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ABSTRACT: Sixteen single-cysteine substitution mutants of rhodopsin were prepared in the sequence 306-
321 which begins in transmembrane helix VII and ends at the palmitoylation sites at 322C and 323C. The
substituted cysteine residues were modified with a selective reagent to generate a nitroxide side chain,
and the electron paramagnetic resonance spectrum of each spin-labeled mutant was analyzed in terms of
residue accessibility and mobility. The periodic behavior of these parameters along the sequence indicated
that residues 306-314 were in a regularR-helical conformation representing the end of helix VII. This
helix apparently extends about 1.5 turns above the surface of the membrane, with one face in strong
tertiary interaction with the core of the protein. For the segment 315-321, substituted cysteine residues
at 317, 318, 320, and 321 had low reactivity with the spin-label reagent. This segment has the most
extensive tertiary interactions yet observed in the rhodopsin extra-membrane sequences at the cytoplasmic
surface. Previous studies showed the spontaneous formation of a disulfide bond between cysteine residues
at 65 and 316. This result indicates that at least some of the tertiary contacts made in the 315-321 segment
are with the sequence connecting transmembrane helices I and II. Photoactivation of rhodopsin produces
changes in structure detected by spin labels at 306, 313, and 316. The changes at 313 can be accounted
for by movements in the adjacent helix VI.

Rhodopsin is the dim light photoreceptor of the vertebrate
retina and was the first characterized member of the large
family of GPCR’s1 (2-4). All GPCR’s are believed to have
seven transmembrane helical segments. A secondary struc-
tural model of rhodopsin showing an assignment for the
transmembrane helical segments is given in Figure 1. The
extramembranous sequences linking helices III to IV, V to
VI, and VII to the palmitoylation sites at 322 and 323 are
involved in the binding and/or activation of the visual G
protein, GT (12-16). In the dark state, certain residues of
these sequences are apparently sequestered within the tertiary
fold of rhodopsin, becoming available to GT only after
photoisomerization of the 11-cis-retinal chromophore triggers
a conformational change in rhodopsin (2-4).

The structure of rhodopsin and the details of the light-
activated conformational change have been the focus of
numerous biochemical and biophysical investigations. Re-

cently, a model for the helix packing of rhodopsin has been
constructed on the basis of low-resolution electron density
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FIGURE 1: A secondary structure model of rhodopsin showing the
residues in the cytoplasmic region where single-cysteine substitu-
tions and nitroxide spin labels have been introduced. The sequence
investigated by nitroxide spin labeling in the present study is
outlined with a bold line. The sequences included within dashed
lines are those previously investigated (5-8). The sequence
highlighted by a thin line, and the residues boxed in the C-terminal
domain, are the subject of accompanying papers (1, 9-11). In total,
these studies include 100 single-cysteine substitutions and their spin-
labeled derivatives that cover the entire cytoplasmic face of the
molecule. In all single-cysteine substitution mutants, the reactive
native cysteines at residues 140 and 316 were replaced by serine,
as indicated. The secondary structures in the extramembranous
segments and the location of the cytoplasmic membrane-aqueous
interface relative to the helices are based on the above referenced
studies.
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maps derived from cryoelectron microscopy (17-18). Struc-
tural models for the extramembranous segments at the
cytoplasmic surface have been proposed on the basis of NMR
studies of synthetic peptides of the same sequence (19-22).
A model for the tertiary structure of the cytoplasmic domain
based on NMR data of the peptide segments has also been
proposed (23). Mutagenesis experiments using metal ion
binding to double-histidine replacements provided some
information on the proximity of rhodopsin helices in the dark
state (24).

