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ABSTRACT: Eleven single-cysteine substitution mutants have been prepared in the sequen84325
rhodopsin, corresponding to the C-terminal domain. Each of the cysteine mutants was modified with a
selective nitroxide reagent to introduce a spin-labeled side chain. The electron paramagnetic resonance
spectra of the labeled proteins were analyzed in terms of side chain dynamics. At all sites, the spectra
reflected the presence of two populations of different mobility, although one was always dominant. The
mobility of the dominant population increased in a regular fashion from the palmitoylation sites at 322C
and 323C to the C-terminus, where the spectra resembled those of an unfolded protein. This apparent
mobility gradient is only slightly affected in mutants lacking the palmitoyl groups, suggesting that they
are not responsible for physically anchoring the C-terminal peptide at one end. Binding of a monoclonal
antibody to its epitope at the C-terminus dramatically reduces the mobility of nearby residues, creating a
local mobility gradient opposite that in the absence of the antibody. These results indicate that the C-terminal
domain of rhodopsin, beyond the palmitoylation sites, is highly disordered and dynamic, resembling an
unfolded peptide tethered at one end.
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mobility and accessibility on sequence positi8a,34). The

— S—§—CH — Sy ability to identify tertiary contact interactions and secondary
I + protein-SH O ; . ;
N ° profef ;>\/< structure is used in the present study to examine the fold of
o N the rhodopsin C-terminal domain.
0 side-chain R1 The SDSL method has been previously employed to

Ficure 2: Reaction of the methanethiosulfonate derivative (I) to  examine the structure of the sequences connecting helices
generate the nitroxide side chain designated R1. Il and IV and helices V and VI for bovine rhodopsin in
micellar solutions of DM (Figure 1). R1 scanning mutagen-

dﬁf‘s"y r(r;alpds derived frolrr(ljcryoelectron fmlcroscdm eg) : esis throughout these sequences identified the transmembrane
This model does not include structures for extramembranousy,qjica| segments and the points at which each crossed the

sequences connecting the helices or the C-terminal doma'nmembraneaqueous boundary of the micellg, ). More-
because these features are not clearly identified in the electron, o photoactivated outward tilt of the cyioplasmic part

density maps. Solution structures for synthetic peptides ¢ hajiy v/i was observed to take place coincident with the

corresponding to the interhelical sequences at the CytOplasm'cappearance of the active MIl conformatio8, 41). In

surface and the C-terminal tail of rhodopsin have been ; ; ;

; : accompanying papers, the results of systematic cysteine
|nvest|gat¢d by 2D NMR 28-31), and a model for the mutagenesis and spin labeling in thell interhelical
cytoplasmic surface has been proposég).( sequencell, 12) and the sequence extending from helix

Structural features of intact rhodopsin, including the v/ to the palmitoylation sites 4, 10) (Figure 1) are
C-terminal domain and the interhelical sequences, can begescribed.

studied with SDSL. SDSL is a relatively new technique for
the investigation of secondary, tertiary, and quaternary
structure of both soluble and membrane-bound proteins of
arbitrary molecular weight (see re38—35 for review). The
strategy of SDSL requires the introduction of a nitroxide-
containing side chain at selected sites in the protein. This is
conveniently accomplished by cysteine substitution mutagen-

esis followed by modification of the unique sulfhydryl with toward the C-terminus. The mobility in this region indicates

a sg:amﬁc;hmtrmﬂde r;eagent. Intth;a §tud|escjretported belfwihaa degree of disorder higher than that observed in any other
methanethiosulionate reagen () is used 1o generate eregion in rhodopsin, in contrast to the folded structure
nitroxide side chain designated R1 (Figure 2).

