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Background: Carboxypeptidase M (CPM) generates agonist for the kinin B1 receptor (B1R).
Results: CPM binds to B1R on the cell membrane and allosterically increases B1R agonist affinity.
Conclusion: CPM is a positive allosteric modulator of the B1R, thereby increasing receptor signaling.
Significance: Interfering with CPM binding to B1R could be a novel approach to inhibit deleterious effects of B1R signaling in
inflammation.

Ligand binding to extracellular domains ofGprotein-coupled
receptors can result in novel and nuanced allosteric effects on
receptor signaling. We previously showed that the protein-pro-
tein interaction of carboxypeptidase M (CPM) and kinin B1
receptor (B1R) enhances B1R signaling in two ways; 1) kinin
binding to CPM causes a conformational activation of the B1R,
and2)CPM-generateddes-Arg-kinin agonist is efficiently deliv-
ered to the B1R. Here, we show CPM is also a positive allosteric
modulator of B1R signaling to its agonist, des-Arg10-kallidin
(DAKD). In HEK cells stably transfected with B1R, co-expression
of CPM enhanced DAKD-stimulated increases in intracellular
Ca2� or phosphoinositide turnover by a leftward shift of the dose-
response curve without changing the maximum. CPM increased
B1R affinity for DAKDby�5-fold but had no effect on basal B1R-
dependentphosphoinositide turnover. Soluble, recombinantCPM
bound to HEK cells expressing B1Rs without stimulating receptor
signaling. CPM positive allosteric action was independent of
enzyme activity but depended on interaction of its C-terminal
domainwith the B1R extracellular loop 2. Disruption of the CPM/
B1R interaction or knockdown of CPM in cytokine-treated pri-
maryhumanendothelial cells inhibitedtheallostericenhancement
of CPM on B1R DAKD binding or ERK1/2 activation. CPM also
enhanced the DAKD-induced B1R conformational change as
detected by increased intramolecular fluorescence or biolumines-
cence resonance energy transfer. Thus, CPM binding to extracel-
lular loop 2 of the B1R results in positive allosteric modulation of
B1R signaling, and disruption of this interaction could provide a
novel therapeutic approach to reduce pathological B1R signaling.

Carboxypeptidase M (CPM)3 is a member of the metallocar-
boxypeptidase family of peptidases (1), also known as funnelins

based on the shape of the entrance to their active site (2).
According to its genomic structure (3), sequence (4), and x-ray
crystal structure (5), CPMbelongs to the “regulatory” orCPN/E
subfamily, also designated as ClanMC, familyM14B according
to the MEROPS classification (1), consisting of eight members,
five of which are active (2, 6, 7). They are distinguished from the
CPA/B (M14A) subfamily by the lack of a propeptide activation
sequence and the presence of an additional C-terminal domain
consisting of a seven-stranded � barrel with topological simi-
larity to the plasma protein transthyretin (2, 6, 7). CPM is an
ectoenzyme anchored to the plasma membrane of cells by a
glycosylphosphatidylinositol (GPI) anchor (8, 9) and is widely
distributed in the body, for example in lung and placental
microvilli, kidney, blood vessels, intestine, brain, and peripheral
nerves and can be found in soluble form in various body fluids
(1, 10, 11). CPMhas a strict specificity, cleaving onlyC-terminal
Arg or Lys residues (12), and although�60 endogenous human
peptides or proteins have been identified as potential CPMsub-
strates, only 22 have been tested and shown to have altered
activity after C-terminal cleavage (10). These include growth
factors, chemokines, plasminogen binding proteins, comple-
ment proteins, kinins, and opioid peptides (1, 6, 10).
The seven-transmembrane domain kinin B1 receptor (B1R)

couples to both G�q and G�i, and although it is constitu-
tively expressed in a few cell types, its expression is inducible
in many cells under pathological and inflammatory condi-
tions (13, 14). The B1R plays key roles in nociception,
inflammation, and renal and cardiovascular diseases (14, 15).
For example, in the cardiovascular system, B1R signaling can
affect multiple physiological and pathological processes
including blood pressure control, arteriogenesis, ischemic
pre- and post-conditioning, myocardial infarction, heart
failure, diabetic cardiomyopathy, and septic shock (16–23).
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angiotensin converting enzyme (ACE) inhibitors and angio-
tensin type 1 receptor blockers, which are extensively used to
treat not only hypertension but various cardiovascular and
renal diseases (24–26).
Endogenous peptide agonists of the B1R, des-Arg9-brady-

kinin and des-Arg10-kallidin (DAKD), are derived from precur-
sor kininogens after initial cleavage by plasma or tissue kal-
likreins to release bradykinin (BK) or kallidin (KD) followed by
removal of their C-terminal Arg by a B-type carboxypeptidase
(1, 11, 14). Although several mammalian carboxypeptidases
have the proper specificity to carry out this last step in vitro,
fulfilling this role effectively in vivowould also depend on prop-
erties such as pH optimum, localization, access to kinin sub-
strate, and proximity to the B1R (11, 27–29). CPM has ideal
properties in this regard, being a GPI-anchored plasma mem-
brane protein with a neutral pH optimum exhibiting a specific-
ity for C-terminal Arg and the lowest Km for BK of the physio-
logical substrates tested (1, 8, 12, 30). In addition to its wide
distribution, endotoxin or cytokines that induce B1R expres-
sion (14) also increase CPM expression (31–33). Thus, it is
likely that cells expressing B1Rs also express CPM. The crystal
structure of CPM and molecular modeling suggest that CPM
adopts a favorable orientation for generating peptide products
near the membrane by interaction of its positively charged res-
idues in the C-terminal domain with phospholipid head groups
(5). We found that CPM does indeed play a critical role in B1R
signaling. CPM and B1Rs are co-localized in lipid raft domains
and interact on the cell surface as evidenced by FRET analysis,
cross-linking, and coimmunoprecipitation (34). Disruption of
lipid rafts or the CPM/B1R interaction by CPM monoclonal
antibody greatly reduced B1R signaling in response to admin-
istration of BK or KD (29, 34). We initially attributed this to
more efficient delivery of the CPM-cleaved products (i.e. B1R
agonists) to the receptor. Although this is clearly an important
component of the CPM effect, we recently discovered that the
CPM/B1R interaction mediates a second, novel mechanism of
B1R activation that results from substrate binding to CPM to
cause a conformational change and allosteric activation of the
B1R without generation of B1R agonist (29, 35).
Allosteric modulation of GPCR signaling is currently an area

of great interest because of the large repertoire of potential
unique allosteric binding sites on GPCR extracellular domains
and the possibility of affecting receptor signaling in amore spe-
cific and biased fashion (36, 37). In the present study we inves-
tigated whether the basal interaction between CPM and B1R
allosterically modulates B1R responses to its own agonists.
We found that CPM enhances B1R signaling by increasing
the affinity of the receptor for its endogenous agonist,
DAKD. The allosteric effect depended on the interaction
between extracellular loop 2 (EL2) of the B1R and the C-ter-
minal domain of CPM. The CPM/B1R interaction could be
disrupted by a CPM monoclonal antibody or a peptide con-
taining the antibody epitope and reduced B1R agonist affin-
ity and signaling in primary and transfected cells. Thus, CPM
is an endogenous positive allosteric modulator of B1R sig-
naling to its orthosteric agonist.

