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Abstract: Previous studies have indicated that proteolytic activation of pro-hormones and pro-proteins
occurs most frequently at the level of basic amino acids arranged in doublets and that the dibasic sites are
situated in or next to f-turns. Investigations utilizing synthetic peptides reproducing the N-terminal
processing domain of pro-oxytocin-neurophysin have suggested a close relationship between the secondary
structure of the cleavage locus and enzyme recognition, the minimal recognized sequence being the
-Pro-Leu-Gly-Gly-Lys-Arg-Ala-Val-Leu- segment of the native precursor. NMR investigations and energy
minimization studies have demonstrated that this sequence is organized in two type-II f-turns involving the
-Pro-Leu-Gly-Gly- and -Lys-Arg-Ala-Val- sequences. To further strengthen the above reported hypothesis
and to study the role of turn subtypes, a new proline containing cyclic substrate of the processing enzyme,
in which the N-terminal side that comes before the Lys-Arg pair is constrained to adopt a type-II f-turn, has
been synthesized. The presence of a type-II f-turn structure in this cyclic peptide model has been
demonstrated by a combined NMR, CD and FT-IR absorption investigation. A preliminary study shows that
PC1 is able to recognize and process our constrained substrate. Copyright © 2001 European Peptide Society
and John Wiley & Sons, Ltd.
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INTRODUCTION

Secretory peptides are generated from larger pre-
cursor proteins by proteolytic cleavage at sites con-
sisting of one or more basic amino acids. Analyses
of sequences flanking the basic residues indi-
cate that these segments might participate in the

recognition of the cleavage loci by providing accessi-
ble zones constituted by f-turns [1] or Q-loops [2].
The presence of a f-turn at the N-terminus of the
dibasic cleavage site is a recurrent conformational
motif in several peptides of different length used as
substrates for pro-oxytocin-neurophysin conver-
tases and, consequently, it was concluded that the

Abbreviations: Abbreviations used for amino acids follow the recommendations of the IUPAC-IUB Commission of Biochemical Nomenclature,
Eur. J. Biochem. 1984; 138: 9-37. The following additional abbreviations are used: yAbu, y-aminobutyric acid; dAva, J-aminovaleric acid;
Boc, tert-butyloxycarbonyl; CD, circular dichroism; CVFF, consistent valence force field; DCM, dichloromethane; DIEA, diisopropylethyl-
amine; DMF, N,N-dimethylformamide; DMSO, dimethylsulphoxide; DQFCOSY, double quantum filtered correlated spectroscopy: EDT,
ethanedithiol; FID, free induction decay; Fmoc, 9-fluorenylmethoxycarbonyl; FT-IR, Fourier-transform infrared; HOBt, 1-hydroxybenzotria-
zole; HPLC, high performance liquid chromatography; MALDI, matrix assisted laser desorption ionization; MBHA, methylbenzhydramine;
MeCN, acetonitrile; NMM, N-methylmorpholine; NMP, N-methylpyrrolidone; NMR, nuclear magnetic resonance; NOE, nuclear Overhauser
effect; NOESY, nuclear Overhauser enhancement spectroscopy; OAl, allyloxy; Pmc, 2,2,5,7,8-pentamethyl-chroman-6-sulfonyl; RMD,
restrained molecular dynamics; r.m.s.d., root mean square deviation; ROESY, rotating frame nuclear Overhauser enhancement correlation
spectroscopy; TFA, trifluoroacetic acid; TFE, 2,2,2-trifluoroethanol; TMS, tetramethylsilane; TSP, 3-(trimethylsilyl) sodium propionate;

TOCSY, total correlation spectroscopy.
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p-turn situated on the N-terminus of the dibasic
cleavage site is an important feature in the process-
ing enzyme recognition [3,4].

Previous studies on synthetic peptides have
demonstrated that the minimal recognized se-
quence is -Pro-Leu-Gly-Gly-Lys-Arg-Ala-Val-Leu-
(-Pro”-Leu'®-). In addition, NMR investigations and
energy minimization studies have shown that the
-Pro”-Leu'®- folded peptide population is organized
in two type-II f-turns [5] (-Pro’-G1ly'°- and -Lys!!-
Val'4- sequences) that locate the two side chains of
Lys and Arg on the same side of the molecule [4].

To further strengthen the above reported hy-
potheses and to study the role of the f-turn sub-
types, we have now synthesized a novel substrate
for the processing enzyme in which the N-terminal
side of the Lys-Arg doublet is constrained to adopt a
type-II f-turn. The selected model is derived from a
Pro-containing homodetic cyclopeptide of sequence
-0 Ava-Gly-Pro-Gly-Gly- for which NMR, CD and FT-
IR absorption investigations have evidenced the
presence of a type-II f-turn structure involving the
sequence -Gly-Pro-Gly-Gly-, not only in organic sol-
vents but also in aqueous solution [6]. The original
model peptide proposed by Fasman and coworkers
has been modified by addition of the -Lys-Arg-Ala-
Val-Leu- sequence to the peptide chain. To this
purpose, in our peptide model the Gly'*2 residue
has been replaced by an Asp residue. The side
chain of the Asp residue maintains the cyclic struc-
ture whereas the «-carboxylic function is used to
extend the main chain. In addition, the original
J0Ava residue has been replaced by a yAbu residue
in order to maintain the dimension of the cyclic
structure.

The CD, FT-IR absorption and NMR investigations
presented in this paper demonstrate that the cy-
clo(1-54)yAbu-Gly-Pro-Gly-Asp-NH, peptide (Figure
1) adopts a 1«4 hydrogen-bonded type-II f-turn
conformation in solution. Consequently we propose
the cyclo(1-54)yAbu-Gly-Pro-Gly-Asp-NH, as a
type-II f-turn model for the insertion of such a
secondary structure into peptide chains. Accord-
ingly, this type-II f-turn model has also been used
in the synthesis of a longer peptide, namely cyclo
(1-58)yAbu - Gly - Pro- Gly - Asp - Lys - Arg - Ala - Val -
Leu-NH,, whose CD and NMR conformational char-
acterization is also presented here.

MATERIALS AND METHODS

Materials
Fmoc-protected amino acids and resins were ob-
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Figure 1 Formula of cyclo(1-5f)yAbu-Gly-Pro-Gly-Asp-
NH,.

tained from Novabiochem (Langelfingen, Switzer-
land); 0.45 m HBTU/HOBt solution in DMF from
Applied Biosystems (Perkin-Elmer, Norwalk, CT);
MeCN, NMP, DCM and TFA from Janssen (Geel,
Belgium); piperidine, DIEA, 1,2-ethandithiol, TSP
sodium salt, TMS, DMSO-dg and thioanisole from
Aldrich (Deisenhofen, Germany); TFE-d; from Cil
(Woburn, MA).

Synthesis of cyclo(1-58)yAbu-Gly-Pro-Gly-Asp-NH,

The linear peptide sequence was synthesized by the
solid-phase method, using a fully automated pep-
tide synthesizer (Applied Biosystems model 431A).
Rink-MBHA resin (0.466 g, 0.47 mmol/g) and HBTU
as coupling agent were used. The side-chain protec-
tion used for Asp was the OtBu group. After each
single coupling step, a resin sample was submitted
to a quantitative ninhydrin test; the extent of cou-
pling resulted over 99.6% for each step. The Fmoc
group of the last residue was deprotected. Cleavage
from the resin and the side-chain deprotection were
achieved treating 500 mg of peptide-resin with 0.5
ml of H,O and 9.5 ml of TFA for 90 min. After
concentration, the peptide was precipitated with
cold diethyl ether.