Cysteine scanning mutagenesis and double-cysteine sub-
stitution mutagenesis form the basis for a powerful experi-
mental approach that has been recently applied to analyze
the structure and function in rhodopsin (6-8, 25-29). The
general strategy relies on an analysis of the following: (1)
functional perturbation due to the cysteine substitution; (2)
reactivity of the substituted cysteine; (3) cross-linking of
cysteines in double mutants; and (4) SDSL data. Functional
perturbation due to cysteine substitution can be used to
identify residues essential for structure and/or function, while
the chemical reactivity of single-cysteine mutants provides
general information on site accessibility (30). Functional
perturbation and cysteine reactivity have been previously
employed to explore the extramembranous sequences con-
necting helices III to IV (5) and helices V to VI in rhodopsin
(7), and the C-terminal domain (28). Extensions of these
studies to the sequence connecting helices I and II and the
sequence connecting helix VII to the palmitoylation sites are
the subjects of accompanying papers (1, 9). The spontaneous
cross-linking rates between cysteine residues in double
mutants of rhodopsin have provided information on residue
proximity (26, 27).

Finally, for SDSL applications, single- and double-cysteine
mutants are used to attach a paramagnetic nitroxide side chain
to the protein. The EPR of such labeled proteins provide
direct information on residue solvent accessibility, sequence-
correlated secondary structure, protein topography, and
interresidue distances with a real-time resolution sufficient
to observe protein motions during function (see refs31-33
for recent reviews). In previous publications, SDSL methods
were used to explore the structure and light-dependent
changes in rhodopsin sequences that connect transmembrane
helices III to IV (6, 25, 34) and V to VI (8, 26). In
accompanying papers, the structure of the sequence con-
necting transmembrane helix I to II (10) and the C-terminal
domain (11) are analyzed by SDSL.

The present paper extends the SDSL analysis of rhodopsin
to include the sequence 306-321. This sequence encom-
passes portions of transmembrane helix VII and the ex-
tramembranous segment that extends to the palmitoylation
sites at residues 322 and 323 (Figure 1). This is a particularly
interesting region in rhodopsin, because Lys296 on helix VII
is the site of the protonated Schiff base that links the 11-
cis-retinal chromophore to the protein. The protonated Schiff
base is involved in salt bridge formation with E113 on helix
III ( 35-37), an interaction that is believed to be an essential
component of the light-activated rhodopsin conformational
switch (38-39). The extramembranous segment of the 306-
321 sequence has been referred to as a “fourth cytoplasmic
loop” and is involved in GT activation (13). The results
presented here support the existence of a regular helical
segment extending from residue 306 to approximately 314,

corresponding to the cytoplasmic end of helix VII. The helix
crosses from a nonpolar to an aqueous environment in the
neighborhood of residues 308-309, indicating that helix VII
extends into the aqueous phase. The sequence 315-321 is
apparently in strong tertiary interaction with the remainder
of rhodopsin. Significant structural changes are observed after
light activation at residues 306 and 313 on the buried surface
of helix VII and at 316, as reported earlier (25-27).

EXPERIMENTAL SECTION

Preparation and Spin Labeling of Rhodopsin Mutants.The
single-cysteine substitution mutants in the region 306-321
used in this study were prepared and purified in DM solution
as described in a accompanying paper (1) and were spin-
labeled with (1-oxy-2,2,5,5 tetramethylpyrrolin-3-methyl)
methanethiosulfonate (I) (a gift from Prof. Ka´lmán Hideg,
University of Pécs, Hungary) as described elsewhere (28).
The nitroxide side chain generated by this reaction is referred
to as R1 (Figure 2). Spin-labeled mutants will be designated
by giving the original residue and the sequence number
followed by R1, or just the sequence number followed by
R1. Thus, F313R1 or 313R1 is a mutant with the native
phenylalanine at 313 replaced by the nitroxide side chain
R1. The spin-labeled mutants were concentrated in the DM
solution and loaded into TPX or quartz capillaries, and
X-band EPR spectra and power saturation data were collected
as previously described (40).

