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Abstract: The closely related neuropeptides orexin A and orexin B mediate their actions, including the regulation of sleep and
appetite, by the activation of the orexin 1 and 2 receptors. To elucidate the structural prerequisites for receptor activation and
subtype selectivity, we performed multiple amino acid substitutions within the sequence of orexin A and human orexin B-(6-
28)-peptide and analyzed their solution structures by CD spectroscopy and their activity at both receptors in Ca2+ mobilization
assays. For orexin A, we showed that the basic amino acids within the segment of residues 6–14 were important for the activation
of both receptors. Furthermore, we showed that the restriction via disulfide bonds is not required to maintain the active structure
of orexin A. The kink region of h orexin B has been shown to be important for Ox2R selectivity, which is not mediated by the
restriction of the turn structure. Additionally, we showed that no particular secondary structure is required for receptor subtype
selectivity. Copyright  2005 European Peptide Society and John Wiley & Sons, Ltd.
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INTRODUCTION

Neuropeptides regulate many physiological and behav-
ioral functions by the interaction with their receptors.
Mutations in receptors, changes in receptor expression
or availabilities of peptide agonists may cause diseases.
The disabling sleep disorder narcolepsy, characterized
by daytime sleepiness, cataplexy, and stinging transi-
tions from wakefulness into rapid-eye-movement (REM)
sleep, is associated with orexin deficiency [1–3]. A phe-
notype similar to human narcolepsy was observed in
orexin gene-targeted mice, suggesting that orexins have
an important function in the regulation of sleep [4]. Fur-
ther investigations in the autosomal recessive canine
narcolepsy model identified mutations within the gene
of the orexin 2 receptor (Ox2R), which result in nar-
colepsy [5]. Mutations in the human Ox2R gene were
recently also found in narcolepsy patients [6]. Moreover,
orexins have been implicated in several other physio-
logical functions such as regulation of feeding behavior
[7,8] and neuroendocrine function [9,10]. Thus, the
orexins and their receptors are a promising target for
the identification of new therapeutics.

The orexin system, consisting of the peptides orexin
A and B (Figure 1) and the G-protein coupled receptors
orexin 1 and orexin 2 receptor (Ox1R and Ox2R)
[11], is distributed in the lateral hypothalamus,
gastrointestinal tract and in the endocrine organs
(for review see [12]). The orexin receptors are highly
conserved across mammalian species, and human
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Ox1R and Ox2R show an overall sequence identity
of 64%, with weak conservation of the extracellular
N-terminal domain, the intracellular loop III and the C-
terminal tail [11]. Activation of recombinantly expressed
receptors and native neurons elevate the Ca2+ level via
the Gq family of G-proteins [11,13].

The orexin peptides derive from a single mRNA
encoding the 131 residue precursor prepro-orexin
[11,14]. Posttranslational processing of the single
precursor prepro-orexin generates both orexin A and
orexin B, that share 46% sequence identity, with the
C-terminus being well conserved [15]. The 33 amino
acid peptide amide orexin A consists of a constrained
structure at the N-terminus that is formed by two
intramolecular disulfide bonds connecting residues
6 to 12 and 7 to 14 and activates both orexin
receptors equally [11]. In contrast, the linear 28 residue
peptide amide orexin B shows an approximately 10-fold
decreased activity at the Ox1R, but is equally potent at
the Ox2R [11]. However, the potency of both peptides is
moderate compared to other neuropeptides that bind to
GPCRs. The possible reason for the poor discrimination
of both receptors between the orexin peptides was
recently identified by the elucidation of the secondary
structure by NMR spectroscopy. Both peptides consist
of two related α-helices that are connected by a flexible
bend. For orexin B, the α-helices range from residues
Leu7 to Ser18 and Ala22 to Met28 [16,17] and for orexin
A from residues Cys14 to His21 and from Asn25 to Leu31

[18]. Additionally, orexin A consists of a rigid turn
between residues Arg8 and Thr11.

