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K317, R319, and E320 Within the Proximal C-Terminus
of the Bradykinin B2 Receptor Form a Motif Important
for Phospholipase C and Phospholipase A, but not
Connective Tissue Growth Factor Related Signaling
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Abstract We showed previously that large domain exchanges between the bradykinin B2 (BKB2) and angiotensin |1
type 1a (AT1a) receptors can result in functional hybrids. However, when we proceeded to exchange the entire bradykinin
B2 receptor (BKB2R) C-terminal tail with the AT1aR C-terminus, the hybrid, while continuing to bind BK and be
endocytosed as wild type (WT) BKB2R, lost much of its ability to activate phosphatidylinositol (PI) turnover or the release of
arachidonic acid (ARA). In this study, we constructed chimeric receptors within the proximal C-terminus between the
BKB2R and AT1aR or bradykinin B1 receptor (BKB1R). The mutant and WT receptor cDNAs were stably transfected into
Rat-1 cells. Also, point mutations were generated to evaluate the role of the individual residues within this region.
These chimeric studies revealed that the proximal portion of the BKB2R C-tail is crucial for G protein-linked BKB2R
functions. This region could not be swapped with the AT1aR to obtain a BK activated PI turnover or ARA release. Further
studies demonstrated that the distal portion (325-330) of this region is exchangeable; however, the middle portion (317 -
324) is not. Small motif exchanges within this section identified the KSR and EVY motifs as crucial for G, G related
signaling of the BKB2R. Point mutations then showed that the charged amino acids K317, R319, and E320 are the residues
critical for linking to Pl turnover and ARA release. However, these proximal chimeras showed normal receptor uptake.
Interestingly, while apparently not activating G protein-linked signaling, the proximal tail AT1aR exchange mutant and
the entire C-terminus exchange hybrid continued to cause a substantial bradykinin effected increase in connective
tissue growth factor (CTGF) mRNA level, as WT BKB2R. ). Cell. Biochem. 92: 547-559, 2004. © 2004 Wiley-Liss, Inc.
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The bradykinin B2 receptor (BKB2R) is
known to participate in a number of physiologic
functions related to inflammation, pain, asthma,
and blood vessel dilation [Kaplan et al., 1998;

Abbreviations used: BK, bradykinin; BKB2R, bradykinin
B2 receptor; BKB1R, bradykinin Bl receptor; AT1aR,

angiotensin II type la receptor; GPCR, G protein coupled
receptor; CTGF, connective tissue growth factor; ARA,
arachidonic acid; PI, phosphatidylinositol; IC, intracellu-
lar; TM, transmembrane; WT, wild type; MD, molecular
dynamics.

Grant sponsor: NIH; Grant sponsor: NHLBI; Grant
number: HL25776; Grant sponsor: NIA (to JY, BL, LT, and
PP); Grant number: AG00115; Grant sponsor: American
Heart Association through an Established Investigator
Award (to DE and DM).

*Correspondence to: Peter Polgar, Department of Bio-
chemistry, Boston University School of Medicine, Boston,
MA 02118. E-mail: peterp@bu.edu

Received 26 November 2003; Accepted 15 January 2004
DOI 10.1002/jcb.20075

© 2004 Wiley-Liss, Inc.

Liebmann, 2001; Prado et al., 2002]. The bio-
logical function, cloning, and the various intra-
cellular (IC) motifs participating in signaling
and self maintenance of this receptor have been
recently reviewed [Prado et al., 2002]. BKB2R is
a G protein coupled receptor (GPCR) and has
been widely used in many cascading reactions.
It couples to Gig, and Gz and G,gq/11, character-
ized by phospholipase C (PLC) and phospholi-
pase A, (PLA,) activition and the turnover of
phosphatidylinositol (PI), the release of arachi-
donic acid (ARA), and the mobilization of Ca?*
[Marceau and Bachvarov, 1998; Prado et al.,
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2002]. BK also elicits signaling responses that
are typically associated with the involvement
of growth factors, protein kinases, and protein
tyrosine phosphatases [Liebmann, 2001].

The angiotensin type 1 receptor (AT1R) is
relatively close to BKB2R in sequence length
and homology within the IC face. The rat and
mouse AT1 receptors exist as two distinct sub-
types, termed angiotensin IT type 1a (AT1a) and
AT1b [de Gasparo et al., 2000]. The AT1a is the
predominant type [Kitami et al., 1992]. The
AT1R also couples to Gq/11 and G,; [de Gasparo
et al.,, 2000; Olivares-Reyes et al.,, 2001;
Hunyady et al., 2002]. However, the physiologic
roles of this receptor such as the regulation of
vascular tension and effects on cardiac hyper-
trophy are generally opposed to those of the
BKB2R [Audoly et al., 2000; de Gasparo et al.,
2000; Touyz and Schiffrin, 2000].

Connective tissue growth factor (CTGF) is a
member of a family of cysteine rich secreted
proteins. CTGF has been reported to stimulate
fibroblast proliferation and extracellular matrix
production [Leask et al.,, 2002]. The AT1R
increases CTGF mRNA levels [Iwanciw et al.,
2003; Ruperez et al., 2003a,b]. CTGF has been
reported to induce collagen synthesis [Duncan
et al., 1999]. CTGF has also been reported to be
involved in wound healing [Pawar et al., 1995].
Bradykinin is known to participate in wound
healing [Frimm Cde et al., 1996; Plendl et al.,
2000; Spillmann et al., 2002]; however, its
receptor, the BKB2R, has not been well in-
vestigated as to its role in CTGF production.
Bradykinin has formerly been shown to increase
collagen production in human lung fibroblasts
when its action on prostaglandin production
was blocked [Goldstein and Polgar, 1982].

Formation of hybrids among GPCRs can be
used to identify functional motifs and address
the molecular interplay between multiple pro-
tein domains and can provide a rational tar-
geting of residues for fine point mutagenesis
studies [Prado et al., 2002].

We demonstrated previously that the simul-
taneous exchanges of the IC loops 2, 3 and the
distal tail or exchange of the distal tail alone of
the BKB2R with AT1aR results in functional
hybrids which bind BK, continue to promote
ARA release and PI turnover and be endocy-
tosed [Yu et al., 2002a,b]. In this communica-
tion, we demonstrate that certain motifs within
the proximal region of the BKB2R C-terminus
are not exchangeable with the AT1aR in term of

G protein-linked signaling. The specific motifs
as well as individual residues within the proxi-
mal tail region which are not exchangeable
and are crucial for BKB2R G protein coupled
signaling function are identified. We also show
that the hybrids containing the whole tail or
the proximal tail AT1aR exchanges, although
unable to signal through the classic PLC and
PLA, paths, nevertheless continue to increase
CTGF mRNA levels in response to BK.