. : . o . inferred from NMR studies on the isolated C-terminal peptide
EPR analysis of R1 in a protein can provide information (28, 30). The residue mobility in the 335340 segment can
on the mobility and solvent accessibility of the side chain. 4 strongly modulated by binding to an antibody with an
“Mobility” is a qualitative term that describes the general epitope at residues 34B48. However, removal of the
dynamic state of the side chain as inferred from the CW- o \nitoyiation sites at 322 and 323 has only a minor effect
EPR spectral line shape. Semiquantitative measures ofyn the mobility of nearby residues 325R1 and 328R1. This
mobility are provided by the line width of the centrah (= latter observation indicates that the palmitoyl groups are not
0) resonance and the second moment of the specB8n (- agponsible for tethering the C-terminal domain at one end

In principle, spectral simulation techniques can provide a j, guch a way as to produce an ordered structure near 325
quantitative and rigorous description of the dynamic modes 4,4 328

of the R1 side chain3({7, 38). While this is not straightfor-

ward in the general case, simulation provides an effective ExpERIMENTAL SECTION

strategy for characterizing the nearly isotropic motions

encountered in regions of high backbone flexibility. This ~ Preparation of the Single-Cysteine Mutants and Spin-

approach is taken in the present study for the estimation of Labeled Deriatives in the Rhodopsin C-Terminusingle-

the effective correlation times of R1 in the highly mobile cysteine mutants T335C, T336C, V337C, S338C, K339C,

C-terminal domain of rhodopsin. The solvent accessibility and T340C were prepared from a base mutant, in which the

of an R1 side chain is quantitatively measured by the two reactive native cysteines C140 and C316 were replaced

accessibility to collision with paramagnetic reagents, either with serines, using fragment replacement mutagenesis as

polar or nonpolar33—35, 39). For a mobile side chainina  previously described4@). Mutant T335C was produced by

membrane protein, the hyperfine coupling constant can bethe replacement of thgstHI/ Narl restriction digest fragment

used to determine whether a side chain is solvated by lipid (nucleotides 9531040) in the C140S/316S construct with

or water @0). a synthetic oligonucleotide duplex containing the mutation
Methods for interpreting R1 mobility and accessibility in ~ at 335. Mutants T336C, V337C, S338C, K339C, and T340C

terms of protein structure are still under development. Were produced by replacement of tBal/Narl fragment

However, it is already clear that mobility alone can provide (nucleotides 9991040) in the C140S/316S construct with

a “fingerprint” of the tertiary fold of a protein3g). For synthetic oligonucleotide duplexes containing the corre-

example, R1 residues at buried and tertiary contact sites aresponding mutation site. The codon TGC was used for

strongly constrained and are relatively immobilized by the Cysteine.

structure. On the other hand, R1 residues at exposed sites or For mutants K325C, K325C/C322S/C323S, N326C, L328C,

in loop regions have relatively high mobility. In addition, L328C/C322S/C323S, D331C, and E332C, a two-step

sequence-specific regular secondary structure can be determutagenesis strategy was employed. PCR mutagenesis

mined on the basis of the periodic dependence of both (QuickChange site-directed mutagenesis kit from Strata-

In the present study, SDSL is used to examine the structure
of the C-terminal domain of rhodopsin, extending from the
palmitoylation sites at 322C and 323C to the C-terminal
residue at 348. The results suggest that this domain is largely
unstructured, making little or no static tertiary contacts with
the remainder of rhodopsin. The backbone is dynamic
throughout the sequence, with a mobility gradient pointing
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gene, La Jolla, CA) was used to gener&@sl and Sal field line was then fixed such that a changedipwould not
fragments containing the respective mutations. These frag-change its position. Nex#y and the low-field (n, = 1) line
ments were subcloned into the C140S/C316S vector usingwidth were varied to optimize the subtraction at the low-
the same restriction sites. The sequences of the primers werdield position. As a final step, the line width of the centar
the following: BCTCTGCTGTGGU GCAACCCGCTG3 = 0 line was adjusted.
for K325C; BCTCTCTTCTGGOGCAACCCGCTGS3 for This procedure not only provides a resolution of the two
K325C/C322S/C323S; 'ETGTGGCAAGTGC- spectral components but also provides homogeneous Lorent-
CCGTCGGGTGS for N326C; BGGCAAGAACCCGT- zian line widths for the hyperfine components of the highly
GCGGTGACGACG 3 for L328C and L328C/C322S/  mobile component. For R1 residues in the fast motional
C323S; 5CCGCTGGGTGATGCGAGGCGTCGS3 for regime ¢ < 1 x 107 s), these line widths were used to
D331C; and 55GGTGACGACTGOGCGTCGACCAC3for compute the rotational correlation times according to the
E332C. approximate model of Stone et a44j. The correlation times

