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ABSTRACT. The conformational changes at the cytoplasmic ends of transmembrane helices 5 and 6 (TMH5
and TMH®6) of thyrotropin-releasing hormone (TRH) receptor type | (FRR1) during activation were
analyzed by cysteine-scanning mutagenesis followed by disulfide cross-linking and molecular modeling.
Sixteen double cysteine mutants were constructed by substitution of one residue at the cytoplasmic end
of TMH5 and the other at that of TMH6. The cross-linking experiments indicate that four mutants, Q263C/
G212C, Q263C/Y211C, T265C/G212C, and T265C/Y211C, exhibited disulfide bond formation that was
sensitive to TRH occupancy. We refined our previous THR1 models by embedding them into a hydrated
explicit lipid bilayer. Molecular dynamics simulations of the models, as weihaslico double cysteine
models, generated trajectories that were in agreement with experimental results. Our findings suggest that
TRH binding induces a separation of the cytoplasmic ends of TMH5 and TMHG6 and a rotation of TMH®6.
These changes likely increase the surface accessible area at the juxtamembrane region of intracellular
loop 3 that could promote interactions between G proteins and key residues within the receptor.

Seven transmembrane-spanning receptors (7TMis) of bis-his Zinc(ll) binding sites9—11), substituted cysteine
stitute the largest membrane protein family in mammalian accessibility 12), and fluorescence spectroscodd{15).
genomes that transduce extracellular signals to cytoplasmicSince different approaches address different structural and
signaling machineries. All 7TMRs appear to share a similar dynamic aspects, it is difficult to compare the conclusions
topological structure. In 2000, the first three-dimensional from these studies directly. Except for rhodopsin, there are
(3D) structure of a 7TMR, that of the inactive state of few 7TMRs that have been investigated with more than one
rhodopsin, was solvedl). However, the molecular details approach.

of rhodopsin conformation during light activation have not  gne of the key questions for 7TMR function is how the
been delineated. Moreover, the structural changes upOninteraction between the agonist and the 7TMR causes
agonist-induced activation of other 7TMRs are poorly activation. It is a general assumption that agonist-induced
defined. _ _ _ transmembrane helix movement alters the conformation of
Several biochemical and biophysical approaches have beenpg cytoplasmic surface of the receptor that interacts with
used to attempt to understand the molecular mechanism OfG-protein. A number of studies support a key role of the
activation of 7TMRs. These include electrqn paramagnetic 4omain including intracellular loop 3 (ICL3) in coupling to
resonance (EPR) spectroscopy—), cysteine scanning g proteins {6-28). In particular, residues within the amino-
mutagenesis and disulfide cross-linkirig8), construction g4 carhoxyl-termini of the ICL3 loops play important roles.
However, a consensus recognition motif for G protein
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conformation of residues 261and 262, and residues from 218137) were substituted with Ala. 4) The endogenous cysteine
to 225. In fact, using molecular modeling of several onICL3 (Cys-253) was substituted with Ser. These constructs
constitutively active mutants, we previously proposed a were made by overlap PCR utiliziigcoR1 andNotl sites.
model in which activation of TRHR1 releases constraints C9i3X-7C has seven free endogenous cysteines, all of which
between TMH5 and TMH6 that increases the distances are in the transmembrane helices (TMHSs). Substitution of
between the cytoplasmic ends of TMH5 and TMH6, and Cys-100 and Cys-157 (Cys-100/157) of C9i3X-7C to Ala
leads to Gq activation3(Q). resulted in a mutant referred to as Cl1. C4 was from

In this report, we attempt to gain further insight into the Substitution of Cys-36 and Cys-157 (Cys-36/157) of C9i3X-
molecular mechanism of TRHR1 activation induced by its ~ 7C to Ala. C8 was from substitution of Cys-36/100 of C9i3X-
natural agonist, thyrotropin_re|easing hormone (TRH) We 7C to Ala. C9i3X-3C was from substitution of Cy5'62/114/
specifically studied the conformational changes at the 305/308 of C9i3X-7C to Ala. Sixteen double-cysteine
cytoplasmic ends of TMH5 and TMH6. Since models are Mutants were from substitutio_n of two residues of C9i3}(-
helpful to better understand and interpret experimental results,3C to Cys. Each double-cysteine mutant was from substitu-
and could provide further testable hypothest®,(we used tions of one residue out of Leu-210-Phe-213 (TMH5) and
a combination of experimental and modeling approaches. Inthe other out of GIn-263-Lys-266 (TMH6). These mutants
our experiments, we used cysteine-scanning mutagenesigvere made using QuikChange site-directed mutagenesis kit.
followed by disulfide cross-linking 32—34) to monitor Al constructs were verified by DNA sequencing.

conformational changes. Cell Culture and TransfectiortHEK 293 EM cells 86)
were grown in DMEM containing 10% fetal bovine serum.
EXPERIMENTAL PROCEDURES For receptor binding and reporter gene assays, cells were

