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Second Extracellular Loop of Human Glucagon-like Peptide-1
Receptor (GLP-1R) Has a Critical Role in GLP-1 Peptide
Binding and Receptor Activation™
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Background: The ECL2 of family B GPCRs has been suggested to contribute to biological activity.

Results: Mutation of most ECL2 residues to alanine results in changes in binding and/or efficacy of GLP-1 peptide agonists.
Conclusion: The ECL2 of the GLP-1R is critical for GLP-1 peptide-mediated receptor activation and selective signaling.
Significance: This work reveals broad significance for ECL2 in maintaining receptor conformations driving selective signaling.

The glucagon-like peptide-1 receptor (GLP-1R) is a therapeu-
tically important family B G protein-coupled receptor (GPCR)
that is pleiotropically coupled to multiple signaling effectors
and, with actions including regulation of insulin biosynthesis
and secretion, is one of the key targets in the management of
type II diabetes mellitus. However, there is limited understand-
ing of the role of the receptor core in orthosteric ligand binding
and biological activity. To assess involvement of the extracellu-
lar loop (ECL) 2 in ligand-receptor interactions and receptor
activation, we performed alanine scanning mutagenesis of loop
residues and assessed the impact on receptor expression and
GLP-1(1-36)-NH, or GLP-1(7-36)-NH, binding and activation
of three physiologically relevant signaling pathways as follows:
cAMP formation, intracellular Ca*>* (Ca>*;) mobilization, and
phosphorylation of extracellular signal-regulated kinases 1 and
2 (pERK1/2). Although antagonist peptide binding was unal-
tered, almost all mutations affected GLP-1 peptide agonist bind-
ing and/or coupling efficacy, indicating an important role in
receptor activation. However, mutation of several residues dis-
played distinct pathway responses with respect to wild type
receptor, including Arg-299 and Tyr-305, where mutation sig-
nificantly enhanced both GLP-1(1-36)-NH,- and GLP-1(7-36)-
NH,-mediated signaling bias for pERK1/2. In addition, muta-
tion of Cys-296, Trp-297, Asn-300, Asn-302, and Leu-307
significantly increased GLP-1(7-36)-NH,-mediated signaling
bias toward pERK1/2. Of all mutants studied, only mutation of
Trp-306 to alanine abolished all biological activity. These data
suggest a critical role of ECL2 of the GLP-1R in the activation
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transition(s) of the receptor and the importance of this region in
the determination of both GLP-1 peptide- and pathway-specific
effects.

GPCRs? are the largest family of transmembrane (TM)-span-
ning proteins, accounting for ~1% of the human genome, and
are the leading target of marketed therapeutics (1, 2). Family B
peptide hormone receptors are a small subfamily of GPCRs that
include receptors for secretin, calcitonin, vasoactive intestinal
polypeptide, pituitary adenylate cyclase-activating polypeptide,
corticotrophin-releasing factor, parathyroid hormone, gastric
inhibitory polypeptide, glucagon, and glucagon-like peptides
(GLPs). Each receptor possesses a characteristically large and
sequence-divergent extracellular N-terminal domain; however,
there is conservation of key residues, including three disulfide
bonds within this domain, that aids in stability and confers sim-
ilarities in secondary structure (3, 4). The widely accepted pep-
tide-receptor binding model for family B GPCRs is the two
domain model, whereby the a-helical C terminus of the endog-
enous ligand interacts with the N-terminal domain of the
receptor, and the N terminus of the peptide interacts with the
core domain of the receptor, which includes both the extracel-
lular loops and TM bundle (5-7). Generically, the N-terminal
domain of the receptor is primarily responsible for ligand rec-
ognition and specificity, whereas the core of the receptor has a
major influence in signaling specificity and transmission (8).
Indeed, there is evidence through generation of both chimeric
receptors and peptides to suggest that this is true for many
family B receptors (9 —16). However, there is also evidence that
ligand recognition and affinity determination can rely on inter-
action with the receptor core (14, 17-24); this is particularly
evident with the glucagon receptor, where changes in the N
terminus of the glucagon peptide significantly alter its binding
affinity at the glucagon receptor (17, 25, 26). In addition, sub-

3 The abbreviations used are: GPCR, G protein-coupled receptor; ECL, extra-
cellular loop; GLP-1R, glucagon-like peptide 1 receptor; Ca®", intracellular
calcium; TM, transmembrane.
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stitution of many N-terminal residues of the GLP-1, vasoactive
intestinal polypeptide, and secretin peptides for alanine signif-
icantly reduce binding affinity at the GLP-1R, VPAC receptors,
and secretin receptor, respectively (21, 23, 24), illustrating that
effective ligand recognition, binding, and subsequent biological
activity require the entire length of peptide and involve multi-
ple domains within the receptor.

Although crystal and NMR structures have been resolved for
the isolated N terminus of several ligand-bound family B
GPCRs, including the gastric inhibitory polypeptide receptor
(27), corticotrophin-releasing factor receptors (28 -30), para-
thyroid hormone 1 receptor (31), and GLP-1 R (32, 33), only
limited mutagenesis and photoaffinity labeling data are avail-
able to aid in understanding the role of core domain residues.
Nevertheless, the data available highlight the significance of the
receptor core region in both peptide binding and receptor acti-
vation (34, 35), including residues within the putative ECL2 of
the GLP-1R (36, 37), secretin receptor (18), corticotrophin-re-
leasing factor receptors (38, 39), and parathyroid hormone
receptors (16), suggesting this potentially forms a significant
site of interaction for the N-terminal amino acids of the peptide
ligands and/or plays an important role in stabilizing active state
conformations in the presence of ligand.

Like most GPCRs, family B receptors are promiscuously cou-
pled, including pathway coupling that leads to cAMP signaling,
Ca®", mobilization, and pERK1/2, each of which is linked to
important physiological functions of the receptors (40-42).
The relative activation of these signaling pathways may there-
fore be important for optimal development of therapeutics.
Nonetheless, our mechanistic understanding of how family B
receptors activate these distinct pathways is limited.

In this study, we explore the influence of individual ECL2
residues on human GLP-1R function. The GLP-1R is an impor-
tant target in the development of therapeutics for type II
diabetes mellitus, with actions including glucose-dependent
increases in insulin biosynthesis and secretion, increasing
B-cell mass, and decreasing body mass, all effects that address
major symptoms of type II diabetes mellitus (43). Despite its
therapeutic promise, relatively limited data are available on the
contribution of domains in the receptor core on ligand binding
and receptor activation. We have performed systematic substi-
tution of each residue of ECL2 of the human GLP-1R by alanine
and assessed the effects across a series of pharmacological out-
puts, which demonstrated critical residues for receptor activa-
tion that vary in an agonist peptide- or pathway-specific
manner.

EXPERIMENTAL PROCEDURES

Materials—Dulbecco’s modified Eagle’s medium (DMEM),
hygromycin-B, and Fluo-4 acetoxymethyl ester were purchased
from Invitrogen. Fetal bovine serum (FBS) was purchased from
Thermo Fisher Scientific (Melbourne, Victoria, Australia). The
QuikChange™ site-directed mutagenesis kit was purchased
from Stratagene (La Jolla, CA). AlphaScreen™ reagents,
Bolton-Hunter reagent (**°I), and 384-well ProxiPlates were
purchased from PerkinElmer Life Sciences. SureFire™
ERK1/2 reagents were generously supplied by TGR Biosciences
(Adelaide, South Australia, Australia). SigmaFast o-phenylene-
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diamine dihydrochloride tablets and antibodies were pur-
chased from Sigma. GLP-1 peptides were purchased from
American Peptide (Sunnyvale, CA). All other reagents were
purchased from Sigma or Merck and were of an analytical
grade.

Receptor Mutagenesis—To study the influence of specific
amino acids of ECL2 on receptor function, the desired muta-
tions were introduced to an N-terminally double c-Myc-la-
beled wild type human GLP-1R in the pEF5/FRT/V5-DEST
destination vector (Invitrogen); this receptor had equivalent
pharmacology to the untagged human GLP-1R (data not
shown). Mutagenesis was carried out using oligonucleotides
for site-directed mutagenesis from GeneWorks (Hind-
Marsh, South Australia, Australia) (supplemental Table S1)
and the QuikChange™ site-directed mutagenesis kit (Strat-
agene). Sequences of receptor clones were confirmed by cycle
sequencing as described previously (44). Mutated residues and
their conservation across human family B peptide hormone
receptors are illustrated in Fig. 1.

Transfections and Cell Culture—Wild type and mutant
human GLP-1R were isogenically integrated into FlpIn-Chi-
nese hamster ovary (FlpInCHO) cells (Invitrogen) and selection
of receptor-expressing cells accomplished by treatment with
600 ug ml~ ! hygromycin-B as described previously (44). Trans-
fected and parental FlpInCHO cells were maintained in DMEM
supplemented with 10% heat-inactivated FBS and incubated in
a humidified environment at 37 °C in 5% CO.,.

