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The recent availability in the literature of new crystal structures of inactive G-protein coupled receptors
(GPCRs) prompted us to study the extent to which these crystal structures constitute an advantage over
the former prototypic rhodopsin template for homology modeling of the transmembrane (TM) region
of human class A GPCRs. Our results suggest that better templates than those currently available are
required by the majority of these GPCRs to generate homology models that are accurate enough for
simple virtual screening aimed at computer-aided drug discovery. Thus, we investigated: (1) which class
A GPCRs would have the highest impact as potential templates for homology modeling of other
GPCRs, if their structures were solved, and (2) the extent to which multiple-template homology
modeling (using all currently available GPCR crystal structures) provides an improvement over single-
template homology modeling, as evaluated by the accuracy of rigid protein—flexible ligand docking on

these models.

Introduction

Heptahelical transmembrane (TM?) proteins, also known
as G-protein coupled receptors (GPCRs), are a superfamily of
integral membrane proteins whose function is to transmit
biological signals from the extracellular milieu toward the
cytoplasm, giving rise to signaling cascades that regulate a
variety of cellular and physiological functions. The human
genome contains around 1000 GPCR sequences,'> which can
be classified into five distinct classes (GRAFS system)' using
phylogenetic trees based on TM helices. Because of experi-
mental difficulties, however, there is a strong imbalance
between the number of known GPCR sequences and the
number of known structures.

The first crystal structure of a GPCR, i.e., Bos taurus
rhodopsin (Bt_Rho), appeared in the literature almost a
decade ago.’ Because bovine rhodopsin is relatively easy to
obtain in high quantities, several crystal structures of its 11-
cis-retinal-bound ground state® ® and of early photointer-
mediates,'®"'* including a retinal Schiff base deprotonated
state, have been published during the past decade. The first
crystal structures of a nonrhodopsin GPCR for diffusible
hormones and neurotransmitters, the Homo sapiens [52-adre-
nergic receptor (Hs_Adrb2) bound to partial inverse agonist
carazolol,'"* !¢ were obtained at the end of 2007 using two
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different approaches to stabilize the receptor protein. In the
first approach, an antibody fragment (Fab5) generated in
detergent from a monoclonal antibody (Mab5) that binds to
the third intracellular loop (IC3) of Hs_Adrb2 was used to
reduce the dynamic nature of this loop, thus facilitating
receptor crystallization. The second structure of Hs_Adrb2
was obtained by protein engineering, replacing the IC3 loop
sequence from Q230 to S262 with a well-folded soluble
protein, T4-lysozyme.'® This structure was followed by a third
crystal structure of Hs_Adrb2 bound to cholesterol and the
partial inverse agonist timolol,'” as well as by a new crystal
structure of rhodopsin from Todarodes pacificus (Tp_Rho),'®
which exhibited extended TM helices 5 and 6 at the cytoplas-
mic side and a consequent reduced length for IL3. Another
nonrhodopsin GPCR, whose crystal structure appeared last
year in the literature, is a mutant version of 51 adrenergic
receptor from Meleagris gallopavo (Mg_Adrbl_m?23)." This
new adrenoceptor structure was obtained by introducing in
wild-type receptor six-point mutations, whose combination
was necessary to stabilize the receptor in a wide range of
detergents ideal for crystallization. Crystallization of a lyso-
zyme-fused form of Homo sapiens adenosine A2A receptor
(Hs_Aa2ar) with antagonist ZM241385 also led to structure
determination,” further supporting the generalization of this
crystallization approach to other GPCRs.?! Finally, two
crystal structures of ligand-free native bovine opsin®*** with
or without a cocrystallized C-terminal peptide derived from
the o-subunit of the G-protein transducin have recently
appeared in the literature. These structures are unique in that
they encompass some of the structural features that have often
been attributed to active GPCR conformations.**

In summary, there are currently 22 crystal structures of
inverse agonist-bound class A GPCRs described in the litera-
ture.>~>° However, these structures only cover three GPCR
subfamilies, and four species, and exhibit high conformational
similarity in their TM regions (Figure 1). Thus, more crystal
structures of GPCRs in various conformational states are
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Figure 1. Representative inactive GPCR crystal structures. Bt Rho, Tp_Rho, Hs_Adrb2, Mg_Adrbl_m?23, and Hs_Aa2ar are shownincyan,

yellow, blue, red, and gray colors, respectively.

needed to provide detailed insights into GPCR signaling
and functional selectivity. Because GPCR structural biology
projects seem to require several years of work before a new
crystal structure can be solved, homology modeling may be
used in the interim to generate models of the GPCR TM
regions that (1) exhibit C-a-root-mean-square deviation
(rmsd) values to the putative crystal structure of 2 A or less,
and (2) are suitable for rigid protein—flexible ligand docking.
In this work, we investigated the extent to which: (1) current
crystal structures of inactive GPCRs are suitable templates for
homology modeling of the TM region of other class A
GPCREs, (2) specific GPCRs are better homology modeling
templates for the majority of class A GPCRs, and therefore
might be of particular value if resolved by X-ray crystal-
lography, and (3) multiple-template homology modeling
(using all currently available GPCR crystal structures) may
improve the quality of GPCR models, as evaluated by the
accuracy of rigid protein—flexible ligand docking on these
models.

