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Abstract : The sequential condensation of peptide loops onto selectively addressable templates
immobilised on solid supports allows the rapid and efficient synthesis of protein mimetics applying the
TASP (Template Assembled Synthetic Protein) concept. As an example of the versatility of this
methodology, we describe here the solid phase assembly of a representative 3-loop receptor mimetic.
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Recent progress in the methodology of peptide synthesis allows one to access peptide and protein mimetics

of high structural complexity. In particular, the introduction of chemoselective ligation procedures'"3 and
orthogonal protection techniques have strongly stimulated the concept of non-native chain architectures to bypass

the folding problem in protein design and nﬁmjcry“'(’. In applying these methodological innovations, we have
recently proposed the replacement of the structural part of receptors by topological templates, which serve as

scaffolds for the regioselective attachment of binding loops, mimicking the functional part of the native molecule’.

Due to the branched chain topology, the synthesis of this novel generation of Template Assembled Synthetic
Proteins (TASP)S'6 largely relies on the availability of Regioselectively Addressable Functionalised Templates

(RAFT) developed in our laboratories®. So far, solution methodologies have been applied for the assembly of

6,7.9

these constructs™ . On the other hand, various studies have demonstrated the feasibility of solid phase peptide

synthesisl0 (SPPS) for the efficient synthesis of cyclicI and branched peptidesn‘ Here, we elaborate a new

strategy for the regiospecific condensation of peptide loops to topological templates in the framework of SPPS.

The methodology is illustrated by the solid phase assembly'3 of a three-loop TASP molecule (5 in Scheme
1) intended to mimic the complementary-determining region of the monoclonal antibody McPC6037-14. Critical
steps of our strategy are (1) attachment of the cyclic template 1 bearing three pairs of orthogonally protected
attachment sites to the solid support, (2) condensation of the bifunctional side-chain protected peptide loops L1' -
L3' onto the polymer-bound template 3 upon sequential removal of protecting groups, (3) finat deprotection and
cleavage to release the target molecule 5.
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Scheme 1. Solid phase assembly of a three-loop TASP'S, 1) 3eq. of 1 in DCM/DMF 1/1, 16h. 2a)
piperidine/DMF 1/4. 2b) L1': HO-Suc-F-G-L-Y(tBu)-G-OH, Seq.; PyBOP, DIPEA, 2h. 2c¢) Pd(PPh3)4 /
DMSO/THF/0.5M HCI/NMM 2/2/1/0.1. 2d) L2": HO-Suc-E(OtBu)-L-G-R(Pmc)-G-OH, Seq.; PyBOP, DIPEA,
2h. 2e) 2% hydrazine in DMF. 2f) L3': HO-Suc-K(Boc)-G-Y (tBu)-N(Trt)-G-OH, Seq.; PyBOP, DIPEA, 8h. 3)
TFA:HO:TIS 95:2.5:2.5.

As depicted in Scheme |, the attachment of the template 1 was performed via thioether formation with
bromoacetylated resin 2. This reaction was adopted since it proceeds quickly under mild basic conditions, without
need for any activating reagent, allowing an easy recovery of unreacted template. Furthermore, in combining
amino- and sulfhydryl protecting groups, we increase the number of regioselectively addressable attachment sites
on the template. The immobilisation reaction was investigated in different solvents such as DMF, TFE, DMSO,
DCM/DMF and mixtures thereof. As determined by UV-measurements of Fmoc release from the attached
template, best results were obtained using 1:1 mixtures of DCM/DMEF. For example, 3-fold excess of template

resulted in 25% substitution of the bromoacetyl groups of the resin.

