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Abstract Synthetic study on cystinyl peptides using
solution and solid phase methodology was carried out with
the central hinge region of immunoglobulin IgGl1. In the
solid phase synthesis of hexadecapeptide 1c, the time
necessary for the formation of disulfide bonds between
linear precursors was shortened four times by the action of
pure oxygen in buffered solution, in comparison with air
oxidation. The product was thus obtained devoid of
impurities from side reactions. In the preparation of the
shortened bis-cystinyl analogs 2k and 3d of the natural
hexadecapeptide 1c, both the classical and polyethylene
glycol (PEG6000) solution methods were utilized using a
disulfide synthon (Boc-Cys-OPfp), to obtain peptide chains
in a natural parallel alignment. In the PEG6000 strategy,
lysine as a linker on both sides of the polymer was attached
to enhance the loading capacity. The leucine residue,
instead of proline one, was introduced to the carboxy ter-
minus to facilitate a specific enzymatic cleavage of the
peptides from PEG6000 by thermolysine.

Keywords Hinge region - Immunoglobulin -
Prion protein - Solution synthesis - Solid phase synthesis -

The nomenclature and symbols of amino acids follow the
recommendations of the [IUPAC/IUB Joint Commission on
Biochemical Nomenclature (1984) Eur J Biochem 138:9-37.

Electronic supplementary material The online version of this
article (doi:10.1007/s00726-010-0485-7) contains supplementary
material, which is available to authorized users.

P. Niederhafner - V. Gut - J. Jezek - M. Budésinsky -
V. Kasicka - E. Wiinsch - J. Hlavacek (<)

Institute of Organic Chemistry and Biochemistry,
Academy of Sciences of the Czech Republic, v.v.i.,
Flemingovo nam. 2, 166 10 Prague 6, Czech Republic
e-mail: honzah@uochb.cas.cz

PEG - Disulfide synthon - Enzymatic cleavage -

Thermolysin

Abbreviations
AA

AcOH

ACN

BGE

Boc

(Boc-Cys-OPfp),

Cl-Trt-PS
CZE
DCC
DCM
DIC
DIEA
DMAP
DMF
EDT
Et;N
Et,O
EtOAc
ESI MS

Fmoc
HOBt
HPLC

iProOH
MALDI-TOF

MeOH
OSu

Amino acid analysis

Acetic acid

Acetonitrile

Background electrolyte
Tert-butoxycarbonyl
Bis-tert-butoxycarbonylcystine
bis-pentafluorophenyl ester
Chlorotrityl-polystyrene resin
Capillary zonal electrophoresis
N.,N'-dicyclohexylcarbodiimide
Dichloromethane
N,N'-diisopropylcarbodiimide.
N,N-diisopropylethylamine
4-(N,N-dimethylamino)-pyridine
N,N-dimethylformamide
1,2-Ethanedithiol

Triethylamine

Diethyl ether

Ethyl acetate

Electro spray ionization mass
spectrometry
[(Fluoren-1-yl)methoxy]carbonyl
1-Hydroxybenzotriazole
High-performance liquid
chromatography

Isopropanol

Matrix-assisted laser desorption
ionization time of flight
Methanol

Succinimide ester

@ Springer


http://dx.doi.org/10.1007/s00726-010-0485-7

642 P. Niederhafner et al.
PEG Polyethylene glycol H-Thr-Cys-Pro-Pro-Cys-Pro-Ala-Pro-OH
1c
OPfp Pentafluorophenyl ester H-Thr-Cys-Pro-Pro-Cys-Pro-Ala-Pro-OH
tBu Tert-butyl
TFA Trifluoroacetic acid H-Thf-CyS-PFO-PFO-CTS-PFO-Na—OH
. 2k
TFE Trifluoroethanol H-Thr-Cys-Pro-Pro-Cys-Pro-Ala-OH
TIS Tri-isopropylsilane
Trt Triphenylmethyl H-Cys-Pro-Pro-Crs-Pro-NH-Me
3d
H-Cys-Pro-Pro-Cys-Pro-NH-Me
Fig. 1 Primary structure of hinge peptide 225-232/225'-232' (1¢),
truncated analogs 225-231/225'-231" (2k) and methyl amide 226—
Introduction 230/226'-230' (3d) from hinge region of human IgG1

Disulfide bonds in peptides and proteins are biologically
important structural features that stabilize an overall
shape of various biomolecules, such as peptide hormones
(Schroder and Liibke 1966), antimicrobial peptides (Lehrer
et al. 1993; Schneider et al. 2005) and venoms (Habermann
1972, 1984; Olivera et al. 1990). They also participate in a
structure of the cocaine- and amphetamine-regulated tran-
script (Douglass et al. 1995; Maixnerova et al. 2007) in the
protein chains inside immunoglobulin structures (Burton
1985; Zalipsky 1995) and in meta-stable forms of prion
proteins (Prusiner 1998; Legname et al. 2004). Prions occur
in the form of different strains that can possess confor-
mation states triggering the aggregation and misfolding of
the prion proteins leading to different forms of neuro-
pathogenic diseases (Horiuchi and Caughey 1999). In these
conformation stages, the disulfide bridges may play a sig-
nificant role as important parts of the covalently assembled
protein structure.

For our study, we have chosen the sequence from the
central part of native immunoglobulin protein IgG1, which
was designed to function as a potential carrier of antigenic
peptides with defined structure (Wiinsch et al. 1988) and
reported as an acceptor of antibodies against peptides
related to gastrin (Wunsch et al. 1991a, b). This proline-
rich peptide (1a) and its analogs (2k, 3d) contain dimeric
sequences in a parallel alignment connected by disulfide
bridges (Fig. 1). The proline residues determine the rigid
structure to act as a swivel point for the flexible part of the
hinge region.

We considered it interesting to inspect this molecule
also with respect to the presence of the cystine structure in
the prion proteins, in which the disulfide bond changes
might influence their conformation and biological function.
First, we focused our attention on the disulfide bonds,
regarding the ease of their formation as well as the high
yields and purity of the peptides investigated.

The synthesis of the peptide 1¢ was originally carried
out by a classical approach in solution (Wiinsch et al.
1988; Moroder et al. 1990). The sulthydryl groups of
cysteine residues were selectively protected to form, upon
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successive oxidation, a dimeric structure with a parallel
alignment only. Without protection, a random oxidation by
air oxygen took place affording parallel dimer in the yield
of over 80%, which could be purified by chromatography.

In our preliminary communication (Niederhafner et al.
2006), we described the synthesis of bis-N-protected
dimeric bis-disulfide peptides of the hinge sequence with
parallel alignment of both peptide chains on polyethylene
glycol monomethyl ether (PEG2000-OMe).

In the current study, we examined three methods for the
preparation (Figs. 2, 3, 4) of hinge structures related to the
above-mentioned hexadecapeptide, which were supposed
to be utilized later as defined carriers of peptide epitopes
and also as tools in secondary structure studies.

