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ABSTRACT: We characterized the structure of partially un-
folded bacteriorhodopsin in sodium dodecyl sulfate (SDS)
micelles and compared it with its in vitro refolded structure
after reconstitution with dimyristoylphosphatidylcholine/3-
[ (3-cholamidopropyl)dimethylammonio]-1-propanesulfonate
(DMPC/CHAPS). Intrahelical and interhelical distances were
mapped in the protein using strategically located spin-label
pairs at helical ends, assayed by pulsed electron paramagnetic
resonance spectroscopy (double electron—electron spin reso-

Denatured

Native

nance, DEER). We find that in SDS the intrahelical end-to-end distances exhibit broad distributions, suggesting a heterogeneous
ensemble of conformations with differing secondary structures. Nevertheless, a majority of the denatured population retains end-
to-end distances similar to those in the native state. In contrast, the observed greatly increased interhelical distances, in addition
to their very broad distributions, suggest that in the SDS micelles very little of the native tertiary structure remains.

It was established nearly half a century ago by Levinthal' that
proteins could not possibly fold by a random search of
conformational space. As a consequence, there must be well-
defined folding pathways by which proteins assemble into their
native folds. Studies to understand this pathway are almost
always initialized from the denatured state ensemble of the
protein. Unfortunately, there is limited structural information
about this ensemble state, unlike the native, fully folded struc-
tural state. It was shown that the simplified random coil model
developed by Flory” is not valid for denatured polypeptide
chains.® Further, experiments* and simulations® suggest that
in the denatured state there is a bias toward native structure.
Theoretical calculations have emphasized the importance of
this initial denatured ensemble in regulating the folding mecha-
nism.’ Various groups have investigated the denatured state
using NMR,”® but the task of characterizing the structure of the
denatured ensemble of proteins is made extremely difficult by
its structural disorder.

BR is a small heptahelical protein that functions as a light-
driven retinal-based proton pump.”'® Membrane proteins like
BR are embedded in the lipid bilayer, and once stripped from
their native hydrophobic membrane environment, e.g., in ag-
gressive detergents, they partly or fully unfold and/or form
aggregates. On the other hand, denaturants that completely
destroy the structure of most soluble proteins have little effect.
BR is resistant to 8 M guanidinium chloride,"" and only trifluoro-
ethanoic acid or 88% formic acid transforms the protein to a
random coil.

A well-described reversible in vitro refolding procedure has
been established for BR."> Numerous studies to follow the refold-
ing kinetics have been carried out based on this procedure.">~**
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We attempted to resolve the details of this refolding process
elsewhere.”® Since the refolding kinetics commence from the
SDS denatured equilibrium state, it is essential to describe and
interpret the structural changes observed in its refolding with
respect to any remaining secondary or tertiary structure.

Traditional methods like solution NMR for studying dis-
orderly systems have not been successful because of the large
system size of denaturing micelles. Estimates of the extent of
unfolding by different methods do not seem to agree. The
remaining helical content of the protein from CD spectra in
SDS micelles yielded nearly half of the original value.*® How-
ever, it was shown that binding of eight SDS molecules
decreases the extinction coefficient of bovine serum albumin at
220 nm by 9000 M' cm™*” Thus, the CD estimation of
helical content might not be accurate in detergent micelles.

Deuterium/hydrogen exchange suggested extensive unfold-
ing of the helices.*® Photo-oxidation labeling of methionines in
the whole protein revealed extensive unfolding of helices A and
D but not the other helices.”” On the other hand, the structure
of a fragment (helices A plus B) in SDS micelles using NMR
revealed a higher degree of structural order than expected, with
almost native-like a-helical content for these segments.’>*' The
NMR study also demonstrated that the two-helix fragment of
BR in SDS micelles showed no NOE interaction, suggesting
loss of tertiary contacts between the helices.*’ Separation of
transmembrane helices was also observed in the IR spectra of
BR in SDS.*
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In this study we employ DEER spectroscopy to probe the
distances between spin-labeled sites located at strategic loca-
tions to investigate secondary and tertiary structure. Distance
measurements using DEER*? commonly detect interspin
distances in the range 15—60 A, in contrast to the <20 A
range of the continuous wave dipolar interaction method.**
DEER is thus suitable for monitoring the distance between two
spin-labels at the ends of each of the transmembrane helices,
which are separated by approximately 30—35 A. Interspin dis-
tances between six separate double spin-labeled samples were
measured for determination of intrahelical distances and eight
samples for interhelical distance separations (Tables 1 and 2).

