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ABSTRACT: Interactions of a membrane protein with a
detergent micelle represent a fundamental process with
practical implications in structural and chemical biology.
Quantitative assessment of the kinetics of protein−detergent
complex (PDC) interactions has always been challenged by
complicated behavior of both membrane proteins and
solubilizing detergents in aqueous phase. Here, we show the
kinetic reads of the desorption of maltoside-containing
detergents from β-barrel membrane proteins. Using steady-
state fluorescence polarization (FP) anisotropy measurements,
we recorded real-time, specific signatures of the PDC
interactions. The results of these measurements were used to infer the model-dependent rate constants of association and
dissociation of the proteomicelles. Remarkably, the kinetics of the PDC interactions depend on the overall protein charge
despite the nonionic nature of the detergent monomers. In the future, this approach might be employed for high-throughput
screening of kinetic fingerprints of different membrane proteins stabilized in micelles that contain mixtures of various
detergents.

■ INTRODUCTION

Understanding the specific interactions at the protein−
detergent complex (PDC) interface has critical importance
to membrane protein structure,1,2 function,3,4 stability,5,6 and
dynamics.7,8 Current approaches for an assessment of the PDC
kinetics have numerous limitations. Available techniques are
not amenable to high-throughput settings, are too highly
specialized for a widespread adoption, or require high amounts
of membrane protein. Because both the detergents and
membrane proteins exhibit complex phases in solution,9−11

these challenges add up to a list of various difficulties for
inferring a comprehensive determination of the forces that
govern the kinetics of the PDC formation and dissociation. In
many instances, the presence of protein aggregates,10,12 which
coexist with both micelles and proteomicelles in solution,
produces a significant deterioration in the signal-to-noise ratio
of prevailing spectroscopic and calorimetric methods. These
shortcomings are primarily determined by the direct relation-
ship between the recorded readout and effective concentration
of the detergent-solubilized membrane protein in solution.13 In
the absence of a robust membrane protein scaffold that
features programmable functional and biophysical properties,

obtaining the kinetic fingerprints at the PDC interface remains
challenging. This gap of fundamental knowledge, which
profoundly impacts structural biology and protein biotechnol-
ogy, restrains the progress in the extensive screening of newly
synthesized nonconventional detergents14−16 for membrane
protein research.
To address these intimidating barriers, we developed a

scalable approach for determining the real-time kinetic reads of
the PDC interactions. This method is based upon a widely
accessible, single-fluorophore probe technique. The pivotal
concept of this study is the specific and sensitive modulation in
the steady-state fluorescence polarization (FP) anisotropy17−20

of a membrane protein by alterations in its interfacial
interactions with solubilizing detergent monomers. Dissocia-
tion of a membrane protein from a detergent micelle is
accompanied by a decreased emission in the plane parallel to
the polarized light and an increased emission to the plane
orthogonal to the polarized light.21 In this way, the PDC
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dissociation is accompanied by a decrease in the FP anisotropy,
so the opposite is true for the PDC formation. Thus, the time-
dependent steady-state FP anisotropy is recorded and
processed as a ratio between the numbers of detergent-free
and detergent-solvated membrane proteins.
β-barrel proteins are versatile to remodeling in various

ways.22,23 The targeted panel in this study included the outer
membrane protein G (OmpG),24 a medium-sized, 14-stranded
β-barrel (pI = 4.4; Figure 1A), and three homologous variants

of the ferric hydroxamate uptake component A (FhuA) of E.
coli, a large 22-stranded β-barrel (Figure 1B−D).25 The
monomeric nature of these outer membrane proteins is
advantageous for both the preparative steps26−28 and further
data analysis of the steady-state FP anisotropy recordings.21 In
order to explore the effect of the protein charge on the PDC
kinetics, we conducted local and global protein engineering of
FhuA. The 505-residue FhuA ΔC/Δ5L protein is an extensive
truncation mutant of the wild-type, 714-residue FhuA, lacking
an N-terminal, 160-residue cork domain and five large
extracellular loops (pI = 5.7; Figure 1B).29 Furthermore,
dramatic alterations in the charge of the acidic FhuA ΔC/Δ5L
protein were conducted by neutralizing its 25 and 30 negative
charges, resulting in two basic β-barrels, FhuA ΔC/Δ5L_25N
(pI = 9.3; Figure 1C) and FhuA ΔC/Δ7L_30 (pI = 9.6;
Figure 1D), respectively. In this way, the targeted panel in this
work included two acidic and two basic proteins, out of which
the 281-residue OmpG protein featured a relatively smaller
size than that of the three homologous FhuA variants. This
experimental design enabled us to observe whether a change in
the membrane protein size has a significant impact on the

steady-state FP anisotropy. Notably, the truncation FhuA
variants exhibit a fairly stable β-barrel scaffold under a very
broad range of experimental conditions, including very acidic
pH,30,31 highly osmotic26,32 or electro-osmotic pressure,30 and
elevated temperatures.30 In addition, the stability of FhuA is
not impaired by local and global modifications even when
accommodating newly functional polypeptides within the pore
interior.31