EXPERIMENTAL PROCEDURES

Materials—Low glucose Dulbecco’s modified Eagle’s medium
(DMEM) was obtained from Invitrogen. Fetal bovine serum
(FBS) was fromAtlanta Biologicals. DAKD and polylysine were
fromSigma. CTpeptide (Ac-KGQVFDQNGNPLPN-NH2)was
synthesized by Chi Scientific. Fura-2/AM was from Molecular
Probes. The TC-FlAsHTM II in-Cell Tetracysteine Tag Detec-
tion kit was from Invitrogen. ViviRenTM live cell substrate was
from Promega. [3H]DAKD was from PerkinElmer Life Sci-
ences. Myo-[3H]inositol was from American Radiolabeled
Chemicals, Inc. Anti-CPM monoclonal antibody was from
Novocastra. Anti-B1R and B2R polyclonal antibodies were
from Santa Cruz Biotechnology. ERK1/2 and anti-phosphory-
lated ERK1/2 antibodies were from Cell Signaling. Goat anti-
mouse and anti-rabbit IgG conjugated-HRP were from Pierce.
5-Dimethylaminonaphthalene-1-sulfonyl-L-alanyl-L-arginine
(dansyl-Ala-Arg) was synthesized and purified as described
previously (38).
Cells—Primary human lung microvascular endothelial cells

(HLMVEC) from Lonza were cultured in T-25 or T-75 flasks
coated with 0.1% gelatin in endothelial cell basal medium
(EBM�-2, Lonza) supplemented with EGM�-2 SingleQuots�
kit (Lonza) and 10% fetal bovine serum (Atlanta Biologicals).
Cells between passage 3 and 6 were used for assay. Human
embryonic kidney (HEK) 293 cells from the American Type
Culture Collection were maintained in DMEM containing 100
units/ml penicillin, 100 �g/ml streptomycin, and 10% FBS at
37 °C in a humidified atmosphere of 5% CO2.
Generation of Receptor and Carboxypeptidase Constructs—

The cDNAs for human B1R (a kind gift from Dr. Fredrik Leeb-
Lundberg,University of Lund, Sweden) andhumanCPM(4, 39)
were cloned into pcDNA3 or pcDNA6 vectors (Invitrogen) for
expression in mammalian cells. The B1R-TC-CFP and CPD-
DIII constructs were generated as described previously (35).
B1R-TC cDNAwas digested with NheI and BamHI and cloned
into pRluc-N1 to generate B1R-TC-Rluc. The CPM mutants
CPM-E264Q, CPM-S180N, and CPM-S180N/E264Q were
produced by site-directed mutagenesis as described (35, 39).
GPI-anchored CPN catalytic subunit (50 kDa) (CPN-GPI) was
generated by cloning the human CPN 50 kDa catalytic subunit
cDNA upstream of the CPM GPI anchor signal sequence
(encoding the C-terminal 24 residues of CPM) into pcDNA3
with techniques similar to those used to generate ACE-GPI
(40). All PCR fragments were amplified using high fidelity
TaqDNA polymerase, and constructs were verified by DNA
sequencing performed by the DNA Services Facility of the
Research Resources Center, University of Illinois at Chicago.
Transfection and Establishment of Stable Cell Lines—

HEK293 cells stably expressing constructs used in this study
were generated as described previously (35). For transient
expression, HEK cells in 12-well plates were transfected with 1
�g of DNA using SuperFect (Qiagen) or 0.30 �g of DNA using
Lipofectamine 2000 (Invitrogen) unless otherwise indicated.
Cells were used for experiments 24 h after transfection.
CPM Knockdown by siRNA—HLMVEC at �80% confluence

in 12-well plates were transfected with specific CPM siRNA
(SMARTpool� plus, Dharmacon) or nonspecific control siRNA
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(Ambion) using the Amaxa Nucleofector (Lonza, Walkersville,
MD) and the manufacturer’s kit and protocol optimized for
HLMVEC. After 48 h cells were treated with 5 ng/ml IL-1� and
200 units/ml IFN-� for 16 h and then used for experiments.
Cell Binding of Purified CPM—A soluble form of recombi-

nant human CPM (rCPM) lacking the C-terminal GPI anchor
was expressed in baculovirus-infected insect cells and purified
to homogeneity as we previously described (5, 39). The purified
rCPM (500 ng/ml in PBS) was added to control cells or cells
stably expressing B1R or CPM and then incubated at 37 °C for
30min. After incubation, cells were washed twice with ice-cold
PBS. The lysates from the washed cells were analyzed byWest-
ern blotting to assess the binding of rCPM, which has a lower
molecularmass (�50 kDa) than CPM expressed in human cells
and tissues (�62 kDa) (5, 39).
Measurement of Intracellular Ca2�—Increases in intracellu-

lar calcium concentration ([Ca2�]i) were determinedwith fura-
2/AM using a PTI Deltascan microspectrofluorometer as
described (34, 35). Responseswere quantified by integrating the
area under the curve using Origin 8.0 software (OriginLab
Corp.). The EC50 was calculated by plotting the dose-response
curve based on the area under the curve of the calcium response
using GraphPad Prism 5.0 software (GraphPad Software, Inc.).
Phosphoinositide Turnover Assay—Phosphoinositide (PI)

turnover was determined as previously described (41) with
slight modifications. Cells at about 80% confluence in 12-well
plateswere labeled for18–24hwith1�Ci/mlofmyo-[3H]inositol
in DMEM with 2% dialyzed FBS. After loading, the cells were
incubated with 15mM LiCl for 60min at 37 °C, then stimulated
with agonists for 30 min at 37 °C followed by termination with
0.5 ml of ice-cold 20 mM formic acid. After 30 min on ice, the
supernatantwas combinedwith another 0.5ml of 20mM formic
acid, alkalinized with 0.2 ml of 3% ammonium hydroxide, and
then applied to an AG 1-X8 anion exchange column. The col-
umnwas washed with 2ml of 20mM formic acid, 4ml of 50mM

ammonium hydroxide, and then 4 ml of 40 mM ammonium
formate containing 0.1 M formic acid. After washing, inositol
triphosphate (IP3) was eluted using 5 ml of buffer containing 2
M ammonium formate and 0.1 M formic acid. IP3 radioactivity
was determined in Beckman liquid scintillation counter after
adding 10 ml of scintillation fluid.
Immunoprecipitation—Control HEK cells or HEK cells sta-

