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ABSTRACT
The human B1 bradykinin (BK) receptor (B1R) is more effica-
cious than the human B2 BK receptor (B2R) in both ligand-
independent and agonist-dependent coupling to Gq/11-medi-
ated phospholipase C� activity. In fact, B1R is constitutively
active, whereas B2R exhibits little if any constitutive activity. To
evaluate the role of the C-terminal domain in receptor Gq/11
coupling, we constructed chimeric and C-terminally truncated
receptors. The slopes of the increase in basal and agonist-
dependent cellular phosphoinositide hydrolysis as a function of
receptor density in transiently transfected human embryonic
kidney 293 cells provided parameters of receptor coupling.
Exchanging the C-terminal domains between the two receptors
revealed that these domains are largely responsible for the
difference in coupling. B1R truncation showed that this recep-

tor does not directly depend on the C-terminal domain for
efficient coupling, although coupling is dramatically augmented
by residues in the membrane-distal portion of the domain
downstream from Tyr327. On the other hand, coupling of B2R is
absolutely dependent on a membrane-proximal epitope in the
C-terminal domain upstream from Lys315. This epitope is adja-
cent to a basic residue, Arg311, which exerts an inhibitory effect
on coupling. Arg311 is not conserved in B1R, and complemen-
tary mutations in B2R and B1R showed that this residue, to-
gether with previously identified serines and threonines, acts to
attenuate the coupling efficacy of B2R. Therefore, the C-termi-
nal domain participates intimately in the efficacy of B1R and
B2R Gq/11 coupling by contributing both positive and negative
regulatory epitopes.

The B1 and B2 receptors are receptor subtypes for kinins,
which are proinflammatory peptides and among the most
potent and efficacious vasodilator agonists known (Bhoola et
al., 1992). These receptors are prototypical members of the
rhodopsin family of heptahelical receptors, albeit exhibiting a
relatively low level of homology (36%) (Hess et al., 1992;
Menke et al., 1994). The B2 receptor mediates the actions of
bradykinin (BK) and Lys-BK or kallidin (KD), the first set of
bioactive kinins formed in response to injury from kininogen
precursors through the actions of kallikreins, whereas the B1
receptor mediates the actions of the kinin carboxypeptidase
products desArg9BK and desArg10KD, the second set of bio-
active kinins formed (Regoli and Barabe, 1980). Evidence
was recently presented that the human B2 receptor may also
bind and be activated directly by kallikrein and some other
serine proteases (Hecquet et al., 2000). Like kinin produc-
tion, receptor subtype expression is also sequential because
the B2 receptor is constitutively expressed, whereas the B1

receptor is expressed at a very low level, if at all, in healthy
tissues but induced in injury by proinflammatory cytokines
(Marceau et al., 1998) as well as by kinins themselves
(Schanstra et al., 1998; Phagoo et al., 1999).

The rationale for constitutively expressing the B2 receptor
but restricting B1 receptor expression primarily to conditions
of injury is not understood. Both receptors couple in a per-
tussis toxin-insensitive manner (Tropea et al., 1993) through
Gq/11 (Gutowski et al., 1991; Jones et al., 1995; Austin et al.,
1997) to phospholipase C� activity and subsequent phospho-
inositide (PI) hydrolysis. Additional and/or sequential activa-
tion of other Ca2�-dependent and -independent phospho-
lipase C isoforms is possible. The participation of Gq versus
G11 has been defined for few if any receptors, but the two are
thought to be very similar and overlap in function (Offer-
manns et al., 1998). Despite both coupling through Gq/11, the
two receptors exhibit rather different signaling patterns,
which may explain their distinct and sequential patterns of
expression. The B1 receptor is significantly more active than
the B2 receptor in stimulating PI hydrolysis both in terms ofThis work was supported by National Institutes of Health grant GM41659.
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ligand-independent, spontaneous activity and agonist-depen-
dent activity (Leeb-Lundberg et al., 2001). Indeed, the B1
receptor is constitutively active, whereas the B2 receptor
exhibits little if any activity in the absence of agonist ligands
(Leeb-Lundberg et al., 2001). Furthermore, the B1 receptor
desensitizes and sequesters slowly upon activation, whereas
the B2 receptor desensitizes and sequesters rapidly (Mathis
et al., 1996; Lamb et al., 2001). These differences are proba-
bly critical to the specific roles of these receptors in the
various stages of the inflammatory and pain response to
injury (Couture et al., 2001).

Current models assert that heptahelical receptors sponta-
neously isomerize between inactive and activated conforma-
tional states termed R and R*, respectively, and that R*
associates with a G protein to form R*G, which triggers the
intracellular signal (Samama et al., 1993). In this model,
agonists act by favoring or stabilizing R*. Isomerization is
thought to involve movements within the helical bundle of
the receptor (Gether, 2000; Marie et al., 2001), which trans-
late into a series of events involving receptor G protein bind-
ing and activation. The latter events are generally referred to
collectively as G protein coupling because they cannot be
effectively discriminated (Wess, 1997). In this report, we use
the term “coupling efficacy” to portray the difference in the
extent of coupling between different receptors and regulatory
conditions.

