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Abstract

Proteins fold on timescales from hours to microseconds. In addition to protein size, sequence, and topology,
the environment represents an equally important factor in determining folding speed. This is particularly
relevant for proteins that require a lipid membrane or a membrane mimic to fold. However, only little is known
about how properties of such a hydrophilic/hydrophobic interface modulate the folding landscape of
membrane-interacting proteins. Here, we studied the influence of different membrane-mimetic micellar
environments on the folding and unfolding kinetics of the helical-bundle protein Mistic. Devising a single-
molecule fluorescence spectroscopy approach, we extracted folding and unfolding rates under equilibrium
conditions and dissected the contributions from different detergent moieties to the free-energy landscape.
While both polar and nonpolar moieties contribute to stability, they exert differential effects on the free-energy
barrier: Hydrophobic burial stabilizes the folded state but not the transition state in reference to a purely
aqueous environment; by contrast, zwitterionic headgroup moieties stabilize the folded state and, additionally,
lower the free-energy barrier to accelerate the folding of Mistic to achieve ultrafast folding times down to 35 ps.

© 2017 Elsevier Ltd. All rights reserved.

Introduction

Proteins fold into their native structures on time-
scales spanning at least six orders of magnitude [1],
with some proteins exhibiting ultrafast folding times of
Tr < 100 ps close to the protein-folding speed limit [2].
The principles determining folding speed are increas-
ingly well understood, and many water-soluble pro-
teins obey simple scaling laws [3,4]. For small
two-state folders, which have to overcome one
dominant free-energy barrier and whose folding is
majorly driven by the hydrophobic effect, folding speed
is primarily determined by peptide chain length [5],
amino acid sequence [6], and topological complexity
(e.g., contact order) [7,8]. However, an additional
important—but often disregarded—factor in sculpting

0022-2836/© 2017 Elsevier Ltd. All rights reserved.

protein-folding kinetics is the protein's environment.
Folding often takes place in surroundings that are far
more multifaceted than bulk aqueous solutions, in
which additional driving forces contribute to the folding
process [9]. This is evident in cases such as folding
under macromolecular crowding conditions or within
cells [10-12]; yet, quantitative knowledge of the
environmental modulation of other complex folding
scenarios is still limited.

A particularly intricate folding situation that involves
numerous molecular interactions is encountered for
membrane-interacting proteins, which require the
highly complex, anisotropic environment of a lipid-
bilayer membrane or a membrane mimic to acquire
their native folds [13,14]. The chemically and physi-
cally heterogeneous hydrophilic/hydrophobic interface
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provided by such an environment features different
properties and presents a multitude of polar and
nonpolar contacts, such that changes in chemical
composition can have a tremendous impact on the
folding process [15—18]. This is particularly relevant for
proteins that, for functional or evolutionary reasons,
need to insert into or associate with membranes
without relying on elaborate machineries like chaper-
ones and translocons. In recent years, an increasing
number of membrane proteins have become acces-
sible to reversible unfolding/refolding studies from
lipid-bilayer or membrane-mimetic systems, and sev-
eral techniques adapted from water-soluble proteins
have shed light on the molecular forces that control
their folding [19-21]. However, only very little is known
about how the properties of membrane mimics
modulate their folding free-energy landscape; in
particular, it remains unclear how largely divergent
equilibrium stabilities are reflected in the kinetics of the
folding and the unfolding reactions, as kinetic studies
in the presence of membrane mimics are challenging
for two principal reasons. First, classical two-state
analysis of kinetic data obtained using lipid vesicles as
membrane models is compounded by the fact that
membrane insertion of a folding polypeptide chain is
a complex, multi-step process that often involves
accumulation of partially folded, membrane-adsorbed
intermediates [22,23]. Second, micellar membrane
mimics can alleviate these issues but are incompatible

(a) (b)

with conventional ensemble perturbation/relaxation
techniques such as stopped-flow or temperature-
jump experiments, as sudden environmental changes
modulate the structural and dynamic properties of
micelles [24], superimposing a second kinetic process
that is hard if not impossible to separate out.

To overcome these limitations, several methods
have been developed that allow access to kinetic
information from measurements performed under
equilibrium conditions. These include peak-shape
analysis of nuclear magnetic resonance (NMR)
spectra [25], statistical-thermodynamic treatment of
protein-unfolding endotherms obtained by differen-
tial scanning calorimetry [26], and analysis of protein
kinetics derived from single-molecule fluorescence
experiments [27,28]. In particular, single-molecule
Forster resonance energy transfer (FRET) spectros-
copy, owing to its sensitivity and temporal resolution,
is a powerful technique for disentangling intricate
folding scenarios and extracting folding kinetics in
membrane mimics from equilibrium measurements
on timescales from hours down to microseconds,
without the need of synchronization and complications
arising from the superposition of micellar reorganiza-
tion [28-31].