RESULTS

Structure and Light-Induced Changes in the Sequence
306-321.Figure 3 shows the EPR spectra recorded at room
temperature both in the dark (solid trace) and after photo-
excitation (dashed trace) for the various spin-labeled mutants
in the region 306-321. The spectra of Y306R1, I307R1,
and M317R1 are relatively noisy, apparently due to a low
reactivity of the cysteine residues at these positions with the
spin-label reagent (I). Only very weak signals were obtained
after reaction of mutants V318C, T320C, and L321C with
(I). The spectra are too noisy to be of use and are not shown.
These results are consistent with the extremely low reactivity
of the Y306C, I307C, M317C, V318C, T320C, and L321C
mutants with 4-PDS (1), and they suggest that these sites
are buried within the structure.

The term “mobility” is a qualitative descriptor of the
dynamic modes of R1 in the protein as reflected by general
features of the EPR spectra shown in Figure 3 (41). For
example, the large separation between the well-resolved outer
hyperfine extrema in the EPR spectra of 306R1, 310R1, and
313R1 indicate that the nitroxides are strongly immobilized
by interaction with the protein. These sites are likely to be
buried in the protein interior. The spectra of 307R1, 314R1,
315R1, and 316R1 also reflect the presence of a population
of spin that is relatively immobilized, judging by the intensity

FIGURE 2: Reaction of the methanethiosulfonate spin label (I) to
produce the nitroxide side chain designated R1.
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in the low- and high-field regions of the spectra. On the other
hand, the spectra of 308R1, 309R1, 311R1, and 312R1 are
dominated by components characteristic of R1 side chains
with relatively high mobility. The inverse line width of the
centralmI ) 0 resonance line (∆H-1) and the inverse spectral
second moment (<H2>-1) may be used as crude descriptors
of nitroxide mobility, although they do not distinguish
individual components in complex spectra (41). In the usual
case of multicomponent spectra, the∆H-1 measure more
heavily weighs the most mobile component, while<H2>-1

more heavily weighs the least mobile component. We use
∆H-1 in the present study because the poor baseline in some
of the spectra would cause large errors in the second moment.
Figure 4A shows a plot of∆H-1 for the spin-labeled mutants
in the range 306-316 (solid symbols) together with a
periodic function of period 3.6 for reference. It is apparent
that the residue mobility is periodic in position to at least
residue 314, and the period is close to that of anR-helix.

After photoexcitation to produce the MII state, there are
subtle changes in the EPR spectra of most of the mutants,
but the changes in Y306R1, F313R1, and C316R1 are the
most significant. The change in C316R1 has been previously

reported, and the result is reproduced here (25). For 306R1,
there is an increase in the splitting of the outer hyperfine
extrema, which could be due to either a decrease in mobility
or an increase in polarity of the environment (42). For
F313R1, photoexcitation produces a relative increase in
intensity in regions of the spectrum corresponding to a more
mobile state, while the opposite is the case at C316R1.

The solvent accessibility of side chains also provides
valuable information on local protein structure. The solvent
accessibility of R1 in a protein may be inferred from the
collision frequency of the nitroxide with paramagnetic
reagents in solution. For membrane proteins, two different
paramagnetic reagents are employed, one polar and the other
nonpolar. For the nonpolar reagent, O2 is selected because
of its higher solubility in the hydrophobic interior of
membranes and micelles than in water. NiEDDA is selected
as the polar reagent for these studies, because it has a high
solubility in water and a very low solubility in hydrophobic
media. An accessibility parameter,Π, proportional to the
collision frequency of the nitroxide with either reagent, can
be estimated by power saturation techniques (43). Figure 4B
shows values forΠ(O2) and Π(NiEDDA) for R1 as a
function of sequence number in the range 308-316. Values
for 306R1 and 307R1 were not determined due to the poor
signal-to-noise. The values ofΠ(O2) rather closely parallel
those of∆H-1; that is, the residues with the highest mobility
are also the most exposed to collision with O2. Residues
310R1 and 313R1 have the lowest accessibility to O2,
consistent with the assignment of those residues to buried
sites based on mobility. Residues 308R1, 309R1, 311R1,
312R1, 314R1, 315R1, and 316R1 all have moderate to high
accessibility, indicating their location on exposed surfaces

FIGURE 3: EPR spectra in the dark (solid trace) and after
photoactivation (dotted trace) for each of the spin-labeled mutants.

