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Abstract: Surfactants carrying fluorocarbon chains hold great
promise as gentle alternatives to conventional hydrocarbon-
based detergents for the solubilization and handling of integral
membrane proteins. However, their inertness towards lipid
bilayer membranes has limited the usefulness of fluorinated
surfactants in situations where detergent-like activity is
required. We demonstrate that fluorination does not necessarily
preclude detergency, as exemplified by a fluorinated octyl
maltoside derivative termed FsOM. This nonionic compound
readily interacts with and completely solubilizes phospholipid
vesicles in a manner reminiscent of conventional detergents
without, however, compromising membrane order at subsolu-
bilizing concentrations. Owing to this mild and unusual mode
of detergency, F;OM outperforms a lipophobic fluorinated
surfactant in chaperoning the functional refolding of an
integral membrane enzyme by promoting bilayer insertion in
the absence of micelles.

M ost in vitro approaches to handling membrane proteins
rely on detergents, that is, surface-active compounds that
interact with and, at sufficiently high concentrations, disrupt
lipid bilayer membranes.!! Detergent-solubilized proteins can
then be purified and subjected to biochemical, biophysical, or
structural scrutiny® or reconstituted into artificial bilayers.*
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However, exposure to detergents often results in the irrever-
sible loss of native protein structure and function owing to the
disruption of stabilizing interactions within the protein or
with lipids.”®! Recent years have witnessed increasing efforts
at developing new amphiphiles that could substitute for
conventional detergents in solubilizing membrane proteins
without compromising their integrity.”’ Notable examples
include lipid nanodiscs bounded by scaffold proteins® or
styrene maleic acid copolymers”] amphiphilic polymers
known as amphipols,'”! tripod amphiphiles,"!! and fluorinated
surfactants.>'¥ The latter retain the most favorable proper-
ties of hydrocarbon-based detergents but overcome many of
their limitations."! By analogy to the poor miscibility of liquid
hydrocarbons and fluorocarbons, contacts between fluori-
nated surfactant tails and hydrocarbon moieties of proteins
and lipids are expected to be unfavorable, such that structur-
ally or functionally important protein/protein and protein/
lipid interactions are not disrupted.!">'*l Moreover, fluorocar-
bon chains are bulkier than their hydrocarbon counterparts,
which prevents them from intruding between protein trans-
membrane domains."

The peculiarity of fluorocarbon chains of being both
hydrophobic and lipophobic is thought not only to prevent
protein denaturation and delipidation but also to render
fluorinated surfactants poor solubilizers™>'¥l unless they
contain a harsh, ionic headgroup.[lg] Herein, we show that,
contrary to this assumption, nonionic fluorinated surfactants
can be powerful yet mild detergents. Comparison of two
compounds sharing the same fluorocarbon chain but different
headgroups reveals that fluorination does not necessarily
guarantee lipophobicity. Instead, it is the properties of the
polar headgroup that, in conjunction with a fluorocarbon
chain, govern the detergency, or lack thereof, of fluorinated
surfactants. While this calls for caution when employing
fluorinated surfactants in experiments where membrane
integrity is essential,”®?? it also paves the way for their
judicious use in biochemical approaches requiring detergent
activity without the need for conventional hydrocarbon-based
detergents.

We first compared the self-assembly and membrane
solubilization properties of 3,3,4,4,5,5,6,6,7,7,8,8,8-trideca-
fluoro-n-octyl-p-p-maltopyranoside (F;OM) and 3,3,4,4,5,5,-
6,6,7,7,8,8,8-tridecafluoro-n-octylphosphocholine  (F;OPC),
both of which carry an octyl chain with a perfluorinated
terminal hexyl segment (Figure 1). Nonionic F;,OM self-
assembled into elongated rod-shaped micelles observable by
transmission electron microscopy (Figure 2a), whereas zwit-
terionic F;OPC micelles appeared smaller and spheroidal, as
judged by dynamic light scattering (Figure S1 in the Support-
ing Information). This contrasts with an F;OPC analogue
bearing two more CF, groups, which forms bilayer mem-
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Figure 1. Chemical structures of F;OM and F;OPC.
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Figure 2. Differential solubilization of lipid vesicles by fluorinated
surfactants. a) Negative-stain transmission electron micrograph of

1 mm FsOM. Arrows indicate rod-shaped micelles. b) Kinetics of
vesicle solubilization by F;OM at 25°C as reflected in 90° light
scattering intensity | as a function of time t. 0.1 mm POPC in the form
of LUVs was incubated with 2 mm (black) or 10 mm (gray) F;OM.
Horizontal lines represent mean intensities for pure POPC LUVs
(dashed line) or pure FEOM micelles (dotted lines) at the respective
concentrations. Inset: Intensity-weighted particle size distributions
obtained immediately (gray) or 60 h (light gray) after mixing 0.1 mm
POPC LUVs with 10 mm F;OM (see arrows in main panel). c) Solubi-
lization kinetics at 60°C as reflected by I as a function of t. 0.1 mm
POPC LUVs were mixed with 2 mm F,OM (black) or 20 mm F,OPC