Radioligand Binding Assay—FlpInCHO wild type and
mutant human GLP-1R cells were seeded at a density of 3 X 10*
cells/well into 96-well culture plates and incubated overnight at
37°C in 5% CO,, and radioligand binding was carried out as
described previously (45). For each cell line in all experiments,
total binding was defined by 0.5 nm '**I-exendin(9 —39) alone,
and nonspecific binding was defined by 1 um exendin(9-39).
For analysis, data are normalized to the B, value for each indi-
vidual experiment.

cAMP Accumulation Assay—FlpInCHO wild type and
mutant human GLP-1R cells were seeded at a density of 3 X 10*
cells/well into 96-well culture plates and incubated overnight at
37°C in 5% CO,, and cAMP detection was carried out as
described previously (46). All values were converted to concen-
tration of cCAMP using a cCAMP standard curve performed in
parallel, and data were subsequently normalized to the
response of 100 um forskolin in each cell line.

PERK1/2 Assay—FlpInCHO wild type and mutant human
GLP-1R cells were seeded at a density of 3 X 10 cells/well into
96-well culture plates and incubated overnight at 37 °C in 5%
CO,. Receptor-mediated pERK1/2 was determined using the
AlphaScreen™ ERK1/2 SureFire™ protocol as described pre-
viously (44). Initial pERK1/2 time course experiments were per-
formed over 1 h to determine the time at which agonist-medi-
ated pERK1/2 was maximal. Subsequent experiments were
then performed at the time required to generate a maximal
pERK1/2 response (6 min). Data were normalized to the maxi-
mal response elicited by 10% FBS in each cell line, determined at
6 min (peak FBS response).

Ca®", Mobilization Assay—FlpInCHO wild type and mutant
human GLP-1R cells were seeded at a density of 3 X 10* cells/
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well into 96-well culture plates and incubated overnight at
37°C in 5% CO,, and receptor-mediated Ca®>"; mobilization
was determined as described previously (47). Fluorescence was
determined immediately after peptide addition, with an excita-
tion wavelength set to 485 nm and an emission wavelength set
to 520 nm, and readings were taken every 1.36 s for 120 s. Peak
magnitude was calculated using five-point smoothing, followed
by correction against basal fluorescence. The peak value was
used to create concentration-response curves. Data were nor-
malized to the maximal response elicited by 100 um ATP.

Cell Surface Receptor Expression—FlpInCHO wild type and
mutant human GLP-1R cells, with receptor DNA previously
incorporated with an N-terminal double c-Myc epitope label,
were seeded at a density of 25 X 10* cells/well into 24-well
culture plates and incubated overnight at 37 °C in 5% CO,,
washed three times in 1 X PBS, and fixed with 3.7% paraformal-
dehyde at 4 °C for 15 min. Cell surface receptor detection was
then performed as described previously (45). Data were nor-
malized to the basal fluorescence detected in FIpInCHO paren-
tal cells. Specific '*°I-exendin(9—39) binding at each receptor
mutant, as identification of functional receptors at the cell sur-
face, was also determined (corrected for nonspecific binding
using 1 uMm exendin(9 -39)).

Data Analysis—All data were analyzed using Prism 5.04
(GraphPad Software Inc., San Diego). For all analyses the data
are unweighted, and each y value (mean of replicates for each
individual experiment) is considered an individual point. Con-
centration response signaling data were analyzed using a three-
parameter logistic equation as described previously (44) and as
shown in Equation 1,

(Top — Bottom)

Y = Bottom + 1 + 10709 ECso — ToglAD

(Eq. 1)

where Bottom represents the y value in the absence of ligand(s);
Top represents the maximal stimulation in the presence of
ligand(s); [A] is the molar concentration of ligand, and EC,
represents the molar concentration of ligand required to gen-
erate a response halfway between Top and Bottom. Similarly,
Equation 1 was used in the analysis of inhibition binding data,
instead replacing EC;, with IC,,. In this case, Bottom defines
the specific binding of the radioligand that is equivalent to non-
specific ligand binding, whereas Top defines radioligand bind-
ing in the absence of a competing ligand, and the IC, value
represents the molar concentration of ligand required to gen-
erate a response halfway between Top and Bottom. IC,, values
obtained were then corrected for radioligand occupancy as
described previously (48) using the radioligand affinity (K;)
experimentally determined for each mutant.

To quantify efficacy in the system, all data were fitted with an
operational model of agonism (49) as shown in Equation 2,

E,, — Bottom
1+ (('IO'(JQKA) + (10I09[A]))/(-|O(Iogr+Iog[A]))

Y = Bottom +

(Eq.2)

where Bottom represents the y value in the absence of ligand(s);
E,, represents the maximal stimulation of the system; K, is the
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agonist-receptor dissociation constant, in molar concentration;
[A] is the molar concentration of ligand, and 7is the operational
measure of efficacy in the system, which incorporates signaling
efficacy and receptor density. Constraints for this model were
determined by fitting the operational model for a partial agonist
to each of the peptides at the wild type receptor, with the most
efficacious peptide fitted with Equation 3,

E,, — Bottom
1+1 O(Iog ECso — log[A])

Y = Bottom + (Eq.3)

and the less efficacious peptides were fitted with Equation 2, to
obtain a value for the system maximum (E,,) at the wild type
receptor. This value was then globally constrained in the oper-
ational model (Equation 2) when applied at each of the mutant
receptors. All estimated 7 values were then corrected to cell
surface expression (1,) as determined by specific '*°I-
exendin(9—-39) binding, and errors were propagated from both
7and cell surface expression. Changes in 7. with respect to wild
type for each mutant were used to generate correlation plots,
which were subsequently fitted with linear regression and out-
liers established at greater than three standard deviations from
regression.

To quantify signaling bias, peptide agonist concentration-
response curves were analyzed with nonlinear regression using
an operational model of agonism (50), but modified to directly
estimate the ratio of 7./K,, in a manner similar to that described
by Figueroa et al. (51). For each pathway, as shown in Equation
4,

Emax X (TC/KA)n X [A]n

VST X (K + (1 + [AVK,)’

(Eq.4)

the parameters are as defined for Equation 2. All estimated
7,/K, ratios included propagation of error for both 7, and K,.
Changes in 7,/K, ratios with respect to wild type of each mutant
were used to quantitate bias between signaling pathways.
Accordingly, bias factors included propagation of error from
7,/K, ratios of each pathway.

Data were also normalized to maximal agonist response at
the wild type receptor in each signaling pathway, fitted with
a three-parameter logistic equation, and equimolar concentra-
tions of agonists in each pathway plotted against one other. In
this way, the bias of any given agonist for one pathway over
another can be visualized (50). In all cases, individual data sets
were unweighted during the analyses.

Statistics—Changes in peptide affinity, potency, efficacy, and
cell surface expression of ECL2 mutants in comparison with
wild type control were statistically analyzed with one-way anal-
ysis of variance and Dunnett’s post test, and significance was
accepted at p < 0.05.

RESULTS
Cell Surface Expression of Human GLP-1R ECL2 Alanine
Mutants

Wild type c-Myc human GLP-1R and each of the human
GLP-1R ECL2 alanine mutants (Fig. 14) were isogenically inte-
grated into FlpInCHO host cells by recombination, allowing the

VOLUME 287+NUMBER 6+FEBRUARY 3, 2012

6T0Z ‘G lBquieldes Uo A LISHIAINN NOLSY 1 /Bio-og mmmwy/:dny wouy papeojumoq


http://www.jbc.org/

A GLP-1R
GLP-2R

GlucagonR
GIPR
SecretinR
VPAC1R
VPAC2R
PACAPR
CRF1R
CRF2R
CalcitoninR
CalcRLR
GHRHR
PTH1R
PTH2R

GLP-1R ECL2 Is Critical for Receptor Activation

RLYVSIGWGVPLLFVVPWGIVKYLYEDEGCWTRNSN-MNYWLIITRLPILFAIGVNEFLIFV
PRYLLLGWAFPVLEVVPWGFARAHLENTGCWTTNGN-KKIWWI IRGPMMLCVTVNEFIFL
SLYLGIGWGAPMLEVVPWAVVKCLFENVQCWTSNDN-MGFWWILREFPVFLAILINFFIEV
RYYLLLGWGAPALFVIPWVIVRYLYENTQCWERNEV-KAIWWIIRTPILMTILINFLIFT
OGFVAFGWGSPAIFVALWAIARHFLEDVGCWDINAN-ASIWWIIRGPVILSILINFILET
WGYILIGWGVPSTEFTMVWTIARIHFEDYGCWDTIN--SSIWWIIKGPILTSILVNFILFI
LAYLLIGWGLPTVCIGAWTAARLYLEDTGCWDTNDH-SVPWWVIRIPILISIIVNEVLEFI
YWYTIIGWGTPTVCVTVWATLRLYFDDTGCWDMNDS-TALWWV IKGPVVGSIMVNEVLET
WMEFICIGWGVPFPIIVAWAIGKLYYDNEKCWEFGKRPGVYTDYIYQGPMILVLLINFIFLF
CLFLFIGWCIPFPIIVAWAIGKLYYENEQCWFGKEPGDLVDYIYQGPIILVLLINEVFLE
RWYYLLGWGFPLVPTTIHAITRAVYFNDNCWLSVET--HLLYI THGPVMAALVVNEFFFLL
MWYYFLGWGFPLIPACIHAIARSLYYNDNCWISSDT--HLLYITHGPICAALLVNLFFLL
WWLVLAGWGLPVLETGTWVSCKLAFEDIACWDLDDT-SPYWWIIKGPIVLSVGVNFGLFL
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FIGURE 1. Amino acid sequence alignments. A, alignments of putative ECL2 of human family B GPCRs, with absolute conservation of residues with respect to
human GLP-1R, are highlighted in boldface, and putative TM/ECL2 boundaries are indicated; B, human family B peptides, with absolute conservation of

residues with respect to human GLP-1 peptide, are highlighted in boldface.

