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Abstract

Sensory rhodopsin Il (pSRiIl), a retinal-binding photophobic receptor from Natronomonas pharaonis, is a novel
model system for membrane protein folding studies. Recently, the SDS-denatured states and the kinetics for
reversible unfolding of pSRII have been investigated, opening the door to the first detailed characterisation of
denatured states of a membrane protein by solution-state nuclear magnetic resonance (NMR) using uniformly '°N-
labelled pSRII. SDS denaturation and acid denaturation of pSRII both lead to fraying of helix ends but otherwise
small structural changes in the transmembrane domain, consistent with little changes in secondary structure and
disruption of the retinal-binding pocket and tertiary structure. Widespread changes in the backbone amide
dynamics are detected in the form of line broadening, indicative of ps-to-ms timescale conformational exchange in
the transmembrane region. Detailed analysis of chemical shift and intensity changes lead to high-resolution
molecular insights on structural and dynamics changes in SDS- and acid-denatured pSRill, thus highlighting
differences in the unfolding pathways under the two different denaturing conditions. These results will form the
foundation for furthering our understanding on the folding and unfolding pathways of retinal-binding proteins and
membrane proteins in general, and also for investigating the importance of ligand-binding in the folding pathways of
other ligand-binding membrane proteins, such as GPCRs.

© 2019 Elsevier Ltd. All rights reserved.

Introduction

Our understanding on the folding of membrane
proteins lags behind that of soluble proteins due to
challenges posed by the exposure of hydrophobic
regions leading to aggregation during in vitro
chemical denaturation and refolding experiments.
While different folding models are accepted for
soluble proteins, only the two-stage model based
on studies with bacteriorhodopsin [1-9] and the
long-range interactions model based on studies with
mammalian rhodopsin [10—14] have been proposed
so far for helical membrane proteins. Recently,
sensory rhodopsin Il (pSRIl) has emerged as a
new model system for membrane protein folding
studies [15]. It is a retinal-binding seven transmem-
brane (7TM) helical membrane protein from the
archaeon Natronomonas pharaonis, and functions
as a repellent phototactic receptor to blue light via
photoisomerisation of its all-trans retinal chromo-
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phore to the 13-cis conformation. This enables the
archaeon to seek the dark when respiratory sub-
strates are plentiful. Simulated thermal unfolding
experiments suggest that pSRIl is stabilised by a
combination of mechanisms found for rhodopsin and
bacteriorhodopsin [16], with a subset of helices
breaking off early in the simulation and a core
involving residues from other helices and loops
remaining until late, suggesting the presence of a
folding core. A systematic investigation of the
structural features of SDS-denatured states and
the kinetics for reversible unfolding of pSRIl has
shown that the protein is difficult to denature, and
retains the equivalent of six out of seven transmem-
brane (TM) helices even in 30% SDS (0.998 Xgps,
where Xgspg denotes the mole fraction of SDS) while
the retinal-binding pocket is disrupted in low SDS
concentrations starting from 1.5% SDS (0.834 Xgps)
[15]. By extensively characterising SDS-denatured
states and the kinetics of unfolding and refolding
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pSRIl from SDS-denatured states, we have demon-
strated pSRIl as a new model membrane protein which
is suitable for protein folding studies. Refolding of pSRiI|
has a unique folding mechanism that differs from those
of bacteriorhodopsin and bovine rhodopsin. While
refolding of SDS-denatured bacteriorhodopsin with
bound retinal adheres to two-state folding kinetics
[17,18], the refolding kinetics of the equivalent retinal-
bound state of SDS-denatured pSRIlI showed clear
deviations from the two-state folding regime [15]. pSRII
and bacteriorhodopsin can both also be refolded from
the SDS-denatured apo protein state devoid of retinal
chromophore [15,17]. On the other hand, refolding of
bovine rhodopsin remains elusive even from partially
denatured states [19].

More experimental studies are needed to under-
stand the folding pathway of membrane proteins,
particularly how and when secondary and tertiary
structure elements are being formed. Retinal-binding
7TM helical proteins such as bacteriorhodopsin,
mammalian rhodopsin and now pSRIl are excellent
models for membrane protein folding studies, since
the retinal chromophore acts as a natural reporter of
the retinal-binding pocket and thus, the tertiary
structure. Herein, we report in-depth characterisa-
tion of pSRII under denaturing conditions by NMR
spectroscopy. Solution-state NMR offers distinct
advantages in providing structure and dynamics
information at atomic resolution for highly-populated
ground states as well as transient minor populations
in bio-macromolecules [20,21]. A range of NMR
methods are available for studying protein folding
events which occur at different timescales and for
probing the properties of low-population folding
intermediates, hence yielding detailed insights into
folding landscapes, misfolding, aggregation and
function [22—28]. Comprehensive studies on the
denatured states of full-length polytopic a-helical
membrane proteins are scarce [29], and have mostly
been limited to sparsely-labelled samples [30-33] or
fragments of polytopic a-helical membrane proteins
[34-36]. Insights on unfolding pathways and unfold-
ed states could only be derived from a small subset
of amino acids or chemical groups in the protein.
Multiple challenges are involved in detailed NMR
studies on protein folding, including (1) the require-
ment of uniformly-labelled denatured membrane
protein samples which remain resistant against
sample degradation and aggregation over several
days to enable multi-dimensional NMR studies, (2)
successfully assigning a high proportion of NMR
resonances due to potential challenges posed by
spectral overlap, and (3) studying a heterogeneous
ensemble of unfolded structures with different
backbone dynamics and conformational exchange
occurring at different timescales.

In this paper, we describe the characterisation of
SDS-denatured pSRIl and acid-denatured pSRIl by
means of 1D and 2D solution-state NMR. Small

changes in the chemical environment of backbone
amides were detected, consistent with previous results
showing that denatured pSRill retains most of its helical
content and remains embedded in detergent micelles
[15]. Changes in backbone amide dynamics, specifi-
cally increased observation of conformational ex-
change on the ps-to-ms timescale, was an important
feature of SDS- and acid-denatured pSRIl. This paper
presents one of the very few [29] detailed backbone
NMR studies on a full-length, denatured polytopic a-
helical membrane protein, thereby providing high-
resolution molecular insights on differences in the
unfolding pathways under different denaturing condi-
tions. Since the absence of native retinal-protein
interactions in denatured states enables the backbone
amides to sample different conformations, it is further
proposed that the formation of native retinal-protein
interactions during protein folding might influence the
equilibrium amongst different conformations sampled
by the backbone amides, and, in turn, the protein
folding landscape.

Results

Structural changes during SDS denaturation of
pSRIl initiated from helix C

Backbone amide chemical shifts are sensitive to
hydrogen bonds (H-bonds) and secondary struc-
tures of proteins [37,38]. Chemical shift changes can
therefore be used to deduce structural information
and changes in H-bonding. The denaturation of
pSRIl in increasing concentrations of SDS was
investigated by recording 2D ['H,'®N] BEST-
TROSY spectra and monitoring changes in the
backbone amide chemical shifts.

