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Improved Fmoc-based solid-phase synthesis
of homologous peptide fragments of human
and mouse prion proteins
Dolors Grillo-Bosch,a,b Francesc Rabanalb and Ernest Giralta,b∗

The synthesis of difficult peptide sequences has been a challenge since the very beginning of SPPS. The self-assembly of the
growing peptide chains has been proposed as one of the causes of this synthetic problem. However, there is an increasing
need to obtain peptides and proteins that are prone to aggregate. These peptides and proteins are generally associated with
diseases known as amyloidoses. We present an efficient SPPS of two homologous peptide fragments of HuPrP (106–126) and
MoPrP105–125 based on the use of the PEGA resin combined with proper coupling approaches. These peptide fragments were
also studied by CD and TEM to determine their ability to aggregate. On the basis of these results, we support PEG-based resins
as an efficient synthetic tool to prepare peptide sequences prone to aggregate on-resin. Copyright c© 2010 European Peptide
Society and John Wiley & Sons, Ltd.
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Introduction

An inherent problem in stepwise SPPS is the self-association of
the growing peptide chains [1], which can lead to incomplete
coupling and/or deprotection reactions [2]. Peptide sequences
that present this problem have been commonly known as difficult
sequences [3]. One cause of these undesired synthetic problems
is the self-association of the growing peptide chain in β-sheets
[4–7].

There is an ever-increasing need for synthetic peptides
and proteins that are associated with the diseases known as
amyloidoses, which include AD, PD, and prion diseases such as
CJD. In amyloidoses, specific peptides or proteins fail to fold
or to remain correctly folded, and then aggregate into amyloid
deposits [8]. These deposits contain amyloid fibrils that exhibit a
cross-β structure composed of β-sheets of the peptide where the
β-strands run nearly perpendicular to the long axis of the fibril
and the interchain hydrogen bonds run nearly parallel to the long
axis of the fibril [9,10]. Owing to their high tendency to aggregate,
these peptides and proteins are difficult to synthesise by chemical
solid-phase methods [11,12].

The key event in the pathogenesis of prion diseases is the
conformational change of normal cellular prion protein (PrPC)
to the infectious, protease-resistant prion (PrPSc) form, which
aggregates into amyloid fibrils [13–15]. PrPC is an extracellular
glycoprotein containing a hydrophobic path within residues
113–128 that is highly conserved among all studied species
[16,17]. Peptide fragments containing all or part of this region
have been used as models for PrP aggregation in vitro [18,19].
These fragments include a frequently used one that spans residues
106–126 of HuPrP, known as HuPrP106–126 (Figure 1(a)), which
contains a group of hydrophilic amino acids at its N-terminus
(106KTNMKH112M) and hydrophobic amino acids at its C-terminus
(113AGAAAAGAVVGGL126G) [18,20,21]. HuPrP106–126 has been
described to exhibit some of the physicochemical and pathogenic

properties of PrPSc. It has a high tendency to adopt a β-sheet
secondary structure [22], forms amyloid fibrils in vitro [23,] is
partially resistant to proteolysis [24], and is toxic to neurons in vitro
[23,25]. These qualities make HuPrP106–126 a good candidate
for modelling the aggregation or inhibition of PrP. However,
HuPrP106–126 is also considered to be a difficult synthetic target
because of its high tendency to aggregate [26].

Various stepwise SPPSs of HuPrP106–126 using either Boc
or Fmoc strategies have been reported. Although the Boc-
based ones have proven to be successful [26], the Fmoc-based
ones have offered varying levels of success [26–29]. In general,
the Fmoc-based syntheses use polystyrene resins, such as the
Wang resin, and differ in their approach in resolving undesired
self-association of the growing sequence, encompassing the
use of Hmb-amide protecting groups [26,27,] Dmb-protected
dipeptides [29], a mixture of DMF/NMP as solvent [30], and/or
high temperatures [28,31]. However, using extreme conditions
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IMPROVED SYNTHESIS OF PEPTIDE FRAGMENTS OF THE PRION PROTEIN

Figure 1. Sequences of the synthesised PrP fragments. The hydrophilic amino acids of the N-terminal section are shown in black, the hydrophobic amino
acids of the C-terminal section are shown in blue, and the amino acids that differ between HuPrP and MoPrPs in these peptide fragments are shown in
red. (a) HuPrP fragment spanning residues 106–126 (HuPrP). (b) The homologous MoPrP fragment, containing residues 105–125 (MoPrP).

for amino acid couplings – especially high temperatures – can
decrease the quality of the desired peptide, chiefly due to side
reactions such as amino acid racemisation [1].