Beside the structure, there are very few data
available regarding the structure-activity relationship
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h Orexin A Glp-PLPDCCRQKTCSCRLYELLHGAGNHAAGILTL −NH2
h Orexin B RSGPPGLQGRLQRLLQASGNHAAGILTM−NH2

Figure 1 Comparison of the amino acid sequences of human
orexin A and B. Similarities are highlighted in grey.

of orexin peptides with their receptors. The minimal
sequences required for receptor activation are C-
terminal segments of at least 19 amino acids for
orexin A [19,20] and 21 amino acids for orexin B
[19], though the functional activity of these peptides
is reduced. The same was observed for orexin A with
replacements of the central residues 6–14 by linker
moieties [19]. Preservation of full orexin A activity
requires the complete amino acid sequence and only
the disulfide bonds can be disconnected without loss
of activity. Additionally, the replacement of each amino
acid of orexin A-(15–33)-peptide by Ala showed that
residues 16, 19, 20, 26 and 29–33 are important for the
interaction with the Ox1R [20,21]. Similar investigations
of h orexin B [22,23] and h orexin B-(6–28)-peptide [19]
showed that important residues for activity at both
receptors are to be located in the C-terminal region as
well as Leu11, Leu14 and Leu15. These investigations
additionally led to the first Ox2R preferring agonists
by replacing central and C-terminal residues by Ala,
Pro or D-amino acids [19,23]. Furthermore, there are
few nonpeptidic Ox1R and Ox2R selective antagonists
available [24–27] that may be used to elucidate the
physiological roles of the orexin receptors. However, the
conformation and residues involved in receptor subtype
selectivity are not known.

The work presented here was performed in order
to identify the conformation and residues of orexin A
required to obtain high activity at the Ox1R and Ox2R.
Therefore, we replaced the rigid segment of residues
6–14 of orexin A by spacer building blocks and con-
formationally constrained β-aminocyclopropane car-
boxylic acids (β-ACC, Figure 2, [28]), respectively. Addi-
tionally, we exchanged all Cys by Abu to clearly demon-
strate that the disulfide bonds are not required for full
activity. Furthermore, we analyzed the prerequisites of
Ox2R selectivity by multiple amino acid replacements
within the sequence of h orexin B-(6–28)-peptide and
the predicted turn structure of h orexin B by incorpo-
ration of β-ACC moieties at various positions.

All analogs were analyzed for their ability to
activate the Ox1R and the Ox2R, respectively, by

Figure 2 Structures of the substituted β-aminocyclopropane
carboxylic acids employed.

recording changes of the intracellular Ca2+ levels
in transfected cells using the fluorometric imaging
technology. CD studies have been performed in order to
correlate different activities with changes of the peptide
conformation.

EXPERIMENTAL SECTION

Materials

The Nα-Fmoc-protected amino acids, HOBt, TBTU and the
4-(2′,4′-dimethoxyphenyl-Fmoc-aminomethyl)-phenoxy (Rink
amide) resin were purchased from Novabiochem (Germany,
Schwalbach). The side chain protecting groups were: But for
Ser, Tyr, Thr, Asp and Glu; Trt for Asn, Gln, Cys and His;
2,2,4,6,7-pentamethyldihydrobenzofurane-5-sulfonyl (Pbf) for
Arg and Boc for Lys. DIC and TFE were obtained from Sigma-
Aldrich (Germany, Taufkirchen). TFA, 1-methyl-2-pyrrolidone,
DIEA, thioanisole, p-thiocresol, 1,2-ethanedithiol, trimethylsi-
lylbromide, t-butanol and piperidine were purchased from
Fluka (Germany, Taufkirchen). MeCN for HPLC was obtained
from Merck (Germany, Darmstadt). Diethyl ether, DCM and
DMF (peptide synthesis grade) were obtained from Biosolve
(Netherlands, Valkenswaard).

For cell culturing, the following media and supplements
were used: Dulbecco’s modified eagle medium (DMEM),
phosphate buffered saline (PBS), PBS-EDTA, sodium pyruvate,
nonessential amino acids, fetal calf serum (FCS) and glutamine
were obtained from Invitrogen (Germany, Karlsruhe). BSA
was obtained from Sigma-Aldrich. G418 was purchased from
Biochrom (Germany, Berlin).

