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Synthesis of full length PB1-F2 influenza A virus proteins
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RENÉ RÖDER,a,b KARSTEN BRUNS,a,c ALOK SHARMA,a,c,d ANDRÉ EISSMANN,a FRIEDRICH HAHN,a
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Abstract: The proapoptotic influenza A virus PB1-F2 protein contributes to viral pathogenicity and is present in most human
and avian isolates. Previous synthetic protocols have been improved to provide a synthetic full length H1N1 type PB1-F2 protein
that is encoded by the ‘Spanish flu’ isolate and an equivalent protein from an avian host that is representative of a highly
pathogenic H5N1 ‘bird flu’ isolate, termed SF2 and BF2, respectively. Full length SF2, different mutants of BF2 and a number
of fragments of these peptides have been synthesized by either the standard solid-phase peptide synthesis method or by native
chemical ligation of unprotected N- and C-terminal peptide fragments. For SF2 chemical ligation made use of the histidine and
the cysteine residues located in positions 41 and 42 of the native sequence, respectively, to afford a highly efficient synthesis of
SF2 compared to the standard SPPS elongation method. By-product formation at the aspartic acid residue in position 23 was
prevented by specific modifications of the SPPS protocol. As the native sequence of BF2 does not contain a cysteine residue two
different mutants of BF2 (Y42C) and BF2 (S47C) with appropriate cysteine exchanges were produced. In addition to the full length
molecules, fragments of the native sequences were synthesized for comparison of their physical characteristics with those from
the H1N1 human isolate A/Puerto Rico/8/34 (H1N1). All peptides were analyzed by mass spectrometry, 1H NMR spectroscopy,
and SDS-PAGE. The protocols allow the synthesis of significant amounts of PB1-F2 and its related peptides. Copyright  2008
European Peptide Society and John Wiley & Sons, Ltd.
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INTRODUCTION

Influenza A virus (IAV) is a pathogen in humans
and animals, which caused at least three pandemics
during the last century, the most serious being the
outbreak of ‘Spanish flu’ in 1918 that claimed up to 40
million victims [1,2]. Specifically aquatic birds have
been shown to be the primary reservoir of IAV, in
which occasionally new avian strains or reassortants
with the capability of infecting other mammals or
even humans can be created. This is caused upon
genetic reassortment by a process termed antigenic
shift [3,4,5].

The understanding of the biological mechanisms how
IAV mediates distinct pathogenicity to different hosts
is a major focus of research. An 11th IAV protein,
termed PB1-F2, encoded by an alternative (+1) open
reading frame of PB1, has been characterized as a 87aa
protein [6].

PB1-F2 contains a C-terminal mitochondrial tar-
geting sequence [7], is localized in the mitochondria
of infected or transfected cells and it can stimulate
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the mitochondrial apoptosis pathway [8,9]. Recently
it has been reported that PB1-F2 increases the viral
pathogenicity in mice, indicated by a delay of viral
clearance from lungs [10,11]. The latest results indi-
cate an important role of PB1-F2 in the regulation
of IAV virulence in as much as a single amino acid
exchange in the sequence of PB1-F2 from an isolate
of the Hong Kong 1997 H5N1 outbreak contributes
to a significant increase in viral pathogenicity [12]. In
addition the expression of the 1918 PB1-F2 enhances
secondary bacterial pneumonia [13,14], which is of high
significance as most deaths arising from IAV are caused
by a bacterial super-infection [15].

A prerequisite for detailed investigations of the struc-
tural and functional studies of PB1-F2 is the availability
of suitable quantities of either recombinant or syn-
thetic material of full length proteins corresponding to
different isolates. Here we describe the first synthesis
of the 90aa protein from the ‘Spanish flu’ variant, SF2,
whose sequence was obtained by RNA isolation from
the lung of a victim buried in the permafrost since 1918
[16]. In addition we have selected an analogous 90aa
protein as a representative of a H5N1 ‘bird flu’ isolate,
BF2. We have established synthesis protocols for the
production of both proteins and their related fragments.
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MATERIAL AND METHODS

Solid Phase Peptide Synthesis

The SPPS was performed on an ABI 433A automated
peptide synthesizer equipped with UV-detector from Applied
Biosystems on a 0.1 mM scale using the Fmoc/tert-butyl
strategy. The following side chain protecting groups were
used during the automated synthesis: 2,2,4,6,7-pentamethyl-
dihydro-benzofurane-5-sulfonyl (Arg), tert-butyloxycarbonyl
(Trp, Lys), tert-butyl ether (Thr, Ser, Tyr), tert-butyl ester (Asp,
Glu), and trityl (Asn, Cys, Gln, His).