H-Pro-O-CITrt-PS
Washings - DCM, DMF
Fmoc-derivatives of Pro, Ala, Cys(Trt), Thr(tBu)

Fmoc deprotection - 20% piperidine in DMF,
20 and 30 min

Coupling reagents - DIC, HOBt, DIEA
Washings - DMF, iPrOH, DMF, MeOH

H-Thr(tBu)-Cys(Trt)-Pro-Pro-Cys(Trt)-Pro-Ala-Pro-O-CITrt-PS

Detachment from the resin and partial
deprotection - 2.5 % TFA, 0.5% TIS in DCM

H-Thr(tBu)-Cys(H)-Pro-Pro-Cys(H)-Pro-Ala-Pro-OH  1a

Oxidation - atm pressure of pure O,
AcO'NH," buffer, 3 days

H-Thr(tBu)-Cys-Pro-Pro-Cys-Pro-Ala-Pro-OH
1b
H-Thr(tBu)-Cys-Pro-Pro-Cys-Pro-Ala-Pro-OH

Side-chain deprotection - water(2.5%),
EDT(2.5%), TIS(1%) mixture in TFA

H-Thr-Cys-Pro-Pro-Cys-Pro-Ala-Pro-OH
1c
H-Thr-Clys-Pro-Pro-C;lls-Pro-AIa-Pro-OH

Fig. 2 Synthetic scheme for the preparation of the hinge peptide 1c
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Fig. 3 Synthetic scheme for
the preparation of the hinge
peptide analog 2k

1., 3. and 5. TFA, DCM, DIEA

Boc-Lys(Boc)-OH, DCC BOC\

HO-PEG6000-OH
DMAP. DCM

Lys-O—|- PEG6000
Boc’ 2

i 2a

Boc-Pro-AIa-LeU\

2., 4. and 6. Boc-AA-OH, DCC, DCM

1. TFA, DCM, DIEA

Lys-O-|- PEG6000

Pro-Ala-Leu”
Boc-Pro-Ala-Leu 1, 2d

Boc-Cys-Pro-Ala-Leu AN

2. (Boc-Cys-OPfp),, DMF

1. and 3.TFA, DCM, DIEA

| Lys-O- |- PEG6000

Boc-Cys-Pro-Ala-Leu
2 2e

Boc-Proz-Cys-Pro-AIa-LeU\

2. and 4. Boc-Pro-OH,DCC, DCM

1. and 3. TFA, DCM, DIEA

Lys-O-(- PEG6000

Boc-Pro,-Cys-Pro-Ala-Leu 1 28

Boc-Thr-Cys-Pro,-Cys-Pro-Ala-Leu N

2.(Boc-Cys-OPfp),, DMF
4. Boc-Thr-OPfp, DMF

Fig. 4 Synthetic scheme for
the preparation of the hinge
peptide analog 3d

Boc-Cys- Pro-Pro-Cys-Pro-NH-CHg

Boc-Cys-Pro-Pro-Cys-Pro-NH-CHj

Boc-Cys-OPfp
Boc-Cys-OPfp

| Boc-Thr-Cys-Pro,-Cys-Pro-Ala-Leu

Lys-O-|- PEG6000
2 (i)

1. Thermolysine  (2j)
2. TFA, DCM

H-Thr-Cys-Pro,-Cys-Pro-Ala-OH

H-Thr-Cys-Proz-Cys—Pro—AIa-OH7 2 2Kk

2 eq HCI . H-Pro-NH-CHg Boc-Cys-Pro-NH-CHs

2 eq Et3N, CHCI;3

Boc-Cys-Pro-NH-CHj
3a

1. 2M HCI/EtOAc
2. Boc-Pro-Pro-OSu
Et;N, DMF

1. 2M HCI/EtOAc  Boc-Pro-Pro-Cys-Pro-NH-CHjz
-

2.(Boc-Cy§-Opr)g Boc-Pro-Pro-Cys-Pro-NH-CHj
Et3N, Dioxan 3b

lZM HCI/EtOAc

H .Cys- Pro-Pro-Cys-Pro-NH-CHj3

H .Cys-Pro-Pro-Cys-Pro-NH-CHjz

Materials and methods
General methodologies
The solvents ACN, DCM and DMF and the cleaving reagent

TFA were purchased from Fluka (Switzerland). The 2-chlo-
rotrityl chloride resin (substitution 1.2 mmol/g), PEG6000

3d

(0.33 mmol OH/g), DIC, DCC, HOBt and reagents for amino
acid couplings were purchased from NovaBiochem (Swit-
zerland), and the protected amino acids from Iris Comp.
(Germany). The solvents were evaporated in vacuo on a rotary
evaporator (bath temperature, 30°C); DMF was evaporated at
30°C and 150 Pa. The products were dried in a vacuum dry
box (Salvis AG, Emmenbriicke-Luzern, Switzerland) at room
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temperature for 16 h. Electrophoresis was carried out in a
modified moist chamber apparatus (Durrum 1950) on What-
man No. 3 MM paper at 20 V/cm using 6% aqueous acetic
acid (pH 2.5) and pyridine acetate buffer (pH 5.7) as the
electrolytes for 1.5 h. Electrophoretic mobilities, ESY, Ebs
and E5%, respectively, were expressed as the distance ratios of
the compound and the reference amino acids Gly and His from
the start line. Dried papers were stained with a 1% solution of
ninhydrine in ethanol or with the chloranile reagent (Chris-
tensen 1979). The samples for amino acid analysis were
hydrolyzed with 6 M HCl at 110°C for 20 h in the presence of
phenol; cysteine was estimated as the cysteic acid after oxi-
dation of the sample with peroxide. The amino acid analyses
were carried out on Biochrom-20 amino acid analyzer
(Pharmacia LKB Biochrom Ltd., Cambridge, England). Ele-
mental analyses were performed in Analytical Laboratories of
the Institute of Organic Chemistry and Biochemistry, CAS,
v.v.i.,, Prague, Czech Republic. Molecular weights of the
compounds prepared were determined by mass spectrometry
using either an ESI technique (Agilent 5975B MSD) from
Agilent Technologies, USA, or MALDI-TOF spectra, recor-
ded on mass spectrometer Lasermat (Finnigan, USA) with
Lasermat 2000 program. For HPLC, a Spectra Physics SP
8800 pump with a TSP Chrom Jet SP4290 integrator and
Spectra 100 UV detector were used. Analytical HPLC was
carried out on a Supelco RP-18 Discovery 15 x 0.4 cm col-
umn, 5 um (Supelco-Sigma—Aldrich, Czech Republic) oron a
Vydac RP-18, 25 x 0.4 cm, 5 um (Separation Groups, Hes-
peria, USA), with a flow rate of 1 mL/min at 220 nm, using a
0-100% gradient of ACN in 0.05% aqueous TFA over
40 min. The purification by the semipreparative HPLC was
carried out on a Vydac RP-18, 25 x 1 cm, 10 um column
(Separation Groups, Hesperia, USA) of flow rate 3 mL/min
and detection at 220 nm, using a 5-50% gradient of ACN in
0.05% TFA over 120 min unless stated otherwise.

