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ABSTRACT: Apelin peptides are the cognate ligands for the G-protein coupled receptor APJ, with functions
in the cardiovascular and central nervous systems, in glucose metabolism and as a human immunodeficiency
virus (HIV-1) coreceptor. Apelin is found in 13-36 residue forms in ViVo. The structures of five isoforms
of apelin at physiological versus low (5-6 °C) temperature are compared here using circular dichroism
(CD) and nuclear magnetic resonance (NMR) spectroscopy, demonstrating increased structure at low
temperature. Far-ultraviolet (UV) CD spectra are predominantly random coil for apelin isoforms, but are
convoluted by unusual bands from the C-terminal phenylalanine side chain. These bands, assigned using
F13A-apelin-13, are accentuated at 5 °C and imply conformational restriction. At 35 °C, the R6-L9
region of apelin-17 is well structured, consistent with previous mutagenesis results showing necessity of
this segment for apelin-APJ binding and activation. At 5 °C, R6-L9 retains its structuring while the
functionally critical C-terminal G13-F17 region also becomes highly structured. Type IV �-turns and
some polyproline-II structure alongside F17 side chain motional reduction correlate well with CD spectral
properties. Cis-trans peptide bond isomerization at P14 and P16 produces two sequentially assignable
conformers (both trans:both cis ∼4:1) alongside less populated conformers. Chemical shift assignment
of apelin-12, -13 and pyroglutamate-apelin-13 implies highly similar structuring and the same isomerization
at the C-terminus. Based on the apelin-17 structure, a two-step binding and activation mechanism is
hypothesized.

The apelin family of peptides (1) are the cognate ligands
to the class A rhodopsin-like G-protein coupled receptor
(GPCR1) named APJ (2). Apelin is expressed as a 77 amino
acid long preproprotein and is cleaved intracellularly to

produce a number of secreted bioactive peptides 13-36
residues in length (Table 1), all of which retain the
C-terminus of the preproprotein (1). Activation of APJ by
apelin results in downstream effects on the cardiovascular
and central nervous systems as well as in the adipoinsular
axis. Apelin is among the most potent of identified inotropic
agents, increasing muscle contractility with an EC50 (half-
maximal effective concentration) of ∼33 pmol/L in rat heart
(3). Adipocytes produce apelin and APJ (4), and there is a
correlation between plasma levels of apelin and obesity in
humans (4, 5) and mice (4). Similarly, apelin upregulation
is observed in conjunction with an elevated body mass index
(5). Human immunodeficiency virus (HIV-1) uses APJ as a
coreceptor for CD4-mediated viral fusion to host cells
(reviewed in ref 6). Recent studies have shown that apelin
induces neoangiogenesis during tumor formation (7, 8), and
APJ knockout mice have diminished atherosclerotic lesions
despite lacking apolipoprotein-E, suggesting a role for APJ
signaling in atherosclerotic plaque deposition (9). Given its
involvement in key physiological and disease processes, the
apelin-APJ system is a promising target for therapeutics.
Small molecule (6) and peptide (10) based drug design will
be facilitated by high-resolution structures for apelin and APJ,
neither of which was available prior to this work.

The fact that apelin peptides (Table 1) having at least the
12 C-terminal residues are highly specific ligands for
APJ (6, 11, 12) suggests a specific structuring to allow the
peptide-GPCR recognition and binding events that lead to
APJ activation. However, apelin-13 and apelin-36 adopt a
“random conformation” based on studies by electronic
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circular dichroism (CD) spectroscopy (13). However, two
types of secondary structure potentially consistent with these
CD spectra have been identified in the literature. First, it
has been hypothesized that �-turns are ubiquitous and
important for GPCR binding peptides (14). Second, polypro-
line-II (PPII) is often found in short “unstructured” peptide
ligands (15), and is postulated to play a critical role in
intermolecular interactions (16). The CD study by Fan et al.
was conducted at ambient temperature, and it is reasonable
to expect that a short peptide at ambient or physiological
temperature will be free to undergo a great deal of confor-
mational sampling (17).

Nuclear magnetic resonance (NMR) spectroscopy is an
ideal method for studying the structure and dynamics of small
peptides such as apelin (17, 18). The final structural ensemble
generated for peptides or proteins will often contain several
different conformations, each of which may be important in
some aspect of function (19). To tease out peptide conforma-
tion(s) relevant to receptor binding, a favored strategy is the
use of lowered temperature (0-8 °C) to allow increased
sampling of entropically disfavored states through reduction
of the entropic contribution to Gibbs free energy, i.e., T∆S
in ∆G ) ∆H - T∆S (18, 20, 21). Perhaps logically,
decreasing temperature has recently been shown to affect
the dynamics of intrinsically disordered peptides differently
than peptides that have inherent structuring accentuated by
low temperature. Specifically, NMR spectroscopy showed
inherently structured regions of peptides to have decreased
motion in comparison to intrinsically disordered peptides
(22). Isolated peptidic ligands at low temperature have been
shown to adopt the same structure as the bound state (23),
and a number of peptides activating the chemokine GPCR
CXCR4 show the same structuring at low temperature (21).
In this manuscript, NMR and CD spectroscopy results are
presented for a variety of apelin peptides at both physiologi-
cal and low temperatures allowing determination of the
bioactive structure of apelin. These results are placed into a
functional context through correlation with previous studies.

