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/Abstract: DNA quadruplexes have been the subject of inves-
tigation because of their biological relevance and because of
their potential application in supramolecular chemistry. Simi-
larly, RNA quadruplexes are now gaining increasing atten-
tion. Although DNA and RNA quadruplexes are structurally
very similar, the latter show higher stability. In this study we
report dispersion-corrected density functional theory (DFT-D)
quantum chemical calculations that were undertaken to un-
derstand the difference in stabilities of RNA and DNA quad-
ruplexes. The smallest meaningful model of a stack of quar-
tets, interacting with alkali metal cations, was simulated in

-

an aqueous environment. The energy decomposition analy-
sis allows for in-depth examination of the interaction ener-
gies, emphasising the role of noncovalent interactions and
better electrostatics in determining RNA-GQs higher stabili-
ties, particularly pinpointing the role of the extra 2'-OH
groups. Furthermore, our computations present new insights
on why the cation is required for self-assembly: unexpected-
ly the cation is not necessary to relieve the repulsion be-
tween the oxygen atoms in the central cavity, but it is
needed to overcome the entropic penalty.

/

Introduction

For more than twenty years, G-Quadruplex-DNA (GQ-DNA) has
been a popular investigation topic and a source of lively
debate, due to the progressive understanding of its biological
roles, its huge therapeutic potential, its flexibility of use in the
field of supramolecular chemistry, and its unique chemico-
physical characteristics. GQ-DNA aggregates have been found
in crucial regulatory spots of the human genome, including te-
lomeres, promoters, and immunoglobulin switch regions, as
they are involved in cell replication, transcription and immuno-
globulin class switch recombination.™

Besides DNA, RNA can also fold up into quadruplex struc-
tures. The two main areas of interest concerning the molecular
biology of GQ-RNA regard 5-untranslated regions of RNA (5'-
UTR) and the so-called long telomeric repeat-containing RNA
(TERRA). While the formation of RNA-GQs in 5-UTRs can
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inhibit?>* or induce gene translation,” TERRA sequences (de-
rived by transcription of telomeric regions) are thought to
down-regulate the activity of the enzyme telomerase and to
regulate histone modifications.”*™

The main building blocks of G-Quadruplexes (DNA as well as
RNA) are constituted of guanine tetrads (G,), held together by
Hoogsteen-type hydrogen bonds (Figure 1). Two or more tet-
rads can stack on top of each other due to the contribution of
electrostatic and dispersion forces.">" Sugar-phosphate moi-
eties of guanosine monomers constitute the outer backbone
of these structures and contribute to their stability (Figure 2).
Loops, with various sequences and length, connect the pillars
of the backbone, conferring a rich topological diversity.

In our previous work on the quadruplexes'® we showed
that the hydrogen bonds in G, experience a large synergetic
effect. This cooperativity in G, originates from charge separa-
tion occurring with donor-acceptor interactions in the o-elec-

Figure 1. a) A stack of two G-quartets (arrows present the directionality of
the charge-transfer in the hydrogen bonds) in a parallel configuration.
b) Schematic representation of a guanine quartet.
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Figure 2. Structure of the guanosine phosphate dimer used in RNA-GQs
with two hydrogen bonds involving ribose and phosphate moieties, a) sche-
matic and b) “balls and sticks” representation.!'”

tron system, and not, as previously assumed, with resonance
assistance by the 7 electrons.

A central cavity, an actual channel, passes through the
whole length of GQ structures and is defined by the oxygen
atoms of the carbonyl group of guanines. It is well-known how
this central cavity hosts monovalent alkali metal cations ac-
cording to the generally, but not unanimously, accepted affini-
ty sequence K" >Na*,Rb"™>Li*,Cs"."™ In our previous work,
we demonstrated™ how desolvation and the size of the alkali
metal cation are both of almost equal importance for the
order of affinity.

GQ-RNA shares the main structural characteristics with GQ-
DNA; however, a consolidated experimental observation is the
higher thermodynamic and thermal stability of GQ-RNA com-
pared with its DNA counterpart,'® which are believed to be
due to better stacking of piled tetrads!” and an additional net-
work of hydrogen bonds involving the extra 2’-OH on the
ribose of the RNA™® with the longest time-residence being
those formed with phosphate oxygen atoms.

