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Abstract

Seven-transmembrane receptors (7TMRs), also called G protein—coupled receptors (GPCRS),
represent the largest class of drug targets, and they can signal through several distinct mechanisms
including those mediated by G proteins and the multifunctional adaptor proteins p-arrestins.
Moreover, several receptor ligands with differential efficacies toward these distinct signaling
pathways have been identified. However, the structural basis and mechanism underlying this
‘biased agonism’ remains largely unknown. Here, we develop a quantitative mass spectrometry
strategy that measures specific reactivities of individual side chains to investigate dynamic
conformational changes in the p,-adrenergic receptor occupied by nine functionally distinct
ligands. Unexpectedly, only a minority of residues showed reactivity patterns consistent with
classical agonism, whereas the majority showed distinct patterns of reactivity even between
functionally similar ligands. These findings demonstrate, contrary to two-state models for receptor
activity, that there is significant variability in receptor conformations induced by different ligands,
which has significant implications for the design of new therapeutic agents.

GPCRs are involved, directly or indirectly, in nearly every physiological process in the
human body and are activated by a diverse array of sensory and chemical stimuli including
odorants, biogenic amines and peptidesl—3. Upon agonist stimulation, conformational
changes in the receptor lead to the recruitment and activation of heterotrimeric G proteins
that lead to the generation of second messengers such as cyclic AMP (cAMP), G protein—
coupled receptor-kinases (GRKs) that recognize and phosphorylate the receptor, and the -
arrestins#, which are multifunctional adaptor proteins that signal through a number of
pathways and ultimately terminate G protein-mediated signaling by the receptorl:2:5:6,
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Classic receptor theory posits that the active conformation of the receptor (denoted R*) is
responsible for interacting with and activating all of these downstream partners (G proteins,
GRKs and p-arrestins, among others) and that agonists of different efficacies change the
equilibrium between active and inactive (denoted R) receptor conformations. Accordingly,
full agonists stabilize the active state completely, partial agonists shift the equilibrium
toward the active state less effectively than full agonists, and antagonists decrease signaling
either by stabilizing the inactive state (that is, inverse agonists’) or by occupying the
orthosteric ligand-binding pocket and having no effect on the relative proportion of each
state (that is, neutral antagonists). Traditionally, the active receptor has been thought to
signal with equal intrinsic efficacies to all downstream signaling pathways, and alterations in
signaling to these pathways are thought to be caused by their inherent differences in
coupling efficiencies or amplifications.

However, multiple lines of evidence have challenged this classical view, suggesting instead
that ligand activity at 7TMRs is indeed nonlinear (that is, “collateral efficacy’8) and that
multiple receptor conformations signal with different intrinsic efficacies to various signaling
pathways8-12, a phenomenon known as biased agonism or functional selectivity8-10-12, For
example, a number of 7TMRs, including the Bo-adrenergic receptor (B2AR), are known to
signal through not only G proteins but also B-arrestins!3-16, thus supporting the existence of
multiple independent arms of signaling pathways downstream of these receptors®-12.17,
Moreover, treatment with ‘biased ligands’ can selectively activate only one or a subset of
these pathways and have different effects than endogenous balanced agonists13-15.18.19,
Elucidating the structural elements associated with these distinct signaling mechanisms and
pathways could facilitate the design of safer and more efficacious therapeutic
agents111.18-20,

Previous attempts to assess the possible existence of different 7TMR conformations used
cell-based biosensors and 7 vitro fluorescent labels on engineered receptor constructs?-23,
Though such studies provide insight into agonist-induced receptor conformational changes,
they have neither been definitive nor systematic. Moreover, although recent X-ray crystal
structures?4-30 of 7TMRs, including the prototypic 2AR31, have provided valuable insight
into static atomic-level structural details, they suffer from several inherent limitations. For
example, to obtain diffraction-quality crystals of these intractable and dynamic molecules,
specific strategies to reduce the flexibility of the receptors were used, such as replacing the
highly dynamic third intracellular loop (ICL3) with T4 lysozyme26:27.29, thermostabilization
by alanine-scanning mutagenesis3© and cocrystallization with antibodies?®29 that stabilize
specific receptor conformations. Therefore, these structures are unable to capture the full
complexity and dynamics of the unmodified 7TMRs, in which structural flexibility appears
to be important in assuming different conformational states that allow the generation of
distinct signaling outputs in response to different ligands. Hence, complementary
approaches to characterize ligand-dependent and dynamic conformational changes of
7TMRs in solution will be crucial to revealing new insights into the mechanism of 7TMR
signaling and activation.

