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Abstract: Calcitonin gene-related peptide (CGRP) and adrenomedullin (AM) are related peptides

that are potent vasodilators. The CGRP and AM receptors are heteromeric protein complexes com-
prised of a shared calcitonin receptor-like receptor (CLR) subunit and a variable receptor activity

modifying protein (RAMP) subunit. RAMP1 enables CGRP binding whereas RAMP2 confers AM

specificity. How RAMPs determine peptide selectivity is unclear and the receptor stoichiometries
are a topic of debate with evidence for 1:1, 2:2, and 2:1 CLR:RAMP stoichiometries. Here, we

describe bacterial production of recombinant tethered RAMP-CLR extracellular domain (ECD)

fusion proteins and biochemical characterization of their peptide binding properties. Tethering the
two ECDs ensures complex stability and enforces defined stoichiometry. The RAMP1-CLR ECD

fusion purified as a monomer, whereas the RAMP2-CLR ECD fusion purified as a dimer. Both pro-

teins selectively bound their respective peptides with affinities in the low micromolar range. Trun-
cated CGRP(27-37) and AM(37-52) fragments were identified as the minimal ECD complex binding

regions. The CGRP C-terminal amide group contributed to, but was not required for, ECD binding,

whereas the AM C-terminal amide group was essential for ECD binding. Alanine-scan experiments
identified CGRP residues T30, V32, and F37 and AM residues P43, K46, I47, and Y52 as critical for

ECD binding. Our results identify CGRP and AM determinants for receptor ECD complex binding

and suggest that the CGRP receptor functions as a 1:1 heterodimer. In contrast, the AM receptor
may function as a 2:2 dimer of heterodimers, although our results cannot rule out 2:1 or 1:1

stoichiometries.
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Introduction

Calcitonin gene-related peptide (CGRP) and adreno-

medullin (AM) are multi-functional calcitonin family

peptides.1,2 CGRP is a neuropeptide that acts in the

central and peripheral nervous systems as a potent

arterial and venous vasodilator. AM is widely dis-

tributed in the cardiovascular system where it has

vasodilator effects. AM is essential during develop-

ment for formation of blood and lymph vascula-

ture.3,4 AM also has cardioprotective functions and

plays a role in normal pregnancy and pregnancy

complications.4,5 In addition, CGRP and AM both

exhibit angiogenic activity.6,7 As a consequence of

the various actions of CGRP and AM and their

involvement in several pathophysiological states,

their receptors are of interest as drug targets for a

variety of disorders including migraine headache,

acute myocardial infarction, pulmonary hyperten-

sion, preeclampsia, sepsis, and cancer.4,8–10

The CGRP and AM receptors are heteromeric

protein complexes comprised of the calcitonin

receptor-like receptor (CLR), a class B/Secretin fam-

ily G protein-coupled receptor (GPCR), in association

with a receptor activity modifying protein (RAMP).11

Three distinct RAMPs associate with CLR to deter-

mine peptide selectivity. RAMP1-CLR heteromers

are CGRP receptors, whereas CLR heteromers with

RAMP2 or -3 are AM receptors. RAMPs also regu-

late calcitonin family peptide binding to another

class B GPCR, the calcitonin receptor (CTR), which

is closely related to CLR. CTR alone is a receptor for

calcitonin (CT), which regulates calcium homeosta-

sis, whereas CTR heteromers with any of the three

RAMPs are receptors for amylin (AMY), which regu-

lates blood glucose levels.1,12–14

CLR and the RAMPs exhibit a similar plasma

membrane topology with an N-terminal extracellular

domain (ECD) followed by a membrane-embedded

portion and an intracellular C-terminal tail. The

integral membrane portion of CLR is a 7-

transmembrane helix bundle typical of GPCRs

whereas the RAMPs have a single transmembrane

helix. Structural studies elucidated the folds of the

CLR and RAMP1 and -2 ECDs and revealed how

they interact in the absence of peptide ligands.15–17

The CLR ECD fold is common to class B GPCR

ECDs and consists of an N-terminal a-helix followed

by a short consensus repeat fold that is composed of

two b-sheets each with two b-strands. Three con-

served disulfide bonds hold the secondary structure

elements together. The RAMP ECDs form a 3-helix

bundle that is held together by three disulfide bonds

in RAMP1 and two disulfide bonds in RAMP2. The

RAMP2 ECD also has an N-terminal extension of

�30 residues of unknown structure and function

that is absent in RAMP1 and -3. In the CLR-RAMP

ECD complex structures, RAMP a-helices 2 and 3

pack against the CLR N-terminal a-helix, adjacent

to the putative peptide binding site of the CLR ECD

such that the peptide ligands likely contact both

proteins.

Peptide binding to class B GPCRs follows a two-

domain model in which the C-terminal half of the

peptide binds to the receptor ECD, which confers

high affinity and specificity, and the N-terminal half

of the peptide binds to the receptor helical bundle to

activate signaling.18 CGRP and AM binding to their

receptors appears to follow this model,19 but

peptide-bound structures of CLR-RAMP ECD com-

plexes are not available. CGRP has 37 residues and

AM has 52 residues, but the first 12 AM residues

are dispensable for function.20 CGRP and AM con-

tain a conserved disulfide bond structure in their N-

terminal regions that interact with the receptor heli-

cal bundle and variable sequence in their C-terminal

regions that interact with the receptor ECDs.21 It is

unclear if CGRP and AM bind to their receptor

ECDs as continuous a-helices as observed for other

class B GPCR ECD-peptide pairs. Chimeric receptor

and mutagenesis studies indicated that the RAMP

ECDs are sufficient to determine peptide selectivity

and identified receptor and CGRP and AM pep-

tide residues that are important for their interac-

tions,22–27 but precisely how RAMPs determine

peptide selectivity remains uncertain.

