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ABSTRACT: Obtaining a reliable 3D model for the complex formed by photoactivated rhodopsin (R*) and
its G-protein, transducin (GtRâγ), would significantly benefit the entire field of structural biology of
G-protein-coupled receptors (GPCRs). In this study, we have performed extensive configurational sampling
for the isolated C-terminal fragment of theR-subunit of transducin, GtR 340-350, within cavities of
photoactivated rhodopsin formed by different energetically feasible conformations of the intracellular
loops. Our results suggested a new 3D model of the rhodopsin-transducin complex that fully satisfied all
available experimental data on site-directed mutagenesis of rhodopsin and GtRâγ as well as data from
disulfide-linking experiments. Importantly, the experimental data were not used as a priori constraints in
model building. We performed a thorough comparison of existing computational models of the rhodopsin-
transducin complex with each other and with current experimental data. It was found that different models
suggest interactions with different molecules in the rhodopsin oligomer, that providing valuable guidance
in design of specific novel experimental studies of the R*-GtRâγ complex. Finally, we demonstrated
that the isolated GtR 340-350 fragment does not necessarily bind rhodopsin in the same binding mode
as the same segment in intact GtR.

G-protein-coupled receptors (GPCRs)1 comprise the largest
protein superfamily in humans (1). A typical GPCR consists
of a single protein chain embedded in the cell membrane
with seven helical transmembrane stretches (TM helices)
connected by intracellular and extracellular loops (the IC and
EC loops). In addition, GPCRs contain an extracellular
N-terminal segment (often glycosylated) and an intracellular
C-terminal segment. GPCRs trigger a variety of physiological
functions by transducing an extracellular event, typically
binding of an agonist ligand (neurotransmitter, peptide
hormone, etc.), to an intracellular signal, such as cyclic AMP.
Specifically, binding an agonist initiates conformational
transitions from the resting state of the receptor to the
activated state exposing the intracellular binding site for a
heterotrimeric G-protein, a complex ofR-, â-, andγ-subunits.
Since GPCRs represent about 50% of targets for drugs
currently in use (2), knowledge of the detailed 3D structures
of activated GPCRs and their complexes with the corre-
sponding G-proteins would be extremely relevant to wide
areas of biochemistry, biophysics, and medicinal chemistry.

In this regard, special attention has recently been focused
on rhodopsin, the 348-residue photoreceptor of the visual
system. So far, extensive direct experimental spectroscopic
data for both resting and activated states are available only
for this GPCR. The 3D structures of dark-adapted rhodopsin
(the R state) have been repeatedly determined by X-ray
crystallography (3-7), and the structure of the transmem-
brane (TM) region of rhodopsin in the light-adapted state
(the MII state, which corresponds to the activated R* state;
see below) was deduced from data on site-directed spin
labeling in solution (8). The 3D structure of the MI state of
rhodopsin (the photoactivation state that precedes MII; see
below) in a crystal was resolved by electron microscopy (9),
and recently, the 3D structure of the MII state was suggested
by X-ray crystallography (10). Since the largest GPCR family
(family A, up to 700 members) displays distinct sequential
homology to rhodopsin (1, 11), the X-ray structure of dark-
adapted rhodopsin has been used as a template for building
3D structures of other rhodopsin-like GPCRs in their inactive
states [see, e.g., a minireview (12)]. A 3D model of the
activated R* state of rhodopsin in solution was also
considered as a possible model for a conserved mechanism
of activation of GPCRs (13).

Contrary to other GPCRs, however, rhodopsin is activated
not by binding an extracellular ligand but by a single photon
of light of the correct wavelength. Upon exposure to light,
11-cis-retinal, covalently attached to K296 in TM7, isomer-
izes to all-trans-retinal. Experimentally distinguishable stages
of the photoactivation cycle are as follows (14): from the
PHOTO state, where all-trans-retinal is highly distorted, to
the BATHO state, then to the LUMI state (at this stage, all-
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trans-retinal is presumably no longer distorted), then to the
meta I (MI) state, and, finally, to the meta II (MII) state. In
the MII state, the Schiff base of retinal is unprotonated; at
this stage photoactivated rhodopsin (R*) binds its G-protein
transducin and triggers the visual transduction process.
Therefore, the MII state represents, on one hand, the distinct
state in the photoactivation cycle characterized by a specific
shift of the wavelength of chromophore absorption and, on
the other hand, the photoactivated R* state of rhodopsin that
can bind transducin. Obviously, this latter capacity is of most
significance for studies of rhodopsin as a prototypical GPCR
and, specifically, for studies of possible 3D models of the
recognition of transducin by the intracellular binding site of
R*.

High-resolution experimental data on the rhodopsin-
transducin complex are not available. Though the X-ray
structures for trimeric transducin (GtRâγ) (15) as well as
that of theR-subunit (GtR) (16) and âγ-subunits (Gtâγ-
phosducin complex) (17) are known, the important C-
terminal fragments of theR- andγ-subunits (GtR 340-350
and Gtγ 60-71) were unresolved in these X-ray crystal
structures. There is also some discrepancy between the MII
structure of rhodopsin suggested by X-ray crystallography
and considerable biophysical experimental data. While the
model deduced from site-directed spin labeling suggests
possible tilt and rotation of the TM6 helix along the long
transmembrane axis in solution (8, 19) [by ca. 120° according
to computational study (18)] or similar rearrangement in the
intracellular TM region, the X-ray structure of the MII state
did not show significant changes in the orientation of TM
helices (10). Also, different X-ray structures of dark-adapted
rhodopsin (the R state) displayed distinctly different con-
formers of IC loops (3-7) mainly due to their high
conformational flexibility. Therefore, 3D models of the
rhodopsin-transducin interaction cannot be directly deduced
from the available experimental data. At the same time, 3D
structures suggested by molecular modeling can account for
a variety of IC loop conformations that likely exist in the
R* state of rhodopsin.

