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ABSTRACT. The electrostatic and shape complementarities between the crystal structures of dark rhodopsin
and heterotrimeric transducin (Gt) have been evaluated by exhaustively sampling the roto-translational
space of one protein with respect to the other. Structural complementarity, reliability, and consistency
with in vitro evidence all converge in the same rhodopsBt complex, showing that the functionally
important R135 of the E/DRY motif is almost accessible to the C-terminus gfalEeady in the dark

state. The main inference from this study is that activation of rhodopsin and Gt may be concurrent processes,
consisting of conformational changes in a supramolecular complex formed prior to the light-induced
activation of the photoreceptor.

Dark Rhodopsin Has the Determinants for Recognizing  electron density map of Meta | (MI), the photostationary state
Heterotrimeric Transducin: Edence from in Vitro that precedes MIl, has been recently released, providing
Experiments evidence that rhodopsin remains in a conformation similar
to that of the ground state until late in the photobleaching

rhodopsin activation, the dark or ground state is the only process and that the gross conformational changes occur

one known at the atomic detaill{5). At least four during the MI to MIl transition {).

intermediates intervene between dark rhodopsin and Meta It is widely thought that rhodopsin binds Gt in the Ml

Il (MIl),  the signaling state capable of activating heterot- state €). The patchwork of the most relevant information

rimeric G protein (i.e., transducin (Gt)6X The 5.5 A from in vitro experiments on rhodopsiitransducin recogni-

tion suggests that the4/56 loop and the C-terminus of gt

"This study was supported by a Telethon-ltaly Grant No. reqognize asolvent—acg:essible gleft on MIl, formed by amino

SO0068TELA (To F.F.). acids from the cytosolic extensions of H3, H5, and H6 (the
*The coordinates of the selected complexes involving Gt_mutl, |etter “H” stands for “helix”), from the N-terminus of the

gtalz‘;‘;?' GLmut3, Gt_chim1, and Gt_chim2 will be released upon gecong intracellular loop (12), and from the N-terminus of

* Corresponding author. Phone:39 059 2055114. Fax:39 059 H8 (reviewed in refs8—10). Recent experiments have
373543. E-mail: fanelli@unimo.it. demonstrated that the role of H6 movements during MIl

! Abbreviations: Gt, transducin; Mll, Meta II; MI, Meta [; 12, second i i i indi i i
intracellular loop; PWR, plasmon-waveguide resonance; GPCRs, G]tormat]lo?] Iz to Prc:cwdia binding ?Ite on theh.cytOplasmlc
protein-coupled receptors; PDB, Protein Data Bank;-RBASD, ace of rhodopsin for the GtC-terminus {1). This move-

C,-atom root mean square deviation; 13, third intracellular loop. ment appears to open a cleft and expose a hydrophobic patch,

Of the different states that define the reaction path of
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which directly interacts with the Gt C-terminus and rigid-body docking algorithm to such structural changes.
increases the affinity for transducin. In line with the evidence Thus, different heterotrimeric structures were probed. The
that MIl is the rhodopsin state intended for recognizing Gt, first probed heterotrimer, Gt_chim1, was a modified version

the few computational models of rhodopsiBt interaction, of the crystal structure of Gjy,1 (i.e., a Gt/Giq1 chimera,
reported so far, employed an active-state model of rhodopsinin which residues 216294 of Gt, were replaced with the
(12—16). corresponding residues (22@98) from Gj;; PDB code:

