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Abstract: Thioxopeptide bond ¥ [CS-N], a nearly isosteric modification of the native peptide bond, was introduced into insect
kinin active core pentapeptide to evaluate the impact of backbone cis/trans photoswitching on bioactivity. The thioxo analog
Phe!-Tyr2-y[CS-N]-Pro3-Trp*-Gly®-NH, ([CS-N]?-kinin), was synthesized by Fmoc solid-phase peptide strategy. The reversible
photoswitching property was characterized via spectroscopic methods and HPLC, which showed that the cis conformer increased
from 15.7 to 47.7% after 254 nm UV irradiation. A slow thermal reisomerization (t;/2 = 40 min) permitted us to determine the
cockroach hindgut myotropic activity of the thioxopeptide in the photostationary state. The results indicated that the activity
increased significantly after UV irradiation and recovered to the ground level after thermal re-equilibration. In the present study,
by utilizing the phototriggered isomerization in a specific position of peptide backbone, we revealed that the cis y[CS—-N]?-kinin
conformer is the active conformation when interacting with kinin receptor on cockroach hindgut. Copyright © 2008 European

Peptide Society and John Wiley & Sons, Ltd.
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INTRODUCTION

Owing to the flexibility of polypeptide chain peptides
and proteins have numerous conformers in solution.
However, the recognition, reactivity, and stability of
peptides and proteins are conformer specific; the mod-
ulation of the backbone conformation of these biopoly-
mers has attracted great attention [1-4]. Photoswitch-
ing of the backbone conformation of peptides is an ideal
method for studying the conformer specific interaction
because the only external stimulus needed is light irra-
diation. Although, the natural peptide backbone itself
provides a cis/trans ratio increase in the photostation-
ary state, the wavelength range (<220 nm) of peptide
absorbance, which must be used for photoswitching, is
not compatible with the photochemical stability of pro-
teins [5]. In addition, fast re-equilibration rates prevent
the photoinduced cis population from applying isomer-
specific effects on a coupled reaction. Some bulky
organic moieties, such as photochromic azobenzene or
spiropyran groups, were reported for photoswitching of
peptide conformations [3,6-9]. However, the inherent
disadvantages of these approaches are the limited bio-
compatibility of the hybrid peptide and the problem that
the final effects imposed on the backbone by the isomer-
izing moiety are unpredictable. Recently, the thioxopep-
tide bond —~CS-NR-(R = H, alkyl), which represents an
isosteric replacement of the normal peptide bond with
only a slight change in the electron distribution in the
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ground state [10,11], has attracted great interest. Most
importantly, the thioxopeptide bond has been shown
to be photoswitchable (Figure 1) [12-14]. The cis con-
former increased dramatically by irradiation at 254 nm
or 337 nm UV light, and has a moderate slow thermal
re-equilibration rate [12-14]. In particular, the O/S
exchange causes minor effects to the peptide backbone,
and does not greatly affect the secondary structure
formation [15-17]. Biologically, the activity of the thiox-
opeptide derivative of ligands was found to be similar
to that of the native oxopeptide counterpart [18-20].

Considering such a special property of the thioxopep-
tide bond, we have used it for analysis of the confor-
mation-activity relationship of insect kinin. The insect
kinins share a highly conserved C-terminal pentapep-
tide sequence Phe-Xaa-Yaa-Trp-Gly-NH,; where Xaa can
be Tyr, His, Ser or Asn, and Yaa can be Ala but is gen-
erally Ser or Pro [21]. These kinins have been isolated
from a number of insects, including species of Dicty-
optera, Lepidoptera, and Orthoptera. The first members
of this insect neuropeptide family were isolated on the
basis of their ability to stimulate contractions of the iso-
lated cockroach hindgut [22], but they are also potent
diuretic peptides that stimulate the secretion of pri-
mary urine by Malpighian tubules [23]. In addition,
insect kinins or related analogs have been reported to
inhibit weight gain by larvae of the tobacco budworm
(Heliothis virescens) [24] and corn earworm (Helicoverpa
zea) [25]. More recently, the insect kinin peptides have
been shown to have distinct and selective modulatory
actions on the pyloric rhythm [26].

Structurally, insect kinins require an intact C-
terminal pentapeptide sequence for full cockroach



myotropic and cricket diuretic activity, which was
therefore designated as the active-core sequence [27].
Within the active-core pentapeptide, the aromatic
residues Phe' and Trp* are of paramount importance
for activity in both bioassay systems, whereas position
2 tolerates wide variations in the side-chain character
ranging from acidic to basic or hydrophobic to
hydrophilic [27]. NMR and molecular modeling studies
of the cyclic insect kinin analog cyclo(Ala-Phe-Phe-Pro-
Trp-Gly) and the linear analog H-Phe-Phe-Aib-Trp-Gly-
NH, indicated that there are two distinct conformations
with a g-turn encompassing the residues 1-4 and 2-5,
respectively [27,28]. In addition, analogs containing
either tetrazole or 4-aminopyroglutamte (APy) moieties
that preferentially form the type VI B-turn were
synthesized and found to retain significant activity in a
cricket diuretic assay [24,29].

