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Abstract: Multifunctional, topological template molecules such as linear and cyclic peptides have been used
for the attachment of peptide strands to form novel protein models of, for example, 4-«-helix bundles. The
concept of carbohydrates as templates for de novo design of potential protein models has been previously
described and these novel chimeric compounds were termed carbopeptides. Here, a second generation
strategy in which carbopeptides are synthesized by chemoselective ligation of a peptide aldehyde to an
aminooxy-functionalized «-D-galactopyranoside is described. This template was prepared by per-O-acyla-
tion of methyl «-D-galactopyranoside with N,N-Boc,-aminooxyacetic acid to form a tetra-functionalized
template, followed by treatment with TFA-CH,Cl, to release the aminooxy functionality. The peptide
aldehydes Fmoc-Ser-Gly-Gly-H and H-Ala-Leu-Ala-Lys-Leu-Gly-Gly-H were synthesized by a BAL strategy.
Four identical copies of peptide aldehyde were smoothly attached to the template by chemoselective ligation
to form a 2.1 and a 2.9 kDa carbopeptide, respectively. Copyright © 2000 European Peptide Society and
John Wiley & Sons, Ltd.
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INTRODUCTION

Design and synthesis of novel, artificial macro-
molecules with three-dimensional structures or bio-
logical functions similar to natural proteins,
represents one of the most challenging goals of
bio-organic chemistry. A good general understand-
ing of the different factors governing protein folding
and stability has been reached; even °‘rules’ or
guidelines have been set forth for de novo design of

Abbreviations: Aoa, aminooxyacetyl; APCI, atmospheric pressure
chemical ionization; BAL, backbone amide linker; p-Galp, D-galac-
topyranose; DIPCDI, N,N’-diisopropylcarbodiimide; DIEA, N,N-di-
isopropylethylamine; o-PALdehyde, 5-(2-formyl-3,5-dimethoxy-
phenoxy)valeric acid; TASP, template-assembled synthetic protein;
Amino acid symbols denote the L-configuration.
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common motifs in proteins such as the 4-x-helix
bundle comprising of four «-helical and amphiphilic
peptide segments [1-3]. However, when this under-
standing has been put to test by design of wholly
new structures, ensembles of multiple conforma-
tions rather than unique structures have often been
found [4].

To bypass the problematic folding step of linear
polypeptides, Mutter and coworkers have suggested
a template-assembled synthetic proteins (TASP)
concept which relies on a multifunctional topologi-
cal scaffold or template, which enhances the spatial
accommodation of the peptides. The templates have
included an octapeptide sequence, designed to form
a short stretch of antiparallel f-sheet [5], a de-
capeptide sequence, cyclized by a disulfide bridge
between a C- and a N-terminal Cys residue [6],
as well as a cyclic decapeptide [7]. Other re-
search groups have applied the TASP concept to



non-peptide templates. Sasaki and Kaiser [8] re-
ported the synthesis of ‘Helichrome’, a 4-«-helix
bundle TASP based on a coproporphyrin template,
DeGrado and coworkers [9] synthesized ‘Tetra-
philin’, a 4-«-helix bundle proton channel, on a
tetraphenylporphyrin template, and recently Sher-
man and coworkers [10] have reported the assembly
of a 4-u-helix bundle on a cyclic tetra-thiophenol
cavitand.

The development of techniques for chemoselective
ligation of unprotected peptide segments has sig-
nificantly extended the reach of synthetic peptide
chemistry. Common to these methods is the
chemoselective reaction of two mutually reactive
functionalities, one on each segment. Some meth-
ods rely on the formation a non-natural (i.e. other
than amide) bond at the site of ligation, this in-
cludes oxime and hydrazone ligations, developed by
Rose [11], in which aminooxy or hydrazine nucleo-
philes react with aldehydes or ketones. Due to the
a-effect [12] of the neighboring heteroatom,
aminooxy derivatives are weak bases but reactive
nucleophiles towards carbonyl groups at an acidic
pH range of 4-5.5 where basic side-chain nucle-
ophiles are protonated. With aldehydes and ketones
oximes are formed which are stable under neutral
to mildly acidic conditions [13]. Other chemoselec-
tive reactions are thioether and thioester ligations,
based on reactions between a thiol or thioacid nu-
cleophile and a bromoacetyl moiety. This has been
further extended by Kent and coworkers into so-
called ‘mative’ chemoselective ligation in which a
thiol capture reaction between a thioester and a
N-terminal Cys residue results in a native amide
bond [14,15]. Furthermore, Liu and Tam have
demonstrated how a N-terminal Cys can be used for
chemical ligation to a glycolaldehyde moiety forming
a thiazolidine ring mimicking a Pro residue at the
site of ligation [16].