Here, we describe a powerful approach that examines site-specific protein conformational
changes using MS-based quantitative analysis, and we apply it to investigate B,AR
structural dynamics associated with different ligand—receptor complexes. The method
presented here allows precise quantitative measurement of the changes in the labeling (via
protiated, or ‘light’, and deuterated, or ‘heavy’, reagents) of reactive residues as a function
of time. Using this method, we demonstrate in a definitive and systematic manner the
presence of both agonist- and ligand-dependent conformational changes induced by a wide
panel of drugs at the p,AR. These results provide important insights into the role of ligands
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in promoting distinct receptor conformations and the mechanistic basis of multiple signaling
states of 7TMRs.

Development of chemical labeling strategy for the f2AR

To develop an approach that would allow us to quantitatively analyze protein
conformational changes, we used stable isotope—labeled (that is, light and heavy versions of)
N-ethylmaleimide (NEM) and succinic anhydride reagents to selectively label thiol groups
of cysteines and primary e-amine groups of lysine side chains, respectively. Derivatization
of thiol groups of cysteines with either NEM-Hs or NEM-Ds occurs via a Michael-type
addition reaction at the a,-unsaturated bond, whereas in e-amine groups of lysines with
either light (SA-Hy) or heavy succinic anhydride (SA-Dy), derivatization occurs at any of
the two chemically equivalent electrophilic carbons of the carbonyl groups (Fig. 1a,b, top).
Additionally, the mass difference observed during MS analysis between paired peptide
peaks (the light-heavy peaks, also known as ‘doublets’) is 5 Da in Cys-NEM and 4 Da in
lysine-succinic anhydride, consistent with the mass difference between their respective
stable isotope reagent pairs (Fig. 1a,b, bottom; and Supplementary Results, Supplementary
Fig. 1). These differences allowed us to accurately quantify, during MS analysis, the
changes in the labeling of reactive residues as a function of time via measurement of the
light or heavy (that is, protiated or deuterated) peptide mass peak intensity ratios. Reactivity
of amino acid side chains with such specific reagents is a function of changes in their p&Kj;
and protonation state, which are in turn associated with variations in residue
microenvironment within the protein structure.

Having investigated the optimal derivatization conditions, we next performed covalent
labeling reactions using specific stable-isotope labeled reagents (NEM-Hs and NEM-Ds or
SA-H4 and SA-Dy) to determine the susceptibility of native B2AR cysteines and lysines to
their respective reagents. Under optimal experimental conditions, we found doublets (either
labeled with NEM-Hs and NEM-Ds, as in Fig. 1a, bottom, or with SA-Hy and SA-Dy, as in
Fig. 1b, bottom) that gave detectable signals corresponding to the labeling of four cysteines
and five lysines, whereas the signals for the remaining residues were weak and thus
excluded from this study (Supplementary Table 1). Furthermore, by taking one of longest
peptide isotope peak pairs among the selected peptides, we evaluated the precision of our
peptide quantification and observed an excellent linear correlation between observed signal
intensities and mole fractions of differentially labeled B,AR (slope = 0.9785 + 0.13; A2 =
0.9996; P< 0.0001), demonstrating that the MALDI-TOF MS analytical platform used here
is direct, error-controlled and quantitative with a linear dynamic range spanning over two
orders of signal magnitude (Supplementary Fig. 2). The nine residues that were found to be
suitable for quantitative site-specific conformational change studies are located throughout
the BoAR (Fig. 2) and are present in the second (Lys1403-9) and third (Lys235° 74,
Lys2636-25 and Cys265%-27) intracellular loops (ICLs), the extracellular surface at TM7 (Lys
3057-32) and the intracellular domains of TM2 (Cys77%48), TM3 (Cys125344), TM5
(Lys227°66) and TM7 (Cys3277-54) (superscripts refer to Ballesteros—-Weinstein residue
numbering system32). Labeling of the B,AR at these sites with the appropriate group
specific reagent— that is, NEM or succinic anhydride—did not affect the pharmacological
properties of the receptor as assessed by radio-ligand binding experiments (Supplementary
Fig. 3) and other studies33.

