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Murray Valley encephalitis virus is a member of the flavivirus group, a large family of single-stranded RNA viruses, which cause
serious disease in all regions of the world. Unfortunately, no suitable antivirals are available, and there are commercial
vaccines for only three flaviviruses. The solid-phase synthesis of a library of 400 C-terminal arginine peptide aldehydes and
their screening against Murray Valley encephalitis virus protease are demonstrated. The library was utilised to elucidate
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Introduction

C-terminal peptide aldehydes are important tools for studying
serine and cysteine proteases [1–3]. Proteases are involved in the
regulation of a wide variety of essential physiological processes,
and their dysregulation has been implicated in a number of
disorders including cardiovascular disease, rheumatoid arthritis,
Alzheimer’s disease and cancer, to name only a few. Hence,
proteases and their substrates are increasingly viewed as valuable
drug targets in disease treatment. We have previously developed
a robust and reliable synthetic method for the solid-phase synthesis
of peptide aldehyde protease inhibitors [4]. This method was used
to synthesise a small library of aldehydes and used to probe the
proteolytic sites of hepatitis C virus polyprotein.

Murray Valley encephalitis virus (MVEV) is a member of the
flavivirus group, a large family of single-stranded RNA viruses,
which cause serious disease in all regions of the world. Unfortu-
nately, no suitable antivirals are available, and there are commer-
cial vaccines for only three flaviviruses [5]. MVEV has been
isolated from mosquitoes in Australia and Papua New Guinea
and, like West Nile virus, is grouped in the Japanese encephalitis
serocomplex [6]. Its genome encodes a large polyprotein that is
processed by both host proteinases and a virally encoded serine
proteinase, non-structural protein 3 (NS3). NS3, an essential viral
enzyme, requires another virally encoded protein cofactor,
NS2B, for proteolytic activity [7].

Because the protease is likely to be essential for viral replica-
tion, it is an attractive target for inhibitor development. This
paper outlines our synthetic method and strategy for the solid-
phase synthesis of a 400 member tripeptide library of C-terminal
arginine peptide aldehydes resulting in a (20� 20� 1) combina-
torial library (P3, P2 = 20 natural AAs, P1 is fixed as arginine).
J. Pept. Sci. 2012; 18: 661–668
Arginine is a preferred P1 cleavage site amino acid for many
serine and cysteine proteases such as trypsin and thrombin [1],
dengue virus NS3 protease [8] and MVEV.
Materials and Methods

Peptides were synthesised on SynPhaseTM-PA D Series lanterns
(loading 15 mmol/lantern), available from Mimotopes Pty Ltd
(Melbourne, Australia). These supports had been radiation
grafted with methacrylic acid/dimethylacrylamide (polyamide)
and functionalized with Fmoc-Gly. Fmoc-L-a-amino acids were
peptide synthesis grade and purchased from Genzyme Pharma-
ceuticals (Leistal, Switzerland). HOBt was purchased from GL
Biochem (Shanghai, China). THF was Sure-Seal grade and was
obtained from Sigma-Aldrich (Sydney, Australia). DMF was Guar-
anteed Reagent (GR) grade and was obtained from Merck
(Melbourne, Australia). It was distilled over ninhydrin before fur-
ther use. DCM, MeOH, triethylamine and piperidine were GR
grade and were obtained from Merck. Acetonitrile was HPLC
grade and was obtained from Merck. Water was Milli-Q grade
(Merck Millipore, Melbourne, Australia). TFA was BiogradeTM and
was obtained from Halocarbon (River Edge, NJ, USA). DIPEA was
Copyright © 2012 European Peptide Society and John Wiley & Sons, Ltd.



EDE ET AL.

6
6
2

obtained from Fluka (Sydney, Australia). DIC was obtained from
Sigma-Aldrich.
Mass spectral analysis was performed on a Perkin Elmer Sciex

API III (Waltham, MA, USA) ion spray mass spectrometer. The data
were processed by software developed at Mimotopes Pty. Ltd. [9].
Synthesis of the protected amino acid aldehyde Fmoc-Arg

(Pbf)-H was achieved via reduction of the corresponding N,O-
dimethylhydroxamate with LiAlH4 as previously described [4].