Table 1. Summary of Intrahelix Distance Distributions
Obtained from DEER

regenerated

Cf—Cf  denatured state state DEER

distance DEER distance  distance (A)
helix spin-labels (A) (A) (fwhm®) (fwhm)
A E9CRI1/V29CR1 30 34 (23) 34 (6)
B K40CR1/G63CR1 34 37 (16) 33 (4)
D  QIOSCRI/A126CR1 31 31 (22) 35 (6)
E  SI132CRI/F154CR1 33 38 (16) 31 (8)
F  El66CRI/L190CRI 37 39 (21) 44 (16)
G  L201CR1/S226CR1 36 31 (25) 37 (6)

“fwhm is full width at half-maximal amplitude.

Table 2. Summary of Interhelix Distance Distributions
Obtained from DEER

Cp-Cp
distance denatured state DEER
helix spin-labels (A) distance (A) (fwhm®)
A-C F27CR1/L100CR1 17 30 (24)
A-F F27CR1/T170CR1 16 43 (23)
B-E D38CR1/F156CR1 18 36 (18)
B-F F42CR1/V167CR1 11 38 (19)
C—F A103CR1/M163CR1 11 40 (20)
C-G A103CR1/G231CR1 16 35 (20)
E-G F156CR1/1222CR1 18 39 (18)
F-G V167CR1/1222CR1 13 41 (16)

“fwhm is full-width at half-maximal amplitude.

Intrahelical distances were measured in the native state (the N
state) and in two equilibrium ensemble states: the partially de-
natured state in SDS micelles (the D-state) and the regenerated
state in DMPC/CHAPS micelles (the R-state). Since the Cf—
Cp distance from the crystal structure and thus of the R-state of
the interhelical distance pairs is smaller than the lower
detectable limit of the DEER distance range, and since we
have previously addressed the regenerated state,” interhelical
distances in this paper were measured in the partially denatured
state only.

A change in the interspin distance of a pair of labels on the
ends of a helix (intrahelical) in the different structural states will
reflect changes in the overall secondary structure along the
helix. Distance change between spin-labels located on two
separate helices (interhelical) would reflect a tertiary structural
modification.

The possible labeling sites for both interhelical and intra-
helical distances were limited. They were chosen such that they
were located at the ends of the helices to ensure efficient
labeling, as the labeling reaction was carried out for all samples
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in the membrane embedded N-state. Additionally, attachment
sites were selected such that the side chain of the spin-label
faced the lipid bilayer; this ensured minimal distance differences
due to spin-label orientation. At some locations these strategies
had to be compromised to allow for adequate protein
expression of the double-cysteine mutants. It should be noted
that because of the motion and the extended conformation of
the spin-label side-chains, the crystal structure distances
between the labeling positions (CS—Cf) listed in Tables 1
and 2 are only approximations of the true interspin distances.

B MATERIALS AND METHODS

Mutagenesis and Protein Expression. Cysteines were
introduced into BR, which otherwise contains no cysteine, with
a well-established homologous expression system.® The desired
residue change was introduced into a synthetic oligomer primer,
20—30 nucleotides in length, custom-made by Integrated DNA
Technologies, Inc. The template DNA pBA2 containing the
bop gene (bacterioopsin) was generously provided by M. P.
Krebs. The bop gene segment was mutated at specific sites to
incorporate a cysteine residue, using a commercially available
PCR site-directed mutagenesis kit under the brand name
Quikchange XL from Agilent (Santa Clara, CA). The PCR
products were digested using restriction endonuclease Dpnl to
remove traces of the original template. The resulting plasmids
containing ampR (ampicillin resistance gene) were transformed
and proliferated in the host Escherichia coli on a nutrient agar
plate at 37 °C in the presence of the antibiotic ampicillin.
Subsequently, the plasmids were extracted, purified, and
sequenced to confirm the inclusion of the desired mutation.