Herein we present efficient solid-phase syntheses of both
HuPrP106–126 (Figure 1(a)) and its homologue MoPrP fragment,
which spans residues 105–125 of MoPrP (Figure 1(b)), on PEGA
resin. Although this hydrophilic copolymer resin was originally de-
scribed by Meldal et al. as a convenient support for post-synthetic
screening of peptides in aqueous environments – including for as-
says entailing large biomolecules (e.g. enzymes or other proteins)
[32–34] – , we found that it also performs very well for synthesising
peptide sequences prone to self-associate on-resin.

Materials and Methods

Reagents and Solvents

Fmoc-protected amino acids were obtained from Advanced
ChemTech (Louisville, KY, USA), Iris Biotech GmbH (Marktredwitz,
Germany) and Senn Chemicals (Dielsdorf, Switzerland). Coupling
agents such as TBTU and HOBt were purchased from Albatros
Chem. Inc. (Montreal, Canada); DIPCDI and DMAP were acquired
from Fluka (Buchs, Switzerland); and DIEA was supplied by Merck
(Hohenbrunn, Germany). HMBA was obtained from Novabiochem
(Läufelfingen, Switzerland) and PEGA resin from Polymer Lab-
oratories (Shropshire, UK). Solvents such as TFA were acquired
from Fluorochem (Old Glossop, UK) and piperidine, toluene, DMF,
DCM, and MeCN from SDS (Peypin, France). DBU was purchased
from Aldrich (Steinhein, Germany). Scavengers like EDT was ac-
quired from Aldrich (Milwaukee, WI, USA) and TIS from Fluka
(Buchs, Switzerland). MilliQ water was obtained using a MilliQ
gradient A10 system (Millipore, Billerica, MA, USA). 4-HCCA was
purchased from Aldrich (Steinhein, Germany). NaOH was supplied
by Sigma–Aldrich Co. (St. Louis, MO, USA). HCl was purchased
from Scharlau (Barcelona, Spain). ThT was obtained from Fluka
(Buchs, Switzerland) and uranyl acetate from Electron Microscopy
Sciences (Fort Washington, PA, USA). Finally, all Edman degrada-
tion reagents were purchased from Applied Biosystems (Foster
City, CA, USA).

Peptide Synthesis

Peptides were synthesised at a 100-µmol scale. HMBA handle
was manually coupled to PEGA resin (fi = 0.4 mmol/g; particle
size = 300–500 µm) using HMBA/TBTU/DIEA (3 : 2.85 : 6 equiv.
with respect to the resin). HMBA, TBTU, and DIEA were dissolved
in 1 ml DMF, and, after 3 min of preactivation, this mixture was
added to the resin. A few drops of DCM were added to favour resin
swelling. The reaction was then stirred for 4 h at 315 rpm using an
orbital shaker [34]. Total coupling was estimated by the Kaiser test
[35].

The first amino acid, Fmoc-Gly-OH, was also coupled manually.
Fmoc-Gly-OH/DIPCDI/DMAP (4 : 4 : 0.4) were dissolved in 1 ml DMF,
and, after 3 min of preactivation, this mixture was added to the

resin. A few drops of DCM were added to favour resin swelling.
The reaction was stirred for 1 h at 315 rpm using an orbital
shaker. An additional cycle of coupling was required for complete
incorporation of Fmoc-Gly-OH. Total coupling was determined by
the alcohol test [36].