Crude H-yAbu-Gly-Pro-Gly-Asp-NH, (0.13 mmol)
was combined with 1.5 eq. of HATU and 3 eq. of
DIEA in DMF at a concentration of 1 x 103 M. The
solution was stirred for 24 h. The reaction mixture
was evaporated to dryness and the residue was
dissolved in 18 ml of water. Half solution was di-
rectly loaded onto a semi-preparative Delta Pak C,4
column (15 pm, 100 A, 7.8 x 300 mm Waters). The
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mobile phase was 0.05% TFA/H,O and the elution
was isocratic at a flow rate of 4 ml/min. A total of 11
mg of purified peptide was obtained. The final ana-
lytical chromatogram on a Vydac C,g column (5 pm,
100 A, 4.6 x 250 mm) gave a 90% of purity grade
under the following conditions: eluant A, 0.05% TFA
in water; eluant B, 0.05% TFA in MeCN; flow rate, 1
ml/min; gradient, 0-15% B over 30 min; detector,
214 nm. The identity of the product was confirmed
by MALDI spectrometric analysis (theoretical value:
410 Da; experimental value: 410 Da).

cyclo(1-58)y Abu-Gly-Pro-Gly-Asp-Lys-Arg-Ala-Val-
Leu-NH,

The first synthetic protocol for cyclo(1-54)yAbu-Gly-
Pro-Gly-Asp-Lys-Arg-Ala-Val-Leu-NH,, was designed
to maximize the number of reactions on the peptide
still anchored to the solid support (Figure 2(A)). The
aim was to ensure easy separation of the impurities
from the peptide at the end of each reaction. Unfor-
tunately, this protocol did not give satisfactory re-
sults, probably due to the incomplete deprotection
of the Asp side chain from the OAI group.

The second protocol, reported in Figure 2(B) and
here described in detail, gave the target peptide. The
fully protected peptide was synthesized by the solid-
phase method, using the above reported automated
peptide synthesizer and 0.25 mmol of Sieber-amide-
resin (0.25 mmol/g of substitution). Double cou-
pling was made for the first amino acid insertion.
The incorporation of the Leu residue (0.09 mmol/g)
was evaluated by quantitative amino acid analysis
of a 0.81 mg-resin sample after acid hydrolysis (0.5
ml of 6 N HCI at 118°C for 18 h under vacuum). The
coupling agent used was HBTU. The side-chain pro-
tections employed were Asp(OAl), Lys (Boc) and Arg
(Pmc). After each step a resin sample was submitted
to a quantitative ninhydrin test to determine the
extent of coupling that resulted over 99.1%. A total
of 1.476 g of protected peptide-resin was obtained,
corresponding to a 23% yield with respect to the
initial substitution of the resin. At the end of the
solid-phase synthesis a resin sample was hy-
drolysed at 130°C for 16 h with 0.5 ml of 12 N HCl
and 0.5 ml of propionic acid. The amino acid analy-
sis gave the following results: Asp 0.93 (1); Gly 1.79
(2); Arg 1.62 (1); Ala 0.94 (1); Pro 0.65 (1); Val 1.05
(1); Leu 1.08 (1); Lys 0.96 (1). The exceedingly high
value of Arg is probably due to the presence of
secondary products and is in agreement with the
high yield of Arg coupling in comparison with
the coupling yields of the previous residues. To
deprotect the N*-function from the Fmoc group, 736
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mg of fully protected peptide-resin was stirred in
20% piperidine/NMP (v/v) for 20 min. The resin was
filtered, washed extensively with NMP and DCM,
and dried under vacuum. The peptide-resin was
combined with 10 ml of a 1% TFA/DCM solution for
2 min, then the resin was filtered over 2 ml of
CH;OH added with 200 pl of piridine. The solution
was concentrated and the product precipitated with
a cold solution of 10% acetic acid in water. The
operation was repeated several times to obtain a
complete precipitation. To deprotect the Asp f-
COOH function from the OAl group, the crude and
partially protected peptide was treated with 0.85 g
of Pd(PPhj), (0.73 mmol) and 2 ml of a HOAc/NMM/
CHCI; (2:1:37) solution. Because the Pd(PPh,), was
not completely dissolved, 7 ml of the above reported
solution was added and the mixture was stirred for
17 h at 25°C under Ar. Then, 2 ml of DMF was
added and the mixture was evaporated under vac-
uum. The DMF solution was loaded onto an LH-20
column (3.5 x 30 cm) equilibrated with DMF and
100 drop fractions were collected. The product
(0.122 g) was detected in fractions 24 + 30. These
fractions were dried under vacuum and added with
91 ml of DMF. Cyclization was achieved by adding
1.5 eq. of HATU and 3.0 eq. of DIEA for 8 h. The
solution was concentrated to a volume of 2 ml and
loaded onto an LH-20 column. The target peptide
was collected from fractions 19 to 21. The fractions
were dried and treated with 0.75 g of phenol and an
EDT/thioanisole/H,O/TFA (1:2:2:20) solution for 90
min at 25°C. The product was precipitated from the
concentrated mixture with cold diethyl ether, fil-
tered, dissolved in water and loaded onto a semi-
preparative Delta Pak C,4 column. The elution was
achieved using the following conditions: eluant A,
0.05% TFA in water; eluant B, 0.05% TFA in MeCN;
gradient, 10-40% B over 60 min; flow rate, 4 ml/
min; detector, 214 nm. The purified product was
analysed by HPLC using the following conditions:
column, Vydac C,g; eluant A, 0.05% TFA in water;
eluant B, 0.05% TFA in MeCN; gradient, 13-20% B
over 14 min; flow rate, 1 ml/min; detector, 214 nm.
Integration of the chromatographic pattern gave
90% purity grade. The MALDI mass spectrometric
analysis of the purified product gave the expected
result (theoretical value: 979 Da; experimental
value: 977 Da). A scheme of synthesis is shown in
Figure 2(B).

Enzymatic Digestion

The PC1 preparation used in the assay was kindly
provided by N.G. Seidah (Clinical Research Institute

dJ. Peptide Sci. 7: 358-373 (2001)
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of Montreal, Montreal, Quebec, Canada). Incuba-
tions with synthetic peptide substrate were con-
ducted for various time intervals with 10 pl of a
purified hPC1 fraction representing an average
of 2.6 nmol pro-oxytocin-neurophysin (1-20)
cleaved x h—1! at 37°C in a total volume of 50 pl. The
final incubation mixture contained 15 pl of 2.98 mm
peptide solution; 5 pl of 100 mMm CacCl, solution; 50
ul of 100 mMm sodium acetate solution at pH 5.5; 10
ul of PC1 and 20 pl of H,O. Each sample was
analysed by HPLC using the following conditions:
column, Vydac C,g; eluant A, 0.05% TFA in water;
eluant B, 0.05% TFA in MeCN; gradient, 5-40% B
over 70 min; flow rate, 1 ml/min; detector, 214 nm.

HPLC

Peptide purification and characterization were car-
ried out using a Waters 600E HPLC instrument
equipped with a Waters 490E programmable multi-
wavelength detector and an automatic injector
Waters model 717 or a HPLC Waters model 600E
associated system equipped with a photodiode ar-
ray detector Waters model 996 and an automatic
injector Waters model 712.

CcD

CD spectra were recorded at room temperature
using a Jasco model J-710 automatic recording
circular dichrograph. Cylindrical fused quartz cells
of 0.05 and 0.1 cm path-lengths were used. Spectra
are reported in units of mean residue ellipticity
(peptide molecular weight/number of amide bonds),
[O]g (deg x cm? x dmol ~'). Each weighted quantity
of peptide was dissolved in the minimum amount of
water to which 10 mM phosphate buffer pH 7 or
TFE was added to a final content of 99% (v/v).
Peptide concentration, determined by quantitative
amino acid analysis, ranged from 4.7 x 10~° to
48x10"* M.