The CGRP and AM receptor stoichiometries are

a topic of debate. Crystal structures of the

CLR:RAMP1 ECD complex revealed a 1:1 hetero-

dimer.16 In contrast, bimolecular fluorescence com-

plementation and bioluminescence resonance energy

transfer experiments with intact receptors in cells

indicated a RAMP1 monomer interacting with a

CLR homo-oligomer.28 Kusano et al. demonstrated

that recombinant CLR:RAMP2 ECD complex was a

heterodimer at low concentration and a tetramer at

high concentration, and their crystal structure of

the complex showed a 1:1 heterodimer in the asym-

metric unit and a 2:2 dimer of heterodimers formed

by crystal symmetry.17 Watkins et al. reported the

production and biochemical characterization of

recombinant CLR:RAMP2 ECD complex with evi-

dence for a 2:1 CLR:RAMP2 stoichiometry.27 We pre-

viously described novel methodology for bacterial

production of the AM receptor ECD complex as a

maltose binding protein (MBP)-CLR ECD fusion pro-

tein in association with the RAMP2 ECD.29 Fusion

of the CLR ECD to MBP was designed to facilitate

crystallization as for other class B GPCR ECDs.30–35

The complex appeared to be a dimer of hetero-

dimers, but a 2:1 MBP-CLR ECD:RAMP2 ECD stoi-

chiometry could not be ruled out. Here, we describe

bacterial production of recombinant CGRP and AM

receptor ECD complexes as tethered MBP-RAMP

ECD-CLR ECD fusion proteins, which ensures com-

plex stability and enforces 1:1 CLR:RAMP stoichiom-

etry within the fusion protein. Biochemical
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characterization of the peptide binding properties of

the tethered fusion proteins identified critical CGRP

and AM determinants for ECD complex binding.

Results

Bacterial expression and purification of tethered

RAMP ECD-CLR ECD fusion proteins
In an effort to obtain stable RAMP ECD-CLR ECD

complexes of defined 1:1 stoichiometry we devised a

tethered fusion protein approach for producing the

CGRP (RAMP1-CLR) and AM (RAMP2-CLR) recep-

tor ECD complexes [Fig. 1(A)]. The protein expres-

sion and purification strategy was based on our

previously reported methodology for bacterial pro-

duction of disulfide-bond containing class B GPCR

ECDs as soluble MBP fusion proteins engineered for

crystallization.29,31 Crystal structures of peptide-free

RAMP ECD-CLR ECD complexes16,17 were exam-

ined to decide how to connect the two ECDs with

minimal chance of altering RAMP ECD-CLR ECD

interactions or interfering with peptide binding. We

chose a RAMP-CLR connection topology and a flexi-

ble ten-residue length (Gly-Ser)5 tether. The teth-

ered fusion protein constructs consisted of MBP

followed by the RAMP ECD 3-helix bundle (residues

24-111 for RAMP1 or 55-140 for RAMP2) followed by

a ten-residue linker and the CLR ECD (residues 29-

144) with a C-terminal H6 tag. The N-terminal sig-

nal peptides of the RAMPs and CLR were omitted.

In the course of plasmid construction we also

obtained an adventitious deletion mutant of the AM

receptor ECD fusion construct with a shortened

(GS)3 linker.

The tethered CGRP and AM receptor ECD

fusion proteins were coexpressed with DsbC in the

oxidizing cytoplasm of E. coli trxB gor and purified

by IMAC and amylose affinity chromatography

under native conditions [Fig. 1(A)]. Analysis of the

affinity-purified samples by native gel electrophore-

sis revealed heterogenous populations consisting of

disulfide-linked multimers (species i), misfolded

monomer (species ii), and correctly folded monomer

(species iii) [lane 1 of Fig. 1(B,C)]. Our assignment

of the molecular nature of the species is based on

our previous experience applying this methodology

to several other class B GPCR ECDs including a

noncovalent MBP-CLR ECD:RAMP2 ECD com-

plex.29–34 Several in vitro disulfide shuffling condi-

tions with various GSH:GSSG ratios in the absence

and presence of purified DsbC were tested for their

ability to decrease the presence of species i and ii

and increase the presence of species iii [lanes 2-8 of

Fig. 1(B,C)]. Overnight incubation of the tethered

CGRP receptor ECD fusion protein in 5 mM GSH, 1

mM GSSG in the absence [Fig. 1(B), lane 4] or

Figure 1. Overview of protein expression and purification methodology and native gel analysis of in vitro disulfide shuffling. A:

Schematic outline of the expression and purification methodology for production of tethered MBP-RAMP ECD-CLR ECD fusion

proteins. “L” represents the (GS)X linker. Species i, ii, and iii represent intermolecular disulfide-linked multimers, monomeric

fusion protein with misfolded ECDs, and monomeric fusion protein with properly folded ECDs, respectively. Short black lines

indicate disulfide bonds. B: Native gel analysis of small-scale disulfide shuffling reactions for the MBP-RAMP1 ECD-(GS)5-CLR