Here, we have devised an experimental system
relying on single-molecule FRET spectroscopy that
provides kinetic insights into the environmental
modulation of a protein-folding reaction shaped by a
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Fig. 1. (a) Single-molecule FRET confocal spectroscopy approach for investigating equilibrium (un)folding kinetics in
membrane-mimetic environments. lllustration of fluorescently labeled Mistic (PDB file: 1YGM) changing its conformation
between folded and unfolded states while freely diffusing through the femtoliter-sized observation volume of the confocal
microscope. Increasing concentrations of urea (green forked crosses) are used to denature the protein in the presence of
detergent micelles (gray). Structural changes are monitored on the basis of differences in FRET efficiency between the
folded and unfolded conformations. (b, ¢) FRET efficiency histograms from equilibrium (un)folding experiments in the
presence of micelles composed of DDM (panel b, green) or DPC (panel ¢, blue) at different urea concentrations (Cyrea)-
Two-state dPDA fits to the histograms are shown as red cityscapes. Side panels: 2D BVA scatter plots of the burstwide
FRET standard deviation (sg) plotted against FRET efficiency (E*). The normalized density of single molecules is color
coded (scaled from blue to red). Black lines represent the standard deviation (ogyn) expected for a shot-noise-limited
distribution of static molecules. Dashed lines indicate the upper margin of the 99.9% confidence interval that discriminates
static from dynamic molecules, with bursts above the confidence boundary exhibiting millisecond folding kinetics.
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membrane-mimetic interface. Employing a chemical-
denaturation approach, we study the equilibrium
folding kinetics of the membrane-interacting self-
inserting protein Mistic [32] (Fig. 1a) in various micellar
environments as well as in aqueous buffer solution.
Mistic is a 110-residue protein that assumes a simple
four-helix topology and is essential for biofilm forma-
tion by Bacillus subtilis [33] with homologs in other
Gram-positive bacteria [32,34]. Upon exposure to the
denaturant urea, Mistic unfolds reversibly from various
detergent micelles in a two-state manner [15], and its
urea-unfolded state is largely devoid of secondary
structure [35] and dissociated from micelles [36]; thus,
the unfolded state can serve as a reference state that
is independent of the detergent used for solubilizing
the folded state [15]. Because of its unusual hydro-
philic properties—Mistic contains a large number of
polar and charged residues—its conformational
stability depends on both hydrophobic burial within
the micelle core as well as polar headgroup contacts
[15], thus providing a unique opportunity for probing
the effects of both polar and hydrophobic properties
on protein-folding kinetics. In the following, we dissect
the role of polar and hydrophobic detergent moieties
and provide links between the conformational stability
of a membrane-interacting protein and its folding
kinetics within a hydrophilic’hydrophobic interface.
We find that polar and hydrophobic detergent moieties
play very different roles in shaping the folding
landscape of Mistic, and together, can speed up the
folding reaction to reach kinetics in the ultrafast
microsecond time regime.

Results

Fast two-state folding in zwitterionic and
non-ionic micelles

In a first set of experiments, we compared folding of
Mistic in micelles composed of the non-ionic detergent
n-dodecyl-B-b-maltopyranoside (DDM) with folding in
the zwitterionic detergent n-dodecylphosphocholine
(DPC). To this end, we created a protein variant
(Misticag_110) labeled with donor (ATTO532) and
acceptor (ATTO647N) fluorophores at residues 30
and 110, respectively (see Materials and Methods),
and subjected the labeled protein to increasing
concentrations of urea in the presence of DDM or
DPC. Conformational changes were monitored by
probing FRET efficiencies of individual, freely diffusing
Mistic molecules using confocal single-molecule
fluorescence spectroscopy. FRET efficiencies were
calculated from a large number of single-molecule
events and sorted into histograms.

Fig. 1b and ¢ (center panels) depicts representative
FRET efficiency histograms derived from urea-
induced equilibrium (un)folding experiments in DDM

and DPC. Mistic exhibited a two-state folding behavior
in both detergents, as manifested in the coexistence of
two FRET efficiency peaks representing the folded
and unfolded states. With increasing urea concentra-
tion, the occupancy of the folded state with high FRET
efficiency gradually decreased, while the low-FRET
peak representing the unfolded state increased. In
accordance with previous ensemble studies [15], the
resilience of Mistic against chemical denaturation was
higher in zwitterionic DPC than in non-ionic DDM, as
reflected in a shift of the midpoint urea concentration
(at which 50% of all protein molecules were folded)
from ~3.5 M urea in DDM to ~6.0 M urea in DPC.
Notably, the folded- and unfolded-state peaks in these
histograms (Fig. 1b, c) are not well separated but
connected by a pronounced bridge-like population.
This population originates from dynamic interconver-
sion, that is, from protein molecules that fold or unfold
during the observation time of ~2 ms, which was
corroborated by a Viterbi path reconstruction (Fig. S2)
and burst-variance analysis (BVA) [37], an analytical
tool that detects millisecond dynamics on the basis of
the standard deviations of the FRET efficiency within a
given burst (sg). Plotting sg versus FRET efficiency
revealed arc-shaped distributions at intermediate
FRET efficiencies (Fig. 1b, ¢, side panels), typical of
dynamically interconverting species with interconver-
sion rates on the millisecond timescale [29]. We
further confirmed the observation of dynamics using a
FRET—two-channel kernel-based density distribution
estimator (FRET-2CDE) and by correlating the
relative donor lifetime (7p(a)/To (o)) With FRET efficiency
(Fig. S3). When comparing histograms and BVA plots
among the two series around midpoint conditions,
both the inter-peak FRET efficiency and the arc-
shaped BVA distributions are more populated in the
presence of DPC than in DDM. This indicates more
frequent interconversions between the folded and the
unfolded states and, by extension, a faster (un)folding
timescale (i.e., a higher relaxation rate constant Kops)
in DPC than in DDM.