All mutations were confirmed by the dideoxynucleotide computed from the linear and quadratic termsrinwere
sequencing method. The procedures for transient transfectionwithin a factor of 2 of each other, and the motion is
of COS-1 cells with PMT4 vectors for protein expression effectively isotropic. The value reported below is the
and purification and for spin labeling were the same as thosegeometric mean of the two.
previously described4@). Spin-labeled mutants will be For slower R1 motions with a correlation time longer than
designated by giving the single-letter code for the original 1 » 1079 s, the effective correlation time was estimated by
residue, the number of the residue, and the substituted sidespectral simulationd7, 38). In the simulations, the experi-
chain, R1, in that order. Thus S338R1 is the mutant with mental spectra were fit in a least-squares sense with the
serine 338 replaced by the spin-labeled side chain R1.  principle components of the rotational diffusioR)( hyper-

EPR Spectroscop$pin-labeled rhodopsin samples (typi-  fine (A), and g ¢) tensors, and the Gaussian inhomogeneous
cally 5u4M in 200 uL of 5 mM MES buffer, pH 6.0, with |ine width as parameters. In the casefofindg, the values
0.02% DM) were concentrated 10-fold using 10 kDa cutoff \yere allowed to vary only over a narrow range corresponding
filters (Millipore Ultrafree). For the 1D4 antibody binding  to known values in water solution. The effective correlation

experiments, final concentrations of approximately:®  time for the best fit is computed as= 1/6R*, whereR* =
spin-labeled rhodopsin mutants and 29 1D4 antibody, (RoRyR)Y2 (37).

pH 7.0, were incubated for more than 10 min at room
temperature prior to recording the EPR spectra. X-band EPRRESULTS
spectra were recorded at ambient temperature in quartz - o _ _
capillaries using a loop gap resonatdgy, The scan range Mobility at Selected Sites in the C-Terminal Domain of
for all spectra is 100 G, and field modulation was selected RhodopsinThe single-cysteine mutants were all prepared
to minimize line broadening. Final spectra were obtained by rom a “base” mutant in which the reactive native cysteines
signal averaging 510 scans (30 s/scan). Spectra for the C140 and C316 were replaced with serine. However, the
light-activated state were obtained after 1 min of illumination native cysteines C110, C167, C185, C187, C222, and C264,
with a fiber optic illuminator (Cole Parmer, Chicago, IL) @nd those at the palmitoylation sites C322 and C323 were
using a long-wavelength pass filter (Melles-Grio600 nm) retained. Cysteines 110 and 187 form a disulfide bond and
and an infrared filter. are unreactive. Likewise, cysteines 322 and 323 are palmi-
First derivative EPR spectra were normalized to the sametoylated and unreactive. Spin labeling of this base mutant
number of spins using double integration. For two-component 9ives & weak EPR signal due to limited reaction of (I) with
spectra containing a component in the fast motional regime, the remaining cysteines (Figure 3, top). As shown in a
the individual components were obtained by subtracting a Previous characterization of this base mgtant, the background
simulated fast motional spectrum from the experimental Signal corresponds to less than 0.3 spins/@). (
composite. The highly mobile line shape to be subtracted To investigate the secondary structure and the dynamics
was computed from the theoretical stick pattern of an electron of the C-terminal domain in rhodopsin, we replaced the
interacting with 12 equivalent protons in the-methyl native residues at 325, 326, 328, 331, 332, and-3® in
groups, 1 proton on the ring, and 6 equival& nuclei at the base mutant one at a time with cysteine. Each of the
their natural abundance (1.108%). Each of the three groupsmutants reacted with the methanethiosulfonate reagent (1)
of stick spectra corresponding to tA® hyperfine states  in the dark to give the EPR spectra shown in Figure 3 (solid
was individually convoluted with a Lorentzian line of line). It is apparent that the spectrum of the base mutant
adjustable width. The simulation and subtraction were done makes only a small contribution to the intensity and shape
interactively in LabVIEW (National Instruments). The of the spectra in Figure 3.
adjustable parameters were the fraction of mobile component, A striking feature of these normalized spectra is the regular
An, A4, Ac (the nitrogen, proton, and carbon hyperfine amplitude increase from 325R1 to 340R1. The amplitude
splitting constants, respectively), and the three Lorentzian increase is a result of a decrease in spectral line width, which
line widths. Excellent fits to the mobile component were is in turn due to an increase in R1 mobility. Thus, there is
obtained withAy = 16.4,A4 = 0.21, andAc = 6.90. As a an effective gradient in mobility along the C-terminal
first step in the subtraction, the high-field linen(= —1) domain, with the most mobile sites being farthest from the
was observed and all parameters were adjusted to give thepalmitoylation sites. For convenience, the labeled sites will
best subtraction. The criterion for the subtraction endpoint be divided into the following three groups: 325R328R1,
was the absence of residual sharp lines and any high-the residues closest to the palmitoylation sites; 331R1 and
frequency oscillations in the difference spectrum. The high- 332R1, residues at an intermediate position; and 335R1
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Ficure 3. EPR spectra of R1 side chains at the indicated positions _ )

