTB. We compared the
fluoroalcohols’ molecular level bilayer interactions using atomistic molecular dynamics simulations and showed how, at
higher concentrations, they can cause bilayer breakdown using absorbance measurements and 31P nuclear magnetic
resonance.
INTRODUCTION
Fluorinated alcohols (fluoroalcohols) such as trifluoroetha-
nol (2,2,2-trifluoroethanol; TFE), hexafluoroisopropanol
(1,1,1,3,3,3-hexafluoro-2-propanol; HFIP), and perfluoro-
tert-butanol (1,1,1,3,3,3-hexafluoro-2-(trifluoromethyl)-2-
propanol; PFTB) are used extensively as solvents,
cosolvents, and additives in synthetic chemistry (1,2). Their
tendency to disrupt native oligomeric protein structures and
induce a-helical structure in proteins and peptides similarly
make them useful in biochemical and spectroscopic studies
(3,4), in which fluoroalcohols have been used to unfold
aggregates of the Alzheimer’s amyloid-b (Ab) peptides
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(5), incorporate peptides into lipid bilayers (6,7), and disso-
ciate KcsA tetramers (8). Like other alcohols (see (9–12)
and references therein), fluoroalcohols also alter membrane
protein function. At low-to-mid mM concentrations, fluo-
roalcohols modulate the function of P2X receptors (13),
nicotinic acetylcholine receptors (14), the mechanosensitive
channel of small conductance (15), KcsA channels (16), and
Kv1.3 potassium channels (17). At higher concentrations,
the fluoroalcohols’ effects on lipid bilayer properties per
se have been described in previous studies, in which they
produce bilayer leakage, reduce the lipid acyl chain order,
alter the lipid phase transition temperature, and induce
micellar aggregation (8,18,19). It remains unclear, however,
whether the changes in membrane protein function observed
at the lower concentrations also could result from changes in
lipid bilayer properties.

Indeed, HFIP has been shown to increase ion movement
across lipid bilayers at low mM concentrations (20), which
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may lead to complications in functional assays, such as
whether Ab-oligomer produces gradual increases in bilayer
conductance or discrete channels (17,20,21). Similarly,
Wang et al. (22) cautioned against the use of HFIP when
studying membrane-induced fibrillogenesis because they
found it decreases the rate of human islet amyloid polypep-
tide fibrillation at lipid bilayer interfaces.

Compared to their nonfluorinated counterparts, fluoroal-
cohols have higher vapor pressures (Table S1), but it is
nevertheless difficult to remove them completely (20). It
therefore becomes important to know the fluoroalcohols’
bilayer-modifying potencies and the concentrations at
which they would be expected to become indiscriminate
modifiers of membrane protein function.

To quantify the bilayer-modifying potency of commonly
used fluoroalcohols as sensed by a bilayer-spanning ion
channel, we used a calibrated gramicidin-based assay.
Gramicidin channels are miniproteins formed by the trans-
membrane dimerization of nonconducting subunits residing
in opposing bilayer leaflets (23,24). The channels are selec-
tive for monovalent cations, and the channel length is usu-
ally less than the bilayer thickness, meaning that lipids
adjacent to the channel have to reorganize as the channel
forms (Fig. 1 A). This reorganization of the surrounding
bilayer causes the gramicidin monomer 4 dimer equilib-
rium to be energetically coupled to the cost of deforming
the bilayer (24–26), which becomes the bilayer contribution
to the free energy of dimerization. Changes in gramicidin
channel activity thus serve as a readout for measuring
changes in lipid bilayer properties (26,27), and the changes
in bilayer properties that alter the gramicidin monomer 4
dimer equilibrium also alter the function of channels formed
by integral membrane proteins (28–31).
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FIGURE 1 Gramicidin-based fluorescence quench assay. (A) A schematic depi
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Gramicidin-based assays are sensitive to changes in all
bilayer properties that alter the energetic cost of bilayer de-
formations (e.g., bilayer thickness and intrinsic curvature
and the associated elastic compression and bending moduli),
as well as changes to the boundary between the channel and
the bilayer, but not changes in bilayer properties that do not
alter the gramicidin monomer4 dimer equilibrium such as
membrane fluidity (see (32)). The assays can be imple-
mented using both single-channel methods (24) and fluores-
cence quench methods (33,34), and there is good agreement
between the results obtained using these methods (12).
Moreover, because the assay is functional, using membranes
with a hydrophobic thickness that much larger than the
channels’ hydrophobic length (such that the bilayer-channel
hydrophobic mismatch and the bilayer deformation energy
are large), it is sensitive to small changes in lipid bilayer
properties (30,33).

