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ABSTRACT. Double-spin-labeled mutants of rhodopsin were prepared containing a nitroxide side chain at
position 316 in the cytoplasmic surface helix H8, and a second nitroxide in the sequence of residues
60—75, which includes the cytoplasmic loop CL1 and cytoplasmic ends of helices TM1 and TM2. Magnetic
dipole—dipole interactions between the spins were analyzed to provide interspin distance distributions in
both the dark and photoactivated states of rhodopsin. In the dark state in solutions of dodecyl maltoside,
the interspin distances are found to be consistent with structural models of the nitroxide side chain and
rhodopsin, both derived from crystallography. Photoactivation of rhodopsin shows a pattern of increases
in internitroxide distance between the reference, position 316 in H8, and residues in CL1 and TM2 that
suggests an outward displacement of TM2 relative to H8<8yA.
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reagent to provide a nitroxide side chain. In the studies (1) side chain R1

presented here, the methanethiosulfonate reagent (I) wagmgure 1: Reaction of methanethiosulfonate reagent | with a
employed to produce the side chain designated R1 (Figurecysteine to yield side chain R1.
1).

In earlier SDSL studies of rhodopsin, the sequence used to deduce the secondary structure and main features of
dependencies of R1 solvent accessibility and mobility were the tertiary fold of the molecule throughout the entire
cytoplasmic surface. In addition, patterns of changes in R1
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Ficure 2: Secondary structural model of rhodopsin, highlighting the residues included in this study (black circles). The interhelical loops
at the cytoplasmic surface are labeled ClAL4. Residue 316 in helix H8 was selected for substitution with one R1 side chain as a
reference. A second R1 side chain was placed in the sequence of residti&s &tes at which native cysteine residues were replaced
with serine are denoted with diamonds. The secondary structure of CL3 is based on SDSQ),datal that for the remainder of the
molecule is derived from a crystal structure (PDB entry 1F88).

H8 helix group, as well as the interconnecting loop CL1 results are interpreted to imply a movement of TM2 away
(Figure 2). The general experimental strategy is to introduce from H8 by a distance=3 A.

one R1 residue at a “reference” site in the protein, together

with a second R1 residue that is scanned through a sequencEXPERIMENTAL PROCEDURES

that lies nearby. The resulting set of distances relative to Preparation and EPR Spectroscopy of Spin-Labeled
the reference provides a pattern that reflects the local Rpogopsin MutantShe single-cysteine mutants of rhodopsin
structure. In this approach, it is important to obtain multiple goc—75¢ and 316C were prepared and purified in a DM
sets of distances to mitigate a potential bias due to the (anatrace, Maumee, OH) solution according to published
existence of multiple rotamers of the R1 side chai (.8). proceduresg, 20). The double-cysteine mutants containing
In this study, site 316 in the short surface helix H8 near 316C and a second cysteine at each of the positions listed
the cytoplasmic termination of helix TM7 was selected as a above for the single mutants were prepared and purified in
reference, and a second R1 placed at positions in thepM as described previousI®{). The mutants were prepared
sequence of residues 6@5 that contains the cytoplasmic in a base mutant of rhodopsin where the reactive cysteines
termination of transmembrane helices TM1 and TM2 and 140C and 316C were replaced with serine (Figure 2).
their connecting loop CL1 (Figure 2). The spispin The single- and double-cysteine mutants in a DM solution
interactions that result between the two nitroxides are were spin-labeled and the EPR spectra recorded in both the
analyzed from room-temperature data according to methodsdark and after photoactivation as described in &t
described in a preceding papér7). The results show that  Absorption EPR spectra were obtained by integration of the
the nitroxide in 316R1 lies within spirspin interaction range  experimental first-derivative spectra after simple baseline and
(<20 A) of a number of residues in the sequence that is phase correctionsLy).