MATERIALS AND METHODS
Materials

[PHIBK (78 Ci/mmol), myo-[1,2-*Hlinositol
(45—80 Ci/mmol), and [®*HJarachidonate (60—
100 Ci/mmol) were obtained from NEN Life
Science products. Analytical grade Dowex-X8
(AG-1-X8, 100-200 mesh) was obtained from
Bio-Rad (Hercules, CA). Restriction endonu-
cleases were purchased from New England
Biolabs (Beverly, MA). Oligonucleotides were
synthesized by Invitrogen, Inc. (Carlsbad, CA).
QuikChange®™ mutagenesis kit was obtained
from Stratagene (Ladolla, CA). Rat-1 cells were
obtained from Dr. Robert Weinberg (Whitehead
Institute, MIT). All other reagents were from
Sigma (St. Louis, MO) unless stated otherwise.

Site-Directed Mutagenesis

The QuickChange® Site-Directed Mutagen-
esis method (Stratagene™) was used to mutate
single amino acids of BKB2R. Briefly, two
primers complementary to each other were
designed to contain the desired mutation. The
mutation-containing DNA was synthesized
using Pfu DNA polymerase. The parental
strand, which is dam-methylated, was removed
by digestion with Dpnl. The mutant strand was
transformed into XL1-blue supercompetent
cells and then DNA isolated by the mini-prep
method. Using the pBlueScript-rBKB2R as a
template, K317Y, S318A, R319L, E320Q, and
ELY were constructed using oligonucleotides
synthesized by Invitrogen, Inc.

Construction of Chimeras

To facilitate swapping of the proximal C-
terminus of BKB2R with different sequences,
a silent Nsil restriction site was created at posi-
tion 333 by site-directed mutagenesis [Prado
et al., 2001]. Afel is a convenient natural re-
striction site located at position 311. To con-
struct proximal C-terminus chimeric mutants,
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the pBluescript-rBKB2R cassette was digested
with Afel and Nsil and then ligated with double-
stranded synthetic oligonucleotides encoding
the corresponding region with desired muta-
tions. To construct the entire C-terminus
BKB2R/AT1aR chimera, PCR was performed
to amplify the C-terminus of AT1aR using
the rat AT1aR receptor cDNA as a template.
The PCR product was digested with Afel and
BamHI. The fragment was then ligated into the
BKB2R/pBluescriptll SK(+) vector digested
with the same enzymes thus reconstituting
the full-length receptor ¢cDNA with the C-
terminus portion of the BKB2R replaced by
amino acid sequences derived from the corre-
sponding region of rat ATla receptor. The
Xhol-Xbal fragment containing the chimera
receptor mutant was subcloned into the
bicistronic mammalian expression vector,
pCMIN(+) [Zhou et al., 2000] for transfection.

All the chimeric and point-mutated con-
structs described above were sequenced by an
in-house facility using an automatic DNA
sequencer (Applied Biosystem, Inc., Foster City,
CA, model 370A). Pure plasmid DNA for
transfection into mammalian cells was isolated
with the Qiagen® Plasmid Midi kit.

Cell Culture and Transfection

Cell culture and transfections in Rat-1 cells
which lack endogenous BKB2R were performed
as previously described [Prado et al., 1998].
Rat-1 cells were grown in Dulbecco’s modified
Eagle’s medium (DMEM), containing 5% fetal
bovine serum supplemented with 50 U/ml peni-
cillin and 50 pg/ml streptomycin at 37°C in a
humidified CO5 (5%) incubator. Transfections
were performed using the calcium phosphate
method (ProFection®™ Mammalian Transfection
Systems, Promega, Inc., Madison, WI) accord-
ing to the protocol of the manufacturer. Stable
transfectants were selected in the presence of
0.5 mg/ml G418 (Invitrogen, Inc.) added to the
culture medium 48 h after the transfection. The
neomycin-resistant cell culture was then
expanded and tested for the amount of specific
binding to [PHIBK. All the mutants described
here bound BK with kinetics that approximate
wild type (WT). The B,,.x ranged from 25 to
83 x 10® receptors/cell (Table I). We previously
showed that bradykinin-stimulated IP produc-
tion and ARA release were not receptor number
dependent in cells with receptors/cell between
25,000 and 140,000 [Ricupero et al., 1997].

TABLE 1. Binding Parameters of [*H]BK in
Transfected Rat-1 Cells

Bax (receptors/

Receptor cells x 10%) Ky (nM)
BKB2R (WT) 53.9+3.2 1.9
wcAT 33.4+2.0 2.5
dAT 275+1.4 1.8
pAT 25.7+1.2 1.9
dpAT 75.5+4.5 2.1
mpAT 27.8+1.2 1.6
YFL 26.5+3.9 2.6
QLL 59.9+3.6 2.9
pB1 82.3+4.9 3.1
mpB1 27.7+1.4 2.7
K317Y 51.6+£6.5 1.8
S318A 72.5+5.0 1.7
R319L 55.2+4.9 1.9
E320Q 70.4+10.7 2.3
ELY 28.0+1.7 2.1
Y322A 73.9+44 14

The binding assay was carried out as described under
“Materials and Methods.” Data are representative of three
separate experiments.

Ligand Binding and Receptor Internalization

Ligand binding and internalization of the WT
and mutated BKB2R in intact Rat-1 cells were
carried out as described previously [Prado et al.,
1998]. Briefly, to determine binding, confluent
cell monolayers in 24-well plates (Costar,
Cambridge, MA) were incubated in binding
buffer containing various concentrations of
[*HIBK in the absence (total binding) or pre-
sence of 100 nM BK (nonspecific binding) for 2 h
at 4°C. Cells were washed three times with ice-
cold buffer and then solubilized with 0.2%
sodium dodecyl sulfate. Radioactivity was deter-
mined in a liquid scintillation counter (Pharma-
cia-LKB 1217, Gaithersburg, MD). The number
of specific BK binding sites (Bp,.x) and dissocia-
tion constants (Ky3) were calculated using the
Scatchard analysis. To determine receptor
internalization, cells were incubated with
100 nM BK for 1 h at 37°C. Cells were then
washed with ice-cold buffer and acid-stripped
with 0.2 M acetic acid, pH 3.0, containing 0.5 M
NaCl. The number of binding sites remaining at
the cell surface was then determined by per-
forming a binding assay as described above.