Although current structure-activity studies were
most supportive of the 1-4 B-turn as the active
receptor-bound conformation [27,29,30], the 2-5
B-turn could not be dismissed as a candidate. However,
the fast interactive conversion rates prevented the isola-
tion of the single isomers for detailed bioactivity assay.
In order to obtain a more direct evidence for the active
conformation, a kinin analog containing a thioxopeptide
bond, which can be used as a photoswitch, was syn-
thesized. As the Tyr?>—Pro® peptide bond within the core
pentapeptide is important for its secondary structure
formation [27], we selected this peptide bond as the
thioxylating position, and prepared the thioxopeptide
Phe-Tyr-¢[CS—N]-Pro-Trp-Gly-NH,. The photoswitch-
ing property of this thioxo analog was characterized,
and the bioactivities in different states were evaluated
by cockroach hindgut myotropic assay.

MATERIALS AND METHODS
Peptide Synthesis

The peptide, H-Phe-Tyr-Pro-Trp-Gly-NHs was synthesized
manually by the solid-phase method, using the Fmoc strategy
and starting from Rink Amide resin (Tianjin Nankai Hecheng
Science and Technology Co., Ltd., China; 0.5 mM/g). A special
protocol was used for the thioxopeptide as described elsewhere
[31]. The Fmoc protecting group was removed using 20%
piperidine in DMF. A twofold excess of the respective Fmoc
amino acids was activated in situ using DIC (1 eq)/HOBt (1 eq)
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Figure 1 Schematic representation of trans and cis isomeric
forms of a thioxopeptide bond (Xaa and Yaa: amino acid
residues; R: H or alkyl).
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in DMF. Amino acid side chain protecting groups were tBu for
Tyr and Boc for Trp. The coupling of Fmoc-Tyr(tBu)-y [CS—-NI]-
6-nitrobenzotriazolide (Fmoc-Tyr(tBu)-TNB) took place over
12 hand at 277 K in CHaCla. Synthesis of the enantiomerically
pure Fmoc-Tyr(tBu)-TNB was based on a modified method
of Shalaby etal [32] starting with Fmoc-Tyr(tBu)-OH. The
completeness of each coupling reaction during synthesis was
monitored by the Kaiser test, except for the coupling of Fmoc-
Tyr(tBu)-TNB which was monitored by chloranil test. Cleavage
of the peptide from the resin with side-chain deprotection
was performed by treatment with 95% TFA/2.5% H20/2.5%
TIS (1.5 h) for the unmodified pentapeptide, and with 80%
TFA/5% TIS/15% HsO (2 h) for the thioxopeptide. The cleaved
peptides were precipitated with 10-20 volumes of diethyl
ether, filtered, washed successively with more ether and air-
dried. The resulting crude peptides were extracted with water
and lyophilized.

Crude peptides were purified by preparative reversed-phase
HPLC using a Waters Delta 600 system with a Waters
Delta-pak semipreparative column C18 (7.8 x 300 mm, 300 A,
15 um) at 10°C. Analytical HPLC was performed on a Waters
Delta 600 system with a Delta-pak analytical column C18
(3.9 x 150 mm, 300 A, 5um) at 10°C. Analytical purity and
retention time (tr) of the peptides were determined at a flow
rate of 1 ml/min using a linear gradient from 15 to 40% B
for 40 min (solvent A = 0.1% TFA in HsO; solvent B = 0.08%
TFA in CH3CN). All peptides showed >99% purity when
monitored at 220 nm. The identities of the peptide analogs
were characterized by ESI-TOF mass spectrometry: H-Phe-Tyr-
Pro-Trp-Gly-NHy (tr 20.3 min, calcd. mass: 667.3; exp. mass:
690.4 (M + Na); H-Phe-Tyr-y[CS—-N]-Pro-Trp-Gly-NHg (trirans
22.8 min, tres 31.7 min, cald. mass: 683.3, exp. mass: 685.1
(M + H)).

UV-visible Absorption Spectra

Measurements were performed at 20°C using a PerkinElmer
Lambda 35 spectrometer. Slit width was set as 0.5 nm. Quartz
UV cells of 1 cm path length were used. The UV-Vis spectra for
8.3 x 1075 m thioxopeptide in 0.01 M sodium phosphate buffer
(pH 7.2) were recorded before and after 5 min irradiation at
254 nm UV light with an intensity of 2 mW/cm?; the spectrum
of the peptide after four cycles of irradiation/re-equilibration
was also measured.

