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Abstract

Understanding how membrane proteins interact with detergents is of fundamental and practical 

significance in structural and chemical biology as well as in nanobiotechnology. Current methods 

for inspecting protein-detergent complex (PDC) interfaces require high concentrations of protein 

and are of low throughput. Here, we describe a scalable, spectroscopic approach that uses 

nanomolar protein concentrations in native solutions. This approach, which is based on steady-

state fluorescence polarization (FP) spectroscopy, kinetically resolves the dissociation of 

detergents from membrane proteins and protein unfolding. For satisfactorily solubilizing 

detergents, at concentrations much greater than the critical micelle concentration (CMC), the 

fluorescence anisotropy was independent of detergent concentration. In contrast, at detergent 

concentrations comparable with or below the CMC, the anisotropy readout underwent a time-
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dependent decrease, showing a specific and sensitive protein unfolding signature. Functionally 

reconstituted membrane proteins into a bilayer membrane confirmed predictions made by these 

FP-based determinations with respect to varying refolding conditions. From a practical point of 

view, this 96-well analytical approach will facilitate a massively parallel assessment of the PDC 

interfacial interactions under a fairly broad range of micellar and environmental conditions. We 

expect that these studies will potentially accelerate research in membrane proteins pertaining to 

their extraction, solubilization, stabilization, and crystallization, as well as reconstitution into 

bilayer membranes.
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Introduction

Understanding the protein-detergent complex (PDC)1 interface remains a ubiquitous 

problem in the extraction, solubilization, stabilization, and crystallization of membrane 

proteins. The PDCs were traditionally examined by numerous techniques, including small-

angle X-ray scattering (SAXS),2 circular dichroism (CD) spectroscopy,3 size-exclusion 

chromatography,4 and tryptophan fluorescence quenching.5 These approaches were used to 

determine a variety of physical properties of the proteomicelles, such as their size, shape, 

and distributions. In the past few years, there has been an increased interest in examining the 

details of the interfacial forces that govern the PDC formation as well as their effects on the 

protein structure, stability, and dynamics. CD spectroscopy was frequently used to determine 

the secondary structure and thermostability of membrane proteins under a variety of 

detergent solubilization conditions.5,6 Recently, the Brouillette group has developed 

differential scanning calorimetry (DSC) approaches for the inspection of the interactions 

between detergents and extramembranous water-soluble domains of the human cystic 

fibrosis transmembrane conductance regulator (hCFTR).7,8 Isothermal titration calorimetry 

(ITC) was also employed for the determination of thermodynamic phase diagrams of ternary 

lipid-detergent-protein systems and their deviation from data obtained in protein-free lipid-

detergent mixtures.9 Moreover, nuclear magnetic resonance (NMR) spectroscopy was 

extensively used for the examination of the interactions of membrane proteins with detergent 

micelles.10,11 In particular, solid-state NMR is a versatile approach for the investigation of 
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membrane proteins in various detergent and lipid environments, including cell membranes.12 

For example, Frey and colleagues (2017) were able to characterize the internal backbone and 

side chain flexibility of the outer membrane protein X (OmpX) in micelles, bicelles, and 

nanodiscs using NMR relaxation in a broad range of timescales, from picoseconds to 

milliseconds.13 Such a versatility and time resolution of the NMR spectroscopy often 

facilitates direct correlations of the collected data with membrane protein folding14 and 

function.12

However, current approaches require high concentrations of proteins. Such a problem is 

especially critical to membrane proteins, because the yield is unpredictable due to limited 

expression levels and unproductive aggregation. In addition, the signal-to-noise ratio of the 

most spectroscopic and calorimetric techniques is severely deteriorated by protein 

aggregation. As a result, these approaches cannot be readily expanded to a high-throughput 

format for the concurrent inspection of a broad array of environmental conditions and 

interacting partners. These problems restrain opportunities for acquiring a better quantitative 

and mechanistic information on the PDC interactions.

Here, we developed a single-fluorophore, 96-well plate-reader approach for obtaining a fast 

and scalable readout of the PDC interactions at low nanomolar concentrations of the protein. 

