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Abstract: Stepwise synthetic assembly of polypeptide chains reversibly linked to polyethylene glycol
represents a hybrid between traditional solution and solid-phase chemistries and combines the
inherent advantages of both approaches. The technical simplicity and scalability of the liquid-phase
peptide synthesis method renders it particularly attractive for multiple parallel syntheses, combinatorial
approaches and the large-scale preparation of peptides. The versatile protection strategy based on the
N¢-fluorenylmethoxycarbonyl group commonly used in solid-phase peptide synthesis was adapted to the
liquid-phase approach. Fluoride ions were used rather than the conventional organic base piperidine for the
repetitive amino-deprotection step. Using a range of acid- and base-labile linkers between the polymer and
the peptide, it was shown that free and fully side-chain protected peptides can be obtained using our version
of the liquid-phase peptide synthesis method. Protocols for simultaneous multiple syntheses requiring a
minimum of equipment are presented and the use of polyethylene glycol-bound peptides in biochemical
binding and functional assay systems is demonstrated. Copyright © 2002 European Peptide Society and

John Wiley & Sons, Ltd.
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INTRODUCTION

Liquid-phase peptide synthesis (LPPS), i.e. a
hybrid approach between solution- and solid
phase methods in which protecting groups based
on dissolving polymers are employed, was first
described in 1972 [1]. Polyethylene glycols (PEGs)
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are particularly suitable because of their solubil-
ity properties. LPPS protocols based on N®-Boc
protecting group peptide chemistry were elabo-
rated in detail some time ago [2]. However, because
they are laborious, LPPS methods were not used
widely until the recent advent of combinatorial
synthesis. Liquid-phase methods are inherently
suitable for parallel and combinatorial synthesis
approaches, where reactions at high concentration
in homogeneous medium, as well as predictable
and ready isolation/purification of intermediates
and products are important. Thus combinatorial
LPPS using essentially the original chemistry is
now possible [3,4]. Furthermore, the attractiveness
of liquid-phase strategies in the large scale- and
combinatorial synthesis of macromolecules as well
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as organic molecules in general are now starting to
be appreciated [5-11].

As far as can be ascertained, there has been only
one report [12] describing LPPS methods based on
N®-Fmoc protecting group peptide chemistry [13].
Because this chemistry is currently the most versa-
tile in terms of available starting materials, as well
as orthogonality between N*-, side chain- and C-
terminal protecting groups, we sought to develop
Fmoc-based LPPS. Here we present our results,
including replacement of the traditional Fmoc depro-
tection reagent piperidine with TBAF.H,O/DMF, as
well as procedures for peptide chain assembly in
which the standard filtration steps for the isola-
tion of solid intermediates are replaced by cen-
trifugation/decantation techniques. Application of
these procedures then permits efficient, rapid and
cost-effective simultaneous multiple syntheses on
practically any scale. If PEGylated peptides are
suitable for the biochemical or physiological use
intended, syntheses can be performed on HO-PEG-
OMe 1a or HoN-PEG-OMe 1b directly by anchoring
of the C-terminal Fmoc-amino acid to the PEG
hydroxy or amino group via an ester or amide bond.
Although a number of linker-modified PEGs have

been reported [14,15], these are generally not suit-
able for Fmoc-based syntheses, with the exception
of photo-labile linkers [16,17]. Thus if free peptide
acids or amides are desired, the standard acid- and
base-labile linkers used in Fmoc-based SPPS [18,19]
are applicable and the derivatives HMPA-NH-PEG-
OMe 2, HMBA-NH-PEG-OMe 3 and Fmoc-[Rink
linker]-NH-PEG-OMe 4 [20] are suitable starting
materials. Additionally, a PEG derivative containing
a linker [21] with enhanced acid lability (ABHL-NH-
PEG-OMe, 5) was investigated (Figure 1).

Synthesis of polypeptides beyond the chain-length
conveniently achievable by step-wise SPPS has
become an area of great interest. While native chem-
ical ligation of terminally modified peptides shows
promise, most convergent approaches are still based
on condensation of fully protected peptide segments
in solution or on solid supports. Traditionally, pro-
tected segments have been assembled in solution;
more recently, solid-phase segment-condensation
techniques have become important, mostly because
excess of acyl components in the condensation
reactions can readily be employed. For the latter
method, protected segments are typically assembled
on supports equipped with acid super-labile linkers
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using Fmoc-based protection strategy. The protected
peptides are then removed from the support using
very mild acidolysis (e.g. with AcOH or HFIP). The
limiting factors here are the lack of efficient purifi-
cation techniques for protected peptide segments
and the poor availability (in terms of preparative
methods or cost) of suitable synthesis resins. For
these reasons we sought to develop a PEG support
bearing a linker permitting efficient detachment of
protected peptides. We show that Fmoc-Xaa-O-[4-
carboxytrityl]-NH-PEG-OMe 6 (Figure 2) fulfils this
criterion. We demonstrate the utility of this novel
support for the synthesis of protected peptide seg-
ments using the Fmoc LPPS method.