Protein Sequences

The sequences used for the full length H1N1 PB1-F2 protein
are those encoded by the ‘Spanish flu’ H1N1 human isolate
A/Brevig Mission/1/1918 [16] (Figure 1) and ‘bird flu’ H5N1
avian isolate A/duck/Guangdong/12/2000 [17] (Figure 3).

1H NMR Spectroscopy

1H TOCSY and NOESY NMR spectra of BF2 and SF2 were
recorded on a Bruker Avance 600 MHz instrument equipped

Figure 1 RP-HPLC monitoring of the synthesis of full-length
SF2 (∗ thiolester of SF2(1–41), § SF2(41–90), � SF2): (A) start
of the ligation reaction; (B) after 45 min; (C) purified protein
SF2. (D) Primary sequence of SF2 derived from the human
H1N1 ‘Spanish flu’ IAV isolate A/Brevig Mission/1/1918.
(E) Schematic depiction of the three synthesized overlapping
fragments. (F) Schematic depiction of the two fragments used
for chemical ligation to the full-length SF2.

with an UltraShield Plus magnet and a triple resonance
cryoprobe head with gradient unit. Samples were dissolved
without pH adjustment (pH ∼3.0) at concentrations between
0.3 and 0.8 mM (proteins), and 0.7 and 2 mM (peptide
fragments) in H2O/CF3CD2OH (1 : 1). Measurements were
carried out at 300 K without spinning with mixing times
of 110 ms for the TOCSY and 250 ms for the NOESY
experiment, respectively. Data acquisition, processing and
spectral analysis were performed with standard Bruker
software. All spectra were internally referenced to the residual
TFE-d2 methylene signal at 3.95 ppm.

Mass Spectrometry

Matrix assisted laser desorption ionization mass spectra
(MALDI-MS) were recorded on a Voyager-DE PRO BioSpec-
trometry Workstation from Applied Biosystems. Samples
were dissolved in 50% aqueous acetonitrile and α-cyano-
4-hydroxycinnamic acid was used as matrix. Positive ion
electrospray ionization mass spectra (ESI-MS) were recorded
on a micromass Q-Tof-2 mass spectrometer. Samples were
dissolved in 70% aqueous methanol and infused into the elec-
trospray chamber with a needle voltage of 0.9 kV at a flow rate
of 40 nl/min.

SDS-PAGE

Detection of synthesized peptides and proteins by Coomassie
staining: SF2, the overlapping fragments SF2(1–40), SF2(30–
70), SF2(50–90), and BF2 variants BF2 Y42C and BF2
S47C and the overlapping fragments BF2(1–40), BF2(30–70),
BF2(50–90) were diluted in phosphate buffered saline to a final
protein concentration of 100 µg/ml. The samples were heated
in SDS buffer (0.2% SDS, 10% glycerol, 65 mM Tris/HCl,
pH 6.8, with 5% β-mercaptoethanol) at 55 °C for 5 min, and
resolved on a 15% PAA gel by SDS-PAGE. After Coomassie
staining (0.5% Coomassie Brilliant Blue G-250, 10% acetic
acid, 25% isopropyl alcohol), the gel was destained (10% acetic
acid, 25% methanol), and processed for imaging.