NMR structure determination

The NMR spectra were measured on Bruker AVANCE-
600 ("H at 600.13 MHz; '°C at 150.90 MHz) spectrometer
in dg-DMSO at 30°C and referenced to the solvent using
relations dy(DMSO) = 2.50 and 6o(DMSO) 39.70. The
chemical shifts were determined from one-dimensional
'H- and "*C-NMR spectra. Two-dimensional homonuclear
spectra (2D-'H,'H-COSY, 2D-'H,'"H-TOCSY and 2D-'H,
lH-ROESY) and heteronuclear spectra (ZD—IH,BC-HSQC
and 2D—1H,13C-HMBC) were used for structural assign-
ment of hydrogen and carbon signals.

Capillary electrophoresis (CZE)

Capillary electrophoresis (CZE) analyses were performed in
a home-made apparatus for high-performance capillary
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electrophoresis (Kasicka et al. 1999) equipped with internally
untreated fused silica capillary with an outer polyimide coat-
ing (i.d. 50 pm, o.d. 200 um, total length 300 mm, effective
length 190 mm from injection end to the detector and UV-
absorption photometric detector at 206 nm). The peptides
were dissolved in the background electrolyte (BGE) or in
water in the concentration range of 0.5-1.1 mg/mL and ana-
lyzed as cations in acidic BGE I (100 mM H;PO,4, 50 mM
Tris, pH 2.25) or as anions in weakly alkaline BGE II (40 mM
Tris, 40 mM tricine, pH 8.1). The nanoliter sample volumes
were introduced hydrodynamically into the capillary, with the
pneumatically induced overpressure (500-700 Pa) for 2—10 s.
The applied voltage was 10.0 kV (anode at the injection end of
the capillary), while the electric current was 50-56.0 LA in
BGE I and 7-8 pA in BGE II, at an ambient temperature of
22-24°C. The purity degree was quantified by the relative
peak height (area), i.e., peak height (area) of the main com-
ponent was related to the sum of heights (areas) of all peaks
present on electropherogram (Solinov4 et al. 2004).

Synthesis of hinge peptide 1¢ on insoluble polymer
(Fig. 2)

A solution of Fmoc-Pro-OH (0.61 g; 1.56 mmol) in a DCM
(20 mL)-DMF (1.1 mL) mixture was treated with CI-Trt-PS
(2 g; 1.2 mmol of Cl /g of the resin) in the presence of
DIEA (0.36 mL for 5 min and 0.67 mL for 2 h). Then, the
reaction was quenched on adding MeOH (2 mL) for 10 min
(Barlos et al. 1991a, b). The resin was filtered off, washed
with 10 mL portions each of DCM (3x), DMF (2x), iPrOH
(2x), DMF (2x), iPrOH (2x), MeOH (2x) and Et,O (2x)
and dried in a desiccator. The Pro substitution 0.43 mmol/g
of the resin was calculated as the average of the values
determined by (a) weight increase, (b) measurement of the
dibenzofulvene—piperidine complex absorption after cleav-
age of the Fmoc protection group by 20% piperidine in DMF
(2 x 10 mL) for 20 and 30 min, and (c) by AA. After this
Fmoc deprotection, one half of H-Pro-resin was sequentially
acylated with eight equivalents (3.44 mmol) of Fmoc-
Ala-OH (1.08 g), Fmoc-Pro-OH (1.16 g), Fmoc-Cys(Trt)-OH
(2.02 g), twice Fmoc-Pro-OH (2 x 1.16 g), Fmoc-
Cys(Trt)-OH (2.02 g) and Fmoc-Thr(tBu)-OH (1.36 g),
which were activated by the HOBt (0.51 g; 3.79 mmol)—
DIC (0.74 g; 3.57 mmol)—DIEA (0.32 mL; 1.8 mmol)
mixture in DMF (10 mL). After each coupling, the Fmoc
group was removed by 20% piperidine in DMF as before.
The side chain-protected octapeptide resin was washed, after
the last Fmoc deprotection, with 10 mL of DMF (5x),
MeOH (4 x) and Et,0 (4 x) and finally dried in a desiccator.
After swelling in DCM (3 x 10 mL), the resin was stirred
with a 2.5% TFA-0.5% TIS in DCM (20 mL) mixture for
2 x 90 min at room temperature to detach the partially
protected peptide 1a from the resin, which was subsequently
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filtered off and washed with 50% AcOH (3 x 10 mL). The
collected DCM and AcOH solutions were evaporated to
dryness in vacuo, the residue was dissolved in water
(30 mL) and this solution was freeze-dried to yield the
above intermediate (150 mg; 0.18 mmol; 42%) that was
purified by semipreparative HPLC on the Vydac RP-18
column (25 x 2.5 cmat 220 nm), using a flow rate of 8 mL/
min and a gradient of 0-50% ACN in 0.05% TFA, 120 min.
The pure la was characterized by analytical HPLC as
described in the general part of “Materials and methods”
section (retention time, 14.43 min) and by CZE in acidic
BGE 1 (4.78 min). AA: Ala 1.00; Thr 0.96; Pro 3.82;
CyS(SO3) 2.03. MS ESI (I’I’l/Z): for C37H60N201052 was
calculated at 841.07/840.39, but found 841.40 M + H)™.
The 1a (76 mg; 0.09 mmol) was dissolved in a degassed
0.1 mM ammonium acetate buffer of pH 6.8 (60 mL) and
then the pure oxygen from a rubber container was intro-
duced into the solution at room temperature until the
starting monomer disappeared (3 days), as monitored by
HPLC and chloranile test. Then, the solution was lyophi-
lized repeatedly with gradient HPLC water to remove the
buffer salt. The product 1b (75 mg; 0.045 mmol) was
characterized by analytical HPLC (retention time
13.43 min), using the column and conditions as above, and
by CZE in acidic BGE I (4.37 min). In MALDI-TOF (z/m),
for C;4H;16N;60,Ss calculated value was 1,678.20/
1,676.74, while the value found was 1,678.2 (M + H)™.
The final deprotection of dimer 1b (74 mg; 0.044 mmol)
was carried out by its treatment with a TFA (4.7 mL)-H,O
(125 pL)-EDT (125 pL)-TIS (50 plL) mixture at room
temperature for 2 h. The reaction mixture was then evapo-
rated, the residue triturated successively with EtOAc
(3 x 10 mL) and Et;0 (3 x 10 mL) and finally dissolved in
10% AcOH (20 mL). The solution was freeze-dried to yield
the hinge peptide 1c¢, which was purified by preparative
HPLC under the conditions described for 1a with a yield of
65 mg (0.042 mmol; total yield 39%). It was characterized
by analytical HPLC (retention time, 11.91 min) and by CZE
in acidic BGE I (5.14 min). MS ESI (m/z): for
CosH100N 1602054 the calculated value was 1,565.88/
1,564.62; the value found was 1,565.5 M + H)". AA: Ala
1.00; Thr 0.94; Pro 3.79; Cys(SOs) 2.02. For 'H- and '*C-
NMR, see Table 2 in the electronic Supplementary data.

