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Abstract—Conformational analysis of peptides containing a glucose-derived furanoid sugar amino acid (Gaa) by detailed NMR and
constrained MD studies revealed that peptides with repeating Gaa-Leu-Val units had conformational signatures very similar to

those of linear homooligomers of Gaa.
© 2005 Elsevier Ltd. All rights reserved.

The usefulness of sugar amino acids as conformationally
constrained multifunctional scaffolds in peptidomimetic
studies has been amply demonstrated by many research-
ers worldwide.! Besides, they have also emerged as an
important class of synthetic monomers leading to many
de novo oligomeric libraries.>* We have shown earlier
that the linear tetramer of a glucose-derived furanoid
sugar amino acid (Gaa) had a well-defined structure in
CDCl; with repeating B-turns, each involving a 10-mem-
bered ring structure with intramolecular hydrogen
bonds between NH; — C=0,_,.>® In the present com-
munication, we have studied the conformational toler-
ance of the structure of Gaa homooligomers by
replacing alternate Gaa units with dipeptides from nat-
ural amino acids that gave peptides 1-3 with repeating
Gaa-Leu-Val units (Fig. 1). It was assumed that such
assemblies might nucleate the formation of B-hairpin
structures as the Leu-Val units being more flexible than
Gaa were expected to disrupt the interwoven (10/10/
10...)-H-bonded structure of Gaa-oligomers.* However,
detailed NMR and constrained MD studies showed that
the peptides 1-3 had conformational signatures very
similar to those of homooligomers of Gaa with repeti-
tive H-bonding patterns reminiscent of the helical struc-
tures of natural amino acid-containing peptides.

Peptides 1-3 were synthesized following standard solu-
tion phase peptide synthesis methods® using 1-ethyl-3-
(3-(dimethylamino)propyl)carbodiimide hydrochloride
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(EDCI) and 1-hydroxybenzotriazole (HOBt) as cou-
pling agents and dry DMF and/or CH,Cl, as solvents.
While the fert-butoxycarbonyl (Boc) group was used
for N-protection, the C-terminal was protected as a
methyl ester (OMe). Deprotection of the former was
done in TFA-CH,Cl, (1:1) and saponification of the lat-
ter was performed using LiOH in THF-MeOH-H,O. In
the racemization-free fragment condensation strategy
that was followed, Boc-Gaa(Bn,)-OH® was first coupled
with the dipeptide H-Leu-Val-OMe as efficiently as with
any normal amino acid using the reagents mentioned
above to give the tripeptide Boc-Gaa(Bn,)-Leu-Val-
OMe in 90% yield. After removal of the Boc protection,
the resulting tripeptide, H-Gaa(Bn,)-Leu-Val-OMe, was
reacted with Boc-Leu-Val-OH to furnish the peptide 1 in
85% yield.” Coupling of Boc-Gaa(Bn,)-Leu-Val-OH
with H-Gaa(Bn,)-Leu-Val-OMe gave 2 in 80% yield.’
Finally, Boc deprotection of 2 followed by coupling with
Boc-Leu-Val-OH provided the third peptide 3.7 The
peptides were purified by silica gel column chromatogra-
phy and fully characterized by spectroscopic methods
before conformational studies.

Peptide 1 is equivalent to a hexapeptide containing one
unit of the dipeptide isostere Gaa and two dipeptide
units of Leu-Val at both ends. Extensive NMR study?®
showed that peptide 1 folds into a stable repetitive -
turn conformation similar to that observed for homo-
oligomers of furanoid sugar amino acids. The spectral
parameters are given in Table 1. Three out of five-amide
protons, GaaNH (6.89 ppm), Leu(2)NH® (7.84 ppm)
and Val(2)NH (7.04 ppm), indicate their likely partici-
pation in intramolecular H-bonding (Fig. 2). However,
a solvent titration study showed that only Leu(2)NH
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Figure 1. Structures of peptides 1-3.

