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Summary

The only information available at present about the structural features of G-protein-coupled receptors (GPCRS)
comes from low resolution electron density maps of rhodopsin obtained from electron microscopy studies on 2D
crystals. Despite their low resolution, maps can be used to extract information about transmembrane helix relative
positions and their tilt. This information, together with a reliable algorithm to assess the residues involved in each of
the membrane spanning regions, can be used to construct a 3D model of the transmembrane domains of rhodopsin
at atomic resolution. In the present work, we describe an automated procedure applicable to generate such a model
and, in general, to construct a 3D model of any given GPCR with the only assumption that it adopts the same helix
arrangement as in rhodopsin. The present approach avoids uncertainties associated with other procedures available
for constructing models of GPCRs based on a template, since sequence identity among GPCRs of different families
in most of the cases is not significant. The steps involved in the construction of the model are: (i) locate the centers
of the helices according to the low-resolution electron density map; (ii) compute the tilt of each helix based on the
elliptical shape observed by each helix in the map; (iii) define a local coordinate system for each of the helices; (iv)
bring them together in an antiparallel orientation; (v) rotate each helix through the helical axis in such a way that
its hydrophobic moment points in the same direction of the bisector formed between three consecutive helices in
the bundle; (vi) rotate each helix through an axis perpendicular to the helical one to assign a proper tilt; and (vii)
translate each helix to its center deduced from the projection map.

Introduction outer surface facing the lipidic membrane and a hy-
drophilic inner surface that originates a binding pocket
G-protein-coupled receptors (GPCRs) are a large in the interior.
group of integral proteins of pivotal importance, di- To date, detailed structural information of mem-
rectly involved in the transmission of signals to the brane proteins is very scarce. This is due to the
interior of the cell. These receptors consist of a sin- difficulties associated with their isolation in the quanti-
gle polypeptide chain containing seven hydrophobic ties demanded by structural analysis. Furthermore, itis
domains looping back and forth across the lipidic notoriously difficult to obtain crystals of these proteins
membrane [1,2]. Analysis of the hydrophobicity pro- suitable for structural analysis by X-ray diffraction.
file of these transmembrane domains computed from Rhodopsin is the only GPCR structurally character-
their amino acid sequence suggests that these domainged to date from electron microscopy analysis of 2D
adopt helical secondary structures [3]. Finally, helices crystals [4,5]. Unfortunately, the resolution of the two
pack in a bundle, arranged to exhibit a hydrophobic structures available is too low (9 and 7 A, respectively)