Synthesis of hinge peptide analog 2i using
the PEG6000 soluble polymer (Fig. 3)

To a stirred solution of Boc-Lys(Boc)-OH (3.0 g;
8.65 mmol) in DCM (25 mL) cooled to —15°C, a solution of
DCC (0.9 g; 4.3 mmol) in DCM was added. After ambient
temperature was reached, the precipitated dicyclohexylurea
was filtered off and washed with DCM. The filtrate, con-
taining symmetric anhydride [Boc-Lys(Boc)-]1,0 was

poured to a stirred solution of PEG6000 (5.0 g; 0.33 mmol/
g) in DCM (25 mL). To this mixture, DMAP (48 mg;
0.4 mmol) as a catalyst was added at 0°C and the stirring
was continued for 5 h at room temperature. This mixture
was concentrated in vacuo and the remaining solution
poured to cold Et,O (200 mL) with stirring for 10 min. The
precipitated product 2a (Fig. 3) was filtered off and washed
with Et;O to provide a yield of 5.3 g (95%). The loading
was determined as follows (Sebestik et al. 2005): 5 mg of
the product was treated with a 1:1 TFA/DCM mixture for
1 h, then the solution was evaporated to dryness and dis-
solved in DCM. Paper electrophoresis checking was then
done in 6% AcOH (1 h); the paper was dried, stained with a
solution of Co(NOs3), and NH,SCN in water and immedi-
ately digitalized (Mustec BearPaw 2400 TA scanner). A
complete esterification (0.31 mmol/g) was observed. The
product 2a (5.1 g; 1.68 mmol) was dissolved in a TFA
(10 mL)-DCM (10 mL) mixture, and the entire content was
evaporated to dryness after 90 min. The formed trifluoro-
acetate was repeatedly co-evaporated with benzene
(2 x 20 mL) and then, gradually, in accordance with the
peptide sequence, treated with symmetric anhydrides
(7.4 mmol) of Boc-Leu-OH (3.31 g), Boc-Ala-OH (2.79 g)
and Boc-Pro-OH (3.18 g) prepared by the reaction with
DCC (1.53 g; 7.4 mmol) in DCM (40 mL) at pH 7 in situ
and with (Boc-Cys-OPfp), (2.63 g; 3.4 mmol) and Boc-
Thr-OPfp (2.85 g; 7.4 mmol) in the presence of DIEA at pH
7 in DMF (20 mL) or DMF-DCM mixture (20 mL),
depending on the solubility of the growing peptide-
PEG6000-peptide product, for 60 min. The ninhydrine
(Kaiser et al. 1970) and, in the case of Pro coupling, the
chloranile (Christensen 1979) tests with the paper electro-
phoresis were carried out to determine the progress in the
coupling (for electrophoresis data see Table 1). Also, the
analytical HPLC of the Boc-peptide samples of 2b-2i
(Fig. 3) detached from the PEG carrier was performed. To
20 mg of Boc-peptide-PEG6000-peptide-Boc, 0.1 M
NaOH (1.5 mL) was added. After 30 min, the reaction
mixture was neutralized to pH 7 by 0.1 M HCI and the first
part applied to analytical HPLC column. The second part of
the Boc-peptide solution was concentrated in vacuo,
lyophilized and purified by HPLC to obtain the product for
AA and ESI MS measurements. In the HPLC analysis, a
perturbation of the PEG polymer absorbance could be
eliminated at the wavelength of 222 nm. Analytical data of
the protected peptides 2b—2i detached from the PEG6000
carrier are listed in Table 1.

Enzymatic detachment of N,N-protected
tetradecapeptide 2j from the PEG6000 carrier

The (Boc-octapeptide), -Lys-PEG6000-Lys-(octapeptide-
Boc), 2i (3.0 g; substitution 0.3 mmol/g) was dissolved in

@ Springer



646 P. Niederhafner et al.

Table 1 Analytical data of compounds 2b-2j after their detachment from PEG6000 by 0.1 M NaOH

Compound Formula® Calc./found (m/z) HPLC RT (min)® Amino acid analysis® Electrophoresis®
K L A P C T EY EY% E&

2b, Boc-LK-OH Cy3Hs5,08N, 572.4/573.4 24.4/8.9° 1.00 1.91 0.709 0.404 0.625
Boc-L

2¢, Boc-ALK-OH C34Hg201oNg 714.5/715.3 24.1/11.8° 1.00 1.94 1.95 0.683 0.389 0.603
Boc-AL

2d, Boc-PALK-OH C44H7601,Ng 908.6/909.6 24.1/13.5° 1.00 1.89 1.89 1.88 0.660 0.376 0.583
Boc-PAL

2e, Boc-CPALK-OH CsoHg4O 14N S, 1,112.6/1,113.6  22.4/14.2° 1.00 1.96 1.88 198 1.85 0.639 0.364 0.564
Boc-CPAL

2f, Boc-PCPALK-OH CeoHogO 16N 2S5 1,306.7/1,328.9  22.0/15.8° 1.00 2.05 1.92 4.03 1.83 0.620 0.353 0.547

(+Na™)

Boc-PCPAL

2g, Boc-PPCPALK-OH C70H;12018N14S, 1,500.8/1,501.7 23.9/16.7° 1.00 2.06 2.11 596 1.87 0.602 0.343 0.532
Boc-PPCPAL

2h, Boc-CPPCPALK-OH  C76H120020N 654 1,704.8/1,705.7 21.3/15.3° 1.00 2.03 1.97 5.82 4.12 0.585 0.335 0.519
Boc—CPPC|PAL

2i, Boc-TCPPCPALK-OH  Cs4aH134024N ;5S4 1,906.9/1,907.8  20.4/15.4° 1.00 2.00 1.99 575 3.92 2.01 0.569 0.324 0.503
BOC—TCPPC|PAL

2j, Boc-TCPPCPA-OH CeH102020N14S, 1,570.6/1,571.5 17.4/11.4° 0.00 0.00 1.00 3.08 1.91 0.97

Boc-TCPPCPA-OH

* Determined with FAB MS technique onZAB-EQ mass spectrometer, VG Analytical, Manchester, UK

° For HPLC, a TSP instrument with an SP 8800 pump, an SP 4290 integrator, TSP Spectra 100 UV detector and 5 um Supelco 15 x 0.4 cm
column, 20 min gradient 0-50% ACN in 0.05% TFA were used

