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ABSTRACT: Little is known about the general folding mechanisms of helical membrane proteins. Unfolded, i.e.,
non-native states, in particular, have not yet been characterized in detail. Here, we establish conditions under
which denatured states of the mammalian membrane protein rhodopsin, a prototypic G protein coupled
receptor with primary function in vision, can be studied. We investigated the effects of the chemical
denaturants sodium dodecyl sulfate (SDS), urea, guanidine hydrochloride (GuHCIl), and trifluoroacetic acid
(TFA) on rhodopsin’s secondary structure and propensity for aggregation. Ellipticity at 222 nm decreases in
the presence of maximum concentrations of denaturants in the order TFA > GuHCI > urea > SDS + urea >
SDS. Interpretation of these changes in ellipticity in terms of helix loss is challenged because the addition of
some denaturants leads to aggregation. Through a combination of SDS—PAGE, dependence of ellipticity on
protein concentration, and 1D "H NMR we show that aggregates form in the presence of GuHCI, TFA, and
urea but not in any concentration of SDS, added over a range of 0.05%—30%. Mixed denaturant conditions
consisting of 3% SDS and 8 M urea, added in this order, also did not result in aggregation. We conclude that
SDS is able to prevent the exposure of large hydrophobic regions present in membrane proteins which
otherwise leads to aggregation. Thus, 30% SDS and 3% SDS + 8 M urea are the denaturing conditions of
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choice to study maximally unfolded rhodopsin without aggregation.

Membrane proteins are essential for all living systems and
include important protein families such as receptors, transpor-
ters, ion channels, pumps, and proteins with structural roles or
enzymatic activity. In humans, membrane proteins constitute
one-third of all the proteins (/). Failure of a membrane protein to
fold into its native three-dimensional structure can lead to
disruption of regulated cell functions and cause diseases (2).
There are several pathological conditions such as cystic fibrosis,
Charcot—Marie—Tooth disease, hearing loss, and retinitis pig-
mentosa (RP), in which misfolding of membrane proteins has
been implicated as contributing to disease (2). Through an
understanding of the folding mechanisms of membrane proteins
it may be possible to identify avenues for the treatment of such
diseases.

In the field of soluble proteins, characterization of unfolded
states has been crucial in understanding mechanisms of folding
and indeed has shed light also on misfolding diseases (3, 4). An
important conclusion is that even under strongly denaturing
conditions some interresidue interactions, either native-like or
non-native and especially those among hydrophobic residues, are
present in the unfolded state (5). Such interactions constitute
residual structure in denatured states and are assumed to form
during the early stages of folding of a protein, playing a crucial
role for folding by acting as a folding nucleus (5). Non-native
interactions of unstructured peptide fragments for example are
believed to play a major role in amyloid formation in Alzheimer’s
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disease (6). In principle, any protein sequence has an intrinsic
propensity to aggregate, and even form amyloid fibrils (4), but
point mutations can enhance this propensity as has been shown
for example for transthyretin and lysozyme (7, 8). While these
mutations do not alter the structure of the folded state, they
change structure and stability of unfolded states and result in
accumulation of folding intermediates (7, 9). Based on the
characterization of these folding intermediates, therapeutic stra-
tegies have been proposed such as blocking fibrillar growth by
p-sheet breaker peptides (10) and stabilizing native structure of
these proteins by small molecules (1/—13).

In contrast to soluble proteins, little is known about unfolded
states of membrane proteins, and there have been few efforts to
date toward understanding the molecular mechanisms of mem-
brane protein folding in general. It has been proposed in the two-
stage hypothesis that the initial stages of folding of helical
membrane proteins involve primarily formation of the he-
lices (14, 15), while the long-range interaction hypothesis empha-
sizes contact formation involving residues in loops connecting the
helices (16, 17). Experimental testing of such mechanistic hypoth-
eses is challenging mainly due to the difficulties in perturbing these
protein systems, in which high stability arises from the hydro-
phobic environment of the membrane. In order to accommodate
the hydrophobic nature of membrane proteins, they need to be
reconstituted in a detergent or lipid environment to maintain their
functionality, which also renders them resistant toward denatura-
tion. In vitro folding/unfolding studies of membrane proteins
require optimization of denaturing conditions that would lead to
a significant degree of unfolding. Another challenge faced by
denaturation experiments is formation of aggregates due to
exposure of large hydrophobic regions of membrane proteins.
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The first work on the folding of membrane proteins was
carried out with bacteriorhodopsin (bR) which was successfully
refolded into phospholipids via transfer into sodium dodecyl
sulfate (SDS)' micelles after denaturation by trifluoroacetic acid
(TFA) (18). This has established bR as a model system for
studying the folding of helical membrane proteins (/9). Kinetic
studies of refolding of bR from an SDS-denatured state into
lipid/detergent micelles have enabled detection of folding inter-
mediates in its folding pathway (20—24). Efforts on elucidating
the folding pathways of other membrane proteins are underway.
Refolding has been possible for the bacterial membrane proteins
KcsA, from a trifluoroethanol- (TFE-) denatured state (25),
DAGK and DsbB from SDS-denatured states (26, 27), and
EmrE from a SDS + urea denatured state (28) and for the LHCII
complex from higher plants from a SDS-denatured state (29, 30).
In all of these cases, however, refolding was accomplished only
from a partially unfolded, near native state. Recently, studies
with opsin in phospholipid bicelles revealed a significant decrease
of 50% in its helical content in the presence of urea, but it could
not be refolded from such a largely unfolded state (31). Therefore,
refolding of membrane proteins except bR is typically feasible
only from a minimally denatured state which is structurally very
similar to the native state but becomes difficult when large
portions of the structure are unfolded.

While reversibility of unfolding is crucial for kinetic and thermo-
dynamic studies of folding, it is not a requirement for biophysical
characterization of denatured states. Here, the requirements are
long-term stability of the denatured state of interest without
aggregation. Further, the extent of unfolding is important. To
catch a glimpse of the earliest stages in folding, ideally the protein is
denatured to the maximum possible extent. In this paper, we
therefore describe our efforts on chemical denaturation of rho-
dopsin in dodecyl maltoside (DM) detergent micelles by addition
of SDS, TFA, urea, and guanidine hydrochloride (GuHCI). We
find that 4 M TFA disrupts secondary structure of rhodopsin to
the greatest extent, followed by 8 M GuHCI, 10 M urea, 3%
SDS + 8 M urea, and 30% SDS in decreasing order in their extent
of denaturation. However, aggregation of rhodopsin in the pre-
sence of urea, GuUHCI, and TFA precludes further investigation of
these denatured states. In contrast, 30% SDS and 3% SDS + 8§ M
urea are found to be the most suitable denaturants to study
unfolding of rhodopsin due to their largest extent of denaturation
without formation of aggregates. As per our knowledge, this is the
first time that unfolding and detection of aggregates of a mem-
brane protein have been described in a systematic manner.

