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lonic surfactants such as sodium dodecyl sulfate (SDS) unfold proteins in a much more diverse yet effective
way than chemical denaturants such as guanidium chloride (GdmCIl). But how these unfolding processes
compare on a molecular level is poorly understood. Here, we address this question by scrutinising the
unfolding pathway of the globular protein S6 in SDS and GdmCIL with single-molecule Férster resonance
energy transfer (smFRET) spectroscopy. We show that the unfolding mechanism in SDS is strikingly
different and convoluted in comparison to denaturation in GAmCL. In contrast to the reversible two-state
unfolding behaviour in GdmCL characterised by kinetics on the timescale of seconds, SDS demonstrated
not one, but four distinct regimes of interactions with S6, dependent on the surfactant concentration. At
=1 mM SDS, S6 and surfactant molecules form quasi-micelles on a minute timescale; at millimolar [SDS],
the protein denatures through an unfolded/denatured ensemble of highly heterogeneous states on
a multi-second timescale; at tens of millimolar of SDS, the protein unfolds into a micelle-packed
conformation on the second timescale; and >50 mM SDS, the protein unfolds with millisecond timescale

dynamics. We propose a detailed model for multi-stage unfolding of S6 in SDS, which involves at least
Received 14th April 2020

Accepted 7th August 2020 three different types of denatured states with different level of compactness and dynamics and

a continually changing landscape of interactions between protein and surfactant. Our results highlight
DOI: 10.1039/d0sc02100h the great potential of single-molecule fluorescence as a direct probe of nanoscale protein structure and

rsc.li/chemical-science dynamics in chemically complex surfactant environments.

cosmetics—not to mention SDS-PAGE, which is probably the
most wide-spread protein analysis method worldwide.'”
Surfactants differ fundamentally from chaotropic denaturants

Introduction

Interactions of proteins with surfactants have been the focus of

studies for many years, not only because of the remarkable
variety of conformations that surfactants induce in proteins,
but also due to the importance of protein-surfactant interac-
tions in many applications such as detergency, food, and
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(e.g., urea and guanidinium chloride (GdmCl)) in their impact
on protein conformations. Chemical denaturants are highly
polar/ionic small molecules that interact weakly with protein
backbone/sidechain groups and stabilise preferentially
unfolded states due to their greater solvent-accessible surface
area.*® Through this effect they destabilise compact states such
as the native state, yet molar concentration levels are required to
significantly displace the equilibrium away from the native
state. Surfactants, by contrast, are relatively large amphiphilic
molecules with both hydrophobic and hydrophilic moieties and
are active at much lower concentrations (i.e., typically in the
millimolar range).> While non- and zwitter-ionic surfactants
prefer to self-assemble into micelles at their critical micellar
concentration (CMC) rather than interacting with proteins,
ionic surfactants—particularly the anionic kind—interact
strongly with proteins through a combination of hydrophobic
and complementary electrostatic interactions and thus are able
to effectively disrupt native protein conformations already
below the CMC. The best-studied example is sodium dodecyl
sulfate (SDS).
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Below the CMC (which is around 1-5 mM for SDS in most
buffer systems), where it predominantly exists in its monomeric
state, SDS can bind to proteins almost like a ligand stabilising
the native state, rather than denaturing the protein as a chem-
ical denaturant.*” With increasing numbers of bound SDS
molecules, surfactant clusters form typically around the
protein, leading to local or global disruption of protein struc-
ture. For example, the formation of shared micelles involving
several protein molecules around a common micelle core has
been reported.® Above the CMC, proteins form complexes with
SDS, which are generally thought to be built up of already intact
SDS micelles decorated with partially unfolded protein.***
However, the picture is more complex as there is not just one
generic protein-SDS complex present in solution: the shapes
and sizes of protein-surfactant complexes depend on the
protein and surfactant in question as well as the solvent
conditions such as surfactant concentration, ionic strength, pH,
and temperature.** Also, micelles have been shown to rearrange
around the protein during the initial stages of unfolding
according to both computational®® and synchrotron-SAXS'®
studies. Another important difference compared to the chemi-
cally denatured state is that SDS-denatured proteins are not
random coils but typically retain significant, albeit non-native,
secondary structure elements, which are often rich in a-helices.

The globular protein S6 has been used as a model system for
protein unfolding studies in both chemical denaturants'”'® and
SDS,”*' hence making it particularly useful in efforts to
understand the action mechanism of chaotropes and surfac-
tants on protein unfolding. In GdmCI, S6 unfolds reversibly in
a two-state manner involving only the native and the denatured
state;'” only high concentrations of stabilising inorganic salts
such as sodium sulfate lead to a transient accumulation of
a metastable off-pathway collapsed state at very low GdmCl
concentrations.”” The situation is significantly more complex in
SDS. S6 denatures below the CMC of SDS, indicating that
monomeric SDS is a potent denaturing agent.”* The denatur-
ation takes place in several phases according to multiple
different spectroscopic and calorimetric techniques. Under
these conditions the CMC is around 3 mM SDS. The early phase
(up to 1 mM SDS in the absence of salt) involves binding of <10
SDS molecules and likely only involves local rearrangements or
simple binding of individual SDS molecules to the native state.
Between 1 and 3 mM SDS, up to 20 more SDS molecules bind,
leading to small clusters on the protein surface, at which the
protein undergoes a conformational change, according to both
Trp fluorescence and circular dichroism (CD) spectroscopy,
which can be monitored kinetically and leads to an exponential
increase in the rate constant with [SDS].** At 3 mM SDS, bulk
micelles start to form and the rate of denaturation stays
constant right up to 150 mM SDS, after which it starts to rise
again, probably due to the formation of more cylindrical or
“sausage-shaped” micelles, which alter the kinetics of SDS-
protein interactions.*® Higher ionic strength promotes forma-
tion of these cylindrical micelles, probably by screening the
electrostatic repulsion between the sulfate head groups and
reducing the CMC, and this also leads to a more steady increase
in the rate of unfolding with [SDS], abolishing the flat plateau
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seen in the absence of salt.** Thus, conditions that modulate the
strength of protein-surfactant interactions clearly affect the
mechanism of denaturation.