Preparation of Support-Bound Threonine Aldehyde Linker 1

To a glass bottle (500ml), 700 SynPhaseTM lanterns (loading
15mmol/lantern) derivatised with Fmoc-Gly-OH were added.
The Fmoc group was removed with 20% piperidine/DMF
(400ml) for 30min. The lanterns were washed (all washes with
lanterns were 5min) with DMF (2� 400ml), MeOH (2� 400ml)
and air dried. To the bottle containing the lanterns, a solution
of Fmoc-Thr-OH (13.64 g, 40mmol), DIC (6.08ml, 40mmol) and
HOBt (6.12 g, 40mmol) in DMF (400ml), 0.1M or 6–7 equivalents,
was added. The reaction was allowed to proceed for 2 h at room
temperature after which the reaction mixture was drained of so-
lution, and the lanterns were washed with DMF (2� 400ml). To
the washed lanterns, a solution of 20% piperidine in DMF
(400ml) was added, and the reaction was allowed to proceed
for 30min at room temperature. The reaction mixture was
drained of solution, and the lanterns were washed with DMF
(3� 400ml), MeOH (2� 400ml) and air dried to yield lanterns
derivatized with threonine aldehyde linker 1.

Synthesis of Support-Bound Fmoc-Arg(Pbf)-H Oxazolidine
Aldehyde Linker 2

Lanterns (500) 1 were placed into sealable glass bottle. The
aldehyde Fmoc-Arg(Pbf)-H (15.48 g, 24.46mmol) was dissolved
in a 1% DIPEA/MeOH solution (250ml) to give a 0.1-M solution.
This solution was added to the lanterns and the mixture heated
at 60 �C for 2 h (with occasional swirling). The reaction mixture
was drained of solution and the lanterns washed with MeOH
(3� 250ml). The yield of attachment of Fmoc-Arg(Pbf)-H to the
threonine linker can be determined spectrophotometrically by
cleaving the Fmoc protecting group with 20% piperidine in
DMF and measuring absorbance at 301 nm. A single lantern
was treated with 20% piperidine/DMF (10ml) for 30min at
20 �C, and the absorbance of the solution was determined at
301 nm after diluting the deprotection solution 1 : 10 in 20%
piperidine/DMF and using the following equation: loading
(nmol/crown) = (Abs/0.0078)� 110. The loading was determined
to be 47% (7.0mmol).

Peptide Synthesis Protocol

The lanterns (400 for library and 10 for controls) were subjected
to Fmoc peptide synthesis using the following conditions. All
reactions utilising lanterns require 0.5ml of solution per lantern,
either when reacted in bulk or in the microtitre plate format.
(i) Fmoc deprotection: 20% piperidine in DMF for 30min,
followed by washing with DMF (3� 3min) and DCM (2� 3min).
(ii) Coupling conditions: Fmoc-protected amino acid, DIC, HOBt
in DMF (0.1 M), 2 h at 25 �C. Following all couplings, the lanterns
were washed with DMF (2� 3min), DCM (2� 3min) and air
dried. Acetylation of the N-terminus was achieved with acetic
anhydride : DIPEA : DMF (ratio 3 : 1 : 96 v:v:v) at 4 �C for 5min only.
The lanterns were washed with DMF (2� 30 s), DMF (2� 3min),
wileyonlinelibrary.com/journal/jpepsci Copyright © 2012 European Pe
DCM (2� 3min) and air dried. (iii) Side-chain deprotection and
cleavage: each lantern was treated with TFA (0.5ml per lantern)
for 30min after which the lanterns were washed with DCM (2� 2
min) and air dried. The peptide aldehydes were cleaved with
TFA :MeCN : H2O (0.1 : 60 : 40, v:v:v) (2.5ml per lantern) at 60 �C
for 30min. Each lantern was removed and the cleavage solution
lyophilized to give peptide aldehydes as white solids.

