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ABSTRACT: Little is known about the molecular nature of residual structure in unfolded states of membrane
proteins. A screen of chemical denaturants to maximally unfold the mammalian membrane protein and
prototypic G protein coupled receptor rhodopsin, without interference from aggregation, described in
an accompanying paper (DOI 10.1021/bi100338e), identified sodium dodecyl sulfate (SDS), alone or in
combination with other chemicals, as the most suitable denaturant. Here, we initiate the biophysical
characterization of SDS-denatured states of rhodopsin. Using absorption, steady-state and time-resolved
fluorescence spectroscopy, dynamic light scattering, and cysteine accessibility studies, tertiary structure of
denatured states was characterized. In agreement with the pattern of secondary structure changes detected
by circular dichroism described in the accompanying paper (DOI 10.1021/bi100338e), tertiary structure
changes are distinct over four SDS concentration ranges based on the expected predominant micellar
structures. Dodecyl maltoside (DM)/SDS mixed micelle spheres (0.05—0.3% SDS) turn into SDS spheres
(0.3—3% SDS) that gradually (3—15% SDS) become cylindrical (above 15% SDS). Denatured states in
SDS spheres and cylinders show a relatively greater burial of cysteine and tryptophan residues and are
more compact as compared to the states observed in mixed micellar structures. Protein structural changes
at the membrane/water interface region are most prominent at very low SDS concentrations but reach
transient stability in the compact conformations in SDS spheres. This is the first experimental evidence
for the formation of a compact unfolding intermediate state with flexible surface elements in a mem-

brane protein.

Membrane proteins are encoded by around 30% of the human
genome. They function as important communication channels of
the cell and its environment that aid in regulating the overall
homeostasis of organisms. Understanding the pathway by which
these proteins adopt a three-dimensional structure can provide us
with key insights into the function of these proteins. The field of
membrane protein folding is still at a nascent stage. Folding
studies on bacteriorhodopsin, a bacterial membrane protein,
have led to the formulation of the “two-stage hypothesis™ (7).
According to the two-stage model, helices are formed indepen-
dently in the first stage. The second stage involves formation of
tertiary contacts to generate the three-dimensional structure of a
protein. However, in vitro and in vivo folding experiments and
computational studies with the mammalian membrane protein
rhodopsin have suggested that interactions between extracellular
(EC)" and transmembrane (TM) domains are important in the
carly stages of folding (2—35). This forms the basis of a newer
model of helical membrane protein folding, the “long-range
interaction model” that emphasizes formation of a folding
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core-like structure in the initial stages of folding of rhodopsin (2).
A systematic experimental characterization of secondary and
tertiary structure changes during denaturation of rhodopsin
leading to a largely unfolded state is required as a first step
toward testing different models of membrane protein folding.
Toward this goal, in an accompanying paper (DOI 10.1021/
bi100338e), we have described the screening of different de-
naturing conditions for maximum unfolding without forma-
tion of aggregates. SDS was selected as a suitable detergent to
further characterize unfolded states of rhodopsin. Its amphi-
pathic character allows unfolding of both TM and water-
exposed loop regions. It is also considered a suitable dena-
turant for membrane proteins due to its ability to unfold such
proteins in their hydrophobic environment, thereby mimick-
ing the conditions expected in vivo. The tertiary structure
changes of SDS-induced unfolding were interpreted in light of
changes in SDS micellar structure with increasing concentra-
tions of SDS. SDS-induced tertiary structure changes, time-
resolved and steady-state, were followed using (1) the absorp-
tion of the chromophore retinal as an intrinsic protein core
probe, (2) the accessibility of surface-exposed and buried
cysteines, (3) the emission changes of initially buried trypto-
phans, (4) change in the overall protein size, and (5) the dyna-
mic changes of an amphiphatic lipid-anchored short helix that
lies parallel to the membrane on the cytoplasmic side as a
membrane/water interface probe. These studies constitute the
first characterization of a stable unfolding intermediate of the
membrane protein rhodopsin.

Published on Web 06/24/2010 pubs.acs.org/Biochemistry
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MATERIALS AND METHODS

Materials. SDS (electrophoresis grade) was purchased from
Bio-Rad (Hercules, CA), dodecyl maltoside (DM) from Anatrace
(Maumee, OH) and 4,4'-dithiodipyridine (4-PDS) from Sigma-
Aldrich (St. Louis, MO). Silica beads from Polysciences Inc.
(Warrington, PA) were a kind gift from Dr. Guillermo Calero at
the University of Pittsburgh. Wild-type rhodopsin was isolated
from bovine retinae and purified by immunoaffinity chromatog-
raphy in 2 mM sodium phosphate buffer, pH 6, in the presence of
0.05% DM as described previously (6). The C140S/C316S
mutant was constructed by cassette mutagenesis and expressed
in COS-1 cells by transient transfection, followed by immunoaf-
finity chromatography as for the wild type (6). Fluorescence label-
ing of rhodopsin in position 316 with 5-(iodoacetamido)fluore-
scein (IAF; Molecular Probes) in DM micelles was carried out as
described previously (7) following earlier protocols (8).

Methods. Absorbance Spectroscopy. UV—visible absorp-
tion spectra were recorded with a Perkin-Elmer 4 25 spectro-
photometer (PerkinElmer, Waltham, MA). Measurements were
taken at 25 °C using a 10 mm path length cell containing 1.5 uM
purified rhodopsin in 2 mM sodium phosphate buffer, pH 6, and
0.05% DM in the absence and presence of SDS. All spectra were
recorded with a bandwidth of 1 nm, response time of 1 s, and scan
speed of 960 nm/min. The molar extinction coefficient used for
rhodopsin at 500 nm is 40600 M~" cm™" (9). The time course of
the appearance of a peak at 440 nm upon addition of 0.05% SDS
was measured by repeated cycles.

Stopped-Flow Absorbance Spectroscopy. For faster kinetics,
the appearance of the 440 nm peak on addition of SDS was
recorded for samples containing 1.5 uM rhodopsin as a function of
time using a Biologic (Grenoble, France) MOS-450 spectrometer
equipped with a SFM-20 stopped-flow system. PMS-450 was used
as the photomultiplier detector. Measurements were carried out at
25 °C. A total of 8000 data points were recorded for each SDS
titration. The time trace obtained at each SDS concentration was
fitted by a global fit of three spectra with a monoexponential
function. In each case the error of the time constants was less than
4%. For reproducibility, a second set of measurements were
performed at 1% SDS in a stopped-flow unit (SF61; HI-TECH
Scientific) combined with a home-built transient absorption spec-
troscopy apparatus with microsecond time resolution.

