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ABSTRACT: Hemifluorinated compounds, such as HF-TAC, make up a novel class of nondetergent
surfactants designed to keep membrane proteins soluble under nondissociating conditions [Breyton, C.,
et al. (2004)FEBS Lett. 564, 312]. Because fluorinated and hydrogenated chains do not mix well,
supramicellar concentrations of these surfactants can coexist with intact lipid vesicles. To test the ability
of HF-TAC to assist proper membrane insertion of proteins, we examined its effect on the pH-triggered
insertion of the diphtheria toxin T-domain. The function of the T-domain is to translocate the catalytic
domain across the lipid bilayer in response to acidification of the endosome. This translocation is
accompanied by the formation of a pore, which we used as a measure of activity in a vesicle leakage
assay. We have also used Fo¨rster resonance energy transfer to follow the effect of HF-TAC on aggregation
of aqueous and membrane-bound T-domain. Our data indicate that the pore-forming activity of the T-domain
is affected by the dynamic interplay of two principal processes: productive pH-triggered membrane insertion
and nonproductive aggregation of the aqueous T-domain at low pH. The presence of HF-TAC in the
buffer is demonstrated to suppress aggregation in solution and ensure correct insertion and folding of the
T-domain into the lipid vesicles, without solubilizing the latter. Thus, hemifluorinated surfactants stabilize
the low-pH conformation of the T-domain as a water-soluble monomer while acting as low-molecular
weight chaperones for its insertion into preformed lipid bilayers.

The folding and stability of membrane proteins remains
one of the most elusive problems in physical biochemistry.
Generally, membrane protein folding and bilayer insertion
is managed by complex multiprotein assemblies, such as the
endoplasmic reticulum translocon (1-3). For nonconstitutive
proteins [e.g., bacterial toxins (4-7) and colicins (8-10)],
however, such insertion is achieved spontaneously, in
response to changes in the environment. For example,
acidification of the endosome causes a conformational change
in the endocytosed diphtheria toxin T-domain,1 resulting in
its insertion into the membrane and translocation of its own
N-terminus with the attached catalytic domain into the
cytoplasm, possibly through a pore in the lipid bilayer (4).
Neither translocon-assisted nor spontaneous membrane inser-
tion of proteins is well-understood on a molecular level.
Despite the obvious structural and mechanistic differences
between the two, recent thermodynamic evidence indicates
that the underlying physicochemical principles for these
processes might be the same (11, 12). Thus, deciphering these

principles with the help of spontaneously inserting proteins
is relevant to the larger problems of membrane protein
folding and stability. Recently, we have demonstrated that
pH-triggered membrane insertion of the diphtheria toxin
T-domain (13) and that of annexin B12 (14) are reversible
processes, opening the door to their use for thermodynamic
characterization of transbilayer insertion.

The principal difficulty of structural and thermodynamic
studies with membrane proteins is related to their hydro-
phobic nature, which causes them to aggregate and precipitate
outside of their native membrane environment. Solubilizing
and handling them in vitro generally requires the use of
dissociating surfactants (detergents). Exposing membrane
proteins to detergents, however, very often makes them
unstable. Several approaches have been developed in an
effort to circumvent this problem (see, e.g., refs15 and16),
among which are transferring them to nondetergent surfac-
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tants such as amphipols (17-19) or fluorinated surfactants
(20-22). Hemifluorinated surfactants, in particular, present
the unusual and useful combination of characteristics of being
at the same time good solvents for proteins and poor solvents
for lipids. These molecules, such as C2H5C6F12C2H4-S-poly-
tris(hydroxymethyl)aminomethane (HF-TAC), are comprised
of a polar head and a hydrophobic moiety that features a
fluorinated central region terminated by a hydrocarbon tip
(Figure 1A). The latter is designed to facilitate the adsorption
of the hydrophobic chain onto protein transmembrane
surfaces, which are mainly made up of methyl groups.
Hemifluorinated surfactants have been shown to be able to
keep several test proteins soluble, native, and stable (22).
On the other hand, because fluorocarbons do not mix well
with the hydrogenated acyl chains of the lipid, fluorinated
surfactants do not solubilize membranes (they are not
detergents). This opens up intriguing possibilities for the use
of HF-TAC for thermodynamic studies of membrane folding
and insertion of both constitutive and spontaneously inserting
membrane proteins.

