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SUMMARY

Apelin receptor (APJR) is a key regulator of human
cardiovascular function and is activated by two
different endogenous peptide ligands, apelin and
Elabela, each with different isoforms diversified
by length and amino acid sequence. Here we report
the 2.6-Å resolution crystal structure of human
APJR in complex with a designed 17-amino-acid
apelin mimetic peptide agonist. The structure reveals
that the peptide agonist adopts a lactam constrained
curved two-site ligand bindingmode. Combined with
mutation analysis and molecular dynamics simula-
tions with apelin-13 binding to the wild-type APJR,
this structure provides a mechanistic understanding
of apelin recognition and binding specificity. Com-
parison of this structure with that of other peptide
receptors suggests that endogenous peptide ligands
with a high degree of conformational flexibility may
bind and modulate the receptors via a similar two-
site binding mechanism.

INTRODUCTION

The apelin receptor (the angiotensin receptor like-1, the angio-

tensin II protein J receptor, or APJR), a member of the class A

g-group of G-protein-coupled receptors (GPCRs), is involved

in diverse (patho)physiological functions such as angiogenesis,

vasoconstriction, heart muscle contractility, regulation of energy

metabolism, and fluid homeostasis (Masri et al., 2005; O’Carroll

et al., 2013; Pitkin et al., 2010). Human genetic studies demon-

strated that polymorphisms of APJR genes were associated

with increased risks of hypertension and coronary artery dis-
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eases (Falcone et al., 2012; Kadoglou et al., 2010). APJR

was cloned in 1993 (O’Dowd et al., 1993) and subsequently

deorphanized with the discovery of its first endogenous ligand

apelin, followed by the recent discovery of its second endoge-

nous ligand Elabela (ELA)/Toddler/Apela (Chng et al., 2013; Pauli

et al., 2014). These endogenous peptide ligands of APJR vary in

length and amino acid sequence. Apelin peptides of multiple

lengths (apelin-36, -17, and -13) result from maturation and pro-

teolysis from the same prepropeptide. Despite the apparent lack

of sequence similarity, previous studies reported that apelin and

ELA peptides occupy the same orthosteric binding site on APJR

and both activate the receptor through the Gi/o pathway, as well

as b-arrestin1/2 recruitment (Murza et al., 2016). The therapeutic

potential of APJR agonists for cardiac diseases was evaluated in

a clinical study which demonstrated that acute administration of

apelin in heart-failure patients significantly improved overall car-

diac functions (Japp et al., 2010). Thus, to understand the funda-

mental biology, we sought to gain structural insights into the

molecular basis of APJR-peptide recognition and receptor signal

transduction. Here we report the crystal structure of human

APJR in complex with a designed apelin-17 mimetic peptide.
RESULTS

Structural Determination of the Agonist Peptide-Bound
APJR Complex
The expression level of wild-type (WT) full-length APJR was

extremely low and the protein was not amenable for structural

studies. To overcome this challenge and obtain high-quality

crystals, especially in the presence of a peptide agonist, we

designed a construct with improved yield, monodispersity,

and thermostability. Residues were truncated from both the

N (residues 1–6) and C termini (residues 331–380). Rubredoxin

(residues 1–54) (Chun et al., 2012) was inserted between

A229 and R243 to replace most of intracellular loop 3 (ICL3).
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Figure 1. Overall Structure and Peptide

Ligand Alignment of APJR-AMG3054

(A) Side view of overall APJR-AMG3054 struc-

ture. AMG3054 is shown as sticks in meshed

electron density map (2Fo-Fc,s = 1.0) (A) or cartoon

(B and C) in yellow color. APJR is represented as

cartoon in blue color. Transmembrane helices are

text labeled; extracellular and intracellular loops

are indicated in green and red colors, respectively.

Disulfide bonds are shown as yellow lines.

(B) Peptide AMG3054 is highlighted as yellow

sticks, with APJR represented as surface colored

by electrostatic properties. AMG3054 central

binding site 1 and surface binding site 2 are labeled.

The additional two surface grooves are labeled as

Groove 1 and Groove 2.

(C) APJR is presented as a blue cartoon with the

N-term loop (orange), ECL2 loop (green), and ECL1

loop (green), respectively. AMG3054 is colored in

yellow as cartoon.

(D) Multiple sequence alignment of apelin-17,

AMG3054, and apelin-13. Discrepant residues

among the peptides are colored in red. hArg, Cha,

Oic, Nle and 4-Cl-Phe are unnatural amino acid

counterparts. The lactam ring is highlighted in red.

Numbering for the peptide is indicated in red for

apelin-17 and AMG3054, and gray for apelin-13.

See also Figures S1–S4 and Table S1.
We introduced two C-terminal mutations C325L and C326M to

remove the palmitoylation sites and T177N in extracellular loop

2 (ECL2) to remove an N-glycosylation site. Furthermore, we

introduced two additional mutations, V1173.40A and W2616.48K

(superscripts indicate Ballesteros-Weinstein numbering [Balles-

teros andWeinstein, 1995]), through computer-aided design and

extensive mutation screening (Figure S1). The combination of

these five mutations helped to greatly improve the protein yield,

homogeneity, and stability (Figure S1). To decrease the confor-

mational flexibility of apelin and to form amore stable interaction

with APJR (Langelaan et al., 2009), we designed a series of con-

formationally constrained cyclic peptides. These peptides were

assessed by thermal stability with the receptor, and the best

candidate from this effort was the 17-mer AMG3054 with a lac-

tam formed between the side chains of Glu10 and Lys13 (Fig-

ure 1D). This engineered APJR construct was co-crystallized

with AMG3054, and the structure was solved at 2.6-Å resolution

by molecular replacement. Details of data collection and refine-

ment are provided in Table S1.

