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ABSTRACT: Gradual dissociation of detergent molecules from water-insoluble membrane
proteins culminates in protein aggregation. However, the time-dependent trajectory of this
process remains ambiguous because the signal-to-noise ratio of most spectroscopic and
calorimetric techniques is drastically declined by the presence of protein aggregates in
solution. We show that by using steady-state fluorescence polarization (FP) spectroscopy the
dissociation of the protein−detergent complex (PDC) can be inspected in real time at
detergent concentrations below the critical micelle concentration. This article provides
experimental evidence of the coexistence of two distinct phases of the dissociations of
detergent monomers from membrane proteins. We first noted a slow detergent
predesolvation process, which was accompanied by a relatively modest change in the FP
anisotropy, suggesting a small number of dissociated detergent monomers from the
proteomicelles. This predesolvation phase was followed by a fast detergent desolvation
process, which was highlighted by a major alteration in the FP anisotropy. The durations and
rates of these phases were dependent on both the detergent concentration and the interfacial PDC interactions. Further
development of this approach might lead to the creation of a new semiquantitative method for the assessment of the kinetics of
association and dissociation of proteomicelles.

Interactions of detergents with membrane proteins are
ubiquitous in structural and chemical biology as well as

biotechnology.1−5 These interactions are complex because of
the diversity of architectural fingerprints of membrane proteins
in various reconstitution systems, such as liposomes, nanodiscs,
and planar lipid membranes.6 The complicated behavior of
membrane proteins in solution is driven by the subtle balance
of their physicochemical features, which include the interfacial
forces with detergent micelles.7,8 In many instances, the
inability of membrane proteins to optimally interact with
detergents leads to their loss of activity,6,9 stability,10−12 and
proper solubilization,2,12−15 preceding the protein aggrega-
tion.16,17 The presence of aggregates in solution adds to the
difficulty of many approaches to characterize the stability and
interfacial dynamics of insoluble membrane proteins in aqueous
phase.18 This is especially a frequent problem at detergent
concentrations comparable to or below the critical micelle
concentration (CMC). Therefore, the interfacial protein−
detergent complex (PDC) interactions are not normally
assessed under these harsh, low-detergent concentration
conditions.16,19

Recently, we have shown that these challenges of measuring
the interfacial PDC interactions can be overcome using steady-
state fluorescence polarization (FP) spectroscopy.20 Additional

advantageous traits of this approach included its amenability for
a high-throughput microplate reader-based setting, low-nano-
molar concentration of protein sample, and an increased optical
signal-to-noise ratio due to a bright and photostable
fluorophore.21 These attributes enabled us to determine the
isothermal Hill−Langmuir desorption curves of the proteomi-
celles containing either α-helical or β-barrel membrane proteins
of varying size, charge, stability, and structure.22

Here we show that this approach can be extended to infer the
time-dependent detergent desorption curves of membrane
proteins at detergent concentrations below the CMC. The
primary attribute of this approach is the fact that the FP
readout for a noninteracting fluorophore is not dependent on
its effective concentration.4,29 Therefore, the dissociation of
detergent micelles from membrane proteins was observed as a
relative change in the population of the fluorescent proteins
between detergent solvated and desolvated states. The
membrane proteins were first incubated in solubilizing mild
detergents at concentrations much greater than the CMC.
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Under these circumstances, all proteins were detergent
solvated, so that a high FP anisotropy was noted, reflecting a
slow tumbling rate of the proteomicelles. Interestingly, a time-
dependent reduction in the FP anisotropy was noted when the
proteins were diluted at a detergent concentration below the
CMC, suggesting that there was a gradual detergent desolvation
process. This finding was in good accord with an increased
rotational diffusion coefficient of the dissociated membrane
proteins.
In this work, we explored this time-dependent detergent

