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Building up the electron density of larger molecules like 
peptides by using the electron density of molecular fragments 
has been the subject of several recent studies.1-2 From a 
synthetic point of view, peptides are built up from 20 natural 
amino acids as a sequential assembly of amino acid residues: 
—NH-CHR-CO—, but structurally the backbone conforma­
tions of peptides may also be regarded as built up from discrete 
conformations of the appropriate amino acid diamide fragments. 
The latter diamide model compounds,3-11 incorporating different 
types of a-amino acids (all possessing a chiral center with the 
exception of glycine), have one common conformational 
feature: the adoption of a maximum number of nine discrete 
backbone conformations. The existence and the geometry of 
the 3 x 3 = 9 discrete diamide orientations have been predicted 
by multidimensional conformation analyses (MDCA).12 Ac­
cordingly, we have found changes along both torsional modes 
<p and rp leading to three discrete minima (g+, a, and g -), which 
in turn yield a total of nine minimum energy conformations 
(g+g+, ..., g~g~), as shown in Chart IA. 

For the sake of simplicity, these conformations are abbrevi­
ated (cf. Chart IB) in terms of subscripted Greek letters (OIL, 
aD, PL, YL, Sh, dD, eL, and eD).7'9'10 The validity of the MDCA 
prediction has also been proven by ab initio MO calculations. 
The pseudo-three-dimensional Ramachandran map,13 i.e., E = 
E(4>,if>), for H-CONH-CHMe-CONH-H is shown in Figure 
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1 of the supplementary material. The approximate locations 
of the nine conformations denoted by subscripted Greek letters 
on a Ramachandran map, (E = E[<p,tp]), are shown by solid 
dots on Figure 2 of the supplementary material. These 
conformational prototypes could be rather useful in deciphering 
the main chain or backbone conformation of proteins, since these 
nine conformational centers are located in the same region of 
the E = E[(p,ip] 2D Ramachandran map, where the "cp,xp plots" 
of the protein's X-ray structure show a high population (Figure 
7 in rer 23b). Although these nine minima are typical for large 
varieties of amino acids, the building block of the right-handed 
helix (the at, minimum) was not found during the thorough ab 
initio investigations3-10 carried out for an appreciable period 
of time on model peptides such as For-Gly-NH2, For-L-Ala-
NH2, and For-L-Val-NH2. In the case of For-L-Ala-NH2, even 
an elaborated grid search9 failed to reveal the expected <XL 
minimum in the [<p = -60 ± 30°, rp -30 ± 30°] region, 
suggesting the annihilation of this minimum. Yet, alanine is 
often described as an a-helix former amino acid residue on the 
basis of two secondary structure prediction algorithms. In order 
to resolve this contradiction, three different attempts have been 
made in our laboratories to investigate the conformational 
properties of amino acid diamides in the [<p = 60 ± 30°, \p = 
—30 ± 30°] region of the 2D Ramachandran map. Varying 
both the molecular constitution and the size of the model 
compounds, efforts were made to stabilize the annihilated at 
conformation through three different types of interactions: (1) 
backbone/backbone [BB/BB], (2) backbone/side chain [BB/SC], 
and (3) intermolecular [IM]. 

(1) The elongations of the For-L-Ala-NH2 molecule by the 
insertion of another alanine residue resulted in the For-L-Ala-
L-Ala-NH2 model compound. This made the formation of a 
10-member intramolecular hydrogen bond ( 1 — 4 H-bond) 
possible in a special Q1 = -68.6°, fi = -17.5°, ̂ 2 = -113.1°, 
and ip2 — +21.3° backbone conformation. In this structure, 
the first diamide unit adopts a backbone torsional angle 
combination close to the targeted OIL [<j> — —60°, \p = —30°] 
substructure.14 

(2) The polar hydroxymethyl group of serine diamide 
[ H - C O N H - C H ( C H 2 O H ) - C O N H - H ] , or simply For-L-Ala-
NH2, can also provide a stabilizing effect, resulting in three (XL-
type backbone structures associated with three different side 
chain orientations.llb 