MATERIALS AND METHODS

Materials. SDS (electrophoresis grade) was purchased from
Bio-Rad (Hercules, CA) and dodecyl maltoside (DM) from
Anatrace (Maumee, OH). Rhodopsin was isolated from bovine
retinae and purified in 2 mM sodium phosphate buffer, pH 6, in
the presence of 0.05% DM as described previously (32).

Methods. Circular Dichroism Spectroscopy. CD spectra
were recorded using a Jasco J-810 spectrometer (Jasco Inc.,
Easton, MD). Rhodopsin (1.5 uM) in 2 mM sodium phosphate
buffer, pH 6, and 0.05% DM in the presence of different
concentrations of denaturants was placed in a I mm quartz cell.

! Abbreviations: SDS, sodium dodecyl sulfate; DM, dodecyl maltoside;
4-PDS, 4.4'-dipyridyl disulfide (alternative name: 4,4’-dithiodipyridine);
CD, circular dichroism; MRE, mean residue ellipticity; TFA, trifluoro-
acetic acid; GuHCI, guanidine hydrochloride.
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All spectra were recorded at 25 °C with a bandwidth of 1 nm, scan
speed of 100 nm/min, and a response time of 1 s. Each spectrum
was reported as an average of 10 spectra. Spectra recorded in the
absence of denaturant and in the presence of up to 3% SDS, 3 M
urea, and 3 M GuHCI were subtracted from the corresponding
buffer reference spectra containing 70 4M nonamer peptide used
during rhodopsin purification. For spectra of solutions contain-
ing more than 3% SDS, 3 M urea, 3 M GuHCI, and all concen-
trations of TFA, sodium phosphate buffer containing 0.05%
DM and appropriate denaturant concentration without nonamer
were subtracted. This was because very small volumes of highly
concentrated rhodopsin were added to the working solution to
achieve a final concentration of 1.5 M resulting in dilution of the
nonamer to levels undetectable by CD spectroscopy. Note that
while the subtraction of nonamer peptide affects ellipticity at
208 nm, the change in ellipticity at 222 nm is small and amounts
to a maximum decrease in absolute ellipticity of about 5% (for
70 uM peptide, Figure 1). Most solutions contained less con-
centrations of the peptide. The effect of denaturants over time
was monitored by recording CD scans every 0.5 h for a period of
14 h. All CD spectra were analyzed using CDPro software (33).
The helicity was estimated by using CDPro by taking the basis
set (no. 10) containing both soluble proteins and membrane
proteins (33).

A python script was developed as a user interface for running
CDPro. The script takes as input the CD spectra in millidegrees
(6), path length of cuvette (/in cm), concentration of protein (¢ in
molar units), and number of amino acids in protein (n) and
calculates molar circular dichroism or delta epsilon (Ae = 6/
(10lcn x 3298)) which is used as input by the CDPro software.
The script by default executes all the three secondary structure
determining algorithms CONTIN/LL (33, 34), SELCON3 (35),
and CDSSTR (36) available within CDPro. There is also an
option provided in the script for the user either to choose the basis
set suggested by CDPro or to use all available basis sets for data
processing. The script generates two plain text (comma separated
value format) files: (1) wavelength versus calculated mean residue
ellipticity ([0] = Ae x 3298) and (2) reformatted output of
CDPro that can be opened by any spread sheet or plotting
programs for further analysis. This script is available at http://
jks-lab.structbio.pitt.edu/CD.

SDS— Polyacrylamide Gel Electrophoresis (SDS—PAGE).
SDS—PAGE analysis of rhodopsin at different denaturant
concentrations was performed at 200 V for 30 min on a 10%
SDS—PAGE. SDS concentration was 0.1% in the buffers used to
make the stacking and resolving parts of the gel. The electro-
phoresis buffer also contained 0.1% SDS. Nonreducing Laemmli
dye (Bio-Rad, Hercules, CA), consisting of 62.5 mM Tris, pH 6.8,
2% SDS, 25% glycerol, and 0.01% bromophenol blue, was used
in 1:1 ratio to load native rhodopsin on the gel. The effect of
additional SDS in the nonreducing Laemmli dye on denatured
samples was negated by the use of native gel loading dye. The
latter in 2x concentration contained 25% glycerol and 0.01%
bromophenol blue and was used to load denaturant (SDS and/or
urea) containing samples of rhodopsin on the gel. Silver staining
was done using the SilverSNAP stain kit (Thermo Scientific,
Waltham, MA).

One-Dimensional 'H NMR. All NMR measurements were
performed at 25 °C using a Bruker 800 MHz spectrometer.
Samples containing 50 M rhodopsin in 20 mM sodium phos-
phate buffer (pH 6.0), 1% DM, and 10% D-O in the presence
and absence of SDS were used to record the NMR spectra.
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FiGure 1: SDS-induced denaturation of rhodopsin monitored by CD spectroscopy. CD spectra of 1.5 uM rhodopsin (black line) alone and in the
presence of (A) 0.05%—3% and (B) 7%—30% SDS concentrations. Total mean residue ellipticity at 222 nm of rhodopsin in the presence of (C)
0.05%—3% SDS and that in the presence of (D) 7%—30% SDS. All CD spectra in (A) are subtracted from the corresponding buffer spectrum
containing 70 uM nonapeptide, and those in (B) are subtracted from buffer alone because of reasons stated in the Materials and Methods section.
Spectra of rhodopsin (nonamer not subtracted) correspond to a concentration of 1.5 uM obtained after dilution from a very high concentrated
protein sample thus resulting in amounts of nonamer undetectable by CD.

One-dimensional 'H NMR spectra were recorded using a
selective excitation scheme with sculpting that utilizes a double
pulse field gradient spin echo sequence (DPFGSE) (37, 38). A
total of 2048 scans were averaged to obtain the final spectrum at
each condition. A line broadening of 1 Hz was used to process
final spectra.