To understand whether backbone amide chemical
shifts are determined by the mole fraction of SDS
(X3D§2 or the absolute concentration of SDS, 2D
['H,™N] BEST-TROSY spectra of pSRIl were
recorded at 308 K in 1% SDS + 0.45% c7-DHPC
and in 2% SDS + 0.90% c¢7-DHPC, both of which
correspond to 0.769 Xgpg but with different molar
concentrations of ¢c7-DHPC and SDS (Figure S1).
The retinal chromophore remained attached under
both conditions, indicating that both conditions were
below the unfolding transition, which previously was
determined to be ~ 0.81 Xgpg in the presence of
0.5% c¢7-DHPC [15]. Virtually identical chemical
shifts were observed in both spectra, indicating that
chemical shifts are determined by Xsps. The peak
intensities were slightly lower in 2% SDS + 0.90%
c7-DHPC due to higher detergent concentrations,
leading to higher viscosity, slower molecular tum-
bling and broader linewidths.

Folded pSRII (0 Xsps) showed wide chemical shift
dispersion [39,40]. The dispersion remained equally
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Fig. 1. Xsps-dependence of 2D ['H,'*N] BEST-TROSY spectral quality for pSRII in 0-0.990 Xsps (0-30% SDS in 0.5% c7-DHPC) All spectra were recorded with
~90 EM "SN-labelled pSRiIl, on an 800 MHz spectrometer at 308 K, with 240 scans. All samples contained TSP as internal chemical shift reference. (a) Overlay of 2D
N] BEST-TROSY spectra of pSRIl in 0 (black), 0.625 (red), 0.870 (teal), 0.971 (blue) and 0.990 (magenta) Xsps (0%, 0.5%, 2.0%, 10% and 30% SDS in 0.5% c7-
DHPC). (b) Expanded view showing peak shifts of the glycine residues (boxed region in panel a) in 0-0.990 Xsps (0-30% SDS in 0.5% c7-DHPC). Chemical shift
changes are represented using arrows next to each peak. (¢) Example of non-linear changes in resonance positions for Ser-44 in 0—-0.909 Xsps (0-3% SDS in 0.5% c7-
DHPC). Resonances in different Xgpg are coloured according to the colour scheme in panel b. (d) Backbone amides with non-linear changes in resonance positions are
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Fig. 2. Chemical shift changes of pSRIl backbone amides at different Xsps, suggesting fraying of helix ends and
progressive disruption of the retinal-binding pocket A5('H, '°N) are mapped onto the solution-state NMR structure of
pSRII (PDB 2KSY). (a) Residues are coloured from blue to red according to AS('H, '®N) values, showing greater structural
changes at the ends of helices than around the retinal-binding pocket and suggesting fraying of helix ends with increasing
Xsps- Unassigned residues are coloured white. (b) Surface representation (wired mesh) of the retinal-binding pocket
(residues within 3 A of retinal) coloured according to AS('H, °N) values. Residues with AS('H,®N) > 0.1 ppm are shown
using stick representation, suggesting progressive disruption of the retinal-binding pocket. (¢) Extracellular view of pSRill.
Retinal-binding pocket residues with AS('H,"°N) > 0.1 ppm at 0.769 Xgps are shown using stick representation.

wide in the presence of increasing Xsps (Fig. 1a),
indicating that many backbone amides still experi-
ence unique chemical environments under denatur-
ing conditions. This supports the results from our
previous circular dichroism experiments, which
show that large portions of helical structure are
preserved across all Xgpg studied [15].

The trajectories of peak movements in titrations
monitored by chemical shift changes provide in-
sights on protein-ligand interactions. Linear changes
in resonance positions in the titration plot indicate the
presence of only two states, the free and the bound
states, in fast exchange on the chemical shift
timescale with each other. Secondary interactions
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(e.g. alternative ligand binding site) and conforma-
tional changes during the titration lead to non-linear
changes in resonance positions, because the
protein would be expected to interact differently
with the ligand compared to the primary interaction
[41,42]. An overlay of ['H,'®N] BEST-TROSY
spectra recorded in 0-0.990 Xgps (0—-30% SDS in
0.5% c7-DHPC) shows that increasing Xsps led to
progressive changes in chemical shifts (see arrows
in Fig. 1b). Many backbone amides showed non-
linear changes in resonance position with increasing
Xsps (Fig. 1c), and these residues were found to
spread across all seven TM helices (Fig. 1d). This
suggests that in addition to the SDS-free and SDS-
bound states, many backbone amide environments
sample alternative states which are attributable to small
but widespread conformational changes across the TM
helical bundle as backbone amides interact with SDS
and as the protein denatures in the presence of high
Xsps. The extent at which peak movements deviate
from linearity depends on the relative populations of the
different fast-exchanging states present. This indicates
that the number of residues with alternative states
presented in Fig. 1d is likely to be an underestimation,
as very minor populations of alternative states would
not be readily detectable with this method.

To obtain a systematic understanding on the
structural changes of pSRIl upon exposure to SDS,
the combined chemical shift difference (A3('H, °N);
see Materials and Methods) relative to pSRIl in 0
Xsps Was calculated for each observable backbone
amide resonance across different Xgps (Fig. 2a). In
general, AS("H, "*N) increased with increasing Xgps,
with residues near the ends of helices showing
greater AS('H,®N). This suggests that the ends of
helices were unwinding slightly (fraying) whereas the
helical content in the protein core was preserved,
consistent with the observed high preservation of
helical content across the wide range of Xgps
previously reported in our CD studies [15].

To determine how the retinal-binding pocket is
disrupted during SDS denaturation, residues which
constitute the retinal-binding pocket are identified by
taking a 3 A cut-off around the retinal chromophore
(Fig. 2b). These residues are listed in Table 1, and
are consistent with the retinal-binding pocket resi-
dues identified in the X-ray crystallography study by
Royant et al [43,44]. In 0—0.625 Xgps (0-0.5% SDS
in 0.5% c7-DHPC), residues in the retinal-binding
pocket had AS('H,"®N) < 0.1 ppm and experienced
little perturbation of the surrounding chemical environ-
ment, with the exception of Trp-178, which is located
near the extracellular end of helix F and reports on slight
unravelling of helix ends. Starting from Trp-76 in the
middle of helix C at > 0.625 XSD§ (0.5% SDS in 0.5%
c7-DHPC), residues with AS('H,'*N) > 0.1 ppm
gradually spread across helix C (Trp-76, Thr-79, lle-
83) and helix D (Val-108, Met-109) with increasing
Xsps- These observations suggest loosened packing

Table 1. Residues in the retinal-binding pocket, identified
by a 3 A cut-off around the retinal chromophore.

