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Unified schedule for multiple parallel solid-phase synthesis of so-called “difficult” peptides on polypropylene pins was developed.
Increase in the efficiency of 9-fluorenyl(methoxycarbonyl)N-terminal amino-protecting group removalwas shown to have a greater
influence on the accuracy of the “difficult” peptide synthesis than the use of more efficient amino acid coupling reagents such as
aminium salts. Hence the unified schedule for multiple parallel solid-phase synthesis of “difficult” peptides included the procedure
for N-terminal amino group deprotection modified by applying a more efficient reagent for the deprotection and the standard
procedure of amino acid coupling by carbodiimide method with an additional coupling using aminium salts, if necessary. Amino
acid coupling with the help of carbodiimide allows to follow the completeness of the coupling via the bromophenol blue indication,
thus providing the accuracy of the synthesis and preventing an overexpenditure of expensive reagents. About 100 biotinylated
hepatitis C virus envelope protein fragments, most of which represented “difficult” peptides, were successfully obtained by synthesis
on pins with the help of the developed unified schedule.

1. Introduction

Development of proteomic and interactome research linked
to the mass-spectral detection and amino acid analysis of
peptide fragments of proteins requires extensive development
of multiple solid-phase peptide synthesis in order to prepare
huge sets of peptides used as calibration standards and as
affinity ligands for interactome analysis and interaction site
mapping [1–5]. These peptide sets are expected to contain
up to several hundreds of peptides including those with
modified side-chain functional groups, since the analysis of
a single tissue sample from a single organismmay require the
preparation of more than a hundred of the so-called charac-
teristic peptides (unique fragments of proteins under study).
The field of peptide scanning usage, which includes multiple
parallel peptide syntheses as an obligatory part of themethod,
also expands. Besides scanning proteins for B- and T-epitope
motifs [6–12], kinase phosphorylation and other posttrans-
lational modification sites [13–17], and studies of protease
cleavage specificity [16, 18],multiple parallel peptide synthesis
is employed for the search of antibacterial peptides [19],

receptor peptide ligands [20], and preparation of novel bio-
materials based on readily structured peptides and peptoids
[21]. Though immunochemical research sometimes allowed
the use of peptide preparations with 70–80% purity [22],
other previously mentioned fields of peptide employment
required highly purified preparations, especially the use as
standards for mass spectrometry [1–4]. It necessitates a
thorough elaboration of multiple parallel peptide synthesis
protocols and development of unified procedures that allow
obtaining peptide preparations with maximal contents of
target products in the shortest time andwith the leastmaterial
and labor expenses.

Peptides with so-called “difficult” sequences, prone to the
formation of intra- and interchain stable secondary struc-
tures, form a group that is characterized by low yields of target
products [23, 24]. Hindered amino acid attachment to the
growing peptide chain is typical for such peptides resulting
in low yields of target products and a lot of byproducts rep-
resented by truncated peptides or peptides with gaps. These
impurities are often difficult to separate from target products
[23–25]. The problems of the “difficult” peptide synthesis are
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usually solved by (a) adding chaotropic salts or solvents [26,
27], (b) elevation of reaction mixture temperature via con-
ventional heating or microwave irradiation [28–30], (c) use
of more efficient catalysts of 9-fluorenyl(methoxycarbonyl)
(Fmoc) N-terminal amino-protecting group removal and
amino acid acylation [31, 32], and (d) prevention of the
aggregation via introducing amido bond modifying groups
[25, 33], isoacyl depsipeptide structures [34], and pseudo-
proline residues [35]. However, addition of chaotropic salts
reduces other reagent solubility and hence is undesirable
in the case of multiple parallel peptide synthesis on pins,
where Fmoc-amino acids are used in high concentrations.
Temperature elevation above 60∘C is also impossible in this
case because of the softening of pins covered with grafted
polyethylene. Introduction of amido bondmodifications and
isoacyl moieties requires the change of coupling conditions
only for the peptides, where these modifications are used,
hence disrupting themultiple parallel synthesis schedule uni-
fication; pseudoproline residues cannot be put everywhere in
the peptide sequence.

Formation of intra- and intermolecular stable secondary
structures hampers both the Fmoc removal from 𝛼-amino-
group and Fmoc-amino acid acylation of the growing peptide
chain [23, 24]. We studied the influence of the Fmoc removal
and Fmoc-amino acid coupling conditions on the accuracy
of multiple parallel synthesis of peptides with “difficult”
sequences in order to elaborate a unified multiple parallel
synthesis schedule that allows the correct synthesis of mul-
tiple sets of various peptides on pins.