The rest of the amino acids were assembled by automated
Fmoc solid-phase synthesis using an Applied Biosystems model
433A peptide synthesiser (Foster City, CA, USA) following the
FastMoc 0.10 �monPrev PK method [37]. Briefly, Fmoc groups
were removed using piperidine/DMF (1 : 4) by means of two
short deprotection cycles (2 min × 2 min) and one long cycle
(7.6 min). After a cleaning step with DMF (4 min × 2.5 min), the
amino acids were dissolved in the appropriate volume of 0.45 M

TBTU/HOBt in DMF for 7.6 min followed by the addition of the
appropriate volume of 2 M DIEA in NMP to activate the amino
acid and transfer it to the reactor (2.1 min). Couplings (13.8 min)
were mediated by TBTU/HOBt/DIEA (9 : 9 : 20 equiv. with respect
to the resin) using 10 equiv. of Fmoc-amino acids. Finally, the side-
chain-protecting groups of HuPrP106–126 and MoPrP105–125
were removed with TFA/H2O/EDT/TIS (94 : 2.5 : 2.5 : 1) for 2 h and
TFA/H2O/TIS (95 : 2.5 : 2.5) for 1 h, respectively, with mild orbital
shaking. If needed, peptides were cleaved from the resin using aq.
0.1 M NaOH for 2 h. Finally, the cleavage mixture was treated with
0.1 M aq. HCl until it reached neutral pH.

Peptide Characterisation and Quantification

Peptides were characterised by analytical RP–HPLC [Waters
2695 separation module equipped with a 996 PDA (Waters,
Massachusetts, USA), and a reverse-phase symmetry column (C18,
5 µm, 4.6 × 150 mm, Waters); flow = 1 ml/min; linear gradient:
0–40% B in 15 min (A = 0.045% TFA in H2O; B = 0.036% TFA in
MeCN), detection at λ = 220 nm].

Peptide identities were confirmed by MALDI–TOF mass spectra
analysis (Applied Biosystems 4700 proteomics analyser); HPLC–MS
[Waters 2795 separation module equipped with a Waters 2487 dual
λ absorbance detector; Waters ESI–MS micromass ZQ detector;
reverse-phase Symmetry column (C18, 4.6 mm × 150 mm,
5 µm, Waters)]; and Edman degradation (Procise CLC492 Applied
Biosystem module, Foster City, CA). The matrix used for sample
analysis by MALDI–TOF was a saturated solution of 4-HCCA in 1 : 1
MeCN/H2O with 0.05% TFA.

Peptides were quantified by amino acid analysis on a Beckman
System 6300 equipped with a 250 mm × 4 mm cation exchange
column of polysulphonate resin after being hydrolysed in 6 M aq.
HCl at 110 ◦C for 24 h.

Peptide Purification

Crude peptides were purified by semi-preparative RP–HPLC
[Waters 600 controller equipped with Waters 2487 dual λ

absorbance detector, and a symmetry column (C8, 5 µm, 30 mm
× 100 mm, Waters); flow = 10 ml/min; gradient = 0% B for 5 min,
then 0–10% B in 5 min, then 10–50% B in 30 min (A = 0.1% TFA
in H2O; B = 0.1% TFA in MeCN), detection at λ = 220 nm].

J. Pept. Sci. 2011; 17: 32–38 Copyright c© 2010 European Peptide Society and John Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/psc
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Preparation of PrP Fragments for Aggregation Assays

Stock solutions (1 mM) of HuPrP106–126 and of MoPrP105–125
in MilliQ H2O at 4 ◦C were prepared. Samples were spun down
(Eppendorf 5415 R centrifuge) at 10 000 rpm for 10 min at 4 ◦C to
remove aggregates. The exact concentration was determined
by amino acid analysis, and the desired amounts of these
stock solutions were then taken and lyophilised. The lyophilised
samples were dissolved in 140 mM KF, 10 mM potassium phosphate
buffer (pH 7.41) to obtain a final concentration of 537 µM. Both
peptide samples were left to aggregate to generate amyloid
fibrils.

Electron Microscopy

Fibril formation was tracked by TEM using the drop method.
Briefly, 10 µl of sample were applied to formvar-coated carbon
grids (400 mesh) for 1 min. The grid with the sample was then
washed with two drops of MilliQ H2O (1 min/drop). Finally, the grid
was negatively stained with two drops (40 µl each) of 2% aqueous
uranyl acetate. The samples were air dried, and then viewed in
a JEOL JEM (Tokyo, Japan) 1010 TEM, operating at 80 KV and
equipped with a MegaView III digital camera from SoftImaging
(Münster, Germany). The software used was the analysis from
SoftImaging (Münster, Germany).