Results

Inactive GPCR Structures Differ More in the Outer Mem-
brane TM Segment than in the Inner Membrane TM Segment.
We compared all five available inactive 3D structures of
GPCRs (Figure 1) together using global pairwise 3D struc-
tural alignments of the C-a atoms of their corresponding TM
regions to calculate rmsd values (reported in Supporting
Information Table 1). A conserved 7TM topology resulted
from these calculations (rmsd < 2 A) as well as a high
similarity among the individual TM helices (Figure 2A). Not
surprisingly, the most similar GPCR structures resulted to be
Hs_Adrb2 and Mg_Adrbl_m23, which share 68% sequence
identity (SI) and an rmsd of 0.6 A after superposition of 208
corresponding TM C-a atoms. The most different pairs of
inactive GPCR structures corresponded to either Bt_Rho —
Mg _Adrbl_m23 or Bt_Rho — Hs_Aa2ar (1.8 A rmsd for
any of them, based on the superposition of 192 or 186
corresponding TM C-a atoms, respectively). A detailed
analysis of rmsd values calculated for individual helices after
global 3D superposition (Supporting Information Table 1)
shows that TM6 and TM7 are the most structurally con-
served helices in the 10 pairs of inactive GPCR templates
(averagermsd £std = 1.4+0.4 A for each helix), while TM2

and TMS are the most structurally divergent helices (2.7 &
1.0 and 2.8 & 1.0 A, respectively), followed by TM1 (2.3 £+
0.9 A) Extracellular and intracellular views (perpendicular
to the membrane) of the structural superposition between the
analyzed GPCR structures are shown in Figure 2B. Inspec-
tion of this figure suggests that the outer (extracellular)
membrane portion of the 7TMs of the five available GPCR
templates differs more than their inner (intracellular) mem-
brane region. To measure the extent of this divergence, we
calculated for each TM helix the rmsd values of their outer
membrane segments separate from their inner membrane
side (residue composition of the inner and outer segments are
reported in the Experimental Section). Figure 2C reports the
logarithm of the outer/inner membrane rmsd ratio calcu-
lated for each helix, with positive values indicating higher
structural divergences in the outer membrane portion of the
TMs, as shown for TM1, TM2, TM3, and TM4 of the five
available GPCR templates. Notably, these findings are in
line with the notion of higher divergence in the TM 1—4 outer
regions of available GPCR crystal structures due to impor-
tant differences in the mode of binding of different ligands to
orthosteric binding pocket sites. In contrast, TM5, TM6, and
TM7 exhibited a slightly larger rmsd in the inner membrane
side for most of the compared pairs of inactive GPCR
structures. This high divergence in the TM5—7 inner parts
might be responsible for the recognition of different G-
proteins, as particularly evident by comparison between
the longer TM5—6 helices of the Gq-activating squid rho-
dopsin and the shorter TM5—6 helices of the Gt-activating
bovine rhodopsin.

Mg_Adrb1_m23 Is the Most Appropriate Template for the
Majority of Class A GPCRs. We calculated the SI between
the TM regions of each of the five different inactive GPCR
structural templates that are currently available (Bt_Rho,
Tp_Rho, Hs_Adrb2, Mg_Adrbl_m23, and Hs_Aa2ar) and
our data set of human class A GPCRs aligned using con-
served functional residues in their TMs. Figure 3 shows the
distributions of template:target SI for each template. With
the exception of the Bt_Rho’s distribution, all others exhibit
a maximum closer to 20—30% SI. On the basis of the
suggestion by Forrest and co-workers®® that acceptable
models of the TM regions of membrane proteins may be
obtained for template:target SIs of 30% or higher,” we
measured the right-tail area of these distributions (PSAM



Downloaded by TATA INST OF FUNDAMENTAL RES on October 11, 2009 | http://pubs.acs.org
Publication Date (Web): July 23, 2009 | doi: 10.1021/jm9005252

Article

Journal of Medicinal Chemistry, 2009, Vol. 52, No. 16 5209

A

Extracellular side

Outer membrane side

Inner membrane side

Intracellular side

B Extracellular

“TM1
Intracellular

Log (outer TM rmsd / inner TM rmisd)

=
wn

=

&
o

- -
-Hs_AdrbZ mm
-Mg_Adrbl_m23 @
Hs_Adrb2- m
Hs_Adrb2-Mg_Adrbl_m23 mm
-Mg_Adrbl_m23 B

