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ABSTRACT. G protein-coupled receptor (GPCR) activation is generally assumed to result in a significant
structural rearrangement of the receptor, presumably involving the rigid body movement of transmembrane
helices. We have investigated the activation of the GPCR rhodopsin by the construction and analysis of
a mutant which contains a total of four disulfide bonds connecting the cytoplasmic ends of helices 1 and
7, and 3 and 5, and the extracellular ends of helices 3 and 4, and 5 and 6. Despite the constraints imposed
by four disulfides, this “straitjacketed” receptor retains the ability to activate the G protein transducin
and, therefore, provides insight into the molecular mechanism of the initial step in signal transduction of
this important class of receptors.

G protein-coupled receptors (GPCRsgrve as important ~ suggest that the cross-link prevents a rigid body helical
mediators in many critical biological functions by responding movement required for receptor activati@) 9, 13. In our
to diverse extracellular signals including hormones, neu- experience with rhodopsin, it has been difficult to elucidate
rotransmitters, and sensory stimuli such as light. Central to the mechanism for receptor activation from cross-links which
the function of this important class of transmembrane proteins inactivate the protein, as further investigation has sometimes
is the ability to transduce the extracellular signal into an revealed related cross-links, which connect the same helical
intracellular event through a structural rearrangement of the regions, but do not inactivate the receptdiQ)( As a
receptor. Understanding the nature of this structural changeconsequence, it has not been possible to make a definitive
is essential to deciphering the mechanism of this initial step statement about the structure of the active state based on
in signal transduction. data from inactivating cross-links.

Rhodopsin, the dim-light photoreceptor of rod cellsinthe  |n contrast, strong conclusions readily emerge from the
retina, is the structural prototype of GPCRs. Cyroelectron analysis of cross-linked receptors that retain activity; the
microscopy of rhodopsin has produced an electron densityrelative position of the cross-linked residues must be similar
map with a resolution of 7.5 A 16.5 A (1). Although this  in both the ground and the active state of the receptor.
map and derivative modelg)(reveal the overall architecture  Therefore, we have formulated an approach in which several
of the seven transmembrane helical bundle in the groundactive cross-links connecting various regions of the receptor
state of the protein, they shed no light on the molecular are combined into a single construct, creating a highly
mechanism of signal transduction. constrained or “straitjacketed”, yet active, receptor. Extensive

Inherent difficulties in the direct structural analysis of cross-linking in such a construct restricts the conformational
membrane proteins have led to the development of bio- dynamics of the protein and thereby provides insight into
chemical strategies to probe the structure of this class ofthe nature of the structural rearrangements required for
proteins. Receptor cross-linking that exploits the construction receptor activation.
of metal ion binding sites or disulfide bonds has been used  \ye describe here the construction and analysis of a bovine
to investigate the structure and dynamics of numerous rhodopsin mutant containing multiple cysteine substitutions
membrane proteins3¢-7, 32, 33, including rhodopsin4, designed to create a total of four disulfide bonds. This
8—12) and other GPCRs3( 13. Cross-linking between two  gyrajtjacketed rhodopsin (Rho-SJ, Figure 1) has two disulfides
residues in the ground state indicates spatial proximity of gn the cytoplasmic side of the protein and two on the
these positions. In addition, cross-linking can be accompaniedextracellular side. In the oxidized state of this receptor,
by inactivation of the protein which is often interpreted to  gjsulfide cross-links connect residues that are thought to be
part of a transmembrane helix (TM) or within a few residues
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FicurRe 1: Schematic representation of the proposed secondary structure of “straitjacketed” rhodopsin illustrating the engineered and native
disulfide bonds. Shaded circles indicate the positions of the cysteines involved in the engineered disulfides. The mutation of a native
cysteine at position 222 to serine is indicated by a square. Single-letter abbreviations are used for amino acid. Sites of glycosylation (N2
and N15) and palmitoylation (C322 and C323) are also highlighted. Arrows indicate the sites of V8 protease cleavage. Segmentation in the
split rhodopsin construct SR{4/5—7) is also indicated by an arrow. This split receptor consists of the first four transmembrane helices
noncovalently associated with the last three transmembrane helices.

spontaneous cross-linking (without the addition of exogenous uM 4,4-pyridyldithiol (Aldrithiol-4, Aldrich), 0.5uM protein,

oxidant) (O, 12, 18, 1% and 0.1% DM in 2 mM sodium phosphate buffer, pH 6.0,
in a final volume of 15Q:L. The reference cuvette contained
EXPERIMENTAL PROCEDURES all components of the reaction excluding protein. The