Protease Assay

The inhibition of MVEV protease by different acetyl-tripeptide-
aldehyde inhibitors was performed in a reaction buffer with
10-mM Tris–HCl, pH 8.0, 1-mM CHAPS (3-[(3-Cholamidopropyl)
dimethylammonio]-1-propane sulfonate) and 30% glycerol. 40 nM
of the enzyme and varying concentrations of the inhibitor were
pre-incubated in a reaction buffer for 1 h at 25 �C before the reac-
tion was initiated by the addition of the flourogenic peptide sub-
strate Pyr-Arg-Thr-Lys-Arg-AMC (Bachem [Bubendorf, Sweden],
Switzerland) to a final concentration of 40mM. The components of
the reaction were mixed with a 5-s shake, and the progress of the
reaction was monitored continuously at 37 �C by measuring the in-
crease in fluorescence (lex = 355nm and lem=460nm) every 45 s
for 1 h on a SpectraMax Gemini XS plate reader (Molecular Devices,
Sunnyvale, CA, USA). The % inhibition was calculated by comparing
it with wells with no inhibitor.

Measurement of IC50 Inhibition Constants

The 23 peptides identified as potential acetyl-tripeptide-aldehyde
inhibitors against MVEV were re-synthesised, and a 10-mM stock
was prepared. Varying concentrations of the inhibitor were
incubated with 40 nM of the enzyme in 10-mM Tris–HCl, pH 8.0,
1-mM CHAPS and 30% glycerol buffer for 1 h at 25 �C. The
reaction was initiated by the addition of the flourogenic peptide
substrate Pyr-Arg-Thr-Lys-Arg-AMC (Bachem) to a final concen-
tration of 40mM. The components of the reaction were mixed
with a 5-s shake, and the progress of the reaction was monitored
continuously at 37 �C by measuring the increase in fluorescence
(lex = 355 nm and lem = 460 nm) every 45 s for 1 h on a Spectra-
Max Gemini XS plate reader. The IC50 was derived by fitting the
initial velocity against the log (inhibitor) with sigmoidal dose
response curve in GraphPad Prism 5 (GraphPad Software, Inc.,
La Jolla, CA, USA).

Results and Discussion

The solid-phase synthesis of peptide aldehydes via the oxazoli-
dine linker [4] is one of a number of reported methods, including
the semicarbazone [10], the Weinreb amide [11], the ozoneolysis
[12,13], the thiazolidine [14], the backbone amide linker [15],
synthesis via reduction of peptide thioesters [16] and oxidation
of support-bound peptide alcohols [17]. The synthesis of peptide
aldehydes has recently been reviewed [18]. The oxazolidine linker
satisfies the following criteria for a general linker for the immobi-
lisation of aldehyde functionality: (i) it is low cost and easy to
construct, (ii) it is chemically stable (long shelf life), (iii) it does
not require preformation (i.e. the aldehyde couples directly to
the solid phase), (iv) aldehyde attachment is generic and (v) it
cleaves under mild conditions that leave no residue upon evapo-
ration, allowing biological screening without further purification.
The linker has been used to synthesise several peptide aldehydes
including fellutamide B [19] and a library of reversible SARS
coronavirus main protease inhibitors [20].
ptide Society and John Wiley & Sons, Ltd. J. Pept. Sci. 2012; 18: 661–668
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Scheme 1. Synthesis of 400-member peptide aldehyde library.

SYNTHESIS AND SCREENING OF PEPTIDE ALDEHYDES AGAINST MVEV PROTEASE
The method was developed and applied on the Multipin
system, a technique developed for solid-phase library synthesis.
The Multipin method of peptide synthesis is an effective, low
cost, simultaneous multiple synthesis technology, which gives
researchers ready access to large numbers of peptides. The key
to the method is that peptide synthesis and biological screening
are totally integrated; no single peptide is given individual
attention except at the coupling stages of the process. Synthesis
has traditionally been performed on plastic pinsarranged in an
8� 12 microtitre plate format, thus permitting the simultaneous
preparation of sets of 96 peptides (or multiples thereof) [21].
The fundamental advantage of this technology, which is an
alternative to beaded cross-linked resins, is the ease of handling
large numbers in multiple parallel synthesis. Syntheses were
performed on a hydrophilic graft polymer (polyamide), which is
suited to aqueous chemistries and as described by Rademann
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Figure 1. Inhibition (%) for the aldehyde peptides against MVEV at 10,
5.0, 1.0 and 0.1 uM.

J. Pept. Sci. 2012; 18: 661–668 Copyright © 2012 European Peptide Society
et al. [20], is far superior to hydrophobic polymer matrices such
as polystyrene resins and surfaces.

