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ABSTRACT. Cysteines were introduced, one at a time, at amino acid positiong%h the cytoplasmic

region connecting helices | and Il in rhodopsin. In each of the 21 cysteine mutants, the reactive native
cysteine residues (C140 and C316) were replaced by serine. Except for N55C, all mutants formed rhodopsin-
like chromophores and had normal photobleaching characteristics. The efficiengyaati@tion was
reduced only for K66C, K67C, L68C, and P71C. The reactivity of the substituted cysteine in each mutant
toward 4,4-dithiodipyridine (4-PDS) was investigated in the dark. The mutants F56C to L59C and 175C
were unreactive to 4-PDS under the conditions used, suggesting that they are embedded in the micelle or
protein interior. The mutants V63C, H65T70C, and N73C reacted rapidly, while the remainder of the
mutants reacted more slowly, and varied in reactivity with sequence position. For the mutants derivatized
with 4-PDS, the rate of release of thiopyridone from the resulting thiopyridinyl-cysteine disulfide bond
by dithiothreitol was investigated in the dark and in the light. Marked changes in the rates of thiopyridone
release in the light were found at specific sites. Collectively, the data reveal tertiary interactions of the
residues in the sequence investigated and demonstrate structural changes due to photoactivation.

Recent studies on structure and function in rhodopsin, the | [ ]] v ' Vi VIl
prototypic G-protein-coupled receptor, have provided insights o
into the mechanism of folding in vivo using mammalian cell ooi;A_F’AVQTES%
lines. It has been concluded that the process of assembling o Q'Q -EA\T 2
the seven transmembrane (¥)vhelices is coupled to the \(AAEQ A*;Q
folding of the intradiscal region to form a tertiary structure ,'%_\',(FTLV _'\ERC’;
(2—8). Furthermore, this structure changes upon illumination G;9©"*;'."v’M
to a new structure that mediates proteprotein interactions v " 'vaF
required for visual transduction. Uy F EA\(,

Multiple lines of evidence from previous work reveal the YMC‘.’_TFA d
presence of a tertiary structure in the cytoplasmic region of gsFF ol

200 N

rhodopsin. For example, in a mutant with a cysteine at £ AE“’"H y FGP EP ~ NTE HaggnF® )
position 65, a disulfide bond rapidly forms between C65 and ‘YvaoP"“Fp  "F¥ q Intradiscal
the native C316, although these residues are at opposite endgaN_,;AgG TEg

P S
of the primary sequence (Figure 1; r@f. Similarly, in NFyvpF
double-cysteine mutants, a cysteine residue at 139 (in theFicure 1: A secondary structural model of bovine rhodopsin
cytoplasmic sequence connecting helices-IW) readily showing the location of cysteine substitution sites studied in the

present work, N55C to 175C (bold outline). Also indicated are
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4.4-Dithiodipyridine s-s @ + Thiopyrid C316 (TGC) were replaced by the serine codon (T@D).(
SH (a) opyridons The expression vector was pMT21). The base mutant was

(b) Dark, R-SH prepared from the C140S mutant previously descritzd)l (
(©) y by replacing theMlul/Notl (nucleotides 758 1059) restric-
ght, R-SH . . o
tion fragment by the corresponding fragment containing the
 ap . serine codoni1).
@-s-or + Thiopyridore The mutants N55C, F56C, L57C, T58C, L59C, Y60C,
Ficure 2: Reaction of (a) 4-PDS with rhodopsin cysteine mutants V61C, T62C, V63C, Q64C, and K66C were prepared from
to form thiopyridinyl-cysteine derivatives and (b) thiopyridinyl- e “hase” mutant by fragment replacement mutagenesis.
cysteine mutants with DTT in the dark and (c) after illumination. S . . . . .
ynthetic oligonucleotides containing the cysteine codons
corresponding to the restriction fragm&ull/Hindlll (nucleo-
OItisdes 147-205) were used to replace the WT fragment. The
mutant H65C has been described previousJy For mutants
R69C, T70C, P71C, L72C, N73C, Y74C, and I75C, DNA
duplexes containing the cysteine codons (TGC) replaced the
native restriction fragmertdindlll/ Bglll (nucleotides 206
252).