(gray).

branes.”® Under the conditions used in our experiments, the
critical micellar concentrations (CMCs) of F,OM and F,OPC
were 0.7mM and 2.9 mM, respectively, as determined by
calorimetric demicellization titrations® (Figure S2) and
confirmed by “FNMR spectroscopy® (Figure S3). At
25°C, exposure of large unilamellar vesicles (LUVs) com-
posed of the phospholipid 1-palmitoyl-2-oleyl-sn-glycero-3-
phosphocholine (POPC) to micellar F;OM resulted in slow
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but steady solubilization, as indicated by a decrease in light
scattering intensity (Figure 2b). Solubilization of 0.1 mm
POPC LUVs required several days at 2mMm F;OM and
25°C but was greatly accelerated by increasing the surfactant
concentration to 10 mm (Figure 2b) or raising the temper-
ature to 60°C (Figure 2c¢). By contrast, F;,OPC did not affect
vesicle integrity even at 60°C and a concentration of 20 mm
(Figure 2¢), in agreement with the poor performance of
longer-chain analogues as membrane solubilizers.™® These
differences in solubilizing power rationalize the observation
that F;OPC but not F;OM is compatible with free-standing
lipid bilayers.*”!

A systematic study of the solubilization behavior and the
supramolecular organization of POPC/F,OM mixtures was
carried out by recording the intensity of scattered light as
a function of the concentrations of both components™!
(Figure 3a). The F;OM concentrations required for initiating
and completing solubilization increased linearly with POPC
concentration, thus allowing the construction of a phase
diagram™ in which a coexistence range separates two regions
where either only bilayer or only micellar structures exist
(Figure 3b). As derived from the slopes of the phase
boundaries, solubilization starts when the molar F,OM/
POPC ratio in the membrane reaches 1.0 and is completed
at a molar ratio of 3.0 in the mixed micelles. From this, we
determined the free-energy costs of transferring POPC into
micelles or FOM into bilayers to be as low as 1.7 kJ mol ' and
1.0 kJmol ™', respectively. These values fall close to those
observed for typical detergents (Table S1 in the Supporting
Information) but are very different from the characteristics of
a “membranophobic” lipopeptide.? 'P and '’F NMR experi-
ments confirmed the concomitant transfer of POPC and
F,OM from bilayers into micelles. The *'P signal was
broadened beyond detection in vesicular POPC suspensions
because of the slow tumbling of LUVs,® but a sharp isotropic
peak appeared upon solubilization by F;OM and remained
constant after complete transfer of POPC into micelles
(Figure 3c,e). In ’F NMR spectra,'®! the onset of solubiliza-
tion manifested as an upfield shift in the signal from the CF;
group of F;OM, which continued to change upon variation of
the composition of the mixed micelles through further
addition of F;OM (Figure 3d,e).

Fast vesicle solubilization at elevated temperatures has
been ascribed to thermally induced membrane destabilization
and accelerated detergent translocation.?>?! We carried out
uptake and release assays by isothermal titration calorim-
etryP? to test this hypothesis for F,OM and dissect the
thermodynamics of its interactions with lipid membranes
(Figure 4a,c). Analysis of the resulting isotherms (Fig-
ure 4b,d) in terms of a membrane/water partition equilibri-
umP’ revealed that FOM strongly partitioned into POPC
membranes, with transfer free energies of —25.3 kJmol™! at
25°C and —29.0 kJmol ' at 60°C (Table S2), and that the
accessible lipid fraction dramatically increased with temper-
ature (Table S3). This indicates that F;OM readily trans-
locates between the two bilayer leaflets at 60°C but not at
25°C and that this difference is responsible for the temper-
ature dependence of its solubilization kinetics (Figure 2b,c¢).
By contrast, titration of F;OPC produced only minute heats of
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Figure 3. Solubilization of POPC vesicles as a function of F;OM
concentration. a) 90° light scattering intensity | during solubilization in
which POPC LUVs were challenged with increasing concentrations of
FsOM. Arrows indicate data points used for constructing the phase
diagram. b) POPC/F;OM phase diagram showing ranges in which only
bilayers (b), only micelles (m), or both (m+b) exist. Phase boundaries
(solid lines with fitting parameters) are linear fits to concentration
pairs (circles) taken from part (a). c) P NMR spectra for 2 mm POPC
LUVs mixed with the indicated concentrations of FEOM in 90% H,0/
10% D,0. d) °F NMR spectra for the same samples focusing on the
CF; resonance of F;OM. For clarity, vertical scaling is non-uniform
across different FsOM concentrations. e) *'P NMR peak intensities (/;
black) and ">F NMR peak chemical shifts (d,; gray) of the CF; group
against F;,OM concentration. Gray lines indicate phase boundaries
predicted by the phase diagram in (b). Each sample was incubated at
60°C for 30 min to ensure equilibration before measurements were
performed at 25°C.

dilution (data not shown), thus suggesting the absence of
notable interactions with POPC membranes.