comparison of cell surface expression by antibody detection of
the N-terminal double c-Myc epitope label without complica-
tions arising from variations in gene transcription. In this study,
we observed total abolishment of cell surface receptor expres-
sion of the W306A mutant (Fig. 24 and Table 1). Significant
increases in cell surface receptor antibody labeling were
observed for the N300A and M303A mutants, although
decreases were observed for D293A, C296A, W297A, S301A,
N304A, Y305A, and L307A. No other mutant deviated signifi-
cantly in cell surface receptor antibody labeling in comparison
with wild type, although there were occasional trends for
increases or decreases. In most cases, the changes in cell surface
expression identified through antibody detection of the epitope
label were consistent with the pattern of specific binding of
125]_exendin(9 —39) at each of the mutant receptors in compar-
ison with wild type receptor, although generically the '*°I-
exendin(9—39) binding trended lower for the mutants relative
to the wild type, when compared with receptor antibody
labeling (Fig. 2B and Table 1). Notable exceptions to this were
E294A and T298A that demonstrated increased '*°I-
exendin(9-39) binding but wild type levels of receptor anti-
body labeling and Y305A that displayed wild type levels of '*°1-
exendin(9—39) binding and reduced antibody labeling. At each
of these receptor mutants, the affinity of exendin(9 —-39) (deter-
mined through homologous competition binding) was not sig-
nificantly different from the wild type receptor (Table 1). As
exendin(9-39) affinity was unaltered at all mutant receptors,
reductions in '**I-exendin(9-39) binding but not antibody
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labeling may suggest a subpopulation of receptors for which the
ligand binding domain of the receptor is misfolded, leading to
loss of functional receptors at the cell surface. In these cases,
however, antibody detection of the inserted epitope tag does
not discriminate between different conformational states of the
ligand binding domain and therefore has most likely detected
all populations of receptor at the cell surface. The mechanism
underlying high **°I-exendin(9 —39) in the absence of changes
to antibody labeling is less clear but may be due to altered con-
formation of the c-Myc epitope or an increase in the relative
proportion of receptors in an inactive state.

Select Mutants of the Human GLP-1R ECL2 Influence GLP-1(7-
36)-NH, Binding Affinity but Not Exendin(9-39) Affinity

To establish the binding profiles of each of the human
GLP-1R ECL2 alanine mutants, equilibrium binding studies
were performed with the endogenous peptide agonists GLP-
1(1-36)-NH, and GLP-1(7-36)-NH,, in competition with the
radiolabeled orthosteric antagonist, **I-exendin(9 —39). There
was no significant deviation in antagonist exendin(9 —39) affin-
ity at any of the mutated ECL2 residues, with the exception of
the W306A mutant, where no value could be defined as it was
undetectable at the cell surface (Table 1).

Full inhibition curves for the GLP-1(1-36)-NH, peptide
could not be established over the concentration range tested; at
the highest concentration assayed (1 um), the level of binding
inhibition for most of the mutants was not significantly differ-
ent from wild type receptor (Fig. 3, A and B). However, no clear

JOURNAL OF BIOLOGICAL CHEMISTRY 3645

6T0Z ‘G lBquieldes Uo A LISHIAINN NOLSY 1 /Bio-og mmmwy/:dny wouy papeojumoq


http://www.jbc.org/

GLP-1R ECL2 Is Critical for Receptor Activation

.n>
N
(=3
g

150

(% wildtype)

D203A{ [ H=*

Cell surface expressiol
e 8

G285A

1286A
V287A
K288A
Y289A
L290A 4
Y291A 4
28 | —
E294A

2004

N304A

s301A{[__H=

M303A- [ lE
*

v305A{ [_H=

L37A{ [ =

C296A
T298A 1
R299A 4
N302A

PO | —
*

waora] i«

N300A | I-I *

W306A

[

=

2 * d

5 1501 T

o0

8 Q

¢z ﬁ

X 2 100 e e .

52

L3 * ok * * *

& 2 * *

"uvso_ ** *

Q

[

o

7 o ||
T L} L} L} L} L} L} T T L} L} L) L} L} L] L} L} T T T L} L] L}
R EEEEEEEEEEEEEEEI:
N O©W N~ 0 O © ™ N ™M & 1 ©W N~ 0 O © ™ N O U © N~
W O W W W O O O O O 6O O o O O © © © © © o o o
AN N N N N &N N N N N N N N N N O 0 M M O ™
O~ > X > 4d > UWUuoWoo =z k@ zon 2z z 2 >3 4

FIGURE 2. Cell surface expression profiles of human GLP-1R ECL2 alanine mutants. Cell surface expression profiles of each of the human GLP-1R ECL2
alanine mutants are compared with wild type stably transfected into FlpInCHO cells as determined through antibody detection of the N-terminal c-Myc
epitope label (A) and by specific '*°I-exendin(9-39) binding (B). Statistical significance of changes in total cell surface expression in comparison with wild type
human GLP-1R expression (100%) was determined by one-way analysis of variance and Dunnett’s post-test and are indicated with an asterisk (*, p < 0.05). All
data are means = S.E. of seven to nine or three to four independent experiments conducted in duplicate for antibody detection and specific '*°I-exendin(9-39)

binding, respectively.

effect on binding was observed for C296A, W297A, R299A, and
Y305A (Fig. 3, A and B). This was likely a result of the poor
radioligand binding window for these mutants arising from the
low specific '**’I-exendin(9 —39) binding (Table 1).

There were no significant changes in affinity of GLP-1(7-
36)-NH, in comparison with the wild type control for G285A,
1286A, V287A, Y289A, L290A, Y291A, E294A, G295A, T298A,
S301A, and N304A (Table 1). Decreases in binding affinity of
GLP-1(7-36)-NH, in comparison with wild type were observed
for K288A, E292A, D293A, R299A, N300A, N302A, M303A,
Y305A, and L307A mutants, as highlighted by gray shading in
Table 1 (Fig. 3, Cand D, and Table 1).

Effect of Human GLP-1R ECL2 Alanine Mutations on
Peptide-mediated cAMP Accumulation

Binding Affinity-modified Mutants—There was no measura-
ble GLP-1(1-36)-NH,-mediated cAMP response at the K288A,
E292A, C296A, W297A or N300A mutants, and significant
depressionin E, , was observed at the D293A, R299A, N302A,
M303A, Y305A, and L307A mutants (Fig. 44 and Table 2).
Application of the operational model indicated that each of
these mutant receptors had a significantly reduced coupling
efficiency for cAMP, after correction for functional cell surface
receptor levels (Fig. 4, A and E, and Table 2). Throughout the
results, the operational measure of efficacy (7,) is used as the
principal measure of changes in efficacy for each pathway, as
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this accounts for both alterations in coupling efficiency and cell
surface receptor expression (50).

All mutants displaying significantly decreased GLP-1(7-36)-
NH, binding affinity (K288A, E292A, D293A, C296A, W297A,
R299A, N300A, N302A, M303A, Y305A, and L307A) also
exhibited reduced potency for cAMP in response to this pep-
tide, although this was not significant for the M303A mutant
(Fig. 4B and Table 2). Assessment of the effect on efficacy indi-
cated that all mutants also had diminished coupling efficiency
in addition to decreased affinity, although this effect was mini-
mal for D293A, C296A, and Y305A, where statistical signifi-
cance was not reached (Fig. 4, B and F, and Table 2). Not sur-
prisingly, cells expressing the W306A mutant did not respond
to peptide stimulation (Table 2).

Mutants with Unaltered Binding Affinity—For mutants that
were not affected at the level of peptide agonist binding,
potency was mostly unaltered with two exceptions as follows:
the V287A mutant, where decreased potency of GLP-1(7-36)-
NH, was observed, and the T298A mutant that had increased
potency of GLP-1(7-36)-NH, (Fig. 4D and Table 2). For the
latter, the increased potency was paralleled by higher expres-
sion of functional cell surface receptors (Fig. 1B) but was
accompanied by reduced efficacy (Fig. 4F and Table 2). Inter-
estingly, the loss of potency at the V287A mutant occurred in
the absence of significant changes in efficacy, for either the
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TABLE 1

Effects of human GLP-1R ECL2 alanine mutants on peptide ligand
binding and cell surface expression

Binding data were analyzed using a three-parameter logistic equation as defined in
Equation 1 to obtain pIC,, values. pICy, values were then corrected for radioligand
occupancy using the radioligand dissociation constant for each mutant, allowing
determination of ligand affinity (K)). Data are normalized to maximum '*°I-
exendin(9 —39) binding in the absence of ligand, with nonspecific binding measured
in the presence of 1 puMm exendin(9-39). For specific '**I-exendin(9-39) binding,
data are expressed as a maximum of specific '*’I-exendin(9 —39) binding at the wild
type human GLP-1R. Cell surface expression was determined through antibody
detection of the N-terminal c-Myc epitope label, with data expressed as a maximum
of wild type human GLP-1R expression. All values are expressed as means = S.E. of
three to four (binding) or seven to nine (cell surface expression) independent exper-
iments, conducted in duplicate. Data were analyzed with one-way analysis of vari-
ance and Dunnett’s post test. Gray shading highlights residues effecting peptide
agonist binding affinity. ND means data were unable to be experimentally defined.