FT-IR Absorption

Each FT-IR absorption spectrum was measured at
room temperature using a nitrogen-flushed Jasco
model 300E infrared spectrometer at 2 cm ~ ! nomi-
nal resolution. A cell with a CaF, window and 0.2
mm path-length was used. Peptide concentrations
in DMSO were 0.2 mg/ml and 0.4 mg/ml for cyclic
and linear peptides, respectively. For the spectra in
TFE and D,O, peptide concentration was ~ 10 mg/
ml. The solutions in TFE were obtained by dissolv-
ing each weighed quantity of the peptide in 10 ul of

Copyright © 2001 European Peptide Society and John Wiley & Sons, Ltd.

D,O to which 90 pl of TFE were added. Infrared
absorption spectra of each solvent were obtained
under identical conditions and subtracted from the
spectra of the peptides in the corresponding sol-
vents. Fourier self-deconvolution was used for band
narrowing. Area measurements of multi-component
bands were achieved using a curve-fitting program
purchased from Jasco.

NMR

One-dimensional (1D) and two-dimensional (2D)
NMR spectra were recorded on a Varian Unity 400
spectrometer, operating at 400 MHz, located at the
‘Centro di Studio di Biocristallografia del C.N.R.’,
University of Naples ‘Federico II'. NMR experiments
were run in DMSO and TFE/H,O at 298 K. Samples
used in all 'H-NMR experiments were prepared by
dissolving 2-3 mg of solid peptides in 700 pl of
DMSO-dg (99.98% isotopic purity) and in TFE-ds/
H,O0 80:20 (99% isotopic purity) for a 2-3 mw final
concentration. Chemical shifts were referred to TMS
in the case of DMSO and to internal TSP in the case
of aqueous solutions. 2D-experiments, such as
DQFCOSY [7], TOCSY [8], NOESY [9] and ROESY
[10] were recorded by the phase-sensitive States-
Haberkorn method. The data file generally consisted
of 256 points and 2048 (4096 for the DQFCOSY)
points in the w1 and w2 dimensions, respectively.
Mixing times (z,,) used in the TOCSY experiments
were typically 70 ms; NOESY experiments were per-
formed with mixing times of 100, 200, 300 and 400
ms. A continuous spin-lock was used for the
ROESY spectra (r,, =100 and 120 ms). Off-reso-
nance effects, associated to the low-power spin-lock
field, have been compensated by means of two 90°
hard pulses before and after the spin-lock period
[11]. Free induction decays were multiplied in both
dimensions with weighting functions, and the data
points were zero-filled to 1K in w1 prior to Fourier
transformations. Temperature coefficients of NH
signals were measured from 1D and TOCSY spectra
recorded in the temperature range 298-310 K. NOE
analysis was achieved by means of NOESY spectra;
NOE intensities were evaluated by integration of
cross-peaks, making use of the appropriate Varian
software, and then converted into inter-proton dis-
tances using the 1/r® relationship for rigid
molecules [12]. Geminal protons (yAbu® «o’'CH, in
TFE/H,O and terminal CONH-CONH' in DMSO
for cyclo(1-58)yAbu-Gly-Pro-Gly-Asp-NH,;  Pro®
BB’'CH, in TFE/H,O and Asp® f'CH, in DMSO for
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cyclo(1-54)yAbu-Gly-Pro-Gly-Asp-Lys-Arg-Ala-Val-
Leu-NH,) were chosen as reference with a relative
distance of 178 ppm. Vicinal 3Jyy ,cy coupling
constants were measured from DQFCOSY spectra.
In all NMR experiments performed in TFE/H,O,
the water resonance was suppressed during the
relaxation delay by pre-saturation. The decoupler
offset was set equal to the transmitter to prevent
phase distortions around the water peak due to
imperfect cancellation of the dispersive component
of the residual water magnetization [13].

Computational Methods

All calculations were performed on a Silicon
Graphics Indigo 2 workstation. The Insight/Dis-
cover (Biosym Tecnologies, San Diego, CA) pro-
gram with the consistent valence force field (CVFF)
[14-16] was employed for energy minimization
and molecular dynamics calculations, including
NOE effects as constraints on inter-atomic dis-
tances. Minimizations were performed using a
conjugate algorithm for the initial stages of refine-
ment and a quasi-Newton-Raphson algorithm for
the final ones [17]. The motion equation algorithm
was the leapfrog [18]. Computational conditions
were chosen to avoid boundary effects [19]. Start-
ing models for the simulation were hand-built
using standard parameters for amino acid
residues supplied with the Insight software pack-
age. By starting from these models an energy min-
imization procedure was used to generate
structures consistent with NOE data. Interproton
distances evaluated from NOEs were inserted as
restraints with a tolerance of 4+ 10% during the
simulations [20]. The RMD simulations were car-
ried out for 50 ps in the equilibration phase and
for 160 ps without velocity rescaling since the
temperature was kept constant at 300 K. The
statistical analyses were performed during the last
50 ps of the simulations.

RESULTS AND DISCUSSION

Peptide Synthesis

The synthesis of peptide cyclo(1-5f)yAbu-Gly-Pro-
Gly-Asp-NH, did not present particular problems.
The peptide was grown on a Rink-MBHA resin
using OtBu for side-chain protection of the Asp
residue. Cleavage of crude peptide from the solid
support and concomitant deprotection of the Asp
side chain were followed by condensation of the

Copyright © 2001 European Peptide Society and John Wiley & Sons, Ltd.
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amino terminal group of the main chain with the
p-carboxylic function of the Asp residue. The con-
densation reaction was carried out by adding 1.5
eq. of HATU and 3 eq. of DIEA to a 1 x10"3 ™
solution of the peptide in DMF. The reaction was
monitored by HPLC. As reported in Figure 2(A),
the first synthetic protocol for peptide cyclo(1-
54)yAbu-Gly-Pro-Gly-Asp-Lys-Arg-Ala-Val-Leu-NH,
was designed to maximize the number of reactions
on the peptide still anchored to the solid support.
This protocol, however, did not give the desired
product (data not shown). The limitation of the
method concerns the low deprotection yield of the
OAl group.

The second protocol (Figure 2(B)) introduces an-
other orthogonality level by growing the peptide
chain on an more acid-labile resin (Sieber-amide-
resin). HPLC monitoring of the OAl group depro-
tection and of the condensation between the
y-amino group of yAbu and the f-carboxylic group
of Asp has allowed us to optimize the reaction
times and to obtain the target peptide.

CD Study

For the sake of comparison CD spectra of the
cyclo(1-5p)yAbu-Gly-Pro-Gly-Asp-NH, peptide are
plotted together with those of the corresponding
linear peptide in the same solvents.

In aqueous solution (Figure 3(A)) the linear pen-
tapeptide spectrum is characterized by a strong
negative band at 195 nm, indicative of a disor-
dered conformation [21]. The formation of an
amide bond, between the yAbu amino group and
the Asp f-carboxylic group, substantially modifies
the spectrum that presents now two positive max-
ima at 185 and 200 nm and a broad negative
band at 225 nm. At wavelength values above 190
nm, our cyclic analogue presents a class-B spec-
trum indicative of type-II f-turn conformation [22]
with band intensity and position identical to the
ones shown by the Fasman peptide model cyclo(1-
5)d Ava-Gly-Pro-Gly-Gly. Under 190 nm the spec-
tra of cyclo(1-54)yAbu-Gly-Pro-Gly-Asp-NH, and of
cyclo(1-5)0 Ava-Gly-Pro-Gly-Gly are different. On
the other hand, the replacement of a Gly residue
by an Asp residue is expected to decrease the f-
turn propensity (f;,3=0.152 for Gly and f;, 5=
0.081 for Asp) [23].