MATERIALS AND METHODS

Materials

HO-PEG-OMe 5000 was obtained from Fluka AG,
Buchs, Switzerland. H,N-PEG-OMe was purchased
from Shearwater Polymers FEurope, Enschede,
Netherlands (product M-NH2-5000, M, = 5254,
91%-92% amine substitution); larger batches were
prepared as described [14]. Peptide synthesis grade
DMF and TFA, as well as HOAt were from
PerSeptive Biosystems, Hertford, UK. Amino acid
derivatives, coupling reagents and linkers were
from Calbiochem-Novabiochem AG, Laufelfingen,
Switzerland, and Bachem AG, Bubendorf, Switzer-
land. TBAF.H,O was from Fluka (Buchs, Switzer-
land). Other reagents and solvents were of the
highest commercially available grade and were
used without purification. DMF and CH,Cl, were
stored over molecular sieves 4A. The Fmoc-amino
acid side-chain protecting groups used were as
follows: t-butyl ethers and esters for Asp, Glu,
Ser, Thr and Tyr; Boc for Lys; Trt for His, Gln
and Asn; Pmc for Arg. The acidolysis reagent
was as follows: PhOH/H,O/PhSMe/HS-(CHy)s-
SH/TFA (0.75:0.5:0.5:0.25:10, w/v/v/v/v) [22].
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General

RP-HPLC was performed using Vydac 218TP54
(4.6 x 2560 mm) and 218TP1022 (12 x 250 mm)
columns for analytical and preparative work, respec-
tively. Flow rates of 1 ml/min (analytical) and
9 ml/min (preparative) were used. Gradient elu-
tion was with increasing amounts of MeCN in H,O,
containing 0.1% TFA, over 20 min (analytical) or
40 min (preparative). Eluants were monitored using
UV detectors (A = 200-300 nm). NMR spectra were
recorded on a Bruker DPX300 instrument. Chemical
shifts (§) are in ppm relative to SiMe,. Mass spectra
were obtained using a DE MALDI-TOF instrument
(Dynamo; ThermoBioAnalysis); the matrix used was
a-cyano-4-hydroxycinnamic acid [23]. Flash chro-
matography was performed as described [24] using
Merck silica gel 60, 230-400 mesh. For TLC Merck
silica gel 60 Fy54 pre-coated glass plates were used.
Detection was by UV light and ninhydrin reagent.
Automated SPPS was carried out on an ABI 433A
(Applied Biosystems) synthesiser according to the
manufacturer’s protocols (FastMoc’ chemistry).

HMPA-NH-PEG-OMe (2)

4-Hydroxymethylphenoxyacetic acid (2.77 g, 15.2
mmol) was suspended in CH5Cly (20 ml) and DMF
was added until dissolution was complete (ca.
15 ml). The mixture was stirred and DIC (1.19 ml,
7.6 mmol) was added and stirring continued
for 15 min. HyN-PEG-OMe (19.97 g, 3.8 mmol) in
CH,Cl, (50 ml) and HOBt (10.30 g, 7.6 mmol) in
DMF (50 ml) were added. The reaction was allowed
to proceed for 2 h. CH,Cl, was then removed under
reduced pressure and the residual solution was
treated with Et;0O (1 1) and cooled. Precipitated prod-
uct was filtered, washed with cold Et,O and dried.
Pure title compound (19.56 g, 95%) was obtained by
recrystallisation from EtOH (200 ml) and drying in
vacuo. Polymer loading (by 'H-NMR): 88%.

HMBA-NH-PEG-OMe (3)

This compound (18.94 g, 93%) was obtained from
4-hydroxymethylbenzoic acid (2.31 g, 15.2 mmol)
using the same procedure as for the preparation
of 2. Polymer loading (by 'H-NMR): 86%.

Esterification of 1, 2 and 3 with Fmmoc-amino acids

This was carried out by reaction of polymers
1-3 with 2mol eq each of Fmoc-amino acid

J. Peptide Sci. 8: 529-542 (2002)
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and DIC in the presence of 0.1 mol eq of N,N-
dimethylaminopyridine in CHy;Cly/DMF (4:1) for
3 h. The products were precipitated twice from Et,O
and recrystallised from EtOH. Polymer substitu-
tion levels of 0.13-0.16 mmol/g (40%-70%) were
measured by titration of the amino groups after
Fmoc-deprotection.

Fmoc-(Rink linker)-NH-PEG-OMe (4)

p-{(R, S)-a-[1-(9H-Fluoren-9-yl)methoxyformami-
do]-2,4-dimethoxybenzyl}phenoxyacetic acid (4.86
g, 9 mmol) and HOAt (1.22 g, 9 mmol) were dis-
solved in DMF (100 ml). To this was added a solu-
tion of HoN-PEG-OMe (15.76 g, 3 mmol) in CH;Cl,
(100 ml), followed by DIC (1.64 ml, 10.5 mmol). The
reaction was stirred for 2 h. CH,Cl, was evaporated
and Et,0 (0.7 1) was added. After cooling, the precip-
itated product was filtered, washed with cold Et,O,
dried and recrystallised from EtOH to afford the
title compound (15.48 g, 89%). Polymer loading (by
'H-NMR): 80%.

ABHL-NH-PEG-OMe (5)

4-Hydroxyacetophenone was alkylated with ethyl
iodoacetate and saponified to afford the
linker precursor 4-benzoylphenoxyacetic acid as
described [21]. NH,-PEG-OMe (15.76 g, 3 mmol)
was dissolved in CH5Cl, (100 ml) and added to a
solution containing the precursor (2.31 g, 9 mmol)
and HOAt (1.22 g, 9 mmol) in DMF (100 ml).
DIC (1.64 ml, 10.5 mmol) was added and the
mixture was stirred for 2 h. CH,Cl, was evaporated
and Et;0 (0.71) was added. After cooling, the
precipitated product was filtered, washed with
cold Et;O, dried and recrystallised from EtOH.
This material (13.73 g, 2.5 mmol) was dissolved in
EtOH/Pr'OH/H,0 (3:1:1; 200 ml). To the stirring
solution NaBH,; (1.89 g, 50 mmol) was added in
portions over 30 min. Stirring was continued for
2 h, when excess borohydride was destroyed by
addition of AcOH. The mixture was filtered and
the filtrate was evaporated to near-dryness. The
product was precipitated with Et;O, filtered and
recrystallised (12.07 g, 75%). This material (6.0 g,
1.1 mmol) was dissolved in dry CH3Cl, (150 ml) and
dichlorotriphenylphosphorane (4.66 g, 10.4 mmol)
was added. The mixture was stirred under
Ny for 24 h, concentrated and triturated with
Et;O/hexane. The product was filtered, washed
extensively on a sinter with the same solvent and

Copyright © 2002 European Peptide Society and John Wiley & Sons, Ltd.

dried in vacuo to afford the title compound (6.47 g,
quant.). Polymer loading (by 'H-NMR): 81%.