Link between folding kinetics and equilibrium
stability

After identifying two-state millisecond folding, we
quantified the influence of DDM and DPC on Mistic's
folding and unfolding kinetics. To this end, we used
dynamic probability-distribution analysis (dPDA) [38], a
method that remodels the FRET efficiency distribution
to retrieve the underlying folding and unfolding rate
constants (ke and ky, respectively) and the FRET
efficiencies (Eg, E{)) of the underlying states as well as
their state fractions (pg, py) from the shape of the
experimental FRET efficiency histogram. We extended
the two-state dPDA by accounting also for the excess
widths of the folded and unfolded states in addition to
shot noise (see Supplementary Data). We performed
dPDA at nine different urea concentrations around
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Fig. 2. (a) Kinetic analysis of Misticzo_110 in DDM, DPC, LDAO, and water. Folding and unfolding rate constants (ks and ky,
respectively; circles) extracted by dPDA in DDM (green), DPC (blue), LDAO (orange), or aqueous solution (gray) are plotted as
functions of urea concentration (c.ea)- Linear extrapolations are shown as solid lines. dPDA fitting error bars (gray) are smaller
than symbols. (b, c) FRET efficiency histograms (center panels) from equilibrium (un)folding experiments in LDAO (panel b) or
aqueous solution (panel c) at different urea concentrations. Two-state dPDA fits to histograms are shown as red cityscapes.
Side panels: 2D BVA scatter plots of the burstwide FRET standard deviation (sg) plotted against FRET efficiency (E¥).

midpoint conditions in the range between 2.5 and
5.0 M for DDM and 4.5 and 7.0 M for DPC (see Fig.
S1, Supplementary Data for all histograms). Under
these conditions, both the folded state and the
unfolded state are significantly populated, which is
essential for a reliable determination of kinetic rates
using dPDA. The resulting dPDA fits yielded
an excellent reconstruction of the experimentally
determined FRET efficiency histograms (Fig. 1b, c,
red cityscapes; extracted fit parameters are shown in
Tables S1, S2 and Fig. S4, Supplementary Data).
Plotting log(kg) and log(ky) at different urea concen-
trations (curea) (Fig. 2a) resulted in linear dependen-
cies. Using linear extragolatlon see Supplementary
Data), we derived k,: the folding and unfolding
rate constants in the absence of denaturant (Fig. 2a
and Table 1). We determlned a folding rate constant
of k,: Som = 1.49 ms~" in the presence of DDM and,
remarkabl1y ~10-fold faster folding with kF DPC =
143 ms™" in DPC Interestingly, the unfoldlng rate
constants k{*»pm = 0.039 ms~' and k?8pc =
0.081 ms™" differed only by a factor of two, indicating
a weak effect of headgroup chemistry on the unfolding
reaction. The substantially faster folding in DPC as
compared with DDM together with similar unfolding

rate constants results in a marked net stabilization
of the protein in DPC over DDM, as judged
from Gibbs free-energy changes in the absence of
denaturant _amounting to AGB‘?OM =9.01 kJ mol™’
and AGHz2 =12.8 kJ mol~". From the slopes of
the folding and unfolding arms, we obtained
kinetic mg- and my-values, which are defined as
Mgy = —/+RT0”|nk,: U/&curea, with R being the
universal gas constantand Tthe absolute temperature
We obtained mg, DD,\q =1 20 kJ mol~' M~ and
My, pom =1 20 kJ m0| in DDM and Mg, DPC =
1.27 kJ mol ™" " and mU opc = 0.76 kd mol~' M~
in DPC. From the kinetic m-values, we calculated
the equmbrlum m-values, which are defined as
aAG 29/8 Cureas yielding mDDM =2.40 kJ

moI "M~ and mppc = 2.03 kd mol~' M~
Performing the same set of experlments on a
differently labeled protein variant (Mistics_1+0) yielded,
within error, identical results (see Fig. S5 and Table
S7, Supplementary Data), indicating that the labeling
position did not affect the obtained parameters. We
further validated our approach of calculating equilib-
rium values from kinetic single-molecule FRET
measurements by comparing it with a standard
ensemble approach (see Fig. S6, Supplementary