¢ The samples for amino acid analysis were hydrolyzed with 6 M HCI at 110°C for 20 h in the presence of phenol; cystine was determined as an
1/2 cysteine. The amino acid analyses were carried out on Biochrom-20 amino acid analyzer (Pharmacia LKB Biochrom Ltd., Cambridge,
England)

4 Electrophoresis of bis-peptide-PEG6000 after Boc removal by TFA was carried out in a moist chamber apparatus on Whatman No. 3 MM
paper at 20 V/cm using 6% aqueous acetic acid (pH 2.5) and pyridine acetate buffer (pH 5.7) as the electrolytes for 1.5 h. Electrophoretic
mobilities Egl;;y, E;‘l{ and E?';, respectively, were expressed as the distance ratios of the compound and the reference amino acids Gly and His
from the start line

¢ HPLC peak retention time of deprotected peptide (without Boc group)

water (15 mL) and thermolysin (1 mg) was added. The
reaction mixture was stirred overnight at room temperature
and then the solution was dialyzed using cellulose mem-
brane tubing MWCO 3500 against water, with a yield of
over 90%. Monitoring of the cleavage was done by HPLC
analysis as described above. After detachment of the pro-
tected bis-peptide 2j from its precursor 2i by thermolysin
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(Fig. 3, Table 1), a 43% total yield (calculated to the
starting Lys-PEG6000-Lys) was obtained.

Hinge tetradecapeptide 2k

N,N-protected tetradecapeptide 2j (0.16 g; 0.1 mmol) was
treated with a TFA (10 mL)-DCM (5 mL) mixture for 30 min



Synthetic study on cystinyl peptides

647

Electrophoreogram of final product 2k
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Fig. 5 Electrophoretogram of the hinge peptide derivative 2k (peak
on the right) in alkaline BGE II (water peak is on the /eff)

at room temperature. The reaction mixture was partly con-
centrated in vacuo and poured into a threefold excess of cold
Et,0O. The precipitated product was filtered off after 10 min
and washed with Et,0, yielding 0.13 g (0.95 mmol; 42% total
yield) of 2k. Analytical HPLC showed a peak of 11.45 min of
retention time. MS ESI (m/7): for CscHgeN 1401854 the cal-
culated value was 1,370.1, and the value found was 1,370.9
(M + H)*. The amino acid composition was the same as in
the protected peptide 2j (Table 1). The NMR data of 2k are
provided in Table 3 in the electronic Supplementary data; the
results of CZE in alkaline BGE II are in Fig. 5.

Synthesis of hinge decapeptide bis-methyl amide 3d
in solution (Fig. 4)

N,N'-tert-butoxycarbonyl-cystinyl-bis-proline methylamide
(3a)

(Boc-Cys-OPfp), (3.6 g; 4.7 mmol) and Et;N (1.32 mL;
9.5 mmol) were added to a solution of proline methylamide
hydrochloride (1.56 g; 9.5 mmol) in CHCl; (90 mL) at
0°C and the reaction mixture was stirred for 5 h at room
temperature. The reaction mixture was evaporated to dry-
ness, the residue was dissolved in EtOAc (100 mL) and the
solution washed with 5% aqueous solution of NaHCOj;
(3 x 50 mL) and concentrated solution of NaHSO,
(50 mL). After evaporation of the solvent, the voluminous
gel obtained was dissolved in 2-propanol (10 mL) and after
evaporation to dryness, 3a crystallized from a 2-propanol-
tert-butyl-methyl ether-n-pentane mixture with a yield of
2.56 g (82%). M.p., 153-156°C. For C,gH4sNgOgS,
(660.86), calculated value was 50.89%C, 7.32%H, 12.72%N,
9.70%S; values found were: 51.08%C, 7.29%H, 12.57%N,
9.89%S. MS ESI (m/): 661.2 (M + H)*. AA: Pro 1.00,
Y2 Cys 0.98.

Bis-N-tert-butoxycarbonyl-prolyl-prolyl-cystinyl-bis-
proline methylamide (3b)

Boc protecting groups of compound 3a (2.5 g; 3.8 mmol) were
cleaved by 2 M HCl in EtOAc (8.2 mL) to obtain bis-hydro-
chloride (1.96 g; 3.67 mmol), which was allowed to react with
Boc-Pro-Pro-OSu (3.02 g; 7.4 mmol) (Wiinsch et al. 1988) in
the presence of Et;N (1.03 mL; 7.4 mmol) in DMF (15 mL) at
0°C. The temperature of the mixture was let to rise to 20°C
during 12 h. Then the reaction mixture was evaporated to
dryness, the residue was dissolved in water (100 mL) and the
solution washed with EtOAc (3 x 20 mL). The aqueous phase
was then applied onto the top of IRA-410 (15 mL) ion
exchanger column in OH™ cycle. After evaporation of water,
the product 3b (3.12 g, 78%) was obtained as a solid gel. The
HPLC peak retention time was 19.7 min, under a gradient of
0-100% ACNin 0.05% TFA, 40 min and flow of 1 mL/min at
222 nm, using a Vydac C-18 column 25 x 0.4 cm. MS ESI
(m/z7): for CygH76N19012S, (1,049.13) the value found was
1,049.1 (M + H)*. AA: Pro 3.00, % Cys 1.04.

N,N'-tert-butoxycarbonyl-cystinyl-bis-prolyl-prolyl-
cystinyl-bis-proline methylamide (3c)

Boc protecting groups of compound 3b (3.1 g; 2.9 mmol)
were cleaved by 2 M HCI in EtOAc (6.4 mL) to yield the
corresponding bis-tetrapeptide methyl amide bis-hydro-
chloride (1.92 g; 2.08 mmol). To this compound in DMF
(200 mL) the (Boc-Cys-OPfp), (1.62 g; 2.1 mmol) in diox-
ane (50 mL) and Et;N (0.33 mL; 2.3 mmol) were added with
stirring for 18 h at room temperature. After 24 h of stirring,
the reaction mixture was evaporated to dryness, the residue
was dissolved in water (100 mL) and the entire content was
filtered through IRA-410 (20 mL) ion exchanger column in
OH™ cycle. After evaporation of water, the product 3¢ was
obtained as a solid gel with a yield of 1.6 g (44%). HPLC
peak retention times (97% purity) were 17.1 min using a
Vydac C-18, 15.6 minusing a Vydac C-8 and 19.5 min using
a Supelco HSF5 column and conditions as described
in HPLC of the compound 3b. MS ESI (m/z): for
C54H84N12014S4 the calculated value was 1,2536/1,2522,
the value found was 1,253.2(M + H)*,1,275.2(M + Na)™.
AA: Pro 3.00, % Cys 1.96. 'H-and '*C-NMR data are pro-
vided in Table 4 in the electronic Supplementary data.

