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Abstract A total of 16 hydrogen-bonded complexes between
the lowest energy tautomers of l-leucine and each base of
RNA have been characterized at the DFT level of theory. The
most stable complexes are formed by l-leucine and guanine.
Considering backbone of RNA, the affinity order between the
l-leucine and bases is guanine> cytosine> adenine≈uracil
in perfect accordance with the experimentation. The inter-
play between the transformed H–X bonds’ structural param-
eters from two monomers to the dimer accompanying with
the shifts of the frequency for the H–X stretching mode and
interaction energies has been discussed.

1 Introduction

Hydrogen bonds (H-bonds) determine the 3-D structures of
biomacromolecules, for that reason, it is one of the key inter-
actions in molecular biology. Of course, binding of proteins
to DNA or RNA plays an important role in the regulation
and control of gene expression, especially on the problem
of the life-origin. Recently, it has been proved that proteins
are capable of specific recognition of DNA sequences with
extremely high precision (4-8 bp) [1]. H-bonds between pep-
tide bonds or hydrophilic side chains of amino acid and DNA
bases are among the most important interactions responsible
for the amazing specificity of protein binding, which may
be one of the keys to the life-origin. Therefore, basic knowl-
edge concerning the interactions between the building blocks
of proteins and DNA or RNA — amino acids and nucleic
acid bases, is very interesting. Although these systems are
definitely simpler than real biochemical targets, quantitative
information regarding the interactions between amino acids
and nucleobases can provide insight into biochemical prob-
lems.
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Ponnamperuma [2] made a conclusion that the order of
the affinity between the l-leucine and nucleoside monophos-
phate is G>C>A=U by experimentation. And a few studies
have been done to analyze the role of the amide group in
the course of untwisting of the DNA double helix [3,4]. On
the theoretical side, the computational studies of hydrogen
bonds that develop between nucleobases have recently been
reviewed, [5] and several studies on the interactions between
nucleobases and water molecules have been reported [6–11].
The involvement of a proton acceptor with the smaller pro-
ton affinity was an expected finding, which indicated that
the strength of a hydrogen bond might be more sensitive to
the acidity of a proton donor than to the basicity of proton
acceptor [8].

So far, there is a relative paucity of information about
interactions between amino acids and nucleobases. The early
studies concentrated on the interaction of proteins with nu-
cleobase pairs at the Hartree–Fock (HF) level of theory, [12,
13] it was displayed that whether the external hydrogen bonds
stabilize or destabilize the base pairs mainly depends on both
the type of interacting residues and the site of the interaction.
And the interaction between single- and double-stranded B-
DNA helices and polyglycine has been studied at the HF level
too, [14] which illustrated that the most stable configuration
is represented by realizing their symmetry agreement. For
the recent theoretical study, free energies of the interaction
between the hydrophilic side chain of asparagines and nucle-
obase pairs have been calculated by extensive conformational
sampling using a molecular force field [15]. The differential
affinity of asparagines toward A–T and G–C was shown, the
role of both structural flexibility of the side chain and entro-
pic interactions was emphasized as well. More recently, the
interaction of hydrogen-bonded complexes between the most
stable tautomers of glycine and uracil has been studied both
at the semi-empirical level (PM3) and the density functional
level of theory (DFT) [16,17]. It was found that the forma-
tion of a stable structure with two hydrogen bonds requires
not only a favorable two-body interaction but also a favorable
topological match of the proton donor and acceptor [18].
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Different tautomers of bases are obtained considering
different hydrogen positions around the base [19]. However,
tautomers are rarely observed in oligonucleotide crystals [20]
and for most biochemical processes probably only major tau-
tomers of bases are involved. So it is reasonable to assume
that the minor tauomers were eliminated during evolution
processes to ensure the stability of the genetic code. This
prompted us to consider only the most stable structure of
bases in the current study [5].

In order to identify decisive factors responsible for the
affinity between l-leucine and bases of RNA, we make our
current computational effort to report the results of electronic
structure calculations concerning the l-leucine&nucleobase
complexes formed by the most stable tautomers of l-leucine
and bases, i.e., the dimer of l-leucine and guanine, cytosine,
adenine, uracil.

2 Computational method

As other reports on complexes between nucleic acid bases
and water, [21,22] pyridine and water, [23] and glycine and
uracil, [18] which have demonstrated the usefulness of the
approach in studying systems with intermolecular hydrogen
bonds, we adopted the same approach in our work.We applied
primarily PM3 [24] and then the DFT method with a hybrid
B3LYP functional [15–17] and 6-311++G** basis set [25,26]
to study structure and stability of the l-leu&base complexes.
In addition to those familiar hydrogen bonds involving two
highly electronegative atoms (N or O) on the part of bases,
we explored complexes with the CH group of bases acting as
a proton donor too.