Helix Residue

A Met-15
Phe-22
B Leu-40
lle-43
Ser-44
lle-46
Ala-47
C Tyr-73
Trp-76
Thr-79
Thr-80
lle-83
D Val-108
Met-109
Ala-111
Gly-112
E Phe-127
Gly-130
Ala-131
Phe-134
F Trp-171
Tyr-174
Pro-175
Trp-178
G Asp-201
Leu-202
Val-203
Thr-204
Lys-205
Val-206
Gly-207
Phe-208
Gly-209

of helices C and D against the retinal-binding pocket
even before the unfolding transition, which was
previously determined to be ~ 0.81 Xgps in the
presence of 0.5% c7-DHPC [15]. From 0.728 Xsps
(0.8% SDS in 0.5% c7-DHPC) onwards, AS('H, "°N) >
0.1 ppm also appeared on helix G (Phe-208, Gly-209)
at one helical turn away from the site of retinal
attachment (Lys-205), whereas Lys-205 showed Ad(-
"H,"N) < 0.1 ppm across all Xgps. This suggests that
the site of Schiff base attachment and nearby residues
experience small changes to backbone H-bonding and
secondary structure beyond the unfolding transition (>
0.81 Xgps). In summary, SDS denaturation leads to
disruption of the retinal-binding pocket, initiating with
disrupted packing against the retinal chromophore at
helices C and D before the unfolding transition, followed
by small changes in helix G near the site of retinal
attachment both before and beyond the unfolding
transition (Fig. 2c).

Chemical shift changes can be attributed to
progressive changes in micelle-protein interactions
with increasing SDS concentration and/or protein
structural changes due to changes in H-bonding and
secondary structure during protein denaturation.
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Fig. 3. Linear correlation of A5('H,'®N) against Xsps and the absolute concentration of SDS (a) Examples of
linear relationships (i) between AS('H,°N) of Val-101 and Xsps, and (i) between A5('H, '°N) of Leu-159 and the absolute
concentration of SDS ([SDS]) in %. The fitted equations and goodness-of-fit (R?) of the linear regressions are shown in the
bottom right corners of (i) and (ii). In (i), Val-101 shows deviation from linearity of A5('H, '*N) against Xgps from 0.870 Xsps
(2% SDS in 0.5% c7-DHPC) onwards, suggesting that protein denaturation leads to changes in how the backbone amide
of Val-101 interacts with surrounding micellar SDS. In (i), Leu-159 shows linear relationship between AS('H,®N) and
[SDS] up to 2% SDS in 0.5% c7-DHPC (0.870 Xsps), beyond which the signal intensity drops below the noise level. (b)
Residues are coloured according to their correlations against Xsps or [SDS]. (¢) Residues are coloured according to the
range of Xsps in which a linear relationship between Ad('H,'®N) and Xsps was observed.
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A3("H,"°N) increased linearly with respect to Xgpgs
at low Xgps (Fig. 3a(i)) for 135 out of 190 residues
(71.1%) which were assignable up to > 0.728 Xsps
(0.8% SDS in 0.5% c7-DHPC), as exemplified by
Val-101. Most of these residues are distributed in the
TM region (Fig. 3b). This suggests that the chemical
shift changes at low Xsps experienced by these
backbone amides are attributable to gradual chang-
es in micellar environment as SDS is being
integrated into SDS/c7-DHPC mixed micelles. We
propose that the slope of the linear correlation of
AS("H,"°N) against low Xsps is a measure for the
sensmwty of a given backbone amide towards
changes in micellar environment. The distribution
of different slopes across pSRIl shows good
consistency with A3('H,'°N) (Fig. 2a) for most
helical residues (Figure S3), suggesting that (1)
protein structural changes induced by SDS-
mediated denaturat|on (which give rise to non-
linearity in AS('H, "°N) vs. XSDS) are small compared
to progressive changes in chemical environment
induced by changes in micelle composmon (which
give rise to linear correlations of Ad('H,'°N) vs.
Xsps in low Xgps), and/or (2) protein structural
changes induced by SDS-mediated denaturation are
localised to very few specific residues concentrating
mostly at the edges of the helices.

Structural changes due to protein denaturation are
expected to affect how backbone amides interact
with the surrounding micellar environment. These
are reflected as dewatlons from linearity in the linear
correlation between AS('H,’N) and Xsps. The
residue-specific point of denaturation is therefore
assumed to be the lowest Xgps at which deviation
from linearity arises in the Ad('H,™N) vs. Xsps
graph. This allows the two main contributions
towards chemical shift changes, namely changes
in mixed micelle composition vs. protein structural
changes due to protein denaturation, to be distin-
guished. Residues which became unobservable
(see below) at lower Xgps than the onset of non-
linearity were omitted from thls analysis. Residues
deviating from linear AS('H,'N) vs. Xgps relation-
ships at 0.769 Xgps (1.0% SDS in 0.5% c¢7-DHPC)
mostly clustered at the extracellular half of helix C
(Fig. 3c). Other notable residues which showed early
deviation from linearity included Tyr-51 on helix B
and Asp-75 on helix C, both of which are H-bonded
to the internal water network in the folded state, and
Lys-205, to which the retinal is attached via a
protonated Schiff base. This likely suggests that
key inter-helical water-mediated H-bonds and the
retinal-binding pocket are beginning to be disrupted
before the unfoldln% transition. Residues deviating
from linear Ad( N) vs. Xgps relationships start-
ing from O. 834 XSDS (1.5% SDS in 0.5% c7-DHPC)
were clustered in the middle portion of heI|x D.
Residues showing the onset of a non-linear A5('H,-
5N) vs. Xgps relationship at even higher Xgps were

mostly distributed at micelle/solvent interfaces or in
solvent-accessible regions. Overall, these results
suggest that protein structural changes due to SDS
denaturation initiate at the extracellular half of helix C
and spread across to helix D followed by residues at
micelle interfaces and solvent-accessible regions.
This is consistent with the proposed sequence of
structural changes in pSRII based on the aforemen-
tioned chemical shift analysis (see above).

19 residues (10.0%) showed linear correlation of
A3('H,"°N) against the absolute concentration of
SDS as exemplified by Leu-159 (Fig. 3a(ii)), sug-
gesting non-specific interaction of non-micellar SDS
with these backbone amides. With the exceptions of
Asn-105 on helix D and Trp-171 on helix F, most of
such residues were located in the loop regions (2
residues) and C-terminal tail (8 residues), or were
located in the TM region and facing outwards toward
the detergent micelle (7 residues) (Fig. 3b).

There were 36 assignable residues which did not
show obvious correlations against Xsps or the
absolute concentration of SDS, suggesting complex
changes in chemical environment with increasing
SDS concentration. These residues were mostly
distributed in the TM region of helices A, B and G,
and faced the surrounding detergent environment
(Fig. 3b).

Tryptophan side-chain indoles which face the
detergent micelle (Trp-9 and Trp-24 on helix A)
experienced greater changes in chemical environ-
ment while Trp side-chains which face the protein
core generally experienced little changes, consistent
with the protein remaining embedded in a micellar
environment and incorporation of SDS into the
micelles (see Supplementary Information).

