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Abstract—X-Ray diffraction analysis of the model peptide Boc-Thr-Thr-OCH3 reveals the existence of distinctive conformational
characteristics: semi-extended (�=−62.1°; �=137.1°) and semi-folded (�=−130.3°; �T=5.7°) of the N- and C-terminus Thr
residues, respectively. Surprisingly, an overall significantly ‘flat’ conformation is stabilised by a number of novel main-chain to
side-chain intramolecular hydrogen bonds, i.e. two non-conventional: C�

i+1�H···O�Ci−1 and C�
i �H···Oi+1 types and two conven-

tional: Ni�H···O�
i and O�

i �H···Ni types of interactions. © 2001 Elsevier Science Ltd. All rights reserved.

Precise information about the intrinsic folding–unfold-
ing propensities of an individual amino acid residue is
of fundamental importance in the design and construc-
tion of diverse structural motifs since their distribution
in proteins and polypeptides within the class of sec-
ondary structure is not random.1a Of the 20 naturally
occurring proteinogenic residues, Thr is the only amino
acid which has a C�-branched amphiphilic stereogenic
centre (Thr versus Ile, Fig. 1) and is expected to impose
stronger constraints on the conformational preference.1

In an attempt to resolve the relative �-sheet forming
preferences of each of the 20 amino acids, as analysed
by protein engineering experiments, Minor and Kim2c

demonstrated that a Thr residue has the highest intrin-
sic propensity for a �-sheet conformation and assessed
this to be due to a thermodynamic origin.2a,b Addition-
ally, Zimm–Bragg parameters of 20 amino acids, deter-
mined experimentally by the host–guest technique and
rationalised by conformational energy calculations,
revealed that a Thr residue also exhibits a strong ten-
dency to hydrogen bond to main-chain atoms in a
non-helical conformation, i.e. which lowers the s
value.3a

Our previous conformational analysis of a model pep-
tide incorporating two C�-stereogenic centres: hydro-
phobic and amphiphilic, resulted in characterisation of
an uncommon intramolecularly H-bonded C5-sec-

ondary structural feature, i.e. an Ni�H···O�Ci interac-
tion across the Thr residue, which in turn favoured the
formation of a unique main-chain to side-chain
intramolecular H-bond, i.e. O�

i ···H�Ni+1 interaction.4 In
this Letter we extend the study and report the crystal
molecular structure of a model peptide Boc-Thr-Thr-
OCH3 1, incorporating two amphiphilic C�-stereogenic
centres.5 Unexpectedly, the analysis reveals the exis-
tence of an unusual significantly ‘flat’ backbone confor-
mation stabilised by a number of novel main-chain to
side-chain intramolecular H-bonding interactions.

One of the most attractive features of the crystal molec-
ular structure of 1 is the characterisation of distinctive
backbone conformational characteristics of the N- and
C-terminus Thr residues (Fig. 2). While the torsional
angles (Table 1) of the former Thr residue prefers a
semi-extended conformation (�=−62.1°, �=137.1°),
the latter adopts a semi-folded structure (�=−130.3°,
�=5.7°). An overall significantly ‘flat’ architecture,
resulting from semi-extended and semi-folded main-

Figure 1. Schematic presentation of the side-chain functional-
ities: amphiphilic Thr (left) and hydrophobic Ile (right).
Asterisks indicate C� and C� stereogenic centres.* Corresponding author.
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Figure 2. An ORTEP presentation of the crystal molecular
structure of Boc-Thr-Thr-OCH3 1. The thermal ellipsoids are
shown to the 50% probability level. Dotted lines indicate
H-bonds. (·) H-atoms involved in interactions.

N-terminus Thr residue precisely participates in the
fabrication of two intraresidue H-bonds i.e. Ni�H···O�

i

and O�
i �H···Ni interactions (Table 2). As expected, in

these pentagonal ring motifs, the D�H···A H-bond
angles are notably non-linear.4 While the existence of
an Ni�H···O�

i H-bond is the most frequently observed
main-chain to side�chain interaction in proteins and
polypeptides, the characterisation of the O�

i �H···Ni

interaction in 1, at atomic resolution, represents
another attractive feature of the crystal molecular struc-
ture. The stabilisation of an intraresidue O��H···N
interaction across the Thr residue, so far, is supported
by theoretical calculations.3b,c However, proof of its
existence in crystallised proteins would not have been
possible because of the low accuracy of the H-atoms
atomic coordinates.8 In our study the H-atoms partici-
pating in closing the ring motifs could be unambigu-
ously located in a difference Fourier map.5 The
statistically observed distribution of Thr side-chains in
proteins however, indicates that the O�H functionalities
occur predominantly as either gauche+ or gauche−,
whereas trans orientations are rare.1,3 Moreover, a sur-
vey of the side-chain distributions of the Thr residues,
in 258 crystal structures of oligopeptides, further vali-
date the stereochemical and the energetic preference for
O�H as gauche.1c,9 Interestingly, in 1 the preferred trans
orientation of the C�H3 group of the N-terminus Thr,
the torsion angle being �−176°, clearly favours its
participation in the formation of an unusual non-con-
ventional intramolecular interaction that stabilises a
�-turn like-fold.

