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Abstract
Despite impressive progress inmolecular biology and genetics over the last decades, the key question
is still unanswered—why the genetic code is triplet andwhat information it keeps and transfers over
translation. Unexpectedly, the answer comes not frombiology but from spin physics and
computational quantum chemistry. The study aims to shed light on howmRNA sees the right tRNA
andwhat sort of communication ensures the codon–anticodon recognition. The data rests on the
quantummechanical/molecularmechanical quantum chemistry computations of themRNA-tRNA
fragments differing in 61 codon–anticodon nucleotide triplets coding 20 canonical amino acids.

1. Introduction

In molecular biology and genetics, translation is the
second major step in gene expression [1]. Translation
proceeds on ribosomes where the genetic code infor-
mation, initially stored in DNA, transfers frommRNA
to a loaded tRNA (tRNA with the attached amino
acid), figure 1. The deciphering of the genetic code
occurs in the codon (mRNA)-anticodon(tRNA)
region [2]. The hydrogen bonding in this region obeys
the Watson–Crick pairing rule [3]. Each codon and
anticodon consists of three nucleotides. tRNA serves
as a bridge between the codon and the right amino
acid. What is outlined is a proved fact confirmed by
numerous experiments [4].What is still unanswered is
summarized as follows:

(i) Communication between the codon and antic-
odon does not proceed without Mg cations
(cofactors) bound respectively to the codon and
anticodon trinucleotides, figure 1.

(ii) There is no understanding why a sequence of
three nucleotides (not two, four, five etc) is
required for each codon and anticodon.

(iii) The ‘wobble’ effect (the third nucleotide in the
codon–anticodon interaction is less discrimina-
tory for determining the right amino acid [3]) is
still unclear.

(iv) What carrier ensures the genetic code operation?

(v) How this carrier is coupled with the codon
nucleotide trinity?

The paper aims to elucidate the outlined issues.
Conceptually, the research stems from the ideas of
spin physics: electron spin flip [5], triplet(T)/singlet(S)
potential energy surfaces (PESs) and their intersec-
tions [6–8], and Berry’s spin phase flip [9], section 3.
The named effects appear in DNA molecule upon the
action of Mg cations [10–12]. This is seemingly valid
formRNA-tRNA interactions [10, 11]. The results rest
on the quantum mechanical (QM)/molecular
mechanical (MM) computations for 61 codon–antic-
odon possible triplets coding 20 canonical amino
acids.

2.Modeling and computations

Translation is a highly complicated process to be
studied quantum chemically. So, drastic simplifica-
tions are required. Meanwhile, the typical features of
the process should be preserved.With this inmind, we
reduce the mRNA to three parts—the codon (its
composition spans over 61 triplets) in the center and
twenty identical, invariable by their composition,
triplets (AAA) on its both sides. The tRNA is consid-
ered without cuts, including the attached amino acid
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(in some cases, its nature was intentionally varied, see
below). The ribosome is excluded from consideration.
Actually, the system under study appears as that in
figure 1.

The QM/MM is rather the only one applicable
method for treating huge biological molecules. Any
QM/MM method consists of two parts—the quant-
ummechanical (QM) part and the MM part. The QM
part is computationally demanding and time consum-
ing. So, it covers themost significant parts (sufficiently
small) of the molecule. In our case, the QM part
includes the codon and anticodon with two magne-
sium cofactors and the attached amino acid (AA). The
rest part of the system (the twenty nucleotide triplets,
AAA, on both sides of the codon and the huge part of
tRNA between the anticodon and the attached amino
acid, figure 1) is considered MM (this excludes any
ambiguities with the terminal triplets (e.g., addition of
His) and non-compensated charges over all the triplets
from diester bonds because the QM part does not
include these specifics into consideration; on the con-
trary, the addition of counter-ions into the MM part
leads to unexpected distortions of the lengthy AAA
chains, which are still unbound to any template in our
model). The QM part is treated with the Gromacs
DFT:B3LYP (6-311G** basis set) code, version 6.52,
and the MM part with the AMBER-8.5 code included
into the sameGromacs [10, 11, 13]. The computations
rest on the automated fragmentation approach (AF-
QM/MM) [13], which ensures the QM/MM bound-
aries. The use of B3LYP with polarization functions
(specifically, they are necessary to treat long-range
interactions like hydrogen bonding) is justified