We therefore used a calibrated gramicidin-based fluores-
cence assay (33,34) to quantify the bilayer-modifying po-
tencies of three fluoroalcohols (TFE, HFIP, and PFTB),
compared them to their nonfluorinated counterparts, and
explored their tendency to disrupt lipid bilayers. To relate
the alcohols’ bilayer-modifying potency to their molar ratio
in the bilayer, we also determined their bilayer/aqueous
phase partition coefficients by determining the fluoroalco-
hols’ bilayer-modifying effects at different lipid concentra-
tions. The alcohols’ bilayer interactions also were explored
at the molecular level using atomistic molecular dynamics
(MD) simulations of the fluorinated alcohols and nonfluori-
nated counterparts in model bilayers. Finally, the fluoroalco-
hols’ ability to disrupt membrane integrity was assessed
using absorbance measurements and 31P nuclear magnetic
resonance (NMR).
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Bilayer Effects of Fluoroalcohols
MATERIALS AND METHODS

Materials

Alcohols of the highest available purity were obtained from Sigma-Al-

drich (St. Louis, MO); all lipids were from Avanti Polar Lipids

(Alabaster, AL). The gramicidin was the naturally occurring mixture of

gramicidins A, B, and C that is produced by Brevibacillus brevis, which

was from Sigma-Aldrich. Historically, this mixture has been called gram-

icidin D (gD) after R. Dubos, who discovered the gramicidins (25); it

contains 80–85% [Val1]gA (26). We determined the alcohols’ bilayer-

modifying potency using a gramicidin-based fluorescence assay

described previously (33,34). In short, large unilamellar lipid vesicles

(LUVs) loaded with the water-soluble fluorophore, 8-aminonaphtha-

lene-1,3,6-trisulfonic acid (ANTS; Invitrogen, Eugene, OR) were made

of 1,2-dierucoyl-sn-glycero-3-phosphocholine (DC22:1PC) using a

mixture of hydration (in 140 mM NaNO3, 10 mM HEPES (pH 7.0)), son-

ication, freeze-thawing, and miniextrusion through 100 nm polycarbon-

ate filters. (The long-chain lipids increase the bilayer thickness

sufficiently to shift the gramicidin monomer 4 dimer equilibrium to-

ward the nonconducting monomers, which facilitates the detection of

changes in the monomer 4 dimer equilibrium.) External ANTS was

removed using a PD-10 Desalting Column from GE Healthcare

(Piscataway, NJ). The size distribution was determined by dynamic light

scattering using an Anton Paar (Graz, Austria) Litesizer 500 particle

analyzer, which showed a single peak with an average particle radius

of �130 nm and a polydispersity index of �10%. For the experiments

at pH 4.0 (rather than pH 7.0), the solutions were buffered with

10 mM Glycyl-glycine (Gly-Gly) instead of HEPES.
Bilayer-modifying potency quantified with
fluorescence quench experiments

These experiments were done with gramicidin-containing and gramicidin-

free LUVs. 260 nM gramicidin was added to ANTS-loaded LUVs (lipid/

gramicidin monomer ratio �1000:1) 24 h before use, and the mixture

was incubated at 12�C in the dark. For the experiments, the LUV suspen-

sion was incubated with the alcohol to be studied for 10 min at 25�C.
The vesicle-entrapped ANTS was quenched by the gramicidin channel

permeable quencher (Tlþ), and the LUV solution was mixed with the

quench buffer (50 mM TlNO3, 94 mM NaNO3, 10 mM HEPES (pH 7.0))

in a SX.20 stopped-flow spectrofluorometer (Applied Photophysics,

Leatherhead, UK) to measure the time course of fluorescence quenching.