PCR mutagenesis was used for preparation of the mutants
K67C and L68C. The first step involved PCR reactions with
the plasmid pMT4 containing the WT opsin gene as the
template using primer85TCCAGCACAAGIGCCTTCG-
CACACCG-3 for mutant K67C and the primer &£CAG-
CACAAGAAGTGCCGCACACCGCTC-3for mutant L68C
(the cysteine codon is in italics). The details of the PCR
reaction have been described in an accompanying pager (

cysteine scanning mutagenesis through the sequenee 55
75 that encompasses residues between the cytoplasmic en
of helices | and Il. Together with accompanying papé& (
19), the results reported herein bring to completion a series
of experiments involving single-cysteine substitution mu-
tagenesis for most of the cytoplasmic face of rhodopsin.
As reported here, the three types of experiments indicated
in Figure 2 were carried out. In the first (Figure 2a), the rate
of reaction of each cysteine mutant with 4-PDS to produce
a thiopyridinyl-cysteine mixed disulfide was determined as
a measure of the reactivity and solvent accessibility of the
individual cysteines. In the second and third experiments
(Figure 2, parts b and c), the rates of 4-TP formation from
the mixed-disulfide product by DTT from the reaction in

Figure 2a were determined in the dark and after photoacti- The PCR products were digested to give BeRl/Xhd
vation, respectively (Figure 2, parts b and c). The difference fragments  (nucleotides -2340) containing the cysteine

in thes.enlatter rates prpy|des a measure Of. changes Incodons, which were then subcloned into the large fragment
accessibility and/or reactivity of the cysteine derivatives due Xhd/EccRlI (nucleotides 3416182) of the base mutant. The
to photoactivation. Presumal_aly, changes in 4-TP release rate%)NA sequences of the fragments containing the n.1utated
then reflect local conformational changes. regions in all constructs were confirmed by the dideoxy-

For reaction a in Figure 2, large differences in reactivity : ; :
. nucleotide sequencing methd®). Rhodopsin mutants were
of the cysteine mutants toward 4-PDS were observed.expressed and purified as describeg)(

Cysteines at positions 569 and 75 were totally unreactive P :
to 4-PDS, suggesting that they were embedded in the micellar. Determination of the Reaefly of the Cysteine Groups

structure or the protein interior. The cysteines between 60" Rhodopsin Mutants toward 4-PDShe procedure for
and 74 reacted with the reagent, but the rates varied widelymvesng"’Itlng the chemical reactivity of the suifhydryl groups

. " i S . with 4-PDS w reported in an mpanyin r
with sequence position. This pattern of reactivity is consistent t S was as reported in an accompanying pap@r (

ith icell bound d 60 and 74 with the following minor modifications. 4-PDS in buffer E
with a micefie~aqueous boundary near residues 6L and 72. 45 aqded to the mutant samples in the same buffer such
The rates of 4-TP release from the thiopyridinyl-cysteine

N . X . . that the final solution contained 0/8M rhodopsin and 25
disulfide bond (reacfuon b)'by reaction with DTT V"’.‘”ed over uM 4-PDS. The reaction was followed by the increase in
4 orders of magnitude in the dark. Photoactivation of

; i . _absorbance at 323 nm, due to 4-TP release (Figure 2a), using
rhodopsin 1o produce Meta ”. caused dramatic changes_ Mthe same concentration of 4-PDS without protein as a
the rates of 4-TP release relative to the dark state, espec'a'lyreference. Subtraction of the background contribution, the

for sites near helix II. The differences in reactivity observed | /.- o tin~tion coefficient of 4-TP at 323 nm, and calcula-