desorption process for three β-barrel membrane proteins of
varying charge and size, which were solubilized using a panel of
four detergents of diverse hydrophobic tails and polar head
groups. These studies were conducted using a wild-type outer
membrane protein G (OmpG),25 a medium-size, 14-stranded
β-barrel, and two extensive-truncation derivatives of ferric
hydroxamate uptake component A (FhuA),26 a large 22-
stranded β-barrel (Figure 1; Supporting Information, Table
S1). The FhuA derivatives FhuA ΔC/Δ5L_25N and FhuA
ΔC/Δ7L_30N featured a complete deletion of an internal cork
domain (C) as well as the truncation of five (L3, L4, L5, L10,
and L11) and seven (L3, L4, L5, L7, L8, L10, and L11)
extracellular loops, respectively. OmpG is an acidic protein
under physiological conditions, showing an isoelectric point pI
4.4. On the contrary, these truncation FhuA variants encompass
25 and 30 negative charge neutralizations, respectively,
producing a charge reversal of the wild-type FhuA from acidic
to basic values under physiological circumstances.30 These basic
FhuA variants feature pI values of 9.3 and 9.6, respectively.
Here we were interested in examining whether the FP
anisotropy is a robust readout of the time-dependent
desorption process of these three β-barrel membrane proteins
solubilized in detergents of varying physicochemical properties
(Supporting Information, Table S2). These detergents included
1-lauroyl-2-hydroxy-sn-glycero-3-phosphocholine (LysoFos), a
zwitterionic molecule, as well as n-undecyl-β-D-maltopyranoside
(UM), n-decyl-β-D-maltopyranoside (DM), and 4-cyclohexyl-1-
butyl-β-D-maltoside (CYMAL-4), three neutral molecules of
varying hydrophobic tails. These maltoside-containing deter-
gents have 11, 10, and 4 alkyl groups, respectively.
Furthermore, CYMAL-4 differs from UM and DM through
the addition of a benzene ring.

■ EXPERIMENTAL METHODS
Expression, Extraction, and Purif ication of the OmpG and FhuA
Proteins. Expression, extraction, and purification of OmpG,22,31

as well as the truncation FhuA32,33 proteins FhuA ΔC/
Δ5L_25N and FhuA ΔC/Δ7L_30N, were previously reported.
The deletion FhuA mutants lacked the internal cork domain
(C) and either five (L3, L4, L5, L10, and L11) or seven (L3,
L4, L5, L7, L8, L10, and L11) extracellular loops,
respectively.30,34 In addition, they featured either 25 (FhuA
ΔC/Δ5L_25N) or 30 (FhuA ΔC/Δ7L_30N) negative charge
neutralizations with respect to the wild-type FhuA barrel
scaffold, making them basic proteins. For the fluorophore
covalent attachment, the T7 β turn (V331PEDRP336) of the
truncation FhuA mutants was replaced with a cysteine-
containing, GS-rich flexible loop (GGSSGCGSSGGS). In the
case of OmpG, the cysteine sulfhydryl was engineered directly
on extracellular loop L6 at position D224.
Refolding of the β-Barrel Membrane Proteins. A rapid-dilution

refolding protocol was employed for the refolding of all
proteins.35 40 μL of 6×His tag-purified and guanidinium

hydrochloride (Gdm-HCl)-denatured protein was 50-fold
diluted into 200 mM NaCl, 50 mM HEPES, pH 7.4 solutions
at 4 °C, which contained detergents (Anatrace, Maumee, OH)
at concentrations above their CMC. The starting detergent
concentrations were the following: (i) 20 mM LysoFos, (ii) 5
and 20 mM UM, (iii) 5 and 20 mM DM, and (iv) 50 mM
CYMAL-4.
FP Anisotropy Determinations. Texas Red C2-maleimide

(Thermo Fisher Scientific, Waltham, MA) was used for
fluorescence labeling of all membrane proteins, as previously
reported.20,22 The time-dependent FP anisotropy traces were
acquired using a SpectraMax I3 plate reader (Molecular
Devices, Sunnyvale, CA), which was equipped with a Paradigm
detection cartridge for rhodamine FP spectroscopy.20 Texas
Red fluorophore21,36 was covalently attached to an engineered
cysteine sulfhydryl of the membrane proteins. The FP traces
were collected using the excitation and emission wavelengths of
535 and 595 nm, respectively. The time-dependent, steady-state