Cysteine Reactivity. 4,4-Dithiodipyridine (4-PDS) reacts
with the free sulfhydryl groups in cysteines to produce stoichio-
metric amounts of 4-thiopyridone that absorbs at 323 nm (/0). The
number of cysteines reacting with 4-PDS per molecule of rho-
dopsin is 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~" cm™"). 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.
The 4-PDS reaction was carried out in the presence of different
concentrations of SDS as indicated in the text and figure legends.

Steady-State Tryptophan Fluorescence Spectroscopy. Fluo-
rescence measurements were carried out using a Varian Cary Eclipse
fluorescence spectrophotometer (Varian Inc., Palo Alto, CA).
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Emission scans of 1.5 uM rhodopsin in 2 mM sodium phosphate
buffer, pH 6, and 0.05% DM titrated with SDS in the presence
and absence of 10 mM hydroxylamine were recorded in the wave-
length range 310—500 nm with an excitation wavelength of 295 nm.
Excitation and emission slit widths were kept at 5 and 10 nm
(bandpass), respectively. Medium photomultiplier voltage was
applied, and measurements were taken at a scan rate of 600 nm/min.
For time course measurements, fluorescence emission at 330 nm
was recorded every 30 min. All experiments were carried out at 25 °C.

Stopped-Flow Tryptophan Fluorescence Measurements.
Rapid kinetics of increase in fluorescence on adding SDS to
rhodopsin were measured on an Applied Photophysics SX18
spectrometer (Surrey, U.K.). All measurements were carried out
at 25 °C. A total of 1000 data points were recorded for each SDS
titration. An excitation wavelength of 295 nm and an emission
cutoff filter of 320 nm were used. Both the emission and excitation
slits were kept at 0.5 mm. All measurements were repeated three
times. All curves were fitted with a sum of exponentials:

I(1) =) ae e (1)
i=1

where o are the amplitudes, 7; are the time constant of each ith
decay component, and c is the offset.

Dynamic Light Scattering. Dynamic light scattering mea-
surements were performed using a DynaPro-99-E-50 instrument
(Protein Solutions Inc., Charlottesville, VA). The buffer, 2 mM
sodium phosphate, pH 6, was filtered through 0.22 um syringe
filters. Filtration of DM and SDS detergent solutions in the
presence and absence of rhodopsin was avoided as it resulted in
peaks of large hydrodynamic radius due to nonspecific reaction
of the filter with the detergents. Viscosity coefficients of SDS
solutions were obtained by measuring the diffusion coefficient of
silica beads of 50 nm radius in water and in different SDS
concentrations. Diffusion coefficients were obtained from the
intensity autocorrelation function provided by the Dynamics V6
software supplied by the instrument manufacturer (Protein Solu-
tions Inc., Charlottesville, VA). Viscosity coefficients were then
calculated using the Stokes—Einstein equation. Hydrodynamic
radii of 1.5 uM rhodopsin at varying concentrations of SDS
were obtained by applying the Stokes—Einstein equation using
Dynamics V6 software. All measurements were recorded at 25 °C.

Time-Resolved Fluorescence Depolarization. Fluores-
cence anisotropy decays were measured by employing a tunable
Ti:sapphire laser/microchannel plate based single-photon count-
ing apparatus with picosecond time resolution equipped with a
TCSPC module (SPC-830; B&H GmbH) (/7). The instrument
response function of the system was ~35 ps (fwhm) at a channel
width of 20 ps.

The fluorescence decay profiles (/(¢) and /,()) and the time-
resolved anisotropy r(f) as given by the equation

k()= 1(1)

N 1\|(l)‘|‘21j_(l) (2)

were analyzed using the software package Global Unlimited
V2.2. The time course of the fluorescence was fitted with a sum of
exponentials:

10 =Y o/ (3)
i=1

with @; the amplitudes and 7; the lifetimes of the ith decay
component.
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FiGure 1: Stability of retinal—protein interactions. (A) Absorbance spectra of 1.5 uM rhodopsin alone (black line) and in different concentrations of
SDS, as indicated in the figure, showing the shift in the 500 nm peak to 440 nm. (B) Plot showing decrease in absorbance at 500 nm with increasing
SDS concentration up to 3%. (C) Stopped-flow kinetics following breakage of retinal—protein interactions for selected concentrations of SDS.
Absorbance at 440 nm of rhodopsin denatured with SDS at concentrations of 0.1%, 1%, and 15% is plotted against time. Each curve was fitted to a
monoexponential equation (see Methods). (D) Time constants obtained from the curve fittings of the absorbance kinetics obtained upon addition of
0.05%,0.1%, 1%, 10%, 15%, and 26% SDS are plotted against each respective SDS concentration. To show reproducibility of the kinetics, a second
data point for 1% SDS is included (red circle), which was obtained in a different measurement setup (see Methods).

The anisotropy decay was fitted with the model function:
n
() =) Be™™ (4)
i=1

with f; the amplitude and ¢; the time constant (correlation time)
of the ith decay component.

RESULTS

Disruption of Retinal— Protein Interactions. SDS-induced
disruption of secondary structure is described in detail in the
accompanying paper (DOI 10.1021/bi100338e). To correlate
these secondary structure changes with SDS-induced disruption
of tertiary structure, we measured changes in the interaction
between the chromophore retinal and rhodopsin. 11-cis-Retinal
is covalently linked to Lys296 in the native dark state via a
protonated Schiff base. Retinal binding contributes to the
stability of rhodopsin and is important for its function. Retinal
binding gives rise to a chromophore band in the absorption
spectrum of rhodopsin at 500 nm and is used here as a tertiary
structure probe. The absorption spectra of rhodopsin in the
absence and presence of different amounts of SDS are shown in
Figure 1A. The 500 nm peak characteristic of native rhodopsin
shifts toward 440 nm with addition of increasing concentrations
of SDS. A plot of the absorbance intensity at 500 nm as a
function of SDS (Figure 1B) reveals a steep loss of 500 nm
chromophore absorption, as the peak already begins to decrease
in intensity on addition of 0.05% SDS and completely disappears
on adding 0.1% SDS. The absorption maximum that forms at

440 nm (Figure 1A) instead is characteristic of a protonated
Schiff base in solution devoid of specific protein contacts. This
implies disruption of retinal—protein interactions on addition of
relatively small concentrations of SDS. Over time, the 440 nm
peak shifts to 380 nm, indicating formation of free retinal due to
hydrolysis of the Schiff base (data not shown).