Table 1. Kinetic and thermodynamic parameters of Misticzp_11¢ (un)folding in the presence of detergent micelles or in

aqueous buffer

KO (ms™T) K3© (ms™7) me (kd mol”'M™ ) my (kd molm'M™)  m (kd molT'M™")  AG™© (kJ mol™")
DDM 1.49 0.039 1.20 1.20 2.40 9.01
(1.31-1.70)  (0.035-0.044) (1.13-1.26) (1.14-1.25) (2.28-2.51) (8.42-9.61)
DPC 14.3 0.081 1.27 0.76 2.03 12.8
(12.6-16.3)  (0.073-0.090) (1.22-1.32) (0.72-0.79) (1.95-2.11) (12.3-13.4)
LDAO 28.7 0.12 1.28 0.79 2.07 13.7
(23.7-34.7)  (0.091-0.15) (1.21-1.35) (0.70-0.89) (1.90-2.24) (12.6-14.7)
Aqueous buffer 1.85 0.56 0.96 1.00 1.96 2.97
(1.75-1.96) (0.53-0.59) (0.81-1.11) (0.89-1.12) (1.69-2.23) (2.71-3.24)
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Data). Trp fluorescence equilibrium (un)folding
experiments of unlabeled Misticzg_110 in DDM yielded
AG°(H20) = (9.8 + 1.5) kd mol™" and an m-value of
(2.4 = 0.4) kJ mol™" M~", in good agreement with
the values obtained from single-molecule kinetic
measurements.

Accelerated folding in a more
stabilizing environment

To address the question whether faster folding in
DPC is peculiar to this detergent or originates more
broadly from interactions with detergents carrying
zwitterionic headgroups, we performed experiments
in the presence of the zwitterionic detergent laur-
yldimethylamine N-oxide (LDAO), which has been
shown to confer even greater stability to Mistic [15].
Figure 2b (right panels) shows the obtained FRET
efficiency histograms, where the protein was subject-
ed to increasing concentrations of urea (see Fig. S1,
Supplementary Data for all histograms). Note that
experiments in the presence of LDAO were possible
only up to 7 M urea, as LDAO precipitated at higher
denaturant concentrations. Unfolding of Mistic oc-
curred at elevated urea concentrations with a midpoint
of ~6.5 M. Notably, and in contrast with DDM and
DPC, where we observed separated folded- and
unfolded-state peaks (Fig. 1b, c), the LDAO histo-
grams showed very broad distributions with variable
slopes at the high- and low-FRET efficiency flanks.
This indicates even higher folding and unfolding rates,
as the intermediate bridge-like FRET efficiency
population increases with increasing relaxation rate.
The BVA (Fig. 2b, left panels) confirmed that the broad
continuous distributions observed in the LDAO
histograms originate from a highly dynamic two-state
equilibrium between folded and unfolded states. A
comparison of histograms and BVA plots close to
midpoint conditions further corroborates that the more
pronounced bridging populations and arc-shaped
distributions in LDAO reflect a higher frequency of
interconversions and, thus, a higher relaxation rate
constant compared with DPC. We extracted k- and ky
values at 15 urea concentrations between 4.5
and 7.0 M using dPDA (Fig. 2a, orange symbols;
extracted fit parameters are shown in Table S3
and Fig. S4, Supplementary Data) and extrapolated
the data to zero denaturant concentration (Table 1).
Mistic exhibited an extrapolated folding rate constant
kt>pao=28.7 ms~' in LDAO, that is, a twofold
increase comopared with DPC. The unfolding rate
constant kG'?LDAo= 0.12 ms™', instead, remained
on the same order as for DDM and DPC, which
gave rise to a further net stabilization of the protein in
LDAO to AG/5S, =13.7 kJ mol~'. The kinetic
m-values (Mg pao = 1.28 kd mol™" M, my pao =
0.79 kJ mol~" M~") and the equilibrium m-values
(MLpao = 2.07 kdJmol~" M=) were very similar to the
respective values in DPC.