Phosphoinositide Turnover

Rat-1 cells were incubated with 1 pCi/ml myo-
[®H]Jinositol in 1 ml of growth medium for 16—
24 h. Ten minutes prior to ligand stimulation,
cells were incubated to DMEM containing
20 mM LiCl, and 20 mM HEPES, pH 7.4. Cells
were then exposed to 100 nM bradykinin for
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30 min at 37°C, and the incubations were
terminated by removal of the media and addi-
tion of 0.5 ml of 10 mM ice-cold formic acid. Cells
were scraped off and the formic acid soluble
material isolated by centrifugation and neutra-
lized by adding 10 ml of 5 mM sodium tetra-
borate. Total [*HJIPs were extracted using a
Dowex AG 1-X8 formate resin in an anion
exchange column and eluted with 2 M ammo-
nium formate, pH 5.0, as described [Prado et al.,
1997]. Following the addition of 4 ml of Ecolite™
scintillation fluid (ICN Biomedical, Inc., Aurora,
OH), samples were counted for radioactivity in a
liquid scintillation counter (Pharmacia-LKB
1217).

Release of Arachidonate

Rat-1 cells were pre-labeled with [*H]arachi-
donate (0.2 uCi/well) for 16 h as described
previously [Prado et al., 1997]. Briefly, cells
were washed and incubated with 500 pl of
DMEM containing 2 mg/ml bovine serum al-
bumin (radioimmunoassay grade, Sigma). Cells
were then incubated with 100 nM bradykinin
for 20 min at 37°C. Medium was removed and
centrifuged at 800g. Radioactivity was deter-
mined in a Pharmacia Biotech, Inc. scintillation
counter after addition of 2 ml of Ecolite® scin-
tillation fluid (ICN Biomedical, Inc.).

CTGF mRNA Determination by Real-Time PCR

Confluent Rat-1 cells expressing WT or
mutant BKB2R were incubated without or with
5 ng/ml TGFB1 or 100 nM BK at 37°C for 2 h.
Total RNA was isolated from the cells using an
RNeasy kit (Qiagen, Valencia, CA) and cDNA
was made using SuperScript II reverse tran-
scriptase (Invitrogen, Inc.). The expression of
CTGF was measured by real-time PCR follow-
ing standard procedures in an ABI 7700 system
(Applied Biosystem, Inc.). The CTGF primers
used in real-time PCR were: 5-TGTGTGAT-
GAGCCCAAGGA-3' and 5-TCAGGGCCAAAT-
GTGTCTTC-3'.

Molecular Modeling

The molecular model of the BKB2R was built
as described previously [Prado et al., 1997,
1998, 2001]. Briefly, the experimental data from
the recent X-ray structure of rhodopsin were
used to generate the topological arrangement of
the transmembrane (TM) helices, with the loops
and termini added to complete the model. The
structural features of IC2 were determined

experimentally [Piserchio et al., 2002], while
the presence of the a-helices in the C-terminus
is based on homology modeling as previously
described [Prado et al., 1998].

The model of the receptor was refined using
molecular dynamics (MD) simulations and
energy minimizations using the GROMACS
program, version 3.1 [Berendsen et al., 1995;
Lindahl et al., 2001]. A series of mutated re-
ceptors were made computationally, represent-
ing each of the chimeras previously described.
Each receptor was soaked in a three-phase
solvent box composed of water and decane used
to mimic the hydrophilic/hydrophobic, biphasic
nature of the membrane in a computationally
simple model. The TM helices were introduced
into a layer of decane (~835 molecules) to simu-
late the lipid phase of the solvent box and the
extracellular and IC regions soaked with water
(~21,380 molecules). The charges of the ioniz-
able side-chain groups were introduced accord-
ing to the experimental pH, no counter-ions
were considered. The entire system was mini-
mized using deepest descent. In order to equi-
librate the solvent and optimize the solvent—
protein interactions, an initial MD simulation of
10 ps was implemented constraining all heavy
atoms of the peptide to their initial positions
with a force constant of 1,000 kJ mol ' nm™?.
Subsequently, molecular dynamic simulations
were carried out for 300 ps at 300 K, with a time
step of 2 fs and periodic boundary conditions.

Statistical Analysis

Statistical evaluation of the data was carried
out using the Student’s ¢-test. Probability values
less than 0.05 were considered significant for PI
turnover and ARA release, 0.045 for receptor
internalization.

RESULTS

Chimeric Studies Between BKB2R
and AT1aR of the Proximal C-Terminus

In a previous communication, we showed that
the distal part (S335—-Q366) of the C-terminus
(dCt) of the BKB2R can be exchanged with the
corresponding rat AT1aR region and result in a
functional mutant receptor [Prado et al., 2001].
We now proceeded to determine whether the
entire C-terminus can be successfully exchang-
ed between these two receptors. This exchange
construct is shown in Figure la and termed
wcAT. Smaller regions of the C-terminus of
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Fig. 1. Chimeric changes of the whole, distal, and proximal
region of bradykinin B2 receptor (BKB2R) C-tail with the
corresponding region of angiotensin Il type 1a receptor (AT1aR).
a: Amino acid sequences in C-tail region of wild type (WT)
BKB2R and chimeric mutants. wcAT, whole C-tail of BKB2R
substituted with that of AT1aR; dAT, pAT, distal or proximal part
of BKB2R C-tail substituted with the corresponding part of AT1aR
respectively. The complete sequence of the C-tail is shown using
the single letter amino acid code. Bold letter indicates the
mutated residue. b: BK-stimulated inositol phosphate production
in Rat-1 cells expressing WT BKB2R and chimeric receptors.
Phosphatidylinositol (Pl) turnover was measured in myo-
[PHlinositol-labeled cells as described under ““Materials and
Methods.” Results are presented as ligand stimulated IP pro-
duction minus basal IP normalized to that of WT. Data represent
the average of triplicate wells +SE from a representative experi-
ment of at least three experiments. ¢: BK-stimulated arachidonic
acid (ARA) release in Rat-1 cells expressing WT BKB2R and
chimeric receptors. ARA release was measured in [*H]arachi-
donate labeled cells as described under ‘‘Materials and
Methods.” Results are presented as hormone stimulated ARA
release minus basal ARA normalized to that of WT. Data
represent the average of triplicate wells +SE from a representa-
tive experiment of at least three experiments. *Was used to
represent significant difference (P < 0.05) from the WT BKB2R.