Specific

Binding (pKi)** Cell surface

- expression 125|'eﬁ?:;ré9'39)
GLP-1(7-36)NH; Exendin(9-39) (% wildtype) (% wildtype)
Wildtype 8.7+0.1 7.7+01 100+5 100 +2
G285A 9.1+0.1 7.7+01 883 70+4
1286A 8.8+0.1 7.7+02 79+3 80+5
V287A 8.5+0.1 7.7+01 92+4 65 % 10*
K288A 6.6 £0.3* 8.0+0.1 88+5 62+ 12*
Y289A 8.9+0.1 76+02 84+7 55 % 5*
L290A 8.3+0.1 7.7+01 777 75+5
Y291A 8.3+0.1 7.8+0.1 86+7 91+7
E292A 6.7 £0.2* /a1l 2504 103 +6 65 + 5*
D293A 7.3+0.1* 7.9+0.1 62 + 5* 65 % 6*
E294A 8.8+0.1 8.0+£0.1 816 134 + 16*
G295A 87+0.1 77+01 99+6 74+3
C296A 7.6 £0.4* 7.8+0.2 68 + 5* 41 +2*
W297A 6.9 £0.5% (902 60 * 6* 45 £ 2*
T298A 9.1+0.1 8.1+0.1 85+6 149 £ 10*
R299A 7.2%0.4* 7.4+02 94+5 48 £ 2*
N300A 6.6 £0.2* 7.9+0.1 130 £ 6* 109 +8
S301A 8.8+0.1 8.1+0.1 63 + 5* 74+£3
N302A 7.3+0.1* 8.0+0.1 91+6 120 + 16
M303A 8.1%0.1* 8.1£0.1 125 + 5% 92+5
N304A 84+03 75+02 707 48 £ 10*
Y305AT 6.8+0.2* 7.7+01 52/ Fi5% 94+7
W306AT N.D. N.D. N.D. N.D.
L307A 7.6%0.2* 8.0+£0.1 47 £ 5* 63 +3*

* Data are statistically significant at p < 0.05, one-way analysis of variance, and

Dunnett’s post test in comparison with wild type response.

** R? values for the curve fits were all >0.5, except for GLP-1(7-36)-NH, at the
W297A (R? = 0.42) and R299A (R? = 0.46) mutants.

+ GLP-1(1-36)-NH, binding profile deviates from wild type, but the pIC;, value
for this ligand was unable to be determined in the concentration range tested.

full-length or truncated peptide. Overall, similar effects on effi-
cacy were observed for GLP-1(1-36)-NH, and GLP-1(7-36)-
NH, across the ECL2 mutants (Fig. 4, E and F, and Table 2).
G285A, 1286A, V287A, and Y289A, located at the top of TM4/
proximal ECL2, had minimal effects on the efficacy of both
peptides. Similarly, there was little effect on cAMP efficacy with
the G295A mutant. All other mutants displayed loss of efficacy
for both peptides, although the effect was not always significant
for both peptides. For example, there was a greater effect on
GLP-1(1-36)-NH, efficacy with the L290A mutant and a
greater effect on GLP-1(7-36)-NH,, efficacy for the E294A,
T298A, and S301A mutants. For both peptides, the greatest
decrease in efficacy was seen with the N304A mutant (Table 2).

Effect of Human GLP-1R ECL2 Alanine Mutations on
Peptide-mediated pERK1/2

Binding Affinity-modified Mutants—Peptide-induced pERK1/
2 was determined at 6 min for each of the human GLP-1R ECL2
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alanine mutants. Consistent with cAMP accumulation, there
were no statistically significant differences in GLP-1(1-36)-
NH, potency at these mutant receptors, although no measura-
ble response was seen for either N300A or W306A (Fig. 54 and
Table 3). In general, there was less impact of the ECL2 mutants
on GLP-1(1-36)-NH,-mediated pERK1/2 signaling relative to
effects on cAMP response. Whereas the K288A, E292A,
C296A, W297A, and N300A all lacked measurable cAMP
responses in the presence of GLP-1(1-36)-NH,, only the
N300A mutant also failed to yield a pERK1/2 signal (Tables 2
and 3). Operational modeling of the effect of mutation on pep-
tide efficacy failed to identify any significant changes for these
mutants, although most trended toward lower efficacy (Fig. 5, A
and E, and Table 3). The exception to this was R299A that
trended higher in efficacy for pERK1/2 (Table 3).

As with the GLP-1(1-36)-NH, responses, there was gen-
erally less impact of ECL2 mutation on GLP-1(7-36)-NH,-
mediated pERK1/2 responses relative to the cAMP response
(Fig. 5B and Tables 2 and 3). Potency was largely unaffected
with only the K288A mutant exhibiting significantly lower
potency, although there was a trend toward lower potency
with some of the other affinity altered mutants, including
E292A and C296A (Fig. 5, B and F, and Table 3). The greatest
effects on GLP-1(7-36)-NH, efficacy were seen with E292A
and N300A, the former being significantly lower (Fig. 5F and
Table 3). K288A, D293A, W297A, N302A, Y305A, and L307A
also trended toward lower efficacy. In contrast, C296A, R299A,
and M303A displayed higher efficacy than the wild type recep-
tor, although these effects did not reach significance. Interest-
ingly, the effect on coupling efficiency of GLP-1(1-36)-NH,,
and GLP-1(7-36)-NH, was opposite for C296A and M303A
suggesting that there are ligand-dependent effects imparted by
these mutations (Table 3). Intriguingly, the R299A mutant dis-
played consistent effects for the two peptides but distinct
effects in cAMP (decreased efficacy) versus pERK1/2 signaling
(increased efficacy), suggesting a pathway selective role for this
residue (Tables 2 and 3).

Mutants with Unaltered Binding Affinity—Overall, there was
only limited impact of ECL2 mutants on the pERK1/2
responses for mutant receptors that had unaltered agonist
binding affinity, and indeed, none of the effects achieved statis-
tical significance for either GLP-1(1-36)-NH, or GLP-1(7-36)-
NH, (Fig. 5, C and D, and Table 3). Nonetheless, there was
further distinction in the pattern of pERK1/2 efficacy changes
relative to Ca®>*, and cAMP signaling in that efficacy tended to
increase for many of the mutants, including G285A, 1286A,
V287A, Y289A, G295A, and T298A in comparison with wild
type (Fig. 5, C-F, and Table 3). The L290A and Y291 A mutants
tended to have decreased efficacy for the GLP-1(7-36)-NH,,
peptide but had little effect on GLP-1(1-36)-NH, responses. In
contrast, N304A had an apparent increase in efficacy for GLP-
1(1-36)-NH, but unaltered GLP-1(7-36)-NH, response
(Table 3).

Effect of Human GLP-1R ECL2 Alanine Mutations on
Peptide-mediated Ca®™*; Mobilization

Binding Affinity-modified Mutants—Consistent with previ-
ous data (46), there was no Ca>*, response with full-length
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FIGURE 3. Agonist binding profiles of human GLP-1R ECL2 alanine mutants. Characterization of the binding of GLP-1(1-36)-NH, (A and B) and GLP-1(7-
36)-NH, (Cand D) in competition with the radiolabeled antagonist, '**l-exendin(9-39), in whole FIpInCHO cells stably expressing the wild type human GLP-1R
or each of the human GLP-1R ECL2 alanine mutants. Data are normalized to maximum '?*l-exendin(9-39) binding, with nonspecific binding measured in the
presence of 1 um exendin(9-39) and analyzed with a three-parameter logistic equation as defined in Equation 1. All values are means = S.E. of three to four

independent experiments, conducted in duplicate.

GLP-1 at either the wild type receptor or any of the alanine
mutants (data not shown).

Mutants that displayed reduced GLP-1(7—36)-NH, binding
affinity (K288A, E292A, D293A, C296A, W297A, R299A,
N300A, N302A, M303A, Y305A, and L307A) displayed
either significantly reduced Ca®", signaling or complete loss
of signaling (Fig. 6A and Table 4). Notably, receptors with
abolished Ca®", signaling (K288A, E292A, C296A, W297A,
and N300A) were those that had the weakest ability to couple
to the cCAMP pathway, with the exception of C296A (Table
2). In addition, these mutants also had weak coupling to the
pERK1/2 pathway, with the exception of C296A and W297A
(Table 3). Dramatic reductions in GLP-1(7-36)-NH,, effi-
cacy were observed at the remaining affinity-affected mutant
receptors D293A, R299A, N302A, M303A, Y305A, and
L307A (Fig. 6, A and C, and Table 4). These decreases in
ability to couple to the Ca®*, pathway were mostly reflected
in cAMP responses, although the extent of reductions in
efficacy was in some cases inconsistent; D293A and Y305A
were the most affected mutants in Ca®*, but the least

3648 JOURNAL OF BIOLOGICAL CHEMISTRY

affected in cAMP coupling in the presence of GLP-1(7-36)-
NH, (Tables 2 and 4). Generically, the decreases in Ca®",
coupling were also reflected in pERK1/2 pathway coupling,
with the exception of R299A and M303A (Tables 3 and 4).