Overall Architecture of APJR-AMG3054
The refined structure contains receptor residues 19–330 with the

segment of residues 230–242 within ICL3 replaced by rubre-

doxin. All the extracellular loops are well modeled, except for

the short N-terminal fragment (containing residues 7–18), which

is disordered in the structure (Figures 1A and S1). The two

conserved disulfide bonds within the class A peptide GPCR fam-

ily C19N-term-C281ECL3 andC1023.25-C181ECL2 hold the extracel-

lular loops and transmembrane helices in registry (Figure 1A).

The APJR-AMG3054 complex structure reported here shows

a typical seven-transmembrane helical bundle arrangement
that shares a similar overall architecture as that previously re-

ported for other class A GPCRs in the b and g groups (m-opioid

receptor [OR] (Manglik et al., 2012), d-OR (Fenalti et al., 2014;

Granier et al., 2012), k-OR (Wu et al., 2012), CXCR4 chemokine

receptor (Wu et al., 2010), angiotensin II type 1 receptor (AT1R)

(Zhang et al., 2015), neurotensin receptor NTSR1 (White et al.,

2012) and endothelin receptor type B (ETbR) (Shihoya et al.,

2016)) (Figure S2). When compared with other antagonist-bound

g-group GPCR structures and both the active and inactive A2A

adenosine receptor (A2AAR) structures (Carpenter et al., 2016;

Jaakola et al., 2008; Xu et al., 2011), APJR presents an inac-

tive-like conformation (Figure S3A). This is not altogether surpris-

ing given that we mutated two of the highly conserved residues

(V1173.40A andW2616.48K) involved in receptor activation (Calta-

biano et al., 2013; Shi et al., 2002; Smit et al., 2007). Main-chain

atoms of V1173.40 and W2616.48 are located about 11 Å away

from the orthosteric agonist binding site and the single muta-

tions V1173.40A or W2616.48K maintained WT level binding and

signaling activity by apelin-13. However, the combined muta-

tions greatly diminished binding to apelin-13 (Figures S3B

and S3C).

On the extracellular side, three relatively shallow grooves (Fig-

ure 1B) are visually identifiable on the receptor’s surface. We

define these as groove 1 (D172, E174, D184, and E194, all in

ECL2), groove 2 (D2827.26 and surrounding region), and a third

groove that is directly involved in peptide ligand binding and

subsequently identified as ‘‘site 2.’’ Site 2 is formed on one

side by the receptor’s N-terminal loop which is anchored by

the C19N-term-C281ECL3 disulfide bond. This disulfide bond be-

tween N-terminal loop and the tip of helix VII stabilizes the other-

wise disordered N-terminal loop in a well-defined conformation.
Structure 25, 858–866, June 6, 2017 859



Figure 2. Two-Site Binding Mode of

AMG3054

(A) Major backbone and side-chain interactions

between AMG3054 and APJR. For clarity, only the

main chain of AMG3054 is shown in yellow sticks

with residues engaged in side-chain interactions

highlighted in orange. Key APJR residues that

are engaged in the interaction network are shown

as gray (for side-chain interaction) or blue (for

main-chain interaction) sticks. Polar or non-polar

interactions between peptide and APJR are indi-

cated by black dashed lines. Part of APJR’s helices

and loops were removed for clarity. A water mole-

cule mediating the interaction network between

AMG3054, APJR, and the lipid (OLC) is shown as a

red sphere. OLC is shown as pink sticks.

(B) Major hydrophobic interactions between APJR

site 1 andAMG3054are highlighted.Key residues in

site 1 are shown as gray sticks and labeled in black.

AMG3054 residues are shown as yellow sticks.

(C) Major polar interactions between APJR site 1

and AMG3054 are indicated by black dashed

lines. Key residues that are engaged in site 1 polar

interactions are shown as pink sticks and labeled

in black. AMG3054 residues are shown as yellow

sticks and labeled in magenta.

(D) Major polar interactions between APJR site 2 and AMG3054 are indicated by black dashed lines. Key residues that are engaged in site 2 polar interactions are

shown as gray sticks and labeled in black. AMG3054 residues are shown as yellow sticks and labeled in magenta.

See also Figure S4.
On the other side of site 2, the long ECL2 forms an ordered

b-hairpin motif, as has been observed in other GPCRs (Fig-

ure S2), but makes distinct non-polar and hydrogen-bonding in-

teractions with AMG3054 (Figure 2).

Two-Site Ligand Binding Mode
The most remarkable feature of the APJR-AMG3054 com-

plex structure is that the bound apelin-17 mimetic peptide

AMG3054 adopts a curved binding conformation, binding to

APJR through a two-site binding mode. Five amino acids at

the C-terminal end of the peptide bind deeply into the canonical

ligand binding pocket, which is approximately perpendicular to

the membrane plane. For discussion purposes in this article,

we term this canonical orthosteric site ‘‘site 1.’’ The lactam ring

formed by the side chains of Lys13 and Glu10 (amino acids of

the peptide ligand are denoted by their three-letter code

throughout this article) (Figure 1D) in the ligand causes the pep-

tidemain chain to bend by about 90� from itsmembrane-perpen-

dicular direction, and projects the N-terminal half of the peptide

outside of ‘‘site 1’’ into one of the surface grooves, which we

termed ‘‘site 2’’ as discussed above (Figures 1B and 2A). This

two-site binding mode has not been observed previously for

any of the peptide GPCR co-crystal structures.

As shown in Figure 2C, the C-terminal residues of AMG3054

bind to site 1 through hydrophobic and polar interactions (Fig-

ures 2B and 2C). The side chain of 4-Cl-Phe17 makes van der

Waals contacts with a large hydrophobic cavity that is delineated

by the side chains of Y351.39, W852.60, Y882.63, Y93ECL1, and

Y2997.43 (Figure 2B). While the pyrrole ring of Pro16 binds in

another small hydrophobic region bordered by W24N-term and

Y93ECL1, it induces a sharp kink in the peptide to sandwich the

aliphatic side chain of Nle15 between the aromatic side chains
860 Structure 25, 858–866, June 6, 2017
of Y2716.58 and F2917.35. Oic14 forms additional hydrophobic in-

teractions with L173ECL2, Y182ECL2, and Y185ECL2. The most

important polar interactions at site 1 enlist an intricate network

of salt bridges and hydrogen bonds that are formed by the termi-

nal carboxyl group of 4-Cl-Phe17, the side-chain 3-amino group

of K2686.55, and the side-chain phenolic OH group of Y2646.51.