being investigated, and for those pairs, internitroxide distance  Analysis of EPR Spectra in Terms of Interspin Distances.
distributions were determined. Modeling of the R1 side chain Analysis of the spectra in terms of the interspin distance
using configurations established from crystal structures of between nitroxide pairs in double mutants was carried out
R1in T4L (18) shows remarkable agreement of the data with as described in a preceding pap&7)( For completeness,
a structural model of rhodopsin derived from X-ray crystal- the salient features of the analysis are outlined below. First,
lographic data refined to 2.8 ALg). This agreement in the  the EPR spectrum of the double-labeled mutant is decon-
dark state structure is important in interpreting the distance voluted with the average of the EPR spectra of the corre-
changes upon photoactivation in terms of structure changessponding single mutants (the hypothetical “noninteracting”
Photoactivation of rhodopsin results in relatively small spectrum) to give a broadening function characteristic of the
increases in distance between 316R1 and most R1 residuesteraction 22). For dipole-dipole interaction between a pair
with which it interacts in the sequence of residues-88. of spins separated by a fixed distance and randomly oriented
Together with data on mobility changes for single R1 with respect to the magnetic field, the function is taken to
residues in the sequence of residues-89 (13), and the be the Pake function2@). For a distribution of interspin
reactivity of substituted cysteines in this sequer®, (the distances, the broadening function is a weighted sum of Pake



Distance Changes in Rhodopsin with Respect to Site 316

functions. The experimentally determined broadening func-
tion is fit to a sum of Pake functions with the distance
distribution as a parameter. The fit to the broadening function
is then convoluted with the noninteracting spectrum to
provide a “simulated” spectrum. The agreement between the
experimental and simulated spectrum is a measure of the
validity of the derived distance distribution. This method
holds for nitroxide-nitroxide interactions as long as (1) the
nitroxide rings have random orientations with respect to one
another, (2) the interspin vector is randomly oriented with
respect to the external field, and (3) the interspin vector has
a rotational correlation time o&20 ns. As discussed
previously, the last two conditions hold for rhodopsin in DM
micelles (6). When both nitroxides are relatively im-
mobilized, the nitroxide rings could assume a fixed orienta-
tion with respect to each other, and condition 1 may not hold.
In the experiments described here, the reference 316R1 has
an immobilized component, and in combination with other
sites with immobilized components, effects of relative
orientation may occur. However, such effects, if serious, are
revealed in the poor agreement of the simulated and
experimental spectrum. As shown below, the fits are gener-
ally satisfactory for the pairs examined here.

Modeling of the R1 Side Chain in the Rhodopsin Structure.
To compare the experimentally measured distances for
consistency with the structural model of rhodopsin, the R1
side chains were modeled in the rhodopsin structure es-
sentially as described in a preceding pafdé).(For the sites
studied here, the starting conformation for the R1 side chain
was taken to be the'g™ state of theX; andX;, dihedrals, as
identified in crystal structuresl8). The X; dihedral (about
the S-S bond) was also assigned as'astate to avoid steric
interactions with the backbone on helical surfaces. This
choice led to unacceptable overlap for residue 61, s¥;an
of 90° was selected here. After all other side chains had been
replaced with glycine, the structure was energy minimized
with all backbone, @, and disulfides atoms of the spin-labels
fixed in space, only allowing rotations of th&, and Xs
dihedrals. Initially, the experimentally determined distances
were used as constraints. Following minimization, the
distance constraints were removed, and molecular dynamics
simulations were carried out at 450 K for 1000 ps, again
with X, andXs as the only variables. The distance distribu-
tions from the dynamics run showed significant overlap with
the measured distributions and were thus compatible.

RESULTS

EPR Spectra for the Double-Spin-Labeled Mutants and
the Criteria for Spin-Spin Interaction Figure 3 shows the
first-derivative EPR spectra for the double-labeled mutants
in the dark (solid trace) and after photoactivation (dashed
trace). A static magnetic dipolar interaction between nitroxide
spins leads to an increase in overall breadth and a concomi-
tant decrease in the intensity of the EPR spectrum. For near-
quantitative labeling of the cysteine residues and strong
spin—spin interactions, such dipolar broadening is im-
mediately obvious in the EPR spectrum. For example, in the
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double mutants 316RH65R1 and 316R+73R1, the inter- Ficure 3: Experimental first-derivative EPR spectra of the double

action is clearly revealed in the broad wings of the spectra Mutants in the dark=) and after photoactivation-).