The aim of this work is therefore to clarify the chemico-phys-
ical origins of the higher stability of RNA-GQ compared with
DNA-GQ, confining this investigation to the frame of the small-
est meaningful model. Extensive computational analyses of
double layer models of RNA-GQ with sugar-phosphate back-
bone based on dispersion-corrected density functional theory
(DFT-D) in an implicit model of water solvation allow for a fun-
damental understanding of the energetic components leading
to polymerization of guanosine dimers into the scaffold of
RNA-GQ, its interaction with monovalent cations (Li*, Na*, K*,
Rb*, and Cs*) and the solvation/desolvation ratio of the result-
ing RNA-GQ-M™" complexes, revealing the main structural and
energetic contributions to the superior stability of RNA-GQ.
Further energy decomposition analysis also clarifies the origin
of the ability of the scaffold of RNA-GQ to interact more
strongly with monovalent cations compared with its DNA
counterpart and its clear electrostatic foundation, providing
evidence that the explanation for higher stability of RNA-GQs
already resides in the very core of the quadruplex structure.

Finally, we demystify the role of the cations in the self-as-
sembly of quadruplex structures, disproving the general postu-
late that they minimise the repulsive forces between the
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oxygen atoms in the central channel and corroborating their
enthalpic relevance for the thermodynamic stability.

Results and Discussion
Structure and energy of formation

To study the interaction between different monovalent cations
and the guanine bases as they are organised in the naturally
occurring RNA-GQ and then to build a solid reference system
to be compared with the DNA-GQ counterpart, we built and
computationally analysed the model g,GQ-M™, structured as a
double layer of guanine quartets, including the sugar-phos-
phate backbone (Figure 3). In Table 1 we present geometrical

Figure 3. Structures of ;,GQ and gy,GQ-M ™" in which M™" is an alkali metal
cation (optimized at the ZORA-BLYP-D3(BJ)/TZ2P level of theory in COSMO
model of solvation).

Table 1. Energies of formation and geometrical parameters of the quad-
ruplexes.®

System  M* dlO-M*1® N2-N79  N1-06  AEmation

anaGQ- no metal 3.09 2.88 2.82 —69.1
Li* 212 2.90/ 2.80/ —106.2

2.80 2.83

Na* 2.69 2.85 2.82 —120.4
K* 2.83 2.88 2.83 —120.8
Rb* 295 2.90 2.85 —1154
Cs* 3.13 2.90 2.87 —107.7

onaGQ- no metal 3.03 2.88 2.81 —62.2
Li* 2.11 2.88/2.80  2.80/2.81  —100.2
Na* 2.69 2.84 2.81 —1145
K* 2.82 2.88 2.82 —115.4
Rb* 295 2.90 2.84 —111.1
Cs* 3.14 2.90 2.86 103.1

[a] Energies and geometries computed at ZORA-BLYP-D3(BJ)/TZ2P level of
theory with COSMO to simulate water. [b] Average distance between the
oxygen atoms and the (alkal) metal cation. For the empty scaffold the
midpoint of the eight oxygen atoms was taken. For Li* the value is aver-
age for one layer only. [c] Average outer hydrogen bond distance
N2(H)--N7. For Li*, two values are presented because the quartets are
not equal (Li* lies in the middle of one of the quartets. The first number
refers to the noncoordinated quartet). [d] Average inner hydrogen bond
distance N1(H)--06.
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parameters and energies of formation of RNA-GQs coordinated
in turn with no metal, Li*, Na*, K*, Rb*, and Cs™, and report
for comparison, data extracted from a previous study™ con-
cerning DNA-GQs.

The energy of formation is formulated in Equation (1):

AEformation = E(GQ7M+)aq — 4 e E(GG)aq - E(M)a

q

(1)
= AE},, + AE;

Bond

where E(GQ-M™),, is the energy of the metal complex in water
in its optimum, GG denotes the guanosine dimer, neutralised
at its phosphate moiety with an H* as counterion, and the
term E(M™),, expresses the computed energy of the alkali
metal cations in water (for AE; . and AE; .. see Figure 4). In
our previous work™ we demonstrated how the use of Na™
counterions do not induce any interesting or noticeable struc-
tural change or perturbations in the energy/cation affinity
trend. Nevertheless, we report in Table ST the results of
anaGQun.-K' and ¢y,GQuu,-Na™ computations to show how also
in this case the trend between the two most “sensitive” and
energetically close systems clearly remains the same.

