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Crystal Structures of a Second G Protein-Coupled
Receptor: Triumphs and Implications

Abby L. Parrill*?

G protein-coupled receptors (GPCR) are
integral membrane proteins involved in
cellular signal transduction. Genome
analysis suggests about 950 distinct
human GPCR."" GPCR play essential roles
in the action of hormones, neurotrans-
mitters, and growth factors and regulate
development, immunity, and physiologi-
cal homeostasis. Consequently, GPCR
serve as the biological targets of approx-
imately 25-50% of drugs, depending on
whether estimates are derived from total
sales, prescriptions, or numbers of
drugs.”¥ These drugs, however, target a
relatively small percentage of known
GPCR, suggesting that important thera-
peutics targeting GPCR remain to be dis-
covered. Detailed GPCR structures are
therefore of interest to a broad audi-
ence. Despite the undeniable signifi-
cance of GPCR, the first high-resolution
GPCR structure was not released until
2000.” The first GPCR characterized with
atomic detail was rhodopsin, which uses
a covalently bound retinal chromophore
to sense light. This structure was greeted
enthusiastically; however, its atypical co-
valently bound ligand and complete lack
of basal activity left unanswered ques-
tions about its suitability as a template
for other GPCR structures, particularly for
investigations of agonist interactions. Re-
cently reported crystal structures of a
second GPCR family member, the P2-
adrenergic receptor (Figure 1),°7 ad-
dress some of these questions, and pro-
vide a mechanism to triumph over some
of the challenges inherent in the charac-
terization of membrane protein struc-
tures.
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Figure 1. Comparison of 32-adrenergic receptor
crystal structures (blue: PDB entry 2RH1, green:
PDB entry 2R4R) and two lowest-resolution rho-
dopsin crystal structures (red: PDB entry 1U19%),
A) Superposition based on structurally conserved
residues gives 1.5 A root mean squared deviation
(RMSD) on a carbon positions of superposed resi-
dues (> 13 residues per helix superposed).

B) Magnified view of extracellular loops and
bound ligands that display a 9.5 A RMSD.

Crystallographic studies of GPCR pres-
ent numerous obstacles, including diffi-
culties in obtaining suitable amounts of
functional protein as well as the flexibili-
ty and overall hydrophobicity of these
proteins which prevent crystallization.
With the exception of rhodopsin, mem-
brane proteins occur at miniscule con-
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centrations in their natural sources. The
high concentration of rhodopsin in rod
outer segments contributed substantially
to successful crystallization of this GPCR
family member.”! Protein yield is most
often improved over natural sources
through the use of heterologous expres-
sion systems. Expression of multiple
GPCR family members has been exam-
ined in E. coli, yeast, insect cells infected
with baculovirus, mammalian cells, and
cell-free systems with limited success, as
recently reviewed.”’ Nevertheless, the re-
cently reported crystallographic charac-
terization of a rhodopsin mutant isolated
after heterologous expression in COS
cells" and the PB2-adrenergic receptor
after heterologous expression in insect
cells®® indicate that GPCR samples iso-
lated from heterologous expression sys-
tems can fuel structural characterization
studies. Protein concentration, however,
is just the first hurdle on the path to a
crystal structure. The second obstacle is
the development of a purification proce-
dure that produces functional, rather
than denatured, receptor. The [2-adre-
nergic crystal structures both relied on
the use of a very high-affinity partial in-
verse agonist, carazolol, to stabilize the
protein structure during purification.”®
One of the purification procedures® also
used the Fab fragment of a monoclonal
antibody™ that selectively recognizes
natively structured protein. A third chal-
lenge that must be surmounted is the
innate conformational heterogeneity of
GPCR, which must sample a range of
conformations in order to provide tem-
porally controlled signaling. Carazolol
decreases the population of receptors in
active conformations. However, the f32-
adrenergic receptor shows substantial
flexibility in its third intracellular loop
(IL3) even in complex with carazolol. The
method used to solve the crystallization
difficulty presented by the intrinsic flexi-
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bility of IL3 represents a major difference
between the two reported crystal struc-
tures. One method used complex forma-
tion with the Fab fragment of the afore-
mentioned monoclonal antibody to de-
crease L3 flexibility.®™'™ The other
method applied protein engineering
techniques to replace the sequence of
IL3 with a tightly folded, previously crys-
tallized protein that exhibits appropriate
inter-terminal distances: T4 lysozyme.®”
While different in detail, both methods
accomplish the same goal and present
guidance for researchers seeking to crys-
tallize additional GPCR family members.
A fourth challenge, addressed in concert
with the intrinsic flexibility of IL3, is the
need for polar surface area that can form
crystallographic contacts. Crystallograph-
ic contacts were noted in both crystal
structures in the modified regions, either
between Fab fragments in neighboring
cells,” or between T4 lysozyme proteins
in the dimer® Finally, when all other
problems are solved, a method to pre-
pare crystals that diffract at high resolu-
tion is needed. Two crystallization meth-
ods, lipidic bicelles and lipidic cubic-
phase crystallization were used to gener-
ate suitable crystals for these studies.
The crystals generated using the lipidic
cubic-phase crystallization method dif-
fracted to higher resolution (2.4 A) than
those generated from lipid bicelles (ani-
sotropic resolutions of 3.4 and 3.7 A), re-
sulting in fewer unresolved residues. A
summary comparison between the
methods used to successfully character-
ize the [2-adrenergic receptor crystal
structures is provided in Table 1.