-Hs_Aalar Il

Hs_Adrb2-Hs_AaZar IR

MEg_Adrbl_m23-Hs_AaZar IR

lﬁ. I -Hs_Anzar IR
e

Figure 2. Superposition of representative inactive GPCR crystal structures. (A) Vertical views of multiple aligned individual TM helices. Black
brackets show an approximate representation of extracellular, outer membrane, inner membrane, and intracellular sides of a GPCR.
(B) Superimposed outer and inner membrane segments. (C) Calculated log of the ratios of outer/inner membrane rmsd values.
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Figure 3. Template:target sequence identity (SI) distributions. SI distributions of available crystal structures Hs_Adrb2, Mg_Adrbl_m23,
Hs_Aa2ar, Bt_Rho, Tp_Rho are shown in blue, red, gray, cyan, and yellow, respectively.

values; see bar plot in Supporting Information Figure 1).
Figure 4 shows an area-weighted Venn diagram of the
calculated PSAM values. The higher the calculated PSAM
value, the larger the number of human class A GPCR
sequences that could be modeled with a certain degree
of accuracy using a given GPCR crystal structure as
a template. Among the five available inactive structural
templates of GPCRs, Mg_Adrbl_m23 (red) or Hs_Adrb2

(blue) (PSAM = 18% and 16%, respectively) are calcula-
ted to be better templates for the largest fraction of human
class A GPCRs than Hs_Aalar (gray), Bt_Rho (cyan),
or Tp_Rho (yellow) (PSAM = 12%, 2%, and 1%, respect-
ively). This did not come as a complete surprise because
Mg_Adrbl_m23 and Hs_Adrb2 are members of the large
class of amine GPCRs. As shown in Figure 4, the data sets of
GPCR sequences that may be built more reliably using
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Mg_Adrbl_m23 or Hs_Adrb2 overlap almost completely
due to the high sequence similarity between these two
templates.

Because several GPCR sequences can exhibit SIs of 30%
or higher with more than one single GPCR template, we
calculated which of the currently available inactive GPCR
crystal structures shared the highest SI with each GPCR
target, thus identifying the most appropriate structural
template for each GPCR target. Mg_Adrbl_m23 is the
most appropriate available template for 16% of the se-
quences in the human class A GPCR data set while
Hs_Adrb2, Hs_Aa2ar, Bt_Rho, and Tp_Rho are the most
appropriate templates for 6%, 3%, 2%, and 1% of the
targets, respectively (see Supporting Information Figure 2).
These percentages include the number of targets that share

Neon-orphan non-olfactory class A human GPCRs

249 sequences 5 sequences (PSAM ~2%)

41 sequences \

(PSAM ~16%) J

Ij 3 sequences (PSAM ~1%)

J%equences

(PSAM ~12%)

44 sequences
(PSAM ~18%)

Figure 4. Area-weighted Venn diagram of the logical relationships
between the PSAM values for each template over the entire TM
region. The pale-yellow rectangle represents the totality of non-
orphan nonolfactory class A GPCRs. Coloring of circles as in
Figure 3.
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the same SI with different templates. The human GPCR
entry names>° (different colors represent different groups
according to the GRAFS classification system') whose
homology modeling would benefit from the use of any
available single GPCR structural template are listed inside
the Venn diagram circles shown in Figure 5. Specifically,
the GPCR TM regions that could be built reliably using
either template (SI > 30%) are shown at circle intersec-
tions, while the specific sequences that can preferably use
one template over others (difference in template:target SI
was arbitrarily set up to more than 10%) are listed in the
nonintersected areas of the Venn diagram circles depicted in
Figure 5.

New Crystal Structures Are Needed to Model the Majority
of Class A GPCRs. To identify human GPCRs that could be
better single structural templates for homology modeling of
the largest number of human GPCR sequences and might
therefore be of particular value if resolved by X-ray crystal-
lography, we calculated the template:target SI for each
human GPCR sequence in the nonorphan nonolfactory data
set, summed all the SI values greater than 30%, and selected
those templates that exhibited high SI sums. Somatostatin
receptor 5 (SSRS5) exhibited the highest SI sum, with a
PSAM value of 31%. Hence, determining its crystal struc-
ture might have the highest impact on single-template mod-
eling of human GPCRs (77 sequences; see Supporting
Information for corresponding list of receptors). Somatos-
tatin receptor 4 (SSR4) (PSAM = 30%), and high affinity
interleukin-8 receptor B CXCR2 (PSAM = 29%) were also
identified as potential high-impact templates. A similar
calculation carried out on the data set of class A human
orphan and olfactory GPCRs, identified olfactory receptor
10AS5 of family 10, subfamily A (O10A5; PSAM = 81%),
olfactory receptor 4Q3 of family 4 subfamily Q3 (OR4Q3;

Opsins (a-group
Amine (a-group)
MECA (a-group)
| B-group
Chemokine (y-group)
SOG (y-group)