The excitation wavelength was 352 nm, the fluorescence emission above

455 nm was recorded, and the fluorescence signal was normalized to that

measured in the absence of the quencher. The unavoidable variation in

LUV sizes means that the quencher influx cannot be described by a single

exponential decay, and the results for the first 2�100 ms were analyzed

using a stretched exponential fit (35):

FðtÞ ¼ FðNÞ þ ðFð0Þ � FðNÞÞ � exp

(
�
�

t

t0

�b
)
;

(1)

where F(t) is the fluorescence at time t, t0 a parameter with units of time,

and b (0 < b % 1) a measure of the sample dispersity. The fluorescence

quench rate at 2 ms then was calculated as

kðtÞ ¼ ðb=t0Þ � ðt=t0Þb�1
: (2)

We quantified each alcohol’s bilayer-modifying potency in terms of the

concentration at which the alcohol doubled the fluorescence quench rate

(D), which we determined by fitting a linear relation
f ð alc½ �Þ ¼ 1þ alc½ �=D; (3)

where f([alc]) denotes the fluorescence quench rate at alcohol concentration

[alc] to the increases in the quench rate (normalized to control, in the

absence of alcohol) as a function of the alcohol concentration.
Alcohol partitioning determined from
fluorescence quench experiments

Alcohol (alc) partitioning into lipid bilayers denotes partitioning between

two immiscible phases, the aqueous phase and the membrane phase (36).

The quantitative relation between the concentration of alcohol in the mem-

brane phase (expressed as moles/volume, [alc]m), and the aqueous concen-

tration [alc]aq can be described using different frameworks (37). For this

analysis, it is convenient to use a bulk partition description:

½alc�m ¼ Kp � ½alc�aq; (4)

where Kp is the (dimensionless) partition coefficient.

When an alcohol is added to the aqueous solution bathing a lipid bilayer,

to a nominal concentration [alc]nom, the alcohol will partition between the

aqueous and membrane phases (38–40). The aqueous and membrane

alcohol concentrations are estimated from Eq. 4 together with the conserva-

tion relation:

½alc�nom � Vaq ¼ ½alc�aq � Vaq þ ½alc�m � Vlip; (5)

where Vaq and Vlip denote the volumes of the aqueous and lipid solutions,

respectively (and we assume Vaq [ Vlip). We thus find, using Eq. 4, that

½alc�aq ¼ ½alc�nom � Vaq�
Vaq þ Kp � Vlip

�
¼ ½alc�nom � 1�

1þ Kp � rlip
� (6)

and

½alc�m ¼ ½alc�nom � Kp � Vaq�
Vaq þ Kp � Vlip

�
¼ ½alc�nom � Kp�

1þ Kp � rlip
�; (7)

where rlip ¼ Vlip/Vaq.

The alcohol mole-fraction in the bilayer (malc) then becomes

malc ¼ ½alc�m�½alc�m þ ½lip�m
�

¼ ½alc�nom � Kp

½alc�nom � Kp þ
�
1þ Kp � rlip

� � ½lip�m
; (8)

where the molar lipid concentration in the membrane phase ([lip]mz 1.1 M)

was estimated following Ingólfsson and Andersen (12). That is, [alc]aq and

malc will decrease with increasing rlip, which provides a method to estimate

Kp from the changes in fluorescence quench rate as a function of the amount

of lipid in the incubation mixture (i.e., as a function of rlip). The basic

assumption here is that the changes in the relative fluorescence rate (R) reflect

changes in [alc]m and that the relation between R and [alc]m can be expressed

as (12)
Biophysical Journal 115, 679–689, August 21, 2018 681
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R ¼ 1þ ½alc�nom � 1�
1þ Kp � rlip

� � Daq

¼ 1þ ½alc�nom
�
Dnom; (9)

whereDaq andDnom denote the actual and nominal aqueous alcohol concen-

trations when R ¼ 2.

We can thus determine Kp from the changes in Dnom as a function of rlip
using the following expression:

Dnom ¼ Daq

�
1þ Kp � rlip

�
: (10)