Cysteine Accessibility Measurements. 4,4'-Dithiodipyri-
dine (4-PDS) reacts with free sulfhydryl groups in cysteines to
produce stoichiometric amounts of 4-thiopyridone that absorbs
at 323 nm (39), and the reaction was used to quantify cysteine
accessibility of rhodopsin essentially as described (40). The num-
ber of cysteines reacting with 4-PDS per molecule of rhodop-
sin was estimated by taking the ratio of the absorbance at
323 nm and that at 500 nm and multiplying it with the ratio of
the molar extinction coefficient of rhodopsin (40600 M~' ¢cm™!
and that of 4-thiopyridone (19000 M~ em™"). Rhodopsin (1.5 «M)
in 2 mM sodium phosphate buffer, pH 6, and 0.05% DM was
reacted with 37.5 uM 4-PDS in the sample cuvette at 25 °C. The
same amount of 4-PDS was added to the reference cuvette. The
reaction was followed spectrophotometrically by recording
the changes in absorbance spectra over time. At the end of the
experiment, when the 323 nm peak reached saturation, all
spectra were subtracted from the original rhodopsin spectrum
in the absence of 4-PDS.

Steady-State Fluorescence Spectroscopy. Fluorescence
measurements were carried out using a Varian Cary Eclipse
fluorescence spectrophotometer (Varian Inc., Palo Alto, CA).
Emission scans of 1.5 uM rhodopsin in 2 mM sodium phosphate
buffer, pH 6, and 0.05% DM titrated with GuHCI were recorded
in the wavelength range 310—500 nm with an excitation wave-
length of 295 nm. Excitation and emission slit widths were kept at
5 and 10 nm, respectively. Medium photomultiplier tube voltage
was applied, and measurements were taken at a scan rate of

600 nm/min. For time course measurements, fluorescence emis-
sion at 330 nm was recorded every 30 min. All experiments were
carried out at 25 °C.

RESULTS

Secondary structure of rhodopsin in the presence of different
chemical denaturants (SDS, urea, GuHCI, TFA, and combina-
tions thereof) was assessed by circular dichroism. While solvent
background precluded measurements at very low wavelengths
for some of the conditions, at the very minimum the range
including ellipticity at 222 nm, most important for assessment of
helical structure content, was obtained for all conditions. For
each denaturant, we also established whether or not aggregation
occurs. Here, the methods varied depending on the denaturant
because some approaches are not applicable to some denatu-
rants. The results are summarized in Table 1 and are described
below in order of denaturant. Thus, for each denaturant, there is
a description of the effects on secondary structure, followed by
the effects on rhodopsin aggregation.

SDS as a Denaturant of Rhodopsin: Disruption of Sec-
ondary Structure. To measure the loss of secondary structure in
the presence of increasing amounts of SDS, rhodopsin was
titrated with varying concentrations of SDS, and the circular
dichroism (CD) spectrum was recorded at each concentration.
CD spectra of rhodopsin (1.5 uM) alone and in the presence of
low concentrations of SDS up to 3% are shown in Figure 1A, and
those in the presence of high SDS concentrations up to 30% are
shown in Figure 1B. The corresponding plots of mean residue
ellipticity (MRE) at 222 nm are shown in panels C and D of
Figure 1, respectively. The magnitude of MRE at 222 nm
decreases abruptly at a concentration of 0.05% SDS and then
remains essentially constant with increasing SDS concentrations
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FiGure 2: (A) Silver-stained 10% SDS—polyacrylamide gel of rhodopsin in the presence of SDS. First gel: lane 1, marker; lane 2, native
rhodopsin; lanes 3,4, and 5, rhodopsin in 0.05% SDS, 1% SDS, and 3% SDS, respectively. Second gel: lanes 2 and 3, rhodopsin in 10% and 20%
SDS, respectively; lanes 4, 5, 6, and 7, rhodopsin in 30% SDS at time ¢ = 0, 2, 12, and 24 h, respectively; lane 8, rhodopsin; lane 9, rhodopsin
denatured at 70 °C. (B) Plot showing changes in MRE at 222 nm on rhodopsin concentration during SDS denaturation. 1D proton spectra
showing overlay of (C) rhodopsin and rhodopsin in 1% SDS, (D) rhodopsin and rhodopsin in 30% SDS, (E) rhodopsin in 1% SDS, and (F) 30%

SDS after 4 days of incubation with that after immediate SDS addition.

until 3% (Figure 1C). The decrease in the magnitude of MRE at
222 nmat 3% SDS s 12 + 2%, which corresponds to an estimated
~19% decrease in helicity calculated using CDPro software (33).
However, already at 2% SDS, a slight increase in the magnitude
of MRE begins which reaches a maximum at 10% SDS
(Figure 1D). Subsequently, a large decrease in the magnitude of
MRE values at 222 nm is observed as the SDS concentration is
raised beyond 10% up to 30% as shown in Figure 1D. The change
in MRE at 222 nm is 39 4+ 6% at 30% SDS, indicating loss of
substantial amounts of native helical regions. The corresponding
decrease in helicity, as approximated using CDPro software, is
~45%.

In order to ensure that the values recorded at each SDS
concentration correspond to the maximal denaturation by SDS
at that concentration, rhodopsin was incubated with 0.05%,
1.5%, 3%, and 30% SDS overnight at 25 °C. Loss of secondary
structure was monitored by CD spectroscopy every 30 min during
the incubation period, but no time-dependent further denatura-
tion was observed (data not shown).

The changes in CD spectra (shown in Figure 1A) with
increasingly higher concentrations of SDS added to rhodopsin
are summarized in Figure 1C by mean ellipticity at 222 nm as a
function of SDS concentration. SDS concentrations up to 3%
show two distinct stages, an initial decrease in helicity followed by no
change up to 3% SDS. The CD results at higher SDS concentrations

are shown in panels B and D of Figure 1. A third stage over the
range of SDS concentrations 3% —10% SDS can be clearly seen in
the CD spectrum in Figure 1B and summarized in Figure 1D: a
distinct increase in the magnitude of MRE at 222 nm is observed
in this range. In a fourth stage (15%—30% SDS), a sudden
decrease in helicity to a large extent at concentrations beyond 15%
SDS.