In this study, we explored different possible 3D models
for a complex between transducin and the R* state of
rhodopsin. These models resulted from extensive sampling
of configurations of the experimentally determined structure
of the GtR 340-350 fragment (20) within the cavities formed
by various sets of low-energy conformers of the IC loops of
rhodopsin obtained previously (21). It should be specifically
noted that the goal of our study was not to suggest a highly
detailed atomic resolution 3D model of the R*-transducin
complex but rather to develop an energetically feasible
working model consistent with available experimental data
that could be tested by further experiments. In this regard,
the 3D models suggested by our study were validated by
comparison with experimental data and with models pro-
posed by others.

METHODS

General Docking Protocol.The procedure of docking the
GtR 340-350 fragment, Ile340-Lys341-Glu342-Asn343-Leu344-
Lys345-Asp346-Cys347-Gly348-Leu349-Phe350, to the intracellular
region of the activated rhodopsin consisted, basically, of
packing together five fragments, namely, the rhodopsin

sequences 61-75 (IC1), 136-153 (IC2), 222-249 (IC3),
and 303-322 (IC4, the TM7 helical stem and helix H8) and
GtR 340-350. The packing protocol was essentially the same
as that used earlier for energy calculations of the TM region
of rhodopsin (18) and for packing the IC1+ IC2 + IC3 +
H8 intracellular “package” (21). In brief, starting configura-
tions of GtR 340-350 in the cavity formed by the intrac-
ellular loops IC1, IC2, IC3, and H8 were adjusted by energy
minimization in the multidimensional space of “global” and
“local” coordinates. Each fragment was allowed to move as
a rigid body in six dimensions corresponding to global
coordinates (three orthogonal translationsX, Y, andZ and
three orthogonal rotations Tx, Ty, and Tz around the axes
connected to the central point of the fragment). The local
coordinates were the dihedral angles of the side chains for
all five fragments. Spatial positions of side chains were
optimized and reoptimized at each convergence step of
energy minimization by an algorithm developed previously
(22). During energy minimization, the dihedral angle values
for the peptide backbones of the fragments were kept fixed;
this assumption corresponded to a model of “hard cores”
(rigid backbone dihedral angles) and “soft shells” (flexible
dihedral angles of side chains) for each fragment (18, 23).

Starting Conformations of the IC Loops and GtR 340-
350.Starting conformations of the intracellular region of the
activated state of rhodopsin [that differed from the dark-
adapted state by rotation of TM6 along the long axis at ca.
120°, as was suggested earlier (18)] were obtained in a
previous study (21). The 3D structure of the peptide
backbone of GtR 340-350 used for docking procedures was
that deduced earlier from transfer NOE measurements (20).

Force Field and Details of Energy Calculation.Energy
calculations employed the ECEPP/2 force field (24, 25) with
rigid valence geometry and planartrans-peptide groups
(except those for prolines, where theω angles varied). Arg,
Lys, Glu, and Asp side chains were considered as charged
species. Energy calculations were performed with two
different values of the macroscopic dielectric constant,ε )
2 andε ) 80 (see below in the Results section). All IC loops
included the four-residue helical stems of the corresponding
TM helices and were capped by acetyl orN-methyl groups
at their N- or C-terminals, respectively. The GtR 340-350
fragment was also capped with theN-acetyl and C-terminal
COOH groups, respectively, to mimic the same fragment in
the entire GR subunit, where the N-terminal residue I340 is
connected to the rest of GtR.

Typically, two types of energy calculations were performed
for each configuration of GtR340-350. The “simplified
energy calculations” comprised energy minimization in the
space of the global coordinates along with optimization and
reoptimization of spatial arrangements for each side chain
at each convergence step of energy minimization by an
algorithm developed previously (22). “Full energy calcula-
tions” involved energy minimization not only in the space
of the global coordinates but also over the dihedral angles
of the side chains.

Sampling of GtR 340-350 Configurations.Sampling of
possible six-dimensional configurations of GtR 340-350
within the intracellular cavity of rhodopsin employed the GtR
340-350 position suggested in a study by Filipek et al. (26)
as a reference point and was performed in four main steps.
First, the initial configurations of GtR 340-350 were selected
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by visual inspection on the grid of∆X, ∆Y, and∆Z (relative
to the reference point) with a step of 1 Å. For those
configurations not sterically clashing with the IC loops of
rhodopsin, orientations of GtR 340-350 with∆Tx and∆Ty
of -90°, -45°, 0°, 45°, and 90° and∆Tz (the helical axis
of GtR 340-350) of 12 values from 0° to 330° with an
interval of 30° were considered. Each combination of all six
coordinates was used then as a starting point for simplified
energy calculations performed for the package of the five
fragments (i.e., IC1, IC2, IC3, IC4, and GtR 340-350). This
step yielded low-energy configurations selected by an
arbitrary energy cutoff (see Results). Second, new sets of
initial configurations were created by sampling the vicinity
of each selected configuration on the three-dimensional grid
with the steps of∆X, ∆Y, and∆Z equal to(1 Å. For each
of these initial configurations, full energy minimization with
an energy convergence limit of 5 kcal/mol was performed.
Third, full energy minimization with the same convergence
limit was additionally performed for the 999 top-scoring
initial configurations obtained by docking GtR 340-350 to
the intracellular loop package employing the program
GRAMM for low-resolution docking (27) with the following
parameters: grid step, 3.0; repulsion, 6.5; attraction, 0.0;
potential range type, grid_step; projection, gray; representa-
tion, all; angle for rotations, 20. Fourth, resulting low-energy
configurations from the previous two steps were pooled
together, and a new round of full minimization with a finer
energy convergence limit of 1 kcal/mol was performed.