EXPERIMENTAL PROCEDURES

Materials. 9-Fluorenylmethoxycarbonyl (Fmoc) protected
amino acids, Fmoc-Phe-Wang resin (100-200 mesh, 0.49
mmol/g loading) and O-benzotriazole-N,N,N′,N′-tetramethyl-
uronium-hexafluoro-phosphate (HBTU) were obtained from
AAPPTec (Louisville, KY). Side chain protecting groups on
Fmoc amino acids were 2,2,4,6,7-pentamethyldihydroben-
zofuran (Pbf) for Arg; triphenylmethane (Trt) for Gln and
His; tert-butyl (tBu) for Ser; and tert-butoxycarbonyl (Boc)
for Lys. N,N-Dimethylformamide (DMF, sequencing grade)
was obtained from Fisher Scientific (Ottawa, ON). Pyro-
glutamate modified apelin-13, F13A-apelin-13 and apelin-
36 (>95% purity) were obtained from AnaSpec (San Jose,
CA). Deuterium oxide (D2O; 99.8 atom % D) and D2O
containing 1% (w/w) sodium 2,2-dimethyl-2-silapentane-5-
sulfonate (DSS) were obtained from C/D/N isotopes (Pointe-
Claire, QC). All other chemicals were obtained at biotech-
nology, high performance liquid chromatography (HPLC)
or reagent grade, as appropriate, from Sigma Aldrich
(Oakville, ON).

Peptide Synthesis and Purification. Apelin-12, -13 and -17
(Table 1) were produced in multimilligram quantities using

standard Fmoc-based solid-phase peptide synthesis protocols
(24). An automated peptide synthesizer (AAPPTec Endeavor
90) was used to perform all synthetic steps prior to peptide-
resin cleavage. Fmoc-Phe-Wang resin provided a C-terminal
Phe residue with free carboxy terminus. Briefly, each Fmoc-
amino acid was double-coupled in DMF using HBTU and
N,N-diisopropylethylamine preactivation, Fmoc deprotection
was performed using excess piperidine in DMF and coupling
and deprotection were monitored by the Kaiser or isatin tests
(25), as appropriate. Peptide-resin cleavage and side chain
deprotection was carried out in trifluoroacetic acid:phenol:
triisoproylsilane:water:ethane dithiol:thioanisole (85:5:2.5:
2.5:2.5:2.5 by volume) at room temperature for 2 h, followed
by precipitation and centrifugation (4 × 10 min, 3500 rpm,
0 °C) in chilled tert-butyl methyl ether. After lyophilization,
each reaction mixture was dissolved in water and examined
by analytical reverse phase (RP) HPLC (Beckman System
Gold, Fullerton, CA) using a water:acetonitrile (A:B) gradient
with B progressing from 2 to 80% on a C18 column (5 µm
particle, 40 mm × 250 mm Spirit Peptide column, AAPPTec)
monitored at 210 nm. A semipreparative C18 column (5 µm
particle, 100 mm × 250 mm Spirit Peptide column,
AAPPTec) with fraction collection (GE-AKTA Frac-920,
Piscataway, NJ) was used for purification. Product masses
and amino acid composition were confirmed by electrospray
ionization mass spectrometry (DalGen Proteomics Core
Facility, Halifax, NS) and quantitative amino acid analysis
(Alberta Peptide Institute, Edmonton, AB and Hospital for
Sick Children, Toronto, ON), respectively (results not
shown).

CD Spectroscopy. Far-ultraviolet (UV) CD spectra of
peptides were recorded using a Jasco J-810 spectropolarim-
eter (Easton, MD) with temperature control capability.
Solutions of apelin peptides (200 µM; exact concentration
determined by quantitative amino acid analysis, Hospital for
Sick Children, Toronto, ON) were prepared in 20 mM
sodium phosphate buffer adjusted to pH 7.00 ( 0.05 using
NaOH and H2SO4. The spectra were measured from 260 nm
downward in 1 nm steps, with reliable ellipticity values
typically observed at >174 nm for apelin solutions based
on spectropolarimeter photomultiplier tube voltages. Quartz
cuvettes with path length of 0.01 cm (Hellma, Müllheim,
Germany) were used. Nine trials were completed for each
apelin condition, including buffer blanks. Machine data was
converted to mean residue ellipticity [θ], averaged over all
trials and blank subtracted followed by sliding-window
averaging over 3 nm stretches so that [θ] reported at a given
wavelength λ is

[θ]) 1⁄4[θ]λ-1 +
1⁄2[θ]λ +

1⁄4[θ]λ+1 (1)

CD data is provided in the Supporting Information without
sliding-window averaging.

NMR Spectroscopy. NMR samples of apelin-12, apelin-
13, Pyr-apelin 13 and apelin-17 were prepared with 3-4 mM
peptide in a 90% H2O/10% D2O mixture with 20 mM
Na+CD3COO-, 1 mM NaN3, and 1 mM DSS as an internal
standard. Sample pH in all cases was adjusted to 5.00 (
0.05 using DCl and NaOD. Spectra were acquired at the
Atlantic Region Magnetic Resonance Centre (ARMRC,
Halifax, NS) on a 500 MHz Bruker AVANCE II spectrom-
eter (Milton, ON) and the National High Field Nuclear
Magnetic Resonance Centre (NANUC, Edmonton, AB) on
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500, 600 and 800 MHz Varian INOVA spectrometers (Palo
Alto, CA). The latter is equipped with a cryogenically cooled
probe. One-dimensional 1H, natural abundance gradient
enhanced 13C-1H HSQC, 1H-1H NOESY (400 ms mixing
time), 1H-1H TOCSY (60 ms mixing time with DIPSI spin
lock) and double-quantum filtered COSY (DQF-COSY)
experiments were acquired for apelin-17 at 5 and 35 °C.
Similar sets of experiments were performed for the other
peptides except that 1H-1H ROESY (200 ms mixing time)
replaced the NOESY experiment, and for apelin-12 and Pyr-
apelin-13 spectra were collected at 6 °C instead of 5 °C due
to instrumental problems. NMR data was processed using
NMRPipe (26) and manually assigned in Sparky 3 (T. D.
Goddard and D. G. Kneller, University of California, San
Francisco).