(arrows). significant fraction of noninteracting spins due, for example,
On the other hand, spirspin interactions may be difficult ~ to incomplete labeling of the cysteine residues. For the

to detect by this simple criterion in the presence of a rhodopsin mutants used in this study, incomplete labeling is
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often encountered because mild reaction conditions are 4 b
employed to avoid reaction of the buried, native cysteine  b* A Photoactiiated

. Doubles/ Sum of Singles Doubles/ Sum of Singles
residues 167C, 185C, 222C, and 264§). (Hence, the ; :
narrow, more intense signal from the noninteracting spins

may dominate the broader, less intense features of the
magnetically coupled pairs. In such cases, sgjpin interac-
tions may be positively identified in rhodopsin by changes
in the intensity of the center resonance ling € 0) of the
EPR spectrum upon photoactivation, as discussed in a
preceding paper1¢). Using this criterion, which only
identifies interactions that change upon photoactivation, spin
pairs involving 316R1 and 61R1, 62R1, 65R1, 66R1, 70R1,
72R1, and 73R1 are deemed to lie within spépin
interaction range (Figure 3).

The absorption EPR spectrum more clearly reveals un-
derlying broad components in the presence of narrow,
noninteracting components, particularly when compared with

the hypothetical noninteracting state computed as the average

of the spectra of the corresponding single mutar).
Panels a and b of Figure 4 show this comparison for each

double mutant in the dark and photoactivated states, respec-

tively. As can be seen in Figure 4a, the difference in the
absorption spectrum of the double mutant in the dark and
its noninteracting counterpart clearly identifies as interacting

the same pairs listed above, but in addition suggests a weak

interaction in 316R+67R1. Small differences in other cases
are within the errors involved in the integration and
normalization procedures used to obtain the absorption
spectra. For 316R#61R1 and 316R1t66R1, the tails on
the low-field side of the absorption spectra reveal broad
components due to spirspin interaction (arrows) not visible
in the first-derivative spectra. In the other double mutants
(316R1 with 60R1, 63R1, 64R1, 68R1, 69R1, 71R1, 74R1,
and 75R1), no interactions could be detected by any of the
criteria, and these are not further analyzed.

A comparison of the superposed spectra of Figure 4b
reveals the strength of the spigpin interaction in the
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photoactivated state. It is clear that the spectra of the d_oubIeFIGURELl: Absorption EPR spectra of R1 in rhodopsin. (a) Spectra
mutants now more closely resemble those of the noninter-of the indicated double mutant (dark trace) and the algebraic sum
acting state than they did in the dark, indicating that in each of the spectra of the corresponding single mutants (light trace), both

case the interaction is weaker and the interspin distancein the dark state. (b) Spectra of the indicated double mutant and

greater. For 316R#t61R1 and 316Rt66R1, the broad
components in the tails of the spectra have disappeared.
Analysis of Interacting Spin Pairs in Terms of Distance
and Changes with Photoaetition. For each of the interact-
ing pairs at room temperature, distance distributions were
computed according to the deconvolution method described
in a preceding paperly). Panels a and b of Figure 5

the algebraic sum of the spectra of the corresponding single mutants,
both after photoactivation at room temperature. The absorption
spectra reveal the presence of broad, low-amplitude, underlying
components that correspond to close distances in a distribution
(denoted with arrows).

<

< fy = 0.37. Upon photoactivation, the amount of nonin-
teracting spin increases, primarily reflecting a distance shift

summarize the results of such analyses in the dark andsuch that part of the distribution moves beyond the detection

photoactivated states, respectively. As a check on the validity
of each distribution, the EPR spectrum simulated from the
distribution (dashed trace) is compared with the experimental
spectrum of the double mutant. First-derivative spectra are

limit.

For the 316R*61R1 mutant, the distribution shows two
interacting spin populations of roughly equal size, with
modes near 12 and 16 A. The noninteracting population is

shown here because they provide a more critical assessmerthe highest of the pairs studiet(= 0.37). Upon photo-

of the quality of the simulation than would be afforded by
the absorption spectra.

As in previous work, satisfactory simulation of the
experimental spectrum required that some fraction of the total
spins were effectively noninteractindy(, which is at a
distance of greater than20 A. This fraction is believed to
arise from a population of incompletely labeled proteif)(

activation, the modes of the two populations increase-By
A, andfy, increases by 0.24, largely due to the tail of the
population at longer distances moving out of range.