The side chain of R168ECL2 also engages in a potential hydrogen

bond with the main chain carbonyl of Pro16 and an electrostatic

interaction of the carboxyl of 4-Cl-Phe17 (Figure 2C). These gen-

eral hydrophobic and polar interactions form the basic frame-

work for ligand binding at site 1 and explain the findings that

the C-terminal residues of the peptide ligand are critical for bind-

ing affinity, specificity, and biological function in numerous struc-

ture-activity relationship (SAR) studies (Medhurst et al., 2003;

Murza et al., 2012)_ENREF_18.

Comparison of the APJR-AMG3054 structure with the

currently available structures of GPCR-peptide complexes

shows that site 1 shares a similar overall depth with the identified

peptide binding sites in these complexes (Figure S2). The volume

of the peptide binding sites, however, is quite diverse. APJR and

NTR1 peptide sites are similar in volume while peptide sites in

CXCR4 and ETbR are much larger. The volume diversity may

reflect the flexibility in peptide recognition across peptide

GPCRs. More available GPCR structures and follow-up peptide

pocket studies will enhance our understanding in this regard.

At the kink of the curved peptide constrained by the side-chain

lactam ring, polar interactions, including a potential hydrogen

bond between lactam C=O and the side chain of T176ECL2

and a possible electrostatic interaction between His11 and

E174ECL2, help to hold the peptide in place (Figure 2D). The

N-terminal half of AMG3054 binds as an extended form at

site 2 through shape and non-specific electrostatic potential



Table 1. [125I]Apelin Binding Assay of Mutant APJR Receptorsa

Mutated

Residues B-W Numbering

Binding Site

Location Mean KD (nM) SEM KD (nM)

Mean AP13

cAMP EC50 (M)

SEM AP13

cAMP EC50 (M)

WT 0.05 0.005 4.0 3 10�10 6.6 3 10�11

Y35A 1.39 site 1 NBDb NBD – –

W85A 2.60 site 1 NBD NBD – –

R168A ECL2 site 1 NBD NBD – –

Y264F 6.51 site 1 0.12 0.011 2.0 3 10�10 3.8 3 10�11

K268A 6.55 site 1 0.16 0.017 1.0 3 10�9 1.7 3 10�10

Y271A 6.58 site 1 NBD NBD >1.0 3 10�8 –

D23A N term site 2 0.22 0.013 3.9 3 10�9 1.4 3 10�9

D284A 7.28 site 2 NBD NBD >1.0 3 10�8 –

D172A ECL2 groove 1 0.09 0.006 5.5 3 10�10 1.1 3 10�10

E174A ECL2 groove 1 0.07 0.012 4.9 3 10�10 9.4 3 10�11

D184A ECL2 groove 1 0.22 0.024 7.9 3 10�10 8.1 3 10�11

E194A ECL2 groove 1 0.12 0.003 1.2 3 10�9 6.2 3 10�10

aData are presented as Mean and SEM of three or more independent experiments. B-W, Ballesteros-Weinstein; cAMP, cyclic AMP.
bNBD, no binding detected.
complementarity. There is a short anti-parallel b sheet formed

between hArg8-Glu10 and Y21N-term-D23N-term, supported by

two main-chain hydrogen bonds, C=O of hArg8 to N-H of

D23N-term and N-H of Glu10 to C=O of Y21N-term, respectively.

hArg8 contributes additional binding via another hydrogen-

bonding interaction between its main-chain amide N-H and the

side chain of D23N-term. K178ECL2 orients its side chain toward

the site 2 pocket and mediates an extensive peptide receptor

interaction network, pulling ECL2 into close contact with the

peptide. Gln5 of the peptide projects toward T177ECL2N, and a

short hydrogen bond (2.7 Å) is observed between the side chain

of Gln5 and the C=O of T177ECL2N, augmenting the peptide

interaction with ECL2. These structural details of site 2’s interac-

tions support previous SAR analysis that the QRPRL motif in

apelin’s N terminus is important for binding affinity and ligand ac-

tivity (Medhurst et al., 2003). Indeed, apelin-13, the shorter

version of the endogenous apelin peptide, which lacks the first

four amino acids and begins with the QRPRL motif (starting at

Gln5 of apelin-17), has been reported to have comparable bind-

ing affinity with the longer apelin-17 and apelin-36 (Chandrase-

karan et al., 2008). When tested, a truncated version of the

AMG3054 peptide starting at Arg6 elicited full functional activity

compared with AMG3054. However, additional truncation of the

N-terminal residues of AMG3054 causes near complete loss of

functional activity, providing additional evidence for the critical

importance of site 2 in ligand activity (Figure S4).

We performed alanine mutagenesis for the key residues

at sites 1 and 2 in APJR that are involved in AMG3054 binding

to the receptor, and examined the effects of these single

mutations on 125I-labeled apelin-13 binding and signaling.

At site 1, while K2686.55A exhibited a slightly reduced binding

affinity, W852.60A exhibited a dramatically detrimental effect;

R168ECL2A and Y2716.58A completely abolished the binding of

apelin-13 (Table 1). At site 2, D23N-termA exhibited a 5-fold reduc-

tion in binding affinity (Table 1). Together, these mutagenesis

data suggested that the critical interactions identified from the

APJR-AMG3054 complex structure are also important for apelin
peptide binding to APJR, providing compelling evidence that

apelin binds to APJR via the same two-site binding mode.

