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Abstract The mechanism of signal transduction medi-
ated by G protein-coupled receptors is a subject of intense
research in pharmacological and structural biology. Ligand
association to the receptor constitutes a critical event in the
activation process. Solution-state NMR can be amenable to
high-resolution structure determination of agonist mole-
cules in their receptor-bound state by detecting dipolar
interactions in a transferred mode, even with equilibrium
dissociation constants below the micromolar range. This is
possible in the case of an inherent ultra-fast diffusive
association of charged ligands onto a highly charged
extracellular surface, and by slowing down the 'H-'H
cross-relaxation by perdeuterating the receptor. Here, we
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demonstrate this for two fatty acid molecules in interaction
with the leukotriene BLT?2 receptor, for which both ligands
display a submicromolar affinity.
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G protein-coupled receptors (GPCRs) are integral mem-
brane proteins encountered in many eukaryotic tissues
(Bockaert and Pin 1999). They represent the predominant
mediators of signal transduction between the exterior and
the interior of the cells. Understanding the molecular basis
of GPCR activation requires a detailed knowledge of the
conformational changes occurring on the receptor upon the
binding of a ligand (Rosenbaum et al. 2009; Nygaard et al.
2009). In this respect, determining high resolution struc-
tures of agonists in their receptor-bound state represents an
important achievement. Even though X-ray crystallography
is the method of choice to obtain structural information on
GPCRs in different sub-states (e.g. Cherezov et al. 2007,
Rasmussen et al. 2011; Rosenbaum et al. 2011), NMR
spectroscopy is a valuable alternative to study the bound
structure of agonists (Inooka et al. 2001; Luca et al. 2003;
Kofuku et al. 2009; Catoire et al. 2010). In solution, one of
the most powerful approaches is to collect dipolar interac-
tions in a transferred mode (trNOE) (Balaram et al. 1972).
However, the inherent association properties of agonists,
including equilibrium dissociation constants (Ky) in the
nanomolar (nM) range, in addition to the long overall cor-
relation times (t.) of GPCR/surfactant complexes, usually
make the kinetics of exchange too slow compared to the
auto-(p) and cross-relaxation (o) rates (Clore and Gronen-
born 1982, 1983; Campbell and Sykes 1993; Williamson
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2006). Two factors can extend the range of trNOE mea-
surements: an electrostatically-driven association combined
with the perdeuteration of the receptor. This is illustrated
here with two fatty acid compounds, namely leukotriene B4
(Borgeat et al. 1976) (LTB4; 5S,12R-dihydroxy-6Z,8E,
10E,14Z-eicosatetraenoic acid) and the heptadecanoid
12-HHT (Hamberg et al. 1974) (12S-hydroxyheptadeca-5Z,
8E,10E-trienoic acid) (Fig. 1A), in the presence of per-
deuterated human BLT?2 receptor (e.g. Yokomizo et al.
2000) (u-H-BLT2) stabilized in solution by amphipols
(Tribet et al. 1996; Dahmane et al. 2009; Popot 2010; Popot
et al. 2011) (see Material and Methods in Supplementary
Material, SM).

Kinetic experiments (Fig. 1B) indicate that the dissoci-
ation rate constants k¢ for LTB4 and 12-HHT are 50 and
18 s, respectively. This translates into an approximately
3.6 times longer bound time for 12-HHT than LTBA4.
Interestingly, 12-HHT, that has been described as the
putative natural ligand for BLT2 (Okuno et al. 2008; lizuka
et al. 2010), displays a higher efficiency in BLT2-mediated
calcium mobilization than LTB4 (Okuno et al. 2008). Our
data are thus in agreement with recent models that correlate
the intrinsic ligand efficacy in signaling with the mean
lifetime of the agonist/receptor complexes (Sykes et al.
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Fig. 1 A Chemical structures of LTB4 and 12-HHT with the corre-
sponding in vitro affinities for BLT2 (c¢f. SM Fig. S1). The two-spin
systems used in Fig. 4 are circled with a dashed line. B Time-dependent
decrease in fluorescence signal due to complex formation between
LTB4-568 (Sabirsh et al. 2005) and BLT?2 in the presence of either
LTB4 (open circles) or 12-HHT (closed circles). The dissociation rates
were obtained from these plots as reported in SM § A2
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2009). This would mean that, as previously suggested (e.g.
Sykes et al. 2009), the equilibrium binding properties, i.e.
how tightly ligands bind to receptors, do not fully account
for the signaling efficacy.