Cystinyl-bis-prolyl-prolyl-cystinyl-bis-proline methylamide
(3d)

The protected peptide 3c (0.61 g; 0.49 mmol) was treated
with a 2 M HCI-EtOAc (1.1 mL) mixture to obtain the
corresponding bis-pentapeptide methyl amide bis-hydro-
chloride (0.24 g; 0.42 mmol). The reaction mixture was
evaporated to dryness, and the residue was dissolved in
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water (30 mL) and applied onto the top of the Dowex
50 x 2 (10 mL) ion exchanger column. First, the chloride
ions were eluted with water and then the peptide followed
upon elution with 3% NH4OH (20 mL). This solution was
concentrated under vacuum and lyophilized to obtain the
compound 3d (0.35 g, 68%) with HPLC peak retention
times 9.35 min (Vydac C-18), 8.02 min (Vydac C-8) and
10.4 min (Supelco HSF5) using the conditions described in
the HPLC of the compound 3b. MS ESI (m/z): for
C44HggN12010S,4 the calculated value was 1,053.4/1,052.4;
the value found was 1,053.4 (M + H)", 12752
(M + Na)*. Calculated to the starting (Boc-Cys-OPfp),,
an 18% total yield was obtained.

Results and discussion

Three synthetic methods were utilized in the preparation of
peptides based on hinge structures from the central region
of immunoglobulin IgG1.

First, we prepared the full sequence of hexadecapeptide
1c by using the solid phase methodology with 2-chloro-
trityl polystyrene-divinylbenzene resin and Fmoc chemis-
try (Fig. 2). This procedure enabled a quick preparation of
the corresponding fully protected octapeptide polymer,
from which the octapeptide 1a with side chain-protected
Thr residue was obtained. The free sulfhydryl groups of
both the Cys residues were consequently oxidized to create
the intermolecular disulfide bonds between two parallel
peptide chains in the hexadecapeptide 1b. With the inten-
tion to eliminate possible side products in the reaction
mixture and to enable an easy workup and purification of
the disulfide products after oxidation, we excluded the
utilization of some common reagents, such as ferricyanide,
iodine, silver oxide or DMSO. In connection with this, we
decided to follow the “pure” original air oxidation (49% of
oxygen in a mixture, cf.) described by Wiinsch et al.
(1988), which we also had fair experiences with (a series of
our oxytocin analogs synthesized in the past; Hlavacek and
Jost 1985). However, to increase the amount of oxygen in
the reaction mixture (up to 100%), we simply opted for
pure O, for oxidation. It was introduced into the solution of
la in 0.1 M ammonium acetate buffer at pH 6.8. This
modification shortened the time necessary for the disulfide
bond formation by fourfold in comparison with air oxida-
tion. Along with this, the amount of impurities and by-
products was significantly reduced. Finally, the deprotec-
tion of the Thr residue side chain by a TFA-EDT-TIS-
water mixture provided the hinge peptide 1e¢, which was
further easily purified by HPLC.

The only published conformational analyses of the hinge
peptide were based on the combined use of the NMR
experiments in DMSO and on restricted molecular
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dynamics calculations (Bovermann et al. 1989; Moroder
et al. 1988; Wiinsch and Bovermann 1988). Later, vibra-
tional circular spectra (VCD) and Raman optical activity
(ROA) signal measurements (vibrations associated with the
disulfide bridges) were evaluated (Baumruk et al. 2005;
Kapitan et al. 2005, 2006) and a polyproline II helical
conformation was designed for hinge structures. Our NMR
study of compounds 1le¢, 2k and 3¢ provided complete
structural assignment of hydrogen and carbon atoms (see
Tables 2—4 in electronic Supplementary data), temperature
coefficients of amide NH protons and relaxation times T
of carbon atoms. The NOE contacts were observed only
between neighboring amino acid residues (sequential
NOE:s), but it should be noticed that possible NOE contacts
between structurally identical residues of parallel peptide
chains cannot be detected due to symmetry equivalence.
All amide bonds (including those tertiary X-Pro amide
bonds) are present in trans-configuration. The values of the
temperature coefficients of amide NH protons do not give
any evidence for strong intramolecular hydrogen bonding
and the '°C relaxation times T, indicate only slightly
higher mobility of acyclic part of hinge peptide in com-
parison with its cyclic part. An investigation of ROA signal
potential for the detection and chirality assignment of the
S-S group is under way.

A permanent interest in utilization of soluble polymers
such as polyethylene glycols (Bayer and Mutter 1972;
Mutter and Bayer 1980; Harris 1992; Zhao et al. 1997;
Sedldk 2005; Zalipsky et al. 1984) in the peptide synthesis
stimulated our search for another type of suitable material
for assembling the hinge structures. In addition to the use
of PEG20000Me, which was described in our previous
preliminary communication (Niederhafner et al. 20006), we
have introduced PEG6000 now. It features a good solu-
bility in the polar solvents and insolubility in the non-polar
ones, an optimal ratio of molecular weight to loading
capacity and a good crystallization ability of corresponding
intermediates (Veronese 2001; Benaglia et al. 1998; Fish-
man et al. 2003). This polymer has two accessible hydroxyl
groups as the attachment sites on both sides for a simul-
taneous attachment of the amino acid residues of growing
peptide chains (Fig. 3). Using this carrier, we synthesized
the protected truncated peptide 2i, with omitted C-terminal
proline, which was replaced by leucine, as an enzymati-
cally cleavable linker. The PEG6000 has enabled the initial
coupling with N* N°-Boc-Lys-OH (2a) and, after N*N°-
deprotection, the acylation of both amino groups by the
next amino acid (leucine). This strategy doubled the
loading capacity of the polymer and evidently enabled both
the growing peptide branches to adopt a conformation,
which facilitated their simultaneous acylation by cystine
derivative (Boc-Cys-OPfp), (Kisfaludy et al. 1973; Kisfa-
ludy and Schon 1983) as shown in Fig. 3. Only one
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equivalent of this disulfide bond synthon per 2 amino
groups thus provided both peptide chains, which were
assembled in the natural parallel alignment. In this way, the
orthogonal side chains protection of cysteine residues
(Wiinsch et al. 1988) could be eliminated. The spatial
arrangement, as well as the higher dilution used, favored
the desired reaction pathway over oligomerization or
“double single” acylation. The leucine was introduced
instead of proline to both of the lysine amino groups as an
enzymatically cleavable linker. In each step of the syn-
thesis, a sample of the growing peptide was taken for
analysis (Table 1). After the peptide chains (2i) on both
sides of PEG6000 were assembled, they were easily
detached by thermolysin-catalyzed hydrolysis of the pep-
tide bond on the amino side of Leu residue under mild
conditions and with a high yield of 2j (>90%), also due to
the presence of Lys residue increasing the distance of the
cleavage site from the carrier. After a final N terminus of 2j
deprotection, the resulting 2k could be simply purified by
preparative HPLC.

Unfortunately, this method suffers from non-specificity
of thermolysin, which splits the peptide backbone also at
the amino ends of the Ile, Trp and Phe. Therefore, such
amino acids cannot be present in the peptide sequence.