seeded in 24-well cell culture plates (60,000 cells/well) on

Materials [*H][methyl-His]TRH (PH]MeTRH) was pur-  the day before transfection. For Western blotting and
chased from NEN Life Science Products (Boston, MA). disulfide cross-linking assay, cells were seeded in 10-cm cell
Restriction endonucleases, Vent DNA polymerase and culture dishes at 5 10P cells/dish 2 days before transfection.
deoxynucleotides were obtained from New England Biolabs, Cells were transfected with calcium phosphate. For reporter
Inc. (Beverly, MA). Cell culture media, sera and oligonucle- gene assays, transfection was withgimL of plasmid DNA
otides were from Gibcol/Life Technology (Grand Island, NY) encoding the desired TRHR1 gene, ]_‘ug/mL pFR—Luc
Bovine factor Xa andN-ethylmaleimide (NEM) were from  and 1ug/mL pFA2-CREB. For other experiments, transfec-
Pierce Endogen (Rockford, IL). n-Dodegyimaltoside was  tion was with 1ug/mL of receptor plasmid alone. Binding
from Anatrace (Maumee, OH). 1D4 antibody was supplied and reporter gene assays were performed after 24 h and the
by the National Cell Culture Center (Mineapolis, MN). other experiments after 48 h.
Horseradish peroxidase-conjugated goat anti-mouse antibody, Receptor Binding Assainding experiments were carried
anti-biotin antibody and biotinylated protein markers were out in buffer with cells in monolayer fol h at 37°C as
from Cell Signaling Technology (St. Louis, MO). Enhanced described37). The concentrations offijMeTRH were 0.1
chemiluminescence Western blotting detection reagents andio0 nM for saturation binding or 2 nM for competition
CNBR-activated sepharose were from Amersham Pharmaciapinding. Inhibitory constants<) for TRH were derived from
Biotech (England). Complete EDTA-free protease inhibitor competition binding experiments using the formila=
cocktail tablets were from Roche Diagnostics (Mannheim, (1Cs)/(1 + ([L]/Kq)), where 1Go is the concentration of
Germany). The mammalian expression vector pcDNA3.1- ynlabeled TRH that half-displaces specifically bound
(+) was from Invitrogen (Carlsbad, CA). Plasmids for [3H]MeTRH andKgis the equilibrium dissociation constant
reporter gene assays, pFRuc and pFA2-CREB (PathDetect  for [3H]MeTRH. Kg4s were obtained by saturation binding.
In Vivo Signal Transduction Pathwayans-Reporting Sys-  Curves were fitted by nonlinear regression analysis and
tem) and QuikChange site-directed mutagenesis kit weredrawn with the PRISM program (GraphPad Inc.).
from Stratagene (La Jolla, CA). DNA purification reagents  Reporter Gene AssayCells in 24-well plates were
were from Qiagen (Hilden, Germany). TRH, Luciferin, and  transfected and afites h fresh media with 1% serum was
other chemicals were from Sigma (St. Louis, MO). All  added. After an additional 18 h, cells were washed with PBS
reagents were analytical grade. C9 peptide (NH2-TETSQVA- and lysed with 0.5 mL of lysis buffer (25 mM GlyGly, pH
PA-COOH) was synthesized and verified using mass spec-7.8: 15 mM MgSQ-6H,0; 4 mM EGTA; 1 mM dithiothrei-
trometry. DNA sequencing was performed by Cornell tol; 1% Triton X-100). Cell lysates (0.025 mL) were
BioResourceCenter. combined automatically with 0.125 mL reaction buffer (25

DNA ConstructsThe cDNA encoding mouse TRHR1 mM GlyGly, pH 7.8; 15 mM MgS@6H,0; 4 mM EGTA;
was in the mammalian cell expression vector pcDNA3.1- 1 mM dithiothreitol; 15 mM KHPQy; 2 mM ATP) and 0.025
(+). C9i3X-7C was constructed in four steps. 1) The C9 mL luciferin (0.4 mM) in reaction buffer and the lumines-
sequence with a diglycine linker (NH2-GGTETSQVAPA- cence was measured for 10 s in a TR717 Microplate
COOH) was inserted into the C-terminus of MTRR1. The Luminometer (Tropix, Bedford, MA).
original residues 384393, including Cys-388, were re- Cell Lysis Cells were washed with ice-cold PBS buffer
moved. Cys-335/337 were mutated to Gly by a single step 48 h after transfection. One milliter of lysis buffer (1%
PCR using pCDM8mTRHR1-C335/337G 85) as the n-dodecylg-maltoside (DM) in 50 mM Tris-Cl, pH 8.0 with
template, and subcloned into pcDNA3H)(usingEcaR1 and 100 mM (NH,).SOy, 10% glycerol (v/v) and Complete©
Not sites. 2) Two factor Xa sites (IDGRIEGR) were inserted EDTA-free protease inhibitor cocktail tablets (1 tab/25 mL))
in tandem between Ala-249 and Thr-250 of ICL3 of the was added per 10-cm dish. The cells were removed using a
previous construct. 3) The two cysteines on ICL2 (Cys-128/ cell scraper, transferred to eppendorf tubes, and incubated
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for 30 min on an end-over-end rocker at@. The lysate multimager and Quantity One software version 4.2.1. A

was then spun at 15,000Xg to remove insoluble debris. In global algorithm was chosen to subtract the background.
the experiments with TRH-occupied receptors, cells were Using both the C-fragment band of the pre-made C9i3X-7C
rinsed once with ice-cold PBS. PBS containing 100 TRH samples and the 20.5 kDa band of biotinylated protein
was added to 10 cm dishes (5 mL per dish), and incubatedmarker, a linear range of densities for the blotting and

for 4 h at 4°C, and then lysed as above. In these lysates, detection system was predetermined for the c9-tagged
100 uM TRH was also added to lysis buffer. C-fragment band of TRHR1. Any sample would be

Disulfide Cross-Linking with Cu-Phenanthrolin®ne neglected if the density of the C-fragment band exceeded
milliliter of freshly prepared cell lysate was brought to room the linear range. The quantification of the percentage of
temperature and mixed immediately with Z0 of a fresh disulfide cross-linking was calculated using the formula
preparation of Cu(ll)-1,10-phenanthroline (5 mM Cu&od
15 mM phenanthroline). The reaction was carried out at room Percentage of disulfide cross-linkisg
temperature for 30 min (or indicated otherwise). The mixture DCE . . — DCE _
was then mixed with 4@L of stop reagent (freshly prepared reducing nonreducing
250 mM EDTA/250 mM NEM), and kept on ice for 1 h DCFegucing
before immunoprecipitation.

Immunoprecipitation and Elution1D4 antibody was  where DCRgucingiS the density of the C-fragment band under
coupled to CNBR-activated sepharose~dt mg/mL. One reducing condition, and DGFeducingiS the density of the
milliter of freshly prepared cell lysate or cell lysate treated same band under nonreducing condition.
with Cu-phenanthroline was mixed with/& of 1D4-beads Molecular Modeling The simulations were carried out
and incubated overnight at°€ on an end-over-end rocker.  with the all-atom PARAM 22 force field38) of CHARMM27
After removing the supernatant, the beads were washed onc€39), which includes phospholipidstQ) and TIP3P water
with buffer A (0.1% DM in 50 mM Tris, pH 8.0 containing  potentials 41). The nonbonded list was generated using an
100 mM NaCl pH 8.0) and twice with buffer B (0.1% DM  atom-based cutoff of 12 A. Constant dielectric of 1 was used
in contained 50 mM Tris, pH 8.0 containing 100 mM NaCl for electrostatic interaction. Both the electrostatic and van
and 6 mM CaG)). Buffer B was the factor Xa reaction buffer der Waals interactions were smoothly switched from 8 to
plus detergent (0.1% DM). The samples were kept &4 11 A. The switching function was applied only to the force
throughout the steps. The beads were then carefully removedand the energy was evaluated as the integral of the force.
from wash buffer and mixed with 30L of elution buffer The SHAKE @2) algorithm was used to fix the length of
(250 uM C9 peptide in buffer B). After incubation for 2 h  all bonds involving hydrogen atoms. A time step of 0.002
at RT, the eluate was separated from 1D4-beads. All the ps was used. The simulations utilized the parallel version of
contaminants (protease inhibitors, Cu-phenanthroline, NEM CHARMM and generated approximately 0.25 ns trajectory
and EDTA) that would interfere with factor Xa digestion per day on 16 Athlon processors of the NIH Biowulf/Lobos3
were removed during this process. cluster with Myrinet connections.