bly expressing B1R, B2R, B1R(B2R-EL1), or B1R(B2R-EL2)
were transfected with 0.30 �g of CPM cDNA for 24 h, and then
the B1R was immunoprecipitated, and precipitates were ana-
lyzed for CPM by Western blotting as previously described
(34, 35).
Determination of ERK1/2 Phosphorylation—Cells (80–90%

confluent) stably expressing B1R and CPM in 24-well plates
were preincubated without or with 50 �M CT peptide for 30
min at 37 °C. Cells were then stimulated with various concen-
trations of DAKD for 5 min and then lysed in 200 �l of radio-
immune precipitation assay buffer (20 mM Tris-HCl, pH 7.5,
150 mM NaCl, 1 mM EDTA, 1% Nonidet P-40, 1% sodium
deoxycholate) containing 1% protease inhibitor mixture
(Sigma) and 1mMNa3VO4 for 5min on ice followed by centrif-
ugation at 14,000 � g for 10 min at 4 °C. Supernatants were
collected, and phosphorylated ERK1/2 and total ERK1/2 were

identified by Western blotting and quantified by densitometry
using software Quantity One (4.4.0, Bio-Rad). Phosphorylated
ERK1/2 was normalized to the corresponding total ERK1/2
band. Data are expressed as -fold increase over the value for
the non-treated control. EC50 was calculated by plotting dose-
response curves with GraphPad Prism 5.0.
Western Blotting—Cells were lysed in radioimmune precipi-

tation assay buffer containing a 1% protease inhibitor mixture
followed by centrifugation at 14,000 � g for 10 min. Superna-
tants were collected and separated on an 8% SDS-polyacryl-
amide gel followed by Western blotting as described (34, 35).
Measurement of Changes inB1R Intramolecular FRETorBio-

luminescence Resonance Energy Transfer (BRET)—Intramolec-
ular FRET or BRET between the fluorescein arsenical hairpin
binder (FlAsH)-labeled CCPGCC in the B1R intracellular loop
3 and C-terminal CFP or Rluc was determined as described (18,
35, 42). Briefly, HEK cells stably expressing B1R-TC-CFP or
B1R-TC-Rluc with or without CPM were incubated with 2 �M

FlAsH-EDT2 for 30 min at 37 °C. After incubation, the cells
were washed with 250 �M 2,3-dimercaptopropanol in buffer
three times (5 min each) to remove nonspecific FlAsH binding,
and then the cells were resuspended in Hanks’ balanced salt
solution. For detection of the change in FRET, the emission at
530 nm (FlAsH emission) was recorded continuously after
stimulation with B1R agonists while exciting at 430 nm
(Aminco Bowman Series 2 spectrofluorometer). The FRET
change was expressed as � emission at 530 nm. For detection
of BRET, luciferase substrate (6 �M ViviRen) was added, and
the emissions from both FlAsH (500–600 nm) and biolumi-
nescence (400–480 nm) were recorded on an Infinite M200
Pro (Tecan). The BRET change was calculated using net
BRET after stimulation with B1R agonist minus the BRET
before stimulation.
Binding Assay—Monolayers (80% confluent) of HEK cells

stably expressing B1R with or without CPM or HLMVEC in
24-well plates were rinsed 3 times with PBS and incubated with
4 nM of [3H]DAKDor 100 nMDAKD (4 nM [3H]DAKD� 96 nM
cold DAKD) for 90 min on ice. The incubation was stopped by
rinsing the cells 3 times with ice-cold PBS which were then
lysed in 0.4 ml of 0.2 M NaOH and transferred to a liquid scin-
tillation vial. The bound [3H]DAKD was measured in a Beck-
man liquid scintillation counter (41).
Determination of CPMActivity—CPMactivitywasmeasured

using dansyl-Ala-Arg substrate as described (38, 43) withmod-
ifications for measurement in live cells (34, 35). The activity of
CPM is expressed as fluorescent units/min/106 cells.
Statistical Analysis—Data are expressed as the means � S.E.

Statistical analysiswasperformedusingStudent’s t test (GraphPad
Prism 5.0). Values of p � 0.05 were considered significant.

RESULTS

CPM Enhances B1R Signaling at Submaximal Agonist
Concentration—Based on our previous work, CPM het-
erodimerizes with the B1R on the membrane, and this interac-
tion enhances B1R signaling in two ways (29, 34, 35). First, the
B2R agonists BK or KD can activate B1R signaling by binding to
CPM as substrates, resulting in a conformational change in the
B1R mediated by CPM/B1R protein-protein interactions and
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subsequent downstream activation of calcium or nitric oxide
(NO) signaling (29, 35). Second, removal of the C-terminal Arg
of BK or KD by CPM generates B1R agonists (e.g. des-Arg9-BK
or DAKD) that can further activate the associated receptor or
additional B1Rs (29, 34).
In the present studywe investigatedwhether basal CPM/B1R

interactions could affect B1R signaling stimulated by B1R ago-
nists (which are not CPM substrates). Indeed, we found CPM
co-expression enhanced the B1R-dependent increase in intra-
cellular Ca2� ([Ca2�]i) in response to agonist stimulation with
DAKD (Fig. 1A). This resulted from enhanced sensitivity of the
B1R to DAKD as evidenced by a leftward shift in the dose-
response curve without an increase in the maximal response
(Fig. 1B). The EC50 of DAKD for inducing B1R-dependent
increase in [Ca2�]i was reduced from 3.6 nM in the HEK cells
stably expressing B1R alone to 1.3 nM in stably expressing B1R
and CPM. The affinity of the B1R for DAKD was about 5-fold
higher inHEK cells stably expressing B1R andCPM than that in

cells stably expressing the B1R alone (Fig. 1C). To exclude the
possibility that the effect was due to increased B1R expression
in the stably transfected cells, CPM was transiently transfected
into cells stably expressing B1R alone. After transfection, CPM
was well expressed and had comparable activity (Fig. 1D) with
cells stably expressing B1R and CPM (34). In the transiently
transfected cells, CPM increased B1R-dependent PI turnover,
reducing the EC50 of DAKD from 13.1 to 1.9 nM after CPM
transfection (Fig. 1E). We also tested the effect of increasing
amounts of CPM cDNA transiently transfected into cells stably
expressing B1R, which resulted in a dose-dependent increase in
CPM expression (Fig. 2A) and activity (Fig. 2B). Transfection of
the control pcDNA3 vector had no effect on basal expression or
activity of CPM (Fig. 2, A and B). Moreover, CPM transfection
did not affect B1R expression in the stably transfected cells
because the maximal binding of B1R agonist [3H]DAKD was
the same in cells transfected with increasing doses of CPM
cDNA or pcDNA3 vector control (Fig. 2C). Increasing CPM

