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ABSTRACT The principal difficulty in experimental exploration of the folding and stability of membrane proteins (MPs) is their
aggregation outside of the native environment of the lipid bilayer. To circumvent this problem, we recently applied fluorinated
nondetergent surfactants that act as chemical chaperones. The ideal chaperone surfactant would 1), maintain the MP in solution; 2),
minimally perturb the MP’s structure; 3), dissociate from the MP during membrane insertion; and 4), not partition into the lipid bilayer.
Here, we compare how surfactants with hemifluorinated (HFTAC) and completely fluorinated (FTAC) hydrophobic chains of different
length compare to this ideal. Using fluorescence correlation spectroscopy of dye-labeled FTAC and HFTAC, we demonstrate that
neither type of surfactant will bind lipid vesicles. Thus, unlike detergents, fluorinated surfactants do not compromise vesicle integrity
even at concentrations far in excess of their criticalmicelle concentration.Weexamined the interaction of surfactantswith amodelMP,
DTT, using a variety of spectroscopic techniques. Site-selective labeling of DTTwith fluorescent dyes indicates that the surfactants do
not interact with DTT uniformly, instead concentrating in the most hydrophobic patches. Circular dichroism measurements suggest
that the presence of surfactants does not alter the structure of DTT. However, the cooperativity of the thermal unfolding transition is
reduced by the presence of surfactants, especially above the critical micelle concentration (a feature of regular detergents, too). The
linear dependence of DTT’s enthalpy of unfolding on the surfactant concentration is encouraging for future application of (H)FTACs to
determine the stability of the membrane-competent conformations of other MPs. The observed reduction in the efficiency of Förster
resonance energy transfer between donor-labeled (H)FTACs and acceptor-labeled DTT upon addition of lipid vesicles indicates that
the protein sheds the layer of surfactant during its bilayer insertion. We discuss the advantages of fluorinated surfactants over other
types of solubilizing agents, with a specific emphasis on their possible applications in thermodynamic measurements.

INTRODUCTION

The principal difficulty of structural and thermodynamic

studies with membrane proteins (MPs) is related to their hy-

drophobic nature, which causes them to aggregate and pre-

cipitate outside of their native membrane environment.

Detergent solubilization, which is a general way of handling

MPs in vitro, very often makes them unstable. Several ap-

proaches have been suggested to try to circumvent this

problem (see, e.g., (1,2)), among which is the use of new,

milder nondetergent surfactants such as amphipols (3–5) or

fluorinated nonionic surfactants (6–9). Fluorinated surfac-

tants are comprised of a polar head and a hydrophobic moiety

that features partially or completely fluorinated chains (Fig.

1A). In the case of hemifluorinated compounds (e.g.,HFTAC),

the very tip of the hydrophobic chain is left unfluorinated, a

design intended to promote interactions with hydrophobic

surfaces of MPs. Due to poor packing of fluorinated and

acetylated chains, these surfactants possess the unusual and

useful qualities of being at the same time good solvents for

proteins and poor solvents for lipids. It has been demonsts-

rated that substitution of detergents with HFTAC improves

the biochemical stability of such detergent-sensitive proteins

as bacteriorhodopsin and the cytochrome b6f complex (8).

Recently, we demonstrated that HFTAC can chaperone the

insertion of a model membrane protein (DTT) into preformed

lipid bilayers by reducing nonproductive aggregation in the

aqueous phase without compromisingmembrane insertion (9)

(Fig. 1 B). Here, we use the same model system to demon-

strate that this chaperonelike ability is shared by completely
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fluorinated surfactants (FTACs). We characterize the in-

teractions of fluorinated surfactants with protein and lipid

moieties, with an emphasis on potential applications in ther-

modynamic studies of MP folding and insertion.

Membrane insertion of nonconstitutiveMPs (e.g., bacterial

toxins (10–13) and colicins (14–16)) is often achieved in re-

sponse to changes in environment and occurs spontaneously

without the help of any protein-translocating machinery. For

example, acidification of the endosome causes a conforma-

tional change in endocytosed DTT, resulting in its insertion

into the membrane and translocation of its own N-terminus

with the attached catalytic domain into the cytoplasm (10).

The insertion of constitutive membrane proteins, on the other

hand, is managed by complex multiprotein assemblies, such

as the endoplasmic reticulum translocon (17–19). Although

neither translocon-assisted nor spontaneous membrane in-

sertion of proteins is well understood on a molecular level,

recent thermodynamic evidence indicates that the underlying

physicochemical principles for these two processes are likely

to be the same (20–22). Thus, deciphering these principles

with the help of spontaneously inserting proteins is relevant to

the larger problems of membrane protein folding and stabil-

ity. Recently, we demonstrated that pH-triggered membrane

insertion of diphtheria toxin T-domain (23) and annexin B12

(24) are reversible processes, opening the door to their use

for thermodynamic characterization of transbilayer insertion,

amended by the use of fluorinated surfactants (9).

