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Abstract: The conformational preferences of the methylenic sequence in the side chain of the glutamine residue 
were inveshgated by ab tnitio and semi-empirical quantum mechanical calculations and examination of both 
the Brookhaven Protein Databank and Cambridge Structural Data Base. The results were analysed on the 
basis of our previous Andings about the folding of methylene groups in aliphatic segments. Both energy 
calculations and the crystallographic structure of small peptides indicate that methylene units of the 
glutamine residue tend to fold in a gauche conformation. In contrast, such groups usually adopt an all-trans 
conformation in proteins due basically to the entropic and solvent contributions. These results have been 
demonstrated by computing the entropic correction to the free energy and evaluating the solvent effects 
through SCFW calculations 
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INTRODUCTION 

Recent studies using X-ray crystallography and 
quantum mechanical calculations revealed that 
central methylene units of the aliphatic segment in 
succinamide, glutaramide and adipamide analogues 
do not keep a trans (T) conformation and tend to fold 
in a gauche (G) conformation [l-31. The overall 
results suggest that the carbonyl group induces the 
rotation towards the G conformation of the bond 
deflned by the flrst and second carbon atoms next to 
the carbonyl carbon. This has been supported by a 
recent study about the conformational preferences of 
a set of ketones [4], which indicates that the carbonyl 
group plays a leading role in this pattern of folding 

Abbreviations: AM1. Austin Model 1: SCRF. self-consistent reaction 
field. 
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rather than the amide group. These results are very 
important for biorganic chemistry, since in the solid 
state the methylene segments are usually considered 
in all-trans conformation. In this work, we try to 
apply our knowledge about the folding of methylene 
units to understand some unusual conformational 
features found in the structure of peptides and 
proteins. More specifically, we are particularly inter- 
ested in the conformational preferences of the x2 
dihedral angle of the side chain of glutamine (Gln) 
residue, which has two methylene units before the 
carbonyl group. 
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Conformational energy studies of the Gln residue 
using methods based on empirical potentials indicate 
that the x2 dihedral angle, which is deflned by the 
sequence C"-CB-Cy-C(=O), either adopts the T as 
unique conformation in all the minimum energy 
structures (51 or has a G minimum considerably 
unfavoured with respect to the T (6.71. This makes it 
difficult to rationalize the relatively frequent G 
conformations found in peptides and proteins by X- 
ray crystallography, this feature usually being attrib- 
uted to the mobility of the Gln side chains [8,9] and to 
the formation of inter- or intramolecular hydrogen 
bonds [ 101 

In order to provide a better understanding of the 
conformational preferences of the x2 dihedral angle of 
the Gln residue we have performed high-level ab 
initio calculations of compound I, which can be 
envisaged as a model molecule of the side chain of 
Gln. The study of the full residue has been performed 
on compound 11 at the AM1 ( 1 11 semi-empirical level, 
since the large amount of computer resources 
required precludes its study at the ab initio level. 
However, the similarity between ab initio and AM1 
results has been confirmed by comparing the relative 
energies for the different conformations of I. Further- 
more, comparisons have been made with X-ray 
diffraction results on single crystals of small peptides 
and proteins containing the Gln residue. It should be 
emphasized that the purpose of this work has been 
the understanding of the conformational behaviour 
of the x2 dihedral angle of Gln, and not the 
conformational preferences of the full residue. The 
results allow us to make a comparison between the 
folding of methylene units in compounds with 
biological interest and that previously found in small 
organic compounds ( 1-41. 

METHODS 

Geometry optimizations of I were performed at the 
Hartree-Fock (HF) level with the 6-31G(d) basis set 
[12]. All the optimized structures were checked by 
analysis of harmonic vibrational frequencies ob- 
tained from diagonalization of force constant ma- 
trices. Excluding translational and rotational 
motions, only positive eigenvalues of the Hessian 
matrix were obtained, proving that the calculated 
conformer geometries are minima on the HF/& 
31G(d) potential energy'surface of I. The Mnller- 
Plesset (MP) perturbation treatment [ 131 was used to 
compute electron correlation corrections to the 
energy. MP energies were computed at the full- 
fourth order level (MP4(SDT'Q)) using the &31G(d) 
basis set. 