Pharmacological properties of ligands at the B,AR

To identify ligand-specific B2AR conformations, we used nine structurally and functionally
distinct ligands, as shown in Table 1 (and in more detail in Supplementary Table 2), each of
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which had differential abilities to signal via a Gas-coupled cCAMP pathway, recruit 8-
arrestins and activate extracellular signal-regulated kinase 1/2 (ERK1/2). Based on their
ability to produce receptor-mediated second messenger cCAMP, these ligands were classified
as full agonists (isoproterenol and THRX-144877), partial agonists (salbutamol and
salmeterol), weak partial agonist (pindolol), antagonists or inverse agonists (propranolol,
carazolol, ICI-118551 and carvedilol). Among the antagonists, both carvedilol and carazolol
are able to activate ERK1/2 signaling via G protein—independent mechanisms, whereas
carvedilol, but not carazalol, is able to weakly promote B-arrestin recruitment?.
Structurally, the first four ligands are grouped as catechol (isoproterenol) or noncatechol
(salbutamol, salmeterol, and THRX-144877) arylethanolamine-based agonists, and the last
five are classified as aryloxypropanolamine-based antagonists, commonly referred to as ‘-
blockers’ (Table 1).

Measuring labeling kinetics and conformational dynamics

One major advantage of using residue-specific, stable-isotope labeling followed by mass MS
analysis is that this technique can accurately and precisely quantify the extent of residue side
chain labeling in proteins34:3%, We assessed the effects of the set of BoAR-ligands on the
time course of the reaction of each of the four cysteines and five lysines with their specific
stable isotope labeled reagents (NEM or succinic anhydride). Labeling the receptor at these
different sites allowed us to probe the conformational dynamics of its associated structural
elements upon ligand binding. The reactivity of each site in the different f,AR-ligand
complexes was measured by monitoring the sequential increase in the signal intensity of the
heavy peak (NEM-Ds- or SA-D4-labeled peptide) relative to a reference light peak (NEM-
Hs- or SA-Hy-labeled peptide), allowing us to accurately quantify the extent of labeling in
the form of “percent site labeled” (%F) as a function of time for each site-ligand pair (Fig. 3,
Supplementary Fig. 4 and Supplementary Methods). In the transients (Fig. 3d and
Supplementary Fig. 5), the measurable differences we observed in the reactivities of
different residues with various ligands were suggestive of changes in structural
rearrangements upon ligand binding. Notably, only one of these transients (Lys227°-66) in
the presence of propranolol) could be well fit (/2 = 0.988) to a single exponential function.
The remainder of these time-course datasets were well fitted by a double exponential
function with fast and slow relaxation times, with 0.991 being the lowest /2 value (fitting
functions and the best fit parameters are described in Supplementary Methods and
Supplementary Table 3). Fits that included a burst-phase component demonstrated the
absence of any significant burst-phase amplitudes. On the basis of these data, it can be
concluded that the sampling scheme captured the vast majority of the amplitude in the fast
and slow phases of the labeling process. The observation of such biphasic reaction kinetics
requires a mechanism involving at least three distinct reactive species, a reasonable
interpretation of which is that there are at least three distinct conformational ensembles with
different reactivities in each set of conditions®®.

To quantitatively compare the labeling kinetics at the different sites, we calculated the
negative logarithm of the relaxation times (-log <) for each ligand, which we refer to as the
labeling reactivity factor (L-factor) (Figs. 4 and 5). For the majority of residues, except
Lys3057-32, the fast relaxation times were chosen for structural analysis because in some
cases the slow relaxation times were on a time scale similar to the longest time point of the
experiment. For each site, we used receptor without ligand (receptor-only) as a reference
control for subsequent analysis, and thus, for any given site, a difference in the L-factors
between the receptor without ligand and a ligand-bound complex reflects ligand-dependent
conformational changes (that is, a large L-factor reflects higher reactivity relative to
receptor-only samples, and vice versa). To further validate the accuracy of our analytical
methodology, we compared the L-factor values determined for the nine B,AR sites in the
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receptor-only sample using two separate stable-isotope labeling strategies, conventional and
inverse (where protiated and deuterated reagents are swapped in the scheme shown in Fig.
3a,b), and found excellent linear correlation between them (Supplementary Fig. 6).