We measured time-resolved fluorescence anisotropy®! to
shed more light on the mechanism of F;OM-driven mem-
brane solubilization. Titration of phospholipid membranes
with detergents containing a polar headgroup and a hydro-
genated tail results in a progressive increase in acyl chain
disorder, as reflected in changes in the nanosecond dynamics
of the fluorescent probe 1,6-diphenyl-1,3,5-hexatriene
(DPH).P! At 20°C, POPC bilayers start disintegrating when
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Figure 4. Membrane partitioning and translocation of F;,OM by ITC.

a) Uptake and release thermograms at 25°C depicting differential
heating power Ap versus time t. For clarity, only 11 of 30 injections are
shown. b) Corresponding isotherms illustrating experimental (circles)
and fitted (solid lines) values for the integrated and normalized heat
of reaction Q, yielding an accessible POPC fraction of 0.22. c) Uptake
and release thermograms at 60°C. Only 10 of 30 injections are shown.
d) Corresponding isotherms of experimental (circles) and fitted (solid
lines) Q values, resulting in an accessible POPC fraction of 0.65. The
POPC concentration in the injection syringe was always 60 mm, while
the F;OM concentration was 0.3 mm in the cell for uptake titrations
and 3 mm in the syringe for release titrations. These concentrations
ensured that only bilayers and no micelles were present.

the limiting anisotropy of DPH decreases to a threshold of
approximately 0.01, irrespective of the chemical nature of the
detergent.’ In contrast with this “homogeneous” solubiliza-
tion mechanism, some detergent-like lipopeptides and deter-
gents with polar and nonpolar moieties that are not clearly
segregated solubilize membranes “heterogeneously”, that is,
they cluster together within the lipid matrix and induce
solubilization without significantly affecting the overall
membrane order.” The latter mode of solubilization was
also observed for F;OM, which induced only minor changes
before solubilization set in (Figure 5). Upon further addition
of FsOM, the limiting anisotropy rose steadily and finally
plateaued when solubilization was complete. The decreased
ability of micelle-solubilized DPH to reorient is in agreement
with a rod-shaped micellar morphology (Figure 2a) and thus
a large apparent hydrodynamic diameter (Figure S1). Lip-
ophobic F;OPC had no effect on POPC membranes, as
evidenced by its negligible influence on all of the fluorescence
properties investigated (Figure S4).

The transfer of bacteriorhodopsin or cytochrome bgf
complex from hydrogenated detergents into an F;OM ana-
logue carrying an additional CH, group enhances the stability
and activity of both proteins.® This effect requires self-
assembly of the fluorinated surfactant to form a membrane-
mimetic environment but does not necessitate lipophilicity or
detergency. To exemplify how the latter can be exploited for
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Figure 5. Effects of FOM on membrane order as monitored by time-
resolved fluorescence anisotropy. a) Representative decays of fluores-
cence anisotropy r for 3.33 um DPH in 2 mm POPC LUVs in the
absence (black) or presence of 4 mm (blue) or 10 mm (green) FOM.
Monoexponential fits (solid lines) yielded limiting anisotropies as
asymptotic values. b) Limiting DPH anisotropy (r..; red) and 90° light
scattering intensity (/; black) of 2 mm POPC LUVs as functions of
F¢OM concentration. Gray lines indicate phase boundaries derived
from I, and error bars represent 95% confidence intervals. Each
sample was incubated at 60°C for 30 min to ensure equilibration
before measurements were performed at 20°C.

membrane-protein applications, we compared the effects of
FsOM and F,OPC on the refolding of outer membrane
phospholipase A (OmpLA) to generate enzymatically active
proteoliposomes. OmpLA is an excellent model membrane
protein for folding studies;*! without chemical or molecular
chaperones, however, its urea-unfolded form cannot refold
into LUVs composed of long-chain phospholipids.®®! By using
gel-shift densitometry (Figure 6a) and a colorimetric phos-
pholipase assay®”! (Figure S5), we found that the fluorinated
detergent F;OM could chaperone the functional refolding of
OmpLA into POPC LUVs in a concentration-dependent
manner without the need for micellar structures (Figure 6b).
It outperformed the nondetergent F;OPC, which had a sig-
nificant but moderate effect only in micellar form, a result
consistent with a previous report.”?"!

The lipophobicity of fluorinated surfactants has made
them popular for tasks such as the controlled delivery of
membrane proteins to preformed lipid bilayers® ! but has

hampered their application in situations where detergent-like
activity is desirable or even essential. Our findings demon-
strate that fluorination and detergency are not mutually
exclusive and that a fluorinated detergent can aid the
functional refolding of a membrane protein under conditions
where gentle membrane interactions prove superior to the
inertness of lipophobic fluorinated surfactants. While the
determining properties await to be elucidated through
systematic structure—activity relationship (SAR) studies, the
results presented herein suggest that headgroup chemistry
can be exploited to tune the balance of lipophobicity versus
detergency, thus rendering fluorinated surfactants amenable
to a broad range of new applications.

Keywords: biomembranes - liposomes - micelles - proteins -
surfactants
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