As a first step toward applying fluorinated surfactants to
studies of membrane protein folding and stability, we have
examined the effect of HF-TAC on solution properties and
membrane interactions of the diphtheria toxin T-domain,
which inserts into membranes under mildly acidic conditions.
We have used (a) Fo¨rster resonance energy transfer (FRET)
to detect aggregation of the T-domain and (b) vesicle leakage
measurements to assay for T-domain transmembrane inser-
tion and pore formation. Our data indicate that the surfactant
is able to reverse aggregation of the T-domain when the

membrane-competent form at acidic pH is denied a lipid
environment. On the other hand, even above its critical
micelle concentration (CMC), the surfactant does not prevent
membrane insertion of the T-domain into the lipid bilayer.
By preventing the formation of nonproductive aggregated
forms of the T-domain in solution, HF-TAC promotes bilayer
insertion, thus acting as a low-molecular weight chaperone
[or “chemical chaperone” (23-25)] for the insertion and
folding transition.

MATERIALS AND METHODS

Materials.POPC and POPG were purchased from Avanti
Polar Lipids (Alabaster, AL). Alexa-532 C5 maleimide and
Alexa-647 C2 maleimide were purchased from Molecular
Probes (Eugene, OR). Two buffers, acidic and neutral, were
used in this study. The acidic buffer (pH 4.5) was comprised
of 10 mM sodium acetate and 50 mM NaCl, and the neutral
buffer (pH 7.0) was comprised of 10 mM HEPES and 50
mM NaCl. To change the pH from 7.0 to 4.5, when necessary
during the experiment, a small amount (∼5% of the final
volume) of a concentrated (0.5 M) acetic buffer with a pH
of 4.3 was rapidly added to the sample. The final pH was
confirmed in every sample using either pH-meter measure-
ments or paper pH indicator strips. HF-TAC was synthesized
as described in ref21. The average degree of polymerization
of the polar head of the batch used in this study was 6-7
(n) and the average molecular weight 1520. The wild type
(residues 202-378) and the single-cysteine mutant (N235C)
of the diphtheria toxin T-domain were gifts from R. J. Collier.

FIGURE 1: (A) Chemical structure of the hemifluorinated surfactant HF-TAC (21). The average degree of polymerization of the polar head
of the batch used in this study was 6-7 (n). Because of the poor miscibility of fluorinated and hydrogenated chains, HF-TAC does not
dissolve lipid bilayers even at concentrations above the CMC of 0.45 mM (cf. Figure 2). (B) Schematic representation of various conformational
states of the aqueous and membranous T-domain (see the text for details). Thick red and blue arrows represent alternative insertion pathways
from the solution state at neutral pH (I) to a transmembrane state at acidic pH (III). Insertion along pathway 1 is hindered by the aggregation
of the T-domain in solution at low pH (IIa). Application of HF-TAC chaperones transbilayer insertion of the T-domain by suppressing
nonproductive aggregation.
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Labeling of Single-Cysteine Mutants of the T-Domain.
Labeling with Alexa dyes was performed using a standard
procedure for the thiol-reactive maleimide derivatives (26).
Typically, 1 mg of the maleimide derivative of the dye was
dissolved into 0.2 mL of a 50µM solution of protein in 10
mM HEPES (pH 7.0) containing 50 mM KCl and 1 mM
EDTA. The reaction mixture was incubated overnight at 4
°C. Excess dye was removed by gel filtration chromatogra-
phy (PD-10 column) followed by five consecutive centrifu-
gations using a Microcon YM-10 concentrator, until the
solution coming through the concentrator did not contain any
dye, as assayed by absorbance spectroscopy. The concentra-
tion of the labeled T-domain was estimated from peak
absorbance measurements, with the assumption that the
extinction coefficients are the same as for the free dyes:
75 000 M-1 cm-1 for Alexa-532 and 265 000 M-1 cm-1 for
Alexa-647. The protein concentration was determined spec-
trophotometrically using an extinction coefficient of 17 000
M-1 cm-1 at 280 nm. The labeling efficiency was estimated
from the absorbance measurements at 280 nm (protein and
dye) and in the maximum of the corresponding dye. The
contribution of the dye at 280 nm was estimated using the
absorbance of the free dye after reaction with glutathione.
The labeling efficiency was found to be∼0.8, unavoidable
errors associated with correcting for the relatively high
absorbance of the dyes at 280 nm influencing the precision
of this estimate.