This assay relied on the use of fluorescence polarization (FP) spectroscopy.15–18 In the past, 

FP spectroscopy was employed for inspecting the PDC interactions with either mild19 or 

harsh detergents20–22 and water-soluble proteins. In contrast to this work, prior sodium 

dodecyl sulfate (SDS)-protein interaction studies were focused on the mechanistic 

understanding of harsh detergent-induced protein unfolding22 and resistance of proteins to 

denaturation21 under diverse environmental conditions.

The steady-state fluorescence polarization (FP) spectroscopy facilitates the examination of 

the rotational mobility of a labeled protein. This analysis can be conducted by exciting a 

chemically attached fluorophore with plane-polarized light. If the labeled protein binds to a 

detergent micelle, then a slowed rotational diffusion of the PDC will be accompanied by an 

increased emission in the plane parallel to the polarized light and a decreased emission in the 

plane perpendicular to the polarized light. This emission change is measured and analyzed 

by a ratio between the numbers of free and bound proteins.16 We postulated that the 

dynamics of the dissociation of the PDC at detergent concentrations below the critical 

micelle concentration (CMC) can be examined by the steady-state fluorescence anisotropy 

and kinetic readouts. As a test case, we explored the detergent desolvation-induced 

unfolding of protein nanopores using ferric hydroxamate uptake component A (FhuA),23 a 

monomeric outer membrane β-barrel protein of Escherichia coli. We employed FhuA ΔC/

Δ5L, an extensive truncation mutant (Fig. 1),24 so that FhuA was converted from a non-ion 

conducting transmembrane protein25 to a large-conductance nanopore. Therefore, this 

redesigned protein nanopore enabled parallel inspections of the anisotropy readout of 

detergent-refolded FhuA in solution and its ion transport activity, as judged by single-

molecule electrophysiology in planar lipid membranes.

We examined the interactions of this redesigned β-barrel protein nanopore with twelve 

detergents of diverse hydrophilic head groups and hydrophobic tails. This FP-based 
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analytical approach enabled the determination of the apparent dissociation constants of the 

PDC, Kd, over a four-order of magnitude range. It should be noted that the detergent 

desolvation of a protein nanopore is intimately related to its unfolding owing to detergent 

depletion in its proximity. From a practical point of view, this approach facilitates the 

detection of low-affinity PDC interfacial interactions, whereas the signal-to-noise ratio is not 

significantly impaired by the extent of protein aggregation. Moreover, the ability to obtain 

quantitative information about specific detergent-membrane protein interactions in a high-

throughput format will be valuable by identifying satisfactory solvation and crystallization 

conditions for structural studies of membrane proteins.26

Experimental Section

Refolding of FhuA ΔC/Δ5L

We employed a rapid-dilution refolding protocol27 to obtain FhuA ΔC/Δ5L. 40 µl of 6×His+-

tag purified denatured protein was 50-fold diluted into 200 mM NaCl, 50 mM HEPES, pH 

7.4 solutions at 4°C, which contained various detergents at concentrations above the CMC 

(Table S1). Different starting detergent concentrations were as follows (when multiple 

concentrations are given, the lower concentrations were needed to get dilutions with a low 

enough detergent concentration to cover the required range): (i) for n-decyl-β-D-

maltopyranoside (DM), n-undecyl-β-D-maltopyranoside (UM), n-dodecyl-β-D-

maltopyranoside (DDM), we used 5 and 20 mM starting detergent concentration; (ii) 50 mM 

4-cyclohexyl-1-butyl-β-D-maltoside (CYMAL-4); (iii) 5 and 20 mM n-dodecyl-N,N-

dimethylglycine (LD); (iv) 20 mM 1-lauroyl-2-hydroxy-sn-glycero-3-phosphocholine 

(LysoFos); (v) 0.2, 0.5, 1, and 25 mM 1-palmitoyl-2-hydroxy-sn-glycero-3-[phospho-rac-(1-

glycerol)] (LPPG); (vi) 50 mM 3-[(3-cholamidopropyl)-dimethylammonio]-1-propane 

sulfonate] (CHAPS); (vii) 100 mM N,N'-bis-(3-D-gluconamidopropyl)cholamide (Big 

CHAP); (viii) 50 mM n-octyl-β-D-glucoside (OG); (ix) 50, 100, and 250 mM n-octyl-β-D-

thioglucoside (OTG). All detergents were obtained from Anatrace (Maumee, OH), except 