A

4 U + \\'/1/ AEformation O

Step 1 Step 2
—a— N\ V am
) +( \\‘
a—_—
Bond w AEZBond

Figure 4. Formation energy of the RNA guanine quadruplexes in solvent,
discerned in the two steps of dimers’ association and cationic coordination.

From the geometrical point of view, it is particularly notable
how the six reported species differ very little based on their
belonging to the RNA or DNA group. These data are also
nicely consistent with the few available crystallographic data
for geometrical parameters of RNA-GQ" where N2(H)--N7 is
2.82 and NI1(H)--06 is 2.80 and where N2(H)--N7 is 2.88,
N1(H)-06 is 2.90, d[0-M '] 2.82, for K* species.”

The first analysis of AEq, aion [EQ. (1)] immediately reveals
two important outcomes of this study: the first concerns the
cation affinity sequence for the inner channel of the structures
under investigation. Our analysis did not highlight any differ-
ence in cation affinity sequence compared with p,GQ-M™ spe-
cies.

Secondly, the respective stabilities of RNA species compared
with their DNA counterparts confirm the experimental findings
and allow us to justify differences in melting temperatures up
to 15°C.*!

Both findings will be analysed in detail and explained in the
following sections by analysing the formation of the quadru-
plex in two steps: the formation of the empty scaffold (AE},, ;)
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and the coordination of the metal cation to the scaffold
(AE},.,) (see Figure 4).

Step 1: Analysis of the bond energy of association

To understand individual energetic parameters determining
cation affinity sequence and, at the same time, to account for
the consequences of the chemico-physical differences between
DNA- and RNA-GQ, we start from the description of the pro-
cess of formation of the empty scaffold from four individual
guanosine dimers and partition the association energy as fol-
lows:

The bond energy of association AE}_, is defined as the dif-
ference in energy between the empty scaffold GQ and four
times the energy of the dimer, both individually optimised in
water [Eq. (2)]:
AEgg = E(GQ[])sg — 4 © E(GG), (2)

The “aq” subscript denotes the COSMO computations in
aqueous solution and “gas” denotes the computations in the
gas phase.

The bond energy AE,_, can be portioned as given by Equa-
tion (3) (see Figure 5):

AEI]Sond = AE1 Dehyd + A prep + AE/1m‘ + AEHyd (3)

- AElBond

Pa——
Pu—

Figure 5. Schematic representation of step 1: partitioning of the bond
energy (kcalmol™") of association of the final empty scaffold from four gua-
nosine dimers.

The mathematical expressions for all the components in the
energetic partition are given in the Computational Methods
section.

The interaction energy in this model is examined in the
framework of the Kohn-Sham molecular orbital model using a
quantitative energy decomposition analysis (EDA) that divides
the total interaction (AE;,) into electrostatic interaction, Pauli
repulsion, orbital interaction, and dispersion terms [Eq. (4)]:?"

AEinr - AVe/Sfat + AEPauli + AEO/' + AEdisp (4)

The term AV, corresponds to the classical electrostatic in-
teractions between the unperturbed charge distributions of
the prepared (i.e., deformed) bases and is usually attractive.
The Pauli repulsion AEp,,; comprises the destabilizing interac-
tions between the occupied orbitals and is responsible for any
steric repulsion. The orbital interaction AE,; accounts for the
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charge transfer (i.e., donor-acceptor interactions between oc-
cupied orbitals on one moiety and unoccupied orbitals on the
other, including the HOMO-LUMO interactions) and polarisa-
tion (empty-occupied orbital mixing on one fragment due to
the presence of another fragment). The AE;,, accounts for the
dispersion correction.

The main terms coming from the partition of the association
energy, as derived from Eq. (3) and illustrated in Figure 5, are
reported in Table 2. The differences between the two groups
(RNA-GQs vs. DNA-GQs) will be analysed on the basis of indi-

Table 2. Partitioning of the bond energy of association (kcalmol ') of the
final empty scaffold from four guanosine dimers and EDA of relative
AEint.[a]

anaGQL ] onnGQL ]

AE, —69.1 —62.2
1

AE',, 243 328
AED sty 15.7 1035
AE!, —209.2 —1985
AE . 276.1 2743
AV -2203 —2143
AE}, —191.9 —18838
AE! ~73.1 —711

[a] Energies and geometries computed at ZORA-BLYP-D3(BJ)/TZ2P level of
theory.

vidual energetic contribution, leading to a separation in terms
of AE},,, that favours RNA-GQs of almost 7 kcalmol .