GALR1 OX2R

Figure 5. Venn diagram of human GPCR entry names>® whose homology modeling would benefit from the use of the available templates. The
GPCRs that could be built using either template are shown at circle intersections, while the specific sequences that would be better modeled
using one specific template are within circles. Sequences with identity difference greater than 10% between available targets are placed into
template exclusive areas in the diagram. The color code of the circles is the same as in Figure 1. Entry names were color coded according to the
GRAFS classification system:! cyan for the opsin receptor cluster, green for the amine receptor cluster, purple for the MECA (melanocortin,
endothelial differentiation, cannabinoid, and adenosine binding receptors) receptor cluster, pink for the -group of rhodopsin receptors,
orange for the chemokine receptors, brown for the SOG group (somatostatin, opioid, GALRs-GPRs), and black for all other receptors outside
known groups. Entry names of receptors with a SI lower than 30% in their TM helices with respect to known GPCR structures are not shown.
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Table 1. Target:Template SI and CSI in Single- and Multiple-Template Homology Models, Respectively”
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“Multiple templates either include all available crystal structures but that of the GPCR target (Multiple1) or all available crystal structures but those

of the target and its cognate receptor (Multiple2).

PSAM = 80%), and olfactory receptor 1El of family 1,
subfamily E (OR1El; PSAM = 79%) as potential high-
impact templates.

Impact of Multiple-Template Based Models on Homology
Modeling of Class A GPCRs. To estimate the accuracy of
multiple-template modeling for class A GPCR sequences of
unknown structure, we calculated (see Experimental Section
for details) the “Collective Sequence Identity” (CSI) between
targets in the human GPCR data set and a multiple-template
model composed of all five currently available inactive
GPCR crystal structures. Because CSI values are higher than
SI values, we adjusted the CSI cutoff to provide an accuracy
equivalent to 2 A rmsd (Supporting Information Figure 3).
The CSI is used here as an indication of the potential
structural complementarity of a set of templates toward
the receptor to be modeled. The CSI distribution exhibited
a PSAM s, value of 45%, suggesting that, if our estimation of
the contribution of multiple templates is correct, almost half
class A GPCRs might be modeled with a minimal accuracy
around 2 A using a multiple-template composed of the five
available inactive GPCR crystal structures.

To evaluate the ability of multiple-template versus single-
template modeling methods to produce accurate GPCR
homology models in terms of high structural similarity with
their cognate crystal structures, we built homology models of
GPCRs with available crystal structures using either single
templates or multiple templates (see detailed list, as well as
Supporting Information and CSI values in Table 1). The
latter were built by combining all currently available crystal
structures with the exception of the crystal structure of the
GPCR under study (Multiplel in Table 1 and Figure 6). We
also considered the case in which structurally similar recep-
tors were eliminated from the multiple-template approach
(Multiple2 in Table 1 and Figure 6). For instance, we built
homology models of Hs_Adrb2 using: (a) either Bt_Rho,
or Tp_Rho, or Mg_Adrbl_m23, or Hs_Aalar as single
templates, and (b) a combination of Bt Rho, Tp_Rho
and Hs_Aa2ar with (Multiplel) or without (Multiple2)
Mg_Adrbl_m23. The results of these studies are shown in
Figure 6A in terms of model accuracy distributions. Simi-
larly, modeling results for Mg_Adrbl_m23, Hs_Aa2ar,
Bt_Rho, and Tp_Rho are reported in parts B—E of Figureo,

respectively. Taken together, the plots of Figure 6 illustrate
two points with respect to multiple-template models of
inactive GPCR structures: (1) when a template shares high
sequence identity with the target (e.g., Mg_Adrbl_m3 for
Hs_Adrb2 and vice versa), the inclusion of additional tem-
plates does not increase the accuracy of the resulting model
(black line in Figure 6A,B), and (2) when all templates share
relatively low sequence identity with the target, using them in
combination results in a model that is similar or slightly more
accurate than the one obtained with any single template
(black lines in Figure 6C—E and purple lines in 6A,B). Thus,
no significant improvement was achieved by multiple-tem-
plate modeling using the currently available GPCR crystal
structures compared to single-template modeling. Once
again, our results suggest that additional GPCR template
structures are needed to build accurate homology models for
those receptor sequences that are not related to adrenergic,
adenosine, or rhodopsin templates.

A comparison of the overall model accuracy (rmsd be-
tween the model and its corresponding crystal structure) as a
function of single template:target SI or multiple template:
target CSI is shown in Supporting Information Figure 3. As
expected, and in agreement with previous studies,”>?”-*® an
increased model accuracy (low rmsd) is observed at higher
template:target SI/CSI. These studies have shown a linear
relationship between SI and accuracy in the data range
from 30 to 100%, which starts to curve from 20% and lower
SI values. Our data show that a SI of 30% has an equivalent
accuracy for a CSI of 50%, and thus SI and CSI identities
would have equivalent accuracies with a 50% cutoff value
of CSI.