LPPG, which was purchased from Avanti Polar Lipids (Alabaster, AL). All detergent 

solutions were freshly prepared to avoid hydrolysis and oxidation.28

Anisotropy measurements

We employed a SpectraMax® I3 plate reader (Molecular Devices, Sunnyvale, CA) equipped 

with the Paradigm® detection cartridge for Rhodamine FP spectroscopy, which features the 

excitation and emission wavelengths of 535 and 595 nm, respectively. We covalently 

attached a hydrophilic Texas Red fluorophore29 to a reactive cysteine sulfhydryl using an 

engineered flexible Gly/Ser-rich peptide loop within the T7 β turn (Fig. 1; Supplementary 

Information, Fig. S1). Similar fluorophore labeling approach was conducted using an 

engineered cysteine sulfhydryl on loop L6 of outer membrane protein G (OmpG D224C) 

(Supplementary Information, Fig. S2).30 We chose the labeling site on the aqueous phase-

exposed regions of the proteins, because Texas Red is a hydrophilic compound. The primary 

advantage of Texas Red is its optical stability over a broad range of conditions.31 

Measurements were taken on black flat bottom 96-well Costar assay plates (Corning 

Incorporated Kennebunk, ME). The fluorescence anisotropy was calculated using the 
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parallel, Ip(t), and orthogonal, Io(t), time-dependent components of the emission 

intensity:31,32

(1)

where G is a sensitivity correction factor for the detection modes when emission polarizers 

are oriented vertically and horizontally. Thus,

(2)

where IHV is the intensity with the excitation and emission polarizers in a horizontal and 

vertical orientation, respectively, whereas IHH is the intensity with both the excitation and 

emission polarizers in a horizontal orientation. Because this study was conducted on a single 

instrument, G was assumed to be 1, and the numbers reported are uncalibrated anisotropy. 

The anisotropy measurements were conducted by taking the refolded protein sample and 

diluting it within individual wells with buffer containing various detergent concentrations. In 

this way, we gradually decreased the detergent concentration in individual wells, while 

keeping the final protein concentration constant at 28 nM. The anisotropy was determined 

for time periods in the range 30–60 minutes. Then samples were covered, placed at 4°C, and 

endpoints of the PDC reaction were collected 24 hours later for equilibrium determinations 

(Supporting Information, Fig. S3). Anisotropy traces presented throughout this article 

represent averages ±SD over a number of at least three independent data acquisitions.

Results

Experimental rationale

We found that bringing the protein from a Gdm-HCl-denaturing condition to a detergent 

concentration above the CMC, via a fast-dilution refolding protocol,27 was accompanied by 

a maximum fluorescence anisotropy, rmax (Table S2). When the detergent concentration was 

brought to a value below the CMC, a reproducible and gradual time-dependent decrease in 

the fluorescence anisotropy was detected (Fig. 2A, Fig. 2B, and Fig. 2C). We interpret this 

decrease in the anisotropy as the dissociation of the detergent from the nanopore. This 

detergent desolvation-induced unfolding resulted in a decrease in the hydrodynamic radius 

of the protein nanopore, thereby leading to an increase in its local mobility. Such an 

interpretation was also supported by a decrease in the anisotropy endpoint (rmin) due to a 

gradually reduced final detergent concentration (c) within the well (Fig. 2D). Moreover, the 

equilibrium anisotropy endpoints showed a clear two-state transition between rmin and rmax. 

In conclusion, detergent-solubilized proteins were characterized by a maximum anisotropy, 

rmax, whereas detergent-desolvated proteins were featured by an absolute minimum 

anisotropy, rmin (Table S2).
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Specificity and sensitivity of the time-dependent anisotropy on detergent properties

LPPG exhibited a strong binding affinity to FhuA ΔC/Δ5L—Here, we show a clear 

distinction among the time-dependent anisotropy signatures acquired with anionic and 

zwitterionic detergents, such as LysoFos (Fig. 2A), LD (Fig. 2B), and LPPG (Fig. 2C). 