Peptide Synthesis

The peptides were synthesized by solid-phase technique
on an automated multiple peptide synthesizer (Syro, Mul-
tiSynTech, Bochum, Germany) by using the Rink amide
resin (30 mg, resin loading 0.6 mmol/g) as described
recently [19]. The diastereomers ((�) or (�)-configured) of
β-aminocyclopropane carboxylic acids (β-ACC) were synthe-
sized with the following amino acid as diastereomer build-
ing blocks (Fmoc-Asp(tBuO)-β-ACC-OH, Fmoc-Gly-β-ACC-
OH, Fmoc-Ala-β-ACC-OH) according to the general procedure
described recently [29,30] and coupled manually as dipeptide
building block after TBTU activation into the growing peptide
chain as described by Koglin et al. [31].

After complete modification, all peptides were cleaved from
the resin in one step by using TFA, precipitated with ice-cold
diethyl ether, washed and finally lyophilized [19]. Partially
oxidized Met were reduced after lyophilization by apply-
ing a mixture of TFA/ethanedithiol/trimethylbromosilane
(97.2 : 1.6 : 1.2, v/v/v) for at least 20 min [32]. Subsequently,
the peptides were recovered from ice-cold diethyl ether, washed
and finally lyophilized.

Purification of the peptides was achieved by preparative
HPLC on an RP C-18 column (Vydac, 250 × 25 mm, 10 µm)
with a gradient of 20–60% B in A (A = 0.1% TFA in water;
B = 0.08% TFA in MeCN) over 60 min and a flow of 10 mL/min
(λ = 220 nm).

The peptides were analyzed by MALDI mass spectrometry
on an Voyager-DE RP workstation (Applied Biosystems, Darm-
stadt, Germany) and by analytical reversed-phase HPLC on a
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Vydac RP C-18 column (4.6 × 250 mm; 5 µm, 300 Å) using
linear gradients of 10–60% B in A over 30 min and a flow
rate of 0.6 mL/min (λ = 220 nm). Found masses were in full
agreement with calculated masses (Table 1) and purity of all
peptides was >95% according to analytical HPLC (Data not
shown).

CD Spectroscopy

CD spectra of 40 µM orexin peptides were measured in 10 mM

phosphate buffer (pH 7.4) containing 30% TFE using a JASCO

J-715 spectrapolarimeter. CD spectra were recorded from 250
to 190 nm at 20 °C in nitrogen atmosphere by a scanning
rate of 20 nm/min with a time constant of 2 s. Each CD
spectrum was obtained from an average of three recordings
with a step resolution of 0.1 nm, a sensitivity range of 10
mdeg and a bandwidth of 2 nm in sample cells with a path
length of 2 mm. High-frequency noise was reduced by means of
a low-path Fourier-transform filter. The CD spectra of the pure
solvent was subtracted from the peptide solution to eliminate
interference from cell, solvent and optical equipment. The CD
data are given as mean residue molar ellipticities [�]R in
deg cm2 dmol−1.

Cell Culture and Transfection

The human orexin receptor cDNAs (Ox1R, Ox2R) in pcDNA3
were kindly provided by Dr F. M. Dautzenberg, Axovan Ltd.
Innovation Center. To obtain stable cell lines, HEK293 Flip-
in cells (Invitrogen) were transfected with linearized vector.
Clones were selected using 800 ng/µL G418. For each receptor,
about 15 single cell foci were collected and separately grown
to obtain individual cell lines. The best responding cell line
was selected by monitoring the calcium response of the cells
to orexin. The selected cell lines were maintained in DMEM
supplemented with 10% fetal calf serum, 2 mM glutamine and
200 ng/µL G418 at 37 °C in a humidified atmosphere (95%)
and 5% CO2.