Synthesis and Purification of Overlapping Fragments
of SF2 and BF2

Three overlapping fragments corresponding to the N-terminus
SF2(1–40), the central section SF2(30–70), and the C-
terminus SF2(50–90) of SF2 were synthesized for struc-
tural and biological analyses using a step-by-step protocol
similar to that used previously by us for sPB1-F2 [18]
derived from the H1N1 human isolate A/Puerto Rico/8/34,
termed PR8 [6]. SF2(1–40) and SF2(30–70) were synthe-
sized using TentaGel R-RAM amide resin (330 mg, capacity
0.19 mmol/g, RAPP Polymere) while TentaGel R-PHB-Ser(tBu)-
Fmoc resin (280 mg, capacity 0.19 mmol/g, RAPP Polymere)
was used for SF2(50–90). The couplings were performed
with 2(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hex-
afluorophosphate (HBTU). Deprotection of the Fmoc group
was performed with 20% piperidine in DMF. The dipep-
tide derivative Fmoc-Asp(OtBu)-(Hmb)Gly-OH was used during
the synthesis of SF2(1–40) to prevent aspartimide forma-
tion at residues Asp-23/Gly-24, as described [18]. The three
peptides were cleaved from the resin with trifluoroacetic
acid/water/triisopropylsilane (95 : 3 : 2 v/v/v) for 3.5 h at rt.
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After concentration of the cleavage solution and addition of
ice-cold diethyl ether, the crude product was obtained as a
colorless precipitate. In spite of using double coupling steps to
increase the efficiency for all three fragments the synthesis of
SF2(1–40) afforded a crude product with only 17% yield com-
pared to 44% for SF2(30–70) and 51% for SF2(50–90) (HPLC
data not shown). The crude peptides were purified by reverse
phase high performance liquid chromatography (RP-HPLC) on
a Shimadzu LC8 preparative HPLC using a Zorbax SB C18
column (21.2 × 250 mm, 7 µm, Agilent) with a linear gradient
of 28% B–48% B in 50 min for SF2(1–40) and 39% B–60%
B in 50 min for both SF2(30–70) and SF2(50–90) (A: 2500 ml
water, 5 ml TFA; B: 2000 ml acetonitrile, 500 ml water, 5 ml
TFA) at a flow rate of 10 ml/min with spectrometric monitoring
at λ = 220 nm to give the final pure products. The purity of
the peptides was analyzed by RP-HPLC (Shimadzu LC10) on a
Nucleosil 300 C18 (4.6 × 125 mm, 5 µm) with a linear gradient
of 10% B–100% B over 45 min.

The three fragments BF2(1–40), BF2(30–70), and BF2
(50–90) were prepared using a standard SPPS protocol with
double coupling steps and HBTU as coupling agent. For
BF2(1–40) the preloaded resin TCP-Asp(OtBu)-Fmoc (250 mg,
capacity 0.53 mmol/g, PepChem, Tübingen), for BF2(30–70)
TCP-Gly-Fmoc (260 mg, capacity 0.44 mmol/g, PepChem,
Tübingen), and for BF2(50–90) TCP-Asn(Trt)-Fmoc (250 mg,
capacity 0.48 mmol/g, PepChem, Tübingen) were used. The
peptides were cleaved from the resin as described above and
then purified by RP-HPLC on a Shimadzu LC8 system. A
Kromasil C18 column (250.0 × 50 mm, 10 µm, AKZO Nobel,
Sweden) with a linear gradient of 25% B–75% B in 50 min at
a flow rate of 60 ml/min was used for BF2(1–40). A Zorbax
SB C18 column (21.2 × 250 mm, 7 µm, Agilent) was employed
for both BF2(30–70) and BF2(50–90) with linear gradients of
40% B–65% B and 35% B–60% B, respectively, in 50 min
at a flow rate of 10 ml/min and spectrometric monitoring
at λ = 220 nm. The peptides were analyzed by RP-HPLC as
described above for the three SF2 fragments.

Synthesis and Purification of Full-Length SF2

Unfortunately, the use of a 0.05 M Tris/3 M urea buffer system
at pH 8.5 in the native chemical ligation (NCL) method [18,19]
was not successful for either SF2 or the mutants of BF2. Hence
a 6 M guanidine hydrochloride system at pH 6.5 was used as
described by Dawson and Kent [20].

The N-terminal 41-residue fully protected fragment
SF2(1–41) with Boc-methionine at the N-terminus was syn-
thesized with HBTU and utilized double coupling steps by
the Fmoc/tert-butyl solid phase strategy with an automated
peptide synthesizer on 2-chlorotrityl (Cl-Trt) resin (250 mg,
capacity 0.65 mmol/g, Iris Biotech), which was preloaded
with the first C-terminal amino acid histidine. The fully pro-
tected peptide SF2(1–41) was then cleaved from the resin with
acetic acid/trifluoroethanol/dichloromethane (2 : 2 : 6, v/v/v)
for 2 h at rt. To control the quality of the protected pep-
tide an aliquot was fully deprotected with trifluoroacetic
acid/water/triisopropylsilane (95 : 3 : 2, v/v/v) for 3.5 h at rt.
The MALDI-TOF mass spectrum showed the correct mass
([M ]calc.: 4797.3 Da, [M ]found: 4797 Da), although HPLC analy-
sis revealed only a very limited amount of the desired peptide
in the crude product. Therefore the strategy was changed and

