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ABSTRACT: A dark state tertiary structure in the cytoplasmic domain of rhodopsin is presumed to be the
key to the restriction of binding of transducin and rhodopsin kinase to rhodopsin. Upon light-activation,
this tertiary structure undergoes a conformational change to form a new structure, which is recognized by
the above proteins and signal transduction is initiated. In this and the following paper in this issue [Cal,
K., Klein-Seetharaman, J., Altenbach, C., Hubbell, W. L., and Khorana, H. G. (El6&hemistry 40
12479-12485], we probe the dark state cytoplasmic domain structure in rhodopsin by investigating
proximity between amino acids in different regions of the cytoplasmic face. The approach uses engineered
pairs of cysteines at predetermined positions, which are tested for spontaneous formation of disulfide
bonds between them, indicative of proximity between the original amino acids. Focusing here on proximity
between the native cysteine at position 316 and engineered cysteines at amino acid positithsn55

the cytoplasmic sequence connecting heliceH, Idisulfide bond formation was studied under strictly
defined conditions and plotted as a function of the position of the variable cysteines. An absolute maximum
was observed for position 65 with two additional relative maxima for cysteines at positions 61 and 68.
The observed disulfide bond formation rates correlate well with proximity of these residues found in the
crystal structure of rhodopsin in the dark. Modeling of the engineered cysteines in the crystal structure
indicates that small but significant motions are required for productive disulfide bond formation. During
these motions, secondary structure elements are retained as indicated by the lack of disulfide bond formation
in cysteines that do not face toward Cys316 in the crystal structure model. Such motions may be important
in light-induced conformational changes.

Rhodopsin, the vertebrate dim-light photoreceptor, is a molecule of 11leis-retinal bound to Lys296 as a protonated
seven helical membrane protein that is prototypic for the Schiff base serves as a reverse agonist in the dark state. Light-
largest known family of G-protein coupled recepta2s (t catalyzed isomerization of the retinal to the all-trans form
contains three distinct domains, the cytoplasmic (EfPg initiates movements in the TM helice3<5), which bring
transmembrane (TM), and the intradiscal (ID) domains. A about a conformational change in the tertiary structure in
the CP domain. Subsequent interactions of transducin and
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Ficure 1: Secondary structure model based on the crystal structure of bovine rhodbfsshdwing Cys316 and the positions of amino

acids 55-75 in bold and red, replaced by cysteines one at a time. In all the 15 mutants containing cysteine pairs, Cys316 formed the fixed
position. The native reactive Cys140 was replaced by serine (see text). TM helices are desighéteshd CP loops CL+CL4. The

helix in CL4 observed in the crystal structure (15) is designatedABheet structure is shown in dark gray.

Table 1: Sets of Cysteine Pairs Studied for Proximity Relationships in the Tertiary Structure of the CP Face of Rhodopsin

Cysteine pairs disulfide bond formed
cysteine | (fixed) cysteine Il (varied) most rapidly reference

Cys316 Cys60 to Cys74 Cys6®ys316 this work and ref4
Cys65 Cys306 to Cys321 Cys6®ys316 16

Cys246 Cys311to Cys314 Cys246ys312 16

Cys250 Cys311 to Cys314; Cys135 Cys2%0ys135 16

Cys139 Cys247 to Cys252 Cys138ys250; 5

Cys139-Cys248
Cys338 Cys240 to Cys250; Cys65; Cys140 Cys28§s338 9

a20n the basis of EPR studies, these two cysteine pairs exhibited the strongesti@pimteractions.