Calcium Imaging

The agonistic potency of orexin analogs was examined by cal-
cium imaging experiments using an automated fluorometric
imaging plate reader (FLIPR-Tetra, Molecular Devices, Ger-
many, Munich). HEK293 cells stably expressing the human
Ox1R and Ox2R, respectively, were seeded at ∼30% confluency
in 96-well black-wall, clear bottom microtiter plates (Molecular
Devices) coated with poly-D-lysine (10 µg/mL). After 24–48 h,
the cells were loaded for 1 h with 1 mM calcium-sensitive dye
Fluo4-AM (Molecular Probes, Germany, Karlsruhe) in serum-
free DMEM. Prior to recording, cells were washed three times
with an automated plate washer (Denley Cellwash, Labsys-
tems) using C1 buffer (10 mM HEPES, 130 mM NaCl, 5 mM KCl,
2 mM CaCl2, 10 mM glucose, pH 7.4). Ligands were appropri-
ately diluted (10−4 –10−10 M) in C1 before measuring. Calcium
signals were recorded as described previously [33]. Each exper-
iment was performed at least three times independently in
duplicate. Data analysis was performed with ScreenWorks
(Molecular Devices). Data were fitted by nonlinear regression
using the Prism program (GraphPad software Inc., USA, San
Diego) to obtain EC50 values. The resulting values are given in
Table 1 as mean ± s.e.mean.

RESULTS

Peptide synthesis. All analogs (Table 1) were prepared
by automated solid-phase peptide synthesis on a Rink
amide resin using the orthogonal Fmoc/But strategy
with in situ activation by DIC/HOBt, except that β-ACC
residues were introduced manually as dipeptide build-
ing blocks into the growing peptide chain of analogs
nos. 9, 10, 25–30. All peptides were identified by MALDI
mass spectrometry (Table 1) and analyzed by HPLC.
An additional purification step was included to obtain
products with >95% purity. Partially oxidized Met was
successfully reduced by applying trimethylbromosilane
in the presence of ethanedithiol and TFA.

Activity of orexin A analogs. The ability of orexin
analogs to activate both receptors was measured by
observing the transient mobilization of intracellular
Ca2+ in HEK293 cells, stably transfected with Ox1R
and Ox2R, respectively. The concentrations of orexin A
(no. 1) and h orexin B (no. 11) required to induce half-
maximal responses (EC50) were in the same range as
shown previously [11,19].

Substitutions within the segment of residues 6–14
of orexin A were investigated in order to identify
prerequisites for orexin receptor activity (nos. 3–10).
Previously, we suggested that activity of orexin A at
both receptors does not require the N-terminal disulfide
bonds. However, our conclusions were restricted
because of the fact that we analyzed only reduced
33mer orexin A, which consists of unmodified Cys-
residues, and exchanged only either Cys6,12 or Cys7,14

