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The only results available at present about the structural features of G-protein coupled
receptors are the low resolution electron projection maps obtained from microscopy stud-
ies carried out on two-dimensional crystals of rhodopsin. These studies support previous
suggestions that these integral proteins are constituted by seven transmembrane domains.
The low resolution electron density map of rhodopsin can be used to extract information
about helix relative positions and tilt. Thisinformation, together with a reliable procedure to
assess the residues involved in each of the transmembrane regions, can be used to construct
a model of rhodopsin at atomic resolution. We have developed an algorithm that can be
used to generate such a model in a completely automated fashion. The steps involved are:
(i) locate the centers of the helices according to the low resolution electron density map;
(i) compute the tilt of each helix based on the elliptical shape observed by each helix in the
map; (iii) define alocal 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 as 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; (vii) translate each of the helix to its center deduced
from the projection map. A major advantage of the procedure presented is its generality
and consequently can be used to obtain a model of any G-protein coupled receptor with
the only assumption that the shape of the bundle is the same as found in rhodopsin. This
avoids uncertainties found in other procedures that construct models of G-protein coupled
receptors based on sequence homology using rhodopsin as template.

1. Introduction

G-protein coupled receptors (GPCRs) are a large group of integra membrane
proteins of pivotal importance, directly involved in the transmission of signas to the
interior of the cell [30,33]. These receptors exhibit seven hydrophobic domains, pre-
dicted to correspond to the transmembrane spanning regions of the protein. Moreover,
systematic analysis of the hydrophobicity profile of these transmembrane domains,
using both helical wheel and Fourier analysis, clearly suggests that these domains
correspond to helical secondary structures.
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Due to the difficulties associated to the isolation and purification in the quantities
demanded by structural analysis, structural information about these integral proteins is
very scarce. Moreover, it isnotorioudly difficult to obtain crystals suitable for structural
analysis by X-ray diffraction. Microscopy studies of 2D crystals, have provided an
electron density projection map of rhodopsin [28,29], the only GPCR structurally
characterized to dgte. Unfortunately, the resolution of the two structures available is
very low (9 and 7 A, respectively) to provide a detailed structural information necessary
to understand ligand—receptor interactions. However, in spite of the low resolution of
these maps, they permit identification of the individual helices, and consequently get
insight into their spatial arrangement in the form of a bundle and furthermore, obtain
geometrical information about the relative position and orientation of each of the
helices.

This structural information, as well as other results can be used to generate 3D
models of these receptors at the atomic level. These structures are very useful since,
they can be used to propose site directed mutagenesis experiments or suggest structural
changes on different families of ligand and in general, contributing to increase our level
of understanding of ligand—receptor interactions. Futhermore, as a feedback of these
predictions, the outcome of the experiments proposed with these models would be very
valuable to decide the validity of the approximations used in their generation.

In the last few years, several approaches to construct 3D maodels of GPCRs have
been proposed [1,4-8,10,11,13-17,19-25,27,31,32,34-36]. Early models of these pro-
teins were constructed by sequence homology modeling using bacteriorhodopsin as
template. Atomic coordinates of this protein are available from the electron density
projection map recorded from 2D crystals at 3.5 A resolution [12]. However, athough
bacteriorhodopsin is an integra membrane protein exhibiting seven transmembrane
domains, on the one hand, it is not a GPCR, and on the other, does not exhibit a sig-
nificant sequence identity with any GPCR. These two issues together with the recent
findings of substantial differences with rhodopsin in its helix arrangement, directed
modeling studies in recent years to construct GPCRs without using bacteriorhodopsin
astemplate. One aternative route was to use rhodopsin as template. However, sinceits
coordinates are not available, it is necessary first to construct a reliable atomic model
of it. Models of rhodopsin have been constructed by manual manipulation of the bac-
teriorhodopsin coordinates, imposing geometrical restraints inferred from experimental
or theoretical studies. These resulting structures have been then used as templates for
modeling other GPCRs. Unfortunately, these models have a limited usefulness since
first, alow sequence identity is observed between GPCRs of different families and sec-
ond, transmembrane regions have different lengths in diverse GPCRs. These two issues
make questionable the construction of GPCRs by homology modeling. Alternatively,
sequence divergence analysis [1] is a technique that avoids the difficulties associated
with homology modeling of GPCRs, but it is hampered by the need to compare a large
number of sequences sharing more than about a 60% of sequence identity.

In the present work, we proposed a general procedure to construct the transmem-
brane domains of any GPCR. The method does not require the use of a template protein
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and avoids the requirements of the sequence divergence analysis procedure. The con-
struction of the transmembrane domains of the protein is based on the assumption that,
they are arranged in a seven helix bundle in the same spatia disposition asin rhodopsin.
In the procedure, each helix is treated as an rigid object and global manipulations on
the hdlix are induced on every atom through alocal coordinate system defined on each
helix. The steps involved in the procedure are: (i) location of the centers of the helices
according to the low resolution electron density map; (ii) computation of the tilt of
each helix, according to the dliptical shape exhibited by each helix in the projection
map; (iii) definition of aloca coordinate axis for each of the hdlices; (iv) orient them
in an antiparallel fashion; (v) rotation of each helix through the helical axis in such
a way that its hydrophobic moment is pointing in the same direction of the bisector
formed between three consecutive helices in the bundle; (vi) rotation of each helix
through an axis perpendicular to the helical one to assign a proper tilt; (vii) trandation
of each of the helix to its center deduced from the projection map.