Very recently, we showed that the desorption of detergent
monomers from membrane proteins undergoes two distinct
phases: a slow detergent predesolvation, which is highlighted
by a minor and linear decrease in the FP anisotropy (Figure
2A), and a fast detergent desolvation, which is characterized by
a drastic, exponential-decay change in the FP anisotropy
(Figure 2B).33 In this work, we systematically examined the
kinetic reads of the PDC interactions for β-barrel membrane
proteins of varying surface charge. Specifically, we were able to
probe time-dependent FP anisotropy changes at detergent
concentrations comparable with and below the critical micelle
concentration (CMC) but keeping the protein concentration
constant at a low-nanomolar level. Our method enables model-
dependent determinations of the kinetic rate constants and
equilibrium dissociation constants of the proteomicelles. These
interfacial PDC interactions were inferred for two nonionic,
maltoside-containing detergents, whose CMC values are in the
millimolar range. In the future, this method might be employed
for rapid screening of the kinetic reads of proteomicelles under
a broad range of physical and chemical conditions.

■ METHODS

Cloning, Expression, and Purification of Membrane
Proteins. The fhua Δc/Δ5l gene, which lacked the regions
coding for five extracellular loops L3, L4, L5, L10, and L11, as
well as the cork domain (C), was produced through de novo
synthesis (Geneart, Regensburg, Germany).27,31 The fhua Δc/
Δ5l_25n and fhua Δc/Δ7l_30n genes were generated by
Integrated DNA Technologies (IDT, Coralville, IA) in
pIDTSmart Amp vector. All genes included a 3′ thrombin
site and 6 × His+ tag. fhua Δc/Δ5l_t7 was developed using
inverse PCR and pPR-IBA1-fhua Δc/Δ5l-6 × His+ as a
template. The PCR product was self-ligated for the creation of
pPR-IBA1-f hua Δc/Δ5l_t7−6 × His+. The T7 β turn
(V331PEDRP336) was replaced with a cysteine-containing, GS-
rich flexible loop (GGSSGCGSSGGS) for the fluorophore
grafting. A similar approach was used for the mutagenesis
within the fhua Δc/Δ5l_25n and fhua Δc/Δ7l_30n genes.
Protein expression and extraction of truncation FhuA29,32

mutants and OmpG34,35 proteins were previously reported. In
the case of OmpG, the cysteine sulfhydryl was engineered at
position D224, on extracellular loop L6, using single-site
mutagenesis PCR.

Refolding of Proteins. A rapid-dilution refolding protocol
was used for the refolding of all proteins.30 Then, 40 μL of
purified and guanidinium hydrochloride (Gdm-HCl)-dena-
tured 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.
Detergent solutions were freshly produced to avoid their
oxidation and hydrolysis.36 Different incubation detergent
concentrations were prepared, as follows: (i) 5, 20, and 50 mM
n-decyl-β-D-maltopyranoside (DM) and (ii) 50 mM 4-
cyclohexyl-1-butyl-β-D-maltoside (CYMAL-4).

Figure 1. Structural homology models of the four proteins explored in
this work. (A) OmpG, (B) FhuA ΔC/Δ5L, (C) FhuA ΔC/5L_25N,
and (D) FhuA ΔC/Δ7L_30N. The native residues are shown in gold.
Charge neutralizations that occur in both FhuA ΔC/Δ5L_25N and
FhuA ΔC/Δ7L _30N are shown in red. Additional charge reversals57

that occur only in FhuA ΔC/Δ7L_30N are shown in cyan. Other
noncharge altering mutations of FhuA ΔC/Δ7L_30N, with respect to
FhuA ΔC/Δ5L_25N, are shown in magenta. For each protein, the
position of Texas Red37 is labeled in green. The corresponding
isoelectric point (pI) of each protein is presented on the top of
individual panels.
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Fluorescent Labeling of the FhuA and OmpG
Proteins. Texas Red C2-maleimide (Thermo Fisher Scien-
tific) was used for fluorescent labeling of all membrane
proteins, as previously reported.21

Steady-State FP Anisotropy Recordings. Time-depend-
ent FP anisotropy traces were acquired using a SpectraMax I3
plate reader (Molecular Devices, Sunnyvale, CA) equipped
with a Paradigm detection cartridge for rhodamine FP
spectroscopy.21 These measurements were conducted using
96-well Costar assay plates (Corning Incorporated, Kenne-
bunk, ME). The wavelengths of excitation and emission were
535 and 595 nm, respectively. The attachment site of Texas
Red was chosen on the water-soluble domains of the
membrane proteins, because of the hydrophilic nature of this
fluorophore.37 The FP anisotropy depended on the orthogo-
nal, I0(t), and parallel, Ip(t), emission intensities:38,39

r t
I t GI t

I t GI t
( )

( ) ( )

( ) 2 ( )
p o

p o
=

−
+ (1)

where G is a sensitivity correction factor for the detection
modes when emission polarizers are oriented vertically and
horizontally, as follows:

G
I
I

HV

HH
=

(2)

Here, IHH is the intensity with both the excitation and emission
polarizers in a horizontal orientation, whereas IHV shows the
intensity with the excitation and emission polarizers oriented
horizontally and vertically, respectively. The experimental FP
data were presented as average ± SD over a number of at least
three distinct acquisitions. The time-dependent, steady-state
FP anisotropy traces were acquired with diluted detergents,

while keeping the final protein concentration constant at 28
nM. These detergent dilutions were conducted by titrating the
refolded protein samples with buffer containing detergents at
various concentrations. The final detergent concentration was
inferred using the equation:

C V C V C Vf s s d d= + (3)

V and Cf indicate the well volume and final detergent
concentration of the protein sample, respectively. Cs and Cd
show the detergent concentrations of the refolded protein
(starting concentrations) and diluting buffer, respectively. Vs
and Vd denote the volume of the refolded protein sample at a
starting detergent concentration and the volume of the diluting
buffer containing detergent at a given concentration,
respectively. For DM, we used three concentrations below
the CMC (0.45, 0.85, and 1 mM) and four concentrations
above the CMC (2.5, 5, 10, and 20 mM). For CYMAL-4, four
concentrations below the CMC (1, 2, 4, and 7 mM) and two
concentrations above the CMC (12 and 50 mM) were
employed. It was noted that in the case of DM-solvated FhuA
variants the FP anisotropy curves were very noisy at extreme
pH values (e.g., pH 4.6 and pH 10.0) and detergent
concentrations lower than 1 mM. This outcome precluded
the determination of statistically significant rate constants of
association and dissociation. In addition, the FP anisotropy
decayed even at detergent concentrations above the CMC,
suggesting a slow increase in the tumbling rate of the
proteomicelles under these experimental conditions. There-
fore, we expanded the dilution spectrum of DM in the range of
1−50 mM for these specific cases. The self-quenching of Texas
Red did not induce a time-dependent reduction in the FP
anisotropy.35 Radical detergent depletion within the wells
increased protein aggregation, but without impacting the

Figure 2. Cartoon illustrating the two phases noted as a result of detergent depletion within the sample well. (A) Predesolvation; (B) Detergent
desolvation. Predesolvation phase is accompanied by the dissociation of a small number of detergent monomers from proteomicelles, contributing
to a low modification of the FP anisotropy. Detergent desolvation is a rapid dissociation of numerous detergent monomers in single-exponential
decay fashion. The right-hand panels show typical trajectories of the FP anisotropy of the predesolvation and desolvation phases for various
detergent concentrations below the CMC.
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optical signal-to-noise ratio of the FP anisotropy. The
experimental uncertainty was affected at detergent concen-
trations below the CMC as compared to that at concentrations
above the CMC, most likely because of the coexistence of
complex substates produced by soluble and insoluble protein
aggregates.
Minimizing the Effects of Light Scattering. These

studies involved the presence of nanoscopic particles within
the sample well, such as detergent micelles, proteomicelles, and
protein aggregates. Therefore, these steady-state FP anisotropy
recordings were subject to light scattering signals produced by
these particles in solution and at detergent concentrations
either below or above the CMC. The major contributions to
light scattering are the Rayleigh and Raman factors, which are
characterized by light intensity functions proportional to the
power of λ−4, where λ is the emission wavelength.20,40 For that
reason, our assay was conducted using a long emission
wavelength. Moreover, the concentration of the Texas Red-
labeled proteins was increased up to a critical value, beyond
which the FP anisotropy readout was independent of the
protein concentration.35 In addition, SpectraMax I3 plate
reader features excitation and emission filters that form a
spectral gap of 60 nm, contributing to a reduction in the light
scattering signals. Finally, additional control experiments
reinforced the minimized contributions of light scattering to
the FP anisotropy readout. For example, at increased detergent
concentrations above the CMC, the FP anisotropy readout
reached a well-defined plateau with a maximum value, rmax. In
the presence of significant light scattering contributions,
enhanced concentrations of detergent micelles above the
CMC would gradually increase the steady-state FP anisotropy,
which was not found in our studies.
Analysis of the Predesolvation and Desolvation

Rates. The observed predesolvation rate constants (kobs
pre)

were determined using a linear fit of the time-dependent FP
anisotropy, r(t), at detergent concentrations below the CMC
(Supporting Information, Tables S1−S8):

r t k t r( ) obs
pre

max= − + (4)

where rmax is the maximum FP anisotropy recorded at time
zero. Here, t is the recording time during the predesolvation
phase. In fact, kobs

pre is the apparent zero-order rate constant for
the predesolvation reaction of the proteomicelles. On the other
hand, the observed desolvation rate constants, kobs

des, were
determined at various detergent concentrations below the
CMC using a single-exponential fit of the time-dependent FP
anisotropy (i.e., kobs

des is 1/τ, where τ is the desolvation time
constant):

r t r r( ) e t
d

/
min= +τ−

(5)