SDS as a Denaturant of Rhodopsin: Detection of Ag-
gregates. The above studies strongly suggest that high concen-
trations of SDS are very well suited to denature rhodopsin. In
order to be able to characterize the molecular nature of such
states, it is imperative that no aggregation occurs in the presence
of SDS. We therefore tested for aggregation using multiple
complementary methods, including SDS—PAGE, dependence
of molar ellipticity on rhodopsin concentration, and '"H NMR
spectroscopy.

First, we looked for aggregates on SDS—PAGE (Figure 2A,B).
Native loading dye (see Methods) was used so that no additional
amount of SDS is introduced from the sample loading buffer and
the result is not an effect of its addition. This is especially critical
for the samples containing low concentrations of SDS such as
0.05%, 1%, and 3%. The possibility that SDS present in the gel
and running buffer (0.1% SDS in each) would dissolve the
aggregates we are trying to detect is highly unlikely. This is because
we are detecting for aggregates caused by SDS denaturation;
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i.e., the samples already contain SDS, and if aggregates are
present, they would be dissolved in the sample even before loading
on the gel. Further, the amount of SDS that we have used to
denature rhodopsin is significantly higher than what is present in
the gel and running buffer, thus ruling out the contribution of SDS
in the gel system, other than that in the samples, to influence our
results.

Figure 2A shows a silver-stained polyacrylamide gel with
native rhodopsin in lane 2 (Rho). Native rhodopsin runs as a
band between 37 and 25 kDa on SDS—PAGE, and the same gel
shows rhodopsin denatured with 0.05%, 1%, and 3% SDS in
lanes 3, 4, and 5, respectively. These samples were loaded using
native loading dye (see Methods). As can be seen from these gels,
a single band at the same position as native rhodopsin is observed
for rhodopsin in the presence of different concentrations of SDS
tested, indicating no changes in electrophoretic mobility of SDS-
denatured states compared to that of native rhodopsin. The
adjacent gel shows rhodopsin denatured with 10%, 20%, and
30% SDS in lanes 2, 3, and 4, respectively, as compared to native
rhodopsin (Rho) in lane 8. These samples were also loaded with
native dye (see Methods). To check the stability over time,
rhodopsin was incubated with 30% SDS for 2 h (lane 5), 12 h
(lane 6), and 24 h (lane 7). A single band in the same position as
that of native rhodopsin was also observed during longer
incubation of rhodopsin in the presence of 30% SDS, suggesting
that SDS-denatured rhodopsin is stable over long periods of time
and no aggregation is observed even after 24 h of incubation.
Rhodopsin denatured by heating at 70 °C in lane 9 was run as a
positive control for aggregation. In contrast to the lack of
aggregation in the presence of SDS, the positive aggregation
control shows higher molecular weight oligomeric bands.

Since none of the SDS concentrations used showed evidence
for aggregation and we are interested in the most denaturing
conditions, we further corroborated lack of aggregation at 30%
SDS by testing if the CD spectra showed any sign of dependence
on rhodopsin concentration. CD spectra of rhodopsin denatured
with 30% SDS were recorded at increasing protein concentrations
of 1.5, 5, and 8 uM. There was little if no dependence of MRE at
222 nm on protein concentration (Figure 2B). This further supports
the absence of aggregation at the maximum SDS concentration
used (30%), even at higher rhodopsin concentrations.

Finally, we further corroborated the lack of aggregation in
SDS using "H NMR spectroscopy. Proton peaks arising from a
natively folded protein are dispersed across the range of approxi-
mately —1 to 10 ppm. Peaks corresponding to amide protons are
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found mainly in the region from 6.5 to 10 ppm. For a disordered
or completely unfolded protein, all amide protons in similar
chemical environment cluster together around 8 ppm impairing
resolution. In case of aggregated protein, loss of peak dispersion
accompanied by an increase in line widths of proton peaks is
expected. We therefore further checked for the lack of aggrega-
tion in SDS-denatured states by recording one-dimensional
proton NMR spectra of rhodopsin in the absence and presence
of SDS. To avoid interference from detergent signals, these
spectra were obtained by selective excitation of the protein
backbone region by using a sculpting scheme as described (37, 38).
Overlay of the proton spectra, showing the backbone region of
rhodopsin alone and in the presence of 1% SDS, is displayed in
Figure 2C. The peaks in native rhodopsin correspond mostly to
the flexible regions of rhodopsin that become sharper on adding
1% SDS. The peaks between 7.2 and 6.8 ppm in the native state
coalesce to form a sharper peak in 1% SDS-denatured state.
Figure 2D shows the overlay between native rhodopsin and that
in the presence of 30% SDS. Here again, the peaks become
sharper in the presence of 30% SDS compared to the native state.
Peaks between 7.2 and 6.8 ppm appear to merge, giving rise to a
sharper peak in the presence of 30% SDS. However, the overall
peak intensity suffers a decrease in the presence of 30% SDS
when compared to that of native rhodopsin. This may be due to
slow tumbling of the large cylindrical SDS micelles that are
formed at 30% SDS. These 1D spectra show absence of
aggregation since an aggregated protein sample would have given
rise to broad peaks. No significant changes were seen in these
spectra even after 4 days, indicating absence of any time-
dependent aggregation (Figure 2E,F).

Urea as a Denaturant of Rhodopsin: Disruption of Secon-
dary Structure. Next, we measured the effect of urea on rhodop-
sin by CD spectroscopy. Rhodopsin (1.5 uM) was titrated with
different concentrations of urea, and the CD spectrum was
recorded at each concentration, as shown in Figure 3A. The
change in MRE at 222 nm as a function of urea concentration is
shown in Figure 3B. A two-stage unfolding behavior was obser-
ved. Essentially, no change in secondary structure of rhodopsin
occurs up to 6 M urea. This is followed by a steep decrease by
57% in the magnitude of MRE at 222 nm in the range between
6 and 10 M urea. This is greater than the extent of denaturation
by 30% SDS. The midpoint of the unfolding transition is at
7 M urea. No time-dependent change in ellipticity was obser-
ved when rhodopsin was incubated with 10 M urea for 12 h
(data not shown).

Urea as a Denaturant of Rhodopsin: Detection of Aggre-
gates. Urea denaturation disrupts helical content of rhodopsin to
a large extent (see above). These largely unfolded states will be
suitable for further analyses only if aggregation does not occur.
Thus, we checked for aggregation in the presence of urea by two
methods, SDS—PAGE and dependence of MRE at 222 nm on
rhodopsin concentration.