FIGURE 1. CPM enhances B1R signaling and agonist binding affinity. A and B, HEK cells stably co-expressing B1R and CPM or B1R alone were stimulated with
various doses of B1R agonist DAKD, and the increase in [Ca2�]i was recorded. Representative tracings are shown in A, and the increase in [Ca2�]i at different
doses was quantified (B) as described under “Experimental Procedures.” The data are representative results from three experiments. C, binding of various
concentrations of [3H]DAKD to HEK cells stably expressing B1R with or without CPM was determined as described under “Experimental Procedures,” and
binding constants were determined by a non-linear fit of one site binding using Prism 5.0. The Kd is expressed as the mean � S.E. (n � 3). *, p � 0.05 versus B1R
(Student’s t test). D, HEK cells stably expressing B1Rs were transfected with plasmid encoding the cDNA of CPM or empty vector (pcDNA3), and after 24 h the
expression and activity of CPM was determined. The inset is representative of CPM expression from three experiments, and the activity is expressed as the
mean � S.E. (n � 3). *, p � 0.05 versus pcDNA3 (Student’s t test). E, the dose-dependent increase in PI turnover in response to DAKD was measured in HEK cells
transfected as in D. Data shown are mean � S.E. (n � 3).
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expression resulted in a corresponding enhancement of B1R-
dependent PI turnover with submaximal (10 nM DAKD) B1R
agonist stimulation (Fig. 2D). In contrast, CPM expression had
no effect on PI turnover stimulated with saturating levels of
DAKD (500 nM) (Fig. 2E). This is consistent with the lack of
effect of CPM on maximal binding of B1R agonist (Fig. 2C),
maximal B1R-dependent calcium signaling (Fig. 1B), or PI turn-
over (Fig. 1E). In contrast, when increasing doses of B1R cDNA
were transfected into cells stably expressing CPM, saturation
binding of B1Rwith its agonist was correspondingly elevated as
expected (Fig. 3A). The expression of CPM was not affected at
any level of B1R transfection (Fig. 3B). However, stable expres-
sion of CPM enhanced the increase in PI turnover in response
to 10 nM DAKD when increasing amounts of B1R cDNA were
transiently transfected (Fig. 3C). Taken together, these data
indicate that CPM allosterically enhances agonist affinity and
B1R signaling at submaximal agonist doses.

CPM Does Not Alter B1R Constitutive Activity and Is Not a
Direct B1R Agonist—The B1R was previously reported to
exhibit constitutive activity (44). One way CPM could enhance
B1R signaling is by altering this basal level of activity. To inves-
tigate this, various doses of B1R cDNA were transfected into
control HEK cells or HEK cells stably expressing CPM. In B1R-
transfected cells, basal PI turnover increased with transfection
of increasing concentrations of B1R cDNA but not in control
vector pcDNA3-transfected cells (Fig. 4A), consistent with pre-
vious reports (44). However, expression of CPM did not alter
basal PI turnover at increasing doses of B1R cDNA (Fig. 4A).
Furthermore, the basal PI turnover was not affected in cells
stably expressing B1R after transfection with increasing doses
of CPM cDNA or vector control, but PI turnover was similarly
elevated by stimulation with saturating (500 nM) B1R agonist
DAKD in both cases (Fig. 4B). We further explored whether
CPM could directly activate the B1R as a protein agonist. To

FIGURE 2. CPM expression increases B1R-dependent PI turnover at low agonist concentration. A and B, HEK cells stably expressing B1Rs were transfected
for 24 h with increasing concentrations of CPM cDNA or empty vector (pcDNA3), and the expression (A) and activity (B) of CPM were measured. Cells transfected
as in A and B were used to determine the effect of CPM on B1R binding of 100 nM DAKD (C) or B1R-dependent PI turnover in response to 10 nM DAKD (D) or 500
nM DAKD (E). The solid bar denotes basal PI turnover without DAKD stimulation. In C, DALKD � binding in the presence of 1 �M des-Arg10-Leu9-kallidin (B1R
antagonist). The data in A, D, and E are representative examples from three experiments, and in B and C are expressed as the mean � S.E. (n � 3).
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determine whether soluble CPM could bind to the B1R, cells
were incubated with purified, soluble (lacking the GPI anchor)
rCPM (500 ng/ml) for 30min, washed, and then lysed and blot-
ted for CPM. The baculovirus-expressed rCPM can be distin-
guished from membrane-bound CPM expressed in HEK cells
because of its lower molecular mass due to reduced glycosyla-
tion in insect cells (5, 39). rCPMbound to cells stably expressing
B1Rs but not to control HEK cells or cells stably expressing
CPM (Fig. 4C), indicating it can bind to the B1R. However,
rCPM (500 ng/ml) did not induce a detectable increase in
[Ca2�]i in HEK cells stably expressing the B1R (Fig. 4D). Thus,
soluble rCPMdoes not act as a direct protein agonist, and CPM
expression does not alter the constitutive activity of the B1R.
The Effect of CPM on B1R Signaling Is Independent of Its

Enzyme Activity and Substrate Specificity—To determine
whether CPM catalytic activity was required for its basal
enhancement of B1R signaling, we made use of a CPMmutant
(E264Q) that is catalytically inactive but still binds substrates,
whichwe have characterized before (34, 39). InHEK cells stably
expressing B1Rs and CPM-E264Q, the dose-response curve for
the increase in [Ca2�]i in response to DAKD was shifted to the
left compared with cells expressing only B1R (Fig. 5A) as we

found with wtCPM (Fig. 1B). The EC50 for DAKD decreased
from 21.9 nM in cells stably expressing B1Rs alone to 5.5 nM in
cells stably expressing B1R and CPM-E264Q (Fig. 5A).
CPM specifically cleaves only C-terminal Arg or Lys from

peptides but has a clear preference for Arg (12, 38). We
explored whether CPM substrate preference is associated with
its enhancement of B1R signaling by mutating Ser-180 to Asn,
which we previously determined to decrease the kcat/Km for
C-terminal Arg substrate by �100-fold and increased that for
C-terminal Lys by�2-fold4 (35).HEKcells stably co-expressing
B1R and CPM-S180N also showed an increase in the B1R-de-
pendent calcium response induced by stimulation with various
doses ofDAKDcomparedwith cells expressingB1Rs alone (Fig.
5B). The corresponding EC50 for DAKD decreased from 18.6
nM in cells stably expressing B1R alone to 3.2 nM in cells stably
expressing B1R and CPM-S180N (Fig. 5B). We further exam-
ined the effect of a CPM-S180N/E264Q double mutant on B1R
signaling and found that it also enhanced the B1R-dependent
increase in [Ca2�]i induced byDAKD (Fig. 5C), reducing the EC50
forDAKD from17.4 nM in cells stably expressing B1R alone to 4.7
nM in cells stably expressing B1R andCPM-S180N/E264Q. These
results indicate that the CPM-mediated enhancement of B1R sig-
naling does not require binding or cleavage of a peptide substrate
by CPM.
CPD-DIII or GPI-anchored CPNCatalytic Subunit DoNot Reg-

