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We report herein the synthesis of zwitterionic sulfobetaine (SB) and dimethylamine oxide (AO) de-
tergents whose alkyl chain is made of either a perfluorohexyl (FgHs) or a perfluoropentyl (FsHs) group
linked to a hydrogenated spacer arm. In aqueous solution, the critical micellar concentrations (CMCs)
measured by surface tensiometry (SFT) and isothermal titration calorimetry (ITC) were found in the
millimolar range (1.3—2.4 mM). The morphologies of the aggregates were evaluated by dynamic light
scattering (DLS), analytical ultracentrifugation (AUC), small-angle X-ray scattering (SAXS), and trans-
mission electron microscopy (TEM), demonstrating that the two perfluoropentyl derivatives formed
small micelles less than 10 nm in diameter, whereas the perfluorohexyl derivatives formed larger and
more heterogeneous micelles. The two SB detergents were able to solubilize synthetic lipid vesicles in a
few hours; by contrast, the perfluoropentyl AO induced much faster solubilization, whereas the per-
fluorohexyl AO did not show any solubilization. All detergents were tested for their abilities to stabilize
three membrane proteins, namely, bacteriorhodopsin (bR), the Bacillus subtilis ABC transporter BmrA,
and the Streptococcus pneumoniae enzyme SpNOX. The SB detergents outperformed the AO derivatives as
well as their hydrogenated analogs in stabilizing these proteins. Among the four new compounds, FsH5SB
combines many desirable properties for membrane-protein study, as it is a powerful yet gentle detergent.
© 2022 Elsevier B.V. and Société Francaise de Biochimie et Biologie Moléculaire (SFBBM). All rights
reserved.

1. Introduction biochemical and biophysical characterization, membrane proteins

need to be extracted from their native membrane environment.

Membrane proteins (MPs) represent 20—30% of all human
proteins and constitute 60% of therapeutic targets but are currently
underrepresented in the Protein Data Bank [1]. Prior to any
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Because of the insolubility of membrane proteins in aqueous so-
lution, detergents are commonly used to extract and keep them
soluble in protein/detergent complexes in which the detergent
covers the hydrophobic transmembrane segments of the protein.
The problems faced during this process usually come from the
denaturation of the protein and from the formation of aggregates
[2,3]. It is therefore of the utmost importance to develop mild de-
tergents that allow efficient extraction of the MP while making
stable complexes in which the MP retains its functional structure
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and dynamics.

Zwitterionic detergents, which bear both cationic and anionic
groups on their polar head, present interesting properties such as
high-water solubility, strong interfacial properties and high foam
stability. Moreover, compared with cationic and anionic detergents,
the charged groups contained in zwitterionic detergents are more
distributed over the micellar surface, reducing the repulsion be-
tween the hydrophilic groups. Micellization is therefore facilitated
and the critical micelle concentration (CMC) decreases as compared
with detergents carrying net electric charge [4,5]. In particular,
sulfobetaines (SBs) having an anionic sulfonate and a cationic
quaternary ammonium group in the polar head group are zwit-
terionic at all physiologically relevant pH values and have shown
interesting results for the extraction of MPs [6—9]. Other zwitter-
ionic detergents that have proven useful in MP extraction are amine
oxides such as lauryldimethylamine N-oxide (LDAO). For instance,
LDAO has been successfully used to extract mammalian rhodopsin
[10] and the photosynthetic reaction centers of bacterium Rho-
dopseudomonas viridis [11].

A limitation of existing zwitterionic detergents, however, is that
they tend to be more denaturing than non-ionic detergents, pre-
sumably because of unspecific Coulombic interactions of their
charged groups with solubilized MPs [12]. The “harsh” character of
zwitterionic detergents thus correlates with their high hydrophilic/
lipophilic balance (HLB). Among the various head-and-tail de-
tergents that are commonly employed for MP extraction or stabi-
lization, the “mild” ones have HLB values of about 12, whereas
higher HLB indicates more strongly charged or larger polar heads
such as those of SB-12 (i.e., SB with a C12 chain) and LDAO [13].

As part of our long-term project devoted to the design of mild
detergents, we hypothesized that the denaturing character of
zwitterionic detergents could be attenuated by resorting to fluori-
nated hydrophobic chains rather than hydrogenated hydrophobic
chains. Indeed, fluorinated surfactants have the unique property of
being both hydrophobic and lipophobic. Therefore, they are
generally non-cytolytic, as they show only weak interactions with
the alkyl chains of natural lipids [14]. The non-denaturing and
stabilizing character of fluorinated surfactants towards MPs has
long been known [15—17], and there is a growing number of reports
that show that they also exhibit detergency [18—21] and, thus,
could be used to extract MPs.

In this work, we synthesized two sulfobetaine derivatives,
FgH3SB and FsHsSB, as well as two dimethylamine oxide detergents,
FsH3AO and FsH5AO (Fig. 1). By combining zwitterionic hydrophilic
head groups and fluorinated chains, we expected to obtain suffi-
cient detergency to solubilize and extract the MPs while retaining
their native structures and functions. Micellization of the new de-
tergents in aqueous solution was studied by surface tensiometry
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Fig. 1. Chemical structures of the commercially available SB-12 and LDAO and the four
fluorinated zwitterionic derivatives synthesized in this study.
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(SFT) and isothermal titration calorimetry (ITC), and the
morphology of the aggregates was evaluated by dynamic light
scattering (DLS), analytical ultracentrifugation (AUC), small-angle
X-ray scattering (SAXS), and transmission electron microscopy
(TEM). The potency of the compounds to solubilize lipid vesicles
was further investigated. Furthermore, the new detergents were
tested for the stabilization of several model MPs, including bacte-
riorhodopsin (bR), the Bacillus subtilis ABC transporter BmrA (Ba-
cillus multidrug resistance ATP), and the Streptococcus pneumoniae
SpNOX.

2. Materials and methods
2.1. Synthesis

All starting materials were commercially available and were
used without further purification. All solvents were of reagent
grade and used as received unless otherwise indicated. Anhydrous
solvents were dried by simple storage over activated 4 A molecular
sieves for at least 24 h. Molecular sieves were activated by heating
in vacuo. The progress of the reactions was monitored by thin-layer
chromatography (60 F,s4 Merck plates). The compounds were
detected either by exposure to ultraviolet light (254 nm) or by
spraying with sulfuric acid (5% ethanol), followed by heating at ~
150 °C. Flash column chromatography was carried out on silica gel
(40—63 pm) with a CombiFlash system. 'H, 13C and '°F NMR ana-
lyses were performed on a Bruker AC400 at 400, 100 and 375 MHz,
respectively. Chemical shifts are given in ppm relative to the solvent
residual peak as a heteronuclear reference for 'H and '3C. The
coupling constants J are given in hertz. Abbreviations used for
signal patterns are: s, singlet; bs, broad singlet; d, doublet; t, triplet;
q, quartet; m, multiplet; dd, doublet of doublet; and dt, doublet of
triplet. HRMS were determined on a Synapt G2-S (Waters) mass
spectrometer equipped with a TOF analyzer for ESI + experiments.

N-(Benzyloxycarbonyl)allylamine (1). Compound 1 was syn-
thesized according to the procedure described by Olson et al. [22]
Allylamine (0.56 g, 9.81 mmol, 1.0 equiv) was dissolved in H,0
(15 mL) and K»CO3 (4.75 g, 34.34 mmol, 3.5 equiv) was added. The
mixture was stirred at room temperature for 5 min and then AcOEt
(15 mL) was added and the solution was cooled down at 0 °C.
Benzyl chloroformate (1.4 mL, 9.81 mmol, 1.0 equiv) was added
over a period of 15 min and the reaction mixture was stirred at
room temperature for 3 h. Then, the organic layer was separated,
washed with a 10% HCI solution (2 x ) and brine, dried over
anhydrous NaySO4, filtered, and concentrated under reduced
pressure. The crude product was purified by flash chromatography
(AcOEt/cyclohexane, 1:9 v/v) to yield 1 as a colorless liquid (1.05 g,
56%).1 is volatile and therefore precautions need to be taken when
the solvent is evaporated. 'H NMR (400 MHz, CDCl5): 6 7.45-7.28
(m, 5H), 5.85 (m, 1H), 5.25-5.07 (m, 4H), 4.82 (bs, 1H), 3.83 (m, 2H).
13C NMR (100 MHz, CDCl3): 6 156.4, 136.6, 134.6,128.8, 128.6, 128.2,
116.2, 66.9, 43.6. MS (ESI4) m/z: [M+Na]" = 214.1.