G protein coupling and selectivity is mediated through the
intracellular receptor domains (Wess, 1998). No single com-
mon G protein-coupling epitope has been identified in these
receptors, even though the DRY sequence at the bottom of
the third transmembrane helix may be of general importance
in the receptor-triggered G protein activation process (Scheer
et al., 1996). The contribution of the receptor C-terminal
domain to G protein coupling seems to vary with the receptor
and the G protein (Wess, 1998). However, this domain has
been shown to directly influence receptor coupling efficacy
(Claeysen et al., 1999). This effect may in part be linked to
the presence of epitopes in this domain that are involved in
receptor desensitization (Krupnick and Benovic, 1998;
Pitcher et al., 1998). Indeed, we reported recently that a
cluster of serines and threonines in the B2 receptor C-termi-
nal domain, which is important for receptor phosphorylation
(Blaukat et al., 1999, 2001), internalization (Pizard et al.,
1999), and desensitization (Fathy et al., 1999), is at least
partially responsible for the lower coupling efficacy of this
receptor subtype relative to that of the B1 receptor subtype
(Fathy et al., 1999; Leeb-Lundberg et al., 2001).

In the present study, we have analyzed in more detail the
roles of the B1 and B2 receptor C-terminal domains in cou-
pling to Gq/11-mediated phospholipase C� activation. By do-
ing so, we have identified additional negative and positive
regulatory epitopes in the C-terminal domains that deter-
mine the coupling efficacies of these receptors.

Experimental Procedures
Materials. 2,3-Prolyl-3,4-[3H]bradykinin (90–114 Ci/mmol),

des(Arg10)-3,4-prolyl-3,4-[3H]kallidin (64–107 Ci/mmol), and [myo-
3H]inositol (10–20 Ci/mmol) were obtained from PerkinElmer Life
Sciences (Boston, MA). M2 monoclonal antibodies against the FLAG
epitope were obtained from Kodak IBI (New Haven, CT) and Sigma-
Aldrich (St. Louis, MO). DesArg10kallidin and bradykinin were pur-

chased from Bachem California (Torrance, CA). The original human
and rabbit B1 receptor and human B2 receptor cDNAs were obtained
from F. Hess (Merck Research Labs, West Point, PA). All other
chemicals were obtained as described previously (Fathy et al., 1999;
Leeb-Lundberg et al., 2001).

Mutation and Transfection. Mutations were done using a poly-
merase chain reaction-ligation-polymerase chain reaction protocol as
described previously (Fathy et al., 1999; Leeb-Lundberg et al., 2001).
The FLAG epitope was inserted at the receptor N terminus imme-
diately after the initial methionine. Human embryonic kidney 293
cells were grown in Dulbecco’s modified Eagle’s medium supple-
mented with 10% heat-inactivated horse serum in 10% CO2 at 37°C.
The cells were transiently transfected with varying amounts of DNA
using the calcium phosphate precipitate method as described previ-
ously (Fathy et al., 1999; Leeb-Lundberg et al., 2001).

Particulate Preparation. Transfected HEK293 cells were
washed twice with ice-cold phosphate-buffered saline and then pel-
leted by centrifugation at 2,000g for 10 min. The cells were then
resuspended in a buffer containing 25 mM TES, pH 6.8, 0.5 mM
EDTA, 0.2 mM MgCl2, and 1 mM 1,10-phenanthroline and homog-
enized using a T25 Ultra-Turrax tissue homogenizer (IKA Works,
Inc., Wilmington, NC) at 20,500 rpm for 10 s. Membranes were
isolated by centrifugation at 45,000g for 30 min at 4°C and washed
1 to 3 times in the above buffer depending on the experiment. The
pellets were then resuspended in the same buffer supplemented with
0.1% bovine serum albumin and 0.014% bacitracin (binding buffer)
and used immediately.

Radioligand Binding. Radioligand binding assays were per-
formed essentially as described previously (Leeb-Lundberg et al.,
2001). Receptor density was determined on intact HEK293 cells by
incubating cells in Leibovitz’s L-15 medium, pH 7.4, 0.1% bovine
serum albumin including the protease inhibitors bacitracin (140
�g/ml) and 1,10-phenanthroline (1 mM), and a saturating concentra-
tion of [3H]desArg10KD or [3H]BK (3–5 nM) at 4°C for 60 to 90 min.
Competition binding was done on particulate preparations by incu-
bating the preparations in binding buffer including approximately
0.2 to 0.5 nM [3H]desArg10KD or [3H]BK with and without various
concentrations of competitor at 25°C for 60 to 90 min.