Faster unfolding in aqueous buffer without
membrane mimic

While headgroup chemistry modulates the folding
rate of Mistic significantly, the unfolding rate is affected
only slightly. This led to the question which role the
mere presence of the nonpolar, hydrophobic interior of
the micellar membrane-mimetic environment—or its
absence—plays in shaping the folding free-energy
landscape. Mistic strictly depends on a membrane
mimic for long-term stability at moderate to high
protein concentrations [15,39]; for short periods of time
and at very low concentrations as employed in single-
molecule FRET measurements, however, the protein is
stable in micelle-free buffer. Thus, we performed
urea-induced equilibrium (un)folding experiments in
aqueous buffer at detergent concentrations ~15-fold
below the critical micellar concentration (CMC) using
Tween 20 at a concentration of 0.0005% (w/v) to
passivate the measurement chamber. Figure 2c
(left panels) shows FRET efficiency histograms where
the protein was subjected to increasing concentrations
of urea in aqueous solution (see Fig. S1,
Supplementary Data for all histograms). At low urea
concentrations (i.e., < 0.5 M), a broad FRET efficiency
distribution with a rising low-FRET peak indicated
that the protein was only marginally stable in
the absence of micelles. Midpoint conditions were
observed at ~1.4 M urea, which is considerably
lower than in any of the three detergents tested.
We also observed here a clear bridge-like FRET
population, reflecting millisecond interconversion
dynamics as confirmed by BVA (Fig. 2c, right
panels). Applying dPDA to the FRET efficiency
histograms (cf. Table S4 and Fig. S4,
Supplementary Data for extracted
fit parameters) yielded rate constants of kPiqo =
1.85 ms™" and k(jz30 = 0.56 ms™" (Fig. 2a, Table 1).
Interestingly, kf?5o is, within error, identical to that
observed in DDM, while kﬂ?ﬂzo is one order of
magnitude higher than in any detergent used in
this study. The decreased equilibrium stability
of Mistic in water (AGH:3=2.97 kJ mol™") thus
correlates with much faster unfolding as compared
with DDM, DPC, and LDAO. The m-values amounted
to Mg o0 =0.96kJ mol™' M~ my 0 =1.00kJ
mol~' M~', and my,0 = 1.96 kJ mol~" M~", which
is slightly lower than the values in DPC and LDAO.

Discussion

Ultrafast protein folding at a hydrophobic/
hydrophilic interface

Urea-induced equilibrium (un)folding experiments in
the presence of detergent micelles and aqueous buffer
reveal that Mistic is a fast two-state folding protein
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(Figs. 1 and 2, Table 1), with folding and unfolding rate
constants in the millisecond time regime. The folding
kinetics of Mistic is strongly modulated by the choice of
detergent, leading up to a ~20-fold increase in
the presence of zwitterionic detergents as compared
with non-ionic ones. In 8art|cular DPC and LDAO
accelerate folding to r,: ppc = 70 us and ¢ 2cL’DAO =
35 ps, respectively. Thus, we have identified a protein
for which ultrafast folding can be induced by a
hydrophobic/hydrophilic interface between a hydro-
carbon phase and zwitterionic headgroups, both of
which lead to a significant speed-up of the folding
reaction. Given the similar topology of the protein in all
detergents [15], this illustrates the strong influence of
the environment on the folding free-energy landscape.
Although protein size and topology have been
identified as key players in determining the folding
speed of soluble proteins [4-8], there is room for
modulation by environmental factors. A topological
analysis based on the contact order predicts folding
rates between 10 us [8] and 8 ms [40] for Mistic, which
agrees well with the range of our experimentally
determined folding times. While the rates calculated
for vanishing denaturant concentrations involve rather
long extrapolations based on a linear dependence on
denaturant concentration, the measured folding rates
at midpoint conditions are close to the Finkelstein
speed limit of k9P ~ 1 ms~' calculated for a
110-residue protein [1]. Particularly, folding in DPC
and LDAQ at the midpoint occurs with kMgRA™ ~
0.55 ms~" and k™330 ~ 1.0 ms ™", respectively, thus
supporting the observat|on of ultrafast folding under
“extrapolated” conditions of zero denaturant. Interest-
ingly, previous NMR experiments on Mistic unfolding
in the presence of LDAO have reported a gradual loss
of secondary structure but not all tertiary structure with
increasing denaturant concentration [35]. By contrast,
our single-molecule FRET data clearly follow a two-
state folding behavior even in LDAO. In reconciling
these observations, it is important to consider the
different temporal resolutions of the two methods:
while, on this timescale, NMR experiments provide
time-averaged structures, single-molecule FRET
allows access to folding-state lifetimes in the micro-
second time range.

Modulation of protein-folding landscapes by
hydrophobic and polar detergent moieties

Hydrophobic and polar detergent moieties exert
opposing effects on the folding and unfolding rates of
Mistic: Hydrophobicity plays a major role in modulating
the unfolding path, as the protein unfolds approxi-
mately 10 times slower in a membrane mimic than in
aqueous buffer. The small variations in the unfolding
kinetics among the three detergents indicate that
the unfolding process is little affected by headgroup
chemistry and, thus, primarily governed by the
hydrophobic micelle core. Conversely, interactions