NMR Structure Calculation and Ensemble Analysis. Peak
volumes for NOESY spectra of apelin-17 were estimated
using Sparky’s integration algorithm with Gaussian line-
shapes and no peak motion allowed. For peaks where this
algorithm failed, the sum over ellipse method was used. Peak
volumes for both Gaussian and sum over ellipse fits were
independently calibrated so that the smallest volume repre-
sented a 6 Å distance while the largest volume peaks
represent a 1.8 Å distance. The python scripting interface
of xplor-NIH version 2.18 (27) was used for simulated
annealing structure calculations, with ambiguous assignments
and NOE potential scaling implemented as described previ-
ously (28). Three apelin-17 structural ensembles were refined
and calculated: one for the NMR data at 35 °C and two
separate conformers based on the 5 °C data. The two
structural ensembles for the 5 °C NMR data were produced
using two separate sets of NOEs assignable to apelin-17
conformers in slow conformational exchange in the G13-F17
region. For all cases, NOE restraint refinements were
performed through iterative calculation of a number of 100-
member structural ensembles, following methods introduced
previously (28). Briefly, ensembles were analyzed using an
in-house tcl/tk script which calculated the magnitude and
frequency of violating NOEs. Starting from a violation length
of >0.5 Å in >50% of ensemble members, the stringency
was gradually increased to a final value of 0.05 Å in 15%
(35 °C) or 10% (5 °C) of ensemble members until the
average energy of each ensemble reached a consistent
minimum (iterative structure calculation statistics shown in
Table 2). Ensembles of 200 structures were then calculated,
with the 80 lowest energy structures retained for analysis.
In addition, simulated annealing of apelin-17 without inclu-
sion of any experimentally derived restraints was used to
generate an ensemble of 1000 structures. This was used as
a control both for meaningful root-mean-square deviation
(rmsd) values of the peptide backbone atoms and for
frequency of �-turns in an unrestrained peptide.

For each final ensemble of structures: (i) Procheck-NMR

was used to tabulate residues in favored, allowed, generously
allowed and disallowed areas of the Ramachandran plot (29);
(ii) an in-house tcl/tk script was used to determine the
residues with dihedral angles corresponding to a PPII

conformation (according to (φ, ψ) definitions of -90° e φ

e -20° and 50° e ψ e 240° derived by Best et al. through
statistical analysis of the Protein Data Bank (30)); and (iii)
Promotif-NMR was used to determine frequency and location
of �-turns (31). The LSQKAB software of the CCP4 suite
(32) was used to iteratively superpose the clusters over 4-17
residue stretches while an in-house tcl/tk script was used to
calculate the rmsd of the backbone atoms within the
superposed region (iterative superposition protocol introduced
and described in refs 17, 33). The most converged areas,
determined by comparison to rmsds calculated for the
ensemble of 1000 unrestrained apelin-17 structures described
above, were analyzed for the presence of clustering within
the ensemble using Clusterpose (34). Rmsd values for each
cluster based upon the R1, R2 and R4 methods of Clusterpose
(34) were parsed into NEXUS format (35) by an in-house
python script and visualized as phylograms using Figtree (A.
Rambaut, University of Edinburgh). A group of structures
were considered to be part of the same cluster if (1) the R1,
R2 and R4 methods all placed these structures into nearly
or exactly the same cluster; (2) the resulting cluster consti-
tuted g10% of the total ensemble; and (3) the increase in
rmsd caused by superposing one cluster onto another is large
compared to the rmsd of structures within a cluster. Pymol
(Delano Scientific, San Carlos, CA) was used for molecular
visualization. Chemical shifts, restraint files, and the final
80-member ensembles for apelin-17 at 35 °C and for
conformers A and B of apelin-17 at 5 °C have been deposited
at the BioMagResBank (36) using SMSDep (BMRB Ac-
cession Codes 20029, 20030 and 20031).

RESULTS

CD Spectroscopy of the Apelins. Far-UV CD spectroscopy
of all five isoforms of apelin (apelin-12, -13, -17, -36 and
Pyr-apelin-13) in phosphate buffer (20 mM, pH 7.00 ( 0.05)
showed marked differences between 35 and 5 °C (Figures 1
and S1 in the Supporting Information; detailed spectral
analysis in Table S1 of the Supporting Information). At both
temperatures, apelin CD spectra show no evidence of
R-helical or �-sheet secondary structure, nor are the spectra
consistent with a strictly random coil structure (37). The
differences in spectral properties at 35 and 5 °C are
remarkably similar between isoforms (Figures 1 and S1 of
the Supporting Information). Specifically, each apelin isoform
had greater CD intensity in the ∼210-230 nm wavelength
region at 5 °C vs 35 °C, a crossing of the 5 and 35 °C spectra
at ∼208-211 nm, and decreased CD at 5 °C vs 35 °C for
all wavelengths below the crossover point. A positive band

Table 1: The Sequences of the Bioactive Forms of Human Apelin, as Well as the Functionally Essential Apelin-12 C-Terminal Region (Bolded in Each
Peptide Sequence)

apelin-36 H2N-LVQPRGSRNGPGPWQGGRRKFRRQRPRLSHKGPMPF-COOH
apelin-17 H2N-KFRRQRPRLSHKGPMPF-COOH
Pyr-apelin-13a HN-Pyr-RPRLSHKGPMPF-COOH
apelin-13 H2N-QRPRLSHKGPMPF-COOH
apelin-12 H2N-RPRLSHKGPMPF-COOH

a Pyr represents the amino acid pyroglutamate.
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with maximum at 217-218 nm is obvious at 5 °C in each
apelin peptide except apelin-36 and F13A substituted apelin-
13 (F13A-apelin-13). The ellipticity for apelin-36 did not
become positive in this wavelength range, but the same
positive band convolutes its CD spectrum. All apelin spectra
show a negative band below 200 nm, but with the exception
of apelin-36 and F13A- apelin-13 these are convoluted with
a positive band at 194-195 nm.

