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Abstract: Previous studies have shown the amyloid peptides, A� 1-40/42, to be exceptionally difficult to
assemble by Fmoc-solid phase peptide synthesis due to the high hydrophobicity of the C-terminal segment
and resulting on-resin aggregation. We found that the use of the stronger and more efficient base, DBU, at
a concentration of 2% in DMF for N�-Fmoc deprotection allowed substantially improved continuous flow
solid phase assembly of the model peptide A� 29-40/42 fragments. This suggested that, at least for these
sequences, incomplete deprotection was a greater problem than incomplete amino acid acylation. This base
was then used during the synthesis of both A� 1-40 and A� 1-42, up to and including Ser8, from which
point 20% piperidine in DMF was utilized so as to avoid potential aspartimide formation at Asp7. By this
means, the deprotection efficiency through the difficult C-terminal portion of the sequence was much
improved and resulted in increased availability of terminal amino groups for acylation. This simple strategy
that obviates the need for special conditions significantly improved crude peptide quality and allowed
considerable facilitation of subsequent purification. Copyright © 2001 European Peptide Society and John
Wiley & Sons, Ltd.
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INTRODUCTION

Alzheimer’s disease (AD) is the most common form
of dementia affecting today’s society [1,2]. It is a
neuro-degenerative disease that is clinically charac-
terized by the gradual onset and progressive decline
in memory and other cognitive functions. While the
aetiology of AD is not yet known, the histopatholog-
ical hallmarks of the disease include the extracellu-
lar deposition of amyloid-� peptide (A�) and loaded
senile plaques in the brain parenchyma and blood
vessels [3]. A� is excised from the amyloid precursor
protein (APP) (Figure 1) by the sequential action of
�- and �-secretase enzymes, resulting in a peptide
fragment that spans the extracellular and

transmembrane regions of APP [4]. A�, a 39 or
C-terminally sequentially extended to 43 residue
peptide, has been shown to be neurotoxic [5] as a
consequence of its propensity to aggregate and form
fibrils. Such aggregation involves a number of char-
acteristics of the peptide; these include the �-
pleated secondary structure in the peptide and low
solubility in physiological conditions [6,7]. A� 1-42
forms a �-sheet structure and amyloid fibrils much
more readily than does A� 1-40 [8].

Recently there has been much interest in reports
outlining the use of A� peptides for apparently suc-
cessful immunization against AD in mouse models
of the disease. That the burden of brain amyloid can
be reduced in this manner provides convincing evi-
dence that abnormal A� processing plays a large
role in AD [9–11]. Consequently, there has been
renewed interest in the rapid and efficient produc-
tion of large quantities of A�. However, the A� se-
quence is noted for the significant challenges that it

* Correspondence to: Howard Florey Institute, University of Mel-
bourne, Victoria 3010, Australia; e-mail: j.wade@hfi.unimelb.
edu.au
1 Current address: Ocean Nutrition, Halifax, Nova Scotia B3J 1S5,
Canada.

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



IMPROVED PREPARATION OF AMYLOID-� PEPTIDES 489

Figure 1 Schematic representation of the APP and A�

cleavage by the secretase enzymes, including the A� se-
quence in single letter code.

PS-PEG resin was obtained from PerSeptive Biosys-
tems (Foster City, CA, USA). DBU was obtained
from Aldrich (St Louis, MO, USA) and used without
further purification. All organic solvents were of
HPLC grade and all other reagents were of the
highest quality available.

Peptide Synthesis

Continuous flow Fmoc-SPPS was used throughout
[17]. The �-amyloid peptides and fragments were
assembled using an Applied Biosystems Pioneer
Synthesiser (Foster City, CA, USA) and PAC-PEG-PS
supports that had been derivatized with C-terminal
residues as previously described [17]. Synthesis
scale was 0.1 mmol and Fmoc-amino acids were
activated with HBTU/DIEA in DMF [18]. Amino acid
side chain protecting groups were: Trt for Asn, Gln,
His; tBu for Ser, Asp, Glu, Tyr; tBoc for Lys and
pentamethyldihydrobenzofuransulfonyl (Pbf) for
Arg. After each synthesis, resin-bound peptides
were washed and dried, and then subjected to
global cleavage and deprotection in a mixture of
TFA/H2O/ethanedithiol (EDT)/triethylsilane (TIS)
(94:2.5:2.5:1 v/v, 10 mL). After 2–3 h, the resin was
removed by filtration and washed twice with TFA (5
mL). The total volume of the combined TFA filtrate
was reduced to less than 5 mL under a stream of
N2, and the peptide precipitated with cold diethyl
ether, centrifuged and triturated once more. The
product was then dissolved in a solution of H2O/
CH3CN/TFA (90:10:0.1 or 80:20:0.1 v/v/v) and
lyophilized.