FIGURE 4: Mobility and accessibility of the R1 side chain in the
sequence 306-316. (A) The mobility of the R1 side chain measured
by the inverse of the central resonance line width,∆H-1. The dotted
line has a period of 3.6 residues. (B) The accessibility to collision
with molecular oxygen (b) and with NiEDDA (9). The concentra-
tion of NiEDDA was 20 mM, and for O2 was that in equilibrium
with air. (C) The function eΦ for the exposed and mobile residues.
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or loosely packed interior domains accessibly to O2. The high
values ofΠ(NiEDDA) unequivocally identify 311R1 and
312R1 as water-exposed sites. The low values ofΠ-
(NiEDDA), high values ofΠ(O2), and high mobility of
308R1 and 309R1 demonstrate the exposure of these sites
at a surface of the protein solvated by the fluid hydrocarbon
chains of the micelle interior. The low values ofΠ(NiEDDA)
at 310R1 and 313R1 strengthen the conclusion reached above
that these are both buried residues. The lowΠ(NiEDDA),
relatively highΠ(O2), and intermediate mobility suggest that
314R1 may lie at a loosely packed buried or tertiary contact
site.

Topography in the Sequence 306-321. For a nitroxide
on the surface of a protein in water, or in any other
homogeneous solvent, the parameterΦ ) ln[Π(O2)/Π-
(NiEDDA)] is approximately constant, independent of the
site at which the nitroxide is attached. This is because
structural factors that influenceΠ(O2) have a similar effect
on Π(NiEDDA), and site-specific effects cancel in forming
the ratio that definesΦ (44).2 For a nitroxide on the surface
of a transmembrane protein,Φ is a linear function of depth
from the membrane-water interface, apparently because
concentration gradients of the reagents exist in the nonho-
mogeneous interior of the membrane (44). Thus, the slope
of Φ undergoes an abrupt change across the boundary
between the hydrophobic interior of the membrane and the
aqueous phase, making it a useful parameter to locate
positions in a protein sequence that lie in this boundary region
(6, 8).

For use in DM micelles,Φ is calibrated using spin-labeled
phospholipids containing a nitroxide in the headgroup and
at various points along a hydrocarbon chain solubilized in
the micelle (6). For 20 mM NiEDDA and O2 in equilibrium
with air, a nitroxide in the polar headgroup region hadΦ ≈
0, defining the outer boundary of the interface, while a
nitroxide in the micelle interior hadΦ > 4. For the same
concentrations of NiEDDA and O2, a fully water-exposed
R1 residue on a water-soluble protein hasΦ ≈ -2.5
(Altenbach and Hubbell, unpublished results). Because the
range ofΦ is relatively small through the diffuse micelle
interface, it is convenient to employ eΦ rather thanΦ itself
for graphical presentation. Figure 4C shows eΦ as a function
of position for R1 residues in the sequence 306-312 of
rhodopsin. Only residues exposed to solvent with high
mobility are included in the analysis.2 According to these
data and the calibrations mentioned above, residues 308 (eΦ

) 1, Φ ) 0) and 309 (eΦ ) 0.5,Φ ) -.69) lie in the diffuse
headgroup region of the DM micelle. Residues 311 and 312
are apparently completely solvent-exposed (eΦ ) 0.125,Φ
) -2.1). The eΦ values for these latter residues are in close
agreement with the average value of equivalent residues in
the extramembranous sequence connecting helices V and VI
in rhodopsin (8).

DISCUSSION

The periodic dependence of R1 side chain mobility and
accessibility on sequence position suggests the existence of

an R-helical segment extending from about residues 306 to
314 (Figures 3 and 4). Figure 5A shows the mobility,
represented by the symbolM , Π(O2), represented byΠ, and
other data (see below) plotted on a helical wheel representa-
tion of the sequence. Accessibility to O2 rather than NiEDDA
is selected for structural analysis because NiEDDA has
extremely low solubility in the micelle interior. Thus every
residue in the micelle interior, whether exposed or buried,
will have a very lowΠ(NiEDDA) and structural information
is obscured. On the other hand, O2 has finite solubility in
both water and the micelle interior, and structural modulation
of Π(O2) is readily apparent for all residues. In Figure 5A,
the magnitudes of mobility and accessibility are color coded
from red to yellow, red being the most immobilized and
inaccessible. White circles indicate that the measurement was
not made.