Sample Preparation.Large unilamellar vesicles (LUV)
with a diameter of 0.1µm were prepared by extrusion (27,
28). For leakage studies, the vesicles were preloaded with 1
mM ANTS and 10 mM DPX as described in ref29. Both
leakage and FRET samples contained final concentrations
of 0.4 µM T-domain and 3 mM lipids (1:4 POPG:POPC
molar ratio) and, when present, 1 mM HF-TAC. The wild-
type T-domain was used in leakage studies. We found no
effect of HF-TAC or T-domain on the fluorescence properties
of ANTS or on the quenching ability of DPX.

Steady-State Fluorescence Measurements. Fluorescence
was measured using an SLM 8100 steady-state fluorescence
spectrometer (Jobin Yvon, Edison, NJ, formerly SLM/
AMINCO, Urbana, IL) equipped with double-grating excita-
tion and single-grating emission monochromators. All ex-
perimental details for FRET measurements were exactly the
same as described previously (14). Briefly, fluorescence
excitation spectra of the dye-labeled T-domain were obtained
by averaging 5-10 scans collected over a 470-660 nm range
using 1-nm steps. The emission monochromator was set at
680 nm. Leakage of ANTS/DPX was followed by kinetic
measurements of intensity with excitation and emission
wavelengths of 353 and 520 nm, respectively.

Time-ResolVed Measurements and Analysis.Fluorescence
decays were measured with a FluoTime 200 time-resolved
fluorescence spectrometer (PicoQuant, Berlin, Germany)
using a standard time-correlated single-photon counting
scheme. Samples were excited at 504 nm by a PLS 500 sub-
nanosecond diode lamp (PicoQuant) with a repetition rate
of 10 MHz. Fluorescence emission of the donor dye was
detected at 550 nm via a polarizer set at 54.7°. The
fluorescence intensity was recorded within 4096 channels
(34 ps/channel). Data were normally collected to a constant
peak value of 4000 counts. The instrumental response
function (IRF) was recorded under the same conditions at

the excitation wavelength by replacing the sample with a
scattering solution of colloidal silica (LUDOX, Grace).

The fluorescence intensity decay was analyzed using
FluoFit (PicoQuant). The program uses an iterative fitting
procedure based on the Marquardt algorithm to minimize
the deviation of the experimental data, presented as the sum
of the exponential components:

whereRi values are the pre-exponential amplitudes andτi

values are the lifetimes of the decay components. Deviations
from the best fit were characterized by their reducedø2

statistic. In addition to theø2 value, graphical tests such as
the plot of weighted residuals were used to assess the
accuracy of the fit. The number of exponentials was increased
until the quality of fit did not improve.

Both steady-state and time-resolved FRET measurements
were repeatedly performed after each change in sample
conditions (e.g., addition of vesicles or change in pH), with
increasing time intervals to cover a period of at least 24 h.
The data presented here were collected after equilibrium was
established, normally at least 1 h after the change in
conditions, unless otherwise indicated.

RESULTS AND DISCUSSION

A general scheme for membrane interactions of the
T-domain is presented in Figure 1B. The crystallographic
structure (30) of the T-domain in the water-soluble state at
neutral pH (I) provides a starting point for trying to
understand the insertion process. The structure of the final
transmembrane state (III) inserted at acidic pH is not known.
Several topological models have been proposed, with the
number of transmembrane helices varying from two to four.
There seems to be little controversy, however, about the
transmembrane location of the consensus insertion hairpin
(highlighted in blue in the crystallographic structure in Figure
1B) comprised of H8 and H9 (7, 31-33). Although very
little is known about the structure of the recently identified
(13) intermediate membrane state at pH 7 (IV), there is no
reason to believe that it adopts a transmembrane conforma-
tion. For the sake of simplicity, a number of states suggested
to exist at intermediate pH (34, 35) are not shown.
Importantly, the transitions between various states have been
demonstrated to be reversible (13), which is a prerequisite
for their thermodynamic characterization. The free energy
of transfer from state I to IV at pH 7 is approximately-7.5
kcal/mol, which means that, under the conditions of our
experiments (3 mM lipids), most of the T-domain is
membrane-bound even at this pH.