LPPG was able to maintain a uniform rmax-based PDC population when the protein was 

solubilized into a detergent concentration of 1 mM (Fig. 2C; Supporting Information, Fig. 

S4). To probe the LPPG-desolvation process of the protein, we solubilized FhuA ΔC/Δ5L in 

0.5 and 0.2 mM LPPG. Indeed, an anisotropy decrease was noticed at very low final LPPG 

concentrations of 4 and 8 µM. For the sake of plot simplicity in Fig. 2C, we illustrated only a 

few time-dependent anisotropy traces (others are in Supporting Information, Fig. S5). The 

presence of an excess of denaturing agent (6 M Gdm-HCl) revealed a low anisotropy of 

~0.17, most likely due to a drastic increase in mobility of the protein in the denatured state 

(Fig. 2E). Moreover, the observation of the absolute recorded minimum anisotropy, r1 (the 

dashed horizontal line), under denaturing conditions in the presence of 40 mM SDS, a harsh 

anionic surfactant, indicates that r1 corresponded to the highest tumbling rate of the protein 

nanopore.

The concentration-response curves of the detergent-desolvation phases are Langmuir-Hill 

isothermal dissociation plots (Fig. 2D).33 These equilibrium concentration-response curves 

were fitted by a symmetrical four-parameter Hill equation, as previously conducted in other 

receptor-ligand binding assays:34

(3)

Such a fitting procedure implied the assumption that the solvent-accessible surface of the 

protein exhibits individual binding sites for specific detergents. Here, rmin and rmax indicate 

the above-mentioned minima and maxima of anisotropy, respectively (Supporting 

Information, Table S2). We also assumed that rmax corresponds to conditions in which all 

proteins (Ptot) are fully solvated (e.g., all binding sites are occupied), whereas rmin 

corresponds to conditions in which all proteins are desolvated (e.g., all detergent monomers 

are released; Supporting Information). p denotes the Hill coefficient. Assuming that all 

detergent molecules bind to protein surface with a similar binding affinity, p unambiguously 

indicates whether this binding occurs with a positive (p > 0) or a negative cooperativity (p < 

0). It does not mean that p is equal to the exact number of binding sites of the protein surface 

for a certain detergent.33 All p values were greater than 1 (Supporting Information, Table 

S3), suggesting that several to many detergent monomers bind to protein surface with 

positive cooperativity. The Hill coefficients are non-integers, because they are likely affected 

by intermediate state(s) of detergent-protein bindings, which are weighted by their 

distribution fractions. The midpoint of the protein unfolding transition corresponds to a 

concentration c0, which is the apparent dissociation constant (Kd) (Table S3). The slope 

factor, q, is the slope of the unfolding transition at half saturation:
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(4)

and is expressed in mM−1. q is also the steepness of the protein unfolding transition at half 

detergent saturation. When the protein was solubilized in 200 µM LPPG, we recorded data 

points corresponding to a substantially decreased rmax (the orange horizontal line, Fig. 2D). 

This was likely caused by the inability to completely solubilize a large fraction of the 

proteins present in solution, otherwise achievable in 1 and 25 mM LPPG. We expanded our 

FP measurements to the steroidal group-based detergents, which included the zwitterionic 

CHAPS and Big CHAP (Supporting Information, Fig. S6). CHAPS dissociated quickly from 

FhuA ΔC/Δ5L at a concentration of 2.1 mM, which is approximately 4-fold lower than the 

CMC. The long-lived fluctuations in the anisotropy signal were noticed when Big CHAP-

solubilized FhuA ΔC/Δ5L was inspected, suggesting very weak PDC interactions (Table S3).

Neutral, maltoside-containing detergents—The same experimental approach was 

conducted in the case of four maltoside-containing detergents: DDM, UM, DM, and 

CYMAL-4 (Supporting Information, Fig. S7). The first three detergents have 12, 11, and 10 

alkyl carbons, respectively, whereas CYMAL-4 is also a maltoside-containing detergent with 

a very short hydrophobic tail, which includes only 4 alkyl carbons as well as a cyclohexyl 

group. It is worth mentioning that these time-dependent kinetic reads reveal the timescale of 

the detergent desolvation-induced protein unfolding. For example, at a DM concentration of 

0.45 mM, the dissociation of detergent from FhuA ΔC/Δ5L underwent three phases with 

lifetimes from a few minutes to tens of minutes.