Receptor Activity. Activities of various receptor constructs were
assayed by monitoring PI hydrolysis in HEK293 cells transfected
with a series of receptor cDNA levels and labeled with 1 �Ci/ml
[myo-3H]inositol as described previously (Fathy et al., 1999; Leeb-
Lundberg et al., 2001). After washing, the cells were incubated in
Leibovitz’s L-15 medium containing 5 mM LiCl in the absence and
presence of an agonist or antagonist for 30 min at 37°C. The slope
factors of the increase in basal cellular PI hydrolysis and agonist-
dependent PI hydrolysis as a function of the level of receptor expres-
sion, which we term index of basal receptor activity, or IB, and index
of agonist-stimulated receptor activity, or IA, respectively, were used
as parameters of receptor activity.

Immunoprecipitation and Immunoblotting. HEK293 cells
transfected with FLAG epitope-tagged receptors were subjected to
immunoprecipitation and immunoblotting essentially as described
previously (Leeb-Lundberg et al., 2001). In short, cells were solubi-
lized in lysis buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 5 mM
EDTA, 10 mM NaF, 10 mM sodium phosphate, 1% Nonidet P-40,
0.5% deoxycholate, 0.1% SDS, 10 �g/ml leupeptin, and 0.1 mM
phenylmethylsulfonyl fluoride) for 30 min at 4°C. The lysate was
centrifuged at 13,000g for 15 min at 4°C. The supernatant (1 ml) was
then incubated 12 to 18 h with anti-FLAG M2 antibody (1:200)
followed by incubation with Protein A-Sepharose beads precoupled to
rabbit anti-mouse IgG for an additional 2 h at 4°C. The beads were
then washed with 2 � 1 ml of lysis buffer and then with 1 ml of 10
mM Tris-HCl, pH 7.4. The pellet was heated in SDS-polyacrylamide
gel electrophoresis buffer containing 6% �-mercaptoethanol for 5 min
at 100°C and then electrophoresed on 12% polyacrylamide gels. The
gel was then electroblotted onto 0.45-�m nitrocellulose membranes
and stained with anti-FLAG M2 antibody (1:1000). Immunoreactive
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bands were visualized with an immunodetection kit using peroxi-
dase-labeled sheep anti-mouse antibody according to the procedure
described by the supplier (PerkinElmer Life Sciences).

Data Analysis. Where indicated, data are presented as the
mean � S.E. and were compared using the Student’s t test. The
ligand binding constant, Ki, for the various receptor constructs was
calculated by the Radlig program (Biosoft, Ferguson, MO) using data
from radioligand competition binding experiments as described
above.

Results
The C-Terminal Domains of the Human B1 and B2

Receptor Subtypes Participate in Regulating Recep-
tor Coupling Efficacy. The difference in Gq/11 coupling
efficacy between the human B1 and B2 receptors is clearly
reflected in the slope factors of the increase in basal cellular
PI hydrolysis (Fig. 1A; Table 1) and agonist-dependent PI
hydrolysis (Fig. 1B; Table 1) as a function of the level of B1
and B2 receptor expression in HEK293 cells. These factors,
which we term index of basal receptor activity, or IB, and
index of agonist-stimulated receptor activity, or IA, respec-
tively, provide convenient parameters of receptor coupling
because they are normalized for the level of receptor expres-
sion. The contribution of the fourth intracellular (ICIV), C-
terminal domains to this difference is clear from the fact that
substitution of the B2 receptor domain in the B1 receptor at
the conserved residues Gly316 (B1) and Gly309 (B2) to make
B1(B2ICIV) inhibited IB and IA 98 and 84%, respectively, and
consequently rendered this chimera without any significant
constitutive activity (Fig. 1, A and B; Table 1). This decrease
is in part due to the presence of a cluster of serines and
threonines specifically in the B2 receptor C-terminal domain,
including Ser339, Thr342, Thr345, Ser346, and Ser348, that is
phosphorylated (Blaukat et al., 2001) and critical for B2
receptor desensitization (Fathy et al., 1999). Indeed, Ala
mutation of this cluster to make B1(B2ICIVASer/Thr) and
B1(B2ICIVASer/Thr)A346 (Ser346 in the chimera corresponds
to Ser339 in the WT B2 receptor) partially rescued both B1
receptor activities (Table 1) (Leeb-Lundberg et al., 2001). In
contrast, substitution of the B1 receptor C-terminal domain

in the B2 receptor increased IA 413%, providing further evi-
dence for the negative regulatory effect of the B2 receptor
domain but possibly also for positive regulatory epitopes in
the B1 receptor domain. The fact that this substitution did
not afford the B2 receptor with constitutive activity indicates
that the Ser/Thr cluster is not the only determinant of the
coupling efficacy of these receptor subtypes. Accordingly, fur-
ther structure-function studies of these domains were pur-
sued.