H-His(Trt)-2-Cl-Trt resin (200 mg, capacity 0.57 mmol/g, Nov-
abiochem) was applied and O-(7-azabenzotriazol-1-yl)-1,1,3,3-
tetramethyluronium hexafluorophosphate (HATU) as coupling
reagent instead of HBTU. After coupling of the dipeptide Fmoc-
Asp(OtBu)-(Hmb)Gly-OH, the pseudoproline Fmoc-Ser(tBu)-
Thr(�Me,Me,pro)-OH was employed for introduction of residues
Ser-12/Thr-13 and Ser-17/Thr-18 to prevent secondary struc-
ture formation of the protected peptide SF2(1–41) on the
resin. The correct mass was found in the MALDI-TOF mass
spectrum ([M ]calc.: 4797.3 Da, [M ]found: 4797 Da) after full
deprotection with trifluoroacetic acid/water/triisopropylsilane
(95 : 3 : 2, v/v/v) for 3.5 h at rt. RP-HPLC analysis indicated
a 52% yield of the crude product (HPLC data not shown).
The protected peptide SF2(1–41) was then cleaved from the
resin as described above and used to synthesize the thiolester
by treating the crude protected peptide (30 mg, 3.31 µmol,
9057 g/mol) with diisopropylcarbodiimide (DIPCDI) (1.5 eq,
0.8 µl), HOBt.H2O (1.5 eq, 0.8 mg) and p-acetamidothiophenol
(15 eq, 8.3 mg) in dichloromethane (1.5 ml) overnight [21].
The solvent was removed and the residue deprotected as
described above. After precipitation with ice-cold diethyl ether,
the deprotected peptide thiolester was centrifuged and washed
with diethyl ether and acetonitrile to remove all traces of
p-acetamidothiophenol and its oxidized dimer. MALDI-TOF-
MS indicated the correct mass ([M ]calc.: 4946 Da, [M ]found:
4946 Da). The peptide thiolester was obtained in a yield of
approximately 90% based on the amount of peptide in the
crude product. The thiolester was used for the NCL without
further purification.

SF2(42–90), the 49-mer C-terminal peptide of SF2 bearing
a cysteine at its N-terminus, was synthesized via SPPS
on H-Ser(tBu)-HMPB resin (250 mg, capacity 0.21 mmol/g,
ChemMatrix) and HBTU as coupling agent, and double
coupling steps were used to optimize the yield. MALDI-TOF-MS
indicated the correct mass ([M ]calc.: 6030.3 Da, [M ]found: 6031
Da). Before further use in the NCL reaction the peptide was
purified by RP-HPLC on a Shimadzu LC8 preparative HPLC
using a C18 column (30.0 × 250 mm, 10 µm, Agilent) with a
linear gradient of 40% B–60% B in 50 min at a flow rate of
20 ml/min with spectrometric monitoring at λ = 220 nm.

For the NCL reaction both fragments, the thiolester of
SF2(1–41) (21 mg, 4.25 µmol) and the C-terminal fragment
SF2(42–90) (18.9 mg, 3.13 µmol), were dissolved separately
in 0.5 ml of 6 M guanidine hydrochloride solution. Both
solutions were combined and an equimolar amount of tris-(2-
carboxyethyl)-phosphine-hydrochloride (1 mg, 3.49 µmol) was
added to prevent the oxidation of the cysteine residue. The
pH was adjusted to 6–7 with 0.1 M NaHCO3 solution and
the reaction was monitored by RP-HPLC with the signal of
the thiolester as indicator. The reaction was complete after
2 h, and the ligation product was then purified by RP-HPLC
on a Shimadzu LC8 preparative HPLC using a C18 column
(30.0 × 250 mm, 10 µm, Agilent) with a linear gradient of
35% B–55% B in 50 min at a flow rate of 20 ml/min with
spectrometric monitoring at λ = 220 nm (Figure 1). ESI-MS
(Figure 2) and MALDI-TOF-MS confirmed the correct mass of
the ligation product ([M ]calc.: 10 809.5 Da, [M ]found: 10 810
Da). We obtained 5.4 mg (0.5 µmol) of the purified peptide SF2
with a yield of approximately 16% based on the amount of
SF2(42–90).
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Figure 2 Positive ion ESI mass spectrum of purified SF2 showing the experimental mass spectrum (A) and the deconvoluted
mass spectrum with the intense envelope of the molecular ion centered at 10 810.1 Da (B).

Synthetic Approaches to Full-length Native BF2
For the synthesis of the full-length BF2 the preloaded resin H-
Asn(Trt)-HMPB (200 mg, capacity 0.26 mmol/g, ChemMatrix)
was used and the coupling agent was changed from HBTU to
HATU before amino acid Trp-61. After the resin cleavage step,
none of the expected full-length peptide could be detected by
MALDI-TOF-MS ([M ]calc.: 11 028.8 Da).