Fmoc-Xaa-O-(4-carboxytrityl)-NH-PEG-OMe (6)

2-(4-Bromophenyl)-4,4-dimethyl-4,5-dihydrooxa-
2ole (7). 4-Bromobenzoyl chloride (5.49 g, 25.0
mmol) and 2-amino-2-methyl-1-propanol (2.45 g,
27.5 mmol) were dissolved in dry CH,Cl, (100 ml).
DIEA (13.1 ml, 75 mmol) was added and the mix-
ture was stirred under N, for 1 h. Precipitated
DIEA.HCI was filtered and the filtrate was evapo-
rated to dryness. The residue was redissolved in
SOCl, (18.2ml, 0.25 mol) and the solution was
stirred under N for 1 h. The mixture was evaporated
and the residue was partitioned between EtOAc
(200 ml) and 1 m ag NaHCOg3 (200 ml). The aqueous
phase was extracted twice more with EtOAc (50 ml
each). The combined organic fractions were washed
successively with 1 m aqg NaHCOg3, H,O, 10% aq citric
acid and brine (2 x 50 ml each), followed by drying
and decolourising (MgSO,4 and activated charcoal),
filtration and evaporation to dryness. The residue
was purified by flash chromatography (4.5 x 15 cm
column; 95:5 CH,Cl, /Et50) to afford the title com-
pound as an oil. Crystallisation was complete after
keeping the product under high vacuum for several
days and slightly yellow long soft needles (4.56 g;
72%) were obtained. TLC (95:5 CH,Cl,/Et,0): R
0.22. 'H-NMR (300 MHz, CDCl3) §: 1.39 (s, 6H, 2
Me), 4.11 (s, 2H, OCHy), 7.44 (dm, J = 8.1 Hz, 2H,
ArH), 7.95 (dm, J = 8.1 Hz, 2H, ArH).

(4-(4,4-Dimethyl-4,5-dihydrooxazol-2-yl)phenyl)

diphenyl-methanol (8). Oxazoline 7 (4.56 g, 18.0
mmol) was dissolved in dry THF (25 ml), Mg turn-
ings (0.52 g, 21.6 mmol) and resublimed I, (23 mg)
were added. The mixture was sonicated under
Ny for 20 min. A solution of benzophenone (3.3 g,
18.0 mmol) in dry THF (25 ml) was added drop-
wise with stirring for 15 min. After addition was
complete, the mixture was stirred for another
2.5 h. The reaction was quenched by addition of
5% aq KHSO, (50 ml). The mixture was extracted
with EtOAc (3 x 50 ml), the combined extracts were
washed with brine (30 ml), dried (MgSO,), fil-
tered and evaporated. The foamy residue was kept
under high vacuum until crystallisation was com-
plete (1 week). The discoloured crystalline mass was
boiled in hexane (20 ml), cooled, filtered and dried
to afford the title compound as a slightly yellow
powder (4.94 g; 77%). This material was of suffi-
cient purity for the subsequent step; an analytical

J. Peptide Sci. 8: 529-542 (2002)



sample was obtained by flash chromatography (1:2
EtOAc/hexane). TLC (1:2 EtOAc/hexane): Rr 0.20.
'H-NMR (300 MHz, CDCl3) §: 1.38 (s, 6H, 2 Me),
2.89 (br. s, 1H, OH), 4.10 (s, 2H, OCH,), 7.23-7.32
(m, 10H, ArH), 7.35 (dm, J = 8.5 Hz, 2H, ArH), 7.89
(dm, J = 8.5 Hz, 2H, ArH).

Dicyclohexylammonium 4-(hydroxydiphenylime-
thy)benzoate (9). Protected trityl alcohol 8 (0.89 g,
2.5 mmol) was suspended in 80% aq AcOH (10 ml)
and the mixture was kept under reflux overnight.
The clear solution was cooled and evaporated. The
residual oil was dissolved in EtOH (10 ml) and 20%
aq NaOH (10 ml) was added. The mixture was again
kept under reflux for 3 h. After cooling, it was
diluted with HyO (25 ml), acidified to pH 2 with 6 m
aq HCI, and extracted with EtOAc (3 x 25 ml). The
combined extracts were washed (2 m aq HCl and
brine; 2 x 25 ml each), dried/decolourised (MgSO4
and activated charcoal), filtered and evaporated. The
residue of crude product (0.66 g) was dissolved in
EtOAc (20 ml). To the stirring solution dicyclohexy-
lammonia (0.53 ml, 2.64 mmol) was added. Stirring
was continued for 30 min, the mixture was cooled
to ca. 0°C, the precipitate filtered and washed with
a little ice-cold EtOAc. After drying, the title com-
pound (0.80 g; 65%) was obtained as a white amor-
phous powder. TLC (98:2 CH,Cl, /AcOH): R 0.25.