BKB2R were also exchanged with the AT1aR
including the distal BKB2R (335—-366) and
proximal BKB2R (311-330) regions, denoted
as dAT and pAT, respectively (Fig. la). The
mutant constructs were stably transfected into
Rat-1 cells.

PI turnover and ARA release were then de-
termined in response to bradykinin and com-

pared to the action of WT BKB2R. Asillustrated
in Figure 1b, BK responsive IP production by
the wcAT and pAT mutant transfectants was
reduced to below 15% of WT BKB2R. On the
other hand, dAT remained at approximately the
same level as WT BKB2R. With regard to ARA
release by these mutant transfectants, the dAT
mutant showed the same activity as WI' BKB2R
while the wcAT and pAT were below 25% of WT
BKB2R (Fig. 1lc). These results suggest that
motifs within the proximal C-tail are important
for the functional integrity of both G,q and G;
associated actions of the BKB2R.

To further examine the effect of the proximal
tail in signal transduction of the BKB2R,
additional domain swaps of this region were
generated. As illustrated in Figure 2a, the most
proximal part of the C-terminus (311-316) of
BKB2R and AT1aR posses an almost identical
sequence. Therefore, the segment 317-330
located immediately distal to this region became
the area of focus. In the mutant termed mpAT,
the middle region of proximal tail, KSREVYQA
was replaced by the corresponding residues
from AT1aR (YFLQLLKY). In the dpAT mutant,
the distal part of proximal C-tail (BKBZ2R,
ICRKGG, and AT1aR, IPPKAK) was exchanged.
Figure 2b shows the IP producing activity of
these two mutants. In this case, dpAT showed
activity essentially equal to that of WT while
mpAT showed very poor activity. A similar
result was obtained with regard to ARA release,
Figure 2c. The dpAT remained the same as WT
BKB2R while the mpAT mutant action was
reduced to below 25% of WT BKB2R.

Chimeric Exchanges Between BKB1R
and BKB2R of the Proximal C-Terminus

To investigate whether the incompatibility
of the proximal C-terminus is unique to the
BKB2R/AT1aR exchanges, chimeras were con-
structed where the entire or the middle portion
of the proximal BKB2R C-terminus were
exchanged with corresponding areas of the
BKBI1R. This is depicted in Figure 3a. pBl
represents the entire proximal C-terminus
exchange while mpB1 represents the middle of
the proximal tail exchange. The capacity to turn
over PI in response to BK by either of these
mutants was significantly higher when com-
pared to pAT. Nevertheless both mutants
exhibited a reduced PI turnover capacity, ap-
proximately 50% of WT BKB2R, as shown in
Figure 3b. With regard to ARA release, both
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Fig. 2. Chimeric studies on proximal C-tail region between
BKB2R and AT1aR. a: Amino acid sequences in the proximal
C-tail region of mutants dpAT and mpAT. dpAT, distal region of
proximal C-tail of BKB2R substituted with that of AT1aR; mpAT,
middle section of proximal BKB2R C-tail substituted with that of
AT1aR. For clarity, the amino acid sequences of this region of
WT BKB2R and WT AT1aR are also shown. Bold letter indicates
the mutated residue. b: BK-stimulated inositol phosphate
production in Rat-1 cells expressing WT BKB2R and chimeric
receptors. Same experimental procedures as described in
Figure 1b. c: BK-stimulated ARA release in Rat-1 cells expressing
WT BKB2R and chimeric receptors. Same experimental pro-
cedures as described in Figure Tc. *Was used to represent
significant difference (P < 0.05) from the WT BKB2R.

mutants show a somewhat reduced activity
relative to WT' BKB2R (Fig. 3c).

Mutagenic Studies on the Middle
Region of BKB2R Proximal C-Terminus

The results above in sum point to the impor-
tance of the KSREVY sequence in the middle
region of BKB2R proximal C-terminus. To de-
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Fig. 3. Chimeric studies on proximal C-tail region between
BKB2R and bradykinin B1 receptor (BKB1R). a: Amino acid
sequences in the proximal C-tail region of the chimeric mutants.
pB1, proximal C-tail of BKB2R substituted with that of hBKB1R;
mpB1, middle region of proximal BKB2R C-tail substituted with
that of hBKB1R. For clarity, the amino acid sequence of this
region in WT BKB2R is also shown. b: BK-stimulated inositol
phosphate production in Rat-1 cells expressing WT BKB2R and
chimeric receptors. Same experimental procedures as described
in Figure 1b. c: BK-stimulated ARA release in Rat-1 cells
expressing WT BKB2R and chimeric receptors. Same experi-
mental procedures as described in Figure 1c. *Was used to
represent significant difference (P < 0.05) from the WT BKB2R.

velop a more detailed picture of the importance
of the individual residues within this motif,
smaller sequence replacements as well as single
point mutations were carried out. Asillustrated
in Figure 4a, the EVY motif of BKB2R was
replaced with the corresponding AT1aR, QLL
(QLL mutant). Also, an identical exchange of
the BKB2R EVY motif was made with the
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Fig. 4. Chimeric and point mutation studies on EVY motif. a:
Diagram of chimeric mutant constructs, QLL and ELY. EVY motif
in BKB2R changed to corresponding QLL of AT1aR or ELY of
hBKB1R, respectively. The sequences of point mutations E320Q),
Y322A are also illustrated. b: BK-stimulated inositol phosphate
production in Rat-1 cells expressing WT BKB2R and mutated
receptors. Same experimental procedures as described in
Figure 1b. c: BK-stimulated ARA release in Rat-1 cells expressing
WT BKB2R and mutated receptors. Same experimental proce-
dures as described in Figure Tc. *Was used to represent
significant difference (P < 0.05) from the WT BKB2R.