by the isosteric Abu residue [19]. In order to clearly
demonstrate that neither any disulfide bond nor a Cys-
residue is required for activity of orexin A at both
receptors, we exchanged all Cys by the isosteric Abu
residue (no. 3) in the present study. The activity of
peptide no. 3 was approximately decreased fivefold at
both receptors compared to native orexin A that showed
at the Ox1R an EC50 of 0.24 µM and at the Ox2R
of 0.06 µM. But it was comparable to that of reduced
orexin A (no. 2) at the Ox1R and threefold more potent
at the Ox2R. This indicates that the Cys-residues are
not required for receptor activity and suggests that a
rigid structure in this segment seems to be necessary
to maintain high activity. Therefore, we replaced the
Cys-containing segment of residues 6–14 by turn-
inducing residues. Previously, we have shown that
both the applied spacer building blocks, Pro-Gly and
6-aminohexanoic acid (Ahx), result in about 55-fold
decreased activity at the Ox1R and tenfold decreased
activity at the Ox2R [19]. To improve the activity, we
now elongated the turn-inducing spacer Pro-Gly by
each of the originally occurring residues in the natural
segment: Arg, Gln, Lys and Thr, respectively (nos. 4–7).
All modifications resulted in increased activity at the
Ox1R and almost in the same activity at the Ox2R
compared to the Pro-Gly spacer, but the activity was
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still decreased compared to orexin A (no. 1). The most
potent spacer contained the basic amino acid Lys (no. 6)
with only sixfold decreased activity at the Ox1R and
eightfold at the Ox2R, followed by Arg (no. 4, eightfold
at the Ox1R and 28-fold at the Ox2R), Gln (no. 5, 14-
fold at the Ox1R and 26-fold at the Ox2R) and Thr
(no. 7, 23-fold at the Ox1R and 35-fold at the Ox2R).
To increase the turn-formatting tendency, we replaced
the segment 6–14 of orexin A by the Ala–Aib dipeptide
(no. 8). This analog displayed the same activity at both
receptors as previous substitutions with Ahx and Pro-
Gly spacers, with a 50-fold decrease. Furthermore, we
investigated the conformational requirements within
this segment by the conformationally constrained β-
ACC moieties, which have been recently shown to
stabilize peptide structures [31,34]. Testing of the
analogs orexin A-(1–5)-�-(15–33)-peptide (no. 9) and
orexin A-(1–5)-�-(15–33)-peptide (no. 10) revealed that
the configuration of the β-ACC residue had a strong
effect on activity. Only the analog with the (�)-
configured residue was active at both receptors, with
20-fold decreased activity at the Ox1R and 30-fold
decreased activity at the Ox2R. In contrast, the analog
with the (�)-configured β-ACC residue was devoid of
any detectable orexin receptor activity (EC50 >100 µM).

Receptor activity of h orexin B-(6–28)-peptide
analogs. Recently, it was shown that substitutions of
central and C-terminal residues within h orexin B led
to Ox2R selectivity [19,23]. To get further information
about the differences in activating orexin receptors, we
performed multiple amino acid exchanges within the
sequence of the high-affinity analog h orexin B-(6–28)-
peptide (nos. 13–21). The combined substitutions of
Thr27 by Ala and Leu11 by Ser (no. 13) or Pro (no. 14)
led to a complete loss of activity at both receptors.
The same was observed for analogs with an additional
substitution of position 28 by Leu (no. 15) and posi-
tion 15 by Ala (no. 16). Also the analog [P11,A15,P27]-h
orexin B-(6–28)-peptide (no. 17) was devoid of any
activity at both receptors up to the tested concen-
tration. In contrast, the analogs [P11,I15,A27]-h orexin
B-(6–28)-peptide (no. 18), [P11,A27]-h orexin B-(6–28)-
peptide (no. 19) and [P14,A27]-h orexin B-(6–28)-peptide
(no. 20) showed Ox2R selectivity, however, the activity
was above 80-fold decreased. Owing to the poor Ox2R
selectivity of multiple amino acid exchanges in the cen-
tral and C-terminal region of h orexin B, we suggested
that a substitution within the N-terminal region (this
was shown to lead to high active analogs at the Ox2R
and poor at the Ox1R [19,23]) in combination with an
amino acid exchange at the C-terminus would result in
highly active Ox2R selective peptides. But surprisingly,
the analog [P7,A27]-h orexin B-(6–28)-peptide (no. 21)
displayed activity at both receptors (43.49 µM at the
Ox1R and 2.26 µM at the Ox2R).

Frequently binding to and activation of GPCRs is
obtained by turn regions of the peptide ligands [35].

Orexin B possesses a turn that spans residues 20–22
[17]. This turn may be involved in the discrimination
between the orexin receptors by direct interaction
or stabilization of a distinct secondary structure. To
examine the contribution of the turn to receptor
activity, we replaced amino acids in the kink region
(nos. 22–29). The peptides [D21,P23]-h orexin B-(6–28)-
peptide (no. 22) and [L21,P23]-h orexin B-(6–28)-peptide
(no. 23) showed selectivity for the Ox2R with 10- to
30-fold decreased potency compared to the natural
peptide. In order to rigidify the peptide backbone and
to induce or stabilize the secondary structure within
this region, we applied β-ACC building blocks. The
absolute configuration of the β-ACC derivative had only
minor influence on Ox2R activity at all investigated
positions (nos. 24–29). However, the position of the β-
ACC residue determined the level of activity. Position
20 was the most potent one with a tenfold decrease of
activity, followed by position 21 with 15-fold decreased
activity. Position 22 was more sensitive to exchange by
β-ACC building blocks with a 70-fold decrease for the
(�)-configured residue and 200-fold decrease for the
(�)-configured residue. At the Ox1R only [�20]-h orexin
B-(6–28)-peptide (no. 28) was active (15.45 µM), while
all other analogs showed no activity at concentrations
up to 100 µM.