The peptide loops L1’ - L3' were condensed to the polymer-bound template as side chain protected
peptide segments bearing C- and N- terminal carboxylic groups. The preactivated peptides were condensed in five

fold excess to the regioselectively deprotected attachment sites of the template. It is quite remarkable that the
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fixation of L1' and L2' proceeded to completion within less than two hours; quantitative condensation of L3’
required an extended reaction time as observed for the solution synthesis of 5 7. Most notably, no side reactions,
e.g. attachment of two linear peptides to both €-amino groups on the template or intermolecular reactions of the
noncyclised loops instead of intramolecular cyclisation were detected. The observed high cyclisation rates may be
attributed to the preferential template conformation featuring the loop attachment sites on the same face of the -
sheet forming template plzme16 in agreement with macrocyclisation theory of peptides”. Simultaneous cleavage
from the resin and side chain deprotection afforded the desired TASP molecule 5 in good yield and purity as
confirmed by HPLC, ESI-MS (Fig. 1) and amino acid analysis'8. It should be noted that the simultaneous
condensation of the N- and C-terminal chain ends of each loop peptide onto the template (featuring two attachment
sites) results in two orientational isomers in each step, amounting to eight structural isomers of identical molecular

mass (Fig. 1).
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Figure 1 : Analysis of TASP § (8 structural isomers) a) HPLC of final product (Vydac, C,, buffer A : HpO
0.09% TFA,; buffer B : MeCN/H20 0.09% TFA, gradient : 15% B to 55% B in 20 min). b) ESI-MS obtained

(calculated) : [((M+2)/2]'=1663.1(1662.8), [(M+3)/3]'=1109.3(1108.8).

In summary, the sequential condensation of loop peptides to regioselectively addressable templates
immobilised on a hydrophilic support represents a versatile alternative to solution methodologies for accessing
TASP molecules. In particular, the synthetic scheme outlined here opens the way for the development of TASP

libraries according to the principles of combinatorial chemistrylg, allowing for rapid functional screening of these

protein mimetics.

EXPERIMENTAL SECTION

All protected amino acids were purchased from Calbiochem-Novabiochem AG (Liufelfingen, Switzerland),
Neosystem Laboratoire (Strasbourg, France) and BACHEM Feinchemikalien AG (Bubendorf, Switzerland);
SASRIN™ resins were obtained from BACHEM, Fmoc-PAL-PEG-PS resin from PerSeptive Biosystems GmbH
(Hamburg, Germany); reagents and solvents were purchased from Fluka (Buchs, Switzerland). HPLC were
performed on Waters equipment using columns packed with Vydac Nucleosil 300A Sum C,, (preparative) and C,
(analytical) or columns packed with Merck Lichrospher® 100 RP-18 5um (analytical). The analytical column C,
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(250x4.6mm) was operated at Iml/min, the analytical column C, (250x4mm) at 0.7ml/min and the preparative
column (250x21mm) at 18ml/min, with UV monitoring at 214 nm. Solvent A consisted of 0.09% TFA and solvent B
of 0.09% TFA in 90% MeCN. Flash chromatography was performed on Merck silica gel 60 (40-63 mesh). Solid
phase extractions were carried out using Sep-Pak® Vac cartridge tC,, 35cc from Waters (Milford, Massachusetts).
Mass spectra were obtained by electron spray ionization (ESI-MS) on a Finnigan LC710.

General procedure for the solid phase synthesis of peptide loops L1’-L3’(Scheme 1).

Peptide loops were synthesised manually in a glass reaction vessel fitted with a sintered glass frit, on Fmoc-G-
SASRIN™, according to Fmoc/tBu strategy. All the reaction vessels were silylated using Me,SiCl,:toluene 1:4 for 16
hours and then washed with toluene, MeOH and DCM. The resin (1g, 0.6meq/g) was washed with DCM (3x10ml
x1min) and then swollen in DCM (20m] x30min) and DMF (20ml x30min). Coupling reactions were performed
using, relative to the resin loading, I.5eq. of N-o-Fmoc protected amino acid activated in situ with 1.5eq. of
PyBOP® and 1.5eq. of DIPEA in 10ml DMF for 30min. The N-terminal succinic moiety was obtained by reacting
the resin with 1.5eq. of succinic anhydride and 1.5eq. DIPEA in 10m! DMF for 30min. The completeness of each
coupling was confirmed by the Kaiser test”. N-o-Fmoc protecting groups were removed by treatment with
piperidine:DMF 1:4 (10ml x 5+10+10min), the completeness of each deprotection being verified by the U.V.
absorption of the piperidine washings at 301nm’'. The protected peptides were cleaved from the resin by repeated
treatment with TEA:DCM 1:99 until the resin beads became dark purple (15x10ml x3min). Each washing solution
was neutralised with pyridine:DCM 1:99 (15x12ml). The combined washings were concentrated under reduced
pressure and the protected peptide was obtained by precipitation from DCM: Et,0. The peptide loops were further
purified by solid phase extraction or preparatwe HPLC.
L1’ (HO-Suc-F-G-L-Y(tBu)-G-OH); C,H,)N,O,, (711.81); t,= 21.90min (0-100% B, 30min, C,,); ESI-MS : 712.4
M+17".
L2 (HO-Suc-E(OtBu)-L-G-R(Pmc)-G-OH); C,;H,N,0,.S (953.12); te= 24.28min (0-100% B, 30min, C,); ESI-MS
:953.4 [M+17]".
L3’ (HO-Suc-K(Boc)-G-Y(tBu)-N(Trt)-G-OH); C;H,N,0; (1036.19); te= 26.56min (0-100% B, 30 min, C,,); ESI-
S 1 1036.9 IM+11".