Dependence of the detergent desolvation on the nanopore electrostatics—To 

further examine the specificity of the anisotropy readout on nanopore properties, we 

analyzed four proteins of closely similar structure, but of varying isoelectric point. These 

were wild-type OmpG35 and three FhuA derivatives, FhuA ΔC/Δ5L, FhuA ΔC/Δ5L_25N, 

and FhuA ΔC/Δ7L_30N (Fig. 3A).24 FhuA ΔC/Δ5L_25N is a FhuA ΔC/Δ5L-based 

nanopore, whose 25 negative residues were neutralized, whereas FhuA ΔC/Δ7L_30N 

features 30 such negative neutralizations and further truncation of four major extracellular 

loops (L4, L5, L7, and L8). For all FhuA-based nanopores, Texas Red was attached on T7 β 
turn. The isoelectric points of OmpG, FhuA ΔC/Δ5L, FhuA ΔC/Δ5L_25N, and FhuA ΔC/

Δ7L_30N are 4.4, 5.7, 9.3, and 9.6, respectively; thereby, at physiological pH, the first two 

nanopores are acidic, whereas the other two are basic. Fig. 3B and Fig. 3C show the dose-

response anisotropy following LysoFos and OG depletion in the chamber, respectively. We 

were able to refold both acidic nanopores in OG and noted the two-state protein unfolding 

transition. In contrast, experiments with basic nanopores showed low anisotropy endpoint 

values of ~0.17, because of very weak PDC interfacial interactions (Supporting Information, 

Fig. S8). Therefore, the anisotropy values continue to decrease even at concentrations well 

above the CMC. Similar trait, but with a different anisotropy signature was observed with 

the solubilization of FhuA ΔC/Δ5L in OTG, another neutral, glucoside-containing detergent. 

Remarkably, distinctive anisotropy signatures of OG and OTG were noted, although the only 
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molecular difference between the two detergents is the replacement of an oxygen with a 

sulfur atom (Supporting Information, Fig. S9).

The predictive power of this analytical approach—We validated this FP-based 

analytical assay using two independent approaches. First, the unusually strong binding 

interactions between LPPG and FhuA ΔC/Δ5L (Fig. 2C, Fig. 2D; Supporting Information, 

Table S3) would normally result in a highly thermostable LPPG-solubilized membrane 

protein. This expectation was tested using temperature-dependent circular dichroism (CD) 

spectroscopy for identifying the presence of β-structure in solution. Second, we examined 

whether the zwitterionic and neutral detergents that solubilized well FhuA ΔC/Δ5L can be 

used for the reconstitution of uniform and stable protein nanopores into planar lipid 

membranes.

Fig. 4A confirmed that solubilizing detergents LPPG, LysoFos, UM, DM, and DDM 

facilitate the formation of β structure in solution (the method details are provided in 

Supporting Information).36 Protein samples solubilized with the other detergents did not 

exhibit a satisfactory CD signal under similar conditions. In Fig. 4B, we show a clear 

distinction in the temperature-dependent profile between LPPG and LysoFos. Protein 

refolded in LysoFos began losing CD signal by ~50°C, with measurements beyond 67°C 

rendered impossible by irreversible protein aggregation and visible precipitation in the 

cuvette. On the contrary, the CD signal recorded with LPPG-refolded FhuA ΔC/Δ5L 

continued to decrease slowly, while no visible precipitation was noted, suggesting a much 

more thermodynamically stable protein structure. These results are in excellent accord with 

the FP data, which indicated unusually strong binding interactions between LPPG and FhuA 

ΔC/Δ5L.