One major drawback with measurements performed at the
ensemble level is that they only describe average conforma-
tional changes and fail to provide insights into the heteroge-
neity of these transitions. This is particularly distressing when
studying protein-surfactant interactions where one expects
a complex mixture of different interconverting species due to
the many types of interactions that occur between the protein
and the surfactant. Here we address this gap of knowledge by
the use of single-molecule Forster resonance energy transfer
(SmFRET) spectroscopy, which in conjunction with ensemble
spectroscopic techniques allows us to uniquely assess the
structural heterogeneity and conformational dynamics of S6
upon SDS denaturation. SmFRET,**** owing to its remarkable
sensitivity and temporal resolution, is a powerful technique for
disentangling intricate folding scenarios and extracting folding
kinetics in surfactant micelles from equilibrium measurements
on timescales from hours down to nanoseconds,**® without the
need of synchronisation or complications arising from the
superposition of micellar reorganization.>”*® Because the signal
in smFRET measurements is recorded on single molecules in
the absence of ensemble averaging, subpopulation-specific
conformational heterogeneity can be resolved and nanoscale
dynamics can be observed, thus providing a new route for
obtaining insights into the denaturation mechanism of S6 by
chaotropes and surfactants. Our data obtained herein reveal
that the unfolding mechanism in SDS is strikingly different and
structurally and temporally convoluted in comparison to the
denaturation in GdmCI. In contrast to the reversible two-state
unfolding behaviour in GdmCI characterised by kinetics on
the timescale of seconds, SDS demonstrated not one, but four
distinct regimes of interactions with S6, dependent on the
surfactant concentration. These lead to a multitude of different
species of unfolded states with different levels of compactness,
caused by a complex interplay with SDS monomers and
micelles. The region just below and above the CMC is particu-
larly complex and full of coexisting species but additional
species continue to form and disappear at significantly higher
concentrations, indicating a continually changing and complex
landscape of interactions between protein and surfactant.

Results and discussion

Ensemble stopped-flow kinetic analysis indicates complex
unfolding behaviour of S6 in SDS

The starting point of our investigations, which prompted us to
study the unfolding behaviour of S6 by single-molecule meth-
odology, was the remarkable complexity observed in ensemble
stopped-flow kinetic measurements. Fig. 1 shows the kinetic
time profiles of S6 as a function of [SDS], recorded from around
0.35 to 125 mM SDS with a large number of data points recorded
around the CMC of SDS (under our buffer conditions, ie.
50 mM TRIS, 150 mM NaCl, pH 7.4, CMCgps = 1.1 mM, see
Fig. S11). At all [SDS], we observed a major unfolding relaxation
phase, seen as a reduction in fluorescence over time (ie.,

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Stopped-flow kinetics of S6 unfolding at different [SDS] monitored by Trp fluorescence. (A) Unfolding rate constants for the major
unfolding phase. Inset shows zoom-in between 0.35 and 10 mM SDS. Note the logarithmic scale on the ordinate. Linear fit between 20 and
125 mM SDS is a guide to the eye. (B and C) Time profiles for unfolding of S6 in 0.5 and 0.7 mM SDS. Insets show the first seconds, characterised
by a very rapid decay, followed by a second slower rise before the major unfolding signal is observed. Inset data fitted to a double exponential
decay with drift. (D) Amplitudes and rate constants for the overshoot phase observed between 0.5 and 1.4 mM SDS (see examples in panels B and

Q).

a positive amplitude Apajor), Whose associated rate constant
kmajor increases monotonically with [SDS]. kmajor Showed an
almost 100-fold increase from 0.35 mM SDS (kpajor ~ 0.001 s
up to 1 mM SDS (kmajor ~ 0.1 s~ 1), after which there was
a decreasingly steep rise up to ~10 mM SDS (kmajor ~ 1 s~
(Fig. 1A). Between 10 and 125 mM SDS, kpajor increased much
more slowly, eventually reaching ~20 s~ .

In addition to this major phase, three additional phenomena
were observed at low [SDS]:

(i) Between 0.35 and 0.7 mM SDS, there was a second 20-fold
faster relaxation phase, also with a positive amplitude Aminor,
with a magnitude ~30-40% of Ap,jor (data not shown). Between
0.8 and 1.0 mM SDS, the two relaxation phases came close to
each other in rate constants (~2-3-fold difference in magni-
tude), making it difficult to distinguish them. Above 1.0 mM
SDS, there was (along with the major phase) consistently a slow
phase with rate constant <0.02 s~' with a small and positive
amplitude.

(ii) A very fast phase with rate constants between 60 and
~300 s and positive amplitude was observed just above
0.35 mM SDS (cfr. Fig. 1B and C). It showed the greatest

This journal is © The Royal Society of Chemistry 2020

magnitude around 0.5-0.6 mM SDS, after which it gradually
declined and disappeared by 1.1 mM SDS.

(iii) Between 0.5 and 1.4 mM SDS, there was also an inter-
mediate phase with a negative amplitude over the first few
seconds (rate constant Kipermediate 0-1-22 s~ ') before the major
phase took over (examples in Fig. 1B and C; summarised in
Fig. 1D). The length of this burst phase was around 5-10 s at
0.6 mM SDS, but it declined to 1.0 s at 1.0 mM SDS and
disappears above 1.4 mM SDS.

Thus, we conclude that there is a complex series of kinetic
developments at these [SDS], indicating possible heterogeneity
which is hard if not impossible to access in ensemble methods.
We will now examine to what extent smFRET can shed light on
these phenomena.

smFRET unveils structural heterogeneity and complex
unfolding behaviour of S6 in SDS

For our smFRET analysis, a fluorescently labelled S6 variant
(Fig. 2A) was diluted to 10 pM in a buffer containing 0-300 mM
SDS. Fluorescence bursts from a large number of individual S6
molecules diffusing through the confocal detection volume

Chem. Sci., 2020, 1, 9141-9153 | 9143
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Fig. 2 SDS-mediated unfolding of S6 monitored by smFRET. (A)
Schematic of S6 labelled at positions 1 and 97 with donor (green) and
acceptor (red) fluorophores. (B) FRET efficiency histograms of S6 at
increasing [SDS] as indicated in the subpanels. Dashed lines indicate
the position of the native state. The full series of histograms is given in
Fig. S2.1

were analysed to generate FRET efficiency (E) histograms
(Fig. 2B; see also Fig. S27). Such histograms report on the
diversity of conformations with different levels of compactness
(i.e., distance between the two dyes). For example, a protein
populating two states with significantly different levels of
compactness (e.g., a folded and an unfolded state) would lead to
two well-defined peaks in such a histogram. However, a complex
non-two state unfolding behaviour of S6 was observed upon
addition of SDS. The FRET efficiency histograms exhibited
a large degree of conformational heterogeneity when going
from 0 mM SDS to very high [SDS]. Various subpopulations
classified by a change in mean FRET efficiency positions ((E))
and widths (o) were observed, corroborating the observations
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from kinetic stopped-flow measurements that S6 unfolding in
SDS follows a complex unfolding scheme.