Dipeptide 11 was considered in 54 conformations. 
The structures selected are not the result of a 
complete conformational search. Rather they were 
selected because their molecular geometries are near 
to characteristic regions of the conformational space 
that are of interest, as discussed below. Owing to the 
size of the molecule the calculations were performed 
at the AM1 semi-empirical level (1 1). 

The effect of the aqueous solvent on the conforma- 
tions of I and 11 was examined following the self- 
consistent reaction field (SCRF) strategy developed by 
Miertus and coworkers (14,151 and adapted to the 
AM1 semi-empirical method by Orozco and cow- 
orkers [16,17]. Atomic coordinates for the Gln 
residue in proteins and small peptides were obtained 
from the Brookhaven Protein Databank [ 181 and the 
Cambridge Structural Data Base [ 191 respectively. 

Ab initio calculations were performed with Gaus- 
sian-92 [ZO]. Semi-empirical calculations were car- 
ried out with a modified version (211 of the MOPAC 
computer program (221. All the calculations were 
performed on a CRAY-YMP at the CEntre de Super- 
computacio de CAtalunya (CESCA). 

RESULTS AND DISCUSSION 

x2 x3  Following the conformational multidimensional ana- 
lysis one would expect to flnd nine minima on the 
potential energy surface E = a x 2 . z 3 )  of I. All these 
structures were taken as starting geometries in 
HF/6-31G(d) geometry optimizations. Table 1 dis- 
plays the conformational angles and energies for the 
six characterized minima. However, a detailed in- 
spection to the results reveals that they are three 

H cH*>-MIz q H 
I 'c x1 

/'\/ \C/N\CH,, 11 

bt I 
H 

H3C 



Table 1. Minimum Energy Conformations of the Model Compound I 

12" x3" Conformationb HF/6-31G(d)' MP4/6-31G(d)d 

179.0 
- 179.0 - 

169.6 TT 
169.6 TT 

0.0 0.4 
0.0 0.4 

69.3 -157.1 G+T <0.1 0.0 
-69.3 157.0 G-T co.1 0.0 

63.8 81.2 G+G+ 
-63.8 -81.2 G-G- 

1.2 
1.2 

1 .o 
1 .o 

Torsional angles in degrees. 
bFrequency analysis were performed to verify the nature of the minimum state of the 
stationary points located during geometry optimizations. 
'Relative energies (in kcal/mol) computed from wave functions using the 6-31G(d) basis 
set. 
dRelative energies (in kcal/mol) computed at the full fourth-order level of MP (MP4(SDTQ)le- 
vel) using the 6-31G(d) basis set. 

minima twofold degenerate. The lowest energy mini- 
ma correspond to the TT and GT conformations, 
which are almost isoenergetic at the HF/6-31G(d) 
computational level. Note that in the latter minimum 
the x2 dihedral angle adopts a G conformation, as 
expected from our previous results on a similar 
methylenic sequence [1-4]. On the other hand, the 
GG conformation is 1.2 kcal/mol unfavoured with 
respect to the all-trans. The addition of the electron 
correlation into energy calculations seems to be of 
great importance, since a stabilization of 
0.4 kcal/mol is now predicted for the GT conforma- 
tion with respect to the TT one. 