The purified plasmid pBA2 shuttle vector with the mutated
bop gene was then transformed into a modified Halobacterium
salinarum host, MPK409, also kindly provided by M. P. Krebs.
In the MPK409 host cells, the native S-fluororotic acid sensi-
tivity gene ura3 is deleted and substituted with an intact ura3
gene insertion within the bop (bacterioopsin) gene segment in
the Halobacterium salinarum chromosome.>**” The bop gene in
the shuttle vector pBA2 contains the desired mutation, and the
mevR gene is used to select for the successful integrants in
MPKA409 transformants.*>*® The recombinants were selected
using a two-step selection procedure using first mevinolin
resistance and then S-fluororotic acid resistance.

The Halobacterium cells thus obtained were cultured in
400 mL complete medium for a day under aerobic conditions
in a 2 L culture flask at 38 °C to bring the cell count to a suffi-
cient number for efficient expression of the protein. Followin%
this, the culture flask was filled up to 2 L with Rich Medium®
and cultured for an additional 4 days at 40 °C under semi-
anaerobic conditions for BR purple membrane expression. One
of the planned double mutants corresponding to helix C failed
to express in the H. salinarum expression system. The cysteine
mutants for the intrahelical and interhelical distance measure-
ments are shown in Figures 1 and 2, respectively.

Protein Purification. Purple membranes were isolated
using a procedure established by Oesterhelt et al.** Briefly, the
H. salinarum cells were resuspended in 4 M NaCl and treated
with DNase I for 1 h to digest the genomic DNA. The sus-
pension was transferred to 10 000 MW cutoff dialysis bags and
dialyzed at 4 °C against distilled water overnight. All cell mem-
branes other than purple membrane disintegrate. The purple
membrane, which contains only BR and lipid, was further puri-
fied by series of centrifugation and washing steps and recovered
by centrifugation from a 40—60% sucrose gradient.
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Figure 1. Topology diagram showing the locations of the cysteine
mutations designed to measure intrahelical distances in denatured and
regenerated state of BR. The locations for each pair of double mutants
are represented with the same bold symbol. The horizontal double
lines approximate the surface of the lipid bilayer.
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Figure 2. Topology diagram showing the locations of the cysteine
mutations designed to measure interhelical distances in denatured
state of BR. The locations for each pair of double mutants are
represented as the same bold or open symbol. The horizontal double
lines approximate the surface of the lipid bilayer.

Spin-Labeling. The labeling reaction was carried out in the
purple membrane suspension. Before adding the MTSL reagent
for labeling the engineered cysteines, the cysteine residues were
reduced by incubating the samples in excess DTT for 30 min.
The reducing agent was then removed by four sequential 50X
dilutions with 100 mM sodium phosphate buffer (pH 6.5)
followed by centrifugation and resuspension of the membranes.
After the washing procedure, a 10X molar excess of MTSL was
added and incubated at room temperature for 24 h. Excess label
was then removed by four centrifugation steps of 50X dilution
each with 100 mM sodium phosphate buffer (pH 6.5). All
labeling sites were chosen to be at the ends of the helices,
where the SH groups of cysteines were accessible. We found
that labels at several otherwise desired locations were not
accessible to the label, even in the presence of DMSO, used in