Because pore formation has been associated with the action
of the T-domain (36, 37), we have used vesicle leakage
experiments as a simplified assay for T-domain activity
(Figure 2). Vesicles were loaded with the ANTS/DPX dye/
quencher pair (29), and the kinetics of their release was
monitored fluorimetrically after the vesicles were mixed with
the T-domain at time zero. Zero leakage corresponds to the
fluorescence level of intact LUV, while 100% leakage
corresponds to the fluorescence level of LUV completely
dissolved by high levels (1.5%) of reduced Triton X-100.
Our data indicate that the pore-forming activity of the

I(t) ) ∑
i

Rie
(-t/τi) (1)
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T-domain depends strongly on the available insertion path-
way. If the protein was prebound to the vesicles at neutral
pH and then inserted when the pH was lowered (pathway 2,
blue arrow in Figure 1B), the activity was quite high (Figure
2, blue trace). If the protein was transformed into a
membrane-competent form first and then mixed with the
membranes (pathway 1, red arrow in Figure 1B), the activity
was markedly reduced (Figure 2, red trace), especially if the
protein was incubated in state II as a concentrated stock
solution (∼0.2 mM) for an extended period of time (2 h in
this case). This loss of pore-forming activity could possibly
be due to the formation of inactive, perhaps aggregated forms
of the T-domain in solution at low pH, a hypothesis that
would be consistent with the observation that a larger
fragment of diphtheria toxin, containing both the C- and
T-domains, does undergo massive oligomerization at low pH
(38).

We therefore examined the aggregation state of the
T-domain in solution and in the presence of LUV using a
FRET approach we have recently developed and used to
follow changes in the oligomeric state of membrane-inserted
annexin B12 (14) and to differentiate monomeric and
oligomeric Ca2+-bound forms in a family of human annexins
(39). The single-cysteine T-domain mutant N235C was
labeled with either a donor dye (D, Alexa-532) or an acceptor
dye (A, Alexa-647). To minimize any structural perturbation,
the labels are attached to an exposed residue between helices
H2 and H3, neither of which has been suggested to insert
into a transmembrane orientation in any of the published
topological models (7, 33). Excitation spectra were measured
using samples containing a 1:2 ratio of T-domain-D and
T-domain-A under various conditions. At neutral pH, the
excitation spectrum of the T-domain-D/T-domain-A mixture
coincided with that of the acceptor alone (Figure 3A, cyan
dotted line). This indicates the absence of FRET, as is
expected for a monomeric protein. Lowering the pH in the
absence of membranes resulted in the appearance of a donor-
associated excitation peak at 530 nm (magenta dotted line),
which indicates aggregation under these conditions. While
addition of LUV to the protein at neutral pH resulted in no

measurable FRET (not shown), the intensity of the FRET
signal in membranes at low pH was found to be pathway-
dependent, being much lower for pathway 2 (Figure 3A, blue
solid line) than for pathway 1 (Figure 3A, red solid line).
Thus, the difference in FRET observed along the two
pathways correlates with the loss of activity (Figure 2),
suggesting that the inactivation of the T-domain is indeed
related to aggregation.

Next we examined the effect of the hemifluorinated
surfactant on the aggregation and pore-forming activity of
the T-domain. The presence of 1 mM HF-TAC completely
abolished the appearance of the FRET signal at low pH
regardless of the presence of the vesicles or the insertion
pathway (Figure 3B). The addition of surfactant not only
prevented aggregation but also reversed it if the sample was
first incubated at low pH and HF-TAC was subsequently
added. Reversibility was detected both with steady-state
excitation measurements (data similar to those in Figure 3B,
but not shown) and with time-resolved measurements of
donor emission (Figure 4). The fluorescence decay following
a pulsed excitation measured for the T-domain-D/T-
domain-A mixture at pH 7 (step 1, cyan trace) is essentially
monoexponential, with a lifetime of 3.5 ns. It coincides with
the decay observed for a sample containing only T-domain-
D, again confirming the absence of FRET under these
conditions. After incubation at pH 4.5, the decay becomes

FIGURE 2: Leakage of lipid vesicle contents resulting from the
membrane insertion of the T-domain was monitored as the increase
in fluorescence from ANTS/DPX-loaded LUV. At time zero, the
T-domain was inserted into a transmembrane conformation either
by mixing it with LUV at pH 4.5 (red line, pathway 1 from Figure
1B) or by changing the pH from 7 to 4.5 in the presence of LUV
(blue line, pathway 2 from Figure 1B) by adding appropriate
amounts of concentrated acidic buffer. The former resulted in a
loss of pore-forming activity, due to the formation of aggregates
in solution (Figures 3 and 4). The presence of 1 mM HF-TAC
rescues the activity of the T-domain (orange line), while HF-TAC
alone at the same concentration causes no leakage (black trace).