4-(Hydroxydiphenylmethyl)benzoic acid succin-
imido ester (10). Salt 9 (728 mg, 1.50 mmol) was
partitioned between 5% aq KHSO, (10 ml) and
CH,Cl, (25 ml). The organic phase was extracted
successively with more 5% aq KHSO, and with
brine (10 ml each), dried (MgSO,), filtered, evap-
orated and dried. The residue was redissolved
in dry CH,Cl; (25 ml) and N-hydroxysuccinimide
(173 mg, 1.50 mmol) was added. The mixture was
stirred and DIC (282 ul, 1.80 mmol) was added.
Stirring was continued under N, overnight. Pre-
cipitated diisopropylurea was removed by filtration
through Celite and the filtrate was evaporated. The
residue was purified by flash chromatography (2.5 x
10 cm column; 1:1 EtOAc/hexane) to afford the
pure title compound (448 mg;, 74%). TLC (1:1
EtOAc/hexane): Ry 0.28. 'H-NMR (300 MHz, CDCl;)
§: 2.81 (br. m, 4H, CH,CH,), 3.87 (br. S, 1H,
OH), 7.20-7.34 (m, 10H, ArH), 7.47 (dm, J=
8.1 Hz, 2H, ArH), 8.03 (dm, J = 8.1 Hz, 2H, ArH).
M.p. 155°-157°C (Lit. [25] 151°-153°C)

4-(Chlorodiphenylmethyl)-benzoic acid succin-
imido ester (11). Active ester 10 (401 mg, 1.00
mmol) was refluxed under N, in freshly distilled

Copyright © 2002 European Peptide Society and John Wiley & Sons, Ltd.
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acetyl chloride (10 ml) for 4 h. The mixture was con-
centrated and rotary evaporated from dry CH,Cl,
(3 x 25 ml). The resulting foam was triturated with
dry hexane, filtered and dried in vacuo to afford
the pure title compound (322 mg; 77%). TLC (95:5
CH:Cly/Et;0): Rr 0.22, indistinguishable from start-
ing material; R 0.36 for solvolysed (2 h treat-
ment with 17:2:1 CH,Cl,/MeOH/DIEA) product.
M.p. 171°-174°C (Lit.[25] 173°-175°C).

Fmoc-Xaa-O-(4-carboxytrityl)-NH-PEG-OMe (6a).
Fmoc-Xaa-OH (Xaa = Ala, BAla, Glu(Bu'), Phe, Gly,
Ile, Lys(Boc), Pro, Arg(Pmc), or Val; 1.00 mmol)
and DIEA (697 ul, 4.00 mmol) were dissolved in
dry CH3Cly (10 ml). Trityl chloride 11 (210 mg,
0.50 mmol) was added and the mixture was stirred
under N, for 40 min. The solution was added to HyN-
PEG-OMe (1.314 g, 0.25 mmol) and HOBt (68 mg,
0.50 mmol). The mixture was sonicated for 30 min,
concentrated to ca. 7.5 ml under a stream of N,
and treated with Et,O (40 ml). The mixture was
cooled and the precipitated product was collected by
centrifugation/decantation. Title compounds were
obtained after recrystallisation from EtOH (5 ml)
and drying in vacuo.

Chain Assembly Starting with Frnoc-amino
acid-derivatised 1-5 and 6

Appropriate quantities of Fmoc-Xaa-[Linker]-NH-
PEG-OMe were weighed into polypropylene tubes
(typically 0.125 mmol or 0.25 mmol in 50 ml,
0.05 mmol in 12 ml Falcon tubes). Alternate Fmoc-
deprotection and acylation steps, with isolation of
the intermediates, were then carried out as follows:
N¢-Fmoc deprotection. Fmoc-Xaaq,-[Linker]-NH-
PEG-OMe (1 eq) was dissolved in TBAF.H;O solution
in DMF (0.1 v; 4 eq). 1-Octanethiol (10 eq) was
added, the mixture was flushed with Ny and was
sonicated for 15 min. Cold Et;O (160 ml/mmol)
was then added and precipitated H-Xaaq,-[Linker]-
NH-PEG-OMe was isolated by centrifugation
at 4°C (2 min at 4000 rpm) and decantation.
The product pellet was triturated with cold
Et,O/petroleum ether (80 ml/mmol) and was again
isolated by centrifugation and decantation. The
air-dried pellet was then dissolved in EtOH
(20 ml/mmol) with warming; once the product had
crystallised, Et;O (140 ml/mmol) was added, the
mixture was cooled and centrifuged as before. The
pellet was then dried, first under a stream of N, and
then under high vacuum.

Acylation. Fmoc-Xaan1)-OH was pre-activated
with PyBOP, HOBt and DIEA (2:2:3:4eq) in

J. Peptide Sci. 8: 529-542 (2002)
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DMF (25 ml/mmol). After 5 min, this mixture
was added to H-Xaag-[Linker]-NH-PEG-OMe.
The resulting solution was sonicated for
60 min. Fmoc-Xaan,1,Xaam -[Linker]-NH-PEG-OMe
was precipitated with Et,0 (160 ml/mmol), isolated,
recrystallised and dried as above.

Deprotection/Cleavage Reactions

The peptide-PEGs were dissolved in acidolysis
reagent (20 ml/mmol). The mixtures were stirred
for 2 h and were concentrated to a small vol-
ume using a stream of N,. Et,O was added. After
cooling, the precipitates were collected by cen-
trifugation/decantation as described above. Pep-
tides were isolated by preparative RP-HPLC. Pro-
tected peptides assembled on trityl polymer 6
were obtained after treatment with HFIP/CH,Cl,
(1:4; 50 ml/mmol) for 2 h, concentration, precip-
itation with cold Et,O/hexane, and drying. PEG was
removed by solid-phase extraction on silica gel car-
tridges (elution with appropriate CH3Cly/EtyO or
CH,Cl, /MeOH mixtures).