Mutants with Unaltered Binding Affinity—All mutants had
reduced GLP-1(7-36)-NH,, efficacy relative to the wild type
receptor, although the effect was not significant for G285A,
1286A, V287A, L290A, G295A, and S301A that were among the
least affected with respect to cAMP response (Fig. 6, B and C,
and Table 4). For nonbinding affected mutants, the greatest
effect on efficacy was observed with the N304A mutant, again
consistent with the magnitude of effect on cAMP signaling
(Tables 2 and 4).

Effect of Human GLP-1R ECL2 Alanine Mutations on
Peptide-mediated Signal Bias

As noted previously (46), GLP-1(1-36)-NH, exhibits distinct
signal bias to that evoked by GLP-1(7-36)-NH,. GLP-1(7-36)-
NH, is strongly biased toward cAMP formation relative to either
pERK1/2 or Ca>", mobilization (supplemental Fig. S1, Band C). In
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FIGURE 4. cAMP accumulation profiles of human GLP-1R ECL2 alanine mutants. Characterization of cAMP accumulation in the presence of GLP-1(1-36)-
NH, (A and C) and GLP-1(7-36)-NH, (B and D) in FIpInCHO cells stably expressing the wild type human GLP-1R or each of the human GLP-1R ECL2 alanine
mutants that effect peptide binding affinity (A and B) or has no significant effect on peptide binding affinity (C and D) is shown. Data are normalized to the
response elicited by 100 um forskolin and analyzed with an operational model of agonism as defined in Equation 2. All values are means = S.E. of four to seven
independent experiments, conducted in duplicate. Visual representation of CAMP pathway coupling efficacy (logr,) in the presence of GLP-1(1-36)-NH, (E)
GLP-1(7-36)-NH,, and (F) is shown. Statistical significance of changes in coupling efficacy in comparison with wild type human GLP-1R was determined by
one-way analysis of variance and Dunnett’s post-test and is indicated with an asterisk (¥, p < 0.05). All values are logr, = S.E of four to seven independent

experiments, conducted in duplicate.

contrast, GLP-1(1-36)-NH, has equivalent preference for
cAMP and pERK1/2 (supplemental Fig. S1A). GLP-1(7-36)-
NH,, however, has only weak bias for the pERK1/2 pathway
relative to Ca®"; mobilization (supplemental Fig. S1D). As
the GLP-1(1-36)-NH, peptide did not elicit an Ca®*,
response, relative bias against this pathway could not be

ZO YA
FEBRUARY 3,2012-VOLUME 287-NUMBER6  VASHMB)

determined. Nonetheless, the absence of response is indica-
tive of bias toward cAMP and pERK1/2.

Bias plots provide a convenient visual representation of rel-
ative pathway response that is independent of absolute potency
(50), although bias factors are a quantitative measure of
changes to pathway bias, relative to the wild type receptor (50).
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TABLE 2
Effects of human GLP-1R ECL2 alanine mutants on peptide agonist signaling via CAMP

Data were analyzed using a three-parameter logistic equation as defined in Equation 1. pEC,, values represent the negative logarithm of the concentration of agonist that
produces half the maximal response. E,, . represents the maximal response normalized to that elicited by 100 um forskolin. All mutants were analyzed with an operational
model of agonism (Equation 2) to determine logr values. All logr values were then corrected to specific '**I-exendin(9 -39) binding (log,). Values are expressed as mean =+
S.E. of four to seven independent experiments, conducted in duplicate. Data were analyzed with one-way analysis of variance and Dunnett’s post test. Gray shading
highlights residues effecting peptide agonist binding affinity. ND means data were unable to be experimentally defined. R* values for the global curve fits were 0.88 for
GLP-1(7-36)-NH, and 0.92 for GLP-1(1-36)-NH,, respectively.

cAMP accumulation

GLP-1(1-36)NH GLP-1(7-36)NH,

PECso Enmax logre (1c) PECso Enmax logre (1c)
Wildtype 7.3+0.1 166.7 + 5.3 0.65 + 0.06 (4.47) 9.0£0.1 167.4+ 4.6 0.82 +0.06 (6.61)
G285A 7.7+02 139.1+£9.7* 0.78 £ 0.09 (6.03) 9.1+0.1 1552+ 4.9 0.96 + 0.08 (9.12)
1286A 7602 127.7 £9.2* 0.53 +0.09 (3.39) 8.8+0.2 156.8 £ 10.2 0.72 £ 0.08 (5.25)
V287A 72202 134.4 £ 10.4* 0.54 +0.12 (3.47) 8.4%0.1* 137.3 £7.0* 0.49 + 0.12 (3.09)
K288A N.D. N.D. N.D. N.D. N.D. N.D.
Y289A 7603 119.3 £ 12.9* 0.64 + 0.09 (4.37) 8902 110.9 + 6.9% 0.49 + 0.08 (3.09)
L290A 7.3+0.1 102.6 £5.1* 0.20 + 0.09 (1.58) 8.7+0.1 1341+ 7.1% 0.48 + 0.08 (3.02)
Y291A 7.2%0.1 119.3 £6.8* 0.24 +0.11 (1.74) 86+0.1 126.9 £ 5.9* 0.310.10 (2.04)
E292A N.D. N.D. N.D. 6.9 +0.1* 94.9 + 5.4 0.25 +0.09 (1.78)*
D293A 6.8+0.3 64.1%6.7* -0.14 £0.11 (0.72)* 7.8 £0.1* 118.0 + 3.8* 0.53 £ 0.09 (3.39)
E294A 7.4+0.1 1443+73 0.40 +0.17 (2.51) 9.1+0.1 122.5 + 4.5* 0.31 £ 0.17 (2.04)*
G295A 7.4%0.1 145.7 + 5.1 0.65 + 0.08 (4.47) 9.1£0.0 113.6 £ 1.9* 0.47 +0.08 (2.95)
C296A N.D. N.D. N.D. 6.9 % 0.0* 99.4 +2.7* 0.51 + 0.08 (3.24)
W297A N.D. N.D. N.D. 6.5+0.1 45.4 + 3.6* -0.18 £ 0.15 (0.66)*
T298A 7.8+0.1 126.9 +5.3* 0.41+0.12 (2.57) 9.7 £0.1* 116.2 £ 5.3* 0.41+0.12 (2.57)
R299A 72+05 15.6 + 2.8* -0.42 £0.10 (0.38)* 7.6 +0.1* 92.4 + 4.1* 0.36 + 0.07 (2.29)*
N300A N.D. N.D. N.D. 6.3 +0.1* 94.5 + 6.1* 0.02 * 0.14 (1.05)*
S301A 75+0.2 102.9 + 6.5* 0.30 + 0.08 (2.00) 9.0+0.2 105.9 + 6.5* 0.36 £ 0.07 (2.29)
N302A 7.0£0.3 52.4 + 5.4* -0.56 + 0.18 (0.28)* 7.8%0.1* 120.3 £ 5.9* 0.29 +0.17 (1.95)*
M303A 7.3+0.2 100.3 £ 6.4* 0.13 +£0.09 (1.35)* 85%0.2 119.1 £7.5* 0.38 + 0.09 (2.40)
N304A 74+03 69.5 + 6.0* 0.09 +0.13 (1.23)* 8502 71.2+4.8* 0.08 * 0.12 (1.20)*
Y305A 6.9+0.2 44.9 + 3.6* -0.57 £0.14 (0.27)* 7.4+0.2% 136.0 + 11.8* 0.62 +0.15 (4.17)
W306A N.D. N.D. N.D. N.D. N.D. N.D.
L307A 7.0+0.2 52.4 + 3.9% -0.27 £ 0.09 (0.54)* 7.6 0.1 101.0 £ 4.9* 0.33 +0.08 (2.14)*

* Data were statistically significant at p < 0.05, one-way analysis of variance and Dunnett’s post test in comparison with the wild type response.