Figure 1. Side-view of the molecular structures of OmpG and
truncation FhuA mutants. (A) OmpG, (B) FhuA ΔC/Δ5L_25N, and
(C) ΔC/Δ7L_30N. The positions of the fluorophore are marked in
yellow. For OmpG, Texas Red21 was tethered at position D224C on
loop L6. For the two truncation FhuA derivatives, Texas Red was
attached to an engineered GS-rich, cysteine-containing loop on the T7
β turn. FhuA ΔC/Δ5L_25N and FhuA ΔC/Δ7L_30N show charge
neutralizations, which are marked in red with respect to the native
FhuA. For the latter FhuA mutant, there are three additional lysine
mutations within the β turns, which are marked in blue, out of which
two are negative-to-positive charge reversals.23,24 The arrows indicate
molecular dimensions, as inferred from Cα to Cα, which were obtained
from the X-ray crystal structure of both proteins.25,26 Cartoons show
proteomicelles in a prolate geometrical packing.27 The homology
structure of truncation FhuA derivatives was accomplished using
Swiss-model28 and FhuA PDB ID:1FI1.26
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FP anisotropy traces were acquired with diluted detergents
either above or below their CMC, while keeping the final
protein concentration constant at 28 nM.20 This was achieved
by titrating the same protein sample with buffer solutions of
varying detergent concentration. The buffer solution contained
200 mM NaCl, 50 mM HEPES, pH 7.4. The equilibration of
the samples was conducted using an incubation time of ∼15
min, which was followed by a time-dependent FP anisotropy
read. Drastic detergent reduction within the well increased the
protein aggregation over time but without a severe deterio-
ration in the signal-to-noise ratio of the FP anisotropy. In
addition, we checked that the self-quenching of Texas Red did
not induce a time-dependent reduction in the FP anisotropy.22

Determination of the Observed Predesolvation and Desolvation
Rates. The observed predesolvation rates (kobs

pre) were
determined at various detergent concentrations below the
CMC (Supporting Information, Table S3). This was
accomplished using a linear fit of the time-dependent FP
anisotropy (i.e., kobs

pre is Δr/Δt), r(t)

= − × +r t k t r( ) obs
pre

max (1)

Here rmax is the maximum FP anisotropy at the initial recording
time, whereas t shows the elapsed time during the
predesolvation phase. The observed desolvation rates, kobs

des,
were also determined at various detergent concentrations below
the CMC (Supporting Information, Table S4). This was
accomplished using a single-exponential fit of the time-
dependent FP anisotropy (i.e., kobs

des is 1/τ, where τ is the
time constant), r(t), as follows

= +τ−r t r r( ) e t
d

( / )
min (2)

Here rmin denotes the minimum FP anisotropy at the infinite
time of the desolvation reaction. t shows the elapsed time
during the desolvation phase, including the total time of the
predesolvation phase. Tpre is the total predesolvation time, so
that t > Tpre. In most cases, the observed desolvation rate,
kobs

des, was derived by fitting the single-exponential decay of the
time-dependent FP anisotropy, r(t), except in a number of
cases that were approached with a linear time dependence. In
eq 2, rd is an FP anisotropy constant, so that the initial FP
anisotropy during desolvation phase, rin, is given as follows (rmax
> rin > rmin)

= = +τ−r r T r r( ) e T
in pre d

( / )
min

pre
(3)

which provides the following expression for rd

=
−

τ−r
r r

e Td
in min

( / )pre (4)

Using eqs 2 and 4, one obtains the final form of the time-
dependent FP anisotropy function for the detergent desolvation
phase of proteomicelles

= − +τ− −r t r r r( ) ( )e t T
in min

( / )
min

pre (5)

In general, the experimental uncertainty was greater at
detergent concentrations below the CMC than that measured
at concentrations above the CMC. We think that this alteration
in the experimental uncertainty was primarily determined by
the coexistence of complex substates of soluble and insoluble
protein aggregates.
Reduction in Light Scattering Ef fects. One obvious difficulty of

these steady-state FP-based determinations was the presence of
light-scattering signals produced by the detergent micelles and

proteomicelles in solution and at detergent concentrations
either below or above the CMC. Therefore, their scattering
effects must be minimized. Both Raman and Rayleigh scattering
factors feature light intensity contributions, which are propor-
tional to the power of λ−4, where λ is the wavelength.37,38