ECD fusion protein purified by IMAC and Amylose affinity chromatography. The fusion protein was incubated overnight at 20�C

under the following conditions: 1, buffer alone; 2, 1 mM GSH, 5 mM GSSG; 3, 1 mM each GSH and GSSG; 4, 5 mM GSH, 1

mM GSSG; 5, DsbC (no redox reagents); 6, DsbC, 1 mM GSH, 5 mM GSSG; 7, DsbC, 1 mM each GSH and GSSG; 8, DsbC, 5

mM GSH, 1 mM GSSG; 9, as in Lane 7, but no fusion protein; 10, 20 mM DTT. Approximately 5 lg of protein was loaded in

each lane of a 12% gel and the gel was stained with coomassie brilliant blue. C: Native gel analysis of in vitro disulfide shuffling

for the MBP-RAMP2 ECD-(GS)3-CLR ECD fusion protein as in Panel B.
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presence [Fig. 1(B), lane 8] of DsbC significantly

reduced species i and ii and increased species iii.

Inclusion of DsbC yielded a slightly more defined

species iii band on the native gel, so this condition

was chosen as optimal. For the tethered AM recep-

tor ECD fusion protein, overnight incubation in 1

mM GSH, 1 mM GSSG in the presence of DsbC was

chosen as optimal [Fig. 1(C), lane 7], although the

effects were not as dramatic as for the CGRP recep-

tor ECD fusion. The AM receptor ECD fusion pro-

tein containing the (GS)3 linker was used for the

small-scale disulfide shuffling experiments [Fig.

1(C)]. All experiments hereafter utilized the AM

receptor ECD construct with a ten residue-length

linker for comparison with the CGRP receptor ECD

fusion protein.

For large-scale purifications of the tethered

ECD fusion proteins we started with 6L bacterial

cultures. Each protein was purified by IMAC and

Amylose affinity chromatography and subjected to

overnight in vitro disulfide shuffling in the presence

of DsbC using the redox buffer conditions identified

above. After removal of untagged DsbC by a second

IMAC step, the tethered fusion proteins were fur-

ther purified by gel-filtration chromatography, which

resulted in homogeneous, highly purified samples

for both the CGRP receptor ECD [Fig. 2(A)] and AM

receptor ECD [Fig. 2(B)] fusion proteins. The oligo-

meric states of the tethered fusion proteins were

determined by estimating their molecular masses

from their gel-filtration elution volumes [Fig. 2(C)].

The CGRP receptor ECD fusion eluted at a volume

corresponding to a molecular mass of �69 kDa, con-

sistent with a monomeric fusion protein (calculated

monomer MM 5 66,293 Da). In contrast, the AM

receptor ECD fusion eluted at a volume correspond-

ing to a molecular mass of �128 kDa, consistent

with a dimeric fusion protein (calculated monomer

MM 5 66,367 Da). The final yields of the CGRP and

AM receptor ECD fusion proteins were 29 mg and

32 mg, respectively.

Isothermal titration calorimetry characterization

of CGRP and AM peptide binding

The peptide binding ability of the tethered CGRP

receptor ECD fusion protein was assessed by iso-

thermal titration calorimetry (ITC). The sample cell

contained the CGRP receptor ECD fusion protein

(44 lM) and synthetic CGRP(8-37)NH2 peptide (450

lM) was injected from the syringe. CGRP bound the

tethered CGRP receptor ECD fusion protein with a

KD of 57 lM and stoichiometry 0.85 (Fig. 3). More

accurate ITC data would be obtained using a protein

concentration � 5x higher than the KD, but this was

not possible because of CGRP peptide solubility limi-

tations. We also assessed the binding of AM(22-

52)NH2 to the tethered AM receptor ECD fusion pro-

tein in several ITC experiments using protein at 40–

80 lM and AM at 400–800 lM. The data reproduci-

bly indicated binding of the peptide with exothermic

heats, but the data were not of sufficient quality to

determine the thermodynamic parameters (data not

shown). An alternative binding assay format indi-

cated that the tethered AM receptor ECD fusion pro-

tein was functional (see below).

AlphaScreen luminescent proximity assay

characterization of peptide binding

The tethered CGRP and AM receptor ECD fusion

proteins were further characterized using a lumines-

cent AlphaScreen peptide binding assay. In this

Figure 2. Gel-filtration purification of the MBP-RAMP ECD-

CLR ECD fusion proteins after disulfide shuffling. A: Elution

profile for the MBP-RAMP1 ECD-(GS)5-CLR ECD fusion pro-

tein from a 320 mL bed volume Superdex200 column. The

inset shows a coomassie blue-stained, nonreducing SDS-

PAGE analysis of the peak fraction compared to molecular

weight markers (in kDa). B: As in Panel A, except for the

MBP-RAMP2 ECD-(GS)2-RS-(GS)2-CLR ECD fusion protein.

C: Molecular mass estimation of the fusion proteins from a

standard curve obtained with Bio-Rad gel-filtration molecular

mass standards.