Altogether, the above detailed analysis of chem-
ical shift changes provides insights into the hetero-
geneous nature of protein-micelle interactions and
how such interactions change with increasing SDS
concentrations and protein denaturation.

pSRIl shows increased conformational ex-
change in SDS-denatured states

Line broadening could be caused by conforma-
tional exchange at the intermediate (ps-to-ms)
exchange timescale [41] or slower molecular tum-
bling attributable to an increase in micelle size.
Aggregation is unlikely to be the cause of peak
broadening, because aggregation was shown to
take more than 6 h at 35 °C (308 K) (Figure S2; see
Supplementary Information) and NMR experimental
time was limited to 6 h. The range of Xsps for which
detailed analyses were made in this study (0-0.870
Xsps; 0-2.0% SDS in 0.5% c7-DHPC) is below the
reported concentration of SDS required for the
formation of cylindrical micelles [45], and hence it
is assumed that increase in micelle sizes and
decrease in rotational correlation times are minor. It
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is also assumed that chemical exchange with water
molecules is negligible due to the scarce presence of
water molecules in the micellar environment and
hydrophobicity of detergent acyl chains.

Peak intensities generally decreased with increas-
ing Xsps due to conformational exchange between
different backbone amide conformations occurring at
the intermediate (ps-to-ms) exchange timescale.

0.625 Xps
(0.5% SDS)

0.834 Xp
(1.5% SDS)

(a)

Trp-76
(Helix C)

Val-203
(Helix G)

0.625 Xps
(0.5% SDS)

(b)

This resulted in additional line broadening, as
evidenced by most residues being no longer
observable in > 0.870 Xgps (2.0% SDS in 0.5% c7-
DHPC) (Fig. 1a). Like in the folded state, residues in
the C-terminal tail of pSRIl remained significantly
more flexible than the rest of the protein across all
Xsps, as evidenced by the strong intensities of these
peaks. The large differences in peak intensities

0.870 Xgps
(2.0% SDS)

1/lp>1
B /<1

Solvent accessible in 0 Xgps
|:| Unassigned

180°

0.870 X,ps
(2.0% SDS)

Fig. 4. NMR signal intensity ratios at different Xsps (a) Residues with I/l > 1 are shown as lime spheres, and
residues with I/l < 1 are coloured purple. Solvent-exposed regions of folded pSRIl in 0 Xsps, determined from NMR signal
attenuation in the presence of the soluble spin label reagent gadoteridol [40], are shaded in pale blue. (b) Extracellular view
of pSRill, highlighting the observation of residues in the extracellular half of helix D in the SDS-denatured state (0.870 Xsps;
2.0% SDS in 0.5% c7-DHPC). Residues are coloured according to /I, values, the retinal chromophore and residues with //
Io > 1 are shown as sticks, and the retinal-binding pocket is represented as wired mesh.
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between TM vs. C-terminal residues indicate that the
TM helices are likely to have remained embedded in
SDS/c7-DHPC mixed micelles across all Xgps while
there is little/no stable interaction of the C-terminal tail
with detergent micelles, as previously mentioned. The
very sharp and intense signals of the C-terminal

(a) 0.769-0.834 Xps
(1.0-1.5% SDS)

Ala-47
(Helix B)

Met-15
(Helix A)

Thr-80

lle-83
(Helix C) (Helix C)

Phe-208
(Helix G)

(b) 0.769-0.834 Xp
(1.0-1.5% SDS)

‘:‘c\ e
Vﬁ Phe-208

(c) Extracellular view

(Helix A)

residues are dominated by fast internal motions taking
place on a ps-to-ns timescale. Such motions are highly
sensitive to slight changes in viscosity and overall
correlation time, as evidenced by the decrease in signal
intensities of the C-terminal residues at high molar
concentrations of SDS (> 100 mM or 3.0% SDS [45]).

0.870 Xgps
(2.0% SDS)

Gly-112
(Helix D) Asp-201

(Helix G)

Val-206
(Helix G)

180°

D C B

Thr-204

(Helix G) (Helix G)

(Helix B)

0.870 X5
(2.0% SDS)

\ Gly-209

Phe-22

Cytoplasmic view

Unobservable at:
Bl 0.769 Xgps (1.0% SDS)
] 0.834 Xgps (1.5% SDS)
[ 0.870 Xsps (2.0% SDS)

[l Observable at > 0.893 Xps (2.5% SDS)
] unassigned

Fig. 5. Resonances undergoing pronounced loss of intensity at different Xsps (a) Residues with intensities that
drop below the noise level at 0.769, 0.834 and 0.870 Xgps are shown as red, yellow and cyan spheres, respectively.
Residues which remain observable at > 0.893 Xsps are coloured in blue. (b) Surface representation (wired mesh) of the
retinal-binding pocket (residues within 3 A of retinal) coloured according to Xsps at which the backbone amide resonance
becomes unobservable due to excessive broadening, and residues which become unobservable at 0.769-0.870 Xsps are
shown using stick representation. (¢) Extracellular and cytoplasmic views of pSRiIl, showing a greater proportion of inward-
facing helical residues amongst the residues that experience prominent intensity losses at 0.769 and 0.834 Xsps.
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Table 2. P-values from chi-squared test on the distribution of residues which have become unobservable at differentXsps.

0.769 & 0.834 Xgps 0.870 Xsps
Helical vs. Loop P =0.026 (*) P =0.093
Inward-facing vs. Outward facing (helical residues only) P =0.003 (**) P =0.481

Short sample lifetimes (see Supplementary Infor-
mation) and low experimental sensitivity limited the
utilisation of NMR spin relaxation experiments.
Hence, intensity ratios were used as proxy to report
on increases in linewidth. The intensity ratio (/) of
each residue at different Xgpg were obtained by
expressing the normalised peak intensities as a ratio
of the peak intensities at 0 Xsps. Larger /i
represents the dominance of faster ps-to-ns local
dynamics, whereas smaller /I, indicates increased
conformational fluctuations on the ps-to-ms time-
scale [46].

In the absence of SDS, the TM helices of pSRll are
well-ordered, with some loop regions experiencing
motions on the ps-to-ns timescale and a small
number of residues in the protein core undergoing
ps-to-ms helix motions [39]. In the presence of SDS,
most micelle-embedded residues had I/l < 1, which
decreased with increasing Xsps until the peaks
became unobservable (Fig. 4a), suggesting wide-
spread transition from a well-ordered protein to one
undergoing conformational fluctuations on the ps-to-
ms timescale. At 0.625 Xgps, most residues with I/
lo > 1 were solvent-exposed or located at the
micelle/solvent interface (Fig. 4b), corresponding to
increased fast-timescale motions and the lack of
conformational exchange in the presence of SDS
when compared to the folded state. Two residues
within the retinal-binding pocket, namely Trp-76 in
the middle of helix C and Val-203 in the middle of
helix G, retained fast local dynamics (/[ > 1) and
remained in the fast exchange regime in low Xgps. In
0.834 Xgps (just above the unfolding transition),
there was a marked decrease in the number of
residues with I/ly > 1, indicating that pSRII denatur-
ation is characterised by a general transition towards
conformational fluctuations occurring on the ps-to-
ms timescale, including residues in solvent-exposed
regions and micelle/solvent interfaces. In 0.870 Xsps
in which pSRIl is denatured (hydrolysed Schiff
base), observable residues in the retinal-binding
pocket were mostly clustered on helix D and showed
I'lo > 1 (Fig. 4b). This indicates that the extracellular
half of helix D exhibited a lack of ys-to-ms timescale
conformational fluctuations and showed faster local
dynamics in high Xsps than in 0 Xgps, possibly
suggesting that the extracellular half of helix D
becomes partially unfolded (helix unwound) during
SDS denaturation.