In the following, we provide structural and dynamic insights
into this heterogeneity by performing in-depth analysis of
SmMFRET data along the unfolding pathway of S6.

The native state of S6 remains well-folded and unperturbed up
to 0.3 mM SDS

In the absence of SDS, the FRET efficiency histogram (Fig. 2B,
top left histogram) exhibited a single narrow peak centred at (E)
= 0.86 (¢ = 0.08) as expected for a well-folded globular protein.
Increasing [SDS] up to approximately 0.3 mM (Fig. 2B, left
column) did not induce any noticeable changes to the shape of
the FRET efficiency histograms, suggesting that SDS in this
range does not perturb the structure of S6.

CD and steady-state intrinsic Trp protein fluorescence
experiments support this observation (Fig. 3). CD spectra
(Fig. 3A) in the range up to 0.3 mM SDS exhibited minima in the
mean molar residual ellipticity [®] at 209 and 219 nm, in
agreement with the secondary structure content seen in the
crystal structure, which comprises a mixture of a-helices and -
sheets. Also, the ratio rcp 209219 nm Of [@]-values at 209 and
219 nm did not change until 0.4 mM SDS (Fig. 3B). Further-
more, Trp fluorescence emission spectra of the single Trp
residue at position 62 of S6 showed only minimal shifts in this
region and the ratio s 330350 nm Of fluorescence emission
intensities Ir; at 350 and 330 nm remained constant (Fig. 3C),
indicating no alteration of the chromophores' surroundings
(i.e., global protein structure) up to 0.3 mM SDS.

Further, the fluorescence lifetime t, of the attached FRET
acceptor fluorophore, which serves as a sensitive reporter of
local quenching effects (Fig. 4A), remained constant in the
region below 0.3 mM (t4 = 3.2 + 0.6 ns), indicating that the
acceptors’ molecular environment remains largely unchanged.
We also probed the steady-state rotational correlation times p of
both the acceptor and the donor fluorophores (Fig. 4B) and
found that increasing [SDS] from 0 to 0.3 mM led only to
a minor slowdown of the rotational correlation time of both the
acceptor (from p, = 1.64 + 0.08 ns to 1.82 + 0.08 ns) and donor
(from pp = 0.55 £ 0.08 ns to 0.67 £+ 0.09 ns) labels, possibly
arising from a gradual association of detergent monomers close
to the fluorophores.

In conclusion, at up to 0.3 mM SDS, the protein remains in
a well-folded, native state, here denoted as N, that is largely
unperturbed by the addition of SDS.

S6 undergoes a structural expansion through an intermediate
state with slow kinetics as the CMC of SDS (0.3-1.5 mM SDS)
is approached and passed

As we increased the [SDS] within the sub-millimolar range, we
observed between 0.3 and 0.4 mM SDS a marked broadening
and shift of the high FRET efficiency peak ((E) = 0.86, ¢ = 0.08)
to lower FRET efficiencies ((E) = 0.72, 0 = 0.17) (Fig. 2B, see also
Fig. S2t). The peak was two-fold broader than the correspond-
ing peak at and below 0.3 mM SDS (i.e., native conditions). In
order to exclude that the broadening originates from changes in

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 SDS-mediated unfolding of S6 monitored by CD and intrinsic Trp fluorescence spectroscopy. (A) CD spectra of 18 uM S6, showing the
mean molar residual ellipticity, [®], versus wavelength, 4, in the absence of SDS (purple), at increasing [SDS] (0 to 280 mM SDS, colour coded), and
in the presence of 5.6 M GdmCl (grey). Dashed lines indicate minima at 209 and 219 nm. (B) Plot of the mean molar residual ellipticity [®]-ratio at
209 and 219 nm, rcp 2097219 nm. @S @ function of [SDS]. (C) Plot of the emission intensities at 330 nm and 350 nm, /¢ 330 nm and Ik 350 nm. s Well as

their ratio, re_350/330 nm. @s @ function of [SDS]. Dashed lines indicate 0.4 mM SDS and the CMC of SDS (i.e., 1.1 mM SDS).

quantum yield and a restricted rotational freedom of the dyes,
we confirmed an unaltered fluorescence lifetime and sufficient
rotational averaging at 0.2, 0.6, and 10 mM SDS (Table S11).
This indicated that S6 underwent a structural change to an
expanded, more loosely folded state, in the following denoted
the expanded state Ex. This state was discernible up to about
1.5 mM SDS, a concentration slightly above the CMC. The range
0.35-1.5 mM SDS corresponded in stopped-flow experiments to
the region of the onset of equilibrium unfolding and greatest
kinetic complexity with multiple relaxation phases and rate
constants ranging from 0.001 s~ ' to >100 s~ . In addition to the
shift and broadening of the high FRET efficiency peak we
observed an increasing population of low and mid FRET effi-
ciencies in the range between 0.7-1.5 mM SDS, as shown for
0.9 mM SDS in Fig. 5A. This region coincides with the

A 04mM  CMC
5 - , ;

Nus ?

7, (ns)

intermediate “overshoot” phase observed in stopped-flow
experiments with Kintermediate = 0.1-22 s~ (Fig. 1).