with detergents carrying zwitterionic headgroups are
the prime determinants in accelerating the folding
reaction up to ~20-fold. Consequently, with reference
to an aqueous environment, hydrophobic burial in
the hydrocarbon core of detergent micelles strongly
stabilizes the folded state, and zwitterionic head-
groups contribute further to stability as compared with
neutral ones (Table 1). Figure 3 summarizes these
conclusions, which are based on the earlier finding
that the unfolded state is independent of the detergent
used to solubilize the native state and therefore may
serve as a common reference state in all environments
[15,35,36]. Using the kinetic rates, we estimated the
free-energy barriers associated with folding by as-
suming that the speed limit [2] of 7 yin = (W/100) ps =
1.1 ps, with N = 110 denoting the number of amino
acid residues, corresponds to the pre-exponential
factor 1o. The foldlng free-energy barrier can then be
calculated asAG,: = RTIn(r,:/ro) y|eld|ngAGF LDAO =
8.6 kd mol~" and AGF opc = 10.3 kd mol~', whereas
the barners in DDM and water are AG,: pom = 15.9 kJ
mol~" and AG,: no0 = 15.4 kJ mol~". Although these
estimates rely on apprOX|mat|ons they suggest that
the folding barriers in zwitterionic detergent mlcelles
are very small and close to the 3 RT (~7.4 kJ mol™")
limit of barrierless folding at room temperature [41].
Interactions with micelles obviously affect the
exposure of Mistic to the aqueous solvent, as reflected
in the equilibrium as well as the kinetic m-values
(Table 1). Equilibrium m-values have been shown to
be a measure of the change in solvent-accessible
surface between the folded and unfolded states
[15,42]. Since the unfolded state is a common
reference state in all environments, the effects on
the m-values in different environments reflect differ-
ences in the solvent-accessible area of the folded
state. The larger value in DDM compared with that in
aqueous buffer indicates that Mistic's folded state is
more effectively shielded from the solvent and buried
inside the core of non-ionic DDM micelles than in
aqueous solution. Conversely, in DPC and LDAO, the
equilibrium m-values are, within error, the same as in

Mg\

free energy

| 510 mol DPC

reaction coordinate

Fig. 3. One-dimensional free-energy profiles of
Misticzg_110 folding in DDM, DPC, and LDAO micelles as
well as in aqueous solution.
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aqueous buffer, which can be explained by more
extensive hydration and deeper water penetration into
the headgroup region of zwitterionic micelles. Simi-
larly, kinetic m-values are related to the degree of
change in the average solvent-accessible surface
area between, on the one hand, the transition state
and, on the other hand, the unfolded or folded state,
respectively. For folding into micelles, the mg-values
in all three detergents are similar but significantly
larger compared with folding in water. Taking the
unfolded state as a common reference state, this is
readily explained by increased shielding of protein
surface in the transition state within micelles, whereas
in the absence of a membrane mimic, the transition
state remains exposed to the aqueous solvent.
In the unfolding reaction, the low kinetic m-values
in DPC and LDAO reflect a smaller change in
solvent-accessible area of the transition state as
compared with DDM, while water takes an intermedi-
ate position. Furthermore, the ratio of the kinetic
m-value to the equilibrium m-value, also known as the
Tanford B-value (B = me/m), provides a measure of
the relative solvent accessibility of the transition state
and, thus, the compactness of the transition state
relative to the native state. We obtain Br aqueous =
0.49, Brppm =0.50, Brppc = 0.63, and BrLpao =
0.62, suggesting that the transition state is relatively
more compact in zwitterionic micelles than in
aqueous buffer or non-ionic micelles.

Further information on the transition state, in
particular on the formation of stabilizing interactions
along the reaction coordinate, can be obtained
from correlations of the equilibrium stability and the
folding barrier. By analogy to the so-called ¢-value
[43] used in mutational protein-folding studies, we
define a “solvent” @go-value as Qg0 = AA GE/AA G,
which relates the change in protein stability, AAG"O,
to the change in the height of the free-energy barrier,
AAGE. Here, the first A refers to the difference in
stability between one of the micellar membrane
mimics and aqueous buffer. Therefore, this param-
eter provides a measure of the extent to which an
equilibrium-stability change caused by the environ-
ment is reflected in the transition state and reports
on the influence of the environment on the formation
of stabilizing interactions in the transition state: A
membrane mimic that stabilizes—that is, lowers the
free energy of—the transition state speeds up
folding; by contrast, an environment in which only
the equilibrium stability is enhanced without lower-
ing the transition-state barrier to folding has no
effect on the kinetics of folding. We obtained
@soi,oom = —0.09, @soippc = 0.51, and @soLpao =
0.64. Accordingly, DDM has a negligible influence
on the transition state and stabilizes the folded
state only, whereas the higher values in DPC and
LDAO indicate that, in addition to stabilizing the
folded state, the transition state is stabilized in the
presence of zwitterionic detergents. In summary,

while hydrophobic burial stabilizes only the folded
state but not the transition state, polar headgroup
interactions stabilize the folded state and, additionally,
lower the free-energy barrier to speed up the folding
reaction.