Single Template vs Multiple Template Based Models for
Use in Docking Experiments. To statistically compare the
predictive power of single-template or multiple-template
models of Hs_Adrb2 versus the recent Hs_Adrb2 crystal
structure (with or without loops) in virtual docking screen-
ings, we built several models of the 7TM region of the
receptor and used them for flexible ligand—rigid protein
docking. Specifically, these models, which are listed in
Table 2, were based on (a) Bt_Rho crystal structure (TM
SI = 21%), (b) Mg_Adrbl_m?23 crystal structure (TM SI =
68%), (c) a combination (Multiplel) of Bt_Rho, Tp_Rho,
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Figure 6. (A—E) Accuracy distribution of 1000 molecular models generated for each GPCR target with known crystal structure using single-
or multiple-template homology modeling. The distribution of single-template models based on Bt Rho, Tp_Rho, Mg_Adrbl_m?23,
Hs_Adrb2, and Hs_Aa2ar are shown in cyan, yellow, red, blue, and gray colors, respectively. Multiple templates were evaluated in the
presence or absence of the crystal structures of highly homologous targets (Multiplel in black vs Multiple2 in magenta).

Table 2. Structures and Models Used in Molecular Docking Experi-
ments with Their Respective Templates

structure/model name template(s)

Hs_Adrb2

Hs_Adrb2_no_loops

Hs_Adrb2_Rho Bt_Rho
Hs_Adrb2_Adrbl Mg_Adrbl_m23

Hs_Adrb2_Multiplel Bt_Rho+Tp_Rho+

Hs_Aa2ar+Mg_Adrbl_m23
Hs_Adrb2_Multiple2 Bt_Rho+Tp_Rho+
Hs_Aa2ar

Mg_Adrbl_m23, and Hs_Aa2ar (TM CSI = 77%), and (d)
a combination (Multiple2) of Bt_Rho, Tp_Rho, and
Hs_Aa2ar (TM CSI = 48%). Docking of carazolol to either
the entire crystal structure of Hs_Adrb2, or the crystal
structure of Hs_Adrb2 without loops, or any of the single-
or multiple-template models of Hs_Adrb2 listed above, was
performed according to the protocol described in the Experi-
mental Section.

Five different conformations of each single or multiple
template model were selected for docking. Specifically, these
five conformations differed in the orientation of the side
chains within the active site defined as in Surgand et al.”’

Thus, we evaluated the ability of the aforementioned
Hs_Adrb2 models to predict the largest population of sui-
table docking solutions for carazolol (rmsd <2 A from
crystal structure). Specifically, we calculated the percentage
(P) of docking solutions with less than 2 A rmsd from the
crystal structure obtained for each single- or multiple tem-
plate-based models. Our results suggest that all the receptor
models produced suitable binding poses (rmsd < 2 A from
crystal structure) despite evident differences in the number of
accurate predictions.

Supporting Information Figure 4 shows the cumulative
percentage of suitable docking solutions achieved using
either the crystal structure or the different homology models
of Hs_Adrb2. Specifically, The Hs_Adrb2 crystal structure
with or without loops resulted in 32% and 60% of suitable
binding solutions, respectively, whereas the Bt Rho-based
model of Hs_Adrb2 produced only a few suitable binding
solutions (P = 0.2%). The results suggest that loops may
somehow interfere with the docking process, and that at least
in this case, GPCR models without loops may constitute a
better alternative for flexible ligand—rigid protein docking.
Similarly, models based on Mg_Adrbl_m?23 resulted in large
populations of suitable binding poses for carazolol (P =
29%), whereas Multiplel and Multiple2 models yielded only
25% and 0.8% accurate docking solutions, respectively.
Figure 7 shows the lowest rmsd binding poses identified by
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Figure 7. Most accurate binding pose of carazolol docked into (A)
Hs_Adrb2 crystal structure (brown), (B) Hs_Adrb2 crystal struc-
ture without loops (green), (C) a Bt_Rho based single-template
model of Hs_Adrb2 (cyan), (D) a Mg_Adrbl_m23 based single-
template model of Hs_Adrb2 (red), (E) a multiple-template model
with all available crystal structures but that of Hs_Adrb2
(Multiplel, black), and (F) a multiple-template model with all
available crystal structures but those of Hs_Adrb2 and the highly
homologous receptor Mg_Adrbl_m23 (Multiple2, magenta). Crys-
tal structure of Hs_Adrb2 and carazolol are shown in white. The
percentage P of obtaining a correct prediction is shown under the
rmsd value for each model.