Furthermore, we investigated the role of residues
16–18 of h orexin B for receptor selectivity. These three
amino acids are different between orexin A and h orexin
B, although this segment belongs to the conserved
region. By the exchange of all three residues of h orexin
B-(6–28)-peptide by the corresponding amino acids of
orexin A (no. 30), the activity was still similar to h orexin
B at both receptors.

Structure analysis. The solution structure of orexin
analogs was investigated by CD spectroscopy in phos-
phate buffer at neutral pH supplemented with 30% of
the membrane mimicking solvent TFE. The CD spectra
of all orexin A analogs displayed a strong positive band
at 192 nm, a negative band at 205 or rather 207 nm
and a shoulder at 220 nm (Figure 3). According to the
intensity of the bands and the wavelength of the nega-
tive band, we classified the analogs into two groups. The
first group consists of natural orexin A (no. 1) and all
centrally truncated analogs (nos. 4–10), which display
a maximal positive Cotton effect of about 17 000 deg
cm2 dmol−1 and a negative cotton effect at 205 nm
of about 12 500 deg cm2 dmol−1 (Figure 3a). The sec-
ond group includes the full-length analogs without any
disulfide bond (nos. 2, 3) and is different from the first
group by a 1.5-fold higher Cotton effect along with a
red shift of the negative band to 207 nm (Figure 3b).
Analysis of the spectra by a secondary structure esti-
mating program (JASCO, J-700 for Windows) based on the
method of Yang et al. [36] confirmed this classification,
except for analog no. 9. The first group is character-
ized by a lower content of α-helical (23%) and higher
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Figure 3 CD spectra and the percentage distribution of secondary structure elements of orexin A analogs according to the
calculation of Yang et al. [36]. (a) orexin A and centrally truncated orexin A analogs. (b) full-length orexin A analogs without
disulfide bonds.

β-sheet structure (38%) compared to the second group
with 33% α-helix and 31% β-sheet (Figure 3). Addi-
tionally, we identified that the inactive analog orexin
A-(1–5)-�-(15–33)-peptide (no. 9) consists of a totally
different pattern of secondary structure (13% α-helix,
50% β-sheet, 37% random structure).

The h orexin B analogs adopted a distinct secondary
structure in correlation with their biological activity
(Figure 4). All analogs with activity at both receptors

(nos. 11, 12, 21, 24, 30) and the Ox2R selective analog
[�20]-h orexin B-(6–28)-peptide (no. 25) displayed CD
spectra similar to the second group of orexin A
analogs (Figure 4a). A similar shape of CD spectra, but
approximately 1.6-fold decreased molar ellipticity, was
also recorded for analogs with amino acid exchanges
in the kink region that showed Ox2R selectivity with
activity below 10 µM (nos. 22, 23, 27, 29, Figure 4b).
Particularly [A20,�21]-h orexin B-(6–28)-peptide (no. 26)