Benzyl (4,4,5,5,6,6,7,7,8,8,9,9,9-tridecafluoro-2-iodononyl)
carbamate (2). To a solution of compound 1 (2.10 g, 10.98 mmol, 1.0
equiv) in CH,Cl,, perfluorohexyliodide (4.0 mL, 18.48 mmol, 1.7
equiv) and triethylborane 1 M in hexane (3.1 mL, 3.14 mmol, 0.3
equiv) were added. The mixture was flushed with air and stirred at
room temperature overnight. After completion of the reaction, a
diluted solution of NayS,03 was added and the aqueous layer was
extracted with CH;Cl; (3 x ). The organic fractions were collected,
dried over anhydrous NaySOy, filtered, and then concentrated un-
der reduced pressure. The crude product was purified by flash
chromatography (AcOEt/cyclohexane, 1:9 v/v) to yield 2 as a white
powder (5.70 g, 82%). 'H NMR (400 MHz, CDCl3): 6 7.40-7.30 (m,
5H), 5.21 (bs, 1H), 5.13 (s, 2H), 4.40 (m, 1H), 3.67 (m, 1H), 3.53 (m,
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1H), 282 (m, 2H). YF NMR (375 MHz, CDCl3):
0 —80.8, —113.1, —121.8, —122.8, —123.5, —126.1. 3C('H) NMR
(100 MHz, CDCl3): 6 156.3,136.2,128.7,128.5,128.3, 67.4, 49.4, 38.8,
18.5. HRMS (ESI+) myz: [M+H]" calculated for Cy7H14F13INO2
637.9856, found 637.9872.

Benzyl (4,4,5,5,6,6,7,7,8,8,9,9,9-tridecafluorononyl)carba-
mate (3). Compound 2 (5.70 g, 8.95 mmol, 1.0 equiv) was dis-
solved in MeOH and Pd/C (100 mg, catalytic amount) and sodium
acetate (2.93 g, 35.72 mmol, 4.0 equiv) were added. The reaction
mixture was stirred overnight under a 6.5 bar pressure of H; in a
hydrogenation reactor and then filtered through a pad of Celite
and concentrated under reduced pressure. A diluted solution of
Na,S;03 was added to the crude product and extracted with
CH,Cly (3 x ). The organic fractions were collected, dried over
anhydrous Na;SOy, filtered, and concentrated under reduced
pressure to yield 3 as a white powder (3.60 g, 79%). 'H NMR
(400 MHz, CDCl3): 6 7.40-7.28 (m, 5H), 5.11 (s, 2H), 4.84 (bs, 1H),
3.30 (m, 2H), 2.12 (m, 2H), 1.84 (m, 2H). 3F NMR (375 MHz, CDCl5):
0 - 80.8, —114.1, —121.9, —122.9, —123.4, —126.1. 3C('H) NMR
(100 MHz, CDCl3): ¢ 156.6, 136.5, 128.7, 128.4, 128.3, 67.0, 40.3,
28.4, 21.4. HRMS (ESI+) m/z: [M+H]" calculated for C;7H15F13NO>
512.0890, found 512.0903.

44,5,5,6,6,7,7,8,8,9,9,9-tridecafluoro-N,N-dimethylnonan-1-
amine (4). Compound 3 (3.60 g, 7.04 mmol, 1.0 equiv) was dissolved
in MeOH and Pd/C (100 mg, catalytic amount) was added. The re-
action mixture was stirred overnight under a 6.5 bar pressure of H;
in a hydrogenation reactor and then filtered through a pad of Celite
and concentrated under reduced pressure. The obtained product
was dissolved in a mixture of formaldehyde and formic acid (1:2 v/
v, 12 mL). To the resulting solution H,O (2 mL) and MeOH (1 mL)
were added. The reaction mixture was stirred at reflux for 24 h and
then poured into NaOH 2 N. The aqueous layer was extracted with
Et,0 (3 x ). The organic fractions were collected, dried over anhy-
drous Na;SOy, filtered, and concentrated under reduced pressure to
yield 4 as a yellow oil (2.21 g, 77%). 4 is volatile and therefore
precautions need to be taken when the solvent is evaporated. 'H
NMR (400 MHz, CDCl3): 6 2.33 (t, J = 7.0 Hz, 2H), 2.21 (s, 6H), 2.13
(m, 2H), 1.76 (m, 2H). *F NMR (375 MHz, CDCl3): 6 - 80.9, - 114.3, -
1220, - 122.9, - 123.5, - 126.2. 3C('H) NMR (100 MHz, CDCl3):
0 58.6, 45.4, 28.9, 18.5. HRMS (ESI+) m/z: [M+H]" calculated for
C11H13F13N 406.0835, found 406.0848. The spectral data were in
agreement with those from Ref. [23].

445,5,6,6,7,7,8,8,9,9,9-tridecafluoro-N,N-dimethylnonan-1-
amine oxide (5). Compound 4 (0.80 g, 1.97 mmol, 1.0 equiv) was
dissolved in CHCl3 and the resulting mixture was cooled down
to —10 °C using liquid nitrogen. m-CPBA (0.68 g, 3.94 mmol, 2.0
equiv) was dissolved in CHCl3 and then added slowly to the reaction
mixture. The reaction mixture was stirred 30 min at — 10 °C and then
overnight at room temperature. The solvent was removed under
reduced pressure and the crude product was recrystallized from Et;0
to yield 5 as a white solid (0.36 g, 43%). 'H NMR (400 MHz, CD30D):
6 339 (m, 2H), 3.19 (s, 6H), 2.34 (m, 2H), 2.20 (m, 2H). '°F NMR
(375 MHz, CD30D): 6 — 82.4, —115.4, —122.9, —123.9, —124.5, —127.4.
13¢(H) NMR (400 MHz, CD30D): 6 70.0, 58.6, 29.0, 16.0. HRMS (ESI+)
myz: [M+H]" calcd for C11H13F13NO, 422.0790; found, 422.0793.
3-(dimethyl(4,4,5,5,6,6,7,7,8,8,9,9,9-tridecafluorononyl)

ammonio)propane-1-sulfonate (6). Compound 4 (0.80 g,
1.97 mmol, 1.0 equiv) and 1,3-propanesultone (0.84 g, 6.90 mmol,
3.5 equiv) were dissolved in anhydrous ACN. The reaction mixture
was stirred at 75 °C for 6 h under an argon atmosphere. The
mixture was allowed to cool down to room temperature and then
AcOEt was added. The solution was cooled down to 0 °C. The
obtained precipitate was filtered, washed with Et;0, and dried to
yield 6 as a white solid (0.80 g, 77%). '"H NMR (400 MHz, CD;0D):
0 3.57 (m, 2H), 3.45 (m, 2H), 3.14 (s, 6H), 2.88 (t, ] = 6.4 Hz, 2H),
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2.34 (m, 2H), 2.18 (m, 4H). F NMR (375 MHz, CD3;0D):
0 824, —115.2, —122.9, —123.9, —124.5, —127.3. *C('H) NMR
(100 MHz, CD30D): 6 64.3, 64.0, 51.3, 48.2, 28.5, 19.9, 15.4. HRMS
(ESI+) m/z: [M+H]" calcd for Ci4H19F13NOsS, 528.0878; found,
528.0879. The spectral data were in agreement with those from
Ref. [23].