A positive band at ∼217-230 nm and strong negative
band below 200 nm are consistent with PPII structure,
however the positive band at 194-195 is not consistent with
a PPII structure (15, 38, 39). �-Turn structures produce a
variety of different spectra (40), but they all have inconsis-
tencies with the apelin spectra in Figure 1. Although
backbone amide transitions are typically observed in the far-
UV region of CD spectra, this region of the spectrum
sometimes shows bands from aromatic side chains. In
particular, positive bands at 197 nm and 217-220 nm have
been attributed to Phe side chains (41, 42). Since apelin-12,
-13 and Pyr-apelin-13 only have a single aromatic residue
(the C-terminal Phe), the appearance of bands from this Phe
side chain in apelin CD spectra was tested using F13A
substituted apelin-13. Strikingly, the CD spectra of F13A-

apelin-13 at both 35 and 5 °C do not have the positive bands
at 197 nm or 217-220 nm characteristic of the apelins with
a C-terminal Phe (Figures 1 and S1 of the Supporting
Information). This is a clear indication that these spectral
characteristics are due primarily to this Phe side chain and
not to backbone amide transitions.

The F13 side chain contribution in our data is pronounced
in comparison to the apelin-13 CD spectrum reported by Fan
et al. (13). This may be in part due to their measurement
being performed at ambient temperature since the Phe side
chain bands, particularly at 217-220 nm, are somewhat less
intense at 35 °C than at 5 °C (Figure 1). The apelin-13
spectrum reported by Fan et al. also shows noise in the
∼190-200 nm region which may have obscured the band
that we observe at 197 nm. Beyond these Phe side chain
bands, our CD spectroscopy results are in agreement with
Fan et al. and imply that the secondary structuring of the
apelins is primarily random coil in nature, with characteristic
temperature-dependent change in band intensity (38). Minor
PII structure is observed at 5 °C as a very weak band at
∼223-225 nm (blue-shifted relative to proline-rich PPII at
228-230 38, 39) in the F13A-apelin-13 spectrum. This very
weak band has a more canonical PPII position and appearance

Table 2: Summary of Iterative Structure Calculation Protocols and Restraints Employed for Production of the 80 Lowest Energy Structures from 200
Calculated for Each of the Three Apelin-17 Ensembles Produced Alongside Structural Statistics, Energies of Converged Structural Ensembles and
Violation Occurrences

5 °C

35 °C conformer A conformer B

Structure Calculation Parametersa

rounds of NOE refinement prior to 3J-coupling incorporation 3 6 7
total rounds of NOE refinement 12 37 32

Unique NOE Restraints

total 285 562 529
intraresidue 146 224 226
sequential 108 222 194
medium range (i - j e 4) 22 62 54
long range (i - j > 4) 0 0 0
ambiguous 9 54 55

3J-Coupling Restraints

no. of restraints 10 12 12

Ramachandran Plot Statistics

core 226 171 150
allowed 457 431 395
generously allowed 86 166 196
disallowed 111 112 139
in PPII conformation (30) 280/1500 345/1500 323/1500
no. of type I �-turns 9 0 1
no. of type II �-turns 2 9 2
no. of type IV �-turns 123 96 193
no. of type VIb �-turns 0 0 3
no. of type VIa �-turns 0 0 5
no. of type VIII �-turns 10 0 15

XPLOR-NIH Energies (kcal/mol)b

total 45.14 ( 5.39 53.45 ( 5.34 61.74 ( 6.40
NOE 0.60 ( 0.49 0.67 ( 0.59 0.61 ( 0.62
J coupling 2.55 ( 1.30 1.83 ( 0.88 2.71 ( 1.22

Violations

NOE violations > 0.5 Å 0 0 0
NOE violations of 0.3-0.5 Å 0 3 0
NOE violations of 0.2-0.3 Å 4 3 7
3J-coupling violations 11 4 6

a Iterative NOE contact refinement was carried out as described previously (28) through calculation of the given total number of 100-member
ensembles where the initial rounds were performed without 3J-couplings incorporated. b Ranges are given by average deviations for XPLOR-NIH
energies.
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than the Phe side chain band observed at 217-220 nm in
the other forms of apelin observed. This will have a minor
convoluting contribution to the shape of the band for a
conformationally restricted Phe side chain.

Sequential NMR Assignment of the Apelins. Sequential
assignment (43) of apelin-17 resonances at 35 and 5 °C was
carried out using natural abundance gradient-enhanced
13C-1H HSQC and homonuclear TOCSY, NOESY and
DQF-COSY experiments. Based on NOE buildup measure-
ments (43), a 400 ms mixing time was deemed optimal for
the NOESY experiment on apelin-17 (results not shown).
Apelin-12, -13, and Pyr-apelin-13 were also sequentially
assigned at both temperatures using 13C-1H HSQC, TOCSY

and ROESY experiments. Nearly complete 13C and 1H atom
assignment was possible at both 35 °C and 5-6 °C for all
forms of apelin (Table 3).

Chemical shifts of the apelin peptides demonstrate two
key features. First, there is no discernible effect of temper-
ature on chemical shift (illustrated for apelin-17 in Figure
2; detailed in Figures S2-S4 of the Supporting Information).
Second, the chemical shifts observed for the residues retained
between apelin isoforms are extremely similar, exclud-
ing the N-terminal portion of the shorter peptides (Figure
2). The shorter apelins are in the molecular weight range
where the NOE is minimal (43), meaning that NOESY
experiments are not viable. ROESY spectra of these peptides

FIGURE 1: Far-ultraviolet circular dichroism spectra of indicated forms of apelin (sequences in Table 1) and for F13A-subsituted apelin-13.
Spectropolarimetry (blank subtracted averages of 9 replicates) was performed at 5 °C (gray) and 35 °C (black) in phosphate buffer (20 mM,
pH 7.00 ( 0.05) at ∼200 µM apelin, with exact concentrations determined by quantitative amino acid analysis for all except Ala13-apelin-
13. Note that the reported mean residue ellipticity values [θ] are 3 nm sliding-window averages weighted toward the center wavelength (eq
1); spectra are shown without sliding-window averages in Figure S1 of the Supporting Information. Wavelength values for significant
spectral features are tabulated in Table S1 of the Supporting Information.