1778 PROTEINSCIENCE.ORG Tethered RAMP-CLR Extracellular Domain Fusion Proteins



bead-based proximity assay excitation of “donor”

beads generates singlet oxygen molecules that acti-

vate “acceptor” beads to emit light when the beads

are brought into proximity by a molecular interac-

tion. An advantage of this assay format over ITC is

the small sample requirements, which is beneficial

when working with costly synthetic peptides. In

addition, multivalency resulting from the two-bead

assay format and the amplification properties of the

technology enable the detection of low affinity inter-

actions even with low concentrations of protein and

peptide. N-terminally biotinylated peptides were

attached to the surface of streptavidin-coated donor

beads and the tethered CGRP or AM receptor ECD

fusion proteins were attached to the surface of Ni-

chelate-coated acceptor beads via their C-terminal

H6-tags. For the biotinylated peptides, the N-

terminal portions containing the disulfide bond

structure was omitted because this region is not

involved in ECD binding. In a saturation binding

assay format, we detected binding of both biotin-

CGRP(8-37)NH2 and biotin-AM(19-52)NH2 to the

CGRP receptor ECD fusion protein, but CGRP bind-

ing was stronger [Fig. 4(A)]. These results indicated

that the tethered CGRP receptor ECD protein was

selective for CGRP over AM. In contrast, the teth-

ered AM receptor ECD fusion protein exhibited spe-

cific AM binding [Fig. 4(B)]. Neither fusion protein

exhibited detectable binding of biotin-salmon calcito-

nin or biotin-rat amylin.

Peptide binding selectivity/specificity was fur-

ther examined in a competition binding assay format

(Fig. 5). Unlabeled CGRP(8-37)NH2 displaced the

interaction of biotin-CGRP and the tethered CGRP

receptor ECD fusion protein with an IC50 value of

24 lM [Fig. 5(A)], which is close to the KD deter-

mined by ITC. The free acid form of CGRP exhibited

diminished, but still detectable binding [Fig. 5(A)],

which indicated that the C-terminal amide group

contributes to, but is not essential for receptor bind-

ing. AM(22-52)NH2 also bound the tethered CGRP

receptor ECD fusion, but with a diminished IC50

compared to CGRP(8-37)NH2 [Fig. 5(A)], again indi-

cating selectivity of the receptor for CGRP over AM.

Unlabeled AM(22-52)NH2 displaced the interaction

of biotin-AM and the tethered AM receptor ECD

fusion protein with an IC50 value of 24 lM [Fig.

5(B)]. The free acid form of AM did not bind to the

Figure 3. Isothermal titration calorimetry analysis of the bind-

ing of CGRP(8–37)NH2 to the MBP-RAMP1 ECD-(GS)5-CLR

ECD-H6 fusion protein at 27�C. The sample cell contained 44

lM protein and the syringe contained 450 lM peptide.

(Upper) Raw data. (Lower) Integrated heats/mol of peptide

vs. the molar ratio of peptide:protein. Nonlinear regression fit-

ting to a single site model yielded a binding constant

KA 5 1.74e4 M21 (KD 5 57 lM); number of binding sites,

n 5 0.85; DH 5 229,830 calories per mol; DS 5 280.0 calories

per mol per degree.

Figure 4. AlphaScreen luminescent peptide binding assay.

A: Saturation binding for the MBP-RAMP1 ECD-(GS)5-CLR

ECD fusion protein (300 nM) with the indicated biotinylated

peptides. B: As in panel A, except for the MBP-RAMP2 ECD-

(GS)2-RS-(GS)2-CLR ECD fusion protein. Data shown are the

average of duplicate samples. Error bars are smaller than the

symbols.

Moad and Pioszak PROTEIN SCIENCE VOL 22:1775—1785 1779



tethered AM receptor ECD fusion [Fig. 5(B)], which

indicated that the AM C-terminal amide group is

essential for receptor binding. CGRP(8-37)NH2 did

not bind the tethered AM receptor ECD fusion in

the competition assay [Fig. 5(B)], again indicating

specificity for AM.

Previous studies indicated that the C-terminal

(27-37) fragment of CGRP retained the ability to

bind the CGRP receptor, albeit with low affin-

ity.22,26,36,37 It was recently demonstrated that the

C-terminal eight amino acids of AM, in the context

of the 22-52 fragment, constituted the primary AM

receptor ECD binding epitope.27 We examined the

ability of N-terminally truncated CGRP and AM

peptides of varying lengths to bind their respective

tethered receptor ECD fusion proteins in the compe-

tition AlphaScreen assay. In agreement with previ-

ous studies, we observed that CGRP peptides as

short as (27-37) retained the ability to bind the teth-

ered CGRP receptor ECD fusion protein and that

the affinity of the (27-37) fragment was only slightly

reduced compared to the (8-37) fragment (Table I).

The AM(37-52) fragment retained the ability to bind

the tethered AM receptor ECD fusion with similar

affinity as the (22-52) fragment, but the (39-52) frag-

ment exhibited significantly diminished binding and

the (41-52) fragment did not exhibit any detectable

binding (Table I). These results indicated that the C-

terminal fifteen or sixteen residues of AM are mini-

mally required for receptor ECD binding.