The R1 residues at 306, 310, and 313 are unambiguously
located at buried sites in the structure, on the basis of their
low mobility (Figure 3, 4) and the lowΠ(O2) and Π-
(NiEDDA) of 310R1 and 313R1 (Figure 4). Figure 5A shows
that these buried residues with similar EPR spectra are
clustered together on a narrow face of the putative helical
segment, defining a strongly interacting face of the helix.
On approximately the opposite face of the helix, R1 residues
at 308, 309, 311, and 312 have a high accessibility and high
mobility and define an exposed face of the helix. The EPR
spectra of R1 at these sites closely resemble those for this

2 Φ will be independent of structure only for R1 residues at relatively
exposed sites. At buried sites, or sites in strong tertiary interaction, the
size difference between O2 and NiEDDA will result in a steric exclusion
of NiEDDA relative to O2.

FIGURE 5: (A) A helical wheel representation of the sequence 306-
314. For each residue the mobility (M) and accessibilty (Π) are
indicated by a graded color scale from red (low values) to yellow
(high values). Also shown is the effect of the corresponding cysteine
mutation on the activation of GT (GT) and on perturbation of the
MII lifetime (MII). The magnitude of the effect is also coded on a
color scale from red (large effect) to yellow (no effect). Finally,
the reactivity of a cysteine at the indicated site (R) is indicated on
a color scale from red (low reactivity) to yellow (high reactivity).
(B) A helical net representation of the sequence 306-314, showing
the location of the micelle-water interface. The color code indicates
the mobility and accessibility of the corresponding residue using
the code in panel A.
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side chain at sites on the lipid-exposed surfaces of trans-
membrane helices in bacteriorhodopsin (44) and rhodopsin
(6, 8).

Residues 307 and 314 are located at the boundary between
the strongly interacting and exposed faces of the helix.
Accordingly, the spectra of 307R1 and 314R1 are similar,
with a complex line shape characteristic of an intermediate
mobility (Figure 3). The mobility of 307R1 and 314R1 is
lower than generally observed for R1 at either water- or lipid-
exposed helix surface sites, and these residues may experi-
ence tertiary interactions.

Also mapped onto the helical wheel of Figure 5A are
results from a accompanying paper regarding perturbation
of GT activation (GT), and perturbation of the MII lifetime
(MII) produced by cysteine mutations at the same sites
investigated here by SDSL (1). The magnitude of the
perturbation is color coded from red to yellow, with red
representing the largest perturbation. Also shown are data
on the relative reaction rates for cysteine at the various sites
with 4-PDS (1), represented by R. Rates are again color
coded red through yellow, with red representing the slowest
rate.

Figure 5A shows that the sites for which the R1 mobility
and accessibility are sharply reduced by interaction with the
protein tertiary structure are also sites for which cysteine
substitution produces large perturbations in both GT activation
and MII lifetimes. Mutation at sites on the opposite face of
the putative helix, the exposed face as defined by SDSL,
has essentially no effect on GT activation or MII. Between
these two extremes are intermediate cases as indicated in
the figure. Thus, data from four independent measurements
display a periodic dependence on sequence position consis-
tent with aR-helical segment in the range from 306 to 314
and, remarkably, with the same relative phase. The fact that
the mutation sites that produce maximum perturbation of GT

activation and MII lifetime coincide with tightly packed
buried sites as assigned by SDSL is not unexpected. In fact,
the correspondence strongly suggests that the effect of the
cysteine mutation is due to structural perturbations of the
protein, perhaps in the photoactivated state, and not due to
simple replacement of a critical functional residue.