GPCR Binding Features of Apelin Biochemistry, Vol. 48, No. 3, 2009 541



are highly overlapped. When combined with convolution of
the antiphase J-coupled vs dipolar coupled peaks, ROESY
assignment was greatly hindered. Hence, full structural
analysis and calculation using NOESY assignments and
3JHNHR couplings was pursued only for apelin-17.

For apelin-17 as well as the shorter apelin peptides
examined, slow conformational exchange was apparent at
both 5 and 35 °C in the C-terminal region (residues
G13-F17 of apelin-17). This gave rise to degenerate spin
systems for each of these residues, with a clearly predominant
conformer and multiple minor conformers (example shown

for M15 in Figure 3). NOE assignments for the major
conformer (conformer A) and for the most populated minor
conformer (conformer B) were made for apelin-17 at 5 °C,
but not at 35 °C due to a lack of observable NOE contacts
arising from the lower-intensity degenerate resonances. Each
conformer shows distinct sets of sequential and medium (|i
- j| e 4) range NOE contacts over residues 13-17 (26 for
conformer A and 10 for conformer B; Figure 4), with K12
showing NOE contacts to G13 of both conformer A and B.
Based on peak areas in 1D 1H spectra and volumes in 2D
1H TOCSY spectra, ∼20% of the sample is in conformer B
and ∼80% in conformer A at 5 °C, neglecting the other less
populated conformers (estimated at a combined total of <5%

Table 3: Summary of 1H and 3C NMR Assignments That Were Either
Not Observable or That Were Ambiguously Assigned for Given Apelin
Isoform (Sequences in Table 1)

data
set

missing resonance
assignments

apelin-12 6 °C R1-HN,Hη

apelin-12 35 °C R1-HN,Hη R3-Hη K7-H�

apelin-13 5 °C Q1-HN R2-Hε,Hηa R4-Hε,Hηa K8-H�

apelin-13 35 °C Q1-HN R2-CR,Hη R4-Hη H7-HR,CR K8-H� M11-CR

Pyr-apelin-13 6 °C Q1-HN R4-Hη

Pyr-apelin-13 35 °C Q1-HN R2-Hη R4-Hη H7-HR,CR K8-H�

apelin-17 5 °C
conformer A

K1-HN,H� F2-Hε,Cδ,Cε R3-Hηa R4-Hηa R6-Hηa R8-Hηa

F17-Hε,Cε

apelin-17 5 °C
conformer B

K1-HN,H� F2-Hε,Cδ,Cε R3-Hηa R4-Hηa R6-Hηa R8-Hηa

P14-Cδ F17-Hε,Cε,H�,C�

apelin-17 35 °C K1-HN,H� R3-Hη R4-Hη R6-Hη R8-Hη K12-H�

a Ambiguous assignment (chemical shift assigned, but not uniquely)
made for this resonance.

FIGURE 2: Secondary chemical shifts ( (47), ∆δ ) δ(observed) -
δ(random coil), based on random coil shifts from Wishart et al.
(45)) for indicated isoform of apelin (sequences in Table 1) at 5
°C alongside those for apelin-17 at 35 °C. ∆δ shown for HR, CR,
H� and C�, with degenerate shifts denoted by a prime. The
horizontal lines show the values of ∆δ identified as significant for
secondary structuring by the 1H and 3C chemical shift indices (refs
54 and 55, respectively); note that CR and C� for Pro have identified
ranges of (4 ppm (not shown by horizontal line), unlike the other
residues.

FIGURE 3: The H�-HN connectivity region of a 1H-1H total
correlation spectroscopy (TOCSY; 60 ms mixing time, DIPSI spin-
lock, 800 MHz field strength) experiment acquired for apelin-17
(∼3.5 mM peptide in 20 mM Na+CD3COO- buffer at pH 5.00 (
0.05 prepared in 90% H2O/10% D2O with 1 mM NaN3 and 1 mM
DSS) at 35 °C.

FIGURE 4: A breakdown of nuclear Overhauser effect (NOE)
contacts per amino acid residue used to calculate the final ensembles
of structures, with short (sequential) and medium (i - j e 4) NOE
interactions shown for apelin-17 at 35 °C (a) and for conformers
A and B at 5 °C (shown in (b) and (c), respectively). Note that
these plots do not include ambiguous NOEs shown in Table 2.
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of the ensemble of peptides in solution for all remaining
conformers).

In consideration of the nature of conformer A vs conformer
B, the fact that cis-trans peptide bond isomerization is much
more favorable for proline than for any other amino acid is
critical. To characterize the isomerization state, a character-
istic 13C chemical shift difference can be determined using

∆13C) δ(C�)- δ(Cγ) (2)

where δ(C�) and δ(Cγ) are the chemical shifts of the indicated
13C nuclei. Work by Schubert et al. shows that ∆13C is an
accurate indicator of the proline N-terminal peptide bond
isomerization state (44). Using this metric, the N-terminal
peptide bonds of P14 and P16 are both in the trans form in
conformer A (∆13C(P14) ) 4.97, ∆13C(P16) ) 4.64) and in
the cis form in conformer B (∆13C(P14) ) 9.53, ∆13C(P16)
) 9.81).

For apelin-17 at 35 °C and conformers A and B at 5 °C,
rounds of structure refinement with iterative verification and
adjustment of NOE restraints were completed, using the
procedure outlined in Experimental Procedures, until the total
energies of the structural ensembles converged to a minimum.
Table 2 displays a summary of the NOE and DQF-COSY
based 3JHNHR coupling restraints used as well as average
energies and violations of the final 80-member ensembles
(80 lowest energy members from 200 calculated structures)
of apelin at 5 and 35 °C. Notably, almost double the number
of NOE contacts were observed at 5 °C vs 35 °C (Table 2)
with NOE contacts spread along the length of the peptide
(Figure 4), indicating that structuring is not restricted to a
single region. Graphical summaries of NOE restraints (Figure
S5 of the Supporting Information) show good connectivity
over the length of the peptide without the hallmark features
of R-helix or �-sheet structure (43).