in the three sets_ of experiments are consistent with thetion of the molar ratio of sulfhydryl groups per rhodopsin
presence of a tertiary structure that undergoes a change UPOere all as previously described).
photoactivation of the receptor. Modification of the Cysteine Mutants with 4-PDS and
MATERIALS AND METHODS Rates of A—TP_ReIease with DTHor preparativg purposes,
the reaction with 4-PDS to form the thiopyridinyl-cysteine
Materials. All materials used were as described in an mixed disulfides (Figure 2a) was performed while the
accompanying paperl®). The buffers used were the mutants were bound to a 1D4-Sepharose matrix. After
following: buffer A, 137 mM NacCl, 2.7 mM KCI, 1.8 mM  coupling the mutants to the 1D4-Sepharose matrix, the beads
KH2PO,, 10 MM NaHPO,, pH 7.2; buffer B, buffer A plus  were washed with 50 bed volumes of buffer C and 50 bed
1% (wt/vol) DM; buffer C, buffer A plus 0.05% DM; buffer  volumes of buffer E. This was followed by the addition of
D, 5 mM 2-(N-morpholino)ethanesulfonic acid (MES), pH 0.1 mM 4-PDS in buffer E and nutation in the dark for 3 h
6.0, 0.05% DM; buffer E, 2 mM NakPO,, pH 6.0, 0.05% at room temperature or overnight at@. After being washed
DM. with 250 bed volumes of buffer E, the derivatized mutants
Construction of Single-Cysteine Mutantall mutants were eluted with the nona-peptide epitope of the 1D4
containing single cysteines in the sequence-B5 were antibody, as describe@3J).
prepared from a “base” mutant of the synthetic bovine opsin  The rates of 4-TP release from the thiopyridinyl derivatives
gene in which the codons for the native cysteines C140 andwith DTT were determined spectrophotometrically at 323
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Table 1: Characterization of Single-Cysteine Substitution Mutants, e 128
F56C-175C %
UV/vis absorbance meta Il decay S 1.00
mutant Amax (NM) Aosd Asoo T1z2(min™1) ,g
wT 500 16 11.8 A o075
F56C 498 1.7 9.3 2
L57C 499 1.8 10.0 ‘D
T58C 499 17 9.8 B oS0y
L59C 502 1.6 10.6 &
Y60C 499 1.8 10.6 ] 0.25 I-
V61C 500 1.7 8.2 t
T62C 498 2.1 125 £
V63C 499 2.0 11.2 w 0
Q64C 499 2.0 11.2
H65C 499 1.7 9.2 Time (min)
K66C 499 19 10.0 Ficure 3: Reaction of SH groups for the indicated single-cysteine
Ke67C 499 18 11.0 mutants with 4-PDS in the dark. The solid curves correspond to
L68C 499 18 123 single-exponential fits
R69C 499 1.8 13.1 ’
T70C 498 2.1 7.3
P71C 499 1.9 7.9 Table 2: Reactivity of Mutants Y60€I75C with 4-PDS
L72C 499 1.9 11.7 - P
N73C 498 18 114 mutant rate constahfmin!) mutant rate constahfmin—?)
Y74C 499 1.8 11.3 Y60C 0.244+ 0.07 L68C >1.4
175C 499 20 11.6 V61C 0.006+ 0.002 R69C  >1.4
T62C 0.015+ 0.002 T70C >1.4
V63C >1.4 P71C 0.0099t 0.0003
nm (Figure 2b). The thiopyridinyl derivatives were equili- 82;‘,8 >f'439i 016 ,I(17723% >19;11& 0.01
brated at £C in cuvettes for 30 min prior to the experiment.  K66C >1.4 Y74C 0.11+ 0.02
Ten microliters of a 3, 30, or 300 mM stock solution of DTT ~ K67C >1.4
in buffer E was added to 290 of the modified rhodopsin a Each rate constant was the average of at least three measurements.
mutant. The final concentrations were:5 rhodopsin and The error is the standard deviatidror all “>1.4" values: the reaction
0.1, 1, or 10 mM DTT. was complete at the first time point taker min).

In the reactions of cysteine mutants with 4-PDS, the
concentration of the latter was chosen in 50-fold excess.

Similarly, in the reactions of thiopyridinyl-cysteine mixed tions.. The mutants fell into four groups with respect to
disulfides with DTT, the DTT concentration was in 200- cysteine reactivity, illustrated by the four cases in Figure 3.

One group, made up of V63C, H65C, K66C, K67C, L68C,
fold excess at 0.1 mM DTT, 2000-fold at 1 mM, and 20000- ) .
fold at 10 mM DTT. Thus, both reactions followed pseudo- R69C, T70C, and N73C, r_eacted so rapidly that the reactions
first-order kinetics, and the rate constants were calculated We'® complete when the first spectrum was recorded (1 min).