6,6,7,7,8,8,9,9,10,10,10-undecafluoro-4-iododecan-1-ol (7). To
a solution of pent-4-en-1-ol (1.00 g, 11.61 mmol, 1.0 equiv) in
CH,Cl,, perfluoropentyliodide (5.97 g, 15.09 mmol, 1.3 equiv) and
triethylborane 1 M in hexane (3.0 mL, 3.02 mmol, 0.2 equiv) were
added. The mixture was flushed with air and stirred at room
temperature for 2 h. After completion of the reaction, a diluted
solution of NayS,03 was added and the aqueous layer was extracted
with CH;Cl; (3 x ). The organic fractions were collected, dried over
anhydrous NaySOy, filtered, and then concentrated under reduced
pressure. The crude product was purified by flash chromatography
(cyclohexane/AcOEt, 9:1 v/v) to yield 7 as a yellow oil (4.90 g, 88%).
TH NMR (400 MHz, CDCl3): ¢ 4.38 (m, 1H), 3.72 (t, ] = 6.2 Hz, 2H),
2.86 (m, 2H), 1.88 (m, 3H), 1.70 (m, 1H). '°F NMR (375 MHz, CDCl3):
6 —80.8, —113.2, —122.6, —123.8, —126.3. 13C('H) NMR (100 MHz,
CDCl3): 6 61.8, 41.8, 37.0, 32.7, 20.3. HRMS (ESI+) m/z: [M-H,0 + H|*
calcd for CigH19F11], 464.9568; found, 464.9560.

6,6,7,7,8,8,9,9,10,10,10-undecafluorodecan-1-ol (8). Compound
7 (4.70 g, 9.75 mmol, 1.0 equiv) was dissolved in MeOH and Pd/C
(100 mg, catalytic amount) and sodium acetate (2.50 g, 30.49
mmol, 3.1 equiv) were added. The reaction mixture was stirred
overnight under a 6.5 bar pressure of Hy in a hydrogenation reactor
and then filtered through a pad of Celite and concentrated under
reduced pressure. A diluted solution of Na;S;03 was added to the
crude product and extracted with CH,Cl, (3 x ). The organic frac-
tions were collected, dried over anhydrous Na,SOg, filtered, and
concentrated under reduced pressure to yield 8 as a yellow oil
(3.28 g, 94%). 8 is volatile and therefore precautions need to be
taken when the solvent is evaporated. 'H NMR (400 MHz, CDCl3):
0 3.66 (t,] = 6.4 Hz, 2H), 2.07 (m, 2H), 1.62 (m, 4H), 1.48 (m, 2H). °F
NMR (375 MHz, CDCl3): 6 —80.9, —114.5, —122.8, —123.8, —126.4.
13¢(TH) NMR (100 MHz, CDCl3): 6 62.6, 32.4, 31.0, 25.5, 20.1. HRMS
(ESI+) m/z: [M-H20 + H]" calcd for CioH1oFq1, 339.0601; found,
339.0614.

6,6,7,7,8,8,9,9,10,10,10-undecafluorodecyl methanesulfonate
(9). To a solution of 8 (2.7 g, 7.58 mmol, 1.0 equiv) in CH,Cly,
triethylamine (1.53 g, 15.12 mmol, 2.0 equiv) was added. The re-
action mixture was cooled down to 0 °C and MsCl (2.60 g,
22.70 mmol, 3.0 equiv) was added dropwise. The mixture was
stirred at room temperature for 6 h and then poured into water
and extracted with CH,Cl; (3 x ). The organic fractions were
collected and successively washed with 1 M HCl and brine, dried
over anhydrous Na,SOg4, filtered and then concentrated under
reduced pressure to yield 9 as a yellow oil (2.80 g, 85%). '"H NMR
(400 MHz, CDCls3): ¢ 4.24 (t, ] = 6.3 Hz, 2H), 3.01 (s, 3H), 2.08 (m,
2H), 1.80 (m, 2H), 1.66 (m, 2H), 1.53 (m, 2H). '°F NMR (375 MHz,
CDCl3): 6 —80.8, —114.4, —122.7, —123.7, —126.3. *C('H) NMR
(100 MHz, CDCl3): 6 69.5, 37.6 30.8, 29.0, 25.2, 19.9. HRMS (ESI+)
m/z: [M +H]" calcd for Cq1H13F1103S, 435.0486; found, 435.0479.

6,6,7,7,8,8,9,9,10,10,10-undecafluoro-N,N-dimethyldecan-1-
amine (10). To a solution of dimethylamine (0.40 g, 8.98 mmol, 3.0
equiv) in EtOH, compound 9 (1.3 g, 2.99 mmol, 1.0 equiv) in EtOH
was added. The reaction mixture was stirred at 50 °C for 24 h and
then concentrated under reduced pressure. The resulting crude was
poured into a solution of NaOH 1 N and extracted with Et;0 (3 x ).
The organic fractions were collected, washed with brine, dried,
filtered and concentrated under reduced pressured. The crude
product was purified by flash chromatography (AcOEt/cyclohexane,
7:3 v/v) to yield 10 as a yellow oil (0.60 g, 53%). 10 is volatile and
therefore precautions need to be taken when the solvent is
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evaporated. "H NMR (400 MHz, CDCls): 6 2.26 (t, ] = 7.1 Hz, 2H), 2.21
(s, 6H), 2.06 (m, 2H), 1.64 (m, 2H), 1.50 (m, 2H), 1.41 (m, 2H). '°F
NMR (375 MHz, CDCl3): 6 —80.3, —114.4, —122.8, —123.8, —126.3.
13¢(H) NMR (100 MHz, CDCl3): 6 59.5, 45.4, 31.0, 27.3, 27.1, 20.2.
HRMS (ESI+) m/z: [M +H]* calcd for C1oHigF11N, 384.1180; found,
384.1187.

6,6,7,7,8,8,9,9,10,10,10-undecafluoro-N,N-dimethyldecan-1-
amine oxide (11). At 0 °C, compound 10 (0.60 g, 1.57 mmol, 1.0
equiv) was added dropwise to a solution of 30% wt. H,O; in H,0
(1.00 g, 29.41 mmol, 18.7 equiv). The reaction mixture was stirred at
0 °C for 5 min, heated to 30 °C for 30 min and then concentrated
under reduced pressure at 50 °C. The final product was dissolved in
H,0 and lyophilized to yield 11 as a white solid. (0.55 g, 88%). 'H
NMR (400 MHz, CD30D): 6 3.28 (m, 2H), 3.16 (s, 6H), 2.22 (m, 2H),
1.90 (m, 2H), 1.70 (m, 2H), 1.48 (m, 2H). °F NMR (375 MHz, CD50D):
0 —82.5, —115.4, —123.8, —124.8, —127.5. 3C('H) NMR (100 MHz,
CD30D): 6 714, 58.4, 31.5, 27.0, 24.1, 21.1. HRMS (ESI+) m/z: [M+H]*
calcd for C12H16F11NO, 400.1136; found, 400.1134.

3-(dimethyl(6,6,7,7,8,8,9,9,10,10,10-undecafluorodecyl)
ammonio)propane-1-sulfonate (12). Compound 10 (0.80 g,
2.09 mmol, 1.0 equiv) and 1,3-propanesultone (0.89 g, 7.31 mmol,
3.5 equiv) were dissolved in anhydrous ACN. The reaction mixture
was stirred at 75 °C for 6 h under an argon atmosphere. The mixture
was allowed to cool to room temperature and then AcOEt was
added. The solution was cooled down to 0 °C. The obtained pre-
cipitate was filtered, washed with AcOEt and Et,0, and dried to
yield 12 as a white solid (0.82 g, 78%). '"H NMR (400 MHz, CD30D):
63.52 (m, 2H), 3.34 (m, 2H), 3.10 (s, 6H), 2.87 (t,] = 6.7, 2H), 2.23 (m,
4H), 1.87 (m, 2H), 1.73 (m, 2H), 1.50 (m, 2H). °F NMR (375 MHz,
CDs;0D): 6 —82.5, —115.4, —123.8, —124.7, —127.5. 3c('H) NMR
(100 MHz, CD30D): ¢ 65.1, 63.8, 51.3, 31.5, 26.8, 23.3, 21.0, 19.9.
HRMS (ESI+) m/z: [M+H]" caled for CysHpF1iNOsS, 506.1227;
found, 506.1223.