RESULTS

GtR 340-350 within the CaVity Formed by the IC Loops
of R*. It was logical to employ the 3D structures of the
intracellular loops belonging to the “most open” cluster of
conformations obtained previously by energy calculations
[see the IC clusters differing by the rms cutoff of 3 Å
described by Nikiforovich and Marshall (21)] as the starting
points for docking procedure. Six conformations comprising
this cluster are somewhat different in spatial orientations of
the specific IC loops and H8 (see Figure 1). The two most

different conformations that correspond to the most distant
orientations of the largest IC3 loop were denoted as
conformations A and B (see Figure 1). Interestingly, the
X-ray snapshot of the structure of the IC3 loop in the
photoactivated rhodopsin proposed by the recent study (10)
was close to that in conformation B (data not shown). Both
conformations A and B were selected for energy calculations
to account for flexibility of the loops within the most open
cluster. Accordingly, the docking procedures were run
independently for conformations A and B. Also, since the
energy calculations did not explicitly involve interactions of
the IC loops or GtR 340-350 with the charged membrane
lipids and/or water, an accurate description of electrostatic
interactions in the system was uncertain. To alleviate this
problem, at least in part, one can consider duplicate energy
calculations with two different values of the macroscopic
dielectric constant,ε ) 2 andε ) 80. The former value is
standard in the ECEPP force field, and the latter simulates
an aqueous environment by dampening electrostatic interac-
tions between the charged functional groups. Therefore, to
account for various uncertainties of the force field and the
starting conformations of the IC loops, we decided to perform
four independent runs of the entire docking procedure,
namely, runs A2 (conformation A withε ) 2), A80
(conformation A withε ) 80), B2 (conformation B with
ε ) 2), and B80 (conformation B withε ) 80).

The independent runs of simplified energy calculations in
configurational space for GtR 340-350 corresponding to
loop conformation A started with 5400 initial configurations
and yielded 162 and 208 potentially low-energy configura-
tions selected for further consideration (for A2 and A80,
respectively). An arbitrary energy cutoff of∆E ) E - Emin

e 70 kcal/mol for the case withε ) 2 and of∆E e 30
kcal/mol for the case withε ) 80, respectively, was used.
The difference between the two cutoffs reflected the fact that
the range of energies of configurations calculated withε )
2 was much wider than that of configurations calculated with
ε ) 80. Full energy calculations were then performed in the
vicinity of each selected configuration, as well as for 999
configurations docked using the GRAMM procedure (see
Methods). Totally, configurational sampling performed for
GtR 340-350 in the cavity corresponding to loop conforma-
tion A yielded 65 and 58 low-energy configurations (cases
A2 and A80, respectively). Two independent runs were
performed with loop conformation B exactly as those
described for loop conformation A. These runs started with
12000 initial configurations and yielded 105 and 86 low-
energy configurations of GtR 340-350 for B2 and B80,
respectively.

Generally, the relative spatial positions of fragments IC1,
IC2, IC3, and IC4 (i.e., six global coordinates for each
fragment) were only slightly changed as a result of energy
minimization. At the same time, final configurations of GtR
340-350 obtained for each of the independent runs displayed
a wide variety of possible orientations of GtR 340-350
within the intracellular cavity of photoactivated rhodopsin.
Figure 2 depicts representatives of the clusters of the final
configurations of GtR 340-350 obtained by comparing
relative positions of the heavy atoms of the peptide backbone
with an rms cutoff of 3 Å in each case. One can see that
configurations of GtR 340-350 oriented somewhat normal
to the membrane surface predominated for case A2, with

FIGURE 1: Sketch of the most open cluster of conformations of
the IC loops deduced in Nikiforovich and Marshall (21). Traces of
backbone conformations are shown as tubes. Conformations A and
B used in this study are shown as shaded ribbons. The view is
normal to the intracellular membrane surface.
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the N-terminal residue I340 being directed “outward” from
the cavity between loops. In all other cases, A80, B2, and
B80, the configurations were oriented in many different
ways, including positions normal to the membrane surface
with the N-terminal fragment directed both outward and
inward from the cavity, as well as configurations oriented
“across” the cavity, or more parallel to the membrane.

TentatiVe 3D Models of the R*-GtRâγ Complex.Obvi-
ously, only low-energy configurations with the orientation
of N-terminal residues of GtR 340-350 facing outward from
the binding cavity of R* could be employed for building a
tentative 3D model of the complete R*-GtRâγ complex.
Totally, there were seven clusters of such configurations for
case A2(by the rms cutoff of 1 Å), 20 for A80, 20 for B2,
and 16 for B80; see also Figure 2. For the lowest energy
configuration of each cluster, the X-ray structure of GtRâγ
[the 1GOT entry in the PDB (15)] was overlapped with
residues 340-343 of GtR 340-350, and the C-terminal end
of the γ-subunit (fragment Gtγ 60-71) was manually
restored from the NMR-deduced structure (28) by overlap-
ping with residues 60-62 in the X-ray structure of the
γ-subunit. Then, helical stems of the IC loops were aligned
to one of the rhodopsin molecules present in the tetrameric
model of rhodopsin in the membrane [the PDB entry 1N3M
(29, 30); see also below], which allowed visualization of
different orientations of the GtRâγ molecule (corresponding
to various configurations of GtR 340-350) relative to the
intracellular surface of the membrane. Many configurations
were eliminated from further consideration, since visual
inspection of these models displayed significant insertions
of either GtR or Gtâγ within the membrane and/or severe
steric overlap with rhodopsin itself. However, nine configu-

rations from case A2, six configurations from A80, one from
B2, and 3 from B80 produced tentative 3D models of the
R*-GtRâγ without any obvious unrealistic features.