Rhodopsin treated with different concentrations of urea was
run on SDS—PAGE to check for aggregation as shown in Figure 4.
Native gel loading dye was used to run urea containing
rhodopsin samples so that SDS present in Laemmli dye does
not influence our results (see Materials and Methods). The
second lane in Figure 4A corresponds to native rhodopsin. In
subsequent lanes, rhodopsin immediately after addition of 4, 6, 7,
and 8 M urea are shown. Oligomeric bands were seen from 7 M
urea denaturation onward. This is also the urea concentration
at which urea begins to significantly unfold rhodopsin (see
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Lane 1 shows the marker.

Figure 3). Thus, we conclude that rhodopsin begins to aggre-
gate as soon as urea starts to unfold it. Stability of urea-
denatured states was determined by incubating 1.5 M rho-
dopsin with 8§ M urea for 0 h (lane 2), 24 h (lane 3), and 48 h
(lane 4) (Figure 4B). The time course of urea denaturation
clearly shows aggregation becoming worse with time. Increase
in the extent of aggregation with increase in rhodopsin con-
centration denatured by 8 M urea was seen by comparing lanes
1 (5 uM rhodopsin) and 2 (8 uM rhodopsin) in Figure 4C with
that of rhodopsin at 1.5 M in lane 2 in Figure 4B.

Dependence of MRE at 222 nm on rhodopsin concentration in
the presence of 8 M urea was analyzed also by CD spectroscopy.
As shown above, aggregation is observed on the gel from 7 M
urea denaturation onward. We therefore chose a concentration
of 8 M urea for this experiment. Thus, we denatured rhodopsin at
increasing concentrations of 1.5, 5, and 8 uM with 8 M urea. The
CD spectrum at each of the rhodopsin concentrations was
recorded (data not shown). However, precipitates already were
detected by eye when 8 M rhodopsin was treated with 8§ M urea,
indicating aggregation of rhodopsin and thus making further
analysis by CD unnecessary. Thus, appearance of aggregates
precludes the use of urea as a suitable denaturant for unfolding
studies of rhodopsin.

3% SDS + 8 M Urea Mixture as a Denaturant of
Rhodopsin: Disruption of Secondary Structure. SDS caused
a significant extent of denaturation of rhodopsin without causing
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(black line) alone and in the presence of GuHCI concentration from
2 to 8 M and 4 M TFA. (B) Mean residue ellipticity at 222 nm of
rhodopsin in the presence of 1—8 M GuHCI.

aggregates whereas urea denatured secondary structure of rho-
dopsin to a greater extent than SDS but caused aggregation. We
therefore tested if a mixed denaturant condition consisting of
both SDS and urea could result in an extent of denaturation
similar to or greater than that of urea but without aggregation.
Concentrations of 3% SDS and 8 M urea were chosen because
addition of more than 3% SDS and 8 M urea led to large increase
in the total volume and dilution of the protein concentration.
Also, 8 M urea led to a similar degree of disruption of secondary
structure as 10 M urea, the latter being the maximum urea
concentration that can be used. A 44% decrease in MRE at 222 nm
was observed when rhodopsin (1.5 uM) was treated with 3%



6324  Biochemistry, Vol. 49, No. 30, 2010

Dutta et al.

o

t=12h

Number of labeled Cys
o - N w > ] o

A, B.
l"’o:
T 0 > 250
53 3

@
-
53 2 o 5
-E_NE 8M GuHCI . b
= o 150
) ; 4 § @ é 3
S 3 e 3 100
s ° 8
® g ® ° H
2 g 6M GuHClI 5 50
[ 3
g N 8 T o
=% [ 2 4 6 8

[Rhodopsin] (uM)

01 2 3 4 5 6 7 8
[GuHCI] (M)

01 2 3 45 6 7 8
[GuHCI] (M)

FiGure 7: Aggregation under GuHCl deanaturing condition. (A) Plot showing linear dependence of MRE at 222 nm on rhodopsin concentration
on adding 6 M (filled circle) and 8 M (open circle) GuHCI. (B) Changes in fluorescence intensity at 330 nm in the presence of 0—8 M GuHCI
immediately after its addition (filled circle) and after incubation for 12 h (open circle). (C) Number of cysteines reactive to 4-PDS in different
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SDS followed by addition of 8§ M urea as indicated by the CD
spectrum shown in Figure 5A. A similar decrease in MRE at
222 nm was also observed when rhodopsin was first treated with
8 M urea followed by addition of 3% SDS (data not shown).
Comparison of the extent of denaturation by 3% SDS (3S), 8 M
urea (8U), 3% SDS + 8 M urea (3S8U), and 30% SDS (30S) is
shown in Figure 5B. As can be seen in this figure, addition of § M
urea to 3% SDS-denatured rhodopsin decreases the helicity to a
much greater extent than that by 3% SDS alone. Also, the mixed
denaturant leads to a similar extent of denaturation as that by
8 M urea and is slightly greater than that by 30% SDS.

3% SDS + 8 M Urea Mixture as a Denaturant of Rhodop-
sin: Detection of Aggregates. As described in the CD experi-
ments above, the mixture of denaturants leads to a significant
decrease in the secondary structure content of rhodopsin. To
determine if this condition leads to aggregation, we ran the
denatured samples on SDS—PAGE as shown in Figure 5C.
Samples were loaded using native dye (see Methods). Lane 2
shows the presence of aggregates when rhodopsin is treated
with 8 M urea first followed by 3% SDS. This indicates
irreversible aggregation by 8 M urea that cannot be rescued
by addition of 3% SDS. However, no aggregates were detected
on addition of 3% SDS followed by 8 M urea to rhodopsin, as
shown in lane 3. Therefore, 3% SDS + 8 M urea, added in this
order, is a suitable condition for studying denatured states of
rhodopsin.

GuHCI and TFA as Denaturants of Rhodopsin. Disrup-
tion of Secondary Structure. Two other denaturants, GuHCI
and TFA, were tested. The CD spectra of rhodopsin (1.5 uM)
titrated with different concentrations of GuHCI are shown in
Figure 6A. A plot of the change in MRE at 222 nm as a function
of GuHCI concentration is shown in Figure 6B. Similar to the
urea-induced denaturation, a two-stage behavior is seen on
GuHCI unfolding. Here, the midpoint of transition was at 4 M
GuHCl, as compared to the midpoint of the unfolding transition
inurea of 7 M (see above). The decrease in MRE at 222 nm at 8 M
GuHCI is 66%; no time-dependent decrease in helicity was
observed when rhodopsin was incubated with § M GuHCI for
12 h (data not shown).