2. Materials and Methods

Polyethylene pins grafted with 𝜀-Fmoc-𝛼-Boc-Lys-Pro
moiety (DKP pins) and 𝛼-Fmoc-L-amino acids (except 𝛼-
Fmoc-L-Arg(Pbf)) were from “Mimotopes” (Clayton, Aust-
ralia). Side-chain functional groups of Fmoc-amino acids
were protected with trityl(Trt) (Cys, Ans, and Gln), t-butoxy
(OtBu) (Asp and Glu), t-butyl(tBu) (Ser and Thr), t-butyl
(oxycarbonyl)(Boc)(Lys and Trp), and 2,2,4,6,7-pentamethy-
ldihydrobenzofuran(Pbf) (Arg). Fmoc-Arg(Pbf), tri(iso-
propyl) silane (TIS), and 1-[bis(dimethylamino)methylene]-
1H-1,2,3-triazolo[4,5-b]pyridine-3-oxide hexafluorophosph-
ate (HATU) were from “Sigma-Aldrich” (USA). 1-Hydroxy-
benzotriazole, 1-[bis (dimethylamino)methylene]-5-chloro-
1H-benzotriazole-3-oxide hexafluorophosphate (HCTU)
was from “Merck Chemicals/Novabiochem” (Nottingham,
UK). 1-[Bis(dimethylamino)methylene]-1H-benzotriazole-
3-oxide hexafluorophosphate (HBTU) was from “Applied
Biosystems” (USA). 4-Methyl-piperidine (4MPIP), 1-methyl-
piperidinone (NMP), diazabicyclo[5.4.0]undec-7-ene
(DBU), trifluoroacetic acid (TFA), 2,4,6-collidine, and D(+)-
biotin were from “Acros Organics” (Belgium). N,N󸀠-Di(iso-
propyl)carbodiimide (DIPC), anisole, and 1,2-ethanedithiol
(EDT) were from “Merck” (Darmstadt, Germany).

Peptides were synthesized on DKP pins by means of
multiple parallel solid-phase synthesis in polypropylene 96-
well V-bottom plates, well volume 0.32mL (Matrix, USA).
The choice of hepatitis C virus envelope protein sites for scan-
ning and the preparation of the peptide list were described

elsewhere [7, 9]. The peptide synthesis from Fmoc-amino
acids usingDIPC as the condensation catalyst, as described in
the “Mimotopes” manual and [22], was chosen as a standard
procedure, except that 4-methyl-piperidine (4MPIP) was
employed instead of piperidine [36, 37] andNMPwas used as
the Fmoc removal and amino acid attachment solvent instead
of DMF [38].

2.1. Modifications ofMultiple Parallel Peptide Synthesis on Pins

(A) Fmoc-group removal was performed by 20% 4MPIP
and 2% DBU in NMP (here and further v/v% are
used). Fmoc amino acid attachment was performed
exactly as in the standard procedure. Bromophenol
blue was added at 0.05mg/mL to the reactionmixture
for controlling the attachment completeness [39].
Blue color of pins meant that the Fmoc-amino acid
attachment reaction should be repeated. The second
attachment was carried out using the mixture of
100mM Fmoc-amino acid, 100mM HATU, 100mM
HOBT, and 150mM 2,4,6-collidine in NMP.

(B) Fmoc-group removal was carried out by 20% 4MPIP
(the standard procedure). Fmoc-amino acid attach-
ment was performed using the mixture of 100mM
Fmoc-amino acid, 100mM HATU, 100mM HOBT,
and 150mM 2,4,6-collidine in NMP.

(C) Fmoc-group removal was carried out as in the stan-
dard procedure. Fmoc-amino acids were attached as
in (B), except that HBTU was used instead of HATU
in the same concentration.

(D) Fmoc-group removal was carried out as in the stan-
dard procedure. Fmoc-amino acids were attached as
in (B), except that HCTU was used instead of HATU
in the same concentration.The repeated Fmoc-amino
acid attachment was not carried out in modifications
(B)–(D). The peptides that were used for testing
the previously mentioned synthesis modifications are
listed in Table 1.

Peptide biotinylation was performed on pins as described
earlier [7]. Removal of side-chain protecting groups was
carried out by the mixture trifluoroacetic acid- (TFA-)
1,2-ethanedithiol- (EDT-) water-tri(iso-propyl)silane- (TIS-)
anisole (915 : 25 : 25 : 10 : 25, v/v) for 4 hours at room tempera-
ture. Peptides were detached from pins into 40% acetonitrile
in 0.1M ammonium bicarbonate, pH 8.4 (0.8mL per pin) by
fourfold 15min ultrasonication at 40∘C.