In 316RH-62R1, there is a single population with a mode
near 16 A and a distribution extending frowi5 to 17 A,
with anfy, of 0.28. Upon photoactivation, the mode remains
near 16 A, but the distribution skews to longer distances,

For the sites investigated in the study presented here, 0.06extending from 15 to 20 A. The increase fig of 0.14 is
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again due largely to the tail of the distribution extending mode of the second distribution could be accommodated by
beyond the detection range. simple rotations abouX, (not shown).

For 316RH%65R1, the results obtained independently in  Remarkably, the results revealed that the experimentally
this study agree well with those reported in a preceding paperestimated interspin distances were consistent with both the
(16). In the dark state, there is a single interacting population structural model of rhodopsin in the crystal and a single
with a mode at~9 A and anfy, of 0.20. Upon photoacti-  conformation of the R1 side chain wheXe= 31C° andX,
vation, there is a change in the spectral line shape, suggesting= 310° (the g'g™ conformation), believed to be preferred at
a reduction in the level of spinspin interaction. Analysis  helical sites 18, 24, 25). For illustration, Figure 6 shows a
reveals that the origin of the change lies in an increadg in  model of the rhodopsin structure containing each side chain
of 0.20, with the interacting population remaining at about in the g'g™ conformation and optimized with respectXg
the same distance. The origin of the incremental noninter- andXs variation to simultaneously provide energy minimiza-
acting population is unknown, but it is variable, being only tion and agreement with the experimentally determined
0.06 in the study reported in a preceding pafH).(As distances. The R1 side chains are color-coded according to
discussed in refl6, it is possible that the incremental the estimated internitroxide distance in the model. It is
noninteracting population arises from the formation of later immediately apparent that the side chains for which no
intermediates in the bleaching process, or is due to local interaction was detected with 316R1 are indeed predicted to
unfolding. be the furthest from that reference site (R1 in blue, 20

Residues 6670 lie in the interconnecting loop CL1 A), with one interesting exception, namely, 316FRB8R1
between TM1 and TM2 at the cytoplasmic surface of the (not shown). Residue L68 projects toward C316 and is
protein. The 316R166R1 and 316R£67R1 pairs both have ~ sufficiently close that there would be strong steric interac-
similar spectral line shapes and similar bimodal distance tion as well as magnetic dipole interaction in the presence
distributions in the dark state, with modes at 12 and 17 A. of both R1 residues. As reported above, the spin-labeled
For the 316R370R1 pair, the dark state distance distribution Product of the double-cysteine mutant 3H668C shows
has a mode at 13 A, and iS Strong'y Skewed to |0nger Only Weak or ||tt|e Splﬁ.-Spln In.teraCtIOI”l. ThIS may be the
distances extending beyond the detection limit. For each of 'esult of strong steric interaction that permits only one of
these pairstl ~ 0.20. Upon ||ght activation, the distance the two sites to react with the Spin-label reagent. Alterna-
distribution for the 316R%66R1 pair shifts dramatically, tively, reaction of both sites could distort the flexible loop,
with all distances near or beyond the detection limit. again due to steric interactions, such that the side chains are
Essentially, the population at longer distances has increasedar apart.
at the expense of the one at shorter distances. The
316RH-67R1 pair is still characterized by modes at 12 and DISCUSSION
17 A, but there is an increase i of 0.12, accounting for
the small change in signal amplitude upon bleaching in the
first-derivative spectra (Figure 2). The light-induced change
in the distance distribution for 316RT0R1 is similar to
that for 316R#66R1, and the distances shift to near or

_beyond the detection limit, accounting for a large increase The parameteF1(O;) is proportional to the solvent acces-
in f of 0.41. sibility of R1, and the sequence dependencdl¢®,) is a
~ Spin pair 316R¥72R1 shows relatively weak interaction  sjgnature of the tertiary fold, identifying both regular
in the dark, with arfy of 0.36, and the remainder in a broad secondary structure and tertiary contact surfa2ép hus,
distribution centered near the detection limitat8 A The Comparison of experimenta' Valueslﬁtoz) with fractional
spectral intensity changes upon photoactivation (Figure 3) solvent accessibilities computed from the corresponding
result from a shift in the distribution b3 A, resulting in crystal structure is an excellent means of comparing the
an increase irfy of 0.38. protein structure in solution with that in the crystal. Figure
Finally, the spin pair 316Rt73R1 shows one of the 7a shows plots ofI(O) and fractional solvent accessibility,
strongest spirrspin interactions in the dark state of the pairs the latter computed from the rhodopsin crystal structure for
that have been studied. The derived distance distributionthe sequence of residues-6D4. The striking similarity of
reveals two populations with modes at 9 anti3 A, and an these quantities along the sequence reflects essentially
fyi of 0.06. Upon light activation, the two modes shift by identical folds, each revealing the periodic dependence of