Structural Features of Apelin-17. Chemical shifts (Figure
2) for apelin-17 at both 35 and 5 °C, as well as for the other
three forms of apelin assigned, showed little deviation from
random coil values (random coil values of Wishart et al. (45)
were used). This is not surprising given the strong random
coil (and slight PPII) appearance of CD spectra presented
both previously in ref 13 and here (Figure 1). Although
3JHNHR coupling values were measured and used as restraints
(with minimal violations in final structural ensembles, Table
2) at both 35 and 5 °C, most residues still displayed large
average deviations for their dihedral angles (Figure S6 of
the Supporting Information). Very low dispersion was
observed for the dihedrals of the proline residues, as would
perhaps be anticipated based on the restriction in conforma-
tion imparted by the cyclized side-chain of Pro (15). Several
type I, II, VI, VIII and many type IV �-turns were detected
by Promotif-NMR (31) (Table 2). A significant proportion
of residues found in “disallowed” regions of the Ramachan-
dran plot (Table 2) is consistent with regions having high
type IV �-turn prevalence (46).

None of the apelin-17 ensembles demonstrate consistent
structuring over the length of the peptide. Rather, a great
deal of conformational sampling is apparent. Building on
analysis methods detailed previously (17, 33), superpositions
of each structural ensemble were carried out over 3-6
residue regions starting on each amino acid of apelin-17.
Backbone rmsd values and per-residue deviations for each
superposed region were then compared to those of a large

(1000 member) apelin-17 ensemble calculated without any
NOE or 3J-coupling restraints to determine those segments
with rmsds which are significantly better than the unre-
strained ensemble (i.e., rmsd of the unrestrained ensemble
higher than the rmsd + average deviation of NMR en-
semble). This analysis demonstrates clear regions of struc-
tural convergence in each ensemble (Figure 5). Note that in
some cases, 4 residue superpositions neighboring well-
converged regions (F2-Q5 neighboring K1-R4 at 35 °C
and Q5-R8 neighboring R9-L9 for conformer A at 5 °C)
have lower rmsd than the 1000 member ensemble. However,
extension of these two superpositions to 5 residues showed
poor structural convergence. We therefore treat only the
lower of a pair of neighboring rmsds as a truly converged
segment. The neighboring superposition with decreased rmsd
is driven to this value through its proximity to the better
converged structure. Note that although conformer B at 5
°C does not display a well converged structure over residues
K1-R4, unlike apelin-17 in conformer A at 5 °C, the error
in rmsd for conformers A and B overlap. This implies that
the ensemble of structures for conformer B is just marginally
less converged than in conformer A in this region and is
likely due to slight differences in the iterative NOE refine-
ment of these two ensembles.

Examination of converged regions defined in this manner
(K1-R4, R6-L9 for apelin-17 at 35 °C; and K1-R4,
R6-L9 and P14-F17 or G13-F17 for 5 °C data) demon-
strated clustering of backbone conformation in each con-

FIGURE 5: Root-mean-square deviation (rmsd) values calculated
iteratively for superpositions over 4 residue segments for indicated
80-member NMR-based structural ensembles of (a) apelin-17 at
35 °C, (b) of the primary apelin-17 conformer (conformer A; trans
peptide bonds at P14 and P16) at 5 °C and (c) of the second most
populated apelin-17 conformer (conformer B; cis peptide bonds at
P14 and P16) at 5 °C. Bars correspond to a superposition starting
at the indicated residue with the average deviation for that
superposition indicated by the error bar. The average rmsd value
of an unconstrained ensemble of 1000 calculated apelin-17 struc-
tures superimposed over the 4 residue segments is represented by
the dashed line.
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verged region within each ensemble. Therefore, cluster
analysis (34) was performed on these regions. In order to
consider a clustering result significant for further analysis,
the cutoff was imposed that at least two clusters must contain
>10% of the ensemble members. According to this cutoff,
the G13-F17 region in both conformers A and B of apelin-
17 at 5 °C was clustered (colored differently in Figure 7(b,
c), magnified in Figure S7 of the Supporting Information).
No other structurally converged region contained significant
clustering. Details of the clustering and cluster properties
are provided in Table S2 of the Supporting Information, with
side chain rmsd values of the heavy side chain atoms of these
clusters in Figure S8 of the Supporting Information.

In summary, apelin-17 has regions of well-converged
structure which undergo conformational sampling relative
to each other. Type IV �-turns are prevalent at several
residues in comparison to the 1000-member unrestrained
apelin-17 ensemble (Figure 6(a); these turn locations are
shown graphically in Figure 7(d)). Several residues are also
more frequently found in the PPII conformation in the NMR
structural ensembles than in the unrestrained ensemble
(Figure 6(b); increased proportion of PPII shown in Figure
7(d)). Further complicating the conformational sampling
observed between structurally converged regions, the pair
of Pro residues near the C-terminus undergo observable
cis-trans isomerization, with two primary conformers at 5
°C being observed where both Pro residues are trans
(conformer A) or both Pro residues are cis (conformer B).