Matrix-assisted laser desorption-ionization time-of-
flight mass spectrometric analysis (MALDI-TOF MS) of
peptides was carried out on MicroFlex (“Bruker Daltonics,”
Germany) equipped with nitrogen laser (𝜆 = 337 nm), in a
reflectron mode with 25 kV acceleration potential. 𝛼-Cyano-
4-hydroxycinnamic acid was used as a matrix. Samples were
applied in triplicate onto MSP AnchorChip 600/96 plate via
1mL drop layering on the matrix.

HPLC analysis of peptide preparations upon the modifi-
cation of multiple parallel synthesis procedure development
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Table 1: Peptides synthesized with the help of modifications (A)–(D) (see Section 2) of the standard multiple parallel solid-phase peptide
synthesis schedule and MALDI-TOF MS peak lists of their nonpurified preparations.

Peptide
number

Amino acid sequence and calculated
molecular mass (Da) of the peptide1

Molecular masses of peptide products, obtained by modifications (A)–(D) of the
standard multiple parallel synthesis schedule, and relative intensities of the
corresponding ion peaks (HPLC with ESI-MS detection)2

(A) (B) (C) (D)

1a Biotin-SGSG TTKVIGGT-(KP) 1497,8 1497.6 1497.5 1497.4 1497.7
1396.5 (−T; 17%)

2a Biotin-SGSGQTRTTGGS-(KP) 1528,7 1528.5 1528.6 1528.4

1528.6
1427.5 (−T; 20%)
1471.4 (−G; 13%)

1370.2 (−G − T ; 7%)

3a Biotin-SGSGNTKLMGGT-(KP) 1542,8 1542.3
1542.7

1558.8 (Met(O))
1542.8

1558.7 (Met(O))
1441.4 (−T; 15%)

1542.6
1558.6 (Met(O))
1485.4 (−G; 10%)

1080.7
(Fmoc-TKLMGT-(KP);

5%)

4a Biotin-SGSGNNYVTGGA-(KP) 1516,7 1516.3 1516.4 1516.4 1516.5
1459.7 (−G; 15%)

5a Biotin-SGSGDTRVVGGQ-(KP) 1552,8 1552.6 1552.6
1495.5 (−G; 10%)

1552.6
1495.5 (−G; 17%)
1465.5 (−S; 10%)

1552.7
1451.5 (−T; 17%)
1495.5 (−G; 15%)

1Linker sequence between the octapeptide fragment of HCV envelope protein and biotin moiety is marked by italics. 𝜀-(Lys-Pro)-Diketopiperazine moiety is
shown in brackets.
2The intensity of the target product mass peak is taken as 100% in each case. Mass peaks with intensities not less than 5% of target product mass peak intensities
are only listed. Lacking residues are shown as (−𝑋) and in bold in peptide sequences.

was performed on Agilent 1200 Series HPLC system (Agi-
lent Technologies, USA) equipped with Zorbax 300SB-C18
(3.5 𝜇m) 1.0mm × 150mm column (Agilent Technologies),
elution with 2–80% gradient of 0.1% HCOOH in acetonitrile
in 0.1% HCOOH water solution starting 5min following
injection, elution rate 50 𝜇L/min. Target peptide and byprod-
uct detection and analysis were performed by ESI-MS and
tandem mass-spectrometry (MS/MS) by collision-induced
dissociation (CID) via Ar atom (25 eV) bombardment on
Apex Qe Fourier transform ion cyclotron resonance mass
spectrometer (“Bruker Daltonics,” Germany). Mass spectra
were analyzed with the help of FlexControl software (“Bruker
Daltonics”).

The list of peptides for synthesis and step-by-step sched-
ule of multiple parallel synthesis were prepared with the help
of PEPMAKER software (“Mimotopes”). Possible problems
in each peptide synthesis were analyzed with the help of
PINSOFT2 software (“Mimotopes”).

3. Results and Discussion

Tables 1 and 2 comprise the lists of biotinylated peptides
containing octapeptide fragments of HCV envelope proteins
that were synthesized in this work. PINSOFT2 analysis of
the peptide primary structures showed that some of the
listed peptides have amino acid sequences, which are prone
to the aggregation during the solid-phase synthesis: amino
acid residues with 𝛽-methyl groups located in a row, amino

acid residues with hydrophobic side chains or bulky side-
chain protecting groups located one through one, and a big
proportion of Gly residues, that are capable to form inter- and
intramolecular hydrogen bonds [23, 24].

Preliminary synthesis experiments with further MALDI-
TOF MS and HPLC with MS/MS analysis (ESI followed
by CIS) showed that all preparations of peptides with Gly-
Gly fragment and some with Gly-X (where X = amino acid
residue with Trt side-chain protecting group, mainly N and
Q) just following the (Lys-Pro) diketopiperazine unit pre-
pared by the standard procedure of multiple parallel peptide
synthesis on pins (see Section 2 and [22]) contained a large
portion of byproducts lacking Gly residue in this pair. Some
preparations contained byproducts lacking residues inside
–SGSG– linker group, and many preparations contained
short truncated and also lacking certain amino acid residues
peptides with nonremoved Fmoc group (mass peaks from
1280 to 1340Da in Figure 1). Preparations of peptides nos. 86–
88, 90–91 contained only trace amounts of target substances.