2.2. Colloidal properties

2.2.1. Surface tension measurement (SFT)

The surface activity of detergents in solution at the air/water
interface was determined using a K100 tensiometer (Kruss,
Hamburg, Germany). Surface tensions were determined by dilution
of stock solutions of FgH3SB (9.4 mM), FsH5SB (10 mM), FgH3AO
(8 mM), and FsH5AO (7 mM) using the Wilhelmy plate technique. In
a typical experiment, 8 to 13 concentration steps were prepared
from solutions equilibrated overnight before measurement. All
measurements were performed at (25.0 + 0.5) °C until standard
deviation reached 0.05 mN/m or during at least 30 min.

2.2.2. Isothermal titration calorimetry (ITC)

All experiments were performed on a VP-ITC (Malvern Pan-
alytics, Malvern, UK) at 25 °C. Stock solutions of 20 mM FgH3SB,
30 mM FsH5SB, 15 mM FgH3AO, and 20 mM FsHsAO were prepared
in phosphate buffer (10 mM NaH;PO4/Na;HPO4 and 150 mM NaCl
at pH 7.4) and were injected into the sample cell containing only
phosphate buffer. Time spacings between injections were chosen
long enough to allow for complete re-equilibration. The resulting
thermograms were baseline-subtracted, and peaks were integrated
to yield demicellization isotherms using NITPIC [24]. Further,
demicellization isotherms were analyzed using D/STAIN [25] giving
the CMC, thermodynamic parameters, and corresponding 95%
confidence intervals.

2.2.3. Dynamic light scattering (DLS)

DLS measurements were carried out with a Nano Zetasizer S90
(Malvern Panalytics, Malvern, UK), utilizing a He—Ne laser at a
wavelength of 633 nm as light source and a detection angle of 90°.
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Samples were transferred to a 45-uL quartz glass cuvette (Hellma,
Munich, Germany) and equilibrated for 2 min prior to each mea-
surement. The attenuator was fixed to the maximum open position
to ensure comparable results for light scattering intensity mea-
surements while in case of the determination of size distributions,
attenuator settings were automatically set by the software.

2.2.4. Sedimentation velocity experiments

Stock solutions at 50 mM were diluted in water to provide
samples of FgH3SB at 4, 8.1 and 12 mM, of FsHsSB at 3.9 and 8 mM,
of FsH3AO at 3.7, 6.1 and 13.2 mM, and of FsHsAO at 3, 5, 10.9, and
15.5 mM. Sedimentation velocity experiments were performed in a
Beckman XL-I analytical ultracentrifuge with a rotor Anti-50
(Beckman Coulter, Palo Alto, USA) and double-sector cells of opti-
cal path length 12 mm equipped of Sapphire windows (Nanolytics,
Potsdam, Germany). Samples were centrifuged at 42 000 rpm
(130 000 g), at 20 °C. Sedimentation velocity profiles were acquired
in interference, every 1 min. Data were analyzed in terms of
continuous size distribution c(s) of sedimentation coefficients, s
[26], by using SEDFIT. Peak integration was done with the GUSSI
software (http://biophysics.swmed.edu/MBR/software.html) [27].
Standard equations and protocols described in Salvay and Ebel [28]
were used to derive the micelle sedimentation coefficient at infinite
dilution, so. We used the Svedberg equation to derive from s,
micelle molar masses, M., from which were derived aggregation
numbers, N,gg, using the information on the calculated surfactant
molar masses and partial specific volumes reported in Table 2, and
estimates on the hydrodynamic diameters from DLS.

2.2.5. SAXS experiments

They were conducted on the BM29 beamline at the European
Synchrotron Radiation Facility (Grenoble, France). The data were
recorded for 0.004<Q < 0.5 A1 (Q=(4w/\)sin® is the modulus of
the scattering vector, with 20 being the scattering angle, and A the
wavelength), using a two-dimensional 1 M Pilatus (Pilatus3 2 M or
FgH3SB) detector, at 20 °C, with a monochromatic X-ray beam with
A = 0.9919 A and a sample to detector distance of 2.864 m. Mea-
surements were typically performed with 80 uL sample, in a quartz
capillary, with a continuous flow and 20 acquisitions with 0.5 s
irradiation per acquisition recorded for the samples and the water
solvent. Data reduction was performed using the automated stan-
dard beamline software (BSXCuBE) [29], and data processing,
including the elimination of data suffering from radiation damage,
averaging, buffer subtraction, Guinier and P(r) plots, using PRIMUS
of the software suite ATSAS V8.2.4 [30]. Absolute scales were ob-
tained using the scattering of water. Samples were prepared in
water, from dilution of 50 mM stock solutions. For FgH3SB,
incomplete solubilization was observed, the nominal concentration
of 5.6 mM is thus overestimated in an unknown extent. FsHsSB,
FgH3AO, and FsHsAO were measured at 6 to 10 different concen-
trations, respectively, between 2 and 3 mM, and 50 mM. The radius
of gyration, Rg, and forward intensity I(Q = 0), were obtained from
the linear extrapolation of the Guinier plot, from the smallest Q and
in the range R;Q<1.3. From I(Q = 0), given the sample concentration
is known, the mean molar mass can be derived. For the investigated
samples, we suspect that large, hidden in view of the Q-range,
aggregates contribute to decrease the effective concentration of
measurable particles. Even for the relatively homogeneous FsH5SB,
derived N,gg are smaller (22 at 5 mM, and 38 at 50 mM), than that
estimated from AUC. We thus consider that the analysis in terms of
molar mass, thus Nagg is inappropriate.

2.2.6. Negative stain electron microscopy
Negatively stained samples were prepared by spreading 5 pl of
the dispersion onto a Cu grid coated with a Formvar-film (PLANO,
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Wetzlar, Germany). After 1 min, excess liquid was blotted off with
filter paper and 5 ul of 1% aqueous uranyl acetate solution were
placed onto the grid and drained off after 1 min. Specimens were
air-dried and examined in an EM 900 transmission electron mi-
croscope (Carl Zeiss Microscopy GmbH, Oberkochen, Germany).
Micrographs were taken with a SSCCD SM-1k-120 camera (TRS,
Moorenweis, Germany).

2.2.7. Solubilization kinetics

For determining the kinetics of vesicle solubilization, POPC LUVs
were prepared by dissolving POPC in powder form in phosphate
buffer (10 mM NaH;PO4/Nay;HPOy in total and 150 mM NacCl at pH
7.4) and shaking for several minutes. The suspension was extruded
using a LiposoFast extruder (Avestin, Mannheim, Germany) with at
least 35 repeats through two stacked polycarbonate membranes
having a pore diameter of 100 nm (Avestin). These LUVs were
mixed with the detergents in a 3 x 3 mm cuvette. Immediately after
mixing, the measurement was started on a Nano Zetasizer S90
(Malvern), optimized for static light scattering measurements.

2.3. Biochemical evaluation

2.3.1. bR purification and assay

Purified purple membrane was solubilized for 40 h at 4 °C with
89 mM Octylthioglucoside (CMC = 9 mM) at a membrane con-
centration of 1.5 g L' in 20 mM sodium phosphate buffer
(NaH,PO4/NaHPO,4), pH 6.8. Samples were diluted to reach a final
Octylthioglucoside concentration of 15 mM, supplemented with
2 mM of the surfactant to be tested, and incubated 15 min prior to
being loaded onto a 10—30% (w/w) sucrose gradient containing
20 mM sodium phosphate buffer pH 6.8 and either DDM as a
control, or the surfactant to be tested, at the following concentra-
tions: DDM: 2.18 mM; FgH3SB: 4.23 mM; FsH5SB: 4.5 mM; SB-12:
4.84 mM; FsH5AO: 3.4, and 6.4 mM; LDAO: 4.2 mM, correspond-
ing to CMC + 2 mM, except FsH5AO: 6.4 mM (CMC+ 5 mM). Gra-
dients were centrifuged for 5 h at 55,000 rpm (200,000¢g) in the
TLS55 rotor of a TL100 ultracentrifuge (Beckman). Bands containing
the colored protein were collected with a syringe, and protein
samples were kept at 4 °C in the dark for UV-—visible
spectrophotometry.