The emergence of additional populations was also clearly
visible when plotting FRET-2CDE versus FRET efficiency
(Fig. 5B, left panel) as well as relative donor lifetime (tp()/Tp(o))
versus FRET efficiency (Fig. 5B, right panel; exemplarily showing
data for 0.9 mM SDS). These plots report on sample dynamics at
the observational millisecond to (sub)-microsecond timescale,
based on photon density fluctuations in the donor and acceptor
channels or fluorescence lifetime fluctuations in the donor
channel, respectively. At least three areas of higher density
(arrows) were spread between the FRET efficiency range from E
= 0.1-0.6, in addition to the most populated state Ex ((E) =
0.72). As seen for the FRET histogram-based analyses in Fig. 2B
and S2,1 these low and mid FRET states reached maximum
occupancy at around 0.9 mM SDS and then decreased as the
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Fig. 4 Analysis of acceptor fluorescence lifetimes and steady-state rotational correlation times from smFRET experiments. (A) Burst-averaged
acceptor lifetimes (za) as a function of [SDS]. The red area indicates the width (tp + o) of the burst-averaged lifetime distribution. (B) Donor
(green) and acceptor (red) steady-state rotational correlation times, pp A, as a function of [SDS]. Dashed lines indicate 0.4 mM SDS and the CMC of
SDS (i.e., 1.1 mM SDS).
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Fig.5 Structural heterogeneity and slow kinetics of S6 below and around the CMC of SDS. (A) FRET efficiency histogram of S6 in the presence of
0.9 mM SDS. (B) 2D scatter plots of FRET-2CDE score versus FRET efficiency (left) and relative donor lifetime (tpn)/tp(0) versus FRET efficiency
(right), respectively. The normalised density of single molecules is colour coded (scaled from blue to red). In the FRET-2CDE plot, the black lines
represent the static FRET line at FRET-2CDE scores of 10 (solid) and the threshold for dynamic events with FRET-2CDE scores bigger than 20
(dashed), respectively. In the relative donor lifetime plot, the solid black line denotes the static FRET line including linker motion.*® Ex, expanded
state; UDE, unfolded/denatured ensembile. (C) Temporal change of the FRET efficiency histograms (left) and the time evolution of the fraction of
molecules below E = 0.5 for 0.4 mM and 0.7 mM SDS (right). (D) Kinetic reaction scheme as obtained from slow dynamic PDA, employing a two-
way three-state reaction scheme to extract unfolding rates, k, between the native N, intermediate unfolded/denatured ensemble UDE, and the
expanded state Ex, and their respective mean FRET efficiency values ((E)).

[SDS] approached 1.5 mM. Notably, the expanded state Ex, and
to some extent the populations at mid FRET efficiencies, are
displaced from the static FRET line in the relative donor lifetime
(Tpa)/Tp(0)) versus FRET efficiency plot (Fig. 5B, right panel). This
displacement indicates ultrafast dynamics of these states, on
microsecond timescales, even faster than the rapid rate
constants of 60-300 s~ " seen between 0.35 and 0.7 mM SDS in
stopped-flow unfolding experiments. Conversely, populations
at low FRET efficiency were found on the static FRET line,
indicating that these are static on the observation timescale.
Overall, the states at mid and low FRET efficiencies represent
a heterogeneous ensemble of unfolded/denatured states. These
intermediate states are denoted as the unfolded/denatured
ensemble UDE in the following.

To evaluate the kinetic evolution below and around the CMC
of SDS between the native state N, the expanded state Ex, and
the unfolded/denatured ensemble UDE, time-resolved SmFRET
unfolding experiments were performed by rapid mixing of
fluorescently-labelled S6 into solutions containing 0.4-1.5 mM
SDS, after which FRET efficiency histograms were acquired in
time intervals of several minutes. In Fig. 5C representative
histograms of the timeseries at 0.4 and 0.7 mM SDS are shown.
At 0.4 mM SDS, the FRET efficiency distribution gradually
shifted from the native state in the first minutes to an expanded
peak. Strikingly, in the course of the reaction, the number of
bursts in the range below E = 0.5 first increased and then
decreased over 30 min, suggesting the presence of a transient
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state in this region. Comparison with the time course at 0.7 mM
SDS (Fig. 5C) reaffirmed this observation, as the normalised
distribution of bursts in the low FRET region during the first
10 min corresponded to an additional, extended state that
ceased to exist afterwards. These observations are in line with
ensemble stopped-flow unfolding kinetics measurements,
which show complex double exponential decays, indicating the
existence of at least two sets of unfolding transitions at
comparable yet distinct timescales.

To assess the timescale of this conformational rearrange-
ment, time series histograms at 0.4 and 0.7 mM SDS were fitted
with an adapted probability distribution analysis (PDA) method
for quantifying slow kinetics (see ESIT). We employed a three-
state model to extract state fractions and interconversion rates
between the three states N, UDE, and Ex. Three out of six
resulting kinetic rates were negligible (<0.001 min~"), thus the
scheme of the reaction transformed into unidirectional transi-
tions between N, UDE, and Ex (Scheme S2+t). The extracted rates
of the slow dynamic PDA fit at 0.4 mM SDS were ky_, ypg = (0.09
+ 0.006) min™", kypg - gx = (0.030 £ 0.002) min~" and ky g =
(0.108 + 0.007) min~" for the N-to-UDE, UDE-to-Ex and N-to-Ex
transitions, respectively. At 0.7 mM SDS the rates were found to
be ky_upe = (0.22 + 0.07) min™', kypgopx = (0.15 +
0.04) min~" and ky_, gx = (0.39 £ 0.07) min"". These values were
close to the average weighted rate constant of 0.112 min™"
measured by stopped-flow. Accordingly, at 0.4 mM SDS the
unfolding occurred with similar transition probability either

This journal is © The Royal Society of Chemistry 2020
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directly from the native state N to the expanded state Ex or via
the intermediate unfolded/denatured ensemble UDE. In the
latter scenario, the transition was significantly slower as the
molecules spent an average dwell time of ~33 min in the
intermediate state UDE. On the contrary, at 0.7 mM SDS the
direct transition to the expanded state Ex appeared to be more
favourable. In addition, the unfolding transition via UDE was
accelerated with a decreased dwell time of ~7 min. Both, N-to-
UDE and UDE-to-Ex, transition rates increased 2.4-5 times with
0.4 to 0.7 mM [SDS], respectively. This agrees well with
ensemble measurements, which indicated a ~5-fold accelera-
tion of unfolding (increase in kmajor from 0.112 to 0.57 min~ ")
for the same change in SDS.