Molecular Dynamics Simulations of Apelin-13 Binding
Mode to WT APJR
To gain more comprehensive insights into how the endogenous

apelin peptide ligands bind to APJR, we performed restraint-free

molecular dynamics (MD) simulations of the apelin-13 peptide in

complex with WT APJR which does not contain any truncations,

fusion insertions, or mutations. Alignment of the resulting final

MD model with the experimental APJR crystal structure showed

a conformation that was consistent overall with a root-mean-

square deviation at 2 Å (Figure 3A). The model revealed a curved

two-site binding pose for apelin-13 that was almost identical

to that of the crystal structure; site 1 is quite stable, while site 2

is relatively more flexible with fewer constraints. Similar to

AMG3054, apelin-13 interacts with the receptor mainly through

hydrophobic shape complementarity and polar side-chain to

side-chain and to main-chain interactions (Figures 3B and 3C).

At the bottom of site 1, in addition to the expected hydro-

phobic van der Waals interactions, the carboxyl group of

Phe13 (sequence numbering according to apelin-13, Figure 1D)

makes hydrogen-bonding interactions with K2686.55 and

Y2646.51. This is consistent with AMG3054 where the carboxyl

group of 4-Cl-Phe17 leans to K2686.55 and Y2646.51 on helix VI

as well. The key interactions contributed by carboxyl group

and main chain of the peptide are supported by the peptide

SAR data that Phe13Ala does not affect the binding affinity, yet

truncation of Phe13 reduces binding, and truncation of both

Pro12 and Phe13 completely abolished binding (Fan et al.,

2003; Zhang et al., 2014). Interestingly, a cluster of aromatic

residues, W24N-term, W852.60, Y882.63, Y93ECL1, W195ECL2,

Y2646.51, Y2716.58, F2917.35, and Y2997.43, form a hydrophobic

pocket to embrace the C terminus of the apelin-13 peptide and

contribute to the extremely stable interaction network in site 1.

The most noticeable differences between the apelin-13

binding model and our APJR-AMG3054 crystal structure, which
Structure 25, 858–866, June 6, 2017 861



Figure 3. Apelin-13 Binding Pose in WT APJR

(A) Superposition of WT APJR/Apelin-13 MD model (cyan cartoon for the receptor and magenta sticks for apelin-13 peptide) with the crystal structure of APJR-

AMG3054 complex (blue cartoon for the receptor and yellow sticks for AMG3054).

(B) Ligand-receptor binding interactions in site 1. Apelin-13 residues are labeled with magenta text; receptor residues are labeled in blue (for basic residues), red

(for acidic residues), and black (for other residues); and site 1 is shown as a surface. Polar contacts are indicated by black dashed lines.

(C) Ligand-receptor binding interactions in site 2. Apelin-13 and receptor residues are labeled with magenta and black text, respectively. Site 2 is shown as a

surface. Polar contacts are indicated by black dashed lines.

See also Figure S3.
nonetheless contribute to maintaining the same overall binding

mode, stem from peptide sequence differences. Without a

lactam ring as in AMG3054, apelin-13 approaches site 2 bind-

ing through an important polar interaction between Lys8 and

D2847.28 at the junction of site 1 and site 2 (Figure 3B). Consistent

with this structural insight, a Lys8Ala mutation on apelin-13

dramatically reduced the peptide’s binding affinity (Fan et al.,

2003; Zhang et al., 2014), and the D2847.28A mutation on APJR

caused a complete loss of [125I]apelin-13 binding (Table 1).

DISCUSSION

The Two-Site Peptide Ligand Binding Mode
We evaluated the possibility that the two-site binding mode

could be used to explain a general binding mode for other

class A peptide GPCRs (e.g., opioid receptors). The endoge-

nous peptide ligands of the three major subtypes of opioid re-

ceptors are of similar length as apelin peptides (Janecka et al.,

2004). Pioneering peptide SAR research in the 1970s and

1980s led to the ‘‘message-address’’ hypothesis for peptide

ligand binding, specificity, and functional activity (Schwyzer,

1977). The co-crystal structures of all three opioid receptors

have been published to date (Fenalti et al., 2014; Granier

et al., 2012; Manglik et al., 2012; Wu et al., 2012), and recently

binding models of dynorphin A(1–13) to the k-opioid receptor

(k-OR) were proposed based on a solution nuclear magnetic

resonance study of the dynorphin peptide conformation in

the presence of k-OR (O’Connor et al., 2015). However, a

complex structure of such a receptor with a cognate peptide

ligand has yet to be reported, and thus no direct structural

evidence of the binding mode for the full-length peptide ligand

is currently available.

We therefore examined the complex of k-OR with its endog-

enous ligand dynorphin A as a representative system via mo-
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lecular modeling. Based on the published k-OR-dynorphin

A(1–13) model (O’Connor et al., 2015), we generated a k-OR-

dynorphin A(1–17) model (Figure 4) using the insights from

our APJR-AMG3054 structure, the available k-OR mutagenesis

studies, and dynorphin SAR data (Chavkin and Goldstein, 1981;

Vardy et al., 2013). In the model, the ligand dynorphin A(1–17)

clearly assumes a similar two-site binding mode. The ‘‘mes-

sage’’ YGGF N-terminal segment of dynorphin binds to site 1,

engaging in the expected hydrophobic, p-stacking, and polar

interactions. Protruding out from site 1, the ‘‘address’’ segment

of the ligand also takes a turn at the central part Leu5-Arg9,

which coincides with the previous model (O’Connor et al.,

2015). Several salt-bridge interactions between dynorphin

and k-OR (Arg6-E203 and E209, Arg7-D223 and E297, and

Arg9-D204, respectively) are formed in this region, among

which the importance of the Arg7-E297 interaction has been

postulated previously from mutagenesis data (Vardy et al.,

2013). In addition, the C-terminal part of dynorphin A interacts

with k-OR (Lys11-T306, Lys13-E203, Asp15-R202) in a manner

that is consistent with the previous SAR data (Chavkin and

Goldstein, 1981). These interactions work in concert to hold

the peptide in place and guide it into site 2, binding in analo-

gous manner as seen in the APJR-AMG3054 structure. The

‘‘message-address’’ hypothesis is thought to be generally

applicable to a large number of class A GPCRs such as

m-OR, d-OR, and the adrenocorticotropin receptors. We thus

contemplate that the two-site binding mode we unveiled for

APJR-AMG3054 may be also utilized by other class A GPCR

endogenous peptide ligands bound to their respective recep-

tors. We should note that depending on the specific ligand-

receptor pair, the exact location of site 2 on the surfaces may

be different, and this site 2 structural diversity may provide an

additional structural basis for differentiated ligand binding,

specificity, and function.