As shown in Scheme 1, the protected amino acid aldehyde is
attached to the solid phase by condensation with a threonine
residue 1 to form a support-bound oxazolidine system 2. The
oxazolidine is stable to non-aqueous acid and to base, and as
the secondary amine is difficult to acylate, it can tolerate subse-
quent peptide synthesis. Others have protected the secondary
amine with a Boc group to eliminate possible acylation of this
amine during peptide chain extension [20]. Although this would
be important for longer syntheses, and the synthesis of peptido-
mimetics requiring the use of more activated electrophiles, we
found this extra protection step unnecessary for this short library
synthesis. We do, however, recommend this advance made by
Rademann [20] for future syntheses. Being stable to non-aqueous
acid, TFA may be used to remove acid-labile protecting groups
prior to release of the aldehyde function (i.e. cleavage).
Importantly, the linker allows for side-chain deprotection and
Table 1. IC50 inhibition constants for 23 peptides that showed>50%
inhibition at 10.0mM

Peptide inhibitor IC50 (mM) Peptide inhibitor IC50 (mM)

Ac-CMR-H >50 Ac-NWR-H 32.89� 7.0

Ac-DAR-H >50 Ac-SCR-H >50

Ac-EMR-H >50 Ac-RQR-H >50

Ac-ENR-H >50 Ac-RRR-H 18.86� 6.86

Ac-CRR-H 22.26� 4.0 Ac-QGR-H >50

Ac-CKR-H 8.5� 1.4 Ac-WRR-H 10.58 �1.24

Ac-CWR-H 12.53� 2.4 Ac-WVR-H >50

Ac-GWR-H >50 Ac-WKR-H 19.17� 3.18

Ac-IWR-H 9.68� 2.2 Ac-YWR-H 9.7� 2.8

Ac-KKR-H 4.56� 1.6 Ac-WLR-H 12.17� 3.12

Ac-KWR-H 15.5� 2.47 Ac-WYR-H 10.90� 4.46

Ac-LWR-H 8.8� 1.4

and John Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/jpepsci
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Table 2. As-synthesised mass spectrum of those inhibitors with an IC50 result under 15mM

Peptide inhibitor IC50 (mM) Mass spectrum
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Table 2. (Continued)

Peptide inhibitor IC50 (mM) Mass spectrum
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Table 2. (Continued)

Peptide inhibitor IC50 (mM) Mass spectrum
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subsequent removal of residual compounds such as TFA, organic
solvents and scavengers before mild cleavage of the peptide
aldehyde 4 using aqueous TFA (0.1%), containing acetonitrile as
a cosolvent. The two-step cleavage conditions allow for a
shorter (30min) TFA treatment because there is no concentra-
tion of product with no evidence of Pbf protecting group
remaining on cleaved peptides. The mild cleavage conditions
allowed for direct testing of all 400 unpurified peptide alde-
hydes in a protease assay.

Library Design Strategy

To demonstrate the powerful utility of this synthesis system, we
chose to lock in the P1 amino acid, selected from a challenging
but more importantly, a P1 residue that is common to many
serine and cysteine proteases. Arginine is particularly well suited
to this design criterion because it is the preferred substrate P1
cleavage amino acid for a number of proteases. To prepare for
library synthesis, we synthesised the peptide aldehyde leupeptin
as a control sequence. Leupeptin is a naturally occurring micro-
bial peptide aldehyde derived from the culture filtrates of
different streptomyces. Importantly, all C-terminal arginine pep-
tide aldehydes partially exist in the hydrated form as demon-
strated by the [M+H+H2O] + peak in all MS run (Table 2). Lewis
and Wolfenden [22] demonstrated this originally in their work
on the active site of papain, whereas Gancsik et al. [23] extended
this work using 13C NMR spectroscopy. The hydrated form also
exists in N-terminal aldehydes as demonstrated by Rademann,
Meldal and Bock [24] and Groth and Meldal [25]. Hence, in
aqueous solutions, peptide aldehydes exist as an equilibrium
state between the aldehyde and hydrated forms. For the library
synthesis, we synthesised an extra two copies of leupeptin on
each block as internal controls.