Differential Contribution of the Human B1 and B2
Receptor C-Terminal Domains to Receptor Coupling
Efficacy. To analyze in more detail functional elements in
the B1 and B2 receptor C-terminal domains, we created a
series of C-terminal truncation mutants of each receptor
subtype (Fig. 2A). Truncation had no significant effects on
the binding affinities of either the B1 agonist desArg10KD or
the B2 agonist BK (Table 1). Immunoblotting of N-terminally
FLAG-tagged B1 receptor constructs was used to identify the
receptor truncation mutants and show that the mutations
did not significantly alter total receptor expression (Fig. 2B).
Technical difficulties prevented the use of FLAG-tagged B2
receptor constructs.

Figure 3 and Table 1 display the activity indices IA and IB

for the WT and truncated B1 receptors. Successive deletion
from the receptor C-terminal end of 8, 17, and 26 amino acid
residues to yield the constructs B1Stop346, B1Stop337, and
B1Stop328 decreased IA 23, 59, and 84%, respectively, and IB

42, 45, and 72%, respectively. Truncation beyond Tyr327 to
yield B1Stop323, B1Stop322, B1Stop321, and B1Stop320 did
not significantly decrease further either IA or IB of the B1
receptor, indicating that this receptor is able to couple to
Gq/11 and phospholipase C� in the absence of almost the
entire C-terminal domain. Indeed, the coupling of the most
truncated B1 receptor mutant (B1Stop320) was as efficacious
as that of the WT B2 receptor (Table 1). Still, coupling of the
B1 receptor is greatly enhanced by an epitope downstream
from Tyr327. That this epitope does not introduce additional
coupling to Gi/o-like proteins, which could potentially contrib-
ute to stimulation of PI metabolism through the release of ��,
was evident from the complete lack of sensitivity of both the
ligand-independent and agonist-dependent B1 receptor re-
sponse to pertussis toxin (data not shown). Thus, the C-
terminal domain of the B1 receptor seems to contribute pri-
marily positive regulatory epitopes for Gq/11 coupling.

In contrast to the B1 receptor, B2 receptor-mediated PI
hydrolysis was highly dependent on the length of the C-
terminal domain. Furthermore, the pattern of sensitivity was
rather different and considerably more complex than that of
the B1 receptor (Fig. 4; Table 1). In addition, no ligand-
independent activity was detected in any of the B2 receptor
truncation mutants. Deletion from the receptor C-terminal
end of 44 amino acid residues yielded a construct, B2Stop321,
which exhibited 10% of the activity of the WT receptor (Fig.
4; Table 1). Deletion of only one additional residue, Tyr320, to
yield B2Stop320 resulted in a complete recovery of receptor
activity. The reduced activity of B2Stop321 may be due to the
exposure of Tyr320, which has been proposed to serve a reg-
ulatory role in this receptor (Prado et al., 1997). B2Stop316
and B2Stop315, in which additional five and six residues,
respectively, had been deleted, remained fully active. On the
other hand, removal of only one more residue, Lys314, to yield
B2Stop314 led to a complete loss of receptor activity, and the

Fig. 1. Ligand-independent and agonist-dependent PI hydrolysis by the
human WT B1 and B2 receptors and receptor chimeric mutants. HEK293
cells transfected with varying amounts of the WT B1 (Œ) and WT B2 (F)
receptors and the chimeric receptor mutants B1(B2ICIV) (‚) and
B2(B1ICIV) (E) were incubated in the absence (A) and presence (B) of
either 1 �M desArg10KD [WT B1, B1(B2ICIV)], or 1 �M BK [WT B2,
B2(B1ICIV)] as indicated and then assayed for PI hydrolysis and radio-
ligand binding as described under Experimental Procedures. Note the
difference in the y-axis scale in A and B. The results are from 4 to 8
independent experiments with each point performed in duplicate.
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TABLE 1
Agonist binding constants (Ki) and ligand-independent (IB) and agonist-dependent (IA) coupling efficacy of human WT and mutant B1 and B2
receptors in HEK293 cells
Ki values were obtained from competition binding experiments on intact HEK293 cells expressing each receptor construct and calculated using the Radlig curve-fitting
program. The values are presented as the average � S.E. of at least three experiments or the average of two experiments as indicated after the value. IA and IB values are
the slopes from experiments in which cellular PI hydrolysis (dpm) in the absence and presence of agonist was determined as a function of the receptor number (fmol/106 cells)
as described in Fig. 1. Values were generated with points from at least three different experiments, or two experiments as indicated after the value, with each experiment
yielding at least five points and with each point done in duplicate.