ulate B1R Signaling—We investigated whether CPD, another
membrane-anchored carboxypeptidase, could enhance B1R sig-
naling. HumanCPD consists of 3 carboxypeptidase domains with
sequence identity toCPMranging from27 to 45% (45).Domains I
and II have enzymatic activity, but domain III (DIII) does not
because the residue equivalent to the catalytic Glu-264 in CPM
is Tyr (46, 47). Because CPD-DIII contains the C-terminal
transmembrane anchor and CPM enhancement of B1R signal-
ing did not require enzyme activity, we investigated whether
the CPD-DIII could enhance B1R signaling. As shown in Fig.
6A, the dose-response curve to DAKD in stimulating a B1R-de-
pendent increase in [Ca2�]iwas identical in cells stably express-
ing theB1Ror stably co-expressing theB1R andCPD-DIII. This
lack of effect is consistent with our previous finding that the
B1R and CPD-DIII do not interact or co-immunoprecipitate
when co-expressed in HEK cells (35). This could be due to
membrane microdomain localization of transmembrane CPD-
DIII that differs fromCPM,which is localized in lipid raftmem-
brane microdomains by virtue of its GPI anchor (8, 34). We
previously showed this membrane microdomain localization
was important because CPM/B1R interaction was reduced
when lipid rafts were disrupted with methyl-�-cyclodextrin
(34). To determine whether a related carboxypeptidase local-
ized in lipid rafts might also enhance B1R signaling, we gener-
ated a GPI-anchored version of the CPN catalytic domain
(CPN-GPI) containing the C-terminal GPI anchor signal
sequence of CPM.We showed that CPM and the catalytic sub-
unit of CPN share 41% sequence identity (4) and have similar
overall three-dimensional structures (5, 48). Although wtCPN
is secreted into themediumwhen expressed inHEKcells, CPN-

4 F. Tan, P. A. Deddish, and R. A. Skidgel, unpublished information.

FIGURE 3. CPM enhances low dose DAKD-stimulated PI turnover at differ-
ent levels of B1R expression. Control HEK cells or HEK cells stably expressing
CPM were transfected with increasing concentrations of B1R cDNA for 24 h,
and B1R binding to 100 nM DAKD (4 nM [3H]DAKD � 96 nM cold DAKD) (A) and
CPM expression (B) were determined. C, B1R-dependent PI turnover was
measured in response to 10 nM DAKD in cells transfected as in A. The data in A
and C are expressed as mean � S.E. (n � 3) and in B are representative from
three experiments.
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GPI was expressed in the cell membrane as expected (data not
shown). However, CPN-GPI did not enhance the B1R-depen-
dent increase in [Ca2�]i induced by DAKD stimulation when
stably co-expressed with B1R (Fig. 6B). Thus lipid raft localiza-
tion of a carboxypeptidase is not sufficient to enhance B1R sig-
naling, which involves a specific interaction site(s) in CPM not
shared by CPN.
Extracellular Loop 2 of the B1R and a CPM C-terminal

Domain Epitope Are Involved in the Allosteric Enhancement of
B1R Signaling—Our previous studies showed that CPM or
CPM-E264Q and B1R form a complex on the cell membrane
(29, 34, 35). Thus we further investigated which domains of
CPMandB1R contributed to the allosteric interaction. Because
CPM is a GPI-anchored ectoenzyme, it must interact with the
B1R extracellular domain. There is accumulating evidence that
amajor site for allosteric regulation of GPCRs is in their second
extracellular loop (EL2) (49–51). To investigate this we
replaced the B1R EL2 with the B2R EL2 to generate chimeric
receptor B1R(B2R-EL2) (Fig. 7A) as we found that CPM does
not interact with the B2R as determined by co-immunopre-
cipitation (Fig. 7I). As a control, another chimeric receptor
B1R(B2R-EL1) was generated by replacing EL1 of the B1Rwith
the corresponding B2R sequence (Fig. 7B). Stimulation of HEK
cells stably expressing either B1R(B2R-EL2) or B1R(B2R-EL1)
with DAKD resulted in a similar dose-dependent increase in PI
turnover (Fig. 7, C and D). However, whereas co-expression of
CPMshifted the does-response curve to the left in cells express-
ing B1R(B2R-EL1) (Fig. 7D), it had no effect in cells expressing
B1R(B2R-EL2) (Fig. 7C). Transfection of increasing amounts of

CPMcDNA into cells stably expressing the chimeric constructs
(which increased CPM expression and activity; not shown)
increased submaximal binding of DAKD and DAKD-dependent
PI turnover inHEKcells stably expressingB1R(B2R-EL1) (Fig. 7,F
and H) similar to wild type B1R but not in cells expressing
B1R(B2R-EL2) (Fig. 7, E andG). Consistent with these functional
results, CPM could not form a complex with the B1R(B2R-EL2)
as shown by a lack of co-immunoprecipitation, whereas the
B1R(B2R-EL1) chimera co-immunoprecipitated with CPM as
well as the wtB1R (Fig. 7I). Thus, EL2 of B1R plays a key role in
the allosteric interaction of B1R with CPM.
We previously found that a CPM monoclonal antibody spe-

cific for an 11-amino acid epitope (residues 302–312) on the
CPMC-terminal domain and a peptide (“CTpeptide”) contain-
ing this epitope (Ac-KGQVFDQNGNPLPN-NH2) both dis-
rupted the B1R-CPM interaction and reducedCPM-dependent
B1R signaling to BK or KD (34, 35). We thus investigated the
effect of CT peptide on CPM allosteric enhancement of B1R-
dependent ERK activation by DAKD. As shown in Fig. 8, A and
B, in HEK cells stably expressing B1R and CPM the CT peptide
decreased ERK1/2 phosphorylation, shifting the dose-response
curve for DAKD to the right. The EC50 for ERK1/2 phosphory-
lation induced by DAKD increased from 0.9 to 6.6 nM in the
presence of the CT peptide. The CT peptide also shifted the
dose-response curve for an DAKD-induced increase in [Ca2�]i
to the right in cells co-expressing B1R and CPM (Fig. 8C),
increasing the EC50 from 3.1 nM to 10.3 nM, but had no effect on
the response in cells stably expressing B1R alone (Fig. 8D).
Thus, the CPM C-terminal domain containing residues 299–

FIGURE 4. CPM does not alter constitutive B1R-dependent PI turnover and is not a direct B1R agonist. A, control HEK cells or HEK cells stably expressing
CPM were transfected with various concentrations of B1R cDNA or pcDNA3 vector for 24 h and basal PI turnover was measured. B, HEK cells stably expressing
B1R were transfected with increasing concentrations of CPM cDNA or empty vector pcDNA3 for 24 h transfection, and basal PI turnover was measured as well
as 500 nM DAKD-stimulated PI turnover at the highest CPM dose. C, control HEK cells or cells stably expressing B1R or CPM were incubated with 500 ng/ml rCPM
and washed, and the rCPM attached to cells was detected by Western blotting. D, HEK cells stably expressing B1R were stimulated with 500 ng/ml rCPM and
then 1 �M DAKD (positive control), and the increase in [Ca2�]i was recorded. The data in A and B are expressed as the mean � S.E. (n � 3) and in C and D are
representative examples from three experiments.