In a second approach the fragment condensation strategy
on solid support was attempted. For the synthesis of the
C-terminus, the preloaded resin H-Asn-(Trt)-HMPB (300 mg,
capacity 0.26 mmol/g, ChemMatrix) was employed with HBTU
as coupling agent. In order to optimize the synthesis double
coupling steps were used after amino acid Glu-87 and
the pseudoproline derivative Fmoc-Leu-Ser(�Me,Me,pro)-OH
was employed for Leu-62/Ser-63. The correct mass of the
peptide was confirmed by MALDI-TOF-MS ([M ]calc.: 5029
Da, [M + H]found: 5030 Da) after cleavage of an aliquot of
the resin. The middle fragment BF2(25–50) was prepared
on the preloaded resin H-Gly-2-Cl-Trt (150 mg, capacity
0.77 mmol/g, Novabiochem) with double coupling steps and
HBTU. The fully protected peptide was then cleaved from the
resin as described above. Control via MALDI-TOF-MS after
cleavage/deprotection of an aliquot of the peptide showed
the expected mass with the Fmoc protection group at the N-
terminus ([M + Fmoc]calc.: 3430 Da, [M + Fmoc]found: 3430 Da).
Finally, the N-terminal peptide BF2(1–24) was synthesized on
the same resin (250 mg) and applying the identical coupling
reagent. After the fourth amino acid, double coupling steps
were performed to increase the synthesis efficiency. The
peptide was cleaved as reported above and MALDI-TOF-MS
showed the expected mass ([M ]calc.: 2828 Da, [M − H]found:
2827 Da). As the C-terminal fragment BF2(51–90) was still
linked to the resin we tried to conjugate it with the middle
fragment BF2(25–50). For this purpose, the fully protected
middle fragment BF2(25–50) (368.6 mg, 2 eq, 64.74 µmol) was
added to 124.5 mg of the resin with the linked C-terminus
BF2(51–90), which had been swollen before use in 5 ml
dimethylformamide. Subsequently HATU (18.5 mg, 1.5 eq,
48.56 µmol) and DIPEA (16.5 µl, 3 eq, 97.11 µmol) were added
and the reaction mixture was stirred at rt for 1 week. The

resin was then washed with dichloromethane and an aliquot
was cleaved from the resin as described above for analysis by
MALDI-TOF-MS. The mass of the expected peptide BF2(25–90)
with the Fmoc protection group at its N-terminus could not
be detected only the original fragments BF2(25–50) with Fmoc
group and BF2(51–90) ([M + Fmoc]calc.: 8442 Da, [M1]found:
3430 Da, [M2]found: 5079 Da) were found.

Synthesis and Purification of Mutants of Full-length
BF2

The fully protected N-terminal fragment BF2(1–41) with
Boc-methionine at the N-terminus was synthesized on
the preloaded H-His(Trt)-2-Cl-Trt resin (200 mg, capacity
0.57 mmol/g, Novabiochem) by double coupling steps and
HBTU as coupling reagent. The pseudoproline derivatives
Fmoc-Asp(OtBu)-Thr(�Me,Me,pro)-OH for Asp-6/Thr-7 and
Fmoc-Ser-(tBu)-Thr(�Me,Me,pro)-OH for Ser-12/Thr-13 were
used. In order to minimize any secondary structure formation
and to increase the synthesis efficiency the sterically less
hindered Fmoc-Asn(Dmcp)-OH was used at position 17 instead
of the trityl derivative. The protected peptide was then
cleaved from the resin as described above. The α-thiolester
of BF2(1–41) was produced by treating the crude protected
peptide (200 mg, 20.73 µmol, 9649 g/mol) with DIPCDI (2 eq,
6.5 µl), HOBt.H2O (2 eq, 6.4 mg) and p-acetamidothiophenol
(15 eq, 52 mg) in dichloromethane (8 ml) overnight. The solvent
was removed and the residue deprotected with trifluoroacetic
acid/water/triisopropylsilane (95:3 : 2 v/v/v) for 3.5 h at rt.
After precipitation with ice-cold diethyl ether, the deprotected
peptide thiolester was centrifuged and washed with diethyl
ether and then with acetonitrile to remove all traces of p-
acetamidothiophenol and its oxidized dimer. The correct mass
of the thiolester of the peptide BF2(1–41) was found by MALDI-
TOF-MS ([M ]calc.: 5090 Da, [M + H]found: 5091 Da). The crude
thiolester was then purified by RP-HPLC on a Shimadzu
LC8 system by using a VDS Optilab Kromasil C18 column
(250.0 × 50 mm, 10 µm, AKZO Nobel, Sweden) with a linear
gradient of 30% B–80% B in 50 min at a flow rate of 50 ml/min
with spectrometric monitoring at λ = 220 nm.
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For the peptide BF2(42–90) Y42C, the 49-mer bearing a
cysteine residue at its N-terminus was synthesized using
SPPS with the H-Asn(Trt)-HMPB resin (220 mg, capacity
0.26 mmol/g, ChemMatrix) and HBTU as coupling agent.
For optimized synthesis double coupling steps and the
pseudoproline Fmoc-Leu-Ser(�Me,Me,pro)-OH for Leu-62/Ser-
63 were employed. After cleavage/deprotection the correct
mass of the peptide BF2(42–90) Y42C ([M ]calc.: 6044.3 Da,
[M ]found: 6044 Da) was observed. Before further use in NCL the
peptide was purified by RP-HPLC as described for SF2(42–90)
with a linear gradient of 40% B-65% B in 50 min at a flow rate
of 15 ml/min.