. . . At the other extreme, F56€L.59C and 175C showed
from monoexponential curve-fits (Sigmaplot) to the 323 nm . L
absorbance dpata as a function og ti%e ploy essentially no reaction with 4-PDS. The mutants V61C and

P71C formed a group that reacted extremely slowly, while
RESULTS the remaining mutants, Y60C, T62C, Q64C, L72C, and
Y74C, showed intermediate reactivities. For each reactive

Characterization of the Rhodopsin Cysteine Mutants, mutant, approximately one sulfhydryl group per mole of
N55C-175C. All cysteine mutants were expressed in COS rhodopsin was modified at the end of the reaction.
cells and purified by immunoaffinity absorption as described  Rates of 4-TP Release from the Thiopyridinyl-Cysteine
in Methods. All mutants except for N55C formed a WT- Disulfide Bond in Deratized Mutants (Figure 2Db,c).
like chromophore withmax at 498-502 nm. The spectral  Because of the wide variation in reactivity of the mixed
ratios Azso/Aso) after elution from the 1D4-matrix at pH  disulfide bond in the thiopyridinyl-cysteine derivatives, it
7.2 (buffer C) were between 2.0 and 2.7, while elution at was necessary to use DTT at different concentrations (range
pH 6 (buffer E) gave ratios between 1.6 and 2.1 (Table 1). from 0.1 to 10 mM) to obtain an accurate measure of 4-TP
The mutant N55C formed chromophore poorly, and most release rates. This was particularly important for the study
of the protein was eluted only at pH 7.2 containing salt of reactivity after illumination, because of the constraint
(buffer C). The reason for this remains to be determined. imposed by the limited half-lives of the Meta Il intermediates.
Upon illumination, all of the mutants formed the character- All reactions were carried out at 4C where the Meta |l
istic Meta Il intermediate with half-lives similar to that of  half-life was 77 min.
the WT (Table 1). Reduction Rates in the Dark Stateigure 4 shows the

Rates of Reaction of the Sulfhydryl Groups in the Cysteinerates of reaction with DTT for all thiopyridinyl-cysteine
Mutants with 4-PDS (Figure 2aligure 3 shows representa- mutants in the sequence 6@4 in the dark state (solid
tive data for the reaction of 4-PDS with N73C, Y74C, P71C, symbols) measured as 4-TP production. As indicated in the
and 175C. The solid line in each case is the least-squaresfigure, the mutants fell into three groups on the basis of
best fit of the data to a single exponential. From such fits, reactivity. One group, including H65C, K66C, K67C, L68C,
the pseudo-first-order rate constant for each reaction wasT70C, and L72C, had derivatives of high reactivity, and the
determined. Table 2 gives the rate constants for the reactiongates could be conveniently measured with 0.1 mM DTT

of all mutants as the average of three independent determina-
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Ficure 4: Reduction rates of the thiopyridinyl-cysteine derivatives of the mutants by DTT. Reactions were carried tQtiattde dark
(solid symbols) and after illumination (open symbols). Depending upon the reactivities of the thiopyridinyl-cysteine disulfide bond, the
reactions were studied at one of three concentrations of DTT: 0.1 mM (A), 1 mM (B), and 10 mM (C). The concentration of the rhodopsin

mutants was 0.&M in every case.

(Figure 4a). Another group, consisting of Y60C, V61C, Table 3: Rate Constants for Reduction of Thiopyridinyl-Cysteine
V63C, and N73C, had derivatives of intermediate reactivity Derivatives by DTT

whose reduction rates could be conveniently measured at 1

mM DTT (Figure 4b). Finally, T62C, Q64C, and Y74C had
derivatives of low reactivity, and 10 mM DTT was required
for the measurement of the rates of reduction (Figure 4c).
In the case of R69C (Figure 4c), P71C, L68C, and L72C
(Figure 4a), the grouping was primarily based on the
reactivity in the light (see below). Table 3 gives the rate
constants divided by the DTT concentrations used in the
measurement.

The rate constants of the mutants in the highly reactive
group (0.1 mM DTT) and the slowest reacting group (10
mM DTT) differed by up to 4 orders of magnitude (Table
3). Thus, at the lowest DTT concentration (0.1 mM), the
K67C derivative released 4-TP effectively instantaneously
with an estimated maximum half-life g, < 1 min. Thus
the minimum rate constant would be 1.4 miifpsuedo-first-
order) or 14 min!* [mM DTT] ! (true second-order). The
derivative of mutant T62C was the slowest, showing at 10
mM DTT a reaction rate constant of 0.00470.0001 mir*
or 0.00047 min! [mMD TT]