where rmin is the minimum recorded FP anisotropy at time
infinity of the desolvation phase. t indicates the recorded time
during the desolvation phase. This time includes the total time
of the predesolvation phase, Tpre. In general, the observed
desolvation rate constant, kobs

des, was determined by a single-
exponential decay fit of the time-dependent FP anisotropy,
r(t). In fact, kobs

des is the apparent first-order rate constant41 for
the desolvation reaction of the proteomicelles. This rate
constant includes a composite mixture of the kinetic rate
constants of association (kon) and dissociation (koff; Supporting
Information).42 Deviations from this pattern occurred in a
number of cases that were treated by a linear time-dependence

fit. In eq 5, rd is a constant, so that the initial FP anisotropy
during the desolvation phase, rin, is given by the following
equation:

r r T r r( ) e T
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d
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which provides the rd constant:

r
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Using eqs 5 and 7, one derives the time-dependent FP
anisotropy for the detergent desolvation phase of proteomi-
celles:
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The time-dependent protein concentration that is still
detergent solvated, [P(t)], is given by the following equation:
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Therefore, the time-dependent observed desolvation rate is
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where [Pt] is the total protein concentration at the beginning
of the desolvation process. At the initial time of the desolvation
process, t = Tpre. Consequently, the initial observed desolvation
rate, Rin

des, is the following:

R
P

P kin
des t
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Here, Δr = rin − rmin is the absolute FP anisotropy change
during the desolvation phase. Finally, the time-independent
rate of the protein predesolvation is the following:

R
P

T
pre t

pre=
[ ]

(12)

■ RESULTS
Kinetics of the Neutral Detergent−Membrane Pro-

tein Interactions are pH Dependent. Prior steady-state FP
anisotropy studies under equilibrium conditions demonstrated
that the apparent dissociation constant, Kd, of proteomicelles
with maltoside-containing detergents is not generally affected
by the pH.35 Here, we inspected whether this is also true for
the kinetic reads of proteomicelles containing either n-decyl-β-
D-maltopyranoside (DM) or 4-cyclohexyl-1-butyl-β-D-malto-
side (CYMAL-4), two nonionic detergents. DM encompasses a
medium-sized hydrophobic chain with 10 alkyl carbons.
CYMAL-4 includes a short hydrophobic chain with four
alkyl carbons and a cyclohexyl group. The CMC values of DM
and CYMAL-4 are ∼1.8 and 7.6 mM, respectively.21,36 We
found that, at detergent concentrations much greater than the
CMC, there was no significant alteration in the FP anisotropy
(Figures 3−7; Supporting Information, Figures S1−S3).21
Under these conditions, both OmpG43 and truncation
FhuA21,27 variants were fully detergent-solvated and showed
a preponderant β-sheet structure in solution. Thus, the
proteomicelles reached the slowest rotational mobility, which
corresponded to the highest FP anisotropy value, rmax.
However, at detergent concentrations comparable with or
below the CMC, the FP anisotropy showed drastic changes as
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a result in the desorption of detergent monomers from
proteomicelles. Therefore, for these conditions the FP
anisotropy varied between rmax, which corresponded to slowly
tumbling proteomicelles, and rmin, which was reached under
detergent-desolvated conditions (Supporting Information,
Figures S4−S21).
The linear and exponential phases of the time-dependent FP

anisotropy decrease were employed to determine the apparent
zero-order and first-order rate constants of the predesolvation
and desolvation processes (Methods), respectively. Usually,
the observed predesolvation rate constants (kobs

pre; Supporting
Information, Tables S1−S8) and desolvation rate constants
(kobs

des; Supporting Information, Tables S9−S16) increased by
reducing the detergent concentration within the sample well.
By changing the pH, the overall protein charge of a membrane
proteins is altered. Therefore, we first explored this effect using
steady-state FP anisotropy measurements under detergent
desolvation conditions. At pH 4.6, the kobs

pre values for the DM-
OmpG proteomicelles acquired at DM concentrations of 1,
0.85, and 0.45 mM were (1.9 ± 0.1) × 10−5, (2.0 ± 0.1) ×
10−5, and (5.2 ± 0.4) × 10−5 s−1, respectively (Figure 3;
Supporting Information, Table S1). On the other hand, the
corresponding kobs

des values for similar experimental conditions
were (2.6 ± 0.3) × 10−3, (3.0 ± 0.3) × 10−3, and (4.5 ± 0.5) ×
10−3 s−1, respectively (Supporting Information, Table S9). At a

slightly acidic pH of 6.8, the kobs
pre values were (0.9 ± 0.1) ×

10−5, (2.1 ± 0.1) × 10−5, and (4.2 ± 0.7) × 10−5 s−1,
respectively. Under identical experimental conditions, the
corresponding kobs

des values were lower than those noted at pH
4.6, as follows: (1.3 ± 0.1) × 10−3, (2.0 ± 0.1) × 10−3, and
(2.4 ± 0.2) × 10−3 s−1, respectively. On the contrary, higher
kobs
des values were recorded at pH 10: (2.4 ± 0.2) × 10−3, (2.7 ±
0.2) × 10−3, and (5.1 ± 0.2) × 10−3 s−1, respectively. This
nonmonotonic pH-dependence of the kobs