Therefore, we tactically employed a large wavelength of the
emission to preclude these light-scattering effects. During the
preliminary stage of this work, we gradually amplified the
concentrations of Texas Red-labeled proteins until a value,
beyond which the emission was independent of the protein
concentration. This value was in the low-nanomolar range.
Moreover, the SpectraMax I3 plate reader (Molecular Devices)
is equipped with excitation and emission filters that form a
spectral gap of 60 nm, ensuring that the scattering effect
contributions are minimized. Finally, the light scattering effects
are always significantly reduced when the FP anisotropy signals
are independent of both protein concentration and emission
wavelength.38

In Figure 2, we illustrate the time-dependent change in the FP
anisotropy when these β-barrel membrane proteins were

Figure 2. Time-dependent alterations in the FP anisotropy when the
membrane proteins were incubated at different concentrations of
LysoFos, a zwitterionic detergent. (A) OmpG, (B) FhuA ΔC/
Δ5L_25N, and (C) FhuA ΔC/Δ7L_30N. The solubilized protein
concentration was 28 nM. The buffer solution contained 200 mM
NaCl, 50 mM HEPES, pH 7.4. The experimental FP anisotropy data
were presented as average ± SD over a number of at least three
distinct acquisitions.
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incubated in LysoFos at concentrations either above or below
the CMC value of this zwitterionic detergent (0.7 mM). As a
common feature, at detergent concentrations much greater
than the CMC, all proteins showed a fairly unchanged FP
anisotropy for long periods, suggesting robust proteomicelles
formed with LysoFos. In contrast, at detergent concentrations
comparable to or less than the CMC, the FP anisotropy
underwent a time-dependent significant modification. More-
over, the FP readout was also sensitive upon the dilution of
detergent concentration within the well at values below the
CMC. Another similar trait among all proteins was coexistence
of a slow, low-FP amplitude change phase, which was followed
by a fast, high-FP amplitude alteration phase. In this article, we
will call these phases predesolvation and desolvation,
respectively. Notably, the predesolvation phase, as the longer
of the two phases, lasted for a few minutes (Supporting
Information, Table S3). The desolvation phase followed an
exponential decay (Supporting Information, Figures S1−S3,
Table S4). For the basic FhuA proteins, the observed
desolvation rate, kobs

des, increased by decreasing the detergent
concentration within the well. For example, at LysoFos
concentrations of 0.4, 0.2, and 0.1 mM, the observed
desolvation rates, kobs

des, for FhuA ΔC/Δ5L_25N were (140
± 9) × 10−5, (360 ± 22) × 10−5, and (510 ± 27) × 10−5 s−1,
respectively. The corresponding kobs

des rates for FhuA ΔC/
Δ7L_30N were (182 ± 9) × 10−5, (284 ± 14) × 10−5, and
(719 ± 29 s−1) × 10−5 s−1, respectively.
In Figure 3, we show the time-dependent alteration in the FP

anisotropy when these β-barrel membrane proteins were
incubated in UM. Again, at concentrations below the CMC
for this detergent (∼0.59 mM), we noted two distinct phases: a
slow predesolvation phase, which was followed by a fast
desolvation phase. The duration of the predesolvation phase
recorded with an UM concentration of 0.1 mM was shorter
than those found by using higher detergent concentrations
(Supporting Information, Figures S4−S6, Table S3). In general,
the desolvation of these membrane proteins from UM followed
faster rates that those observed with LysoFos (Supporting
Information, Table S4). This outcome indicates a specific, time-
dependent FP-based signature of this detergent desorption
process, despite closely similar CMC values and apparent
dissociation constants of their proteomicelles, Kd. For example,
the CMC values of LysoFos and UM are ∼0.7 and ∼0.6 mM
(Supporting Information, Table S2), respectively. On the
contrary, their previously determined Kd values are in the range
0.3 to 0.7 and 0.5 to 0.7 mM, respectively.22 To conclude, this
finding shows that in the case of UM, the adhesion forces
between proteins and detergent monomers were weaker as
compared with those in the case of LysoFos.
When the proteins were incubated in DM at concentrations

below the CMC (∼1.8 mM), the predesolvation and
desolvation were also dependent on the detergent concen-
tration within the well (Figure 4; Supporting Information,
Figures S7−S9). Specifically, at the lowest DM detergent
concentration of 0.45 mM, the predesolvation phases were
shortest. At the same time, the observed desolvation rates were
faster at decreased detergent concentrations (Supporting
Information, Tables S3 and S4). At DM concentrations of
0.45, 0.85, and 1 mM, the observed predesolvation rates, kobs