BKBIR, ELY sequence (ELY mutant). This was
followed by point mutations, E320 to Q and
Y322 to A (Fig. 4a). With regard to the EVY
motif replacements, when this motif was re-
placed by QLL (an AT1aR replacement), the
chimera function to turn over IP was reduced to
approximately 50% of WT BKB2R. Changing
EVY to the corresponding motif ELY (found in
BKBI1R) led to a mutant with a WT response
(Fig. 4b). To evaluate the function of the nega-

tively charged E320 in this motif, it was mutated
to glutamine. The mutant (E320Q) demon-
strated significantly lowered PI generating
capacity compared to the WT BKB2R. The effect
of mutating Y322 to A proved of marginal
importance [Prado et al., 1997]. This mutant
signaled in a manner similar to WT. Thus, the
E320 is of importance for normal PI turnover by
BKB2R. A very similar pattern is seen with
respect to ARA release. However, in this case,
the E320Q mutant exhibited the poorest signal
capacity.

Chimeric studies on KSR motif were then
performed. KSR was first replaced with the YFL
from ATlaR (YFL mutant, Fig. 5a). When
replacing KSR with YFL, the chimeric receptor
lost almost all signaling function (Fig. 5b,c).
As shown before, the mutant pB1 showed de-
creased signaling activity compared with WT
(reshown in Fig. 5 for comparison). However,
when the KVW motif in pB1 was changed back
to KSR, termed KSR mutant (Fig. 5a), the
signaling capacity (PI turnover and ARA
release) of this mutant was recovered to the
level of WT BKB2R (Fig. 5b,c). This “gain of
function” confirms the importance of KSR
sequence in BKB2R signal transduction.

Figure 6a illustrates the point mutations
made within the KSR motif. The mutations
consisted of K317 to Y, S318 to A, and conver-
sion of R319 to L. The PI turnover and ARA
release of these point mutations are illustrated
in Figure 6b,c, respectively. Both changing
K317 to Y and R319 to L compromised receptor
function. The alanine replacement for S318
actually increased the receptor signal capacity
to slightly higher for PI turnover and to con-
siderably higher for ARA release.

Molecular Modeling

Employing the previously established model
of BKB2R, extensive molecular modeling and
MD simulations were carried out to examine
the role of the residues in the mid-region of the
proximal C-terminus BKB2R. This region of
BKB2R, residues 312-326 (KRFRKKSREVY-
QAIC), is homologous to rhodopsin (residues
311-323, KQFRN-CMVTTLCC), with a two-
site gap in rhodopsin corresponding to the KS of
the BKB2R. In rhodopsin, Figure 7a, this region
forms an a-helix, helix 8, that is perpendicular
to the seven TM helices. As illustrated in
Figure 7b the model of BKB2R likewise con-
tains a helix, which although not perfectly
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Fig. 5. Chimeric studies on KSR motif. a: Diagram of chimeric
mutant constructs, YFL and KSR. YFL: KSR motif in BKB2R was
changed to corresponding YFL of AT1aR. KSR: Change the KVW
motif in the mutant pB1 (showed in Figure 3a) back to KSR.
Bold letters indicate the chimeric exchanged residues. b: BK-
stimulated inositol phosphate production in Rat-1 cells expres-
sing WT BKB2R and mutated receptors. Same experimental
procedures as described in Figure 1b. c: BK-stimulated ARA
release in Rat-1 cells expressing WT BKB2R and mutated recep-
tors. Same experimental procedures as described in Figure 1c.
*Was used to represent significant difference (P < 0.05) from the
WT BKB2R.

amphipathic has a hydrophobic face, F314,
S318, V321, Y322 (not labeled in figure) and
hydrophilic face, K317, R319, E320 (labeled in
figure) which based on the MD simulations
project towards the membrane and cytosol,
respectively. K317, R319, and E320, projecting
away from the membrane, are accessible for
interaction with other proteins (e.g., G proteins,
kinases). Based on MD simulations of mutant
receptors these residues, (K317, R319, and
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Fig. 6. Point mutations on KSR motif. a: Diagram of mutants
with point mutations in KSR motif. K317Y, S318A, and R319L
present the corresponding point mutations on K317, S318,
and R319. Bold letters indicate the mutated residues. b: BK-
stimulated inositol phosphate production in Rat-1 cells expres-
sing WT BKB2R and mutated receptors. Same experimental
procedures as described in Figure 1b. ¢: BK-stimulated ARA
release in Rat-1 cells expressing WT BKB2R and mutated recep-
tors. Same experimental procedures as described in Figure 1c.
*Was used to represent significant difference (P < 0.05) from the
WT BKB2R.

E320) are particularly important for the stabi-
lity of this helix, with mutation of these sites
invariably altering the helical character of the
region particularly with respect to maintaining
the a-helix lying upon the cytosolic membrane
surface. The Coulombic interaction between
K317 and E320 provides additional stability to
the a-helix. Replacing these residues with those
from the AT1aR (i.e., K317Y, E320Q) removes
this favorable salt-bridge.
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Fig. 7. Structural features of the proximal C-terminus of BKB2R.
a: Schematic illustration of the topological arrangement of the
proximal C-terminal a-helix (helix 8) of BKB2R. b: The BKB2R
residues C302-G329 isillustrated as a ribbon, colored according
to the hydrophobicity of the amino acids (red, hydrophobic; blue,
charged/hydrophilic). This region includes the cytoplasmic end
of transmembrane (TM)7 and the proximal C-terminus of BKB2R.
The side chains of K317, E319, and R320 are depicted. Inset: The
structure has been rotated 90°, looking directly onto TM7 from
the extracellular portion.

Receptor Internalization

Since the proximal tail of the BKB2R ap-
peared important for signal transduction, its
role in the endocytosis of the receptor was
determined. For this purpose the effect of the
global C-terminus exchanges with AT1aR and
BKBI1R receptor uptake was examined. The
chimeras wcAT, pAT, dpAT, and mpAT involved
exchanges with AT1aR and the chimeras pB1
and mpB1 involved exchanges with BKB1R (all
mutants constructs illustrated in the figures
above). As shown in Figure 8, none of these large
receptor exchanges affected endocytosis com-
pared to WT BKB2R.