Circular Dichroism (CD) Spectroscopy

The CD spectra of the thioxopeptide were recorded with a Jasco
815 spectrophotometer (Jasco, Tokyo, Japan). Measurements
were performed at 20°C with a peptide concentration of
1x 107% M in 0.01 M sodium phosphate buffer (pH 7.2) with
quartz CD cuvette of 5 mm path length. For the determination
of the CD spectrum without irradiation, five accumulations
were used. For the determination of the CD spectra of the
irradiated peptide solution, however, only two accumulations
were used and the irradiation/recording experiment was
repeated three times. The final spectrum was the mean result
of three raw spectra. All spectra were baseline corrected and
smoothed. The temperature of the CD cuvette was controlled
by circulating water from a thermostat.
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RP-HPLC Analysis of Photoisomerization

The photo-induced isomerization of the thioxopeptide was also
analyzed by RP-HPLC. It was performed on a Waters Delta
600 system equipped with a Delta-pak analytical column C18
(3.9 mm x 150 mm, 300 A, 5 um) at 10°C (solvent A =0.1%
TFA in HsO; solvent B = 0.08% TFA in CH3CN). The column
was eluted at a flow rate of 1 ml/min with a linear gradient of
27% B to 90% B in 20 min. A standard laboratory UV lamp was
used for irradiation at 254 nm and an intensity of 2 mW/cm?.
For determining the cis/trans ratio of the photostationary
state, a sample containing 8.3 x 10~% M thioxopeptide in
10 mM sodium phosphate buffer (pH 7.2) was irradiated with
UV light at 254 nm for 5 min; then the measurement started.
In order to calculate the relative amount of the cis and the trans
conformers, the isosbestic point of the UV-vis absorptions of
the cis and the trans conformers, 252 nm, was used. At this
wavelength, the peak areas ratio of cis and trans conformer
is directly related to the relative population of cis and trans
conformers.

Determination of the cis/trans Isomerization Rate
Constant

Measurement of the thermal relaxation was performed
with a Mapada UV-1800 UV-vis spectrometer (Shanghai
Mapada Instruments Co., Ltd., Shanghai, China) at 20°C.
The thioxopeptide solution (7.2 x 1073 M in 0.01 M sodium
phosphate buffer, pH 7.2) was irradiated with the UV lamp for
5 min. The measurement commenced, and the time course at
277 nm was monitored. The observed first-order rate constant
Iobsa Was calculated from the time course using a single-
exponential equation fit.

Cockroach Hindgut Myotropic Assay

Periplaneta americana cockroaches (Department of Vector
Biology and Control, Center for Disease Control and Preven-
tion, Gansu Province, China) were taken from stock colonies
maintained at 27°C and fed with dry dog food ad libitum.
Hindguts isolated from the CNS tissue were dissected and
prepared for recording of myotropic activity as previously
described [33,34]. The hindgut was fixed in a vertical glass
chamber containing 10 ml insect saline (NaCl 8.19 g 1!, KCl,
0.37 g17}, CaCly, 0.56 g 17!, MgCl, - 6H20, 0.2 g 17!, glucose,
0.9gl™!, HEPES, 2.4 g1}, pH 7.25). Isometric responses
were recorded using a strain gauge transducer (Institute of
Space Medical-Engineering, Beijing, China) linked to a 6240B
recorder system (Machine Equipment Corporation of Chengdu,
Chengdu, China). The hindgut was allowed to equilibrate until
a stable baseline of spontaneous activity was observed. At this
time, the spontaneous contraction was recorded over a 5 min
period. Then, a known desired quantity of peptide solution
was added to the bioassay chamber containing the hindgut
and recorded for 5 min. The effect of the peptide was obtained
by subtracting the 5 min spontaneous contraction area from
the 5 min peptide stimulated area of the contract curve. This
procedure was repeated for each concentration of peptide.
For kinin thioxopentapeptide, 300 ul stock solutions in
insect saline were prepared. From this, 100 ul of each stock
solution was taken for myotropic assay. The rest 200 ul of
each stock solution was irradiated with 254 nm UV lamp
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(2 mW/cm? light intensity) for 10 min. Aliquots (100 pl) of
the irradiated stock solutions were diluted with cold insect
saline to the desired concentration for myotropic assay. The
rest of the 100 pl of each irradiated sample was kept in the
dark overnight, and the myotropic activity was measured. The
unmodified parent kinin pentapeptide was used as positive
control, and the maximal response obtained in 1.2 x 10~7 M
concentration was designated 100%.