A number of 4-xz-helix bundle TASPs have been
assembled via these chemical ligation strategies.
Dawson and Kent functionalized Mutter’s linear
peptide template with bromoacetyl groups in a
thioester ligation to peptides with a C-terminal Gly-
“COSH residue [17]. Mutter's cyclic decapeptide
template was applied by Rau and Haehnel in their
recent synthesis of MOP cytochrome b models via
thioether ligation. Peptides modified with a bro-
moacetyl moiety at either the N-terminal or at a
C-terminal Lys residue were ligated to four Cys
residues in the template sequence [18,19]. The
oxime ligation strategy was applied by Tuchscherer
and coworkers to a non-cyclic antiparallel f-sheet
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type template, functionalized with N-Aloc- and N-
Boc-protected aminooxyacetic acid (Aoa-OH) [20].
An amino acid derivative with a diethyl acetal pro-
tected aldehyde moiety was incorporated at the C-
terminal of one peptide sequence, and at the
N-terminal of another, and an antiparallel 4-«-helix
bundle was assembled in solution after acetal
deprotection.

Carbohydrates are promising candidates for tem-
plates for the display of functional groups due to
their inherent multifunctionality, the relative rigid-
ity of ring forms, ease of regioselective chemical
manipulations, and access to stereoisomers of
mono- and disaccharides [21,22]. In previous re-
ports the concept of carbohydrates as templates for
de novo design of proteins was described (Jensen
KJ, Barany G. Carbopeptides: carbohydrates as po-
tential templates for de novo design of protein mod-
els, in press) [23]. Depending on the size, the names
carbopeptides and carboproteins were suggested for
the members of this novel class of chimeric protein
models assembled on a carbohydrate template. Fur-
thermore, the concept was demonstrated in a first-
generation solid-phase strategy, in which D-
galactopyranose (D-Galp) was tetra-functionalized
with Fmoc-fAla-OH and anchored to a solid sup-
port through a hydroxymethylbenzoyl aglycon
linker (Jensen and Barany, in press) [23]. Simulta-
neous sequential peptide chain elongation on all
four ‘arms’ of the support bound template pro-
ceeded in a reliable manner to yield a carbopeptide
comprising the first segments of a 4-a-helix bundle.

Here an extension of the carbopeptides concept is
presented to allow chemoselective ligation of C-
terminal peptide aldehydes to an aminooxy-funtion-
alized methyl «-D-Galp template by oxime formation
in solution.

MATERIALS AND METHODS

General Procedures

DMF was kept over 4 A molecular sieves. Pyridine
was redistilled from CaH,. High-loading amino-
methylated PS resin, all amino acids, and HBTU
were obtained from NovaBiochem, while HOBt was
from Quantum Richelieu. Solid-phase reactions
were carried out manually in polypropylene sy-
ringes with polyethylene filters. Melting points were
measured in open capillary tubes. Merck TLC Alu-
minium Sheets Silica Gel 60 F,5, plates were used
for TLC. Spots were visualized by UV light, staining
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with 10% sulfuric acid (only carbohydrate deriva-
tives), or staining with a solution of 2% Ce(SO,),
and 5% H3[P(Mo30,0),] in 2 M H,SO,. A HP 8452A
diode array spectrophotometer was used in Fmoc
quantifications. For HPLC the following solvents
were used: H,O (A); CH;CN (B); 0.1% TFA in H,O
(C); 0.1% TFA in CH5CN (D). All programs used a
linear gradient between time points and a flow rate
of 1.2 ml/min (analytical), 20 ml/min (semi-prep.,
increasing from O ml/min over the first 5 min, over
1 min in condition 2), or 30 ml/min (prep., increas-
ing from O ml/min over the first 5 min, over 1 min in
condition 3 to 20 ml/min). Analytical HPLC was
performed on a Waters system equipped with a
600E pump and a 996 PDA detector on a 3.9 x 150
mm Nova-Pak C18 4 pym 60 A column. Semi-prep.
and prep. HPLC was performed on a Waters system
with a Delta 600 pump and a 996 PDA detector with
one of two columns, semi-prep. HPLC on a 25 x 100
mm Prep Nova-Pak HR C18 6 pm 60 A, prep. HPLC
on a stack of three 40 x 100 mm Prep Nova-Pak HR
C18 6 pm 60 A units.

Analytical conditfion 1. Initial 100% A; at 1 min
100% A; at 3 min 80% A, 20% B; at 20 min 5% A,
95% B; at 25 min 5% A, 95% B.

Analytical condition 2. Initial: 100% C; at 1 min
100% C; at 15 min 50% C, 50% D; at 20 min 5% C,
95% D; at 25 min 5% C, 95% D.

Semi-prep. condition 1. Initial 100% A; at 5 min
100% A; at 15 min 80% A, 20% B; at 70 min 5% A,
95% B; at 75 min 5% A, 95% B.

Semi-prep. condition 2. Initial 100% C; at 1 min
100% C; at 50 min 50% C, 50% D; at 70 min 5% C,
95% D; at 75 min 5% C, 95% D.

Prep. condition 1. Initial 100% A; at 5 min 100% A;
at 15 min 50% A, 50% B; at 60 min 100% B; at 75
min 100% B.

Prep. condition 2. Initial 100% A; at 5 min 100% A;
at 15 min 80% A, 20% B; at 60 min 50% A, 50% B;
at 70 min 5% A, 95% B; at 75 min 5% A, 95% B.