Conformational rearrangements of classic 7TMR activation

To gain insights into the effects of different ligands on the conformational rearrangements
around each residue in the various ligand-bound B,AR complexes, we examined specific L-
factor values for each site-ligand pair. At only two of the nine residues analyzed did we
observe changes in reactivity that correlated with classical levels of agonism. These residues
were Cys77248 located in the intra cellular portion of TM2, and Cys3277->4, located at the
cytoplasmic end of TM7, both of which displayed similar L-factor patterns that correlate
with the rank order of agonist efficacy for G protein— mediated effects (Fig. 4a,b). Of the
panel of BoAR ligands tested relative to the unbound receptor, THRX-144877 (Thrx), a full
agonist, had the highest reactivity of Cys77248 (Fig. 4a) with the highest L-factor (P<
0.001, Thrx versus ICI, one-way ANOVA). For the same site, this L-factor pattern was
followed by the other full agonist, isoproterenol (P < 0.01, isoproterenol versus ICI), and to
a lesser extent by the two partial agonists, salbutamol and salmeterol. Notably, inverse
agonists such as carazolol and ICI1-118551 caused opposite L-factor effects at this site. The
reactivity of Cys3277->4 also showed a similar pattern, though the difference in reactivity
between agonists and antagonists was more pronounced (P < 0.001, isoproterenol or Thrx
versus ICI) (Fig. 4b). Thus, the L-factor pattern at these two positions correlates well with
classic activation of Ga.

Conformational rearrangements specific to ligands

In contrast to our observations at Cys77248 and Cys3277-%4, the reactivities at Cys125344,
Lys1403-99, Lys227566 | ys235574 |ys2635-25 Cys2656-27 and Lys3057-32 revealed
intriguing patterns that do not reflect the known efficacy profile of the ligands. For example,
at Cys1253-44 treatment with antagonists resulted in relatively higher L-factor values than
treatment with the noncatechol full agonist THRX-144877 and partial agonists salbutamol
and salmeterol (Fig. 5a). Notably, the reactivity of this site in the presence of isoproterenol,
a catechol-based full agonist, reached a level comparable to that displayed by the
antagonists. Furthermore, at Lys 1403-9, isoproterenol showed an increase in reactivity,
whereas the remaining ligands showed few changes or none at all (Fig. 5b). The reactivities
of Lys227°66 and Lys235° 74 residues, located at the cystoplasmic end of TM5, also
differed in the presence of pharmacologically similar ligands (Fig. 5¢,d). At Lys227°-66,
increased L-factors were observed in the presence of isoproterenol, salmeterol and
ICI-118551 relative to those measured in the receptor without ligand (£ < 0.05, none versus
salmeterol; < 0.01, carazolol versus salmeterol or ICI). At Lys 263525, an L-factor that
was markedly higher than those for all other ligands (P < 0.05, carvedilol versus none) was
observed in carvedilol-bound B,AR complex (Fig. 5e). Notably, carazolol, which is
functionally very similar to carvedilol in terms of inverse agonism at Ga.q and weak agonism
in B-arrestin signaling, showed no effect in reactivity at this site (£ < 0.01, carvedilol versus
carazolol). On the other hand, the L-factor for Cys265%-27 in the carvedilol-bound B,AR
complex was very small and was opposite to that observed at Lys263%-2% (< 0.05, none
versus carvedilol) (Fig. 5f). At Lys3057-32, on the extracellular surface region of the AR,
the highest reactivity was observed in the presence of THRX-144877, whereas only
relatively small changes in reactivity were observed with the isoproterenol, salbutamol, and
salmeterol bound-B,AR complexes (P < 0.05, Thrx versus isoproterenol or ICI) (Fig. 59).
These results demonstrate that the majority of the conformational changes induced by ligand
binding are ligand-specific in nature and do not correlate with classical agonism for G
protein-signaling.
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DISCUSSION

Understanding the structural mechanism for 7TMR signaling and biased agonism is
currently a central issue in receptor biology that could have significant implications for the
design of new therapeutic agents. With the recent high-resolution structures from X-ray
crystallography?4-30, considerable insight has been gained into possible mechanisms for
7TMR activation, although such studies can only yield a static picture of the ligand—receptor
complex. In this context, we have developed a quantitative MS-based approach to directly
monitor the conformational changes and dynamics that occur upon ligand binding to the
B2AR in an effort to unravel the complex interplay between the receptor and different
ligands. This approach provides residue-specific structural information to identify ligand-
induced changes in receptor conformations. The conformational changes can be elucidated
quantitatively and in solution, unlike other related techniques®’ that are limited to providing
only qualitative structural information. In the course of analysis of our data in the presence
of functionally and structurally different ligands, we observed two patterns of
conformational rearrangements of the p,AR: one that correlates with classical levels of
agonism and another that appeared to be specific for certain ligands. These results thus
support multistate dynamic behavior of these receptors and argue for greater complexity in
ligand—receptor conformations than those that lead to G protein activation alone.