Table 1. Chemical shift values of peptide 1 in CDCl;, 500 MHz at 30 °C

Protons Leu(l) Val(1) Leu(2) Val(2)

NH 485(d,J=74) 6.60 (d, J=18.8) 7.84 (d, J=9.3) 7.04 (d, J = 8.6)
CaH 4.05 (m) 4.18 (dd, /=6.9, 8.8) 4.70 (dt, J=5.0,9.3) 4.47 (dd, J=5.6, 8.6)
CBH 1.65 (m) 2.19 (m) 1.83 (m) 2.05 (m)

CB'H 1.50 (m) — 1.75 (m) —

CyH 1.50 (m) 0.91 (d)* 1.71 (m) 0.88 (d)*

Cy'H — 0.91 (d)* — 0.88 (d)*

CSH 0.93 (d)* — 0.96 (d)* —

C3'H 0.93 (d)* — 0.96 (d)* —

Others: 6.89 (dd, J=4.9, 7.5, GaaNH), 4.67 (d, J = 4.2, GaaC2H), 4.26 (d, J = 4.2, GaaC3H), 3.67 (d, J = 5.5, GaaC4H), 4.15 (ddd, J = 1.2, 5.5, 9.3,
GaaC5H), 3.14 (m, GaaC6H), 3.88 (m, GaaC6'H), 1.47 (s, Boc), 3.58 (s, OMe), 4.66—4.21 (m, 4H, OCH,Ph), 7.15-7.35 (m, aromatic protons).

#The J value could not be determined due to the overlapping of signals.
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Figure 2. Solvent titration plot and schematic representation of the H-bonding and long-range NOE correlations observed for peptide 1.

and Val(2)NH participate in intramolecular H-bonding,
because of the small change of 0.28 and 0.59 ppm,
respectively, in their chemical shifts when 33% v/v
DMSO-ds was added. The cross-correlations, Leu(1)-
NH < Val(1)NH, Val(1)NH < GaaNH, GaaNH <
Leu(2)NH, Leu(2)NH « Val(2)NH, GaaC2H <
GaaC5H, GaaNH < GaaC5H, GaaNH < GaaC6H,
Val(2)NH < GaaC4H, Val(2)CHj; <> GaaC4H, in the

ROESY spectrum (Fig. 2) suggest possible H-bonds
between Leu(2)NH — Val(1)CO with a 10-membered
B-turn structure and a 9-membered pseudo-p-turn
structure between Val(2)NH — GaaC30Bn. In addi-
tion, the cross-peaks between Leu(l)NH < Val(1)NH
and Val(1)NH < GaaNH hint at a significant popula-
tion of molecular structures with a p-turn between
GaaNH — BocCO.
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Table 2. Chemical shift values of peptide 2 in CDCl;, 500 MHz at 30 °C

Protons Leu(l) Val(l) Leu(2) Val(2)

NH 7.69 (d, J=38.5) 6.66 (d, J=8.7) 7.85(d, J=9.1) 7.09 (d, J = 8.6)
CoH 4.61 (m) 4.21 (m) 4.65 (m) 4.47 (dd, J=5.7, 8.6)
CBH 1.86 (m) 2.21 (m) 1.78 (m) 1.98 (m)

Cp'H 1.71 (m) — 1.71 (m) —

CyH 1.71 (m) 0.90 (d)* 1.67 (m) 0.83 (d)*

Cy'H — 0.90 (d)* — 0.83 (d)*

CSH 0.92 (d)* — 0.91 (@)* —

C38'H 0.92 (d)* — 0.91 (d)* —

Others: 4.91 (dd, J = 5.4, 7.9 Hz, Gaa(1)NH), 4.68 (d, J = 4.2, Gaa(1)C2H), 4.23 (m, Gaa(1)C3H), 3.50 (m, Gaa(1)C4H), 4.03 (m, Gaa(1)C5H), 3.68
(m, Gaa(1)C6H), 2.97 (m, Gaa(1)C6'H), 6.94 (dd, J = 5.1, 7.1, Gaa(2)NH), 4.63 (d, J = 4.23, Gaa(2)C2H), 4.23 (d, J = 4.23, Gaa(2)C3H), 3.58
(m, Gaa(2)C4H), 4.05 (m, Gaa(2)CSH), 3.72 (m, Gaa(2)C6H), 3.02 (m, Gaa(2)C6'H), 1.44 (s, Boc), 3.53 (s, OMe), 4.70-4.18 (m, 8H, OCH,Ph),

7.11-7.35 (m, aromatic protons).

#The J value could not be determined due to the overlapping of signals.

Peptide 2 contains two sugar amino acid residues and
two dipeptide (Leu-Val) templates, with the molecular
formula  Gaa(l)-Leu(1)-Val(1)-Gaa(2)-Leu(2)-Val(2).
The spectral parameters obtained from a ca. 8§ mM solu-
tion in CDCl; are given in Table 2. The hydrogen bond-
ing studies indicate that five out of six amide protons are
involved in intramolecular H-bonding as they appear
downfield in the '"H NMR spectrum. In addition,
Gaa(2)NH, Leu(l)NH, Leu(2)NH, Val(I)NH and
Val(2)NH showed very small shifts in the solvent titra-
tion studies in agreement with their participation in
H-bonding (Fig. 3).