DTT is a particularly useful model system for testing

protein interactions with fluorinated surfactants, as it can

be easily converted, by acidification, from a properly folded

monomeric globular state with a known structure (25) to a

membrane-competent molten globulelike conformation. Phys-

iological function of the T-domain is associated with mem-

brane insertion and terminus translocation accompanied by

the formation of the pore. We use this pore-forming activity

as a simplified functional/insertion assay conducted in the

presence of fluorinated surfactants. We also use circular di-

chroism and various applications of fluorescence spectros-

copy to characterize the interactions of these surfactants with

the T-domain and to demonstrate their lack of interaction

with lipid bilayers. We discuss the implications of our find-

ings for the future use of fluorinated surfactants as a new tool

for structural and thermodynamic studies of MPs.

MATERIALS AND METHODS

Materials

POPC, POPG, and lysophosphoethanolamine were purchased from Avanti

Polar Lipids (Alabaster, AL). UniBlue A vinyl sulfone was purchased from

Sigma (St. Louis, MO). N-((2-(iodoacetoxy)ethyl)-N-methyl)amino-NBD

ester, Oregon Green isothiocyanate, Alexa-532 C5 meleimide, and Alexa-

647 C2 maleimide were purchased from Molecular Probes (Eugene, OR).

The acidic buffer (pH 4.6) was comprised of 10 mM sodium acetate and 50

mMNaCl, and the neutral buffer (pH 8.0) of either 50mMphosphate (for CD

studies) or 10 mMHEPES and 50 mMNaCl. (H)FTACs were synthesized as

described in (7). DTT (amino acids 202–378) was cloned into NdeI-EcoRI-
treated pET15b vector containing an N-terminal 6xHis-tag and a thrombin

cleavage site and isolated as described in (26). Labeling of single-cysteine

mutants of the T-domain (N235C, L350C, Q369C, and P378C) was per-

formed using a standard procedure for the thiol-reactive maleimide deriva-

tives, as described in (23) and (9) for NBD- and Alexa-labeling, respectively.

The concentration of T-domain was 3 mM for samples used in CD experi-

ments and 0.5–1 mM for samples used in fluorescence experiments, unless

otherwise specified.

LUV preparation

LUVs of diameter 0.1mmwere prepared by extrusion (27,28) from 3:1 molar

mixtures of POPC and POPG. For FCS studies, a 0.5% of OG-labeled lipid

FIGURE 1 (A) The chemical structure of the fluorinated surfactants used

in this study. Hemifluorinated surfactant (HFTAC) has an unfluorinated tip

on its hydrophobic tail, whereas FTAC-C6 and FTAC-C8 contain com-

pletely fluorinated hydrophobic tails consisting of six and eight carbons,

respectively (7). The average degree of polymerization of the polar head for

the batches used in this study was n ¼ 6–7. Because of the poor miscibility

of fluorinated and hydrogenated chains, fluorinated surfactants have advan-

tages over regular detergents: they don’t dissolve lipid bilayers even at

concentrations above their CMCs (see Fig. 2). (B) Schematic illustration of

fluorinated surfactants chaperoning membrane insertion of diphtheria toxin

T-domain by preventing its nonproductive aggregation in solution at low pH

(adapted from (9)).
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was added. For leakage studies, the vesicles were preloaded with 1 mM

ANTS and 10 mM DPX as described in (29).

Syntheses of fluorescent surfactants
FTAC-C6-OG, FTAC-C8-OG, and HFTAC-OG

Starting telomers FTAC-C8 or FTAC-C8 and HFTAC were synthesized

according to the procedure previously described (7). On each telomer,

Oregon Green isothiocyanate (O488) was grafted via a thiocarbamate bond

to a hydroxyl pendant of Tris moities. This reaction was carried out in pyridine

at 50�C in the presence of a catalytic amount of diazabicyclo[2,2,2]octane.

After completion of the reaction, fluorescent organic telomers were puri-

fied by chromatography through a Sephadex G15 column and lyophilized.

The abundance of Oregon Green grafted on each telomer was specified in
1H-NMR (solvent: DMSO-d6) by comparing the peak area of typical

signals ascribed to Oregon Green and free Tris moieties. As regards FTAC-

C6 and FTAC-C8 telomers, having an average degree of polymerization

(DPn) of 5, i.e., five Tris moieties compose the polar head, the proportion of

Tris residues endowed with Oregon Green was only 1.3–2% (molecular

ratio), whereas for HFTAC telomer, having a DPn of 10, it was higher and

equal to 20%.