Binding of alanine-scan CGRP and AM peptides

We sought to identify individual CGRP and AM amino

acid side chains that were important for receptor

ECD binding by examining the ability of alanine-scan

peptides to bind the tethered receptor ECD fusion

proteins in the competition AlphaScreen assay. All

non-Gly or -Ala residues in CGRP and AM were indi-

vidually substituted with Ala in the context of the

CGRP(23-37)NH2 and AM(37-52)NH2 backbones and

the ability of a single high concentration (100 lM) of

the peptides to inhibit the binding signal as compared

to the wild-type peptides was assessed (Fig. 6). Substi-

tution of CGRP residues T30, V32, or F37 with ala-

nine resulted in essentially a complete loss of CGRP

receptor ECD binding and substitution of residues

F27, V28, P29, N31, or K35 diminished receptor bind-

ing to a lesser, but still significant degree [Fig. 6(A)].

Substitution of AM residues P43, K46, I47, or Y52

with alanine abrogated AM receptor ECD binding,

whereas substitution of residues S48, P49, or Q50

resulted in somewhat diminished binding [Fig. 6(B)].

The ALA-scan results are summarized with an align-

ment of the CGRP and AM peptides [Fig. 6(C)].

Discussion

The CGRP and AM receptors are of considerable

interest as drug targets. Here, we presented novel

Figure 5. AlphaScreen luminescent competition binding

assay to assess peptide affinity and specificity. A: Competi-

tion binding with Biotin-CGRP (50 nM) and MBP-RAMP1

ECD-(GS)5-CLR ECD-H6 (50 nM) in the presence of the indi-

cated unlabeled peptides. B: As in planel B, except for

Biotin-AM (100 nM) and MBP-RAMP2 ECD-(GS)2-RS-(GS)2-

CLR ECD-H6 (100 nM). Data shown are the average of dupli-

cate samples. Error bars are smaller than the symbols for

most data points.

Table I. AlphaScreen Competitiona Assays for Trun-
cated CGRP and AM Peptides

Competitor peptide
IC50

(lM)
95% confidence
intervals (lM)

MBP-RAMP1-CLR fusion
CGRP(8-37)NH2 24 17–35
CGRP(11-37)NH2 14 9–21
CGRP(15-37)NH2 37 22–64
CGRP(23-37)NH2 48 33–70
CGRP(25-37)NH2 49 29–81
CGRP(27-37)NH2 45 28–71
MBP-RAMP2-CLR fusion
AM(22-52)NH2 24 17–33
AM(25-52)NH2 12 9–15
AM(29-52)NH2 30 25–35
AM(34-52)NH2 53 45–61
AM(37-52)NH2 35 31–39
AM(39-52)NH2 >100b

AM(41-52)NH2 NBc

a The competitor concentration range was 1.7 nM to 100
lM. Competition curves were fit to data values that were
the average of duplicate reactions.
b Approximately 30% signal inhibition was observed at 100
lM competitor.
c No binding detected.
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methodology for cost- and time-efficient bacterial

production of mg quantities of recombinant CGRP

and AM receptor ECD complexes as tethered fusion

proteins. Our rationale for covalent linkage of the

two ECDs was that the tether would ensure stability

of the complex in the absence of the membrane por-

tions of the receptors and enforce 1:1 RAMP:CLR

stoichiometry within the fusion protein. The teth-

ered fusion proteins may prove useful for structural

studies of the receptors and aid screening for small

molecule drugs. Our DsbC-assisted disulfide shuf-

fling methodology is distinct from the traditional

denaturant-based refolding protocols employed by

other groups to produce CLR-RAMP ECD com-

plexes.17,27,37 We previously employed our methodol-

ogy to produce several other class B GPCR ECDs

with 3 disulfide bonds.30–34 Here, the methodology

was successful for proteins with up to 6 disulfide

bonds, which suggests that it may be more broadly

applicable to various disulfide bond-containing

proteins.

The tethered fusion proteins were properly

folded as evidenced by their selective CGRP and AM

binding. The tethered CGRP receptor ECD fusion

bound CGRP with a KD of 57 lM by ITC and an

IC50 of 24 lM by AlphaScreen competition assay,

which agreed well with the KD of 24 lM previously

reported for the binding of CGRP to a noncovalent

RAMP1:CLR ECD complex as measured by surface

plasmon resonance (SPR).37 These results suggested

that the MBP tag and covalent tether did not alter

CGRP binding. The tethered AM receptor ECD

fusion bound AM with an IC50 of 24 lM by

AlphaScreen competition assay, which agreed well

with our previous determination of a 10 lM IC50 for

AM binding to a noncovalent MBP-CLR:RAMP2

ECD complex,29 and with the 5 lM KD reported for

the binding of AM to a noncovalent RAMP2:CLR

ECD complex as measured by ITC.27 Our results

disagreed with the 70 nM KD reported for the bind-

ing of AM to a noncovalent RAMP2 ECD:CLR ECD

complex as measured by SPR.17 The basis for this

discrepancy is unclear, but it seems unlikely that

the ECD complex binds AM with nM affinity

because several other class B GPCR ECD-peptide

pairs exhibit lM binding affinities.30–33,35 Although

we were unable to obtain reliable ITC data for the

tethered AM receptor ECD fusion, our AlphaScreen

results nonetheless suggested that the MBP tag and

covalent tether did not significantly alter AM

binding.

We used the tethered fusion proteins to identify

critical determinants of CGRP and AM binding to

their receptor ECD complexes. Consistent with pre-

vious studies,22,26,37 we observed that the minimal

CGRP(27-37)NH2 fragment retained essentially

wild-type binding. Our ALA-scan experiments were

in agreement with those of other groups22,26 that

CGRP residues T30, V32, and F37 are most critical

for ECD binding. One discrepancy is our result that

the CGRP K35A mutation significantly reduced

binding, which is in contrast to previous findings.