Factor Xa DigestionThe eluted samples (34 /10-cm Initial TRH—R1 Structure The initial TRH—R1 model
dish) were incubated with &L of factor Xa at RT for 4 h. was previously constructed by Colson and colleag3€s (
Each sample was divided into two aliquots. The reactions 43). In this model, N-terminal residues-29, ICL3 residues
were terminated by adding 1/4 volume of 5-fold Laemmli 226—-260, C-terminal residues 33893 were removed. As

x 100%

sample buffer. One aliquot contained extra 1%Se¥IE in it became apparent that TMH1 was not long enough to span
the final mixture. The samples were heatedZd at 50°C the lipid bilayer, we expanded the range of TMH1 to include
before loading to SDSPAGE gel. residues 2652. The new TMH1 structure was generated

Western Blotting Equal volumes of two aliquots of the as described indd). The TRH-R1 model with the modified
same sample were loaded onte B5% Precast gels (Bio- TMH1 was minimized using the CHARMM program.
Rad) with Prestained (precision, Bio-Rad) or biotinylated = Construction of Unoccupied TRHR1/Lipid/Water System
protein markers (Cell Signaling). After electrophoresis, The initial receptor and hydrated lipid bilayer system was
proteins were electroblotted onto nitrocellulose membrane constructed using a procedure that was developed by Woolf,
(0.2um) (Bio-Rad) by running at 20 V overnight in the Bio- Roux and colleagues4%—47). In brief, TRH-R1 was
Rad transferring buffer at 4C. Subsequent steps were positioned so that the axis of the helical bundle was oriented
performed at RT. Membranes were blocked with blocking perpendicular to the membrane-solution interface in a vertical
buffer (10% nonfat dry milk in PBS containing 0.1% tween- position that left the extracellular and intracellular loops in
20) for 1 h. Membranes were rinsed once with PBS/0.1% contact with the bulk water and the transmembrane helices
tween-20 (PBST), and incubated with primary antibody (1D4 in contact with the lipid acyl chains. The membrane normal
antibody, 1ug/mL in blocking buffer) for 1 h. After three  was oriented along theaxis, and the center of the bilayer
washes with PBST, membranes were probed with horseradistwas set az = 0 A. Dimyristoylphosphatidylcholine (DMPC)
peroxidase-conjugated secondary antibodies (goat anti-mousenolecules were selected randomly from a preequilibrated and
IgG (1:3000) and goat anti-biotin IgG (1:1500) in PBST) prehydrated conformer library$, 48 and placed around
for 40 min. After stringent washes of the membrane with the receptor. Initial positioning of DMPC, removal of bad
PBST, antibody-associated proteins were visualized usingcontacts between individual molecules (lipids, receptor and
an enhanced chemiluminescence detection kit. The signalswater) and construction of the remaining bulk water were
were detected using KODAK BioMax-ML films. achieved as described in previous studis{47). The entire

Quantification of Western BlatJ he films were digitized system was built in a hexagonal unit cell. The dimensions
and the bands were quantified using a Bio-RAD fluoS of the hexagonal unit cell were set tecb=62 A andc =



2422 Biochemistry, Vol. 44, No. 7, 2005 Huang et al.

@ Native cysteines remained
Native cysteines mutated
@ Residues mutated to cysteines

C9 epitope tag
Ficure 1: 2-D topology of mMTRH-R1 construct: C9i3X-7C. C9 epitope tag is linked to Ser-383 of C-terminus with two glycine residues.
Two factor Xa sites (IDGRIEGR) are inserted between Ala-249 and Thr-250. Five endogenous cysteines (light shade) were substituted:
Cys-335 and Cys-337 of C-terminus to Gly; Cys-128 and Cys-137 of ICL2 to Ala; Cys-253 of ICL3 to Ser. Seven endogenous free cysteines
remain in the TMHs (dark shade): Cys-36 (TMH1), Cys-62(TMH2), Cys-100 and Cys-114 (TMH3), Cys-157 (TMH4), Cys-305 and
Cys-308 (TMH7). The residues in squares constitute the transmembrane binding pocket for TRH.

92 A, which led to 23 DMPC molecules per layer and stage, NOE restraints corresponding to identified TRH
4400 water molecules. This setup warranted about threebinding pocket interactions were applied and gradually the
DMPC molecules between the receptor and any of its Six rp. was reduceda 3 A during the dynamics simulation.
mirror images. The final system consisted~23000 atoms. The restraintsKmax = 50 kJ/mol/&, Knin = 10 kd/mol/&)

The temperature of the system was set to 310 K, above theincluded: 1) the ring carbonyl group of pyroGlu of TRH to
gel-liquid-phase transition temperature of DMPC (296.9 K) the hydroxyl group of Tyr-106; 2) the ring-N\H of pyroGlu
(49). Periodic boundary conditions were applied during the of TRH to the side chain carbonyl of Asn-110; 3) the terminal
simulations. A multistep procedure to relax the lipid bilayer carboxamide of ProNH2 of TRH to the guanidinium group
and water was also performed following the procedure of of Arg-306; 4) the side chain ring of His of TRH to side
Woolf and Roux. An additional equilibration run of 800 ps  ¢hain ring of Tyr-282. The second stage simulation was run
was carried out in the microcanonical ensemble (NVE). o 2 ns. At the end of the simulation, TRH and the binding

Constant pressure simulation would be more desirable; h,cket were similar to the structure that was constructed
however, at this stage the NVE ensemble was chosen to aVO'Cgreviously @4, 50.