other reports to label internal locations in BR.**~*
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In Vitro Refolding. In order to increase the signal-to-noise
ratio of the ESR spectrum, the protein concentration of the
denatured samples were 10-fold greater, at ca. 100 xM, than
in earlier reported refolding experiments to produce the
D-state.! 131926434 The purple membrane was solubilized
by adding 2% SDS in pH 6.5 phosphate buffer, maintaining the
1:400 SDS/protein molar ratio of the previously established
denaturing conditions.'"* Under the renaturing conditions used
by the other groups, the chromophore recovery we measured
was the same as earlier reported (Supporting Information).
However, the concentration of the DMPC/CHAPS could not
be scaled up in our experiments to give the same detergent/
lipid and lipid/protein ratios because the viscosity would have
been unacceptably high. Regeneration that produced the R-
state was by adding an equal volume of DMPC/CHAPS micelle
suspension (pH 6.5), with the concentration scaled up only
2.5 times (5% DMPC/5% CHAPS) rather than as described
elsewhere.' 13426 At this DMPC/CHAPS concentration, the
modified refolding procedure yielded 40—60% chromophore
reconstitution, as opposed to the 70—90% previously
observed.">'* The reconstitution yields were somewhat lower
in the cysteine mutants than in the wild-type protein (Supporting
Information). It appears that it was this and the lower DMPC/
CHAPS to protein ratio that hindered chromophore regener-
ation. Unlike the vyields, the rate constants for chromolphore
regeneration reported by Khorana, Booth, and co-workers'*'**°
were reproduced in at the changed protein concentrations (data
not shown).

Pulsed EPR—Double Electron—Electron Resonance
(DEER). These experiments were performed on a Bruker
Elexsys ES80 X-band pulse EPR spectrometer fitted with a
3 mm split ring (MS-3) resonator, a continuous-flow helium
cryostat (CF93S, Oxford Instruments), and a temperature
controller (ITC503S, Oxford Instruments). Samples (~90 uM
denatured BR sample, ~45 uM regenerated BR sample) were
flash-frozen in the presence of 15% glycerol, and data were
acquired at 78 K. The pump frequency for the pulsed measure-
ment was set to the maximum of the central absorption peak of
the nitroxide spin-label spectrum, and the observer frequency
was set to the maximum of the low field absorption peak.
A pump frequency pulse of 32 ns was applied to the samples
with a 16 and 32 ns pulse width for the observer pulse. A two-
step phase cycle was applied to eliminate unwanted echoes. The
time for dipolar evolution decay time base was limited to a
maximum of 2.4 ys to obtain the optimal signal-to-noise ratio
and the ensemble of distances being measured. The dipolar time
evolution data were analyzed using DEERAnalysis2010 and
MATLAB software packages.*” The data were fit using single
Gaussian peak implemented in the software package.

Although dominated by the desired intramolecular distances,
DEER signals in general have some additional contributions
from intermolecular interactions. Previous work has shown that
this background can be subtracted and that the shape of
the background signal depends on whether spin-labeled pro-
teins engage in intermolecular interactions within two or three
dimensions.*> Unlike membrane proteins within bilayers,
detergent solubilized proteins are arranged in three dimen-
sions with respect to each other. We therefore used the 3-D
background subtraction model, and the baseline assumption
was additional verified by comparing signals with different time
evolution times (1—2.4 ps). The background contribution was
subtracted using a three-dimensional model for SDS micelles
denatured BR samples. Since DMPC/CHAPS mixture forms

dx.doi.org/10.1021/bi201769z | Biochemistry 2012, 51, 1051—1060
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Figure 3. Intrahelical end-to-end distance measurement for helix B (A and B) and helix F (C and D) in the native state (bold lines B and D)
compared to the distance distribution obtained from crystal structure (dashed lines in B and D). The crystal structure distance distribution was
generated by a weighted Gaussian with a width of S A for each pair of spin-label location in a two-dimensional array of BR with a distance cutoff
determined by the DEER detectable distance range (15—60 A). The distances are measured between the Cf atom locations from the crystal

structure.

bilayer disk (bicelle),*® a two-dimensional model was used for
background subtraction of regenerated samples. The measure-
ments for label pairs 40—63 and 166—190 were performed in
duplicate.

Polymer Model. End-to-end distance distribution of a
random coil with a chain length of each helix was calculated
separately using a wormlike chain (WLC) polymer model.*’
This distribution was used as a comparison to the experi-
mentally obtained DEER end-to-end distance distributions. For
a persistence length [, and contour length I. of the polymer
chain, the probability distribution of end-to-end distance P(R)

for WLC is accurately given by***

3/2

_3R? Sl 2 4
P(R) = 4nR? 3 EXPLR - %_LR:*
4nl, ] 4l 412 8ol

2 2
_ 9T 329RT,  6799R* 3441RS 1089R®
2 3 4 S 2,6
1601, 1201, 1600.*  28001)° 1280017, (1)