In TFE the spectrum of the cyclo(1-54)yAbu-Gly-
Pro-Gly-Asp-NH, peptide (Figure 3(B)) is blue
shifted: indeed, the intense positive band is lo-
cated at 190 nm whereas the negative band is at
220 nm. This CD spectrum resembles a type-C

dJ. Peptide Sci. 7: 358-373 (2001)
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Figure 3 CD spectra of cyclo(1-54)yAbu-Gly-Pro-Gly-Asp-NH, (—) and H-yAbu-Gly-Pro-Gly-Asp-NH, (- - -) in 10 mm
phosphate buffer, pH 7 (A) and in 99% TFE/H,O (B). CD spectra of cyclo(1-5f)yAbu-Gly-Pro-Gly-Asp-Lys-Arg-Ala-Val-Leu-
NH, in 10 mM phosphate buffer, pH 7 (- - -) and in 99% TFE/H,O (—) (C).

spectrum according to the definition given by
Woody [22]. In the same solvent the linear analogue
presents a major negative band at 195 nm at-
tributed to a disordered conformation but also a
negative broad band at 220 nm indicative of the
existence of some ordered conformations. The addi-
tion of the -Lys-Arg-Ala-Val-Leu- sequence to the
cyclic peptide substantially modifies the dichroic
spectra (Figure 3(C)). More specifically:

e In aqueous solution the spectrum is character-
ized by a strong negative band at 195 nm. It
seems likely that a contribution of disordered
conformations, due to the -Lys-Arg-Ala-Val-Leu-
sequence, would overlap the positive band at
195 nm attributed to the type-II f-turn confor-
mation of cyclo(1-54)yAbu-Gly-Pro-Gly-Asp.

e In TFE the spectrum shows two negative bands
at 202 and 222 nm and positive values for 4 <
190 nm. The shape of this CD curve, but not the
amplitude, is reminiscent of the one characteris-
tic of «-helix spectra.

FT-IR Absorption Study

The cyclo(1-5f4)yAbu-Gly-Pro-Gly-Asp-NH, peptide
and its linear analogue have been studied by the
FT-IR absorption technique in different solvents.
The solvents used can be divided in the following
categories: (a) hydrogen-bond acceptor organic sol-

Copyright © 2001 European Peptide Society and John Wiley & Sons, Ltd.

vent (DMSO); (b) mostly hydrogen-bond donor or-
ganic solvent (TFE); (c) aqueous solvent (D,0).

The rationale for using DMSO stems from the
known properties of this organic solvent to partially
disrupt the secondary structures of globular
proteins and polypeptides, since the NH groups can
hydrogen bond to the S— O group, leaving the cor-
responding amide C=O groups ‘naked’ or non-
hydrogen-bonded and, consequently, characterized
by a strong IR band in the range 1660-1670 cm ~!
[24]. Accordingly, it seemed of interest to determine
whether DMSO is able to disrupt the hydrogen
bonds in order to pinpoint the presence, strength
and stability of intramolecular hydrogen bonds. The
spectrum of cyclic pentapeptide (Figure 4) shows
two main amide I bands, one at 1670 cm~! with a
shoulder at 1660 cm~', and a second at 1640
cm !, While the former is clearly in line with ‘free’
C=0 stretching bands [24], the presence of the latter
demonstrates that there are intramolecular hydro-
gen bonds in this cyclic peptide that remain intact
and are not affected by DMSO. The intensity ratio of
the 1670/1640 cm~' bands is approximately
4:2. Consequently, it seems reasonable to assign
the band at 1670-1660 cm~' to four solvent-
exposed C=0 groups and the band at 1640 cm ! to
two hydrogen-bonded C=O groups. However, a con-

tribution of the Gly-Pro tertiary peptide bond is
possible.

dJ. Peptide Sci. 7: 358-373 (2001)
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Figure 4 Amide I region of the FT-IR absorption spectra
of cyclo(1-54)yAbu-Gly-Pro-Gly-Asp-NH,, (A) and H-yAbu-
Gly-Pro-Gly-Asp-NH, (B) in DMSO.

The spectrum of the linear peptide in DMSO (Fig-
ure 4) presents a composite band at high frequen-
cies; however, the band at 1640 cm !, assigned to
hydrogen-bonded C=O groups, is absent, as ex-
pected [25].

Even in the presence of a hydrogen donor solvent,
the spectrum of the cyclic analogue (Figure 5(A))
retains the frequency band at 1647 cm ! which is
assigned to intramolecular hydrogen-bonded C=O
groups [25], together with two bands at higher fre-
quencies (1661 and 1674 cm ') due to C=O groups
not involved in intramolecular hydrogen bonds.

0.69
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Excluding an intermolecular H-bonding on the
basis of the invariant CD spectra at different con-
centrations, in the same solvent (data not shown)
the band at 1627 cm ™' might be related to a
double-acceptor carbonyl [26].

For the linear peptide (Figure 5(B)) the region of
the amide I modes is characterized by three main
bands: 1677, 1656 and 1629 cm ~ ', while the band
at 1640 cm ! is absent. The increased flexibility of
the molecule with no conformational constraint is
confirmed by the presence of a negative band at 195
nm in the CD spectrum in the same solvent which
is assigned to aperiodic structures.

The amide I bands in aqueous solution (D,0) are
considerably broader as compared to those found in
organic solvents. The composite band centred at
1650 cm ~! is constituted of three components, one
at 1670 cm ~ !, a second at 1650 cm ~! and the last
at 1640 cm ~ ! (Figure 6). The high-frequency bands
can be assigned to solvent-exposed C=O groups,
whereas the band at 1640 cm~ ' can be attributed
to C=0 groups engaged in intramolecular hydrogen
bonds persisting in aqueous solution. The band at
1621 cm~', which is observed only in D,O, may
represent a population with very strong hydrogen-
bonded C=O groups. This band has been assigned
by different authors to bifurcated hydrogen-bonded
C=0O groups [24]. Then the persistence of in-
tramolecular hydrogen bonds, even in the presence
of a bifunctional solvent such as water, agrees with
the CD spectrum profile that is typical of type-II
f-turn structure.

0.47

Abs

) ! ,
1800 Wavenumber[cm™'] 1500

Figure 5 FT-IR absorption spectrum of cyclo(1-5f)yAbu-Gly-Pro-Gly-Asp-NH, (A) and H-yAbu-Gly-Pro-Gly-Asp-NH, (B) in
a 90% TFE/D,O solution in the region of the amide I and II bands. Broken traces are spectra after band narrowing via

Fourier self-deconvolution.
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Figure 6 FT-IR absorption spectrum of cyclo(1-54)yAbu-
Gly-Pro-Gly-Asp-NH, in D,O solution in the region of the
amide I and II bands. Broken traces are spectra after band
narrowing via Fourier self-deconvolution.

Peptide H-yAbu-Gly-Pro-Gly-Asp-NH, has been
characterized exclusively in DMSO and TFE be-
cause it proved to be impossible to dissolve the
peptide in MeCN and D,O. The FT-IR absorption
spectra of linear peptides show a band at frequency
higher than 1700 cm ~! that can be assigned to the
p-carboxylic group of the Asp residue.

NMR Study

NMR studies were performed in TFE/H,O and in
DMSO for both cyclo(1-5f)yAbu-Gly-Pro-Gly-Asp-
NH, and cyclo(1-5f)yAbu-Gly-Pro-Gly-Asp-Lys-Arg-
Ala-Val-Leu-NH,, peptides.