A key structural element in 7TMRs that has been implicated in receptor activation
mechanisms and internalization processes38-40 upon ligand binding is the highly conserved
NPxxY motif. Interestingly, one of the two residues that showed L-factor patterns in
accordance with classic G protein activation, Cys3277-°4 is located adjacent to this
conserved NPxxY motif at the cytoplasmic end of TM7 (residues 322-326 in the B,AR). In
addition, examination of this region in the crystal structures of carazolol-bound p,AR?7 and
rhodopsin2441 shows ordered water molecules that mediate interhelical hydrogen bond
networks and other interactions between different polar and charged side chains, including
Asp792:50 of TM2 and Asn3227-49 of the NPxxY motif from TM7 (Fig. 6a, blue box).
Notably, these water-mediated hydrogen-bond networks in 7TMRs have also been suggested
to play an important role in the receptor activation process by maintaining the stability of the
inactive state and by propagating activation upon agonist binding*?. It is therefore
conceivable from the high degree of similarity in the L-factor patterns at Cys772-48 of TM2
and Cys3277-24 of TM7 that the conformational transitions between the structural elements
around these two residues are linked structurally and are mediated by a cluster of conserved
residues and ordered water molecules across 7TMRs. For G protein activation in these
receptors, it is likely that substantial reorientation and weakening of these polar interhelical
interactions occur that could result in changes in the microenvironment of Cys77248 as well
as pronounced structural rearrangements at the cytoplasmic end of TM7 (Fig. 6a, black box),
as observed in opsin?® and the putative B,AR active state?®. Therefore, the reactivity of side
chains in this region, such as those at Cys32774, may represent a measure of efficacy for a
given ligand in promoting a receptor conformation responsible for Gag coupling.

A common interaction conserved among 7TMRs is the ionic lock, a salt bridge between
Arg131390 of the highly conserved E/DRY motif and Glu2686-30, whose disruption is a key
feature of receptor activation as demonstrated by mutational and biophysical
analyses?24243_ Although the agonists used in our study appear to show an increased
reactivity relative to receptor alone at the residues located in the vicinity of Arg1313-0 and
Glu268%-30 (that is, Cys125344, Lys263%-25 and Cys2656-27), the L-factor pattern in the
presence of antagonists is surprising. For example, the relative increase in the reactivity of
Cys125344 in the presence of antagonists is consistent with ligand-induced changes in its
microenvironment, which may include stabilization or destabilization of interactions
involving the side chains of TM3 and TM5 associated with inactivation or activation of the
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receptor (Fig. 6b). In the crystal structure of carazolol-bound B,AR, ICL2 adopts a locked
conformation by inserting itself into the 7TM-helical bundle, mainly via hydrogen bonds
between the amino acid side chains of ICL2, such as Lys1403-%9 and Tyr1413-60, with
Arg131390, GIn229°67 and GIu2685-30 (Fig. 6¢). The relatively low reactivity observed at
Lys140359 in the carazolol-bound B,AR complex correlates well with an inaccessible,
locked conformation of the loop. In contrast, the L-factor value observed at this residue in
the isoproterenol-bound B,AR complex is markedly high relative to that in other agonists
and suggests that ICL2 can adopt distinct functional ligand-dependent conformational
rearrangements (Fig. 6¢). Such conformational states of ICL2 may include a-helical and
non-helical conformations2%44, which may be associated with the differential ability of
activated receptors to recognize and bind to G proteins and p-arrestins#>46,

Other illustrations of functional ligand-dependent conformational rearrangements are the
reactivities observed at Lys2636-25 and Cys2655-27 in the cytoplasmic end of TM6 in the
third intracellular loop (ICL3)#243 and on the extracellular surface region at Lys305/-32 of
TM7 of the BoAR. Notably, the reactivities of the carvedilol-bound p,AR complex at both
Lys2636-25 and Cys2655-27 suggest the existence of significant ligand-specific side chain
reorganization in the neigh-boring regions of these residues. These structural rearrangements
in B2AR may include exposure of the loop and its associated residues toward the
intracellular surface and are unique conformational changes that none of the other ligands,
including carazolol (with relatively similar function and chemical structure), are able to
stabilize (Fig. 6d). Whether this reflects the ability of carvedilol, unique among all the
antagonists tested, to promote receptor interaction with p-arrestin (and thus serve as a biased
ligand), its ability to bind at a putative allosteric site or some other as-yet-undiscovered
function remains to be determined. Lastly, the observed variation in the reactivity at
Lys3057-32 in the different ligand-bound B,AR complexes could reflect a range of distances
in the D192-K305 salt bridge and conformational rearrangements of the extracellular region
of TM7. Conformational coupling of this salt bridge to the orthosteric site and its ligand-
dependent regulation in the 2AR has also been previously demonstrated by two-
dimensional nuclear magnetic resonance spectroscopy*’. Our observation of higher
reactivity at Lys3057-32 in the THRX-144877-bound B,AR complex may therefore suggest
ligand-specific conformational rearrangement of the region that would likely involve
conformational alterations of the salt bridge (Fig. 6€). These data in aggregate therefore
support the concept that the B2AR exists in multiple conformations that are induced by
functionally different ligands.