FIGURE 3: FRET-based detection of the formation of the T-domain
aggregates using an experimental scheme developed in our previous
study (14). Excitation spectra are measured for a 1:2 molar mixture
of T-domain-D and T-domain-A in buffer (dotted lines) and in the
presence of LUV (solid lines), in the absence (A) and presence of
1 mM HF-TAC (B). The appearance of characteristic FRET-related
peaks, corresponding to the contribution of donor to the excitation
spectrum measured at acceptor emission, indicates strong T-domain
aggregation in buffer when the pH is changed from 7 (cyan dotted
line) to 4.5 (magenta dotted line). Membrane insertion at pH 4.5
results in samples showing various degrees of aggregation depend-
ing on the insertion pathway, with stronger FRET observed for
pathway 1 (red solid line) than for pathway 2 (blue solid line).
The presence of 1 mM HF-TAC abolishes aggregation at low pH
both in the absence (B, orange dotted line) and in the presence of
LUV (black solid line).
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heterogeneous (Figure 4, step 2, magenta trace) and can be
described as the sum of a long component with a lifetime of
3.5 ns, corresponding to the monomer, and a short one with
a lifetime of 1.3 ns, corresponding to aggregates. The
fractional amplitudes were found to be 0.41 and 0.59 for
the monomeric and aggregated component, respectively.
Given the Fo¨rster distance of 60 Å for this donor/acceptor
pair (14) and a FRET efficiencyE of 1 - (1.3 ns/3.5 ns)
(0.63) estimated from the lifetime experiment, the average
effective distance between the dyes in the aggregate is∼55
Å. This estimate was derived, of course, under very simpli-
fied assumptions, ignoring, in particular, the probable
heterogeneity of the aggregated form.

FRET measurements allow us to modify the insertion
scheme in Figure 1 by including an aggregated state IIa.2

The cartoon representing this state is not meant to be
structurally accurate but simply to illustrate the occurrence
of aggregation. Importantly, even after an extended incuba-
tion at pH 4.5, the aggregation of the T-domain can be totally
reversed by addition of HF-TAC (Figure 4, step 3, orange
trace), as symbolized by the orange arrow from state IIa to
II in Figure 1B.

The next question is whether the monomeric T-domain is
still capable of inserting into the membranes (transition from
state II to III) in the presence of a relatively high concentra-
tion of HF-TAC. This question is answered by the leakage
experiment (Figure 2, orange trace), which indicates in-

creased pore-forming activity (compare to the red trace). No
leakage of vesicle content was observed upon addition of
HF-TAC alone in this concentration range (Figure 2, black
trace). The activity of the T-domain in the presence of HF-
TAC no longer depends on the insertion pathway. The
observed level of leakage, however, does not reach the level
achieved by following pathway 2 in the absence of surfactant
(Figure 2, blue trace). This can be explained, for example,
by assuming that the T-domain is distributed between the
bilayer-inserted and surfactant-bound states, which could
have similar free energies. Although leakage experiments
are not designed to provide thermodynamic information about
membrane insertion, they clearly show that the presence of
surfactants does not prevent the formation of the active
membrane-inserted form. Needless to say, these experiments
could not have been performed using detergents, since the
membranes would have been totally disrupted long before
reaching a concentration twice the CMC, as has been done
here [the CMC of HF-TAC is 0.45 mM (21)].