des values suggests
compensatory effects of the numerous heterogeneously
distributed electrostatic interactions at the PDC interface. kobs

pre

was less sensitive than kobs
des upon pH changes. This is an

intuitive finding, because it is conceivable that during the
predesolvation phase only a limited number of nonionic
detergent monomers detach from the proteomicelles.
On the other hand, an atypical desolvation pattern was

noted with CYMAL-4-OmpG proteomicelles at pH 4.6 and at
1 and 2 mM CYMAL-4 (Figure 4). For example, the FP

anisotropy traces acquired at 1 mM showed a fast desolvation
phase, whereas those recorded at 2 mM exhibited a long
predesolvation phase. Interestingly, at a CYMAL-4 concen-
tration of 4 mM or greater than this value,21 no significant
time-dependent FP anisotropy change was noted. At an acidic
pH of 5.6, the kobs

pre values for the CYMAl-4-OmpG
proteomicelles at CYMAL-4 concentrations of 4, 2, and 1
mM were (2.0 ± 0.1) × 10−5, (3.4 ± 0.2) × 10−5, and (5.8 ±

Figure 3. Time-dependent anisotropy showing the DM desolvation of
OmpG at various pH values. The starting DM concentration was 20
mM. (A) pH 4.6; (B) pH 5.6; (C) pH 6.8; (D) pH 8.2; (E) pH 10.0.
The FP measurements were carried out using a solution that
contained 200 mM NaCl at room temperature. The buffer was either
50 mM HEPES (pH 6.8 and 8.2), 50 mM NaOAc (pH 4.6 and 5.6),
or 50 mM sodium borate (pH 10.0). All data were derived as averages
± SD of at least three independent data acquisitions.

Figure 4. Time-dependent FP anisotropy showing the CYMAL-4
desolvation of OmpG at various pH values. The starting CYMAL-4
concentration was 50 mM. (A) pH 4.6; (B) pH 5.6; (C) pH 6.8; (D)
pH 8.2; (E) pH 10.0. The other experimental conditions were the
same as those stated in the caption of Figure 3.
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0.3) × 10−5 s−1, respectively (Supporting Information, Table
S5). The corresponding kobs

des values for identical conditions
were (1.1 ± 0.1) × 10−3, (1.7 ± 0.1) × 10−3, and (2.0 ± 0.1) ×
10−3 s−1, respectively (Supporting Information, Table S13).
Under a mildly acidic pH of 6.8, the kobs

pre values for the
CYMAL-4-OmpG proteomicelles at CYMAL-4 concentrations
of 4, 2, and 1 mM were (1.7 ± 0.1) × 10−5, (2.7 ± 0.1) × 10−5,
and (3.0 ± 0.6) × 10−5 s−1, respectively. The corresponding
kobs
des values under similar conditions were close to those noted
at pH 5.6, as follows: (1.0 ± 0.1) × 10−3, (2.0 ± 0.1) × 10−3,
and (2.4 ± 0.1) × 10−3 s−1, respectively. When these
experiments were conducted at pH 10.0, a significant increase
in the signal noise was recorded (Figure 4), impeding an
accurate determination of the observed rate constants of
predesolvation and desolvation.
Apparent First-Order Rate Constants of Detergent

Desolvation of the Proteomicelles Depend on the
Protein Charge. In the prior results section, we demonstrate
that even if the detergent monomers are nonionic the
interfacial PDC interactions might be affected by pH. Here,
we asked whether these interactions with neutral detergents
depend on the overall protein charge. The test case was
conducted for radically altered FhuA ΔC/Δ5L_25N and FhuA
ΔC/Δ7L_30N, two homologous FhuA variants whose 25 and
30 negative charges were neutralized with respect to FhuA
ΔC/Δ5L protein. The presence of slow predesolvation and
fast desolvation phases were also noted for these proteins that
encompassed radical alterations in the overall protein charge
(Figures 5−7). At 1 mM DM and pH 5.6, we acquired
desolvation rate constants of (1.6 ± 0.1) × 10−3, (3.4 ± 0.2) ×
10−3, and (1.1 ± 0.1) × 10−3 s−1 for FhuA ΔC/Δ5L, FhuA
ΔC/Δ5L_25N, and FhuA ΔC/Δ7L_30N, respectively
(Figure 8A; Supporting Information, Tables S10−S12).
Under similar conditions, but at slightly alkaline pH 8.2,
these values were (1.9 ± 0.2) × 10−3, (3.4 ± 0.2) × 10−3, and
(2.6 ± 0.2) × 10−3 s−1, respectively. If the DM concentration
was reduced to 0.85 mM, then the kobs

des values at an acidic pH
of 5.6 were (3.2 ± 0.1) × 10−3, (3.4 ± 0.2) × 10−3, and (2.2 ±
0.1) × 10−3 s−1, respectively (Figure 8B). At the same time, at
pH 8.2, a significant reduction in the kobs