Finally, an organic solvent, TFA, known for its strong
denaturing properties and previous denaturation power in the
case of bacteriorhodopsin (18) was tested. TFA (4 M) was seen to
disrupt rhodopsin almost completely as seen by the absence of a
CD signal in the spectrum shown in Figure 6A. However, 4 M
TFA buffer alone gave a strong CD signal, making the quanti-
fication of the signal unreliable. Lower concentrations of TFA

were also tested. For example, TFA at a concentration of 100 mM
is the highest concentration with minimal signal background.
However, this concentration led to a relatively small decrease of
only ~12% in MRE at 222 nm (data not shown).

GuHCI and TFA as Denaturants of Rhodopsin. Detection
of Aggregates. GuHCl denaturation results in a large decrease in
MRE at 222 nm as seen from CD spectroscopy, and TFA
denaturation resulted in complete disappearance of the CD
signal, indicating complete disruption of secondary structure of
rhodopsin. Thus, TFA could potentially be the best denaturant if
it also does not cause aggregation. Unlike for other denaturing
conditions described above, SDS—PAGE analysis could not be
performed for GuHCl-containing samples as precipitation was
observed when Laemmli buffer was added. Furthermore, native
loading dye could not be used to run GuHCl-denatured samples
as they remained stuck in the wells of the gel. We therefore
checked for aggregation under both GuHCI and TFA denatura-
tion conditions by determining the dependence of MRE at 222
nm on rhodopsin concentration. For GuHCI denaturation we
also measured tryptophan fluorescence and accessibility of
cysteine in denatured states.

The CD spectra of rhodopsin at different concentrations of
1.5,3,5,6,7,and 8 uM each denatured with 6 M GuHCl and that
of 1.5, 3, 5, 6, and 8 uM each denatured with § M GuHCI were
recorded. Dependence of the molar ellipticity at 222 nm on
protein concentration was observed at both 6 and 8 M GuHCI
concentrations tested (Figure 7A). This indicates that rhodopsin
oligomerizes under these conditions, and the greater decrease in
MRE at 222 nm that is observed in Figure 6 may be merely an
aggregation effect.

To check for aggregation in TEA-denatured samples, different
concentrations of rhodopsin at 1.5, 5, and 8 uM were denatured
with 4 M TFA, and a CD spectrum was recorded for each of
them. A dependence of MRE at 222 nm on rhodopsin concen-
tration was seen, but it could not be clearly determined due to
high absorbance at 222 nm by buffer alone (data not shown).
However, aggregates were clearly detected by eye after 3 days of
preparing the samples.

Indirect evidence for aggregation in GuHCI also came from
fluorescence spectroscopy. There are five tryptophan residues in
rhodopsin. Their fluorescence in dark-adapted rhodopsin is
quenched due to energy transfer to the retinal chromophore.
The release of retinal, e.g., following light activation and decay of
the activated metarhodopsin 11 species to free retinal and opsin,
causes an increase in tryptophan fluorescence (47). Thus, fluor-
escence spectroscopy of rhodopsin is a sensitive probe for
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rhodopsin structure. Furthermore, aggregation would be ex-
pected to decrease rhodopsin fluorescence by way of quenching
of tryptophan fluorescence through intermolecular interactions.
The changes in tryptophan fluorescence intensity at 330 nm as a
function of GuHCI concentration are plotted in Figure 7B. An
initial increase in tryptophan fluorescence was seen up to 3 M
GuHCI. This is consistent with the disruption of retinal—protein
interaction as the protein begins to unfold, similar to what would
be seen by the retinal leaving the binding pocket after light
activation. With further increase in GuHCI concentration up to
8 M, a decrease in fluorescence counts was observed. This is
contrary to the significant unfolding of rhodopsin that occurs in
the range 3—8 M GuHCI as judged by CD spectroscopy (see
above). Therefore, this result supports the notion that rhodopsin
aggregates under these conditions, which is expected to lead to
a quenching of fluorescence. A similar pattern of change in
fluorescence was also observed on longer incubation of rhodop-
sin with GuHCI (Figure 7B).

Finally, we also investigated aggregation indirectly through
protein accessibility measurements. Analogous to fluorescence
measurements, tertiary structure and aggregation of rhodopsin
can be probed by cysteine accessibility. Accessibility of cysteine
residues was probed using the cysteine derivatizing agent, 4,4’
dithiodipyridine (4-PDS). 4-PDS reacts with the accessible
free sulfhydryl groups of cysteines, releasing stoichiometric
amounts of 4-thiopyridone which has an absorption maximum at
323 nm (39). Of the six free cysteines in rhodopsin, only two of
them can be derivatized in the dark state whereas all six of them
can be derivatized upon loss of 11-cis-retinal on light activation (42).
The effect on reactivity of cysteines to 4-PDS in GuHCI-
denatured states was checked. An increase in cysteine accessi-
bility to four cysteines was seen up to 3 M GuHCI (Figure 7C).
Further increase in GuHCI concentration to 8 M showed a
decrease in the number of cysteines reacting with 4-PDS to three
(Figure 7C). This pattern is similar to the decrease seen in
tryptophan fluorescence. Burial of both tryptophans and cy-
steines, occurring at the same concentration of GuHCI, indicates
formation of aggregates. Taken together, these experiments
suggest that GuHCI and TFA are not suitable denaturants for
characterizing unfolded states of rhodopsin due to their aggrega-
tion properties.

DISCUSSION

Membrane proteins are notoriously difficult to unfold (/9) due
to the challenge of perturbing the surrounding stable membrane
environment. In this paper we aimed at achieving a largely
denatured state of rhodopsin in vitro in order to mimic what
might be corresponding to an in vivo early unfolded intermediate.
Computational and single molecule studies with the mammalian
membrane protein rhodopsin have suggested that complex folding
mechanisms may have to be considered to describe the folding of
this protein (16, 17, 43, 44). Thus, in-depth studies of denatured
states are needed to better understand these mechanisms. The
characterization of unfolded states of rhodopsin, however, is still
in a preliminary stage. The present paper aims to systematically
compare different denaturing conditions with the aim of identify-
ing conditions that maximally denature rhodopsin without ag-
gregation. Because detergents such as DM do not interfere with
spectroscopic techniques as compared to other membrane mi-
metics, we conducted all of our studies with rhodopsin reconsti-
tuted in DM. DM is a favorable detergent for rhodopsin studies
because it maintains maximum rhodopsin function (45, 46).
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represents formation of SDS cylindrical micelles.