2.3.2. BmrA, SpNox

Overexpression and purification of BmrA at = 1.5 mg/mL were
done according to Mathieu et al. [31] with minor modifications:
Solubilization in 1% DDM; elution from NiNTA and dialysis in
50 mM Hepes-KOH pH 8, 10%, glycerol 100 mM NaCl with 0.1%
(2 mM) DDM. SpNOX was overexpressed and purified at 1 mg/mL in
50 mM Tris pH 7, 300 mM Nacl, 10 uM FAD with 0.3 mM DDM, as
previously described [32], except solubilization was done in 7.4 mM
DDM. A final 6-times concentration step was done by ultrafiltration
with 50 kDa cut off (Amicon® Ultra-4 Centrifugal Filter Units).
SpNOX and BmrA assays were done by dilution as described in
Wehbie et al., (See the supporting information section of reference
[20]) at the desired final surfactant concentration, and DDM final
concentration being under the CMC.

3. Results and discussion
3.1. Synthesis

We used two fluorinated chains for the formation of the zwit-
terionic detergents, a perfluorohexyl chain (CgF3) and a per-
fluoropentyl chain (CsFq1). The use of 5 and 6 fluorinated carbon
chains usually yields surfactants whose CMC is in the millimolar
range (0.1-5 mM) while allowing sufficient water solubility. Our
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choice was guided by previous works where similar sulfobetaine
[33] and aminoxide [34] fluorinated surfactants were synthesized
and whose CMC were 0.31 and 0.16 mM, respectively. We based our
synthetic strategy on the radical insertion of iodoperfluoroalkanes
into olefins so as to obtain a hydrogenated spacer between the
fluorinated chain and the polar head group. In a previous work, we
have shown that for the given perfluoropentyl chain, both propyl
and pentyl hydrogenated spacer arm led to optimized maltoside
fluorinated detergents namely FsOM and FsDM with good water
solubility, millimolar CMC and close-to-native environment for bR
while the commercially perfluorohexyl derivative with an ethyl
spacer FgOM led to rapid aggregation of bR [20]. Therefore, we used
the allyl and the penten-1-yl groups from the commercially avail-
able allylamine and pent-4-en-1-ol, respectively, onto which the
iodoperfluoroalkanes CgFq3l and CsFqil were introduced. To this
end, we developed two synthetic routes (Scheme 1). Performing in
parallel the two synthetic routes allowed us to compare them and
define which one was the most efficient both in term of overall
yield and number of steps. The formation of both sulfobetaine and
amine oxide polar head groups can be easily achieved, respectively,
through the functionalization of a dimethyl amino group by 1,3-
propanesultone and through the direct oxidation of the dimethyl
amino group.

The two derivatives containing six fluorinated carbons and a
linker comprising three hydrogenated carbons, called FgH3AO and
FgH3SB, were prepared from commercial allylamine following the
first retrosynthetic strategy (Scheme 1, route (A)). The two other
derivatives FsHsAO and FsHsSB were prepared following the sec-
ond retrosynthetic strategy (Scheme 1, route (B)).

Sulfobetaine (SB)

FeH3SB (Rf = CgFq3;n=1)
FsHsSB (Rf = CsFqq ; 0= 3)

| so

Amine oxide (AO)

FeH3AO (Rf = CgFqz; n=1)
FsHsAO (Rf = CsFqq ; n = 3)

©

\ O
®N—

Rf RV,
Polar head group
9.0 formation
1,3-propane Co Oxidation
sultone
|
Rf N
\/H;/ ~
Route (A) Route (B)

\J Dimethyl amine&
formation
C6F1sﬁ/\/NHz C5F11H/\/OH
1 3

U U

/\/NHZ MOH

Fluorinated chain
radical insertion

Rf—I

Scheme 1. Retrosynthetic pathways for the sulfobetaine and the amine oxide de-
rivatives. (Left) Route A from allylamine. (Right) Route B from pent-4-en-1-ol. Rf is
CsFyq or CgFqs.
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NH,  Cbz-Cl, K,COj, NH-Cbz  BEt; 1 M in hexane, I NH-Cbz ) pgiC, AcONa,
// H,O/AcOELt (1:1 viv), / CeF13-1, CHLCly, 1t CeF13 MeOH, rt, overnight,
rt, 3 h, 56% 1 overnight, 82% 79%
1) Hp, Pd/C,MeOH, \ el
NH-Cbz rt, overnight N— m-CPBA, CHClI3, +N—
CoFis 2) HCHO, HCOH, H,0, _/_/ rt, overnight, 43%
3 MeOH, reflux, 24 h, 77%  C6F13™ 4 CoF1s™  FgH,AO (5)
0,0
S5 SOy
P, AcN, 75°C, \ /—/_
+N—
6h, 77% _/—/
CeF13
FgH3SB (6)

Scheme 2. Synthetic route leading to the derivatives FsgH3AO and FgH3SB.

3.1.1. Synthesis of FsH3AO and FgH3SB (Scheme 2)

The amino function of allylamine was first protected with a
carboxybenzyl group according to the procedure described by
Olson et al. [22] to obtain 1 in 56% yield. The fluorinated chain was
then introduced on the allyl moiety by radical addition of per-
fluorohexyliodide with the use of triethylborane in the presence of
oxygen as described by Takeyama and co-workers [35]. Under these
mild conditions, compound 2 was obtained in 82% yield after pu-
rification by flash chromatography. Reduction of the C-1 bond was
achieved by catalytic hydrogenation under alkaline conditions in
the presence of Pd/C and led to compound 3 in 79% yield. Under
these basic conditions, the carboxybenzyl protecting group
remained intact, as reported in the literature [36]. Compound 3 was
then submitted to a catalytic hydrogenation to deprotect the amine
function followed by an Eschweiler—Clarke reaction [37] to obtain
the dimethylamine derivative 4 in 77% yield. Finally, 4 was oxidized
with m-chloroperoxybenzoic (m-CPBA) acid to give the amine ox-
ide derivative FsH3AO (5) in 43% yield after purification by recrys-
tallization. The reaction of dimethylamine 4 with propane-1,3-
sultone yielded the sulfobetaine derivative FgH3SB (6) as a white
precipitate in 77% yield. Of note, FsH3SB had already been synthe-
sized following another synthetic route in two steps starting from

3-(perfluorohexyl)propyl iodide [23]. Despite being 3 steps longer,
our strategy uses a fluorinated starting material that is significantly
cheaper, which makes the scale-up of the synthesis more
conceivable.

3.1.2. Synthesis of FsH5AO and F5HsSB (Scheme 3)

This synthetic route involved first the introduction of the
fluorinated chain by the radical addition of perfluoropentyliodide
on pent-4-enol with the use of triethylborane in the presence of
oxygen to obtain 7 in 88% yield. Compound 7 was then submitted to
a catalytic hydrogenation in the presence of Pd/C and AcONa to give
8 in 94% yield. The mesyl derivative 9 was prepared in 85% yield by
treating the alcohol 8 and methanesulfonyl chloride in the presence
of triethylamine. A nucleophilic substitution of 9 with dimethyl-
amine gave derivative 10 in 53% yield after purification by flash
chromatography. Compound 10 was oxidized with a solution of 30%
wt. H,0, in H0 to give the amine oxide derivative FsHsAO (11) in a
good yield of 88%. We also tried to obtain FsH5AO by oxidation of 10
with m-chloroperoxybenzoic acid with no success. Finally, the re-
action of dimethylamine 10 with propane-1,3-sultone yielded the
sulfobetaine derivative FsHsSB (12) as a white precipitate in 78%
yield.

OH BEt3 1 M in hexane, }MOH H2, Pd/C, AcONa, J_MOH MsClI, Et3N, CH20|2Y
VAR CsF11-1, CHoCly, rt, CsF iy 3 MeOH, t, overnight,  c,F,, 3 rt, 6 h, 85%
2h, 88% 94%
: 7 8

\ \N,O

_ FN—

J—MOMS Me,NH, EtOH, ﬂ H,0,, 0 to 30 °C, ﬂ
3 3
CsFi1 * 50°C, 24 h,53%  CsFis 30 min, 88% CsF 11

9 10

O,
(_/o, ACN, 75 °C,

FsHsAO (11)

SOy
\ /_/_

+N—

O
S.