The basis for this discrepancy is unclear. We identi-

fied the AM(37-52)NH2 fragment as the minimal

ECD binding region, even though our ALA-scan

experiments indicated that the side chains of

Figure 6. AlphaScreen luminescent competition binding

assay with ALA-scan CGRP and AM peptides. A: Competi-

tion binding with Biotin-CGRP (50 nM) and MBP-RAMP1

ECD-(GS)5-CLR ECD-H6 (50 nM) in the presence of the indi-

cated unlabeled ALA-scan peptides in the CGRP(23-37)NH2

backbone. B: As in Panel B, except for Biotin-AM (100 nM)

and MBP-RAMP2 ECD-(GS)2-RS-(GS)2-CLR ECD-H6 (100

nM) in the presence of the indicated unlabeled ALA-scan

peptides in the AM(37-52)NH2 backbone. Data shown are the

average of duplicate samples. C: Amino acid sequence align-

ment of CGRP(23-37) and AM(37-52) summarizing the ALA-

scan mutagenesis results. Resides that are identical between

CGRP and AM are shown in bold and conservative substitu-

tions are underlined. Residues where mutation to ALA most

significantly diminished binding are highlighted with a * and

residues where mutation to ALA diminished binding to a

lesser, but still significant degree are highlighted with a ^.

The ? denotes that our finding of CGRP K35A diminishing

binding is at odds with previous findings.
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residues 37-41 were not important for ECD binding.

These residues may indirectly contribute to ECD

binding via effects on AM structure and stability.

Our AM ALA-scan results indicated that AM resi-

dues P43, K46, I47, and Y52 are most critical for

ECD binding and were generally in agreement with

those of Watkins et al., although they did not test

P43.27 One discrepancy is their finding that the AM

R44A mutation diminished binding, which we did

not observe. However, our single point assay may

have missed subtle effects of the R44A mutation.

Some of the amino side chains of CGRP and AM

that are critical for ECD complex binding are simi-

lar between the two peptides, such as CGRP V32,

F37 and AM I47, Y52, which probably reflects simi-

lar receptor interactions for these residues [Fig.

6(C)]. In contrast, other residues that are critical for

ECD complex binding differ between the two pep-

tides, including CGRP T30 and AM K46, suggesting

that these residues may contribute to selective bind-

ing of their respective receptor ECD complexes [Fig.

6(C)]. Another notable difference between the two

peptides is that the AM amide group is essential for

ECD binding, whereas the CGRP amide group is not

essential. The ALA-scan and C-terminal amide

mutation results thus highlight important differen-

ces in how CGRP and AM bind to their receptor

ECD complexes. Crystal structures of peptide bound

complexes will be required to fully understand how

selectivity arises.

It is interesting to consider the oligomeric states

of the tethered fusion proteins. The tethered CGRP

receptor ECD fusion protein was a monomer, which

is consistent with the CGRP receptor functioning as

1:1 heterodimer, at least with respect to CGRP bind-

ing. Nonetheless, in the context of the full-length

receptors in the cell membrane, other stoichiome-

tries are possible.28 The 1:1 RAMP:CLR heterodimer

may bind CGRP, but additional CLR subunits could

be involved in signaling, especially in light of the

many examples of GPCR oligomerization.38 The AM

receptor stoichiometry may be more complex. The

tethered AM receptor ECD fusion protein was

dimeric, which is consistent with the 2:2 dimer of

heterodimers observed by Kusano et al.17 Watkins

et al. proposed a 2:1 CLR:RAMP2 stoichiometry for

their purified ECD complex based on their data that

indicated a 1.5:1 molar ratio of the two ECDs.27 We

have noticed that under certain chromatographic

conditions our noncovalent MBP-CLR ECD:RAMP2

ECD complex29 exhibited instability and appeared to

dissociate (Moad and Pioszak, unpublished data).

Complex instability could possibly account for the

non-integer molar ratio obtained by Watkins et al.

Nonetheless, we cannot formally rule out a 2:1

CLR:RAMP2 stoichiometry as the functional form in

our dimeric tethered fusion protein because one

RAMP2 ECD could be making productive interac-

tions in the dimer while the other RAMP2 ECD is

simply “along for the ride”. We also cannot rule out

a 1:1 stoichiometry for the AM receptor because

under the low protein concentration conditions of

our AlphaScreen assays the tethered AM receptor

ECD fusion could be monomeric as observed for the

noncovalent CLR:RAMP2 ECD complex of Kusano

et al.17 On the other hand, immobilization of the

tethered fusion protein on the AlphaScreen bead

surface might enable dimer formation even at low

protein concentration. It is unclear if our inability to

obtain reliable ITC data for the tethered AM recep-

tor ECD fusion was due to oligomeric state differen-

ces at high protein concentration or an unknown

technical artifact. Moreover, it is unclear if higher

order CLR:RAMP2 species form with the intact pro-

teins in cells. Ultimately, additional approaches will

be required to determine the functional oligomeric

state(s) of the AM receptor.

