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Structural Insights into the Hydrogen-Bonding and Folding 

Pattern in Ant-Ant-Pro-Gly Tetrapeptides 

Sachin B. Baravkar,[a] Amol S. Kotmale,[b]  Samir R. Shaikh,[c] Rajesh G. Gonnade[c]   and  

Gangadhar J. Sanjayan*[a] 

Abstract: In this paper, we provide structural insights into the 
hydrogen-bonding and folding pattern in Ant-Ant-Pro-Gly 
tetrapeptides (Ant: anthranilic acid; Pro: proline; and Gly: glycine). 
Comparison of the C-terminal ester and their amide analogs 
revealed strikingly different H-bonding networks. Whereas the ester 
analogs displayed an open structure without having terminal H-
bonding interactions, the amide analogs showed completely folded 
structure. Structural details were obtained using a combination of X-
ray crystal structure studies and nOe-based MD simulation studies. 

Introduction 

Folding is a crucial process through which biopolymers fold into 
their characteristic three-dimensional compact structures mostly 
because of the presence of a collection of non-covalent forces.[1] 
Of all non-covalent forces, hydrogen-bonding interaction plays a 
vital role in the stabilization of secondary structures. Hydrogen-
bonding interactions assist biopolymers to adopt a well defined 
structure - out of millions of other possible conformations and 
carry out their specific functions. 
 Foldamers are conformationally ordered synthetic 
oligomers which fold into a specific conformation akin to bio-
macromolecules.[2] Owing to the presence of well-defined three-
dimensional structure, foldamers find applications in biomedical 
science,[3] molecular recognition,[4] catalysis[5] and material 
chemistry.[6] Hydrogen bonding, along with other conformational 
constraints such as torsional angle and π-π stacking, plays a 
pivotal role in imparting folded structure to biopolymers.[7] 
Peptides having C-terminal esters are sometimes seen devoid of 
intramolecular hydrogen bonding at the termini (fraying of 
peptide chains), when compared to their amide counterparts.[8] 
There are several other contributing factors for peptide chain 
fraying which include π-π interactions, NH-π interactions and 
bulkiness of the groups at the termini.[9] 

Anthranilic acid (Ant) - a constrained aromatic β-amino 
acid forms a sheet-like secondary structure in its homo-oligomer 
1 (Figure 1) due to the presence of strong intramolecular six- 
membered (C6) hydrogen bonding between NH and CO group  

on the individual Ant ring.[10] However, a hybrid (α/β) peptide 
having Ant and proline (Pro) showed a turn-like conformation 
characterized by a nine-membered intramolecular hydrogen 
bonding between the NH of Ant ring and CO group of proline 
ring. The steric clash between the nearby Ant and Pro groups in 
the dipeptide 2 (Figure 1) caused the two rings to deviate from 
planarity, resulting in a folded conformation.[11] It is noteworthy 
that six-membered (C6) hydrogen bonding was conspicuously 
absent in 2. Strangely, introduction of a glycine (Gly) residue into 
2, as shown in tripeptide 3, resulted in the loss of 9-membered 
H-bonding, but showed the standard 10-memebered H-bonding 
(β-turn), expected from Pro-Gly β-turn inducing motif.[12] 
Intriguingly, introduction of proline as a third residue, as in 
tripeptide 4, resulted in the loss of both 9- and 6-membered H-
bondings; and only a not-so-common combination of 10- and 11-
membered H-bondings was observed.[13] 

 

 

Figure 1. Some typical examples of H-bonding propensities in anthranilic acid 
(Ant)-containing peptides. 

In the present study, we got interested in investigating the 
conformation of Ant-Ant-Pro-Gly tetrapeptides and 
consequences on exchanging C-terminus ester with amide. 
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Results and Discussion 

Synthesis: 

 

The syntheses of tetrapeptides 5-10 (Figure 2) were carried out 
using solution-phase peptide coupling reactions (Supporting 
information, page S3 and S10). After extensive attempts with 
crystallization trials, we could get the crystals for two peptides (5 
and 10). On the other hand, conformational studies of other 
selected four peptides (6-9) were undertaken by nOe-based MD 
simulated structures. 
 

 

Figure 2. The general molecular structure (left) of tetrapeptides 5-10 and a 
table (right) containing their substitution pattern. 