The above 3D models were predicted by molecular
modeling without applying any experimental data on possible
interactions between R* and GtRâγ as constraints. These
3D structures represented different plausible models of the
R*-GtRâγ complex, the most plausible ones to be selected
by compatibility with currently available experimental data,
derived primarily from site-directed mutagenesis and disul-
fide-linking experiments. For instance, two independent
alanine scans of theR-subunit of transducin implicated
several residues of GtR as being involved in direct contact
with rhodopsin (31, 32). Specifically, residues GtR V214,
R309, D311, V312, K313, F330, F332, D337, I338, I340,
K341, N343, L344, G348, L349, and F350 were indicated
in one study (31) and residues GtR L344 and L349 in another
(32). The alanine scan data agreed also with the data on
competition in binding to R* between GtRâγ and the
fragments GtR 311-328 and GtR 340-350 (33). Possible
contacts of the GtR 309-313 fragment with R* were
confirmed also by disulfide-linking experiments that sug-
gested contacts between fragment GtR 310-313 and the
S240 residue (IC3) of photoactivated rhodopsin (34).

Experimental data on cross-linking, however, also sug-
gested contacts between S240 of R* and the N-terminal
fragment GtR 19-28 (35), and the alanine scan data on Gtγ
indicated that residues Gtγ 62-64 may contact R* as well
(36). Simultaneous contacts of both the C-terminal fragment
GtR 310-313 and the N-terminal fragment GtR 19-28 with
the same S240 were not allowed by the X-ray structure of
the heterotrimeric transducin (1GOT), since residues 19-
28 were located in the longR-helical stretch that pointed
away from the bulk of theR-subunit and tightly interacted
with the â-subunit. The same considerations were true
regarding fragment Gtγ 62-64, which was far away from
GtR 340-350 in 1GOT, being closer to GtR 19-28.

At the same time, recent studies by electron and atomic
force microscopy showed that in native membranes rhodop-
sin molecules may form dimers that, in turn, align in rows
one dimer wide, with each row contacting another parallel
one (29, 30). The 3D model of packed rows of rhodopsin
molecules is available in the PDB as entry 1N3M. We have
used this model to explore which tentative arrangements of
GtRâγ predicted in this study would satisfy the above
experimentally suggested contacts with R*, assuming that
GtR fragments 309-313, 330-338, and 340-350 contacted
one molecule of rhodopsin and fragments GtR 19-28 and
Gtγ 62-64 contacted an adjacent molecule.

Certainly, all computational models involved some con-
tacts between R* and GtR 340-350. Table 1 contains the
values for four characteristic CR-CR distances calculated
for the tentative R*-GtRâγ models between residues GtR
K131-R* S240, GtR D337-R* S144, GtR L19-R* S240,
and Gtγ P63-R* C316. The last two distances were
calculated for the rhodopsin molecule adjacent to that
interacting with GtR 340-350; the two molecules belong
to different parallel rows in 1N3M. With reasonable assump-
tion that only CR-CR distances smaller than 20 Å can
provide for contacts between residues of R* and GtRâγ,
Table 1 clearly shows that only three models that originated
from case A2 adequately agreed with all experimental data

FIGURE 2: Representatives of different clusters of GtR 340-350
configurations found for cases A2 (7 clusters), A80 (20 clusters),
B2 (20 clusters), and B80 (16 clusters). Loops are shown as shaded
ribbons. GtR 340-350 molecules are shown as CR traces in green;
the N-terminal CR atoms are shown as blue spheres. The view is
normal to the intracellular membrane surface.
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discussed above (marked by asterisks in Table 1; distances
larger than 20 Å are shown in bold in Table 1).

RepresentatiVe 3D Model of the R*-GtRâγ Complex.
Configurations of GtR 340-350 in the three A2 models that
satisfy the experimental data were very similar to each other,
differing only in slight shifts (by 0.9-1.5 Å) among the
translational coordinatesX, Y, Z of GtR 340-350. As a
representative, we selected the model featuring direct contacts
between residues of GtR 340-350 and fragments 136-139,
247-251, and 310-312 in R* (marked by a double asterisk
in Table 1). These contacts were suggested by data on
rhodopsin mutants stabilized in the MII state either by
isolated GtR 340-350 [mutations in fragments 136-139 and
247-251 (37)] or by both isolated GtR 340-350 and GtRâγ
[mutations in fragment 310-312 (38, 39)]. Our representative
model contained close contacts between some side chain
atoms of GtR F350/rhodopsin V138, GtR K345/rhodopsin
E249, and GtR K345/rhodopsin K311. The pairs of residues
of GtR 340-350 and rhodopsin were considered to be in
close contact when at least one distance between any atoms
of the residue side chains was less than 4.5 Å.

Our representative model also agrees well with additional
experimental data. Rather recently, modifications of rhodop-
sin residues 226, 229, and 230 in IC3 (40, 41), 242-244 in
IC3 (41), and even 313 and 317 in H8 (41) were suggested
to influence the interaction of rhodopsin with the C-terminal
fragment GtR 340-350 but not necessarily by direct contacts
to residues of GtR 340-350. The representative model
displayed the contact GtR E342/rhodopsin Q244, as well as
the less pronounced contacts GtR F350/rhodopsin V230 and
GtR K341/E342/rhodopsin Q244 (for these two contacts, the
calculated atom-atom distances were less than 6.5 Å).