The first mutant BF2 Y42C was then assembled according
to the NCL procedure described above for SF2 using the
thiolester of BF2(1–41) (12.0 mg, 2.36 µmol) and the C-
terminal fragment BF2(42–90) Y42C (12.8 mg, 2.12 µmol).
The ligation product was purified by RP-HPLC as described
above with a linear gradient of 38% B-58% B in 50 min at a
flow rate of 15 ml/min (HPLC data not shown). ESI-MS and
MALDI-TOF-MS confirmed the correct mass of the ligation
product ([M ]calc.: 10 967.8 Da, [M + H]found: 10 970 Da, data
not shown). We obtained 2.8 mg (0.26 µmol) of the purified
peptide BF2 Y42C with a yield of approximately 12% based on
the amount of BF2(42–90) Y42C.

For the second mutant the fully protected N-terminal
fragment BF2(1–46) with Boc-methionine at the N-terminus
was obtained via SPPS with HBTU using 2-chlorotrityl resin
(250 mg) from CBL Patras, which was initially preloaded
with the C-terminal methionine residue (M46), and had a
capacity of 0.124 mmol/g as determined by UV-spectroscopy
at λ = 301 nm after cleavage of the Fmoc protecting group.
For the synthesis of this peptide we used the same protocol
as described for BF2(1–41). The α-thiolester of BF2(1–46)
was obtained by treating the crude peptide (80 mg, 7.54 µmol,
10 611.3 g/mol) with DIPCDI (1.5 eq, 1.8 µl), HOBt.H2O (1.5
eq, 1.7 mg) and p-acetamidothiophenol (15 eq, 18.9 mg) in
3 ml dichloromethane overnight. After cleavage/deprotection
of an aliquot, the correct mass of the thiolester was confirmed
([M ]calc.: 5067.6 Da, [M ]found: 5068 Da), and the crude
thiolester was purified by RP-HPLC on a Shimadzu LC8
preparative HPLC using a C18 column (30.0 × 250 mm, 10 µm,
Agilent) with a linear gradient of 40% B–65% B in 50 min at
a flow rate of 15 ml/min with spectrometric monitoring at
λ = 220 nm.

Peptide BF2(47–90) S47C, the 44-mer bearing a cysteine at
its N-terminus, was synthesized via SPPS with HBTU using
the H-Asn(Trt)-HMPB resin (150 mg, capacity 0.26 mmol/g,
ChemMatrix), double coupling steps and the pseudoproline
derivative Fmoc-Leu-Ser(�Me,Me,pro)-OH for positions 62/63.
The peptide showed the correct mass ([M ]calc.: 5443.6 Da,
[M ]found: 5443 Da) and was purified prior to NCL by RP-HPLC
on a Shimadzu LC8 preparative HPLC using a Kromasil C18
column (250.0 × 50 mm, 10 µm, AKZO Nobel, Sweden) with a
linear gradient of 37% B–87% B in 50 min at a flow rate of
50 ml/min with spectrometric monitoring at λ = 220 nm.

The second mutant BF2 S47C was obtained as described
above for BF2 Y42C after NCL of the thiolester of BF2(1–46)
(13.3 mg, 2.31 µmol) and the C-terminal fragment BF2(47–90)
S47C (12.5 mg, 2.30 µmol), and the reaction was complete
within 4 h. The ligation product was purified by RP-HPLC
as described for SF2 with a linear gradient of 40% B-60% B
in 50 min at a flow rate of 15 ml/min (Figure 3). ESI-MS
(Figure 4) and MALDI-TOF-MS confirmed the correct mass of

the ligation product ([M ]calc.: 11 043.5 Da, [M ]found: 11 043
Da). We obtained 5.2 mg (0.47 µmol) of the purified peptide
BF2 S47C with a yield of approximately 20% based on the
amount of BF2(47–90) S47C.