Construct
Ki

IB IA
desArg10KD BK

nM

WT B1 1.67 � 0.27 UB 198 2058
B1Stop346 2.90 � 0.90 UB 114 1580
B1Stop337 2.28 � 0.72 UB 108 840
B1Stop328 5.70 � 1.15 UB 55 320
B1Stop323 37 289
B1Stop322 3.24 (2) UB 11 320
B1Stop321 2.15 (2) UB 48 404
B1Stop320 4.02 � 0.24 UB 23 425
B1R318 0.194 � 0.031 UB 198 908

WT B2 UB 1.86 � 0.34 0 194
B2Stop321 UB 2.05 � 0.60 0 20
B2Stop320 UB 1.06 � 0.75 0 251
B2Stop316 UB 0.940 0 177
B2Stop315 0 151
B2Stop314 UB 1.79 � 0.28 0 0
B2Stop313 UB 3.37 � 0.77 0 2
B2A311 UB 1.09 � 0.11 22 1256
B2A314 0 579
B2A324 0 392
B2A329 0 244
B2Stop313A311 0 41 (2)
B2Stop321A311 UB 1.09 � 0.11 0 34 (2)
B2Stop315A314 2 265 (2)

B1(B2ICIV) 2.53 � 0.23 4 337
B1(B2ICIV)Stop320 4 90
B1(B2ICIV)Stop320A317 15 108 (2)
B1(B2ICIV)Stop320A318 43 562
B1(B2ICIVASer/Thr) 4.04 � 0.24 40 834
B1(B2ICIVASer/Thr)A346 122 982

B2(B1ICIV) 0 995

UB, undetectable binding of the radioligand to the construct.

Fig. 2. A, amino acid sequences of the
C-terminal domains of the human WT
and truncated B1 and B2 receptors
and the expression of FLAG-tagged
B1 receptor constructs. Indicated is
the predicted junction of the seventh
transmembrane domain and the
C-terminal domain (half bracket) (Pal-
czewski et al., 2000) and conserved
residues between the receptor sub-
types (bold italics). The numbering of
residues in the B1 and B2 receptors is
according to Menke et al. (1994) and
Hess et al. (1992), respectively. B,
HEK293 cells transfected with N-ter-
minally FLAG-tagged derivatives of
WT B1, B1Stop346, B1Stop337,
B1Stop328, and B1Stop320 were im-
munoprecipitated and immunoblotted
with anti-FLAG antibodies as de-
scribed under Experimental Proce-
dures. Indicated are the molecular
mass standards (left side arrows) and
the receptor peptides (right side ar-
rows). The smaller molecular mass re-
ceptor peptide is thought to be a
FLAG-tagged proteolytic product of
the receptor. The results are from a
representative experiment performed
three times.
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receptor remained inactive by further truncation to make
B2Stop313. Replacement of Lys314 with Ala to make
B2Stop315A314 yielded a fully functional construct, indicat-
ing that it was the length rather the specific presence of Lys
at this position that was important for coupling (Table 1).
These results show that the B2 receptor C-terminal domain
participates in a rather complex way in receptor function,
apparently contributing both structural and negative regu-
latory epitopes for Gq/11 coupling.

Identification of a Basic Residue in the C-terminal
Domain of the Human B2 Receptor That Inhibits Re-
ceptor Coupling Efficacy. Substitution of the B2 receptor

C-terminal domain in the B1 receptor to make B1(B2ICIV)
led to decreases in IB and IA of 98 and 83%, respectively
(Table 1). Deletion of the C-terminal 52 amino acid residues
in this chimera to make B1(B2ICIV)Stop320 further de-
creased IA 73% compared with B1(B2ICIV) (Table 1). This
truncated construct differs from B1Stop320 by only two res-
idues, which are those at positions 317 and 318 (Fig. 2A). In
other words, B1Stop320 terminates in the B1-specific se-
quence Arg-Leu-Phe, whereas B1(B2ICIV)Stop320 termi-
nates in the B2-specific sequence Lys-Arg-Phe. Despite this
minor difference, the latter construct exhibited IB and IA

values of 83 and 79%, respectively, lower than those of the
former construct (Fig. 5A; Table 1). To identify the residue
responsible for this difference, we substituted positions 317
and 318 with either Ala-Arg or Lys-Ala. As shown in Fig. 5A
and Table 1, substitution with Ala-Arg led to IB and IA values
similar to those in the presence of Lys-Arg. On the other
hand, substitution with Lys-Ala yielded IB and IA values
similar to those in the presence of Arg-Leu. Clearly, it is the
presence of a basic residue at position 318 that renders
B1(B2ICIV)Stop320 less active than B1Stop320. Interest-
ingly, this is the only nonconserved position in a stretch of
eight residues following the NPXXY motif in the seventh
transmembrane domains of the B1 and B2 receptors (Fig.
2A).