Comparison of all mutants in this manner indicates that most
ECL2 mutants engender at least subtle changes to receptor bias,
although residues Gly-285 and Ile-286 at the top of TM4 are
exceptions to this (supplemental Fig. S1). The G285A mutation
is interesting in that it engenders efficacy improvements for
cAMP and pERK1/2 responses and was minimally altered with
respect to Ca®" signaling. The mutants with the most dramatic
effects on relative signal bias were also those that were altered in
binding affinity of GLP-1(7-36)-NH,, with the exception of
N304A, which consistently had a large differential effect across
pathways, and the T298A mutant that was among those
mutants with greatest effect on pERK1/2/cAMP for GLP-1(1-
36)-NH, and for Ca®>*,/pERK1/2 for GLP-1(7-36)-NH,, (sup-
plemental Fig. S1, A and D), although the effect of these
mutants was not significant in bias factor calculations (Table 5).
Bias of cAMP or pERK1/2 relative to Ca®>",; was only moderately
affected by most mutants (supplemental Fig. S1, C and D); the
principal effect for Ca*>*,/cAMP for GLP-1(7-36)-NH,, was a
loss of efficacy for cAMP production rather than alteration to
bias per se, and this is reflected in the generally small changes to
bias factors for these pathways (Table 5). This is probably not
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surprising as Ca>™, is the weakest coupled pathway at the wild
type receptor, as discussed above. The greatest effects on bias
were seen with specific mutants on pERK1/2/cAMP profiles
(supplemental Fig. S1, A and B; Table 5). This was evident as
preservation of pERK1/2 response with near abolition of cAMP
response for R299A, N302A, N304A, and Y305A for GLP-1(1-
36)-NH, and a complete reversal of bias for GLP-1(7-36)-NH,
such that pERK1/2 was favored over cAMP for N300A, W297A,
C296A, and R299A. There was no clear bias for E292A, N302A,
N304A, and L3074, indicating loss of the cAMP bias seen with
the wild type receptor.

The effect of mutations to both increase and decrease effi-
cacy of ERK1/2 activation likely reflects the divergent pathways
that link receptor activation to pERK1/2, including both G pro-
tein-independent (52-55) and G protein-dependent mecha-
nisms (56). It is interesting to note that the most profound dif-
ferential effects on signaling occur with mutation to residues
distal to, or including, the conserved Cys-296/Trp-297 motif.
This segment of ECL2 is also the most important with respect
to binding of small molecule ligands into the TM region of
family A GPCRs (57-61).
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FIGURE 5. pERK1/2 profiles of human GLP-1R ECL2 alanine mutants. Characterization of pERK1/2 in the presence of GLP-1(1-36)-NH, (A and C) and
GLP-1(7-36)-NH,, (B and D) in FIpInCHO cells stably expressing the wild type human GLP-1R or each of the human GLP-1R ECL2 alanine mutants that effect
peptide binding affinity (A and B) or has no significant effect on peptide binding affinity (C and D) is shown. Data are normalized to the maximal response
elicited by 10% FBS and analyzed with an operational model of agonism as defined in Equation 2. All values are means = S.E. of five to seven independent
experiments, conducted in duplicate. Visual representation of ERK1/2 coupling efficacy (log7,) in the presence of GLP-1(1-36)-NH,, (E) and GLP-1(7-36)-NH, ().
Statistical significance of changes in coupling efficacy in comparison with wild type human GLP-1R was determined by one-way analysis of variance and
Dunnett’s post-test and is indicated with an asterisk (¥, p < 0.05). All values are logr, = S.E. five to seven independent experiments, conducted in duplicate.

DISCUSSION

It is widely accepted that the ECLs of family A GPCRSs, particu-
larly ECL2, are an important component for receptor function,
with roles that include facilitating ligand binding, receptor traf-
ficking, communication of ligand signal, and/or stabilization of
an active ligand-receptor complex. Indeed, there is a plethora of
evidence for many of these features (62— 66), including the acti-

ZO YA
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vation of rhodopsin relying on the displacement of the 3-hair-
pin forming ECL2 via TM movement to allow ligand binding
(67), the design of antibodies against ECL2 of several GPCRs
that initiate a functional response (68, 69), and the substitution
of several domains in the ECL2 of the human gonadotropin-
releasing hormone receptor converting the activity of an antag-
onist to an agonist (70).
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TABLE 3

Effects of human GLP-1R ECL2 alanine mutants on peptide agonist signaling via pERK1/2
Data were analyzed using a three-parameter logistic equation as defined in Equation 1. pEC,, values represent the negative logarithm of the concentration of agonist that

produces half the maximal response. E,

max

represents the maximal response normalized to that elicited by 10% FBS. All mutants were analyzed with an operational model

of agonism (Equation 2) to determine logT values. All logr values were then corrected to specific ***I-exendin(9 —39) binding (logr,). Values are expressed as means = S.E.
of five to seven independent experiments, conducted in duplicate. Data were analyzed with one-way analysis of variance and Dunnett’s post test. R values for the global
curve fits were 0.68 for GLP-1(7-36)-NH, and 0.57 for GLP-1(1-36)-NH,, respectively. Gray shading highlights residues effecting peptide agonist binding affinity. ND

means data were unable to be experimentally defined.

pERK1/2
GLP-1(1-36)NH, GLP-1(7-36)NH,
PECso Ernax logre (1c) PECso Enmax logre (Tc)
Wildtype 72%02 57+0.5 0.38 £ 0.10 (2.40) 7.8+0.2 5304 0.19 £ 0.07 (1.55)
G285A 71201 8306 0.98 £ 0.13 (9.55) 8102 46+0.4 0.30 £ 0.09 (2.00)
1286A 72402 6.5+0.8 0.65+0.11 (4.47) 78+02 57+04 0.37 £ 0.09 (2.34)
V287A 6.9+0.2 6.8+0.7 0.61 £ 0.14 (4.07) 76+0.3 5306 0.33+0.13 (2.14)
K288A 6.6+06 3311 -0.01 £ 0.38 (0.98) 6.7 £0.3* 2.9 +0.5* -0.09 £ 0.28 (0.81)
Y289A 7.3+04 49+0.8 0.55+0.11 (3.55) 74+03 50+0.6 0.31 £ 0.09 (2.04)
L290A 7.0£0.2 55+0.6 0.40 £ 0.11 (2.51) 79+03 3.4+0.4* -0.03 £ 0.10 (0.93)
Y291A 6.9+0.3 57+1.0 0.32 £ 0.12 (2.09) 78+03 41+04 0.02 £ 0.11 (1.05)
E292A 6.7+0.3 3907 0.08 £ 0.20 (1.20) 72%02 2.0 +0.2* -0.37 £0.19 (0.43)*
D293A 72+03 40+05 0.10 £ 0.14 (1.26) 75+£03 2.7+0.3 -0.18 + 0.14 (0.66)
E294A 71402 6.0+0.5 0.28 +0.19 (1.91) 7.8+0.2 40+0.3 -0.18 + 0.18 (0.66)
G295A 6.9+0.2 8109 0.79 +0.11 (6.17) 78+02 59+0.5 0.45 + 0.09 (2.82)
C296A 7.8+0.4 2.0 +0.4* -0.23 £ 0.21 (0.59) 6.9+0.3 4707 0.47 £ 0.14 (2.95)
W297A 7.9+05 2.2 +0.4* -0.21 £ 0.16 (0.62) 7.3+04 3.0 £ 0.5* 0.05 +0.14 (1.12)
T298A 7.8+0.2 6.9+0.5 0.91+0.16 (8.13) 8.0+0.2 6.1+05 0.27 £ 0.13 (1.86)
R299A 7503 54+0.8 0.55 + 0.13 (3.55) 7502 42+04 0.32 £ 0.10 (2.09)
N300A N.D. N.D. N.D. 76+0.3 3.1+0.4* -0.30 £ 0.14 (0.50)
S301A 7.3+02 48+05 0.38 + 0.10 (2.40) 7.8+0.2 45+0.4 0.18 +0.08 (1.51)
N302A 7.0+0.3 54+1.0 -0.02 + 0.21 (0.95) 75+0.3 45+05 -0.03 + 0.19 (0.93)
M303A 72+03 55+0.8 0.29 + 0.16 (1.95) 78+0.2 55+ 0.4 0.32 + 0.10 (2.09)
N304A 7502 58%0.5 0.88 +0.15 (7.59) 7903 3.2+0.4* 0.12+0.13 (1.32)
Y305A 7.5+0.2 3403 -0.19 £ 0.14 (0.65) 7.5+0.3 3.3+0.3* -0.20 + 0.12 (0.63)
W306A N.D. N.D. N.D. N.D. N.D. N.D.
L307A 7.4+02 2.8+0.2* -0.16 £ 0.15 (0.69) 76+0.2 3.1+0.3* -0.07 £ 0.10 (0.85)

* Data were statistically significant at p < 0.05, one-way analysis of variance, and Dunnett’s post test in comparison with wild type response.

In this study we have used alanine scanning of ECL2 and
adjacent residues to probe the function of this domain of the
human GLP-1R. Virtually all mutations impacted on receptor
function, in particular on ligand efficacy, although the nature
and extent of effect varied considerably depending on the path-
way, the ligand, and the mutation. Collectively, the data are
indicative of a critical role for the GLP-1R ECL2 in the activa-
tion transition of the receptor. A global role for this domain in
activation transition is supported by analysis of efficacy changes
to mutants across the different pathways (Fig. 7). Although
there are exceptions (discussed below), there was generally a
good correlation between the magnitude of efficacy change for
the different pathways for individual mutants, although the
direction of change in the case of pERK1/2 was not always in the
same direction as the other two pathways (that were almost
uniformly negative) (Fig. 7). The correlations suggest that the
mutations alter the ensemble of conformations formed/sam-
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pled by the receptor in response to agonists; for a subset of
mutants there is greater propensity to form conformations
linked to activation of pERK1/2, but this is gained at the
expense of conformations linked to either cAMP formation or
Ca®", mobilization. The almost uniform loss of Ca>", efficacy
with individual mutations suggests that there is a high energy
barrier for formation of conformations allowing coupling to
this pathway, and this is consistent with the inability of GLP-
1(1-36)-NH, to activate this pathway.