Mutagenesis, Expression, and Purification of Rhodopsin. @bsorbance at 324 nm was monitored by-tis spectros-
Construction of all rhodopsin mutants was carried out using COPY for atleast 2.5 h and the plateau value used to determine
a synthetic rhodopsin gene in a pMT3-based vector as hagthe quantity of 4—pyr|d_oneth|one released. _The initial absor-
been previously describe@@). The genes were expressed bance at 324 nm attributable to the protein was subtrac.ted
in COS-1 cells by transient transfection using DEAE-dextran rom the plateau value before calculation of the concentration
(21). The mutant proteins were reconstituted with cig- of 4-thiopyridone released using an extinction coefficient of
retinal in whole cells, solubilized with 1% dodecyl maltoside 19 000 M cm™ (24).

(DM), and purified by immunoaffinity chromatography using Reduction of DisulfidesTo obtain a reduced sample of

a 1D4 antibody-Sepharose 4B matrix essentially as described?h0-SJ, the protein was treated with 30 mM DTT overnight
(21). The resin was washed extensively with 0.1% DM in at 4°C while bound to the 1D4-Sepharose 4B matrix. The
buffer A (2 mM sodium phosphate, pH 6.0, 150 mM NaCl) protein-bound matrix was then washed in buffers which had
followed by 0.1% DM in buffer B (2 mM sodium phosphate, been sparged with argon to eliminate oxygen, and the protein
pH 6.0). Correctly folded full-length proteins which bound Was then eluted in 0.1% DM in buffer B containing peptide
11<is-retinal were separated from incorrectly folded opsin | as described22). The eluted protein contained no DTT
proteins by the selective elution of the pigment from the and was analyzed by reaction with 4PDS immediately. A
antibody column using a low-salt buffer (2 mM sodium Sample of Rho-wt was similarly treated as a control.
phosphate, pH 6.0, 0.1% DM) containing peptide | (D-E-  Split Rhodopsin MutantsSplit rhodopsins are assembled
A-S-T-T-V-S-K-T-E-T-S-Q-V-A-P-A) (0.18 mg/mL) Z2). through the coexpression in COS-1 cells of genes encoding

Oxidation of CysteinesOxidation of rhodopsin samples complementary C- and N-terminal fragmentd).(The
by ambient oxygen was accomplished by increasing the pH nomenclature for split rhodopsin follows that previously
of the detergent-solubilized, purified protein from 6.0 to 7.0 described by Yu et al.4): SR(1-4/5-7) refers to an
by the addition of dibasic sodium phosphate (from a solution N-terminal fragment of the receptor consisting of the first
of 100 mM disodium phosphate, 150 mM NacCl) followed four transmembrane helices (residuesl®4) noncovalently
by incubation in the dark at 25C for 18-20 h. associated with a C-terminal fragment consisting of the

Quantitation of Free CysteineReaction of 4PDS with a  remaining three transmembrane helices (residues-398
free cysteine yields 1 equiv of 4-thiopyridone which can be with an added initiator methionine).
detected and quantified by its absorbance at 324 28 ( V8 Digestion and SDSPAGE AnalysisDetergent-solu-
The total free sulfhydryl content of the proteins was blized, purified, and oxidized receptors were incubated in
determined essentially as described by Khorana and co-the dark with 25 ng/mL V8 protease at 2& for 4.5 h.
workers @4). The final reaction contained 0.5% SDS, 25 Alternatively, the oxidized receptors were incubated with
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Table 1: Quantitation of the Sulfhydryl Group in Wild-Type and A FLw FLsy 250 o s B g f%
Mutant Rhodopsins under Denaturing Conditions by Reaction with T _3'65 N ig3d
4PDS e — % —% =% =13 e s
rhodopsin equiv of thiopyridorte no. of Cy$ r oame = = 4 ;
Rho-wt 5.6 (0.2) 6 SR(-5)—» = - M = - -
Rho-SJox 2.8(0.6) 9
Rho-SJrel 9.0(0.2) 9 123456 78910