pre,
recorded for FhuA ΔC/Δ5L_25N were (54 ± 1) × 10−6, (29
± 1) × 10−6, and (20 ± 1) × 10−6 s−1, respectively. On the
contrary, the corresponding kobs

des values for FhuA ΔC/
Δ5L_25N were (629 ± 59) × 10−5, (353 ± 36) × 10−5, and

(191 ± 19) × 10−5 s−1, respectively. At the same time, the
kobs

des values noted with FhuA ΔC/Δ7L_30N were (599 ± 50)
× 10−5, (478 ± 37) × 10−5, and (369 ± 44) × 10−5 s−1,
respectively. These rates indicate that at a lower detergent
concentration there is a shift of the association−dissociation
equilibrium of the proteomicelles with the coexistent micelles
toward dissociation.
Finally, we show the time-dependent change in the FP

anisotropy recorded when the proteins were incubated in
CYMAL-4 (Figure 5; Supporting Information, Figures S10−
S12). Remarkably, very long predesolvation durations were
recorded at detergent concentrations below the CMCCYMAL‑4

(∼7.6 mM). For example, the predesolvation durations
recorded with all proteins at 2 mM CYMAL-4 were >20 min,
suggesting strong adhesive interactions between CYMAL-4
detergent monomers and these proteins. Moreover, no FP
anisotropy changes were noted when the truncation FhuA
proteins were incubated at 4 mM CYMAL-4, a concentration
significantly smaller than the corresponding CMC. These
results illuminate that the adhesive PDC interactions between
membrane proteins and CYMAL-4 are greater than the
cohesive interactions among the detergent monomers. These
time-dependent FP anisotropy reads are in good accord with
the recently determined apparent equilibrium constants, Kd, for

Figure 3. Time-dependent alterations in the FP anisotropy when the
membrane proteins were incubated at different concentrations of UM,
a neutral maltoside-containing detergent. (A) OmpG, (B) FhuA ΔC/
Δ5L_25N, and (C) FhuA ΔC/Δ7L_30N. The other experimental
conditions were the same as those in Figure 2.
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CYMAL-4 with β-barrel membrane proteins.22 Specifically,
these Kd values for the PDC formed by CYMAL-4 with OmpG,
FhuA ΔC/Δ5L_25N, and FhuA ΔC/Δ7L_30N are 4.6, 5.7,
and 4.5 mM, respectively. Indeed, these apparent Kd values are
significantly smaller than the CMC value of 7.6 mM.
It is now clear that satisfactory detergent-mediated solvation

forces of β-barrel membrane proteins contribute to the
existence of a predesolvation phase. We found that the
characteristics of the predesolvation phase strongly depend
not only on these adhesive PDC interactions but also the
available detergent concentration within the well. It is
conceivable that a very weak interfacial PDC interaction of a
certain detergent−membrane protein pair might impede the
presence of a predesolvation phase, whereas the desolvation
should normally occur within a matter of seconds. Therefore,
we illustrated a cartoon in Figure 6, which presents three
distinct FP anisotropy-based trajectories of the time-dependent
desolvation of a β-barrel membrane protein. A predesolvation
phase occurs when these adhesive PDC interactions between
the detergent molecules and membrane proteins overcome the
cohesive forces among the detergent monomers. Because of the
low FP anisotropy alteration during this predesolvation phase,
we think that the average proteomicelle still maintains most of
the solubilizing detergent monomers under these conditions. It

is more than likely that the predesolvation phase represents a
relatively small loss of detergent monomers of the proteomi-

Figure 4. Time-dependent alterations in the FP anisotropy when the
membrane proteins were incubated at different concentrations of DM,
a neutral maltoside-containing detergent. (A) OmpG, (B) FhuA ΔC/
Δ5L_25N, and (C) FhuA ΔC/Δ7L_30N. The other experimental
conditions were the same as those in Figure 2.