Circular Dichroism

All CD measurements were taken with a JASCO J-810 spectropo-
larimeter and Hellma 1 mm light-path precision cells made of
suprasil quartz. CD data were analysed using spectra analysis v.
1.53.04 software.

CD samples were prepared as follows: briefly, 2.1 mg of
HuPrP106–126 and 1.9 mg of MoPrP105–125, determined by
amino acid analysis, were dissolved in 2000 and 1750 µl of
MilliQ H2O respectively. Aliquots were taken and lyophilised. Each
aliquot was dissolved in the appropriate volume of 140 mM KF
and 10 mM phosphate buffer (pH 7.41) to obtain 537 µM peptide
solutions.

CD measurements on the PrP fragments were taken at 0 and
24 h, 4 and 6 days after the start of aggregation. Aggregated
samples were left on a VorTemp 56 benchtop incubator at
500 rpm at 27 ◦C. After the appropriate aggregation period, 80 µl
aliquots of each solution were taken, and then stored at 4 ◦C until
measurement. Prior to measurement, each sample was diluted in
MilliQ H2O at 1 : 4 (v/v).

Results and Discussion

Peptide Synthesis and Characterisation

We chose our synthetic approach based on the high content of
hydrophobic amino acids at the C-terminus of HuPrP106–126
and MoPrP105–125 (Figure 1), as we aimed to minimise on-resin
peptide self-assembly during synthesis, in order to avoid formation
of any deletion peptides. Although Boc/Bzl strategy is sometimes
recommended for difficult sequences due to the repetitive use
of TFA that can prevent on-resin aggregation of the growing
peptide chain, we selected instead a combination of Fmoc/tBu
chemistry and a polar resin, such as PEGA, to explore other
approaches to avoid this problem. Fmoc/tBu chemistry had been
previously reported to be successful to obtain HuPrP106–126 [29].

However, Cardona et al. use polystyrene Wang resin combined
with Dmb-peptides and single 30-min coupling reactions. In
our case, we chose the PEGA resin, composed of a hydrophilic
copolymer because it has better swelling properties – including
in aqueous solvents [34] – compared to the Wang resin, which
is polystyrene based. In addition, it also avoids protected
peptide–resin interaction because of its polar nature [12,38];
features a low to medium level of functionalisation; is also
amenable to automated peptide synthesis; is highly flexible,
owing to its internal structure [32,33]; and, lastly, is compatible
with biological assays [32,39,40]. We selected HMBA as the
handle, owing to its stability to TFA, which ensures an adequate
protection scheme. Moreover, using this handle the cleavage can
be performed with a variety of nucleophiles to generate peptides
with various C-terminal carboxy modifications [41,42]. We used
0.1 M aq. NaOH to release the peptides as their C-terminal free
carboxylic acids.

Our first synthesis of peptide HuPrP106–126 gave a poor yield
(49%) and contained many impurities (purity ≤39%) (Figure 2(a)).
Deletions of Lys106, Thr107, His111, and Ala115 were detected by
Edman degradation and MALDI–TOF MS (Figure 2(a)). Thus, for
subsequent syntheses, we employed systematic recouplings in
these positions. We also introduced extra systematic recouplings
in positions that we considered as potentially prone to deletions
(Ala116 and Val121).

The second synthesis of HuPrP106–126, using the new protocol
(Figure 2(b)), gave a crude product of much higher purity
(>74%) and in better yield (63%). HPLC and MALDI–TOF MS
analyses (Figure 2(b)) revealed minor amounts of other, more
hydrophilic peptides, which we were unable to identify. The
MALDI–TOF MS spectrum confirmed the expected product
[(M+H)+ , m/z = 1911.9] and also showed peaks corresponding
to adducts (M+Na)+ (m/z = 1933.9) and (M+K)+ (m/z = 1955.9).

The crude peptide was lyophilised and purified by semi-
preparative HPLC (Figure 2(c)). We obtained aliquots of
HuPrP106–126 of >92% purity, which were characterised by
HPLC, amino acid analysis, and mass spectrometry (Figure 2(c)).
HPLC revealed a single peak (rt = 9.97 min) and the mass spectrum
confirmed the presence of the (M+H)+ species (m/z = 1911.9)
corresponding to the desired molecule, HuPrP106–126, together
with the (M+Na)+ (m/z = 1933.9) and (M+K)+ (m/z = 1949.9)
peaks.