in the C-terminal domain in the dark (solid line) and photoactivated FIGURE 4: Analysis of the EPR spectra of 326R1 and 338R1 in

(dashed line) state. The spectra are normalized to the same numbeierms of two components. (A) The experimental composite

of spins. The EPR spectrum of the base mutant is shown in the spectrum; (B) the mobile component (simulated); (C), the difference

inset at the top of the figure. This spectrum is approximately spectrum (A— B). The dotted trace in part C is the simulated

normalized to the same amount of protein used to obtain the spectraspectrum. The salient parameters were the followiAg= 6.3 G,

for the mutants. The arrow highlights the location of the highly Ay = 5.57 G,A;;= 36.08 G,G« = 2.0088,G,y = 2.0064,G,, =

mobile component in one of the three spectral lines for the 325R1 2.00237 R« = 7.9 x 10F/s, R,y = 1.1 x 10%/s, andR,, = 1.1 x

derivative. 10¥s. The relative amount of mobile component is 3% for 326R1
and 50% for 338R1.

340R1, the residues near the end of the domain, adjacent to _ . _ .

the epitope of the 1D4 antibody (residues 3&H8) used by a dominant population of unusually high mobility. The

in rhodopsin purification. Within each group, the EPR spectra €fféctive correlation time for R1 at these sites is in the range
have similar characteristics. 0.3-0.5 ns, similar to that for R1 in unfolded proteir5(

46, 47). The EPR spectra of the minor populations are all

is readily apparent in the group 325R328R1 where a similar to that shown in Figure 4C for 338R1 (data not
minor sharp component (arrow) is resolved from a broader shown). _ )
component reflecting a less mobile spin population. Although ~ The spectra of the intermediate group 331R1 and 332R2
it is not as obvious, the other spectra also have two could not be simulated using a single spin population.
components. In all cases, one component has sharp resonanc@Mulations using two components gave fits of quality similar
lines corresponding to rapid and effectively isotropic motion. t0 that shown for 326R1 (Figure 4C). The dominant+80
Under these conditions, the two components can be resolvec?0%) and minor populations have correlation times of about
by the simulatior-subtraction procedure described in the 2 and 0.4 ns, respectively.
Experimental Section. As examples, the individual spectral In summary, all of the sites apparently have multiple
components for 326R1 and 338R1, representing the groupspopulations of different mobility, but in each case, one is
at the beginning and end of the C-terminal sequence, areclearly dominant. For the dominant populations, there is a
shown in Figure 4. For 326R1, the component corresponding clear gradient of mobility along the C-terminal domain. The
to high mobility is minor, representing only about 5% of effective correlation times decrease frou8.5 ns at sites
the total population (Figure 4B), while the dominant com- adjacent to the palmitoylation residues (325/328R1) to
ponent is of intermediate mobility (Figure 4C). The effective ~2 ns at the intermediate sites 331R1 and 332R1 te-0.3
correlation time corresponding to this latter spectrum is about 0.5 ns near the end of the domain (335R340R1). A
3.5 ns, as determined by simulation (Figure 4C, dotted line). mobility gradient of this type is expected for a free
For 338R1, a highly mobile component is the dominant polypeptide chain tethered at one end. The nitroxides in the
state, representing 650% of the total population (Figure ~dominant states are all water-exposed, judging from the
4B), with a second population of lower mobility (Figure 4C). apparent hyperfine coupling of 16.5 @0
The EPR spectra of other sites in the group 335B40R1 Consequences of 1D4 Antibody Binding to the C-Terminal
are similar to that of 338R1, and an analysis shows that the Domain.To explore the validity of the tethered chain model
highly mobile component varies from 80% to nearly 100% for the C-terminal domain, we investigated the effect of 1D4
of the population. Thus, these sites are best characterizedantibody binding on the mobility of 335R1 to 340R1. The