The long-range cross-correlations between Gaa(l)NH «
Leu(1)NH, Leu(I)NH < Val(1)NH,  Val(I)NH <
Gaa(2)NH, Gaa(2)NH < Leu(2)NH, Leu(2)NH <«
Val(2)NH, Leu(1)NH < Gaa(1)C6H, Leu(1)NH <
Gaa(1)C5H, Leu(2)NH < Gaa(2)C6H, Leu(2)NH <
Gaa(2)C5H, Boc < Gaa(1)C5H, Val(1)NH <
Leu(2)CBH and Val(1)CBH < Leu(2)CBH (Fig. 4) cou-
pled with the intramolecular H-bonding of Leu(1)
NH, Gaa(2)NH and Leu(2)NH suggest the presence of
possible H-bonds between Leu(l)NH — BocCO,
Gaa(2)NH — Gaa(1)CO and Leu(2)NH — Val(1)CO
resulting in repetitive three 10-membered B-turn like
structures around Gaa(1l), Leu(1)-Val(1) and Gaa(2) resi-
dues. The equal intensities of the cross-peaks between
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Figure 3. Solvent titration plot of peptide 2.
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Figure 4. Schematic representation of the H-bonding pattern (10/10/9-)
and the long-range NOE correlations observed for peptide 2.

Val(1)NH < Leu(1)CaH compared to Gaa(2)NH <
Val(1)CaH support the existence of a type-Ip-turn be-
tween Leu(1)-Val(1) residues, which results in the proxi-
mity of Val(1)NH towards Gaa(l)C30Bn and the
formation of a nine-membered intramolecular H-bond
between them. In addition, the C-terminal cross-peaks
between  Val(2)NH < Gaa(2)C4H and  Val(2)-
Me < Gaa(2)C4H indicate the possibility of a nine-
membered pseudo P-turn structure between the
Val(2)NH — Gaa(2)C30Bn H-bond. Thus, the result-
ing structure possesses a repetitive 10/10/9-intramolecu-
lar H-bonding pattern.

The constrained MD study of peptide 2 using distance
constraints was performed for 600 ps totalling 100 cycles
of the simulated annealing protocol. During the process,
20 structures were collected after each and every 5-cycle
intervals and these were energy minimized again by
removing the constraints. One of these 20 low-energy
conformations is shown in Figure 5.

Peptide 3 is larger than peptide 2, containing two Gaa
residues and three dipeptide Leu-Val units, with the
molecular formula Leu(1)-Val(1)-Gaa(1)-Leu(2)-Val(2)-
Gaa(2)-Leu(3)-Val(3) and is similar to a decapeptide.
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Figure 5. Stereoview of one of the 20 low-energy conformations of
peptide 2 (for clarity the side chains are not shown).

The detailed solution conformational study was carried
out in CDCl; solution and the majority of the spectral
parameters are given in Table 3. The intramolecular
H-bonding information was derived from the downfield
appearance of amide proton chemical shifts as well as a
solvent titration study. Five out of the eight amide pro-
tons, Leu(2)NH (7.79 ppm), Leu(3)NH (8.0 ppm),
Gaa(2)NH (7.56 ppm), Val2)NH (6.73 ppm) and
Val(3)NH (7.17 ppm) appear in the downfield region.
Also, their chemical shifts changed by small
amounts—0.19 ppm for Leu(l)NH, 0.06 ppm for
Leu(2)NH, 0.51 ppm for Gaa(2)NH, 0.63 ppm for
Val(2)NH and 0.48 ppm for Val(3)NH, on addition of
33% viv DMSO-dg to the CDClI; solution of 3, thereby
confirming their involvement in H-bonding (Fig. 6).

The long-range cross-correlations of the amide protons
throughout the length of the chain, Leu(l)NH <
Val(1)NH, Val(1)NH < Gaa(1)NH, Gaa(1)NH <
Leu(2)NH, Leu(2)NH < Val(2)NH, Val2)NH <
Gaa(2)NH, Gaa(2)NH < Leu(3)NH, Leu(3)NH <
Val(3)NH, indicate that there is a well-defined folded
conformation in solution. Additional long-range cross-
correlations between Leu(2)NH « Gaa(1)C6H,
Leu(2)NH < Gaa(1)C5H,  Leu(2)NH « Val(1)CaH,
Val(1)Cy Me < Leu(2)CaH, Val(1)CBH < Leu(2)CBH,

Table 3. Chemical shift values of peptide 3 in CDCl;, 500 MHz at 30 °C
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Figure 6. Solvent titration plot of peptide 3.