4-TP Release Rates after llluminatiokfter illumination,

mutant dark light

Y60C 0.0251+ 0.0003 0.0319+ 0.000%
V61C 0.0844 0.008& 0.03574 0.0006
T62C 0.00047 0.0000% 0.0015+ 0.000F
V63C 0.036+ 0.002 0.06+ 0.0
Q64C 0.0083+ 0.000F 0.0065+ 0.0004
H65C 0.24+ 0.0# 0.424+ 0.08!
K66C 1.5+ 0.0 1.51+ 0.07
K67C >14 >14

L68C 0.0344 0.004 0.424+ 0.0
R69C >0.1# 0.00869+ 0.0003
T70C 0.25+ 0.03' 1.440.¢

pP71C 0.00246: 0.00009 0.84+ 0.0
L72C 0.0925+ 0.000F > 14

N73C 0.12+ 0.02 0.031+ 0.004
Y74K 0.00279+ 0.00006 0.00301+ 0.00007

aThe rate constants are the true second-order rate constant$, min
[mM] 1, calculated by dividing the experimentally determined pseudo-
first-order values by the DTT concentratiofisvleasured at 1 mM DTT.
¢Measured at 10 mM DTT¢ Measured at 0.1 mM DTT.

and N73C both reacted slower in the light than in the dark.
Figure 5 shows a graphical representation of the logarithm
of the ratio of the rates in the light and dark for each mutant.
the thiopyridinyl-cysteine derivatives of all mutants except For derivatives of mutants K67C and T62C, accurate rate
K66C and Y74C showed changes in rates of 4-TP releasedeterminations in the light could not be carried out at any
relative to the dark state (Figure 4, open symbols; Table 3). of the three DTT concentrations. The K67C derivative
The changes were most dramatic near helix Il, namely at reacted effectively instantly both in the dark and in the light.
L68C to N73C. In particular, the derivative of P71C reacted For the T62C derivative, the reaction after illumination was
340 times faster and that of L72C at least 74 times faster in too slow to be measured reliably within the Meta Il half-life
the light than in the dark. In contrast, the derivatives of R69C of 77 min at 4°C, even at 10 mM DTT.
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Ficure 5: The effect of photoactivation on the reduction rate of
thiopyridinyl-cysteine derivatives by DTT. The data from Table 3
are plotted as the logarithm of the ratio of the rate constants (light/
dark) for each mutant.

120

100 Ficure 7: Helical wheel representation of the cytoplasmic ends

of helices | and Il of rhodopsin superimposed on the arrangement
of the 7-transmembrane helical bundle based on cryo-electron
microscopy studies2(). The electron density contour sections at
13, 15, and 17 A (gray to black) from the center of the membrane
are shown. The contour sections were from a three-dimensional
map at an effective resolution of 7.5 A in the membrane plane and
16.5 A normal to the plane and were kindly provided by G. F. X.
Schertler (personal communication). Residue positions are mapped
onto the electron contour sections on the basis of SDSL studies
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Mutant slow due to suppressed ionization of the thiol and the limited

Ficure 6: Comparison of the initial rates for activation of Gy SOIUb”ItY of the polar 4-PDS molecule. For cysteine rESIdueS.
the cysteine substitution mutants. The initial rates of fluorescence l0cated in extramembranous sequences, the reaction rate is

increase for each mutant were calculated from fluorescence dataexpected to vary primarily according to the degree of solvent
as described in ret8. Each rate is the average of at least two accessibility, with minor electrostatic effects on the degree
measurements. of sulfhydryl ionization. The reagent 4-PDS is particularly
useful as a probe of reactivity in membrane proteins because
_ : ) it is electrically neutral and has no direct electrostatic
to activate G was monitored by the fluorescence increase ineractions with the environment that would alter the local
assay, which determines the rate of formation of the-G  qncentration or limit membrane permeabilit4( 25).
GTPyS complex. The initial rates of complex formation for -~ gequence-specific sulfhydryl reactivity with 4-PDS should

each mutant determined from this assay are compared inen phe a useful probe of local structure in rhodopsin, just
Figure 6. Most mutants showed rates of activation that were 55 giher reagents have found use in exploring specific