Prep. condition 3. As semi-prep. condition 2.

High resolution FAB MS were recorded by Dr
Gustav Bojesen, University of Copenhagen, MALDI-
TOF MS were recorded by Dr Frederik Beck, Pan-
theco A/S, while the ES MS spectrum of
carbopeptide 12 was recorded by Dr Henrik
Pedersen, H. Lundbeck A/S. All other MS spectra
were recorded by Flemming Jensen, Phytera Inc, on
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an atmospheric pressure chemical ionization (APCI)
LC-MS system. 'H NMR spectra were recorded at
200 MHz on a Bruker AC-200 or at 500 MHz on a
Varian Inova 500 spectrometer. '*C NMR spectra
were recorded at 50.3 MHz on a Brucker AC-200 or
at 125.7 MHz on a Varia Inova 500 spectrometer.

Acylation of Methyl « -D-Galp with N#-Boc-Aoa-OH

Methyl «-pD-Galp monohydrate (5) (32 mg, 0.15
mmol) and N”-Boc-Aoa-OH (1) (367 mg, 1.92 mmol)
were dissolved in pyridine-CH,Cl, (1:1, 2 ml), to
which N,N’-diisopropylcarbodiimide (DIPCDI) (297
pl, 1.92 mmol) and a catalytic amount of DMAP
were added. After reaction for 18 h at room temper-
ature the suspension was concentrated to near dry-
ness, redissolved in CH,Cl,, and filtered to remove
N,N’-diisopropylurea. Vacuum liquid chromatogra-
phy, eluting with EtOAc-hexane (1:3) and EtOAc-
hexane (1:1), isolated a spot (TLC, EtOAc-hexane,
6:4, R; 0.68). Concentration gave a colorless syrup,
96 mg. APCI LC-MS showed several peaks, domi-
nated by the signals from methyl (N”-Boc-Aoa)s-o-
D-Galp (calc. for C,,HgoN5Os6: 1059.42, found: m/z
1061 [M+H]*, 961 [M-Boc + 2H] *, 861 [M-2Boc +
3H]*, 761 [M-3Boc+4H]*, 661 [M-4Boc+ 5H] ",
561 [M-5Boc+6H]*) and from methyl (N”-Boc-
Aoa)g-o-D-Galp (calc. for C,gHgoNgO5, 1232.49,
found m/z 1234 [M+H]*, 1134 [M-Boc+ 2H]™*,
1034 [M-2Boc + 3H]*, 934 [M-3Boc+4H]*, 834
[M-4Boc + 5H]*, 734 [M-5Boc+6H]*, 634 [M-
6Boc + 7H] *).

N#-Boc-Aoa-OBn (2)

N”-Boc-Aoa-OH (1) (6.8 g, 36 mmol) was dissolved
in CH;0H-H,O (10:1, 44 ml). 20% (w/v) Cs,CO; in
water was added until pH 7 (~35 ml). Next, the
solution was evaporated to dryness, the residue
suspended in DMF (~20 ml), and again concen-
trated to dryness. This procedure was repeated to
give the dry Cs-salt. Finally, the white powder was
suspended in dry DMF (50 ml) and benzyl bromide
(4.7 ml, 39 mmol) was added. After 18 h the clear
solution was concentrated to near dryness and par-
titioned between water (50 ml) and Et,O (2 x 50 ml).
The ether fractions were pooled, dried (MgSO,), and
concentrated to yield 9.3 g of a white solid. The
crude product was purified by trituration with pen-
tane (30 ml) to yield 8.1 g, 80%, of title product,
m.p. 80-82°C. 'H NMR (CDCl,, 200 MHz), 6: 1.48
(s, 9H, CH;), 4.49 (s, 2H, CH, Aoa), 5.22 (s, 2H,
benzylic), 7.38 (m, 5H, arom.), 7.76 (s, 1H, NH).
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N,N-(Boc),-Aoa-OBn (3)

The benzyl ester (2) (562 mg, 2.0 mmol) was dis-
solved in CH5CN (4 ml). Boc,O (480 mg, 2.2 mmol)
was added, followed by DMAP (24 mg, 0.2 mmol).
After 10 min the evolution of CO, gas ceased and
after 30 min TLC (toluene-CH3CN, 4:1) showed no
sign of starting material (R{2) 0.54, R{(3) 0.62). The
mixture was transferred to a separation funnel with
EtOAc (10 ml) and extracted with 1 M aqueous
KHSO, (5 ml), 1 m aqueous Na,CO; (5 ml), and
brine (5 ml), dried (MgSO,) and concentrated to
afford a faintly yellow oil, yield 728 mg, 96%, of title
product. 'H NMR (CDCl;, 200 MHz), é: 1.53 (s, 18H,
CHj3), 4.57 (s, 2H, CH, Aoa), 5.23 (s, 2H, benzylic),
7.37 (m, 5H, arom.).

