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High-Resolution NMR Spectroscopy of a GPCR in Aligned Bicelles
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G protein-coupled receptors (GPCRs) are prized targets for
structure determination; however, with seven transmembrane helices
and more than 300 residues, they are also among the most
challenging. Strategically located in the membrane, these proteins
regulate the physiological functions of cells in response to external
chemical signals. The information is transmitted through the
membrane by a change in conformation, and the resulting activation
of a cognate G protein triggers myriad signaling pathways in the
cytosol. About 1000 GPCRs have been identified in the human
genome. Although most are for sensory functions, several hundredFigure 1. The amino acid sequence of CXCR1 arranged to show the
are potential drug receptors. transmembrane helices, loops, and terminal regions predicted by a hydr-

The structure of only one GPCR has been determined, and thatOpathy plot3 The locations of the isoleucine residues are marked.
is of rhodopsin, which responds to photons and not chemical
ligands. Although efforts are being made to model GPCRs on the WMNJK
structure of rhodopsin and with other computational metRdtls,
is essential to determine their individual three-dimensional structures A B
in order to understand their mechanisms of action and for structure- — '
based drug design. A number of NMR studies of rhodopsin have [
been reported that illustrate the complexities encountered in (l_-\ /
applying both solution NMR to micelfeand magic angle spinning E ! I‘ !1 :
solid-state NMR to bilayér4 samples of polytopic membrane P T P TR TaTer
proteins. NMR studies of other GPCRs have been limited to 1SN shift (ppm) 15N shift (ppm)

]E)clJllyp(_eptl?es corresponding to pqrnon: of the protéllgnlat(zg . Figure 2. (A) Solid-state NMR spectrum of uniformi?N-labeled CXCR1
ollowing low-temperature expression of a GPCR gene in bacteria, i, magnetically aligned bicelles. (B) Two-dimensional PISEMA spectrum
or bound ligands. of a®N lle-labeled sample. The spectral slice through 3.4 kHz is aligned
Our approach is to refold GPCRs expressed in bacteria as fusionalong the top of the spectrum. The spectra were obtained at 750 MHz on
proteins that form inclusion bodié®By growing the bacteria in an 150uL samples with protein concentrations of 0.6 mM. The mix time was

S . Lo . . 1 ms; the acquisition time was 5 ms during which SPINAL-modulatéd
optimized media formulatioh,it is possible to obtain tens of decoupling was applied, and the recycle delay was 6 s. The data were

milligrams of protein from each liter of culture without scrambling  processed with 100 Hz of exponential line broadening appligsfoliowed
or loss of the isotopic labels. The purified GPCR is reconstituted by Fourier transformation. Maximum entropy reconstruction was applied

into DMPC phospholipid vesicles, followed by the addition of short to the full data set irt; with no other apodizatioff
chain phospholipids (DHPC). The resulting bicelles provide a fully
hydrated bilayer environment that both immobilizes and aligns the
proteins for solid-state NMR experimerifsThe line narrowing
essential for high resolution results from the averaging effects of
radio frequency irradiations rather than molecular motions. In
aligned samples, the protein structure is mapped directly onto the
spectra, and the resonance frequencies provide orientation con
straints as input for structure calculations.

Chemokines are small cytokines that control many biological
and pathological processes, from immunosurveillance to inflam-
mation, and from viral infection to cancer. The first chemokine
receptors to be cloned were CXCRXFigure 1) and CXCR2?
the two receptors for interleukin 8 (IL-8), following the finding of
specific high-affinity binding of IL-8 to polymorphonuclear leu-
kocytest® The chemokine CXC ligand IL-8 and related agonists
(GROa, neutrophil activating peptide 2, NAP-2) recruit and activate

o b &
"H-"*N coupling (kHz)

PMN by binding CXCR1 and CXCR2. As aresult, IL-8 and related
molecules have been implicated in a wide range of inflammatory
disease states characterized by PMN infiltration in organs. Anti-
chemokine strategies include antibodies, N-terminal-modified chemok-
ines, and small molecule antagonists. No small molecule inhibitors
of CXCR1 are in an advanced clinical stage with the exception of
repertaxin, an allosteric inhibitor of CXCR1 and CXCRZhus,
any structural information that sheds light on either IL-8 antagonists
or small molecule ligands of chemokine receptors that do not bind
to the “classical” GPCR sites would be extremely valuable.