Solution-state conformational analysis of peptides 5-10: 

 
The strength and the nature of hydrogen bonding interactions 
(intermolecular vs intramolecular) in the solution-state can 
convincingly be ascertained by solvent titration of the 
compounds (dissolved in non-polar solvent) with polar solvents. 
DMSO, a polar aprotic solvent, interacts with polar amide NHs 
present within the molecule, resulting in change in the chemical 
shift values of amide NHs. However, NHs which are involved in 
the intramolecular hydrogen bonding are less likely to be 
affected by the solvent polarity, and hence show negligible 
change in the chemical shift values. Peptides 6, 7, 8 and 9 (5 
mM in CDCl3) were titrated gradually against DMSO-d6. Figure 3 
(a), (b), (c) and (d) show the change in the chemical shift values 
versus the volume (in µL) of DMSO-d6 added for the 
tetrapeptides 6, 7, 8 and 9, respectively. The NHs which showed 
negligible change in the chemical shift values (≤ 0.41 ppm) were 
considered to be involved in intramolecular hydrogen bonding.[11] 
It was also evident that the Gly NHs (∆δ NHGly > 0.5 ppm) do not 
participate in intramolecular H-bonding in all the peptides. 
Further, it became quite clear from the ∆δNHc-terminus values that 
the C-terminus NHs of amide analogs 8 and 9, were involved in 
the intramolecular H-bonding (∆δNHc-terminus ≤ 0.4 ppm). 

 

 

Figure 3. DMSO-d6 titration studies of the peptides 6 (a), 7 (b), 8 (c) and 9 (d) in CDCl3.  
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In order to investigate the solution-state conformational studies 
of the peptides, we carried out 2D NMR studies and the signal 
assignments were carried out by COSY, TOCSY, HSQC, HMBC 
and NOESY experiments for all the analogs 5-10. The 
characteristic strong nOe interactions such as NH1/C8H, 
NH1/C15H and NH2/C15H suggested that peptide 5 [Figure 4 
(a)] showed a similar conformation in the solution-state, as seen 
in its crystal structure [Figure 6 (a)]. It is noteworthy that the 
ester analogs 6 and 7 show similar nOe interactions along with 
some additional nOe interactions as shown in Figure 4 (b, c).  
 

 

 
 

 

Figure 4. Selected nOe excerpts for C-terminus ester analogs 5 (a), 6 (b) and 
7 (c).  

Amide analog 8 [Figure 5 (a)] showed similar nOe interactions, 
like its  ester analog 6, except showing additional long range 
inter-residual nOe interactions such as NH2/NH4 and 
C24H/C5H due to the close proximity of the folded termini as a 
result of 10-membered H-bond between C-terminus amide NH 
and CO group of Ant2. 2D NOESY spectrum of 9 also showed 
similar nOe interactions [Figure 5 (b)]. The presence of 
NH1/NH3 and C22H/C3H nOe interactions between the 
aromatic ring (Ant1) and C-terminus methyl group further 
supported the folded conformation. 
 

 

 
 

 

Figure 5. Selected nOe excerpts for the amide analogs 8 (a), 9 (b) and 10 (c).  
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The folded conformation observed in the solid-state structure of 
peptide 10 [Figure 7 (c)] was clearly reflected in its solution-state 
structure as well, as evident from characteristic nOes (NH1/NH3, 
C22H/C2H and C22H/C3H) [Figure 5 (c)]. 
 

Structural studies of C-terminus ester analogs 5-7: 

 

The single crystal X-ray structure analysis of compound 5[14] is 
shown below [Figure 6 (a)]. The amide NHs present on both the 
Ant rings are involved in strong 6-membered H-bonding (C6) 
with the corresponding carbonyl groups of Ant; with the distance 
of 1.9 Å (NH of Ant1) and 2.0 Å (NH of Ant2), respectively. The 
NH of Gly4 is directing outwards without participating in 
intramolecular H-bonding and the ester group at the C-terminus 
is found to be fraying away, presumably due to the repulsive 
interactions giving rise to an extended open structure. The MD 
simulated structure obtained by using 2D NMR studies for  
peptide 6 [Figure 6 (b)] showcases similar structural trend seen 
for peptide 5 with both Ant NHs forming intramolecular 6-
membered H-bond with CO group of Ant1 and Ant2. The C-
terminus ester group is seen to be fraying away as in peptide 5, 
affording an open structure. Ester 7 [Figure 6 (c)] with a N-
terminus NO2 group showed only one 6-membered H-bond, 
(Ant2), as expected. It is noteworthy that the C-9 turn, usually 
found in Ant-Pro amides,[8, 11] was conspicuously absent in all 
these C-terminus esters 5-7. 
 

 

Figure 6. Molecular structures (left) and corresponding crystal (5) and nOe-
based MD simulated 20 minimum energy structures 6, 7 (right) of Ant-Ant-Pro-
Gly C-terminus esters.  

 

Figure 7. Molecular structures (left) and corresponding crystal (10) and nOe-
based MD simulated structures of 8, 9 (right) of Ant-Ant-Pro-Gly C-terminus 
amides.  