RESULTS

Biophysical Characterization of ¢(CS—N)2-Kinin

The UV-visible absorption, CD and Raman spectra of
the kinin thioxopeptide are different for the cis and
trans conformers in agreement with previous results
obtained with other thioxopeptides [12,14,35]. The UV-
visible absorption spectrum of ¥ [CS—N]2-kinin shows
an absorption increase at 277 nm under irradiation at
254 nm, with an isobestic point at 252 nm (Figure 2).
The spectrum of the re-equilibrated peptide solution
can be fully restored and retained as unchanged
after several cycles of irradiation/re-equilibration. This
observation indicates that the photoisomerization is
reversible and there is no noticeable photochem-
ical degradation during several photoisomerization
cycles. By monitoring the time-dependent decrease of
absorbance at 277 nm (inset of Figure 2) the rate con-
stant of the reversible thioxopeptide bond cis/trans
isomerization was extracted. At 20°C, the first-order
rate constant for thioxopeptide bond isomerization of
¥[CS-NJ?-kinin was Kyps = (2.9 4 0.1) x 1074 s71.
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Figure 2 UV-visible absorption spectra of the thioxopeptide
(c=8.3x10"%M in 0.01 M sodium phosphate buffer, pH
7.2, 20°C): ground state ( ), after 5 min of irradiation
at 254 nm (- - - - ), and upon thermal re-equilibration after
four cycles of irradiation (- - ). Inset: the time dependence
of the cis/trans isomerizaton of the thioxokinin peptide
(c=8.3x 1075 m in 0.01 M sodium phosphate buffer, pH 7.2,
20°C). The time dependence of the absorbance at 277 nm
follows a first-order reaction characterized by a rate constant
Kobs = (2.9+£0.1) x 1074 571,
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As the cis/trans isomerization of the thioxopeptide
bond occurs in the proximity of chiral centers, the
CD spectrum has special advantages for exploration
of such conformational environment change produced
by thioamide bond rotation. The CD spectra of the
kinin thioxopentapeptide showed two thioxo group
derived bands in the near-UV CD spectra, representing
the n —n* and n — n* transition at 276 and 346 nm,
respectively (Figure 3). After irradiation, the molar
ellipticity at 276 nm increased from —-40018 to
—31028° cm? dmol '. This finding suggests that the
molecular geometry around the chromophore (C=S)
changed significantly upon irradiation. After sufficient
re-equilibration, the original CD spectrum was fully
recovered.

The slow cis/trans isomerization rate (t;,, = 40 min)
permitted us to directly determine the cis/trans ratio
in the photostationary state by RP-HPLC (Figure 4).
Before irradiation, two peaks were observed in the
chromatogram, with the first peak (tg; = 3.8 min)
corresponding to 84.3% and the second (tre = 8.1 min)
to 15.7% of the peak areas. After 5 min irradiation,
the contents of the second peak increased from 15.7 to
47.7%. The ratio of these two peaks reached the starting
value after sufficient re-equilibration time. Accordingly,
the second peak corresponded to the cis conformer,
whose content had increased by UV irradiation in the
reversible manner [12-14].

Cockroach Hindgut Myotropic Bioassay

The biological activity of H-Phe-Tyr-y[CS-N]-Pro-Trp-
Gly-NH; in the ground, irradiated, and thermally
relaxed state was evaluated with P. americana cock-
roach hindgut myotropic assay. In all the three states
agonist activity was observed, with a maximal response
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Figure 3 CD spectra of the thioxopeptide (c = 2.0 x 1074 M
in 0.01 mm sodium phosphate buffer, pH 7.2, 20°C) in ground
state | ), after 5 min irradiation (- - - - ), and thermal
relaxation (- - ).
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Figure 4 RP-HPLC analysis of thioxopeptide; (a) before

irradiation; (b) after 5 min irradiation, and (c) after re-equili-
bration. Eluting condition: 25-90 B%, 20 min, 10°C, moni-
toring wavelength 252 nm. A sample containing 8.3 x 1072 m
thioxopeptide in 10 mm sodium phosphate buffer (pH 7.2) was
irradiated with UV light at 254 nm until the photostationary
state was reached and then chromatographed. The cis con-
tent was calculated by integration of the respective peak area
(thrans =3.8 min, tRcis =8.1 min].

of about 80% of positive control H-Phe-Tyr-Pro-Trp-Gly-
NH, (Table 1). In ground state, the synthetic [CS-NJ?-
kinin stimulated the cockroach hindguts contraction
with an ECgy of (4.1 £0.2) x 10-7 M. After irradiation
at 254 nm, the myotropic activity increased to an ECsg
value of (1.1 £0.2) x 1077 M (Figure 5). After thermal
re-equilibration, the activity returned to the basal level
of ECsp of (3.940.3) x 10~7 m. This value is not statis-
tically different from that of the ground state (P > 0.05),
while in the photostationary state, the activity was sta-
tistically different from the ground and re-equilibrated
state (P < 0.05).