We propose that the preferred structural motifs in 1
may be unique in nature, at least in Thr containing
peptides. Compelling evidence for this is provided from

chain conformations of the two Thr residues in a short
linear peptide is indeed surprising since detailed analy-
sis of protein three-dimensional structures, coupled
with the conclusions of protein engineering experi-
ments, revealed that the residue strongly prefers an
extended �-sheet conformation.1–4 Consistent with this
proposal3 the preferred non-helical backbone confor-
mation of 1 may be the consequence of four specific
intramolecular main-chain to side-chain H-bonding
interactions.

There exist two non-conventional6 (C12�H···O2�C5
and C8�H···O7-ethereal) and two conventional
(N1�H···O3 and O3�H···N1) short-range interactions in
1. The geometric parameters (Table 2) are well accom-
modated within the accepted definition of H-bonding
interactions. Of the two non-conventional H-bonds the
C12�H···O2�C5 interaction encompasses a novel ten-
membered ring motif: reminiscent of a �-turn like-fold,
topologically similar to the well-known Asx turn (the
side-chain C�O of the Asp/Asn residue i, H-bonds to
main-chain NH of residue i+2), whereas the C8�H···O7
interaction constitutes an unusual nine-membered ring
motif (Fig. 2). Each of the conventional H-bonding
interactions encompasses a five-membered ring motif.
The simultaneous existence of a variety of short-range
main-chain to side-chain interactions in a short linear
peptide of the size in question, is indeed interesting.
Energetic contributions of non-conventional weak C-
H···O interactions in proteins and polypeptides7 are
accepted as potential stabilising forces.8 The energy of
such interactions is suggested to range between �0.5–
5.0 kcal/mol.6b

Since, the OH group can function both as a H-bond
donor and an acceptor, the O��H functionality of the

Table 2. The geometric parameters of the intramolecular
H-bonding interactions for Boc-Thr-Thr-OCH3 1

Donor Acceptor Distances (A� ) Angles (°)

A D···AD H···A D�H···A

Conventional
N1�H 2.810O3 96.52.617

N1O3�H 2.663 90.02.810

Non-conventional
O2 158.1C12�H 2.7703.648

132.62.9073.702O7C8�H

Table 1. Selected torsion angles (°) for Boc-Thr-Thr-OCH3 1

Torsion angles Torsion angles

(�1) −165.5(8) C6�C9�N2�C10 (�1) 173.5(3)C4�O1�C5�N1
(�0) 179.5(3)O1�C5�N1�C6 C9�N2�C10�C13 (�2) −130.3(3)

5.7(4)(�T)N2�C10�C13�O7−62.1(3)(�1)C5�N1�C6�C9
(�1) 137.1(2)N1�C6�C9�N2 C10�C13�O7�C14 (�T) −177.8(4)
(�1) −56.4(3) N2�C10�C11�O5a (�2) 73.5(3)N1�C6�C7�O3a

(�1) −176.1(3) N2�C10�C11�C12 (�2) −52.9(4)N1�C6�C7�C8

a In the text, the side-chain torsion angle � of the Thr residue is defined as N��C��C��O�.
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the X-ray crystal structure analysis of Boc-Phe-D-Leu-
Thr-OCH3, which also has the Thr-OCH3 moiety;10 the
torsion angles: (�Leu=66.8°, �Leu=41.4°, �Thr=−95.6°,
�Thr=49.9°) and (�Thr=−95.6°, �Thr=14.3° and �Thr=
49.9°), are fully compatible with two main-chain to
side-chain intramolecular H-bonds, i.e. Thr C�

i+

2�H···O�Ci Phe (non-conventional) and Ni+2�H···O�
i+2

(conventional) interactions, encompassing ten- and five-
membered ring motifs, respectively. The geometric
parameters of these two weak interactions compare well
with those determined for the corresponding H-bonding
interactions in 1 (data not shown).

In conclusion, the conformational analysis of our short
linear model peptide unambiguously demonstrates that
short-range main-chain to side-chain intramolecular
interactions are of primary importance in dictating an
overall unusual folding behaviour. An observation of
two distinct: quasi-extended and folded, conformations
of the Thr residues in 1 are at variance from those
reported from protein engineering experiments.2 The
present analysis is valuable in understanding the back-
bone dependent distributions of the side-chain dihedral
angles, which is the first step towards the rational
prediction of secondary and complex tertiary structures.
We believe that the manifestation of C�H···O
intramolecular interactions in short linear peptides, par-
ticularly in the absence of main-chain to main-chain
amide–amide interactions, may dramatically influence
and stabilise unusual preferred folded–unfolded confor-
mations.8 Finally, the information can also be exploited
for the design and construction of biologically active
peptide analogues, particularly the ‘peptide T’ (H-Ala-
Ser-Thr-Thr-Thr-Asn-Tyr-Thr-OH), which is shown to
be a potent antagonist for the human immunodefi-
ciency virus (HIV) attachment to its receptor(s) on
human T-cells.11
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