Points 1 and 2 have already been reported on. Now, in this 
paper we report some solid evidence for the existence of the 
third type of molecular stabilization, where the key role is played 
by intermolecular interaction. The water molecule in Af-formyl-
L-alaninamide monohydrate, i.e., [ H ( C O N H - C H C H 3 - C O N H ) -
H]-H20, or simply For-L-Ala-NH2-H20, can stabilize the oth­
erwise annihilated CCL backbone conformation. This observation 
also underlines the importance of the H2O molecule in the 
peptide folding, to be discussed later. Recently, Shang and 
Head-Gordon15 proposed a reaction field model of solvent to 
apply for "restabilizing" the annihilated minimum at the <p = 

(13) Ramachandran, G. N.; Ramakrishnan, C; Sasisekharan, V. J. MoI. 
Biol. 1963, 7, 95. 

(14) (a) Pauling, L.; Corey, R. Proc. Natl. Acad. Sci. U.SA. 1951, 37, 
729-740. (b) Pauling, L.; Corey, R.; Branson, H. Proc. Natl. Acad. Sci. 
U.SA. 1951, 37, 205-211. (c) Levitt, M.; Chothia, C. Nature (London) 
1976, 261, 552-558. 

(15) Shang, H. S.; Head-Gordon, T. J. Am. Chem. Soc. 1994,116, 1528. 

0002-7863/95/1517-1653$09.00/0 © 1995 American Chemical Society 



1654 J. Am. Chem. Soc, Vol. 117, No. 5, 1995 Communications to the Editor 

Table 1. 
Sets 

Selected Structural Data of the For-Gly-NH2-HOH and For-L-Ala-NH2-HOH Supermolecules Optimized Using 3-21G and DZP Basis 

O1-H10 
0 1 - 0 1 1 
0 1 - H l O - O l l 

0 7 - H 9 
0 7 - 0 1 1 
0 7 - H 9 - 0 1 1 

col 
4> 
V 
col 

E(total)6 

F(max)c 

F(av)c 

3-21 G 

2.10 A 
2.97 A 
147.8° 

2.07 A 
2.89 A 
141.1° 

-175.55° 
-70.65° 
-35.16° 
+ 179.71° 

-449.254 0110 
4.0 x IO"5 

1.3 x 10"5 

For-Gly-NH2 

DZP 

2.39 A 
3.23 A 
147.1° 

2.34 A 
3.15A 
143.3° 

-169.73° 
-74.90° 
-29.70° 
+ 172.78° 

-451.756 210 9 
3.6 x 10~5 

1.1 x 10"5 

For-L 

3-21 G 

2.09A 
2.96 A 
148.2° 

2.06A 
2.88 
141.7° 

-175.25° 
-69.82° 
-36.83° 
-178.92° 

-488.078 445 7 
4.0 x 10~5 

1.3 x 10"5 

-AIa-NH2 

DZP 

2.36 A 
3.20 A 
148.6° 

2.33 A 
3.15A 
144.2° 

-169.84° 
-74.09° 
-31.73° 
+173.63° 

-490.792 461 8 
3.9 x 10"5 

1.2 x 10~5 

" The following Huzinaga (DZP) basis set (J. Chem. Phys. 1965, 42, 1293) has been used for C, N and O, (8s,4p,ld) — [5111,31,1], and H, 
(4s,lp) — [31,1]. ''Hartree. c In mdyn. 