DISCUSSION

Owing to the partial double-bond character of peptide
bonds, both cis and trans conformers can be found par-
ticularly for Xaa-Pro in peptides and proteins, and this
spatial arrangement difference can play an important
role in the bioactive conformation of peptides [1,36-41].
In natural linear peptides such proline bonds are in
a dynamic equilibrium between the two isomers in
aqueous solution, and the fast interconversion rates
prevent the isolation of single isomers for analyzing
isomer-specific effects on coupled processes. However,
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Figure 5 A comparison of the dose-response curves
for the three different states of the thioxokinin analog
H-Phe-Tyr-y[CS—-N]-Pro-Trp-Gly-NHs in cockroach hindgut
myotropic assay. Data points are the means of four to eight
determinations. ( ): activity in ground state; (----) :
activity at the photostationary state of irradiation; (------ ):
activity after re-equilibration. The y-axis represents contract
activity expressed as a percentage of the maximal response
observed for the thioxopeptide against the parent kinin
pentapeptide H-Phe-Tyr-Pro-Trp-Gly-NHgy as positive control.
The values at the photostationary state and ground state are
statistically different (P < 0.05), while those at the ground
state and after re-equilibration are not statistically different
(P > 0.05).

combining a photoswitch into the peptide backbone
is an ideal approach to solve this problem. For these
hybrid peptides, the specific conformer can be con-
trolled with a defined wavelength light and thus, the
conformer-specific interaction can be evaluated. This
facilitates identification of geometries and conforma-
tions adopted in ligand-receptor interaction. In this
context thioxopeptide analogs have the special advan-
tages of only one atom replacement compared to the
native peptide bond, without introduction of bulky pho-
tochromic moieties.

The synthetic [CS-N]2-kinin analog confirmed
the fully reversible photoisomerization with a slow

re-equilibration rate (half life t;,5 =40 min). In the
myotropic assay, the analog retained in the ground
state 80% of the maximal response obtained with the
parent kinin pentapeptide (Table 1). This slight activity
loss may result from the larger size of the sulfur atom
[42,43], the longer carbon-sulfur bond length [44,45],
and the different electron distribution of thioxopeptide
bond ¢[CS-N] [46]. In the photostationary state, a
fourfold enhanced myotropic activity was observed.
After thermal relaxation the ground-state activity was
recovered (Table 1). This is consistent with the HPLC
analysis, which showed an increase of the cis y[CS-N]2-
kinin isomer from 15.7 to 47.7% upon UV irradiation at
254 nm and full thermal relaxation to the ground state.
Thus, the enhanced activity has to be attributed to the
increased content of cis conformer on irradiation.
Previous NMR and molecular modeling studies of
the cyclic insect kinin analog cyclo(Ala-Phe-Phe-Pro-
Trp-Gly) revealed the presence of two major turn
conformations in aqueous solution: a 1-4 cis-Pro type
VI B-turn (60%) and 2-5 trans-Pro type I g-turn (40%)
[27]. The conformation-restricted tetrazole insect kinin
analog H-Phe-Phe-y[CN4]-Ala-Trp-Gly-NHy (L, L) [30]
and the APy acid analog Ac-Arg-Phe-APy-Trp-Gly-NH,
[29] showed significantly enhanced activity in a cricket
diuretic assay. Both the tetrazole and APy moieties
are cis-peptide bond type VI B-turn mimics. In the
cis ¥[CS—-N]?-kinin isomer a Phe'-Trp* type g-turn is
likely to be formed. From previous studies, it is known
that backbone conformations compatible with the three
major types of regular secondary structures («-helix, -
sheet, and B-turn) are accessible to thioxylated amino
acids, although the bulkier thioxopepitde bond restricts
the available ¢ and ¥ angles of the amino acids flanking
the thioamide group [15-17,47]. Furthermore, the
sequence of cis ¥[CS—N]?-kinin is consistent with the
observation that aromatic side-chains flanking the Pro
residue favor the cis-Pro conformation, thus enhancing
the percentage of type VI g-turn population (cis Pro
in the third position of the turn) [48,49]. Conversely,
based on data analysis for turn occurrence in proteins

Table 1 Activity of kinin thioxopentapeptide H-Phe-Tyr-¢[CS-N]-Pro-Trp-Gly-NHs in
different states evaluated by cockroach hindgut myotropic assay

States of Cis Cockroach hindgut %

¥ [CS—N]2-kinin (%) myotropic activity, ECso (107 m)? Maximal
response®P

Before irradiation 15.7 4.1+0.2 797

254 UV irradiation 47.7 1.1+£0.2 81+4

Re-equilibrated overnight 15.2 3.9+0.3 79+ 4

a Expressed in mean + SEM.