To validate the functional pore-forming properties of proteins solubilized with satisfactory 

detergents, we conducted single-molecule electrophysiology experiments (the method 

details are provided in Supporting Information).37,38 In these experiments, we used 

representative detergents of three different classes, in which a detergent desolvation-induced 

protein unfolding transition was noted (LysoFos, Fig. 3B; OG, Fig. 3C; DDM, Supporting 

Information, Fig. S7E). Indeed, we were able to confirm uniform single-channel insertions 

of LysoFos-, OG-, and DDM-refolded FhuA ΔC/Δ5L nanopores (Fig. 4C). The distributions 

of single-channel conductance values obtained with FhuA ΔC/Δ5L refolded in each 

detergent provided a similar average unitary conductance of ~4 nS (Fig. 4D). Relatively 

uniform-conductance channels were observed with the LysoFos-refolded protein, but ~15% 

and ~25% outliers of the average conductance were detected with DDM- and OG-refolded 

proteins, respectively. This finding indicates that the uniformity of the histogram peak of the 

single-channel conductance was impaired by the refolding detergent (Supporting 

Information, Fig. S10 and Fig. S11).

Discussion

In this work, we show that the FP spectroscopy can be used as a molecular reporter of the 

detergent desolvation-induced unfolding of a membrane protein. While the local flexibility 

of the fluorophore can indeed contribute to the steady-state anisotropy value, the unfolding 
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transition only occurs at detergent concentrations comparable with or lower than the CMC. 

That supports the most likely possibility that the tumbling rate (e.g., rotational correlation 

time) of the protein nanopore is indeed affected by the detergent coat. On the contrary, at 

concentrations of satisfactorily solubilizing detergents much greater than the CMC, no 

significant change in fluorescence anisotropy was noticed. Therefore, the detergent-induced 

aggregation of several proteins in one large proteomicelle, further declining the rotameric 

mobility of the protein, is unlikely under these conditions. In some cases, especially at 

detergent concentrations below their corresponding CMC, we found either some small 

discrete changes in anisotropy or increased error bars (e.g., Fig. 2A, 0.5, 1 and 1.5 mM 

LysoFos). This variability resulted, most likely, from the coexistence of multiple sub-states 

of the protein nanopores during the desolvation process. These physicochemical alterations 

are perhaps induced by changes in the internal pressure created by the detergent layer around 

the protein, leading sometimes to more discrete changes in anisotropy (e.g., Fig. 2C, 0.008 

mM LPPG).

We interpret that the two-state detergent desolvation-induced protein unfolding plots 

acquired in this work resulted from the average alterations in the overall cross-sectional size 

of the PDC due to detergent depletion within the well. Under conditions in which the 

detergent concentration is below the CMC, stochastic dissociation events of the detergent 

monomers from the proteomicelle are very likely,39 leading to ruptured proteomicelles 

containing misfolded or unfolded proteins (Supporting Information, Fig. S12, Table S2). The 

rotational diffusion coefficients of fully solvated nanopores, Dr
slow, for various inspected 

detergents, were in a broad range, 0.05 – 1.8 × 107 s−1, revealing greatly distinctive tumbling 

rates of diverse proteomicelles (details are provided in Supporting Information). In contrast, 

the rotational diffusion coefficients of unfolded proteins, Dr
fast, spanned a narrow range, 

between 2.9 and 6.8 × 107 s−1. At room temperature, a Dr = 3.0 × 107 s−1 corresponds to a 

rotational correlation time of 5.5 ns for an unfolded FhuA ΔC/Δ5L, which features a 

molecular weight of ~55 kDa. This is in good accord with the calculated rotational 

correlation time of 15.4 ns for a 50 kDa-protein at 20°C.40 Detergent desolvation-induced 

protein unfolding produced a change in the PDC hydrodynamic radius, ΔRh, within a broad 

range of 0.6 – 5.1 nm.