Fast Kinetics of the Disruption of Retinal— Protein Inter-
actions. Only in the presence of 0.05% SDS, disruption
of retinal—protein interactions occurs slowly, on the order of
minutes. Above 0.05% SDS, formation of the 440 nm retinal
band, indicative of rhodopsin denaturation, takes place in second
and subsecond time scales. For these concentrations, we therefore
measured the kinetics of the loss of native retinal—protein
interactions using a stopped-flow apparatus (see Methods). An
exponential increase in absorbance at 440 nm was observed for all
SDS concentrations tested, and time traces are shown exemplary
for some concentrations in Figure 1C. Time constants of the
increase for all of the measurements made are plotted as a
function of SDS concentration in Figure 1D. The loss of
retinal—protein contacts proceeded drastically faster when going
from 0.05% SDS (630 £ 20 s) to 1% SDS (0.32 £+ 0.01 s) and
indeed is the fastest at this concentration. Beyond 1% SDS,
the time constant becomes slower with 2.04 4 0.03 s at 10% SDS,
4.74 £+ 0.06 s at 15% SDS and finally with 31.8 + 0.4 s at 26%
SDS. These results indicate that the helical bundle is most rapidly
opened around 1% SDS as compared to other SDS concentra-
tions allowing fast disruption of retinal—protein interactions and
resulting in a protonated Schiff base devoid of protein contacts.
The relatively fast time constant of denaturation at 1% SDS was
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FiGure 2: Changes in tryptophan fluorescence. Emission spectra of 1.5 uM rhodopsin upon titration with (A) 0.05%—3% SDS and (B) 7%—30%
SDS in the wavelength range of 310—500 nm. Changes in fluorescence intensity at 330 nm at (C) 0.05%—3% SDS and (D) 7%—30% SDS
concentrations immediately after its addition (¢ = 0), after incubation for 12 h (+ = 12 h), immediately after its addition in the presence of 10 mM
hydroxylamine ( = 0in the presence of NH,OH) and rhodopsin treated with 0.5% SDS in the presence of 10 mM hydroxylamine followed by increase
in SDS concentration to 10% (¢ = 0 after retinal release). (E) Stopped-flow kinetics of fluorescence changes at SDS concentrations 5% and below.
(F) Stopped-flow kinetics of fluorescence changes at SDS concentrations 5% and above. (G) Time constants of the fast tryptophan fluorescence increase
as a function of SDS concentration. Time constants were obtained from a multiexponential fitting. The first component of each fit represents the
monoexponential increase in fluorescence. (H) Time constants of the slow partial tryptophan fluorescence decrease as a function of SDS concentration.
Except for 1% SDS all fluorescence decays were fitted monoexponentially. The data at 1% SDS were represented as a biexponential decay.

independently verified by a second measurement using 10 uM
rhodopsin. This measurement yielded a time constant for the
increase in absorbance at 440 nm of 0.91 + 0.01 s (included in
Figure 1D as a red circle).

Tertiary Structure Changes from Tryptophan Fluores-
cence. Unfolding of native helices and breaking of retinal—pro-
tein interactions are expected to result in changes in native
tertiary interactions extending globally to disruption of the
overall tertiary structure of rhodopsin. To characterize these
structural changes, tryptophan fluorescence was employed as
another internal tertiary structure probe. There are five trypto-
phan residues in rhodopsin, mainly located in close vicinity to

the retinal chromophore. Their fluorescence in dark-adapted
rhodopsin is quenched due to energy transfer to the retinal.
The release of retinal, e.g., following light activation and decay of
the activated metarhodopsin II species to free retinal and opsin,
causes an increase in tryptophan fluorescence (12). Panels A and
B of Figure 2 show changes in the fluorescence emission spectra
of rhodopsin when titrated with SDS at low concentrations up to
3% and high concentrations up to 30%, respectively. Changes in
fluorescence intensity at 330 nm as a function of SDS concentra-
tion are plotted in Figure 2C,D. There is a slight red shift in the
wavelength of maximum emission from 330 to 335 nm when
going from 0% to 30% SDS (Figure 2A,B). This shift indicates
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exposure of tryptophan side chains to a polar environment
consistent with rhodopsin denaturation and is not due to
unspecific solvent-induced effects because free N-acetyltrypto-
phan with increasing concentration of SDS shows a blue shift
(data not shown).

The addition of 0.05% SDS causes a 3-fold increase in
tryptophan fluorescence (Figure 2A,C). Further increases in
SDS concentration resulted in lesser increases in fluorescence
intensity as compared to the native state. Fluorescence in SDS
remained essentially constant when comparing concentrations
starting from 0.5% up to 2—3% SDS. The fluorescence intensity
at these concentrations was still 2.5-fold greater than that of
native rhodopsin. The result mirrors the relatively constant
values observed in mean residue ellipticity (MRE) over the range
0.5%—3% SDS (DOI 10.1021/bi100338e). At SDS concentra-
tions beyond 3%, illustrated in Figure 2D, there is a slight rise in
fluorescence that maximizes at 15% SDS, where it is 1.5-fold
higher as compared to the fluorescence at 3% SDS. Further
increase in SDS up to 30% reverses this trend: a decrease in fluore-
scence is observed. To discriminate between protein and solvent-
induced effects leading to these changes in tryptophan fluores-
cence, fluorescence of free N-acetyltryptophan was recorded over
the same SDS concentration range of 0.05%—30%. A constant
decrease in free N-acetyltryptophan fluorescence was observed
from 0.05% to 3% SDS, and the pattern of change beyond 3%
SDS and up to 30% SDS was the same as that seen with rhodopsin
but only at a lower magnitude of intensity (data not shown). This
shows that the initial increase in rhodopsin fluorescence on
addition of 0.05% SDS is a protein-mediated effect.