Fmoc Deprotection during SPPS

A� 29-40 was synthesized once using 20% pipe-
ridine/DMF throughout and deprotection cycles of 5
min duration. For all other amyloid peptides 2%
DBU/DMF solution was used in a deprotection cycle
of 5 min duration until residue Ser8 at which point
the solution was changed to 20% piperidine/DMF
and the deprotection cycle time extended to 10 min.

Aspartimide Formation Study

Twenty-milligram aliquots of resin-bound A� 1-42
were treated separately with 2% DBU/DMF solution
for 40 min and 24 h. After washing and drying these
were then cleaved and deprotected by treatment
with TFA/H2O/EDT/TIS (94:2.5:2.5:1, 2 mL) for 2.5
h. Each peptide was then lyophilized and analysed
by reverse phase (RP)-HPLC and MALDI-TOF MS.

presents to the synthetic chemist [12]. As a so-
called ‘difficult sequence’ it has received much at-
tention from various laboratories interested in im-
proving the yields and crude purity of peptides
prepared by solid phase synthesis particularly us-
ing Fmoc chemistry. Recent attempts to improve
synthetic quality have focused on incorporating
backbone protection into the peptide to ease ‘on-
resin’ aggregation during the synthesis, and subse-
quently improve the permeability of reagents
through the resin [13–15]. Alternatively, attention
has also been directed at employing potent acyla-
tion reagents, such as HATU, to more efficiently
couple amino acids through the troublesome areas
of the sequence [16]. Such approaches, while ap-
parently effective, are somewhat cumbersome and
expensive. Additionally, these have principally fo-
cused on improved acylation as the primary reme-
dial action. Little work has examined the effect of
improved deprotection procedures on synthesis effi-
ciency. Consequently, we undertook to investigate
this aspect and to subsequently develop an im-
proved, simple experimental protocol to synthesize
A� 1-40/42 by Fmoc-SPPS with full automation and
at reduced cost. We describe herein our successful
efforts to modify the synthetic methodology to ac-
commodate the use of the more effective N�-Fmoc
deprotection reagent, DBU.

MATERIALS AND METHODS

Chemicals

All Fmoc-protected amino acids were of the L-config-
uration and, together with DMF and HBTU, were
obtained from Auspep (Melbourne, Australia). PAC-
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Characterization

RP-HPLC was performed on a Waters (Milford, USA)
instrument controlled by Millennium software
equipped with photo-diode array (PDA) detection.
The solvent system used throughout this study (ex-
cept where mentioned) was buffer A: 10 mM

aqueous ammonium bicarbonate, buffer B: CH3CN.
Analytical RP-HPLC was performed using a Vydac
C4 analytical column (4.6×250 mm, 5 �m) (Hespe-
ria, USA), at a flow rate of 1 mL/min using a linear
gradient of CH3CN. For MALDI-TOF MS analysis,
samples were mixed with �-cyano-4-hydroxycin-
namic acid as matrix and examined using a Bruker
BIFLEX instrument (Bremen, Germany) in linear
mode at 19.5 kV, or reflector mode at 19.5 kV, 20
kV gradient reflector.

RESULTS AND DISCUSSION

During Fmoc-SPPS, aggregation, through inter-
chain association, of the growing resin-bound pep-
tides is known to contribute to the difficulty of the
synthesis [12,19]. Aggregation typically results in a
decrease in the rates of acylation and deprotection,
and consequently leads to the production of dele-
tion products of varying length and composition.
Such a decrease in the purity of the crude material
often results in subsequent difficult purification.
Strategies to combat Fmoc-SPPS resin-bound ag-
gregation and improve synthetic product yield in-
clude the use of more potent acylation reagents
[16], backbone amide protection [14,15], incorpora-
tion of pseudoproline [20,21], microwave irradiation
to enhance coupling efficiency [22] and SPPS at
elevated temperatures [23]. However these strate-
gies, while apparently effective, can become pro-

hibitively expensive, involve extra steps and
particular care to ensure that the conditions are
suitable and complete acylation occurs.