Figure 5B shows a helical net representation of the same
helix in Figure 5A, identifying the location of the micelle-
water interface deduced from the data in Figure 4C. The
location of the interface between M308 and M309 is
consistent with the amino acid sequence in this region. For
example, the preceding sequence from 299 to 308 is largely
hydrophobic, while the following sequence contains two
charged residues in the next 5 amino acids (Figure 1).
Assuming that this assignment for the micelle-water inter-
face holds for the membrane-water interface of the native
membrane, helix VII extends approximately 1.5 turns above
the membrane surface.

Figure 5A also summarizes some interesting additional
data on sulfhydryl reactivity with 4-PDS reported in an
accompanying paper (1). To a first approximation, the rate
of reaction of a sulfhydryl group in a protein should be
related to its accessibility to the reagent. However, the
accessibility measured in this manner is quite different than
that measured byΠ(O2) and Π(NiEDDA) for an R1 side
chain at the same site. This is seen in Figure 5A at sites 310
and 313. Mutants 310C and 313C have a high reactivity

toward 4-PDS, whileΠ(O2) andΠ(NiEDDA) are both very
low in 310R1 and 313R1. Thus, SDSL finds these sites to
be buried, while 4-PDS reactivity finds them to be relatively
exposed. The SDSL assignment appears more attractive in
view of the perturbation of the MII lifetime and GT activation
in 310C and 313C, and the extreme immobility of the
nitroxides at these sites.

Because these different scales of accessibility must reflect
the same equilibrium structure, it seems important to
comment on the apparent discrepancy. One explanation can
be found in a fundamental difference in the techniques. The
EPR measurement is made at equilibrium, and the results
reflect the equilibrium structure of the protein molecule. On
the other hand, in any sulfhydryl reactivity assay, a successful
collision results in the irreversible formation of a covalent
bond. The effect is that successive events are “counted”, and
the method integrates events over time. The above distinction
is important for a protein with conformational substates.
Consider an example with two conformational substates, only
one of which has an exposed sulfhydryl group. If the intrinsic
rate constant for reaction with the SH group is high, the
product may accumulate at a rapid rate even if the conforma-
tion with the exposed group amounts to only a small fraction
of the population. The EPR method would not detect the
minor population, but would find the SH group to be buried.
A combination of SH reactivity and accessibility measured
by SDSL provides a more complete picture of the state of
the protein than either approach alone. The reactivity
provides information of structural fluctuations and local
flexibility, while the SDSL measure defines the equilibrium
population.

If this explanation is correct, the top portion of helix VII
may exist in multiple conformational states, one of which
exposes the buried surface occupied by residues 310 and 313.
The lack of reaction of 306C with 4-PDS, a residue on the
same helix surface as 310C and 313C, may simply be due
to limited accessibility of the polar 4-PDS reagent to this
site (Figure 5B). The low reactivity at 308C is probably due
to the low solubility of 4-PDS in the lipid phase.

Figure 6 suggests a specific mapping of the 306-314
sequence onto the low-resolution electron density maps of
frog rhodopsin (18), based on the SDSL data presented
above. In the figure, the helix model of Figure 5 is
superposed on a contoured cross section of the electron
density map taken parallel to the membrane plane at distances
of 13, 15, and 17 Å from the center of bilayer (data provided
by G. F. X. Schertler). This range encompasses the region
of the molecule at the membrane-aqueous interface pertinent
to the studies presented here (17), and the superposition of
the layers provides a sense of the helical tilts at this level of
the molecule. The circles marking the residues are colored
according to mobility/accessibility data using the same code
as in Figure 5. The angular position of the helical wheel
shown provides a reasonable fit to the salient features of
electron density and residue mobility/accessibility data. The
strongly immobilized and inaccessible residues 306, 310, and
313 are buried in the core of the molecule. The residues
308R1, 309R1, 311R1, and 312R1 face the outside of the
molecule, in contact with either the lipid (308, 309) or the
aqueous phase (311, 312), accounting for their high mobility
and accessibility. Residues 307R1 and 314R1 are those with
intermediate accessibility and mobility (Figures 3 and 4).
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Residue 307R1 is within the bilayer domain and faces an
electron density of uncertain origin (violet shading) (12).
Whatever the origin, the partial immobilization of 307R1 is
consistent with the existence of mass in this region. Residue
314R1 is two turns above 307R1 on the same face of the
helix but is in the aqueous phase. Although 314R1 directly
faces helix I, it has an intermediate mobility rather than the
expected strong immobilization. This may be accounted for
by the fact that 314 is at the suggested C-terminus of helix
VII, and R1 residues at helix C-termini have been found to
be unusually mobile (41). Overall, the electron density
contours and SDSL accessibility/mobility data are compatible
for the mapping of the sequences shown in Figure 6.