Despite the spectroscopic and functional advantages of using
DM, the thermal stability of rhodopsin in DM micelles is the same
as compared to that in native membranes (47, 48). While this is
favorable for ensuring functional relevance of measurements in
DM, it also makes it equally difficult to study unfolding of
rhodopsin by in vitro denaturation experiments as if we were
working with membranes. Here, we report the results of screening
different denaturants to arrive at conditions that lead to maximum
unfolding of rhodopsin without causing its aggregation. The
former was assessed by CD spectroscopy and the latter by
different techniques depending on the suitability for the specific
denaturant under investigation.

The use of CD spectroscopy for determining extent of dena-
turation was mostly qualitative because of the known inter-
ference of aggregation. Therefore, MRE at 222 nm was mainly
used to report on the degree of disruption of secondary structure
instead of calculating percent helicity by deconvoluting the CD
spectra. MRE at 222 nm is strongly influenced by conformation
of residues in a helix, length of helix, number of helices,
distribution of residues in these helices, fluctuations of a helix,
and the dielectric constant of the surrounding medium (49, 50).
These parameters have an important contribution toward helicity
estimation in the case of denatured proteins. However, in the
absence of suitable basis sets for denatured membrane proteins,
compared to which software such as CDPro estimate the
helicity (33), it is difficult to derive these parameters quantita-
tively from CD spectra. We therefore primarily relied on MRE at
222 nm values to describe secondary structure loss during
denaturation in the Results section. Since it was found that basis
sets in CDPro containing only soluble proteins when used for
quantifying secondary structure of membrane proteins yield
reasonably accurate, albeit not quantitative results when con-
sidering a-helix content alone, we did estimate the extent of
decrease in helicity as a qualitative indicator of the extent of
unwinding of helices. This would provide the reader with some
qualitative indication about the extent of denaturation being
achieved.

SDS as a Denaturant. SDS has been commonly used as a
denaturant for both membrane proteins (26, 27, 51, 52) and
soluble proteins (53—58). It was shown that the modes of
unfolding depend on the SDS concentration range used, and
indeed SDS-induced unfolding of soluble proteins correlates with
changes in SDS micellar structure (59, 60). At low concentrations
of up to 100 mM, SDS forms spherical micelles which convert
into cylindrical micelles at concentrations above 6% where the
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aggregation number of SDS increases from 63 to 91 (61). These
cylindrical micelles, also referred to as “mode 2 micelles, are
known to have more aggressive protein denaturation properties
than the cylindrical micelles (60). Rapid unfolding occurs in this
mode due to the large number of SDS molecules interacting with
the protein and enveloping it in its large cylindrical structures.
Under high SDS concentration conditions, the transition state is
stabilized, and thus the energy barrier to unfolding is decreased.

Because native rhodopsin as a membrane protein is main-
tained in DM detergent micelles, we propose that we expect four
stages in detergent properties based on these published SDS
properties. These stages are visualized schematically in Figure 8.
At low concentrations of SDS, we expect that the SDS displaces
the DM molecules in the micelles to form SDS/DM mixed
micelles. Thus, stage 1 (0.05%—0.3% SDS) represents spherical
DM/SDS mixed micelles. As the SDS concentration increases,
the contribution of the relatively small concentration of DM
decreases, so that stage 2 (0.3%—3% SDS) is dominated by the
vast excess of SDS in the spherical micelles. Stage 3 (3%—10%
SDS) marks the transition from spherical to cylindrical SDS
micelle shapes. Stage 4 (15%—30% SDS) is then dominated by
the cylindrical micellar structures of SDS. [Note that the use of
the word “stages” merely intends to reference the different ranges
in SDS concentration and does not imply a temporal progression
of rhodopsin structure during denaturation.]

Below, we discuss our rhodopsin denaturation by SDS in light
of these stages. In the first stage of unfolding, at low [SDS] of
0.05%—0.3%, a modest decrease in the magnitude of MRE at
222 nm was seen which saturated at a value of ~12% in stage 2 at
[SDS] up to 3%, which corresponds to 100 mM. Stage 3 is a
transition, when SDS is going from spherical to cylindrical
“mode 2” micelles (see Figure 8) (6/). SDS concentrations
between 3% (100 mM) and 15% (500 mM) form this stage as
the increase in aggregation number of SDS beyond 6% (200 mM)
leads to a very large number of SDS molecules interacting with
rhodopsin. As a result, we see an increase in the magnitude of
MRE at 222 nm at 10% SDS to a value close to the native state
indicating that SDS is inducing non-native helices, a well-known
property of SDS. Stage 4 is then dominated by cylindrical
micellar structures of SDS (see Figure 8) that surround largely
unfolded states of rhodopsin. Here, we see a ~40% decrease in
MRE at 222 nm at 30% SDS (1 M). We estimate the extent of
decrease in helicity on adding 30% SDS as a qualitative indicator
of the extent of unwinding of helices and obtained a value of
approximately 45%. This is consistent with “mode 2" unfolding
in which SDS cylindrical micelles wrap around the membrane
protein and aggressively unfold it (59, 60). Formation of cylind-
rical micelles by SDS is also supported by 1D 'H NMR
experiments. A decrease in overall peak intensities of 30%
SDS-denatured rhodopsin as compared to the native form can
be attributed to slow tumbling of the large cylindrical micelles
that are formed at such high SDS concentrations.