The stability of l-leu&base complexes is measured in
terms of Estab, Hstab, and Gstab. Esta is defined as a difference
in electronic energies of the monomers and the dimer with
the electronic

Estab = EB(GeomB) + El-leu(Geoml-leu)

−El-leu&B(Geoml-leu&B), (1)

energy Ex(X = l-leu, Bases (A, U, C, G), or l-leu&Bases)
computed for the coordinates determining the optimal geom-
etry of X (i.e., the geometry where Ex is at the minimum).
Estab can be decomposed as [27]

Estab = EB
dist + El-leu

dist + El-leu&B
int , (2)

Where Ex
dist is a repulsive one-body component related to

a distortion of the monomer X (X = l-leu or Bases) in the
dimer

EX
dist = EX(GeomX) − EX(Geoml-leu&B), (3)

and El-leu&B
int is a two-body interaction energy between the

distorted monomers [28]

El-leu&B
int = EB(Geoml-leu&B) + Eleu(Geoml-leu&B)

−El-leu&B(Geoml-leu&B). (4)

The El-leu&B
int component was corrected for basis set superpo-

sition (BSSE) by adopting the counterpoise method of Boys

and Bernardi [29,30]. In this method, the energy of each
monomer is evaluated in the basis set of the dimer. While the
values of the EX

dist terms were calculated with monomer cen-
tered basis sets [31]. As for the stabilization enthalpy Hstab, it
results from correcting Estab for zero-point vibration terms;
thermal contributions to energy from vibrations, rotations,
and translations; and the pV terms. Finally, the stabilization
Gibbs free energy Gstab was the consequence of supplement-
ing Hstab with the entropy term. The values of Hstab and Gstab
discussed in Sect. 3 were obtained for T = 298 K and p =
1 atm.

All calculations were carried out with the Gaussian 98
code [32].

3 Results and discussion

3.1 Selection of hydrogen-bond

Both l-leucine and bases of RNA belong to the class of
molecules having several proton donor and acceptor cen-
ters capable of forming hydrogen bonds of various strengths.
These are O7, O4 and N10 for l-leucine, Nn, On, and Cn
for bases (different n from base to base); see Fig. 1. Here,
we mainly focused on complexes with two intermolecular
hydrogen bonds, as it is more difficult for l-leu to overcome
a topological mismatch than glycine, who’s distortion of en-
ergy approaches 40 kJ/mol [18]. And in the same paper, we
found that except the form of O7 acceptor&O10H donor of
amino acid interacting with bases, the others forms have been
proved to be unstable in terms of energy, or unstable in terms
of free energy. Considering our main goal, in this work, we
neglect those unstable forms and mainly deal with the form
of O7 acceptor&O4H donor interacting with bases.

3.2 Relative stability of the l-leu&bases complexes

The B3LYP/6-311++G** values of Hstab and Estab for those
hydrogen-bond complexes are plotted in Fig. 3. The almost
parallelism between Estab and Hstab indicates that the con-
tributions to Hstab arising from rotations and vibrations are
of similar magnitude for each kind of complex. The values
of Eint, Estab, Hstab, and Gstab collected, while Eint and Estab
were corrected for BSSE using the counterpoise procedure
of Boys and Bernardi [29]. The values of BSSE were found
to be much small at the B3LYP/6-311++G** level as the
counterpoise estimates are in a range from −2.3 kJ/mol to
−3.5 kJ/mol.

The most stable families of complexes are l-leu&Gn
(see Fig. 3) with the carbonyl (O7) and hydroxyl (O10H)
groups of l-leucine interacting with the proton donor and
acceptor centers of guanine (see Fig. 2). Based on the data
shown in Table 1 and the plot shown in Fig. 3, it is clear that
the l-leu&G2 structure is the most stable, followed by l-
leu&G1 and l-leu&G3, which was obviously consistent with
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Fig. 1 Lowest energy tautomers and conformers of L-leucine and bases of RNA

the order of their structural parameters (see Table 2). These
three structures have two strong hydrogen bonds, and the val-
ues of Estab for l-leu&Gn span a range of 71.1–53.7 kJ/mol
(except the structure of l-leu&G4), which provides ca. 35.6–
26.9 kJ/mol per hydrogen bond. These stabilization energies
are typical for dimers forming ring-like structures, such as
the formic acid dimer (Estab = 63.5 kJ/mol [33]) or the form-
amide dimer (Estab = 60.2 kJ/mol [34]). The values of Gstab
are positive for these three structures indicating a themody-
namic preference to form the l-leu&Gn dimer. Herein, the
l-leu&G4 structure is the most unstable, whose Gstab is neg-
ative, because of the proton donor of guanine – C8H, and it is
obvious that the C8H· · · O7 hydrogen bond is much weaker
than other hydrogen bond with the largest interatomic dis-
tance of H-bond, 2.348Å and the smallest valence angle,
124.8◦.