As the above-described basic residue is native only to the
B2 receptor, it is in the milieu of this receptor that its func-
tional role is best evaluated. To this end, we mutated Arg311

to Ala in the WT B2 receptor (B2A311). As shown in Fig. 5B
and Table 1, this mutation resulted in a 550% increase in IA.
Furthermore, the receptor gained some ligand-independent
activity. On the other hand, Ala mutation of Lys314 (B2A314),
Cys324 (B2A324), and Cys329 (B2A329) only had small effects
on the receptor (Table 1). Obviously, Arg311 exerts a rela-
tively specific inhibitory effect on the coupling efficacy of the
B2 receptor. Indeed, substitution of this residue at the cor-
responding position in the B1 receptor, which is occupied by
a leucine, to make B1R318 decreased IA 56% (Table 1). Thus,
more or less complementary mutations at this position in the
B2 receptor (Arg311 3 Ala) and B1 receptor (Leu318 3 Arg)
effectively eliminated the difference in the agonist-dependent

Fig. 3. Ligand-independent and agonist-dependent PI hydrolysis by the
human WT and truncated B1 receptors. HEK293 cells transfected with
varying amounts of WT B1, B1Stop346, B1Stop337, B1Stop328,
B1Stop323, B1Stop322, B1Stop321, and B1Stop320 were incubated in
the absence (open bars) and presence (filled bars) of 1 �M desArg10KD as
indicated and then assayed for PI hydrolysis and radioligand binding as
described under Fig. 1. The results are presented as percent of total
where 100% total is the slope index IA of PI hydrolysis in cells expressing
the WT B1 receptor in the presence of 1 �M desArg10KD. Note the
difference in the scales of the two axes and that the left y-axis refers to the
filled bars and the right y-axis refers to the open bars. Slopes were
generated with points from at least three experiments, with each exper-
iment yielding at least five points and each done in duplicate.

Fig. 4. Ligand-independent and agonist-dependent PI hydrolysis by the
human WT and truncated B2 receptors. HEK293 cells transfected with
varying amounts of WT B2, B2Stop321, B2Stop320, B2Stop316,
B2Stop315, B2Stop314, and B1Stop313 were incubated in the absence
(open) and presence (filled) of 1 �M BK as indicated and then assayed for
PI hydrolysis and radioligand binding as described under Fig. 1. For
further details, see legend to Fig. 3. Note that the values for the open bars
are too small to be detected in the figure.

Fig. 5. Ligand-independent and agonist-dependent PI hydrolysis by the
human WT and mutated B1 and B2 receptors. HEK293 cells transfected
with varying amounts of the B1 truncation mutants B1Stop320 (B1-
RLF), B1(B2ICIV)Stop320 (B1-KRF), B1(B2ICIV)Stop320A317 (B1-ARF),
and B1(B2ICIV)Stop320A318 (B1-KAF) (A) and WT B2, B2A311, WT B1,
and B1R318 (B) as indicated. In both A and B, the cells were incubated in
the absence (open bars) and presence (filled bars) of 1 �M desArg10KD
and then assayed for PI hydrolysis and radioligand binding as described
under Fig. 1. For further details, see legend to Fig. 3.
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coupling efficacies of the two receptor subtypes. Interest-
ingly, IB of the B1 receptor did not decrease by the Leu3183
Ang mutation, providing some evidence that the structural
basis for the ligand-independent and agonist-dependent ac-
tivities of the B1 receptor may be different. However, the
complementary mutations reduced the difference in the li-
gand-independent activities because that of the B2 receptor
increased slightly upon the Arg311 3 Ala mutation.

We then asked ourselves if Arg311 could be responsible for
the lack of activity of B2Stop313. To address this question,
we mutated Arg311 to Ala in this truncation mutant
(B2Stop313A311). Interestingly, this construct remained es-
sentially inactive (Table 1). Indeed, even B2Stop321 was
virtually insensitive to Ala mutation of this residue (Table 1).
Thus, Arg311 seems to require an epitope(s) downstream from
Tyr320 to inhibit B2 receptor coupling. This is in contrast to
the B1 receptor, in which inhibition by Arg was independent
of the length of the C-terminal domain [compare
B1(B2ICIV)Stop320 and B1(B2ICIV)Stop320A318 in Fig. 5A
and Table 1].

Discussion
Our interest in the B1 and B2 receptor C-terminal domains

in terms of receptor Gq/11 coupling stems in part from the
level of structural homology of this domain between the two
receptor subtypes and between the various species variants
of each subtype. The human B1 and B2 receptor C-terminal
domains exhibit only 22% overall conservation. Assuming
that the seventh transmembrane helix ends at the Tyr in the
NPXXY motif in heptahelical receptors (Palczewski et al.,
2000), the conservation is very high (80%) among the first 15
residues in the C-terminal domain. On the other hand, vir-
tually no conservation exists downstream of these residues.
The species conservation in the B2 receptor C-terminal do-
main is relatively high (�71%), which is in contrast to the B1
receptor domain, where the rodent B1 receptors lack the 26
most C-terminal residues of the human, dog, and rabbit
receptors.

Based on the lack of species conservation in the B1 receptor
C-terminal domain, it is not surprising that the human B1
receptor couples to Gq/11 with only seven residues (residues
313–319) in this domain. Indeed, the human receptor mutant
corresponding to the rodent WT B1 receptors, which is
B1Stop328, exhibits an activity that is almost the same as
that of the human WT B2 receptor. Hence, the B1 receptor
may have adopted a mechanism of Gq/11 coupling that does
not directly require the C-terminal domain. The human re-
ceptor is by no means independent of this domain because the
distal 26 residues beyond Tyr327 greatly augment the recep-
tor response. Given that these additional residues are absent
in the rodent receptors, they probably serve a regulatory
rather than a direct structural role in Gq/11 coupling.