The results obtained using this protocol equal [29] or improve
[26] the ones reported previously by other groups using Fmoc
strategy. These last groups were not able to obtain the peptide
or obtained the crude peptide in very poor yield (under 10%)
[26].

Taking into account these results, we then synthesised Mo-
PrP105–125 using the recouplings established for HuPrP106–126.
The first crude peptide of MoPrP105–125 showed a purity higher
than 80% (Figure 3(a)) and was obtained in an overall yield of 68%.
In its MALDI–TOF spectrum, apart from the peaks correspond-
ing to the mass of the desired peptide [(M+H)+ , (M+Na)+ , and
(M+K)+], we also identified a peak corresponding to (M+Trt)+

(Figure 3(a)), which resulted from incomplete cleavage of the pro-
tecting group of the Asn and/or His residues. However, complete
cleavage was achieved by simply increasing the cleavage time.
We also observed a (M−18+H)+ (m/z = 1843.7) peak, which may
indicate neutral loss of a water molecule possibly from Thr. This
loss may have been induced by the high intensity laser used to
ionise the sample [43]. Finally, we also observed minor peaks
correlating to peptide fragments that correspond to single amino

wileyonlinelibrary.com/journal/psc Copyright c© 2010 European Peptide Society and John Wiley & Sons, Ltd. J. Pept. Sci. 2011; 17: 32–38
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Figure 2. HPLC chromatograms and MALDI-TOF mass spectra of synthesised HuPrP106–126 before and after purification. HPLC was run using linear
gradients of B in A (A = H2O with 0.045% TFA; B = MeCN with 0.036% TFA), and detection at 220 nm. All the MALDI-TOF spectra show the expected
product [(M+H)+] and the peaks corresponding to adducts (M+Na)+ and (M+K)+. (a) Characterisation of the first synthesis. The chromatogram of the
crude product was obtained using a linear gradient: 5–40% B in A. The peak correlating to the expected peptide is marked with an arrow. The MALDI-TOF
spectrum of the crude product also shows lower m/z peaks. (b) Characterisation of the second synthesis. The HPLC profile of the crude product was
obtained using a linear gradient: 0–40% B in A. (c) Characterisation of purified HuPrP106–126. HPLC profile of the pure product obtained using a linear
gradient: 0–40% B in A.

acid deletions of Val, Gly, or Ala (Figure 3(a)). All these amino acids
are located at the C-terminal region, which synthetically is the
most challenging one.

Finally, we purified MoPrP105–125 by semi-preparative HPLC.
We obtained a peptide with purity higher than 90%. Its MALDI-
TOF spectrum confirmed the expected molecular weight and high
purity of MoPrP105–125. The (M+H)+ (m/z = 1862.0), (M+Na)+

(m/z = 1884.0), (M+K)+ (m/z = 1899.9), and (M+Na+K)+

(m/z = 1921.9) peaks were detected almost exclusively.
In summary, our results, when compared to the ones of Cardona

et al., suggest that, to prepare aggregation-prone sequences by
Fmoc/tBut SPPS without the use of backbone protection (Dmb), a
polar support and recouplings at difficult positions are required.
Thus, both approaches are reasonable and appropriate.

Peptide Aggregation Assays

As mentioned in the preceding paragraph, amyloid fibrils exhibit
a cross-β structural motif formed by β-sheets [9,10]. Thus, to study
the ability of each peptide fragment to form amyloid fibrils, we
used CD to evaluate the presence of β-sheets as this technique has
proven useful for determining the secondary structure of proteins
in solution [44–47]. Finally, we used TEM to assess the morphology
of the aggregates.