In conclusion, by using a quantitative MS-based strategy that measures specific reactivities
of multiple native residues in the same protein simultaneously, we have demonstrated that
structurally and functionally distinct ligands show complex patterns of labeling at different
residues in the B,AR, thus providing direct evidence for the presence of multiple ligand-
specific conformations. This study therefore provides a definitive and systematic
demonstration that different ligands induce qualitatively different receptor conformations.
This is consistent with the ability of several structural elements within the receptor to adopt
distinct conformations in response to ligands of different chemical structure, which may
underlie the recently studied phenomenon of biased agonism and functional selectivity.
More broadly, the findings presented here are incompatible with the widely held notion that
all ligands of similar functional capabilities stabilize or destabilize similar sets of
interactions in a given receptor and with the general concept of ‘two state’ models for
receptor activity. Thus, our results open new avenues for further therapeutic development in
targeting the residues or in the discovery of associated structural elements that may be
associated with the activation of specific signaling pathways. This general approach should
be applicable to the study of the conformational changes and dynamics of a wide range of
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soluble and membrane proteins and could also be applied to drug screening against protein
targets that undergo function-dependent conformational changes.

METHODS

Expression and purification of the human B,AR

Human Bo,AR was expressed in baculovirus-infected Sf9 insect cells as N-terminal FLAG-
tagged and C-terminal 6xHis-tagged proteins and was subsequently purified in 7-dodecyl-p-
D-maltoside (DDM) detergent using three-step affinity-chromatographic procedures. Purity
of the protein was assessed by Coomassie blue staining resolved on SDS-PAGE. Complete
details are described in Supplementary Methods.

Differential labeling of B2AR and MS analysis

Differential labeling reactions of cysteines and lysines of the f,AR with their specific stable
isotope—labeled reagents were done under identical conditions using purified B,AR (2.5
M) in 50 mM potassium phosphate buffer (pH 7.5) containing 50 mM NaCl and 0.02% (m/
v) DDM, and incubation used carrier solvent or indicated ligand (50 M) for 30 min at 25
°C in a 110-pl total reaction volume. Briefly, the kinetics of reaction of NEM (2 mM) with
B2AR cysteine residues were measured by mixing a reference reaction mixture made with
NEM-Hs with time-point samples taken from a reaction made with NEM-Ds at 25 °C. For
experiments involving differential labeling of lysines of B,AR on ligand binding with
protiated and deuterated succinic anhydride (SA-H, and SA-D,), reactions were set up
similarly with the exception that a final 100-mM concentration of L-lysine in 200 mM Tris-
Cl (pH 8.0) was used instead of DTT (as in NEM labeling) for quenching. Equally sized
aliquots of the protiated (light) and deuterated (heavy) reagent-labeled samples were then
mixed and subjected to proteolytic digestion. The digests were analyzed using an ABI-4700
MALDI-TOF/TOF MS equipped with a nitrogen laser operating at 337 nm and 4000 Series
Explorer software. The ratios of intensities of monoisotopic peaks of the deuterated (heavy)
to protiated (light) reagent-labeled peptides for each time point and site-ligand pair were
calculated to obtain percent intensity ratios (% /). Each percent intensity ratio (%/£) data
point was corrected by a specific site-ligand pair reactivity ratio (%), which was obtained by
performing independent differential reactivity experiments (details are listed in
Supplementary Methods). Both %/~ and A, were used to compute the final percentage of
sites labeled (%/F) as a function of time via the following equation:

%F () =%R(t)"R; @

where % A9 is the percent of site labeled, % A(?) is the ratio of the heavy/light signal
intensity for time point #sample and A, is the heavy/light reactivity ratio from the reactivity
experiment. Further details of these procedures as well as those of quantification and inverse
labeling experiments are described in Supplementary Methods.