As far as the next stable families — l-leu&Cn concerned,
the proton acceptor and donor sites of cytosine are N3&N7H
and O8&N1H (see Fig. 2), correspondingly display a differ-
ent stability (see Fig. 3). The l-leu&C2 structure is the most
stable in this family; it has an almost similar value of Estab
and Gstab with l-leu&G1. One thing that needs to be pointed
out is that the corresponding order to these two values is
just in reverse – Estab (l-leu&G2) > Estab(l-leu&C2); Gstab
(l-leu&G2) < Gstab(l-leu&C2), as the value of entropy for
the former is larger than that for the latter. Whereas, the
l-leu&C1 structure has two hydrogen bonds too, which pro-
vide ca. 31.5 kJ/mol per hydrogen bond and is weaker than
the hydrogen bond of l-leu&C2 structure that corresponds
to their geometrical parameters of H-bonds too.

The third (l-leu&An) families, in which the proton accep-
tor and donor sites of adenine are N7&N10H2, N7&C6H,
N3&N9H, N3&C2H, N1&C2H, and N1&N10H2, respec-
tively (see Fig. 2), exhibit a different stability. Obviously the
l-leu&A4 structure possess the almost similar values of Estab
with the l-leu&C1, and it provides the unique positive Gstab
in this family, and its value of Hstab is much larger than any
other structure of l-leu&An as well. As to the l-leu&A1 and
l-leu&A6 structure, they have a much similar values of Estab
andHstab, whereas the value ofGstab for the latter is larger than
the former, which might be attributed to the chelation of the
ring of adenine. As regards to the weak CnH· · · O7 hydro-
gen bond involved in the l-leu&A2, l-leu&A3, l-leu&A5
structure, it is a much weaker H-bond too, which is even
longer than the CnH· · · O7 of the l-leu&G4, as a result,
its contribution to the stability of the complexes is much
smaller. Although the l-leu&A5 provides the most stable
CnH· · · O7 hydrogen bond with the shortest distance in this
family, 2.418Å (see Table 2), and whose the value of Estab is
40.2 kJ/mol, its value of Gstab is negative yet.

Finally, the l-leu&Un families, with the N1H&O8, C5H&
O7, N3H&O7, and N3H&O8 of uracil acting as a proton
donor and acceptor, severally (see Fig. 2), is even more weakly
bound with the values of Hstab in a range of 55.5-31.8 kJ/mol.
Except for the l-leu&U3, which has the largest values of
Estab of 61.2 kJ/mol, all the other structures in this family
are characterized by negative values of Gstab. Herein, the
order of the complexes’ stability, which is l-leu&U3 > l-
leu&U1> l-leu&U2> l-leu&U4, within this family is sim-
ilar with the order which was reported for a water molecule
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Fig. 2 B3LYP/6-311++G** optimized structures of dimers
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Fig. 2 (Contd.)

Fig. 3 Energies and enthalpies of complexes obtained at the B3LYP/6-
311++G** levels of theory

interacting with uracil, [6–11] and a glycine interacting with
uracil as well [16]. Moreover, it is clearly that the order to
their distances of H-bonds is the just reverse (see Table 2).
One thing that needs to be pointed out is that not only the

values of Estab but also those of Hstab and Gstab of the l-
leu&Un complexes are smaller than those for the gly&Un
(see Table 1 and Fig. 1 of supporting information), whereas,
the values of Eint are almost equal, and so do their distances
of H-bonds (see Table 2). This indicates that the backbone of
the amino acid might influence the stability of the complexes
greatly, especially, in terms of Gstab for the reason of en-
tropy, but their geometrical parameters might be maintained
or changed slightly.

It seems that the most stable structure within the l-leu&Gn,
l-leu&Cn, l-leu&Un families is always those structure with
NnH and On of bases acting as the proton donor and acceptor.
In RNA, however, this region is not operational as the base of
cytosine and uracil is covalently attached to a sugar through
the N1 atom, then in these families, the next most stable struc-
tures are the most important for hydrogen bond formation by
bases bonded to the sugar-phosphate RNA backbone. As for
the l-leu&An families, whose most stable structure is the
structure with N9H and N3 site acting as the proton donor
and acceptor, for the same reason that the N9 is the attached
site between the bases and the sugar, then in fact the next
most stable structure becomes the most important. Besides,
usually the unstable structures are those complexes including
one hydrogen bond formed by the CnH site of bases and O7
proton acceptor of l-leu.
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Fig. 4 Eint
L−leu&B as a function of elongation of the proton donor H-X bonds (a) and vibrational red shifts for the stretching H-X modes (b)

To summarize, the second stable structure contributes
greatly to the interaction of l-leu and RNA backbone with
the hydrogen bond. Considering this reason, the order of the
complexes stability is l-leu&Gn> l-leu&Cn> l-leu&An≈
l-leu&Un in the values of Gstab(see Fig. 2 of supporting infor-
mation), so the selectivity between the bases of RNA and
l-leucine is G>C>A≈U.