similar to that of WT rhoo_lopsin_. The mutants K67C and gy ,ctural features in other membrane prote@&).(
L68C showed decreases iny Gctivation to about 30% of In the paragraphs below, the reactivity of cysteine residues
WT, while K66C and P71C §hovyed decreases to about 50%.;, the sequence 5675 toward 4-PDS and the reactivity of
Thus, the effects on factivation were not remarkable eir thiopyridinyl-cysteine derivatives in dark and light are
compared to observations in other cytoplasmic sequencesyiscyssed with respect to a current model of the rhodopsin
(18). structure. This model is based in part on the low-resolution
DISCUSSION 3-dimensional electron density map for rhodopsin d_etermined
by Schertler and co-workers from cryoelectron microscopy
Reactiity of the Sulfhydryl Groups in the Cysteine Mutants (27). The major features of the electron density map
in the Dark. The reaction kinetics of cysteine residues in correspond to the TM helical segments, and little density is
rhodopsin with 4-PDS is determined, in part, by sulfhydryl associated with the extramembranous segments connecting
solvent accessibility, properties of the local environment in the helices at the cytoplasmic surface. On the other hand,
the protein, and the polarity of the surrounding medium. previous SDSL studies have identified specific structures in
While kinetic data alone cannot distinguish between the the sequences connecting heliceslll and helices VI
various effects, site-specific differences in reaction rates are(13, 15). In an accompanying paper, SDSL studies are
likely to be dominated by the accessibility of the sulfhydryl reported that indicate that residues—88 and 72-75 are
group to the reagent and the state of ionization of the thiol in a helical configuration corresponding to helices | and Il
group. For a cysteine residue on rhodopsin facing the micelle and their extensions into the aqueous phase, respect&ly (
interior, the rate of reaction with 4-PDS is expected to be Figure 7 shows a superposition of electron density contours

Gr Activation. The ability of the single-cysteine mutants
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taken at sections 13, 15, and 17 A from the center of the Reactiity of Thiopyridinyl-Cysteine Mutants with DTT in
membrane. Also shown is the mapping of the helical residuesthe Light The rate constants for 4-TP release from thio-
in the sequence 5675 as suggested by the SDSL studies pyridinyl-cysteine mutants by DTT in the light and dark were
(28). The 13 A contour corresponds approximately to the up to 340-fold different. As seen in Figure 5, the differences
location of the membrareaqueous interface2). were most pronounced in helix Il and nearby residues
Residues F56EL59C at the end of helix | and 175C in ~ (residues L68EN73C), while very small or no changes were
helix 1l showed no reaction with 4-PDS, while all residues found in and around helix | (residues Y6B®66C).
from Y60C—Y74C showed measurable reactivity. These Similarly, light-induced changes in the EPR spectra of spin
results suggest that the reactive residues Y6BTAC are  abels are most prominent at residues near heli28).(
exposed to the reagent. The other residues are likely to be The derivatives of L68C and T70€.72C showed an
sequestered in either the micelle or protein interior, where INcrease in reactivity, in contrast to those of R69C and N73C,
they would be unreactive for the reasons discussed aboveWhich showed decreased reactivity in the light. This suggests
This reactivity pattern further suggests that the rhodopsin that R69C and N73C may be in proximity and experience
polypeptide crosses the micelfevater interface somewhere  Similar changes upon light-activation. Indeed, this conclusion
in the neighborhood of residue Y60C and again near Y74C, @grees well with the residue mapping shown in Figure 7 that
marking the cytoplasmic terminations of TM helices | and Places residues R69C and N73C close to each other. The
Il, respectively. However, the location of each crossing point thiopyridinyl-cysteine derivative of Y74C shows no change

is uncertain to within a turn of the helixt3—4 residues), ~ In reactivity with DTT upon photoactivation to the Meta Il
because the lack of reactivity alone cannot distinguish State, consistent with a placement of this residue toward the

protein interior. helices (Figure 7). _ _ _

Residues within the sequence-604 showed wide varia- _ The largest change_s in reduc_tlon. rate due to photoactiva-
. : o . tion were observed with the derivatives of P71C and L72C.
tions in reactivity with 4-PDS. In the segment presumed to

cross the micelle interieraqueous interface, residues Y60C In the model of Figure 7, P71C and L72C point toward the

reacted slowly with 4-PDS. This is consistent with the

orientation of these residues determined from SDSL, where 0" of the main players in the activation mechanism of
Y60C and V63C are facing the outside of the helical i)undle rhodopsin {3, 30, 31). The resuilts obtained from the changes
and V61C and T62C are facing the protein interior (Figure in reactivities of the P71C and L72C derivatives presented