b Maximal response is the maximal contract response of thioxopeptide expressed as a
percentage of the maximal response of the parent pentapeptide H-Phe-Tyr-Pro-Trp-Gly-NHy at

1.2 x 10~7 M concentration.
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[50,51], the trans ¥[CS—-N]?-kinin, is much more likely
to form g-turn within Tyr?>-Gly®, which is probably not
compatible with the insect kinin receptor interaction.
Consequently, we suggest that a Phe' -Trp* g-turn as
favored by the the cis-Pro conformation represents the
bioactive conformation of the insect kinin.

In conclusion, introduction of a photoswitch-
able thioxopepitde bond into the insect kinin core-
pentapeptide allowed modulation of the myotropic
activity and thus identification of structural elements
of the bioactive conformation of this receptor ligand.
In similar mode in the course of this work, Wilde-
mann [52] reported the photoswitching property of a
thioxopeptide in ribonuclease S, further confirming its
unique advantage for structure-function studies.

Acknowledgements

We thank the Department of Vector Biology and Control
Center for Disease Control and Prevention of Gansu
Province for the supply of P. americana cockroach. This
work was partially supported by the grant from National
Natural Science Foundation of China (No. 30300061)
and SRF for ROCS, SEM.

REFERENCES

1. Brandsch M, Thunecke F, Kullertz G, Schutkowski M, Fischer G,
Neubert K. Evidence for the absolute conformational specificity of
the intestinal H /peptide symporter, PEPT1. J. Biol. Chem. 1998;
273: 3861-3864.

2. Fischer G. Chemical aspects of peptide bond isomerisation. Chem.
Soc. Rev. 2000; 29: 119-127.

3. Willner I. Photoswitchable biomaterials: En route to optobioelec-
tronic systems. Acc. Chem. Res. 1997; 30: 347-356.

4. Micheau JC, Zhao JZ. Cis/trans configurations of the peptide
C-N bonds: isomerization and photoswitching. J. Phys. Org. Chem.
2007; 20: 810-820.

5. WangY, PurrelloR, Spiro TG. UV photoisomerization of
N-methylacetamide and resonance Raman enhancement of a new
conformation-sensitive amide mode. J. Am. Chem. Soc. 1989; 111:
8274-8276.

6. Behrendt R, Renner C, Schenk M, WangFQ, WachtveitldJ,
Oesterhelt D, Moroder L. Photomodulation of the conformation of
cyclic peptides with azobenzene moieties in the peptide backbone.
Angew. Chem., Int. Ed. Engl. 1999; 38: 2771-2774.

7. Dong SL, Loweneck M, Schrader TE, Schreier WJ, Zinth W,
Moroder L, Renner C. A photocontrolled beta-hairpin peptide.
Chem. Eur. J. 2006; 12: 1114-1120.

8. Berkovic G, Krongauz V, Weiss V. Spiropyrans and spirooxazines
for memories and switches. Chem. Rev. 2000; 100: 1741-1753.

9. Renner C, Moroder L. Azobenzene as conformational switch in
model peptides. ChemBioChem 2006; 7: 869-878.

10. Lacour TFM. Stereochemistry of peptides containing a thioacyl
group. Int. J. Pept. Protein Res. 1987; 30: 564-571.

11. Artis DR, Lipton MA. Conformations of thioamide-containing
dipeptides: a computational study. J. Am. Chem. Soc. 1998; 120:
12200-12206.

12. Frank R, Jakob M, Thunecke F, Fischer G, Schutkowski M.
Thioxylation as one-atom-substitution generates a photoswitchable
element within the peptide backbone. Angew. Chem., Int. Ed. Engl.
2000; 39: 1120-1122.

Copyright © 2008 European Peptide Society and John Wiley & Sons, Ltd.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

PHOTOMODULATION OF INSECT KININ ACTIVITY 1067
Zhao JZ, Wildemann D, Jakob M, Vargas C, Schiene-Fischer C.
Direct photomodulation of peptide backbone conformations. Chem.
Commun. 2003; 2810-2811.

Zhao JZ, Micheau JC, Vargas C, Schiene-Fischer C. cis/trans
photoisomerization of secondary thiopeptide bonds. Chem. - Eur.
J. 2004; 10: 6093-6101.

Sifferlen T, Rueping M, Gademann K, Jaun B, Seebach D. Beta-
thiopeptides: synthesis, NMR solution structure, CD spectra, and
photochemistry. Helv. Chim. Acta 1999; 82: 2067-2093.