Role of polar interactions and micelle properties
in speeding up protein folding

The substantially higher folding rate constants of
Mistic in DPC and LDAO as compared with DDM and
aqueous buffer suggest a role for polar interactions in
enabling ultrafast folding. Electrostatic focusing has
been demonstrated to accelerate the binding of
ligands to proteins [44,45] as well as the coupled
binding and folding of intrinsically disordered proteins
[46]. Similarly, Coulombic effects could be at play
when Mistic, which contains a total of 25 acidic and 15
basic amino acid residues, associates with and folds
into zwitterionic micelles. Such effects may not only
enhance the encounter rate by efficiently targeting the
protein to the micelle but also increase the dwell time
at the micelle and reduce the detachment rate after
encounter to increase the probability of folding at the
micelle surface. Furthermore, zwitterionic detergent
micelles [47] and phospholipid bilayers [48] possess a
pronounced positive interfacial dipole potential of up
to a few hundred millivolts inside their nonpolar core,
which is absent from nonionic detergent micelles. The
positive membrane dipole potential has been sug-
gested as a driving force for the coupled folding and
bilayer insertion of an anionic B-barrel membrane
protein [49]. As Mistic has a net negative charge of
—13 at pH 7.4, the positive dipole potential might help
in reducing the free-energy costs associated with
crossing the activation barrier and accommodating
the rather hydrophilic protein in the micelle during
folding. Furthermore, also the higher ¢sq-values in
DPC and LDAO pinpoint toward a lowering of the
folding barrier in zwitterionic micelles caused by
favorable contacts of the transition state with the
micelle. This is supported by observations from NMR
experiments in which the assembly of the four-helix
bundle in the presence of LDAO starts from helices 3
and 4 and then proceeds through recruitment of helix
2 and finally helix 1 [35]. This study also found
that helix 3 as well as loop 2 and helix 4 retain close
contacts with LDAO headgroups even at high
denaturant concentrations, indicating that these re-
gions, which comprise the folding core, interact with
the zwitterionic micellar surface even in the unfolded
state. Since the folding core of Mistic possesses a
high negative charge density with anionic groups on
the protein surface mainly clustered around the third
helical segment of the folded protein [15] and anions
have a high affinity for zwitterionic micellar surfaces
because of their positive interfacial dipole potential,
the local negative charge density facilitates orientation
of Mistic's folding core at the zwitterionic micellar
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surface and, through Coulombic priming, assists in
establishing polar contacts with the zwitterionic head-
groups early during the folding process.

While polar interactions might influence the folding
speed directly, the acceleration observed in the
presence of zwitterionic micelles might also stem
from differences in surface properties that impact the
accessibility of the micelle interior to the protein. In
DDM micelles, the polar but uncharged maltose
headgroups are densely packed because of inter-
and intra-headgroup hydrogen bonding, thus yielding
an average occupied surface area per monomer of
only 60-70 AZ despite the relatively large steric size of
the headgroup [50,51]. This results in hydration
numbers as low as 3-5 water molecules per glucose
subunit of the maltose headgroup and largely
precludes water penetration into the micellar interface,
with essentially no water molecules within ~17 A of
the micelle center of mass (COM) [50]. By contrast,
DPC monomers experience electrostatic repulsion
between their zwitterionic headgroups, thereby result-
ing in a larger average surface area of ~78 A? per
monomer despite the comparably small steric size of
the phosphocholine headgroup. This allows more
extensive penetration of water molecules, as reflected
in hydration numbers of ~21 and ~8 for the choline
and phosphate moieties, respectively [52], and
substantial penetration of water even within ~12 A
of the COM [52,53]. LDAO micelles feature an
even larger surface area of ~95 A2 per monomer, a
hydration number of ~8 per headgroup, and deep
penetration of water molecules within 10—12 A of the
COM [54,55]. Thus, the higher folding rate constants of
Mistic in DPC and LDAO as compared with DDM
are also correlated with the less densely packed,
more hydrated interfacial regions of zwitterionic mi-
celles. These properties might further help reduce the
free-energy costs associated with crossing the activa-
tion barrier as well as accommodating and hydrating
the polar protein within the micelle upon folding.

In addition, zwitterionic micelle surfaces have been
shown to cause partial neutralization of Glu and Asp
residues in proteins [18,56] by shifting the ionization
equilibrium of the carboxylate groups toward the non-
ionized species [18] and increasing the local proton
concentration (i.e., pH drop) as a result of the negative
surface potential [57]. Such charge-neutralization
effects have been implicated in determining the
folding kinetics of membrane proteins [18]. Therefore,
the partially neutralized anionic character of Mistic in
the vicinity of a zwitterionic micelle surface may further
serve to lower the barrier for coupled binding and
folding into the hydrophobic micelle core.