in GPCR in general upon ligand binding, is a long-range chain and cysteine residues at positions Cys242 and Cys245
goal of studies on visual signal transduction. (CL3) was established by rapid disulfide bond formatigh (
Support for the presence of a dark state tertiary structure Here, following the earlier finding of disulfide bond
in the CP domain of rhodopsin in solution and its change formation between cysteines at positions 65 and 316, we
on light-activation has been forthcoming from a series of explore proximity between Cys316 and amino acids in the
previous studies. Single cysteine mutants spanning the entireentire CL1. All the mutants containing cysteine pairs were
CP face of rhodopsin were prepared and comprehensivelygenerated by replacing amino acids;5%, one at a time
studied for their biochemical effects on functid®i(10) and by cysteine residues and retaining the native Cys316. The
for dark to light structural changes after spin labeliBg4, expressed proteins corresponding to the double cysteine
11-13). As further probes of the tertiary structure, a large mutants were all isolated in the sulfhydryl form and
number of mutants containing pairs of cysteines at chosencharacterized. The spontaneous rates of disulfide bond
sites in the CP domain were prepared and investigated forformation were measured under constant conditions after
spontaneous formation of disulfide bonds as indicators of increasing the pH to 7.7. The disulfide bond formation rate
proximity between them (Figure 1, Table 1). For example, was at a maximum in the mutant containing Cys65 and
disulfide bond formation occurred rapidly in a mutant Cys316, while two additional relative maxima were also
containing a cysteine at position 65 (in CL1) and the native observed for cysteines at positions 61 and 68. Comparison
Cys316 (in H8) (Figure 1)14). Furthermore, disulfide bonds  of the present results with the recently published three-
were observed in double cysteine mutants containing onedimensional model of rhodopsin derived from X-ray dif-
cysteine fixed at position 139, CL2, and the second cysteinefraction studies 15) shows an excellent correlation of the
varied between position 24851 in CL3 6). Subsequently,  rates of disulfide bond formation with the actual distances
proximity between Cys338 in the C-terminal polypeptide between the original amino acids. The following paper in
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this issue 16) further maps proximity between Cys65 and 1,16 2. Characterization of Double Cysteine Substitution Mutants,
cysteines placed at positions 36821 and between Cys246  N55C-175C/Cys316

or Cys250 and Cys31314 (16) (Table 1).

UV-—vis
absorption no. of free
MATERIALS AND METHODS A max Meta Il decay sulfhydryl groups
Unless stated otherwise, procedures were as described MU@M (M) AssdAso  Tu(min) per rhodopsin

previously @, 9). 11<is-Retinal was a gift from Rosalie =~ WT 500 1.6 12.8 2
Crouch (University of South Carolina of the National Eye Egg’g//gggg’llg igg i'g g'g ai
Institute of the National Institutes of Health U.S. Public |57¢c/cys316 499 16 10.7 a1
Health Services). The sulfhydryl reagent, 4ithiodpyridine T58C/Cys316 499 1.6 9.8 al
(4-PDS), was purchased from Sigma (St. Louis, MO), and L59C/Cys316 499 17 12.5 a1
dodecylmaltoside (DM) was from Anatrace (Maumee, OH). \\;ggggzgig 333 ig ig% %
Antirhodopsin monoclonal antibody 1D47) was purified T62C/Cys316 498 20 11.0 2
from a myeloma cell line provided by R. S. Molday V63C/Cys316 499 1.7 11.6 2
(University of British Columbia). It was coupled to cyanogen N64C/Cys316 500 17 10.1 2
bromide-activated Sepharose 4B (Sigma) as describdd ( Eggg;g;’:gig jgg i; %é'? %
The nonapeptide (Massachusetts Institute of Technology ke7c/cys3is 498 19 11.2 2
Biopolymers Laboratory) corresponding to the C-terminal L68C/Cys316 499 1.8 11.4 2
sequence of rhodopsin, the antibody epitope, was used toR96C/Cys316 498 17 11.2 2
elute rhodopsin mutants from 1D4-Sepharose. Buffers used T70C/Cys316 498 16 124 2

P71C/Cys316 498 2.0 9.7 2
were buffer A, 137 mM NaCl, 2.7 mM KCI, 1.8 mM KH L72C/Cys316 500 21 10.6 2
PO, 10 mM NaHPO, (pH 7.2); buffer B, buffer A plus N73C/Cys316 499 2.0 10.0 2
1% (wt/vol) DM, 2 mM ATP, 2 mM MgC}, and 0.1 mM T74C/Cys316 498 2.1 10.9 2

I75C/Cys316 500 1.6 9.8 aj

phenylmethyanesulfonyl fluoride; buffer C, buffer A plus
0.05% DM (wt/vol); buffer D, 2 mM NaPi (pH 6.0), 0.05% aThe reactive cysteine in these mutants is Cys316. The second
DM (Wt/vol); buffer E, 0.5 M NaPQ,, 0.05% DM:; buffer cysteine in CL1 was unreactive (see text and8ef

F, 5 mM HEPES, pH 7.7, 0.05% DM.