We were able to refold acidic nanopores in OG and the two-state unfolding transitions of 

these nanopores were noted under physiological conditions. In contrast, we acquired low 

anisotropy signals with the OG-refolded basic nanopores. Therefore, it is very unlikely that 

we can get functional membrane-inserted FhuA ΔC/Δ5L_25N and FhuA ΔC/Δ7L_30N 

nanopores under these denaturing conditions. This finding substantiates that the anisotropy 

readout is not primarily driven by the interaction of the fluorophore with a proteomicelle, but 

the protein-micelle interactions. In other words, even if there is some mobility restraint of 

the fluorophore dynamics by the detergent coat, the anisotropy readout pertaining to the 

desolvation kinetics and energetics is strongly dependent on the properties of the PDC 

interactions. Fig. 3C can be considered as a positive control experiment, in which all four 

anisotropy traces were collected under identical conditions, but of strongly varying PDC 

interfacial interactions.41
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It is worth mentioning that FhuA ΔC/Δ5L interacted weakly with OG, as compared with 

LysoFos and DDM (Supporting Information, Table S3). A large number of unitary 

conductance outliers were noted with OG. This suggests that the insertion of many 

misfolded OG-solubilized proteins into bilayer were due to their residual detergent 

desolvation in aqueous phase (Fig. 4D). Although the Kd values for DDM and LysoFos were 

closely similar, some unitary conductance outliers observed with DDM, but not LysoFos, 

imply that a highly uniform conductance peak might be determined by other 

physicochemical factors as well (e.g., size and packing of the proteomicelles), as the protein 

insertion is preceded by demicellization. It is also true that the functional activity of 

membrane proteins is sometimes compromised in part by their reduced internal flexibility 

within detergent micelles, which is another reason for the appearance of some unitary 

conductance outliers.13

One consequence of the detergent dissociation from membrane proteins is their aggregation. 

This process is accompanied by changes in the interactions of waters with the protein 

surface. In the absence of detergent, the waters lose their capacity to form hydrogen bonds 

with the protein surface. Therefore, this unusual interaction is entropically unfavorable, 

leading to minimized interaction interfaces between water molecules and hydrophobic 

regions of the membrane protein. In this case, the waters are confined in small clusters 

surrounded by hydrophobically collapsed parts of the protein.

Our FP-based approach can be extended to other applications. For example, the inability to 

completely extract some lipids from membrane proteins during crystallographic studies is 

phenomenally interesting, indicating that the lipids have a required structural role for these 

proteins. With further developments, this FP method may be used to determine changes in 

the tumbling rate of membrane proteins under native (e.g., in lipid-bound detergent micelles) 

and denaturing (e.g., in the presence of Gdm-HCl) conditions. FP experiments with specific 

detergent-lipid solubilization mixtures9 might potentially generate an understanding of the 

structural role of these lipids in the stabilization of membrane proteins.

Despite obvious advantages of this FP-based analytical assay, there are a number of 

limitations. First, this approach is restrained to a low-molecular size fluorophore. Large-

molecular size fluorophores (e.g., genetically engineered green fluorescence protein (GFP) 

and its derivatives) are prone to distort the flexibility, dynamics, and structure of the 

inspected protein. Second, proteins with multiple native cysteines cannot be used if the 

approach is extended to time-resolved anisotropy and time-dependent, steady-state FP 

studies, because individual fluorophore anisotropy spectra can complicate data 

interpretations due to their diverse residue and solvent environments during the desolvation 

process. Moreover, a hydrophilic fluorophore needs to be attached within the aqueous phase-

exposed domains of the protein for a satisfactory anisotropy signal-to-noise ratio.

In summary, we examined the time-dependent detergent-desolvation of protein nanopores. 

To our knowledge, this is the first study on the kinetic read of desolvation of water-insoluble 

proteins at detergent concentrations well below the CMC. This approach can be readily 

expanded to a broad range of situations for identifying optimized interfacial interactions. 

These include ionic strength, temperature, osmotic pressure, viscosity, pH, binary and 
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ternary mixtures of detergents as well as other non-classical detergent-like compounds, such 

as lipopeptides42 and amphipols.43 Future developments of this analytical approach will 

likely impact advancements in the synthetic chemistry of newly designed detergent-like 

molecules and membrane proteins.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Side view of the FhuA ΔC/Δ5L protein,24 illustrating five truncated extracellular loops, 
L3, L4, L5, L10, and L11 of FhuA by top arrows.23