N,N-(Boc),-Aoa-OH (4)

The di-Boc protected benzyl ester (3) (2.34 g, 6.1
mmol) was dissolved in CH;OH (20 ml), Pd/C (10%)
catalyst (91 mg, 4% w/w) was added, and the mix-
ture was hydrogenated at 1 atm. After 18 h TLC
(toluene-CH3CN, 4:1) showed only one spot with Ry
0.1. The catalyst was filtered off through a glass
fiber filter and the colorless solution was evaporated
to dryness. The residue was redissolved in EtOAc (1
ml). Addition of hexane (6 ml) caused some product
to crystallize and precipitate over 30 min. The mix-
ture was then left to evaporate and the resulting
white solid was triturated with hexane (~ 10 ml) to
yield 1.72 g, 96%, of the title product, m.p. 81—
83°C. High-resolution FAB MS, calc. for C,,H,,NO,:
291.1318. Found: m/z 292.1399 [M+H]*. APCI
LC-MS, found: m/z 581.4 [2M-H], 481.2 [2M-
Boc]~, 290.0 [M-H]-, 216.1 [M-OCH,COOH],
190.0 [M-Boc] ~. 'H NMR (DMSO-dg, 200 MHz), §:
1.46 (s, 18H, CH,), 4.44 (s, 2H, CH, Aoa). '3C NMR
(DMSO-dg, 50.3 MHz), 6: 27.6 (CHj3), 72.1 (CH,
Aoa), 83.5 (C(CHjy)3), 149.6 (CO Boc), 168.7 (COOH).

Methyl 2,3,4,6-tetra-O-(N,N-(Boc),-Aoq)-«-D-Galp
)

Methyl «-D-Galp monohydrate (5) (61 mg, 0.29
mmol) and N,N-(Boc),-Aoa-OH (4) (500 mg, 1.72
mmol) were dissolved in pyridine-CH,Cl, (1:1, 5 ml)
and stirred for 1 h with 3 A molecular sieves. Then
DMAP (21 mg, 0.17 mmol) and DIPCDI (266 pl, 1.72
mmol) were added. After 30 min, TLC (EtOAc-hex-
ane, 1:1) showed several products, and additional
DIPCDI (266 pl) was added. After further 30 min
TLC (EtOAc-hexane, 1:1) showed only one spot (R,
0.75). Molecular sieves were filtered off and the
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suspension containing N,N’-diisopropylurea was
concentrated to dryness, redissolved in CH3;CN (3
ml), and purified by prep. HPLC (condition 1). The
fractions containing the product, t; 62 min, were
identified from the UV absorption at 215 nm, pooled
and concentrated to yield 312 mg, 84%, of title
product. Dissolving the colorless syrup in a small
amount of CH,Cl,, followed by rapid evaporation
under high vacuum, gave a semi-crystalline foam.
High-resolution FAB MS, calc. for Cgz5HgoN,O5:
1286.5640. Found: m/z 1309.5564 [M + Na] *. APCI
LC-MS, found: m/z 1346.2 [M+ H,O + CH;CN +
H]*, 1305.1 [M+H,O0+H]*, 1205.1 [M-Boc+
H,0 + 2H] *, 1104.9 [M-2Boc + H,O + 3H] *, 1005.0
[M-3Boc + H,O + 4H]*, 887.9 [M-4Boc+ 5H]",
787.7 [M-5Boc+6H]*, 687.5 [M-6Boc+ 7H]*,
587.4 [M-7Boc + 8H]*, 487.3 [M-8Boc +9H]*. 'H
NMR (CDCl;, 500 MHz), ¢: 1.52 (s, 72H, CHg), 3.41
(s, 3H, OCHy), 4.19 (dd, J 4.7 Hz, J 10.2 Hz, 1H,
H-6a), 4.26 (m, 1H, H-5), 4.29 (dd, J 7.3 Hz, J 10.2
Hz, 1H, H-6b), 4.42-4.65 (m, 8H, CH, Aoa), 5.11 (d,
J 3.8 Hz, 1H, H-1), 5.12 (dd, J 3.8 Hz, J 13.2 Hz,
1H, H-2), 5.51 (dd, J 3.4 Hz, J 13.2 Hz, 1H, H-3),
5.52 (m, 1H, H-4). '3C NMR (CDCl;, 125.7 MHz), J:
28.0 (CHs;), 55.6 (OCHj), 62.3 (C-6), 65.9 (C-b), 67.6
(C-2/3/4), 68.7 (C-2/3/4), 69.0 (C-2/3/4), 71.8-72.2
(CH, Aoa), 84.2-84.4 (C(CH,)3), 96.7 (C-1), 149.8~
150.1 (CO Boc), 166.1-166.7 (CO Aoa).