The C,—C, distance of b = 0.38 nm was used for calculating
contour length . of each sample using I. = Lb. L is the number
of amino acids between the two spin-labels. The persistence
length I, is roughly the measure of the length scale over which a
polymer remains rigid. The value of [, = 0.4 nm was assumed,
as protein loop fragments weakly tethered at its ends behaves
like wormlike chain with a persistence length of 0.4 nm.*°
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B RESULTS

The spin-to-spin distances in doubly labeled BR samples (Figures 1
and 2) were obtained from four-pulse DEER experiments using
the time evolution of the a spin-echo pulse.*® The frequency of
oscillation of the signal decay directly measures the interspin
distance, with higher frequency oscillations corresponding to
shorter distances. Fitting these oscillations produced estimates
of the distribution of distances in the heterogeneous ensembles
that constitute the D (denatured) and R (renatured) states.
To evaluate the reliability of distances from the pulsed ESR
measurements, helix end-to-end distances of BR in the native
state (N-state) were measured (Figure 3). Unlike in the
R-state,”® BR in membrane patches is arranged as trimers in a
two-dimensional crystalline lattice.*"*> The distance distribu-
tions obtained after subtraction of the background of inter-
molecular spin—spin interactions (see Materials and Methods)
for helices B and F (Figures 3B and 3D, bold lines) were only
slightly shifted (1—3 A) from the expected large single peak of
distances calculated (Figures 3B and 3D, dotted lines) from
crystal structure (using PDB: 1C3W). This is as expected when
considering the rotamers and the orientation of spin-labels that
contribute to the measured distance. The width of the observed
distribution corresponded closely with the calculated distribu-
tion. The calculation was performed with the assumption that
the spin-label rotamers add +S5 A to the CA—Cf distance

dx.doi.org/10.1021/bi201769z | Biochemistry 2012, 51, 1051—1060
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obtained from the crystal structure. For helices A, D, E, and G,
after background subtraction, the signal could not be distin-
guished from the baseline (not shown). This large background
is attributed to the numerous additional intermolecular
distances between spin-label pairs in these cases, as a result
of the closely packed monomers of BR in the native state.
Because of the complexity in the analysis of distance distribu-
tions in the N-state and since not all N-state distance
distributions could be obtained, only the D-state and R-state
will be discussed in this paper.

The end-to-end distances measured for all labeled pairs are
between the nitroxide moieties located at the end of the spin-
label’s side chain. In addition to helix length the measured dis-
tance has contributions from relative orientations of the spin-
label pair and backbone flexibility. Thus, the Cf—Cp distance
of the label locations from crystal structure should provide only
an approximate measure of the interlabel distances, and the
crystal distances are shown only for reference.

Secondary Structure. Intrahelical end-to-end distances
were determined to monitor the secondary structure of the
helical segments in the D- and R-state. The peaks of these end-
to-end distance distributions in the D-state and R-state are
listed in Table 1, along with the corresponding Cp—Cp dis-
tances in the crystal structure. The intrahelical distance
distributions for the D-state are shown in Figure 4, (right
panels) A, C, E, G, |, and K, and those for the corresponding
R-state are in Figure 4, (right panels) B, D, F, H, J, and L. The
raw data of DEER measurements and their fits are shown on
the left of each distance distribution graph.

Overall, the peak of the D-state distance distribution varies
between 0 and 7 A when compared to the corresponding
R-state. The distribution width of end-to-end distance of the
helices in R-state is much narrower (width 4—8 A) than in the
D-state (width 16—25 A). Helix F, like the rest of the measured
helices, has a wide distance distribution in the D-state but
displays a remarkably wide distance distribution in the R-state
also (Figure 4]). The data strongly indicate the re-establish-
ment of the secondary structure in the R-state in all helices
examined (Figure 4 B,D,F,H,L), but not for helix F (Figure 4]).
The inconsistency of helix F will be discussed in below. The
distance of the majority of the conformational population in the
R-state returns to the crystal structure estimates within the
expected error margin. The remaining distance spread of each
R-state distribution is most likely due to the various rotameric
states of the spin-label, implying that the helices have a well-
defined secondary structure with a rigid backbone.