Hence a modification of the standard synthesis schedule
was needed to achieve the correct synthesis of peptides
listed in Tables 1 and 2. In particular, it was necessary to
reveal whether the activation of Fmoc removal from growing
peptide chain or Fmoc amino acid acylation could influence
the purity of the target peptide, especially the absence of
byproducts lacking 1-2 amino acid residues compared to the
target peptide, more efficiently. Tertiary amine DBU was
used as a more efficient catalyst of the hydroxycarbonyl
dibenzofulvene detachment from the peptide𝛼-amino group,
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Table 2: Peptides synthesized by the modification (1) of the standard parallel solid-phase peptide synthesis schedule on pins.

Peptide
number Peptide sequence

HCV protein source
of octapeptide

fragment

Calculated molecular
mass of peptide,𝐷

𝑎

Masses of molecular ions in
MALDI-TOF mass spectra,𝐷

𝑎

1 Biotin-𝑆𝐺SGPGCVPCVR-(KP) E1 1551.9 1551.8
2 Biotin-SGSGGCVPCVRE-(KP) E1 1583.9 1583.8
3 Biotin-SGSGYVGDLCGS-(KP) E1 1534.8 1556.3 (+Na+)
4 Biotin-SGSGVGDLCGSV-(KP) E1 1470.7 1492.7 (+Na+)
5 Biotin-SGSGGDLCGSVF-(KP) E1 1518.8 1540.7 (+Na+)
6 Biotin-SGSGDLCGSVFL-(KP) E1 1574.9 1596.8 (+Na+)
7 Biotin-SGSGQLFTFSPR-(KP) E1 1717.0 1716.9
8 Biotin-SGSGQDCNCSIY-(KP) E1 1666.9 1688.7 (+Na+)
9 Biotin-SGSGCNCSIYPG-(KP) E1 1577.8 1599.6 (+Na+)

10 Biotin-𝑆𝐺SGNCSIYPGH-(KP) E1 1611.9 1611.3
1633.3 (+Na+)

11 Biotin-SGSGAWDMMMNW-(KP) E1 1806.2 1827.7 (+Na+)
12 Biotin-SGSGWDMMMNWS-(KP) E1 1822.2 1843.7 (+Na+)

13 Biotin-SGSGDMMMNWSP-(KP) E1 1733.1
1770.7 (+Na+; +O)
1754.7 (+Na+)

1786.6 (+Na+; +2O)

14 Biotin-SGSGMMMNWSPT-KPP E1 1719.1

1756.7 (+Na+; +O)
1772.7 (+Na+; +2O)

1740.7 (+Na+)
1788.7 (+Na+; +3O)

15 Biotin-SGSGAGAHWGVL-(KP) E1 1531.8 1553.8 (+Na+)
1531.8

16 Biotin-SGSGGAHWGVLA-(KP) E1 1531.8 1553.8 (+Na+)
1531.8

17 Biotin-SGSGAHWGVLAG-(KP) E1 1531.8 1553.8 (+Na+)
1531.8

18 Biotin-SGSGSMVGNWAK-(KP) E1 1613.9 1635.8 (+Na+)
1613.8

19 Biotin-SGSGMVGNWAKV-(KP) E1 1625.9

1625.8
1647.8 (+Na+)
1641.8 (+O)

1663.8 (+Na+; +O)

20 Biotin-SGSGVGNWAKVL-(KP) E1 1607.9 1629.9 (+Na+)
1607.9

21 Biotin-SGSGINTNGSWH-(KP) E2 1649.8 1671.7 (+Na+)
1649.7

22 Biotin-SGSGNTNGSWHI-(KP) E2 1649.8 1649.8
1671.8 (+Na+)

23 Biotin-SGSGTNGSWHIN-(KP) E2 1649.8 1649.8
1671.8 (+Na+)

24 Biotin-SGSGNGSWHINR-(KP) E2 1704.9 1704.8
25 Biotin-SGSGALNCNDSL-(KP) E2 1570.8 1592.7 (+Na+)
26 Biotin-SGSGPVVVGTTD-(KP) E2 1508.8 1530.8 (+Na+)
27 Biotin-SGSGVVVGTTDR-(KP) E2 1567.8 1567.8
28 Biotin-SGSGWGENETDV-(KP) E2 1670.8 1692.8 (+Na+)
29 Biotin-SGSGGNWFGCTW-(KP) E2 1691.9 1709.8 (+H2O)
30 Biotin-SGSGNWFGCTWM-(KP) E2 1766.1 1787.8 (+Na+)
31 Biotin-SGSGFGCTWMNS-(KP) E2 1666.9 1688.7 (+Na+)

32 Biotin-SGSGKCGSGPWL-(KP) E2 1535.8 1557.7 (+Na+)
1535.7

33 Biotin-SGSGTGFTKTCG-(KP) E2 1568.9 1568.8
34 Biotin-SGSGCGSGPWLT-(KP) E2 1541.8 1563.7 (+Na+)
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Table 2: Continued.