aThe value given is per mole of rhodopsin and represents the averageFIGURE 2: V8 protease and Western analysis using ConA of mutant
of two or more measurements. The standard error is given in receptors. (A) V8 protease digestion of FL-wt, FL-SJ, and FL-
paranthese$Cysteines present in the receptor not including C110 and 225C,316C after oxidation (pH 7.0, 2&, ON), using 25 ng/mL
€187, which are involved in a native disulfide bond and can only be V8 protease for 4.5 h at 25C. The mobility of an N-terminal
reduced in the denatured sta®5), and C322 and C323, which are  fragment, SR(%5), consisting of residues—1240 is indicated by
palmitoylated 26, 27. cSample was reduced prior to denaturation and the arrow as a molecular weight marker. V8 protease cleaves
analysis by 4PDS. rhodopsin at two sites, removing the seven C-terminal amino acids
and cleaving between the fifth and sixth transmembrane helices,
producing two major fragments ef27 and~13 kDa massg, 28).
The N-terminal~27 kDa fragment generated by V8 protease
digestion of Rho-wt is detected by ConA (lane 2). In contrast, V8
digestion of Rho-SJox results in only a small mobility change (lane
4) which is not observed if the samples are treated with DTT (lanes
7—10). Samples have been treated with V8 protease and/or DTT
as described under Experimental Procedures. (B) Nonreducing
SDS-PAGE and Western analysis of a split receptor with 65C
and 225C as the only cytoplasmic cysteines. The mutant split
RESULTS AND DISCUSSION receptor contains the following mutations: H65C, C140S, C222S,

Q225C, C316S. The split receptor was analyzed after treatment

Five cysteine substitutions were required to create the With the same conditions (pH 7.0, 26, 20 h) used to oxidize the

P . straitjacketed receptor. The absence of a disulfide is demonstrated
straijacketed receptor: H65C, V204C, C222S, Q225C, and by the mobility of the N-terminal fragment mutant receptor which

F276C. Following purification of the straightjacketed mutant, matches that of the wild-type split receptor and is significantly faster
the cysteines were oxidized to form the desired disulfide as than that of a full-length receptor.

described under Experimental Procedures. Under similar

conditions, each of the engineered disulfide bonds has beeracids), consistent with one or more disulfide bonds cross-
shown to form in mutant receptor constructs in which they linking the two major proteolytic fragments (lane 4). In
have been individually studiedl, 12, 18. Therefore, if further support of the presence of disulfide cross-links in
cross-linking in the straitjacketed receptor mimics that Rho-SJox, incubation of Rho-wt and Rho-SJox with DTT
observed in these constructs, then Rho-SJ should contain foufollowed by digestion with V8 protease produced similar
disulfides after air oxidation (termed Rho-SJox). To verify digestion patterns for the two proteins (Figure 2, lanes 8 and
cross-linking in Rho-SJox, the number of disulfide bonds 10).

was determined by quantitation of the free thiols present Although the 4PDS assay indicates that Rho-SJox contains
using 4,4-dithiopyridine (4PDS). Rho-SJ contains 13 cys- the desired number of disulfide bonds, this experiment does
teines, 4 of which are unavailable for reaction: 2 cysteines not address the possibility of incorrect pairing of cysteines,
are linked in the native disulfide 13087, which can only  especially on the cytoplasmic face. For this purpose, a series
be reduced under denaturing conditior&b)( and 2 are of rhodopsin mutants, each containing pairwise combinations

DTT (100 mM, 25°C, 20 h) prior to V8 digestion. The
reactions were quenched by the addition of SIPAAGE
loading buffer containing the protease inhibitor PMSF, and
immediately loaded on a nonreducing SEFSAGE gel and
analyzed by Western blotting using ConA as previously
described 12).

palmitoylated 26, 27). Rho-SJ that was reduced by treatment
with DTT during purification (Rho-SJred) contained ap-
proximately nine free thiols as determined by reaction with
4PDS (Table 1), indicating that the native disulfide bond is
the only disulfide present. In contrast, only 2.8 free thiols

of the cytoplasmic cysteines (C65, C140, C225, and C316)
as the only cytoplasmic cysteines, were examined for
disulfide bond formation. Analysis of these mutants by V8

digestion, Western blotting, and reaction with PDS suggests
that incorrect disulfide pairing of cysteines on the cytoplas-

are detected by reaction of Rho-SJox with 4PDS, consistentmic surface does not occur under the conditions used to

with the presence of all four disulfides after oxidation (Table
1). In addition to the indirect determination of disulfides with

oxidize Rho-SJ. Four rhodopsin mutants were constructed,
each of which contained two cytoplasmic cysteines (140