The crystallographic structures of the
[p2-adrenergic receptor provide at least
as much insight as the techniques used
to obtain the structures. One compelling
feature of the [32-adrenergic receptor
structures is their similarity to the crystal-
lographic structures of rhodopsin (Fig-
ure TA). In particular, at least 13 amino
acids in each transmembrane domain of
these structures are structurally con-
served, with only 1.5 A RMSD among the
o carbon positions. This strong similarity
validates numerous studies published
using crystallographic structures of rho-
dopsin as homology modeling templates
for other GPCR family members, and the
application of such models in drug dis-
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Table 1. Comparison of 32-adrenergic crystal structures.
Comparison PDB entries"?
2R4R, 2R4SP 2RH1®
IL3 alteration Bound Fab T4 lysozyme
Crystallization method Lipid bicelles Lipidic cubic phase
Resolution [A] 34,37 2.4
Unresolved regions N terminus, EL1-3, extracellular ends N and C termini (residues 1-28 and
TM2/4-7, ligand 343-365), IL3
Ligand Carazolol Carazolol
State Monomeric Dimeric

covery efforts. A second important char-
acteristic is the substantial difference ob-
served in the extracellular domain of 32-
adrenergic receptor relative to rhodopsin
(Figure 1B). While substantial differences
in the extracellular domains of GPCR
have been anticipated based on se-
quence comparisons, these structures
provide the first atomic-resolution dem-
onstration that this is the case. The ob-
served differences in the extracellular do-
mains indicate that unmodified GPCR
homology models are best suited to
modeling ligand binding of diffusible li-
gands that interact within the a-helical
bundle, rather than of ligands predomi-
nantly recognized by the extracellular
loops. Hybrid computational/experimen-
tal structures using peptide analogues of
extracellular loops may substantially
extend the range of GPCR structures
that can be effectively applied in lead
discovery efforts by providing receptor-
specific structural details of the extracel-
lular loops. Another notable feature of
the recently reported structures includes
their applicability to place accumulated
data on conformational changes upon
GPCR activation into a structural context.
These structures also demonstrate that
structural differences between mono-
meric and dimeric forms are relatively
small. This finding gives weight to a role
of dimerization, at least for the 32-adre-
nergic receptor, predominantly in recep-
tor trafficking, rather than function.

The value of the recently reported
crystal structures of the 2-adrenergic re-
ceptor is exceptional, both for the struc-
tural insight they provide and for the
methodological concepts applicable to
crystallization of additional GPCR, and in
fact the broader group of all membrane
proteins. They do not, however, provide
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the final pieces for our efforts to under-
stand the puzzle of GPCR function. One
question remaining to be answered is
the true difference between a fully inac-
tive and fully active GPCR structure. This
will require characterization of a GPCR
structure bound at least to a very high-
affinity agonist, and potentially with
G protein partners. This information will
be particularly relevant to the structure-
based discovery of novel agonists, which
preferentially interact with the active
GPCR conformations. A second open
avenue for investigations is the nature of
the dynamic changes in GPCR equilibria
in response to ligands, effector coupling,
and membrane composition. Even with
these remaining questions, (2-adrener-
gic receptor crystal structures represent
a substantial triumph over numerous
challenges, and offer substantial value to
researchers interested in GPCR structure,
function, and therapeutic lead discovery.
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