Similar to hinge analog 2k, we employed the above-
mentioned disulfide synthon in the solution synthesis of
methyl amides 3¢ and 3d (Fig. 4). We introduced this
synthon directly into the growing peptide using again the
(Boc-Cys-OPfp),, which was reactive enough to acylate
the starting proline methylamide in DMF solution. Thus,
we obtained the protected peptide methyl amide 3a. The
synthesis continued with two proline residues added sub-
sequently to both amino groups of the cystine peptide
methyl amide via symmetrical anhydrides of the corre-
sponding Boc derivatives (3b). The same cystine derivative
as above was used to complete the synthesis of the above-
mentioned N-protected decapeptide 3c. The orthogonal
side chain protection of the cysteine residues could be
therefore avoided even in the solution synthesis. After
HPLC purification, one part of 3¢ was used as a tool for the
conformation investigation of the hinge peptide central part
by ROA measurement (Kapitan et al. 2005), while the
second part was treated with a TFA-EtOAc mixture to
yield the target peptide 3d (Table 4).

Conclusion

In this study, we have checked three synthetic methodol-
ogies to achieve our goal to simplify the preparation of
peptides containing disulfide bonds on the hinge peptide
model structures. We proved that the cystine synthon
[(Boc-Cys-OPfp),], which was employed in our earlier

synthesis on PEG20000Me (Niederhafner et al. 2006), is
also applicable in the synthesis on PEG6000 with binding
sites on both sides of this polymer. A dendrimeric unit of
lysine was introduced to these positions to double the
binding capacity and to improve the space fit for simulta-
neous acylation of the peptide chains by the (Boc-Cys-
OPfp),. The PEG6000 carrier also facilitated the thermol-
ysine-catalyzed detachment of the tetradecapeptide 2j from
the polymer in high yield. The cystine derivative was even
applicable to the solution synthesis, as demonstrated in the
preparation of the shortened decapeptide methyl amide
analog 3d. On the other hand, the solid phase synthesis
could be successfully applied only to the preparation of
monomeric octapeptide of the hinge sequence. Due to
sterical hindrance, a space in the solid polystyrene carrier
does not appear suitable for the proper attachment of the
bis-Boc-cystine to the growing peptide chains. Fortunately,
the random oxidation of the sulfhydryl groups in Cys res-
idues by pure oxygen in ammonium acetate buffer short-
ened fourfold the time necessary to create both disulfide
bonds in the parallel alignment, in comparison with alter-
native oxidation performed by air oxygen. The higher total
yield was obtained in the synthesis of the target compound
2k, performed on the soluble carrier (PEG6000, 42%)
when compared to the synthesis of the target compound 1c,
carried out on the solid carrier (polystyrene, 39%). How-
ever, the total yield of only 18% was obtained in the
classical solution synthesis of the target compound 3d. The
synthesis on the PEG6000 enabled larger quantities of the
material to be obtained in one run, in comparison with the
solid phase synthesis. In summing up our findings, we
suggest that the results of this study might be of practical
importance in applications aimed at the preparation of
related peptides and protein moieties containing the cystine
structures, with the preference for the soluble PEG6000
carrier.

Acknowledgments This work was supported by grants nos. 203/03/
1362 and 203/07/1517 of the Grant Agency of the Czech Republic
and by Research Project Z40550506.

References

Barlos K, Chatzi O, Gatos D, Stavropoulos G (1991a) 2-Chlorotrityl
chloride resin. Int J Pept Protein Res 37:513-520

Barlos K, Gatos D, Kutsogianni S, Papaphotiou G, Poulos G,
Tsegenidis T (1991b) Solid phase synthesis of partially protected
and free peptides containing disulfide bonds by simultaneous
cysteine oxidation-release from 2-chlorotrityl resin. Int J Pept
Protein Res 38:562-568

Baumruk V, Kapitan J, Gut V, Hlavacek J, Bour P, Dlouhd H,
Urbanova M, Maloni P (2005) Raman optical activity of the
hinge peptide. In: The third international conference of advanced
vibrational spectroscopy, Delavan, USA, pp 218-218

@ Springer



650

P. Niederhafner et al.

Bayer E, Mutter M (1972) Liquid phase synthesis of peptides. Nature
237:512-513

Benaglia M, Annunziata R, Cinguini M, Cozzi F, Ressel S (1998)
Synthesis of new poly(ethyleneglycol)s with a high loading
capacity. J Org Chem 63:8628-8629

Bovermann G, Moroder L, Wiinsch E (1989) The hinge peptide 225—
232/225'-232" of human JGGI as core structure in synthetic
immunogens. In: Jung G, Bayer E (eds) Peptides 1988. Proc 20th
Eur Pept Symp. Walter de Gruyter, Berlin, pp 748

Burton DR (1985) Immunoglobulin G: functional sites. Mol Immunol
22:161-206

Christensen TA (1979) Chloroanil color test for monitoring coupling
completeness in solid phase peptide synthesis. In: Gross E,
Meienhofer J (eds) Peptides, structure and biological function.
Pierce Chemical Co., Rockford, pp 385-388

Douglass J, McKinzie AA, Couceyro P (1995) PCR differential
display identifies a rat brain mRNA that is transcriptionally
regulated by cocaine and amphetamine. J Neurosci 15:24712481

Durrum EI (1950) A microelectrophoretic and microionophoretic
technique. J Am Chem Soc 72:2943-2948

Fishman A, Farrah ME, Zhong JH, Paramanantham S, Carrera C,
Ruff EL (2003) Synthesis and investigation of novel branched
PEG-based soluble polymer supports. J Org Chem 68:9843—
9846

Habermann E (1972) Bee and wasp venoms. Science 177:314-322

Habermann E (1984) Apamin. Pharmacol Ther 25:255-270

Harris JM (ed) (1992) Poly (ethylene glycol) chemistry: biotechnical
and biomedical application. Plenum Press, New York

Hlavacek J, Jost K (1985) Studies in the oxytocin field. In: Vlahov R
(ed) Proceedings of F.E.C.S. third international conference on
chemistry and biotechnology of biologically active natural
products, September 16-21, 1985, Sofia, Bulgaria, vol 3, pp
244-261

Horiuchi M, Caughey B (1999) Prion protein interconversions and the
transmissible spongiform encephalopathies. Structure 7:231-240

Kaiser E, Colescott RL, Bossinger CD, Cook PI (1970) Color test for
the detection of free terminal amino groups in the solid-phase
synthesis of peptides. Anal Biochem 34:595-598

Kapitan J, Baumruk V, Gut V, Hlavacek J, Dlouha H, Urbanova M,
Wiinsch E, Malon P (2005) Raman optical activity of the central
part of hinge peptide. Collect Czech Chem Commun 70:403-409

Kapitan J, Baumruk V, Hulacova H, Malon P (2006) Raman optical
activity of the hinge peptide. Vib Spectrosc 42:88-92

