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Abstract

Human APG1 gene is homologous to Drosophila methuselah gene associated with extended life span. A peptide (APG1:
RNGKRSNRTLREE) corresponding to a predicted region of the intracellular third loop of G protein-coupled receptor coded in human
APG1 gene could activate Gi protein a subunit directly. The three-dimensional molecular structure of the peptide in SDS-d25 micelles was
determined by 2D 1H NMR spectroscopy. APG1 formed an a-helical structure at the C-terminal site and a positive charge cluster at the
N-terminal site. The cluster was also found in several other Gi protein-coupled receptor peptides. Therefore, the positive charge cluster
on the helical structure might be engaged in G protein activation.
� 2006 Elsevier Inc. All rights reserved.
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The methuselah (mth) gene in Drosophila is known to be
associated with life span by a screening test for gene muta-
tion. In Drosophila, 35% increase in average life span is
shown by knocking out the mth gene [1]. The predicted
protein from mth gene is thought to be G protein-coupled
receptor (GPCR) [2]. GPCRs play an important role in
intracellular signal transduction [3], and most of GPCRs
take a common multiple membrane-spanning conforma-
tion in the seven transmembrane domains [4]. It is reported
that the intracellular third loop (IC3) peptides of human
b2-adrenergic receptor [5] and human prostaglandin
EP3a receptor [6] can activate G protein directly. There-
fore, the IC3 peptide of GPCR will be a good model for
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q Abbreviations: COSY, correlated spectroscopy; G protein, Guanine
nucleotide-binding protein; NOE, nuclear Overhauser effect, also used for
NOESY cross peak; NOESY, NOE spectroscopy; ppm, parts per million;
SDS-d25, sodium dodecyl-d25 sulfate.
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resolving the biological molecular mechanism for G pro-
tein activation. In the previous study of an IC3 peptide
of prostaglandin EP3a receptor, this receptor peptide
forms a helical structure in SDS micelles and the structure
of this peptide in SDS micelles consists of a positive charge
cluster on the N-terminal side of the chain [6]. In this work,
we investigated a peptide (APG1: RNGKRSNRTLREE)
corresponding to the predicted IC3 region of APG1 recep-
tor protein derived from APG1 gene, which is a human
homolog of mth gene (Fig. 1), to clarify the Gi protein acti-
vation mechanism and the solution structure.

Materials and methods

Sample preparation. The sequence of IC3 region of APG1 receptor has
been identified by the analysis of APG1 sequence using the secondary
structure prediction programs, SOSUI [7], TopPred [8], and TMHMM [9].
A peptide (APG1: RNGKRSNRTLREE) corresponding to the region of
human APG1 receptor IC3 and a peptide (GABAb IC2:
HTGFTKKEEKKEWRKTLEPWK) corresponding to the intracellular
second loop (IC2) of human GABAb receptor were synthesized by

mailto:osamu@cis.ac.jp


Fig. 1. Schematic drawing of the predicted transmembrane domains of
APG1 receptor. Circle region represents the third intracellular loop (IC3)
of APG1 receptor. The amino acid sequences of IC3 were predicted with
three programs: SOSUI, TopPred, and TMHMM. The square shows a
synthesized region in the present experiment.

Fig. 2. The effects of specific receptor segments on Gi protein activation of
GTPcS binding activity. The GTPcS binding activity was expressed as a
ratio of the control buffer that contained 10 nM Gi protein in the absence
of sample peptides. GTPcS binding activity of Gi protein in the presence
of each 10 lM peptide (positive control: Mastopran-X, negative control:
GABAb IC2). The data represent means ± SE of three experiments.
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standard solid-phase reaction procedures. The used protected amino acid
derivatives, piperidine and N-methyl pyrrolidone, were purchased from
Wako Pure Chemical Industries. The crude reaction products were puri-
fied by the reverse phase HPLC. Purity and molecular weight of the
peptide were confirmed by ion-spray mass spectrometry on a Perkin-Elmer
SCIEX API III mass spectrometer.

GTPcS binding assay. GTPcS binding to 10 nM Gi proteins was
measured in 20 mM Tris buffer (pH 7.5) containing 1 mM EDTA, 1 mM
DTT, 25 mM MgCl2, 1 lM [35S]-GTPcS, and peptides at 30 �C. The total
amount of Gi protein was determined to be 10 nM, based on the mea-
surement of maximal GTPcS binding in the presence of 1 lM GTPcS and
25 mM MgCl2 at 30 �C [10].

NMR spectroscopy. NMR spectra of 2 mM peptide at 298 K were
measured on a Bruker AM-600 (600 MHz) and Varian INOVA 600
spectrometers. The peptide was dissolved in 100 mM SDS-d25 micelles in
95% H2O, 5% D2O (v/v), and 50 mM phosphate buffer (pH 6.2). Two-
dimensional COSY [11], TOCSY [12], and NOESY [13] spectra were
recorded. The NOESY spectra were observed in the standard pulse
schemes with mixing time of 150 and 500 ms. The mixing times for
TOCSY with MLEV-17 spin-lock pulse were 25 and 50 ms. In all exper-
iments, water peaks were suppressed by presaturation. Sodium 2,2-di-
methyl-2-silapentane-5-sulfonate (DSS) was used as an external reference
of 1H chemical shifts. Typical data size for all experiments was 2048 · 512.
All the NMR data were processed with NMR Pipe [14] and analyzed with
the PIPP program [15].