6 h, 78%

el
CsF11

FsHsSB (12)

Scheme 3. Synthetic route leading to the derivatives FsHsAO and FsHsSB.
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When comparing the two synthetic routes, route B is more
efficient with overall yields of 29% and 33% for FsHsAO and FsHsSB,
respectively, whereas those for FsH3AO and FgH3SB are 12% and
22%, respectively. These two strategies based on radical addition of
iodoperfluoroalkanes onto olefins pave the way to the preparation
of other analogs in which the length of the hydrogenated spacer
could be varied from 3 to several carbon atoms.

3.2. Colloidal properties

3.2.1. Micellization

Micellization of the four new compounds was characterized by
means of ITC and SFT, from which we derived micellar parameters
(Table 1, Fig. 2A and B, and Fig. S2). The contributions to the
micellization of the FsHs and FgHs hydrophobic chains were similar,
as CF, groups are known to exhibit about 1.5-fold higher hydro-
phobicity compared with CH; groups [38]. Thus, for a given polar
head group, the two derivatives showed similar CMC values. By
contrast, for a given chain, the aminoxide detergents exhibited
two-fold lower CMCs. The same relative difference in CMC values
was also observed for the two fully hydrogenated dodecyl analogs
SB-12 and LDAO, whose CMCs were found to be 3.6 mM and
1.7 mM, respectively (see Table S1 for details).

The changes in Gibbs energy AGIV?%", enthalpy AHT/*?, and

entropy fTAS?/ 3" accompanying the transfer of detergent
monomers from the aqueous solution into micelles are also sum-
marized in Table 1. These data showed that micellization was
almost exclusively driven by entropy, with enthalpy making only a
minor contribution. Yet, the enthalpic contribution to micelle for-
mation was more pronounced in the case of the aminoxide de-
rivatives than for the sulfobetaine derivatives. SFT data were used
to construct Gibbs adsorption isotherms (data not shown) to
determine the surface excess concentration at surface saturation,
I'max, and the area occupied per detergent molecule at the air/water
interface, Amin. The values observed for FgH3SB and FsHsSB
(320 x 107'? mol/mm?) and for FgH3AO and FsHsAO
(4.40 x 10~ mol/mm?) indicate a tighter packing at the air/water
interface of the amine oxide derivatives and, thus, result in lower
occupied areas, with 38 A? for the amine oxide derivatives and
51 A? for the sulfobetaine derivatives. For the hydrogenated analogs
SB-12 and LDAO, we measured larger Am;, values of 63 A2 and 46 A2
(Table S1), respectively, suggesting that fluorinated chains favor
tighter packing at the air/water interface.

Table 1
Micellization properties of sulfobetaine and amine oxide derivatives.
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Table 2
DLS, AUC, and SAXS data of FgH3AO, FsHsAO, FgH3SB, and FsHsSB.
FsH3SB FsHsSB FsH3AO FsHsAO
DLS dy(nm)—Int® 11.1 6.2 10.0 6.7
dy (nm) — Vol 7.8 5.7 10.7 5.6
do (nm) —Vol. n.d. 6.2 7.0 7.3
AUC 7 (mL/g)® 0.562 0.611 0.514 0.573
50 (S)° 6.8 £ 0.2 46 +02 nd. 7.1+02
s(S)° 73+02 5.0 £ 0.2 35+5 7.4 +0.2
k's (mL/g)? 29 29 n.d. 16
M (kDa)® 77+9 44 1+ 5 450+29 59+38
Nagg® 143+16 87 +10 1067 + 69 148 + 20
SIf min® 156 +0.14 137 +0.16 122+0.14 1.26+0.15
SAXS Ry (nm)’ 27+005 21+02 30+1 72+1
Dinax (nm)’ 121 7.5 + 0.1 250 +10 36+5

2 Hydrodynamic diameters by dynamic light scattering measured in water at
3.6 x CMC for FgH3SB (~9.7 mM) and at 10 x CMC for FsHsSB (~24.5 mM), FgH3A0O
(~12.9 mM) and FsHsAO (~9.9 mM) and calculated at infinite dilution (dp). Data are
averages of at least three experiments made of ten runs.

b Ppartial specific volume calculated from chemical composition.

¢ Sedimentation coefficient at infinite dilution (sp), or linearly interpolated from
experimental data at CMC + 5 mM, in water at 20 °C.

4 Concentration dependence factor k's from linear fits.

€ Molar mass, aggregation number, and frictional ratio obtained from s and Dy.
Error is estimated at 10%.

f Radius of gyration from Guinier analysis and maximum diameter from P(r)
analysis at = 5 mM.

3.2.2. Size and shape of micelles

Next, we investigated the self-assembly properties of the fluo-
rinated surfactants in pure water using DLS. The data are given in
Table 2. At 10 x CMC, volume-weighted particle size distributions
revealed unimodal distributions of small micelles with hydrody-
namic diameters, dy, ranging from ~6 nm for FsHsAO and FsH5SB to
~11 nm for FgH3AO (Fig. 2C and D). Because of its lower water
solubility, FsH3SB was observed at 3.6 x CMC showing unimodal
distributions of micelles with a diameter of ~8 nm. By comparison,
slightly smaller micelles were observed for hydrogenated LDAO and
SB-12 with hydrodynamic diameters of 3.2 nm and 4.3 nm,
respectively (Fig. 2C and D). Upon varying the concentration from 6
to 16 x CMC, no major differences in the volume-weighted distri-
butions were observed (Fig. S3). At 10 x CMC, intensity-weighed
particle size distributions revealed multimodal distributions for
the four compounds, with larger particles that accounted only for a
small fraction of the total material present in the samples (Fig. S4).

Detergent FH3SB (6) FsHsSB (12) FsH3AO (5) FsH5AO (11)

Molecular Weight g/mol 527.34 505.39 421.20 399.25

ITC? CMC (mM) 223 +0.01 243 +0.02 1.31 + 0.02 1.40 + 0.03
—TAS® mic (kJ/mol)® —26.88 + 0.08 —26.85 + 0.11 —31.60 + 0.45 —34.07 + 0.92
AH° i (kJ/mol)© 1.79 + 0.06 1.97 + 0.09 5.20 + 0.44 7.83 + 0.87
AG® mic (kJ/mol)? —-25.09 + 0.01 —-24.88 + 0.02 —26.41 + 0.04 —26.25 + 0.05
K™ (% 10%) 249 + 0.01 2.29 +0.02 4.24 + 0.06 3.97 + 0.08

ST* CMC (mM) 2.67 + 0.05 2.52 + 0.08 1.22 + 0.09 1.04 + 0.00
AG® mic (k]/mol)? —24.6 + 0.05 —-24.8 + 0.08 —-26.6 +0.2 —27.0 + 0.07
yCMC (mN/m)° 255+ 09 255+ 0.9 192 £ 0.7 18.5+ 0.2
T'max (10712 mol/mm?) 3.20 + 0.11 3.20 + 0.04 4.40 + 030 430 + 0.01
Amin (A% 512+ 1.7 515+ 1.7 37.7 +28 38.4 + 0.08

¢ Data are averages of at least two experiments. + indicates 95% confidence interval boundaries from a nonlinear least-squares fit for ITC. + indicates standard errors from at

least two experiments for SFT.
b Entropic contribution to micelle formation.
¢ Enthalpic contribution to micelle formation.
4 Gibbs energy of micellization.
€ Surface tension attained at the CMC.

f Surface excess (I'max) and surface area per molecule (A%) were estimated from the slope of the surface tension curve.
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Fig. 2. Surface tension versus concentration for (A) FsHsSB and (B) FsHsAO. Solid lines represent linear fits to experimental data points, where the intersection corresponds to the
CMC. Volume-weighted particle size distributions in water of (C) SB-12 and FsHsSB at 10 x CMC (36 and 24.3 mM, respectively) and FgH3SB at 3.6 x CMC (8 mM) and of (D) LDAO,

FgH3AO, and FsHsAO at 10 x CMC (17, 13.1, and 14 mM, respectively).
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Fig. 3. (A) Sedimentation coefficient distributions, c(s), of F¢H3SB (red), FsHsSB (orange), FsH3AO (blue), and FsHsAO (grey) at 8, 8, 3.7, and 5 mM, respectively, in water and at 20 °C.
(B) SAXS results summarized as P(r) of FsH3SB at 6.25 mM (continuous red line), and FsHsSB (orange), at 5 (continuous line) and 50 mM (dash line).