des values was noted for
the acidic FhuA derivative, but substantially increased values
were determined for the basic FhuA variants. This finding
indicates stronger interfacial PDC interactions of the acidic
FhuA protein as compared to those corresponding to basic
FhuA variants.
The impact of protein electrostatics on adhesive interactions

was also noted in the case of CYMAL-4-FhuA proteomicelles.
For example, at pH 8.2 the kobs

des values acquired with the acidic
FhuA mutant were significantly smaller than those obtained for
the basic FhuA variants (Figure 8C; Supporting Information,
Tables S14−S16). Figure 8D illustrates the initial desolvation
rates, Rin

des (Methods), which were inferred for various types of
proteomicelles at detergent concentrations of 1 mM DM and 4
mM CYMAL-4. These concentrations are about ∼55% and
∼52% of their corresponding CMC values, respectively. For
both cases DM- and CYMAL-4-containing proteomicelles, the
initial desolvation rates of the acidic proteins OmpG and FhuA
ΔC/Δ5L were lower than those determined for the basic
truncation FhuA mutants (Figure 8D; Supporting Information,
Table S17). This outcome suggests stronger adhesive forces of
the acidic protein-containing proteomicelles than those
interfacial interactions of the basic protein-containing
proteomicelles at pH 8.2.

Kinetics but Not Energetics of the Adhesive PDC
Interactions Depend on the Protein Charge. In most
cases examined in this study, the kobs

des values scaled with the
detergent concentration in a linear fashion (Supporting
Information, Figures S22−S29). Therefore, we formulated a
simple kinetic model of proteomicelles, which includes the
bimolecular association of a membrane protein with a
detergent micelle and unimolecular dissociation of a
membrane protein from a micelle (Supporting Information).42

The two processes are quantitatively assessed by the apparent
model-dependent rate constants of association, kon, and
dissociation, koff. These data, which were determined for the
four proteins, two maltoside-containing detergents, and three
pH values, are illustrated in Figure 9A,B, respectively.
An immediate observation is that the kon values obtained for

DM are from several fold to about 1 order of magnitude
greater than those determinations acquired for CYMAL-4
(Figure 9A; Supporting Information, Tables S18−S19). For
example, these kon values inferred for the most basic protein,
FhuA ΔC/Δ7L_30N, and DM-containing proteomicelles were
48 ± 11, 22 ± 3, and 63 ± 14 M−1 s−1 at pH values of 5.6, 6.8,
and 8.2, respectively. Under similar experimental conditions,
the kon values for CYMAL-4-containing proteomicelles were 4
± 1, 6 ± 1, and 5 ± 2 M−1 s−1, respectively. The fact of the kon
values obtained for DM-containing proteomicelles are
substantially greater than those inferred for CYMAL-4-
containing proteomicelles is in accord with a longer alkyl

Figure 5. Time-dependent FP anisotropy showing the DM desolva-
tion of FhuA ΔC/5ΔLat various pH values. (A) pH 4.6; (B) pH 5.6;
(C) pH 6.8; (D) pH 8.2; (E) pH 10.0. The other experimental
conditions were the same as those stated in the caption of Figure 3.
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chain of DM. The dissociation rate constants, koff, of the DM-
containing proteomicelles were also greater than those inferred
for the CYMAL-4-containing proteomicelles (Figure 9B).
Therefore, the alteration in the hydrophobic interactions at
the PDC interface through the length of the alkyl chain has a
significant effect on the association rate constants. We were
able to calculate the apparent equilibrium dissociation
constants of the PDC using the model-dependent kon and
koff values (e.g., Kd = koff/kon). These determinations neglected
the contributions of the predesolvation phases (Figure 9C,D).
Remarkably, the model-dependent apparent Kd values for DM-
containing proteomicelles were comparable with the CMCDM

(∼1.8 mM; Supporting Information, Table S18),35,36 suggest-
ing that the adhesion forces between the membrane proteins
and DM detergent monomers are well balanced by the
cohesive forces among the detergent monomers. Finally, these
equilibrium constants were neither dependent on the overall
protein charge nor sensitive to alterations in pH, contrasting
the outcomes pertaining to observed desolvation constants as
well as the rate constants of association and dissociation
(Figure 9C,D).