Miwa JH, Patel AK, Vivatrat N, Popek SM, Meyer AM. Compatibility
of the thioamide functional group with beta-sheet secondary
structure: incorporation of a thioamide linkage into a beta-hairpin
peptide. Org. Lett. 2001; 8: 3373-3375.

Miwa JH, Pallivathucal L, Gowda S, Lee KE. Conformational
stability of helical peptides containing a thioamide linkage. Org.
Lett. 2002; 4: 4655-4657.

Schutkowski M, Neubert K, Fischer G. Influence on proline-specific
enzymes of a substrate containing the thioxoaminoacyl-prolyl
peptide-bond. Eur. J. Biochem. 1994; 221: 455-461.

Kruszynski M, Kupryszewski G, Ragnarsson U, Alexandrova M,
Strbak V, Tonon MC, Vaudry H, TRH Analog with C-Terminal
Thioamide Group. Synthesis, receptor-binding, TSH-releasing
activity and alpha-MSH-releasing activity. Experientia 1985; 41:
1576-1577.

Alexandrova M, Strbak V, Herman ZS, Stachura Z, Kruszynski M.
Biological-activity of TRH thionalogue and its diastereoisomers.
Endocrinol. Exp. 1987; 21: 43-49.

Holman GM, Nachman RJ, Coast GM. Isolation, characterization
and biological activity of a diuretic myokinin neuropeptide from the
housefly, Musca domestica. Peptides 1999; 20: 1-10.

Holman GM, Cook BJ, Nachman RJ. Isolation, Primary structure
and synthesis of 2 neuropeptides from Leucophaea
Maderae — members of a new family of cephalomyotropins. Comp.
Biochem. Physiol. C., Comp. Pharmacol. Toxicol. 1986; 84: 205-211.
Coast GM, Holman GM, Nachman RJ. The diuretic activity of
a series of cephalomyotropic neuropeptides, the achetakinins,
on isolated Malpighian tubules of the house cricket, Acheta
domesticus. J. Insect Physiol. 1990; 36: 481-488.

Nachman RJ, Strey A, Isaac E, Pryor N, Lopez JD, DengdJG,
Coast GM. Enhanced in vivo activity of peptidase-resistant analogs
of the insect kinin neuropeptide family. Peptides 2002; 23:
735-745.

Seinsche A, Dyker H, Losel P, Backhaus D, Scherkenbeck J. Effect
of helicokinins and ACE inhibitors on water balance and
development of Heliothis virescens larvae. J. Insect Physiol. 2000;
46: 1423-1431.

Saideman SR, Christie AE, Torfs P, Huybrechts J, Schoofs L,
Nusbaum MP. Actions of kinin peptides in the stomatogastric
ganglion of the crab Cancer borealis. J. Exp. Biol. 2006; 209:
3664-3676.

Roberts VA, Nachman RJ, Coast GM, Hariharan M, Chung JS,
Holman GM, Williams H, Tainer JA. Consensus chemistry and
beta-turn conformation of the active core of the insect kinin
neuropeptide family. Chem. Biol. 1997; 4: 105-117.

Moyna G, Williams HJ, Nachman RJ, Scott Al. Conformation in
solution and dynamics of a structurally constrained linear insect
kinin pentapeptide analogue. Biopolymers 1999; 49: 403-413.
Nachman RJ, Kaczmarek K, Williams HJ, Coast GM, Zabrocki J.
An active insect kinin analog with 4-aminopyroglutamate, a novel
cis-peptide bond, type VI beta-turn motif. Biopolymers 2004; 75:
412-419.

Nachman RJ, Zabrocki J, Olczak J, Williams HJ, Moyna G, Ian
Scott A, Coast GM. cis-peptide bond mimetic tetrazole analogs of
the insect kinins identify the active conformation. Peptides 2002;
23: 709-716.

Wildemann D, Drewello M, Fischer G, Schutkowski M. Extremely
selective Mg(ClO4)2 mediated removal of Bpoc/Ddz moieties
suitable for the solid phase peptide synthesis of thioxo peptides.
Chem. Commun. 1999; 1809-1810.

J. Pept. Sci. 2008; 14: 1062-1068
DOI: 10.1002/psc



1068

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Copyright © 2008 European Peptide Society and John Wiley & Sons, Ltd.

HUANG ET AL.

Shalaby MA, Grote CW, Rapoport H. Thiopeptide synthesis. alpha-
amino thionoacid derivatives of nitrobenzotriazole as thioacylating
agents. J. Org. Chem. 1996; 61: 9045-9048.