The large changes in S6 tertiary structure and dynamics
between 0.3 and 1.0 mM SDS as observed by smFRET were
accompanied by secondary structure alterations (Fig. 3A). When
going from 0.2 mM SDS to 0.4 mM SDS and above, a strong
minimum at 207 nm in CD spectra emerged while the
minimum at 220 nm becomes less pronounced. This is in line
with the ability of SDS to promote the formation of a-helices in
the regions which used to be B-sheets in the native conforma-
tion**?*® and the ability of SDS to denature proteins into an a-
helical rich state with random coil elements.** The alteration of
the secondary structure was also reflected in the rcp-ratio
(Fig. 3B). The steep increase in rcp at 0.4 mM matched the
emergence of the extended state Ex in the FRET efficiency
histograms. The ratio increased with [SDS] up to 1.0-1.5 mM
(i.e., slightly beyond the CMC of SDS (1.1 mM)). Above these
concentrations the ratio values levelled off. This indicated that
the major secondary structure loss and/or rearrangements into
a-helical and random coil structures occurred at sub-CMC
conditions, and no further changes were observed after the
onset of micellization.

Intrinsic fluorescence parameters, which rely on the single
Trp in position 62, also dramatically changed in the range
between 0.35 and 1.0 mM SDS (Fig. 3C). Steady-state intrinsic
Trp protein fluorescence experiments showed a strong drop of
both absolute emission at 350 and 330 nm, as well as the ratio
between the two emission wavelengths rg;, which decreases
from 1.5 down to 1.15, in line with the reported blue shift of the
Trp fluorescence spectrum at these conditions.”® This suggests
that the microenvironment of Trp turns less polar upon
expansion of S6, i.e. less accessible to water molecules,** which
implies an increasing association of Trp with the hydrophobic
tails of the surfactants. This situation did not change upon
further titration with SDS, indicating that Trp is embedded
within the micelle core above the CMC. There were minor
fluctuations of rg in the range between 0.9-1.5 mM SDS
(Fig. 3C), which may recapitulate the structural heterogeneity
observed in SmFRET experiments in this range, seen as a set of
low and mid FRET states at this set of conditions.

Further, the lifetime 7, of the attached FRET acceptor fluo-
rophore increased to 3.8 + 0.5 ns (Fig. 4A), hinting at a larger
spatial separation of the acceptor fluorophore and any nearby
quencher (e.g., Trp62), likely caused by the overall expansion of
the protein as seen in FRET histograms. 7, values in this range
are associated with fluctuations in the acceptor lifetime, which
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likely underline the heterogeneity of S6 states in this SDS range.
Similarly, p increased strongly for both dyes in the range of
0.35-1.1 mM SDS (Fig. 4B) and saturated around p, = 2.6 + 0.2
ns and pp = 1.2 + 0.15 ns for the acceptor and donor fluo-
rophores, respectively. This suggests a more extensive binding
of SDS molecules to the local environment of the fluorophores,
and, by extension, to the protein. Beyond the CMC of SDS, p,
dropped to 2.2 £+ 0.2 ns, while pp, is not affected by a further
increase in [SDS].

S6 is compact and densely packed in SDS micelles above the
CMC and up to 10 mM SDS

Strikingly, above 1.5 mM SDS, FRET efficiency histograms
morph into more and more compact, unimodal distributions
(Fig. 2B, right column). They appear very similar to the ones
seen in the native state, but differed by exhibiting slightly lower
mean FRET efficiency values. This culminated at 10 mM SDS,
where the peak with (E) = 0.80 (¢ = 0.06) was most compressed.
The peak shape was narrower than the one of the expanded
state Ex (¢ = 0.06 vs. 0.17 at 0.4 mM SDS) and had a lower mean
FRET efficiency than the one corresponding to the native fold N
((E) = 0.80 vs. (E) = 0.86 at 0 mM SDS), suggesting a new
distinct conformation of unfolded S6 at 10 mM SDS. SDS
micelles were previously shown to denature S6,* therefore
a plausible structural explanation for the narrow high FRET
peak is that the denatured protein is densely packed into
micelles. We shall refer to this state in the following as the
compact state C. The transitions observed in this regime have
parallels to ensemble data. In the same range up to 10 mM SDS,
the stopped-flow ensemble unfolding kinetics became domi-
nated by a single exponential decay, indicating a streamlining
of the unfolding process to one dominating pathway. At 10 mM,
we also observed a transition from a steep, hyperbolic rise in
kmajor With [SDS] (<10 mM SDS) to a more linear increase
(>10 mM SDS, Fig. 1A).

The secondary structure of state C at =1 mM SDS contains
a large amount of a-helical and some random coil elements
(Fig. 3A). This suggests that S6 undergoes “reconstructive
denaturation”** within the micelle around and above the CMC.
Interestingly, intrinsic Trp fluorescence supported a micellar
embedment as ry remained largely unchanged and similar to
values around and above the CMC (Fig. 3C). Further, the steady-
state rotational correlation times p, p and 7, remained largely
unchanged above 1 mM SDS (Fig. 4A and B), while FRET effi-
ciencies showed a strong compaction of S6 in this range,
particularly close to 10 mM SDS. This indicates that SDS
monomers in the compact state C efficiently shield direct
chromophore interactions and thus prevent acceptor quench-
ing, as we observed it in the native state.