The recent solution of the crystal structure of the agonist-
bound f,-adrenergic receptor in complex with Gag (71) has
provided novel insight into the structural changes in the recep-
tor that accompany activation transition. This receptor under-
goes two major rearrangements on its intracellular face as fol-
lows: an outward displacement of TM6 by ~14 A and an
a-helical extension of TM5. These changes open up the recep-
tor for interaction with the G protein. In the activated structure,
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FIGURE 6. Ca%*; mobilization profiles of human GLP-1R ECL2 alanine mutants. Characterization of Ca®*; mobilization in the presence of GLP-1(7-36)-NH,
in FIpInCHO cells stably expressing the wild type human GLP-1R or each of the human GLP-1R ECL2 alanine mutants that effect peptide binding affinity (A) or
has no significant effect on peptide binding affinity (B) is shown. Data are normalized to the maximal response elicited by 100 um ATP and analyzed with an
operational model of agonism as defined in Equation 2. All values are means = S.E. of three to five independent experiments, conducted in duplicate. Visual
representation of Ca®*; coupling efficacy (logt,) in the presence of GLP-1(7-36)-NH, (C) is shown. Statistical significance of changes in coupling efficacy in
comparison with wild type human GLP-1R was determined by one-way analysis of variance and Dunnett’s post-test and is indicated with an asterisk (¥, p <
0.05). All values are logr, = S.E. of three to five independent experiments, conducted in duplicate.

the o5 helix of Ga, forms a network of polar interactions with
TM5, and therefore, the transmission of conformational
change to TM5 is likely to be very important for at least Gey,
interactions. Our data are indicative of ECL2 playing a critical
role in the activation transition of the GLP-1R, potentially via
effects on the conformation of TM5. Consistent with this, there
was generally greater impact of mutation to residues that were
distal to the conserved Cys (Cys-296) that resides near the top
of TM5.

For all mutants expressed at the cell surface, binding of the
antagonist peptide exendin(9—-39) was unaltered, and binding
affinity changes were restricted to the high affinity agonist pep-
tide GLP-1(7-36)-NH,, for a subset of mutants. The interpre-
tation of binding affinity changes for agonist peptides can be
difficult. Although agonists enable the transition of the recep-
tor to facilitate G protein binding, the ternary complex of the
receptor with the G protein (or indeed with other regulatory
proteins) provides thermodynamically reciprocal (allosteric)
regulation of agonist binding (72). This has been empirically
demonstrated for GPCRs using purified proteins, and for the
B,-adrenoreceptor, it has been demonstrated that the full con-
formational alteration to the receptor requires both agonist and
G protein to be bound (73, 74). As such, major effects on recep-
tor-G protein interactions will manifest as selective loss of high
affinity agonist binding, such as those observed in this study,
and distinguishing direct effects on peptide binding from indi-
rect effects is problematic.

The most dramatic effects on receptor function were seen
with those mutants that also had reduced affinity for GLP-1(7—
36)-NH,. For the mutants with greatest loss of apparent affin-
ity, K288A, E292A, C296A, W297A, and N300A, there was a
corresponding major loss of receptor function, although the
loss of affinity alone was insufficient to account for the extent of
functional loss. For the GLP-1(7-36)-NH, peptide, these muta-
tions led to abolition of the Ca®>*, response and marked

i

decrease in potency for cAMP formation. For most mutants,

FEBRUARY 3,2012+VOLUME 287-NUMBER 6

there was also a parallel loss in cAMP efficacy, and the excep-
tion to this was C296A, where efficacy was preserved (Tables
1-4). For GLP-1(1-36)-NH, there was total loss of response in
cAMP formation. The effect on pERK1/2 was more complex.
Lys-288, Cys-296, and Trp-297 are each very highly conserved
across the B subfamily of peptide hormone GPCRs and this may
indicate a structural role for these residues (Fig. 1A4). This is
supported by the loss of functional cell surface receptors seen
with alanine mutants of these residues (Table 1 and Fig. 2). For
Cys-296, a structural role is clearly evident with this amino acid
forming a disulfide bond with Cys-226 at the top of TM3; this
structural motif is highly conserved across the superfamily of
GPCRs and is evident in solved crystal structures for family A
GPCRs (57-61, 75, 76). In the rat GLP-1R, double mutation of
Cys-226 and Cys-296 to alanine restored the loss of GLP-1(7—
36)-NH, binding affinity and cAMP signaling seen with indi-
vidual mutation of these residues, indicating that the disulfide
link itself is not required for efficient activation of the receptor
(77).

Recent photoaffinity cross-linking work has demonstrated
that Leu-20 of GLP-1(7-36)-NH, is proximal to Trp-297 of the
receptor, with subsequent molecular modeling indicating that
it could form a direct interaction that may contribute to the loss
of function observed with mutation of this residue (36). Inter-
estingly, Leu-20 is distal to the segment of the GLP-1 peptide
(and indeed other related peptide hormones) that is linked to
agonistic activity. Dipeptidyl peptidase IV cleavage of the two
N-terminal residues markedly attenuates the activity of GLP-
1(7-36)-NH.,, and truncation by six amino acids is sufficient to
abolish agonist activity (78). In this study binding affinity of the
antagonist peptide exendin(9—-39) was unaltered by any of the
mutations, and thus it seems unlikely that the extent of loss of
function seen with the W297A is due to loss of a direct interac-
tion. It has been speculated that low binding affinity for GLP-
1(7-36)-NH, for the isolated N-terminal extracellular domain
of the GLP-1R is due to decreased capacity of GLP-1(7-36)-
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TABLE 4

Effects of human GLP-1R ECL2 alanine mutants on peptide agonist
signaling via Ca®*; mobilization

Data were analyzed using a three-parameter logistic equation as defined in Equation
1. pEC,, values represent the negative logarithm of the concentration of agonist that
produces half the maximal response. E,,, represents the maximal response normal-
ized to that elicited by 100 um ATP. All mutants were analyzed with an operational
model of agonism (Equation 2) to determine logr values. All logr values were then
corrected to specific '**I-exendin(9-39) binding (logr,). Values are expressed as
means * S.E. of three to five independent experiments, conducted in duplicate.
Data were analyzed with one-way analysis of variance and Dunnett’s post test The R?
value for the global curve fit was 0.79. Gray shading highlights residues effecting
peptide agonist binding affinity. ND means data were unable to be experimentally

defined.

iCa®" mobilization
GLP-1(7-36)NH,

PECso Ermax logre (1c)
Wildtype 7501 12.2+0.8 0.63 + 0.08 (4.27)
G285A 7.3+02 8.7 £0.9* 0.38 + 0.07 (2.40)
1286A 8.0+0.3 5.9 +0.6* 0.12+0.08 (1.32)
V287A 7.3£0.2 7.0£0.7* 0.21+£0.12 (1.62)

K288A N.D. N.D. N.D.

Y289A 7403 4.8 £0.6* 0.03 +0.09 (1.07)*
L290A 75+02 6.8 £0.7* 0.17 £ 0.09 (1.48)
Y291A 7202 6.7 £0.7¢ -0.01 £ 0.10 (0.98)*

E292A N.D. N.D. N.D.

D293A 75+04 2.0+0.3* -0.64 +0.17 (0.23)*
E294A 7603 6.6 £0.8* -0.07 £ 0.17 (0.85)*
G295A 7302 8.3+0.7¢ 0.30 + 0.07 (2.00)
C296A N.D. N.D. N.D.

W297A N.D. N.D. N.D.

T298A 78+0.1 7.0+0.4* -0.04 £0.12 (0.91)*
R299A 7305 2.7 +0.6* -0.31 £ 0.13 (0.49)*

N300A N.D. N.D. N.D.

S301A 7602 6.7 £ 0.5¢ 0.20 £ 0.08 (1.58)
N302A 6.6+0.4 59 +1.4* -0.18 £ 0.21 (0.66)*
M303A /2= 6.1+ 0.4* 0.00 +0.11 (1.00)*
N304A 7303 29104 -0.27 £ 0.16 (0.54)*
Y305A 7204 1.7 £0.3* -0.82 +0.20 (0.15)*
W306A N.D. N.D. N.D.

L307A 7.0+£0.4 2.4 +0.5% -0.64 £ 0.17 (0.23)*

Data were statistically significant at p < 0.05, one-way analysis of variance, and
Dunnett’s post test in comparison with wild type response.

NH, to form an extended a-helix in the absence of the receptor
core (79). It is possible that one role of Trp-297 is to help stabi-
lize peptide secondary structure. Nonetheless, Trp-297 is com-
pletely conserved across all B family members suggesting that it
is structurally important.