Construction of Double Cysteine Rhodopsin Muta#ts. Expression of the Mutant Opsin Genes and Purification
mutant containing the C140S codon replacement has beerpf the Expressed Opsins after Reconstitution with 11-cis-
constructed previously by Resek et B8) All of the cysteine Retinal. The mutant opsins expressed in COS-1 cells and
mutants (amino acids 5575) were derivatives from this  reconstituted with lLisretinal in buffer A (7) were
mutant except for H65C, which was constructed previously solubilized in buffer B fo 1 h at 4°C in the dark. The
(14). suspensions were centrifuged at 1249®@r 30 min at 4

Mutants N55C, F56C, L57C, T58C, L59C, Y60C, V61C, °C and the supernates were incubated with appropriate
T62C, V63C, Q64C, and K66C were prepared by fragment amounts of the antibody 1D4-Sepharose beads as described
replacement mutagenesis in the synthetic gene for bovine(17). The resin was washed first with 30 bed volumes of
opsin (L9) in the expression vector PMT42@). DNA buffer C, followed by a further wash with 15 bed volumes
duplexes corresponding to the restriction fragmeBitdl/ of buffer D. The protein was eluted with buffer D containing
Hindlll (nucleotides 147205) containing all the cysteine 70 4M epitope nonapeptide.
substitution codons in the CL1 were used to replace the WT Determination of Rates of Disulfide Bond Formatidime
fragment. For mutants R69C, T70C, P71C, L72C, N73C, rhodopsin double cysteine mutants after elution from 1D4-
Y74C, and 175C, synthetic DNA duplexes cysteine substitu- Sepharose were all diluted with buffer D to give LM
tion codons in CL1 corresponded to the restriction fragment concentration, and the pH of the samples was then increased
HindllI/Bglll (nucleotides 206-252). to 7.7 by the addition of buffer E. The time course of

A two-step technique was used for preparation of the disulfide bond formation was monitored by taking aliquots
mutant genes K67C and L68C. The first step involved PCR (100 xL) at different time intervals and measuring the
reactions with the WT plasmid as the template using the "eémaining free sulfhydryl content by reaction with 4-PDS
following primers containing the replaced cysteine codons: in buffer F as described(23). The extent of disulfide bond
5GTCCAGCACAAGTGCCTTCGCACACCG-3for mu- formation for the double cysteine mutants was calculated
tant K67C and the primer'82CAGCACAAGAAGTGC- from the decrease in the free sulfhydryl groups.
CGCACACCGCTC-3for mutant L68C. Details of the PCR RESULTS
reaction have been described previougy)(In the second
step, the PCR products were all digested to give the Characterization of the Rhodopsin Double Cysteine Mu-
corresponding smalEcoRI/Xhd fragments (nucleotides  tants. (i) Spectral Characterization in the Darkhe double
2—340) containing the cysteine substitution codons. These cysteine mutants, N55C-175C/Cys316 (Figure 1) in the

fragments were all subcloned into the large fragmiémtl/  rhodopsin synthetic gene, were expressed in COS-1 cells and
EcaRl (nucleotide 344+1061) of the parent plasmid contain-  purified as described in Materials and Methods. All the
ing the C140S substitution codon. mutants formed WT-like chromophores wiik. at 498-

The DNA sequences of the fragments containing the 500 nm and spectral ratio84so/Asog) Of approximately 1.6
replaced cysteine codons in each construct were confirmed2.0 at pH 6 (Table 2). Interestingly, the extent of chromo-
by the dideoxynucleotide sequencing methag) ( phore formation upon 1tis-retinal binding of the mutant
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with a N55C replacement alone was higher than that of the 0.8
corresponding mutant with N55C/C140S/C316S triple re-
placement which formed chromophore poorly as reported
previously ).

(ii) Characterization of Light-Actiation in the Mutants.
Upon illumination, all mutants formed the characteristic
Metarhodopsin Il (Meta Il) intermediate. As shown in Table
2, theTy,'s for decay of the latter, as measured by retinal
release 24), were WT-like, ranging from 9.7 to 13.5 mih
as compared to WT 12.8 mihunder the conditions used.
The mutant N55C/Cys316 is an exception with a particularly
destabilized Meta Il stateT(,;, 5.5 min).