The guanine dimers constituting the scaffold of ;,GQ un-
dergo a smaller deformation in the process of assuming the
final conformation compared with the dimers of WGQ
(AAE,,,=—85 kcalmol™). The extra hydrogen bonds that
form in the backbone of the RNA-GQ due to the presence of
the 2’-OH of ribose lend the RNA guanine dimers a higher con-
formational stability, so that the structure of the isolated di-
meric components is much closer to the conformation they
would assume in the final empty scaffold, as compared with
the deoxyribonucleosidic counterpart. The term Ay, . . .
favors DNA species by more than 12 kcalmol™'. This is due to
the extra -OH moieties in the backbone of RNA species, the
polarity of which leads to a more intense interaction with the
watery medium (reproduced by the implicit model of solva-
tion).

The RNA dimers show a much better intermolecular interac-
tion during the association into the tetrameric form (AAE;,, =
—10.7 kcalmol ™' in the gas phase). The more favourable AE;
of the RNA group will be examined in the following section by
means of Energy Decomposition Analysis”’ to deepen our un-
derstanding of the physical foundations of the interaction of

the four dimers towards the formation of the empty scaffold.

Energy decomposition analysis

In this section we will also compare the two groups (RNA-GQs
vs. DNA-GQs) to justify and estimate quali-quantitatively the
difference of AE]  between them.

int
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Therefore, analysing Table 2, while the dimers of RNA-GG ex-
perience in their interaction a higher repulsion compared with
DNA-GG (AAE},, = +1.8kcalmol™), all the remaining ener-
getic parameters contributing to the AE] . favor the ribonu-
cleosidic species. The contribution of better orbital interaction
amounts to —3.6 kcalmol™' and it is worth noting how RNA-
GG dimers also show a better dispersion interaction, although
the most important contribution to the better interaction of
dimers of RNA-GG compared with DNA-GG comes from a more

effective electrostatic attraction of 6 kcalmol™' (see below).

Step 2: Analysis of the bond energy of metal coordination

In this section we analyse the differences between species
inside the same group (RNA-GQs that coordinate different cat-
ions) and the differences between the two groups (RNA-GQs
vs. DNA-GQs) on the basis of individual energetic contribution
leading to separation in terms of AEZ . [Eq. (5)] (see Table S2):

AEéond = E(GQM+)aq - E(GQ[ Daq - E(M+)aq (5)

The bond energy AE; . can be portioned as described by
Equation (6) (see Figure 6):

AE} = AEéehyd—i- AE; + AE? +AE,2_,yd (6)

rep int

The desolvation and solvation energy can be computed as
the energy difference between the solvated and the gas
phase. For the definition of all the components that represent
this energetic partition, refer to the Computational Methods

section.

< BE?g,0g -

l AEzDehycl I AEzHyd
£ .9 . ). @ —
r—<—d A AEzprep v AEzint

Figure 6. Partitioning of the bonding energy upon formation of the final
GQ-M* complex from the empty scaffold.

Concerning the differences between RNA-GQs that coordi-
nate different cations, the partitioning of the formation energy
reveals how the cation affinity sequence obeys the same rules
as previously described for DNA-GQs."™ Focusing on the com-
petition between K™ and Na*, our analysis reveals how the
subtle difference (0.4 kcalmol™") of formation energies in RNA-
GQ derives from a balance between the terms solvation, inter-
action, and deformation. The interaction energy of the scaffold
of RNA-GQ with Na™ is almost 23 kcalmol™" better than with
K* and this term is mostly counterbalanced by the solvation/
desolvation ratio between the two species (Table S2). This term
is directly determined by the AE, , of the ions, so that the
term AE,, .+ AEp, favors ;uGQ-K* of roughly 19.5 keal
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Figure 7. Partitioning of the bonding energy upon formation of the final
GQ-M* complex from the empty scaffold (RNA-GQ is represented with
dashed lines, DNA-GQ with continuous lines).

mol~" (Figure 7). The last term that determines the final differ-
ence of bond energy between K* and Na* species is AE.,
the empty scaffold of z,,GQ-K™ undergoes a smaller deforma-
tion in the process of assuming the final conformation of the
complex compared with that of ¢,GQ-Na® (AAE) =
—3.8 kcalmol ™).