More information on the size and shape of the micelles was
obtained from AUC. Out of the four surfactants, three revealed
relatively well-defined sedimentation coefficient distributions
(Fig. 3A, Figs. S5 and S6). FsHsSB revealed the smallest s-value
(so = 4.2 S), while FgH3SB and FsHsAO behaved similarly with
so = 6.8 and 7.1 S, respectively. For these three surfactants, modest
attractive interactions among the micelles are evidenced from
concentration dependence. FgH3AO exhibited a different size
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distribution with large s-values (18—36 S) and nonlinear concen-
tration dependence of the s-value (Fig. S7). Molar masses (M) and
aggregation numbers (Ng) of the micelles were derived
combining dy from DLS (Table 2, second line) and s-values obtained
from AUC 5 mM above the respective CMC. The micelles of FsHsSB
were found to be the smallest (Nagg = 90), followed by those of
FeH3SB and FsH5AO (Nagg = 150). By contrast, FsH3AO formed very
large micelles (Nagg = 1000). The frictional ratios of 1.4 + 0.2 would
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indicate, in view of the uncertainties, moderately anisotropic or
nearly globular micellar shapes (Table 2), which is reasonable for
the small assemblies, but questionable for the large ones FgH3AO.

The characterization of the micelles was completed by SAXS
(Table 2). The two sulfobetaine derivatives formed small micelles.
At 6.25 mM nominal concentration, FsH3SB is composed essentially
of small assemblies (Table 2, Fig. 3B). FsH5SB in the mM range
presents the smallest assemblies of the four derivatives with Rg of
2.1 nm, D2 of 2.1 nm, with a rather symmetrical pair distribution
curve suggesting globular shape. The micelle size Rg and Dyax very
slightly increase above =15 mM, reaching Ry = 3.0 and
Dmax = 13 nm at 50 mM (Fig. 3B, Fig. S8). Traces of very large ag-
gregates were detected at very small Q < 0.01 nm™!) (Figs. S9 and
S10). For the two aminoxide derivatives, the shape of the scat-
tering curves and the non-linear Guinier plots indicate micelle
heterogeneity (Figs. S9 and S10). For FgH3AO at 5.7 mM, the Rg of
30 nm and D« at 250 nm indicate rather large objects, whose size
increased with concentration (Fig. S8). Above 15 mM, a break in the
Guinier plot and the pair distribution functions suggest two pop-
ulations of very large (Dmax 300 nm) and small species
(Rg = 2.2 nm, Dpax = 6.4 nm at 50 mM). For FsHsAO, from 5 to
50 mM, the Rg increases from 7 to 14 nm, respectively, and Dpax
from 36 to 70 nm, respectively, indicating the formation of
moderately large oligomers of larger size when increasing con-
centration (Figs. S8—S11).

Finally, transmission electron microscopy (TEM) experiments
were performed. Sample concentration was slightly above the CMC,
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which is still far above the usual concentration to allow quantitative
observation. Therefore, only qualitative observations can be made
from these experiments. Fig. 4 shows representative EM micro-
graphs of negatively stained samples of the four fluorinated sur-
factants. Due to the high concentration of detergent many
aggregates were observed on the grid, which hinders good visual-
ization of the individual aggregate shape and an accurate deter-
mination of the size. Nonetheless, the particles observed by TEM
were round-shaped and exhibited diameters of 15—75 nm for
FgH3SB, 5—25 nm for FsHsSB, 10—18 nm for FgH3AO and 5—30 nm
for FsH5AO.

Taken together, the four structural techniques used here indi-
cated that FsHsSB formed the smallest micelles within the series of
new detergents. The size of the micelles increased only slightly
with concentration. FgH3SB, investigated below 10 mM because of
its low solubility, formed somewhat larger micelles FsHsSB did.
FsH5AO micelles appeared similar in size to those of FsH5SB both by
DLS and TEM and slightly larger according to AUC, and polydisperse
by SAXS. Finally, FgH3AO assemblies were also heterogeneous in
size, forming both small, spherical micelles as well as very large
aggregates.

3.2.3. Vesicles solubilization

To test the ability of the new fluorinated detergents to solubilize
lipid bilayers, we monitored the solubilization of large unilamellar
vesicles (LUVs) made of 1-palmitoyl-2-oleyl-sn-glycero-3-
phosphocholine (POPC) by light scattering measurements [19].

J,f{ :
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Fig. 4. Negative-stain TEM of round-shaped detergent assemblies: (A) FgH3SB, (B) FsHsSB, (C) FsH3AO and (D) FsHsAO at 2.7 mM, 2.4 mM, 1.8 mM, and 1.4 mM, respectively. Scale

bar: 100 nm.
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——FgH5SB (5 mM)
FsHsSB (5 mM)

——FsH5AO (5 mM)

FH5AO (20 mM)

t(h)

Fig. 5. Kinetics of vesicle solubilization. 0.3 mM POPC LUVs solubilized by
5 mM FsHsSB (red), 5 mM FgH3SB (green), and either 5 mM or 20 mM FgH3AO (blue) at
50 °C as monitored in terms of the light scattering intensity recorded at an angle of
90°.

Even at an elevated temperature of 50 °C, solubilization of 0.3 mM
POPC LUVs required ~4 h for FgH3SB and ~8 h for FsH5SB when each
detergent was present at 5 mM above its respective CMC (Fig. 5).
These slow solubilization processes indicate that these two com-
pounds exhibit moderate detergency towards artificial membranes.
The nature of the mixed lipid/detergent assemblies formed by the
solubilization of LUVs was investigated by negative-stain TEM.
While FsHsSB formed spherical mixed micelles upon mixing with
lipids (not shown), FgH3SB gave rise to discoidal assemblies
(Fig. S12), which are often referred to as nanodiscs. Such nanodiscs
typically result from nanoscale demixing of the lipid and the sol-
ubilizing detergent, resulting in a planar lipid-bilayer patch sur-
rounded by a detergent belt. The observation of nanodiscs in
FgH3SB/POPC mixtures is reminiscent of recent findings made using
(fluorinated) diglucose detergents [39]. Regarding the two amine
oxide derivatives, opposing solubilization behaviors were observed
for the two different chains. While FgH3AO failed to solubilize POPC
even when its concentration was raised to 20 mM above its CMC
(Fig. 5), FsHs5AO caused solubilization of LUVs even at room tem-
perature within a few seconds and thus, was not measurable (data
not shown). The difference observed between the two amine oxide
compound is difficult to explain based on their similar CMC and
chemical composition. Although speculative, this might come the
difference of their self-aggregation properties with the FgH3AO
forming two populations of small and large aggregates that inhibit
the solubilization process.

3.3. Biochemical evaluation

3.3.1. Bacteriorhodopsin homogeneity and stability

To assess the usefulness of the new detergents for membrane-
protein applications, we investigated the homogeneity and stabil-
ity over time of bacteriorhodopsin (bR). This model membrane
protein is composed of seven transmembrane o-helices and binds a
covalent cofactor, a retinal molecule that confers purple color to the
protein. We used sucrose gradients as a convenient means to
perform both detergent exchange and to evaluate the colloidal
homogeneity of the protein/detergent complex (Fig. 6 and S13)
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Fig. 6. Spectral time course of bR transferred in (A) DDM, (B) SB-12, (C) FsH3SB and (D)
FsHsSB at CMC + 2 mM. Detergent exchange was performed by centrifugation on
sucrose gradient. Samples were incubated at 4 °C in the dark and UV—visible spectra
were recorded at the indicated time (given in days (d)). Time O corresponds to the
sample collected from the gradient right after centrifugation.