(iii) Cysteine Reactity in the Mutants.To monitor
disulfide bond formation, the loss of sulfhydryl-reactive
groups in the mutants was followed with time. The concen-
tration of free sulfhydryl groups was determined by reaction
with 4-PDS, as describe®,(23. Native rhodopsin contains
10 cysteines, highlighted in Figure 1. Of these, only the two
CP cysteines at positions 140 and 316 are reactive in the
dark to the sulfhydryl derivatization reagent 4-PI2S)( In
the present study, Cys140 was replaced by serine, leaving
one reactive native cysteine at position 316. The cysteine
pair mutants studied here should, therefore, show a deriva-
tization stoichiometry of 2 per rhodopsin. As shown in Table
2, two cysteines per rhodopsin were found in double cysteine
mutants Y60C-T74C/Cys316. However, in mutants N55C-
L59C/Cys316 and 175C/Cys316, only one reactive sulfhydryl
per rhodopsin was found with 4-PDS. This is consistent with
the results of the previous study of the corresponding single
cysteine mutants8j. Cysteines placed at positions-559
and at 75 were not reactive to 4-PDS, presumably because
of being buried in the micelle environment and/or protein
interior.

The validity of our indirect method of determining
disulfide bond formation rates by means of determining the
loss of free sulfhydryl groups depends on the assumption
that the rate of the reaction of free sulfhydryl groups with
4-PDS is fast compared with the rates of disulfide bond
formation. Preliminary experiments carried out at pH 7.2
showed that th&;; of disulfide bond formation was on the
order of tens of minutes to hours. However, the of the
reaction of double cysteine mutant rhodopsins with 4-PDS

was on the order of several minutes at this pH (data not Ficure 3: Disulfide bond formation in double cysteine mutants
shown). To determine conditions at which tfig, of the Y60C—Y74C/Cys316. Disulfide bond formation was measured at

. ; ) 72 pH 7.7, 25°C. (A) Time courses of disulfide bond formation
reaction of cysteine mutants with 4-PDS was min, it was between Cys316 and selected cysteines (at positions 64, 65, 68,
necessary to measure the rate of reaction with 4-PDS as &9) in CL1. (B) Plots of rates of disulfide bond formation between

function of pH for Cys316, the cysteine common to all Cys316 and single cysteines in the mutants Y60C to T74C (Figure
double cysteine mutants. 1).

The mutant rhodopsin with single reactive cysteine at bond formation, the presence of two sulfhydryl groups was
position Cys316 was purified at pH 6. The pH was then confirmed in all mutants Y60C-T74C at pH 6 (time zero).
adjusted to the approximate desired pH and the exact pHThe rates of disulfide bonds formed as a function of time
was then measured using a pH microelectrode. The rate ofare shown in Figure 3A for selected mutants. The solid line
reaction with 4-PDS was plotted as a function of pH (Figure in each case is the least-squares best fit of the data to apparent
2). The rates of reaction were constant below pH 6.8. first order. From such fits, the apparent rate constant for each
However, as seen, between pH 7.3 and 7.7, the rate increaseceaction was determined. Figure 3B shows these rates for
rapidly. Above pH 7.7, the rates of reaction with 4-PDS were double cysteine mutants Y66{I 74C/Cys316.
constant,>80% complete by the time the first spectropho-  Disulfide bond formation was most rapid between Cys316
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FiGure 2: Reaction of Cys316 with 4-PDS as a function of pH.
The rhodopsin mutant used contained C140S replacement.
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tometric measurement was performed1( min). Thus, and H65C, followed closely by L68C. Cysteines at positions
disulfide bond formation was measured throughout at pH 66—69 and 61 also formed disulfide bonds, with half-reaction
7.7. times of <10 h. Cysteines at 62 and 64 may also have formed

Disulfide Bond Formation in the Double Cysteine Mutants, disulfide bonds, but at a very small rate. In mutants with
N55C-175C/Cys316, in the DarBefore measuring disulfide  cysteine replacements at positions 60, 63, 70; 72, the
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decrease in free sulfhydryl groups was insignificant, com- A , Helix V
parable to WT. The small decrease observed was likely due _
to protein aggregation and/or intermolecular disulfide bond Helix Vi |

formation as a consequence of prolonged incubation at 25
°C. A loss of sulfhydryl reactivity over extended periods of

time has been observed earlier in studies with single cysteine \ Ja L Helix Vif
mutants (unpublished observations). No disulfide bond - SA( 8B
formation was observed for cysteines at positions 5% and H o= e
75 (data not shown). In these mutants, instead of two free \Yg ({ He
sulfhydryl groups only one free sulfhydryl group was present Helix IV et -

oo 2 : Helix il
initially (see above), but the loss of reactivity over time was o

also insignificant. Thus, positions 5%0, 63, 70, and 72

. ! . ; Helix |
75 did not appear to be in close proximity to Cys316. Closest telix i 2

proximity based on disulfide bond formation was to positions [ ye1cica16 | Il H65C/C316 |  NI.L68C/C316
65andes. v R P
DISCUSSION fo 2 o of D