Figure 4 CD spectra and the percentage distribution of secondary structure elements according to the calculation of Yang et al.
[36] of orexin B analogs. (a) human orexin B analogs with activity at both orexin receptors. (b) Ox2R selective h orexin B analogs
with activity <10 µM (c) Ox2R selective h orexin B analogs with activity >10 µM (d) completely inactive h orexin B analogs.
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displayed bands with high molar ellipticity (80 000
deg cm2 dmol−1). Totally different CD spectra were
recorded for most of the Ox2R selective analogs with
low activity (>10 µM, nos. 18, 19, 20). Only a single
strong negative band at 202 nm was observed for those
analogs with combination of amino acid replacements
at positions 11, 15 and 27 as well as positions 14 and
27 (no. 18–20) (Figure 4c). A different CD spectrum
showed [A21,�22]-h orexin B-(6–28)-peptide (no. 28),
which was similar to those recorded for analog no. 26.
In Figure 4(d), all completely inactive h orexin B-(6–28)-
peptide analogs are combined. They show a large
variety of CD spectra without any tendency to preclude
special secondary structures that were adopted by
active analogs. [P11,A15,A27]-h orexin B-(6–28)-peptide
(no. 16) and [P11,A15,P27]-h orexin B-(6–28)-peptide
(no. 17) showed spectra similar to those of Ox2R
selective analogs with activity above 10 µM, however, the
intensity of the band at 202 nm was increased about
1.4-fold. The CD spectra of [S11,A27]-h orexin B-(6–28)-
peptide (no. 13), [P11,A27]-h orexin B-(6–28)-peptide
(no. 14) and [P11,A27,L28]-h orexin B-(6–28)-peptide
(no. 15) showed strong positive (192 nm) and negative
(206 nm, 220 nm) bands that were similarly seen for
h orexin B analogs with activity at both receptors
(Figure 4a). The estimation of secondary structure of
h orexin B analogs by using the JASCO software (results
displayed in Figure 4) led to the assumption that active
analogs exist highly unstructured in solution (>40%).
The differentiation of analogs with activity at both
receptors, with Ox2R selectivity and inactive analogs
is not supported by the percentage distribution of
secondary structure elements. Only the analogs with
Ox2R activity below 10 µM and some of the inactive
compounds (nos. 16–20) adopt α-helical structure
<10%, whereas all other analogs consist of about 30%
α-helix.

DISCUSSION

The orexin peptides are highly homologous to each
other in their primary and secondary structure, hence
they show similar activity at the Ox2R and only at the
Ox1R, orexin A has a tenfold higher potency compared
to orexin B. To identify residues that contribute to
this receptor selectivity, we investigated several orexin
A and orexin B analogs for their ability to activate
Ox1R and Ox2R. First, we examined the role of the
disulfide bonds of orexin A by replacing each Cys by
the isosteric Abu to obtain orexin A that lacks both
the electronic properties of Cys and the rigid structure.
Since the activity of this analog was decreased to a
lesser extent than by the absence of the disulfide bonds
with Abu at position 6 and 12 or rather 7 and 14 [19],
we confirmed the previous assumption that neither the
Cys-residues nor the constriction of the structure is
required for maintaining activity and thereby disproved

the hypothesis of Okumura et al., suggesting that the
two disulfide bonds play a major role in receptor
activation [37]. Furthermore, the unimportance of the
disulfide bonds was also shown previously by active
orexin A analogs that consists of turn-inducing and
linker residues instead of residues 6–14, respectively.
However, the activity of these analogs was decreased
at both receptors [19]. In the study presented here, we
obtained analogs with activities at both receptors close
to that of native orexin A by the modification of the
turn-inducing spacer Pro-Gly to the type Pro-Xaa-Gly,
with Xaa being residues that occur naturally in the
replaced segment. Thereby, the alkaline property and
length of the side chain of Xaa correlated with activity.
This may by due to an electrostatic interaction of this
amino acid with the receptor or to the flexibility of the
long and narrow side chains, particularly of the Lys
residue. Furthermore, the elongation of the spacer may
be essential to bring the C- and N-terminal segment of
orexin A in the right position for the interaction with
the receptor. This was shown to be not the case by the
investigation of the flexible Ala-Aib linker that displayed
the same activity as shown previously for the flexible
Ahx linker [19]. On the other hand, the disulfide bonds
within this segment may constrain the overall structure
of the peptide, and accordingly, may provide the right
orientation of C- and N-terminal residues to obtain
high activity. With constrained β-ACC building blocks
that adopt opposite conformations, we observed that
the orientation of the sequence is important to obtain
biologically active analogs. We confirm that β-ACC
building blocks are optimal tools to stabilize bioactive
conformations in peptide analogs as it was recently
shown for neuropeptide Y analogs [31]. Investigation
of the secondary structure of orexin A analogs by CD
spectroscopy elucidated that at least 17% α-helicity
is required for activity at both receptors. However,
an overall correlation of the relationship between
secondary structure and affinity could not be found.
This again indicates that besides the conformational
properties the amino acid side chains of orexin A also
play an important role in receptor activity. Similar
results were obtained by the investigation of several
truncated orexin A and B analogs [38].