The sequential assignment of all amino acid spin
systems of cyclo(1-54)yAbu-Gly-Pro-Gly-Asp-NH,
peptide (Table 1) was obtained by analysing the
TOCSY and NOESY spectra. Prochiral assignment
of the Asp® and yAbu! residues was achieved from
the vicinal °J,; and ®J,, coupling constants and
from the relative intensities of the (o, f), («, '), (NH,
f), (NH, f’) NOE contacts [12]. Both residues show
a stereospecific gauche conformation (y = 180°). The
prochiral assignment of Pro® ff'CH, protons was
not feasible since they exhibit very close chemical
shifts. The Gly?-Pro® peptide bond conformation,
too, was not fully established due to the severe
overlap of Gly and Pro «CHs with the residual water
signal.

The strong NOE contacts Gly* NH/Asp® NH and
Pro® «CH/Gly* NH indicate the presence of a type-II
f-turn structure in the Gly2-Asp® segment. This
p-turn could be stabilized by H-bond interaction
between the Gly? C=0O and the Asp® NH group, as
suggested by the low temperature coefficient of the
Asp® amide proton (Table 1).

The addition of the -Lys-Arg-Ala-Val-Leu-NH, se-
quence to the short cyclic peptide complicates the
NMR analysis. First of all, the 1D spectrum shows
the presence of many conformers and, of these, only
the most abundant was completely characterized.
Moreover, not all resonances are observed (Lys® NH,
Lys® ¢eNH and yAbu' NH signals are missing). The
sequential assignment of the proton resonances
was carried out by analysing the cross-peak pat-
terns in the TOCSY and NOESY spectra. Again,
even for cyclo(1-5f)yAbu-Gly-Pro-Gly-Asp-Lys-Arg-
Ala-Val-Leu-NH, it was not possible to establish the
Gly2-Pro® peptide bond conformation. In Table 2
proton chemical shifts together with vicinal 3Jyy_,cn

Table 1 Chemical Shifts ¢ (ppm), 3Jy.cun Coupling Constants (Hz) and Temperature
Coefficients AJd/AT (ppb/K) of cyclo(1-54)yAbu-Gly-Pro-Gly-Asp-NH, in TFE/H,O

Amino NH o B y Others SINH-2CH —AJS /AT
acid
yAbu! 7.55 3.06 1.85PmR 2.41 6.6 6.6
3.52 1.98pr0S 4.1
Gly? 7.82 3.83 5.1 5.7
Pro® 4.31 1.98 2.08 3.60
2.36 3.80
Gly* 8.50 3.85 5.8 6.8
3.96 5.0
Asp® 7.74 4.70 2.79PmR CONH 6.78 7.4 1.1
2.88Pros CONH' 7.35

Copyright © 2001 European Peptide Society and John Wiley & Sons, Ltd.

dJ. Peptide Sci. 7: 358-373 (2001)



PROLINE-CONTAINING CYCLIC PEPTIDES 367

Table 2 Chemical Shifts 6 (ppm), 3Jyy..cx Coupling Constants (Hz) and Temperature
Coefficients AJ/AT (ppb/K) of cyclo(1-5f)yAbu-Gly-Pro-Gly-Asp-Lys-Arg-Ala-Val-Leu-

NH, in TFE/H,O

Amino NH o Y y o Others SINH-~CH —AJ8 /AT

acid

yAbu! a 3.08 1.99 2.53 — —

Gly? 7.64 3.99 5.5 5.9

4.13

Pro® 4.41 2.03 2.06 3.56 — —
2.28 3.69

Gly* 8.03 3.93 5.9 6.4

Asp® 8.30 4.39 2.74 6.6 3.5
3.16

Lys® a 4.79 2.15 1.42 1.68 e’ 3.00 — —

1.75

Arg” 7.72 4.32 1.88 1.63 3.16 ¢eNH 6.89 6.7 3.6

Ala® 7.58 4.30 1.41 5.7 5.7

Val® 7.27 4.11 2.14 0.97 7.8 3.9

Leu!® 7.36 4.38 1.64 1.64 0.93 CONH 6.30 7.6 5.1

CONH' 6.90

2This resonance is not observed.

coupling constants and temperature coefficients of
amide protons are reported. The NOE analysis in
the Gly?-Asp® fragment reveals the same strong
contacts Gly* NH/Asp® NH and Pro® «CH/Gly* NH
that were observed for the cyclo(1-5/4)yAbu-Gly-Pro-
Gly-Asp-NH, peptide, indicating again the presence
of a type-II f-turn. This evidence is confirmed by
the chemical shift deviations of the Pro® «CH and
Gly* ao’CH,, protons that exhibit the typical trend of
residues in the i+ 1 and i+ 2 positions of a type-II
f-turn [27]. In the case of this tailed cyclic peptide,
however, strong NOEs between Asp® NH and Gly*
a0'CH, are also observed, suggesting the presence
of chemical equilibria among different types of
turns.

In the -Lys-Arg-Ala-Val-Leu-NH, fragment no
NH,/NH,, , NOE contacts are observed, but the «CH
chemical shift deviations are consistent with a type-
I f-turn in the -Lys®-Arg-Ala-Val®- segment.

The complete sequential assignment of cyclo(1-
5/)yAbu-Gly-Pro-Gly-Asp-NH, was obtained follow-
ing the standard procedure indicated by Withrich
[12]. Proton chemical shifts are reported in Table 3
together with Jy_,cnp coupling constants and tem-
perature coefficients of amide protons. For Asp®

Copyright © 2001 European Peptide Society and John Wiley & Sons, Ltd.

pf'CH,, NMR data indicate a stereospecific trans
conformation (y= —60°. In the segment -Gly?-
Pro3-Gly*-Asp®-, the relative intensities of NOE con-
tacts between Gly* NH/Asp® NH and Pro® «CH/Gly*
NH resonances point to a type-II f-turn. Further-
more, the low AJ/AT value of the Asp® NH proton
(— 0.2 ppb/K), together with the «CH and NH proton
chemical shift deviations from the random coil val-
ues, confirms this hypothesis. Indeed, «CH protons
for Pro® and Gly* residues show negative deviations,
a trend characteristic of a type-II f-turn [24]. The
Asp® amide proton deviation from the random coil
value, too, confirms that Asp® is involved in the
f-turn formation [24].

For the longer cyclo(1-5f)yAbu-Gly-Pro-Gly-Asp-
Lys-Arg-Ala-Val-Leu-NH, peptide, as already ob-
served in TFE/H,O, many conformers are present
even in DMSO. Only the major conformer has been
fully characterized. All NMR data are shown in
Table 4. Chemical shift sequential assignment was
carried out by analysing the cross-peak patterns in
the TOCSY, NOESY and ROESY spectra. The
prochiral assignment for Pro® f3'CH,, Asp® 'CH,
and Lys® gB'CH, protons was established from the
5J,4 and °J,, coupling constant values and from the

dJ. Peptide Sci. 7: 358-373 (2001)
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Table 3 Chemical Shifts § (ppm), ®Jy,cn Coupling Constants (Hz) and Temperature
Coefficients Ao /AT (ppb/K) of cyclo(1-54)yAbu-Gly-Pro-Gly-Asp-NH, in DMSO

Amino NH o B y Others 3JNH-xCH —AJS AT

acid

yAbu! 7.44 3.07 1.65 2.10 5.8 0.3

2.37
Gly? 7.94 3.72 8.0 3.2
4.33

Pro® 4.18 1.80 1.90 3.56 — —
2.15 3.63

Gly* 8.54 3.64 5.4 4.8

Asp® 7.42 4.33 2.50PmR CONH 6.97 8.6 0.2
2.65Pr°S CONH' 7.20

(e, B), (@, f), (NH, p), (NH, S') NOE contacts [11]. For
Asp® BB'CH, and Lys® BB'CH, protons, the data
show a stereospecific trans conformation (y=
—60°), while for Pro® 8'CH, the stereospecific con-
formation is gauche (y =180°). Due to extensive
overlaps of the NH peaks, temperature coefficients
were measured from TOCSY spectra at different

temperatures. The observed strong NOE contacts
Gly? ao’'CH,/Pro® 66'CH, are diagnostic of a trans
peptide bond between the Gly2-Pro® residues. In the
cyclo(1-5p) moiety, the Gly* NH/Asp® NH and Pro®
«CH/Gly* NH NOEs suggest a type-II f-turn in the
Gly2-Asp® sequence. This conclusion is confirmed
by the «CH and NH chemical shift deviations. This