Comparison of the Crystal and Solution Conformations
of Rhodopsin in the Sequence of Residues 60RR1 In
previous work, the accessibility parameter for collision with
dissolved Q [I1(O,)] was determined for each spin-labeled
single mutant in the sequence of residues 66RAR1 (13).

~3 A to longer distances, and there is an increask,iof the helix-turn—helix motif (Figure 7b).
0.13 due to the tail of the longer distance distribution moving  Structural Changes Due to Photoagtion: Motion of
out of range. TM2. The data presented above on both inter-residue

Comparison of Distance Distributions with the Rhodopsin distances and sequence-depend#i@,) values establish the
Structural Model.To check for consistency between the essential similarity of the dark structure in solution and in
experimental distance distributions and the rhodopsin struc-the crystal in the region that has been investigated. In
tural model determined from crystallographig), the R1 addition, the rates of reaction of cysteine residues in this
side chain was modeled in the rhodopsin structure assequence with sulfhydryl reagents reflect a similar structure
described in Experimental Procedures. In the case of bimodal(20), as do cross-linking rates of 316C with a second cysteine
distance distributions, only the mode of the distribution substituted in the sequenc®l], although there are some
corresponding to the closest distance was used as a constrairihteresting differences due to fluctuations in the protein
to guide the initial energy minimization. In all cases, the structure (see below). With these results as a foundation, the
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Ficure 5: Experimental and simulated first-derivative EPR spectra and the derived interspin distance distribution for R1 spin pairs in

rhodopsin. (a, left) Experimental first-derivative EPR spectrum of the indicated double mutant in the dark (dark trace) and the simulated
spectrum (dotted trace). (a, right) Derived distance distribution in the dark. (b, left) Experimental first-derivative EPR spectrum of the

indicated double mutant in the light (dark trace) and the simulated spectrum (dotted trace). (b, right) Distribution of distances after
photoactivation. Only interacting spin pairs are included in the figure. The vertical (population) axes of the distributions are arbitrary and
selected for convenience of display. The populations of spin pairs with inter-residue distarc® Afare not shown, but the fraction of

total spin corresponding to these populatiofs) (s given.

major goal of the experiments was to map distance changes Earlier studies already revealed changes in structure
in the structure upon photoactivation, and those data arelocalized around the cytoplasmic termination of TM2. For
provided in Figure 5. example, the rate of reduction of thiopyridinyl derivatives
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Ficure 6: Ribbon model of rhodopsin based on a crystal structure
(PDB entry 1F88) showing the locations of R1 side chain pairs as
stick models. The reference 65R1 is highlighted in violet. The R1
side chains are shown in energy-minimized conformations and are
color-coded on the basis of the measured distances.
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Ficure 7: (A) Rhodopsin structural model (A chain of PDB entry
1F88, truncated beyond position 323), showing the sequence of
residues 66-74. (B) Comparison of the native side chain solvent
accessibility, calculated from the crystal structure, &n@,) for
R1 in the sequence of residues-604. Solvent accessibility was
calculated using the program MolMa27).

of cysteine residues 71€73C with DTT changed dramati-
cally after photoactivation2Q). In addition, the mobility of

R1 residues 72R174R1, distributed around the circumfer-
ence of TM2, showed a small but reproducible pattern of
changes with photoactivation that is consistent with an
outward displacement of TM2 toward TM43). The data

in Figure 5 show that the distance distribution between the
reference 316R1 and sites 72R1 and 73R1 in TM2 shifts to
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Ficure 8: Structural model of rhodopsin highlighting the three
helical segments found to move during receptor activation. The
movements are suggested to be rigid-body tilts approximately in
the direction of the arrows and the indicated amplitude. The tilts
could result from rotations about “hinge” sites marked by sharp
bends at prolines 303 (TM7) and 267 (TM6) and the Gly89/Gly90
pair (TM2).

longer distances by-2—3 A upon photoactivation. Taken
together, the data suggest a movement of TM2 away from
316R1 by~2—3 A, as indicated in Figure 8.