Synthesis of template 1 (Scheme 1).

¢[A-K(Alloc)-G-P-K(Alloc)-A-K(Dde)-A-K(Dde)-G-P-K(Boc)-C(Acm)-K(Boc) %, L.

The linear peptide sequence was assembled on Fmoc-A-SASRIN™ resin (2g, 0.5meq/g) according to the above
procedure and was further reacted without additional purification. C,;;H,¢;N;,04S (2179.65); ty= 22.49 min (0-100%
B, 30 min, C,); ESI-MS : 1090.9 [(M+2)/2]". The peptide (2.17g, 1mmol) was dissolved in DMF (11) and the pH
adjusted to 8-9 by addition of DIPEA. PyBOP® (545mg, 1.05eq) was added and the solution stirred at rt for 3h.
Solvent was removed in vacuo and the residue treated with Et,O to obtain a white powder which was desalted by solid
phase extraction using a discontinuous gradient 30-70% B and lyophilised to afford 2.01g (93.0%) of cyclic peptide

CinH 6sN2, 05,8 (2161.63); te= 21.30min (10-100% B, 27min, C,,); ESI-MS : 1081.9 [(M+2)/2]".

c[A-K(Alloc)-G-P-K(Alloc)-A-K(Dde)-A-K(Dde)-G-P-K(NH,)-C(Acm)-K(NH,)], IL

Compound I (1.20g, 555umol) was dissolved in TFA (30ml) and allowed to stand for 30min at rt. The solution was
then concentrated under reduced pressure and the residue triturated with Et,O to yield 2.10g (99.5%) of the TFA
salt of II as a white solid. C,;H ,N,0,S (1961.40); tz= 19.82 min (0-100% B, 30 min, C,;). ESI-MS : 1962.8
M+17".

¢[A-K(Allo¢)-G-P-K(Alloc)-A-K(Dde)-A-K(Dde)-G-P-K(Fmoc)-C(Acm)-K(Fmoc)]”, 1L

Compound II (1.16g, 531umol) was dissolved in DMF (40ml) and the pH of the solution was adjusted to 8-9 with
DIPEA. FmocOSu (0.36g, 1.05eq.) was added and the reaction stirred at room temperature for 90min. Solvent was
removed in vacuo and the residue triturated with Et,0 to afford 1.22g of crude III which was used without further
purification. C,;,H,,N,,0,,S (2405.88); t,= 30.06 min (0-100%B 30min and 100% B 5min, C); ESI-MS : 1204.0
[(M+2)/2]".