to furnish detailed structural information necessary
* To whom correspondence should be addressed.
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to understand ligand—receptor interactions. However, been proposed [15]. Models are constructed using a
the electron density projection maps directly con- simulated annealing protocol, imposing geometrical
firm that the transmembrane regions are arranged inrestraints inferred from all experimental or theoretical
a seven-helix bundle, providing information about its studies of the receptor. Despite the procedure being
relative orientation. Molecular modeling techniques very robust, its use is limited to the availability of ex-
can make use of this information together with the perimental and theoretical results on a given GPCR or
results obtained from biophysical and mutation studies to the transferability of known results of other GPCRs
of GPCRs or structure—activity relationship studies to to the receptor being modeled.
construct models of these proteins at the atomic level.  In the present work, a general procedure to con-
These models are aimed at providing new insights into struct de novo the transmembrane domains of any
the 3D structure of these receptors, increasing our given GPCR is proposed. The method does not re-
level of understanding of ligand—-receptor interactions. quire the use of a template and avoids the require-
In recent years, the elaboration of 3D models ments of the sequence divergency analysis procedure.
of GPCRs has challenged many researchers [6—32].Construction of the transmembrane domains of the
Early models of these proteins were constructed by se-receptor is based on the assumption that the trans-
guence homology modeling using bacteriorhnodopsin membrane helices are arranged in a seven-helix bundle
as a template. Bacteriorhodopsin is a membrane pro-with the same geometrical disposition as exhibited by
tein exhibiting seven transmembrane domains, that rhodopsin. In this procedure, each helix is treated as
is not a GPCR and whose atomic coordinates were a rigid object and global manipulations on the helix
deduced from the electron density projection map are induced on every atom through a local coordinate
recorded at 3.5 A resolution from electron microscopy framework defined on the center of the helix. The steps
studies on 2D crystals [33]. However, the lack of sig- involved in the construction of the receptor are: (i) lo-
nificant sequence identity between bacteriorhodopsin cation of the centers of the helices, deduced from the
and GPCRs, together with the recent findings of sub- low-resolution electron density map; (ii) computation
stantial differences with rhodopsin in its helix arrange- of the tilt of each helix, based on the elliptical shape
ment, directed modeling studies to construct GPCRs exhibited by the helix on the projection map; (iii) defi-
without using bacteriorhodopsin as a template. One nition of a local coordinate axis for each of the helices;
of the alternative routes is to use rhodopsin as a tem- (iv) orientation of the seven helices in an antiparallel
plate. However, since its atomic coordinates are not fashion; (v) rotation of each helix through the helical
available, it is first necessary to construct an atomic axis in such a way that its hydrophobic moment points
model of it. Some of the models proposed have been in the same direction of the bisector formed between
generated by sequence homology using the atomicthree consecutive helices in the bundle; (vi) rotation of
coordinates of bacteriorhodopsin and followed by a each helix through an axis perpendicular to the helical
manual rearrangement of the helices using computerone to provide the proper tilt; and (vii) translation of
graphics to comply with the electron density projec- each helix to its center as deduced from the projection
tion map of rhodopsin. The resulting structure is then map. All these steps are described below and can be
being used as a template for modeling other GPCRs. performed in an automatic fashion using the program
Unfortunately, these models have a limited useful- BUNDLE, developed in our laboratory.
ness since (i) there is not significant sequence identity
between GPCRs of different families; and (ii) trans-
membrane regions have different lengths in diverse Definition of a helix local coordinate system
GPCRs. These two issues make questionable the con-
struction of GPCRs by homology modeling. On the The very first information required to model GPCRs
other hand, procedures to construct de novo modelsis to decide the way in which the helices are arranged
of a given GPCR have also been proposed. One of in the bundle. This information cannot be deduced
such approaches has successfully employed sequencérom the bovine rhodopsin electron density projection
divergence analysis to construct several GPCRs [8]. map. Indeed, since the map exhibits two symmetry-
However, the procedure has a limited applicability related images, both of which may represent a view
since it requires the comparison of a large number from the same side of the membrane, there are 10 080
of sequences sharing a sequence identity of 60% or (2 x 7!) possible ways to assign them. In the present
higher. Alternatively, a rule-based approach has also work, helices were assigned following the assump-



113

Figure 1. Schematic representation of the asymmetric unit of the rhodopsin electron density projection map. Numbering of the helices was
carried out following Baldwin’s suggestions (see text).

can be characterized from the electron density map, its
sense of orientation (clockwise or counterclockwise)
remains unclear. However, the counterclockwise ori-
entation has recently become much more probable, as
suggested by the results of a set of mutation experi-
ments [35]. In any case, the algorithm presented in the
present work can handle both models.

Ideally, if the bundle were an arrangement of seven
regular antiparallel helices, the projection map should
be expected to exhibit seven circles. Instead, as shown
in Figure 2, an ellipse can be more appropriately de-

fined on top of each helix. In the present modeling
approach, we assumed that ellipse eccentricity is only
due to the tilt of the helix. Inspection of Figure 3
suggests that tilts can be easily computed. Let A be
the direction of the Z axis and B the direction of the

. . o . helical axis according to the tilt of the helix. The ratio

Figure 2. lllustration of ellipse inscription carried out on top of each . L. . .

of the seven helices. b indicates the direction of the bisector of the between the ellipse principal semi-axis, x, and a half

angle defined between the centers of the previous, the present andof the length of the helix{, provides the tangent of the

the following helix centers and always defined to face the lipophilic angle of tilt,6:

side of the bundlep is the hydrophobic momentp is the angle

betweenu and b andy is the angle between the ellipse minor axis
and the X-axis.

. 2X
0= arc5|r(7)

where the sign ob is decided upon considerations
tions proposed by Baldwin [34], as shown schemati- of the lengths of the loops joining two consecutive
cally in Figure 1. Combining the low-resolution map helices. Moreover, the direction of the ellipse minor
of rhodopsin with a detailed analysis of 204 GPCR axis defines the rotation axis required to provide the
sequences, together with the analysis of length rangesproper tilt to each one of the helices. This direction is
of the interhelical loops, she was able to fit each he- characterized by the anglgX between this direction
lix to the peaks in the projection map of rhodopsin and the X-axis (Figure 2). Finally, the points where
and to propose tentative 3D arrangements of the he-the two ellipse axis cross, determine the coordinates
lices by means of helical wheel projection models. of the helix centers, assumed to lie in the plar€z
Furthermore, whereas the seven helices of rhodopsinAll these parameters are listed in Table 1.
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Table 1. Bundle parameters deduced from the 2D electron density map of rhodopsin assuming
the coordinate origin placed on the center of helix VI