because of its numerous tests on biological molecules
of different length, composition and structure. The
initial geometry of the loaded tRNA (61 fragments)
and themRNA fragment (the codon (61 units) and the
twenty AAA triplets, see above) are from the Protein
Data Bank [14]. The computations assume the geo-
metry optimization procedure both for the QM part,
including the cofactors, and the MM part. The
approach between the mRNA and the loaded tRNA
fragments (the codon–anticodon region) proceeds in a
step-by-step manner (each step is 0.05 Å; the initial
separation distance between the codon and anticodon
is 4 Å) to locate the minimum value of the system
(mRNA fragment+loaded tRNA fragments) total
energy, E. In the case of Ala, Thr, Tyr and Pro loaded
tRNAs, we made round artificial replacements
(Pro→Thr, Tyr→Ala etc) leaving the codon–antic-
odon complementary triplets invariable. The purpose
of these replacements is clarified in the next section.
The Mg2+(H2O)2 acts as a magnesium cofactor. Its
choice is due to the fact that the magnesium cofactor
in its active state forms two bonds with water mole-
cules, leaving the two (or one) unused valences to form
bonds/bond with two or one oxygen of the nucleotide
diester bond (the inert form assumes six bonds with
water molecules, which leaves no chance of making
bonds with the diester) [10]. The two cofactors (they
are right two because the addition of othermagnesium
cofactors to other possible diesters in the QM part
does not change the picture, see [7, 11, 12]; in addition,
the tRNA-mRNA structure shows two magnesiums
built into the codon–anticodon region: one magne-
sium is bound to the anticodon, the other is bound to
the codon [14]) are positioned, respectively, on the
codon (Mg(c)) and anticodon (Mg(ac)), figure 1 (water
molecules are not shown), and are allowed to find the
‘best’ nucleotide to bind over the mRNA-tRNA
optimization ensuring the minimum of Etot. Figura-
tively, each cofactor is allowed to drift over the QM
part looking for energetically more favorable position
to occupy (within a set of available oxygens). In prac-
tice, this is achieved through step-by-step displace-
ments (0.05 Å) of the magnesium cofactor over a set
(m=1, 2, 3) of manifolds (eachmanifold is equal to a
single nucleotide) covering theQMpart.

3. Results and discussion

Upon optimization, the Mg(c) and Mg(ac) make
strong bonds with negatively charged oxygens (the
Mg–O distance is 1.89 Å (codon) and 1.91 Å (antic-
odon)) and weak bonds with the other oxygens (the
Mg–O distance is 2.28 Å (codon) and 2.29 Å (antic-
odon)) of the phosphodiester fragment. This fragment
links the first and the second nucleotides (codon), and
the third and the second nucleotides (anticodon),
figure 2(a). What we have is identical to what we have
seen in the Mg-bound trinucleotides of DNA [10, 11].

Figure 1. 2D structure of the tRNA-mRNA complex with two
Mg cofactors (watermolecules not shown) bound to the
codon (mRNA),Mg(c), and anticodon (tRNA),Mg(ac).
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The outlined configuration makes Mg cofactors singly
charged (q=+1) near the crossing/intersection
point (see below)with an unpaired spin each—‘up’ (↑)
or ‘down’ (↓). As soon as the Mg(c) and Mg(ac) spins
produced, their counterpart spins arise sequentially—
this time on the codon and anticodon. The computa-
tions show that upon approaching the mRNA frag-
ment to the tRNA (the contact region is the codon–
anticodon) the Mg(c)-codon fragment reveals the (↑↑)

configuration (T+), while the Mg(as)-anticodon frag-
ment reveals either T− configuration (↓↓) or T+

configuration (T+, T− notations for triplet states with
spins up and spins down were introduced into spin
chemistry by Turro [15]). The choice between the T+

and T− anticodon strongly depends on what type of
loaded RNA interacts with the codon. If that is the right
loaded tRNA (the amino acid corresponds to the codon,
figures 1, 2(a)), then we have the T+ codon and the T−