c[A-K(Alloc)-G-P-K(Alloc)-A-K(Dde)-A-K(Dde)-G-P-K(Fmoc)-C(SH)-K(Fmoc)]”, 1 (Scheme 1).
Compound III (1.20g, 500pumol) and anisole (550ul, 10eq.) were dissolved in TFA (120ml) at 0°C. AgBF, (1.95g,
20eq.) was added and the reaction stirred at 0°C under N, for 3h before adding Et,0 (200ml). The resulting white
precipitate was separated by centrifugation and dissolved in AcOH:H,0 2:1 (90ml) to give a yellowish solution. A
precipitate formed upon the addition of HCI 30% (2ml, 40eq.). The reaction mixture was stirred under N, for 5
hours and centrifuged, then the supernatant was filtered and concentrated to dryness in vacuo to afford 1.05g of a
slightly grey powder. 312mg of the crude product was purified by flash chromatography (eluent
DCM:MeOH:AcOH 90:10:5) to obtain 117mg of pure 1. C,3H,;,N,,0,.S (2405.88); tz= 31.02 min (0-100%B 30min
and 100% B 5min, C,); ESI-MS : 1168.3 [(M+2)/2]".

Preparation of resin 2 (Scheme ).
Resin 2 was prepared from Fmoc-PAL-PEG-P§ resin (2.0g, 0.14meq/g) according to the above procedure. The

bromoacetyl moiety was fixed to the N- terminus by reacting bromoacetic acid (0.39g, 10eq.) and DIC (450ml,
10eq.) with the resin in DMF (20m!) for 1 hour.
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Substitution of resin 2 was determined according to the following procedure : dry resin (59.5mg) was swollen in
DCM (2x5ml x5min) and in DMF (2x5ml x5min and then 1x5ml x30min). It was then reacted with Fmoc-Cys-OH
(29.5mg, 10eq.) and DIPEA (pH 8) in DMF for 4 hours and finally washed with DMF (3x5m} x1min). N-o. Fmoc
protecting groups were removed from the resin by treatment with piperidine:DMF 1:4 (5m! x 5+10+10min)
followed by washing with DMF (3x5ml xImin). Absorbance of the combined washings at 30inm indicated a level
of substitution of 136 mol/g for resin 2.

Attachment of template 1 on solid support.

Resin 2 (108mg) was washed with DCM:DMF 1:1 (3x5ml x1min) and swollen in this solvent (Sml x30min). The
resin was then reacted with template 1 (98.7mg, 42.3umol) and DIPEA (50pl) in DCM:DMF 1:1 (3.5ml). After 16h,
the resin was washed with DCM:DMF 1:1 (3xSmlx5min). Unreacted template was recovered by concentrating the
recombined washings in vacuo and treating the residue with Et,0. Treatment of the resin by piperidine:DMF 1:4
(5ml x 5+10+10min) allowed the capping of unreacted bromoacetyl moieties and the removal of N-g-Fmoc
protecting groups from the immobilised template. The level of substitution of the resin (25%) was determined by
measurement of UV absorption of the piperidine washings at 301nm.

General procedure for loop condensation onto the immobilised template

Peptide loops were condensed onto the immobilised template upon sequential removal of Fmoc, Alloc' and Dde™
protecting groups according to published procedures.

Typically, 1% (12.1mg, 17umol) was preactivated with PyBOP® (17.7mg, 34pumol) and DIPEA (17ul, 99umol) in
DCM:DMF 1:1 (2.5ml) for 15min and then allowed to react with the above described immobilised template for 2
hours. The resin was washed with DMF (2x5mi x1min) and DCM (2x5ml x1min). Completeness of the reaction was
confirmed by the Kaiser test. An aliquot of the resin (5-10mg) was treated with TFA:H,O 95:5 (0.5ml) for 2 hours.
The cleavage solution was concentrated to dryness under reduced pressure and the residue dissolved in MeCN
(0.5ml) and analysed by HPLC and ESI-MS. C ,iH,;;,N,;0.,S (2624.10). tg= 19.36 min (0-100%B, 30min, C ). ESI-
MS : 1312.8 [(M+2)/2]".

Final cleavage and deprotection

The dry resin was treated with TFA:H,O:TIS 95:2.5:2.5 (5ml) for 2 hours. The cleavage solution was concentrated
under reduced pressure and the residue treated with Et,0 to obtain a white solid which was isolated by centrifugation
and purified by preparative HPLC (isocratic 32%B). C,\H»:N4,04,S (3323.79). te= 12.33min (15-55%B, 20min, C,).
ESI-MS : 1663.1 [(M+2)/2]".
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