Peptide
number Peptide sequence

HCV protein source
of octapeptide

fragment

Calculated molecular
mass of peptide,𝐷

𝑎

Masses of molecular ions in
MALDI-TOF mass spectra,𝐷

𝑎

35 Biotin-SGSGGSGPWLTP-(KP) E2 1535.8 1557.7 (+Na+)
36 Biotin-SGSGSGPWLTPR-(KP) E2 1634.9 1634.8
37 Biotin-SGSGGPWLTPRC-(KP) E2 1651.0 1650.9

38 Biotin-SGSGHYPCTVNF-(KP) E2 1702.0 1701.8
1723.8 (+Na+)

39 Biotin-SGSGRMYVGGVE-(KP) E2 1631.9 1631.9
1647.8 (+O)

40 Biotin-SGSGTGFTKTCG-(KP) E2 1612.9 1612.8
1634.8 (+Na+)

41 Biotin-SGSGYVGGVEHR-(KP) E2 1637.9 1637.9
1659.8 (+Na+)

42 Biotin-SGSGVGGVEHRL-(KP) E2 1587.8 1587.8
43 Biotin-SGSGAACNWTRG-(KP) E2 1599.8 1599.8
44 Biotin-SGSGACNWTRGE-(KP) E2 1657.9 1657.7
45 Biotin-SGSGCNWTRGER-(KP) E2 1743.0 1742.8
46 Biotin-SGSGNWTRGERC-(KP) E2 1743.0 1742.8

47 Biotin-SGSGLEDRDRSE-(KP) E2 1740.0 1740.8
1762.8 (+Na+)

48 Biotin-SGSGEDRDRSEL-(KP) E2 1740.0 1740.8
1762.8 (+Na+)

49 Biotin-SGSGDRDRSELS-(KP) E2 1698.9 1698.7
50 Biotin-SGSGRDRSELSP-(KP) E2 1680.9 1680.8

51 Biotin-SGSGDRSELSPL-(KP) E2 1637.9 1637.8
1659.8 (+Na+)

52 Biotin-SGSGRSELSPLL-(KP) E2 1636.0 1635.8
53 Biotin-SGSGIHLHQNIV-(KP) E2 1570.9 1592.7 (+Na+)
54 Biotin-SGSGTTLPALST-(KP) E2 1524.8 1546.7 (+Na+)
55 Biotin-SGSGTLPALSTG-(KP) E2 1480.7 1502.7 (+Na+)

56 Biotin-SGSGIHLHQNIV-(KP) E2 1695.0 1694.8
1716.8 (+Na+)

57 Biotin-SGSGSDLPALST-(KP) E2 1524.8 1546.7 (+Na+)
58 Biotin-SGSGTPMPALST-(KP) E2 1538.9 1576.6 (+Na+; +O)
59 Biotin-SGSGDLPALSTG-(KP) E2 1494.7 1516.6 (+Na+)
60 Biotin-SGSGPMPALSTG-(KP) E2 1494.8 1532.6 (+Na+; +O)
61 Biotin-𝑆𝐺SGETLSVGGS-(KP) E2 1470.7 1492.4 (+Na+)
62 Biotin-𝑆𝐺SGETIVTGGT-(KP) E2 1498.7 1520.6
63 Biotin-𝑆𝐺SGETAVSGGT-(KP) E2 1442.6 1464.4 (+Na+)
64 Biotin-𝑆𝐺SGETRVSGGT-(KP) E2 1527.7 1527.3
65 Biotin-SGSGGTYTTGGA-(KP) E2 1448.6 1470.6 (+Na+)
66 Biotin-SGSGTTYTTGGS-(KP) E2 1508.7 1530.4 (+Na+)
67 (1a) Biotin-SGSGTTKVIGGT-(KP) E2 1497.8 1497.6
68 Biotin-SGSGGTRTMGGA-(KP) E2 1471.7 1471.5
69 Biotin-S𝐺SGGTHVTGGS-(KP) E2 1436.6 1436.4
70 Biotin-SGSGGTRVSGGT-(KP) E2 1455.7 1455.4
71 Biotin-SGSGSTHVTGGA-(KP) E2 1450.6 1450.5
72 Biotin-𝑆𝐺SGSTYTTGGS-(KP) E2 1494.7 1516.3 (+Na+)
73 Biotin-𝑆𝐺SGSTTITGGS-(KP) E2 1444.6 1466.5 (+Na+)
74 Biotin-SGSGSTRVTGGA-(KP) E2 1469.7 1469.5

75 Biotin-SGSGQTHTTGGS-(KP) E2 1528.7 1528.8
1551.1 (+Na+)
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Table 2: Continued.