Steady-state fluorescence measurements

Fluorescence was measured either using a SPEX Fluorolog FL3-22 steady-

state fluorescence spectrometer (Jobin Yvon, Edison, NJ) equipped with

double-grating excitation and emission monochromators (most of the mea-

surements) or using an SLM 8100 steady-state fluorescence spectrometer

(Jobin Yvon, Urbana, IL) equipped with double-grating excitation and sin-

gle-grating emission monochromators (see data in Fig. 4), as described

previously (9,24). The measurements were made in 4 3 10-mm cuvettes

oriented perpendicular to the excitation beam and maintained at 25�C using a

Peltier device from Quantum Northwest (Spokane, WA). Direct contribution

of scattering was subtracted using a signal from a blank sample containing

vesicles, but not labeled proteins or surfactants. Cross-orientation of pola-

rizers was used to minimize the scattering contribution from vesicles,

eliminate spectral polarization effects in monochromator transmittance (30),

and enhance the sensitivity of FRET measurements (24). Fluorescence

excitation spectra of a 1:2 mixture of DTT-donor/DTT-acceptor were ob-

tained by averaging 5–10 scans collected over a 470–660 nm range using

1-nm steps. The emission monochromator was set at 680 nm. All measure-

ments were done after the system was equilibrated for at least 2 h. For the

purpose of clear presentation, the spectra were normalized to direct acceptor

excitation intensity, which accounts for minor variation in sample concen-

tration (see Figs. 4 and 10). NBD emission spectra were collected using

465-nm excitation. Leakage of ANTS/DPX was followed by kinetic mea-

surements of intensity with excitation and emission wavelengths of 353 nm

and 520 nm, respectively.

FCS measurements

The FCS experiment was conducted on a MicroTime 200 confocal micro-

scope (PicoQuant, Berlin, Germany). The fluorescence was excited with a

pulsed picosecond diode laser LDH-P-C-470 operated at 40 MHz. Narrow-

band clean-up filters ensured that no parasitic light reached the sample. The

fluorescence was detected confocally after passing through an emission

bandpass filter (HQ 520/40, Chroma, McHenry, IL) blocking the excitation

wavelength. To suppress influences from the afterpulsing typically observed

with single-photon avalanche diodes, the fluorescence light was split with a

50/50 beam splitter cube onto two single-photon avalanche diodes (SPCM-

AQR-14, Perkin Elmer, Wellesley, MA), and cross-correlation analysis was

applied. The high numerical aperture apochromatic water immersion ob-

jective (603, NA 1.2, Olympus, Melville, NY), together with the 50-mm

confocal pinhole, resulted in a confocal detection volume of 0.5 fl. The

system was calibrated with 5 nM Rhodamine 6G solution and the focus

volume was found to be 0.4 fl. The fluorescence was detected by applying

time-correlated single-photon counting with the TimeHarp 200 board. The

data was stored in the time-tagged time-resolved mode, which allowed the

recording of every detected photon with its individual timing and detection

channel information. Concentration of fluorescent particles (micelles and

vesicles) in the FCS samples was in the nanomolar range. Other details were

the same as in (31).

CD measurements and analysis of
thermal unfolding

CD measurements were performed using an upgraded Jasco-720 spectro-

polarimeter (Jasco, Tokyo, Japan). Normally, 40–80 scans were recorded

between 190 and 260 nm with a 1-nm step at 120�C, using a 1-mm optical

path cuvette. All spectra were corrected for background. Temperature de-

pendencies of unfolding were measured at 222 nmwith a 1-deg/min scan rate

and analyzed as described by (32). The thermal unfolding was analyzed

using thermodynamic equations for a reversible two-state, N4U unfolding

transition, whereN andU are the native and the unfolded states of the protein,

respectively. To obtain the transition temperature (Tm) and the enthalpy

changes (DHu), raw data were fitted by applying nonlinear least-square

analysis with six fitting parameters, YN, mN, YU, mU, DHu and Tm with the

equations (31)

Y ¼ ðYN1mN3TÞ3XN1ðYU1mU3TÞ3ð1�XNÞ (1)

XN ¼ 1=½11 expð�DHuð1� T=TmÞ=RT�; (2)

where Y is the experimentally observed CD signal at a given temperature, YN
and YU represent the signals of the pureN andU states at 0 K, andmN andmU

are the temperature dependencies of these CD signals for the N and U states,

respectively.

RESULTS

Membrane permeabilization experiments

Because fluorocarbons do not mix well with the hydroge-

nated acyl chains of lipids, fluorinated surfactants are not

expected to readily solubilize membranes (they are not de-

tergents). We test their membrane inertness in a vesicle-

leakage assay by following the release of ANTS/DPX

markers from LUVs after mixing them with (H)FTACs (Fig.