Figure 4. k-OR/Dynorphin A Complex MD

Model

(A) Sequence of dynorphin A(1–17) peptide.

(B) Overview of k-OR-dynorphin A complex MD

model represented as cartoon with k-OR in white

with surface and dynorphin A in red.

(C) Interactions between dynorphin A and k-OR are

presented with k-OR as white cartoon with key

residues as cyan sticks with blue labels. Dynorphin

A is presented in red with key residues as red sticks

with magenta labels. Polar contacts are indicated

by black dashed lines.

See also Figure S5.
Implications from the APJR-AMG3054 Structure
Analysis of the extracellular surface of the APJR-AMG3054

complex structure identifies two additional negatively charged

grooves that are not occupied by peptide ligand (Figure 1B):

groove 1 and groove 2. In agreement with the observed

AMG3054 binding mode, alanine scanning mutagenesis on

groove 1 residues (D172A, E174A, D184A, E194A) showed

no effect on apelin-13 binding affinity (Table 1). While it is

conceivable that shorter peptide agonists with 17 amino acids

or less are not long enough to reach into these additional

grooves, it may be that the longer endogenous peptide ligands

such as apelin-36 that contain additional positively charged

amino acids toward their N terminus could wind into this patch

and insert their extended N-terminal sections into groove 1

through electrostatic interactions. The implication of such

additional interactions is that longer peptide ligands may

have a prolonged duration of action. Indeed, it is well estab-

lished that apelin-36 has longer-lasting effects on APJR

activation than apelin-13 (Goidescu and Vida-Simiti, 2015).

In human healthy volunteers, pyr-apelin-13 produced a rapid

dose-dependent increase of blood flow that reached a

plateau, but the effect was reproducible after a saline washout

period (Japp et al., 2010). In contrast, apelin-36 produced a

more durable response that could not be recapitulated after

a washout period. The possible binding at additional site(s)

by apelin-36 may have other implications. A previous report

indicated that APJR may be a co-receptor for HIV viral entry

and infection in the brain (Choe et al., 1998; Zhou et al.,

2003). We generated an APJR-HIV gp120 V3 loop complex

model based on previous modeling studies of CXCR4-HIV

gp120 V3 loop (Tamamis and Floudas, 2013; Wu et al.,

2010). We identified multiple electrostatic interaction pairs be-

tween negatively charged groove 1 and groove 2 residues on

APJR and the positively charged V3 loop that are potentially

involved in mediating viral entry (Figure S5), in similar fashion

to CXCR4-mediated HIV viral infection (Tamamis and Floudas,

2013). Apelin-36 blocks the infection more effectively than the

shorter apelin-13, providing indirect evidence to support the
likelihood that the N-terminal segment

of apelin-36 binds to APJR at additional

site(s) (Zou et al., 2000).

Another interesting observation is the

linear electron density in the side space

between helix IV and V, which fits well

with a (2R)-2,3-dihydroxypropyl-(9Z)-oc-
tadec-9-enoate (OLC) molecule that comes from lipid monoolein

(Figure 2A). This molecule is within distance to directly hydrogen

bondwith the C terminus of the peptide andmediates interaction

to K2686.55. Further studies are necessary to understand its

possible functional role in APJR agonist binding and signaling.

In the development of new therapeutics, peptide receptors in

particular have often been difficult to drug because of multiple

pointsof attachmentof thepeptide to the receptor. It is fascinating

how peptide ligands can have such conformational flexibility in

solution (Langelaan et al., 2009) and a subtle constraint can lead

to a stabilized and crystallized form for receptor-ligand structural

analysis. In this case, wepostulate that the two-site bindingmode

revealed by the APJR-AMG3054 structure can be employed as

one mechanism to understand the binding and recognition of

peptide ligands to their respective class A peptide GPCRs, which

are important targets of tremendous pharmaceutical interest.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

HA Epitope Tag Antibody, Alexa Fluor 488 conjugate (16B12) Thermo Fisher Scientific Inc. Cat# A21287; RRID: AB_1500204

Chemicals, Peptides, and Recombinant Proteins

EDTA-free complete protease inhibitor cocktail tablets Roche Cat# 5056489001

Apelin-13 HD Biosciences 201407Aplin-13

AMG3054 Amgen N/A
125I-Apelin PerkinElmer Cat# NEX393

Monoolein (1-Oleoyl-rac-glycerol) Sigma Cat# M7765

Cholesterol Sigma Cat# C8667

Iodoacetamide Sigma Cat# I1149

DDM (N-Dodecyl-B-D-Maltoside) Anatrace Cat# D310

CHS (Cholesteryl hemisuccinate) Sigma Cat# C6512

CPM (N-[4-(7-diethylamino-4-methyl-

3-coumarinyl)phenyl]maleimide)