CTGF mRNA

We then proceeded to determine whether
the proximal tail (pAT) or entire tail (wcAT)
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Fig. 8. Receptor internalization of global C-terminus
exchanges of the BKB2R with AT1aR and BKB1R. Using 0.045
P value as the standard, none of these large receptor exchanges
affected endocytosis compared to WT BKB2R. Cells were
incubated with 100 nM BK for 60 min. After acid stripping and
three washes with ice-cold buffer, [?HIBK binding to Rat-1 cells
was measured as described under ““Materials and Methods.”
Results represent the percentage of receptors internalized in
60 min as compared to receptors internalized in 0 min. Values
are the mean = SE from two to three experiments in triplicate.

mutants, which activate either IP formation or
ARA release in response to BK only minimally,
were able to transduce another form of signal in
response to BK. Using real-time PCR procedure
we determined that BK caused an approximate
three fold increase in CTGF mRNA levels in
Rat-1 cells stably transfected with WT BKB2R.
Interestingly both mutants, pAT and wcAT,
which did not show an increase in either PI
turnover or ARA release in response to BK,
increased CTGF mRNA levels in response to BK
(Fig. 9). The pAT mutant increased approxi-
mately two fold above control and the wcAT
mutant increased approximately six fold above
control.

DISCUSSION

We showed previously that the distal portion
of the BKB2R C-terminus (S335-Q366) is fully
exchangeable with that of the AT1aR [Prado
et al.,, 2001]. To extend the BKB2R/AT1aR
chimera construct, the entire C-tail of the two
receptors was exchanged. Surprisingly, switch-
ing the whole C-tail of BKB2R with that of the
AT1aR resulted in a receptor which both binds
BK and is fully endocytosed, but is non-
functional in terms of PLC and PLA2 related
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Fig. 9. Relative connective tissue growth factor (CTGF) mRNA
levels following BK stimulation. Stably transfected Rat-1 cells
were incubated with bradykinin (100 nM) at 37°C for 6 h. Total
RNA (1 pg) isolated from 6-well plate cultures was reverse
transcribed and the resulting cDNA (0.2 pul) was subjected to real-
time PCR as described in ““Materials and Methods.”” Control,
Rat-1 cells; BKB2R, Rat-1 cells stably transfected with WT
BKB2R; pAT, Rat-1 cells transfected with the pAT mutant; wcAT,
Rat-1 cells transfected with the wcAT mutant. *Was used to
represent significant difference (P < 0.05) from the control.

signaling. Even exchanging the IC2 and IC3
simultaneously with the whole tail did not re-
scue the dampened signaling (data not shown).
The compatibility of the distal portion of C-tail
between BKB2R and AT1aR [Prado et al., 2001]
suggested that the proximal part of the C-tail is
the reason for the failure of the whole C-tail BK/
AT chimera. The goal of this article was to illu-
minate the role of the proximal C-tail in BKB2R
signaling function and self maintenance.

There is a very high homology between the
BKB2R and AT1aR within the very proximal
portion of the C-tail (G311 to K316 in the
BKB2R). This makes this region an unlikely
cause for the unexchangeability of the C-termini.
Thus, we focused on the middle (317KSRE-
VYQA324) and distal (325ICRKGG330) por-
tions of the proximal C-terminus. Our results
showed that it is the BKB2R sequence of the
middle part that is crucial for successful signal-
ing of this receptor. Certain residues within this
region proved to be not exchangeable between
these two receptors. On the other hand, the
chimera with the substitution of the five amino
acid (CRKGG) making up the distal part of the
proximal BKB2R C-terminus with the corre-
sponding PPKAK of AT1AR functioned just as
WT BKB2R (Fig. 2).

To examine more closely the role of the motifs
within the middle section of the BKB2R prox-
imal C-terminus, the amino acids of this BKB2R

region were exchanged with those from the
AT1laR and (human) BKB1R. The AT1aR se-
quence is very different from that of the BKB2R
while the BKB1R shows some homology to
BKB2R (both receptor subtypes possess K317,
E320, and Y322). Therefore, it was of interest
to determine to what degree this region of
BKB2R could be exchanged with the corre-
sponding region of BKB1R. Two chimeras pB1
(entire proximal C-tail) and mpB1l (middle
section of proximal C-tail) were constructed
(Fig. 3). Both of these mutants displayed signi-
ficantly better signaling than the corresponding
AT1aR chimeras. But neither mutant signaled
as well as WT BKB2R. Since the last two amino
acids (QA) of this region vary greatly in BKB2R
from different species, the first six amino acids,
KSREVY, became the region of focus. This
motif is conserved in BKB2Rs from a number
of species. This region was further divided into
two motifs: EVY and KSR.

The existence of the EV/LY motif in BKB2R/
BKBIR, and its absence in AT1aR suggested
this motif is important for receptor function.
The chimeric studies confirmed this deduction.
An ELY exchange for EVY was insignificant,
whereas the QLL from the AT1aR could not be
successfully exchanged to get a fully functional
receptor. To further study the role of individual
amino acids within this motif, the negatively
charged E320 was mutated to non-charged
glutamine, which exists in the AT1aR. This
point mutant significantly lowered signaling
capacity compared to WT BKB2R. This pointed
to the importance of the negatively charged
E320 in BKB2R signaling.

As illustrated in Figure 3b, exchanging
KSREVYQA for the KVWELYKQ of BKB1R
resulted in only a partially functional receptor.
The PI turnover is only about 50% of that of WT
BKB2R. Since changing V321 in BKB2R to L
from the BKB1R resulted a fully functional
receptor, the KSR motif, which is KVW in
BKBI1R and YFL in AT1aR, seems to be crucial
for BKB2R signaling function. In fact, Figure 5
illustrates that by only changing the KVW motif
of pB1 back to KSR, the new mutant (KSR)
showed normal signaling function as WT' BKB2R.
On the other hand, replacement of KSR motif
with YFL from AT1aR resulted in a non-
functional receptor. These results substantiate
that the KSR motif is important in BKB2R
function. The lack of the KSR motif'is the reason
why the proximal tail exchanges between the
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BKB2R and BKB1R generated only a partially
functional receptor. Point mutations in this
region further showed that the positively
charged K317 and R319 are crucial for normal
receptor function. When these are changed to
non-charged amino acids (K317Y and R319L as
shown in Fig. 6), the resulting mutants dis-
played significantly lower PI turnover and ARA
release compared to WT BKB2R. Exchange of
alanine for S318 did not alter PI turnover of the
mutant receptor. It is interesting that the ARA
release of this mutant increased to almost two
fold of WT BKB2R. This suggests that S318
plays a role in the differential regulation of PI
turnover and ARA release.