Quantitation of site-specific labeling kinetics

To determine the appropriate fitting model, the progression curves (percent of sites labeled,
%F, versus time in minutes) for each site-ligand pair were fit to each of the following three
different models. The first model has a single phase with a relaxation time defined as:

F (¥) =100 — Aexp (—t/11) %)
where #is the labeling time, <, is the relaxation time, A is the amplitude and 100 — A is the

burst-phase amplitude. The second model has two distinct observable phases but does not
allow for a burst phase. This model is:

Nat Chem Biol. Author manuscript; available in PMC 2012 July 25.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kahsai et al.

Page 9

F (#) =100 — Aexp (—t/711) — (100 — A) exp (—1/72) 3

where T and T, are the time constants for each phase; and A is the fractional amplitude of
the t; phase. The third model allows for a burst phase and two additional phases and has the
form:

F (r) =100 — Aexp (—t/11) — Bexp (—t/12) e\

where A and B are the amplitudes of the phases with relaxation times t; and <,
respectively, and the burst-phase amplitude is (100 — A — B). All three models force A o) =
100, which is expected from the experimental design.

The models used to extract Kinetic parameters from the data were chosen on the basis of the
simplest model that produced a goodness of fit equal to or better than the more complicated
model. On this basis, the single-exponential model was chosen for only the combination of
Lys227 and propranolol. All other datasets required double-exponential fits. When these
data were fitted with the third model, equation 4 (4), the quality of the fits were not
significantly better than the fits with no burst phase. Therefore, the second model, equation 3
(3), was used to determine best-fit parameter values for all datasets except K227-
propranolol. Supplementary Table 3 lists numerical values of the kinetic parameters, and
Supplementary Methods describes complete details on this section.

Competitive radio-ligand binding experiments

Competition-binding assays of purified f2AR (treated with DMSO, 2 mM NEM or 2 mM
succinic anhydride) using [*2°1]cyanopindolol were performed with various concentrations
of competing ligands (THRX-144877 or carvedilol) followed by rapid filtration of receptor
bound radioactivity on a Whatman GF/B filter. 1Csq values for the ligands were determined
by fitting the data to nonlinear regression analysis. Details are described in Supplementary
Methods.

CcAMP generation

Accumulation of second messenger cCAMP was measured by an improved version of a
fluorescence resonance energy transfer (FRET)- based cAMP biosensor (ICUE)*8.
HEK-293 cells stably expressing p2AR and ICUE2 were stimulated with various
concentrations of B,AR ligands for 3 min. cAMP concentrations were quantified as a FRET
ratio between CFP and YFP intensity.

B-arrestin recruitment

B-arrestin recruitment to ligand-occupied B,AR was assessed using a luciferase-based
reporter gene assay known as ‘“Tango’ in 96-well format, as previously described in
reference 49.

ERK activation

ERKZ1/2 phosphorylation was assessed using a cellular activation of signaling ELISA kit
(SA Biosciences), essentially according to the manufacturer’s recommendations.

Estimation of ligand efficacy

The operational model developed by Black and Leff? was used to estimate efficacy by
calculating the coupling coefficient, t:
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E__ A
Em 7tlAl+([A]+K,)

where £, is the maximal response of the system to a full agonist, Kp is the agonist
dissociation constant and < is the ‘coupling efficiency’ between the agonist- receptor
complex and its downstream signaling partners. Details on CAMP generation, B-arrestin
recruitment, ERK activation and estimation of ligand efficacy are described in
Supplementary Methods.

Statistical analysis

Statistical analysis and curve-fitting were done using Prism 5.01. For statistical comparison,
ANOVA or a Student’s two-tailed unpaired ~test were used, with Pvalues of <0.05
considered significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Labeling of cysteines and lysinesin the B2AR to monitor conformational changes
(a) top, reaction of thiolate anion of cysteine side chain with A-ethylmaleimide (neM-Hs or

neM-ds) by nucleophilic addition at the double bond of the maleimide ring. bottom,
representative isotope-peak pair (doublet) corresponding to a chymotryptic peptide

(125cviAvdRYF133) modified at cys125 by a light and heavy neM (7772 1210.6 and 1215.6,
respectively; ~Am/z=5). (b) top, reaction of the e-nH, group of the lysine side chain with
succinic anhydride (SA-H4 or SA-ds) by nucleophilic addition at one of the carbonyl groups.
bottom, representative spectrum of doublet peaks corresponding to a chymotryptic peptide

( 2°RRSSKF264) modified at lys263 by light and heavy succinic anhydride (77/2880.5 and