Figure 2. (a)The optimized structure of the Ala loaded tRNAwith the complementary boundGCC codon (the AAA triplets on both
sides of the codon not shown). (b)The optimized structure of tRNA loadedwith thewrong amino acid (AA)=Tyr. As before
(figure 2), the codon is GCC and the anticodon is CGG. The codon and anticodon triplets reveal the T+ symmetries with the
uncompensated spin density (shown in green) spreading over the triplets.
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anticodon; if not (the amino acid does not correspond to
the codon), we have the T+ codon and the T+ anticodon
(figure 2(b)). The statement finds its confirmation.
When we begin to approach the mRNA fragment and
the loaded tRNA fragment, their PESs reveal a crossing
point at the distance of 3.4 Å between the codon and
anticodon, figures 3(a), (b) (2D PESs cuts). Right at
this point we observe the (T+)–(T+) or the (T+)–(T−)
spin configuration. The (T+)–(T+) configuration cor-
responds to the wrongly attached amino acid (the
attachment is made artificially before starting the
optimization procedure). Figure 2(b) shows the spin
density distribution (the (T+)–(T+) configuration,
AA=Tyr) over the codon and anticodon. The
(T+)–(T−) configuration corresponds to the amino
acid attached in the right way, AA=Ala, figure 2(a)
(spins are totally compensated, and no spin density is
revealed). The (T+)–(T+) configuration arises each
time when we replace the right amino acid by the
wrong one (Ala→Tyr, Thr, Ser, Val; Pro→Thr, Ser,
Arg, Val etc) leaving the codon–anticodon paired right
(GCC-CGG;CCC-GGGetc). Earlier it was proved that
the nucleotide triplets with the identical spin orienta-
tion experience the repulsion [12]. The same we
observe in our case with the two PESs (the crossing
point) of identical spin configuration, figure 2(b)
(AA=Tyr),—the value of E at a 4.0 Å distance is
lower than that at 3.4 Å by 2.4 kcal mol−1. (Our
artificial approach between the tRNA and mRNA is
repulsive!) The result is of high importance. It
indicates that the wrongly loaded tRNA never binds to
the mRNA, even if the codon and anticodon obey the
Watson–Crick pairing rule. The decision of making or
not making the pairing is made at a distance (3.4 Å)
exceeding the distance of hydrogen bonded nucleotides by
0.5 Å [1]. On the contrary, when the amino acid is
right, the repulsion at 3.4 Å does not occur. Moreover,
the two PESs reveal the attraction which leads to
"plunging" the upper PES (curve 2) into the bottom
PES (curve 1) with the appearance of the local energy
minimum (Emin), the value ofΔ, figures 3(c), (d). This
minimum is a result of spin pairing which arises as a
response to consecutive hydrogen bonding between
the complementary nucleotides on the codon and
anticodon (the other two spins form the T− configura-
tion outside the crossing region, figures 3(c), (d)). This
is clearly seen in the QM/MM experiment when the
QM part initially covers the first complementary
nucleotides on the codon and anticodon (the other
two are treated MM), then the first and second
complementary nucleotides (the rest one is treated
MM) and finally all the three complementary nucleo-
tides. It is important to stress that the spin pairing,
corresponding to the Emin (figures 3(c), (d)), occurs only
upon reaching hydrogen bond pairing between all the
three nucleotides on the codon and anticodon. The result
is identical to that we observed in DNA paired
trinucleotide loops [11]. Its explanation rests on the
Berry spin flip [9]. The flip is the manifestation of the

Figure 3. (a)The twoPESs (2 corresponds to themRNA
fragment; 1 corresponds to the loaded tRNA fragment)
revealing the crossing point. The ‘up’ arrows indicate the T+
andT+ spin configurations belonging to 1 (GCCcodon) and
2 (CGGanticodon, AA=Tyr (thewrong amino acid))PESs.
CP is the crossing point. (b)The twoPESs (2 corresponds to
themRNA fragment); 1 corresponds to the loaded tRNA
fragment revealing the crossing point. The ‘up’ and ‘down’
arrows indicate respectively the T+ (1 PES) andT− (2 PES)
spin configurations belonging to 1 (GCCcodon) and 2 (CGG
anticodon, AA=Ala (the right amino acid)) PESs. CP is the
crossing point. (c)The crossing between themRNA (curve 2)
and the Ala loaded tRNA (curve 1)PESs. The codon and
anticodon are hydrogen bonded at the distance of 2.9 Å. a, b, c
are the sectors corresponding to the contribution of the first,
second and the third hydrogen paired nucleotide (codon
(GCC)-anticodon(CGG)) into the energyE.Δ corresponds
the energy (12.4 kcal mol−1) between themin and the 2–1
crossing. (d)The crossing between themRNA (curve 2) and
the Trp loaded tRNA (curve 1)PESs. The codon and
anticodon are hydrogen bonded at the distance of 2.8 Å. a, b, c
are the sectors corresponding to the contribution of the first
(U), second (G) and the third (G) hydrogen paired nucleotide
(codon(UGG)-anticodon(ACC)) into the energyE.Δ corre-
sponds the energy (12.6 kcal mol−1) between themin and the
2–1 crossing.
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non-vanishing geometric phase (Berry’s phase) [9],
arising in the exponential term of the wave function
representing the behavior of two coupled electrons
(our case; in general, the number of electrons could be
any). When the coupled electrons move around each
other (topologically, this is equivalent to particle
interchanging) over the trinucleotide area (the QM
part), their statistics (phase), Δθ, accumulates. The
accumulation proceeds in steps (Δθi=π/3, i=1, 2,
3), each corresponding to the statistics ‘jump’. The
statistics jumps are no more than a response to the
vector field (Ai, i=1, 2, 3) change upon the electron
‘traveling’ over the trinucleotide loop (first nucleoti-
de→second nucleotide→third nucleotide). Upon
reaching the valueΔθ=π, the initial direction of spin
changes to its opposite one (spin flip!) [11].When this
value is reached (Δθ=∑i Δθi=π, i=1, 2, 3—the
number of paired nucleotides; eachΔθi=π/3; SU(2)
rotation space), the electrons, which are spread over the
codon and anticodon, obtain the oppositely directed
spins, and the pairing occurs; if not, the pairing does not
occur because the Berry flip is not reached [10, 11].