Receptor selective ligands are important tools for the
investigation of receptor subtype specific functions. We
identified the kink region of h orexin B-(6–28)-peptide,
residues 20–22, and the combination of exchanges at
position 11 and 27 to be required for Ox2R selectivity.
The amino acid side chains appeared to have even a
higher influence on receptor activation than the overall
conformation of the peptide, because the data from
the secondary structure estimation did not correlate
with biological activity. This is surprising with respect
to the applied β-ACC building blocks that have been
shown to stabilize peptide structures depending on
their conformation [31,34]. However, the secondary
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structure was investigated in solution in 30% TFE and
may not represent the biological active conformation
that is adopted in proximity of the receptor, indicated
by the high content (>40%) of unordered structure.

Multiple amino acid substitutions in orexin B have
been shown to contribute differently to Ox2R selectivity.
For position 21, we found no direct interaction with
the receptors because of the exchangeability of His
by acidic and hydrophobic amino acids. This is in
agreement with the results of previous investigations
[19,22,23]. In contrast, direct interactions with the
receptor of residues 11, 14, 15 and 27 of the peptide
are conceivable because the substitution of at least
two of them led to a complete loss in activity or rather
strongly dropped Ox2R selectivity. We agree that residue
11 activate the Ox2R by hydrophobic interactions [22],
since the exchange with hydrophilic Ser was devoid
of any activity. However, Pro is as well a hydrophobic
amino acid, but has no bias toward helix conformation
and the h orexin B consists from residue 7–19 of
a α-helix [16,17]. Therefore, the poor activity of the
Pro11 as well as Pro14 containing analogs might result
in the interruption of the helix. This is supported by
the CD spectra of analogs no. 16–20. Amino acids in
position 15 may directly interact with the receptor,
since all analogs with Ala15 are devoid of any receptor
activity and analogs with Ile15 display only poor Ox2R
selectivity. This is in agreement with the information
obtained by the investigation of [D-Leu15]-h orexin B
[23]. The role of position 27 remains unclear because
exchanges at this position in combination with other
amino acid replacements resulted in complete inactive,
Ox2R selective peptides or peptides active at both
receptors, although the single exchange by Ala resulted
in Ox2R selectivity [19]. The Pro-residue of the active
analog [P7,A27]-h orexin B-(6–28)-peptide might be able
to stabilize the N-terminal structure that is suggested
to directly interact with the receptor [19,22].

The amino acid sequence at the end of the C-terminal
helix differs in three residues between orexin A and B.
Because the replacement of these three amino acids in
h orexin B-(6–28)-peptide by those of orexin A did not
alter the activity of h orexin B, we suggest that this
region stabilizes the N-terminal structure of orexin A,
which might be responsible for the high Ox1R activity
[39].

CONCLUSION

Orexin A and B analogs have been tested for their
activity at the Ox1R and Ox2R in order to identify
structural properties for high activity and subtype
selectivity. For orexin A, we have shown that activation
of both receptors requires a distinct conformation of
the segment between residues 6–14, but constriction
by the two disulfide bonds is not essential. Additionally,

an ionic interaction between the basic amino acids
within this segment and the receptors seems to be
reasonable. Furthermore, we have localized the Ox2R
selectivity of orexin B to be situated in the kink region
between the two helices. Especially, the conformation
at position 20 is a determinant of Ox2R selectivity. On
the basis of these findings, the identification of the
physiological function of the different orexin receptors
through application of selective compounds may be
enforced.
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