The lipid volume (Vlip) in the fluorescence quench experiments was

varied between 0.12 and 0.97 mL per mL total volume. For each alcohol,

D was determined for a range of lipid volumes, i.e., rlip, as described

above. Kp then was determined by fitting Eq. 9 to the lipid volumes

and their respective D using the jackknife method (41) for error estima-

tion. (In the jackknife method, the first repeat for one of the lipid volume

was removed from the set, and all of the doubling concentrations (Ds)

were calculated and fitted to the equation above for the partition coeffi-

cient. Then the second repeat was removed, and another partition coeffi-

cient was obtained from the fit; this continued until the nth repeat had

been removed, and the partition coefficient (mean 5 SD) was calculated

from the set.)
Alcohol bilayer interaction explored with MD

The MD simulations were performed using the GROMACS 4.6.7 simu-

lation package (42) and the GROMOS 53A63 united-atom force field

(43). 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) lipid topologies

were generously provided by Alex H. Vries (available on request); the

topologies for the normal alcohols as well as the fluoroalcohols were

from the automated force field topology builder (ATB) (44), with ATB

molids: ethanol 23009, 2-propanol 3488, tert-butanol 843, TFE 1655,

HFIP 6187, and PFTB 28298. All systems contained 578 lipids and

were solvated in SPC water (45) (>60 waters per lipid). The

number of alcohol molecules and counter ions (Naþ and Cl�) was set

to 10 5 1 mol% alcohol in the bilayer phase and 150 mM NaCl. The

temperature was coupled individually for the solvent and the bilayer to

increase the stability of the system. More specifically, the temperature

was kept constant at 298 K by using a Berendsen thermostat with a

time constant of 0.1 ps (46). The pressure was maintained at 1.0 bar

by coupling the system to a semi-isotropic pressure bath (isotropic

along the x and y axes but different along the z axis) using the

Berendsen barostat with a time constant of 0.5 ps and compressibility

of 4.6 � 10�5 bar�1 (46). The partial mesh Ewald method (47) was em-

ployed for electrostatic and van der Waals interactions. The Coulomb

cutoff distance was set to 1.4 nm, and the short-range neighbor list cutoff

was set to 0.9 nm. The LINCS algorithm (48) was used to constrain the

length of all bonds. The time step for integration was 2 fs. Energy mini-

mization was done using the ‘‘Steepest Descent’’ algorithm, and all sys-

tems were equilibrated by gradually removing restraints for 400 ps

before producing trajectories of �350 ns.

The last 100 ns of each trajectory were used for analysis. The bilayer

thickness was measured as the average distance between the DOPC phos-

phates in the opposing bilayer leaflets and the area per lipid as the average

bilayer area divided by the number of lipids per leaflet. The average acyl

chain order is the average second-rank order parameter (P2) for the lipid

acyl chain. P2 was calculated from the angle q between the bilayer normal

(approximated as the z axis) and the vector along each bond in the lipid tails,

as P2 ¼ (1/2)(3 cos2(q�1)). The alcohol angle with respect to the bilayer

was approximated as the angle between the alcohols’ oxygen-central car-

bon vector with respect to the box z axis.
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Changes in membrane organization determined
using vesicle absorbance

The vesicle light absorbance was used to estimate lipid vesicle integrity.

Concentrated lipid vesicle solutions are turbid due to light scattering,

and the turbidity will change when the vesicle organization is disrupted

(49–51) and decrease to near zero if the disruption is so extreme as to cause

dissolution of the vesicles. To test whether the fluoroalcohols disrupted the

membrane organization, we measured the absorbance of multilamellar

vesicle (MLV) suspensions (2 mM lipid in 140 mMNaNO3, 10 mMHEPES

(pH 7.0)) at increasing alcohol concentrations. The absorbance between

400 and 450 nm was measured using an Aquamate Spectrophotometer

(Thermo Scientific, Waltham, MA) and normalized to the absorbance in

the absence of the alcohol. The MLVs were made as above but without

the miniextrusion step and without the fluorophore from DOPC, 1,2-dieico-

senoyl-sn-glycero-3-phosphocholine (DC20:1PC), and DC22:1PC.
Membrane organization determined using
31P NMR

To better understand the changes in membrane organization that underlie

the changes in absorbance, we used phosphorus (31P) NMR spectroscopy

onMLVs. MLVs were prepared by drying lipid (40 mmol DOPC) from chlo-

roform stock solution under a stream of N2 gas and further under vacuum

(<40 mTorr) for 48 h to remove traces of solvent. The lipid film was resus-

pended in 10 mM HEPES, 70 mM NaNO3 (pH 7.0) (typically 0.4 mL was

used; 1 mL was used to accommodate the smaller volumes of HFIP and

TFE required for the 10 and 20 mM samples). The excess volume was

removed after centrifugation (see below). The samples were subjected to

several heat-thaw cycles (heat at 50�C, thaw at 4�C; in 5, 10, 20, 30, and

60 min intervals) with 1 min vortexing between each cycle. After the final

cycle, TFE or HFIP was added (to final concentrations ranging from 10 to

200 mM), and the suspension was gently vortexed and allowed to incubate

50�C for 10 min. The lipid-solvent suspensions were transferred to 5 mm

glass tubes and centrifuged at 10,000 rotations per minute (12,000 � g)