molecular docking at the complete Hs_Adrb2 crystal struc-
ture (Figure 7A; rmsd = 0.86 A), the Hs_Adrb2 crystal
structure without loops (Figure 7B; rmsd = 0.88 A), the
Bt_Rho-based model of Hs_Adrb2 (Figure 7C; rmsd =
2.55 A) the Mg_Adrbl_m23-based model of Hs_Adrb2
(Figure 7D; rmsd = 0.66 A), the Multiplel model of Hs_
Adrb2 (Figure 7E; rmsd = 0.98 A) and the Multiple2 model
of Hs_Adrb2 (Figure 7F; rmsd = 1.42 A) Notably, our
docking protocol was able to reproduce the crystal solu-
tion of carazolol with relatively high accuracy (rmsd
<1 A) for the complete Hs_Adrb2 crystal structure, the
Hs_Adrb2 crystal structure without loops, the Mg
Adrbl_m23-based model of Hs_Adrb2, and the Multiplel
model of Hs_Adrb2. Slightly higher energy scores resulted
from the docking experiment of carazolol at the Hs_Adrb2
crystal structure without loops (data not shown), compared
to the values with loops, suggesting that Hs_Adrb2 loops do
not play a crucial role in the docking of carazolol to
Hs_Adrb2, but their role may be rather related to regulating
the accessibility of ligands to the orthosteric binding pocket
of GPCRs.”

Discussion and Conclusions

Recent advances in structural biology of GPCRs have shed
new light on receptor ligand binding and activation, opening
the door to putative improved models of these receptors. We
have studied the impact of this new structural information on
structure-based drug discovery approaches. Specifically, we
have investigated the extent to which current inactive crystal
structures of GPCRs are suitable templates to build accurate
homology models of the TM region of human class A GPCRs
for use in simple structure-based virtual screening aimed at
computer-aided drug discovery.

Our results showed that Mg_Adrbl_m23, Hs_Adrb2, and
Hs_Aa2ar are suitable templates (sequence identity > 30%)
for homology modeling of the 7TMs of 18%, 16%, and 12%
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of nonorphan nonolfactory human class A GPCRs, respec-
tively, while Bt_Rho and Tp_Rho can significantly contribute
to the modeling of only 2% and 1% of GPCRs, respectively.
Despite the larger number of GPCR sequences (mostly amine
receptors) that can be modeled with higher confidence using
either Hs_Adrb2 or Mg_Adrbl_m23 crystal structures as
single templates, as compared with adenosine and rhodopsin
structures, our results suggest that the majority of class A
GPCRs still need better structural templates than those
currently available to obtain homology models that, together
with appropriate docking tools and scoring functions, may
enhance computer-assisted drug design. Our results suggest
that SSR5, SSR4, or CXCR2 might be the most desirable
GPCREs for future crystallization because a larger number of
nonolfactory nonorphan human class A GPCRs (~30% of
the data set) exhibit a ST higher than 30% with respect to any
of these potential new templates, and might therefore benefit
from the use of these templates for homology modeling.
Similarly, in the case of olfactory and orphan human class
A GPCRs, a much larger number of GPCRs (80% of
olfactory and orphan receptors) could be built more reliably
if crystal structures of O10A5, OR4Q3, or ORIEl were
available as templates.

Albeit small, variations in the individual TM helices re-
vealed by the recent rhodopsin and nonrhodopsin inactive
crystal structures appear to affect the ability of a ligand to bind
in a correct orientation, as predicted by flexible ligand—rigid
protein virtual screening approaches, hence the need to
improve the quality of homology models of GPCRs using
more appropriate templates. We showed that rhodopsin-
based homology models of the distant homologous
Hs_Adrb2 fail to predict correct ligand-binding poses using
simple docking tools and scoring functions. Nevertheless, the
lack of loopsin the Hs_Adrb2 crystal structure did not prevent
us from identifying accurate binding poses for carazolol (rmsd
< 2 A from crystal structure), suggesting once again®' that
some GPCR models built without extracellular loops may
constitute a viable alternative for virtual docking experiments.

To try toimprove the quality of GPCR models, we explored
the possibility of using multiple templates for homology
modeling. Thus, we estimated the contribution of all currently
available GPCR structures to the multiple-template modeling
of a given target using a calculated CSI value. Our analysis
suggests that the use of multiple templates can provide similar
or slightly improved models of the TM region of GPCRs when
compared to receptor models obtained using single templates.
Model accuracy is expected to improve as more GPCR
structures become available, depending on the collective
identity of the different multiple templates that are taken into
account.

Although it is reasonable to expect that multiple-template
models would exhibit a higher predictive power in flexible
ligand—rigid protein docking experiments, accuracy is a
global measure of the properties of the complete structure,
while for docking purposes the correct orientation of side
chains within the binding pocket may be the most important
aspect.’! Accordingly, we were able to find, with high fre-
quency, suitable docking solutions of carazolol (rmsd < 2 A
from the crystal structure binding pose) only in docking
experiments that either used the Hs_Adrb2 crystal structure
or models based on highly similar templates such as
Mg _Adrbl_m?23. Docking experiments that rely on models
based on lower similarity templates (<35% sequence identity)
showed a reduced predictive ability, also when combining
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multiple templates. Availability of additional GPCR crystal
structures that can serve as templates in the 35—65% sequence
identity range will be required to test the ability of multiple
template modeling to significantly impact the accuracy of
GPCR homology models for docking studies.