Despite the commonly accepted knowledge that recruit- 1GOT @4)). Structural modifications consisted of the
ment of Gt would follow rhodopsin activation, experimental addition of the NMR structure of the last 12 amino acids of
evidence that dark rhodopsin and heterotrimeric transducinthea-subunit (i.e., PDB code: 1AQ&$)) and completion
may exist as a preformed Comp|ex have appeared ear|y inof the C-terminus of the-subunit, whose last 12 amino acids
the literature, though not pursued any furth&r)( Also in were modeled ino-helix. These conformations of the
line with this evidence is the observation that dark rhodopsin C-termini of botha- andy-subunits are thought to be held
has a low basal activity (reviewed in r6f and that proton by the receptor-bound form of the peptide85,( 26).
uptake from the cytosol, associated with MIl formation, Alternative conformations of the C-termini of &and Gt
requires the presence of transducin to occlf).(Other ~ were probed as well (results not shown). Theubunit in
evidence comes from surface modification and mass spec-Gt_chiml was extracted from the Gfosducin complex
trometry (L9) as well as from plasmon-waveguide resonance (PDB code 1A0R)27). The rationale for using the-subunit
spectroscopy (PWR) determinatiord0( 21). PWR spec- from theBy-fosducin complex was essentially to probe the
troscopy experiments, in fact, showed that the affinity of dark effect of differences in the side chain and, by a lower extent,
rhodopsin for heterotrimeric Gt is 64 nM. Collectively, these in the main chain conformation of such subunit on the
data suggest that MIl formation may depend on the presencedocking results. Modified versions of Gt_chim1 were also
of transducin and that the rhodopsittansducin complexis ~ Probed that are (a) one holding the origifandy-subunits
already formed in the dark. The hypothesis that not only from 1GOT structure, i.e., with incomplete terminations
rhodopsin but also the homologous G protein-coupled (Gt_chim2); (b) one holding a side chain energy minimized
receptors (GPCRs) and G proteins are “constitutively coupled” form of the a- and -subunits from a previous stud2®)
or precoupled is supported by PWR determinations, which (i.€., Gt_chim3); and (c) mutated forms of Gt_chim1 and
provided evidence for a direct interaction (i.e., with a 60 Gt_chim2, holding the bovine Gsequence (i.e., Gt_mutl

nM Kp) between ligand-freé-opioid receptor and its cognate  and Gt_mut2). Finally, a variant form of Gt_mut2 has been
G protein @2). also probed, holding a complete,&-term with the last 12

The structural model of dark rhodopsin is not in contrast @Mino acids modeled in-helix (Gt_mut3). Dimeric and
with this hypothesis, as the putative recognition points for (€trameric forms of the 1U19 structure were also used as
transducin (i.e., 12 and the core-facing amino acids in the [@rgets in other simulations. These models were achieved
cytosolic extensions of H3, H5, and H6; reviewed in refs DY fitting the 1U19 structure into each monomer in the

8—10) are significantly exposed to the solves).( semiempirjcal oligomeric model of rhodopsin recently
released (i.e., PDB code: 1N3M29).

Exploring the Structural Complementarity between Dark To improve sampling efficiency, the rhodopsin portions
Rhodopsin and Gt by Rigid-Body Docking 1-59, 76-130, 157220, and 252308, corresponding to
the transmembrane and extracellular domains, were not taken
Here, we test the hypothesis that dark rhodopsin has thejnto account in docking simulations. A rotational sampling
potential to recognize Gt and that rhodopstt coupling  interval of & was employed, and the best 4000 solutions
occurs prior to MII formation. were retained and ranked according to the ZDOCK score, a

The analysis of the structural complementarity between summation over three scoring functions, i.e., the pairwise
the cytosolic domains of dark rhodopsin and heterotrimeric shape complementarity, desolvation, and electrostatics. To
Gt was done by exhaustively sampling the roto-translational filter the most reliable solutions among the 4000 best scored
space of one protein (probe) with respect to the other (target).ones, i.e., the Gt orientations fulfilling the membrane
Dark rhodopsin structure (PDB code: 1U1®)(was used topology requirements, the low resolution information from
as fixed protein (i.e., target), whereas heterotrimeric Gt was in vitro experiments on MH-transducin interactions were
allowed to explore all the possible orientations around the translated into broad £&-C,, intermolecular distance con-
cytosolic domains of the target (i.e., probe). The rigid-body straints, i.e., (a) lower than 15.0 A between rhodopsin-S240
docking algorithm ZDOCK was employed, which has already and both Gi-N343 and Gt-D311; (b) lower than 20.0 A
proven effectiveness in structure predictions of protein  between rhodopsin-R135 and &%350; and (c) lower than
protein complexes2@). While neglecting the conformational  20.0 A between rhodopsin-Q312 and,®345. In detail,
changes that may accompany protepmotein interaction is  the distance-based filters reported in (a) take broadly into
a drawback in some cases, in this case, the rigid-body account the information from cysteine cross-linking experi-
approximation is rather a requirement as we want to ments between activated rhodopsin and &Q, 31); the
investigate whether any reliable complementarity exists distance-base filter in (b) properly accounts for the wide
between the crystal structure of dark rhodopsin and Gt, experimental evidence that the C-terminus of, @bcks
independently of possible conformational rearrangements.between the cytosolic extensions of H3 and H6, close to the
However, introduction of differences in the side chain and/ E/DRY motif (reviewed in ref8—10); finally, the distance-
or backbone conformation and/or in the amino acid length based filter in (c) accounts for the hypothesized interactions
of the N- and C-termini of the different G protein subunits between the N310-Q312 region (H8) of rhodopsin and the
was probed as well to infer the degree of tolerance of the last 10 amino acids of @32, 33).
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The s_olutlons fulfilling at least one of the three d'Stance_ Table 1: Docking Results Probing Different Structural Models of
constraints were collected and subjected to cluster analysisHeterotrimeric Transducin