In contrast to the B1 receptor, seven C-terminal residues
(residue 306–312) were not sufficient for the B2 receptor to
stimulate Gq/11-mediated phospholipase C� activity. In fact,
stepwise addition of downstream residues revealed that this
receptor was absolutely dependent on nine residues (residue
306–314) for coupling. Interestingly, the crystal structure of
bovine rhodopsin reveals that the residues in this receptor
corresponding to B2 receptor residues 310 through 321 form
an amphipathic � helix (Palczewski et al., 2000). Seven mod-

eling programs based on either sequence algorithms or amino
acid helix propensity predicted that B2 receptor residues 310
through 325 also form a helix. In the B2 receptor, a putative
eighth receptor helix would start after Gly309, a residue with
high N-cap propensity, and end at Gln325 and would contain
numerous residues with high helix propensity that could
participate in both intrahelical charge-charge and hydropho-
bic interactions (Chakrabartty and Baldwin, 1995). The he-
lical wheel projection of the B2 receptor residues shown in
Fig. 6 clearly defines the amphipathic character of the eighth
receptor helix. Interestingly, the nine C-terminal residues
required for B2 receptor activity would be the minimum
number for one full turn of this helix.

Included in the putative helical region of the human B2
receptor C-terminal domain that is critical for Gq/11 coupling
is a BBXB/BBXXB motif (-Lys310-Arg311-Phe312-Arg313-),
which has been proposed to be important for G protein cou-
pling in some heptahelical receptors (Okamoto and Nishi-
moto, 1992; Hogger et al., 1995; Lee et al., 1996). Interest-
ingly, the rabbit, rat, mouse, and dog receptors contain two
contiguous motifs in this region. This is the only such motif
on the intracellular surface of the human B2 receptor, which
may explain the dependence of the B2 receptor on the C-
terminal domain for Gq/11 coupling. One additional residue,
Lys314, is necessary for effective coupling of the receptor, and
this residue can be either Lys or Ala. The position of such a
motif is conserved in the AT1A receptor, which is also depen-
dent on a membrane-proximal epitope in the C-terminal do-
main for Gq/11 coupling (Sano et al., 1997). This receptor
requires four residues beyond this motif for function, provid-
ing further evidence that the motif may have to exist in a
helix. Interestingly, the B1 receptor C-terminal domain does
not contain such a motif. Although the two receptor subtypes
are highly conserved in this region, the above motif is dis-

Fig. 6. Helical wheel projection of human B2 receptor C-terminal resi-
dues 310 through 321. The B2 receptor residues are numbered according
to Hess et al. (1992) (outside parenthesis). The corresponding residues in
bovine rhodopsin are indicated for reference (inside parenthesis). The
length of the projection is based on that of helix 8 identified in the crystal
structure of bovine rhodopsin (Palczewski et al., 2000). Indicated also are
the charged face and the hydrophobic face of this putative B2 receptor
helix to emphasize its amphipathic character.
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rupted in the B1 receptor by the replacement of Arg311 with
Leu318, the only nonconserved substitution in this region.
This may be the reason for the apparent independence of the
B1 receptor on the C-terminal domain for basic G protein
coupling.

That Arg311, the second residue in the putative eighth B2
receptor helix and the BBXB motif, is somehow involved in
Gq/11 coupling is evident from the dramatic functional effect
of Ala mutation of this residue in the intact B2 receptor.
Contrary to what one might expect, an approximately 5-fold
increase in receptor coupling efficacy was observed by this
mutation. Ala mutation of Lys314, on the other hand, which is
positioned one residue beyond the above motif but remaining
as part of the putative helix, only had a small effect on Gq/11

coupling. However, Lys314 is probably readily replaceable by
Ala in terms of helix propensity. Furthermore, Ala mutation
of the downstream Cys324 and Cys329, which are palmitoy-
lated (Pizard et al., 2001), had no significant effect on cou-
pling. Nevertheless, these results suggest that Arg311 exerts
an inhibitory effect on Gq/11 coupling. As shown in Fig. 6,
Arg311 is located on the charged face of the eighth helix. The
significance of this orientation is not known because the
precise role of this helix in G protein coupling has not been
established. Substituting Arg in the corresponding position
in the B1 receptor, which is occupied by Leu318 and repre-
sents the only nonconserved position among the first eight
C-terminal residues in the two receptors, provides further
evidence for the inhibitory effect of this residue and its con-
tribution to the different coupling efficacies of the receptors.