Baldwin et al. (17) proposed aR-carbon structural model
for the rhodopsin helices on the basis of a sequence analysis
of GPCR’s and the electron density map of Unger et al. (18).
In this model, helix VII crosses the membrane-aqueous
interface at residue 307, approximately 17 Å from the center
of the membrane, and extends to residue 311. This compares
remarkably well with the SDSL data that places the crossing
point between 308 and 309 and helix termination near residue
314. Both SDSL and analysis of residue variability among
GPCR sequences agree that residues 306, 310, and 313 are
buried, while 308, 311, and 312 are located on exposed
surfaces of the structure. TheR-carbon model, however,
places 309 at a buried site, while the EPR spectrum indicates
that it is more likely at a surface or contact site.

Recently, the solution structure of a synthetic peptide
corresponding to residues 306-348 of native rhodopsin was
investigated by 2D NMR (21). Remarkably, the peptide had
a helical conformation in the region of 306 to approximately

314, in good agreement with the SDSL data.
The structure of the sequence 315-321 cannot yet be

determined by SDSL alone. However, the EPR spectra of
residues 315R1-317R1 indicate strong tertiary interactions.
Moreover, the sulfhydryl groups in 318C, 320C, and 321C
are essentially unreactive toward the spin-label reagent (I).
Therefore, they are likely to be buried in a rigid part of the
molecule, a conclusion already reached from the lack of
reactivity of these residues with 4-PDS (1). Residue 319 is
the only site in the sequence that has a relatively high
mobility. Thus, from the point of view of SDSL, the sequence
315-321 is the most sequestered of all the sequences
presumed to reside in the aqueous phase at the cytoplasmic
surface of rhodopsin (6, 8, 10, 11).

Photoactivation of rhodopsin to the MII state produces
minor changes in the mobility of R1 throughout the sequence
(Figure 3). However, the changes at 306, 313, and 316 are
the most notable. The change at 306 is an outward shift of
the hyperfine extrema without a significant change in line
shape, suggesting that the change may be due to an increase
in the polarity of the environment (42). The penetration of
water, for example, to this site just above the Schiff base in
helix VII could produce such a change. The spectral change
at 313 is due to a shift in the population of nitroxide to a
more mobile state. This is not likely to be due to a movement
of helix VII itself, because there is little change at 310R1,
one turn below 313 facing helix II instead of VI. However,
the outward movement of helix VI previously reported (8,
26) could account for the change, because 313R1 makes
tertiary contact with helix VI (Figure 6).

The photoactivated increase in mobility of R1 at 316 has
been previously reported (25). In addition, residues 316R1
near the end of helix VII and 65R1 in the segment between
helices I and II were found to be in close apposition, and
photoactivation of rhodopsin results in their separation (27).
The proximity of 65 and 316 argues against the extension
of helix VII to include residue 316. As shown in Figure 6,
316R1 would then be on the opposite side of helix VII, away
from residue 65. It seems likely that the part of the sequence
315-321 immediately beyond helix VII is folded over the
body of the rhodopsin molecule, where 316R1 can interact
with 65R1. This disposition could also account for the lack
of reactivity of cysteine residues in this region. The photo-
activated motion near 316R1 could result from movement
of helix VII, movement of helix I and/or II, or independent
movement of the 315-321 segment. The data presented here
do not permit a conclusion on this point.
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