by using an algorithm from Dr_. M. Schaefer_ (Michael predicted _filtered best C..RMSD
Schaefer, Syngenta Crop Protection AG, unpublished work),  complex  solution& % solutior! ZDOCKpesf A)
followed by_ visual analysis of the centers (i.e., the solution Rho-Gt_mutl 581 12 12 60.86
representative of each clusters) of the most populated clustersrno-Gt_mut2 644 11 14 60.15 0.30
A Cy-atom root mean square deviation,(RMSD) of 3.0 Rho-Gt_mut3 604 12 10 60.18 0.74
A was employed for clustering, following an optimization Rho-Gt chim1 628 10 20 58.61 0.03
Rho-Gt_chim2 670 7 23 57.52 0.72

procedure recently reporte84). In detail, to aid the selection
of the most appropriate £FRMSD, the dispersion index?
was used, that is the variance of the statistical distribution

Rho-Gt_chim3 510 7 21 56.47 0.04

a Predicted rhodopsinGt complex using different Gt models (see
text for details).” Number of solutions resulting from the distance-

of each structure in the cluster. Hence, if clustgroupsNx based filtering¢ Percentage of realistic solutions among those resulting

structures, each indicated kg its homogeneity may be  from the distance-based filteringPosition of the highest scored
described by solution in the output list (i.e., made of 4000 solutiorfJDOCK score

of the selected solutionC,-RMSD (A) between each energy-

N minimized selected complex and Gt_mut1, i.e., the complex shown in

2_ — _ 2 Figures 1 and 2. All the Gatoms have been considered in RMSDs

O = (RMSDP RMSD') calculations, except for rhodopsin-Gt_mut2, rhodopsin-Gt_mut3, and

kp=1 rhodopsin-Gt_chim2 complexes, for which tirsubunit was excluded

from calculations, due to the slight differences in main chain conforma-
whereRMSD, indicates the average,dRMSD among the tion concerning such subunits in Gt_mut1, on one hand, and Gt_mut2,
structures of clusterr. Clusters with reasonably low? are, Gt_mut3, and Gt_chim2, on the other one.

with higher confidence than clusters with high index,

represented by their center, which by definition has a null (Table 1). In this respect, one of the features of these
RMSD. Because of its definitions? square-rooted can be distance-based filters is to discard most of the high score
directly compared with the threshold chosen for running the solutions, which violated the membrane topology of Gt (i.e.,
cluster analysis. Our data suggest thatalues should not  false positives). Cluster analysis on the filtered solutions

significantly exceed 1.0 A, as an indicative value. followed by visual inspection of the cluster centers completed

Energy minimizations of the selected rhodopsit the rejection of false positives. On average, the realistic
complexes were done by means of CHARMMS), by solutions constitute less than 2% of the total 4000 solutions
employing the IMM1 implicit water/membrane mod&6j.  and 9% of the filtered solutions (Table 1).