2. Information deduced from the rhodopsin electron density projection map

The very first information required to model GPCRs is to decide the way the
helices are arranged in the bundle. This information cannot be deduced from the
bovine rhodopsin electron density projection map. Indeed, since the map exhibits
two symmetry-related images both of which may represent a view from the same
side of the membrane, there are 10,080 possible ways to assign them. In the present
work, helices were assigned following the assumptions proposed by Baldwin as shown
schematically in figure 1 [2]. Combining the low resolution map of rhodopsin with a
detailed analysis of 204 GPCR sequences, together with the analysis of length ranges
of the interhelical loops, she was able to fit each helix to the peaks in the projection
map of rhodopsin and to propose tentative 3D arrangements of the helices by means of

2

Figure 1. 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).
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Figure 2. Illustration of ellipse inscription carried out on top of each of the seven helices. b indicates

the direction of the bisector of the angle defined between the centers of the previous, the present and

the following helix centers, p is the hydrophobic moment, ¢ is the angle between 1 and b, and x is the
angle between the elipse minor axis and the X -axis.

helical wheel projection models. Furthermore, whereas the seven helices of rhodopsin
can be characterized from the electron density map, its sense of orientation (clockwise
or counterclockwise) remains unclear. However, the counterclockwise orientation has
recently become much more probable, as suggested by the results a set of mutation
experiments [3]. In any case, the algorithm presented in the present work can handle
any of the two models.

Idedlly, if the bundle was an arrangement of seven regular antiparallel helices,
the projection map should be expected to show seven circles. Instead, as shown in
figure 2, an dlipse can be more appropriately defined 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.
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Figure 3. lllustration of the procedure followed to measure the tilt of each helix. z is the value of the
dlipse magjor semi-axis and [ is the length of the helix.

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 Tilt angle Tilt orientation Bisector vectors
(z, y)IA f/degrees y/degrees (z, y)IA
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 11l 8.148, —12.998 22.67° 0.0° 5.906, —8.922
Helix 1V 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, 00 13.86° 33.69° —7.936, 8.209
Helix VII 2.134, —10.282 14.39° 5.71° —8.77, 5.775

Let A be the direction of the Z-axis and B the direction of the helical axis reflecting
the tilt of the helix. The ratio between the value of the ellipse principal axis z and a
half of the helix length [ provides the angle of tilt 6:

0= arcsin(zl—x)

where the sign of ¢ is decided upon considerations of the lengths of the loops joining
two consecutive helices. Moreover, the direction of the ellipse minor axis defines the
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rotation axis required to provide the proper tilt to each one of the helices. Thisdirection
is characterized by the angle x between this direction and the X -axis (figure 2). Finaly,
the points where the two dlipse axis cross, determine the coordinates of the helix
centers, assumed to lie in the plane z = 0. All these parameters are listed in table 1.

3. Definition of a helix local coordinate system

Thefirst step to be performed to build a GPCR isto assess accurately the sequence
of each of the seven transmembrane domains. For this purpose we make use of the
program PHDhtm [26], aneural network system capable of locating the transmembrane
helices in integra membrane proteins with 95% accuracy. Its predictions are based
on multiple sequence alignment of several GPCRs and have been shown to be very
reliable.

Dihedral angles of aregular right-handed apha helix (p = —57°, ¢ = —47°) are
assigned to each of the putative transmembrane polypeptide segments, with exception
of prolines where ¢ = —65°. For convenience, side chains were kept in the extended
conformation. Subsequently, a local coordinate system is defined. First, the mean
position of the helix is calculated from the cartesian coordinates of al the helix atoms:

1 1 1
:N;xiy yzﬁzi:yi’ Z:N;Zi’

where N is the number of atoms in the helix and x;, y; and z; are the coordinates
of atom i. Mean position coordinates are subsequently subtrated from those of every
atom, resulting in atrandation of the helix to a new coordinate system where the mean
position is the new origin of coordinates.

In order to define a helical coordinate system a variance matrix is defined as
follows:

8l

7

sz Awy Azz
A= |By Dy DBy |, where Dy =) (zi — Z)(y: — 7).
Azx Azy Azz

This matrix provides an estimation of the dispersion of the atomic coordinates with
respect to the mean point computed above. Diagonalization of this matrix yields
three orthogonal eigenvectors that once normalized, are used to define the new local
coordinate system. These vectors also define the rotation matrix necessary to transform
the atomic coordinates to the new local coordinate system.