Helix # Helix center x,y (&)  Tiltangl® (°)  Tilt orientation  Bisector vectors
x () xy (R)

Helix | —-9.894, -15.714 —-9.49 -59.74 —9.435, -0.838
Helix 11 0.582, —20.564 16.35 75.96 2.02,-11.366
Helix 1l 8.148, -12.998 22.67 0.0 5.906, —8.922

Helix IV 17.266, -9.312 15.72 0.0 9.246, -3.353
Helix V 11.252, 1.940 14.62 -15.94 5.602, 11.462
Helix VI 0.0,0.0 13.86 33.69 —7.936, 8.209

Helix VIl —2.134, -10282 14.30 5.71 -8.77,5.775

A Dihedral angles of a regular right-handedhelix

(® = —57°, ¥ = —47) are assigned to each of the
putative transmembrane polypeptide segments, with
\ the exception of prolines, wherg = —65°. Even
though, under these conditions, the helices generated

_/ exhibit a kink at the proline residues, they have not
had a special treatment in the present procedure. For
convenience, side chains were kept in the extended
B conformation. Subsequently, a local coordinate sys-

tem is defined. First, the mean position of the helix

is calculated from the Cartesian coordinates of all the
I helix atoms:

< XZ%ZXi’VZ%Zyij:%ZZi

where N is the number of atoms in the helix and x
yi, Z are the coordinates of atom i. Coordinates of the
mean position are subsequently subtrated from those
of every atom, resulting in a translation of the helix
to a new coordinate system with the mean position as
Figure 3. Procedure used to compute the tilt of each helix: x is the origin.

ellipse major semi-axis andis the length of the helix. In order to define a helical coordinate system, a
variance matrix is defined as follows:

Information deduced from the rhodopsin electron Axx Axy Axz
density projection map A=|Ayx Ay Az
Azx Azy Azz

The first step to be performed to build a GPCR is to

accurately assess the sequence of each of the seveMhere

transmembrane domains. For this purpose, we make Axy = Z(Xi —X)(Yi — )

use of the program PHDhtm [36], a neural network i

system capable of locating the transmembrane helicesryig i yiy provides an estimation of the dispersion of

in int_eg_ral membrane proteins. with 95% accuracy. S the atomic coordinates with respect to the mean point
predictions are based on multiple sequence a“gnmemcomputed above. Diagonalization of this matrix yields
of _several GPCRs and have been shown to be VeY three orthogonal eigenvectors that, once normalized,
reliable. are used to define the new local coordinate system.
These vectors also define the rotation matrix necessary
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to transform the atomic coordinates to the new local
coordinate system.

a3

Helix manipulations o

Since GPCRs consist of a single polypeptide chain

looping back and forth across the lipidic bilayer, trans-

membrane helical domains must be organized in an

antiparallel fashion with the exceptlon of the fIrSt_ and Figure 4. Schematic representation of tis-retinal, indicating the

the seventh. Consequently, the first transformation to atomic labeling.

be performed on the individual helices consists of a

180 turn on helices #2, 4 and 6 to get all the helices

in an antiparallel orientation. order to make both vectors point in the same direc-
Once helices are properly oriented, next the hy- tion, arotation R of the angle around the helical axis

drophobic momen of each helix is determined. The ~ should be performed to each helix. However, the need

hydrophobic moment of a helix is computed as the to apply in a subsequent operation a tilt to each helix

summation of unitary vectors, defined on each residue requires to rotate the helix by an angle- x, x being

as the difference of the side-chain mean point coor- the angle between the ellipse minor axis and the X

dinates and those of the*Cand multiplied by the axis. Rotation around angjewill be later subtracted:

hydrophobic value of the residue as weighting factor

[37]: cogg+x) —sin(e+x) O
R=|sin(¢+x) code+x) O
My = Y Ei(Xis = Xia), y = ¥ _ &i(Yis — Yia), 0 0 1

| I

Once helices are transformed, an additional rota-
Mz = ZE(ZiS — Zia) tion through the minor axis of the ellipse defined on
i top of each helix needs to be performed to provide the

wheret; are the hydrophobicity values of residue i in proper tilt. This operation R includes the simultaneous
the Kyte and Doolittle [38] scale andsxVis, Zis are rotation of the tilt angl® around the ellipse minor axis
the coordinates of the mean point of the side chain of located on the XY plane and a rotation-e around
residue i. the Z axis:

The hydrophobic moment defines the most hy-
drophobic side of the helix and consequently the one g _
facing the lipidic bilayer. Inspection of the projection
map suggests that not all the helices have the same
exposure to the lipidic environment, helix #3 being

the least exposed. This different exposure can quan-  After this operation is performed, the final step

titatively be assessed by the value of the angle formed consists of translating the centers of the helices ac-
between the centers of three consecutive helices. Thecording to the coordinates listed in Table 1.

larger the angle, the more exposed is the helix to the

lipidic phase. The simplest way to use the hydrophobic

moment to dictate helix orientation in the bundle is to Results and discussion
force it to point in the direction of the bisector of the

angle formed between the centers of the previous he-The procedure described above has the great advan-
IiX, the one under consideration and the fO||0Wing one tage of being tota”y genera' and can be used to con-
deduced from the electron density map. Coordinates struct a model of any given GPCR. The method pro-
of the vectors defining the bisectors referred to the re- yides a completely automated procedure that avoids
spective local axis of each helix are listed in Table 1. manual manipulation and does not require to have high
Let j be the angle between the hydrophobic moment jgentity sequence receptors, necessary for both homol-
i and the direction of the bisectdr (Figure 2). In ogy modeling and sequence divergence analysis.

cog—x) —sin(—x) 0
—cosfsin(—y) cosbcog—yx) —sind
sinfsin(—y) sinfbcog—yx) coso
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1 I I 100
MNGTEGPNFYVPFSNKTGYV VRSPFEAPQYYLAEPW OQFSMLA A YMFLUIMIL GFPINFLTLYVTV QHKKIRTPLN YL INLAVADLFMVFGGFTTTLYTSLH

101 I v 200
GYFV FGPTGONTEGFFATLGGHIALW SLVVIAJERYVVVCKPMSNFRFGENHAIMGVAFTW VMATLACA A PPLVGW SRYIPEGMQCSCGIDYYTPHEETNN

201 14 Vi VII 300
ESFVIYMFVVHFIPLIVIFFCYGOLVFTVKEA A AQQOESATTQKAEKEV TRM VIIM VIAFLICWLPYAGVAFYIFTHQGSDFGPIFMTIPAFFAKTSAV

301 348
YNPVIYIMMNKQFRNCMV TTLCOGKNPLGDDEASTTVSKTETSQV AP A

Figure 5. Amino acid sequence of rhodopsin with the putative transmembrane domains highlighted.

Figure 6. Model of rhodopsin constructed with BUNDLE.