Structural studies of C-terminus amide analogs 8-10: 

 

The unpredictable H-bonding features in the Ant-Pro peptide 
series prompted us to undertake the conformational studies of 
their corresponding amide analogs. Unlike the ester analogs 5-7, 
C-terminal amide analogs 8-10 featured different structural 
architecture, essentially dictated by the C-terminus Pro-Gly 
amide motif. The nOe-based MD simulated 20 minimum energy 
structures for peptide 8 [Figure 7 (a)] and 9 [Figure 7 (b)] 
showed completely folded conformation. Folded structure in 
amide 8 was observed owing to the presence of concurrent 
display of 6-membered (involving Ant) and a 10-membered H-
bonding pattern (emanating from the Pro-Gly amide motif). 
Similar structural feature was observed for amide 9 (N-teminus 
NO2 group) with the presence of 6- and 10-membered H-
bonding pattern giving folded conformation as seen in Figure 7 
(b). The crystal structure of peptide 10[14] [Figure 7 (c)] showed a 
similar folded structure due to the presence of concerted H-
bonding formed in the backbone (6-membered H-bonding 
involving Ant and a 10-membered H-bonding pattern involving 
Pro-Gly amide motif) with the H-bonding distance of 2.2 Å and 
2.3 Å for 6- and 10-membered H-bond, respectively. Notably, C-
9 turn, usually found in Ant-Pro amides, was conspicuously 
absent in all these peptides as well. 
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Conclusions 

In conclusion, extensive structural studies of Ant-Ant-Pro-Gly 
tetrapeptides provided insights into their folding pattern.  
Comparison of their conformations suggested that the C-
terminus ester analogs display an open (extended) structure 
having only 6-membered H-bonding network in the backbone, 
emanating from Ant residues. However, amide analogs namely 
8, 9 and 10 displayed fully folded conformation featuring 10-
membered intramolecular H-bonding pa ttern – dictated by the 
Pro-Gly motif. Strikingly, the C-9 turn, usually found in Ant-Pro 
amides, was conspicuously absent in all these peptides. Our 
studies have provided unexpected structural insights into the 
folding pattern of Ant-Ant-Pro-Gly tetrapeptides, which will have 
a bearing in the development of de novo peptide sequences 
featuring Ant; a work which is currently underway. 

Experimental Section 

Crystal data of Compound 5: 

 

Single crystals of 5 were obtained by slow evaporation of the 
solution of ethyl acetate and pet ether (1:5). C32H42N4O3, M = 
610.69, colorless plate, 0.18 x 0.10 x 0.07 mm3, orthorhombic, 
space group P212121, a = 4.86100(10) Å, b = 23.7384(5) Å, c = 
26.9033(6) Å, V = 3104.44(11) Å3, Z = 4, T = 100 K, 2θmax = 
5000°, Dcalc (g cm–3) = 1.307, F(000) = 1304, µ (mm-1) = 0.094, 
40847 reflections collected, 5422 unique reflections 
(Rint=0.0292), 5312 observed  (I > 2σ (I)) reflections, multi-scan 
absorption correction, Tmin = 0.983, Tmax = 0.993, 403 refined 
parameters,,  S = 1.089, R1 = 0.0262, wR2 = 0.0632 (all data R 
= 0.0269, wR2 = 0.0636),  maximum and minimum residual 
electron densities; Δρmax = 0.170, Δρmin= -0.161 (eÅ-3). 
 

Crystal data of Compound 10: 

 

Single crystals of 10 were obtained by slow evaporation of the 
solution of DCM and pet ether (1:4). C22H23Cl1N4O4, M = 442.89, 
colorless plate, 0.40 x 0.33 x 0.19 mm3, monoclinic, space group 
P21, a = 5.7341(3) Å, b = 17.8299(8) Å, c = 10.6686(5) Å, β = 
100.7760(10)°, V = 1071.51(9) Å3, Z = 2, T = 100 K, 2θmax = 
56.00°, Dcalc (g cm–3) = 1.373, F(000) = 464, µ (mm-1) = 0.215, 
13808 reflections collected, 5182 unique reflections 
(Rint=0.0141), 5095 observed  (I > 2σ (I)) reflections, multi-scan 
absorption correction, Tmin = 0.919, Tmax = 0.960, 293 refined 
parameters,,  S = 1.042, R1 = 0.0253, wR2 = 0.0633 (all data R 
= 0.0258, wR2 = 0.0637),  maximum and minimum residual 
electron densities; Δρmax = 0.259, Δρmin= -0.158 (eÅ-3). 
 
The synthesis and characterization of all new compounds are 
described in supporting information. 
 

The syntheses of the peptides 5-10 were carried out by using 
solution-phase peptide coupling reactions. The crystal structure 
analysis of compound 5 was done on Bruker D8 VENTURE 
Kappa Duo PHOTON II CPAD diffractometer. Crystal structure 
analysis of compound 10 was carried out using Bruker SMART 
APEX II CCD diffractometer. Solution-state 2D NMR studies 
were carried out in CDCl3 on AV 500 MHz Bruker NMR 
spectrometer. Molecular dynamics NMR-based structures of 

peptides 6, 7, 8 and 9 were derived from distant constraints from 
nOe cross peaks by using macromodel-v10.8 from Schrödinger 
software. For more details, see supporting information. 
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