Broadening the analysis to the other species under investi-
gation, we can appreciate how the difference in affinity be-
tween K, Rb*, and Cs' are less driven by the term
AEL,s + AEL, so that, in these cases, the AE;, plays a major
role. On the other hand, the less favourable bond energy of
the species ,GQ-Li™ is mainly governed by the size of the
ion, which determines higher desolvation energy. Furthermore,
the size of the Li* ion determines its positioning on the same
plane as one of the quartet, a phenomenon that makes the
term AEfm less unambiguously comparable with the other
species, since the ion deforms the two stacked guanine quar-
tets to different extents.

As noted above, the interaction between the Na™ and the
scaffold is ca. 23 kcalmol™" stronger than for K*. Comparing
the species gaGQ-K™ and z,GQ-Na™ in the frame of the de-
composition of interaction energy reveals that this is a result
of slightly better electrostatics and orbital interaction for Na™.
However, the largest difference comes from the steric repul-
sion. K* experiences a much larger Pauli repulsion (of ca.
18 kcalmol™") than Na*. The sudden increase in AE}_, only
occurs from sodium to potassium (see Figure 8), but not from
K* to Rb* or Rb* to Cs™, while the electrostatic contribution
decreases linearly from Li* to Cs™ together with the average

distance [O—M"].

Simplified models: The influence of ribosidic -OH moieties

Electrostatic attraction acquires bigger relevance in the com-
parison between gGQ-M™ and paGQ-M™: in the summation
of various components contributing to AE;,
(AV gstar + AEpayi + AEy + AEy,,) of the two groups, all the
other parameters almost overlap and the only relevant differ-
ence is indeed the term AV, which is at least 3.4 kcalmol™'
more favurable to the ribonucleosidic species (in the case of
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Figure 8. Energy Decomposition Analysis of the interaction between the
scaffolds and relative cations, in the geometry they will assume in the final
GQ-M* complex (gas phase). RNA-GQ is represented with dashed lines,
DNA-GQ with continuous lines.

K*, see Table S3). One of the most interesting findings in this
frame is represented in Table 3 and Figure 9a and b: with the
use of a simplified model in which the ribosidic 2'-OH groups

Table 3. Energy decomposition analysis for eight formaldehydes.”

Structure AE;, AEpaui AV gstar AE,; AE 4,
empty 0.6 8.4 6.8 —53 —9.3
Li* 4.7 15.5 1.1 -89 —12.9
Na* 4.8 16.5 124 —10.0 —14.1
K* 3.1 1.7 10.7 —7.6 -1.7
Rb™* 24 9.5 9.4 —6.3 —10.1
Cs* 1.9 7.7 7.7 —5.1 -84

[a] Energies and geometries computed at ZORA-BLYP-D3(BJ)/TZ2P level of
theory from RNA-GQ empty structure. All heavy atoms were frozen,
except for hydrogen atoms the Z coordinates of which only were con-
strained to remain on the same plane as the C=0 bond.

are frozen in the same geometry they assume in the GQ-RNA-
K* complex, we suggest that the difference in AV, between
RNA and DNA models might be ascribed to the 2’-OH groups
themselves (in this case we refer to eight molecules of water),
which can exert a large (—11.3 kcalmol™ in gas phase) attrac-
tion towards the cation even from the distance (average 8.7 A).
Positioning hydrogen atoms at the same coordinates as the
oxygens of the 2'-OH groups, this interaction almost complete-
ly vanishes (mimicking the interaction with the ion in DNA-GQ)
(see Table S4).