Methyl 2,3,4,6-tetra-O-Aoa-«-D-Galp, tetra TFA salt
V)]

The protected template 6 (37 mg, 29 pmol) was
dissolved in CH,Cl,-TFA (1:1, 2 ml). After stirring
for 30 min at room temperature, it was concen-
trated to dryness, redissolved in a small amount of
water (~5 ml) and lyophilized to afford 27 mg,
100%, of title product as a fine white, very hygro-
scopic powder. APCI LC-MS, calc. for C,5sH,6N,O,,:
486.14. Found: mjz 487.2 [M+H]*. 'H NMR
(CD;0D, 500 MHz), ¢: 3.45 (s, 3H, OCHg), 4.30-
4.60 (m, 11H, H-5, H-6a, H-6b, CH, Aoa), 5.08 (d, J
3.8 Hz, 1H, H-1), 5.28 (dd, J 3.8 Hz, J 10.7 Hz, 1H,
H-2), 5.55 (dd, J 3.4 Hz, J 10.7 Hz, 1H, H-3), 5.65
(dd, J 1.3 Hz, J 3.4 Hz, 1H, H-4).

Fmoc-Ser-Gly-Gly-H (8), and
H-Ala-Leu-Ala-Lys-Leu-Gly-Gly-H (9)

High-loading aminomethylated PS resin was placed
in a syringe, washed with DMF-N,N-diisopro-
pylethylamine (DIEA) (19:1, 1x), DMF (3 x),
CH,Cl, (8x), and DMF (3 x). 5-(2-Formyl-3,5-
dimethoxyphenoxy)valeric acid (o-PALdehyde) (2
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equivalents), HBTU (2 equivalents), and HOBt (2
equivalents), were dissolved in DMF. DIEA (3 equiv-
alents) was added and after stirring for 5 min, the
solution was transferred to the resin with additional
DMF. After 18 h on a shaker, the resin was washed
with DMF (5x) and CH,Cl, (5x), and dried
overnight in vacuo. A subsequent Kaiser ninhydrin
test was negative. The resin was capped with Ac,O-
CH,CI, (1:3) for 1 h, and then washed with CH,Cl,
(5 x) and DMF (5 x ). Aminoacetaldehyde dimethyl
acetal (10 equivalents) and NaBH;CN (10 equiva-
lents) were dissolved in DMF and the solution was
transferred to the PALdehyde-PS resin and placed
on a shaker for 18 h. The following washes included
DMF (5 x) and CH,Cl, (5x). Fmoc-Gly-OH (10
equivalents) was dissolved in CH,ClL,-DMF (9:1)
and DIPCDI (5 equivalents) was added. Heavy pre-
cipitation resulted in the stirred solution after 3 min
and after 15 min the white slurry was transferred to
the resin. After 2 h the resin was washed with DMF
(5x) and CH,Cl, (5x). Anhydride coupling and
washes were then repeated once. Finally, the resin
was capped with Ac,0-CH,CI, (1:3) for 1 h, washed
with DMF (5x) and CH,Cl, (5x), and dried
overnight in vacuo. The loading on the resin was
quantified from the absorption of dibenzofulvene at
290 nm after deprotection of a 5 mg sample. In the
synthesis of peptide aldehyde 8 on a 1.20 mmol/g
resin the loading of the first amino acid was quanti-
fied to 0.30 mmol/g. In the synthesis of peptide
aldehyde 9 on a 1.00 mmol/g resin, the result was
0.40 mmol/g. Chain elongation proceeded with
Fmoc-deprotection in piperidine-DMF (1:4) and
coupling of Fmoc-protected amino acids with HBTU,
following a protocol for automated Fmoc solid-
phase peptide synthesis [24]. Protected amino acid
side chains and the aldehyde moiety were depro-
tected and the product was released from the resin
by treatment with TFA-H,O (19:1) over 2 h. The
resin was washed with additional TFA and the com-
bined TFA solutions were concentrated to near dry-
ness under a flow of air. The syrupy residue
containing peptide aldehyde 8 was redissolved in
CH;CN and purified by prep. HPLC (condition 2).
Retention time of the product containing peak was
tg 45 min. The relevant fractions were pooled, con-
centrated, and lyophilized to yield a white powder,
20 mg, 45%, of peptide aldehyde 8. High-resolution
FAB MS, calc. for C,,H,3N;04: 425.1587. Found:
m/z 426.1661 [M+ H]*. APCI LC-MS, found: m/z
466.0 [M+H,O+Na]*, 448.1 [M+Na]*, 426.1
[M+H]*. After cleavage from the handle, peptide
aldehyde 9 was precipitated with cold Et,O, cen-
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trifuged at 3000 rpm for 10 min, decanted, redis-
solved in H,O, and purified by prep. HPLC
(condition 3). Retention time was tz 28 min. The
product was obtained as a white powder after being
lyophilized, 112 mg, 19%, of peptide aldehyde 9
(assuming salt formation with 2 x TFA). APCI LC-
MS, calc. for C,gH5,NgO,: 612.4. Found 595.5 [M-
H,O+H]*.