Naturally occurring disulfide bonds in folded proteins e S L
reflect their tertiary structure. Conversely, disulfide bond [ > LD g,
formation may be used to establish proximity between amino 28 75'2{3‘ BT a2 @ Y ) 40)&
acids in folded protein domains where the tertiary structures Yol
are not known. Practical applications of disulfide bond Fgure4: Proximity between Cys316 and His65, Leu68 and Val61.
formation in structural work were developed by Falke and (A) Location of His65, Leu68 and Val61 in the crystal structure
Koshland 26) in studies of the aspartate receptdv,(28). (15). On the baSiS of the abiIiFy to form disulfide bpnds with Cys316

Structural analysis of disulfides occurring in protein crystal the fastest (Figure 3), cysteines placed at positions 65, 68, and 61

. were deduced to be in closest proximity to Cys316. The positions
stru_ctures s.howed that thgre are preferred conformations fory¢ iase residues in the crystal structure are shown here. (B)
their formation R9). The distance betweex-carbon atoms Replacement of residues by cysteines in the crystal structure model.
across the disulfide ranges from abouto4% A in crystal Residues were mutated to cysteines using the Insightll software.
structures, with 95% of all refined disulfides in the range The rotamer rvl\gtsherl\eaTslrtmer:\urtT;Ibeenrjiggaﬁtegigectﬁzgﬁss&?& ?t?rin”;llvfyas
4.‘4 and 6.8 A, The average distances across left-handed an(ggferrgn%inW:ds. (EI) H61C Repiacement. (I) L65C Replacement. (Il1)
right-handed disulfides is 5.880.49 A and 5.02 0.73A | ggC Replacement.
(30), respectively. Thus, the presence of a disulfide bond
indicates that thex-carbons of the participating cysteines the neighboring sites. In the experiments reported, Cys316
are about 56 A apart. However, the geometry derived from was kept constant and the second cysteine was varied from
crystallography may not hold in solution, especially for position 55 to 75. Of the double cysteine pairs studied here,
mobile regions at protein surface®0f. The formation of a only very few formed disulfide bonds and the rates of
disulfide bond between two cysteines does not imply a time- disulfide bond formation varied with the position of the
average proximity of the two residues in the protein structure. cysteine in CL1. Disulfide bond formation between Cys65
Once the disulfide bond is formed, the two cysteines are and Cys316 was most rapid, confirming the previous
locked in the conformation that may not necessarily be observation 14). In addition, disulfide bonds also formed
favored. rapidly between Cys316 and the cysteines at positions 68

Rates of disulfide bond formation are influenced s and 61, followed by slow interaction with cysteines at
of the sulfhydryl groups in proteins, which can vary over positions 66-69. The small number of disulfide bonds
several orders of magnitudd(; 31). Here, it was not feasible  formed and the large differences in rates of disulfide bond
to take into account the different ionization constants for the formation indicate that residues 65, 68, and 61 are relatively
sulfhydryl groups of cysteines at different positions in the closer to Cys316 than the other sites studied and the cysteine
CP face of rhodopsin. It is also possible that traces of metal at position 65 is oriented most suitably to form a disulfide
ions were present that could serve as catalysts. However, adond.
much as possible, efforts have been made to obtain compara- Very recently, a three-dimensional structure model based
tive data on spontaneous disulfide bond formation. Therefore,on X-ray crystallographic analysis of rhodopsin has appeared
all the experiments reported in this and the following paper (15). This enabled us to compare proximities between amino
in this issue 16) were carried out under identical conditions. acids deduced from the above experiments with the crystal-
At the start of the reactions, both cysteine groups participat- lographic model. The position of Cys316 on one hand and
ing in disulfide bond formation were quantitatively in their of Val61l, His65, and Leu68 on the other in the crystal
sulfhydryl form, as shown by titration of the cysteines with structure (Figure 4A) indeed show close proximity. To
4-PDS (see Results) and relative rates for disulfide bond compare proximity quantitatively in the crystal with that
formation between different cysteine pairs were measured.derived from the disulfide bond formation rates, the double
Within a similar range of mobilities and a similar environ- cysteine replacements were introduced in the rhodopsin
ment, the relative differences in rates of disulfide bond crystal structure using the Insightll program. The cysteine
formation should be primarily influenced by proximity. rotamer with the least steric interference and the minimum