The mechanism of Arg311 inhibition is not known, although
it requires the basic charge of the residue. Because Ala mu-
tation of Arg311 was not effective in either B2Stop313 or
B2Stop321, Arg311 inhibition in the B2 receptor seems to be
dependent on additional residues downstream of Tyr320.
That it can inhibit on its own under some conditions was
suggested by the fact that its inhibitory effect in the B1
receptor was independent of the length of the C-terminal
domain. The inhibitory action of Arg311 in the B2 receptor
may be related to that of a cluster of four basic residues in the
membrane-proximal portion of the C-terminal domain of the
metabotropic glutamate receptor 1, which also couples
through Gq/11 to phospholipase C� (Mary et al., 1998). The
inhibitory action of this cluster becomes apparent in the
shorter splice variants of this receptor, but not in the longer
ones, by the loss of both ligand-independent and agonist-
dependent PI hydrolysis. It was proposed that because this
cluster is common to all metabotropic glutamate receptor 1
variants, the additional C-terminal residues of the long splice
variants suppress the inhibitory effect of the cluster. This is
different from the B2 receptor in which Arg311 mutation was
effective in the full-length receptor.

The ligand-independent and the agonist-dependent B1 re-
ceptor activities were equally affected by C-terminal trunca-
tion, suggesting that it is the responsiveness of the sponta-
neously formed R* rather than the interconvertion of R and
R* that is changed by this modification. Equal effects on
these activities were also observed when four of the five
residues in the Ser/Thr cluster were mutated in the WT B2
receptor (Fathy et al., 1999) and B1(B2ICIV) (Leeb-Lundberg
et al., 2001). This result may be distinguished from that
obtained by mutating Asn121 in the third transmembrane
domain of the B1 receptor, which caused an increase primar-

ily in the ligand-independent activity (Leeb-Lundberg et al.,
2001). Together, these results define two putative mecha-
nisms of controlling ligand-independent activity in the B1
receptor. One mechanism controls the amount of R* by in-
fluencing the receptor isomerization constant, and another
mechanism regulates the coupling efficacy of the spontane-
ously formed R*. Nevertheless, a few mutations presented in
this report influenced IA and IB selectively. One of these
mutations involved B2 receptor Arg311, which upon conver-
sion to Ala in the B2 receptor to make B2A311 led to a
selective increase in IA and upon substitution at the corre-
sponding position in the B1 receptor to make B1R318 led to a
selective decrease in IA. A selective increase in IA was also
observed upon substituting the B1 receptor C-terminal do-
main in the B2 receptor, whereas a selective increase
in IB was observed upon mutating Ser346 to Ala in B1
(B2ICIVASer/Thr) to make B1(B2ICIVASer/Thr)A346. These re-
sults argue that the spontaneously formed activated state
and the agonist-promoted activated state are not identical
and that the two are differently regulated.

Whereas a relatively high coupling efficacy may be ex-
pected of the B1 receptor considering its inducible character,
to our knowledge, no study has directly evaluated and com-
pared the coupling efficacies of the B1 and B2 receptors in
vivo. This is presumably due to the difficulty in accurately
determining the relatively low level of expression of the re-
ceptor under normal conditions. Naı̈ve cultured vascular
smooth muscle cells from the rabbit superior mesenteric ar-
tery express B1 and B2 receptors (Tropea et al., 1993) at a
ratio of approximately 1:3 (D. S. Kang and L. M. F. Leeb-
Lundberg, unpublished observations). On the other hand, the
maximal B1 receptor-promoted PI response in these cells is
at least as high as that of the B2 receptor response (Tropea et
al., 1993). Although these results suggest that the B1 recep-
tor is more effectively coupled to the PI response than the B2
receptor also in the native environment of these receptors in
the same cell, this issue certainly has to be investigated in
more detail.

In conclusion, we have shown that the C-terminal domains
of the B1 and B2 receptors both participate in Gq/11 coupling
but do so in different ways. The B2 receptor is critically
dependent on this domain for coupling, possibly due to the
formation of an eighth receptor helix by this domain. This
may render the receptor sensitive to several negative regu-
latory epitopes in the domain, including Arg311, as well as the
previously identified serines and threonines in the Ser/Thr
cluster. In contrast, the B1 receptor is not directly dependent
on the C-terminal domain for coupling. However, this domain
contains positive regulatory epitopes in addition to lacking
the negative regulatory epitopes present in the B2 receptor.
We propose that these structural features together provide
the B1 and B2 receptors with their drastically different effi-
cacies of Gq/11 coupling.
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Correction to “Negative and positive regulatory
epitopes in the C-terminal domains of the human
B1 and B2 bradykinin receptor subtypes determine
receptor coupling efficacy to G9/11-mediated
phospholipase C� activity ”

In the above article [Dong Soo Kang DS and Leeb-Lundberg LMF (2002) Mol Pharmacol
62:281–288], the title was incorrect. The correct title is “Negative and positive regulatory
epitopes in the C-terminal domains of the human B1 and B2 bradykinin receptor subtypes
determine receptor coupling efficacy to Gq/11-mediated phospholipase C� activity”.

We apologize for this error and regret any confusion or inconvenience it may have
caused.
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