2). Both FTACs caused absolutely no leakage (dotted and

dash-dotted lines), which is quite remarkable, as they were

present at concentrations way above their CMCs and at a

10-fold molar excess over lipid. A small amount of leakage

was detected for 1 mM HFTAC; however, decreasing sur-

factant concentration to 0.6 mM (Fig. 2) or increasing lipid

concentration (9) eliminates the leakage. Much higher leak-

age levels are obtained with detergents, such as DM (solid
line). (This work is not intended as a comprehensive study of

detergents; thus, we limit our illustrations to DM, because it

is considered to be a mild detergent and because its CMC

value of 0.17 mM falls into the range of CMCs for fluorinated

surfactants.) Because DM’s molecular weight is smaller than
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that of (H)FTAC, this difference would have been even more

pronounced if we had compared the leakage caused by sur-

factants and detergent on a per-weight, rather than a per-

mole, basis.

Next, we test the ability of fluorinated surfactants to insure

efficient pore formation by the T-domain. Previously, in a

similar experiment, we demonstrated that HFTAC has this

chaperonelike ability (9) (Fig. 1 B). We incubate the T-do-

main in a membrane-competent form at low pH in the pres-

ence of various amounts of surfactants and then compare the

pore-forming activity of the samples by adding them to

marker-loaded LUVs. The percentage of the marker release,

observed 20 min after leakage induction, is plotted as a

function of the surfactant concentration in the stock in Fig. 3.

(The baseline activity of the T-domain in this experiment is

purposely reduced by acid-induced aggregation in the stock

(9) to test the ability of the surfactants to rescue it. We em-

phasize that the data in Fig. 3 refer to the action of surfactants

on the T-domain and not on the membranes themselves.)

Final mixtures contained 50 nM T-domain and 0.2 mM

lipid. The dose-response dependencies for FTAC-C6 and

HFTAC are very similar, whereas the behavior for FTAC-C8 is

somewhat different. The decrease in chaperonelike activity,

observed at higher FTAC-C8 concentrations, can be ex-

plained, for example, by retention of the increasing amounts

of the T-domain by surfactant micelles in the final solution

(the concentration of surfactants in the final sample is ;1%

of that in the stock). This retention would not be affecting

the other two surfactants, since their CMCs are an order of

magnitude higher (Fig. 1 A). More important, however, is that

all surfactants at any concentration enhance the activity of the

T-domain above the baseline level, and thus all of them can

chaperone its membrane insertion.

Testing interactions of surfactants with the
T-domain in solution

First, we compare the ability of FTACs to prevent T-domain

aggregation at low pH with the ability of HFTAC to do so,

determined in our previous publication (9). We use the same

experimental scheme: various amounts of fluorinated sur-

factants are added to the mixture of donor- and acceptor-

labeled T-domain at neutral pH, and then an aliquot of

concentrated acidic buffer is added to bring the pH to 4.6. In

the absence of surfactants, such acidification results in ag-

gregation, readily detectable by the appearance of the FRET-

associated peak of the donor in the acceptor excitation

spectrum (Fig. 4 A, solid line). This peak is not observed

when either of the surfactants is present at 0.6 mM concen-

tration (dashed and dotted lines), indicating an absence of

aggregation. In Fig. 4 B, we have plotted the relative decrease
of FRET-associated intensity in the presence of various

amounts of different (H)FTACs. All of these are quite effi-

cient at preventing T-domain aggregation, even at concen-

trations of 0.1–0.2 mM, which are below the CMCs for

HFTAC and FTAC-C6.

We examined surfactant interactions of the T-domain at dif-

ferent pH by following the fluorescence of the environment-

sensitive dye NBD. The probe was selectively attached to

various protein sites by reacting with single-cysteine mutants,

such as Q369C, with the labeling site on the hydrophobic

helix 9. Addition of (H)FTACs to this dye-labeled mutant

FIGURE 2 Permeabilization of lipid vesicles by various surfactants.

Solutions of surfactants were mixed with LUV preloaded with ANTS/

DPX markers at time zero. Release of markers was followed by changes in

fluorescence and normalized to 100% after complete solubilization of LUV

in 1% Triton. The final mixture contained 0.2 mM lipid and various amounts

of surfactants or DM detergent (CMC 0.17 mM). Hemifluorinated surfactant

HFTAC caused no release of vesicle content at 0.6 mM and a partial release

at 1 mM, which was much smaller than that caused by DM. Completely

fluorinated surfactants showed no signs of permeabilization despite rela-

tively high concentrations and a 10-fold molar excess over lipid.