We also probed changes in fluorescence as a function of time.
Rhodopsin was incubated with SDS at various concentrations,
and spectra were collected every 30 min. The fluorescence values
at the end of 12 h of incubation time are plotted in Figure 2C,D
(red squares). There was a drastic increase in fluorescence as
compared to the results obtained at time zero. Even though
noncovalent retinal—protein interactions are disrupted by the
addition of SDS, we know that, initially, the retinal is still
covalently linked to rhodopsin. We therefore suspected that this
difference is due to hydrolysis of the protonated Schiff base.
Hydrolysis occurs on adding SDS, which leads to the release of
retinal over time (also see section Absorbance Spectroscopy,
above). To test this hypothesis, we carried out SDS titrations in
the presence of 10 mM hydroxylamine (NH,OH) which cleaves
the retinal Schiff base bond (9, 12). In the presence of hydro-
xylamine the fluorescence measured immediately (1 = 0, yellow
triangles in Figure 2C,D) was identical to that observed in the
absence of hydroxylamine only after 12 h (r = 12 h, red squares in
Figure 2C,D). This observation indicates that the spike in
fluorescence increase at very low SDS concentrations (0.05%)
followed by the slow decrease in fluorescence at intermediate
SDS concentrations (between 0.05% and 3%) is a protein-
mediated effect. Retinal quenching simply dampens the absolute
fluorescence values. A difference is observed for concentrations
3%—15%: here, in the presence of hydroxylamine and in its
absence after 12 h, the same decreasing trend is followed, while in
the absence of hydroxylamine at ¢+ = 0 there is an increase in
fluorescence until the two curves meet. To rule out that this is due
to inaccessibility of retinal to hydroxylamine at increased SDS
concentrations, we confirmed hydrolysis using absorbance spec-
troscopy. Hydroxylamine reaction with the Schiff base results in
formation of retinal oxime which gives a characteristic absor-
bance maximum at 360 nm (/3). This peak was observed when
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rhodopsin in 10% SDS was incubated with hydroxylamine,
confirming that retinal is hydrolyzable under these conditions
(data not shown). It was also observed that retinal hydrolysis
occurred over time when rhodopsin is treated with 10% SDS
(data not shown). To further confirm that the lack of increase in
fluorescence in the presence of hydroxylamine at SDS concentra-
tions greater than 3% is not due to retinal quenching, retinal was
first removed by adding 0.5% SDS to rhodopsin in the presence
of hydroxylamine, and then the SDS concentration was increased
to 10%. The fluorescence counts of this experiment (shown as a
green diamond in Figure 2D) was found to overlap with fluore-
scence counts of rhodopsin in 10% SDS att = 0 and ¢ = 12 and
that at = 0 in the presence of NH,OH. Thus, the presence or
absence of covalently linked retinal has no effect on the fluores-
cence of denatured rhodopsin in the presence of SDS concentra-
tions in excess of 3% (Figure 2D), while at lower SDS
concentrations, the presence of retinal quenches tryptophan
fluorescence of rhodopsin.

Fast Kinetics of Tertiary Structure Changes from Tryp-
tophan Fluorescence. To complement the measurements of
tertiary structure changes as measured by tryptophan fluores-
cence at steady state, we also carried out stopped-flow experi-
ments of denaturation. The results are shown in Figure 2E—H. In
each case, we observed multiexponential kinetics of the trypto-
phan fluorescence transients induced by the addition of SDS. At
each SDS concentration, there is a fast initial rise in fluorescence
followed by a partial decrease (Figure 2E,F). The time constants
of the rise and decay of the fluorescence transient as a function of
SDS concentration are plotted for the initial rise in Figure 2G and
for the subsequent partial decrease in Figure 2H. The SDS
dependence of the end amplitudes of the tryptophan fluorescence
time traces mirrors the SDS dependence of the steady-state
fluorescence data presented in Figure 2C,D. The kinetics of the
tryptophan fluorescence rise and decay components show a
similar SDS dependence, with the slowest time constants ob-
served at low concentrations and fast time constants observed
above 1% SDS. It seems that below 1% SDS the kinetic processes
leading to tertiary structure changes upon rhodopsin denatura-
tion are different from those observed above 1%. This is
indicated by the two fluorescence decay components observed
at 1%, where probably a mixture of the two regimes exists. At
both 0.05% and 1% SDS a slow time constant for the tryptophan
fluorescence decay around 40 s exists. At 1% SDS an additional
fast decay time constant below 10 s with approximately 75%
of the total amplitude appears, agreeing with the decay time
constant obtained above 1% SDS.

Tertiary Structure Changes from Cysteine Reactivity.
Reactivity of cysteine residues was used as an additional global
tertiary structure indicator. The native cysteine residues in
rhodopsin are fortuitously distributed across the entire structure,
shown as blue circles in Figure 3A. Accessibility of cysteine
residues was probed using the cysteine derivatizing agent, 4,4’
dithiodipyridine (4-PDS). 4-PDS reacts with the accessible free
sulthydryl groups of cysteines releasing stoichiometric amounts
of 4-thiopyridone which has an absorption maximum at
323 nm (10). Of the six free cysteines in rhodopsin, only two of
them, depicted by blue arrows in Figure 3A, can be derivatized in
the dark state whereas all six of them can be derivatized upon loss
of 11-cis-retinal on light activation (/4). Rhodopsin (1.5 uM) was
treated with different concentrations of SDS and then reacted with
a 25-fold excess of 4-PDS. The reaction was followed spectro-
photometrically by monitoring the increase in absorbance at
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FiGure 3: Changes in cysteine accessibility on SDS addition. (A) Secondary structure representation of rhodopsin showing the six cysteines that
are reactive in the light-activated Meta II state of rhodopsin (blue solid circles). The positions of C140 and C316 are shown by blue arrows.
Cysteines at positions 110 and 187 are engaged in a disulfide bond, and cysteines at positions 321 and 323 are palmitoylated; they are therefore not
reactive. These nonreactive cysteines are shown as red dotted circles, and the disulfide bond is indicated as a red dotted line. (B) Number of reactive
cysteines against SDS concentration ranging from 0.05% to 3% is plotted. The reactivity of cysteines in the C140S/C316S mutant is shown as
crosses at 0.05% and 3% SDS. (C) Number of cysteines accessible at higher SDS concentrations from 3% to 30% are shown.