3.3 Geometries and selected vibrational frequencies

From the optimized structural parameters of intermolecu-
lar hydrogen bonds at different complexes, it can be clearly
seen that the strength of a H-bond is determined by the dis-
tance between H and Y, and the Y· · · HX angle, obviously,
which will directly influence the monomer distortion terms
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EX
dist – it quantify strains acquired by the monomers when

formed a dimer. It is reasonable that every most-stable dimer
of each family has the shortest H-bonds and the most lin-
ear, as the favorable geometries provide a larger value of
El-leu&B

int , although sometimes accompanied by the relative
bigger monomer distortion terms.

Logically, formation of a hydrogen bond Y· · · HX is al-
ways accompanied by an elongation of the H–X bond,�rH−X,
and a red shift of the frequency for the H–X stretching mode,
�νH−X. The values of �rH−X are mostly around 0.040Å for
the OH bond of l-leu and 0.018Å for the NH bond of bases.
The values of �νH−X reach the maximum −866 cm−1 for the
OH bond of l-leu and −370 cm−1 for the NH bond in bases.
However, the values of �rH−X are almost equal to 0.000Å for
the CH bond of bases, and even accompanied with a positive
value of �νH−X, for instance, the l-leu&A2, the l-leu&A3,
and the l-leu&A5. This indicates that the CH is not a favored
proton donor site of bases further.

Both 3-D plots from Fig. 4 show that the largest values
of El-leu&B

int for each family arise only when both hydrogen
bonds involve significant elongation accompanied by notable
vibrational red shifts. In contrast, the small values of El-leu&B

int
for those structures are corresponding with small perturba-
tion of H-X bonds of either l-leu, or bases of RNA, or both of
them. One thing should be noted that the values of El-leu&B

int
might be more sensitive to the elongation of the H–X bonds
of the bases than to that of l-leu, and so do vibrational red
shifts for the stretching H–X modes, since the proton donors
are different from base to base, and even in the same base,
especially the unfavorable proton donor of bases –CH.

By comparing the similarity between parts a and b of
Fig. 4, we can see that there is a strong correlation between
the values of �rH−X and �νH−X, which has been shown in
Fig. 5 parts a and b, for l-leu and bases of RNA, respectively.
In the parts a, the plot �νH−X versus �rH−X is observed with
the parabolic and linear fits for l-leu with a square correla-
tion coefficient r2 of 0.995, and 0.993, as to bases of RNA,
providing 0.996, and 0.991, respectively, which is consistent
with the previous study. [9,18,35].

4 Summary

We demonstrated that the most stable complexes between l-
leucine and bases of RNA are formed when the carboxylic
group of l-leu is bound through two hydrogen bonds to differ-
ent bases. The largest stabilization energy of 71.1 kJ/mol
was determined at the B3LYP/6-311++G** level for the l-
leu&G2 structure. The largest themodynamic stabilization
free energy of 17.9 kJ/mol was determined at the same level
for the l-leu&C2 structure; however, this structure involves
the N1 atom of cytosine, which in RNA is covalently bonded
to the sugar-phosphate backbone, then the l-leu&A4,
l-leu&U3 structure should be ignored as well for the same
reason. To sum up, the conclusion of our calculation might
in fair agreement with experimental result — the order of the
affinity of l-leu and bases of RNA is G>C>A≈U, which
might be meaningful for the research on the life-origin. On

Fig. 5 Correlation between elongations of the proton donor H-X bonds
and vibrational red shifts for the H-X stretching modes of L-leu (a) and
bases of RNA (b)

the other hand, the stability of complexes might be influ-
enced by the backbone of amino acid greatly as well for the
reason of entropy, although their structural parameters of H-
bonds might not be changed markedly, and the chelation of
the base ring might be a special representation. In addition
to, the significant elongation of the proton donor bond (H–
X) accompanied by notable vibrational red shifts of the fre-
quency for the H–X stretching mode offer the largest values
of El-leu&B

int for the dimers of each family, and there are a bet-
ter linear correlation between the elongation of H–X bond
and its vibrational red shift.

Finally, we note that CnH is not a good proton donor sites
of bases, for all of those complexes involved CnH· · · O7 have
an negative Gstab, and possess a much small red shifts of the
frequency for the H–C stretching mode, or even a blue shifts
sometimes.
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