884.5, respectively; ~Am/z=4).
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Figure 2. Schematic two-dimensional topology of human B>AR showing location of sites of study
A total of nine amino acids in single-letter code are highlighted. cysteines are shown in
orange and lysines are shown in blue. the numbers indicate positions of the amino acid
sequence.
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Figure 3. Schematic illustration of time-dependent, residue-specific labeling experiment designed
to monitor conformational changesin the 82AR

(a,b) Strategy for labeling of cysteines in purified B2AR, initiated in two pools by adding
either neM-Hs as in (a) or neM-ds as in (b). equal amounts of the two pools are mixed,
subjected to proteolysis, and MS-analyzed to determine peptide fragments that have been
modified. (c) Representative doublets with singly charged ion ([M+H]*) peaks at /7/z 1336.6
and 1341.7 that correspond to peptide 327cRSpdFRiAF336 modified at cys327 by neM and
exhibit a mass difference of 5 da following modification with either neM-Hs or neM-ds
(details are listed in Supplementary Methods and Supplementary Fig. 4). (d) Representative
time-course curves of the extent of neM reactivity at cys327, expressed as percent of sites
labeled (%F) plotted versus labeling time in minutes on a logarithmic scale, after treatment
with carrier solvent or indicated ligands. the solid lines in each plot are the best fit obtained
after fitting to double exponential function. data represent the average of at least three
independent experiments + s.e.m.
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Figure 4. Reactivities of residuesin BoAR featuring confor mational rearrangements of classic
receptor activation

(a,b) effects of nine BoAR ligands on neM reactivity at cys77 (a) and at cys327 (b). insets
indicate position of labeled residue in the B,AR snake-like diagram. bar graphs depict the
reactivity of each site with the different ligands bound to the B,AR, indicated on the y~axis
by I-factor values relative to the value for receptor without ligand. bars extending below the
x-axis indicate lower |-factors, and bars extending above it indicate higher I-factors relative
to the receptor without ligand. All I-factors shown are for the fast phase. data correspond to
the means + standard errors of at least three independent experiments. Asterisks indicate
statistical significance (*/~ < 0.05) compared to control receptor alone by one-way AnovA.
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Figure 5. Reactivities of residuesin BoAR featuring ligand-specific confor mational
rearrangements

(a—g) bar graphs summarizing the effects of various ligands on the changes in the I-factors
of seven different sites of the B,AR, expressed relative to the receptor without ligand:
cys125 (a), lys140 (b), lys227 (c), lys235 (d), lys263 (€), cys265 (f) and lys305 (g). All I-
factors shown are for the fast phase except for lys305. I-factor for lys227 is not shown, as no
detectable amplitude for the fast phase was observed. data correspond to the means +
standard errors from at least three independent experiments. Asterisks indicate statistical
significance (* P < 0.05) compared to control receptor alone by one-way AnovA.
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Figure 6. Proposed models | llustrating the conformational rearrangements observed in different
structural elements of the BoAR

(a) A ribbon diagram of carazolol-bound B,AR-t4] (pdb: 2RH1) is shown on the left. top
right, cys77 and cys327 are shown as yellow spheres, Asp79 in tM2 and NPxxY in tM7 are
shown as sticks, water molecules as red spheres and hydrogen bonds as dashed red lines.
bottom right, cytoplasmic end view of tM7 of the superposition of structures of opsin
(magenta; pdb: 3dQb), rhodopsin (pale blue; pdb: 1GZM) and carazolol-f,AR-t4l
highlighting structural rearrangement at the cytosolic end of tM7 of the B,AR (red arrow).
(b) interactions of cys125 in tM3 with pro211 in tM5 and potential ligand-specific
rearrangements of the side chain illustrated by the arrow in red. (c) locked conformation of
icl2 (Iys140 in blue sphere), pointing toward the 7tM-helical bundle in the carazolol-f,AR-
t4l structure and alternative ligand-specific structural rearrangements of icl2 region (dashed
red lines). (d) Residues (lys227, lys235, lys263 and cys265) in the intracellular loop (icl3)
region and adjoining tMs 5 and 6 of B,AR. the side chains of lys263 and cys265 are oriented
opposite to each other on the loop. the proposed structural rearrangement of icl3 (dashed red
lines) is indicated by red arrow. (€) extracellular surface view of 2AR showing location of
salt bridge between Asp192 (red spheres) and lys305 (blue sphere). tMs 1-7 are green, and
ecls 1-3 are cyan. Figures were prepared with pyMol (delano Scientific).
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