Mutation of Lys-288 to alanine in the rat GLP-1R leads to a
similar decrease in GLP-1(7-36)-NH, affinity to that observed
in this study, and although a cAMP response via the rat GLP-1R
is detectable, there is a marked decrease in potency. At the
equivalent position in other family B receptors, this amino acid
is highly conserved with an invariant basic residue (Arg or Lys)
present (Fig. 14). Al-Sabah and Donnelly (37) have speculated
that Lys-288 likely resides at the border between TM4 and
ECL2 and that a basic residue in this position is potentially
required for important interactions with neighboring TM res-
idues. Nonetheless, such basic amino acids may also reside at
the hydrophobic face of TM helices and undergo what is
termed “snorkeling,” where the side chain is oriented parallel to
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TABLE 5

Effects of human GLP-1R ECL2 alanine mutants on peptide agonist-
mediated signaling bias

Data were analyzed using an operational model of agonism as defined in Equation 4
to estimate log, /K, ratios. Changes in logr./K, ratios with respect to wild type were
used to quantitate bias between signaling pathways. Values are expressed as
means = S.E. of three to seven independent experiments, conducted in duplicate.
Data were analyzed with one-way analysis of variance and Dunnett’s post test. Gray
shading highlights residues effecting peptide agonist binding affinity. ND means
were data unable to be experimentally defined.

Bias Factors
GLP-1(7-36)NH,

GLP-1(1-36)NH,

CAMP-ERK cAMP-ERK cAMP-Ca®* ERK-Ca®
Wildtype 0.00 +0.22 0.00 +0.19 0.00 017 0.00 +0.21
G285A -0.39+0.23 0.02+0.19 0.42+0.23 0.40+0.22
1286A -0.34£0.27 -0.19+0.22 0.41+0.19 0.59+0.22
V287A -0.44 £ 0.24 -0.29+0.24 0.15+0.25 0.44+0.29
K288A N.D. N.D. N.D. N.D.
Y289A 0.03+0.25 -0.33+0.21 0.19+0.36 0.52+0.34
L290A -0.45+0.32 0.43+0.35 -0.07 £0.29 0.350.40
Y291A -0.38+0.30 -0.60 +0.30 0.06 +0.29 0.65+0.33
E292A N.D. -1.38 £ 0.41* N.D. N.D.
D293A -1.17£0.35 -0.90 £ 0.33 -0.45 + 0.60 0.45+0.68
E294A -0.22+0.26 -0.03 £ 0.30 0.22+0.27 0.25+0.34
G295A -0.50 +0.23 -0.55 £ 0.25 0.05+0.20 0.60 0.25
C296A N.D. -1.51£0.19* N.D. N.D.
W297A N.D. -2.52+0.38* N.D. N.D.
T298A -0.79+0.23 -0.54 +0.22 0.25+0.18 0.80 +0.20
R299A 1.53 £ 0.43* -1.36 £ 0.21* -0.72+0.43 0.64 +0.46
N300A N.D. -2.64 £ 0.29* N.D. N.D.
S301A -0.36 +0.22 -0.52+0.27 -0.21£0.23 0.31+0.30
N302A -1.17£0.33 -1.13 £ 0.24* -0.11£0.22 1.02 £ 0.30
M303A -0.45+0.25 -0.77 £0.27 0.05 +0.24 0.82 +0.30
N304A -1.07+0.23 -0.69+0.33 -0.02+0.55 0.67+0.48
Y305A -1.76 £ 0.46* 1.32£0.19* -0.47 £ 0.63 0.85+0.64
W306A N.D. N.D. N.D. N.D.
L307A -1.15+0.47 -1.25+0.31* -0.32 £ 0.56 0.93 % 0.61

Data were statistically significant at p < 0.05, one-way analysis of variance, and
Dunnett’s post test in comparison with wild type response.

the membrane helix leading to stabilization of the top of the TM
helix (80), and this may be important in receptor function.

Glu-292 and Asn-300 are partially conserved across B family
receptors, being homologous with more closely related mem-
bers of the family (Fig. 1A). These receptors also have the great-
est degree of homology with the N-terminal sequences of their
activating peptides (Fig. 1B), and this may suggest more direct
importance for interaction between the receptors and peptides.
Although among the most deleterious of mutations for all path-
ways, their effect on relative efficacy across pathways is consis-
tent with most other ECL2 mutations (Fig. 7). Nonetheless, the
N300A mutant, like C296A and W297A, reversed GLP-1(7—-
36)-NH,-mediated signal bias between pERK1/2 and cAMP
formation (supplemental Fig. S1B).

Of all the mutants studied, only W306A was not expressed at
the cell surface, indicating that the mutation leads to misfolding
of the receptor. Curiously, double mutation of Tyr-305 and
Trp-306 to alanine in the rat GLP-1R resulted in a population of
receptors that were cell surface-expressed and responded to
peptide agonists, albeit with marked effects on potency (77),
suggesting that either interspecies differences in receptor
sequence provide for greater stability of rat receptor structure
or that the additional mutation compensated for some of the
detrimental interactions arising from individual mutation of
Trp-306.

All of the other mutations that altered the affinity of GLP-
1(7-36)-NH,, D293A, R299A, N302A, M303A, Y305A, and

VOLUME 287+NUMBER 6+FEBRUARY 3, 2012

6T0Z ‘G lBquieldes Uo A LISHIAINN NOLSY 1 /Bio-og mmmwy/:dny wouy papeojumoq


http://www.jbc.org/cgi/content/full/M111.309328/DC1
http://www.jbc.org/

A GLP-1(1-36)NH,

0.5

PERK1/2 Alogt,

GLP-1R ECL2 Is Critical for Receptor Activation

B GLP-1(7-36)NH,

0.5
d

PERK1/2 Alogt,
T

T T
-1.0 -0.5 1.0

e2
s

-
""" 095
g
o

o
-3
]
<
o
Z
o

C GLP-1(7-36)NH,

o=’

T
e 0.4
. 4356

g
501 6395

cAMP Alogr,

D GLP-1(7-36)NH,

0.2
0.2-
Ca®* Alogr, Ca?* Alogr,
0.0 T T T . 0.0 ]
1.5 1.0 0.0 0.0
=, .,
-0.24
0.4
044 -0.6-
-0.8-
0.6 @
2 o e i
g 5 S Excluding alogr, for
% 404 2 y Y305A and D293A
084 © %
124 ©

E GLP-1(7-36)NH,

0.0
P
285,
'/
g 0295
%
. %286
ol 289
o ¥303

—————
o
-
-
Lo

5

o

<

NIU

pERK1/2 Alogr, Q
-0.6 -0.4 -0.2 0.0 0.2 0.4

FIGURE 7. Correlation plots of pathway efficacy (log7.) of human GLP-1R ECL2 alanine mutants. Correlation plots of changes in pathway coupling efficacy
(log7,) of human GLP-1R ECL2 alanine mutants with respect to wild type receptor are shown. A, CAMP versus pERK1/2 for GLP-1(1-36)-NH,; B, CAMP versus
PERK1/2 for GLP-1(7-36)-NH,; C, Ca**, versus cAMP for GLP-1(7-36)-NH,; D, Ca**; versus cAMP for GLP-1(7-36)-NH, after exclusion of D293A and Y305A; and
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L307A were among those residues that conferred the largest
differential effects on either signal bias (supplemental Fig. S1)
or magnitude of change to efficacy across pathways (Fig. 7). Of
the other mutants within ECL2, which did not alter GLP-1(7—-
36)-NH, affinity, only N304A that is near the apex of TM5
caused significant differential effects across signaling pathways.

FEBRUARY 3,2012+VOLUME 287-NUMBER 6

These data are indicative of a novel and important role for ECL2
in conferring the distinct conformations that underlie pathway
selective signaling. Whether this occurs purely through effects
on the conformation of TM5 or whether additional interactions
of ECL2 residues with other loop regions are involved is
unclear.
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The two GLP-1 peptides used in this study differ only by a
six-amino acid extension to the GLP-1(7-36)-NH, sequence.
Not surprisingly, most mutations had similar effects on
responses to both peptides. Nonetheless, GLP-1(1-36)-NH,
exhibits distinct signal bias to that demonstrated by GLP-1(7—
36)-NH,, indicating that it produces a different ensemble of
receptor conformations to that of the truncated peptide. Con-
sistent with the effects of the different peptides in altering
receptor bias, C296A, R299A, N302A, N304A, and Y305A had
differential effects on the truncated and full-length GLP-1 pep-
tides. Differential effects were also seen with the G285A
mutant. Both peptides displayed increased efficacy at this
mutant receptor; however, greater improvement in pERK1/2
efficacy was seen for GLP-1(1-36)-NH, relative to GLP-1(7-
36)-NH,. Alanine at this position may thus provide some con-
formational restriction that allows the lower affinity full-length
peptide to more readily activate the pERK1/2 pathway com-
pared with the wild type receptor.

In conclusion, we have demonstrated a critical role for ECL2
in activation of the GLP-1R. However, the precise molecular
mechanisms driving these effects remain elusive in the absence
of high resolution structural information for family B GPCRs.
Our data point to a major role for ECL2 in activation transition
and that changes to structure in this receptor region can alter
pathway bias of the receptor that can be manifested in a ligand-
specific manner.
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