S6 expands to a dynamic state with millisecond kinetics at
high micellar density

Beyond 50 mM SDS, another remarkable characteristic of S6
became apparent (Fig. 2B, right column). FRET efficiency
histograms in this high [SDS] regime exhibited bimodal distri-
butions, where the high FRET efficiency peak gradually
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Fig. 6 Millisecond kinetics of S6 at high [SDS]. (A) 2D scatter plot of FRET efficiency (E) versus FRET-2CDE score at 100 mM SDS. The normalised
density of single molecules is colour coded (scaled from blue to red). The solid black line represents the static FRET line at FRET-2CDE score of 10
(B) apparent FRET efficiency (E*) histograms at 50 mM (left), 100 mM (centre), and 200 mM SDS (right). Interconversion rates, kc and kp, between
the denatured state D and the compacted state C were extracted from two-state dynamic PDA fits (black cityscapes).

converted to a low FRET efficiency state, indicating a two-state
interconversion behaviour. Notably, the two states in the tran-
sition region were not well-separated, but connected by
a pronounced bridge-like population.”® FRET-2CDE analysis
revealed that this interconnecting population arises from
dynamics on the millisecond timescale (~1 ms™") as implied by
the arc-shaped distributions in the FRET-2CDE plots (e.g:, at
100 mM SDS in Fig. 6A). FRET-2CDE allowed us to separate
dynamic and static molecules by a cut-off at FRET-2CDE = 12
(Fig. S47). This filtering revealed the two states of S6, one at high
FRET efficiencies, identical to the compact state C centred
around (E) = 0.80 with ¢ = 0.06, and a low FRET efficiency peak
centred around (E) = 0.23 with ¢ = 0.10, denoted in the
following as the denatured state D, given the high degree of
secondary structure even at very high [SDS] (Fig. 3A).

To quantify the kinetic rate constants between these two
states, histograms at 50, 100, and 200 mM SDS were subjected
to dynamic two-state probability distribution analysis (dPDA)
(see ESIY). This approach uses a Monte Carlo simulation-based
method to estimate kinetic rates.*® Resulting dPDA histogram
fits and extracted collapse/denaturation rates are shown in
Fig. 6B. By increasing the [SDS] from 50 to 200 mM, the
collapsing rates k¢ decreased two-fold from 0.9 + 0.16 to 0.46 +
0.07 ms~'. Conversely, the denaturation rates kp exhibit an
increase from 0.35 £+ 0.01 to 0.97 + 0.14 ms ™" in the same
regime. Thus, both rates show a strong dependency on [SDS].
Note that these interconversions are significantly more rapid
than the unfolding rates we observe in ensemble kinetic
experiments in this range (rate constants between 2 and 20 s,
i.e. half-lives of 50-500 ms, Fig. 1A). This is likely a consequence
of sSmFRET and stopped-flow experiments probing different
structural transitions. During smFRET experiments, we probe
steady-state equilibrium kinetics between two conformations
(i.e., between states C and D); a conformational change that is
inaccessible to stopped-flow experiments. Stopped-flow experi-
ments, conversely, probe the entire unfolding process from the
native state to the ensemble of states at the final [SDS]; hence,
structural processes that occur transiently during bulk unfold-
ing may not necessarily be populated to significant levels under
steady-state conditions. Nonetheless, overall, S6 shows a signif-
icant, almost 6 x 10°-fold speed-up in unfolding in SMFRET
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experiments and a ~2 x 10* increase in ensemble experiments.
This disparity in rate constants likely reflects the difference
between steady-state dynamics obtained from smFRET and the
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Fig. 7 S6 unfolding in the presence of GdmCL. (A) FRET efficiency
histograms of S6 at increasing GdmCL concentrations as indicated in
the subpanels. (B) 2D scatter plot of FRET efficiency versus FRET-2CDE
score at 3.25 M GdmCL. The normalised density of single molecules is
colour coded (scaled from blue to red). The black lines represent the
static FRET line at FRET-2CDE score of 10 (solid) and the threshold for
dynamic events at score 20 (dashed). (C) Burst-averaged acceptor
lifetime (zp) as a function of GdmCI concentration. The red area indi-
cates the width (ta + o) of the burst-averaged lifetime distribution.
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Fig.8 Complexity of SDS-mediated unfolding of S6. Shown are the four stages of S6 unfolding in SDS involving the native state N, the expanded
state Ex, the unfolded/denatured ensemble UDE, the compacted state C, and the denatured state D depicted in a necklace-and beads

configuration.

gross shifts in ensemble populations caused by addition of SDS
in stopped-flow measurements.

Comparison to unfolding in the chemical denaturant GdmCl

Having explored the structural dynamics and conformational
heterogeneity involved in the SDS-induced unfolding of S6, we
sought to characterise how unfolding of S6 by a chaotropic
chemical denaturant compares to unfolding by SDS. To this
end, we exposed labelled S6 to increasing [GdmCl] and per-
formed smFRET experiments. Representative FRET efficiency
histograms are depicted in Fig. 7A. S6 exhibited a two-state
folding behaviour in GdmCI as manifested by the coexistence
of two FRET efficiency peaks representing the folded ((E) =
0.85) and unfolded states ((E) = 0.15). There is no evidence for
a compact off-pathway intermediate, which can only be
observed indirectly during refolding experiments'***** and is
not observed under equilibrium conditions. With increasing
GdmCl concentration, the occupancy of the folded state with
high FRET efficiency gradually decreased, while the low-FRET
peak representing the unfolded state increased. The mid-
point at which unfolding occurs was around 3.2 M GdmcCl.
The two populations were well separated along the GdmCl
concentration series. There is a slight decrease in the average
FRET efficiency of the unfolded state between 4 and 7 M GdmCl
((E) =0.22 at4 M, (E) = 0.15 at 7 M), suggesting an expansion of
the unfolded state with increasing GAmCI concentration, as
observed for many globular proteins.*® The absence of a bridge-
like population between the folded and unfolded states indi-
cated that the kinetic rates were slower than the millisecond
observation timescale of confocal smFRET measurements. This
was confirmed by FRET-2CDE scoring, where no arc-like shaped
population connecting the two states was observed (Fig. 7B).

This journal is © The Royal Society of Chemistry 2020

These observations are in agreement with stopped-flow kinetic
measurements where second-to-minute timescale rate
constants of 0.032 s~ were observed at mid-point conditions
(3.25 M GdmCl)."”

In CD experiments, the protein exhibited a significant
decrease in secondary structure when exposing the protein to
high [GdmCI] where only the unfolded state peak appears in
smFRET experiments (Fig. 3A). The spectrum at 5.6 M GdmCl
showed a single drop between 220 and 210 nm, which suggests
a fully unfolded random coil polypeptide structure. Further, 7,
remained largely constant (Fig. 7C), indicating that the accep-
tor's molecular environment remains largely unchanged at
increasing [GdmCI] (t, = 3.3 & 0.5 ns).