■ DISCUSSION
In this paper, we show a semiquantitative approach for the
determination of model-dependent association and dissocia-
tion rate constants of proteomicelles. To the best of our
knowledge, this is the first kinetic method of proteomicelles

that has potential for high-throughput screening,19,20 because
of its amenability to a 1536-well, plate-reader format. The
central player of this approach is a bright,39,44 optically
stable,39,44 and pH insensitive45 Texas Red fluorophore. In
addition, the photophysics of Texas Red is not sensitive to its
environmental changes,46 permitting these extensive measure-
ments in a fairly broad range of physical and chemical
circumstances. Here, Texas Red was covalently attached either
on a flexible loop (e.g., OmpG) or on a β turn (e.g., FhuA
derivative) using maleimide chemistry. Because the fluoro-
phore was not located within the core of the folded β-barrel
protein, but at its periphery, the recorded FP anisotropy is not
directly related to protein folding, contrasting an intrinsic,
internal tryptophan probe.13 A sharp decrease in the FP
anisotropy is most likely directly determined by the reduction
in the hydrodynamic radius of the proteomicelle, Rh, resulting
from detergent desorption at the protein surface. Therefore, we
think that FP anisotropy curves are not expectedly sensitive to
changes in the site of fluorescent labeling on the protein
surface.
Recently, we have used this approach for screening

detergents of varying physicochemical properties in order to
select those that exhibit satisfactory solubilizing features.21 The
value of the steady-state FP anisotropy followed a two-state
transition when the protein sample was brought from a
detergent concentration greater than the CMC to a detergent

Figure 6. Time-dependent FP anisotropy showing the DM desolva-
tion of FhuA ΔC/5ΔL_25N at various pH values. (A) pH 4.6; (B)
pH 5.6; (C) pH 6.8; (D) pH 8.2; (E) pH 10.0. The other
experimental conditions were the same as those stated in the caption
of Figure 3.

Figure 7. Time-dependent FP anisotropy showing the DM desolva-
tion of FhuA ΔC/7ΔL_N30 at various pH values. (A) pH 4.6; (B)
pH 5.6; (C) pH 6.8; (D) pH 8.2; (E) pH 10.0. The other
experimental conditions were the same as those stated in the caption
of Figure 3.
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concentration below the CMC. The isothermal detergent
desorption curves were used to infer the equilibrium
dissociation constants of the proteomicelles containing α-
helical membrane proteins.35 The process of detergent
desorption showed the existence of slow predesolvation and
fast desolvation phases for detergents with excellent solubiliz-
ing characteristics.33 The kinetic details of the interfacial PDC
interactions represent a foundation for developing novel
protocols employed in the functional reconstitution of
membrane proteins. Previously, isothermal titration calorim-
etry (ITC)47 has been successfully employed to unravel
equilibrium phase diagrams of complex ternary mixtures of
lipid-detergent-protein systems.11,48 This information has
practical implications for the protein reconstitution into lipid
vesicles.
Our FP anisotropy approach is also facilitated by the fact

that the steady-state FP anisotropy is insensitive to changes in
protein concentration.49 Accordingly, a gradual decrease in the
effective detergent-solubilized protein concentration, which
potentially results from unproductive aggregation,10,12 does not
impair the optical signal-to-noise ratio. Indeed, the truncation
FhuA variants are highly prone to aggregation as a result of
detergent depletion within the sample well at concentrations
well below the CMC. Despite these environmentally harsh
conditions for these β-barrel membrane proteins, we were still

able to measure time-dependent changes in the FP anisotropy
that reflect the decrease of the proteomicelle size in a
reproducible fashion. Gradual protein aggregation might have
various effects on the FP readout, including quenching.
According to Perrin’s equation,20 r0/r is an additive function
of 6DrτF, where r0, r, Dr, and τF denote the fundamental
maximum FP anisotropy, recorded steady-state FP anisotropy,
rotational diffusion coefficient of the proteomicelle, and
fluorescence lifetime of the fluorophore, respectively. There-
fore, quenching increases the FP anisotropy. Second, protein
aggregation, even without quenching, decreases the tumbling
rate of the detergent-desolvated proteins. Third, it is
conceivable that a residual amount of bound detergent
monomers still exists under detergent depletion conditions.
These effects likely increase the rmin values depending on their
relative impact on the raw FP signal at detergent concen-
trations much lower than the CMC. In accord with these
expectations, we often observed elevated rmin states in these FP
anisotropy measurements. The truncation FhuA variants
exhibit an rmin of ∼0.16 under fully denaturing conditions in
the presence of chaiotropic agents,21 but time-dependent FP
anisotropy measurements during detergent desolvation phase
at times showed the rmin values even greater than 0.2.
On the other hand, at detergent concentrations much

greater than the CMC, we recorded high FP anisotropy values
with rmax of ∼0.3 or even greater, approaching the fundamental
maximum FP anisotropy, r0 (r0 = 0.4).50 This reason is
primarily determined by probing relatively slow rotational
diffusion mobilities of the membrane proteins. Under these
conditions, the diffusional correlation times are slightly greater
than the fluorescence lifetime of Texas Red (τF = 4.2 ns).44

Figure 8. Dependence of the observed desolvation rate constants, kobs
des,

on the protein charge. (A) The values were determined for the DM
desolvation of FhuA ΔC/Δ5L, FhuA ΔC/Δ5L_25N, and FhuA ΔC/
Δ7L_30N at 1 mM DM. (B) The values were determined for the DM
desolvation of FhuA ΔC/Δ5L, FhuA ΔC/Δ5L_25N, and FhuA ΔC/
Δ7L_30N at 0.85 mM DM. (C) The values were determined for the
CYMAL-4 desolvation of FhuA ΔC/Δ5L, FhuA ΔC/Δ5L_25N, and
FhuA ΔC/Δ7L_30N at pH 8.2. Different vertical columns show data
acquired at various CYMAL-4 concentrations. (D) Illustration of the
initial desolvation rates, Rin

des, which were determined for proteins of
varying overall charge at pH 8.2. The final detergent concentrations
for DM and CYMAL-4 were 1 and 4 mM, respectively. The other
experimental conditions were the same as those stated in the caption
of Figure 3.