Invitrogen Cat# D10251

Critical Commercial Assays

LANCE Ultra cAMP Kit Perkin Elmer Cat# TRF0263

Deposited Data

APJR-AMG3054 coordinates PDB, This Study 5VBL

Experimental Models: Cell Lines

293FT cells Invitrogen Cat# R70007

Sf9 cells Invitrogen Cat# 11496-015

Oligonucleotides

pJiF1.1_forward: TAATACGACTCACTATAGGG GenScript N/A

pJiF1.1_reverse: TTCAGGTTCAGGGGGAGGTG GenScript N/A

Recombinant DNA

Human APJ gene GenScript N/A

Human APJ mutants GenScript N/A

pJiF1.1 vector Amgen N/A

Software and Algorithms

Prism v.6.0 GraphPad Software Inc. N/A

Schrödinger Suite 2016-1 Schrödinger https://www.schrodinger.com/

Discovery Studio 2017 Dassault Systèmes BIOVIA http://accelrys.com/

Gromacs 5.1.2 Gromacs http://www.gromacs.org/

Pymol 1.7.0.0 Schrödinger http://www.pymol.org/

XDS Kabsch, 2010 Xds.mpimf-heidelberg.mpg.de

Phaser McCoy et al., 2007 https://www.phenix-online.org

Buster Smart et al., 2012 https://www.globalphasing.com/buster

Coot Emsley et al., 2010 http://www2.mrc-lmb.cam.ac.uk/

personal/pemsley/coot

Other

96-well Polypropylene plates Costar Cat# 3357

96 well assay plate Costar Cat# 3694

UniFilter-96 GF/B PEI Coated Plate Perkin Elmer Cat# 6005277

Cell harvester Perkin Elmer FilterMate� Universal Harvester

FreeStyle 293 Expression Medium Life Technologies Cat# 12338-026

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Sf9 expression medium Expression Systems Cat# 96-001-01

Forsklin Sigma Cat# F6886

TALON IMAC resin Clontech Cat# 635507

IBMX Sigma Cat# I5879
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for reagents may be directed to, and will be fulfilled by the lead contact Fei Xu (xufei@shanghaitech.

edu.cn).

METHOD DETAILS

Cloning and Expression
TheWT human APJR genewas synthesized byGenScript with codon optimization for expression in Sf9, and then cloned into amodi-

fied pFastBac1 vector (Invitrogen) containing an expression cassette with an HA signal sequence followed by a Flag tag at the N-ter-

minus, and a ppase recognition site followed by a 103 His tag at the C-terminus. Six amino acids were deleted from the N-terminus

(residues 1–6), and 50 residueswere truncated from theC-terminus (residues 331–380). In ICL3, residues 230-242were replacedwith

M1-E54 of rubredoxin (Chun et al., 2012) by overlap extension PCR (Heckman and Pease, 2007). Two mutations C325L and C326M

were introduced to inhibit the palmitoylation of APJR and T177N was introduced to remove a glycosylation site. Model-based mu-

tations V117A and W261K were further introduced to stabilize APJR at the inactive state for conformational homogeneity; these two

mutations were designed in the presence of three inactive-state APJR homology models built on the crystal structures of AT1R (PDB

ID: 4YAY), d-OR (4N6H), and the nociceptin orphanin FQ peptide receptor (4EA3). Recombinant baculoviruses were generated using

the Bac-to-Bac System (Invitrogen), and Sf9 insect cells at a density of 2-33 106 cells/ml were infected with virus at a multiplicity of

infection of 5. Infected cells were harvested after 48 h incubation, and the cell pellets were stored at �80 �C.

Protein Purification
Cells from 2 l of P2 virus infected insect cell culture were re-suspendedwith 100ml of hypotonic buffer (10mMHEPES pH 7.5, 10mM

MgCl2, 20 mM KCl, 2 tablets of protease inhibitor cocktail (Roche, Catalog# 4693132001) in a 100 ml Kimble� Kontes� Dounce.

After centrifugation (rotor Beckman Coulter Ti45, 40 min at 35,000 rpm and 4 oC), the pellet was washed twice with 100 ml of

high salt buffer (10 mM HEPES pH 7.5, 10 mMMgCl2, 20 mM KCl, 1 M NaCl, 1 tablet of protease inhibitor cocktail (Roche, Catalog#

4693132001). Thewashedmembranewas resuspended in 100ml of low salt buffer (10mMHEPESpH7.5, 10mMMgCl2, 20mMKCl)

containing 30%glycerol supplemented with 2mg/ml iodoacetamide and incubated at 4 oC for 20min. The receptor was extracted by

adding another 100 ml of solubilization buffer (100 mM HEPES pH 7.5, 1.6 M NaCl, 2% (w/v) DDM, 0.4% (w/v) cholesterol hemisuc-

cinate) at 1:1 ratio by volume and supplemented with 15mM imidazole, followed by incubation at 4 oC for 2 h. After centrifugation

(rotor Beckman Coulter Ti45, 40 min at 35,000 rpm and 4 oC), the supernatant was mixed with 1.4 ml of talon superflow metal affinity

resin and incubated at 4 oC for another 1.5 h. Themixture was packed in an Econo-Pac disposable chromatography column by grav-

ity and washed with 14 column volumes of buffer (25 mMHEPES pH 7.5, 500 mMNaCl, 5% glycerol, 0.05% (w/v) DDM, 0.01% (w/v)

cholesterol hemisuccinate, 30 mM imidazole, 10 mMMgCl2, 8 mM ATP). The receptor was eluted with 2.5 column volumes of buffer

(25 mM HEPES pH 7.5, 500 mM NaCl, 5% glycerol, 0.01% (w/v) DDM, 0.002% (w/v) cholesterol hemisuccinate, 200 mM imidazole).

3.5ml elution containing abundant of purified APJR receptor was supplemented with 17.5 ml of 500 mMAMG3054 from 100mMstock

in H2O and concentrated in a 100 kDa molecular mass cut-off concentrator from Sartorius to 30-40 mg/ml. Protein purity, monodis-

persity were estimated by SDS–PAGE and analytical size-exclusion chromatography (aSEC).