Comparatively little work has been carried out on
another consequence of on-resin aggregation, that
of slow or inefficient removal of the Fmoc group that
can also contribute to synthesis failure [24,25]. A
solution of 20% piperidine in DMF is traditionally
and commonly employed to effect N�-Fmoc depro-
tection, a base and concentration that has proven to
be effective in most situations. However, this base
solution is often inadequate during on-resin aggre-
gation as is often evidenced by the onset of slow
broad Fmoc-piperidine adducts by UV monitoring of
the reaction effluent during continuous flow SPPS.
When this occurs, the usual course of remedial
action is extension or repetition of the deprotection
cycle of synthesis. However, it has been shown that
under such circumstances, the tertiary amidine,
DBU, is markedly more effective than piperidine
[26,27]. In order to determine if slow Fmoc depro-
tection was a significant problem in the assembly of
A� peptides, we undertook to examine the use of
this base. To assist this study, the fragment A�

29-40 was used as a model sequence and test of
solid phase synthetic chemistry. Its high hydropho-
bicity has previously made this a challenging se-
quence to assemble [28]. To confirm the difficult
synthesis of A� 29-40, we first synthesized this
peptide using standard Fmoc-continuous flow
methodology throughout together with 20% pipe-
ridine/DMF solution to effect N�-deprotection. RP-
HPLC and MALDI-TOF MS analysis of the resulting
crude product showed the presence of several dele-
tion peptides (Figure 2(a)). One of these was a single
glycine deletion that co-elutes with the target

Figure 2 RP-HPLC profiles of the crude A� 29-40/42 fragments. (a) A� 29-40 synthesized using 20% piperidine/DMF,
gradient: 10–60% B (30 min) on Vydac C4 analytical column at 60°C. (b) A� 29-40 synthesized using 2% DBU/DMF,
RP-HPLC conditions same as for (a). (c) A� 29-42 synthesized using 2% DBU/DMF, gradient: 10–90%B (30 min) on Vydac
C4 analytical column at 60°C.
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peptide under the RP-HPLC conditions employed.
Other side products included combinations of va-
line and glycine deletions. This led us to conclude
that slow coupling of Val39 onto Val40 was one
source of potential problems and that an additional
source would be the incomplete deprotection of va-
line, a residue that has a known propensity for
slow N�-Fmoc deprotection [29]. The abundance of
glycine and valine deletion products in this crude
sample clearly makes the target peptide a useful
model for improved synthetic method development.

A repeat assembly of the A� 29-40 peptide was
undertaken using a solution of 2% DBU/DMF for
N�-Fmoc deprotection. This concentration of base
has been previously recommended as appropriate
for use in ‘difficult’ peptide synthesis [26,27]. Fmoc
removal at this concentration is rapid and side
chain modification is unknown except at sensitive
Asp-X sites leading to imide formation [30]. The
substantially improved quality of A� 29-40 in this
second synthesis (Figure 2(b)) suggested that, at
least for this peptide, incomplete Fmoc group re-
moval may be a more significant problem in Fmoc-
SPPS than incomplete acylation, contrary to the
focus of others [16]. In order to confirm this result,
we synthesized A� 29-42, the C-terminal region of
the historically more ‘difficult’ peptide, A� 1-42,
again utilizing the more effective Fmoc-deprotection
ability of DBU. The synthesis of this fragment was
also successful (Figure 2(c)), indicating that the as-
sembly of the full-length peptide would likely be
improved by use of this base.

While the C-terminal region of the A� peptide
contains no residues that are susceptible to side
chain modification during SPPS, the amino termi-
nal region has an Asp-Ser pair. This sequence is
known to be prone to base-mediated imide forma-
tion [30,31]. This side reaction involves cyclization
of the aspartic acid side chain and the amide back-
bone nitrogen of the carboxyl residue, resulting in
the loss of one water molecule, and in the presence
water, subsequent hydrolysis of the imide to form
either the �- (native) or �-peptide (non-native). At-
tempts to minimize imide formation by use of more
bulky side chain protection of the aspartic acid
�-carboxyl, such as 1-adamantyl ester and �-3-
methylpent-3-yl esters [32], are limited by their in-
complete compatibility with Fmoc-SPPS or are
commercially unavailable. Furthermore Karlstrom
et al. [33] have shown that these measures are not
completely effective in preventing imide formation.
In contrast, Hmb-backbone amide protection has
been shown to be completely effective, but is expen-

sive [30,31,34]. Use of alternative bases such as
piperazine in the presence of 1-hydroxybenzotria-
zole has been successful but are less efficient than
DBU [31]. In the case of the A� peptide, the Asp7-
Ser8 pair can be expected to be susceptible to DBU-
mediated imide formation so this was avoided by
prudent replacement of the deprotection reagent
before the synthesis reached this point. Piperidine
was used for the remainder of the synthesis al-
though this base is itself not entirely innocuous
[30]. For cycles where the deprotection reagent was
piperidine, the deprotection cycle time was in-
creased from 5 to 10 min, in order to ensure com-
plete reaction. Using this simple deprotection
protocol, synthesis of the full-length peptide,
A� 1-40, was carried out using single 30 min cou-
pling times throughout for the addition of each
amino acid. The assembly proceeded smoothly
and the deprotection peaks collated at the comple-
tion of the synthesis, showed good consistency.
The crude cleaved product was obtained in a purity
of 45% (estimated by RP-HPLC peak integration),
an excellent result for a peptide of this length
and complexity (Figure 3(a)). Use of the same syn-
thetic process was repeated to obtain A� 1-42,
which was produced in 40% yield (Figure 3(b)).
Both peptides could be readily purified by conven-
tional RP-HPLC in overall yields of 24 and 17%,
respectively, relative to starting crude peptide. This
synthetic protocol is now in use for the ready
preparation of analogues of A� for the systematic
examination of aggregation and amyloid formation
behaviour.