Methyl 2,3,4,6-tetra-O-Aoa-«-p-Galp,
tetra-(2,4-dimethoxybenzaldehyde) oxime (10)

Deprotected template 7 (5.0 mg, 5.3 umol) was dis-
solved in CH;CN-buffer (2:1, 1.5 ml), with the
buffer being aqueous HOAc/NaOAc (0.50 M each)
adjusted to pH 4 with concentrated HCl. 2,4-
Dimethoxybenzaldehyde (5.3 mg, 31.9 pmol) was
added and the mixture stirred while the reaction
progress was followed by withdrawing samples for
HPLC analysis (condition 1). Retention times were
tz(2,4-dimethoxybenzaldehyde) 13.28 min and
tz(10) 23.68 min. After 3 h the reaction was com-
plete. The reaction mixture was then purified by
semi-prep. HPLC (condition 1). The fractions
around tx(10) 58 min were concentrated to yield a
solid white product, 5.2 mg, 91%, of title product.
APCI LC-MS, calc. for Cg,HzgN,O,,: 1078.35.
Found: m/z 1101.6 [M + Na]*, 1079.6 [M + H]*. 'H
NMR (CDCl;, 500 MHz), ¢: 3.32 (s, 3H, OCH; C-1),
3.73-3.96 (m, 24H, OCHs arom.), 4.19-4.31 (m,
3H, H-5, H-6a, H-6b), 4.54-4.80 (m, 8H, CH, Aoa),
5.05 (d, J 3.4 Hz, 1H, H-1), 5.23 (dd, J 3.4 Hz, J
10.9 Hz, 1H, H-2), 5.52 (dd, J 3.4 Hz, J 10.9 Hz, 1H,
H-3), 5.62 Hz (m, 1H, H-4), 6.38-6.54 (m, 8H,
arom.), 7.65-7.80 (m, 4H, arom.), 8.30-8.53 (m,
4H, oxime).

Methyl 2,3,4,6-tetra-O-Aoa-«-b-Galp,
tetra-(Fmoc-Ser-Gly-Gly-H) oxime (11)

The deprotected template 7 (6.6 mg, 7.0 umol) was
dissolved in the previously used aqueous buffer (0.5
ml). The peptide aldehyde 8 (18 mg, 42 umol) was
suspended in CH;CN (1.5 ml), and the template
solution was added. The suspension was left stir-
ring while the reaction was followed by HPLC (con-
dition 1). Retention times were tz(8) 12.89 min and
tg(11) 19.49 min. Samples were filtered through a
syringe filter prior to injection. After 72 h, the reac-
tion mixture which still contained precipitate was
evaporated to near dryness, dissolved in CH;CN-
DMF (5:1, 1.2 ml), and purified by semi-prep. HPLC
(condition 1). The fractions around tz 45 min were
pooled, concentrated, and lyophilized to a white
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solid in 13.8 mg, 93%, yield of title carbopeptide.
MALDI-TOF MS, calc. for C,y3H;;0N6034: 2114.74
(monoisotopic), 2116.06 (average). Found: m/z
2154.2 [M+K]*, 2138.0 [M+ Na] *.

Methyl 2,3,4,6-tetra-O-Aoa-a-b-Galp,
tetra-(H-Ala-Leu-Ala-Lys-Leu-Gly-Gly-H) oxime (12)

Peptide aldehyde 9 (31 mg, 37 pmol, assuming TFA
salt formation with two primary amines) and depro-
tected template 7 (5.8 mg, 6.2 pmol) were dissolved
in the aqueous buffer (2.0 ml). The reaction was
followed by HPLC (condition 2). Retention times
were tx(9) 12.58 min and tx(12) 15.03 min. After 3h
the chromatograms indicated no further develop-
ment and after 6 h the solution was purified by the
semi-prep. HPLC (condition 2). The fractions
around t; 28 min were pooled, concentrated, and
lyophilized to yield 15 mg white powder, 64% (as-
suming TFA salt formation with all eight primary
amines), of title carbopeptide. MALDI-TOF MS,
calc. for C,,,H,56N56035: 2863.69 (monoisotopic),
2865.37 (average). Found: m/z 2867.5 [M+ H]*. ES
MS, found 956.1 [M+3HJ]**, 717.3 [M+4H]* ™,
574.1 [M+5HJ®+.

RESULTS AND DISCUSSION

The new strategy developed included chemoselec-
tive ligation of C-terminal peptide aldehydes to an
aminooxy-functionalized D-Galp template. Recently,
a new method was developed by one of the authors
for the synthesis of C-terminal peptide aldehydes
using a backbone amide linker (BAL) strategy [25].
The present authors envisioned accessing the tem-
plate by per-O-acylation of commercially available
methyl o-D-Galp (5) with tert-butyloxycarbonyl
(Boc) protected Aoa-OH followed by removal of Boc
groups with TFA-CH,Cl,.