The thermodynamics in the gas phase was 
computed by correcting the differences in electronic 
energy to enthalpies at 298 K (AH@). The entropic 
correction to the enthalpy was computed from 
frequency analysis following the standard formulas. 
The free energy of reaction in water was evaluated by 
the classical thermodynamic scheme: AGre- 
t*aq=A@+AA&yd. where A@ and A A G Y d  are 

relative free energies in the gas phase and in aqueous 
solution respectively. Results are summarized in 
Table 2. As can be noted from an enthalpic point of 
view the GT conformation is slightly favoured with 
respect to the TT one, while the entropic corrections 
make almost isoenergetic the two conformations. 
Water has an important effect on the T/G equili- 
brium, since the TT is better hydrated that the GT by 
0.5 kcal/mol. The GG is the conformation most 
favoured by the solvent, indicating that such con- 
formation is slightly more polarizable than the To 
one. In an attempt to predict the frequency of each 
conformation in I, we compute the conformer 
populations considering that the molar ratio of a 
given conformation to the most stable conformation 
is exp( - AGret*aq/RT). The TT is the dominant 
conformer (55.0%), but the GT is also calculated to 
be present to a significant amount. Considering the 
populations of the GT and GG conformations, the 
T/G equilibrium for the x2 angle of I has a ratio of 
1.2/1. 