The number of observable residues decreased
with increasing Xsps, indicating augmented signal
broadening due to conformational exchange with
rates similar to the NMR timescale. Residues which
were unassigned at 0.400 and 0.625 Xgps were
assumed to either be significantly overlapped with
other peaks or intractable due to large chemical shift
changes. Thr-80 on helix C, which packs against
C9-C12 at the middle of the retinal polyene chain in
folded pSRIl (Fig. 5a-b), was the first residue that
became unobservable starting from 0.769 Xgps. In
0.834 Xgps (just above the unfolding transition),
unobservable residues were concentrated amongst
the cytoplasmic halves of helices C, E, F and G, and
between the extracellular halves of helices A and B
and between helices F and G. The chi-squared test
(Table 2) shows that residues which became
unobservable at 0.769 Xgps and 0.834 Xgps were
significantly populated in helical regions (P = 0.026).
Amongst such helical residues, there was significant
preference for residues which face inwards towards
the protein core (P = 0.003) (Fig. 5¢). Unobservable
residues within the retinal-binding pocket include
Met-15 from helix A, Ala-47 from helix B, Thr-79 and
lle-83 from helix C, and Gly-207 and Phe-208 from
helix G (Fig. 5b), all of which are located near the
Schiff base, packing against Lys-205 and up to C13-
C14 of the retinal polyene chain. Peak disappear-
ance is hypothesised to indicate loosening of inter-
helical packing, which was initiated from the cyto-
plasmic side, likely amongst helices C, E, F and G,
and propagated towards the Schiff base.

Residues which became unobservable at 0.870
Xsps Were spread across the entire protein (Fig. 5a).
The slight bias in the distribution of such residues
toward the extracellular side could be because many
residues in the cytoplasmic side have already
disappeared at lower Xgps. The chi-squared test
showed no significant difference in the distribution of
unobservable residues between helical vs. loop
residues or helical residues which face inwards
(towards the protein core) vs. outwards (towards the
detergent micelle) (Table 2 & Fig. 5c). Retinal-
binding pocket residues which are within one helical
turn away from the Schiff base, including Asp-201,
Thr-204, Lys-205, Val-206 and Gly-209, became
unobservable at 0.870 Xsps (Fig. 5b). This further
supports the notion that residues surrounding the
Schiff base were amongst residues which were
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disrupted at higher Xsps when the Schiff base is
being hydrolysed.

Several residues which became unobservable at
0.834 Xsps and 0.870 Xgps, including Tyr-51 from
helix B, and Asp-201 and Thr-204 in helix G, were H-
bonded to internal water molecules in folded pSRill,
suggesting that the water network was also being
progressively disrupted with increasing Xsps, con-
sistent with our interpretation from chemical shift
analysis.

In summary, pSRIl denaturation was charac-
terised by widespread increase in backbone amide
conformational exchange on the ps-to-ms timescale,
initiating from the cytoplasmic halves of helices C, E,
F and G and propagating across the protein. Gradual
disruption of the retinal-binding pocket began at
0.728 Xsps with conformational exchange at Thr-80
which packed against the middle (C9-C12) of the
retinal polyene chain, followed by several residues
from helices A, B, C and G which packed against
C13-C14 of retinal and Lys-205. The Schiff base
and neighbouring residues in helix G were disrupted
at higher Xsps compared to the rest of the retinal-
binding pocket, as these residues in helix G showed
prominent ps-to-ms timescale conformational ex-
change at > 0.870 Xgps. In the denatured state (>
0.870 Xsps), residues in helix D were noted to show
fast local dynamics while most residues showed
pronounced conformational exchange at the ps-to-
ms timescale. The decrease in the number of
observable residues highlights the inherent chal-
lenges in obtaining high-resolution structural and
dynamics information by NMR, especially for molec-
ular processes with comparable timescales to the
NMR timescale.

While most backbone amides experienced pre-
dominantly conformational exchange on the ps-to-
ms timescale leading to line broadening (Figure
S4a), the backbone amides of Val-17 and Phe-98
each had two resonances in 0.728-0.834 Xgps
(Figure S4b), indicating slow exchange between two
backbone conformations. A shift in the relative
populations of these two conformations could be
seen between 0.728 and 0.834 Xgps. In > 0.870
Xsps, all backbone amide peaks of Val-17 and Phe-
98 showed decreased intensities, indicating a
transition from slow exchange towards intermediate
exchange as the peaks became increasingly broad-
ened and eventually unobservable. From 0.909
Xsps onwards, several other backbone amides
were also found to undergo slow exchange between
at least two conformations, as evidenced by difficul-
ties in assigning several peaks in the glycine region
of the spectrum due to big chemical shift changes
(Figure S4c). While limited conclusions could be
drawn due to the small number of residues involved
and difficulties with resonance assignment, the
above observations reflect different modes of back-
bone amide conformational exchange at different

Xsps, and highlight the heterogeneous nature of the
ensemble of denatured states.

Decreased peak intensities were also observed
with increasing Xsps for most tryptophan side-chain
indoles, indicating that side-chains are also increas-
ingly dominated by ps-to-ms timescale conforma-
tional motions (see Supplementary Information).

Acid-denatured pSRIl shows disrupted water
network and uncoupling of the helical bundle

To compare the mechanisms of aC|d denaturation
vs. SDS denaturation of pSRIl, 2D ['H,'°N] BEST-
TROSY spectra were recorded for pSRII at progres-
siver lower pHs (pH 6.0, pH 4.7, pH 3.7, pH 2.6, pH
2. 0) in the presence of 0.5% c7- DHPC (Fig. 6a).
A3('H,'°N) at acidic pHs were measured relative to
chemical shifts at pH 6.0. Larger AS('H,'®N) were
observed across all residues with decreasmg J)Hs
A3('H,"°N) were generally small, with Ad("

0.1 ppm at pH 4.7 and pH 3.7 for most TM reS|dues
(Figure S5). Residues at the ends of helices
consistently showed larger AS('H,"®N) than TM
residues. These results indicate that mildly acidic
pHs led to only very small changes in H-bonding and
secondary structure, consistent with our previous
biophysics studies showing no differences in helical
content between folded pSRIl at pH 6.0 and pSRII
denatured at pH 2.0 [15]. Several residues spanning
three helical turns at the cytoplasmlc end of helix D
facing helix E showed A3('H,'*N) > 0.1 ppm atfH
4.7, while residues in other helices with A5(’

> 0.1 ppm were within one turn from heI|x ends
(Figure S5a). Only two residues within the retinal-
binding pocket had A5("'H, >N) > 0.1 ppm: Thr-80 on
helix C (pH 4.7 and pH 3.7) and Met-15 on helix A
(pH 3.7) (Figure S5b). This indicates that there is
minimal disruption of the retinal-binding pocket
and the tertiary structure of pSRIl at pH 4.7 and
pH 3.7, consistent with the samples remaining
orange in colour after one week at room temperature
(Fig. 6b).