for 2 h at 4�C. The supernatant was removed, the hydrated pellet was

flushed with N2 gas, and the tube was sealed with a rubber stopper and

epoxy. Lipid-only MLVs were prepared in the same manner except without

the addition of solvent. Phosphorus NMR spectra were recorded within 18 h

of preparing the MLVs.
31P NMR spectra were acquired on a Bruker (Billerica, MA) Avance 300

spectrometer using the Bruker zgpg pulse program with 256 scans, a 6 ms

90� pulse, and a recycle delay time of 5 s. Measurements were performed

in a Doty 8 mmwideline probe (Doty Scientific, Columbia, SC) with broad-

band 1H decoupling at 50�C. Before Fourier transformation, an exponential

weighting function with 200 Hz line broadening was applied. The chemical

shifts were referenced externally to 85% phosphoric acid at 0 ppm.
RESULTS AND DISCUSSION

We determined the bilayer-perturbing potencies of the three
fluoroalcohols (TFE, HFIP, and PFTB) and their nonfluori-
nated counterparts in DC22:1PC lipid bilayers using a gram-
icidin-based fluorescence quench assay (33,34). The assay
reports changes in the overall gramicidin channel activity
by quantifying the changes in the rate of influx (the quench
rate) of the gramicidin-channel-permeable Tlþ into fluoro-
phore-loaded LUVs (the basic principle of the assay is illus-
trated in Fig. 1 B).

Fig. 2 A shows fluorescence time courses observed in the
absence and presence of HFIP. In LUVs without gramicidin
and no added HFIP, the fluorescence stays almost constant
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over the 1 s observation period (Fig. 2 A, top curve), indi-
cating that there is minimal influx of Tlþ into the LUVs
(Tlþ may cross the bilayer in the form of TlNO3 ion pairs
(52)). Addition of 18 mM HFIP (the highest concentration
tested) caused a slight increase in the fluorescence quench
rate, indicating that HFIP at this concentration increases
the quencher influx through the bilayer (Fig. 2 A, second
curve from the top). In the presence of gramicidin, in which
some LUVs would have one or more conducting gramicidin
channels, the fluorescence quench rate was increased,
indicating an increased quencher influx (Fig. 2 A, third
curve from the top). Further increases in the [HFIP] pro-
duced faster fluorescence quench rates (faster quencher
influx), demonstrating that HFIP shifted the gramicidin
monomer 4 dimer equilibrium toward the conducting di-
mers (Fig. 2 A). Fig. 2 B shows the changes in quench
rate at varying concentrations of the three fluoroalcohols
and their nonfluorinated counterparts (ethanol, 2-propanol,
and tert-butanol). The aqueous concentrations at which
the alcohols double the fluorescence quench rate are sum-
marized in Table 1. All the tested alcohols altered grami-
cidin channel function (altered lipid bilayer properties),
albeit with different potencies (Fig. 2 B; Table 1).

All the alcohols increase the fluorescence quench rate, as
would be expected from the thermodynamic bilayer soft-
ening associated with the reversible partitioning of amphi-
philes into lipid bilayers (53–55).
Bilayer-modifying potency

Using the aqueous (nominal) concentrations as reference,
PFTB had the greatest effect (the lowest Dnom), followed
closely by HFIP; both altered the quench rates at low mM
concentrations. TFE was the least potent of the three fluo-
roalcohols but still approximately threefold more bilayer
active than its nonfluorinated counterpart ethanol (Table 1).
HFIP was so bilayer modifying that it altered lipid bilayer
properties when present at only 0.06% [v/v], demonstrating
the importance of removing any HFIP that may have been
used as solvent for a molecule of interest.