4PDS, at least one disulfide was directly observed by 316, 225-316, 65-225, or 65-140) which were not

digestion of the oxidized protein with V8 protease followed
by nonreducing SDSPAGE and Western blot analysis
(Figure 2). As illustrated in Figure 1, V8 protease cleaves

expected to cross-link in the straitjacketed receptor. These
mutants were analyzed for disulfide bond formation to assess
the possibility of incorrect disulfide bond formation in Rho-

rhodopsin at two sites, removing the seven C-terminal amino SJ. The results are as follows. 4816: Reaction with PDS
acids and cleaving between the fifth and sixth transmembraneand V8 digestion followed by Western blot of Rho-wt

helices, producing two major fragments o227 and~13
kDa mass §, 28. Nonreducing SDSPAGE and Western
blots of the digests probed with ConA (which binds the

(containing the native cysteines at 140 and 316) indicate the
absence of a 148316 disulfide (Table 1 and Figure 2). 225
316: V8 digestion and Western blot analysis of Rho-225C,-

mannose-containing carbohydrates at glycoslated residue816C (containing C140S, C222S, and Q225C mutations)

Asn2 and Asn15) reveal the N-terminaR7 kDa fragment
for Rho-wt (Figure 2, lane 2). In contrast, V8 protease

produced a cleavage pattern similar to Rho-wt, indicating
the absence of a 22816 disulfide (Figure 2A, lanes 5 and

treatment of Rho-SJox results in only a small mobility change 6). 65-225: Potential cross-linking between 65C and 225C
(corresponding to cleavage of the seven C-terminal aminowas investigated in a split-rhodopsin construct, SR{/b6—
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Ficure 3: Spectra and activity of Rho-SJ. (A) Absorption spectra
of the reduced form (black) and the oxidized form (gray) of Rho-
SJ. (B) Catalysis of exchange of guanosine diphosphate for
radiolabeled guanosing-B-(3-thiotriphosphate) (GTR-3°S) in
transducin was monitored in detergent solution (0.01% dodecyl
maltoside) using a filter-binding assay as has been described
previously @0, 3. Final concentrations were the following:  Ficure 4: Model of the three-dimensional arrangement of the
rhodopsin, 5 nM; transducin, 2:M; GTP-y-S, 3.0uM. Rho-SJox helices of rhodopsin illustrating the four disulfide bonds present in
(circles) and Rho-wt (squares) were assayed after incubation at pHthe straitjacketed receptor. The figure is based on the model by
7.0 and 25°C overnight. Solid symbols, reaction in the dark; open Baldwin et al. @) derived in part from the cryoelectron microscopy
symbols, reaction after exposure to light490 nm, 300 W, for 15 data from Schertler and co-workers) (

s; conditions expected to produce complete bleaching of the
pigment).

Therefore, the reduced activity most likely results from the
amino acid substitutions and not the disulfide cross-links.
It is clear from these data that the straitjacketed receptor
blot analysis of this split receptor showed no cross-linking rea_ldlly undergoe_s the cqnformatlonal rearrangements re-
between the two fragments, confirming the absence of 65 quired _for activation despite the constraint of four d|§ulf|de
cross-links. The distance betweem @toms in a pair of

225 (Figure 2B). 65140: The 65-316 disulfide forms o . ; L
selectively even in the presence of the native cysteine at 140_d|sulf|de-bonded cysteines is7 A. Therefore, the disulfides

; ; o Rho-SJox significantly restrict the relative positions of
(18), suggesting that the incorrect pairing of 65C and 140C n . . )
in Rho-SJox is unlikely. Additionally, treatment of Rho-65C,- the two residues in both the dark and active states of the
140C (a rhodopsin mutant containing H65C, C316S muta- protein. The activity of Rho-_SJox suggests that simultaneous
tions) with 4PDS indicated the presence of 5.3 free cysteinespromm"{y of the cytoplasmic ends of helices 1 and 7, the

in the mutant, and this value did not decrease with extendedcywplasm'(? ends of heI_|ces 3 gnd 5 and the _extracellular
incubation at pH 7.0. Although the number of free thiols ends of helices 5 and 6 is permitted in both active and dark

determined by the PDS assay is slightly less than the states of the protein. Both the extracellular and the cyto-