[15]. The detergent concentration was fixed at 2 mM above its CMC.
After centrifugation for 5 h, the protein in DDM, SB-12, and LDAO
migrated as a thin pink band in the first third of the gradient
(Fig. S14). Whereas bR in DDM revealed its typical spectrum for a
folded monomer in detergent (Amax ~554 nm), which remained
stable over time, bR in SB-12 showed a spectrum with Apax at
~390 nm, indicating a denatured protein (Fig. 6); bR spectrum in
LDAO indicates scattering by large aggregates and displays a Amax at
~390 nm (Fig. S13). Thus, in the two zwitterionic hydrogenated
detergents, bR was found not stable at all.

When transferred into FgH3SB or FsHsSB, the protein migrated
deeper into the gradients, as expected due to the higher density of
the surfactants (Fig. S14). More importantly, bR revealed spectra
characterized by Amax at ~565 nm in FgH3SB and ~570 nm in FsH5SB
(Fig. 6). A shift in Apax when bR is transferred into fluorinated
surfactants has already been reported [15]. In FgH3SB, bR fully de-
natured after a month, whereas in FsHsSB, the spectrum remained
unchanged upon storage of the sample in the dark for one month
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(Fig. 6). After one year, Amax remains unchanged, however protein
aggregated, as revealed by scattering in the spectrum, as was the
case in DDM. These findings demonstrated that bR is significantly
more stable in these two fluorinated detergents than in their hy-
drogenated counterparts. By contrast, when transferred into
FgH3AO or FsHsAO, the protein was recovered in the pellet of the
gradient, indicating the presence of larger aggregates (Fig. S14). The
protein in FsHsAO was resuspended, and showed a spectrum
indicating light scattering, as expected from resuspending a pellet,
with a Amax at ~570 nm (Fig. S13). The protein bleached and was
completely white after 150 days. To check whether protein aggre-
gation in FsHsAO was due to a lack of detergent, we performed a
gradient at 5 mM above the CMC. Still, bR aggregated regardless of
the surfactant concentration (Fig. S13). In FsOM or FsDM, two
fluorinated maltose analogs of DDM, Amax rapidly shifted to
~575 nm and remained unchanged for one year; the absence of
absorbance at 390 nm reflecting the absence of protein denatur-
ation. This indicates the protein is more stable in the two maltose
derivative than in FgH3SB. In FgOM the commercially available
fluorinated analogue of DDM, bR was not soluble and aggregated
during surfactant exchange.

3.3.2. Enzymatic activity in fluorinated surfactants

We next investigated the enzymatic activity of BmrA a bacterial
multidrug ABC transporter homologue of mammalian P-gp [40].
BmrA transports multiple drugs having no obvious chemical rela-
tionship outside the bacterium, with the driving force of ATP hy-
drolysis, and has been shown to adopt different conformations
during its catalytic cycle [41]. Here, BmrA activity was measured
spectroscopically by following the absorbance at 340 nm as a
measure of NADH oxidation, which correlates with ATP hydrolysis.
BmrA was extracted by DDM before detergent exchange was done
by dilution, which resulted in a final DDM concentration below its
CMC. Activity assays in DDM at CMC + 0.1, 1, 2 and 5 mM, showed
that the activity was the largest and standard deviations the
smallest at CMC + 2 mM (Table S2). Thus, the activity was
expressed relative to that in DDM alone at a detergent concentra-
tion of CMC + 2 mM. We thus found that FgH3SB outperformed
DDM at lower concentration, CMC +0.5 mM being the condition
with the largest specific activity (Fig. 7). The largest specific activity
in FgH3SB is in line with the previous work where we demonstrated
that the ATPase activity of BmrA in the fluorinated detergent FLAC6
was ~2.5 times higher than in DDM [21]. BmrA in FsHs5SB showed

CMC +2 mM
160 + CMC +0.2 mM
CMC + 0.5 mM
140 + CMC +1mM
X
‘2,120 B
=
5100 1 %
@
L 80 4
=
@
0 60
w
40 -
20 A

0 .
DDM F,H,SB

F;H;SB

SB-12 FH,AO FHAO LAPAO

Fig. 7. Specific Activity of BmrA at CMC + 0.2 mM (pink), CMC + 0.5 mM (blue),
CMC + 1 mM (green). CMC values are from ITC (Table 1). Standard deviations were
determined from triplicate experiments from the same preparation. Specific activity
was normalized at 100% for measurement in CMC +2 mM DDM. Surfactant exchange

was done by dilution.
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significantly lower enzymatic activity, although it remained in the
same range as that afforded in the fully hydrogenated detergent SB-
12. F¢H3AO preserved activity of BmrA to almost the same extent as
DDM at quite low concentrations (0.2—0.5 mM), whereas the ac-
tivity of BmrA in FsH5AO was close to that in FsH5SB. The hydro-
genated LAPAO derivative failed to preserve any BmrA activity. For a
given polar head, this demonstrates the superiority of the new
fluorinated derivatives over their hydrogenated counterpart to
preserve the enzymatic activity of BmrA. As regards the effect of the
polar head, the three fluorinated maltose derivatives FsOM, FsDM
and FgOM induced a drop of 40—90% in the specific activity of BmrA
compared to DDM [20]. In this work we demonstrate the two
zwitterionic FgH3-SB and FgH3AO preserve more protein activity
than their maltose analogs despite the presence of a more dena-
turing zwitterionic polar head.

We also measured the specific activity of SpNOX, a Streptococcus
pneumoniae protein [42], an analogue of the eukaryotic NADPH
oxidase (Fig. S15). For the sulfobetaine series, the two fluorinated
compounds preserved the activity of SpNOX, whereas in SB-12,
SpNOXshowed no activity. At CMC + 5 mM, FsHsSB or FgHsSB,
the enzymatic activity was about 70% of that observed in DDM. By
contrast, for the aminoxide series, in the hydrogenated LAPAO,
SpNOX exhibited 90% activity in a detergent concentration range of
1-5 mM, whereas only the FgH3AO preserved SpNOX moderate
activity of 30—50%. Compared to the three maltose derivatives [20],
the two sulfobetaines preserved SpNOX activity only at the highest
concentration (CMC + 5 mM).

Finally, the fluorinated sulfobetaine and dimethylamine oxide
detergents were tested as additives in the presence of n-dode-
cylmaltoside (DDM) for the crystallization of AcrB, an efflux pump
located in the inner membrane of Escherichia coli. These pre-
liminary assays suggest that, when used as additives for the crys-
tallization of AcrB in the presence of DDM, the four compounds
could improve control nucleation (See the supplementary data for
details) as previously observed for other fluorinated surfactants
[43].

4. Conclusion

We have synthesized four zwitterionic fluorinated detergents as
analogs of the hydrogenated sulfobetaine SB-12 and the hydroge-
nated aminoxide LDAO. The synthetic route to the FsHs derivatives
is more efficient than that of the FgH3 derivatives, but both routes
enabled gram-scale synthesis of pure compounds. The hydrophobic
contribution of the FgH3 chain was comparable to that of the FsHs
chain and slightly lower than that of a fully hydrogenated dodecyl
chain. These new fluorinated detergents formed small, globular
micelles in the millimolar range. FsHsAO demonstrated strong
detergency, as it solubilized lipid vesicles instantly, whereas the
two SB derivatives showed moderate detergency with slow solu-
bilization. The SB derivatives outperform the AO ones in stabilizing
bR and in preserving the enzymatic activities of BmrA and SpNOX.
Taken together, the fluorinated surfactants with the SB head group
are better suited than those carrying an AO head group to preserve
membrane-protein activity. Still, fluorination of the alkyl chain
increases the stabilizing properties of all four compounds
compared with their hydrogenated counterparts. Moreover, while
the stabilizing properties were increased by using a fluorinated
chain, the solubilizing properties were at least partially retained.
Among the four compounds, FsH5SB combines many desirable
properties for membrane-protein study, that is, high water solu-
bility, a CMC in the millimolar range, decent detergency, and good
stabilizing properties for several MPs.
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