Table 4 Chemical Shifts J (ppm), 3Jy..cx Coupling Constants (Hz) and Temperature
Coefficients AJ/AT (ppb/K) of cyclo(1-54)yAbu-Gly-Pro-Gly-Asp-Lys-Arg-Ala-Val-Leu-

NH,, in DMSO

Amino  NH o B y Others SJINH-xCH —AS /AT

acid

yAbu'! 7.71 2.83 1.77 2.26 — 1.0

Gly? 8.05 3.90 5.7 3.9

3.98

Pro® 4.29 1.89pmoR 1.92 3.49 — —
2.04proS 3.57

Gly* 8.23 3.73 5.8 4.2

Asp® 8.54 4.48 2.59proS 7.5 3.0
3.03PR

Lys® a 4.51 1.80p™°S 1.24 1.51 e’ 2.75 — —
2.05P™R 1.31 eNH 7.65

Arg” 7.89 4.27 1.66 1.40 3.05 eNH 7.41 7.8 3.9

Ala® 8.09 4.29 1.21 7.9 5.0

Val® 7.78 4.11 1.98 0.83 7.3 3.6

Leu!® 7.77 4.25 1.45 1.56 0.86 CONH 6.97 6.1 4.3

CONH' 7.27

2This resonance is not observed.
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Table 5 Dihedral Angles (deg) of cyclo(1-55)yAbu-Gly-Pro-Gly-Asp-NH, Molecular
Model Averaged over the Last 50 ps of RMD Using NOEs in TFE/H,O

Residue @ W ut u? 7
yAbul 162.3 —-34.4 57.22 —84.7°

Gly? —148.6 —79.1

Pro® —71.0 102.1

Gly* 120.7 ~29.3

Asp® —75.6 162.1¢ 123.74 —67.6

2N yAbu’-CA yAbu'-CB yAbu’-CG yAbu'.

b CA yAbu!-CB yAbu!-CG yAbu'-CO yAbu!.

€ CO Gly*-N Asp®-CA Asp®-CB Asp®.
4 CA Asp®-CB Asp®-CG Asp®-N yAbu'l.

structure appears stabilized by a Gly?> C=0/Asp® NH
H-bond considering the Asp® NH low temperature
coefficient (— 3.0 ppb/K). In the -Lys-Arg-Ala-Val-
Leu- segment the Arg” NH/Ala® NH and the Ala®
NH/Val® NH NOE contacts suggest a type-1 f-turn
in the Lys®-Val® sequence. Nevertheless, consider-
ing the presence of other strong NOE contacts, such
as Lys® «CH/Arg” NH, Arg” «CH/Ala® NH, Ala® «CH/
Val® NH, and that temperature coefficients and cou-
pling constants are not typical of turns, it is fair to
state that in the fragment -Lys-Arg-Ala-Val-Leu-
folded structures are in equilibrium with random
conformers.

RMD Calculations Based on NMR Data

Energy minimizations and RMD simulations were
carried out using the experimental NMR data col-
lected in TFE/H,O and in DMSO. All peptide bonds
were assumed to be trans since no indication of a cis
peptide bond («CH;-«CH; . , NOEs) was found [28].
In the case of cyclo(1-5f)yAbu-Gly-Pro-Gly-Asp-NH,
peptide in TFE/H,O 33 interproton diatances (25

AspS
Abul

Gly4

Pro3

N

intraresidual and eight sequential) were inserted as
restraints. The minimized structure reveals the
presence of a type-II f-turn in the -Gly?-Pro3-Gly*-
Asp®- segment, stabilized by a H-bond between the
Gly? C=0 and the Asp® NH groups. This finding is in
line with the low temperature coefficient of the Asp®
amide proton (Table 1). This model was used as a
starting point for RMD simulations in vacuo. In
Figure 7 the average molecular model obtained after
RMD in vacuo at 300 K by using NOEs in TFE/H,O
is shown. By looking at Table 5, where the ¢ and ¥
dihedral angles are reported, a type-II f-turn in the
-Gly2-Pro®-Gly*-Asp®- segment can be inferred, in
good agreement with the experimental data. More-
over, the Gly? C=0-Asp® NH distance analysis shows
the presence of an H-bond with a 60% statistical
occurrence during the simulation. Finally, the ex-
amination of y dihedral angle values is consistent
with the NMR stereospecific assignment.

The cyclo(1-54)yAbu-Gly-Pro-Gly-Asp-Lys-Arg-
Ala-Val-Leu-NH, model was built starting from the
cyclo(1-54)yAbu-Gly-Pro-Gly-Asp-NH,  minimized
structure and then adding the -Lys-Arg-Ala-Val-

AspS

Gly4

Gly2
Pro3

9,

Figure 7 Stereoview of the cyclo(1-5/)yAbu-Gly-Pro-Gly-Asp-NH, average molecular model after RMD in vacuo using NMR
data in TFE/H,O. The intramolecular H-bond is indicated as a dashed line.
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Figure 8 Stereoview of the cyclo(1-5/)yAbu-Gly-Pro-Gly-Asp-Lys-Arg-Ala-Val-Leu-NH, average molecular model after RMD
in vacuo using NMR data in TFE/H,O. The intramolecular H-bonds are indicated as dashed lines.

Leu-NH, segment on the Asp terminal C=O group.
Lys and Arg side chains were considered charged.
This model was minimized using NOE contacts in
TFE/H,O as distance restraints on the interproton
distances and with a dielectric constant ¢=40, to
avoid non-physical folds of the charged side chains
[29]. These NOEs include 38 intraresidue and 15
sequential contacts, giving a total of 53 NOEs. In
Figure 8 the average molecular model obtained after
RMD (¢=40) calculations is shown. In the cyclo-
(1-5p8)yAbu-Gly-Pro-Gly-Asp moiety, as indicated
by ¢ and y angles (Table 6), a type-II f-turn earlier
suggested by NMR data in the -Gly?-Asp®- seg-
ment appears quite distorted. This turn is stabilized
by an intramolecular 4 -1 H-bond between the

Asp® N-H and Gly?> C=0 groups. Moreover, an
intramolecular 3—1 H-bond between the Gly*
N-H and Gly? C=0 groups, indicating a y-turn con-
formation around the Pro® residue, is also observed.
The average r.m.s.d. is 0.80 A for the backbone of
the cyclo(1-54)yAbu-Gly-Pro-Gly-Asp moiety of
these two peptides in TFE/H,O. The -Lys-Arg-
Ala-Val-Leu-NH, segment is in an extended con-
formation.