Kasicka V, Prusik Z, Sazelovd P, Brynda E, Stejskal J (1999)
Capillary zone electrophoresis with electroosmotic flow con-
trolled by external radial electric field. Electrophoresis 20:2484—
2492

Kisfaludy L, Schon I (1983) Preparation and applications of
pentafluorophenyl esters of 9-fluorenylmethyloxycarbonyl amino
acids for peptide synthesis. Synthesis 4:325-327

Kisfaludy L, Low M, Nyéki O, Szirtes T, Schon I (1973) Utilization
of pentafluorophenyl esters in peptide syntheses. Justus Liebigs
Ann Chem 9:1421-1429

Legname G, Baskakov IV, Nguyen HOB, Riesner D, Cohen FE, De
Armond SJ, Prusiner SB (2004) Synthetic mammalian prions.
Science 305:673-676

Lehrer RI, Lichtenstein AK, Ganz T (1993) Defensins: antimicrobial
and cytotoxic peptides of mammalian cells. Annu Rev Immunol
11:105-128

Maixnerova J, Hlavacek J, Blokesova D, Kowalczyk W, Elbert T,
Sanda M, Blechovd M, Zelezna B, Slaninovd J, Maletinskd L
(2007) Structure-activity relationship of CART (cocaine-and
amphetamine-regulated transcript) peptide fragments. Peptides
28:1945-1953

@ Springer

Moroder L, Bovermann G, Wiinsch E (1988) Human immunoglobulin
Gl hinge region: synthesis of related peptides and their
conformational features. In: Shiba T, Sakakibara D (eds) Peptide
chemistry. Protein Research Foundation, Osaka, pp 759-764

Moroder L, Hiibener G, G6hring-Romani S, G6hring W, Musiol H-J,
Wiinsch E (1990) Fully synthetic immunogens. Part 1. Kinetic
studies on air oxidation of the human IgGl bis-cysteinyl
fragment 225-232. Tetrahedron 46:3305-3314

Mutter M, Bayer E (1980) The liquid-phase method for peptide
synthesis. In: Gross E, Meienhofer J (eds) The peptides, analysis,
synthesis, biology, vol 2. Special methods in peptide synthesis,
part A. Academic Press, New York, pp 285-332

Niederhafner P, Safafik M, Sebestik J, Gut V, Malofi P, Hlavacek J
(2006) Synthesis of protected peptides from the human IgGl
hinge region on PEG support using disulfide bond synthons and
alkaline or enzymic detachment. Tetrahedron Lett 47:1023-1035

Olivera BM, Rivier J, Clark C, Ramilo CA, Corpuz GP, Abogadie FC,
Mena EE, Woodward SR, Hillyard DR, Cruz LJ (1990) Diversity
of conus neuropeptides. Science 249:257-263

Prusiner SB (1998) Prions. Proc Nat Acad Sci 95:13363-13383

Schneider JJ, Unholzer A, Schaller M, Schafer-Korting M, Korting
HC (2005) Human defensins. J Mol Med 83:587-595

Schroder E, Liibke K (eds) (1966) The peptides, vol II. Synthesis,
occurrence and action of biologically active polypeptides.
Academic Press, New York, pp 281-396

Sebestik J, Niederhafner P, Safaiik M, Hlavicek J (2005) Electro-
phoresis of derivatized polyethylene glycols: a useful method for
monitoring of reactions on soluble polymeric carrier. Int J
Peptide Res Ther 11:291-296

Sedlak M (2005) Recent advances in chemistry and applications of
substituted poly(ethylene glycol)s. Collect Czech Chem Com-
mun 70:269-290

Solinové V, Kasi¢ka V, Koval D, Barth T, Ciencialové A, Zakovd L
(2004) Analysis of synthetic derivatives of peptide hormones by
capillary zone electrophoresis and micellar electrokinetic chro-
matography with ultraviolet-absorption and laser-induced fluo-
rescence detection. J Chromatogr B 808:75-82

Veronese FM (2001) Peptide and protein PEGylation: a review of
problems and solutions. Biomaterials 22:405-417

Wiinsch E, Bovermann G (1988) NMR studies on cyclic peptides
corresponding to the sequence 225-232/225'-232' of human
IgGl. In: Sakakibara S (ed) Proc 2nd Akabori conference.
Protein Research Foundation, Osaka, pp 102-107

Wiinsch E, Moroder L, G6hring-Romani S, Musiol H-J, G6hring W,
Bovermann G (1988) Synthesis of the bis-cystinyl-fragment
225-232/225'-232' on the human IgGl hinge region. Int J Pept
Protein Res 32:368-383

Wiinsch E, Moroder L, G6hring-Romani S, Musiol H-J, G6hring W,
Scharf R (1991a) Fully synthetic immunogens. Part II. Studies
on parallel dimerization of the human IgG1 hinge-fragment 225—
232 with N- or C-terminal gastrin-related extensions. Int J Pept
Protein Res 37:61-71

Wiinsch E, Moroder L, Hiibener G, Musiol H-J, Von Griinigen R,
Goéhring W, Scharf R, Schneider CH (1991b) Fully synthetic
immunogens. Part III. Synthesis of hinge-peptide/gastrin conju-
gates and their immunological properties. Int J Pept Protein Res
37:90-102

Zalipsky S (1995) Chemistry of polyethylene glycol conjugates with
biologically active molecules. Adv Drug Deliv Rev 16:157-182

Zalipsky S, Gilon Ch, Zilkha A (1984) Esterification of polyethylene
glycols. J] Macromol Sci Part A 21:839-845

Zhao X, Milton Harris J (1997) Novel degradable poly(ethylene
glycol) esters for drug delivery. ACS Symp Ser 680:458—460



	Synthetic study on cystinyl peptides using solution and solid phase methodology: human IgG1 hinge region
	Abstract
	Introduction
	Materials and methods
	General methodologies
	NMR structure determination
	Capillary electrophoresis (CZE)
	Synthesis of hinge peptide 1c on insoluble polymer (Fig. 2)
	Synthesis of hinge peptide analog 2i using the PEG6000 soluble polymer (Fig. 3)
	Enzymatic detachment of N,N-protected tetradecapeptide 2j from the PEG6000 carrier
	Hinge tetradecapeptide 2k
	Synthesis of hinge decapeptide bis-methyl amide 3d in solution (Fig. 4)
	N,Nvprime-tert-butoxycarbonyl-cystinyl-bis-proline methylamide (3a)

	Bis-N-tert-butoxycarbonyl-prolyl-prolyl-cystinyl-bis-proline methylamide (3b)
	N,Nvprime-tert-butoxycarbonyl-cystinyl-bis-prolyl-prolyl-cystinyl-bis-proline methylamide (3c)
	Cystinyl-bis-prolyl-prolyl-cystinyl-bis-proline methylamide (3d)


	Results and discussion
	Conclusion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