Biochemical Assays

Kinase assays. Phosphorylation of pRb by
CDK2/cyclin E, CDK2/cyclin A and CDK4/cyclin D1
was determined using 96-well format in vitro kinase
assays. The phosphorylation reaction mixture (total
volume 40 pl/well) consisted of 50 mm HEPES
buffer, pH 7.4, 20 mm MgCly, 5 mm EGTA, 2 mm
DTT, 20 mm B-glycerophosphate, 2 mm NaF, 1 mwm
Na3zVO,, protease inhibitors cocktail, 0.5 mg/ml
BSA, 1 pg purified recombinant CDK/cyclin enzyme
complex, 10 pl of GST-pRb-Sepharose beads, 100 um
ATP, and 0.2 uCi [y-32P]-ATP. The reaction was
carried out for 30 min at 30 °C with constant shaking
of the reaction plate. At the end of this period,
100 ul of 50 mm HEPES, pH 7.4 and 1 mm ATP
were added to each well and the total volume
was transferred onto GFC filter plates (Whatman
Polyfiltronics, Kent, UK). The plates were washed
five times with 200 pl/well each of 50 mm HEPES,
pPH 7.4, 1 mm ATP. To each well was added 50 ul
scintillant and the radioactivity of the samples was
measured using a scintillation counter (TopCount,
Packard Instruments, Pangbourne, Berks, UK).

Competitive binding assay. Biotinylated p21(149-
159) peptide was immobilised on streptavidin-coated
96-well plates (Pierce Chemical Company, St Louis,
MO, USA) at a concentration of 0.5 um. Serial

Copyright © 2002 European Peptide Society and John Wiley & Sons, Ltd.

dilutions of test compounds were mixed with 5 pug
cyclin A and then loaded onto the plate with
immobilised peptide ligand. The amount of bound
cyclin A was immunodetected and quantified by
Turbo-ELISA reagent (Pierce Chemical Co., St Louis,
MO, USA).

RESULTS

Synthesis of PEG-linker Constructs and Loading of
the C-terminal Fmnoc-amino acid

Starting polymers HMPA-NH-PEG-OMe 2, HMBA-
NH-PEG-OMe 8, Fmoc-[Rink linker]-NH-PEG-OMe
4 and ABHL-NH-PEG-OMe 5 were obtained simply
by carbodiimide-mediated amidation of Hy;N-PEG-
OMe with the appropriate carboxylic acid and HOBt
or HOALt. In the case of 5, the benzophenone linker
precursor was immobilised and the polymeric mate-
rial was then elaborated by borohydride reduction to
the benzhydrol, followed by chlorination to the final
benzhydryl chloride form. Unlike the free benzhy-
drol linker precursor, the polymer-bound equivalent
could not be chlorinated effectively using either
conc. HCI or acetyl chloride [21]. However, chlori-
nation using the reagent dichlorotriphenylphospho-
rane was successful [26].

The trityl linker precursor was prepared as fol-
lows (Figure 3): 4-Bromobenzoyl chloride was trans-
formed to the dimethyloxazoline 7, whose Grignard
derivative added cleanly to benzophenone to afford
the key intermediate trityl alcohol 8. The oxazoline
function was hydrolysed and 4-carboxyltrityl alco-
hol was isolated as the dicyclohexylammonium salt
9. The carboxyl function was re-protected/activated
and the succinimido ester 10 was chlorinated to
afford the linker precursor 11 in overall 20% yield.
Although this intermediate could be immobilised
on HoN-PEG-OMe, the resulting chlorotrityl polymer
was found to be unstable and chloride was lost upon
isolation and storage. For this reason, a one-pot pro-
cedure was used firstly to acylate intermediate 11
with the desired Fmoc-amino acid, followed by reac-
tion of the intermediate Fmoc-Xaa-O-carboxytrityl
succinimido ester with HoN-PEG-OMe to afford 6.

The appropriate C-terminal Fmoc-amino acids
were attached to alcohol polymers 1la, 2 and
3 by carbodiimide/DMAP-mediated esterification,
essentially as described [27]. H,N-PEG-OMe 1b and
Rink linker polymer 4 were used directly in the
peptide chain assembly. Polymer 5, on the other

J. Peptide Sci. 8: 529-542 (2002)
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Figure 3 Synthesis of trityl linker precursor.

hand, could be acylated simply by reaction with
Fmoc-amino acids and DIEA.

The extent of loading of the product polymers was
assessed most readily using 'H-NMR. PEG methyl
ethers contain a single methoxy group (§ = 3.4 ppm)
[28], which serves as an internal standard for com-
parison of appropriate peak integrals (Figure 4).
Depending on the quality of HoN-PEG-OMe used,
loadings of 80%-90% were thus determined. Poly-
mers to which C-terminal Fmoc-amino acids had
been attached were also subjected to quantitative
ninhydrin [29] and spectrophotometric Fmoc [30]
determinations, with similar results. In the case of
amino acyl polymers 6, loadings ranged from 40%
to 70%, with the exception of Xaa = Arg(Pmc), where
incorporation was very low. For example, loading of
6 (Xaa = Phe) was determined as 1.1 mmol/g (65%)
after acidolysis (treatment with TFA for 30 min) by

Copyright © 2002 European Peptide Society and John Wiley & Sons, Ltd.

anal. RP-HPLC quantitation of released Fmoc-Phe-
OH and 0.9 mmol/g (53%) by 'H-NMR (comparison
of integrals over PEG-OCHj3 § 3.41 and Fmoc ArHs §
7.55 signals).

Peptide Chain Assembly

Peptide chains of up to 12 residues were assembled
on polymers 1-6 using repetitive Fmoc-deprotection
and acylation cycles. Removal of Fmoc groups
was carried out using a 4-fold molar excess of
TBAF.H,O/DMF and with sonication of the reac-
tion mixtures. Liberation of amino groups under
these conditions is very efficient [31]. Although the
Fmoc-deprotection product DBF and excess TBAF
appear to be removed effectively during the pre-
cipitation/recrystallisation work-up, the scavenger

J. Peptide Sci. 8: 529-542 (2002)
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Figure 4 Excerpt from IH-NMR spectrum (300 MHz) of
Fmoc-[Rink Linker]-NH-PEG-OMe 4. The PEG methylene
(a) and methoxy (b) resonances are indicated. Integration
of appropriate signals permits calculation of the polymer
loading, in the case shown ca. 80%.