RESULTS AND DISCUSSION

For the synthesis of the full-length SF2, we have
applied the NCL method as this strategy has been
successful the protein sPB1-F2 derived from the H1N1
human isolate PR8 [18]. The NCL method involves the
condensation of two unprotected peptide segments,
one bearing a C-terminal α-thiolester and the other
a N-terminal cysteine residue, to afford a full-length
polypeptide with a native amide linkage at the site of
ligation [20,22,23]. Conveniently, a cysteine residue is
present at position 42 of SF2, which could be exploited
for this ligation approach.

As the native sequence of BF2 does not contain a
cysteine residue for use in the NCL method, synthesis of

Figure 3 RP-HPLC monitoring of the synthesis of BF2
S47C. (∗ thiolester of BF2(1–46) and BF2(47–90) S47C,
� BF2 S47C): (A) start of the ligation reaction; (B) after
45 min, and (C) after 3 h; (D) purified peptide BF2 S47C.
(E) Primary sequence of BF2 derived from the avian H5N1 IAV
isolate A/duck/Guangdong/12/2000. (F) Schematic depiction
of the three synthesized overlapping fragments. (G) Schematic
depiction of the two fragments used for chemical ligation to
both full-length mutants.
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Figure 4 Positive ion ESI mass spectrum of purified BF2 S47C showing the experimental mass spectrum (A) and the
deconvoluted mass spectrum with the intense envelope of the molecular ion centered at 11 043.2 Da (B).

the full-length molecule via the standard SPPS protocol
was attempted. A new PEG-resin from ChemMatrix,
with better swelling features than normal polystyrene
resins [24], was selected. After cleavage from the
resin, however, the desired BF2 peptide could not be
detected in the crude product. In a second approach,
we attempted the convergent fragment condensation
procedure on solid support by coupling the fully
protected peptide BF2(25–50) to the resin linked C-
terminus BF2(51–90) and subsequent condensation of
the fully protected peptide BF2(1–24) to obtain the full-
length BF2. In order to prevent the risk of racemization
the couplings were performed at glycine residues 24
and 50 of the native sequence. Again the native full-
length BF2 could not be produced and only fragments
were detectable in the mass spectrum.

As a consequence of our success with the NCL
method for SF2 reported above and previously for sPB1-
F2 [18], we decided to introduce cysteine residues
into the central region of the molecule and thus to
generate variants of BF2. As first variant the peptide
BF2 Y42C was synthesized as this mutation occurs
in nearly 30% of native avian influenza A PB1-F2
sequences; it is located in the same position as that
in SF2 synthesized above and sPB1-F2 synthesized
previously. For a second variant an exchange S47C was
selected in order to preserve a residue of similar size
and properties. The time for this ligation was longer
than that of the first mutant BF2 Y42C and of SF2
as a methionine thiolester was used instead of the
histidine thiolester. One reason for the different reaction
times could be the differences in the steric properties
of the two amino acids [25]. However, the strategy
was successful and is currently the only method that
produces significant amounts of the mutants of BF2.

Molecular Characterization of the Full-Length
Proteins and their Fragments

The experimental ESI mass spectra of both BF2
mutants (Y42C, MS data not shown and S47C,
Figure 4) showed well-defined peaks for the multiply
charged (9–16 fold positively charged) molecular ions
(Figure 4(A)) which after deconvolution resulted in
molecular ion clusters of isotope-resolved peaks at
the expected molecular masses (Figure 4(B)) with only
traces of by-products that could not be removed by
further purification steps.

The correct mass (average 10 810.4 Da) was also
established for SF2 (Figure 2(A)) but in contrast to
the BF2 peptides the measured spectrum showed a
less regular distribution of molecular ion peaks here
(Figure 2(A)). It is widely accepted that such a pattern
of peaks is indicative of a heterogeneous population of
a peptide with the highly charged peaks (12–15 fold
in this case) representing a freely accessible (unfolded,
denatured) and the lower charged peaks (7–8 fold) rep-
resenting a more compact form of the peptide that can
be surface protonated. Further, the deconvoluted spec-
tra of SF2(1–90) show small amounts of a +16 product
most likely representing a population of the peptide
oxidized at one of its Met or Trp residues.