Preparation of Template

Starting from commercial available methyl «-D-Galp
(5), per-O-acylation with commercially available N”-
Boc-Aoa-OH (1) mediated by N,N’-diisopropylcar-
bodiimide (DIPCDI) in pyridine-CH,CIl, (1:1) in the
presence of N,N-dimethylaminopyridine (DMAP)
yielded a mixture of compounds. LC-MS analysis
showed the major products to be over-acylated (N/-
Boc-Aoa)s-2-D-Galp and (N”-Boc-Aoa)g-o-D-Galp
arising from N-acylation of the desired tetra-O-acyl
template. Fragmentation products corresponding to
the loss of one to five, and one to six, Boc-groups,
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were also identified. To prevent this side-reaction,
N,N-(Boc),-Aoa-OH (4) was synthesized from 1 fol-
lowing precedents by Gunnarsson and Ragnarsson
[26] for the N,N-di-protection of amino acids. First,
1 was converted to the corresponding benzyl ester
derivative by neutralizing an aqueous solution of
the acid with Cs,CO,, followed by reaction of the
dry salt with benzyl bromide in DMF at room tem-
perature. The second Boc group was added in a
DMAP catalysed reaction with Boc,O in acetonitrile
at room temperature. Finally, the carboxylic acid
moiety was deprotected by Pd/C-catalysed hydro-
genation at atmospheric pressure and room temper-
ature in methanol to afford N,N-(Boc),-Aoa-OH (4)
in 74% overall yield from 1 (Figure 1). The di-Boc-
protected acid 4 (6 equivalents) was smoothly cou-
pled to methyl «-D-Galp monohydrate (5) with
DIPCDI (6 equivalents) in pyridine-CH,Cl, (1:1) in
the presence of DMAP and 3 A molecular sieves at
room temperature. Further addition of DIPCDI (6
equivalents) was required to drive the reaction to
completeness. After 1 h total reaction time, methyl
2,3,4,6-tetra-O-(N,N-(Boc),-Aoa)-«-D-Galp (6) was
isolated in 84% yield. Deprotection with TFA-
CH,C]l, (1:1) proceeded quantitatively at room tem-
perature to afford the desired template methyl
2,3,4,6-tetra-O-Aoa-o-D-Galp (7) (Figure 2).

Preparation of C-terminal Peptide Aldehydes

A BAL strategy was used for solid-phase synthesis
of Fmoc-protected C-terminal tripeptide aldehyde,
N*-Fmoc-Ser-Gly-Gly-H (8), and C-terminal hep-
tapeptide aldehyde, H-Ala-Leu-Ala-Lys-Leu-Gly-
Gly-H (9). First, o-PALdehyde was coupled to a
high-loading aminomethylated polystyrene resin
with HBTU in the presence of HOBt and DIEA. Next,
reductive amination with aminoacetaldehyde
dimethyl acetal and sodium cyanoborohydride
in DMF-HOAc (99:1) afforded H-(BAL-PS)N-
CH,CH(OCHj3;),. The incorporated nitrogen then be-
came the backbone nitrogen of the C-terminal
glycinal residue in the peptide assembled by chain

elongation (Figure 3). Double coupling with
o ) Cs3CO3, H,0 o Boc,0, DMAP
i) BnBr, DMF CH3CN
pre) _—
BocHN /o\)J\OH §0% BocHN \/“\OBn 96%
1 2
0 H,, PdiC fe}
CH4OH
- _0.
Boc,N /o\/lLOBn 96% Boc,N \)J\OH
3 4

Figure 1 Preparation of N,N-(Boc),-Aoa-OH (4).
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Figure 2 Preparation of methyl 2,3,4,6-tetra-O-Aoa-x-D-Galp (7).

o
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~
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Figure 3 Preparation of peptide aldehydes by a BAL strategy.

(Fmoc-Gly),O in CH,Cl,-DMF (9:1) provided acyla-
tion of the secondary amine. The chain assembly
was completed by sequential Fmoc-removal with
piperidine-DMF (1:4) and coupling of Fmoc-pro-
tected amino acids with HBTU in the presence of
HOBt and DIEA. Treatment with TFA-H,O (19:1)
for 2 h at room temperature released the peptide
aldehyde with concomitant deprotection of the alde-
hyde and Ser or Lys side-chain moieties. After
preparative HPLC, N*-Fmoc-Ser-Gly-Gly-H (8) was
obtained in 45% yield while H-Ala-Leu-Ala-Lys-Leu-
Gly-Gly-H (9) was recovered in 19% yield.

Preparation of Carbopeptides by Oxime Ligation

In a model study, 2,4-dimethoxybenzaldehyde was
coupled to methyl 2,3,4,6-tetra-O-Aoa-o-p-Galp (7)
at room temperature. Chemoselective oxime liga-
tions of unprotected peptides have generally been
performed in weakly acidic aqueous solutions

Copyright © 2000 European Peptide Society and John Wiley & Sons, Ltd.