Materials and Methods

Plasmid construction
Construction of E. coli expression plasmids that

encode maltose binding protein (MBP)-RAMP ECD-

CLR ECD fusion proteins with the ECDs connected

by a flexible (Gly-Ser)X linker and containing a C-

terminal (His)6 tag utilized standard PCR- and

restriction enzyme-based cloning methods. Human

RAMP1, RAMP2, and CLR cDNAs were obtained

from the Missouri S&T cDNA resource center. The

RAMP and CLR ECDs were PCR-amplified with

addition of restriction endonuclease sites and linker

sequences via the primers. PCR primer sequences

are available from the authors upon request. The

RAMP1 ECD was amplified as an EcoRI-BamHI

fragment including 1=2 of the GS linker sequence at

the downstream end. The RAMP2 ECD was ampli-

fied similarly, except that BglII was used instead of

BamHI because RAMP2 contains a BamHI site. The

CLR ECD was amplified as a BamHI-NotI fragment

including 1=2 the GS linker at the upstream end and

an H6-tag and stop codon at the downstream end.

The digested RAMP ECD (EcoRI-BamHI or BglII)

and CLR ECD (BamHI-NotI) fragments were joined

in a 3-piece ligation with an EcoRI-NotI-digested,

previously described,31 pETDuet1-based plasmid

engineered for cytoplasmic co-expression of MBP

fusion proteins with the bacterial disulfide isomer-

ase DsbC. The 1st multiple cloning site of this vector

encodes MBP ending with the sequence NAAAEF

and the 2nd multiple cloning site encodes untagged

DsbC. Joining BglII-BamHI for the RAMP2 con-

struct resulted in an altered GS linker sequence as

noted below. The plasmids constructed were (residue

numbers used for the ECDs are indicated for

RAMPs and CLR): pHH033, MBP-RAMP1.24–111-

(GS)5-CLR.29–144-H6; pHH034, MBP-RAMP2.55–
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140-(GS)2-RS-(GS)2-CLR.29-144-H6. In the course of

constructing pHH034, we also obtained an adventi-

tious deletion mutant, pHH041, which lacked the

BglII-BamHI junction and encoded expression of

MBP-RAMP2.55-140-(GS)3-CLR.29-144-H6. The cod-

ing regions of the plasmids were verified by auto-

mated DNA sequencing at the OUHSC Microgen

core facility.

Protein expression and purification

E. coli Origami B DE3 cells (Novagen), which con-

tain the trxB gor mutations, were transformed with

the expression plasmids. Protein expression was per-

formed in baffled shake flasks with a culture volume

of 6 L. The cultures were grown in LB lennox broth

supplemented with 50 lg/mL ampicillin at 37�C to

mid-log phase, the temperature was reduced to

16�C, and 0.4 mM IPTG was added to induce the

cultures overnight. Cells were harvested by centrifu-

gation and stored at 280�C. The purification proto-

cols for the MBP-RAMP1 ECD-CLR ECD-H6 and

MBP-RAMP2 ECD-CLR ECD-H6 fusion proteins

were identical, except where noted below, and they

were similar to our previously reported protocol for

a noncovalent complex of an MBP-CLR ECD fusion

protein and the RAMP2 ECD.29 All steps were per-

formed at 4�C unless otherwise noted and the col-

umn chromatography steps utilized an AKTA

purifier (GE Healthcare). Buffers for cell resuspen-

sion, IMAC and Amylose chromatography, and

IMAC and Amylose procedures were as described.29

The harvested cells were resuspended and lysed by

sonication, the lysate was clarified by centrifugation,

and the soluble fusion protein was purified from the

supernatant by IMAC and Amylose affinity chroma-

tography under native conditions and then subjected

to in vitro disulfide shuffling overnight at 20�C in a

glutathione redox buffer in the presence of purified

DsbC. The fusion proteins eluted from Amylose resin

in a buffer (50 mM Tris-HCl, pH 8.0, 5% (vol/vol)

glycerol, 150 mM NaCl, �3 mM Maltose) suitable

for in vitro disulfide shuffling. DsbC was purified as

previously described31 and added at a 0.5:1 molar

ratio (DsbC dimer:fusion protein monomer). Optimal

redox buffer conditions were determined in small-

scale disulfide shuffling reactions that tested various

GSH:GSSG ratios. The redox conditions used for

large-scale purifications were 5 mM GSH, 1 mM

GSSG for MBP-RAMP1-CLR and 1 mM GSH, 1 mM

GSSG for MBP-RAMP2-CLR. After disulfide shuf-

fling, IMAC was used to remove the untagged DsbC

and the eluted fusion protein was concentrated and

applied to a Superdex200 HR (GE Healthcare) gel-

filtration column in a buffer of 50 mM Tris-HCl, pH

7.5, 10% (vol/vol) glycerol, 150 mM NaCl. Peak frac-

tions from gel-filtration were pooled, dialyzed to

storage buffer (50 mM Tris-HCl, pH 7.5, 50% (vol/

vol) glycerol, 150 mM NaCl), and stored at 280�C.

Tethered fusion protein concentrations were deter-

mined by Bradford assay with a BSA standard curve

and are stated in terms of the monomer.

Native gel electrophoresis
Nondenaturing polyacrylamide gel electrophoresis for

monitoring protein folding states was performed as

described31 except that the resolving gel was pH 7.5,

the stacking gel was pH 6.8, and Tris-Borate pH 7.5

running buffer was used instead of Tris-Glycine pH 9.0.