Taken together, S6 unfolding in GdmCl follows a simple
two-state behaviour characterised by kinetics on the time-
scale of seconds. The folded and unfolded states are the only
states present at the equilibrium unfolding conditions
studied here with the unfolded state being an ensemble of
unfolded protein molecules that behave like fully unfolded
random coils.

Conclusion
Multiple pathways of S6 unfolding in SDS

A complementary suite of SmFRET and ensemble-based spec-
troscopic methods allowed us to draw a picture of unprece-
dented detail of the structural heterogeneity and
conformational dynamics of S6 unfolding upon SDS denatur-
ation. In contrast to a distinct two-state unfolding with GdmCl,
SDS induced complex multi-pathway unfolding of S6, which can
be described in four stages. Each of them is described below
and summarised in Fig. 8.
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Stage I: the native regime (0-0.3 mM SDS). In the absence of
SDS and at low [SDS], S6 is found in its native, well-folded
conformation N and remains largely unperturbed by SDS. No
noticeable changes in secondary and tertiary structure are
observable in this regime, however, a slight increase in the
steady-state rotational correlation times of the fluorophores in
smFRET experiments indicate a gradual association of surfac-
tant monomers with the protein structure. These associations
appear non-disruptive to the secondary/tertiary structure
elements. Note that in agreement with this, isothermal titration
calorimetry experiments indicate that up to 8 SDS molecules
bind in this region without any structural effects.”

Stage II: the expansion regime (0.35-1.5 mM SDS). Above
0.3 mM, S6 undergoes a structural transition to a looser, more
expanded state Ex on the minute timescale. Additionally, S6
populates during that transition a quasi-static unfolded/
denatured ensemble of conformations UDE in the regime
between 0.7-1.5 mM SDS. This slow structural transition shows
a strong acceleration with increasing [SDS]. Most of the B-sheet
content is lost in this regime, resulting in an a-helical-enriched
state due to “reconstructive denaturation”.** Previous studies
have shown that a-helices of S6 are its most dynamic segments
and have the highest affinity to SDS.? Binding of surfactant
monomers to these segments have further been shown to
weaken the anchoring of the helices to the body of the protein,
leading to their spatial separation from the core. Thus, the
structural expansion observed with smFRET and the formation
of various unfolded conformations observed herein is likely
a result of SDS monomer association to helical segments and
sub-CMC hemi-micelle complex formation.

The large heterogeneity of states in S6 with multiple, even
parallel transitions revealed by smFRET are mirrored by the
complex kinetic developments in stopped-flow kinetic
measurements. However, the exact values of the rate constants
observed from ensemble measurements are not matched by the
smFRET values. This emphasises that smFRET and ensemble
stopped-flow measurements may not probe the exact same
reaction coordinate. Species, which occur transiently during
bulk unfolding in [SDS], will not necessarily be populated to
significant levels under steady-state conditions. Similarly, there
is no obvious relationship between a protein's hydrogen
exchange at equilibrium and its folding pathway.*® In support of
this, a compact state known to accumulate transiently during
refolding of S6 from the GdmCl-denatured state** is not
observed in equilibrium FRET distributions of S6 at 0 M GdmCl.
It is also important to note that rapid stopped-flow mixing leads
to dynamic rearrangements of both protein and micellar
structures. These processes can occur on similar timescales and
are thus difficult if not impossible to separate. Nonetheless, the
overall correspondence between smFRET and ensemble
measurements in levels of high and low complexity at different
[SDS] indicates that they both reflect existence of multiple types
of denatured states.

Stage III: micelle-packed regime (1.5-10 mM SDS). With the
onset of micellization and up to 10 mM SDS, we observed with
smFRET that S6 restructures into a well-defined, compact state
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C. The conformation of this state is more expanded than the
native state N, but more compact than that of the expanded
state Ex. The secondary structure content of the protein is
hallmarked by a mixture of a-helical and random-coil elements,
suggesting that the protein has undergone further “recon-
structive denaturation”. Previous studies have shown that S6 at
these [SDS] is well embedded in micelles.> Thus, our findings
suggest that S6 is compact and densely packed in SDS micelles
above the CMC.

Stage IV: necklace-and-beads regime (50-300 mM SDS).
From 50 mM SDS onwards, S6 exhibits an unusual two-state
denaturation behaviour between the compact, micelle-packed
state C and a denatured state D at high [SDS]. Strikingly, this
transition occurred with fast dynamics on the millisecond
timescale. It is in this concentration range that SDS also starts
to form longer and more cylindrical micelles, which in turn
leads to multiple binding sites for S6, and through this likely
induces fast conformational switching. In the context of the
SDS-promoted denaturation of proteins, two structures of this
denatured state D are conceivable. The first one being a deco-
rated micelles complex, where the protein is wrapped around
micelles,>*® and the second one being a necklace-on-a-beads
complex, where helical segments of the protein are covered by
micelle-like structures.”> Both scenarios imply a significant
extension of the protein, as also observed by the low FRET
efficiency peak. However, the lack of change in intensity ratios
of Trp fluorescence above 1.5 mM SDS indicates a lack of
polarity change of its microenvironment. This implies that for
S6 a necklace-on-a-beads scenario is a likely structural depiction
of the denatured state D.

Taken together, the rich conformational heterogeneity and
timescales involved in the SDS-induced unfolding of S6 contrast
with the simple two-state unfolding in GdmCI. This showcases
the differences in the denaturation mode of these two dena-
turants and the diversity of mechanisms by which surfactants
interact with proteins.> The basis for this complexity resides of
course in the self-assembling abilities of surfactants, which are
completely lacking in chemical denaturants. This means that
surfactants can bind, for example, in clusters of different sizes
on protein surfaces well below the CMC,? and the sizes of these
clusters and their impact on protein structure can change
markedly with [SDS].** Furthermore, proteins can rearrange
around micelles as part of the unfolding process, as shown by
recent synchrotron SAXS studies."®

The intricacy of SDS-mediated unfolding makes it imperative
to study this process by multiple, complementary approaches. It
is here that single-molecule measurements add a unique
perspective on the nanoscale structural and dynamic
complexity of proteins in surfactant environments to ensemble
measurements of secondary and tertiary rearrangements.
Single-molecule methods provide direct access to molecular
heterogeneities and can be used as precise measurement tools
for structural characterizations.*” In this study, we monitored
with smFRET one reaction coordinate—the distance between
residue 1 and 97—and found a large number of unfolded states
that show significant differences in their structural expansion
by several nanometres. Yet this can be expanded to more
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residues allowing a three-dimensional trilateration of protein
conformations** or disordered states of proteins** that are hard
to characterise with classical structural tools that often require
high sample homogeneities.