DISCUSSION

Structure of Apelin-17. CD spectra of the all apelin
isoforms examined are highly similar and show predomi-

nantly random coil character at both 35 and 5 °C (Figures 1
and S1 of the Supporting Information). The chemical shifts
for the apelins tend to be close to random coil values (Figure
2 and Figures S2-S4 of the Supporting Information), as
would therefore be expected (47). Nonetheless, apelin-17 has
clear regions of converged structure (Figure 7) identifiable
by rmsd analysis of NMR structural ensembles (Figure 5
(17)) at K1-R4 (at 35 °C and in conformer A at 5 °C),
R6-L9 (both at 35 and 5 °C, increased at 5 °C) and
G13-F17 (at 5 °C). Increased apelin-17 structuring upon
temperature decrease was somewhat unexpected in light of
both NMR chemical shift comparisons and CD spectroscopy.
In particular, NMR chemical shifts are minimally different
between 35 and 5 °C (Figure 2 and Figures S2-S4 of the
Supporting Information), indicative of minimal secondary
structuring change. CD spectroscopy (Figures 1 and S1 of
the Supporting Information) implies that the only differences
in apelin conformation at 5 °C relative to 35 °C are a very
slight increase in PPII and, potentially, decreased mobility
of the C-terminal Phe resulting in side chain chromophore
far-UV CD bands seen in all isoforms except apelin-36.
There is no obvious explanation for the lack of bands arising
from F36 in apelin-36 CD spectra. Possibilities are that
longer-range interactions between the extended N-terminal
region of apelin-36 with the C-terminal Phe residue may
affect the transitions giving rise to these bands or that there
are inherent structural and dynamic differences for this
significantly larger peptide form. We intend to examine this
discrepancy in future work. Note that a well-defined structur-
ing of the C-terminus at 5 °C would also not normally be
anticipated, since polypeptide termini are typically less
structured than the remainder of the polypeptide (43). The 2
Pro residues in this region assist in providing structuring
through reduced conformational freedom due to their cyclic
nature (15).

The modest increase of PPII structure at 5 °C (i.e., the
portion of the CD band at 217-220 nm not due to the
C-terminal Phe side chain based on the CD spectrum of
F13A-apelin-13) corresponds well with increased proportion
of PPII conformation in the structural ensembles at 5 °C vs
35 °C (Table 2; Figure 6(b)). PPII occurrence in all three
apelin-17 ensembles is highest at R4, R6-L9, H11 and
P14-M15, while S10, which is not converged, shows the
least evidence of PPII (Figures 6 and 7). Imposing PPII

dihedral restraints (using -110° e φ e -40° and 130° e
ψ e 180° (48)) on a residue-by-residue basis did not reduce
mean ensemble energy, suggesting that the PPII content of
these regions is persistent but not fixed. Note that the PPII

restraints placed upon residues during simulated annealing
were stricter than the bioinformatically observed PPII region
of Best et al. (30) used to detect the presence of PPII in the
ensemble of structures (Figure 6(b)). �-turns (mostly type
IV) were also frequently observed in the final ensembles
(Table 2 and Figure 6(a)). In comparison to �-turn occurrence
in the control ensemble of 1000 apelin-17 structures calcu-
lated with no restraints, the prevalence of �-turns is highest
over the C-terminally converged region and elevated relative
to unrestrained apelin-17 in the R6--R8 region (shown
schematically in Figure 7(d) and detailed in Figure 6(b)).
Therefore, both PPII and �-turns are prevalent in the most
structured regions of apelin-17.

FIGURE 6: (a) Proportion of ensemble members out of the 80-
member ensembles with type IV �-turns initiated at the given
residue as determined by Promotif-NMR (31). Data is shown for
all 3 ensembles of apelin-17 structures (one at 35 °C and conformers
A and B at 5 °C). The horizontal line represents the average number
of type-IV �-turns found in an ensemble of 1000 structures for an
unconstrained XPLOR-NIH (27) simulated annealing run performed
under otherwise identical conditions. (b) Proportion of ensemble
members found in polyproline-II (PPII) conformation at given
residue, as determined by an in-house tcl/tk script using the PPII

(φ,ψ) region defined through bioinformatics analysis by Best et al.
(30) Horizontal lines at each residue show the proportion of that
residue found in PPII in the 1000-member unrestrained ensemble.
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The striking similarity of the HR, H�, CR and C� chemical
shifts of the shorter apelin peptides to those of apelin-17
(Figure 2 and Figures S2 and S3 of the Supporting Informa-
tion) suggests that the structuring observed in apelin-17
(Figure 7) is retained in the smaller apelins. This is not
surprising, given that all forms of apelin bind to and activate
the same GPCR, but is the first experimental evidence that
the functionally critical apelin-12 region has a defined
structure retained between apelin isoforms. Since PPII has
been proposed as an important motif for intermolecular
interactions (16) and �-turns have been proposed to be a
common motif recognized by GPCRs (14), the two structur-
ally converged regions of apelin-17 at 5 °C are likely
candidates for specific binding to APJ.

Structure-Function Correlation. The region of apelin
required for binding to and activation of APJ, as demon-
strated using truncation mutants, is the C-terminal peptide
apelin-12 (Table 1 (11)), and the C-terminal Phe is critical
according to a number of studies (12, 49, 50). Ala-scanning
mutagenesis on apelin-13 was published almost simulta-
neously by two groups (12, 13) (also discussed in ref 51).
The residues in apelin (discussed here with apelin-17
numbering) critical for binding and activation of APJ are
highlighted in Figure 7(d). Our structural results provide a
new context for these mutagenesis studies. Residues in the
structurally defined segments at 5 °C (Figure 7b,c) cor-
respond very well to the functionally critical regions identi-
fied in the literature (purple circles around residues in Figure

7(d) 11-13, 49, 50). In particular, our NMR data support
the idea that R6-L9 are functionally important because of
the specific backbone structure they adopt at both 5 and 35
°C. Fan et al. found S10 and K12, found here to be in the
flexible linker between structured regions (Figure 7), to be
functionally important but not critical (13). These residues
may facilitate interaction between apelin and APJ, without
being essential for binding or activation. A specific structur-
ing in this region, not observed here, may also take place
once the receptor-ligand complex is formed. Finally, the
importance of G13, P14, M15 and F17 is echoed in the
extremely well-converged structure over these residues at 5
°C (Figures 5, 7 and clustering details in Table S2 of the
Supporting Information and Figures S7 and S8 of the
Supporting Information). The highly evident cis-trans
isomerization in this region, with both prolines being either
one isomer or the other in each of the two most populated
conformers (conformers A and B of apelin-17 at 5 °C),
introduces the issue of which cis-trans isomers are needed
for the binding to or activation of APJ by apelin.