FIGURE 3 Comparison of the chaperonelike ability of fluorinated sur-

factants to rescue pore-forming activity of the diphtheria toxin T-domain

(see text for details). Incubation of the T-domain in concentrated stock

solutions at low pH leads to aggregation-related deactivation, whereas it has

been demonstrated that additions of HFTAC rescue T-domain activity by

preventing nonproductive protein aggregation (9). Addition of surfactants to

the T-domain stock leads to higher permeabilization of LUV preloaded with

ANTS/DPX by the protein (compare data to the baseline). This chaperone-

like ability of the HFTAC (squares) is shared by both FTAC-C6 (triangles)
and FTAC-C8 (circles).
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(designated as DTT-369NBD) results in fluorescence increase

at either neutral or acidic pH (Fig. 5), indicating that surfac-

tants interact with both globular and membrane-competent

forms of the protein. However, the modes of interaction are

different. At pH 8 (Fig. 5 A), addition of monomeric sur-

factants causes only a marginal change in fluorescence,

whereas the presence of micelles leads to a strong increase of

intensity and pronounced spectral shift, consistent with the

transfer of the probe into a more hydrophobic environment.

Acidification leads to conformational change, exposing the

hydrophobic core and resulting in an increased fluorescence

of DTT-369NBD (Fig. 5 B). It is not clear whether the pos-
sible aggregation of the T-domain contributes to the change

of the signal. The presence of fluorinated surfactants leads to

further increase in fluorescence, but the difference in increase

caused by monomers and micelles is small. Similar changes

in NBD intensity were observed with DTT-350NBD and

DTT-378NBD (not shown), in which the probe is placed at

the hydrophobic site of the T-domain, known to insert into

the membrane (13). However, when NBD was attached to a

polar site of the T-domain not expected to insert into the

bilayer (e.g., DTT-235NBD), the intensity was low at either

pH and addition of surfactants at any concentration had no

effect (data not shown).

We checked the secondary structure of the folded T-do-

main at pH 8 in the presence of 0.6 mM surfactants by CD

spectroscopy (Fig. 6 A). Although the surfactants are bound

to the protein under these conditions (Fig. 5 A), they do not

FIGURE 4 Influence of surfactants on the formation of the T-domain

aggregates using the FRET-based experimental scheme from our previous

study (9). (A) Excitation spectra for a mixture of donor- and acceptor-labeled

T-domain (DTT-Alexa532 and DTT-Alexa647, respectively, at pH 4.6 in

buffer (solid line) and in the presence of 0.6 mM of surfactants HFTAC

(dashed line), FTAC-C6 (dotted line), and FTAC-C8 (dash-dotted line).

Disappearance of the donor excitation peak (large arrow) indicates elimi-

nation of aggregation by surfactants. (B) Dependence of the relative FRET
signal on the surfactant concentration. Intensity of the FRET peak is mea-

sured at 530 nm and is normalized to 1 for the sample in the absence of

surfactants (solid line inA) and to 0 for the sample in the absence of the donor-

labeled T-domain. Note that fluorinated surfactants can prevent aggregation

at concentrations below their CMCs.

FIGURE 5 Interactions of NBD-labeled single-cysteine mutant of diph-

theria toxin T-domain (DTT-369NBD) with fluorinated surfactants at con-

centrations below (lighter lines) and above their CMCs (normal lines). NBD

fluorescence was measured in samples containing 1 mM protein without any

surfactants (solid lines) and in the presence of 0.1 mM or 0.6 mM HFTAC

(dashed lines); 0.1 mM or 0.6 mM FTAC-C6 (dotted lines); 0.01 mM or

0.1 mM FTAC-C8 (dash-dotted lines). (A) For fully folded DTT at pH 8,

the change in NBD emission depends strongly on whether surfactants are

present at concentrations below or above their CMCs. (B) Acidification

leads to conformational-change aggregation (see Fig. 4) causing an increase

in NBD emission (the scales in both panels use the same intensity units). At

this pH, 4.6, additional increase in emission caused by the surfactants no

longer depends dramatically on concentrations in excess of the correspond-

ing CMCs.
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affect its secondary structure. On the other hand, addition

of detergents causes certain structural rearrangements, as

evidenced by CD in the case of the DM (thin solid line).
A similarly altered CD spectrum was also observed in the

presence of sodium dodecyl sulfate (not shown). At low pH,

however, the CD appearance of the T-domain is affected by

the presence of surfactants (Fig. 6 B). Exposure of hydro-

phobic patches and subsequent aggregation in the absence of

membranes results in a lower CD signal, presumably due to

protein precipitation and adhesion to the cuvette. Since it is

rather difficult to quantitate the actual amount of the protein

in the sample, we rely on the known concentration of the

stock solution (kept at pH 8) to calculate the molar ellipticity.