The rank order of bilayer-modifying potency based
on Dnom reflects the combined effect of the alcohols’
aqueous/bilayer partition coefficients (Kp) and their
bilayer-modifying potency per molecule in the membrane.
To obtain the mole fractions in the membrane (at aqueous
concentration Daq), we determined the alcohols’ bilayer
partition coefficients by measuring how the fluorescence
quench rates varied as function of lipid volume, rlip (see
Materials and Methods). The principles underlying the
method are described in (38–40). Fig. 3 A shows how the
normalized fluorescence time courses at 5 mM HFIP (nom-
inal concentration) varied with rlip. The variation in Dnom as
a function of rlip allows to estimate Kp by fitting Eq. 9 to the
Dnom vs. rlip relation; Fig. 3 B shows results for HFIP. The
Kp estimates for all the alcohols are summarized in Table
1. The partition coefficients for the nonfluorinated alcohols
are twofold higher than those we used earlier (12); Kp for
ethanol is within 20% of the value for DC18:1PC vesicles
determined by isothermal titration calorimetry, expressed
as the ratio of the ethanol mole fractions in the aqueous so-
lution and the bilayer, and the partition coefficient at 35�C
was 71 5 10 (56), which converts to a Kp 1.4 5 0.2
when expressed as the ratio of the ethanol concentrations
in the two phases (the conversion factor is [lipid]mem/
[H2O]aq). We compare the partition coefficients determined
using various methods in Fig. S1. Using the estimated mole
fraction in the membrane (at aqueous concentration Daq),
the fluoroalcohols were similarly or less bilayer modifying
than their nonfluorinated counterparts, which are close to
equipotent, and the rank order of the fluoroalcohols’ po-
tencies was TFE ¼ HFIP > PTFB.

Apart from PFTB, the alcohols’ bilayer-modifying po-
tencies per molecule in the bilayer were remarkably similar,
with malc z 0.2 at [alc]nom ¼ D, meaning that on average,
there will be approximately two to four alcohol molecules
in the one to two shells of lipids (8–20 lipids) around a
Biophysical Journal 115, 679–689, August 21, 2018 683



TABLE 1 Properties of the Tested Fluoroalcohols and Their Nonfluorinated Counterparts

Namea Structureb pKa
c D (mM)d Kp

e malc
f

Ethanol 15.9 147 5 13 1.9 5 3.3 0.20

2-Propanol 16.5 93.3 5 5.9 4.9 5 2.4 0.29

tert-Butanol 16.5 48.3 5 4.5 7.9 5 1.3 0.26

TFE 12.4 54.3 5 1.8 (pH 7) 7.2 5 4.4 0.26

51.9 5 6.8 (pH 4)

HFIP 9.3 5.6 5 0.4 (pH 7) 66.7 5 4.9 0.25

7.8 5 1.0 (pH 4)

PFTB 5.4 1.4 5 0.2 (pH 7) 878 5 10 0.49

2.1 5 0.3 (pH 4)

aName, alcohol name.
bStructures were drawn using MarvinSketch 5.0.3 from ChemAxon (Budapest, Hungary).
cpKa, the logarithmic acid dissociation constant; values from (71) to (72) for the regular and fluoroalcohols, respectively.
dD, the concentration 5 fit error (in mM) at which the alcohols double the fluorescence quench rate at pH 7.0 (and also at pH 4.0 for the fluoroalcohols).
eKp, the alcohol bilayer/aqueous phase partition coefficients (Kp) as determined by lipid depletion in the stopped flow assay (mean 5 SD).
fmalc, the mole-fraction of alcohol in the bilayer at D.
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gramicidin channel (57) when the quench rate has doubled.
The number of neighbor alcohols will be higher if there is
enrichment due to favorable local-alcohol lateral redistribu-
tion in the bilayer deformation area and/or accumulation at
the channel/bilayer interface (31,57,58). (Our estimate of
malc at [alc]nom ¼ D is twofold higher than the estimate in
(12) because our estimate for Kp is twofold higher than
the value used in our earlier study).