Acid denaturation also led to increased conforma-
tional exchange on the ps-to-ms timescale, as an
increasing number of residues became broadened
and unobservable (Fig. 6¢). Residues which became
unobservable at pH 4.7 were located in the
extracellular half, including Trp-76, Thr-79, Met-109
and Trp-178 within the retinal-binding pocket, an
extensive stretch of helix C, and Val-206 and Gly-
207 on helix G (Fig. 6d). This suggests increased ps-
to-ms timescale conformational exchange around
the Schiff base and within the retinal-binding pocket.
At pH 3.7, almost the entire helix C became
unobservable, suggesting concerted changes in
backbone dynamics across the entire helix. More
residues within the retinal-binding pocket disap-
peared, including Ala-47 on helix B, lle-83 on helix
C, Gly-112 on helix D, Thr-204, Lys-205 and Phe-
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Fig. 6. Acid denaturation of pSRiIl (a) 2D ['H, >N] BEST-TROSY spectra of pSRI at different acidic pHs. All spectra
were recorded at 800 MHz ('H) at 308 K with 240 scans. All samples contained ~ 90 pM '®N-pSRIl and TSP as internal
chemical shift reference. (b) Photos of ~ 90 pM ">N-pSRiI at different acidic pHs after one week at room temperature. (c)
Residues which became unobservable at pH 4.7 and pH 3.7 are shown as red and yellow spheres, respectively. Residues
which became unobservable at pH 2.6 are coloured cyan. Residues which remained observable at pH 2.0 are coloured
blue. (d) Residues which are H-bonded to the internal water-mediated H-bond network are shown as sticks on the crystal
structure of pSRIlI (PDB 1H68) and coloured according to the pH at which the residue became unobservable due to
prominent loss of signal intensity. The H-bonds in the internal water network are shown as grey dashed lines. Water
molecules are shown as spheres, with internal water molecules coloured blue.

208 on helix G, indicating further loosening of the became unobservable at pH 4.7 or pH 3.7 are H-
retinal-binding pocket and the Schiff base attach- bonded to the internal water-mediated H-bond
ment site. It must be noted that many residues which ~ network in the crystal structure of pSRIl (PDB
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1H68; [43]) (Fig. 6d). This suggests that acid
denaturation leads to disruption of the internal
water-mediated H-bond network. It can be inferred
that the abolishment of key H-bonds uncouples key
residues from each other, thus enabling the back-
bone amides to sample different conformations on a
us-to-ms timescale.

At pH 2.6 and pH 2.0, most TM residues became
unobservable, indicating widespread ps-to-ms time-
scale conformational exchange across the entire
protein and suggesting that the TM helices are
moving relative to each other as interhelical H-bonds
which hold the helical bundle together in the folded
state become disrupted. Moreover, the samples
appeared pale yellow in colour (Fig. 6b), indicative
of complete Schiff base hydrolysis and disruption of
the retinal-binding pocket, and consistent with
changes in the UV/Nis absorption profile of the
retinal chromophore and increase in tryptophan
fluorescence intensity due to disruption of tertiary
structure as reported in our previous studies [15].
Pronounced precipitation was observed after a week
(Fig. 6b), suggesting extensive exposure of
aggregation-prone surfaces and/or decreased pro-
tein stability in the acid-denatured states.

In summary, acid denaturation of pSRIl was
characterised by disruption of the internal water
network and uncoupling of helix C from the rest of the
helical bundle, as evidenced by ps-to-ms timescale
conformational exchange across almost the entire
helix C, while chemical shift changes in the TM
region remained very small.

Discussion

High-resolution NMR studies on full-length dena-
tured membrane proteins are scarce in the literature.
This likely reflects the challenges in studying a
heterogeneous ensemble of denatured structures
with different backbone dynamics and conformation-
al exchange on different timescales. This paper
presents detailed NMR studies on the structural and
dynamics changes in different denatured states of
pSRIl by probing for changes in chemical shifts and
peak intensities of backbone amides and tryptophan
side-chain indoles (see Supplementary Information)
under different denaturing conditions (SDS denatur-
ation and acid denaturation).

Structural and dynamics changes upon the loss
of retinal during denaturation

Under denaturing conditions in which the retinal
chromophore gets liberated, SDS denaturation and
acid denaturation both led to small chemical shift
changes in the TM region (Figs. 2 & S5), indicative of
little changes in secondary structure. Decreases in
peak intensities were prominent across the seven

TM helices (Figs. 4—6), suggesting increased ps-to-
ms timescale conformational exchange across
pSRIl backbone amides as a consequence of
tertiary structure disruption.

It could therefore be inferred that the structure of
the retinal-binding pocket and the dynamics of TM
backbone amides are tightly linked to the presence
of the all-trans retinal chromophore. This tight
coupling is likely reflective of the close-fitted struc-
tural arrangements within the retinal-binding pocket
in the folded state [47,48], in which native retinal-
protein interactions impose strong constraints on the
backbone motions of the TM helices. As these
constraints become relaxed and eventually abol-
ished while the chromophore is being liberated
during denaturation, the backbone amides become
free to sample different conformations in the
denatured states while at the same time remaining
constrained within their a-helical environments.

As demonstrated in our previous study, prolonged
absence of all-trans retinal during SDS denaturation
over the course of 72 h gradually reduces the
refolding yield due to increase in aggregation and
possible concomitant loss of the retinal-binding
pocket conformation that is capable of rebinding
retinal [15]. This suggests that different denatured
conformations, some of which are prone to aggre-
gation, readily exchange amongst each other, and
that the energy barriers between these different
conformations are small. However, the energy
barrier for disaggregating denatured pSRII is large,
making the aggregation of denatured pSRII de facto
irreversible [15].

We assume that the retinal chromophore might
influence the folding energy landscape by perturbing
the equilibria amongst different backbone conforma-
tions of denatured pSRIl or even the apo-protein
state. Formation of the Schiff base via covalent
linkage to Lys-205 and other native retinal-protein
interactions during protein folding could, for exam-
ple, stabilise particular conformations to favour
folding and the generation of the native chromo-
phore. Hypotheses on the possible influence of the
retinal chromophore on protein folding has already
emerged from studies on bovine rhodopsin by
Sakamoto and Khorana [49]. The kinetics and the
extent of retinal-binding during the regeneration of
bacteriorhodopsin from bacterioopsin have also
been studied using UV/vis spectroscopy [1,50-53],
circular dichroism [50,54], tryptophan fluorescence
[51,53,55] and calorimetry [56]. Future studies on
the structure and dynamics of the apo-protein
are expected to yield more detailed insights on
the roles of the retinal chromophore in the folding
of pSRIl and other retinal-binding proteins, and
potentially open new avenues for investigating
the importance of ligand-binding in the folding of
other ligand-binding membrane proteins (e.g.
GPCRs).
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Different unfolding pathways of pSRIi

There are notable differences between SDS- and
acid-mediated denaturation, as evidenced by differ-
ences in the locations of structural changes and in
the distribution of residues which became too broad
for observation due to the presence of extensive ps-
to-ms exchange (Fig. 7). The dependence of
unfolding pathways on solvent conditions is presum-
ably due to different retinal-protein interactions being
disrupted and different denatured conformations
being preferentially stabilised. That different solvent
conditions give rise to different unfolding pathways
has been shown previously in a study by Malmendal
et al., where mapping the unfolding processes of
bovine a-lactalbumin in SDS, acid, GdmCI, TFE and

Partially denatured

i
)L

Folded pSRII
in c7-DHPC, pH 6.0

heat by 1D 'H NMR combined with principal
component analysis (GPS-NMR) showed that
these denaturants move the protein away from the
folded state in different directions [57], hence
indicating different unfolding pathways. Further
investigation into the properties of detergent micelles
and high-resolution studies on protein-detergent
interactions under different solvent conditions will
also be valuable in future studies of denatured states
and unfolding/folding pathways.