Crystallization
Purified and concentrated APJR-AMG3054 complex samples were reconstituted into lipidic cubic phase (LCP) bymixing withmolten

lipid in a mechanical syringe mixer (Caffrey and Cherezov, 2009). The APJR-AMG3054 complex-LCP mixture contained 40% (w/w)

protein solution, 54% (w/w) monoolein (Sigma) and 6% (w/w) cholesterol (AvantiPolar Lipids). After the transparent LCP was

achieved, crystallization trials were performed in 96-well glass sandwich plates (Cherezov et al., 2004) (NOVA), 40 nl drops and

800 nl precipitant solution were mixed in each well, using an NT8-LCP crystallization robot (Formulatrix), and sealed with a glass

coverslip. Protein reconstitution in LCP and crystallization was conducted at room temperature (20-22 �C). The plates were stored

and imaged in an imager (RockImager 1000, Formulatrix) at 20 �C. Crystals started to appear around 1 d after incubation at 20 �C and

reached maximum size �100 mm within 1 wk in 100 mM MES pH 6.1, 26% PEG500 DME, 125 mM MgCl2, 100 mM NaCl, 500 mM

AMG3054. Crystals were harvested directly from the LCP drop with 100 mmMiTeGenmicromounts and flash frozen in liquid nitrogen.
e2 Structure 25, 858–866.e1–e4, June 6, 2017

mailto:xufei@shanghaitech.edu.cn
mailto:xufei@shanghaitech.edu.cn


Data Collection and Structure Determination
X-ray diffraction data were collected at the SPring-8 beam line 41XU (Hyogo, Japan) with a Pilatus3 6M detector (X-ray wavelength

1.0000 Å). The crystals were exposed with a 12x9 mmbeam for 0.2 s and 0.2� oscillation per frame. In order to prevent radiation dam-

age, data were collected in wedges of 10-30� with attenuation at 590 mmbeforemoving onto a different site either on the same crystal

or on a new crystal. The data from 9 crystals of APJR-AMG3054 complex were integrated and scaled using XDS (Kabsch, 2010). The

initial molecular replacement was performed with PHASER (McCoy et al., 2007) using the 3.4 Å d-OR receptor structure (PDB ID:

4EJ4) with T4L removed and rubredoxin (PDB ID: 1IRO) domains as independent search models. Refinement of the APJR-

AMG3054 complex was performed with REFMAC5 (Murshudov et al., 1997)_ENREF_27 and autoBUSTER (Smart et al., 2012)_

ENREF_28 followed bymanual examination and rebuilding of the refined coordinates in the programCOOT (Emsley et al., 2010) using

both j2Foj-jFcj and jFoj-jFcjmaps. Residues 7-18 of the N-terminus are disordered and not visible in the electron density maps. They

were not modeled. The final model contains 297 residues (19-229 and 243-330) of APJR and residues 1 to 54 of rubredoxin. One zinc

ion from rubredoxin is also modeled (Tan et al., 2013). The data collection and refinement statistics are shown in Table S1.

Mutagenesis and Generation of Cell Lines
Mutations were designed into three categories: 1) 18 binding site mutations were based on the AT1R (PDB ID: 4YAY)-based APJR

homology model; 2) 13 mutations were based on the APJR-AMG3054 crystal structure to cover 4 more residues inside the binding

pockets and 9 more residues on APJR ECD; 3) 6 constructs containing back mutations were based on the crystallized construct.

HA-tagged human full length APJR in pJiF1.1 vector was used as a template to generate APJRmutant bacmids by PCR-basedmuta-

genesis. The resulting bacmids were used to generate baculovirus by infecting insect Sf9 cells according to the standard protocol.

For APJR transient expression, 293FT cells were transduced with the above recombinant baculovirus. Cells were cultured in

FreeStyle� 293 Expression medium in suspension and grown to a cell density of 1–2 3 106 viable cells/ml before transduction.

Then cells were diluted to a density of 0.4 3 106 viable cells/ml before adding baculovirus to 20% of final volume. Cells were incu-

bated at 37 �C incubator containing 5% CO2 on an orbital shaker platform rotating at 130 rpm for 24 h before harvest for functional

assay or membrane preparation. Receptor (WT and mutants) cell surface expression was checked by FACS using Alexa 488 conju-

gated anti-HA antibody, while total membrane receptor levels were analyzed by Western blot using anti-HA antibody.

cAMP Assay
APJR function was measured based on intracellular cAMP levels using Lance Ultra cAMP kit (Perkin Elmer) according to manufac-

turer’s protocol. Briefly, 10 ml of 2000 cells in assay buffer (HBSS buffer pH 7.4 with 5 mMHEPES, 0.1%BSA and 0.5 mM IBMX) were

added to each well of 96-well assay plate, and stimulated with 10 ml of various concentrations of compounds with 2.5 mM forskolin for

30min at 37 �C. Then 10 ml of 43 Eu-cAMP and 10 ml of 43Ulight-Anti-cAMPworking solutions were added to eachwell sequentially.

The assay plate was incubated at RT for 1 h before reading with Envision plate reader using configurations recommended by manu-

facturer. All signals (ratio of RFU 665 nm/RFU 615 nm) were fit to a sigmoidal dose-response model using GraphPad Prism 6 soft-

ware. Data were presented as Mean and SEM of three independent experiments in duplicates.

APJR Saturation Binding
Cell membranes from 293FT suspension cells were prepared as described previously (Hu et al., 2008). The membrane preparations

were aliquoted and stored in -80 �C freezer. The membrane protein concentration was determined with BCA kit using BSA as stan-

dard. Radioligand saturation binding assays were performed in 96-well filtration plate. WT or mutant APJR membrane (3 mg) were

incubated with various concentrations of [125I]-Apelin-13 in the ligand binding buffer (50 mM HEPES pH 7.4, 5 mM MgCl2, 1 mM

CaCl2, 0.2% BSA) in a total volume of 120 ml. Following incubation at RT for 2 h with gentle shanking, the reaction mixtures were

then transferred to UniFilter GF/B filtration Plate (PEI Coated, PE). The plate was washed three times immediately with ice-cold

washing buffer (50 mM HEPES pH 7.4, 500 mM NaCl , 0.1% BSA) using Perkin Elmer FilterMate� Universal Harvester. After the

plates were dried at 37 �C for 2 h, scintillation cocktail (50 ml) was added to each well, and radioactivity was determined byMicroBeta

Trilux. Non-specific binding was determined in the presence of 100 nM cold apelin-13 in the reaction mixture. All data were fit to one-

site specific binding model using GraphPad Prism 6 software. Kd and Bmax were calculated from the best-fit values of the specific

binding. Data were presented as Mean and SEM of three or more independent experiments in duplicates.