Fig. 4 shows comparisons of the alcohols’ bilayer-modi-
fying activity, quantified in terms of Daq, with their bilayer
partitioning (Kp), as well as how the alcohols’ activity, based
on their nominal aqueous concentrations and mole fraction
in the bilayer, compares to their molecular volumes. Apart
from PFTB, the alcohols’ bilayer-modifying potency fol-
lows their bilayer partitioning in general agreement with
the Meyer-Overton correlation (59,60). This is evident in
Fig. 4 A, in which the red dashed line (excluding PFTB)
has a slope closer to one. Accounting for their different par-
titioning, all the alcohols, except for PFTB, thus have
similar bilayer-modifying potencies (Fig. 4 C)—and, per
molecule in the membrane, there is little difference between
684 Biophysical Journal 115, 679–689, August 21, 2018
the fluoroalcohols and their nonfluorinated counterparts.
This latter result is consistent with the thermodynamic soft-
ening associated with the reversible partitioning of amphi-
philes into the bilayer (53–55). We further note that,
contrary to the results obtained with nicotinic acetylcholine
receptors (14), the results for the fluoroalcohols and their
nonfluorinated counterparts cannot be combined by using
the molecular volume as the descriptor of the alcohols’
properties (Fig. 4 B).

Knowing the partition coefficients (Table 1) allows us to
evaluate how an H / CH3, a CH3 / CF3, or an H / CF3
substitution in short-chain, branched alcohols alters the
partition coefficient between the aqueous phase and the
bilayer, as described in Table S2. The results are summa-
rized in Table 2 (equal within experimental errors in the
measurements).
Effect of pH

Fluoroalcohols have lower logarithmic acid disassociation
constants (pKas) than their nonfluorinated counterparts
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(Table 1), and HFIP and PFTB can be considered to be weak
acids. (Both the charged and neutral forms of PFTB may
partition into the bilayer/solution interface similarly to
what is observed for other titratable groups (37)). We there-
fore explored whether their bilayer-perturbing potencies are
pH dependent by determining the dose-response curves at
pH 4, at which PFTB (the fluoroalcohol with the lowest
pKa) is mostly deprotonated (Fig. S2). (In the absence of
gramicidin, there was little difference in the quench rates
observed at pH 4 and 7 (Fig. S3), which demonstrates that
Tlþ does not cross the bilayer as Tlþ-alcoholate ion pairs.)
All three fluoroalcohols have similar activities at pH 4 and
7, with HFIP and PFTB being marginally less bilayer active
at pH 4 (Table 1).
MD simulations

Straight chain alcohols have been shown—experimentally,
in simulations, and in mean-field statistical thermodynamic
analysis—to modulate a range of bilayer physicochemical
properties (e.g., (56,61–63), and see Table 1 in (12)). To
explore the fluoroalcohols’ bilayer interactions at the molec-
ular level, each of the fluoroalcohols and their nonfluorinated
counterparts were studied using MD simulations in DOPC
bilayers at an malc of 0.1 (Fig. 5). All the alcohols preferen-
tially localized to the bilayer solution interface, slightly
Biophysical Journal 115, 679–689, August 21, 2018 685



TABLE 2 Changes in Bilayer Partitioning with the Addition of

a Methyl or Trifluoromethyl Group

Substitutiona KI/II
p ¼ KII

p =K
I
p DDGI/II

p ¼ DDGII
p � DDGI

p (kJ/mole)

H / CH3 2.3 5 0.3 2.1 5 0.3

CH3 / CF3 4.1 5 0.6 3.5 5 0.4

H / CF3 10.1 5 0.9 5.7 5 0.2

aSee Table S2 for calculations.
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below the lipid phosphate group (Fig. 5 B). The larger, more
hydrophobic alcohols localize to somewhat deeper in the
bilayer, and the fluoroalcohols tend to reside deeper than
their nonfluorinated counterparts, suggesting that they may
not be as strongly linked to the bilayer/solution interface as
their nonfluorinated counterparts. This is most noticeable
for PFTB, which occasionally resides in the bilayer hydro-
carbon core, which may account for its lesser bilayer-modi-
fying potency because molecules that are not linked to the
interface appear to have less effect on bilayer properties
(64). The fluoroalcohols also align slightly more with the
bilayer normal than their nonfluorinated counterparts
(Fig. S4). The alcohols’ effect on bulk bilayer properties at
malc�0.1 is modest (Table S3), suggesting that any observed
changes in membrane protein function are likely to be the
result of combination of changes to multiple bilayer proper-
ties, consistent with similar comparisons of straight-chain
alcohols (58) and phytochemicals (31).
-2
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FIGURE 5 The alcohols’ position in the bilayer as determined by MD

simulations. (A) A snapshot from the last frame of an HFIP simulation is

shown. All the HFIP molecules are fully imbedded in the DOPC bilayer

below the phosphate groups. HFIP is depicted in green, blue, and red for

the F, C, and O atoms, respectively. The DOPC lipids are in gray, with their

choline and phosphate groups emphasized as orange and pink spheres,

respectively. The solvent is rendered as a cyan surface. (B) The density

of the fluoroalcohols (left) and their nonfluorinated counterparts (right) is

shown along the simulation z axes (corresponding to the bilayer normal).