In order for SDS-denatured conditions to qualify for bio-
physical studies of denatured rhodopsin, we checked for aggregation.
No aggregation of rhodopsin was detected based on multiple
lines of evidence. SDS-denatured rhodopsin did not show any
oligomeric bands on SDS—PAGE. By using CD spectroscopy, a
dependence of ellipticity at 222 nm on protein concentration
would be expected if there are aggregates forming. Such depen-
dence was not seen when rhodopsin at different concentrations
was denatured by 30% SDS, the maximum concentration of
SDS used here. Further, proton peaks on the NMR spectrum of
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SDS-denatured rhodopsin did not show any significant broad-
ening compared to its native state; even after 4 days of incubation
with 1% and 30% SDS, the spectrum remained almost the same.
However, there was a decrease in overall signal intensity of 30%
SDS denatured state compared to the native state. This may be
due to formation of cylindrical micelles of SDS which tumble
slowly or technical difficulties due to the high buffer concentra-
tions or protein aggregation. Since aggregation has been ruled
out by SDS—PAGE and CD spectroscopy, and no peak broad-
ening was seen on NMR spectra of SDS-treated rhodopsin, we
conclude that the decreased intensity of the proton peaks is not
due to aggregation. This is consistent with the notion that
aggregation of rhodopsin, being a membrane protein, is less
likely in the presence of SDS because even though SDS is
denaturing, it does provide a hydrophobic environment. Here,
the hydrophobic amino acids that will be exposed due to
unfolding still remain surrounded by the hydrophobic tails of
SDS and thus are shielded from the aqueous medium preventing
aggregation. These results indicate that the maximum concentra-
tion of SDS of 30% is a desirable condition for future unfolding
studies of rhodopsin.

Urea as a Denaturant. Urea has been used very recently to
study denaturation of opsin, a retinal-free form of rhodopsin, in
phospholipid/detergent bicelles where it was shown to irrever-
sibly unfold opsin to a significant extent (3/). It was shown that
4 M urea could denature opsin as measured by a decrease in
MRE at 222 nm by ~50%. In our study also, a significant degree
of unfolding of rhodopsin in DM micelles with urea is seen but at
amuch higher concentration of urea; i.e., 8§ M urea could decrease
MRE at 222 nm by 57%. This is mostly due to differences in the
degree of intrinsic stability of opsin and rhodopsin which is also
influenced by the micellar system in which they are reconstituted.
It appears that the native state of opsin is less stable than that of
rhodopsin. It is also possible that urea-denatured opsin is less
prone to aggregation because no precipitates by eye and change
in sample absorbance, reported by voltage changes in the photo-
multiplier tube, occurred during time course studies by CD,
indicating absence of light scattering and hence aggregation (31).
We found this method to be less reliable in detecting aggregation
in our studies because they only detect very large aggregates.
While we also did not detect aggregation by these methods in our
studies, we did detect them based on SDS—PAGE and analysis
by eye at higher rhodopsin concentrations. It is likely that
aggregation is caused by exposure of large hydrophobic regions
of rhodopsin due to its unfolding in urea. A way to mask these
hydrophobic parts of the protein could prevent it from oligo-
merizing. For this reason, we tested a mixture of 8§ M urea and
3% SDS as a denaturant so that SDS can be effective in
screening the hydrophobic residues from water. While aggre-
gates are detected when 3% SDS was added to 8 M urea-
denatured rhodopsin, no aggregates are detected on reversing
the order of addition of the denaturants. This further supports
our theory that the cause of aggregation of rhodopsin in § M
urea is exposure of hydrophobic parts, which if masked by SDS
before being denatured by 8 M urea does not lead to aggrega-
tion. The extent of denaturation in 3% SDS + 8 M urea is found
to be similar to that by 8 M urea and slightly greater than that
by 30% SDS, thus making it a favorable denaturing condition
to study unfolded states.

GuHCI and TFA as Denaturants. GuHCI denaturation
leads to a decrease in MRE at 222 nm of rhodopsin by a greater
extent compared to the above-mentioned denaturing conditions.
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TFA, a strong denaturing condition, leads to the maximum
decrease in MRE at 222 nm compared to all of the denaturants
tested. It leads to a complete disappearance of CD signal indicat-
ing complete unfolding of secondary structure. However, both of
these conditions also lead to formation of aggregates, thus
impairing their use in further unfolding studies. For GuHCI
denaturation, MRE at 222 nm depended on rhodopsin concen-
tration indicating aggregation. TFA-induced unfolding led to
precipitation after 3 days of TFA addition to rhodopsin indicating
aggregation. The cause of aggregation is again likely due to the
exposure of hydrophobic residues as with urea. However, SDS
could not be added to mask exposed hydrophobic amino acids so
that aggregation can be prevented, since precipitation occurred
when SDS and GuHCI buffers were mixed together.

CONCLUSIONS

In this paper, we have screened different denaturing condi-
tions, SDS, urea, SDS + urea, GuHCI, and TFA, for maximum
unfolding without formation of aggregates. Rhodopsin dena-
turation is measured in terms of decrease in MRE at 222 nm.
TFA denatured rhodopsin to the maximum extent (~100%)
compared to all of the denaturants tested but led to aggregation
precluding its use as a good denaturant. GuHCI was the next best
at denaturing rhodopsin (66% decrease in MRE at 222 nm)
followed by urea (57% decrease in MRE at 222 nm), but
rhodopsin aggregated under both of these conditions. Thus, urea
and GuHCI, which are effective denaturants for soluble proteins,
are not ideally suited for studying folding mechanisms of the
membrane protein rhodopsin. SDS (30%) proved to be a suitable
denaturing condition as it denatured rhodopsin significantly
(40% decrease in MRE at 222 nm) without aggregating it. Also,
the mixture of 3% SDS and 8 M urea is a favorable condition as it
denatures rhodopsin to a similar extent as that by 30% SDS
(44% decrease in MRE at 222 nm) and does not aggregate it. We
conclude that SDS, either alone or in combination with urea, is a
very suitable denaturant, due to the large degree of unfolding of
rhodopsin in its presence and due to its ability to mask exposed
hydrophobic stretches of largely unfolded membrane protein by its
long hydrocarbon tails, thus preventing them from aggregation.

It is an important open question for soluble and membrane
proteins alike to what extent unfolded states exist at all and in
particular in vivo. Theoretical considerations suggest that a fully
unfolded denatured state does not exist (62) and proteins are
known to fold cotranslationally (63, 64). For membrane proteins,
folding within the translocon has to be considered in addition.
However, folding in solution and in the translocon seems to share
similarities (65), and understanding the unfolded states is im-
portant in understanding what drives membrane protein folding.
Thus, there is much to be learned from the investigation of
unfolded states of membrane proteins in vitro. Since it is unlikely
that a completely unfolded state exists in vivo within a membrane
environment, deciphering where the regions with highest pro-
pensity for residual structure in membrane proteins are located is
expected to shed light on understanding the mechanisms of
membrane protein folding in vitro and in vivo.
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