Biological implication of fast folding modulation
at a hydrophobic/hydrophilic interface

Our results show that zwitterionic headgroup
moieties at a hydrophobic/hydrophilic interface can

tailor the folding landscape of Mistic to achieve
ultrafast kinetics with marginal folding barriers. An
important question that emerges from these findings is
why this protein is subject to such kinetic regulation.
Fast conformational transitions between folded
and unfolded states at micellar surfaces resemble
the fast coupled folding and binding of intrinsically
disordered proteins with their interaction partners [58],
which has been shown to aid in either induced-fit or
conformational-selection mechanisms to facilitate
moonlighting [59] or produce sophisticated allosteric
effects in proteins that bind to multiple, structurally
diverse partners [60]. Fast conformational motions
also ensure conformational selection by a quick
locking and homing-to-target mechanism [58]. More-
over, it has been suggested that fast-folding
proteins with marginal barriers may confer an
advantage in signaling by acting as a continuous
regulator [58,61,62]. Interestingly, Mistic is essential
for biofilm formation and is part of an auto-regulatory
feedback loop involving K* efflux and activation of
kinases and biofilm regulatory factors in a complex
signaling pathway [33]. Although folding at mem-
branes is clearly different from folding into micelles, it
is tempting to speculate that similar mechanisms
could be at play for fine-tuning interactions with the
bacterial membrane, which is rich in zwitterionic
headgroups, or with potential protein interaction
partners at the membrane such as the K* channel
YugO [33].

Conclusions

Protein folding is a complex physicochemical self-
organization process dictated by an interplay of forces
determined by both the sequence of the protein itself
and the properties of the environment. The depen-
dence of the folding reaction on the environment adds
complexity that can have a strong impact not only on
the structure of the folded state but also on its dynamic
equilibrium with the unfolded state. This applies to all
proteins that depend on interactions with other bio-
molecules for proper folding but is particularly relevant
for self-inserting membrane-interacting proteins.
Using single-molecule spectroscopy to extract folding
kinetics in micellar environments under equilibrium
conditions, we have shown that polar and nonpolar
moieties play differential roles in shaping the folding
landscape of a membrane-interacting protein. Hydro-
phobic burial mainly stabilizes the protein against
unfolding, while zwitterionic headgroups, abundant
also in biological membranes, significantly lower the
folding barrier. Together, these effects give rise to
ultrafast folding in a heterogeneous, anisotropic
environment, shedding light on novel kinetic control
mechanisms of protein-folding reactions by physico-
chemical properties of a hydrophobic/hydrophilic
interface.
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Materials and Methods

Preparation of labeled protein

A protein variant (Misticsg_11¢) for site-specific
double-labeling was engineered with an unnatural
amino acid (N-propargyl-L-lysine, PrK, SiChem,
Germany) and a unique Cys incorporated at
residues 30 and 110, respectively [29]. Recombinant
protein production was performed in Escherichia
coli using the pEvol vector system (pEvol PyIRS)
from Methanosarcina mazei for incorporation of
PrK [63]. After purification following published
procedures [15,35], the protein was orthogonally
labeled at residue 30 with acceptor (ATTO647N,
Atto-Tec, Germany) and at residue 110 with donor
(ATTO532, Atto-Tec) fluorophores using alkyne—
azide click chemistry and thiol-maleimide coupling
[64]. Details are given in the Supplementary Data.

Single-molecule FRET measurements

Experiments were carried out using a custom-
built dual-color single-molecule confocal fluorescence
microscope [65,66]. Details on instrumentation are
given in the Supplementary Data. Measurements
were performed at 24 °C in 50 mM Tris buffer
(pH 7.4), 50 mM NaCl with various concentrations of
urea (Ultrapure, Carl Roth, Germany) containing
detergent micelles composed of either DDM (Ana-
trace, USA), DPC (Anatrace, USA), or LDAO (Sigma,
USA). The detergent concentration was always 1 mM
above its CMC at the respective urea concentration as
determined elsewhere [15,24]. Urea and detergents
were of highest purity grade commercially available.
Experiments in aqueous solution were performed
in buffer containing 0.0005% (w/v) Tween 20 (Sigma,
USA), ~ 15 times below the CMC, to prevent surface
adhesion. The labeled protein was examined at
~5 pM in its respective aqueous or micellar
environment to obtain appropriate burst rates
under single-molecule conditions.

Data analysis

Data analysis was performed with custom-
written Matlab scripts (Mathworks, USA). The
analysis software is available upon request. Single-
molecule events were identified from the acquired
photon stream by a burst search algorithm. FRET
efficiency histograms were obtained after removal
of donor-only, acceptor-only, and blinking and
photobleaching events. Details are given in the
Supplementary Data. Identification of millisecond
folding kinetics was done by BVA [37] as described
in the Supplementary Data. Quantification of milli-
second folding and unfolding rates from FRET
efficiency histograms was performed by dPDA [38]

as detailed in the Supplementary Data. Kinetic and
thermodynamic parameters were derived by apply-
ing linear extrapolation to extract folding and unfold-
ing rates in the absence of denaturant as outlined in
the Supplementary Data.
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