Simplified models: Necessity of the metal cation

The role of metal cation is widely believed to be stabilising the
repulsive interactions between the 06 oxygens inside the
cavity of the scaffold.”? To analyse this, we have substituted all
the guanines in the empty scaffold of RNA-GQ with formalde-
hyde, while keeping the C6=06 at the same position in space,
and for the hydrogen atoms only the x and y coordinates are
reoptimised (see Figure 9¢ and Table 3). The computed interac-
tion energy between these eight formaldehydes in the empty

16319  © 2018 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 9. Simplified models of RNAGQ-K* complex in which 2'-OH(s) are
substituted by a) H,O and b) H,. The -OH moieties are frozen in the same ge-
ometry they assume in ribosidic 2’-OH RNA-GQ-K™ complex (a), while the
second H is fully relaxed. In the H, case, the oxygen atoms of the ribosidic
2'-OH in RNA-GQ-K* complex are replaced at exactly the same position in
space by hydrogen atoms (b), and the position of the second hydrogen
atom is optimised. c) Top view of the (H,CO),-(H,CO), stack.

model amounts to 0.6 kcalmol™'. This is for the empty scaffold
due to the cancellation of the small Pauli repulsive and electro-
static repulsive energy terms by the attractive orbital interac-
tion and dispersion (AE,,,;=8.4 kcalmol™, AV, =6.8 kcal
mol~', AE,;=—5.3 kcalmol™' and AE,,, =—9.3 kcalmol ™).

The other models (using as initial structures the core of
RNA-GQ-M* complexes) show higher repulsive interactions (up
to 4.8 kcalmol™) but we can affirm that the alkali metal cation
in the central cavity is only marginally needed to relieve elec-
trostatic repulsion between the oxygen atoms, while it is nec-
essary for the formation of these structures since it causes
much more favourable energies of formation (cf. Table 1).

Our thermodynamic properties calculations (based on geo-
metries optimised at ZORA-BLYP-D3(BJ)-DZP and analytical fre-
quencies computed at the same level of theory) indicate how
the Gibbs free energy of formation of an empty scaffold in
water is actually positive (7.6 kcalmol™") whereas the value of
AGiomation Of muaGQ-K' amounts to —45.3 kcalmol™. This clearly
indicates that the presence of the alkali cation is essential for
the assembly of the quadruplex core structure from a thermo-
dynamic point of view, and completely in line with the experi-
mental observation that quadruplexes do not self-assemble
without the assistance of the cation.”

These observations clearly do not offer a complete thermo-
dynamic profile of folding of quadruplex structures, for which
other components should be considered (like length and se-
quence of a wide variety of possible loops and flanking se-
quences that largely influence the enthalpic balance of the as-
sembly). This analysis sheds light on the thermodynamic
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impact of cation coordination and helps to elucidate the fun-
damentals of guanines association into a quadruplex structure,
building the basis for further developments of the method to-
wards increasingly encompassing models.

Conclusions

In this study we used dispersion-corrected density functional
theory to examine the differences between RNA-GQ and DNA-
GQ in terms of stability, and the nature of their interaction
with alkali metal cations. An all-parallel double layer of guanine
quartets including phospho-ribosidic backbone was analysed
in implicit model of water solvation.

RNA-GQ's cation affinity order has been verified as mostly
identical to that calculated for its DNA counterpart. The com-
putation of formation energies complies with the experimental
finding of RNA-GQ being more stable than DNA-GQ.

Therefore, the partitioning of the association energy linked
to the formation of an empty scaffold from four ribonucleosi-
dic dimers highlights how all the energetic parameters con-
cerning this phenomenon favour the formation of the RNA-GQ
scaffold, except for those relative to its solvation/desolvation
balance. It is worth noting how the presence of an extra hy-
drogen bond in the RNA dimer confers higher conformational
stability to this constituent, so that the structure of the isolated
dimeric components is much closer to the conformation they
would assume in the final empty scaffold, as compared with
the deoxyribonucleosidic counterpart.

Further decomposition of the interaction energy pinpoints
the prevailing role of electrostatic components in determining
the more favourable interaction energy of the (four dimers as-
sembling in the) RNA-GQ scaffold compared to the DNA-GQ.

Finally, the partitioning of the bond energy resulting from
the interaction and deformation of the empty scaffold to ac-
commodate an alkali metal cation in its central channel, reveals
how this last passage does not discriminate substantially the
formation of the two (RNA- and DNA-GQ) complexes.

The decomposition of the interaction between an empty GQ
scaffold and alkali cations ultimately reveals another extremely
important detail: also in this frame, electrostatic components
exert a primary role in determining the more favourable inter-
action energy of the RNA-GQ scaffold compared with the DNA-
GQ towards the cation. With a simplified model constructed to
simulate the influence of the 2'-OH groups (or, in turn, of
simple Hs as in deoxyribose) towards the cation we indeed
demonstrate that the 2’-OH groups of the RNA-GQ backbone
can influence the cations directly, playing a role in improving
the stability of this species.