Energy minimizations were carried out by using 1500 steps  pegpite the structural differences in the heterotrimers used
of_ ste_epest d_escent followed by a conjuggte gradient mini- 5 probes in the different docking simulations, theRMSD
mization, until the root-mean-square gradient was less thant the pest scored realistic solutions from each run was close
0.001 kcal/mol A The adjustable parameter “a” and the {4, zerg (Table 1). This proves some tolerance of the ZDOCK
nonpolar core thickness were set equal to 0.85 and 32 A, algorithm to changes in side chain and/or backbone confor-
respectively. The “united atom approximation” was em- maiion of the different G protein subunits, providing more
ployed. All the backbone atoms except those of the last 10 strength to predictions. In the predicted complex, the
amino acids of Gtwere kept fixed during energy minimiza- - _terminus of Gt makes contacts with 12, the cytosolic
tion. Furthermore, side chain energy minimizations concerned gytensions of H3 and H6, as well as with H8 and the
the amino acid§ at theT receptdB protein interface including  c_terminus of rhodopsin (Figures 1 and 2). Furthermore, (a)
the last 10 amino acids of Gt the a3/85 loop of Gt, interacts with the C-terminus of
rhodopsin (Figure 1); (b) the4/66 loop of Gt, makes
contacts with both the third intracellular loop (I3) and the
C-terminus of rhodopsin; and (c) the C-terminus of rhodopsin
is also involved in contacts with the N-terminus of,@ind
Regardless of the differences in the side chain conforma-with limited portions of Gt (Figure 1). The functionally
tion and in the length of the C-terminus of thresubunit important R135 of the E/DRY motif is almost accessible to
(i.e., full length or lacking the first eight and last five amino the C-terminus of Gtalready in the dark state. In fact, the
acids), the best scored docking solution, from each run, C,—C, distance between the E/DRY arginine and F350 of
fulfilling most of the distance-based filters is also consistent Gt, is 7.9 A. Therefore, a limited energy minimization of
with the expected membrane topology of Gt (see Figure 2 the rhodopsin-Gt complex reveals the possibility for R135
legend for details on the filtered,£C, distances in the  to switch from the intramolecular salt bridge with E247 to
selected complex between rhodopsin and Gt_mutl). Accept-an intermolecular interaction with the backbone carboxylate
able membrane topologies were considered those characteref Gt,, i.e., that of F350 (Figure 2a,b). This is concurrent
ized by the main axis of the N-terminathelix of Gt, (i.e., with the establishment of a salt bridge between E247 of
oN) almost parallel and close enough to the membrane rhodopsin and K345 of Gt(Figure 2a,b). This interaction
surface to allow the hydrophobic N-acyl and farnesyl pattern results in the most reliable one regardless of the side
modifications of theo- andy-subunit, respectively, to insert  chain conformations of Gg, as well as of the length and
into the membrane. For each of the different docking runs, side chain and main chain conformations of.Gtis worth
the number of filtered solutions fell between 500 and 700 noting that wild-type Gt and the G{/Gi,; chimera produce
out of 4000 and included all the solutions holding an identical best complexes (Table 1), consistent with their
acceptable membrane topology of Gt, i.e., realistic solutions similar functional behavior24).

Dark Rhodopsin Has the Determinants for Recognizing
Heterotrimeric Transducin: Insights from in Silico
Experiments
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Ficure 1: Stereoview, in a direction parallel to the membrane surface, of the energy minimized complex between monomeric dark rhodopsin
and Gt_mutl. Rhodopsin is in yellow green, whereasothes-, andy-subunits of Gt are in violet, orange, and blue, respectively. Black
sticks indicate retinal and GDP.