Figure 3 shows the discussed close contacts between R*
residues and residues of GtR 340-350 corresponding to the
chosen representative 3D model of GtRâγ-R*. As previ-
ously mentioned, the experimental data on the alanine scan
of GtR suggest that residues most involved in interaction
with R* are I340, K341, N343, L344, G348, L349, and F350.

In the representative model, almost all of the GtR 340-350
residues are involved in contacts with R* residues, with the
notable exception of GtR C347 (data not shown). The system
of contacts in Figure 3 also rationalizes why single mutations
of GtR E342, K345, and D346 for alanine did not show an
impaired wild-type phenotype for GtRâγ in site-directed
mutagenesis studies (31). Theâ-carboxyl group of D346 and
the γ-carboxyl group of E342 are simultaneously involved
in a strong hydrogen-bonding interaction with theε-amino
group of rhodopsin residue K245 (see Figure 3); therefore,
elimination of only one of them may weaken, but not
interrupt, the strong interactions with K245. On the other
hand, elimination of the side chain of GtR K345 would break
hydrogen bonding with the side chain of E249 in R*, but it
would be not enough to disturb the configuration of GtR
stabilized with the strong interaction between GtR E342/
D346 and K245 in R*.

Figure 4 presents the entire representative 3D model
GtRâγ-R* complex consistent with all current experimental
data on interactions between GtRâγ and R*. Though
unrefined, this complex constitutes a reliable working model
of photoactivated rhodopsin bound to transducin.

DISCUSSION

Comparison with Models of the GtRâγ-R* Complex
DeVeloped by Others.To our knowledge, three other groups
have previously developed 3D models for the complex of

Table 1: Characteristic CR-CR Distances in the Tentative 3D
Models of the R*-GtRâγ Complex

model
GtR K313-

R* S240
GtR D337-

R* S144
GtR L19-
R* S240a

Gtγ P63-
R* C316a

A2 13.1 9.6 14.0 20.9
13.2 11.0 15.5 22.5
12.4 9.7 15.6 22.1

* 10.4 8.6 10.5 14.9
* 8.7 9.1 10.7 15.2

16.7 9.2 22.9 33.1
15.1 8.8 17.1 23.5

** b 13.3 8.8 11.9 16.0
14.1 11.8 16.6 22.7

A80 14.2 11.4 18.1 26.3
13.1 11.2 18.7 26.8
22.7 9.9 33.1 58.1
22.0 11.0 33.8 58.6
15.1 6.9 31.7 55.8
13.6 12.2 19.8 60.0

B2 16.5 13.3 10.3 42.6

B80 32.1 19.5 37.7 81.3
12.0 12.9 19.8 57.9
14.6 13.5 18.6 58.5

a Residue in the adjacent molecule of rhodopsin.b The double asterisk
marks the selected representative model.

FIGURE 3: Sketch of contacts between residues of GtR 340-350
and rhodopsin in the representative 3D model of the R*-GtR
complex. The view is along the membrane plane. The backbones
of IC loops are shown as one-line ribbons in red (IC1), blue (IC2),
green (IC3), and cyan (IC4), and the backbone of GtR 340-350 is
shown in magenta. Only side chains mentioned in the text are shown
as capped sticks. They are colored and labeled according to the
colors of IC loops and GtR 340-350. Side chains involved in
contacts GtR F350/R* V138, GtR K345/R* E249, and GtR K345/
R* K311 are additionally shown as transparent space-filled models.
The hydrogen bonds between the side chains of D346/E342 and
K245 are shown as yellow dashed lines.
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rhodopsin with GtRâγ at atomic resolution by molecular
modeling (26, 42-45). These models were obtained by
docking of the X-ray structure of GtRâγ (1GOT), where the
unordered segments (GtR 340-350 and Gtγ 60-71) were
restored according to the structures deduced from transfer
NOE measurements (20, 28) to generate rhodopsin models
employing various protocols.

The study by Fanelli and Dell’Orco assumed that GtRâγ
initially recognizes rhodopsin in the dark-adapted R state,
and the two molecules form a so-called “precoupled”
complex R-GtRâγ (42). Accordingly, the dark-adapted
X-ray structure of rhodopsin [the PDB entry 1U19 (6)] was
selected as a starting model for rhodopsin; in this X-ray
structure, the specific conformations of all IC loops were
resolved. Several options of GtRâγ differing by some
mutations were docked to rhodopsin by the rigid-body
docking algorithm ZDOCK, and the highest scoring solutions
that satisfied the CR-CR distance constraints (between
residues S240 in rhodopsin and GtR N343/D311, rhodopsin
R135 and GtR F350, and rhodopsin Q312 and GtR K345)
were subjected to energy minimization employing the
CHARMM force field. The resulting structure of the complex
[the Gt_mut1model (42)] is depicted in Figure 5, panel B.

The study led by Filipek and Palczewski started from the
rhodopsin tetramer structure deduced from the experimental
data of atomic force microscopy (the PDB entry 1N3M, the
same used in our study) (26). The authors modeled the
missing loops of rhodopsin (PDB entry 1F88) with the
commercially available INSIGHT package; the TM region
of the rhodopsin molecule in the R* state (the molecule
interacting with GtR 340-350) was modeled by rotation of
TM6 by 120° along the long axis. GtRâγ was manually fit
to the rhodopsin tetramer, and MD simulations of the entire
system (up to 100 ps) that included explicit membrane
phospholipids molecules followed. Figure 5 (panel C) depicts
this model. As in our model, GtRâγ interacts with two
rhodopsin molecules; however, in this case the rhodopsin
molecule interacting with GtR 340-350 and the adjacent

one that interacts with Gtγ 60-71 both belong to the
rhodopsin dimer in the same row (Rh1, row b; Rh 2,
row b). Recent refinement of this model (longer MD
simulation of up to 500 ps) resulted in a few relatively
insignificant changes (43).