SDS denaturation of pSRII led to large chemical
shift changes at the ends of helices, and progressive
chemical shift changes around the retinal-binding
pocket beginning from helices C and D before the
unfolding transition, followed by small changes in
helix G near the site of retinal attachment beyond the

Fully denatured

n.
m

—

—

[] Structural change within retinal-binding pocket
. Us-to-ms timescale conformational exchange
[] Fast local dynamics

Fig. 7. Summary models for SDS and acid denaturation of pSRIl Folded pSRIl in c7-DHPC at pH 6.0 has seven
well-ordered transmembrane helices (blue rods) and an all-trans retinal chromophore (black sticks) that is covalently
attached to helix G via a Schiff base linkage to Lys-205. SDS denaturation leads to slight unwinding of helix ends (blue-to-
white gradients at the ends of helices), but otherwise small changes in secondary structure. In low Xsps where the retinal
chromophore remains present, the cytoplasmic side of helices C, E, F and G undergo ps-to-ms timescale conformational
exchange (red colour), and structural changes can be detected within the binding pocket (cyan colour). Above 0.834 Xgps,
Schiff base hydrolysis occurs, the retinal chromophore is lost, and most of the 7TM helices undergo ps-to-ms timescale
conformational exchange except for the extracellular half of helix D, which shows fast local dynamics (lime colour). Acid
denaturation leads to very minimal changes in secondary structure. In mildly acidic pHs, the retinal chromophore remains
present and most of helix C experiences ps-to-ms timescale conformational exchange. At pH 2.6 and below, Schiff base
hydrolysis occurs, the retinal chromophore is lost, and all 7TM helices undergo ps-to-ms timescale conformational
exchange.
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unfolding transition (Figs. 2 & 7). These chemical
shift changes suggest that the retinal-binding pocket
collapses gradually with increasing Xsps, whereas
Schiff base hydrolysis and loss of the retinal
chromophore in high Xsps only leads to limited
structural changes in helix G and the rest of the
helical bundle. While the ends of helices unravel, the
helical content in the TM region is largely preserved.

In comparison, the secondary structure content is
even more highly preserved in acid-denatured pSRilI
than in SDS-denatured pSRIl, as evidenced by the
small chemical shift changes observed under acidic
conditions that were mostly restricted to the ends of
helices (Figs. 7 & S5). This is consistent with the
results of our previous CD studies, in which we found
that there were no changes in alpha-helicity (MRE at
222 nm) even after pSRIl has been maintained at pH
2.0 for 19 h [15].

The disruption of inter-helical interactions,
assessed by a pronounced decrease in peak
intensities or peak disappearance indicative of
increased ps-to-ms timescale conformational ex-
change, initiates from the cytoplasmic interface of
helices C, E, F and G and spreads across the protein
during SDS denaturation. The extracellular half of
helix D shows faster local dynamics than in 0 Xgps,
which suggests that this region is partially unfolded.
This change in helix D is reminiscent of the
extracellular side of helix D in SDS-solubilised
bacteriorhodopsin becoming patrtially accessible to
bulk water due to denaturation, as assessed by
laser-induced oxidative labelling and mass spec-
trometry [58].

In acid denaturation, helix C is the first helix to be
uncoupled from the helical bundle, with peaks
disappearing across almost the entire helix C at pH
3.7. Several residues which are H-bonded via the
internal water network also exhibited ps-to-ms
timescale motion in acid-denatured pSRII
(Figs. 6-7), thus further supporting the disruption of
the retinal-binding pocket and the internal water
network. Interestingly, the above observations are
strongly reminiscent of the loss of connectivity
between helices C and G in the light-activated states
of pSRll, in which movements (relative to the ground
state) of the side-chains of Asp-75 and Lys-205 in
the early K intermediate [59] and in the signalling M
intermediate [60] provide a mechanism for the
disordering and displacement of the water molecule
Wat-402. Wat-402 is located between and H-bonded
to the Schiff base (Lys-205), Asp-75 and Asp-201 in
the ground state structure [43]. These structural
changes lead to the abolishment of key H-bonds with
the central water cluster, thereby uncoupling helices
C and G from each other during light activation.

Acidic pH leads to protonation of ionisable groups
and changes in electrostatic interactions. Residues
which have ionisable side-chains and are located
near/within the retinal-binding pocket include the

Schiff base counterion Asp-75 (pKa = 3.4 in
phosphatidylcholine-reconstituted wild-type pSRlI
[61] and DDM-solubilised pSRIl [62,63]), Asp-193
(pKa =6.4[64]) and Asp-201 (pKa = 1.2 [63]). Taking
into account the pH range explored and the changes
in peak intensities observed in this study, it is evident
that progressive lowering of the pH from 6.0 to 2.0
leads to the protonation of Asp-75.

Protonation of Asp-75 is hypothesised to lead to
the disruption of the H-bond network bridging Wat-
402, the Schiff base (Lys-205), Asp-75 and Asp-201
[43]. Changes in dynamics occur as this H-bond
network becomes progressively disrupted at de-
creasing pHs, as evidenced by the backbone amide
of Asp-75 becoming unobservable at pH 4.7, that of
Lys-205 becoming unobservable at pH 3.7 while that
of Asp-201 remains observable at both pH 4.7 and
pH 3.7. On the other hand, local structural changes
at backbone amides are very small, as evidenced by
the small chemical shift changes (< 0.05 ppm)
experienced by Asp-201 and Lys-205. The lack of
structural and dynamics changes at Asp-201 in
mildly acidic pHs is consistent with its low pKa and
concomitant lack of change in protonation state
during the pH titration. While the proton release
group Asp-193 is also H-bonded to the water
network, its high pKa suggests that this residue
may already be partially protonated at pH 6.0, and is
unlikely to be the main driver behind the changes
observed during acid denaturation.