CPM Is a Positive Allosteric Modulator of the B1R

33232 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 288 • NUMBER 46 • NOVEMBER 15, 2013



312 is involved in the allosteric interaction between B1R and
CPM.
Evidence for an Allosteric Interaction between CPM and B1R

in Primary Cells—CPM is present in human endothelial cells,
and inflammatory cytokines can increase its expression 2–3-
fold, conditions that also up-regulate B1R expression (6, 14,
31–33, 52). We thus used cytokine-treated HLMVEC to exam-
ine the allosteric effect of CPMonB1R function.We confirmed
that CPM was expressed and active in cytokine-treated HLMVEC
(Fig. 9, A and B) as was the B1R as indicated by [3H]DAKD
binding (Fig. 9C). The CT peptide and CPM monoclonal anti-
body that disrupt CPM/B1R interaction significantly decreased
B1R binding of DAKD at submaximal concentrations (4 nM)

but had minimal effect on DAKD binding at a saturating con-
centration (100 nM) (Fig. 9C). The CT peptide and CPMmono-
clonal antibody did not reduce CPM activity or expression (Fig.
9, A and B). As an alternate approach, we knocked down CPM
expression using siRNA. CPM activity and expression were sig-
nificantly decreased in cytokine-treated HLMVEC 24 h after
transfection with CPM siRNA compared with negative con-
trol siRNA (Fig. 9, D and E). The non-saturated binding of
[3H]DAKD (4 nM) with B1R was decreased by �50% in CPM
siRNA-treated cells, whereas binding of saturating concentra-
tions of DAKD (100 nM) was not affected (Fig. 9D). These data
indicate that CPM is a positive allosteric modulator of B1R
function in primary cells at native expression levels.
CPM Enhances B1R Conformational Change in Response to

Agonist—GPCR-positive allosteric modulators that cause a
leftward shift in the dose-response curve can do so by increas-
ing agonist affinity and/or by lowering the energy barrier for
transition from the inactive to active state by stabilizing an
intermediate receptor conformation (49, 53, 54). To investigate
the possible effect of CPM on B1R receptor conformation, we
utilized an intramolecular FRET approach (55, 56) that was
previously used to investigate the activation-dependent confor-
mational change in the B1R by us (35). A tetracysteine motif
was inserted into intracellular loop 3 that binds the FRET
acceptor, a small molecule called FlAsH, and CFP (B1R-TC-
CFP) was attached to the C terminus as the FRET donor. As we
found previously, the addition of 10 nM DAKD increased the

FIGURE 5. CPM enhances B1R signaling independent of its enzyme activ-
ity and substrate specificity. The dose-dependent increase in [Ca2�]i stim-
ulated by DAKD was measured in HEK cells stably expressing B1R alone or B1R
with CPM-E264Q, a mutant that lacks enzyme activity (A), CPM S180N, an
active mutant that reverses the preference of CPM for cleaving C-terminal Arg
to Lys (B), and CPM S180N E264Q, a mutant with Lys specificity for substrate
binding, but without enzyme activity (C). The data shown are representative
examples from three experiments.

FIGURE 6. CPD-DIII or GPI-anchored CPN catalytic subunit do not enhance
B1R signaling. The dose-dependent increase in [Ca2�]i stimulated by DAKD
was measured in HEK cells stably expressing B1R alone or B1R with CPD-DIII,
the third carboxypeptidase domain of human CPD containing the transmem-
brane anchor (A), or CPN-GPI, a GPI-anchored form of the 50-kDa active cata-
lytic subunit of CPN (B). The data shown are representative of three
experiments.
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intramolecular FRET in HEK cells stably expressing B1R-TC-
CFP alone (Fig. 10A), consistent with a decrease in the distance
between intracellular loop 3 and theC terminus. Co-expression
of CPM did not alter basal FRET but significantly increased the
FRET induced by 10 nM DAKD (Fig. 10A). We further con-
firmed the results using intramolecular BRET by using B1R-
TC-Rluc, which was generated by replacing GFP with Renilla
luciferase. DAKD increased the intramolecular BRET in the
HEK cells stably expressing B1R-TC-Rluc alone (Fig. 10B).
CPM co-expression had no effect on basal BRET of B1R-TC-
Rluc but further increased the BRET induced by DAKD in the
same cells (Fig. 10B). These data indicate that basal binding of
CPM does not induce a conformational change in the B1R
toward a more activated state, consistent with the lack of effect
of CPM expression on constitutive activity of the B1R (Fig. 4, A
andB). However, CPMdid enhance the conformational change
induced with sub-saturating concentrations of DAKD, consist-
ent with our finding of enhanced agonist affinity (Fig. 1).

DISCUSSION

Cell surface peptidases regulate peptide signaling by activat-
ing, modulating, or inactivating peptide hormones via the
cleavage of specific peptide bonds. For example, BK and KD
released from kininogen are B2R agonists, and carboxypepti-

dase-mediated removal of their C-terminal Arg residue inacti-
vates them as B2R agonists while simultaneously generating
B1R agonists (6, 11, 14). Although B1R agonists can potentially
be produced by several carboxypeptidases in various cellular
and subcellular locations (6, 11, 14), if the site of generation is
not close to the receptor, the agonist concentration will be
reduced by diffusion and short peptide half-life due to exposure
to cellular and blood proteases and filtration by the kidney.
Thus, peptide agonist generation in close proximity to its cor-
responding receptor is most likely to lead to a meaningful cel-
lular response. Indeed, we found that co-expression of CPM
and B1R in the same cell results in their assembly into a func-
tional protein complex critical for efficient generation of a B1R
signal when low concentrations of B2R agonists BK or KD are
applied to the cell (34). However, co-expression in the same cell
alone was not sufficient for the most robust signaling response
as disruption of the CPM/B1R interaction (without affecting
the expression level or activity of the two proteins in the same
cell) reduced the response (34). Although generation of B1R
agonist in close proximity to the receptor is undoubtedly
important for this effect (Fig. 11), we found a second, novel
mechanism by which CPM enhances B1R signaling. Substrate
binding to CPM to causes a conformational change and activa-