In the study led by Ciarkowski, one molecule of rhodopsin
was complexed to one molecule of GtRâγ (44). The TM
region of rhodopsin in the R* state was modeled by applying
experimental constraints obtained by site-directed spin label-

FIGURE 4: Stereoview of the deduced model of the rhodopsin(s)-transducin complex. The GtR subunit is shown as a shadowed ribbon in
blue, Gtâ in green, and Gtγ in red. Rhodopsins are shown in yellow.

FIGURE 5: Comparison of the 3D models developed in our study
(A), in ref 42 (B), in ref 26 (C), and in ref45 (D). The view is
normal to the intracellular surface of the membrane. Colors are
the same as in Figure 4. Rhodopsin molecules are labeled to show
molecules belonging to the same dimer (Rh1 or Rh2) and to the
same row (row a, row b, or row c). Note the different packing of
rhodopsin molecules in panel D. TM regions of Rh1, row b, for all
models are overlapped.
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ing (8) to the 3D structure of the R state; the missing loops
were modeled with the commercially available SYBYL
package. GtRâγ was manually aligned to the resulting model
of R*, and the total system (one molecule of rhodopsin and
one molecule of transducin) was subjected to unconstrained
molecular dynamics (10 ns) in a fully hydrated lipid bilayer.
Further development of the model followed, where the six
oligomers of rhodopsin were repacked in the manner still
consistent with findings from atomic force microscopy but
different from that of 1N3M (45). In this model, GtRâγ also
contacts two molecules of rhodopsin but not the same
molecules as suggested either by our model or by the model
developed by Filipek et al. (26) (see panel D in Figure 5).
Very recently, extensive MD simulations (up to 5.3 ns) were
performed to refine this model (Witt et al., submitted for
publication); however, no significant changes were observed.

Table 2 lists the values of the four characteristic CR-CR
distances calculated for the models depicted in Figure 5. The
same distances were used above to estimate whether the
tentative models of the R*-GtRâγ complex deduced in our
study satisfy the experimental data that suggested contacts
of R* with fragments GtR 19-28, 309-313, and 330-338
and Gtγ 62-64. One can see that only in one model by the
other authors (Figure 5, panel B) all calculated distances were
smaller than the cutoff assumed for possible contact (distance
less than 20 Å). On the other hand, the side chains of residues
GtR I340, K341, and N343, which were suggested to contact
rhodopsin based on the data of the alanine scan of GtR (31),
do not display such contacts in the model in Figure 5, panel
B. Note, however, that the experimental data (31) reflected
the final stage of activation of GtRâγ by R*, whereas the
focus of the study by Fanelli and Dell’Orco was the
“precoupling” stage (42).

For the model by Filipek et al. (26) shown in Figure 5,
panel C, two distances in Table 2 only slightly exceeded
the cutoff of 20 Å. This model reproduced contacts of GtR
340-350 with rhodopsin fragments 247-251 and 310-312
but not with 136-139. Also, residues GtR K341, E342,
K345, D346, L349, and F350 contacted some rhodopsin
residues; interestingly, the side chains of E342 and D346
both were involved in a hydrogen-bonding interaction with
anε-amino group of lysine, as in our model (Figure 3), but
in this case it was with K67. However, residues GtR I340,
N343, and L344 implicated in the interaction with rhodopsin
by experimental data (31) were not in contact with any
rhodopsin residue.

The model by Ciarkowski et al. (45) shown in Figure 5,
panel D, is characterized by two distances over the cutoff
of 20 Å (see Table 2). At the same time, this model featured
experimentally suggested contacts of GtR 340-350 with
rhodopsin fragments 136-139, 247-251, and 310-312. It
also correctly predicted involvement of all GtR 340-350

residues in contact with rhodopsin, with the exception of
D346, C347, and E342. However, recent experimental data
suggested cross-linking between positions 175 and 206 in
two different rhodopsin molecules that form a dimer (46);
this feature is not compatible with rearrangement of rhodop-
sin oligomers suggested by panel D in Figure 5 but fits well
to the 1N3M arrangement employed in our model and in
the model developed by Filipek et al. (26) (panels A and C
in Figure 5).

Generally, the three models depicted in Figure 5 differ
from our model and from each other mainly by rotations of
GtRâγ around the axis normal to the membrane surface
placed in the cavity formed by the IC loops. As a result, the
different models suggest interactions with different members
of the rhodopsin tetramer. For the model in panel B, GtRâγ
is rotated by ca. -45° relative to our model (panel A), which
would require interactions with rhodopsins Rh1 (row b) and
Rh2 (row c), had the second rhodopsin been present in model
B. For panel C, the model is rotated by ca. 45° relative to
our model, and GtRâγ is interacting with rhodopsins Rh1
(row b) and Rh2 (row b). For the model in panel D, this
rotation is almost 180°, leading to interactions with Rh1
(row b) and Rh2 (row a). These differences between the
models are significantly large to be reliably distinguished
by direct structural experiments, i.e., cross-linking of rhodop-
sin mutants with mutants of GtRâγ or estimating intracom-
plex distances by inserting spin labels in both GtRâγ and
rhodopsin (see also ref47). Emerging high-resolution NMR
studies of the R*-GtRâγ complex also would be important
in this regard (e.g., ref48).