The broader distance distribution of the D-state suggests
conformational heterogeneity of a more flexible backbone, from
at least partial unraveling of the helices. The mean end-to-end
distances changed too little to suggest extensive unfolding,
however. As a point of reference in understanding the degree of
unfolding in the helices, end-to-end distance distributions of a
complete random coil using a wormlike chain model with
weakly tethered ends were calculated (Figure 4A,CE,GLK,
dotted lines). The WLC model has been successfully applied to
describe end-to-end distance distributions of protein loops.>>>
It should be noted that this model does not take into account
the fact that the protein is in a micelle. For a peptide in a
completely random coil conformation the WLC model predicts
shorter mean distances than observed in the D-state (Figure 4).
The clear contrast between the two distributions and a larger
peak distance of the D-state suggest that the helices are not in a
random coil conformation in the SDS micelles, and a significant
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population of the D-state ensemble of all the six helices retains
some helical structure. An attempt to fit the DEER distance
distribution to the WLC model did not yield a statistically
significant fit (not shown). In the following sections, we discuss
the results for each helix.

Helix A shows no deviation in peak distance in SDS micelles
and DMPC/CHAPS micelles (Figure 4A,B, right panels). In
the latter, R-state, however, the distribution is significantly
narrower. Assuming that the range of conformations of the
spin-label is unchanged between the two states, this suggests
that a significant population of helix A in the ensemble becomes
more flexible in the D-state (distances on either side of the
mean). This is possibly due to partial unfolding of the helix.
Nevertheless, the majority of the population in the D-state
exhibits peak distances similar to the R-state. This is consistent
with a fully folded helix as a major component in the D-state of
helix A, consistent with previous NMR experiments, which
showed that helix-A fragment remains unchanged in helical
content in SDS micelles when compared to its native state.>>"

Along with the common observed trend of decreasing dis-
tribution width of the DEER distance distributions, helices B
and E show decreases of the peak of distance distribution upon
transition from the D-state to the R-state (Figure 4C,D,G,H).
This suggests that some regions of these helices are frayed in
the SDS micelles, leading to increase in the distance between
the spin-labels of the major population in the D-state. The
regions that have so unraveled in SDS micelles can be identified
only with experiments with more spin-labels, but we tried to
wobtain some clues with molecular dynamics simulations [accom-
panying paper, Krishnamani and Lanyi, Biochemistry, 2012].

In contrast, helices D, F, and G exhibit increases of peak
distance between the D-state and the R-state (Figure 4E,F,I-L).
A smaller helix end-to-end distance of the major population
in the D-state can be visualized by kinks/bends induced and
stabilized by SDS. For example, the unraveling of a few residues
at the center of the helix can cause such kinking of the helix. We
see evidence of such kink/bend in helices D, F, and G in our
molecular dynamics simulations [accompanying paper, Krishnamani
and Lanyi, Biochemistry, 2012]. The behavior of helix F is unlike
the others. The mean distance distribution in the R-state remains
increased by 10 A from the distance predicted from the crystal
structure (Figure 4, panel J). The possible reasons are discussed
further below.

A distance distribution for helix C could not be obtained due
to inability to express the appropriate mutant protein in our
expression system.

Tertiary Structure. The tertiary structure of BR in the
D-state was mapped from interhelical distances. The interhelical
distances measured in the denatured state are summarized in
Table 2. The raw data of DEER measurements and their fits are
shown on the left of the distance distribution for each spin pair
(Figure S). We do not expect a complete random distribution
of interhelical distances as the helices are tethered to each other
in the protein chain, and the need to be confined inside the
micelles will impose restrictions to the separation of helices
with hydrophobic side-chains.