The procedure outlined in the present work repre- known to be important for ligand binding oriented
sents the simplest approximation to construct GPCRs to the interior of the receptor. Third, prolines induce
without using a template. However, there are some a kink in the helices and consequently deviate them
considerations that need to be made about the approxi-from ideality. This may affect the estimation of the
mations assumed in the present procedure. First, theretilt assigned to each of the helices, since the observed
is no direct evidence that all GPCRs exhibit the same elliptical shape of a helix on the electron density map
arrangement as rhodopsin. However, it is likely that all can be due to both effects. However, in case there is an
of these receptors have evolved from a single ancestraloverestimation of the tilt, this is corrected during the
gene and share basic structural and functional featuresrefinement procedure, since energy minimization pro-
[39]. Second, forcing the direction of the hydrophobic ceeds without constraints and, consequently, contacts
moment to coincide with that of the helix bisector is between helices are easily resolved.
an approximation that works better for those helices This procedure has successfully been used to gen-
exhibiting large hydrophobic moments. Obviously, erate atomic models of rhodopsin and other GPCRs.
helices with small hydrophobic moment are less am- The results of applying the procedure to the former
phipathic and it will be more difficult to predict their  system will be briefly discussed below.
orientation. However, models constructed so far ful- Rhodopsin represents a good test case protein,
fill known experimental results, providing the residues since the procedure outlined above are based on its
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projection map and there are a number of experimen-  Finally, it is important to stress that models gen-
tal studies that provide a wealth of information about erated allow one to make predictions about possible
the residues directly involved in its interaction with mutations that may importantly influence the bind-
the chromophore. These results can be used to assesig of different ligands to their receptors as well as
the quality of the present model, since these residuesmodifications on the ligands to make the receptor—
should all face the interior of the bundle and, further- ligand interaction more effective. The accuracy of
more, they should be located at appropriate distancesthese models can be easily contrasted by comparing
to interact with its natural ligand 1dis-retinal, shown their predictions with the results of the large number of
schematically in Figure 4. pharmacophores described in the literature, deduced
Following the procedure described above, a coun- from comparison of the molecular properties of series
terclockwise model for rhodopsin was automati- of ligands. Modeling the receptors represents an al-
cally constructed. The sequence of bovine rhodopsin ternative view of the ligand—receptor interactions and
comprises 348 residues and was fetched from the may provide new insights into the design of new lig-
GenBank. The putative transmembrane segments ofands based on the consistency of the results achieved.
rhodopsin were assessed using the profile fed neuralFinally, we expect that the procedure described will
network system (PHDhtm) from the EMBL in Hei- help to achieve further insight into the ligand-receptor
delberg [36]. Sequences of the transmembrane regiondnteractions in GPCRs.
are: helix |, 36-62; helix Il, 74-110; helix IIl, 114—
139; helix IV, 152-176; helix V, 203-230; helix VI,
255-279; helix VII, 285-308. Figure 5 shows the Conclusions
sequence of rhodopsin with the putative seven trans-
membrane regions highlighted. Next, a molecule of This paper describes a general automated procedure to
11-<cisretinal was manually docked inside the bundle build the transmembrane regions of GPCRs that does
in such a way that the carbonyl oxygen O1 of di%- not require to use any protein as template. The method
retinal was placed at a distance of about 2 A from is not hampered by the need of finding several recep-
the nitrogen of the Ly®° side chain located in helix  tors with high sequence homology. The procedure is
VII, following the results of Raman spectroscopy [40] based on the assumption that all GPCRs adopt the
and solid-state NMR [41] studies that suggest a cova- same helix arrangement as observed in the rhodopsin
lent link between Ly&%® and 11eis-retinal forming a projection electron density map obtained from elec-
Schiff base. The resulting model is shown in Figure 6. tron microscopy of 2D crystals. From this map, the
Those residues known to be involved in the interaction location of the seven helix centers as well as their tilts
with the ligand from site-directed mutagenesis studies from the elliptical shape exhibited by each helix in the
[42-53] are depicted in yellow. These residues are: projection map can be measured. The next step con-

Leu’®, Asp®® and GIy? for helix Il; Gly114 Phéls sists of assessing the sequence of the transmembrane
Alall’ Gly2L Glul?2 Leu!?® and Trg2 for helix regions by means of the profile fed neural network
lI; Alal64 for helix IV; Phe?®® and Hig!! for he- system from the EMBL and to construct seven ideal
lix V; Phe?8L, Trp?®° and TyP®8 for helix VI; and a-helices of these sequences. Next, helices are manip-
Ala?%? Lys?%6 Asri02 |1e305 and TyE% for helix VII. ulated according to the following steps: (i) definition

The model structure of the ligand-opsin complex con- of a local coordinate axis for each of the helices; (ii)
structed, exhibits numerous contacts and needs to beorientation of them in an antiparallel fashion; (iii) ro-
refined. For this purpose, the helix bundle has to be tation of each helix through the helical axis in such
subjected to energy minimization without constraints a way that its hydrophobic moment is pointing in the
to reach the closest local minimum. Subsequently, the same direction of the bisector formed between three
model is subjected to a molecular dynamics calcula- consecutive helices in the bundle; (iv) rotation of each
tion with the backbone atoms constrained to fully relax helix through an axis perpendicular to the helical one
the side chains. Distances between key residues ando assign a proper tilt; and (v) translation of each
the chromophore molecule in the average structure arehelix to its center deduced from the projection map.
in good agreement with experimental data available. All these steps are performed automatically by a pro-
Details of the refined model will be published else- gram developed in our laboratory called BUNDLE,
where, although the coordinates of the refined model available from the authors upon request.

are available upon request from the authors.
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rhodopsin and other GPCRs. The reliability of these

models can be assessed either directly by site-directed?
mutagenesis experiments or indirectly from recog- »3.
nition of the pharmacophore requirements deduced

from previous indirect modeling studies. These mod- 24
els can be clearly used to acquire new insights into the o

ligand—receptor interactions.
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