Isolated GtR 340-350 and the C-Terminal Fragment
340-350 of GtR May Bind Rhodopsin in Different Binding
Modes.A tacitly accepted hypothesis underlying the study
of the C-terminus of GtR is that the isolated undecapeptide
GtR 340-350 binds the activated state of rhodopsin in the
same binding mode as when included in the entire GtR as
its C-terminal fragment. The hypothesis is supported mainly
by the fact that the isolated GtR 340-350 competes with
GtRâγ for binding to light-activated rhodopsin and stabilizes
the MII state in the photoactivation cycle (33, 49, 50). On
the other hand, involvement of the C-terminal fragment of
GtR in direct interaction with rhodopsin and in stabilization
of the MII state was indicated by site-directed mutagenesis
(31, 32) as well as by recent NMR study using semisynthetic
GtR subunits (51). Transfer NOE measurements have also
shown that the isolated GtR 340-350 acquires its definitive
3D structure only when complexed with light-activated
rhodopsin (20, 33, 52, 53); this structure, according to the
same hypothesis, corresponds to the R*-bound structure of
the C-terminal fragment of intact GtR.

Our results, however, do not necessarily support this
hypothesis. As depicted in Figure 2, many low-energy
configurations of the isolated GtR 340-350 fragment cor-
respond to orientations “inward” or across the rhodopsin
intracellular cavity, which are inconsistent with possible
orientation of GtR 340-350 as the C-terminal fragment of
intact GtR in complex with R*. These configurations were
most often observed in cases A80 and B80, i.e., withε )
80. This observation seems quite reasonable considering that
the isolated fragment GtR 340-350 in the rhodopsin cavity
should be much more exposed to the intracellular aqueous
environment than the same fragment in the tightly packed

Table 2: Characteristic CR-CR Distances in the 3D Models of the
R*-GtRâγ Complex

model
GtR K313-

R* S240
GtR D337-

R* S144
GtR L19-
R* S240a

Gtγ P63-
R* C316a

Figure 5, panel A 13.3 8.8 11.9 16.0
Figure 5, panel B 9.1 12.4 n/a n/a
Figure 5, panel C 21.5 17.0 20.0 16.0
Figure 5, panel D 24.1 29.1 16.8 17.5

a Residue in the adjacent molecule of rhodopsin.
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intact R*-GtRâγ complex. Interestingly, alternative binding
modes for GtR 340-350 in complex with photoactivated
rhodopsin agreed with available experimental data. For
instance, it was well established by site-directed mutagenesis
that residues of the isolated GtR 340-350 peptide may be
involved into direct contacts with fragments 136-139, 247-
251 (37), and 310-312 (38) of rhodopsin. Such contacts
(defined as above, with at least one atom-atom distance
being less than 4.5 Å) were found in 9 configurations of
GtR 340-350 corresponding to case A2, 6 for A80, 11 for
B2, and 29 for B80. These configurations were clustered by
comparing relative positions of the heavy atoms of the
peptide backbone with an rms cutoff of 3 Å yielding 2
different clusters for A2, 3 for A80, 10 for B2, and 8 for
B80. Table 3 lists all direct contacts between rhodopsin

fragments 136-139, 247-251, and 310-312 and residues
of GtR 340-350 for the lowest energy representatives of
each cluster. It is obvious that, depending on which residues
of GtR 340-350 contact rhodopsin fragments 136-139,
247-251, and 310-312, multiple binding modes of GtR
340-350 to R* can satisfy the above experimental data.

Thus, these results indicated that the assumption of
identical binding modes for isolated GtR 340-350 and the
same fragment in the GtRâγ-R* complex was not neces-
sarily correct. One additional indication was the comparison
of the experimental results on the alanine scan on the
C-terminal fragment of GtR (31) and the experimental data
on structure-function relationships for isolated GtR 340-
350 (49, 50). While the data on GtR suggested that the
residues most involved in interaction with R* were I340,
K341, N343, L344, G348, L349, and F350, the data obtained
by testing the combinatorial libraries for the isolated GtR
340-350 (49), as well as other analogues of GtR 340-350
(50, 54), point to residues C347 and G348. Indeed, interac-
tions of rhodopsin residues with GtR C347, which are not
present in our model, are rather frequent in Table 3 that
relates to configurations of isolated GtR 340-350. Interest-
ingly, the binding configuration common for GtR 340-350
and several analogues, suggested on the basis of a different
protocol of molecular docking, also involved interaction of
GtR C347 with Q244 of rhodopsin (65). Recent data on site-
directed mutagenesis showed also that replacement of K341
by leucine greatly enhances binding of isolated GtR 340-
350 to R* but virtually does not affect binding of the entire
GtR (55). Furthermore, significant stabilization of the MII
state of rhodopsin was observed when the N-terminus of the
isolated GtR 340-350 was cross-linked to the C140 residue
of rhodopsin (56), corresponding to a configuration totally
forbidden for the C-terminal fragment of GtR in complex
with R*. Also, very recently, TrNOE studies of several
synthetic analogues of GtR 340-350 concluded that ana-
logues may bind R* in different binding modes (57).