Restrained molecular dynamics calculation. NOE restrains were classi-
fied into three categories: strong, medium, and weak corresponding to the
distance restraints of 1.8–2.8, 1.8–3.5, and 1.8–5.0 Å, respectively. Dis-
tance Geometry calculations were carried out with CNS program (version
1.1) [16]. The calculations were performed in three divided stages. In the
first stage, 4000 random peptide structures were generated. In the second
stage, high-temperature dynamics were carried out to correct residual
distance violation. In the third stage, the temperature was decreased from
3000 to 100 K through 20 K steps, and the structure was energy-minimized
under the NOE constraints. The final twenty lowest energy structures were
analyzed by using the program MOLMOL [17].
Results

GTPcS binding activity of Gi protein induced by the
peptide APG1 has been examined in vitro in order to inves-
tigate how APG1 receptor peptide activates Gi protein
directly. Fig. 2 shows the GTPcS binding activity of Gi

protein by APG1. Positive control is Mastopran-X [18],
which is a wasp venom, peptide and negative control is a
peptide corresponding to the IC2 region of human GABAb
receptor, GABAb IC2. Results clearly show that the IC3
peptide of APG1 activates Gi protein by increasing the
GTPcS binding.

To investigate the structural requirement for Gi protein
activation by APG1 peptide, NMR measurements were
carried out with APG1 peptide in SDS micelles solution.
There are a few NOE cross peaks at the N-terminal part,
while (i, i + 3) and (i, i + 4) NOE cross peaks are observed
at the central and C-terminal part. These NOE cross peaks
were assumed to reflect the existence of a helical structure
in APG1 peptide. The lowest-energy structure of APG1
peptide from CNS calculation is shown in Fig. 3A1. The
structural statistics for the twenty lowest-energy structures
of 4000 calculated structures are shown in Table 1. The
RMSD values were calculated by using the program MOL-
MOL. This peptide has an a-helix in the C-terminal part.
The basic amino acid residues (R1, K4, R5, R8, and
R11) are located on one side of the molecules. Electrostatic
potential surface of APG1 peptide shows that one side
of the molecular surface is covered with the positive
charges.
Discussion

From present GTPcS binding assay, we found that Gi

protein was directly activated by the peptide corresponding
to the predicted IC3 region of human APG1 receptor. The
fact of Gi protein activation by the IC3 peptide of APG1
receptor agrees with previously reported results of peptides
of human b2-adrenergic receptor [5] and prostaglandin
EP3a receptor [6]. These peptides are similar in size.



Fig. 3. The lowest-energy structures and electrostatic potential surfaces of (A) APG1 and (B) EP3a peptides. (1) Stick models of peptides. In the model, a
thick line represents the backbone of APG1, and thin lines are side chains. The colors in the model are the followings; carbon atoms: dark gray, oxygen
atoms: red, nitrogen atoms: blue, a sulfur atom: yellow. In the APG1 structure, side chains of basic amino acid are in the circle. (2) Electrostatic potential
model of surfaces of peptides, (3) Hundred and eighty degrees rotation models of (2). Blue parts show positive charge, and red parts show negative charge.

Table 1
Structural statistics for the final 20 structures of APG1

The number of restraints
All NOE distance restraints 116

Sequential 48
Medium and long range

(i � i + 2, i � i + 3, i � i + 4)
68

Deviations from idealized covalent geometrya

Bonds (Å) 0.0107 ± 0.00012
Angles (�) 1.4191 ± 0.0127
Improper (�) 0.8136 ± 0.0131

Mean coordinate RMSD from mean structure
Overall structure

Backbone heavy atoms 0.44 ± 0.16 Å
All heavy atoms 1.23 ± 0.32 Å

a The values are given as mean ± standard deviations for the ensemble
of the 20 final solution structures.
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Therefore, the IC3 loop region of several G protein-coupled
receptors would have relevance to G protein activation.

The present NMR structures showed that APG1 peptide
in SDS micelles could take a helical conformation
(Fig. 3A). At the N-terminal part, basic amino acids are
located on one side of the helical surface, and positive
charge cluster is formed. A peptide EP3a (TIKA-
LVSRCRAKAAV), corresponding to the N-terminal
region in IC3 of prostaglandin EP3a receptor, has also sim-
ilar positive charge cluster on one side of the helical surface
[6] (Fig. 3B).

APG1 is a basic amino acid-rich peptide. Five residues
of basic amino acids are contained in 13 residues of amino
acids of APG1 (38%). Also in EP3a, four residues of basic
amino acids are contained in 15 amino acids (27%). These
basic side chains form positive charge cluster on one side of
the helical surfaces of receptor IC3 peptides. On the other
hand, the surface of G protein has been reported to be cov-
ered with negative charge [19]. Therefore, the observed
positive charge cluster of the both peptides will interact
with the negative charge region of G protein by electrostat-
ic complementation.

The APG1 peptide takes a helical structure. Similarly
Mastopran-X and EP3a, which also activates Gi protein,
take a fixed helical structure at the N-terminal (Fig. 4). A
peptide derived from rat angiotensin II AT1A receptor also
forms a short helical region [20]. In the human adrenergic
receptor G protein activation site was specified at the third
intracellular loop and helical positive charged cluster was



Fig. 4. Overlay tube representation of 20 lowest-energy structures of three
peptides: (A) APG1, (B) EP3a, and (C) Mastopran-X.
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formed [21]. These results imply that the activation sites of
receptors are the limited small region. The next problem is
to consider the molecular mechanism for regulation of the
receptor-induced G protein activation. Corresponding to
our study, when Negishi et al., truncated the long C-termi-
nal loop, G protein was activated by the receptor constitu-
tively without any ligand stimulation [22–25]. The results
will make us to imagine that the C-terminal loop structure
would prevent the G protein activating site of a receptor,
such as IC3 region in our study, from G protein activation
during resting stage. Our study may help to clarify the
molecular mechanism of G protein activation induced by
GPCRs.
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