323 nm (Methods). Figure 3B shows the variation in the number of
cysteines being labeled with 4-PDS with increasing SDS concentra-
tions. Denaturation of thodopsin by 0.05% and 0.1% SDS resulted
in all six cysteines becoming reactive to 4-PDS (Figure 3B). This
indicates opening of the helical bundle of rhodopsin on SDS
denaturation consistent with the tryptophan fluorescence data
(Figure 2A). Subsequent increases in the SDS concentration
decrease the accessibility of the cysteines to only two in the SDS
concentration range of 3%—7%, as illustrated in Figure 3B,C.
In order to identify the two cysteines that are accessible at the
elevated SDS concentrations, we replaced C140, in the second
cytoplasmic loop, at the interface of the TM and the cytoplasmic
domain, and C316, in the fourth cytoplasmic loop, each with
serine residues by site-directed mutagenesis. For reference, the
locations of these cysteines in the rhodopsin structure are shown
by blue arrows in Figure 3A. The C140S/C316S double mutant
was denatured with 3% SDS, and the reactivity of the remaining
four cysteines was assessed using 4-PDS, as described above for

the wild type. At low concentrations of SDS, four cysteines were
labeled as expected (shown as a red cross in Figure 3B). In the
presence of 3% SDS, no cysteines were labeled in the mutant (red
cross in Figure 3B). The absence of a 323 nm peak for the SDS-
denatured C140S/C316S double mutant at 3% SDS indicates that
the two cysteines that were derivatized by 4-PDS in 3% SDS in the
wild type are C140 and C316. This result points to the formation of
a compact intermediate state at elevated SDS concentrations
(around 3%), where only surface-exposed cysteines are accessible.

At SDS concentrations greater than 7%, there is again a dra-
matic increase in cysteine reactivity resulting in five reactive
cysteines at 10% SDS (Figure 3C). This observation is in concord
with the increase in tryptophan fluorescence counts of rhodopsin
treated with SDS in the range of 3% —10% (Figure 2D). However,
further increases in SDS concentration up to 30% decrease
cysteine reactivity toward 4-PDS where four cysteines remain
reactive (Figure 3C). This decrease in cysteine reactivity is again
coherent with the decrease in tryptophan fluorescence intensity
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micelle size at 1% SDS as a function of time.

observed in the SDS concentration range of 15%—30%. The cohe-
rence of the SDS concentration dependent changes in cysteine
accessibility between 7% and 20% SDS with the tryptophan inten-
sity changes suggests a specific SDS-driven protein structural change
in this SDS range.

Determination of the Size of Intermediates during SDS
Denaturation. The evidence described above indicates that
cysteine and tryptophan residues become buried over the range
0.05%—3% SDS. We ruled out aggregation as a possible cause
for this effect in the accompanying paper (DOI 10.1021/bi100338e).
To see if there are any changes in the size of denatured rhodopsin
that may explain these results, this SDS concentration range was
further investigated by dynamic light scattering and fluorescence
depolarization experiments.

(1) Dynamic Light Scattering. SDS was titrated into 2 mM
sodium phosphate buffer containing 0.05% DM as a control and
into the same buffer containing rhodopsin (Figure 4A). The size
of the DM micelles in sodium phosphate buffer is estimated to be
3 nm (hydrodynamic radius), and that with rhodopsin is observed
to be 4 nm as shown by black and gray bars, respectively, in
Figure 4A. SDS molecules have the same chain length as DM
molecules. Therefore, addition of SDS to DM micelles results
in their entering into the DM micelles and forming mixed
micelles (15). The size of such mixed micelles was first tested in
the absence of rhodopsin. A decrease in size from 3 to 0.4 nm was
observed when 3% SDS was added to 0.05% DM (black bars in
Figure 4A). These values were calculated after taking into

account viscosity coefficients of SDS-titrated buffer solutions.
The viscosity, 7, of 0.05%—2% SDS solutions was measured to
be 1 cP (same as that of water), and that of 3% SDS solution was
determined to be 1.27 cP. The hydrodynamic radius of rhodopsin
in DM micelles was observed to decrease from 4 nm in the
absence of SDS to 0.4 nm at 3% SDS (gray bars in Figure 4A).
Since SDS is an anionic detergent, its aggregation number of 62 at
its critical micellar concentration (16) is smaller compared to that
of DM, which is 98 (/7). Hence, the decrease in mixed micellar
size on increasing SDS concentration in the lower SDS concen-
tration range indicates that the DM molecules are increasingly
getting replaced by SDS molecules both in the absence and in the
presence of rhodopsin. Figure 4B shows a peak at 0.4 nm for
rhodopsin micelles in 3% SDS. A small peak of very low intensity
compared to the peak at 0.4 nm appears, but this peak is also seen
for rhodopsin alone in the absence of SDS (Figure 4B and inset of
Figure 4B). This peak may originate from impurities in the
solution since it was not filtered before the experiment. This is
because when sodium phosphate buffer containing DM was
filtered, highly intense peaks of large size were seen (data not
shown).

(2) Fluorescence Depolarization. To corroborate the find-
ings from dynamic light scattering, we also inferred the size of the
rhodopsin micelles by using the slowest rotational correlation
time of the fluorescence depolarization experiments. This time
constant describes the tumbling of the whole micelles and can
thus be used to calculate the size of the rhodopsin micelles at
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FIGURE 5: Probing rhodopsin surface dynamics by fluorescence depolarization. (A) Anisotropy decay curves of fluorescein attached to C316 in
HS8 measured before and after light activation of rhodopsin in 0.05% DM micelles and phosphate buffer, pH 6, 20 °C. The anisotropy curves are
normalized and displayed on a logarithmic scale. (B) Change in the anisotropy decay curve of fluorescein attached to C316 in HS after addition of
0.05% (green) and 0.2% (blue) SDS to rhodopsin in 0.05% DM micelles and phosphate buffer, pH 7.5, 20 °C. (C) Change in the anisotropy decay
curve of fluorescein attached to C316 in H8 after addition of 0.05% (green) and 0.2% (blue) SDS to rhodopsin in 0.05% DM micelles and
phosphate buffer, pH 6.0, 20 °C. The residuals of the fits according to eq 4 are shown. Curves obtained in the absence of SDS are shown in red in

subfigures B,C.