Besides GtR 340-350, the farnesylated Gtγ 60-71
fragment (Gtγ 60-71-far) was also known to stabilize the
MII state of rhodopsin and to compete with GtRâγ for
binding to R* (58, 59). As was already mentioned, these
two peptide fragments are located too far from each other
in the 3D structure of GtRâγ to interact with the same
rhodopsin molecule. Therefore, an important feature of the
R*-GtRâγ model deduced in this study was the interaction
of GtRâγ with two molecules of rhodopsin instead of one,
allowing interaction of GtR 340-350 and Gtγ 60-71-far
with two different rhodopsin molecules. However, since
activation of rhodopsin is achieved by a single photon (60),
which cannot activate two molecules of rhodopsin simulta-
neously, several mechanisms of GtRâγ-rhodopsin interac-
tions including that of sequential fit of GtR 340-350 and
Gtγ 60-71-far with two different sites on the same rhodopsin
molecule were proposed [as was briefly reviewed (36)]. In
our view, the most reliable way to substantiate any specific
mechanism would require further experimental results; at the
same time, by analogy with the situation for GtR 340-350,
one may assume that similar caveats to those discussed above
should be considered in interpretation of the data on
stabilization of the MII state by the isolated Gtγ 60-71-far.
These caveats are supported with experimental finding that
the isolated Gtγ 60-71-far, while effectively binding R*,

Table 3: Direct Contacts between the Side Chains of Rhodopsin
Fragments 136-139, 247-251, and 310-312 and Residues of
Isolated GtR 340-350 in Representative Configurations from Cases
A2, A80, B2, and B80

residues of GtR 340-350

I340 K341 E342 N343 L344 K345 D346 C347 L349 F350

A2 K311 V138
E249
Q312

E249 K311 V138

A80 E249
Q312

V137
V138
V138
E249
Q312

Q312 E249
Q312

V138
Q312

B2 E249
Q312

V138 V137

V137
V138

Q310
Q312

V137
V138

Q312 E249
K311
Q312

E249

V137
V138

E249
N310
K311
Q312

Q312

V137
V138

E249
Q312

E249
N310
Q312

V138
E249

V137 E249
K311
Q312
E249
N310
Q312

Q312 V137
V138
Q312

V137 Q312 E249
Q312

Q312

V138
E249

V137
E249

E249
Q312

Q312

V137 Q312 E249
E249
Q312

V138
E249
Q312

B80 Q312 E249 E249
Q312

V138
E249

E249
Q312

V137
V138
E249
V137
Q312

E249
Q312

V137 E249 E249
Q312

K311

Q312 Q312 V137 E249
Q312

E249
N310
Q312

V137
V138

V137
V138

E249
Q312

E249
Q312

V138
E249
Q312

E249
Q312

Q312

V137
V138

E249
Q312
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cannot replace the Gtâγ complex in activating nucleotide
exchange by GtRâγ (61). Also, experimental studies inter-
preted the structural role of the farnesyl moiety in Gtγ rather
differently, suggesting either involvement in specific interac-
tion with R* (28) or anchoring other Gt subunits and/or the
membrane (62, 63). Finally, while one set of experiments
suggested partial overlap of the binding sites on rhodopsin
for GtR 340-350 and Gtγ 60-71-far (64), other data
provided evidence that these sites are distinctly different (51).
Keeping all of the above in mind, proposed mechanisms of
GtRâγ-rhodopsin interactions based on experiments on
stabilization of the MII state employing isolated GtR 340-
350 and Gtγ 60-71-far could be significantly different from
those based on direct experiments on intact GtRâγ activation.

Concluding Remarks.Our modeling study was based on
extensive configurational sampling performed for GtR 340-
350 within intracellular cavities of activated rhodopsin
formed by different low-energy conformations of intracellular
loops. The study deduced a working 3D model of the
GtRâγ-rhodopsin complex that is consistent with all avail-
able experimental data obtained by site-directed mutagenesis
of rhodopsin and GtRâγ, as well as by disulfide-linking
experiments. Notably, these experimental results were used
only as filters to select the most plausible models from those
suggested by independent modeling and were not employed
as constraints in building models. The proposed model agreed
with experimental results despite several less rigorous
assumptions made in the modeling protocol. On the other
hand, the experimental results were not of high resolution
themselves. The model proposed in this study fits experi-
mental data better than other existing models; however, any
final discrimination between our model and other models
will require input of new experimental data, both from
spectroscopy and site-directed mutagenesis.

Along with suggesting a model for the GtRâγ-rhodopsin
complex, our study demonstrated that the isolated fragment
GtR 340-350 and the same fragment in the C-terminal part
of GtR can possess very different binding modes in the cavity
formed by the IC loops of rhodopsin. This conclusion agrees
with experimental observations that photostabilization of the
MII state of rhodopsin can be achieved by the isolated GtR
340-350 fragment in configurations incompatible with those
of the C-terminal part of intact GtR when complexed with
rhodopsin. Together, these findings indicate that structural
interpretations of experiments on peptide stabilization of the
MII state and direct experiments on activating intact GtRâγ
may yield contradictory results. Since most of the available
experimental data relate to stabilization of the MII state of
rhodopsin by the isolated peptide GtR 340-350, structural
interpretation in terms of possible models of the GtRâγ-
R* complex is, therefore, limited. Similar caveats may also
apply in interpretation of experimental results on MII
stabilization obtained with another important peptide frag-
ment of transducin, Gtγ 60-71-far.

In summary, our study yielded several new results that
contribute to understanding of structural aspects of GPCR
biochemistry. First, we suggested the new 3D model of the
rhodopsin-transducin complex that fully satisfies currently
available experimental data. Second, we performed thorough
comparisons of the existing computational models of the
rhodopsin-transducin complex with each other and with
experimental data. It was found that different models suggest

interactions with different molecules in the rhodopsin oli-
gomer, which may provide valuable guidance in the specific
design of novel experimental studies of the R*-GtRâγ
complex. Third, we demonstrated that the isolated GtR 340-
350 fragment does not necessarily bind rhodopsin in the same
binding mode as the same segment in GtR.
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