As illustrated in Figure 7, the proximal C-
terminus of BKB2R including KSREVY adopts
an o-helix, analogous to helix 8 in rhodopsin
observed at a 90° angle to the TM helices of the
7-helical bundle [Palczewski et al., 2000]. Helix
8 has been implicated as a site of interaction
between the C-terminus and the By-subunit of
transducin [Phillips and Cerione, 1992] and
hypothesized to be mobile enough to interact
with the C-termini of o- and y-subunits [Ernst
et al., 2000]. Though in rhodopsin this region is
anchored to the membrane by palmitoyl ester
cysteine residues, the region in BKB2R has no
such anchors, perhaps conferring even greater
flexibility for interaction. However, this helical
region of BKB2R shows a distinct amphipathic
nature. The non-charged part of the helix,
consisting of residues S318, V321, and Y322,
during the MD simulations demonstrated inter-
action with the membrane, maintaining the
proper positioning of the helix with respect to
the 7-helical bundle. Indeed, MD simulations in
which these residues are replaced with charged
residues resulted in reduced lifetimes of the
helix association with the membrane. The MD
simulations also indicated that the K317, R319,
and E320 are likewise important for maintain-
ing the a-helix, lying upon the cytosolic mem-
brane surface. The Coulombic interaction
between K317 and E320 provides additional
stability to the a-helix. Replacing these residues
with those from the AT1aR (i.e., K317Y, E320Q)
removes this favorable salt-bridge.

The role of the distal region of BKB2R C-tail
in receptor internalization has been studied
extensively [Blaukat et al., 1996; Prado et al.,
1997, 2001; Faussner et al., 1998; Pizard et al.,
1999; Bachvarov et al., 2001; Yu et al., 2002b].
However, there is little information on the role

of the proximal tail in receptor uptake. Using
0.045 P values as the cutoff point, the present
results showed that the proximal tail chimeric
mutants tested internalized at about the same
rate as WT BKB2R. Chimeric exchanging the
whole, middle, or distal part of BKB2R proximal
tail to the corresponding part of AT1aR without
changing the behavior of receptor uptake sug-
gests that if the proximal section of the tail is
involved in the regulation of uptake, as was
suggested previously [Prado et al., 2001], then
global exchanges of this region are able to
replace the role of the original BKB2R residues.
This point is summed up by the wcAT mutant in
which the entire tail of BKB2R is replaced with
the entire tail of AT1aR. The endocytosis of this
mutant is not statistically different from WT
BKB2R while signal transduction is impaired.
This also suggests receptor signaling and up-
take are not dictated by the same amino acid
motifs at least in the proximal tail region.
Interestingly, the BKB1R which contains an
abbreviated distal tail, has been reported not to
be internalized [Zhou et al., 2000]. With regard
to mutants created herein, both BKB1R ex-
changes (pB1 and mpB1) retained the BKB2R
distal portion of the tail and internalized nor-
mally, which suggests distal C-tail is sufficient
for BKB2R uptake.

Itisinteresting that despite a lack of ability to
transduce signals via the PLC or PLA;, paths,
the mutants containing the entire C-terminus
AT1aR sequence or the proximal AT1aR (303—
322) did respond to BK stimulation with an
increase in CTGF mRNA level. Further work is
necessary, at this time, to pinpoint the path and
receptor motif(s) responsible for this induction.
Nevertheless, this result is illustrates that
another signal mechanism is taking place here
in addition to the classical BKB2R associated
Goq or G,; transduced pathways.

REFERENCES

Audoly LP, Oliverio MI, Coffman TM. 2000. Insights into
the functions of type 1 (AT1) angiotensin II receptors
provided by gene targeting. Trends Endocrinol Metab
11:263-269.

Bachvarov DR, Houle S, Bachvarova M, Bouthillier J,
Adam A, Marceau F. 2001. Bradykinin B(2) receptor
endocytosis, recycling, and down-regulation assessed
using green fluorescent protein conjugates. J Pharmacol
Exp Ther 297:19-26.

Berendsen HJC, van der Spoel D, van Drunen R. 1995.
Gromacs: A message-passing parallel molecular dy-
namics implementation. Comp Phys Comm 91:43-56.



558 Yu et al.

Blaukat A, Alla SA, Lohse MJ, Muller-Ester] W. 1996.
Ligand-induced phosphorylation/dephosphorylation of
the endogenous bradykinin B2 receptor from human
fibroblasts. J Biol Chem 271:32366-32374.

de Gasparo M, Catt KJ, Inagami T, Wright JW, Unger T.
2000. International Union of Pharmacology. XXIII. The
angiotensin II receptors. Pharmacol Rev 52:415-472.

Duncan MR, Frazier KS, Abramson S, Williams S,
Klapper H, Huang X, Grotendorst GR. 1999. Connective
tissue growth factor mediates transforming growth factor
beta-induced collagen synthesis: Down-regulation by
cAMP. Faseb J 13:1774—1786.

Ernst OP, Meyer CK, Marin EP, Henklein P, Fu WY,
Sakmar TP, Hofmann KP. 2000. Mutation of the fourth
cytoplasmic loop of rhodopsin affects binding of transdu-
cin and peptides derived from the carboxyl-terminal
sequences of transducin alpha and gamma subunits.
J Biol Chem 275:1937-1943.

Faussner A, Proud D, Towns M, Bathon JM. 1998. Influence
of the cytosolic carboxyl termini of human B1 and B2
kinin receptors on receptor sequestration, ligand inter-
nalization, and signal transduction. J Biol Chem 273:
2617-2623.

Frimm Cde C, Sun Y, Weber KT. 1996. Wound healing
following myocardial infarction in the rat: Role for
bradykinin and prostaglandins. J Mol Cell Cardiol 28:
1279-1285.

Goldstein RH, Polgar P. 1982. The effect and interaction
of bradykinin and prostaglandins on protein and
collagen production by lung fibroblasts. J Biol Chem
257:8630—8633.

Hunyady L, Baukal AJ, Gaborik Z, Olivares-Reyes JA,
Bor M, Szaszak M, Lodge R, Catt KdJ, Balla T. 2002.
Differential PI 3-kinase dependence of early and late
phases of recycling of the internalized AT1 angiotensin
receptor. J Cell Biol 157:1211-1222.

Iwanciw D, Rehm M, Porst M, Goppelt-Struebe M. 2003.
Induction of connective tissue growth factor by angio-
tensin II: Integration of signaling pathways. Arterioscler
Thromb Vasc Biol 23:1782—1787.