Table 2 Thermodynamics and Conformer Populations of I 

TT 
GT 
GG 

~~~~~~ 

0.4 0.3 0.1 0.1 0.0 55.0 
0.0 0.0 0.0 0.6 0.4 29.9 
1 .o 1.1 1 .o 0.0 0.8 15.1 

"Relative electronic energies (kcal/mol) computed at the MP4(SDTQ) using the 6-31G(d) 
basis set. 
bGas phase enthaly differences (kcal/mol) at 298 K. 
'Gas phase free energy differences (kcal/mol) at 298 K. 
dDifferential free energies of solvation (kcal/mol) at 298 K. 
aifferential free energies of reaction (kcal/mol) at 298 K. 
'Populations of the three conformations considering the six minima displayed in Table 1 
and the free energies of reaction computed at 298 K. 
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Figure 1 Distribution of the xl. x2 and x3 minimum energy 
values obtained from AM 1 calculations on 11: [a) x1 us x2 and 
(bl x2 "S x3. 

An energetic analysis of the Gln residue has been 
performed on monopeptide 11, where the backbone 
dihedral angles rp and $ were kept flxed at both the 
fully extended (rp=$=180") and helical 
(rp=$=-60°) conformations. Note that the fully 
extended conformation corresponds to the C5 (five- 
membered hydrogen bonded rind structure, which is 
usually characterized as the lowest-energy minimum 
on monopeptides [23-251. On the other hand, the 
backbone dihedral angles used for the helical con- 
formation are close to those of the standard a-helix 
(rp=55" and $=-45") [26]. Side-chain dihedral 
angles 1 1 .  xz and 13 were systematically varied in 
order to generate all the conformations predicted by 

-180 -120 - 6 0  0 60 120 180 

x2 

Figure 2 Schematic representation of the relative energies 
in both the (a] gas phase and (b) aqueous solution us. the 
value of the dihedral angle x2 in the minimum energy 
conformations found for the model compound II. 

the multidimensional analysis. Using the 54 gener- 
ated conformations as starting points, 38 minima 
were found at the semiempirical AM1 level. Figure 1 
represents the position of such minima on the 
surfaces x1 us. x2 and xz us. x3. Note that the 
minimum energy conformations found for 11 are 
distributed along the usually allowed regions of the 
maps. Analysis of the data for each of the two 
backbone conformations indicates that backbone 
conformation does not have any effect on the side- 
chain conformational distribution of II. 

The distribution of 12 us. relative energies is 
represented in Figure 2 for both the gas phase and 
aqueous solution. It is worth noting that the number 
of minima in which x2 adopts a conformation near 
the T is greater than that with a G conformation. 
However, in the gas phase (Figure 2(a)) the C 
conformation is considerably favoured from an en- 
thalpic point of view (about 1.5 kcal/mol), in good 
agreement with ab initio calculations on I. Figure 2(b) 



shows the distribution of x2 us. AGrect.aq, where, in 
order to clarify the scheme, only those conformations 
within the range 0-12 kcal/mol have been repre- 
sented. As in the previous model compound the effect 
of the solvent was evaluated through SCRF calcula- 
tions. The solvent turns out to change the relative 
energy order of the conformers. Thus, the most stable 
structure corresponds to a T conformation, whereas 
G conformers are not stabilized by the solvent. 
Furthermore, the number of low-energy structures 
with a T conformation is greater than the number of 
structures with a G conformation. 

Analysis of the results allow us to obtain a picture 
of the conformational preferences of the methylenic 
sequence in the side chain of Gln. The results 
strongly indicate that the dihedral angle xz of Gln 
can adopt a G conformation since it is favoured from 
an enthalpic point of view. However, it is not 
stabilized by either entropic or solvent effects. In 
order to give experimental support to our results, we 
have analysed the dihedral angle x2 of the Gln 
residues contained in some proteins whose X-ray 
structure was recently deposited in the Brookhaven 
Protein Databank [18]. Data were extracted from 
well-refined structures, with resolutions mostly bet- 
ter than 2.5A and R-factor of less than 20%. 
Mutants and complexes of an already analysed 
protein were not included in the statistics. A set of 
38 crystal structures was recovered, which includes 
a total of 290 Gln residues. Since the focus of our 
study is the folding of methylene units in Gln only the 
x2 dihedral angle was analysed. Thus, other dihedral 
angles (q, $, x1 and x3) equally important for a 
complete understanding of the conformational pre- 
ferences of the Gln residue were not examined here. 

Results are displayed in Figure 3. As can be noted, 
the T is the most frequent rotamer, although the G 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 ~  
b W 0 0 N 0 W 0 0 0 N O ~ ~ f ~  .-.---,-.-.--.- 

a , , .  

Figure 3 Distribution of the xz angle of the Gln residue 
found in protein structures. 

one is also usual in proteins. The ratio of the T/G 
equilibrium is 1.8/ 1, which is larger than the value 
predicted from our calculations. However, it is worth 
noting that computations and structural data are in 
qualitative agreement, indicating a large population 
of T when entropic and solvent effects are considered. 
The underestimation of the theoretical value must be 
basically attributed to the deficiencies of our simula- 
tion, te. use of a reduced model and the absence of 
specific interactions like hydrogen bonds with the 
solvent. On the other hand, inspection of the C m -  
bridge Structural Data Base [19] showed six rota- 
mers with a G conformation and only one with a T 
conformation. Thus, in small peptides the formation 
of intra- 18.27.281 or intermolecular [8.29,30] hydro- 
gen bonds is a factor more important than the 
entropic and solvent contributions. In this cases, 
the enthalpic contribution plays a crucial role 
favouring the G conformation over the T. 

CONCLUSIONS 

In summary, both ab initio and semi-empirical 
quantum mechanical calculations have provided an 
understanding of the conformational preferences of 
the methylenic sequence in the side chain of Gln. The 
agreement with previous theoretical [1,2,4] and 
experimental 12-41 results about the folding of 
methylene groups lend confidence to the present 
simulations. As can be noted, the present results are 
in poor agreement with force-field predictions. Some 
possible origin for the discrepancies between quan- 
tum mechanical data and force fields would be a bad 
parametrization of the Gln residue. In our opinion an 
erroneous parametrization of the force field could 
have a dramatic effect in the structural determina- 
tion of proteins with a low resolution. From these 
calculations and our previous results several con- 
clusions about the folding of methylene units in the 
Gln residue can be reached: 

(1) The presence of a carbonyl group induces the 
rotation towards the G conformation of the bond 
defined by the first and second carbon atoms next to 
the carbonyl carbon. 
(2) The G conformation is the global minimum of the 
x2 angle in the Gln residue. This explains the large 
number of Gln residues with this conformation found 
in both small peptides and proteins. An important 
effort must be performed with the aim of improving 
the parametrization of the empirical forcefields. This 
would give a better description of the conformational 
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preferences of the different residues and therefore 
help in the interpretation of the experimental data. 
(3) The dihedral angle 12 of Gln has an intrinsic 
tendency to adopt a G conformation. However, 
entropic contributions and solvent effects stabilize 
the T conformation. 
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