1-octanethiol was included in the deprotection mix-
tures. Additionally, subsequent PyBOP-mediated
acylation reactions were carried out with excess
HOBt, which neutralises any remnant traces of fluo-
ride ion [32]. The acylation reactions were also found
to be accelerated significantly by sonication. Model
peptides containing all common amino acid residues
and side-chain protecting groups were assembled
using the various linker-modified PEGs. It is also
possible to synthesise peptides using our version of
LPPS starting from HO-PEG-OMe 1a or HyN-PEG-
OMe 1b esterified or amidated with the appropriate
C-terminal amino acids. However, side-chain depro-
tected PEGylated peptides are not obtained in good
yield in the case of 1la since the PEG ester bond
is incompletely resistant to the acidolysis condi-
tions required for the removal of the amino acid
side-chain protecting groups employed in Fmoc-
based chemistry. For our early work we isolated the
peptide-PEG intermediates by filtration. This had
the disadvantages that multiple syntheses could
not easily be carried out concurrently and that
sample losses were large. We found that carry-
ing out each chain assembly in one polypropylene

Copyright © 2002 European Peptide Society and John Wiley & Sons, Ltd.

centrifugation tube and isolating the intermediates
by centrifugation and decantation of the solvents
after precipitation/crystallisation minimised sample
losses and was more practical for multiple simulta-
neous syntheses. Progress of the chain assemblies
was routinely monitored using the ninhydrin test on
small aliquots (ca. 0.1 mg) of the dried isolated inter-
mediates after the acylation and Fmoc-deprotection
cycles. Where necessary, acylations were repeated.
Using the procedures described above, e.g. an
identical decamer sequence was assembled simul-
taneously on polymers 1b and 2-5. The overall
isolated yields of the products H-Tyr(Bu')-His(Trt)-
Ser(Bu')-Lys(Boc)-Arg(Pmc)-Arg(Pmc)-Leu-Ile-Phe-
BAla-(O or NH)-[Linker]-NH-PEG-OMe were 86%,
81%, 85%, 84% and 83%, respectively. For example,
starting with 722 mg (0.125 mmol) of Rink polymer
4, 823 mg of peptidyl PEG product was obtained.

Cleavage/Deprotection and Analysis

After acidolysis of the five peptidyl PEGs referred
to above, RP-HPLC analysis showed that correct
free peptide H-Tyr-His-Ser-Lys-Arg-Arg-Leu-Ile-Phe-
BAla-(OH or NHjy) had been liberated in the case of
linkers 2, 4 and 5, as expected. The relative yields of
desired product (obtained by integration of peptidic
chromatogram peaks, » =214 nm) were 78%, 72%
and 75%, respectively, whereas the isolated yields
of pure peptide (relative to starting polymers 2, 4
or 5) after preparative RP-HPLC and lyophilisation
were 48%, 39% and 45%, respectively. For example,
the 823 mg of peptidyl PEG derived from polymer 4
thus afforded 62 mg of pure peptide. The anal. RP-
HPLC profile of the crude peptide obtained from the
peptidyl PEG derived from 2 is compared with that
of crude peptide from conventional SPPS in Figure 5.

The particular utility of the base-labile HMBA
linker polymer 3 lies in the fact that it permits
preparation of side-chain deprotected peptidyl PEGs
for biochemical assay purposes, while at the same
time allowing liberation and characterisation of the
peptide moiety. Thus the free peptide acid or amide
could be obtained from the side chain-deprotected
decapeptidyl PEG derived from polymer 3 referred
to above by saponification or ammonolysis (not
shown). Conversion of a model pentapeptidyl HMBA-
PEG to the free peptide by treatment with alkali is
demonstrated in Figure 6.

Preparation of side chain-protected peptides is
demonstrated by the synthesis of Ac-Arg(Pmc)-
Arg(Pmc)-Met-Lys(Boc)-Trp(Boc)-Lys(Boc)-Lys(Boc)-

J. Peptide Sci. 8: 529-542 (2002)



€
[=
<
o A~
o
c
©
o
=
o
n
Q
<
A
| | | | | | | | | | | | |
8 11 14 17 20

Retention time (min)

Figure 5 RP-HPLC analysis of crude synthetic decapep-
tide H-Tyr-His-Ser-Lys-Arg-Arg-Leu-Ile-Phe-SAla-OH after
acidolysis. From automated SPPS (‘FastMoc’ chemistry) on
Wang resin [54] (A) and from LPPS on HMPA-NH-PEG-OMe
(B). Chromatographic conditions according to Materials
and Methods section (10%-50% MeCN gradient over
20 min).

OH starting from Fmoc-Lys(Boc)-O-[4-carboxytrityl]-
NH-PEG-OMe (53% polymer loading) and using the
standard chain assembly protocol. Treatment of the
peptidyl PEG with HFIP afforded the protected pep-
tide in approximately quantitative yield (relative to
Lys content of starting polymer) after isolation by
precipitation and solid-phase extraction (to remove
polymer). The product showed the correct molecular
ion upon DE-MALDI TOF MS and was homogeneous
by TLC. Analysis of the deprotected peptide con-
firmed the success of the synthesis (Figure 7).