The gross orientation of Gt with respect to rhodopsin in Our results are also consistent with the evidence from PWR
our selected complexes is similar to that of a computational spectroscopy experiments showing that dark rhodopsin has
model previously proposedl®). Similarities, which also  a free energy of associatiomqsgs) with Gt only 2.6 kcal/
concern the location of the N- and C-termini of,Goccur mol less negative than that of Ml (i.e9.9 + 0.1 kcal/
despite the differences in the structural models employed inmol versus —12.5 4+ 0.1 kcal/mol, respectively) 2(1).
the two studies. In contrast, the membrane topology of Interestingly, the architecture of the selected complex
transducin in the rhodopsirGt complex predicted by our  between monomeric rhodopsin and heterotrimeric Gt (i.e.,
computational experiments differs from that proposed by 1:1 stoichiometry, Figure 1) is also one of the few best scored
Chabre and le Mariel@). In fact, in our complex, the main  and reliable solutions resulting from the docking of Gt with
axis of theaN is almost parallel to the putative membrane, either the dimeric or tetrameric forms of the photoreceptor
whereas in that by Chabre and le Macidl hangs off at a  (results not shown). The rhodopsin dimer and tetramer
large angle from the membrane plari€)( The membrane  employed in this study hold the same architecture as that in
topology of transducin as inferred from ours and other studies a semiempirical oligomeric model recently proposed (PDB
(8, 9, 13) is supported by previous electrostatic potential code 1N3M) R9). Other reliable solutions include those
calculations showing that the solvent-exposed surfacdNof  characterized by contacts between two rhodopsin molecules
has a positive electrostatic potential that can complementand one heterotrimeric Gt (i.e., 2:1 stoichiometry). A worthy
the negative potential of phospholipids. Such a positive result is that, regardless of whether rhodopsin is monomeric
isopotential surface is enlarged by the presence of theor oligomeric, in all the most reliable rhodopsitransducin
B-subunit that contributes to neutralize negative charges oncomplexes, the C-terminus of Gtlocks into the same site
oN (28). of the photoreceptor, approaching the highly conserved and

Despite the proved tolerance to side chain and backbonefunctionally important E/DRY motif (Figure 2a,b). Col-
conformational changes, the rigid-body docking approach lectively, these results suggest that the receptor monomer
does not allow changes in the internal degrees of freedomholds the structural determinants for G protein activation,
of the interacting proteins. Thus, the fact that the complexes, consistent with the results of functional characterization of
from each run, which fulfill at best experimentally based rhodopsin monomers and dimers in detergents demonstrating
distance constraints and membrane topology requirementdhat monomeric rhodopsin can activate transducin, although
fall among the top 23 out of the best 4000 solutions (Table the oligomeric form is more actives().

1), is strongly supportive of the hypothesis that dark In conclusion, the results of our study suggest that dark
rhodopsin has the potential to recognize GDP-bound het-rhodopsin has the potential to recognize heterotrimeric
erotrimeric Gt. The excellent convergence between the resultstransducin. The main implication is that rhodopsin activation
of different docking runs employing a number of structural occurs following precoupling to Gt. This means that all the
variances of Gt provides more strength to such predictions. rhodopsin intermediates from the dark to the Ml states, which
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FiGure 2: Two views of the energy minimized complex between
monomeric dark rhodopsin and Gt_mutl, in a direction (a) parallel
and (b) perpendicular to the membrane surface of the cytosolic half
of rhodopsin and of the last 14 amino acids of @ifferent colors
indicate the seven helices, the three intracellular loops, and the
C-terminus of rhodopsin. Sticks represent the side chains of R135
and E247 from rhodopsin and of K345 from,GIn this complex,

the G,—C, intermolecular distances employed by the different filters
are i.e., (@) 16.2 and 13.9 A between rhodopsin-S240 apd Gt
N343 and G§-D311, respectively; (b) 7.9 A between rhodopsin-
R135 and Gt-F350; and (c) 12.3 A between rhodopsin-Q312 and
Gt,-K345. Drawings were done by means of the software PYMOL
0.97 (http://pymol.sourceforge.net/).

are expected to share the same arrangements of the cytosolicl3-

domains 7), are always in complex with Gt. Therefore, the
structural changes, which accompany Ml to MIl transition
and take about 1 ms to occur, may be catalyzed by Gt. In
this framework, the small difference in the association free
energy concerning dark rhodopsiGt and MII—Gt com-
plexes may be essentially the isomerization energy necessary
for the receptor to improve contacts with the G-protein
portions intended for transferring signals to the GDP binding

site. Interestingly, the G-protein portions suggested by in vitro 7.

evidence to mediate the structural information transfer from
the receptor to the GDP binding site (reviewed in &f40)
include thea4/36 loop and the C-terminus of Gtwhich
make most of the rhodopsitGt interface in our model.
Activation of rhodopsin and Gt may be concurrent processes,
consisting of conformational changes in a supramolecular
complex formed prior to light-induced activation of the
photoreceptor. In this respect, the rhodopdBt interaction

1.

9.

10.

11.

12.

14.

15.

16.

18.
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model herein presented may be considered as the starting
point for computational investigations of such processes.
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