In the case of cyclo(1-5f)yAbu-Gly-Pro-Gly-Asp-
NH,, peptide in DMSO, 18 interproton distances (12
intraresidue and six sequential) have been used as
distance restraints for RMD calculations in vacuo at
300 K. The average molecular model obtained after
RMD is quite similar to that calculated from NMR

Table 6 Dihedral Angles (deg) of cyclo(1-5f)yAbu-Gly-Pro-Gly-Asp-Lys-Arg-Ala-
Val-Leu-NH, Molecular Model Averaged over the Last 50 ps of RMD Using NOEs in

TFE/H,0

Residue ) W ul u? 7
yAbu! 78.6 58.6 68.82 —165.4°

Gly? —179.4 —106.5

Pro® —80.0 88.3

Gly* 144.7 —84.0

Asp® —87.0 117.4 145.9¢ 104.9¢ 52.5
Lys® -97.1 127.5

Arg” —127.5 90.1

Ala® —150.8 94.2

Val® —133.4 160.1

Leu'® —112.3 140.5

a N yAbu'-CA yAbu'-CB yAbu'-CG yAbu’.
b CA yAbu!-CB yAbu!-CG yAbu!-CO yAbul.
€ CO Gly*-N Asp®-CA Asp®-CB Asp®.

4 CA Asp®-CB Asp®-CG Asp®-N yAbu'l.
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Table 7 Dihedral Angles (deg) of cyclo(1-5§)yAbu-Gly-Pro-Gly-Asp-NH, Molecular
Model Averaged over the Last 50 ps of RMD Using NOEs in DMSO

Residue 1) v ul u? 7
yAbul —147.9 34.3 84.6* —91.5°

Gly? 126.7 _85.5

Pro® —-72.1 98.5

Gly* 116.6 1.69

Asp® —93.5 122.0 147.3° 75.34 —93.6

a N yAbul-CA yAbu!-CB yAbu!-CG yAbul.

b CA yAbu!-CB yAbu'-CG yAbul-CO yAbul.

©CO Gly*-N Asp®-CA Asp®-CB Asp®.
4 CA Asp®-CB Asp®-CG Asp®-N yAbu'l.

data in TFE/H,O. The average r.m.s.d. is 0.65 A for
the backbone (including the oxygen atoms).

The -Gly?-Pro®-Gly*-Asp®- segment shows ¢ and
¥ angles (Table 7) typical of a type-II f-turn stabi-
lized by a H-bond between Gly? C=0 and Asp® NH.
The presence of a type-II f-turn results in the sol-
vent exposition of the Gly* amide proton in both
solvents. Moreover, the inward orientation of Gly?
and Asp® NHs is observed. The only structural dif-
ference regards the yAbu' amide proton orientation
that is inward in DMSO and outward in TFE/H,O0,
in agreement with the different temperature coeffi-
cients measured in both solvents.

In the case of the cyclo(1-5f)yAbu-Gly-Pro-Gly-
Asp-Lys-Arg-Ala-Val-Leu-NH, peptide in DMSO,
preliminary calculations were performed by using
61 distance restraints (42 intraresidue and 19 se-
quential). The -Lys-Arg-Ala-Val-Leu-NH, segment is
in an extended conformation. Starting from the
minimized structure, two additional long-range dis-
tance restraints were used (Gly> «CH,/Val® yy'CH,
and Asp® «CH/Val® yy’'CHj). In Figure 9 the average
molecular model, obtained after in vacuo RMD
(6=40) calculations, is shown. By superimposing
the cyclo(1-5f8)yAbu-Gly-Pro-Gly-Asp-NH, average
model to the cyclic moiety of the tailed peptide an
average r.m.s.d. of 0.95 A is found for the backbone.
As observed in TFE/H,O, a distorted f-turn in the
-Gly?-Asp®- segment, including a y-turn around the
Pro® residue, is present. The hydrophilic -Lys-Arg-
Ala-Val-Leu-NH, tail is reversed toward the cyclo(1-
5/)yAbu-Gly-Pro-Gly-Asp moiety, in contrast to the
structure found in TFE/H,O.

CONCLUSIONS

In the proteolytic activation of prohormones the
presence of a f-turn at the N-terminus of the diba-

Copyright © 2001 European Peptide Society and John Wiley & Sons, Ltd.

sic cleavage site appears to be a crucial feature for
molecular recognition, as suggested by previous
studies on pro-oxytocin/neurophysin [1,4,30] and
pro-somatostatin [31].

To further strengthen this hypothesis we have
synthesized a new substrate for the processing en-
zyme, i.e. the cyclo(1-54)yAbu-Gly-Pro-Gly-Asp-
Lys-Arg-Ala-Val-Leu-NH, peptide, in which the
N-terminal side of the Lys-Arg doublet is con-
strained to adopt a type-II f-turn. The cyclo(1-
5f4)yAbu-Gly-Pro-Gly-Asp moiety of the new
substrate, designed by modifying the Pro-contain-
ing peptide cyclo(éAva-Gly-Pro-Gly-Gly), that ac-
cording to Fasman and coworkers adopts a type-II
p-turn, is here proposed as a type-II f-turn model
for the insertion of such a secondary structure into
peptide chains.

Experimental CD, FT-IR absorption and NMR
data indicate a 1«4 hydrogen-bonded type-II -
turn conformation for the cyclo(1-5/4)yAbu-Gly-Pro-
Gly-Asp-NH,, peptide in solution. Average molecular
models, evaluated by RMD using NOE data col-
lected either in TFE/H,O or in DMSO, are quite
similar with a backbone r.m.s.d. of 0.65 A. Both
models show a type-II f-turn in the segment -Gly>-
Pro3-Gly*-Asp®- stabilized by a H-bond between
Gly? C=0 and Asp® NH groups.When the cyclo(1-
54)yAbu-Gly-Pro-Gly-Asp moiety is elongated by
adding the -Lys-Arg-Ala-Val-Leu-NH, tail, an in-
creased flexibility of the system is observed. Indeed,
CD spectra in TFE/H,O solution show a negative
band at 195 nm due to a disordered conformation of
the -Lys-Arg-Ala-Val-Leu-NH, tail, that cancel out
the positive contribution at 195 nm typical of the
type-1I f-turn of the cyclo(1-54)yAbu-Gly-Pro-Gly-
Asp moiety. This hypothesis seems to be confirmed
by the NMR data that show the existence of several
conformational families for the cyclo(1-54)yAbu-
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Figure 9 Stereoview of the cyclo(1-5/)yAbu-Gly-Pro-Gly-Asp-Lys-Arg-Ala-Val-Leu-NH, average molecular model after RMD
in vacuo using NMR data in DMSO. The intramolecular H-bond is indicated as a dashed line.

Gly-Pro-Gly-Asp-Lys-Arg-Ala-Val-Leu-NH, peptide.
However, in the most abundant species, a type-II
f-turn motif for the cyclo(1-54)yAbu-Gly-Pro-Gly-
Asp moiety is still present. The average molecular
models of the cyclo(1-54)yAbu-Gly-Pro-Gly-Asp-
Lys-Arg-Ala-Val-Leu-NH, peptide, calculated by
RMD using NOEs measured either in TFE/H,O or in
DMSO, are well superimposed in the cyclo(1-
58)yAbu-Gly-Pro-Gly-Asp moiety (r.m.s.d. is 0.92 A
for the backbone). By superimposing the cyclo(1-
5f4)yAbu-Gly-Pro-Gly-Asp backbone of cyclo(1-
5f)yAbu-Gly-Pro-Gly-Asp-NH, and cyclo(1-55)
yAbu-Gly-Pro-Gly-Asp-Lys-Arg-Ala-Val-Leu-NH,, av-
erage molecular models in each solvent, r.m.s. devi-
ations of 0.80 A in TFE/H,O and 0.95 A in DMSO
were found, thus confirming that the global fold of
the cyclic moiety is preserved in both solvents.
Larger differences are found for the tail conforma-
tion. Indeed, the -Lys-Arg-Ala-Val-Leu-NH, segment
is in an extended conformation in the TFE/H,O
average molecular model, whilst it is bent toward
the cyclo(1-5f8)yAbu-Gly-Pro-Gly-Asp moiety in
DMSO. These findings suggest that in an aqueous
environment the Lys®-Leu'® hydrophilic N-terminal
sequence prefers an extended conformation, proba-
bly stabilized by solvent interactions.