Biochemical Assays

The peptide we chose in order to demonstrate the
applicability of PEGylated peptides in biochemi-
cal assays is derived from the C-terminus of the
tumour suppressor protein p21VAFl, We have pre-
viously shown that this peptide binds specifically
to a macromolecular substrate recruitment site
present on certain cyclins [33,34]. Complexation of
cyclins with appropriate cyclin-dependent kinases
(CDKs) is required for substrate recognition and
phosphorylation and these activities are inhibited

Copyright © 2002 European Peptide Society and John Wiley & Sons, Ltd.
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Figure 6 Saponification of H-Tyr-Ile-Lys-GIln-Phe-O-
[HMBA]-NH-PEG-OMe. The deprotected PEGylated peptide
was dissolved at 100 mg/ml in 2 M aq NaOH. Aliquots were
quenched with excess AcOH and analysed by RP-HPLC
(10%-20% MeCN gradient): t=0 (A), after 30 min (B)
and after 2 h (C). The peak eluting at ca. 16.1 min cor-
responded to the peptide H-Tyr-Ile-Lys-Gln-Phe-OH by MS
and co-elution with an authentic sample.

by the p21-derived peptides [35]. The synthesis of
the decapeptide sequence in question using differ-
ent polymer supports is described above. We com-
pared the peptide H-Tyr-His-Ser-Lys-Arg-Arg-Leu-
Ile-Phe-gAla-NH,, its HyN-PEG-OMe-bound equiv-
alent, a control peptide polymer possessing the
same amino acid composition but in a scram-
bled sequence (H-Arg-Ile-Ser-Phe-Arg-His-Lys-Tyr-
Leu-BAla-NH-PEG-OMe), as well as free HO-PEG-
OMe in both functional and binding assays. The
former entails the phosphorylation of an immo-
bilised retinoblastoma protein (pRb) fragment by
CDK2 complexes with cyclin A or cyclin E, as well as
by CDK4/cyclin D1 complexes. Protein kinase activ-
ity is quantitated in this assay by measurement of
substrate-incorporated radioactive phosphate from
[y-32P]-ATP. The latter is a competitive cyclin A bind-
ing assay using immobilised p21 peptide and an
immunochemical detection system. A summary of
the results is given in Table 1 and actual dose-
response curves for two of the assay experiments
are shown in Figure 8. Unmodified PEG itself had

J. Peptide Sci. 8: 529-542 (2002)
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Figure 7 Analysis of peptide prepared using LPPS on trityl
linker. Treatment of Ac-Arg(Pmc)-Arg(Pmc)-Met-Lys(Boc)-
Trp(Boc)-Lys(Boc)-Lys(Boc)-O-[4-carboxytrityl]-NH-PEG-
OMe with HFIP liberated the protected peptide. TLC (9:1
CHCl3/MeOH, UVys4) analysis after isolation by solid-
phase extraction (inset). RP-HPLC analysis (0-40% MeCN
gradient) after treatment of protected peptide with aci-
dolysis mixture and isolation by EtyO-precipitation. The
main peak eluting at 14.1 min corresponded to authentic
Ac-Arg-Arg-Met-Lys-Trp-Lys-Lys-OH.

no significant effect in either assay system at con-
centrations up to 2.5 mm. The control peptide-PEG
did not inhibit kinase activity or cyclin A bind-
ing sufficiently in order to calculate ICs, values,
although some, presumably non-specific, inhibition
was observed. Both the free and polymer-bound
P21 peptides, on the other hand, potently inhibited
substrate phosphorylation and cyclin A binding in
a dose-dependent manner. Furthermore, inhibitory
potency was similar for both forms of the peptide:
approximately 2-fold differences in ICs, values were
observed, with the exception of the CDK4/cyclin D
assay, where the apparent potency of the PEGylated
peptide was about 10-fold lower than that of the
free peptide.

DISCUSSION

The unique solubility properties of PEGs render
them particularly suitable as dissolving polymer
supports for step-wise synthetic assembly of pep-
tides and oligonucleotides. PEGs (e.g. PEG 5000 as
used in this study) are very soluble in halogenated
and polar aprotic solvents (e.g. DMF, NMP, DMSO),
i.e. the solvents favoured for peptide synthesis. On
the other hand PEGs are practically insoluble in
Et,0O or hexanes and these solvents can be used to
precipitate quantitatively PEGylated synthesis inter-
mediates. As far as protic solvents are concerned,

Table 1 Summary of Biological Activity of Free and Polymer-bound Peptides

Compound Sequence ICs0 (UM)?
Kinase assay Competitive
binding
assay
CDK2/ CDK2/ CDK4/ Cyclin A
cyclin cyclin cyclin
A E D1
P21 peptide H-Tyr-His-Ser-Lys-Arg-Arg-Leu-Ile-Phe-gAla- 2.5+3.7 11+4 30+ 22 0.71 +£0.05
NHy
p21 peptide-PEG H-Tyr-His-Ser-Lys-Arg-Arg-Leu-Ile-Phe-gAla- 09+04 24+6 350 £ 45 0.86+0.10
NH-PEG-OMe
Control peptide-PEG H-Arg-Ile-Ser-Phe-Arg-His-Lys-Tyr-Leu-gAla- n/aP n/a n/a n/a
NH-PEG-OMe
PEG HO-PEG-OMe n/a n/a n/a n/a

2 Concentration at which 50% inhibition was determined (average + standard deviation, n = 3);

b Not active.

Copyright © 2002 European Peptide Society and John Wiley & Sons, Ltd.
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Figure 8 Comparison of biological activity between the free p21WAFl_derived C-terminal peptide H-Tyr-His-Ser-Lys-Arg-
Arg-Leu-Ile-Phe-SAla-NHy (@), its polymer-bound equivalent H-Tyr-His-Ser-Lys-Arg-Arg-Leu-Ile-Phe-gAla-NH-PEG-OMe (O),
a scrambled version H-Arg-Ile-Ser-Phe-Arg-His-Lys-Tyr-Leu-gAla-NH-PEG-OMe (A), and underivatised HO-PEG-OMe (4).
Dose-response curves for the CDK2/cyclin A kinase assay and the competitive cyclin A binding assay are shown in the left-

and right-hand panels, respectively.