In addition to the reverse phase acetonitrile gra-
dient HPLC chromatography and mass spectromet-
ric analyses, the purity of the peptides and proteins
was assessed by SDS-PAGE under reducing conditions
(Figure 5). In each case single bands were detectable,
thus confirming their purity after HPLC purification.

In order to provide more direct evidence for the correct
synthesis of the various peptides, sets of 2D 1H NMR
spectra were recorded in 50% aqueous trifluoroethanol
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Figure 5 Quality control of peptides and proteins by
SDS-PAGE: 1 µg of synthesized peptide/protein per lane
were resolved on a 15% PAA gel by SDS-PAGE under
reducing conditions, followed by staining with Coomassie
blue. molecular weight marker proteins are shown at the
right: 6.5 kDa aprotinin; 14.2 kDa α-lactalbumin; 20 kDa
trypsin inhibitor; 24 kDa trypsinogen; 29 kDa carbonic
anhydrase; 36 kDa glyceraldehydes-3-phosphate dehydroge-
nase; 45 kDa ovalbumin; 55 kDa glutamic dehydrogenase;
66 kDa albumin. This figure is available in colour online at
www.interscience.wiley.com/journal/jpepsci.

under conditions published previously for this kind
of protein [26]. Standard procedures allowed the
unambiguous amino acid spin system and sequence
assignment of all the peptides corresponding to the
N-, central, and C-terminal fragments of BF2 and SF2

(data not shown). Thus, the NMR data confirmed the
correct sequence composition and no significant signals
corresponding to either by-products or impurities were
detected.

It was furthermore important to establish the
correctness of the full-length products SF2, BF2 Y42C,
and BF2 S47C. The qualitiy of the peptides can be
conveniently illustrated with the protein BF2 Y42C.
As expected homonuclear 1H spectra of this peptide
revealed considerable signal overlap at 600 MHz as
well as differential signal broadening in the 1D 1H
NMR spectrum (Figure 6). In the NH/aromatic region
of the 2D TOCSY spectrum between 6.4 and 8.8 ppm
only distinguishable traces from the NH signals are
observed for residues at the termini of the molecule
with the intensities of the cross peaks decreasing
as one proceeds into the interior of the sequence.
Similarly, the side-chain signals display sharper signals
than those in the backbone. These phenomena are
observed for the five low-field ring NH signals of the
tryptophan residues between 9.5 and 10 ppm (inset
Figure 6) where the signals of residues 9, 80, and
88 are sharper than those of the interior residues
58 and 61. Detailed comparison of the 2D 1H COSY,
TOCSY, and NOESY spectra in the NH/aromatic region
of the protein and of these with those of the fragments
allowed the amino acid spin system and sequence
assignments of the first 25 N-terminal residues and
19 of the 25 C-terminal residues (Figure 7). NOE
interactions of the δ ring protons of the aromatic
residues to the α and β protons afforded partial
assignment of these residues in the central section
of the molecule. In total these data confirmed the

Figure 6 1D 1H NMR spectrum of BF2 Y42C recorded in 50% aqueous TFE at 300 K and pH 3. The inset region of the 2D
NOESY spectrum shows the five Trp ring NH intra-residue interactions with H2 (7.0–7.3 ppm) and H7 (7.4–7.6 ppm).
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Figure 7 Assigned ‘Fingerprint region’ of the 2D TOCSY
spectrum of BF2 Y42C recorded in 50% aqueous TFE at 300 K
and pH 3. The strongest signals are observed for residues
at the termini of the molecule with intensities decreasing for
residues in the interior of the sequence.

molecular identity of the synthetic material and offered
a first partial insight into the folding of the N- and
C-termini.

CONCLUSIONS

The present study of the synthesis of three related full-
length PB1-F2 molecules demonstrates that (i) medium-
size fragments of up to approximately 40 residues can
be conveniently synthesized by SPPS using the step-by-
step method provided that side-chain reactions involv-
ing Asp–Gly and folding problems are prevented by the
use of Hmb-protected glycine residue and the pseudo-
proline strategy, and (ii) for larger peptides the step-by-
step method is too inefficient and alternative procedures
are required. Natural chemical ligation is one of the
methods of choice for such full-length polypeptides, but
requires the presence of a cysteine residue preferably
in the center of the molecule. Because of the absence
of a cysteine residue in the native BF2 protein, this
problem could be bypassed with the variants BF2 Y42C
and S47C, the first in analogy to common mutations
observed for the related protein PB1-F2 and the second
as a conserved amino acid exchange. This study also
shows that in all cases a careful choice of commer-
cially available resins and reaction conditions exerts
a significant impact on the efficiency of a particular
synthesis.
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