Molecular Dynamics Simulations of APJR with Endogenous Peptide Apelin-13
In all simulations, the APJR receptor was embedded in a hydrated lipid bilayer with all atoms, including those in the lipids and water,

represented explicitly. To simulate the apelin-13 and APJR complex in the no-fusion no-mutation background, the crystal structure

was initially prepared using the Protein Preparation Wizard (Schrödinger, Inc.) (Madhavi Sastry et al., 2013), followed by five back

mutations (T177N, C325L, C326M, V1173.40A and W2616.48K) to the original residue using the Residue and Loop Mutation function-

ality in BioLuminate (Schrödinger, Inc.), and the missing loop of ICL3 filled by Prime (Schrödinger, Inc.). The initial conformation of

apelin-13 with APJR was obtained by gradually mutating AMG3054 to apelin-13 by multiple rounds of single residue modifica-

tion/mutation and energy minimization using the Protein Preparation Wizard (Schrödinger, Inc.).

Hydrogen atoms were added using Maestro (Schrödinger, Inc.) while protonation states were assigned using PROPKA. Pre-

pared APJR receptor-ligand complexes were inserted into a pre-equilibrated POPC lipid bilayer and solvated with water using

the CHARMM-GUI interface (Jo et al., 2008). Sodium and chloride ions were added to neutralize the system and to reach a final
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concentration of 150 mM in solution. The simulation box initially measured 91 Å 3 90 Å 3 120 Å and contained one APJR receptor,

one apelin-13 peptide, 155 lipid molecules, 39 sodium ions, 52 chloride ions and approximately 15,077 water molecules, for a total

of approximately 71,348 atoms. We used the CHARMM36 parameter (Klauda et al., 2010) set for protein molecules, lipid mole-

cules, and salt ions, and the CHARMM TIP3P model for water. All MD simulations were conducted using Gromacs 5.1.2 accel-

erated with GPU (Pronk et al., 2013). All bonds involving hydrogen atoms were constrained using LINCS algorithm (Hess et al.,

1997). The particle mesh Ewald (PME) method (Essmann et al., 1995) was used to treat long-range electrostatic interactions.

Neighbor lists were updated every 20 time steps. Van der Waals interactions and real space Coulombic interactions were calcu-

lated with a cutoff of 12 Å. The entire system was first relaxed using the steepest descent energy minimization, followed by slow

heating of the system to 300 K with harmonic restraints applied to the APJR receptor, apelin-13, and the lipids. The restraints to

the main chain of the protein and the peptide ligand were reduced gradually to zero by equilibration steps of 50 ns in total to equil-

ibrate the lipid bilayer and the solvent. Finally, the system was run without restraints, with a time step of 2 fs in the NPT ensemble

at 300 K and 1 bar using a v-rescale thermostat (Bussi et al., 2007) and Berendsen barostat (Berendsen et al., 1984), respectively.

Gromacs utility g_cluster was used to cluster the frames by the gromos method (Daura et al., 1999).

Molecular Modeling of k-OR-Dynorphin A Complex
The initial structures of k-OR and N-terminal part of dynorphin A (Y1-G3) were extracted from the previously publisheds‘‘k-OR -1’’

model (O’Connor et al., 2015). The remaining part of dynorphin A (F4-Q17) wasmodeled manually in Discovery Studio (Dassault Sys-

tèmes, 2016) to adjust the peptide orientation based on that of AMG3054. The model was minimized with Prime in Schrödinger

(Schrödinger, 2016b; Jacobson et al., 2004), with VSGB solvation model and OPLS3 force field. Then it was embedded in POPC

membrane with TIP3P explicit water model and counterions under the OPLS3 force field. MD simulation was performed on the sys-

tem with Desmond in Schrödinger (Schrödinger, 2016a; Shivakumar et al., 2010). The system was relaxed before simulation with

default protocol. 20 ns simulation was performed in the NPT ensemble, at temperature of 300 K and pressure of 1 bar. After that,

the complex conformations were clustered by the backbone RMSD. The complex conformation with lowest interaction energy

from the largest cluster was selected as the final model.

Molecular Modeling of APJR-gp120 V3 Loop Complex
The gp120 V3 loop sequence ‘‘CTRPNNNTRRRLSIGPGRAFYARRNIIGDIRQAHC’’ used here was from HIV-1 89.6 strain (Collman

et al., 1992) as APJR has been reported to support its entry as a coreceptor (Choe et al., 1998; Zhou et al., 2003). The initial model

of the APJR-gp120 V3 loop complex was built via homology modeling in Discovery Studio (Dassault Systèmes, 2016), with both our

APJR-AMG3054 structure and previously published CXCR4/gp120 V3 loop complex model (Tamamis and Floudas, 2013) as tem-

plates. Then it was embedded in POPC membrane with TIP3P explicit water model and counterions under the OPLS3 force field.

Molecular dynamics simulation was performed on the system with Desmond in Schrödinger (Schrödinger, 2016a; Shivakumar

et al., 2010). The system was relaxed before simulation with default protocol. 20 ns simulation was performed in the NPT ensemble,

at temperature of 300 K and pressure of 1 bar. After that, the complex conformations were clustered by the backbone RMSD. The

complex conformation with lowest interaction energy from the largest cluster was selected as the final model.

QUANTIFICATION AND STATISTICAL ANALYSIS

Concentration-response curves for cAMP were presented as signal ratio of 665 nm/615 nm as indicated. Concentration-response

curves were fit to a non-linear regression (four parameters) model to determine EC50 in Prism (v. 6.0, GraphPad Software Inc.,

San Diego, CA), as indicated. Radioligand binding data were fit to a one-site specific binding model to determine Kd in Prism

(v. 6.0, GraphPad Software Inc., San Diego, CA), as indicated.

DATA AND SOFTWARE AVAILABILITY

The accession number for the structure reported in this paper is PDB: [5VBL].
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