Experimental Section

Nomenclature and Residue Numbering. Each GPCR template
is indicated by the initials of the binomial nomenclature used for
naming species followed by the generic or abbreviated name of
the receptor. For instance, Bos taurus rhodopsin is indicated by
Bt_Rho, while Meleagris gallopavo (1 adrenergic receptor
mutant m23 is indicated by Mg_Adrbl_m23. Residues are
numbered both according to their positions in the GPCR
sequence and to the two-number identifier by Ballesteros and
Weinstein® reported as a superscript. Specifically, this two-
number identifier consists of the TM helix number (from 1 to 7)
and the residue position in the helix relative to its most
conserved residue (assigned index of 50) with numbers decreas-
ing toward the helix N-terminus and increasing toward its
C-terminus.

Sequence Data Set. The aligned amino acid sequences of the
TM regions of 614 human class A GPCRs were extracted
from the GPCRDB release 10.0 (June 2006).>* These sequences,
whose GPCRDB alignment is based on the highly conserved
functional residues in each TM segment, were visually inspected
and then separated into two distinct data sets containing
either nonorphan nonolfactory class A GPCR receptors (249
sequences) or orphan and olfactory class A GPCR receptors
(365 sequences). The TM sequences of each GPCR were ex-
tracted and analyzed as both individual helices and helical
bundles. The analysis reported hereafter is based on the 249
sequence data set of nonorphan nonolfactory class A human
GPCR receptors unless otherwise specified.

Template Data Set. Five inverse agonist-bound GPCR crystal
structures were taken into account as templates for homology
modeling of inactive GPCRs (Figure 1): Bt_Rho (1U19, chain
A, 2.2 A resolution”), Tp_Rho (2773, cham A, 2.5 A re-
SO]uthIllS) Hs_Adrb2 (2RHI, chain A, 2.4 A resolutlonIS)
Mg_Adrbl_m23 (2VT4, chain B, 2.7 A resolutlonlg) and Hs_
Aa2ar (3EML, chain A, 2.6 A resolutlonzo)

Structural Comparison of Crystal Structures. The rmsd of the
C-o.atoms was used to measure the structural similarity between
the TM regions of pairs of available GPCR inactive templates
following their structural alignment with the command
ALIGN3D of MODELLER.* Outer and inner membrane sides
of the TM helices were approximately assigned based on an
average structure resulting from equilibrated molecular dy-
namics simulations of Bt_Rho in an explicit lipid—water envir-
onment.* Specifically, the following segments were chosen:
residues 1.30—1.43 (outer) and 1.44—1.59 (inner) for TMI,
2.50—2.67 (outer) and 2.38—2.49 (inner) for TM2, 3.33—3.37
(outer) and 3.38—3.55 (inner) for TM3, 4.51—4.63 (outer) and
4.39—4.50 (inner) for TM4, 5.36—5.48 (outer) and 5.49—5.68
(inner) for TMS, 6.47—6.60 (outer) and 6.29—6.46 (inner) for
TM6, and 7.32—7.46 (outer) and 7.47—7.55 (inner) for TM7.

Percentage of Sequences for Accurate Models (PSAM) . PSAM
was defined as the percentage of target TM sequences in a given
data set that share SI higher than 30% with a given structural
template. Because of the relationship between sequence similarity
and model accuracy in membrane proteins,”> PSAM represents
the percentage of targets that are expected to have models with
accuracy lower than 2 A rmsd (C-oc atoms) (area in the right-tail of
template:target SI distributions). Additional calculations carried
out using a SI cutoff of 25% yielded the same conclusions inferred
by the 30% cutoft.

Potential High-Impact Templates for Homology Modeling of
GPCRs. To select which class A GPCR might be a better

Mobarec et al.

template for homology modeling than currently available tem-
plates, we first calculated the SI between the TM region of each
of the currently available GPCR crystal structures and the TM
regions of GPCRs in the data set. The highest sum of the
calculated SIs greater than 30% was then selected, and the top
ranked receptors were reported together with their PSAM value.

Template Alignment and TM Model Building. Models of the
TM regions were calculated using the sequence alignments and
the template structures described above as inputs to the default
“model” routine of the MODELLER v8.2 software.>* Either
single or multiple templates were considered. Every target
sequence with an available 3D crystallographic structure was
subject to homology modeling using either a single template
(other than their own crystal structures) or multiple templates
(with the exception of their own crystal structure or crystal
structures from the same GPCR subfamily). One thousand
models were generated for each template:target modeling ex-
periment. The Rosetta scoring function,® which was recently
shown to be a suitable scoring function for membrane protein
homology models,” was used to select one of the models for
docking experiments.