Peptide
number Peptide sequence

HCV protein source
of octapeptide

fragment

Calculated molecular
mass of peptide,𝐷

𝑎

Masses of molecular ions in
MALDI-TOF mass spectra,𝐷

𝑎

76 Biotin-SGSGGTRVSGGT-(KP) E2 1509.7 1509.4
1531.3 (+Na+)

77 Biotin-SGSGQTYVTGGA-(KP) E2 1517.7 1539.4 (+Na+)

78 Biotin-SGSGKTYTTGGA-(KP) E2 1519.7 1519.7
1541.7 (+Na+)

79 Biotin-𝑆𝐺SGKTHVTGGS-(KP) E2 1507.7 1507.5
80 Biotin-𝑆𝐺S𝐺RTHVTGGS-(KP) E2 1535.7 1535.7
81 Biotin-SGSGGTYVTGGA-(KP) E2 1446.6 1535.7
82 Biotin-𝑆𝐺𝑆GRTRLTGGN-(KP) E2 1595.8 1595.6
83 Biotin-𝑆𝐺𝑆𝐺RTKTIGGT-(KP) E2 1554.8 1554.6

84 Biotin-SGSGATYTTGGA-(KP) E2 1462.7 1462.4
1484.5 (+Na+)

85 Biotin-SGSGATHVTGGT-(KP) E2 1464.7 1464.3
86 Biotin-𝑆𝐺SGNTYTTGGS-(KP) E2 1521.7 1543.4 (+Na+)
87 (3a) Biotin-𝑆𝐺SGNTKLMGGT-(KP) E2 1542.8 1542.5
88 Biotin-𝑆𝐺SGNTRTTGGT-(KP) E2 1528.7 1528.6
89 (4a) Biotin-SGSGNNYVTGGA-(KP) E2 1516.7 1538.3 (+Na+)
90 Biotin-SGSGDTHVTGGS-(KP) E2 1494.6 1494.4
91 Biotin-𝑆𝐺SGHTRTTGGA-(KP) E2 1521.7 1521.4
92 (5a) Biotin-SGSGDTRVVGGQ-(KP) E2 1552.8 1552.6
93 Biotin-𝑆𝐺SGHTYTTGGT-(KP) E2 1558.7 1558.7
94 Biotin-𝑆𝐺SGHTHTTGGV-(KP) E2 1530.7 1530.4
95 Biotin-𝑆𝐺SGHTHVTGGV-(KP) E2 1528.7 1528.5
96 Biotin-𝑆𝐺SGDTYTTGGS-(KP) E2 1522.7 1544.4 (+Na+)
Amino acid residues, for which repeated coupling was performed while using modification (A) of the standard procedure, are shown in bold.
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Figure 1: MALDI-TOF MS of the preparation of peptide Biotinyl-
SGSGNCSIYPGH-(KP) obtained with the help of the standard
multiple parallel peptide synthesis schedule on pins. t.p.: target
peptide; t.p.-G: Biotinyl-SGSNCSIYPGH-(KP).

in addition to 4MPIP [31]. Since DBU actively catalyzes the
formation of aspartimides, Asp piperidines, Asp epimeriza-
tion, and Asn dehydration [23, 31, 36], it was not added to
the Fmoc removal reagent after Asp or Asn introduction to
the growing peptide chains. HATU, HBTU, and HCTU were
employed asmore efficient acylation activators, amongwhich
HATU is the most and HBTU is the least (close to DIC)
efficient.