[11,20,27,28]. However, due to the solubility proper-
ties of the aldehyde, and to facilitate HPLC-monitor-
ing of the reaction progress, a solvent system of
CH;CN-buffer (2:1), with the buffer being aqueous
acetate adjusted to pH 4, was chosen for this liga-
tion. With 6 equivalents (50% excess) of the alde-
hyde, the reaction was complete within 2 h (Figure
4). The ligation product 10 was purified to give 91%
isolated yield and characterized by APCI LC-MS and
'H NMR. Next, N*-Fmoc-Ser-Gly-Gly-H (8) (6 equiv-
alents) was ligated to the template 7 in CH;CN-
buffer (3:1). The peptide aldehyde was only partially
soluble in this solvent system and the reaction mix-
ture remained a suspension. As in the model study,
the reaction was essentially quantitative, though
slower (Figure 6). After 72 h the desired 2.1 kDa
tetra-substituted carbopeptide (11) was isolated by
semi-prep. HPLC in 93% yield. It is likely that the
prolonged reaction time is caused by the limited
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Figure 4 Preparation of methyl 2,3,4,6-tetra-O-Aoa-o-D-Galp, tetra-(2,4-dimethoxybenzaldehyde) oxime (10). The wavy

bonds indicate that both cis and trans forms are present.

solubility of the peptide aldehyde in the chosen
solvent and that the use of, for example, DMF or
DMSO as cosolvent, could reduce the reaction time.
Furthermore, Shao and Tam have demonstrated
that these solvents in general accelerate oxime liga-
tion reactions [13]. Finally, H-Ala-Leu-Ala-Lys-Leu-
Gly-Gly-H (9) (6 equivalents) was coupled to the
template 7 in neat buffer. Both reagents were fully
soluble and after 6 h the product, a 2.9 kDa car-
bopeptide (12), was isolated by semi-prep. HPLC in
64% yield (Figure 5).

NMR Studies

The authors speculated that the carbohydrate moi-
eties of carbopeptides and -proteins could serve as
structural markers for conformational changes
caused by aggregating peptide chains, i.e. distortion
of the pyranoside *C, conformation' would reflect
conformational changes in the peptide chains. %Jy

coupling constants for the pyranoside ring in Boc-
protected template 6 indicated the expected *C,
conformation (®J, , 3.8 Hz; 3J, 5 13.2 Hz). The four
Aoa methylene groups showed some chemical shift
dispersity. Coupling constants for deprotected tem-
plate 7 also indicated a *C, conformation (°J; , 3.8
Hz; 3J,5; 10.7 Hz). However, upon standing in
CD;OD for several hours additional peaks were ob-
served in the 'H NMR spectrum, possibly arising
from loss of structural integrity of the template due
to acyl transfer. This apparent slow change of the
free template did not influence the chemoselective
ligation (vide supra). In case of an intramolecular
N-O acyl transfer to form Aoa,-dimers, the modified
template would only allow ligation at three posi-
tions. The dimethoxybenzylidene ligation product
10 showed the expected set of pyranoside protons
indicative of a *C, conformation (°J,, 3.4 Hz, °J, 5
10.9 Hz). Due to the relatively short chain length of

H H
\ /
Ala Ala
7/ AY
Leu Leu
\ /
Ala Ala\
Lys( /LYS /H
H /Leu Leu\ Ala\
/\Ala aly, Sly e
Leu\ 2 TFA NH HN Ala
‘Ala H < s
Lys< Ala I(I:H H(ijl Leu\
L
NH, NH Leu e N N HN/G'V
i ) 4TFA Gly ) 0

\
X8
HoN—] OCH;

Figure 5 Preparation of methyl 2,3,4,6-tetra-O-Aoa-o-D-Galp, tetra-(H-Ala-Leu-Ala-Lys-Leu-Gly-Gly-H) oxime (12).
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Figure 6 HPLC chromatograms showing formation of carbopeptide 11 by ligation of peptide aldehyde 8 to template 7. A,
initial; B, after 1 min; C, after 24 h; D, after 72 h. Retention times were tx(8) 12.89 min and tx(11) 19.49 min. Note that
the z-axes of the chromatograms, showing the absorption at 265 nm, are not to scale.

six residues per ‘arm’, little secondary structure
was expected in 12. However, in H,O-D,O (9:1) and
DMSO-dg solutions carbopeptide 12 showed
promising chemical shift dispersion in the 'H
spectrum.

CONCLUSIONS

A new convergent strategy has been developed for
the synthesis of carbopeptides in which C-terminal
peptide aldehydes were chemoselectively ligated to
an aminooxy-functionalized methyl o«-D-Galp to
yield a novel class of protein models assembled on a
carbohydrate template. Novel N,N-(Boc),-Aoa-OH
was used in the per-O-acylation of methyl «-D-Galp
to give methyl 2,3,4,6-tetra-O-Aoa-z-D-Galp after
treatment with TFA-CH,CI, to cleave the Boc pro-
tecting groups. Four copies of C-terminal peptide
aldehydes synthesized via a BAL strategy were
simultaneously attached to the template by oxime
formation in near-quantitative reactions. 'H NMR
studies of the template and the ligated product
indicated a preference for the expected *C, confor-
mation. Future perspectives will include prepara-
tion and chemoselective ligation of longer amphi-
philic «-helical C-terminal peptide aldehydes for de
novo synthesis of 4-«-helix bundle models and the

Copyright © 2000 European Peptide Society and John Wiley & Sons, Ltd.

characterization of final ligated products by circular
dichroism and 'H NMR spectroscopy.
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NOTES

1. *C, denotes a chair conformation of the pyranoside ring
in which C-4 and C-1, respectively, are above and below
a plane defined by C-2, C-3, C-5, and O-5. See Refer-
ence [29].
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