Accuracy of the Models. The accuracy of the TM models, i.e.,
the structural similarity between a model and the crystallo-
graphic structure of the target was measured by rmsd, using
the SUPERPOSE command of MODELLER** without setting
a specific cutoff value.

Sequence-Based Evaluation of Multiple Templates. Multiple
templates were obtained by using the sequences of three or more
inactive GPCR crystal structures simultaneously. Specifically,
we estimated the potential contribution of different sets of
GPCR templates to the modeling of a given GPCR target by
calculating a “collective sequence identity” (CSI) parameter.
CSlI is obtained by counting the number of alignment positions
at which at least one template residue is identical to the target
residue and dividing this number by the length of the alignment.
Notably, the relationship between SI and CSI is not clear.

Recent studies®>>*® using a data set of thousands of single-
template models of globular and membrane proteins of known
structure suggested a nonlinear relationship between SI and
structural accuracy. However, the data for transmembrane
proteins (without considering loops) can be represented by a
linear relationship in the SI range between 30 and 100%.% It is
possible that CSI values would follow a similar trend (see
Supporting Information Figure 3). Our limited number of single
template- and multiple template-based models that can be built
using current crystal structures of GPCRs provide accuracy
values that are in agreement with those published for membrane
proteins® and globular proteins.*® The CSI values are displaced
to the right in the CSI accuracy plot of Supporting Information
Figure 3, and we observe that a CSI value of 50% corresponds to
an accuracy of approximately 2 A rmsd. We used this PSAM
cutoff of 50% (PSAM ) to estimate the contribution of the five
representative GPCR crystal structures to multiple template-
based models of class A GPCRs and therefore to obtaina PSAM
value for multiple-templates that is comparable in accuracy to
those of single template-based models.

Molecular Docking. Rigid protein—flexible ligand docking
was carried out with AUTODOCK v3.0*° to predict binding
modes of carazolol into the orthosteric binding pocket of the
Hs_Adbr2 crystal structure, multiple-template based models,
and single-template based models listed in Table 2. For any
given template, five models were selected. Specifically, one
model was selected based on Rosetta scoring function, while
the other four models were based on the different orientation
of the side chains within a predefined active site,?® as evaluated
by rmsd. Structural parameters for carazolol, Hs Adrb2,
Hs_Adrb2-Rho, Hs_Adrb2_Adrbl, Hs_Adrb2_Multiplel, and
Hs_Adrb2_Multiple2 were assigned with Autodock Tools
(ADT).** A reference grid box for docking was set up using
the Hs_Adbr2 crystal structure and was centered in the middle
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of its TM bundle (4.38 A from the C-ct atom of F193°%2, 4.69 A
from the OH group of Y308”%*, and 4.0 A from the amide
oxygen of N3127-), featuring a size of 88 x 86 x 68 points with
a grid spacing of 0.375 A. This box surrounded the Hs_Adbr2
orthosteric site and allowed for free ligand rotation and dis-
placement in each docking system. A genetic algorithm protocol
was selected for an exhaustive conformational sampling of
carazolol within the proteins. Specifically, we used a starting
population of 150 random positions of the ligand into its grid
box, and a total number of 2500000 docking evaluations. We
performed 100 different docking experiments for each
Hs Adrb2 model. A larger number of docking experiments
(data not shown) was performed using the Hs_Adrb2 crystal
structure to check for consistency. Docking accuracy was
assessed by calculating the rmsd between all heavy atoms of
carazolol in the X-ray crystal structure (2RH1) and the binding
poses resulting from each docking experiment.
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Supporting Information Available: Figures 1—4 showing
percentage of human class A GPCRs that could be modeled
with a certain degree of accuracy using as templates one of the
available inactive GPCR crystal structures, most appropriate
structural templates for each GPCR target among those cur-
rently available, comparison of overall model accuracy as
a function of single-template:target sequence identity (SI)
or multiple-template:target combined sequence identity (CSI),
cumulative docking accuracy distributions of carazolol docked
into Hs_Adrb2 crystal structure, Hs_Adrb2 crystal structure
without loops, a Bt_Rho based single-template model
of Hs_Adrb2, a Mg_Adrbl_m23 based single-template model
of Hs_Adrb2, a multiple-template model with all available
crystal structures but that of Hs_Adrb2 (Multiplel), and a
multiple-template model with all available crystal structures
but those of Hs_Adrb2 and the highly homologous receptor
Mg_Adrbl_m23 (Multiple2), and table of pairwise root mean
square deviation values (A) for the five inactive crystal struc-
tures. List of GPCRs that might be modeled with high accuracy
using Homo sapiens somatostatin receptor 5 (Hs_SSRS5 ) as a
template. This material is available free of charge via the
Internet at http://pubs.acs.org.
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