The P16 residue is consistently structured in apelin-17 at
5 °C, but was found to be inessential by Fan et al. (13), the
only study where a P16A substitution has been made. The
Pro to Ala substitution would likely be highly perturbing to
structure, although it is possible that an Ala substitution
allows similar structure to form. It is notable, however, that
contrary to other studies (12, 49, 50), Fan et al. also did not
find the C-terminal Phe to be essential (13). This may

FIGURE 7: Representative structures for apelin-17 structural ensembles (a) at 35 °C, (b) of the primary conformer (conformer A; trans
peptide bonds at P14 and P16) at 5 °C and (c) of the second most populated conformer (conformer B; cis peptide bonds at P14 and P16)
at 5 °C are shown in stick form for backbone and side chains. A summary of structural properties is provided in (d) relative to the apelin-17
sequence. For structurally converged regions (identified for each temperature in (d)), the backbones of all 80 ensemble members are shown
superposed over the representative structure. Ensemble members are colored by cluster for the C-terminus of (b and c), where major
clusters of backbone conformation exist. Functionally critical residues (11-13, 49, 50) identified by Ala-substitution studies are colored
purple, both for side chains in (a-c) and for the circle surrounding the residue in (d). Increased polyproline-II (PPII) and �-turn abundance
based on parallel examination of all three ensembles (detailed in Figure 6) are indicated, with all four residues involved in a given �-turn
indicated by a bar covering those residues.
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represent a difference in the mechanism of APJ response to
apelin in the human APJ HEK293 transfected cells produced
and tested by Fan et al. (13) compared to those of Medhurst
et al. (12) or the rat APJ transfected CHO cells used by De
Mota et al. (49). Indeed, Lee et al. report loss of function
for F13A-apelin-13 upon administration to rats (50). Since
the C-terminal Phe was not susceptible to substitution in the
study of Fan et al. but was found to be essential in other
physiological assays, a P16A mutant tested differently may
indeed perturb apelin-APJ binding or activation.

Insights into Receptor-Ligand Interactions. A hypotheti-
cal mode of interaction between apelin and APJ is suggested
by the differential structuring of apelin-17 at 35 and 5 °C.
At 35 °C, apelin may be undergoing conformational selec-
tion, similar to that recently observed for ubiquitin (19),
facilitating specific binding to APJ. This is most likely
initiated in the R6-L9 region of apelin, which is well
structured at both 35 and 5 °C. All four residues in this region
(RPRL) are highly sensitive to Ala substitution and the
N-terminal region of APJ identified as critical using both
truncation mutants and Ala-scanning mutagenesis by Zhou
et al. (51) includes 8 acidic residues and only 2 basic
residues. Therefore, the cationic R6 and R8 residues, which
generally fall on the same face of apelin-17 in the structural
ensembles, provide a likely binding target for the N-terminal
region of APJ. The L9 side chain, which is solvent exposed
in every ensemble member, may act to strengthen the binding
of apelin and APJ through a hydrophobic interaction.
Furthermore, the reduced entropy of the R6-L9 region in
the free peptide arising from its increased structuring relative
to the remainder of apelin, even at 35 °C, is likely to provide
a decreased entropic penalty for binding of apelin to APJ vs
a binding interaction occurring elsewhere in the peptide.

Although our results cannot confirm or deny this mode of
binding, the work of Sykes and co-workers (21, 23)
demonstrates that it is a reasonable hypothesis that the
structuring in the R6-L9 region and at the C-terminus of
apelin-17 at 5 °C is representative of the apelin-APJ bound
state. Initial binding of the R6-L9 region of apelin to APJ
would bring the C-terminal region of apelin into proximity
with APJ, facilitating its binding. This would fit well with
separate binding and activation steps, as proposed for both
class A chemokine GPCRs (52) and class B GPCRs (53).
Determination of the active conformation of apelin in this
C-terminal region, including the cis-trans isomer forms of
P14 and P16, will be critical for understanding apelin
function and for developing specific targets for therapeutic
design. The potential for a two-step interaction between
apelin and APJ provides a key structural starting point for
detailed structure-function dissection of the apelin-APJ
system.

Summary. All five bioactive forms of apelin examined
exhibit almost identical CD spectra and chemical shifts at
both physiological (35 °C) and low temperature (5-6 °C),
indicating similarity in structure between these five forms
of apelin. The apelin-17 structures should, therefore, be
highly consistent with the other, shorter apelin isoforms. CD
spectral analysis was made difficult by an unusual contribu-
tion in the far-UV region from the side chain of the
C-terminal Phe, accentuated at low temperature, that may
be easily mistaken for predominantly PPII conformation.
Upon deconvolution of this CD spectral contribution, the

apelins all have a primarily random coil appearance. Despite
thus random coil character, the R6-L9 region of apelin
exhibits nascent structuring at both 35 and 5 °C. Residues
G13-F17 show a high degree of structuring at 5 °C, with
clustered backbone conformation, correlating well with far-
UV CD bands implying conformational restriction at F17.
The apelin peptides all also show strong evidence of
cis-trans isomerization of the Pro residues in the PMPF
motif at the C-terminus, with predominant conformers having
either both trans (∼80%) or both cis (∼20%) peptide bonds.
Both structured regions correlate very well to functionally
critical regions from previous Ala-substitution studies.
Although the free state of apelin-17 has now been well
characterized, with potential bound-state conformation and
mode of binding postulated from the structural results
presented here at 5 °C, further experiments examining the
apelin-APJ bound state are required to fully describe the
binding interactions in this important system.
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