We studied the secondary structural changes of both peptide
fragments, HuPrP106–126 and MoPrP105–125, by CD at a
concentration of 537 µM for 6 days. For HuPrP106–126, we initially
observed a strong negative band at 196 nm, which suggested
that the dominant structure present was a random coil, and a
weak negative band near 225 nm, which had previously been

J. Pept. Sci. 2011; 17: 32–38 Copyright c© 2010 European Peptide Society and John Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/psc
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Figure 3. HPLC chromatograms and MALDI-TOF mass spectra of synthesised MoPrP105–125 before and after purification. HPLC was run using linear
gradients of 10–50% of B in A (A = H2O with 0.045% TFA; B = MeCN with 0.036% TFA), and detection at 220 nm. (a) HPLC chromatogram of crude
MoPrP105–125. The MALDI-TOF MS spectrum contains the expected masses [(M+H)+, (M+Na)+ and (M+K)+], plus higher [(M+Trt)+] and lower
[(M−18+H)+] and deletions peaks. (b) HPLC chromatogram of purified MoPrP105–125. The MALDI-TOF mass spectrum of the purified peptide shows
the expected masses [(M+H)+, (M+Na)+, (M+K)+ and (M+Na+K)+].

attributed to the presence of small amounts of β-sheet [28]
(Figure 4(a)). After 24 h of aggregation, we observed a very intense
positive band centred at 197 nm and a strong negative band at
220 nm (Figure 4(a)), both of which are characteristic of β-sheet
structures. After 4 days of incubation, the intensity of both bands
decreased, but after 6 days, it plateaued, suggesting that some of
the structures had precipitated out of solution (Figure 4(a)).

For MoPrP105–125, we initially observed a broad negative band
centred at 197 nm, which is indicative of a random coil structure
(Figure 4(b)). After 24 h of aggregation we observed a maximum
centred at 212 nm that we interpreted as a transition band
between the initial random coil structure and the final secondary
structure (Figure 4(b)). After 4 days of incubation, we observed the
characteristic β-sheet bands, with a maximum centred at 199 nm
and a broad negative band centred at 219 nm. After 6 days
of incubation, the intensity of both bands had decreased and
the maximum had shifted slightly, towards 201 nm (Figure 4(b)),
possibly indicating that some of the structures had precipitated
out of solution.

We also followed the aggregation process of both peptide
fragments by TEM for 6 days. For HuPrP106–126, we initially
observed doughnut-like protofibrils [48,49] together with very
short fibrils (Figure 4(a)). After 24 h, we observed amyloid fibrils,
which is in agreement with the CD results of a strong band
suggesting a β-sheet. At 4 and 6 days of incubation, we observed
only thin, unbranched amyloid fibrils similar to the ones reported
previously [50] (Figure 4(a)).

Similarly, for MoPrP105–125, we initially observed doughnut-
like protofibrils together with amorphous material and some fibrils
(Figure 4(b)). After 24 h of incubation we observed unbranched
amyloid fibrils with lateral stacking. At 4 days of incubation,
we similarly observed unbranched amyloid fibrils with lateral

stacking together with some circular protofibrils. Finally, at 6 days
of incubation, only the presence of unbranched amyloid fibrils
with lateral stacking could be observed.

These TEM results are consistent with the CD results and indicate
that both peptide fragments can form amyloid fibrils under the
selected conditions.

Conclusions

In summary, we have presented a highly efficient solid-phase
synthesis of hydrophobic, alanine-rich peptide fragments of
HuPrP and MoPrPs, which is based on Fmoc/tBu chemistry. We
used a combination of PEGA resin with appropriate systematic
recouplings. The moderate functionalisation together with the
swelling properties of polar PEGA resin probably contribute to
minimising on-resin self-association and interaction with the resin
of growing peptide chains when synthesised by SPPS. Finally, as
expected, the synthesised PrP peptide fragments were observed
to form amyloid fibrils, as assessed by CD and TEM. In light of our
results, we conclude that PEG-based resins in combination with
an optimised coupling strategy have proven to be an efficient
synthetic tool that yields peptides containing difficult sequences
prone to aggregate in high yield and purities.
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Figure 4. CD spectra and TEM micrographies obtained for synthesised homologous fragments of HuPrP and MoPrPs at 530 µM. Each CD panel contains
four spectra that were recorded at different time points of aggregation: 0 h (black solid line) and 24 h (grey solid line); 4 days (black dashed line) and
6 days (grey dashed line). Each spectrum represents two independent experiments. TEM micrographies of the samples analysed by CD at different time
points are: 0 and 24 h; 4 and 6 days. (a) CD spectra and TEM micrographies of HuPrP106–126. (b) CD spectra and TEM micrographies of MoPrP105–125.
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