Confirmation of Aspartimide Formation in the
Presence of DBU

With resin-bound A� 1-42 in hand, we undertook
to establish conclusively if the precautions taken in
the synthetic preparation of the peptides to avoid
DBU-mediated imide formation were necessary. RP-
HPLC time course analyses of cleaved peptides
were thus performed with aliquots of 2% DBU
base-treated resin samples removed at 40 min and
24 h. After 40 min, corresponding to eight cycles of
N�-deprotection, it is evident that the crude peptide
was undergoing modification (Figure 4(b), cf. (a)).
After 24 h of base treatment, substantial alteration
of the integrity of native A� 1-42 took place (Figure
4(c), Table 1). While the presence of the cyclic imide
was confirmed by MALDI-TOF MS (Figure 5), the
�-peptide could not be positively identified in the
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Figure 3 Crude cleaved (a) A� 1-40 and (b) A� 1-42. Both peptides were synthesized using 2% DBU/DMF until Ser8 and
the remainder was completed using 20% piperidine/DMF. Gradient: (a) 10–60% B (30 min), and (b) 15–50% B (30 min).

Table 1 Cyclic Imide Formation from 2% DBU/
DMF Treated Resin-bound A� 1-42 Determined by
Integration of the Respective RP-HPLC Chro-
matograms after MALDI-TOF Analysis Confirmed
Identity of Eacha

CyclicA�1-42-Test exposure
time A�1-42 (%)unmodified

peptide (%)

40 min 82 18
374 h 63

24 h 38 62

a Values presented are expressed as percentages of the
total area of the relevant peaks.

ence of the imide, which is also vulnerable to
epimerization [34], confirmed earlier studies [31,35]
and the need to replace the DBU with the less
detrimental piperidine for the final stages of the
synthesis of A�.

Optimizing the Preparative Purification of A� Peptides

A less appreciated area of difficulty in the prepara-
tion of synthetic A� peptides is the post-synthesis
characterization and purification by RP-HPLC. Typi-
cal chromatography conditions involve the use of
TFA buffers in concentrations of 0.05–1% in
aqueous and organic phases. Buffers of this type
have a pH value which can be too acidic for some
peptides and proteins, leading to lowered solubility,
poor interaction with and decreased recoveries from
the RP-HPLC column. Phosphate buffer systems
can also be employed, but present difficulties if a

RP-HPLC profile of the peptide. This is probably
because it co-elutes with the �-peptide under the
chromatography conditions. Nevertheless, the pres-

Figure 4 Time course analysis of aspartic acid side chain modification in the presence of DBU. Resin-bound A� 1-42
peptide was suspended in a solution of 2% DBU in DMF for (a) 0 min, (b) 40 min, (c) 24 h. RP-HPLC analysis was conducted
using Vydac C4 column with Buffers A: 10 mM aq NH4HCO3, and B: CH3CN, gradient 15–50% B (30 min).
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salt-free product is required. Previous work in our
laboratory using the fragment A� 1-28 showed that
basic buffers systems allow better characterization
and isolation of A� peptides [A. Tickler, unpub-
lished]. We therefore used our synthetic A� 29-40/
42 peptides, which presented serious challenges for
post-synthesis characterization, to assess a variety
of RP-HPLC buffer conditions. Ammonium bicar-
bonate buffers (10 mM concentration) were shown
to be particularly beneficial, and conveniently, are
also volatile which allows removal by lyophilization.
Best results were obtained with a C4 support at
elevated temperature (60°C). The behaviour, how-
ever, of peptides purified with in these buffer condi-
tions remains to be investigated. Kaneko et al. [36]
have shown significant differences in the CD spec-
trum of the TFA and HCl salts of A� regarding the
propensity of the A� peptide to form �-sheet/�-turn
structures, illustrating the importance of residual
salts in the formation of secondary structure.

CONCLUSION

An inexpensive and readily implemented variation
of existing Fmoc-SPPS was developed that enabled
rapid and efficient synthesis of the notoriously diffi-
cult A� peptides. Improved Fmoc removal rather
than improved acylation is most critical to the high
purity synthesis of these peptides. The improved
synthetic method provides a simple cost-effective
preparation of these peptides and analogues for
biophysical and clinical studies.
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