Table 1 shows HPLC and ESI MS and MS/MS analysis
results of the final preparations of 5 peptides synthesized
usingmodifications (A)–(D) of the standardmultiple parallel
peptide synthesis procedure on pins. Synthesis of these
peptides by the standard procedure gave incorrect results (see
Table 1). One can see that the application of the more efficient
catalyst of Fmoc removal resulted in peptide preparation
containing less byproducts lacking one or several amino acid
residues compared to the target products than the application
of aminium salts as acylation activators, in general. The
latter also improved the results of the synthesis of peptides
with “difficult” sequences; however, the use of aminium salts
as acylation activators requires the addition of a tertiary
amine (in our case, 2,4,6-collidine) to the reaction mixture,
hence excluding the possibility to control the completeness of
Fmoc-amino acid attachment to the growing peptide chain
with bromophenol blue. Moreover, MS ESI and MS/MS
analyses revealed noticeable (though not exceeding 5% of
the target product mass peak intensity) mass peaks of Fmoc-
containing truncated byproduct peptides in preparations
obtained with modifications (B)–(D), but not (A) (see Fig-
ure 2). Hence the modification (A) of the standard multiple
parallel solid-phase peptide synthesis schedule was used for
the preparation of hepatitis C virus (HCV) envelope protein
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Figure 2: MALDI-TOF MS of preparations of peptide Biotinyl-SGSGNTKLMGGT-(KP) (mol. mass 1542.3) obtained with the help of
modifications (a), (b), (c), and (d) of the standard schedule of parallel peptide synthesis on pins (see Section 2 for details).

fragments for further B-epitope mapping and characteriza-
tion of the prepared anti-HCV envelope antibodies. Table 2
contains the structures of the synthesized peptides and results
ofMALDI-TOFMSanalyses of their unpurified preparations.
One can see that the enhancement of the efficiency of Fmoc
removal resulted inmuchmore correct synthesis of “difficult”
peptides that we could not obtain in good purity and even
could not obtain at all (peptides 86–88, 90, 91) with the help
of the standard schedule.

4. Conclusion

In general, enhancement of the Fmoc removal efficiency in
the parallel solid-phase peptide synthesis on pins showed a
greater potential in the improvement of “difficult” peptide
synthesis than the enhancement of the acylation stage effi-
ciency. Moreover, the use of the standard DIC activation
procedure better helped to control the Fmoc amino acid
coupling completeness by bromophenol blue indication [39],
thus excluding the overexpenditure of Fmoc amino acids,
acylation reagents, and time, compared to the procedure
with all coupling stages repeated in order to achieve the
correct synthesis of target peptides. One should take into
account that not only the aggregation of peptide chains due
to interchain hydrogen bonds makes the peptide sequence
difficult for synthesis. In our case the most difficult stage was
the attachment of the fourth (or, maybe, fifth) residue from
the C-terminus, when no peptide aggregation was supposed
to occur [23]. However, the presence of rather long flexible
structures (side chain of Lys, to which the first amino acid
residue of HCV protein fragment was attached and Gly in

the second position from the peptide C-terminus) and Pro
known to induce the turn formation could result in such
turn of the growing peptide chain, augmented by the possible
formation of intrachain H-bonds and hydrophobic interac-
tions that hid the peptide N-terminal thus embarrassing its
both Fmoc deblocking and further acylation. In this case, the
sole enhancement of the amino acid coupling efficiency was
shown to be less productive than the use of more efficient
Fmoc deblocking reagent [40, 41]. Also, one could suppose
that deblocking of the peptide N-terminus would disrupt the
structure that hampered the further growing chain acylation,
at least for short peptide chains. The same effect is frequently
observed in the synthesis of peptides with Pro-Pro-, Val-
Val-, -(Val-Thr(Ile))-pairs, Pro close to Val or Thr, and so
forth, which are prone to 𝛽-turn formation [42]. Hence the
DBU addition to 4MPIP or piperidine can be recommended
as a modification of the standard procedure of multiple
parallel peptide synthesis on pins, in order to obtain a unified
procedure that allows the correct synthesis of “difficult”
peptides. The only problem of DBU usage is its ability to
catalyze aspartimide formation from Asp [36]. However,
certain side-chain carboxyl protection groups greatly reduce
[43–46], and Asp-X peptide bond modifications exclude this
side reaction [25, 33, 46], hence permitting the use of more
efficient Fmoc removal catalyst in a greater set of difficult
synthesis cases.
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Rüdiger, andA. Friedler, “Studying protein-protein interactions
using peptide arrays,” Chemical Society Reviews, vol. 40, no. 5,
pp. 2131–2145, 2011.

[5] L. V. Olenina, T. I. Kuzmina, B. N. Sobolev, T. E. Kuraeva, E.
F. Kolesanova, and A. I. Archakov, “Identification of glycosa-
minoglycan-binding sites within hepatitis C virus envelope
glycoprotein E2,” Journal of Viral Hepatitis, vol. 12, no. 6, pp.
584–593, 2005.

[6] A. M. Bray, R. M. Valerio, A. J. DiPasquale, J. Greig, and N. J.
Maeji, “Multiple synthesis by themultipinmethod as amethod-
ological tool,” Journal of Peptide Science, vol. 1, no. 1, pp. 80–87,
1995.