The bottom arrow indicates the T7 β turn and site for protein labeling with Texas Red, which 

is marked by a red sphere.
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Figure 2. Time-dependent anisotropy showing the protein-detergent complex (PDC) interfacial 
dynamics of FhuA ΔC/Δ5L
The anisotropy data were acquired by adding overnight refolded protein to a bath of varying 

detergent concentration. All anisotropy measurements were carried out at room temperature 

in 200 mM NaCl, 50 mM HEPES, pH 7.4. The starting detergent concentrations were as 

follows: (A) 20 mM LysoFos; (B) 5 and 25 mM LD; and (C) 0.2, 0.5, and 1 mM LPPG. In 

(D), it is shown concentration-response anisotropy changes as a result of the PDC 

dissociation. The horizontal axis indicates individual dilutions of detergent concentrations, 
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while keeping the final protein concentration constant at 28 nM (see Experimental 
Section). The anisotropy values on the vertical axis were collected 24 hours later for 

equilibrium determinations. The LPPG data points belonging to the maximum state (rmax = 

~0.342) were obtained when the protein was refolded in either 0.5 or 1 mM LPPG. The 

orange horizontal line on the LPPG data points corresponds to a secondary maximum 

anisotropy value, rmax = 0.31, when the protein was refolded in 200 µM LPPG; (E) This 

panel shows a low anisotropy value, r1, which was recorded either in the presence of 40 mM 

SDS or 6 M Gdm-HCl. The top of each panel or vertical bars indicate the CMC (Table S1).
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Figure 3. Concentration-response anisotropy changes recorded with protein nanopores of 
varying isoelectric point pI
(A) Side views of the four protein nanopores inspected in this work, OmpG, FhuA ΔC/Δ5L, 

FhuA ΔC/Δ5L_25N, and FhuA ΔC/Δ7L_30N. Locations of fluorophore attachment are 

marked in yellow. Negative charge neutralizations with respect to FhuA ΔC/Δ5L are marked 

in red. For FhuA ΔC/Δ7L_30N, there are three additional lysine mutations in the β turns 

(marked in blue), out of which two are negative-to-positive charge reversals;44 The top of 

each cartoon indicates the nanopore abbreviated name and its respective isoelectric point. 

(B) Dose-response of the LysoFos depletion in the well; (C) Dose-response of OG depletion 

in the well. Vertical bars indicate the CMC (Table S1). The horizontal axis indicates 

individual dilutions of detergent concentrations, while keeping the final protein 

concentration constant at 28 nM (see Experimental Section). The anisotropy values on the 

vertical axis were collected 24 hours later for equilibrium determinations. All the other 

experimental conditions were the same as in Fig. 2.
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Figure 4. Unusual thermostability of LPPG-refolded protein nanopores and functional 
reconstitution of LysoFos-, DDM-, and OG-refolded protein nanopores
(A) Wavelength circular dichroism scans of ~1 µM FhuA ΔC/Δ5L in 200 mM NaCl, 50 mM 

potassium phosphate, pH 7.4 with 20 mM of the specified detergent. In the negative control 

experiment, we used a buffer solution containing 6 M Gdm-HCl; (B) Temperature-

dependent ellipticity θ225 of FhuA ΔC/Δ5L in either 20 mM LPPG or in 20 mM LysoFos. 

For DDM, UM, and DM, we could not achieve a sufficiently high aggregation-free protein 

concentration; (C) Representative step-wise insertions of single nanopores, over at least 6 

distinct experiments, after the addition of DDM- (blue), OG- (black), or LysoFos-refolded 

(red) FhuA ΔC/Δ5L at an applied transmembrane potential of +40 mV. 40 µl pure and 

denatured 6×His+-tagged FhuA ΔC/Δ5L was 50-fold diluted into 29 mM DDM, 85 mM OG, 

or 16 mM LysoFos, containing 200 mM NaCl, 50 mM Tris.HCl, 1 mM EDTA, pH 8.0. The 

dilution ratio of the refolded protein within the bilayer chamber was ~ 1:1000. Therefore, the 
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presence of detergent within the bilayer chamber did not affect the stability of the 

membrane;45 (D) The unitary-conductance histograms of DDM-, OG-, and LysoFos-

refolded FhuA ΔC/Δ5L. The electrical recordings were collected using 1M KCl, 10 mM 

potassium phosphate, pH 7.4.
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