Table 2. Comparison of the [<p,rp] Torsional Angles (deg) for the (XL Conformation of the Various Model Compounds with Backbone/ 
Backbone, Backbone/Side Chain, and Intermolecular Interactions 

theoretical method 

ab initio <p 
V 

reaction field <j> 

BB/BB 
For(L-Ala)2NH2 3-21G 

-86.66 

-17.56 

3-21G 

-62.4 
-42.8 

model 

BB/SC 

For-L-Ser-NH/ 

4-21G 4-21G* 

-67.5 -63.0 
-40.1 -45.5 

compound 

6-31G* 

-69.1 
-39.9 

FOr-GIy-NH2-H2O 

3-2IG DZP 

-70.7 
-35.2 
-75.0 
-27.7 

-74.9 
-29.7 
-84.5C 

-21.3C 

LM 

For-L-y 

3-21G 

-69.8 
-36.8 
-74.5 
-28.3 

Ua-NH2-H2O 

DZP 

-74.1 
-31.7 
-81.3C 

-24.6C 

" Side chain conformation is [a,d\. b In the case of For(L-Ala)4NH2 in its (CIL)3<5L conformation as computed at HF/3-21G level of theory, the 
helical portion of the 3io helix had the following three pairs of torsional angles: </> = 61.9°, ip = -27.6°; 0 = -61.9°, tp = -21.1°; and </> = -72.6, 
%l> = -3 .9 . c Computed at HF/6-31+G* level of theory. 

60 ± 30°, ip = - 3 0 ± 30° region of the Ramachandran map.13 

Even though no molecular water had been included to represent 
the first solvation shell, the Onsager model16 was sufficient for 
them to recreate the annihilated minimum energy (XL conforma­
tion. Using a set of natural internal coordinates,17'18 we 
optimized the FOr-GIy-NH2-H2O and For-L-Ala-NH2-H20 su­
permolecules using both a smaller (3-21G) and a larger (DZP) 
basis set at the HF level of theory, using the TEXAS 90 program 
system.19 It should be emphasized that while the computations 
were carried out within the HF formalism, the results, due to 
the modest basis set size, were well above the HF limit. 
Selected structural data of these supermolecules are reported in 
Table 1. The atom labeling and space filling models of the 
peptide—monohydrate complex show two H-bonds (cf. Figure 
3 of the supplementary material). 

Table 2 compares the 4> and xp values of the three model 
compound types 1, 2, and 3 used to restabilize the annihilated 
CXL helix. In the footnote of Table 2, the three pairs of torsional 
angles of the helical positions of the 3io helix, i.e, the (O.L)3<5L 
conformation of For(L-Ala)4NH2,

20 are also shown. The cor­
responding 4>,ip values of the 3io helix of For(L-AIa^NH2 

reported by Schafer and co-workers21 are quite similar. Com­
paring the backbone torsional angle values of ab initio results 
with the adjacent torsional angles obtained from the reaction 
field model (cf. Table 2), a remarkable similarity can be 
observed. The deviation is always smaller than 10°. These 
resemblances confirm the relevance of such a reaction field 
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model calculation in certain cases, and it could save valuable 
CPU time, too. However, the ab initio calculations of the herein 
reported supermolecule not only provide an aL-type backbone 
orientation but also give precious data on a possible hydration 
pattern of the diamide molecule, even in a conformation which 
is intrinsically unstable. The two H-bonds that make possible 
the adaptation of a stable aL-type backbone conformation for 
these diamide systems are the first and unique example of how 
backbone folding may be influenced by solvent molecules. 

Moreover, the type I /3-turn is in itself a stable structure for 
various model triamide systems, such as in the case for the For-
GIy-GIy-NH2, For-L-Ala-Gly-NH2, For-Gly-L-Ala-NH2, and 
For-L-Ala-L-Ala-NH2 molecules.22,23 A hairpin structure, which 
is about one-half of a turn in an a-helix, can serve as a template 
for the additional amide units, entering the formation of a 3io-
or an a-helical segment. Using the X-ray diffraction data of 
an N- and a C-protected -L-Val-L-Ser- model compound, it had 
been shown previously how /?-turn structures can associate in 
the solid state, forming a helix, like molecular packing.24 On 
the other hand, the importance of a single water molecule in 
the transition of /3-turn a-helices and vice versa has already 
been demonstrated25 by analyzing X-ray structures of protein 
molecules. 
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