The EPR spectra in Figure 3 have two components. This
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335

FIGURE 6: Effect of palmitoylation on the mobility of R1 side chains

at 325, 328, and 338. For each site, the solid trace is the spectrum
of the spin-labeled mutant with wild-type palmitoylation, and the
dashed trace is the spectrum in the absence of palmitoylation.

Ficure 5: Effect of 1D4 antibody binding on the mobility of R1 ; : : :
side chains in the C-terminal domain (33%40). The solid and DM solutions seem to play a minor role in anchoring one

dashed lines are the spectra in the absence and presence of thgnd of the C-terminal domain.

antibody, respectively. Light-Dependent Change$he spectra of R1 at sites in
the C-terminal domain exhibit a small but detectable light-

1D4 antibody recognizes an epitope at residues-34B at dependent change that results in the loss of signal amplitude

the end of the C-terminal domain and is an important reagentat many sites, most notably those in the 335R40R1 group

for the purification of rhodopsin4@). Figure 5 shows the  (see dashed lines, Figure 3). This loss in signal amplitude is

effect of the binding of 1D4 antibody on the EPR spectra of due to a slight increase in the less mobile population at the

335R1-340R1, the sites closest to the epitope. Antibody expense of the more mobile one. However the effect is small

binding causes simple line broadening with a concomitant and the data suggest that the highly dynamic and unstructured

decrease in signal amplitude indicative of a decrease instate of the C-terminal domain is similar in the dark- and

mobility. This effect is most pronounced for the residues light-activated forms. In the presence of bound 1D4 antibody,

339R1 and 340R1, closest to the epitope, and weakest aho light-dependent changes could be detected.

335R1 and 336R1, furthest from the epitope. Thus, antibody

binding induces a gradient in mobility along the polypeptide DISCUSSION

consistent with the introduction of a new tether point at the

extreme C-terminus. In the presence of bound antibody, the

C-terminal domain resembles a flexible chain anchored at

both ends (a “jump-rope”). Even in the presence of bound

antibody, however, the R1 spectra reflect a dynamic state.

For example, the effective correlation time for 340R1 with

The C-terminal domain of rhodopsin is defined as the
sequence extending from the palmitoylation sites at C322
and C323 to the C-terminus. The primary conclusion to be
drawn from the results presented above is that the dominant
state of the C-terminal domain is best characterized as an
bound antibody is=3 ns, compared te-0.5 ns in the absence “”fo'qed polypgptiqle chain tethered "’.‘t one end. The evidgnce

for this conclusion is of three kinds. First, the average residue

of antibody. mobility is high throughout the full length of the polypeptide
Effect of PalmitoylationThe data presented so far were (gigure 3). In fact, the effective correlation time for R1

obtained from rhodopsin mutants with the palmitoylation yesidues in the group 335RB40R1 near the end of the

sites intact. To assess the role of palmitoylation in the gomain (correlation timev 0.3-0.5 ns) is comparable to

formation of the mobility gradient in the C-terminal domain,  that observed in small peptides and unfolded proteds (

we recorded spectra of R1 at selected C-terminal residuesg 47 49, 50). For reference, the correlation time of a small
in the absence of palmitoylation. The nonpalmitoylated pitroxide free in solution is<0.03 ns. The 325R1328R1

derivatives were obtained using the base mutant with the rgsigues adjacent to the palmitoylation sites have the lowest
additional substitutions C322S and C323S. Because anymopjility in the C-terminal domain, yet they have mobility