We observe a broad distribution of distances for all the
interhelical distance pairs in the denatured state (16—24 A),
suggesting considerable heterogeneity in the denatured
ensemble (Table 2 and Figure S, right panels). The peaks of
the distance distributions obtained for all interhelical spin
pairs in the D-state are shifted to greater distances, by at least a

dx.doi.org/10.1021/bi201769z | Biochemistry 2012, 51, 1051—1060
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Figure 4. Intrahelical distance distributions of the conformational ensembles of the denatured state and the regenerated state of helix A (A and B),
helix B (C and D), helix D (E and F), helix E (G and H), helix F (I and J), and helix G (K and L) from DEER experiments. The corresponding time
domain dipolar evolution spectra (gray lines), along with the best fit (black solid lines) are shown on the left of each labeled panel. The vertical lines
in the distance distribution curves indicate the CH—Cf distance of the labeled residue positions estimated from the crystal structure. The
theoretically modeled distance distributions, based on a wormlike chain (eq 1), are shown as broken lines. I, =04 nm>>>® and I, = bL, where b =
0.38 nm and L = number of residues between the two spin-labels.
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Figure S. Interhelical distance distributions in the conformational ensembles of helices A and C (A), helices A and F (B), helices B and E (C) and
helices B and F (D), helices C and F (E), helices C and G (F), helices E and G (G), and helices F and G (H) in the denatured state. The locations of
the labels are illustrated in Figure 2. The corresponding time domain dipolar evolution spectra (gray lines), along with the best fit (black solid lines)
are shown in the immediate left of each labeled panel. The vertical lines in the distance distributions indicate the Cf—Cp distance of the labeled

residue positions estimated from the crystal structure.

factor of 2, from their corresponding crystal structure estimates
(Table 2).

The distance distribution obtained for tertiary structure has
contributions from partial disruption of secondary structure,
backbone fluctuations, spin-label orientations, and the loss of
tertiary contacts. This complicates a rigorous analysis of the dis-
tance distribution obtained. Nevertheless, a large shift in the
distance peak and heterogeneity of the interhelical distance
distribution most likely suggests extensive loss of tertiary struc-
ture in the D-state.

B DISCUSSION

Earlier experiments had indicated that a considerable amount of
overall helicity (~50% of the original extent) might be retained
in the SDS micelles,'® but it was unclear which helices or what
segments in the helices were preserved. We observe that in
SDS micelles the helices display a broad distribution of dis-
tances but the peak of the distance distributions are relatively
unchanged from the predicted distances from crystal structure
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(Figure 3A,C,E,G,LK, right panels). This suggests structural
heterogeneity with the major population, but with much of the
original helical content retained. In contrast, the interhelical
distance peaks (measuring tertiary structure) show significant
shifts to higher distances as well as a higher degree of hetero-
geneity in the denatured ensemble.

From our results we conclude that, it is the heterogeneous
ensemble of disrupted and intact segments in each of the six
helices measured that accounts for the observed reduction in
the helical content in SDS micelles, rather than a single confor-
mation. A clear difference of the D-state distance distributions
from the predictions of the WLC model provides a high con-
fidence in proposing the absence of an extensive random coiled
structure in SDS micelles.

The presence of transmembrane segments surrounded by
SDS molecules in a micelle seems to provide an environment
that protects and retains a-helical structure, at least partially,
from the results above. Such stabilizing effect of SDS micelles
could be seen in TM helices of Saposin C and glycophorin A.>***
In a molecular dynamics study,* the unfolded state of a soluble
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a-helical peptide in water was shown to have a range of confor-
mations from fully unfolded coil to small helical segments inter-
spersed with turn regions, in an equilibrium. As a conservative
estimate based on the width of DEER distance distribution,
the helicity lost in BR would be equivalent to no more than
about 2—8 residues in any of the six helices we studied (A, B, D,
E, F, and G), assuming full stretching of the disrupted residues
limited only by the length of the peptide bond between
residues.

Pan et al. recently presented methionine photolabeling of BR
in SDS micelles that showed that helices A (and D) are largely
unfolded.*®** Helices B, C, E, F, and G, in turn, have been
proposed to partially intact with the methionine side chain and
protect them from solvent exposure, either by being buried in
the SDS micelles or by retention of an intact protein core.
Thus, the lack or the presence of solvent exposure of methio-
nine does not necessarily provide evidence of unfolding. It is
easy to imagine a local area surrounding the methionine being
protected by SDS molecules or partial exposure of the methio-
nine side chain to the solvent in a dynamic system. We observe
evidence of partial unfolding of all the helices in the D-state
with a heterogeneous structural state.