FIGURE 7. Extracellular loop 2 of the B1R is important for CPM allosteric enhancement of B1R signaling. B1R chimeras were generated by replacing EL2
or EL1 of B1R with the corresponding B2R sequence as shown schematically in B1R(B2R-EL2) (A) and B1R(B2R-EL1) (B) where the dashed line represents the
replaced sequence. HEK cells stably expressing B1R(B2R-EL2) (C) or B1R(B2R-EL1) (D) were transfected with 0.30 �g of CPM cDNA or empty vector pcDNA3 for
24 h, and the dose-dependent increase in PI turnover stimulated by DAKD was measured. E and F, HEK cells stably expressing B1R(B2R-EL2) (E) or B1R(B2R-EL1)
(F) were transfected with increasing concentrations of CPM cDNA or empty vector pcDNA3 for 24 h, and the binding of 4 nM [3H]DAKD was measured. G and
H, HEK cells stably expressing B1R(B2R-EL2) (G) or B1R(B2R-EL1) (H) were transfected with increasing concentrations of CPM cDNA or empty vector pcDNA3 for
24 h transfection, and then PI turnover was assessed. I, B1R interaction with CPM depends on EL2. Control HEK cells or HEK cells stably expressing B1R, B2R,
B1R(B2R-EL1), or B1R(B2R-EL2) were transfected with 0.30 �g of CPM cDNA for 24 h, and then the B1R was immunoprecipitated (IP), and precipitates were
analyzed for CPM by Western blotting (IB). The data shown are representative of three experiments.

FIGURE 8. Disruption of CPM/B1R interaction with CT peptide decreases B1R-dependent signaling. HEK cells stably expressing B1R and CPM were
incubated without or with 50 �M CT peptide for 10 min. Cells were stimulated with various concentrations of B1R agonist DAKD for 5 min, and total and
phospho-ERK1/2 were determined by Western blotting (A). Bands were quantified by densitometry, and phospho-ERK1/2 values were normalized to the
density of total ERK1/2 (B). HEK cells stably co-expressing B1R and CPM (C) or B1R alone (D) were incubated without or with 50 �M CT peptide for 10 min after
Fura-2/AM loading, and B1R-dependent increase in [Ca2�]i was recorded in response to various concentrations of DAKD. The data are representative of three
experiments.
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tion of the B1R via protein-protein interaction without gener-
ation of B1R agonist (29, 35) (Fig. 11). Thus, cells co-expressing
B1R and a catalytically inactive CPMmutant (E2264Q) that still
binds substrate gave a B1R response to B2R agonists BK andKD
whichwas affected byCPMmutations that alter substrate bind-
ing affinity (35). In the present study we found a third mecha-
nism by which CPM enhances B1R signaling (Fig. 11), acting as
a positive allosteric modulator of B1R signaling stimulated by
B1R agonists, which are not CPM substrates.
GPCRs already represent targets for �40% of all Food and

Drug Administration-approved drugs, but these agents typi-
cally bind to the orthosteric binding site, which due to similar-
ities between different receptor subtypes, limits their specificity
(36, 37, 57, 58). Allosteric modulators of GPCR function are
becoming popular targets for drug development because they
represent novel agents with potential advantages over current
drugs targeting orthosteric binding sites. For example, allos-

teric modulators that lack agonistic activity only have effects in
the presence of endogenous orthosteric agonists, thus main-
taining the appropriate timing and localization of physiological
signaling and limiting toxicity that might occur with agents
interacting directly with the orthosteric site (53, 59, 60). In
addition, allosteric agents that interact with the extracellular
surface, where there is little sequence identity between recep-
tors, can exhibit enhanced specificity for receptor subtypes and
can alter coupling between the extracellular, transmembrane,
and intracellular domains to affect a subset of a GPCR down-
stream pathways leading to more specific biased signaling (53,
60). Allosteric modulators fall into four main categories (53);
positive allosteric modulators that enhance receptor signaling,
negative allosteric modulators that inhibit receptor function,
allosteric agonists that can stimulate receptor signaling in the
absence of another agonist, and silent allosteric modifiers that
have no effect on their own but can compete for the same allos-

FIGURE 9. CPM enhances B1R binding of its agonist at low concentration in primary human endothelial cells. HLMVEC were pretreated with 5 ng/ml IL-1�
and 200 units/ml IFN-� for 16 h (“cytokine-treated”) and then incubated with 50 �M CT peptide or 500 ng/ml CPM monoclonal antibody for 90 min. CPM
expression (A) and activity (B) were determined. Inhibition by MGTA (DL-2-mercaptomethyl-3-guanidinoethylthiopropanoic acid) was used as a positive
control. C, cytokine-treated HLMVEC were then incubated with 50 �M CT peptide or 500 ng/ml CPM monoclonal antibody and 4 nM [3H]DAKD or 100 nM DAKD
(4 nM [3H]DAKD� 96 nM cold DAKD) for 90 min. Cells were washed, and specific binding was determined as described under “Experimental Procedures.” The
data are expressed as % of control binding without CT-peptide or antibody. D and E, HLMVEC were transfected with specific CPM siRNA or nonspecific control
(NC) siRNA using an Amaxa nucleofector. After 48 h cells were cytokine-treated as above, and CPM expression (D) and activity (E) were determined as well as
the binding of B1R with its agonist, 4 nM [3H]DAKD or 100 nM DAKD (4 nM [3H]DAKD � 96 nM cold DAKD), for 90 min (F). The data in B, C, E, and F are expressed
as the mean � S.E. (n � 3). * � p � 0.05 versus control (Student’s t test). The data in A and D are representative of three experiments.
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teric binding site and inhibit the effect of other allosteric agents.
Most positive allostericmodulators enhanceGPCR function by
causing a leftward shift in the dose-response curve to agonist
through enhanced agonist affinity and/or by lowering the
energy barrier for transition to the active state by stabilizing an
intermediate receptor conformation, whereas some increase
the maximal response (53). We found that the positive allos-
teric effect of CPM was caused by a leftward shift in the B1R

dose-response curve to DAKDmediated by a �5-fold increase
in agonist affinity for the receptor without affecting the maxi-
mal response. This is consistent with our finding of increased
intramolecular FRET and BRET in our B1R-TC-CFP or B1R-
TC-Rluc constructs co-expressed with CPM in response to a
sub-saturating dose of agonist DAKD. The lack of effect of
CPM expression on basal FRET or BRET in B1R-TC-CFP or
B1R-TC-Rluc without agonist would argue against CPM, caus-
ing a change in basal receptor conformation to amore activated
state. However, we can not rule out the possibility that CPM
does cause a change in conformation in the extracellular
domain sufficient to lower the transition energy barrier that
does not change the distance between intracellular loop 3 and
the C terminus that would be required to see a change in basal
FRET or BRET.
Investigations of allosteric modulators of GPCR signaling