possible difficulties due to the significant pressure anisotropy i . i N
and possible inhomogeneity of the simulation cell. Generating Initial Conformations Based on Disulfide
Construction of TRH-Occupied TRHRL/DMPC/Water Cross-Linking Expenmen_tQ’he disulfide cross-linking data
. of the four double-cysteine mutants were used to further
SystemThe system of TRH-occupied TRHR was constructed =~ . o . . .
refine the initial conformations. NOE restraints were applied

from the unoccupied system. A two-stage restrained molec- .
. - to the distances betweencarbons of GIn-263/Gly-212, GIn-
lar d d to place TRH in the t b ’
uiar dynamics was used 1o place TisH In e fransmemorane, oo . 511, Thr-265/Gly-212 and Thr-265/Tyr-211. The

binding pocket. In the unoccupied model, the side chain of . .
lle109 was approximately in the middle of the crevice in CEMter of the distance restraints were (10.2 A, 11.0 A, 13.8

which TRH would be positioned in the occupied mod&t ( A 138 _A) and (18.5 A, 17.5 A 131 A, 131 A) for
50). Therefore, initially thed-carbon atom of 1le109 was unoccupied or TRH-occupied model, respectively. The
fixed, and the TRH molecule was manually placed in the widths of the NOE restraints were 2 A. The force constants
extracellular space. A nuclear overhauser enhancementKmaxandKmi) were 5 kd/mol/ Afor 500 ps MD simulations,
(NOE) distance restraint as encoded in CHARMIN}{ = and then reduced to 1 kJ/mol?£or additional 500 ps MD

50 kJ/mMol/&, Kinin = 10 KI/Mol/&, max= 36.5 A, rmin = 2 simulations. Although the values chosen for distance re-
A) was applied between the pyroGlu group of TRH and the straints were rather arbitrary, they did reflect the experimental
fixed carbon of 1le109 during the first 20 ps of molecular results. We expected that subsequent MD simulations without
dynamics simulation (NVT, £310 K). For every subsegeunt any restraint would generate trajectories that were not
20 ps of simulation;mawas reduced by 1 A. This simulation ~ strongly dependent on the exact values. The restraints
progressively pulled the TRH into the binding pocket. After corresponding to TRH binding pocket interactions were kept
600 ps of simulation, the restraint on thecarbon atom of ~ on throughout this 1 ns simulation for the TRH-occupied
Ile109 and the NOE restraint were released. In the secondmodel.
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Molecular Dynamic Simulation without Restrainto (A) 8005
examine the correlation between the models and experiments, ]
unrestrained molecular dynamics simulations of 5 ns were
performed on each model using NVT ensembles at 310 K.
These simulations would allow us to find stable conforma-
tions for each model, which would help evaluate the refined
models. Five ns is relatively long compared to similar studies
reported previouslyH1, 52 but are not long compared to
the time needed to change rhodopsin conformation (see
Discussion). They should, nevertheless, provide good sam-
pling. Structures were saved every 0.5 ps to generate two 10 9 8 7 6 -5
trajectories of 10000 snapshots each. For each model, the
four Ca-Co distances mentioned above were calculated
throughout the 5 ns trajectory. Within the initial 500 ps, the (B) 80000~ I
distances changed from the initial value and stabilized 1
progressively. Therefore the first 500 ps were not considered
and distance distributions were calculated using the last 4.5
ns of the trajectories.

Modeling of the Four Double-cysteine Mutan®epre-
sentative structures of unoccupied and TRH-occupied model
(at 2.5 ns) were chosen for silico mutagenesis, to generate 20000
the double-cysteine mutation models: Q263C/Y211C, Q263C/ 1
G212C, T265C/Y211C and T265C/G212C. The mutations
were performed using the software Insight Il (Accelrys, San °_' ' ] T T T ]
Diego). A 100-step Adopted Basis NewtoRaphson (ABNR)

energy minimization was applied to resolve bad contacts . 5. The TRH-RL mutant. C3X.7C. has similar oh
i~oFIGURE 2: The TRH-R1 mutant, C9i3X-7C, has similar pharma-
caused by the replacement. Further molecular dynamlCscological properties to TRHR1. (A) Competition binding. The

simulations  of th_ese 8 new models were performed 10 Kis of TRH are 21+ 6 nM for TRH-R1 (filled squares) and 20
generate 5 ns trajectories for each model. The first 500 ps+ 7 nM for C9i3X-7C (filled circles). (B) Signaling. TRHR1

segment was discarded assuming this was the time for(filled squares) and C9i3X-7C (filled circles) show low basal
equilibration. Distance distributions of carbons and sulfur ~ activity, similar efficacy and EC50 (0.4 0.1 nM and 0.4+ 0.1

; ; nM). Results are expressed as meaSEM of assays performed
atoms of th_e cysteine pairs were calculated for the last 45 triplicate in a representative experiment.
ns trajectories of the eight models.

Data AnalysisAll nonlinear regression fits and histograms  Cy(l1)-phenanthroline, as shown in the two lanes on the left,
of distributions were performed using the program Prism the density of the C-fragment band was reduced under the
(GraphPad). The distances and RMSD (root-mean-squarenonreducing condition, consistent with disulfide bond forma-
deviation) calculation for the model were performed using tion between endogenous cysteines in TMt5land TMH6-

600 3

400

Bound [°H]MeTRH (dpm)
(2]

200+

60000

Luc (RLU)

40000

TRH(log M)

the software CHARMM. 7. However, the band corresponding to the holoreceptor
appeared to aggregate under oxidizing conditions and was
RESULTS seen as a smeared band with higher apparent molecular

weight. In support of this idegi-ME reduced a majority of

Disulfide Cross-Linking of Endogenous TMH Cysteines the aggregate to monomeric receptor (Figure 3C). Therefore
C9i3X-7C, in which Cys residues within ICLs were replaced disulfide bonds between TMHI5 and TMH6-7 can be ’

and the highly conserved Cys pair (Cys-98 and Cys-179) .

that forms a disulfide bond between the first and the second'gguiego'/s'tr%c? we f(r)]ugd disulfide b?mlj Iorma:)tlcin ats ;mn q
extracellular loops (ECLs) was retained, was constructed.( 6) that reached an apparent plateau between 5 an

. 0 :
C9i3X-7C contained 7 free endogenous Cys residues (Figure30 min (43 5%) apd treatment for 60 min or longer cau_se_d
receptor degradation, we used cross-linking for 30 min in

1). TheK; of TRH binding to C9i3X-7C was indistinguish- I sub !
able (20« 7 nM) from TRH-R1 (21+ 6 nM) (Figure 2A). all su sequgnt expenments. ) )