An interesting possibility suggested by our data is that the
pore-forming state of the T-domain might be a monomer,
which is supported by two pieces of evidence: (a) a pathway-
determined correlation of the reduced FRET and increased
pore-forming activity of the T-domain (Figures 2 and 3A)
and (b) total elimination of aggregation by HF-TAC, with
preservation of the activity (Figures 2 and 3B). A much lower
level of FRET is observed for the sample of the T-domain
inserted into the vesicles along pathway 2 (Figure 3, blue
solid line) than for that inserted along pathway 1 (Figure 3,
red solid line). The residual FRET in the former case can be
rationalized in principle by two alternative explanations. First,
the membrane-inserted T-domain is a monomer, but because
insertion does not occur with 100% efficiency even along
pathway 2, a small amount of FRET is due to aggregation
of a noninserted fraction. Another possibility is that all (or
most) of the membrane-inserted T-domain exhibits FRET,
but with an efficiency much lower than that observed in
solution at low pH. The latter possibility can be ruled out,
however, because it is contradicted by the total absence of
FRET when the T-domain is inserted into vesicles with the
help of HF-TAC (Figure 3). It is also refuted by time-
resolved data indicating that the lifetime of the main fraction
of the T-domain in the presence of LUV, regardless of the
insertion pathway, falls in the range of 3.4-3.6 ns, which
coincides with the lifetime of the monomeric T-domain at
neutral pH (3.5 ns).

It has been demonstrated that the size of the solutes
released by the T-domain increases with protein concentra-
tion (40), which is not uncommon for pore formers and is
usually considered to be a hallmark of aggregation. This
happens, however, at protein:lipid ratios much higher than
those used in this study. The possibility that pores allowing
the leakage of relatively small dyes are rather transient
leakage pathways formed by several inserted helices of a
monomeric T-domain cannot be ruled out. Thus, the dem-
onstration that a monomeric T-domain causes release of dyes
from vesicles does not imply that the functional state of the
T-domain responsible for translocation of a catalytic domain
into the cell is also a monomer. Importantly, insertion of
the T-domain into a lipid bilayer as a monomer simplifies
future thermodynamic analyses of insertion, because oligo-
merization need not be taken into account. Such an analysis

2 The existence of aggregated form IIa affects our previous estimate
of the free energy for the transmembrane insertion of the T-domain
[-8 to -10 kcal/mol (13)]. This number can no longer be attributed
solely to the II-III transition (Figure 1) but is influenced by the
transition between II and IIa. This means that the true value of the free
energy for the II-III transition is larger than 8-10 kcal/mol, which
explains our somewhat puzzling result suggesting a relatively small
difference (∼2 kcal/mol) between the free energy of interfacial
partitioning at neutral pH (from I to IV) and that of transmembrane
insertion at acidic pH (from II to III). Determining the energetics of
the aggregation, however, goes beyond the scope of this study.

FIGURE 4: Reversibility of aggregation of the T-domain caused by
addition of HF-TAC examined by measuring the changes in the
fluorescence decay of the donor-labeled T-domain. Final sample
concentrations were the same as for the steady-state experiment
(Figure 3). Fluorescence decay kinetics (colored lines) were
measured following the excitation pulse from a light-emitting diode
(the IRF lamp profile is shown as a dotted line) and then fitted by
multiexponential functions (see the text for parameters and other
details). First, the sample containing the mixture of the donor- and
acceptor-labeled T-domain was measured in buffer at pH 7 (step
1, cyan). Then the pH was lowered to 4.5 by addition of an
appropriate aliquot of concentrated acetic buffer, resulting in a
FRET-related shortening of the fluorescence lifetime (step 2,
magenta). Addition of 1 mM HF-TAC (from a 50 mM stock)
restores the original decay kinetics (step 3, orange).
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in general will require a determination of the partitioning of
a membrane protein between the bilayer and the surfactant
under equilibrium conditions. Interestingly, another protein
that inserts into the lipid bilayer in a similar fashion at low
pH and forms a water-filled pore, annexin B12 (41), is also
a monomer in its transmembrane state (14).

Taken together, our FRET and pore formation experiments
indicate that the efficiency of membrane insertion of the
T-domain is pathway-dependent and affected by nonproduc-
tive aggregation at low pH. HF-TAC suppresses aggregation
in solution and, by doing so, facilitates the correct insertion
and folding of the T-domain into lipid vesicles. Nondetergent
surfactants such as hemifluorinated surfactants (this work)
or amphipols (42) thus have this interesting potential to
deliver solubilized membrane proteins to preformed lipid
bilayers without dissolving the latter as a detergent would
do. In so doing, they effectively play the role of low-
molecular weight (or chemical) chaperones. Fluorinated
surfactants appear to be particularly promising for studies
of membrane protein insertion, inasmuch as they permit, in
principle, investigations of the structure of intermediates (e.g.,
the low-pH-activated form of the T-domain in solution) and
of the conformational changes and energetics of insertion to
be carried out under equilibrium conditions.
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