Experimental
Protein design and production

A double-Cys variant of the 101-amino-acid-residue protein S6
from Thermus thermophilus was constructed in which Met1 and
Phe97 were replaced with Cys. The DNA sequence of the S6 gene
(constructed using Escherichia coli-optimised codons) was
custom synthesised (GenScript) and the fragment cloned into
a pET28a expression vector using Ncol/Xhol restriction sites. This
cloning resulted in an open reading frame without any affinity
tag and the sequence Met-Gly placed immediately before Cys1.
The protein was expressed in E. coli BL21 (DE3) and purified by
anion-exchange chromatography followed by size-exclusion
chromatography to >95% purity as described."” For smFRET
experiments, the protein was site-specifically labelled via thiol-
maleimide chemistry with maleimide-functionalised FRET donor
(ATTO 532, Atto-Tec) and acceptor (Abberior STAR 635P, Abbe-
rior) fluorophores, following standard procedures. The labelled
protein was separated from unbound dyes by size-exclusion
chromatography.

Stopped-flow fluorescence spectroscopy

1.8 1M (ca. 20 pg ml~") unlabelled double-Cys S6 in 50 mM TRIS
pH 7.4, 150 mM NaCl and 2 mM tris(2-carboxyethyl)phosphine
(TCEP) was mixed 1:1 with SDS in the same buffer at 25 °C
using a Chirascan spectrophotometer with stopped-flow accessory
(Applied Photophysics) equipped with a Xenon lamp. Trp fluo-
rescence was monitored through excitation at 283 nm with a 2 nm
bandwidth and emission measured using a 320 nm cut-off filter.
Data were collected in logarithmic time mode over 5-1000 s
(depending on the [SDS]) and fitted using single or double expo-
nential decays. Double decays were used when a single exponential
decay was unable to describe the data sufficiently well. This was
the case when (i) there were phases with amplitudes of opposing
signs (e.g., an initial rapid decrease in signal followed by an
increase in signal) or (ii) when oscillating residuals from a single
exponential fit indicated the need for an extra phase. In the latter
case the two rate constants had to differ by at least a factor 10 in
order to be considered an acceptably robust double exponential fit.

Circular dichroism spectroscopy

S6 samples were prepared as for stopped-flow fluorescence
experiments at a final protein concentration of 0.2 mg ml™" (ca.
20 uM) at different [SDS] in the range of 0-280 mM and at 5.6 M
GdmCl. CD spectra were recorded on a Chirascan-plus spec-
trometer (Applied Photophysics) at room temperature in the
wavelength range 200-260 nm with a step size of 0.5 nm,
a spectral bandwidth of 1 nm, a scanning sped of 30 nm per min,
a digital integration time of 1 s, and a 1 mm path length quartz
glass cuvette. Each sample was scanned 5 times and averaged.

This journal is © The Royal Society of Chemistry 2020
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Spectra were blank corrected. Raw ellipticity signal was converted
to mean residue ellipticity [®] using standard formulae.

Dynamic light scattering

The CMC of SDS at 150 mM NacCl and pH 7.4 was measured on
a Zetasizer Nano S (Malvern) in a low-volume quartz cuvette. Each
of the [SDS] in the 0-5 mM range was measured three times and
the Z-average was taken as the value of the particle size.

Single-molecule FRET

Experiments were carried out using a custom-built dual-colour,
dual-polarization single-molecule confocal fluorescence micro-
scope as described previously.”*** Measurements were performed
at room temperature on freely diffusing molecules in a custom-
built sample chamber by placing the confocal volume into solu-
tion at an axial position 60 pm above the surface of the cover slide.
Labelled S6 was diluted prior to measurements from stock solu-
tions into buffer (150 mM NaCl, 50 mM TRIS pH 7.4, 2 mM TCEP)
containing the respective denaturing agent (i.e., SDS or GdmCl) to
a final protein concentration of ~75 pM to obtain appropriate
burst rates under single-molecule conditions. The illumination
power was 110 uW for excitation of the donor dye and 90 pW for
excitation of the acceptor dye, both measured before the objective.

Analysis of single-molecule FRET experiments

Data analysis was performed with custom-written Matlab
scripts (Mathworks) following procedures described previ-
ously.>®?® Briefly, after identification of bursts with a search
algorithm (using a maximum interphoton time of 50 ps,
a minimum total number of 70 photons, and a Lee filter of 4),
FRET efficiency histograms with bin widths of 0.033 were con-
structed from bursts exhibiting a stoichiometry ratio of S = 0.2-
0.75 and an alternating laser excitation-two-channel kernel-
based density distribution estimator (ALEX-2CDE) score <10.**
Additionally, an asymmetric burst filter was applied using
a channel-asymmetry time of <50 ps.** Individual E-values were
corrected for background, direct acceptor excitation (« = 0.075),
donor cross-talk in the acceptor channel (6 = 0.029), as well as
differences in detector efficiencies and quantum yields between
the dyes (y = 0.535), as described previously.?® Apparent FRET
efficiencies (E¥) used in probability-distribution analysis (PDA)
were calculated without applying the aforementioned correc-
tions. Calculation of fluorescence lifetimes (tp ) and anisot-
ropies (p,a) as well as steady-state rotational correlation times
(pp,a) were performed as described previously;* also plots of
relative donor fluorescence lifetime (tp()/tp() versus E were
created as described.* Analysis of single-molecule bursts for
millisecond dynamics was done by FRET-2CDE analysis.*
Quantification of millisecond interconversion dynamics from
FRET efficiency histograms was performed by dPDA as
described in the ESIT and detailed elsewhere.>*?® Details about
PDA kinetic analysis procedures used to fit the time-resolved
kinetic unfolding experiments are also provided in the ESL}
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