C9i3X-7¢ and TRH-R1 exhibited similar signaling proper- To determine which Cys residues cr_oss—llnked to Cys-305/
ties with the same EC50 of 0 0.1 nM (Figure 2B). We 308, three mutant receptors, C1 (lacking Cys-100 and -157),
determined whether any of the endogenous Cys residuesC4 (lacking Cys-36 and -157) and C8 (lacking Cys-36 and
within TMH1—5 could form disulfide bonds with those in  -100) were studied. Mutants of Cys-62 and Cys-114 were
TMH6—7. C9i3X-7C solubilized from transfected cells Not constructed because our model predicted they were too
appeared as 2 bands on SEISAGE by Western analysis ~ far apart to cross-link25) and their inability to be involved
with 1D4 antibody (Figure 3A). The lower band represents i cross-linking cpnflrmed because there was no cross-linking
intact monomeric C9i3X-7C while the upper band most in C4 and C8 (Figure 4). The percentage for C1 {3@%)
likely represented receptor oligomers. The density of the IS similar to that of C9i3X-7C (42 2%). Thus, only Cys-
upper band is much lower than that of monomeric receptor. 36 (TMH1) can form a disulfide bond with Cys-305/308
As expected, treatment with factor Xa yielded a single band (TMH7).

of ~20 kDa, which is consistent with the C9-tagged Disulfide Cross-Linking of Engineered Cysteines at the
C-fragment (Figure 3B). When the sample was treated with Cytoplasmic Ends of TMH5 and TMH®o study disulfide
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Ficure 3: Endogenous cysteines in C9i3X-7C form disulfide
bonds. (A) C9i3X-7C expression sample (right lane) and mock
transfected sample (left lane). A major band corresponding to
monomeric receptors (565 kDa), and a minor band of oligomeric
receptor & 120 kDa) were specifically detected. The barnd.Q0
kDa) was nonspecific. (B) Endogenous cysteines within TMH1
formed disulfide bonds with Cys-305/308 of TMH7. The difference
between the densities of C-fragment band2@ kDa) between lane

1 and 2 indicated that under the nonreducing condition, a portion
of C-fragment was disulfide linked to N-fragment. Lanes 3 and 4
served as a control for oxidation, where there was minini&p)

of cross-linking. (C) Reduction of oxidation-induced aggregation
of intact receptors.
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Ficure 4: Cys-36 (TMH1) cross-links to Cys-305/308 (TMH7).
Cross-linking was significant only when Cys-36 was present. C1
lacks Cys-100 and Cys-157. C4 lacks Cys-36 and Cys-157, and

C8 lacks Cys-36 and Cys-100. Error bars indicate standard errors.

Table 1: The Potencies of TRH (nM) for the Sixteen
Double-Cysteine Mutants

TMH6 mutation

TMH5

mutation  none Q263C V264C T265C K266C

none 12 (5) 93 (11) 2200 (700) 74 (13) 62 (22)
L210C 16 (3) 36 (7) 3000 (500) 37 (5) 110 (40)
Y211C 340 (60) 3000 (800) 5000 (1000) 1300 (200) 710 (80)
G212C 140 (30) 1700 (400) 1300 (300) 1300 (300) 70 (20)
F213C 7(1) 300(80) 1700 (600) 13 (3) 18 (4)

2 The data represent the mean (SEM) of triplicate determinations in
two independent experiments.
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Ficure 5: Disulfide cross-linking of the double-cysteine mutants.
The upper panel is a representative experiment. The lower panel

represents quantification over five independent experiments. The
dotted-line (7%) represents the threshold for disulfide formation.
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Phe-213 at the cytoplasmic end of TMH5 and another from
GIn-263 to Lys-266 at the cytoplasmic end of TMH6 were
mutated to Cys. All of these mutant receptors responded
maximally to TRH but their potencies for TRH were, in
general, lower than those of C9i3X-3C and TRR1 (Table

1). The disulfide cross-linking result for four double-cysteine
mutants, Q263C/L210C, Q263C/Y211C, Q263C/G212C, and
Q263C/F213C in the absence or presence of saturating dose
of TRH are shown in Figure 5A. Cys-263 of TMHG6 cross-
linked more with either Cys-212 or Cys-211 of TMH5 than
with Cys-210 or Cys-213, and this cross-linking was inhibited
by TRH.

With unoccupied T265C/L210C, T265C/Y211C, T265C/
G212C and T265C/F213C there was significant cross-linking
whereas with TRH occupancy T265C/Y211C and T265C/
G212C showed significant increases in cross-linking from

Each number is obtained from three independent experiments. Thel0 £ 2% to 21+ 3% and from 10+ 3% to 20+ 5%,

dotted-line (7%) represents the threshold for disulfide formation.

cross-linking at the cytoplasmic ends of TMH5 and TMHS6,

respectively. In contrast, cross-linking in T265C/L210C and
T265C/F213C was minimally increased by TRH fromt4
6% and 10+ 5% to 13+ 5% and 13+ 4%, respectively. In

C9i3X-3C, in which the only remaining endogenous free Cys summary, Cys265 of TMH6 was unlikely to form a disulfide
residues are Cys-36, Cys-100 and Cys-157, was constructedhond with any of the four cysteines of TMH5 in the absence
as the template upon 16 double-Cys mutants were made. Inof TRH but TRH occupancy led to cross-linking in T265C/
each mutant, one residue of the sequence from Leu-210 toY211C and T265C/G212C.



Activation of TRH Receptor Biochemistry, Vol. 44, No. 7, 20082425

(A) 0157 —o— C36-C308 (D)
—%— C100-C305
—a— C157-C305

—T— Q263-G212
—0— Q263-Y211
—&— T265-G212
—v— T265-Y211

0.124

0.09

Probabilities
Probabilities

Sulfur-sulfur distances (A) CB-CB distance (A)

(B) —0— Q263-G212 (E) o325 —8— Q263-G212
—0— Q263-Y211 0.20 —e— Q263-Y211
] —~— T265-G212 H —— T265-G212
= —v— T265-Y211 Z 015 —— T265-Y211
o -y .
] ©
2 2
2 [
o [-N
24 6 9 12 15 18 21 24
Ca-Ca distance (A) CB-Cp distance (A)
(C) 0257 —=— Q263-G212
3 —e— Q263-Y211
w 020
o 1 —— T265-G212
Z 0153 —*— T265-Y211
F- R
a .
2 ]
© 0.10]
[« 8
0.05
0.00

6 9 12 15 18 21 24
Ca-Ca. distance (A)

Ficure 6: TRH—R1 models are consistent with experimental results. The distances between corresponding atom pairs were measured and
histograms were calculated with bin site of 0.2 A, from the 4.5 ns trajectories (9000 structures). (A}-Sulfur distance distribution of

the unoccupied receptor model. (Bpo distance distributions of the unoccupied receptors model. (G& distance distributions of

the TRH-occupied receptor model. (DPS distance distributions of the unoccupied receptor model. The coordinates of the corresponding
hydrogen linked to the alpha carbon of Gly-212 was used as a surrogateS{€} @istance distributions of the TRH-occupied receptor

model.