In the model of rhodopsin, TM2 is sharply bent at a Gly89/
Gly90 pair (Figure 8), and this pair may provide the hinge
for the observed motion. Movement of TM2 can also provide
an explanation for the relatively large movements of some
R1 residues in CL1 (sites 66 and 70), because changes in
backbone dihedral angles in this turn may be necessary to
support the motion. In residue 66R1, the large change in
distance of upd 8 A likely results primarily from changes
in the side chain position rather than equivalent displacements
of the backbone. The data in Figure 5 suggest that the
distance change may be interpreted as a conversion of one
population into another, perhaps due to small twists in the
backbone, or shifts in side chain rotamer equilibria. Similar
arguments apply to 70R1.

The interspin distance in 316RB5R1 changes little upon
photoactivation, supporting the conclusion reached in a
preceding paper that the cytoplasmic termination of TM1
and the body of helix H8 have a fixed proximit21).

The relative movements of nitroxides in 316R82R1 and
316RH61R1 are more difficult to interpret in terms of
specific protein motions without additional data. Earlier
results on the kinetics of reduction of thiopyridinyl deriva-
tives of cysteines in TM1 suggested only small changes in
this region upon photoactivatio2@). Likewise, the mobility
of R1 residues in the sequence of residues & showed
no changes at all upon photoactivation, with the single
exception of a small change at 62RIB). The changes seen
at 62R1 could be coupled to the movement of TM2, because
that residue is in direct contact with residues of TM2.

Summary of Structural Changes Detected by SDSL in
Rhodopsin Actiation. Figure 8 summarizes all of the rigid-
body helical movements observed so far by direct distance
measurement. Other movements, such as that detected in
TM3, were inferred by R1 mobility changes alone, and are
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not included in Figure 8. In each case, the movement is in
a segment that lies above a hinge site that involves a sharp
bend in the helix. The most robust movement is 4 A
displacement of TM6 outward toward residue 227 on TM5
(9, 15). The motion is likely to be generated as a rotation
about proline 267 at the bend evident in Figure 8. TM6
appears to be poorly packed with its neighboring helices, a
fact which facilitates the large movement without a con-
comitant rearrangement of the entire tertiary fold of the
protein.

In a preceding paper, evidence was presented forthed
A movement, relative to TM1, of a short segment that lies
within TM7 just above the retinal binding site at K296. The
putative motion could occur with the assistance of a hinge
at conserved proline 303, lying just below the segment.
Finally, the work presented here is tentatively interpreted as
an outward movement of TM2, as shown in Figure 8. This
motion may be facilitated by backbone rotations about the
Gly89/Gly90 pair at the kink evident in the figure.

Correlation between Disulfide Cross-Linking Rates and  12.

SDSL Distance Measuremenits previous studies, disulfide

cross-linking rates were investigated in the same double- 13

cysteine mutants used here for attachment of spin-labels for
direct distance measuremengl). The results showed that
the most rapidly cross-linking mutant (31665C) was also
that in which the spifrspin interaction was the strongest,

the results being in good agreement with the crystal structure. 16.

Cross-linking rates, spinspin interactions, and the crystal

structure were also in good general agreement for the other 17.

double mutants with two notable exceptions. First, 3168C

had a rapid cross-linking rate, as expected from the proximity
in the rhodopsin structure, but no spispin interaction was
detected. As discussed above, this is attributed to a lack of
double labeling due to the strong steric interactions that

would exist between two R1 residues at these sites. Second, 20.

316C+73C has a very low cross-linking rate, but the
corresponding spin-labeled derivative has a strong-sgm

is in close agreement with the experimentally measured

value. On the other hand, in the double-cysteine mutant, the 23.
SH groups are more than twice as distant for disulfide 24

formation. While other cysteine pairs at this distance exhibit

that cross-linking is improbable.
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