The modular nature of SynPhase lanterns allows for their use in
traditional solution-phase reaction vessels without the need for
filtration, as is required with resins. This can be extended to the
‘split and mix’ technique if the lanterns are tagged with, e.g.
coloured tags (SynPhase cogs and spindles) or radio frequency
tags (Transtems). Both array and reaction vessel strategies can
be used in combination to simplify the synthesis process. At the
completion or during the synthesis, the SynPhase lanterns are
sorted into the highly convenient 8� 12 matrix format for
multiple synthesis and cleavage of the target compounds. Hence,
the following strategy was used to synthesise the 400-member
peptide aldehyde library resulting in a (20� 20� 1] combinato-
rial library (P3, P2 = 20 natural AAs, P1 is fixed as arginine).

Step 1: Attach Fmoc-Arg(Pbf)-H to 400 lanterns in a single
reaction vessel (P1 position).

Step 2: Divide 400 lanterns into sets of 20 and place in 20
reaction vessels for coupling 20 natural Fmoc-protected amino
acids (P2 position).

Step 3: Array ‘dipeptide’ aldehyde lanterns onto reaction
backing plates and couple 20 natural Fmoc amino acids in
microtitre plate format (P3 position).

Step 4: Acetylate the library by immersing plates in baths
containing capping solution.

Step 5: Cleave 400 peptide aldehydes by first immersing
backing plates with lanterns into baths containing TFA for
concomitant side-chain protecting group removal, and after
several washes, cleave from the solid support into microtitre
plates containing pre-weighed tubes.
J. Pept. Sci. 2012; 18: 661–668 Copyright © 2012 European Peptide Society
Step 6: Freeze dry in parallel, analyse and weigh, and screen
in biological assay.

By utilising a strategy of positioning, the lanterns in five blocks
of 8� 10 (80 peptide aldehydes per block), the synthesis of the
library becomes straightforward. After the second amino acid is
coupled (step 2), the lanterns are arrayed on backing plates so
as to orchestrate the third amino acid coupling in two side-by-
side rows of 10 wells, using a multi-channel pipette to dispense
the activated amino acids.

The synthesis of the Fmoc-Arg(Pbf)-H followed the same
protocol reported earlier [4]. Synthesis of the protected amino
acid aldehydes was achieved via reduction of the corresponding
N,O-dimethylhydroxamate with LiAlH4 by adapting the method
of Fehrentz and Castro [26]. The yield for attachment of Fmoc-
Arg(Pbf)-H was 50% determined by quantitative Fmoc test. Stan-
dard peptide synthesis methodologies were used for the synthe-
sis of 400 peptide aldehydes. Although there is potential to
acylate the oxazolidine nitrogen during peptide synthesis, it is
relatively unreactive [27], and no acylation occurs with DIC/HOBt
activation. Acetylation with acetic anhydride is performed at 4 �C
for 5min to avoid reaction with the oxazolidine nitrogen.

The 400 isolated peptide aldehydes were weighed and analysed
bymass spectrometry individually. The averagemass obtained was
1.8mg with a standard deviation of 0.2mg (4.1mmol, SD 0.5mmol)
that represents an average yield (based on an initial loading of
Fmoc-Arg(Pbf)-H of 7mmol) of 60%. All 400 peptide aldehydes
showed target molecule peak by MS (Table 2 for representative
MS). The mild cleavage conditions allowed for direct testing of
unpurified peptide aldehyde library in a protease assay.

The 400 aldehydes were screened against the NS2B-NS3
domain of MVEV using a protease assay (Figure 1). Among the
400 aldehyde peptide inhibitors tested at 10-mM concentration,
23 peptides showed >50% inhibition at 10.0 mM. The remaining
stock with these 23 peptides was further tested at 5, 1.0 and
0.1 mM. The inhibition (%) for these peptides is represented in Fig-
ure 1. The acetyl-tripeptide-aldehyde inhibitors such as CKR and
IWR showed inhibition even at 1.0 mM.

The 23 peptides identified as potential acetyl-tripeptide-
aldehyde inhibitors against MVEV were re-synthesised and
IC50 inhibition constants obtained (Table 1). The compounds
were tested in duplicate with a goodness of fit (R2) between
0.94 and 0.98. Table 2 presents the as-synthesised mass
spectrum of those inhibitors with an IC50 result under 15 mM.

Conclusion

A 400-member library of C-terminal arginine peptide aldehydes
was prepared by the straightforward approach described here
and was demonstrated to be an effective tool in expediting rapid
SAR analysis of serine proteases, such as MVEV.
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