The Ala amino acid is coded by four codons—
GCU, GCC, GCA and GCG differing in the nature of
the third nucleotide. Figure 3(c) shows that the
contribution of these three nucleotides into the value
of Δ=12.4 kcal mol−1 is uneven: 4.7, 5.9 and
1.8 kcal mol−1, respectively (a, b, c sectors). These
values is a result of sequential enlarging of theQMpart
(codon+anticodon) from one nucleotide to three
(see above). The minor contribution is associated with
the third nucleotide—1.8 kcal mol−1. This is right the
wobble effect. Its explanation, from the computational
point of view, is in a relatively small contribution of the
third nucleotide of codon into the system stabilization.
When the amino acid is coded by a single nucleotide
triplet, like with the Trp (UGG codon), figure 3(d), the
contributions from each nucleotide are even: 4.2, 4.3,
4.1 kcal mol−1 (Δ=12.6 kcal mol−1). As a result,
there is no wobble effect when each nucleotide of the
codon contributes evenly into the system stabilization.
The PESs corresponding to the amino acids coded by
two or three codons resembles those shown in
figures 3(c), (d). The third nucleotide, meanwhile, is
still of lesser importance than the first and second
ones. The results are valid for the set of 61 codons (61
mRNAs) and 61 anticodons (61 loaded tRNAs).

QM states that spin is observable just along one
axis in the Cartesian frame (z, x, y). If we fix such a
reference frame to an arbitrary mRNA-tRNA, the
other frames fixed to other mRNA-tRNAs experience
a rotation relative to the reference one. This occurs
because of changing the direction of spin polarization
in the Pauli spin space [5] (the correspondence
between the amino acid nature and the spin polariza-
tion angle is given in [11], figure 6). The full spin turn
in SU(2) corresponds to the value of 4π with each π

producing a spin flip. Each flip corresponds to the sum
of three π/3 phases associated with each nucleotide in

the codon/anticodon, see above. Four flips and three
phases per a flip generate the famous number of 64=43

codons coding twenty canonical amino acids plus three
stop-codons. Back then, this number appeared combina-
torially—four possible nucleotides with three possible
permutations [16, 17]. Now this number obtains its
physical meaning—it is associated with four spin flips
and three phases per a flip.

4. Concluding remarks

The results can be summarized as follows.

(i) Mg cofactors are integral parts of the codon–
anticodon communication over translation.
Their role is in the production of unpaired
electrons in the codon–anticodon region. This is a
specific feature of Mg differing it from other
doubly-charged analogous cations like Ca and
Zn [12].

(ii) The wobble effect is thought as a minor energy
contribution into the stabilization energy from
the third nucleotide of the codon. Depending on
the form of the PES, figures 3(c), (d), we observe
the degree of degeneracy: from four to zero.

(iii) Spin appears as a carrier of information stored in
the codon. The codon spin consistency with the
anticodon spin, (T+)–(T−) spin states, ensures the
right recognition. The inconsistency, (T+)–(T+)
spin states, stops the codon–anticodon pairing.
Spin states ‘feel’ each other at distances exceeding
those of hydrogen bonding.

(iv) The codon–anticodon recognition requires that
both nucleotide sequences come in trinity. The
trinity ensures that spin projections from the
codon and anticodon on the chosen axis come up
in consistency. With no trinity, the electron phase
lies between π and zero (in our case this is the
value of π/3 for each nucleotide pair). These
phases correspond to ‘anyons’, particles which are
not bosons or fermions. Anyons are widely
discussed in the theory of superconductivity and
in the theory of braids [18]. Following the concept
of anyons, each nucleotide pair in each nucleotide
trinitymight be thought as a single anyon.

(v) The combinatorially treated value of 64 codons
coding twenty canonical amino acids plus three
stop-codons finds its physical explanation. The
value is the manifestation of SU(2) symmetry
ensuring the recognition process between the
codon and anticodon.
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