Figure 5. Time-dependent alterations in the FP anisotropy when the
membrane proteins were incubated at different concentrations of
CYMAL-4, a neutral maltoside-containing detergent. (A) OmpG, (B)
FhuA ΔC/Δ5L_25N, and (C) FhuA ΔC/Δ7L_30N. The other
experimental conditions were the same as those in Figure 2.

Figure 6. Cartoon showing different FP anisotropy-based trajectories
of the proteo-demicellization. The predesolvation phase underwent a
linear change in the FP anisotropy, whereas the desolvation phase
followed either a linear regime, which is marked in green, or an
exponential decay, which is marked in red. In the case of weak PDC
interactions and low incubating detergent concentration, there is no a
predesolvation phase, whereas the desolvation phase, which is marked
in blue, is rapid.
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celle, inducing a reconfiguration of the internal packing forces
of the proteomicelle. This proteomicelle rearrangement leads to
a fast desolvation phase.
The desolvation rate is always greater than the predes-

olvation rate and occurs in an exponential fashion. Assuming a
simple bicomponent model of association of the β-barrel
membrane protein to a detergent micelle and a high detergent
concentration below the CMC, the observed desolvation rate,
kobs

des, is −kon[D] + koff.
39 Here the detergent concentration,

[D], is in the micromolar to millimolar range, which is much
greater than the protein concentration, [P], which is present at
low-nanomolar concentration. That means a linear dependence
of kobs

des on detergent concentration, [D], with a slope of −kon
and an intercept with the vertical axis of koff. Among all cases
examined in this work, we only found this behavior in the case
of the desolvation process of the truncation FhuA derivatives
from LysoFos (Supporting Information, Figure S13, Table S5).
For example, kon and koff of the PDC made with FhuA ΔC/
Δ5L_25N were 12.1 ± 1 M−1 s−1 and (6.2 ± 0.3) × 10−3 s−1,
respectively, giving an apparent Kd of 0.51 mM. This value is in
excellent agreement with the apparent Kd of 0.71 mM for the
same PDC, which was determined from isothermal Hill−
Langmuir desorption curves.22 A certain numerical difference
between the two equilibrium constants might also arise from
the fact that the predesolvation phase was neglected in the
determination of Kd via kinetic FP anisotropy-based measure-
ments. The above kinetic rate constants illustrate a very slow
association process and a relatively long τoff binding time.
Taken together, the weak binding interactions leading to
millimolar values of the apparent dissociation constant, Kd, are
primarily determined by the very slow association process (kon)
(Supporting Information, Figure S13, Table S5). However, we
determined other scaling functions of kobs

des with the final
detergent concentration in the well, [D], suggesting diverse
kinetic models of varying order of the desolvation reaction
(Supporting Information, Figures S14−S16, Table S6). This
finding shows that the desolvation kinetic scheme strongly
depends on the architectural and biophysical fingerprints of the
membrane proteins as well as the physicochemical character-
istics of the solubilizing detergents.
In summary, this study sheds light on the time-dependent

detergent desorption of membrane proteins at detergent
concentrations below the CMC. We were able to observe
this process by employing a steady-state FP spectroscopy
approach that featured a bright and photostable fluorophore,
maintaining the optical signal-to-noise ratio within a satisfactory
range. Notably, the approach that we present in this paper
requires extremely small quantities of membrane proteins (e.g.,
tens of nanograms per trial). Moreover, these time-dependent
FP anisotropy reads were conducted using a microplate format,
potentially allowing for parallel assessment of hundreds to
thousands of conditions in minutes to hours. This experimental
formulation reinforces the informative power of this approach,
which shows realistic prospects for the high-throughput
screening of the interfacial PDC interactions. We pointed out
that the detergent desolvation of membrane proteins using
both zwitterionic and uncharged detergents is preceded by a
slow predesolvation phase that can be even longer than 20 min.
This predesolvation phase might either be slowed at detergent
concentrations approaching the CMC value or accelerated at
very low detergent concentrations within the well. Future
developments of this steady-state FP spectroscopy-based
approach might lead to the creation of a detailed kinetic

analysis of the interfacial PDC interactions, involving
membrane proteins and detergents of varying physicochemical
properties. Finally, these semiquantitative studies might
stimulate novel discoveries in membrane protein solubilization,
refolding, stabilization, and crystallization.17,40,41
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