The use of another simplified model can facilitate an under-
standing of the real role of cation coordination as related to
the neutralisation of repulsive forces generated by the proximi-
ty of O6 rims inside the cage. In all cases, although the interac-
tion of formaldehyde moieties is slightly unfavourable, their
mutual repulsion represents a secondary effect and the pres-
ence of a cation is mainly required because it consistently en-
hances the energy of formation of complexes compared with
the empty scaffold only. Thermodynamics studies highlight

16320 © 2018 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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how the formation of an empty scaffold is unfavourable, while
the free Gibbs energy of formation of cationic species is nota-
bly lower and attractive.

Computational Methods

All the calculations were performed with the Amsterdam Density
Functional (ADF) program® %! using dispersion-corrected relativis-
tic density functional theory at the ZORA-BLYP-D3(BJ)/TZ2P level
for geometry optimizations and energies.*® C, symmetry con-
straints have been imposed on the quadruplexes (we have verified
the energy of “NOSYM” gaGQ-Na™® and g,GQ-K* optimising them
separately and they only differ from the C, species by 0.2 kcal
mol™") but no symmetry has been specified for Guanosine dimers
(C,). To make sure a structure of global minimum was reached for
both DNA and RNA dimers, they have undergone a conformational
search with the ADF module “conformers” (for details Figure S1)
prior to geometry optimization.

As opposed to the very rich topological variability of DNA quadru-
plexes, RNA-GQ are found to almost invariably adopt an all-parallel
configuration, which implies that all 16 hydrogen bonds of the
double layer point in the same direction (Figure 1): this preference
is justified with a stronger propensity for ribose moieties (C3"-endo)
to assume an anti glycosidic bond.”” Given this assumption, the
models elaborated in this paper all have a parallel arrangement.
The starting point for every structure was taken from our previous
work on DNA-GQ,"™ with the addition of the necessary -OH moiety
in 2" at ribose groups. Solvent effects in water have been estimat-
ed by using the conductor-like screening model (COSMO), as im-
plemented in the ADF program.”® Radii of cations have been com-
puted according to the procedure presented in Ref.[26f] and
Ref. [15] (see the Supporting Information).

In the following we report details of the partitioning of the bond-
ing energy of association. The preparation energy, AE;,ep, is the
energy required to deform the four dimers with the geometry of
the solvated state to the geometry they acquire interacting in the
solvated final empty scaffold state. The desolvation and solvation
energy can be computed as the energy difference between the
solvated and the gas phase [Eq. (7) and (8)]. The “aq” subscript de-
notes the COSMO computations in aqueous solution and “gas” the
computations in the gas phase.

AEz)ehyd: 4 - E(GG)gas -4 E(GG)aq (7)

AE.Lyd = E(GQ[ Daq - E(GQ[ ])gas (8)

This partitioning of the association energy, allows us to compute
the interaction energy from Equation (9):

AEl?nr = E(GQH)gas — 4 E(GG)gas (9)
where the term E(GQ] ]),,, accounts for the energy of the final
empty scaffold calculated in the gas phase and E(GG),, for the
energy of guanosine dimers in the final geometry of the empty
scaffold. The passage in gas phase is needed not only for further

decomposition, but also justified since structures in water and in
the gas phase are almost indistinguishable."”

Equations (10) and (11) provide a detailed description of the
energy terms of the partitioning of the bonding energy of ionic co-
ordination:

AEéehyd = E(GQ[ ])gas + E(M+)gas - E(GO[ ] )aq - E(M+)aq (10)
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AE,lz-{yd = E(GQM+)uq - E(GQM+)gas (11)

This partitioning of the bond energy of coordination, allows us to

compute AE;, , from Equation (12):

AE;,, = E(GQIM"])gos — E(GQ ])gus (12)
and the interaction energy from Equation (13):

AE2, = E(GOM" ) gps — E(GQIM])gss — E(M") g (13)

where E(GQ[M™]),,s is the energy of the empty scaffold in the ge-
ometry of the complex optimised in water and computed in the
gas phase.
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