: : TP lasmic ends of helix 5 are tethered to other helices via
expected six free thiols, it is significantly more than would plasim . - .
be anticipated if disulfide bond formation had occurred (four disulfides in Rho-SJox. A large rigid body helical movement

free thiols). of TM5 is therefore unlikely to be a part of the molecular

. o . o mechanism of activation, unless helices 3, 5, and 6 move in
These data in combination with the determination of the a concerted manner. A similar analysis can be applied to

correct number of disulfides by analysis of Rho-SJox with pgjix 3 which is tethered to helix 5 on the cytoplasmic side
4PDS strongly suggest that the desired disulfide bonds areyy the 146-225 disulfide and is simultaneously tied on the

7)-65C,225C (containing the H65C, C140S, C222S, and
Q225C mutations). Nonreducing SB8AGE and Western

present in Rho-SJox after oxidation. extracellular side near helix 4 via the native disulfide bond
The straitjacketed rhodopsin has a near-wild-type absorp-between residues 110 and 187.
tion spectrum, and although there is a slight4(nm) blue The network of disulfide bonds present in Rho-SJ should

shift observable upon oxidation of the protein, the absorption significantly restrict movement of the helices involved
spectrum of Rho-SJ is very similar in both the oxidized and (helices 1, 3, 5, 6, and 7), and proposed structural mecha-
reduced states (Figure 3). The observation of a characteristichisms of activation can be evaluated in the context of these
absorbance maximum &t500 nm indicates that the disulfide  constraints. Based on site-directed spin labeling and disulfide
bonds do not significantly distort the overall tertiary structure cross-linking, an outward tilt of the cytoplasmic end of helix
of the protein, and that the integrity of the tisretinal 6 has been proposed by Khorana, Hubbell, and co-workers
binding pocket is maintained. to be critical to the mechanism of photoactivatid). (In
Despite the presence of four disulfides, Rho-SJox activatesour cross-linked receptor, the extracellular end of helix 6 is
the G protein transducin in a light-dependent manner with tethered to helix 5, which is in turn disulfide bonded to helix
60% of the specific activity of the wild-type protein (Rho- 3 on the cytoplasmic side (Figure 4). Therefore, our data
wt). The slight reduction in specific activity is most likely suggest that the pivot point of such a tilt must lie close to
due to the amino acid substitutions rather than disulfide bondthe extracellular end of helix 6.
formation since a similar reduction in specific activity has Previous studies using site-directed spin labeling have
been observed in a mutant containing only the C222S andindicated that the side chain of cysteine 316 experiences an
Q225C substitutionsl(). Furthermore, Rho-SJ that has been increase in mobility upon photoactivation and that positions
treated with DTT displays specific activity that is similarly 65 and 316 move apart after photoactivati@B)( We have
reduced relative to DTT-treated Rho-wt (data not shown). previously shown that 316C is involved in a light-dependent
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cross-link with 140C in the presence of the oxidant Cu-
(phen)?*, also suggesting an increase in mobility of this
residue upon photoactivatiof). The activity of Rho-SJox
as well as a rhodopsin mutant containing the—8%6

disulfide (19) demonstrates that although an increase in the

mobility of residue 316 may accompany photoactivation, it
is not arequiremenfor activation. Similarly, light-dependent

changes in the environment of position 140 have been 10.

suggested by site-directed spin-labeling studg).(The
activity of the cross-linked form of Rho-SJ as well as a
rhodopsin mutant containing the 14025 disulfide (0)
suggests that although this residue may experience a change

in environment as a consequence of photoactivation, large 13.

relative movements of the cytoplasmic end of this helix,
especially with respect to helix 5, are not essential to activity.

The construction of constrained receptors such as Rho-SJ
that retain activity allows for definitive statements to be made 15

concerning the requirements for relative movements of
certain regions of the protein during activation. Therefore,

analysis of such straitjacketed receptors can be used in

conjunction with complementary methods to differentiate
regions of the protein that are directly involved in movements
necessary for activation.

The straitjacketed rhodopsin, Rho-SJ, contains two dis-

ulfides on the cytoplasmic surface, which is the region of

rhodopsin that interacts directly with transducin and is 19

expected to exhibit a major portion of the conformational

change upon activation. Surprisingly, these disulfides, either

individually or collectively, exert no inhibitory effect on the
activity of the protein. Although significant movement of

activation, the high specific activity of Rho-SJ hints that the
overall structural changes involved in receptor activation,
particularly on the cytoplasmic surface of the protein, may
be more subtle than originally anticipated, such that they
can be readily accommodated within the conformational
restrictions of multiple disulfides.
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