7). Residues HB5C to T70C all reacted very rapidly with here strongly support this conclusion. Indeed, in the helix

. . acking model of BaldwinZ9), residues P71C and L72C
4-PDS. Th|s result supports the COUC'“S'O” that the Sequ.(?nc‘:‘girectly face E134 and R135. These two residues are part of
64—70 is water-solvated as derived from accessibility

measurements of nitroxide spin labels at these positzB)s ( the (D/E)RY sequence that is conserved throughout the entire
family of G-protein-coupled receptors, and this region is
Reactiity of Thiopyridine-Cysteine Mutants with DTT in  pelieved to be involved in the activation ofG
the Dark The reactivity of the disulfide bond in the Gr Activation by the Cysteine Mutant3he effects of
thiopyridinyl-cysteine derivatives of the mutants as measured cysteine replacements or Getivation ability were relatively
by 4-TP release varied over 4 orders of magnitude. The mostsmall. The majority of the mutants activated & a WT-
reactive was the K67C derivative, suggesting that this residue|ike manner, while K66C, K67C, L68C, and P71C showed
is the most exposed or located in a unique chemical 50709 decrease inGactivation. Previously, mutants at
environment. Consistent with this finding is the very positions T58 and T70/P71 were found to affegta@tivation
pronounced peak in mobility and solvent accessibility for a (32). Mutations L72A and N73A had only a small effect
spin-label side chain at this positio28). while mutants T62A/N63A/Q64, HE5Y, K66A/K67A, L68A/
In general, the reactivity of the thiopyridinyl-derivatives R69A/T70A, and P71A were found to activate ® a WT-
with DTT roughly coincides with the reactivity of the free like manner 83). In a peptide inhibition study, the peptide
sulfhydryl groups toward 4-PDS, discussed above. For 61—75, corresponding to the-lll interhelical sequence at
example, the mutants whose cysteines reacted rapidly withthe cytoplasmic face, did not compete with Meta Il for
4-PDS are also those whose derivatives react readily in thebinding to G. In contrast, peptides corresponding to
presence of 0.1 mM DTT. Similarly, P71C and T62C reacted sequences in the interhelical segment between helices I
very slowly with 4-PDS, and the corresponding thiopyridinyl- 1V and V—VI, and the sequence adjoining the palmitoyl
cysteine derivative reacted slowly with DTT. However, groups 84), effectively competed with Meta Il for binding
differences were found. For example, V63C reacted es- of Gr. The lack of peptide inhibition and the overall minor
sentially instantaneously with 4-PDS, but its thiopyridinyl- effect of point mutations in this region suggests that the
derivative, as measured at 1 mM DTT concentration, reactedresidues connecting helices | and Il are not involved directly
at a relatively slow rate compared to the other mutants (Tablein recognition by G.
3, Figure 4b). It is not surprising that such differences exist, In summary, the pattern of reactivity of the cysteine
because the reactions of the two reagents involve differentsubstitution mutants with 4-PDS in the sequence-55
steric requirements. In fact, this result emphasizes the factreflects the tertiary fold of rhodopsin around thisll
that accessibility mapping of cysteine residues by reactivity interhelical segment. A similar pattern, with some differ-
may give different results for different reagents. However, ences, is noted in the rate of reaction of DTT with
changes in reactivity for a given reagent should be a reliable thiopyridinyl-cysteine derivatives of the same mutants. The
method for detecting local changes in structure. large changes in the latter rates around helix Il upon
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photoactivation reveals a structure rearrangement in the 17.Kim, J.-M., Altenbach, C., Thurmond, R. L., Khorana, H. G.,
molecule. Finally, the relatively small effects of single- ang |'3|l_]bbg||,8W. L. (1997pProc. Natl. Acad. Sci. U.S.A. 94
cysteine replacements throughout the sequence support the 14273-14278.

. . - . 18. Cai, K., Klein-Seetharaman, J., Farrens, D., Zhang, C.,
earlier conclusion that the-ll interhelical segment plays a Altenbach, C., Hubbell, W. L., and Khorana, H. G. (1999)

lesser role in the interaction withy&ompared to the other Biochemistry 387925-7930.
cytoplasmic segments. 19. Langen, R., Cai, K., Altenbach, C., Khorana, H. G., and
Hubbell, W. L. (1999)Biochemistry 387918-7924.
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