For V264C/Y211C, V264C/G212C, and V264C/F213C, Comparison between the Refined Models and the Disulfide
cross-linking was not significant in the absence or presenceCross-Linking of Endogenous Cysteindge compared the
of TRH. For V264C/L210C, cross-linking was low and there distance distributions of the Cys residues in the model,
was no response to TRH. The last four double-cysteine calculated from the sulfursulfur distances of Cys-36 to Cys-
mutants, K266C/L210C, K266C/Y211C, K266C/G212C, and 305/308, Cys-100 to Cys-305/308 and Cys-157 to Cys305/
K266C/F213C, did not exhibit cross-linking in the absence 308 (Figure 6A) and the experimental results of disulfide
or presence of TRH. bond formation. The distances indicate that Cys-36 is the

previous TRH-R1 model that TRH induced separation of 308. The combination of the experimental and modeling
TMH5 and TMH6 at their cytoplasmic ends3@) was approaches confirmed the close proximity between Cys-36

consistent with our disulfide cross-linking experiments. (TMH1) and Cys-305/308 (TMH7) of TRHR1 (54).
However, the hierarchy of &Ca distances of the model Comparison of the Models of TRHR1 and the Disulfide
was not in agreement with experimental results. The dis- Cross-Linking of the Double-Cysteine Mutantge calcu-
crepancies might have been because HRH was simulated  lated the distance distribution af carbons of the corre-
with an effective dielectric constant intended to represent sponding residue pairs in the TRHR1 model. Based on a
the effect of the lipid. The recent development of models of survey of structurally determined proteins, thet G-Ca
membrane proteins in explicit lipid bilayer§3) suggested  distance of two Cys residues that form a disulfide bond is
that our TRH-R1 would be improved by embedding itin a between 3.6 and 6.8 &5). However, disulfide cross-linking
realistic environment of an explicit lipid bilayer and water. has been demonstrated between Cys residueswgtirbons
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15 A apart in the X-ray structure of the-galactose similar to those for corresponding wild-type models (Figure
chemosensory receptdsf). In the same study, the mono- 6B, C). These findings suggest that the double-cysteine
tonical correlation between the percentages of disulfide cross-mutations did not cause significant conformational changes
linking and the @-Ca. distances was also established. From at the cytoplasmic ends of TMH5 and TMHG6. Notable
the 4.5 ns trajectories of unoccupied and TRH-occupied differences were found in the mutant models of unoccupied
TRH—R1 models, the distributions of C—Ca distances Q263C/Y211C. For the Q263C/Y211C model, the unoc-
displayed a hierarchy of&Co distance distributions of GIn-  cupied receptor displays a wideoCa distance distribution.
263/Tyr-211< GIn-263/Gly-212< Thr-265/Tyr-211< Thr- The significance of these exceptions and their relationship
265/Gly-212 in the model of the unoccupied receptor (Figure to apparent potencies of TRH for corresponding double-
6B). Disulfide cross-linking indicated a hierarchy of GIn- cysteine mutants are not easily interpretable.

263/Gly-212< GIn-263/Tyr-211< Thr-265/Tyr-211= Thr- The distance distributions of the sulfur atoms of the Cys
265/G|y'212, which is generally consistent with the model pairs are shown in Figure 8. TRH occupancy caused the
except that the experiment suggested Gly-212, instead of Tyr-gjstribution to shift to the right for both Q263C/Y211C and
211, is closer to TMH6. For the TRH-bound TRi#R1, both  Q263C/G212C models, which correlates well with the
experiments and models (Figure 6C) indicated the sameexperimental results that TRH causes decreases of disulfide
hierarChy of the @-Ca distance distributions of Thr-265/ Cross-"nking of these two doub|e-CyS mutants (Figure 8A)
Tyr-211 < Thr-265/Gly-212< GIn-263/Tyr-211< GIn-263/  Although TRH occupancy does not shift the average suifur
Gly-212. sulfur distance of T265C/Y212C, it causes a wider distribu-
Ca-Co distances partly reflect interhelical arrangements tion (Figure 8B) that is consistent with increases in disulfide
that are determined by the backbone structure of the heliceshond formation. The sulfursulfur distance distributions of
The @3-Cp distances, on the other hand, depend on side T265C/G212C are not in agreement with experimental
chain orientations, which are more relevant to disulfide cross- results, as shown with the TRH-induced right shift of the
linking. The G3-Cp distances were calculated for unoccupied distribution for the model and apparent increasing in disulfide
(Figure 6D) and TRH-occupied models (Figure 6E), respec- hond formation in the experiments. This discrepancy has also
tively. The coordinates of the hydrogen correspondingffo C - peen revealed in the analysis afiCa. distance distributions
of Gly-212 were used as a surrogate during the calculation. of the wild-type model (Figure 6). These results suggest that
For the unoccupied model, the notable difference is that the the actual structure of TRHR1 with regard to the relative

distance distributions of GIn-263/GIy-212 and GIn-263/Tyr- pOSitiOﬂS of Tyr-211 and G|y_2_’]_2 are not well represented
211 are indistinguishable. This indicates that thearbon in the models.