the solubility of PEGs is extremely high in water,
lower in MeOH and very low in EtOH. The fact that
PEGs adopt ordered structures in alcohols and thus
crystallise readily and cleanly from such solvents
can be used for the purification of PEGylated peptide
intermediates. The solubility in aqueous media can
be taken advantage of for the manipulation and bio-
chemical screening of PEGylated peptides or peptide
libraries at high concentration (including hydropho-
bic sequences practically insoluble in free form).
The Fmoc protecting group has found only limited
application in solution peptide syntheses because of
the difficulties encountered in isolating the depro-
tected peptide products from the secondary organic
bases used for deprotection (typically piperidine,
Eto:NH or DBU), as well as the Fmoc degrada-
tion product DBF [36]. The situation is aggravated
by formation of intractable adducts between the
amines used and DBF, as well as polymers of
the latter (Figure 9). It has been shown that these
problems can be overcome in part by substitut-
ing certain organic bases, which can be extracted
from the deprotection mixtures with aqueous buffer
solutions [37,38]. However, due to the high water-
solubility of PEG derivatives, these improvements
are not applicable to LPPS. An alternative Fmoc-
deprotection method uses fluoride ions in place of

Copyright © 2002 European Peptide Society and John Wiley & Sons, Ltd.

the secondary amines [31,39,40]. We have found
that this method is particularly suitable to LPPS
procedures. This is due to the speed and efficiency
of the Fmoc-deprotection itself, as well as the fact
that fluoride ions can be used in modest excess and
are removed effectively during the precipitation and
recrystallisation steps employed for the isolation of
the PEGylated deprotected peptide intermediates. It
has been reported that during Fmoc-deprotection
with both DBU [41] and TBAF [42] scavenging of
DBF may be necessary in order to prevent formation
of hard-to-remove DBF polymers as well as in order
to suppress loss of deprotected amino component
through adduct formation. The original report [31]
on TBAF-mediated Fmoc deprotection advocated the
use of a large molar excess of MeOH as a DBF
scavenger. It was later found that addition of a mod-
erate excess of certain thiols to the TBAF.H,O/DMF
deprotection mixtures improved both speed and
extent of Fmoc removal [32] (Figure 9). In our hands,
the addition of 10 eq of 1-octanethiol during depro-
tection gave superior results in terms of peptide
yields and purity compared with omission of scav-
enger or addition of MeOH. Scavenging of DBF by 1-
octanethiol appears to be very effective; furthermore,
this thiol is readily deactivated and removed after
the Fmoc-deprotection reaction through oxidation

J. Peptide Sci. 8: 529-542 (2002)
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to the disulphide in air, a process itself catalysed
by fluoride ions. An extension of the thiol scav-
enger approach is simultaneous TBAF deactivation
and oxidation of the thiol with bis(1-methyl-1H-
tetrazol-5-yl)disulphide after deprotection, followed
directly by the next acylation step procedure [32].
Similarly, deactivation of fluoride ions with e.g.
HOAt immediately after Fmoc-deprotection, followed
by carbodiimide-mediated acylations without isola-
tion of the intermediate N-terminally deprotected
peptide has been reported [43,44]. We have inves-
tigated the applicability of such one-pot peptide
synthesis procedures to our liquid-phase approach.
Although we have found (not shown) that in prin-
ciple this is possible, we observe inferior product
yields and purity, presumably due to accumulation
of impurities. Nevertheless, closer investigation of
such one-pot approaches is clearly of interest since
they hold promise of further technical simplification
of the synthesis assembly process.

Linkers based on derivatives of triphenylmethane
have attained importance in peptide synthesis
mainly for two reasons. Firstly, attachment of amino
acyl groups to such linkers can be achieved very
smoothly and without epimerisation using substitu-
tion reactions on trityl chloride derivatives with sim-
ple carboxylate anions. Secondly, trityl-type esters
are very acid-labile and thus represent suitable

0‘

. Q
O.

ic HS-(CH,),CH,

s -(CH,),CH,

Figure 9 Deprotection with e.g. TBAF.H2O (a) of an
Fmoc-amino acid or -peptide results in formation of DBF
and the amine. DBF may polymerise and the amine can
form adducts with DBF (b). In the presence of 1-octanethiol
(e), DBF is effectively scavenged.

Copyright © 2002 European Peptide Society and John Wiley & Sons, Ltd.

linkers for the preparation of protected peptides.
Solid phase-bound trityl chloride derivatives are
generally elaborated from immobilised benzophe-
nones by alkylation, followed by chlorination [45].
We preferred a route using a pre-formed linker
precursor, which could be attached to HyN-PEG-
OMe. 4-Carboxytrityl alcohol has been described
as such a linker, although no synthetic details
were reported [46]. The most direct route towards
this compound appeared to be direct alkylation of
benzophenone with lithiated 4-bromobenzoic acid,
as described [47]. However, this procedure failed
in our hands as a preparative method under a
range of different reaction conditions. We therefore
took recourse to a less direct route (Figure 3) pre-
viously shown to be feasible [25,48,49]. Protected
peptides can be obtained by cleavage with dilute
TFA, AcOH/TFE [46] or with HFIP [50], i.e. condi-
tions that are used with the corresponding SPPS
carboxytrityl supports.

It has previously been reported that MeO-PEG-
peptide libraries are suitable for ELISA-type bio-
chemical screening [4,9]. Here we compare directly
the effect of free versus PEG-bound peptides not
only in a simple binding assay, but also in multi-
component functional assays. Our results con-
firm that it may be possible generally to use
PEG-modified molecules from liquid-phase synthe-
ses in biochemical screens. This is particularly
attractive due to the powerful solubilising effect
of PEG; it should therefore be possible to evalu-
ate even very hydrophobic compounds. It is known
that one of the main reasons for unreliable and
false results in high-throughput screening in fact
emanates from the unpredictable solubility of test
compounds [51]. Modification of peptides [52] and
proteins [53] with PEG is also advantageous because
this prolongs circulatory life times in vivo and
reduces immunogenicity.
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