Thus, the resulting reduction in CD signal for DTT in the

absence of surfactants (Fig. 6, A and B, heavy solid lines) is

likely to be a combination of true unfolding and sample

loss. The latter can be prevented by the presence of surfac-

tants. Indeed, samples with 0.6 mM FTAC-C6 (Fig. 6 B,
heavy dotted line) and 0.2 mM FTAC-C8 (dash-dotted line)
have an identical CD signal higher than that obtained with

no surfactants. It is of interest that the presence of FTAC-C6

at a sub-CMC of 0.2 mM has a similar effect (thin dotted
line), which correlates with its ability to prevent aggregation

(Fig. 4 B).
In addition to CDmeasurements at 20�C, wemonitored the

effects of surfactants on T-domain thermal unfolding. Be-

cause the low-pH molten globule state does not undergo a

cooperative melting transition, we examined the temperature

dependence of the ellipticity at 222 nm for the globular

T-domain only at pH 8 (Figs. 6 and 7). When present below

CMCs (e.g., FTAC-C6 in Fig. 7 A, solid symbols), the sur-

factants did not change the transition temperature (;77�C),
but reduced the unfolding enthalpy DHu. At higher concen-

trations, they practically abolished the cooperative unfolding

FIGURE 6 Effects of surfactants on the far-UV CD spectrum of 5 mM

DTT at pH 8 (A) and pH 4.6 (B). (A) DTT in buffer at pH 8 (solid heavy line)

and in the presence or 0.6 mM surfactants HFTAC (dashed line), FTAC-C6
(dotted line), and FTAC-C8 (dash-dotted line) and DM detergent (solid light

line). Even at concentrations above their CMCs, fluorinated surfactants do

not cause changes in protein secondary structure at this pH. (B) DTT in

buffer at pH 4.6 (solid line) and in the presence of 0.6 mM FTAC-C6 (heavy

dotted line), 0.2 mM FTAC-C6 (thin dotted line), or 0.2 mM FTAC-C8

(dash-dotted line). Acidification triggers exposure of hydrophobic patches

of the T-domain, which in the absence of membranes leads to aggregation

(see Fig. 4 and (9)) and partial loss of the sample. The latter is seen here as a

loss of CD signal (solid line), which can be rescued by the presence of

surfactants.

FIGURE 7 Thermal unfolding of DTT monitored by changes in molar

ellipticity at 222 nm in the presence of FTAC-C6 (upper) and DM (lower).
Solid lines correspond to the least-squares analysis with Eqs. 1 and 2 to

determine transition temperature Tm and enthalpy DHu. Increasing the

concentration of FTAC-C6 leads to a progressive decrease in DHu (similar

to that seen with other surfactants, Fig. 8) without the change in Tm, until the

transition becomes undefined at 0.6 mM surfactant. Similar loss of coop-

erative transition is also observed in 0.6 mM DM (lower).
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transition (Fig. 7 A, open symbols), which makes them sim-

ilar to detergents (e.g., Fig. 7 B, DM). The concentration

dependence of the DHu coincides for HFTAC and FTAC-C6,

but is much steeper for FTAC-C8 (Fig. 8).

Testing interactions of surfactants with the
membranes and membrane-inserted T-domain

The lack of efficient membrane permeabilization by surfac-

tants (Fig. 2) does not guarantee that they don’t interact with

the lipid bilayer. They can also potentially interact with the

membrane-inserted protein. The latter scenario could not be

tested by following fluorescence of the NBD-labeled T-do-

main, as was done in solution (Fig. 5), because membrane

insertion of the labeled T-domain affects NBD fluorescence.

The best way to test for membrane association of the sur-

factants is to place the probe on the surfactants. We have

synthesized a fluorescent version of each fluorinated surfac-

tant, wherein one polar headgroup is labeled with the Oregon

Green dye. This substitution is not expected to change the

nature of the molecular interactions, since polar groups are

expected to interact predominantly with water and addition of

a polar dye is not likely to affect that.

We examined the mobility of the dye-labeled surfactants

by means of fluorescence correlation spectroscopy, which

measures intensity fluctuations of a small number of fluo-

rescent molecules diffusing through a small focal volume

(32). The autocorrelation curves for HFTAC-OG are pre-

sented in Fig. 9 (solid lines). The sample contained 3 nM of

OG-labeled surfactant mixed into 50 mM of an unlabeled

surfactant. The decay time is fast and is not affected by the

addition of either pure lipid LUV (0.5 mM) or vesicles with

preinserted T-domain (0.5 mM lipid, 0.2 mM protein). This

indicates that the surfactant does not associate with the

membrane. If it did, the autocorrelation curve would have

moved toward the curve for slow-moving LUV labeled with

lipid containing the same OG fluorophore (dashed line).
Also, the addition of 1 mM of unlabeled HFTAC to 50 mM
LUV (dotted line) did not result in any change in vesicle

mobility. The same results were observed for FTAC-C6-OG

and FTAC-C8-OG (not shown). Thus, neither of the sur-

factants associates permanently with the membrane. Nor do

any of them sequester the dye-labeled lipid from the bilayer,

as that would have added a fast-moving component to OG-

labeled LUV in the presence of unlabeled surfactants, which

is not observed (note that the dashed and dotted lines in Fig. 9
coincide).