Meaningful derivation of proximity between one cysteine energy was chosen without any further adjustments in the
and neighboring cysteines requires systematic variation of structure surrounding the cysteine replacements. Then, the
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55 60 65 70 75 in the region 55-75. The temperature factors were obtained from

Position of Second Cysteine the rhodopsin crystal structure coordinate file 1F88)( Since

. N . rhodopsin was modeled as a dimer, two sets of temperature factors
Ficure 5: Comparison of rates of disulfide bond formation \yere reported and are plotted here.

observed between Cys316 and cysteines at positiong5Hh CL1
with S—S distances in the rhodopsin crystal structutg.Disulfide

0.0

Rate of Disulfide Bond Formation (min'1) ©

bond formation rates &) Reciprocal of distances fromySo Sy both sets, temperature-factors values also vary with amino
of the two cysteines. Distances between sulfur atoms were acid position indicating the presence of heterogeneity in
determined as described in Figure 4. mobility, but overall trends are quite similar within each set.

However, the appearance of the temperature-factor spectrum
distances between the sulfur atoms of Cys316 and every oneyver this range of amino acid positions 585 is very
of the cysteine replacements, positions 55 and &) were  different from the observed rate pattern for disulfide bond
measured. For the positions, 61, 65, and 68, forming rapid formation. While a broad center of mobility was found in
disulfide bonds, a view of the residues within the crystal the temperature factor plot, with maximum mobility around
structure is shown in Figure 4B, panetslll, respectively.  residues 6768, the rates of disulfide bond formation show
The reciprocal of all the distances obtained as a function of distinct maxima, indicating that in this set of mutants, clearly

residue position and the rates of disulfide bond formation proximity of residues dominated the pattern of disulfide bond
(from Figure 3B) are shown in Figure 5. The comparison formation.

showed excellent correlation between the rates of disulfide The fluctuations indicated above may have functional
bond formation and the interthiol distances derived from the Significance_ Light_induced conformational Changes in this

cysteine replacements in the crystal structure. The threeregion have been observed qualitatively earl@&riQ—12).
positions that most rapidly formed disulfide bonds with Fyrthermore, EPR analysis of nitroxide labeled derivatives
Cys316, H65C, L68C, and V61C, are-8 A distant from  of the double-cysteine mutants studied here revealed that
Cys316 (Figures 4 and 5). In order for a disulfide bond to |ight-activation of rhodopsin generally caused an increase
form, however, 3-4 A translational movements would be iy the distance between the nitroxides and in some cases an
necessary. This requires that there be sufficient flexibility jncrease in the width of the distance distribution (Altenbach
of the amino acids in this region of the rhodopsin CP face. et al, unpublished results). Particularly, nitroxide residues
The fact, however, that only those cysteines that faced at 62 and 65 on helix | and residue 73 on helix Il showed
Cys316 were able to bridge this small gap indicates that therejncreases in distances relative to Cys316. These residues are
is no unfolding of the ends of the helices, but rather a |ocated at sites facing the inside of the helical bundle, i.e.,
movement of intact helices which brings residues in CL1 facing helix VII. This suggests an outward movement of helix
close to Cys316. | and helix Il away from H8, a motion that would result in
The above conclusion of dynamical behavior of this region gpening a cleft in the helical bundle. Similarly, the motions
of the receptor is supported by EPR analysis of nitroxide required to produce disulfide cross-linking also indicate
labeled derivatives of the above double-cysteine mutantsrejative movements of helices | and II. Thus, the conforma-
(Altenbach et al, unpublished results). Furthermore, NMR tional flexibility in the dark may be a prerequisite for the
analysis of'>N-lysine labeled rhodopsin suggests extensive corresponding light-induced motion.
conformational exchange on a microsecond to millisecond
time scale (Klein-Seetharaman et al, unpublished results). ACKNOWLEDGMENT
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