Preliminary investigations show that PC1, a sub-
tilisin/kexin family convertase, already used to
study synthetic substrates of pro-oxytocin [32], is
able to recognize and process our constrained sub-
strate confirming the importance of a type-II f-turn
moiety preceding the basic doublet in determining
enzyme recognition.

Copyright © 2001 European Peptide Society and John Wiley & Sons, Ltd.

REFERENCES

. Rholam M, Nicolas P, Cohen P. Precursor for peptide

hormones share common secondary structures form-
ing features at the proteolytic processing sites. FEBS
Lett. 1986; 207: 1-6.

. Bek E, Berry R. Prohormonal cleavage sites are associ-

ated with Q loops. Biochemistry 1990; 29: 178-183.

. Brakch N, Rholam M, Boussetta H, Cohen P. Role of

f-turn in proteolytic processing of peptide hormone
precursors at dibasic site. Biochemistry 1993; 32:
4925-4930.

. Paolillo L, Simonetti M, Brakch N, D’Auria G, Saviano

M, Dettin M, Rholam M, Scatturin A, Di Bello C, Cohen
P. Evidence for the presence of a secondary structure
at the dibasic processing site of prohormone: the pro-
oxytocin model. EMBO J. 1992; 11: 2399-2405.

. Venkatachalam CM. Stereochemical criteria for

polypeptides and proteins. V. Conformation of a sys-
tem of three linked peptide units. Biopolymers 1968; 6:
1425-1436.

. Hollosi M, Koévér KE, Holly S, Radics L, Fasman GD.

Beta-turns in bridged proline-containing cyclic peptide
models. Biopolymers 1987; 26: 1555-1572.

. Piantini U, Sorensen OW, Ernst RR. Multiple quantum

filters for elucidating NMR coupling networks. J. Am.
Chem. Soc. 1982; 104: 6800-6801.

. Bax A, Davis DG. HLEV-17 based two-dimensional

homonuclear magnetization transfer spectroscopy. J.
Magn. Reson. 1985; 65: 355-360.

. Kumar A, Ernst RR, Wiithrich K. A two-dimensional

nuclear Overhauser enhancement (2D NOE) experi-
ment for the elucidation of complete proton-proton
cross-relaxation networks in biological macro-
molecules. Biochem. Biophys. Res. Commun. 1980; 95:
1-6.

dJ. Peptide Sci. 7: 358-373 (2001)



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21

Bothner-By AD, Stephens RL, Warren CD, Jeanloz R.
Structure determination of tetrasaccharide: transient
nuclear Overhauser effects in the rotating frame. J.
Am. Chem. Soc. 1984; 106: 4285-4294.

Griesinger C, Ernst RR. Frequency offset effects and
their elimination in NMR rotating-frame cross-relax-
ation spectroscopy. J. Magn. Reson. 1987; 75: 261-
271.

Wiithrich K. NMR of Proteins and Nucleic Acids. Wiley:
New York, 1986.

Hoult DI. Solvent peak saturation with single phase
and quadrature Fourier transformation. J. Magn.
Reson. 1976; 21: 337-347.

Lifson S, Hagler AT, Dauber PJ. Consistent force field
studies of intramolecular forces in hydrogen-bonded
crystals. 1. Carboxylic acids, amides, and the
C=0---H-N hydrogen bonds. J. Am. Chem. Soc. 1979;
101: 5111-5121.

Hagler AT, Lifson S, Dauber PJ. Consistent force field
studies of intramolecular forces in hydrogen-bonded
crystals. 2. A benchmark for the objective comparison
of alternative force fields. J. Am. Chem. Soc. 1979;
101: 5122-5130.

Hagler AT, Dauber PJ, Lifson S. Consistent force field
studies of intramolecular forces in hydrogen-bonded
crystals. 3. The C=0O---H-O hydrogen bond and the
analysis of the energetics and packing of carboxylic
acids. J. Am. Chem. Soc. 1979; 101: 5131-5141.
Brooks CL, Montgomery Pettitt B, Karplus M. Ad-
vances in Chemical Physics. Wiley: New York, 1988;
33-37.

Verlet L. Computer experiments on classical fluids.
Thermodynamical properties of Lennard-Jones
molecules. Phys. Rev. 1967; 159: 98-103.

Saviano M, Aida M, Corongiu G. Molecular dynamics
simulation in vacuo and in solution of cyclolinopeptide
A: a conformational study. Biopolymers 1992; 31:
1017-1024.

van Gunsteren WF, Berndsen HJC. Computer simula-
tion of molecular dynamics: methodology, applications
and perspectives in chemistry. Angew. Chem. Int. Ed.
Engl. 1990; 29: 992-1023.

.Johnson WC. Protein secondary structure and circular

dichroism: a practical guide. Proteins: Struc. Function
Genet. 1990; 7: 205-214.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Copyright © 2001 European Peptide Society and John Wiley & Sons, Ltd.

PROLINE-CONTAINING CYCLIC PEPTIDES 373

Woody RW. Studies of theoretical circular dichroism of
polypeptides: contributions of f-turns. In Peptides,
Polypeptides and Proteins, Blout ER, Bovey FA, Lotan
N, Goodman M (eds). Wiley: New York, 1974; 338-360.
Chou PY, Fasman GD. Prediction of protein conforma-
tion. Biochemistry 1974; 13: 222-245.

Mantsch HH, Perczel A, Hollosi M, Fasman GD. Char-
acterization of f-turns in cyclic hexapeptides in
solution by Fourier transform IR spectroscopy.
Biopolymers 1993; 33: 201-207.

Hollési M, Majer ZS, Ronai AZ, Magyar A, Medzihrad-
szky K, Holly S, Perczel A, Fasman GD. CD and
Fourier transform IR spectroscopic studies of peptides.
II. Detection of f-turns in linear peptides. Biopolymers
1994; 34: 177-185.

Shaw RA, Buchko GW, Wang G, Rozek A, Treleaven
WD, Mantsch HH, Cushley RJ. Infrared spectroscopy
of human apolipoprotein fragments in SDS/D,O: rela-
tive lipid-binding affinities and a novel amide I assign-
ment. Biochemistry 1997; 36: 14531-14538.

Osapay K, Case DA. Analysis of proton chemical shifts
in regular secondary structure of proteins. J. Biomol.
NMR 1994; 4: 215-230.

Wiithrich K, Billeter M, Brown W. Polypeptide sec-
ondary structure determination by nuclear magnetic
resonance observation of short proton-proton dis-
tances. J. Mol. Biol. 1984; 180: 715-740.

Wesson L, Eisenberg DE. Atomic solvation parameters
applied to molecular dynamics of proteins in solution.
Protein Sci. 1992; 1: 27-35.

Falcigno L, Paolillo L, D’Auria G, Saviano M, Simonetti
M, Di Bello C. NMR conformational studies on a syn-
thetic peptide reproducing the [1-20] processing do-
main of the pro-oxytocin-neurophysin precursor.
Biopolymers 1996; 39: 837-848.

Falcigno L, Fraternali F, Manduca DM, D’Auria G,
Simonetti M, Di Bello C, Paolillo L. A conformational
study in solution of pro-somatostatin fragments by
NMR and computational methods. J. Peptide Sci.
1998; 4: 305-318.

Brakch N, Rholam M, Simonetti M, Cohen P. Fa-
vourable side-chain orientation of cleavage site dibasic
residues of prohormone in proteolytic processing by
prohormone convertase 1/3. Eur. J. Biochem. 2000;
267: 1626-1632.

dJ. Peptide Sci. 7: 358-373 (2001)