varying SDS concentrations. To rule out interference of SDS
micelles without rhodopsin at increasing SDS concentration,
masking the real size of the rhodopsin SDS micelles, a fluorescent
reporter group was attached to the rhodopsin molecule. This
allows us to monitor only those micelles which contain rhodop-
sin. In the absence of SDS a hydrodynamic radius of 3.7 nm was
calculated from the rhodopsin micelle rotational correlation time
using the following relationship of the slowest rotational correla-
tion time (P3) and the volume of the rotator (V), @3 = nV/kpT,
assuming a sphere-like shape of the mixed micelle. This value isin
very good agreement with the radius of 4 nm obtained from the
light scattering measurements. With increasing SDS concentra-
tions, however, the radii obtained from the light scattering experi-
ments and from fluorescence depolarization diverge (Figure 4A,C).
The hydrodynamic radius of the rhodopsin micelles levels off
between 1% and 3% SDS at a value of 2.6 nm (Figure 4C), while
the radii obtained from the light scattering experiments reach the
values for SDS micelles in the absence of rhodopsin for SDS
concentrations above 1% SDS. This is because light scattering
cannot differentiate between rhodopsin-containing and empty
micelles. With increasing SDS concentrations more empty micelles
are present in comparison to rhodopsin-containing micelles, thus
masking the real value for the latter.

Rotational correlation time was also followed as a function of
time as shown in Figure 4D. No time-dependent changes in
micelle size were observed within 2 h after 1% SDS addition.

Disruption of Surface Tertiary Structure from Time-
Resolved Fluorescence Depolarization. Tryptophan fluores-
cence and cysteine accessibility studies suggest rhodopsin unfold-
ing states that range from an opening of the helical bundle at low
SDS concentrations of 0.05% to a compact form at elevated SDS
concentrations of 3% (and again at 30%). Dynamic light
scattering and fluorescence depolarization results also showed
a decrease in hydrodynamic radius of denatured states at 3%
SDS. However, secondary structure is clearly disrupted, indicat-

ing that some parts of the protein must become more flexible
while the others contribute to the compact core. The cysteine
reactivity studies indicate that these more flexible parts are
located at the protein surface. We therefore decided to investigate
in more detail how protein surface segments at the membrane/
water interface respond to SDS. To do so, we measured the real-
time dynamics at the cytoplasmic surface of rhodopsin using
time-resolved fluorescence depolarization. The fluorescence
reporter group fluorescein was covalently attached to C316 (/8) in
the middle of a helical stretch, helix-8 (HS8), that runs parallel to the
cytoplasmic surface and connects the membrane spanning part of
rhodopsin with the long C-terminal tail. Because of its amphi-
pathic nature, H8 is sensitive not only to changes in protein
structure but also to changes in the lipid or detergent
environment (/9—27). The dynamics of H8 was investigated at
pH 6 and 7.5 at 0% SDS in the dark- and light-activated state of
rhodopsin/DM micelles and compared to 0.05%, 0.2%, 1%, and
3% SDS added to rhodopsin in the dark. The analysis of the
anisotropy decay curves (Figure 5) and the assignment of the
decay components to (i) the dynamics of the dye, (i) the flexible
segment the dye is bound to, and (iii) the tumbling of the whole
micelle were performed as described previously (18, 22). The
goodness of the fit and number of decay components were judged
from the reduced y* values of the fit. The anisotropy data, fits, and
residuals of the fits are presented in Figure 5. The anisotropy data
were fitted with three-exponential decay components. The fastest
anisotropy decay component with about 100—300 ps was attrib-
uted to the dynamics of the bound fluorescent dye. The second
decay component was assigned to the real-time dynamics of HS.
The amplitude of the third decay component describes the steric
restriction of H8 mobility due to the surrounding detergents and
the protein surface. As already reported (23), light activation of
rhodopsin leads to an increased steric restriction of H8 movement
(Figure 5A), as seen by the increase in final anisotropy. As shown
in Figure 5B,C, the overall steric restriction of H§ movement by



Article

Biochemistry, Vol. 49, No. 30, 2010 6337

A. B C.

w4 __ 100 40

s S S

o S w0l <

& g ® 3 3

S 2 £ 2 .1 g 20

T o 40 o

g o 2.t

5 'T =20 5"

o 2 7}

© (2] 14

o 0 0

00 05 1.0 15 20 25 3.0 00 05 1.0 15 20 25 3.0 00 05 10 1.5 20 25 3.0
SDS (%) SDS (%) SDS (%)

FiGuRrE 6: SDS dependence of H8 dynamic properties. (A) HS correlation time as a function of SDS concentration. (B) Steric restriction of H8
mobility as a function of SDS concentration. (C) H8 mobility (amplitude of H§ anisotropy decay component) as a function of SDS concentration.

the surrounding protein elements decreases dramatically upon
addition of minute amounts of SDS (0.05%), as seen from the
decreasing amplitude of final anisotropy. This corresponds to the
similar abrupt decrease in helicity as observed by circular dichro-
ism, the burst of tryptophan fluorescence, and the increase in
cysteine accessibility at 0.05% SDS. The interpretation of an initial
opening of the helix bundle at these low SDS concentrations based
on the increase in cysteine accessibility fits with the reduced
interaction of H8 with its surroundings.

A closer look at the SDS concentration dependence of the H8
dynamics parameters at pH 6 (Figure 6) shows that multiple
conformational changes of H8 occur upon SDS addition. At
0.05% SDS the diffusional correlation time of H8 slows down
from 0.8 £ 0.1 to 3.1 £ 0.1 ns (Figure 6A) and the steric
restriction of H8 movement drops by about 30% (Figure 6B).
After the initial slowdown in H8 real-time dynamics, the H8
dynamics becomes faster again with a half-maximum value of
0.33 £+ 0.06% SDS and remains constant up to 3% SDS with a
correlation time of about 2 ns. The half-maximum value for the
first increase in HS relative mobility (conformational space) is
0.14 £ 0.05% SDS, while a further but less pronounced increase
in mobility was observed between 1% and 3% SDS (Figure 6C).
This behavior is reminiscent of the biphasic decrease in cysteine
accessibility. These results also support the idea that protein
surface elements become more flexible between 1% and 3% SDS
while others within the membrane region probably form the
compact core.