Figure 9. Apparent rate constants of the interfacial PDC interactions
of proteomicelles. (A) The association rate constants of DM-
containing proteomicelles are much greater than those of CYMAL-
4-containing proteomicelles. (B) The dissociation rate constants of
DM-containing proteomicelles are greater than those of CYMAL-4-
containing proteomicelles. (C) The model-dependent (this work) and
model-free35 equilibrium dissociation constants, Kd, of the DM-
containing proteomicelles. (D) The model-dependent apparent
dissociation constants, Kd, of the CYMAL-4-containing proteomi-
celles. The other experimental conditions were the same as those
stated in the caption of Figure 3.
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High anisotropy data points indicate that the majority of the
emitted photons maintain their original polarization. The high
FP anisotropy is related not only to the size of the membrane
protein but also to the overall size of micelles, so that these
values are expected under detergent-mediated refolding
conditions.
Different groups routinely recorded steady-state FP

anisotropy values of ∼0.3 under equilibrium condi-
tions.44,49,51,52 For example, Qiao and co-workers (2011)
found anisotropy changes between 0.1 and 0.3 when Texas
Red was attached to short peptides forming complexes with
antibodies.53 Again, such a high FP anisotropy value of ∼0.3 is
expected under conditions in which the tumbling rate of the
peptide−protein complex is drastically slowed down. Here, we
provide compelling evidence for the high sensitivity and
specificity of our method, which in many examples feature FP
anisotropy changes of ∼0.15, namely ∼38% out of the
maximum anisotropy range. Interestingly, at final detergent
concentrations much greater than the CMC, the steady-state
FP anisotropy remains fairly unchanged at a value rmax,
suggesting that the proteomicelles reach the lowest rotational
mobilities under this experimental circumstance. This situation
corresponds to the highest hydrodynamic radius of proteomi-
celles. Such an outcome is somewhat counterintuitive, because
of the gradually enhanced solution viscosity at increased
detergent concentrations. However, our finding is in good
accord with prior NMR studies performed by Stanczak and co-
workers,54 who also discovered that the hydrodynamic radius
of the PDC containing n-decylphosphocholine (Fos-10) and
outer membrane protein X (OmpX) is not affected by greatly
increased Fos-10 concentrations above the CMC.
The observed predesolvation and desolvation rate constants

depend on the alkyl chain of the detergent monomers, charge
of the membrane protein, and pH of the interfacial PDC space.
These variables modulate the adhesion forces of the
proteomicelles between detergent monomers and membrane
proteins. Notably, the observed desolvation rate constants, kobs

des,
are generally greater for the basic homologous FhuA variants
than those acquired for the acidic proteins OmpG and FhuA
ΔC/Δ5L. A deviation from this trend occurred for DM-
containing proteomicelles at pH 5.6 and 0.85 mM DM. It
should be noted that changing the pH would also change the
overall protein charge, explaining at least in part the
nonmonotonic nature of the pH dependence of kobs

des.
Furthermore, the initial desolvation rates, Rin

des, of the DM-
and CYMAL-4-containing proteomicelles were also greater for
the basic proteins than those obtained for the acidic β-barrels.
This finding suggests that the adhesive interactions at the PDC
interface55 are generally stronger for the acidic proteins than
those for the basic ones. These results agree well with prior
studies that indicated satisfactory solubilization traits of
nonionic n-octyl-β-D-glucoside (OG) for acidic but not basic
β-barrels.21

■ CONCLUSIONS
In summary, we show time-dependent kinetic determinations
of proteomicelles containing β-barrel membrane proteins of
varying isoelectric point. The model-dependent apparent Kd
values are fairly independent of pH and protein charge, but
they are comparable with or slightly lower than the CMC.
Because the affinity constants of the PDC interactions are
closely similar to the corresponding CMC, these inspected β-
barrel membrane proteins are poor nucleators of the

proteomicellization process. Therefore, the detergent mono-
mers have little discrimination in associating either with the
proteins or with themselves. The high equilibrium dissociation
constants, in the millimolar range, are primarily caused by low
association rate constants of the proteomicelles. Small kon
values, lower than 102 M−1 s−1, provide a quantitative
confirmation of fairly low diffusion coefficients of hydrophobic
molecules, either detergent monomers or membrane proteins,
in aqueous phase. Further adaptations of this approach will
likely impact accelerated discoveries in the synthetic chemistry
of nonconventional detergents56 as well as in the structural,
physical, and chemical biology of membrane proteins.
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