The solid-state NMR spectrum of uniformi§N-labeled CXCR1
in magnetically aligned bicelles is presented in Figure 2A.
Significantly, there is only a small amount of signal intensity
discernible at the isotropic frequency120 ppm), which indicates
that nearly all residues are structured and immobilized along with
the rest of the protein in the phospholipid bilayers. However, even

. gfo"éep’gg%’:; California, San Diego. with carefully optimized cross-polarization conditions, it is possible
*m-phasys GmbH. that signals from some sites are missing due to the effects of
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motional averaging. Also, there is no evidence of residual “powder gaterences

pattern” intensity, which demonstrates that this 350-residue GPCR
undergoes rotational diffusion rapidly enoudh, (= 10° s!) to

perform the averaging necessary to obtain single line resonances

from bilayer samples with their normals perpendicular to the
magnetic field.%15

PISEMA (Polarization Inversion Spin Exchange at the Magic
Angle) yields high-resolution separated local field spectra, where
each resonance from #&N-labeled amide site in the protein

backbone is characterized by orientation-dependent heteronuclear

IH—15N dipolar coupling and>N chemical shift frequencies. Helices
result in characteristic PISA (Polarity Index Slant Angleyheel
patterns of resonances that reflect their tilt and polarity in the
bilayers. The magnitudes of the chemical shift and dipolar coupling
frequencies enable atomic-resolution structures of the proteins to
be calculated®

Figure 2B is a PISEMA spectrum of selectivéi lle-labeled
CXCRL1 in bicelles. As indicated in Figure 1, more than half of the
lle residues are in transmembrane helices with the others in
interhelical loop or terminal regions. A blue circle denotes the PISA
wheel portion (76-110 ppm) of the spectrum that contains the

resonances from residues in the transmembrane helices; there are

nine signals in this region, two of which appear to be more intense
than the others. It is reassuring to observe the wheel-like pattern
from helical residues; however, because these signals are from
residues in six different helices, it is not possible to determine helix
tilt or polarity by inspection. Resonances from residues in loop and
terminal regions that are likely to have irregular structures have
chemical shifts in the 108140 ppm range (outlined in red); there
are about five signals that we would regard as reliable in this region.
Signals with apparent dipolar couplings less than about 500 Hz
may be artifacts due to mismatch of th& and**N radio frequency
fields. Consistent with the one-dimensional spectrum in Figure 2,
there is little or no intensity near the isotropic frequency that could
be ascribed to mobile lle residues. The spectral slice in Figure 2B
includes the weakest signal (102 ppm, 3.4 kHz) in the transmem-
brane helical region of the spectrum.

The spectrum in Figure 2B is an early result and can be improved
upon through further optimization of the sample conditions. Also,

many aspects of the instrumentation and methods for experiments (1)

on aligned samples of proteins are under development and will con-
tribute to higher resolution and sensitivity in the future. In particular,
the implementation of triple-resonance and three-dimensional
experiments should enable the resolution and assignment of in-
dividual resonances from uniformly labeled sampfeEhe spectrum

in Figure 2B demonstrates the complementary use of selective iso-
topic labeling, which is particularly valuable in this context because

the mapping of secondary structure onto the experimental spectra

assists the assignment and structure determination proéeé3ses.
ability to obtain spectra with single-site resolution, such as those
in Figure 2B, means that GPCRs in phospholipid bilayers are
suitable samples for structure determination by solid-state NMR.
Moreover, it is possible to utilize these spectra for screening of
small molecule libraries and the application of SAR by solid-state
NMR?21.22for the development of drugs that target GPCRs.
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