have primarily focused on the effects of synthetic small mole-
cules (36, 53, 60). The only well studied examples of endoge-
nous allosteric regulation by membrane proteins are GPCRs
that form homo- or heterodimers and receptor activity-modi-
fying proteins 1, 2, and 3, whose coexpression and binding
interaction determine the agonist specificity of the calcitonin
and calcitonin receptor-like GPCRs (59, 61). CPM is unique in
this regard as it can allosterically enhance and stimulate B1R
signaling aswell as generate the endogenous orthosteric agonist
as described above. In addition, as it is membrane-bound by a
GPI anchor, the protein portion of CPM exists in the extracel-
lular space andwould thus have to interact with an extracellular
domain(s) of the B1R to enhance receptor function (Fig. 11). It
is now clear that conformational coupling between GPCR
extracellular domains, transmembrane orthosteric binding
sites, and intracellular domains is essential for activation; thus,
agents that interact with a GPCR extracellular domains can
alter receptor signaling (51, 57, 62, 63). Of the four extracellular
domains of GPCRs, EL-2 is a prime target for allosteric modu-
lators (50) as supported by the following considerations. Typi-
cally, EL-2 is the longest andmost structured extracellular loop
in family A GPCRs (63). In addition, a highly conserved disul-

FIGURE 10. CPM increased agonist-mediated conformational change of
the B1R. A, HEK cells stably expressing B1R-TC-CFP alone or stably co-ex-
pressing CPM were stimulated with 10 nM DAKD, and the change in intramo-
lecular FRET was determined as described under “Experimental Procedures.”
FU, fluorescent units. B, HEK cells stably expressing B1R-TC-Rluc alone or sta-
bly co-expressing CPM were stimulated with 10 nM DAKD, and the change in
net BRET was determined. The data are expressed as the mean � S.E. (n � 3).
* � p � 0.05 versus Vehicle; # � p � 0.05 versus control without CPM (Stu-
dent’s t test).

FIGURE 11. Schematic diagram showing the ways in which CPM interacts with the B1R to facilitate kinin signaling. A model of GPI-anchored CPM and its
potential membrane orientation based on its crystal structure and interactions with the B1R are shown. Based on our studies, CPM enhances B1R signaling in
three ways; 1) basal binding of CPM allosterically enhances B1R affinity for its des-Arg-kinin agonist, 2) kinin substrate (i.e. BK or KD) binding to the CPM active
site causes a conformational change in CPM that is transmitted via protein-protein interaction to the B1R, resulting in G protein coupling and activation of
calcium, nitric oxide (NO), or ERK signaling, and 3) cleavage of the C-terminal Arg of KD (or BK) by CPM generates B1R agonist (e.g. DAKD) that can further
activate the associated receptor or additional B1Rs.
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fide bond found in most GPCRs links EL-2 to the top of trans-
membrane domain (TM)3 (Cys-110–Cys-189 in the B1R), sta-
bilizing the conformation and allowing binding-induced
conformational changes of EL-2 to be transmitted to TM3, an
important structural and functional hub due to its interactions
with other TM domains, ligands, G proteins, and ICL2 (51, 57,
62, 63). EL-2 is also the site of autoantibody binding to GPCRs,
resulting in persistent activation in a variety of autoimmune
diseases (64), and mutations in EL-2 can cause GPCRs to
become constitutively active, indicating it can stabilize the
inactive conformation of the receptor in the basal state (51, 65).
EL-2 can also affect orthosteric ligand binding by directly inter-
acting with the ligand and/or regulating access or egress of
orthosteric ligands to the transmembrane binding pocket by
forming a “lid” structure (51, 63). Consistent with these find-
ings, we found that the B1R EL-2 was important for the allos-
teric effect of CPM to be manifested. Replacement of the B1R
EL-2 with that of the B2R, with which CPM does not interact,
eliminated the ability of CPM to enhance B1R function. Fur-
thermore, disruption of the CPM/B1R interaction by the CPM
CT peptide or mAb indicates that interaction of the B1R EL-2
with theC-terminal domain of CPM is important for this effect.
Activation of the B1R is typically associated with the harmful

effects of chronic inflammation; however, it can also be benefi-
cial in various disease states. For example, B1R stimulation
enhances inflammation and fibrosis in diabetic cardiomyopa-
thy (66) andB1R knock-out protectsmice from lipopolysaccha-
ride-induced hypotension and reduces pain in response to ther-
mal or chemical stimuli (67). Conversely, B1R activation is
protective in renal ischemia/reperfusion injury (68), reduces
renal fibrosis and cardiac remodeling (69, 70), and promotes
neovascularization and angiogenesis duringwound healing (67,
71). B1R signaling also contributes to the beneficial cardiovas-
cular effects of ACE inhibitors and angiotensin type 1 receptor
blockers (72, 73). Many times pathological effects are seen with
high, uncontrolled activation of GPCRs, whereas lower levels of
physiological signaling are beneficial. Thus, the typical drug
development approach to inhibit all receptor signaling with an
antagonist or inverse agonist targeted to the orthosteric bind-
ing sitemay not be the best approach formaximum therapeutic
effectiveness. A potential major advantage of allosteric antago-
nists is the ability to dampen receptor signaling underlying the
pathological response while maintaining physiological signal-
ing (53, 59, 60). One novel approach to develop allosteric antag-
onists of the B1R would be to design agents to inhibit the pos-
itive allosteric effects of CPM on B1R signaling by targeting the
interaction site as we didwith the CT peptide. This would elim-
inate the basal positive allosteric effect of CPM and its confor-
mational activation of the B1R via substrate binding and reduce
the local concentration of B1R agonist generated by CPMwhile
maintaining a lower level of B1R activation, potentially preserv-
ing beneficial effects. A further level of reduction of B1R activity
could be achieved by adding a specific CPM inhibitor to further
reduce agonist generation without completely eliminating it
from other sources. Because ACE inhibitors can also act as
direct allosteric agonists of B1Rs (24, 74), disruption of the
CPM/B1R interaction could potentially affect the therapeutic
and/or side effects of these drugs as well.

In conclusion, we found that GPI-anchored CPM is an
endogenous positive allosteric modulator of the kinin B1R in
addition to its previously described ability to conformationally
activate B1R signaling in response to substrate binding and effi-
ciently generate the des-Arg-kinin B1R agonists fromBKorKD
in close proximity to the receptor (29, 34, 35). These functions
depend on formation of a CPM/B1R complex that involves
EL-2 of the B1R and the non-catalytic C-terminal domain of
CPM.Thus, CPMplays a key role in facilitating B1R signaling in
response to low endogenous levels of kinin peptides, and dis-
ruption of theCPM/B1R interaction could potentially provide a
novel therapeutic approach to reducing pathological B1R sig-
naling in chronic inflammatory conditions without completely
abrogating basal signaling that could be beneficial.
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