[7] L. V. Olenina, L. I. Nikolaeva, B. N. Sobolev, N. P. Blokhina, A. I.
Archakov, and E. F. Kolesanova, “Mapping and characterization
of B cell linear epitopes in the conservative regions of hepatitis
C virus envelope glycoproteins,” Journal of Viral Hepatitis, vol.
9, no. 3, pp. 174–182, 2002.

[8] E. V. Kugaevskaya, E. F. Kolesanova, S. A. Kozin, A. V. Veselo-
vsky, I. R.Dedinsky, andY. E. Elisseeva, “Epitopemapping of the
domains of human angiotensin converting enzyme,” Biochimica
et Biophysica Acta, vol. 1760, no. 6, pp. 959–965, 2006.

[9] T. I. Kuzmina, L. V. Olenina, M. A. Sanzhakov et al., “Antigenic-
ity and B-epitope mapping of hepatitis C virus envelope protein
E2,” Biochemistry, vol. 3, no. 2, pp. 177–182, 2009.

[10] T.W. Tobery, S.Wang, X.-M.Wang et al., “A simple and efficient
method for the monitoring of antigen-specific T cell responses
using peptide pool arrays in a modified ELISpot assay,” Journal
of Immunological Methods, vol. 254, no. 1-2, pp. 59–66, 2001.

[11] J. Yang, E. A. James, L. Huston, N. A. Danke, A. W. Liu, and
W. W. Kwok, “Multiplex mapping of CD4 T cell epitopes using
class II tetramers,” Clinical Immunology, vol. 120, no. 1, pp. 21–
32, 2006.

[12] D. A. Lewinsohn, E. Winata, G. M. Swarbrick et al., “Immun-
odominant tuberculosis CD8 antigens preferentially restricted
by HLA-B,” PLoS Pathogens, vol. 3, no. 9, article e127, 2007.

[13] B. T. Houseman, J. H. Huh, S. J. Kron, andM.Mrksich, “Peptide
chips for the quantitative evaluation of protein kinase activity,”
Nature Biotechnology, vol. 20, no. 3, pp. 270–274, 2002.

[14] F. D. Smith, B. K. Samelson, and J. D. Scott, “Discovery of
cellular substrates for protein kinase A using a peptide array
screening protocol,”Biochemical Journal, vol. 438, no. 1, pp. 103–
110, 2011.

[15] R. Arsenault, P. Griebel, and S. Napper, “Peptide arrays for
kinome analysis: new opportunities and remaining challenges,”
Proteomics, vol. 11, no. 24, pp. 4595–4609, 2011.

[16] A. Thiele, G. I. Stangl, and M. Schutkowski, “Deciphering enz-
yme function using peptide arrays,” Molecular Biotechnology,
vol. 49, no. 3, pp. 283–305, 2011.

[17] S. M. Fuchs, K. Krajewski, R. W. Baker, V. L. Miller, and B.
D. Strahl, “Influence of combinatorial histone modifications on
antibody and effector protein recognition,”Current Biology, vol.
21, no. 1, pp. 53–58, 2011.

[18] Y. Inoue, T. Mori, G. Yamanouchi et al., “Surface plasmon res-
onance imaging measurements of caspase reactions on peptide
microarrays,” Analytical Biochemistry, vol. 375, no. 1, pp. 147–
149, 2008.

[19] K. Hilpert, “High-throughput screening for antimicrobial pep-
tides using the SPOT technique,”Methods in Molecular Biology,
vol. 618, pp. 125–133, 2010.

[20] D. Koes, K. Khoury, Y. Huang et al., “Enabling large-scale des-
ign, synthesis and validation of small molecule protein-protein
antagonists,” PLoS ONE, vol. 7, no. 3, Article ID e32839, 2012.

[21] K. Kanie, R. Kato, Y. Zhao, Y. Narita, M. Okochi, and H. Honda,
“Amino acid sequence preferences to control cell-specific orga-
nization of endothelial cells, smooth muscle cells, and fibrob-
lasts,” Journal of Peptide Science, vol. 17, no. 6, pp. 479–486, 2011.

[22] S. J. Rodda, “Synthesis of multiple peptides on plastic pins,”
Current Protocols in Immunology, Ch 9: Unit 9.7, 2001.

[23] P. Lloyd-Williams, F. Albericio F, and E. Giralt,Chemical Appro-
aches to the Synthesis of Peptides and Proteins, CRC Press LLC,
New York, NY, USA, 1997.

[24] J. Bedford, C. Hyde, T. Johnson et al., “Amino acid structure
and “difficult sequences” in solid phase peptide synthesis,”
International Journal of Peptide and Protein Research, vol. 40,
no. 3-4, pp. 300–307, 1992.

[25] V. Cardona, I. Eberle, S. Barthélémy et al., “Application of
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