Heterogeneity can be interpreted as equilibrium between
multiple equal energy conformations in an energy landscape.
These equilibrium structural ensembles present themselves as
various DEER distance distributions. Addition of lipid (DMPC)
and another, milder detergent (CHAPS) would shift the
equilibrium toward refolding and restoration of native structure.
In such a refolding reaction scheme the helices are reestablished
rapidly (in <100—140 ms) and then follow a kinetic pathway
with intermediate states depending upon the energy barriers of
refolding of the helices into a native-like bundle.”

The transition from one equilibrium-unfolded state to
another can be triggered by a combination of various events.
Helix nucleation in the extended partially unfolded helix can
rapidly initiate assumption of a folded helical structure due to
the highly cooperative nature of helix formation.”” Conversely,
destabilization of hydrogen bonds in a helical structure can
occur by competition with water molecules or the head groups
of SDS molecules, unfolding a local region. The ease of tran-
sition or rates of equilibrium transitions determines the
population of these states.

The variation in structural changes observed between the BR
helices has to originate from the residue sequences of the
transmembrane segments and sequence-dependent interaction
with its environment. The accompanying paper [Krishnamani
and Lanyi, Biochemistry, 2012] discusses the sequence depend-
ence of structural perturbation of the helices in SDS micelles
using molecular dynamics simulation.

The DEER distance distributions for the R-state of BR shows
apparent complete recovery of the secondary structures of
helices A, B, D, E, and G, although not F. Yet under our renatu-
ration conditions the retinal-dependent chromophore is not
completely regenerated in the R-state (40—60%). Thus,
recovery of the helices does not ensure recovery of the chromo-
phore. Possibly, the native tertiary structure is assumed only
when helix F recovers also. Alternatively, regeneration of helix F
may be necessary for the binding of retinal. Helix F carries the
three aromatic residues, Trp-182, Tyr-185, and Trp-189, that
define the binding site for the retinal polyene chain and the
p—ionone ring.>® It seems very unlikely that chromophore
recovery could occur without a folded helix F that is docked to
its right place in the heptahelical bundle. We conclude that the
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cause of partial recovery of the chromophore must be the
partial refolding of helix F.

The reason for poor regeneration of helix F might be in the
lipid used for the reconstitution. Archaebacterial lipids are
phosphatidyl glycerols with ether linkage to isoprenoid alcohols
containing 20 and 25 carbon atoms,” of which 16 or 20 carbon
atoms contribute to the length of the lipid tail. Importantly,
since these lipid tails are longer than the 14-carbon atoms long
chain of the DMPC in the reconstitution, there is a possibility
of hydrophobic mismatch with the transmembrane helices.
Given that helix F is the longest helix, it is more likely to be
affected by hydrophobic mismatch. Such a mismatch can result
in fraying of the hydrophobic regions at the ends of the helices,
particularly at the higher detergent/lipid ratio we used, and
might be the reason for the increased distances observed for the
R-state of helix F. Significantly, it was reported that of all
individually synthesized bacteriorhodopsin helices helix F alone
did not form an a-helix in lipid bilayers.*°

In an earlier NMR study of a BR segment that included
helices A and B in SDS micelles showed no interproton nuclear
Overhauser effect (NOE) between the helices.>’ Since NOE
interactions are observed over less than a few angstroms, helical
segments A and B that lie adjacent to one another in the native
structure must have become separated in the micelles, while the
helical structures were largely conserved. NMR studies of Saposin
C had shown that this protein adopts an open conformation with
an exposed hydrophobic pocket in SDS micelles.”" In this system
it was also observed that SDS displaces hydrophobic protein—
protein contacts with detergent—protein contacts. Likewise,
crystallographic studies on SDS denatured lysozyme had shown
that the detergent molecules intercalate into the hydrophobic core
of the protein and “open up” the structure.> Our observation
that there is loss of most, or even all, tertiary contacts of between
helical pairs of BR in SDS micelles is consistent with the above
studies.
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