Holman GM, Nachman RJ, Schoofs L, Hayes TK, Wright MS,
Deloof A. The Leucophaea maderae hindgut preparation — a rapid
and sensitive bioassay tool for the isolation of insect myotropins of
other insect species. Insect Biochem. 1991; 21: 107-112.
Nachman RJ, Roberts VA, Holman GM, Beier RC. Pseudodipeptide
analogs of the Pyrokinin/PBAN (FXPRLa) insect neuropeptide
family containing carbocyclic Pro-mimetic
components. Regul. Pept. 1995; 57: 359-370.
Helbing J, Bregy H, Bredenbeck J, Pfister R, Hamm P, Huber R,
Wachtveitl J, De VicoL, Olivucci M. A fast photoswitch for
minimally perturbed peptides: Investigation of the trans — cis
photoisomerization of N-methylthioacetamide. J. Am. Chem. Soc.
2004; 126: 8823-8834.

Yamazaki T, RoS, Goodman M, Chung NN, Schiller PW. A
topochemical approach to explain morphiceptin bioactivity. J. Med.
Chem. 1993; 36: 708-719.

Lin LN, Brandts JF. Evidence suggesting that some proteolytic-
enzymes may cleave only the trans form of the peptide-bond.
Biochemistry 1979; 18: 43-47.

Lin LN, Brandts JF. Role of cis-trans isomerism of the peptide-bond
in protease specificity — kinetic studies on small proline-containing
peptides and on polyproline. Biochemistry 1979; 18: 5037-5042.
Lin LN, Brandts JF. Kinetic mechanism for conformational
transitions between poly-L-prolines I and II: a study utilizing

conformational

the cis-trans specificity of a proline-specific protease. Biochemistry
1980; 19: 3055-3059.

Ottleben H, Haasemann M, Ramachandran R, Gorlach M,
MullerEster] W, Brown LR. An NMR study of the interaction of
15N-labelled bradykinin with an antibody mimic of the bradykinin
B2 receptor. Eur. J. Biochem. 1997; 244: 471-478.

Merker MP, Armitage IM, Audi SH, Kakalis LT, Linehan JH,
Maehl JR, Roerig DL, Dawson CA. of angiotensin-
converting enzyme substrate conformation on fractional hydrolysis
in lung. Am. J. Physiol. Lung Cell Mol. Physiol. 1996; 14: 251-259.

Impact

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Bondi A. Van Der Waals volumes and radii. J. Phys. Chem. 1964;
68: 441-451.

Schutkowski M, Jakob M, Neubert K,
Fischer G. Probing in prolyl
oligopeptidase catalysis — large positional effects of peptide bond
monothioxylation. Eur. J. Biochem. 1997; 245: 381-385.

Bardi R, Piazzesi AM, Toniolo C, Jensen OE, Omar RS, Senning A.
Molecular and crystal-structures of three monothiated analogs
of the terminally blocked Ala-Aib-Ala sequence of peptaibol
antibiotics. Biopolymers 1988; 27: 747-761.

Varughese KI, Przybylska M, Sestanj K, Bellini F, Humber LG.
The crystal structure of N-[[6-methoxy-5-(trifluoromethyl)thio-
1-naphthalenyl]thioxomethyl]-N-methyl-glycine, C;6H14F3NO3Ss.
Can. J. Chem. 1983; 61: 2137-2140.

Neuman RC, Young LB. On relative magnitudes of cis and trans
coupling across carbon-nitrogen partial double bonds. J. Phys.
Chem. 1965; 69: 1777-1780.

Tran TT, Zeng J, Treutlein H, Burgess AW. Effects of thioamide
substitutions on the conformation and stability of alpha- and 3;0-
helices. J. Am. Chem. Soc. 2002; 124: 5222-5230.

Yao J, Feher VA, Espejo BF, Reymond MT, Wright PE, Dyson HJ.
Stabilization of a Type VI turn in a family of linear peptides in water
solution. J. Mol. Biol. 1994; 243: 736-753.

Yao J, Dyson HJ, Wright PE. 3-dimensional structure of a type- VI
turn in a linear peptide in water solution - evidence for stacking
of aromatic rings as a major stabilizing factor. J. Mol. Biol. 1994;
243: 754-766.

Hutchinson EG, Thornton JM. A revised set of potentials for beta-
turn formation in proteins. Protein Sci. 1994; 3: 2207-2216.

Chou PY, Fasman GD. Beta-turns in proteins. J. Mol. Biol. 1977;
115: 135-175.

Wildemann D, Schiene-Fischer C, Aumuller T, Bachmann A,
Kiefhaber T, Lucke C, Fischer G. A nearly isosteric photosensitive
amide-backbone substitution allows enzyme activity switching in
ribonuclease S. J. Am. Chem. Soc. 2007; 129: 4910-4918.

Landgraf G, Bornl,
substrate backbone function

J. Pept. Sci. 2008; 14: 1062-1068
DOI: 10.1002/psc