Peptides

Custom synthesized and HPLC-purified peptides

were purchased from RS Synthesis (Louisville, KY).

The lyophilized peptides were reconstituted in sterile

ultrapure water and their concentrations were deter-

mined by UV absorbance at 280 nm using the extinc-

tion coefficients calculated based on Tyr residues. A

single Tyr was added to the N-terminus of CGRP to

facilitate its quantitation. The sequences of the N-

terminally biotinylated, C-terminally amidated pep-

tides used for AlphaScreen assays were as follows:

B-aCGRP(8-37)NH2: Biotin-GGYVTHRLAGLLS

RSGGVVKNNFVPTNVGSKAF-NH2

B-AM(19-52)NH2[C21A]: Biotin-GTATVQKLAH

QIYQFTDKDKDNVAPRSKISPQGY-NH2

B-sCT(1-32)NH2[C1A/C7A]: Biotin-ASNLSTAVL

GKLSQELHKLQTYPRTNTGSGTP-NH2

B-rAMY(5-37)NH2[C7A]: Biotin-ATAATQRLAN

FLVRSSNNLGPVLPPTNVGSNTY-NH2

The biotinylated peptides were designed to lack

the N-terminal disulfide bond structure because this

region is unnecessary for ECD binding and because

inclusion of the disulfide bond increases the cost of

the synthetic peptides and could introduce steric

constraints that would affect the accessibility of the

peptide at the surface of the streptavidin-coated

bead. The sequences of peptides used for ITC and

AlphaScreen competition assays were as follows:

aCGRP(8-37)NH2: YVTHRLAGLLSRSGGVKN

NFVPTNVGSKAF-NH2

AM(22-52)NH2: TVQKLAHQIYQFTDKDKDN

VAPRSKISPQGY-NH2

The free acid forms of CGRP and AM contained a

C-terminal carboxylate instead of the amide. Trun-

cated forms of CGRP and AM included the residue

numbers indicated. Alanine-scan peptides contained

the indicated single Alanine substitution in an other-

wise wild-type CGRP(23-37)NH2 or AM(37-52)NH2

backbone.

Isothermal titration calorimetry
ITC experiments were performed with a Microcal

VP-ITC calorimeter. Protein and peptide samples
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were dialyzed overnight at 4�C against 2 L of 25

mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM EDTA

to ensure identical buffer compositions. Peptide and

protein concentrations were determined by UV

absorbance at 280 nm. The protein concentrations

were also checked by Bradford assay, which gave

results nearly identical to the UV absorbance. The

samples were degassed and thermostatted to 25�C

for 10 min before loading the sample cell with pro-

tein, typically at 40–80 lM, and the syringe with

peptide at a concentration �10-fold higher than the

protein concentration. Titrations were carried out at

27�C with �30 injections of 10 lL spaced every 350

s and a stirring speed of 300 rpm. Control titrations

of peptide injected into buffer provided the heats of

dilution, which were subtracted from the peptide

into protein data. The data were fit to a single site

binding model using nonlinear regression in the

Microcal Origin software.

AlphaScreen luminescent proximity peptide

binding assay

The reaction mixtures contained 50 mM MOPS pH

7.4, 150 mM NaCl, 7 mg/mL fatty acid-free BSA

(PAA Laboratories), 15 lg/mL each (for saturation

binding) or 10 lg/mL each (for competition binding)

streptavidin-coated donor and nickel-chelate-coated

acceptor AlphaScreen beads (Perkin-Elmer), and

peptide and protein as indicated. The reactions were

prepared in the dark under green light and incu-

bated at room temperature. For saturation binding

assays, the MBP-RAMP1-CLR or MBP-RAMP2-CLR

fusion proteins (300 nM) were incubated with the

indicated concentrations of biotinylated peptides for

5 h before reading. Competition assays were per-

formed in a pre-coupling format. The biotinylated

AM or CGRP and the MBP-RAMP1-CLR-H6 or

MBP-RAMP2-CLR-H6 fusion proteins were sepa-

rately mixed with streptavidin donor and nickel-

chelate acceptor beads, respectively, and incubated

for 1 h to allow attachment of the peptide and pro-

tein to their respective beads before initiation of the

binding reaction. The pre-coupling reactions were

then mixed together and unlabeled competitor pep-

tides were added as indicated and the reactions

were incubated an additional 5 h to reach equilib-

rium. The final concentrations of biotin-CGRP and

MBP-RAMP1-CLR-H6 were 50 nM each and biotin-

AM and MBP-RAMP2-CLR-H6 were 100 nM each.

Photon counts were recorded in 384-well white opti-

plates (Greiner) with a PolarStar Omega plate

reader using filters for AlphaScreen (BMG Labtech).

GraphPad Prism 5.0 (GraphPad Software, San

Diego) was used for nonlinear regression fitting of

the competition data to a 4-parameter logistic equa-

tion (variable-slope dose-response inhibition) to

determine IC50 values. Control experiments that

tested the ability of the unlabeled peptides to inhibit

an assay in which a Biotin-(Gly)6-(His)6 peptide was

used to bring the beads together showed no nonspe-

cific inhibition at competitor concentrations up to

100 lM, but concentrations higher than 100 lM

began to exhibit nonspecific inhibition and were

therefore not used (data not shown).
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