effect should be largest near the palmitoylation sites, 325R1 gjmjlar to that in dynamic loops in soluble proteir@6).
and 328R1 were selected for study. To examine effects second, a mobility gradient exists along the C-terminal
distant from the palmitoylation sites, we selected 338R1 as domain, with increasing mobility toward the C-terminus as
a representative. reflected in the spectral intensity increase from 325R1 to
The EPR spectra for 325R1, 328R1, and 338R1 in the 340 R1 (Figure 3). Such a gradient is expected for a free
presence and absence of palmitoylation are compared inpolypeptide chain tethered at one end, similar to the situation
Figure 6. Surprisingly, the effect of removing the palmitoy- for hydrocarbon chains in a bilayer tethered at the headgroup
lation sites is small and highly localized. The spectra of region 61). Finally, the effect of the 1D4 antibody binding
proximal sites 325R1 and 328R1 retain their essential two- is consistent with the above model. Binding of 1D4 would
component character, with apparently only minor increasesbe predicted to provide a second tether point at the C-
in the relative population of the more mobile state. The terminus. Thus, in the presence of the antibody the C-terminal
spectral properties of 338R1 are virtually unchanged. Thus,domain would be tethered at both ends, with mobility
the palmitoyl chains at 322 and 323 in native rhodopsin in gradients pointing toward the center from either tether point.
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These effects are in fact observed experimentally (Figurestions for alanine at the same site36). For T4 lysozyme,
3, 5). this destabilization is not sufficient to significantly change
Surprisingly, removal of the palmitoylation sites in the base the structure at room temperature, but for a small domain it
mutant by the substitutions C322S/C323S had little effect could be enough to cause unfolding. On the other hand, there
on the mobility gradient (Figure 6). This demonstrates that is abundant evidence that R1 substituted at solvent-exposed
the palmitoyl groups are not an integral part of the structural surface sites causes little or no destabilization and sometimes
tether on the N-terminal part of the sequence. In accompany-stabilization 86). If the C-terminal domain of rhodopsin had
ing papers, it is shown that the sequence-3381, leading a stable tertiary structure, R1 at surface sites should have
up to the palmitoylation sites from the N-terminal side, isin partial immobilization due to the constrained backbone
strong tertiary interaction with the rest of the protednX0). dynamics and possible interactions with neighboring side
Thus, this region likely constitutes the tether. chains 85). However, as shown above, the variation in
The spectra of R1 in the C-terminal domain have two mobility of R1 side chains is described as a simple gradient
components corresponding to spin populations of different along the C-terminal domain rather than the site-specific
mobility. For the 325R+328R1 group, the minor component variation expected of a folded protein. Therefore, it seems
is of little consequence, being only about 5% of the unlikely that the C-terminal domain has a stable folded
population. For the 335R1340R1 group, the minor com-  structure.
ponent is of intermediate mobility, and can comprise as much  The primary interaction sites of rhodopsin and rhodopsin
as 30-35% of the spectrum, although it is typically less. kinase have been mapped to the cytoplasmic interhelical
The origin and significance of this minor component are sequences on rhodopsin rather than the C-terminal domain
unknown, but there are two likely possibilities. First, part of that contains the substrate for phosphorylatidg, £3). In
this signal undoubtedly comes from the background of native fact, rhodopsin kinase interacts with a C-terminal truncation
sulfhydryls in the rhodopsin base mutant (Figure 3, top). mutant in a light-dependent fashioB4j. Thus, the light-
However, light activation appears to cause a small intercon- activated binding of the kinase is not due to exposure of the
version of the populations, suggesting a light-dependent C-terminal substrate, but must be triggered by changes in
equilibrium between the two components. This would be other parts of the molecule. This is consistent with the
difficult to explain if all of the minor components were due exposed, dynamic state of the C-terminal domain, indepen-
to background signal. In addition, the amount of the minor dent of photoactivation21) (Figure 3). Moreover, a loose
component varies significantly from site to site, whereas the and dynamic structure of the C-terminus is in accord with
amount of background would be constant. Another possible its role as substrate for rhodopsin kinase. It has been shown
origin of the minor population is simply adsorption of the that many of the C-terminal Ser and Thr residues can be
flexible C-terminal peptide on the micelle surface. This phosphorylated by rhodopsin kinase. A well-packed structure
would not be surprising, and such an adsorption may be in the C-terminal domain would work against rapid phos-
enhanced at select positions by the presence of the relativelyphorylation of these sites, because an unfolded state would
hydrophobic R1 side chain. likely be required to accommodate all of these residues into
In a recent study it was found that the rhodopsin phos- the active site.
phorylation site S338 was in close proximity to the cyto-
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