Gaa(2)NH < Leu(2)CaH, Val(2)CBH < Leu(3)CpH
(Fig. 7) unequivocally support the formation of the
above-mentioned H-bonds between Leu(2)NH —
Val(1)CO, Gaa(2)NH — Gaa(1)CO and Leu(3)NH —
Val(2)CO. The comparable strong cross-correlations
between Val(1)NH < Leu(1)CaH and Val(2)NH <
Leu(1)CaH to Gaa(1)NH « Val(1)CaH and
Gaa(2)NH < Val(2)CaH indicates that the turns
involving Leu-Val residues are type-I B-turns, which re-
sult in the close proximity of Val(2)NH towards Gaa(l)-
C30Bn and formation of a nine-membered pseudo-f-
turn structure between Val(2)NH Gaa(1)C30Bn. This
was confirmed by the observation of cross-correlations
between  Val(2)NH < Gaa(1)C4H and  Val(2)-
Me < Gaa(1)C4H in the ROESY spectrum. Similarly,
at the C-terminus correlations between Val(3)NH «
Gaa(2)C4H and Val(3)Me <« Gaa(2)C4H confirmed
the nine-membered pseudo P-turn conformation be-
tween Val(3)NH — Gaa(2)C30Bn. The resulting struc-
ture contains a repetitive 10/10/9-H-bonding pattern.

The constrained MD studies were carried out by using
various distance constraints obtained from NMR exper-
iments. During the simulation, 20 low-energy conforma-
tions were sampled after each and every 5 ps interval
and these were energy minimized again by removing
the constraints. A stereoview of one of the 20 low-energy
conformations is shown in Figure 8.

Protons  Leu(l) Val(l) Leu(2) Val(2) Leu(3) Val(3)

NH 487(d,J=78) 6.79(d,J=94) 779(d,J=83) 6.73(d,J=9.3) 8.00(d,J=94) 7.17 (d, J=8.6)
CaH 4.08 (m) 4.50 (m) 4.63 (m) 4.28 (m) 4.70 (ddd, J=4.6,10.2) 4.43 (dd, J=5.8, 8.6)
CBH 1.63 (m) 2.18 (m) 1.69 (m) 2.12 (m) 1.83 (m) 2.03 (m)

Cp'H 1.48 (m) — 1.69 (m) — 1.73 (m) —

CyH 1.48 (m) 0.90 (d)* 1.69 (m) 0.91 (d)* 1.65 (m) 0.88 (d)*

Cy'H — 0.87 (d)* — 0.89 (d)* — 0.88 (d)*

CSH 0.90 (d)* — 0.95 (@)* — 0.92 (d)* —

C8'H 0.90 (d)* — 0.95 (d)* — 0.92 (@) —

Others: 6.96 (t, J = 5.3, Gaa(1)NH), 4.66 (d, J = 4.2, Gaa(1)C2H), 4.26 (m, Gaa(1)C3H), 3.59 (m, Gaa(1)C4H), 4.18 (m, 1H, Gaa(1)CSH), 3.81 (m,
1H, Gaa(1)C6H), 3.17 (m, 1H, Gaa(1)C6'H), 7.56 (dd, J = 4.7, 7.2, Gaa(2)NH), 4.66 (d, J = 4.23, Gaa(2)C2H), 4.24 (m, Gaa(2)C3H), 3.59 (m,
Gaa(2)C4H), 4.09 (m, 1H, Gaa(2)CSH), 3.89 (m, 1H, Gaa(2)C6H), 2.98 (m, 1H, Gaa(2)C6'H), 4.11-4.68 (m, OCH,Ph), 7.11-7.35 (m, aromatic

protons), 3.54 (s, OMe), 1.44 (s, Boc).

#The J value could not be determined due to the overlapping of signals.
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Figure 7. Schematic representation of the H-bonding and long-range NOE correlations observed for peptide 3.

Figure 8. Stereoview of one of the 20 low-energy conformations of
peptide 3 (for clarity the side chains are not shown).

In summary, although peptides with repeating Gaa-Leu-
Val units did not nucleate the expected B-hairpin struc-
tures, they displayed well-defined turn structures with
repititive10/10/9-H-bonding patterns, very similar to
those seen earlier in Gaa-oligomers®® and other Gaa-
containing peptides.!” Such oligomeric assemblies with
large propensity for helical structures can play signifi-
cant roles in recognizing and binding to suitable recep-
tors in biological systems. These efforts should permit
the design of compounds that will successfully mimic
the structures and functions of biopolymers.
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