4.  Hédix manipulations
GPCRs consist of a single polypeptide chain containing seven hydrophobic seg-

ments looping back and forth across the lipid bilayer. This determines that the trans-
membrane domains must be organized in a bundle of antiparalel helices with the
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exception of the first and the seventh, arranged to form a hydrophobic outer surface,
facing the lipid membrane and a hydrophilic inner interior that originates a binding
pocket. Consequently, the first transformation to be performed on the individual he-
lices consist of a 180° turn on helices #2, 4 and 6 to get all the helices in an antiparallel
orientation.

Once helices are properly oriented, next the hydrophobic moment 1. of each helix
is determined. The hydrophobic moment of a helix is computed as the summation of
unitary vectors, defined on each residue as the difference of the side chain mean point
coordinates and those of the Ca, and multiplied by the hydrophobic value of the residue
as a weighting factor [9]:

Po = Z&'(»’Eis — Tia) oy = Zfi(yis — Yia)s Mz = Z&'(zis — Zia)s

where &; are the hydrophobicity value of residue ¢ in the Kyte and Doolittle’'s scale [18]
and x;5, vis, 2is are the coordinates of the mean point of the side chain of residue .

The hydrophobic moment defines the most hydrophobic side of the helix and
consequently the one facing the lipid bilayer. Inspection of the projection map suggests
that not all the helices have the same exposure to the lipid environment, being helix #3
the least exposed. This different exposure can be quantitatively assessed by the value
of the angle formed between the centers of three consecutive helices. The larger the
angle, the more exposed is the helix to the lipid phase. In order to use the hydrophobic
moment to indicate the orientation of the helix, the simplest assumption is to force it
to point in the direction of the bisector of the angle formed between the centers of the
previous helix, the one under consideration and the following one deduced from the
electron density map. Bisector coordinates are listed in table 1. Let ¢ be the angle
between the hydrophobic moment . and the direction of the bisector b (figure 2). In
order to make both vectors to point in the same direction, a rotation R of the angle
o around the helical axis should to be performed to each helix. However, the need
to apply in a subsequent operation a tilt to each hdix, requires to rotate the helix an
angle ¢ + x, being x is the angle between the elipse minor axis and the X -coordinate
axis, that will be later subtracted:

!COS(@ +x) —sin(p+x) 0]
R= [sin(p+x) cos(p+x) O].
0 0 1

Once helices are transformed, an additional rotation through the minor axis of
the dlipse defined on top of each helix, needs to be performed to provide the proper
tilt. This operation requires the simultaneous rotation of the tilt angle 6 around an axis
located on the XY -plane and undo the previous rotation of —y around the Z-axis:

cos(—x) —sin(—x) 0
R = | —cosfsin(—y) cosfcos(—y) —snd|.
sindsin(—yx) sindcos(—y) cosf
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After this is performed, the final step consist of trandating the centers of the
helices according to the coordinates listed in table 1.

5. Results and discussion

The procedure has successfully been used to generate atomic models of rhodopsin
and other GPCRs like the opiate or bradykinin receptors. In all of the cases tested, the
procedure provides the residues known to influence the binding affinity of selective
ligands facing to the interior of the bundle. Furthermore, docking of these ligands
following directives of their proposed pharmacophores permit identification of residues
involved in ligand—receptor interactions.

Once the models are constructed, they are subsequently refined by energy mini-
mization followed by a 300 ps molecular dynamics simulation in order to relax side
chain interactions between helices and with the ligand. Results of applying this pro-
cedure to different systems will be published elsewhere.

The procedure described above has the great advantage of being totally general
and can be used to construct a model of any GPCR, avoiding manual manipulation
and does not make use of sequence identities between different receptors, necessary
for both homology modeling and sequence divergence analysis. These models may
alow to make predictions about possible mutations that may importantly influence the
binding of different ligands to their receptors as well as modifications on the ligands
to make the receptorHigand interaction stronger. Accuracy of the models constructed
can be easily contrasted by comparing their predictions with the results of a large
number of pharmacophores described in the literature, deduced from comparison of
the molecular properties of series of ligands. Modeling the receptors represents an
dternative view of the ligand—receptor interactions and may provide new insights into
the design of new ligands based on the consistency of the results achieved.

6. Conclusions

The paper describes a general automated procedure to build the transmembrane
regions of GPCRs that does not require any protein as template. The method is not
hampered by the need of finding severa receptors with high sequence homology. The
procedure is based on the assumption that all GPCRs adopt the same helix arrangement
as observed in the rhodopsin projection electron density map obtained from electron
microscopy of 2D crystals. From this map, location of the seven helix centers aswell as
their tilts from the elliptical shape exhibited by each helix in the projection map, can be
measured. Next step consist of assessing the sequence of the transmembrane regions
by means of the profile fed neura network system from the EMBL and construct
seven ideal alpha helices of these sequences. Next, helices are manipulated according
to the following steps: (i) definition of aloca coordinate axis for each of the helices;
(ii) orient them in an antiparallel fashion; (iii) rotation of each helix through the helical
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axis in such a way that its hydrophobic moment is pointing in the same direction of
the bisector formed between three consecutive helices in the bundle; (iv) rotation of
each helix through an axis perpendicular to the helical one to assign a proper tilt;
(v) trandation of each of the helix to its center deduced from the projection map.
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