DISCUSSION

Here, we report the first biophysical characterization of
unfolded states of the mammalian membrane protein rhodopsin.
In particular, we studied SDS-induced unfolding of rhodopsin
because in the accompanying paper (DOI 10.1021/bi100338¢) we
show that this denaturant causes maximal unfolding of rhodop-
sin without aggregation. SDS has been commonly used as a
denaturant for both membrane proteins (24—27) and soluble
proteins (28—33). It was shown that the modes of unfolding
depend on the SDS concentration range used (34, 35). In the
accompanying paper (DOI 10.1021/bi100338e) we deduced four
denaturation stages based on CD measurements, which correlate
with the types of SDS micellar structures expected at different
concentrations (Figure 8 of the accompanying paper). These are
DM/SDS mixed micelles (stage 1,0.05—0.3% SDS), SDS spheres
(stage 2, 0.3—3% SDS), SDS spheres/cylindrical mixed micellar
states (stage 3, 3—15% SDS), and predominantly cylindrical
micelles (stage 4, above 15% SDS). [Note that the use of the word

“stages” does not imply a temporal progression and is used in this
context only to describe the respective conformational states
observed at a particular SDS concentration range.] While stages
1 and 2 are characterized by a gradual loss in membrane protein
helicity of up to ~19%, stage 3 includes the formation of non-
native helices, a well-known property of SDS when a very large
number of detergent molecules interact with the membrane
protein and SDS is going from spherical to cylindrical shape.
In stage 4, a ~40% decrease in helical content characterizes the
largely unfolded states of rhodopsin induced by SDS cylindrical
micelles that aggressively unfold the membrane protein at 30%
SDS. The identification of these four denaturation stages is
corroborated by the characterization of tertiary structure pre-
sented in this paper. We utilized five independent probes, retinal—
rhodopsin interaction, cysteine reactivity toward 4-PDS, trypto-
phan fluorescence, hydrodynamic radius of denatured states, and
real time dynamics of the amphiphatic H§ at the cytoplasmic
rhodopsin surface.

In stage 1 of SDS denaturation, at very low SDS concentra-
tions (0.05%), initial opening of the helical bundle leads to an
instantaneous increase in tryptophan fluorescence and cysteine
accessibility in the protein core, while retinal—rhodopsin inter-
actions only begin to be disrupted. The tryptophan fluorescence
increase takes place within seconds. In contrast, the partial loss of
retinal—protein interactions occurs very slowly at 0.05% (in the
minute time range), indicating that there are not sufficient SDS
molecules present at these concentrations to cause the breakage
of native retinal—protein contacts. However, at 1% SDS, the loss
of retinal contacts occurs very fast; in fact, it reaches a peak
indicating that at this stage optimal amounts of SDS are available
to carry out this process. Beyond 1% SDS, i.e., at 10%, 15%, and
26% SDS, the rates of the reaction slow down again, indicating
that the formation of cylindrical micelles at these concentrations
of SDS is retarding the disruption of protein contacts including
retinal—protein contacts. Thus, in stage 1 (at 0.05% SDS) there is
a fast initial opening of the helical bundle, which is characterized
by an increase in tryptophan and cysteine accessibility. This
initial opening should be viewed as a softening of the helix bundle
because it allows only partial loss of retinal—protein contacts
leading to a slow “full” opening of the helical bundle (Figure 7A).

The small number of SDS molecules present at these low
concentrations of SDS (0.05%) leads to changes at the cytoplas-
mic protein surface as evidenced by a decrease in steric restriction
of H8 mobility and a slowdown in H8 motion. At such very low
SDS concentrations it was suggested that H8 adopts a f3-sheet-
like structure (20). Structural changes that involve H8 may have
long ranging effects due to the conserved NPxxY(x)F motif in



6338  Biochemistry, Vol. 49, No. 30, 2010

Dutta et al.
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B. Stage 2 (SDS concentration range 0.3%-3%)
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FiGure 7: Model depicting structural changes in rhodopsin in stages 1 and 2 of SDS denaturation. (A) Stage 1 represents addition of 0.05% SDS
to rhodopsin whereby an initial slow opening of helical bundle on a time scale of seconds occurs. This is followed by complete opening of the
bundle on a time scale of minutes. (B) Stage 2 refers to denaturing concentration of SDS beyond 0.05% up to 3% whereby an opening of the helical
bundle occurs in milliseconds followed by structural changes in rhodopsin leading to formation of a compact state is seen on a second time scale.

transmembrane helix 7 preceding cytoplasmic H8. A decrease in
steric restriction of H8 mobility, for instance, was also seen in
dark rhodopsin at high pH values and low temperature, condi-
tions which shift the equilibrium between the active receptor state
Meta II and its inactive precursor state toward the latter (18).
From the seven-helix transmembrane protein bacteriorhodopsin
a double mutant is known which displays long-range effects
between the cytoplasmic end of transmembrane helix 7 and the
retinal binding pocket (36, 37), supporting the idea that subtle
changes at this C-terminal region may affect properties of the
protein core. Surface charge changes may also contribute.
Conformational changes of membrane protein surface elements
were shown to be dependent on surface charge changes (18, 38).

A similar trend in SDS dependence is also seen in measure-
ments of cysteine reactivity toward 4-PDS, which has been
previously utilized to study conformational changes in rhodop-
sin (39, 40). Here, this reaction was exploited to investigate
tertiary structure changes under SDS denaturing conditions.
While interpretation of cysteine accessibility results under dena-
turing conditions is qualitative due to possibilities such as
disulfide exchange reactions in unfolded states and effects of
the hydrophobic environment on the molar extinction coefficient
of 4-PDS, these factors are expected to influence the results
mostly at high SDS concentrations beyond 3%. At low concen-
trations of 0.05% and 0.1% SDS, all six free cysteines in
rhodopsin react with 4-PDS compared to only two cysteines
reacting in the native state. This may be triggered by perturbation
of retinal interactions with rhodopsin at low SDS concentrations.
The initial opening of the helical bundle is accompanied by an

increase in accessibility of the cysteine side chains to 4-PDS and
an increase in tryptophan fluorescence. This supports the notion
that the initial opening or softening of the helical bundle,
probably mediated by surface-induced long-range effects, is the
first stage of denaturation of tertiary structure by SDS. This
interpretation is further corroborated by the decrease in steric
hindrance of H8 mobility, which is expected when the helix
bundle opens up and leaves more conformational space for
individual protein elements especially at the protein surface.