of Tyr-211 is closer to TMH®6 than that of Gly-212, but Gly-
212 is pointed more directly to TMH6 than Tyr-211. The DISCUSSION
difference between the distance distributions of Thr-265/Gly-
212 and Thr-265/Tyr-211 is also smaller, which also fits ~ In the present study, we used Cys-scanning mutagenesis
better with the experiment. For the occupied model, tie C  and disulfide cross-linking to directly probe conformational
Cp distance distributions are similar to those ofi-Ca. changes at the cytoplasmic ends of TMH5 and TMH6 during
except for the distance difference between Thr-265/Gly-212 TRH—R1 activation. The TRHR1 molecular models were
and GIn-263/Tyr-211. This difference also fits the experi- refined in explicit lipid bilayers and water solvent with initial
ments better. It is clear that thg8@Cp distance distributions ~ restraints derived from experimental results. Relaxation and
are more consistent with cross-linking results. equilibration of the refined models using 5 ns molecular
The average G-CB distance of Thr-265/Tyr-211 is dynamics simulations resulted in trajectories that were in
reduced by 0.8 A by TRH binding, which is consistent with MOst aspects in agreement with experimental results as were
TRH-induced increase in disulfide cross-linking of Q265C/ MD simulations ofin silico double-Cys mutant models.
Y211C. However, the average3ecs distance of Thr-265/  Disulfide cross-linking approaches have been used previously
Gly-212 is increased by 0.9 A by TRH binding, although to study the activation process of rhodopsin $8 and m3
the cross-linking is increased. As the disulfide formation is muscarinic receptorsg). Nevertheless, to our knowledge,
influenced by both the average distance and distancethis is the first StUdy of 7TMR activation using a combination
distribution, the wider distribution of Thr-265/Gly-212 inthe ~ of disulfide cross-linking and molecular modeling of wild
TRH-occupied model provides a mechanism to interpret the type and mutant receptor models embedded in hydrated lipid
experimental results. In fact, all of the distances demonstratedbilayers.
a wider distribution in the TRH-occupied model. This is Our implementation of disulfide cross-linking was similar
consistent with the general idea that activated 7TMRs are to the studies of the m3 muscarinic recepfarg). However,
more structurally flexible than inactive ones7j. Overall, several modifications were made to reduce variations in the
the refined models are more consistent with experimental results. For example, by dividing one factor Xa-digested
results than the previous models but still do not correctly sample into two aliquots, we eliminated the variations

predict all aspects of the experiments. introduced during the solubilization, immunoprecipitation,
Comparison of the in Silico Double-Cysteine Mutants with elution and factor Xa digestion steps that were otherwise
the Disulfide Cross-Linking of Double-Cysteine Mutaiits unavoidable. Immunoprecipitation and specific elution using

more directly compare the experimental and modeling results,C9 peptide before factor Xa digestion increased the purity
we generatedn silico 8 unoccupied or TRH-occupied of the sample. Immobilization of 1D4 antibody eliminated
double-cysteine mutants Q263C/Y211C, Q263C/G212C, the potential interference of IgG bands. The method was
T265C/Y211C and T265C/G212C. In general, the distance shown to be effective by confirming the close proximity of
distributions for thein silico mutants (Figure 7A,B) are  Cys-36 (TMH1) and Cys-305/308 (TMH7), which is con-



Activation of TRH Receptor

Biochemistry, Vol. 44, No. 7, 20022427

(A) Q263C/G212C unoccupied Q263C/Y211C unoccupied
091 -o—-Q263c/G212¢ 0207 o~ Q263C/G212
—o—Q263C/Y211 —o—Q263C/Y211C
” —— T265/G212C 0151 ——T265G212
8 o T265/Y211 - —9— T265/Y211C
E
3 0.104
[
o
0.05
T T 1 0.00+=< T T 1
18 21 24 6 18 21 24
T265C/G212C unoccupied T265C/Y 211C unoccupied
0.31 1
—0- Q263/G212C 0.3 -0-Q263/G212
—o0—Q263/Y211 1 —0—-Q263/Y211C
" ——T265C/G212C ——T265CIG212
£ 0.2 —o—T265C/Y211 0.2 —v—T265C/Y211C
©
2
[
o 0.1 014
0.0 o,o-. & £ty
6 24 6 18 21 24
Ca-Ca distance (A) Ca-Ca distance (A)
(B) Q263C/G212C TRH-occupied Q263C/Y211C TRH-occupied
0.207 —=-Q263C/G212C 0207 .- Q263C/G212
—e—Q263C/Y211 —e—Q263C/Y211C
w 0.15] —a— T265/G212C 0.15] ——T265/G212
2 —v—T265/Y211 ——T265/Y211C
8 0.10] 0.10]
[
o
0.051 0.05]
0.00 0.004
7 10 13 16 19 22 25 7 10 13 16 19 22 25
T265C/G212C TRH-occupied T265C/Y211C TRH-occupied
0201 = Q263/C212C 0207 - Q263/G212
—e— Q263/Y211 —e— Q263/Y211C
w 0.15] —— T265C/G212C 0.151 —a— T265C/G212
2 —»—T265C/Y211 —v—T265C/Y211C
8 0.10] 0.10]
[
o
0.05- 0.051
0.00A 0.00-
7 10 13 16 19 22 25 7 10 13 16 19 22 25
Ca-Ca distance (A) Ca-Ca distance (A)

FiGure 7: In silico double-cysteine mutations did not change the conformation of the-TRRH Distributions of @-Co distance in Q263C/
Y211C, Q263C/G212C, T265C/Y211C and T265C/G212C with or without TRH binding. (AL@G distance distributions for four mutant
models in the absence of TRH. (Bp&Ca distance distributions for four mutant models in the present of TRH.

sistent with predictions from our model and previous formation. Since rate constants for disulfide formation are
experimental results3(). affected by the collision rate of the two sulfhydryl groups,
The rate constant of disulfide formation is related to the they depend on both the average distance between the
proximity of the two Cys residues in the protein structure sulfurhydryl groups and the fluctuations of the distance
and their dynamics. As reported previoush@), the GQ/Cu- between them. A distance between the sulfhydryl groups
phenanthroline oxidative system yields both disulfide bonds could in principle be evaluated by EPR spectroscopy but
and additional sulfhydryl oxidation products that prevent the these have only been performed on one 7TMR, rhodopsin
percentage of disulfide formation from reaching 100%. The (58).
percentage of disulfide cross-linking is also monotonically  Experiments with 16 double Cys mutant receptors were
correlated with the rate constant as demonstrated experi-consistent with the idea that GIn-263 is close to Gly-212
mentally using the-galactose chemosensory recepts)( and Tyr-211 in the unoccupied, inactive receptor but that
The rate constant, however, is difficult to obtain. We used Thr-265 is closer to Tyr-211 and Gly-212 in the TRH-
the percentage of cross-linking as estimates of the rates ofoccupied, activated receptor. Moreover, the highest cross-



2428 Biochemistry, Vol. 44, No. 7, 2005 Huang et al.

(A) 157 -.p-- q2e3c-G212¢

] --0-- @2e3cv211c

012 —m— Q263C-G212C + TRH
1 —e— @263c-y211C + TRH
0.09+

0.06 5%

3
8

probabilities

)
i
5%

_ ) ) ...) \
3 6 9 12 15 18 21 24 ThEBS JTWZ“ GTyZﬂs

Sulfur-sulfur distance (A)

o-

TMHG G263
s r.. e 2

m]
o
o.oa-_ la] TMHS5

- 9 -
. 5 L .