Association rate constants ko, of 2.5 x 103M~!.s~! for
LTB4 and 2.9 x 108M~'-s~! for 12-HHT can be derived
from the experimentally measured K, values (SM Fig. S1)
of 200 and 62 nM. These values indicate that 12-HHT
binds onto BLT?2 slightly faster than LTB4. Both k,,
exceed by x3 the limit usually—but improperly—cited in
the literature for biomolecular diffusional associations.
These fast-associating k., are not physically unrealistic,
however, even for large biomolecules, cases of protein—
protein association have been reported with k,, values
close to or in excess of 10° M~'- s~! (Schreiber and Fersht
1996; Gabdoulline and Wade 2002). In this case, electro-
static interactions prevail because of their long-range nat-
ure, while they do not affect k., which is governed by
short range interactions, including van der Waals and
hydrophobic interactions, salt bridges and hydrogen bonds.
Indeed, both agonists have a net charge of —1 and interact
with the highly positively charged extracellular surface of
the receptor (Fig. 2). The electrostatic potential of the latter
was calculated for a model of the BLT2 receptor after a
0.5 ps molecular dynamics simulation in a fully hydrated
lipid bilayer (SM Fig. S2). This simulation suggests a well-
accessible binding pocket situated close to the surface
(Fig. 2B), as observed for other class A GPCRs (Nygaard
et al. 2009).

Proton NMR relaxation rates of 'H natural abundance in
macromolecules are governed by indirect dipolar path-
ways. Deuteration of the receptor reduces spin diffusion,
and, by doing so, substantially diminishes the rates of
relaxation processes (e.g. Markus et al. 1994). As a con-
sequence, dilution of the 'H thermal bath allows the use of
a longer NOESY mixing time (t,,), the detection of longer
interdipolar distances, and can shift the limit of trNOE
observation towards higher affinities. Moreover, internal
motions preceding the dissociation event can also facilitate
the observation of trNOE by decreasing the p and ¢ values.