In the second stage, in the range of 0.05%—3% SDS, the
increase in SDS concentrations up to 0.5% decreases the
tryptophan fluorescence counts, which then remain constant
up to 3% SDS. Cysteine reactivity shows a continuous decrease,
which plateaus at two reactive cysteines in the presence of up to
3% SDS. The tryptophan fluorescence kinetics show a biphasic
behavior with fast increase and partial decrease for all SDS
concentrations used. In contrast to stage 1, the kinetics of
tryptophan fluorescence increase coincide with the kinetics of
the disruption of native retinal contacts (0.4 and 0.3 s at 1% SDS,
respectively), indicating that the amount of SDS molecules is
sufficient to break native retinal—protein contacts very fast,
leading to a full opening of the helix bundle. The kinetics of
the partial fluorescence decrease is somewhat slower with values
in the lower second range. Taking the development of a plateau
between 0.5% and 3% SDS for both tryptophan fluorescence
and cysteine accessibility into account, we associate the fluores-
cence decay kinetics in the second time range with a protein
structural change leading to the burial of the cysteines
(Figure 7B). These changes in the protein core are paralleled
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by faster H§ correlation times and increased H8 mobility at the
rhodopsin surface, probably due to the re-formation of a helical
structure of HS at higher SDS concentrations (20). This consti-
tutes the second stage of unfolding. Several lines of evidence
indicate that this second stage constitutes a stable compact
intermediate state during SDS denaturation. The observed
decreases in cysteine reactivity and tryptophan fluorescence from
0.05% to 3% SDS can be explained by the burial of four of the six
cysteines and one or more of the tryptophan side chains during
SDS denaturation in a compact intermediate state. In order to
identify the cysteines that are getting buried and better character-
ize this intermediate, we carried out mutagenesis experiments
whereby two cysteines, C140 and C316, near the cytoplasmic
domain were mutated to serines. It is expected that denaturation
will occur more favorably near the extramembranous domain
causing the cysteines at this surface to be more accessible to
derivatizing agents. The C140S/C316S double mutant showed no
reactivity toward 4-PDS at 3% SDS, confirming that the two
cysteines that remain reactive at 3% SDS in the wild type are
indeed C140 and C316, located at the rhodopsin surface. The
burial of the other cysteines could be due to either formation of a
compact intermediate or masking by solvent molecules, SDS
micelles in this case. Light scattering and fluorescence depolariza-
tion results strongly support the possibility of formation of a
compact intermediate during the second stage of SDS unfolding.
The hydrodynamic radius of the DM micelle with rhodopsin was
estimated to be 4 nm. With increasing concentrations of SDS the
radius decreases up to a value of 2.6 nm in 3% SDS. This indicates
that SDS molecules are displacing the DM molecules, thus
surrounding rhodopsin in its unfolded state. Generally, for soluble
proteins the hydrodynamic size increases on denaturation due to
unfolding of the native structure. The contrary observed here
indicates the possibility of formation of a compact intermediate
which is surrounded by SDS molecules. Thus, at the second stage
of unfolding, a compact protein core with an increased flexibility
at the cytoplasmic surface is formed (Figure 7B).

SDS concentrations between 3% (100 mM) and 15% (500 mM)
form the third stage of unfolding as the increase in aggregation
number of SDS beyond 6% (200 mM) leads to structural
transition of SDS micelles from spherical to cylindrical (4/). The
effect of a very large number of SDS molecules interacting with
rhodopsin can be clearly seen in our CD experiment where there is
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 (see accompanying
paper, DOI 10.1021/bi100338¢). However, these helices clearly
lack interhelical interactions within the cylindrical SDS micelles, as
an increase in cysteine accessibility and tryptophan fluorescence is
observed as compared to the previous stage. The time dependence
of the fluorescence counts and the analysis of fluorescence after
treatment with hydroxylamine indicate that the retinal also lacks
interactions with the rest of the protein that would lead to
tryptophan quenching. Above 5% SDS, the kinetics of the
formation of the 440 nm denatured rhodopsin species, indicative
of the loss of retinal—protein contacts, becomes again slower than
the internal protein conformational changes as measured by
tryptophan fluorescence. The formation of cylindrical micelles at
these concentrations of SDS is retarding the breakage of retinal—
protein contacts probably due to the formation of stabilizing non-
native protein structures.

The fourth stage of unfolding at SDS concentrations beyond
10% is characterized by a drastic disruption of helical structure:
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an ~40% decrease in MRE at 222 nm at 30% SDS (I M) is
observed (see accompanying paper, DOI 10.1021/bi100338e).
This corresponds approximately to a 45% decrease in helical
content as estimated using the CDPro software (42). This is
consistent with so-called “mode 2” unfolding in which SDS
cylindrical micelles wrap around the protein and aggressively
unfold it (34, 35). However, despite the large degree of unfolding,
we also see a decrease in fluorescence and in cysteine accessibility,
where only four cysteines are reactive in the range of 15%—30%
SDS as compared to five cysteines in stage 3. Therefore, it is likely
that residual structure formed in the largely unfolded state of
rhodopsin induced by 30% SDS is localized at a site that buries
two cysteines and one or more tryptophan residues.

The possibility of formation of a folding core during folding of
rhodopsin has been considered in the long-range interaction
model (2). Computational modeling of denaturation of rho-
dopsin suggests that TM helices in rhodopsin do not unfold
independently of each other, and at the end of the unfolding
process a rigid region remains that consists of residues from EC
loops and TM helices (3). Our findings of a compact intermediate
during denaturation of rhodopsin can be considered as preliminary
evidence toward the presence of a folding core during its initial
folding stages. However, correlating our studies of SDS denatura-
tion with that of the above folding model will require identification
of the location of the residual structure and its characterization
in the future.

In summary, here we have characterized the SDS denaturation
of rhodopsin and interpreted the results in light of changes in
SDS micellar structures with increasing concentrations of SDS.
Evidence from light scattering suggests that SDS initially replaces
DM molecules, initiating the formation of the environment
needed to disrupt rhodopsin secondary and tertiary structure.
We show by using absorbance and fluorescence spectroscopy as
well as stopped-flow measurements that a softening and initial
opening of the helical bundle of rhodopsin, followed by disrup-
tion of retinal—protein interactions with full opening of the helix
bundle, are the first two steps in denaturation, the kinetics of
which depend on the amount of SDS used. Fluorescence and
cysteine reactivity measurements indicate burial of tryptophans
and cysteine side chains in a compact intermediate. Compactness
in overall size is also shown by light scattering and fluorescence
depolarization. In contrast, flexibility of the cytoplasmic surface
increases.
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