If the surfactants bind the T-domain in solution, but don’t

associate with it when it is inserted into the membrane, one

would expect them to dissociate from the protein surface

during the insertion process. We have directly tested this hy-

pothesis in the following FRET experiments. The T-domain

was labeled with Alexa-647 and mixed with OG-labeled

surfactants. Because these dyes form a donor/acceptor pair, a

strong FRET-associated donor peak is observed in the exci-

tation spectra of the acceptor (Fig. 10, solid line). Upon ad-

dition of the LUV, this peak was reduced (dotted and dashed
lines), suggesting loss of association of the surfactant with the
T-domain upon insertion.

DISCUSSION

Solubilizing MPs for various functional, structural, and

thermodynamic studies is normally achieved with the help of

detergents, which often makes them unstable (as discussed in

(1–5)). Several classes of nondetergent surfactants have been

successfully applied in recent years, most prominently

FIGURE 8 Dependence of the enthalpy of thermal unfolding of DTT

(DHu) on the concentration of fluorinated surfactants in the sample. Lines

correspond to the linear approximations of the data: dashed line, HFTAC

(squares); dotted line, FTAC-C6 (triangles); and dotted line, FTAC-C8

(circles).

FIGURE 9 Fluorescence correlation curves of OG-labeled surfactant

HFTAC-OG (solid lines) and vesicles containing OG-labeled lipid. The

fast mobility of the HFTAC-OG (heavy solid line) is not affected by

additions of either LUV alone (normal solid line) or LUV with inserted DTT

(light solid line), which indicates the absence of interaction of surfactant

with the vesicles. In the case of surfactant interaction with LUV, the

autocorrelation curve would have moved toward that for LUV labeled with

OG-attached lipid (dashed line). Addition of the 20-fold molar excess of

unlabeled HFTAC did not change vesicle mobility (dotted line). Similar

results were obtained with the FTACs (not shown), indicating the absence of

stable interaction of either surfactant with lipid vesicles.
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amphipols (34–39) and hemifluorinated surfactants (8,9).

Although they have been shown to have advantages over

detergents in maintaining the active conformation of MPs,

detailed understanding of the molecular interactions of fluo-

rinated surfactants with MPs is lacking. Despite their useful

properties, these new surfactants are not intended to totally

replace detergents, as the latter are essential for membrane

solubilization. Normally, detergents are exchanged for sur-

factants in the final stages ofMP purification. In this study, we

have avoided the need for a detergent purification step by

choosing diphtheria toxin T-domain as a model protein. The

advantage of the T-domain is that it exists as a soluble

globular protein at neutral pH, yet is converted into a mem-

brane-competent form by acidification and inserts into the

lipid bilayer as a part of its physiological action (10,13). We

use this pH-triggered conformational change to study the

details of the T-domain’s interactions with fluorinated sur-

factants in both states.

Previously, we demonstrated, by a combination of FRET

and pore-formation experiments, that the efficiency of the

T-domain’s membrane insertion is pathway-dependent and is

affected by nonproductive aggregation at low pH (9). We

also established that the hemifluorinated surfactant HFTAC

suppresses aggregation in solution, and, by doing so, facili-

tates the correct insertion/folding of the T-domain into lipid

vesicles. In this study, we demonstrate that this chaperonelike

ability is shared by totally fluorinated FTACs (Figs. 3 and 4).

Complete fluorination of hydrophobic chains promotes their

self-association; thus, the surfactant with the same number of

carbons (8) in the tail will have a lower CMC than a hemi-

fluorinated version: 0.0.3 mM for FTAC-C8 and 0.45 mM

for HFTAC (Fig. 1 A). It is obvious that the strength of a

hydrophobic interaction is reduced by shortening the tail;

hence, the CMC for FTAC-C6 is 0.33 mM (7). The original

rationale behind the design of a nonfluorinated tip in HFTAC

was to amend its interaction with MPs (8). Our data suggest

that, at least for the T-domain, this feature is not necessary

and HFTAC acts in a manner similar to FTAC-C6 (e.g., Figs.

3, 4, and 8), a totally fluorinated analog with a comparable

CMC. An FTAC-C8 surfactant, which has a longer hydro-

phobic chain than C6, exhibits a comparable effect on the

T-domain’s properties, although its dose-response dependen-

cies are altered due to its lower CMC.

The ideal chaperone surfactant for MP studies should 1),

maintain the MP in solution; 2), minimally perturb the MP’s

structure; 3), dissociate from the MP during membrane in-

sertion; and 4), not partition into the lipid bilayer. Let us

consider how various surfactants and detergents compare to

this ideal. The first requirement is satisfied for either sur-

factants or detergents and is a prerequisite for their appli-

cability. It is worth noting, however, that at least for the

T-domain, fluorinated surfactants were able to prevent aggre-

gation at concentrations below their CMC (Figs. 4 B and 6 B).
Apparently, the formation of the micelle is not necessary and

covering the exposed hydrophobic area of the T-domain by a

few surfactant molecules is sufficient to keep it in solution at

low pH. In fact, the ability to maintain their function over a

wide pH range distinguishes (H)FTACs from amphipols,

which are anionic compounds bearing many carboxylate

groups and thus are unstable at acidic pH (3).