12-HHT in solution in excess with respect to the BLT2
receptor gives rise to trNOEs (Fig. 3). As already observed
with LTB4 (Catoire et al. 2010), most of the cross-peaks
between olefinic and aliphatic protons appear only in the
presence of the wild-type receptor. This is in contrast with
those corresponding to intra-olefinic interactions, or
between an olefinic proton with an adjacent aliphatic pro-
ton, that can be observed with the free ligand in solution, or
in the presence of either amphipol only or with a BLT2
mutant that does not bind specifically 12-HHT (see SM §
C). In other words, except in rigid parts of the molecule
that are located at or close to the unsaturations, both
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Fig. 2 Electrostatic potential
(Ep) of a BLT2 receptor model
calculated on a simulation
snapshot. The Ep maps are
colored from —400 kT/e in red
to +400 kT/e in blue. In A, the
reach of the receptor’s Ep is
illustrated by a cloud. In this
side view the extracellular
ligand binding site is located at
the top. B shows a top view of
the binding site surface colored
by Ep. C illustrates Ep field
lines in a combined top/side
view. A and B were prepared
with Yasara (Krieger et al.
2002), and C with VMD
(Humphrey et al. 1996) (see SM
§ A3 and the video file available
as SM)
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Fig. 3 '"H-'H dipolar interactions in 12-HHT (110 uM) in the
presence of u->H-wild-type BLT2 (12 puM, K4 = 62 nM) associated
with partially deuterated amphipols (DAPol) (receptor/DAPol ratio of
1:5 (w/w)) observed in a 2D NOESY spectrum (illustration with
T,n = 0.4 s). The corresponding 1D 'H spectrum is shown above the
2D spectrum. 1D spectrum of free fatty acid molecule in solution is
displayed on the left side. Numbers refer to the annotated protons on
the corresponding 12-HHT chemical structure above the spectrum.
The NMR experiments were carried out at 25°C (see the time-
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dependent stability of A8-35-folded BLT2 at this temperature in
Catoire et al. 2010) and 600 MHz on a Bruker Avance spectrometer
equipped with a cryoprobe. The following parameters were used for
2D NOESY experiments: data size = 256(t;) x 8,192(t,) complex
points, fjmax = 32 mS, fHmax = 511 ms, 256 acquisitions per incre-
ment. 'H chemical shifts are referenced to H,O (calibrated at 4.7 ppm
at 25°C). Chemical shift assignments are based on a COSY spectrum
(data not shown). Data processing was performed and analyzed with
the TOPSPIN software
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Fig. 4 Simultaneous graphical estimation of auto (p) and cross (o)
relaxation rate constants of LTB4 and 12-HHT in their BLT2-bound
states in the presence of chemical exchange (see respective ko values
in Fig. 1B). A and B correspond to superimposed projections along
the cross to diagonal NOESY peak volume ratio, I1, axis of contour
plots of theoretical Il taken at experimental Il values. NOESY
volumes are measured at two mixing times (t,,) (see corresponding
LTB4/BLT2 and 12-HHT/BLT2 NOESY spectra in Catoire et al.
2010 and SM § C, respectively). Illustration with the dipolar
interactions between nuclei H6 and H7 of LTB4 (A) and H9 and
HI11 of 12-HHT (B) in the presence of ~ 9-fold excess of ligand over
u->H-BLT2. p* represents other non-dipolar relaxation contributions
and/or a contribution from some other spins of the lattice. Contour
lines are drawn for p 4 p* greater than or equal to ¢ (above the
dashed line) (see SM § B for any details on this graphical method)

extremities of the unsaturated fatty acid molecule remain
unstructured in the absence of the wild-type receptor. A
positive control using LTB4 as competiting agonist con-
firms the specificity of the detected interaction (SM § C).

To demonstrate that trNOE can be observed with tight-
binding ligands, p and ¢ in the bound state can be
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estimated from 2D NOESY experiments in the presence of
chemical exchange (Ni 1992). One convenient way is to
use a graphical approach where both p and ¢ can be esti-
mated simultaneously from the experimental ratio of cross
to diagonal peak volumes, Il.,, knowing the ko, the
relative population of ligand vs. receptor, and p in the free
state (see SM § B). Fig. 4 illustrates two examples in the
case of strong dipolar interactions, i.e. corresponding to
short inter-proton distances in a rigid part of both mole-
cules. In particular, Fig. 4 indicates values of ¢ close to
10 s7', i.e. below the respective dissociation rates of LTB4
and 12-HHT (Fig. 1), fulfilling one of the most stringent
criteria to observe trNOE when t. of large complexes
become very long (Clore and Gronenborn 1982, 1983;
Campbell and Sykes 1993; Williamson 2006). Hence,
BLT2/amphipol complexes in solution, which display a 7.
of ~55 ns (SM Fig. S3 and S4), are compatible with the
observation of trNOE in the case of slow-intermediate
(Levitt 2001) chemical exchange.

Without a significant coulombic contribution to the
interaction, i.e. with ko, of ~108M~'-s~!, and/or unhin-
dered access of the ligand to the binding site, perdeuteration
would not be sufficient. Fortunately, this accelerated diffu-
sive association does not seem to be specific of BLT2. For
instance, the f, adrenergic receptor, which is also charac-
terized by a highly positively charged extracellular surface
(SM Fig. S5), has diffusive agonists that associate with k,,
close to or higher than those measured here (Hegener et al.
2004). On the nuclear longitudinal relaxation timescale, this
provides the opportunity to study structures of tight-binding
ligands, i.e. with Ky of a few tens of nM, bridging the gap
between pharmacology and NMR.
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