Summary

Using solution-state NMR, we have studied the
denaturation of pSRIl using SDS and acidic pH. This
paper presents one of the very few [29] detailed
backbone NMR studies on a full-length, denatured
membrane protein, and has shed insights on
differences in the unfolding pathways under different
denaturing conditions. SDS denaturation leads to
fraying of helix ends, small structural changes within
the binding pocket, and ps-to-ms timescale confor-
mational exchange that initiates from the cytoplas-
mic side of helices C, E, F and G and propagates
across to most of the 7TM helices except for the
extracellular half of helix D, which shows fast local
dynamics that could suggest at least partial unfold-
ing. Acid denaturation leads to fraying of helix ends
but otherwise very limited structural changes, and
ps-to-ms timescale conformational exchange that
initiates from helix C and propagates across the
internal water-mediated H-bond network and all 7TM
helices. Based on the widespread ps-to-ms time-
scale conformational exchange in pSRII backbone
amides under the denaturing conditions explored
(high Xsps and acidic pHs), it is further proposed that
the all-trans retinal chromophore might influence the
folding energy landscape by perturbing the equilibria
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Table 3. Data acquisition parameters for NMR experiments on '®N-pSRll in different Xsps and at different pH values. All
samples contained 10% D,O and TSP as internal chemical shift reference. All spectra were recorded at 308 K. Signal
intensities were scaled according to number of scans and protein concentration prior to analysis.

Figure Xsps (% SDS) [c7-DHPC] (%) pH [PSRII] (uM) No. of Scans
Fig S1 0.769 (1.0%) 0.5 6.0 94 240
0.769 (2.0%) 0.9
Figs. 1-5, S2—4, S6 0 0.5 6.0 83 160
0.400 (0.2%) 94 240
0.625 (0.5%) 94
0.728 (0.8%) 94
0.769 (1.0%) 94
0.834 (1.5%) 83
0.870 (2.0%) 94
0.893 (2.5%) 94
0.909 (3.0%) 83
0.971 (10%) 83
0.985 (20%) 83
0.990 (30%) 83
Figs. 6, S5 0 0.5 4.7 112 240
3.7
2.6
2.0

amongst different conformations sampled by the
backbone amides in the absence of native retinal-
protein interactions.

Once again, we emphasise pSRIl as a model
protein which is highly suitable for membrane protein
folding studies. It is hoped that the high-resolution
molecular insights on the denatured states of pSRilI
presented in this paper could pave the way for
furthering our understanding on the folding and
unfolding pathways of other retinal-binding proteins
and membrane proteins in general, and also for
investigating the importance of ligand-binding in the
folding pathways of other ligand-binding membrane
proteins, such as GPCRs.

Materials and Methods

Materials

SDS (electrophoresis grade) and 50% (w/v)
hydroxylamine hydrochloride were purchased from
Sigma-Aldrich. Diheptanoylphosphatidylcholine (c7-
DHPC) was purchased from Anatrace.

Protein expression and purification

Natronomonas pharaonis sensory rhodopsin Il
(pSRIl) was expressed in E. coli Tuner(DE3)Lacl
cells (Novagen) and purified in 50 mM sodium
phosphate pH 6.0, 50 mM NacCl, 0.05% (w/v) sodium
azide (NaNz) and 2% (w/v) c7-DHPC as described
previously [40]. Protein concentration was measured
using a molar extinction coefficient of 48000 M~ cm™

for the native retinal chromophore absorbing at 498 nm,
or 49390 M cm™ for absorbance at 280 nm [65].

1D 'H NMR

1D 'H NMR spectra were measured using a
Bruker Avancelll AV800 equipped with 5 mm TXI
CryoProbe (HCN/z). Pulse sequences were 1D spin
echos. Water suppression was achieved using a 3-
9-19 180° WATERGATE sequence. All spectra were
recorded at 308 K, with 512 complex data points
(51.2 ms), 512 scans, and a spectral width of 10000
Hz. Selective suppression of detergent signals was
achieved using a Gaussian Q5 cascade with
duration of 5 ms followed by purging by gradient
pulses.

2D 'H,"SN NMR

All 2D ['H,'*N] BEST-TROSY experiments were
recorded with samples of '°N-labelled pSRIl in 50
mM NaH,PO4/Na,HPO,4, 50 mM NaCl, 0.5% c7-
DHPC with varied pH and SDS concentrations, at
308 K. All spectra were recorded on a Bruker
Avancelll AV800 spectrometer equipped with a 5
mm TXI CryoProbe (HCN/z), with 512 x 128
complex points, spectral width of 2777.78 Hz in the
indirect dimension (t;max = 46.08 ms) and acquisition
time of 51.2 ms. Frequency discrimination in the '°N
dimension was achieved using P/N-type coherence
order selection combined with axial peak shifting by
one-half the spectral width. Solvent suppression was
not required due to the utilisation of amide-selective
"H pulses for magnetisation transfer.
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Details of the sample concentrations and the
number of scans for each reported spectrum are
shown in Table 3.

Data analysis

Chemical shift differences were calculated as:

AB(15N)?

AS("H,'5N) = \/A6(1H)2 +—% (1)

Intensity ratios were calculated as:

. , . Peak intensity at n Xgpg
I/lo(intensity ratio) = Peak intensity at 0 XSDS(

2)

SDS-PAGE

SDS-PAGE analysis of pSRIl at different SDS
concentrations was performed on a 12% polyacryl-
amide gel at 90 V for 15 min followed by 180 V for 40
min. 2x Native loading dye containing 62.5 mM Tris-
HCI, pH 6.8, 25% (v/v) glycerol, 0.01% (w/v)
bromophenol blue [66] was used for the analysis of
aggregation states in denatured protein samples.
PageRuler prestained protein ladder (10-180 kDa)
(Thermo Fisher Scientific) was used as molecular
weight markers. Protein bands were visualised using
the Pierce™ Silver Stain Kit (Thermo Fisher Scien-
tific) according to the manufacturer’s instructions.

Far-UV CD spectroscopy

To avoid strong UV absorbance by NaNs, NaN3
was first removed from small aliquots (100 pl) of
pSRIl stock solutions by concentrating and diluting 3
times in a 0.5 ml centrifugal filter unit (10 kDa cutoff)
(Merck Millipore) using a total of ~1.5 ml of 50 mM
sodium phosphate pH 6.0, 50 mM NaCl, 0.1% (w/v)
c7-DHPC. CD spectra were recorded at 25 °C by
scanning between 194 and 250 nm on an Aviv 410
spectrometer (Aviv Biomedical Inc.) usinga 1x1 mm
cuvette. Each sample contains ~0.17 mg/ml protein
in a volume of 400 pl, measured 2 h after exposure to
unfolding buffer. CD spectra of the buffer solutions
were subtracted from the sample spectra and
smoothed using a window width of 11 and a degree
of 2. Spectra were reported as the average of 3
scans. Data for each experimental condition were
reported as the average of 3 independent samples.

Molar residue ellipticity (MRE; [6]) was calculated as:
]
O =FoxTxexn ®)

where 6 is the observed ellipticity (millidegrees), / the
path length (cm), ¢ the protein concentration (M) and n
the number of peptide bonds, taken as 246 for pSRIl.

Calculations

The mole fraction of SDS (Xgps) was calculated as
the bulk detergent composition in solution.
[SDS]
X = 4
505~ [SDS] + [¢7-DHPC] “)
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