The density of water as well as DOPC tails and phosphate atoms are shown

for reference. For clarity, select densities are scaled by 5-, 10-, or 20-fold, as

indicated. The peak of the phosphate distributions are 2.1 nm from the

bilayer center, and the peaks of the alcohol distributions (distance from

the bilayer center) are summarized below. Ethanol, 1.7 nm; 2-propanol,

1.6 nm; tert-butanol, 1.6 nm; TFE, 1.5 nm; HFIP, 1.4 nm; PFTB, 1.3 nm.

To see this figure in color, go online.
Breakdown of bilayer integrity

At concentrations higher than those tested here using the
gramicidin-based fluorescence assay, HFIP and PFTB
became overtly bilayer destabilizing and increased the fluo-
rescence quench rate in the absence of gramicidin (seen in
Fig. 1 A for HFIP), suggesting that HFIP and PTFB at these
high concentrations destroy the vesicle integrity. We tested
this by monitoring the light absorption of MLVs (prepared
from lipids with different acyl chain lengths, C18, C20,
and C22) as a function of the fluoroalcohol concentration
(Fig. S5). Concentrated MLV solutions are turbid but turn
clear if the vesicles are disrupted, either solubilized or
precipitated. At the concentrations tested (up to 700 mM),
TFE had little effect on light absorption (vesicle integrity);
it does, however, disrupt vesicle integrity at an even higher
concentration, 50 vol% (19), whereas HFIP and PFTB
decreased the light absorption at concentrations above
25 mM (PFTB) and 100 mM (HFIP), respectively. This
could suggest that the fluoroalcohols had caused dissolution
of vesicles, but on inspection, the lipids were not dissolved
but rather had settled as a white precipitate at the bottom of
the cuvette. This could suggest that the fluoroalcohols had
produced some new lipid phase. We examined this using
31P NMR on MLVs (Fig. 6). When equilibrated with TFE,
HFIP, or PFTB at concentrations at which the alcohols did
not produce overt bilayer destabilization (20–200 mM,
TFE; 10–20 mM, HFIP or PFTB), the fluoroalcohols cause
686 Biophysical Journal 115, 679–689, August 21, 2018
only slight shifts in the 31P NMR spectra. At higher HFIP or
PFTB concentrations (MLVs equilibrated with 20–200 mM
of the fluoroalcohol), the 31P NMR spectra gradually con-
verts from the characteristic bilayer spectrum (65) to an
isotropic spectrum, confirming breakdown of bilayer integ-
rity and the presence of a nonbilayer phase. Note that the
first evidence for an isotropic phase is seen at 20 mM
HFIP, similar to the concentration of HFIP (18 mM) that
causes an increased Tlþ flux into the LUVs (Fig. 2). Using
dynamic light scattering measurements on LUVs, we found
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no evidence for small, micelle-like structures but rather the
appearance of aggregates with diameters �1000 nm, which
may suggest that the isotropic phase is a bicontinuous phase.

We did not do 31P NMR experiments on the normal alco-
hols, but ethanol and butanol are known to stabilize the
lamellar phase (66).
CONCLUSIONS

Fluoroalcohols are potent lipid bilayer modifiers, consider-
ably more so than their nonfluorinated counterparts when
referenced to the aqueous concentrations (Fig. 2; Table 1)
but similar or less so when referenced to the mole fractions
in the membrane (Fig. 4). Fluoroalcohols therefore are not
just fluorinated probes for their nonfluorinated counterparts.
HFIP and PFTB alter gramicidin channel function at low
mM concentrations, meaning that experiments using fluo-
roalcohols or compounds dissolved in fluoroalcohols should
include controls for potential bilayer-mediated effects. This
becomes especially important for experiments that report
changes in membrane protein function, which may be sensi-
tive to small changes in bilayer properties (30,31).
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