Kaplan AP, Joseph K, Shibayama Y, Nakazawa Y,
Ghebrehiwet B, Reddigari S, Silverberg M. 1998. Brady-
kinin formation. Plasma and tissue pathways and
cellular interactions. Clin Rev Allergy Immunol 16:
403-429.

Kitami Y, Okura T, Marumoto K, Wakamiya R, Hiwada K.
1992. Differential gene expression and regulation of type-
1 angiotensin II receptor subtypes in the rat. Biochem
Biophys Res Commun 188:446—452.

Leask A, Holmes A, Abraham DdJ. 2002. Connective tissue
growth factor: A new and important player in the
pathogenesis of fibrosis. Curr Rheumatol Rep 4:136—-142.

Liebmann C. 2001. Bradykinin signalling to MAP kinase:
Cell-specific connections versus principle mitogenic path-
ways. Biol Chem 382:49-55.

Lindahl E, Hess B, van der Spoel D. 2001. GROMACS 3.0: A
package for molecular simulation and trajectory analy-
sis. J Mol Mod 7:306—-317.

Marceau F, Bachvarov DR. 1998. Kinin receptors. Clin Rev
Allergy Immunol 16:385—-401.

Olivares-Reyes JA, Smith RD, Hunyady L, Shah BH, Catt
KdJ. 2001. Agonist-induced signaling, desensitization,
and internalization of a phosphorylation-deficient AT1A
angiotensin receptor. J Biol Chem 276:37761-37768.

Palczewski K, Kumasaka T, Hori T, Behnke CA,
Motoshima H, Fox BA, Le Trong I, Teller DC, Okada T,
Stenkamp RE, Yamamoto M, Miyano M. 2000. Crystal
structure of rhodopsin: A G protein-coupled receptor.
Science 289:739—745.

Pawar S, Kartha S, Toback FG. 1995. Differential gene
expression in migrating renal epithelial cells after
wounding. J Cell Physiol 165:556—565.

Phillips WJ, Cerione RA. 1992. Rhodopsin/transducin
interactions. I. Characterization of the binding of the
transducin-beta gamma subunit complex to rhodopsin
using fluorescence spectroscopy. J Biol Chem 267:17032—
17039.

Piserchio A, Prado GN, Zhang R, Yu J, Taylor L,
Polgar P, Mierke DF. 2002. Structural insight into the
role of the second intracellular loop of the bradykinin 2
receptor in signaling and internalization. Biopolymers
63:239-246.

Pizard A, Blaukat A, Muller-Ester] W, Alhenc-Gelas F,
Rajerison RM. 1999. Bradykinin-induced internalization
of the human B2 receptor requires phosphorylation of
three serine and two threonine residues at its carboxyl
tail. J Biol Chem 274:12738-12747.

Plendl J, Snyman C, Naidoo S, Sawant S, Mahabeer R,
Bhoola KD. 2000. Expression of tissue kallikrein and
kinin receptors in angiogenic microvascular endothelial
cells. Biol Chem 381:1103-1115.

Prado GN, Taylor L, Polgar P. 1997. Effects of intracellular
tyrosine residue mutation and carboxyl terminus
truncation on signal transduction and internalization of
the rat bradykinin B2 receptor. J Biol Chem 272:14638—
14642.

Prado GN, Mierke DF, Pellegrini M, Taylor L, Polgar P.
1998. Motif mutation of bradykinin B2 receptor second
intracellular loop and proximal C terminus is critical for
signal transduction, internalization, and resensitization.
J Biol Chem 273:33548—-33555.

Prado GN, Mierke DF, LeBlanc T, Manseau M, Taylor L,
Yu J, Zhang R, Pal-Ghosh R, Polgar P. 2001. Role
of hydroxyl containing residues in the intracellular
region of rat bradykinin B(2) receptor in signal transduc-
tion, receptor internalization, and resensitization. J Cell
Biochem 83:435-447.

Prado GN, Taylor L, Zhou X, Ricupero D, Mierke DF,
Polgar P. 2002. Mechanisms regulating the expression,
self-maintenance, and signaling-function of the bradyki-
nin B2 and B1 receptors. J Cell Physiol 193:275-286.

Ricupero DA, Polgar P, Taylor L, Sowell MO, Gao Y,
Bradwin G, Mortensen RM. 1997. Enhanced bradykinin-
stimulated phospholipase C activity in murine embryonic
stem cells lacking the G-protein alphag-subunit. Bio-
chem J 327:803-809.

Ruperez M, Lorenzo O, Blanco-Colio LM, Esteban V, Egido
J, Ruiz-Ortega M. 2003a. Connective tissue growth factor
is a mediator of angiotensin II-induced fibrosis. Circula-
tion 108:1499-1505.

Ruperez M, Ruiz-Ortega M, Esteban V, Lorenzo O,
Mezzano S, Plaza JJ, Egido J. 2003b. Angiotensin II
increases connective tissue growth factor in the kidney.
Am J Pathol 163:1937-1947.

Spillmann F, Altmann C, Scheeler M, Barbosa M,
Westermann D, Schultheiss HP, Walther T, Tschope C.
2002. Regulation of cardiac bradykinin B1l- and B2-
receptor mRNA in experimental ischemic, diabetic, and



Proximal C-Tail Region and BKB2R Actions 559

pressure-overload-induced cardiomyopathy. Int Immu-
nopharmacol 2:1823—-1832.

Touyz RM, Schiffrin EL. 2000. Signal transduction
mechanisms mediating the physiological and pathophy-
siological actions of angiotensin II in vascular smooth
muscle cells. Pharmacol Rev 52:639—-672.

Yu J, Prado GN, Taylor L, Pal-Ghosh R, Polgar P. 2002a.
Hybrid formation between the intracellular faces of
the bradykinin B2 and angiotensin II AT1 receptors
and signal transduction. Int Immunopharmacol 2:1807—
1822.

Yud, Prado GN, Taylor L, Piserchio A, Gupta A, Mierke DF,
Polgar P. 2002b. Global chimeric exchanges within the
intracellular face of the bradykinin B2 receptor with
corresponding angiotensin II type Ia receptor regions:
Generation of fully functional hybrids showing charac-
teristic signaling of the AT1a receptor. J Cell Biochem
85:809-819.

Zhou X, Prado GN, Taylor L, Yang X, Polgar P. 2000.
Regulation of inducible bradykinin Bl receptor gene
expression through absence of internalization and resen-
sitization. J Cell Biochem 78:351—-362.