(B) 0'15__ --A-- T265C-G212C
-- - - T265C-Y211C
012~ —&— T265C-G212C + TRH
® 7| —%— T265C-Y211C + TRH
é 009
g
3 -
E 0.06
0.03—-
0'00_' GIn263 ..":
3 \
Sulfur-sulfur distance (A) N s of
Ficure 8: In silico double-cysteine models were consistent with Thr265") . % ) Gly212
experimental results. Distributions of sulfasulfur distances in (A) R
Q263C/Y211C or Q263C/G212C in the absence or in the present Tyt N
of TRH, and in (B) T265C/Y211C or T265C/G212C in the absence T '
or in the present of TRH. Ficure 9: The activation model of the TRHR1 receptor. The

upper panel shows a representative structure of inactive unoccupied

Iinking in the absence of TRH (4:5 5% for Q263C/6212C) TRH—R1, while the lower panel shows that of activated TRH-

LY . . A occupied TRH-R1. These are viewed from the cytoplasm. The
is significantly higher than the highest cross-linking in the backEones of transmembrane helices are in cyan.yTF?H, located in

presence of TRH (2k 3% for T265C/Y211C) that is  the transmembrane binding pocket, is in yellow. Tyr-211 and Gly-
consistent with the hypothesis that TRH induces a separation212 of TMH5, and GIn-263 and Thr-265 of TMH6 are represented
between the cytoplasmic ends of TMH5 and TMHSD)( in ball-and-stick. The lipid bilayer and water molecules are not
Molecular dynamic simulations of the TRHR1 models shown. The TRH-induced conformational changes at the cytoplas-
. . . . . mic ends of TMH5 and TMH6 are indicated with yellow arrows.
provided better intepretations of the experiments with both
static and dynamic information of the distances between the (6.30 and 6.3161)), more accessible for G protein coupling
corresponding residue pairs. It is noteworthy that several (Figure 9). It has been suggested that Lys-248 (6.31) of
previous studies suggested that the complete transmembranehodopsin (equivalent to Lys262 of TRHR1) interacts with
helical rearrangement that is involved in receptor activation Asp-310 of the alpha subunit of transducin during rhodopsin
could not occur within 10 ns of simulations of 7TMR-bilayer activation (28). The residues 24225 in the TMH5-ICL3
system 52, 60. We acknowledge the relatively short interval region of TRH-R1 have been shown to be involved in Gq
of our simulations but suggest that our findings likely coupling as well22, 29, and could become more accessible
represent intermediates in the activation process. We did,by separating TMH5 and TMH6.
however, use the experimental data to force the transition A number of EPR and cross-linking studies focused on
of the TRH-R1 model from inactive to active states and the relative movement of the cytoplasmic ends of TMH3
thereby generate a model closer to the final activated state.and TMH6 upon activation of rhodopsi2-<4, 9, 10, 52-
Nevertheless, longer simulations dependent on progress inadrenergic receptorlb), m1 muscarinic receptod (), and
computer technology will be needed for more realistic parathyroid hormone receptoi@. We have not studied
models. changes in TMHS3 relative to TMH6 in TRHR1.

Our findings are consistent with the following conforma- A number of recent studies have demonstrated the exist-
tional changes in the TMH5ICL3-TMH6 region induced ence of oligomerization of 7TMRs. Oligomerization, specif-
upon TRH binding: 1) a counterclockwise rotation of TMH6 ically dimerization, has been suggested to be necessary, in
(viewed from the cytoplasmic side); 2) a tilting of TMH5 certain cases, for interaction with G proteins, endocytosis
away from TMHG6; and 3) the combination of the relative or altering ligand pharmacology (se&2] and references
rotation and separation of the cytoplasmic ends of TMH5 therein). A minor fraction of TRH receptors have been shown
and TMH6 make key residues, such as Arg 261 and Lys262to form oligomers §3, 64. Because the majority of TRH
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R1 appear to be present as monomers on the cell surface,
oligomerization would not complicate the general conclusions
of our study.

Our conclusions regarding the movements of TMH5 and

TMH6 in TRH—R1 are different from conclusions reached 6.

in previous studies of rhodopsin and several other 7TMRSs.
For example, EPR2[ 65 suggested that the cytoplasmic 7
end of TMHG6 of rhodopsin undergoes a clockwise rotation
(cytoplasmic view) following activation. This intepretation

was consistent with a de novo model of active forms of 4
rhodopsin built upon these experimental findings)( A
fluoresence spectroscopy study @2-adrenergic receptor
activation suggested a clockwise rotation of TMH6 and/or a
tilting of the cytoplasmic end of TMH6 toward TMHA.H,

67). A cross-linking study of the M3 muscarinic receptor
suggested that the cytoplasmic ends of TMH5 and TMH6
moved closer during activatioi8)Y, We cannot explain the
different findings in these studies of other 7TMRs, however,
it is not certain that all 7TMRs undergo similar conforma-
tional changes during activation. Future studies with TRH
R1 and other 7TMRs will be necessary to shed light on this ;4
question.

In conclusion, the results of our experiments and computer
simulations provide strong evidence that TRH binding
induces a separation of the cytoplasmic ends of TMH5 and
TMH6 of TRH—R1, and a counterclockwise rotation of
TMHG6. Furthermore, the computer modeling suggests that
these movements are directly linked to G protein coupling
as the rotation of TMH6 and the tilting away of TMH5

“opens” up ICL3 and increases the surface accessible area 14.

at the juxtamembrane regions of ICL3 leading to exposure
of other domains of the TRHR1 cytoplasmic face. This
hypothesis is consistent with the general mechanism proposed

for 7TMR activation based on structural studies of rhodopsin 15.

in which the movement or rotation of TMH6 away from
TMH2, 3 and 5 “opens” the site on the rhodopsin cytoplasmic
surface that interacts with transducBB( 68.
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