The need for gentle solubilization that does not alter MP

conformation was the rationale behind the introduction of

nondetergent surfactants in the first place. The use of our

model protein allows direct comparison of the structural

perturbation by surfactants, at least for the folded form at

neutral pH. Our data indicate that (H)FTACs had no effect on

the secondary structure of the T-domain, whereas at least

some detergents affected the T-domain CD spectra (Fig. 6 A).
This suggests that a membrane-competent conformation,

formed at low pH, might also be affected less by the presence

of surfactants than by the presence of detergents. However,

the cooperative unfolding transition of the T-domain at pH 8

is affected by surfactants and detergents alike, especially

when they are present at concentrations above the CMC (Fig.

7). At concentrations below the CMC, fluorinated surfactants

did not alter the temperature of the unfolding, though they

decreased its cooperativity. The latter is seen as a decrease in

the unfolding enthalpy, which changes linearly with surfac-

tant concentration (Fig. 8). Here, again, the behaviors of the

two surfactants with similar CMCs (HFTAC and FTAC-C6)

are almost indistinguishable, but FTAC-C8 behaves differ-

ently. The relatively shallow linear dependence for the for-

mer is encouraging for possible future application of these

surfactants in unfolding studies of MPs. The fact that the

variation in enthalpy is not accompanied by changes in Tm
distinguishes this system from conventional unfolding sys-

tems, for which linear dependence between DHu and Tm
gives the value of specific heat capacity. Thus, the change in

DHu is likely to be the property of the surfactant, and the heat

FIGURE 10 Excitation spectra of a mixture of 0.5 mM DTT labeled with

Alexa647 (acceptor) and 0.4 mM FTAC-C6 containing ;1% of FTAC-C6-

OG (donor) in buffer (solid line) and upon addition of 0.5 or 2 mM LUV

(dotted and dashed lines, respectively). The decrease in the FRET-associated

donor peak indicates that the protein sheds the surfactant upon insertion into

the lipid bilayer.
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capacity of the complex is not maintained with increasing

surfactant concentration.

LUV leakage experiments demonstrated that FTACs cause

no permeabilization of lipid vesicles, whereas the ability of

HFTAC to cause leakage is very small, especially as com-

pared with that of regular detergents (Fig. 2). Moreover,

application of fluorescently labeled surfactants and the FCS

methodology indicated that neither of the surfactants asso-

ciated stably with the lipid bilayer (Fig. 9). A partial leakage

observed with HFTAC at high excess over lipid is likely to be

due to transient binding and bilayer destabilization. FCS

experiments also ruled out the sequestering of the lipid from

LUVs into surfactant micelles. This membrane inertness,

especially impressive in FTACs, distinguishes fluorinated sur-

factants from detergents, and even from amphipols, which,

though they do bind to lipid bilayers (3,4,35), do not, as a

rule, solubilize them (40,41). Moreover, we found that sur-

factants are not associated with vesicles with preinserted

T-domain, or are even shed from the T-domain interface

when it inserts into the lipid bilayer (Fig. 10).

Given the evidence discussed above, we conclude that

fluorinated surfactants have important advantages over de-

tergents or even amphipols as new media for studies of

MPs. They combine efficiently gentle solubilization without

structurally altering MPs in a broad pH range, with complete

absence of association with the lipid bilayer. This makes them

potentially useful for a variety of functional and structural

applications in which detergents are currently utilized. In

addition, the unique properties of fluorinated surfactants open

up possibilities for totally novel approaches that have been

unexplored so far—particularly in thermodynamic studies of

MPs. Currently, exploration ofMP stability by denaturation is

hindered by irreversible aggregation of unfolded proteins,

which may be prevented by the use of surfactants, provided

they do not interact with the bilayer. Another possibility is to

use the surfactants to chaperone membrane insertion of con-

stitutive MPs to determine the free energy stabilizing their

native conformations in the bilayer. Until now, this approach,

based on thermodynamic measurements of membrane parti-

tioning (42,43), has been limited to short peptides (44–47) and

nonconstitutive proteins ((23), Posokhov, Rodnin, Lu, and

Ladokhin, Biochemistry, 2008, in press). Note that dialysis-

based reconstitution from detergents cannot be used for

thermodynamic characterization of insertion because 1), it is

not an equilibrium technique, and 2), membrane association

of detergentswill affect the energetics of the insertion process.

The use of fluorinated surfactants circumvents these limita-

tions and in principle allows observation of direct insertion of

MPs into preformed bilayers under equilibrium conditions.
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