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Abstract

Most Molecular Dynamics simulations of DNA quadruplexes have been performed
at minimal salt condition using the Aqvist potential parameters for the cation with
the TIP3P water model. Recently this combination of parameters has been reported
to give problems for the stability of quadruplex DNA, especially caused by the ion
interactions inside or nearby the quadruplex channel. Here we verify how the choice
of ion parameters and water model can affect the quadruplex structural stability and
the interactions with the ions outside the channel. We have performed a series of MD
simulations of the human full-parallel telomeric quadruplex by neutralizing its negative
charge with K+ ions. Three combinations of different cation potential parameters and
water models have been used : (a) Aqvist ion parameters, TIP3P water model (b) Joung
and Cheatham ion parameters, TIP3P water model and (c) Joung and Cheatham ion
parameters, TIP4P,,, water model. For the combinations (b) and (c) the effect of the
ionic strength has been evaluated by adding increasing amounts of KCI salt (50, 100,
200 mM). Two independent simulations using the Aqvist parameters with the TIP3P
model show that this combination is clearly less suited for the studied quadruplex with
K-+ as counter ions. In both simulations one ion escapes from the channel, followed by
significant deformation of the structure leading to deviating conformation compared to
that in the reference crystallographic data. For the other combinations of ion and water
potentials no tendency is observed for the channel ions to escape from the quadruplex
channel. In addition, the internal mobility of the three loops, the torsion angles and the
counter ion affinity have been investigated at varied salt concentrations. In summary,
the selection of ion and water models is crucial as it can affect both the structure and

the dynamics as well as the interactions of the quadruplex with its counter ions. The
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results obtained with the TIP4P.,, are found to be closest to the experimental data at

all the studied ion concentrations.

1 Introduction

The chromosomal DNA of the human genome contains guanine-rich hexanucleotide tandems

d(TTAGGQ),,* which can form non-canonical DNA structures called G-quadruplexes. Among
unconventional DNA structures, quadruplexes seem to have most biological implications.?™
In a quadruplex structure four guanine bases are connected within a plane through a network
of Hoogsteen hydrogen bonds forming a stable G-tetrad. Additionally, the whole system is
stabilized by monovalent cations located between two adjacent G-tetrads.®® The relative
orientation of the backbone chains, to which the guanines are bound, allows formation of
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three different basic classes of topologies,? namely parallel,' anti-parallel!! and hybrid.!?

Until 2015 only right handed conformations were known to exist; recently it has been shown
experimentally that even left handed quadruplexes can be formed for specific sequences.
Various force fields are used for simulating nucleic acids, and among them the two most
frequently used and tested are the second generation Amber force field derived by the Cornell
et al.** and CHARMM force field derived from the C27 parameter set.'® While it is known
that the CHARMM force field describes the B-DNA well, systematic or more extensive simu-
lation studies of non-canonical DNAs do not exist to date.'® The limited MD investigation of
G-quadruplex with CHARMM force field by Fardna et al. does not provide fully satisfactory
results for such non-canonical DNA.!7 Better results have been obtained with the Amber
force field, which is the force field extensively used so far to simulate G-quadruplexes. A
variety of ion parameters and water models have been used together with Amber force field
for quadruplexes, similarly to what have been observed in the simulations of canonical DNA

duplexes.'® In Table 1 we have summarized the ion potential parameters and water models

used in recent Molecular Dynamics (MD) simulations of quadruplexes. We limit the data



taken from simulations performed after 2009 and using the Amber Parmbsc0!® force field for
the quadruplex. From Table 1 we can see that in many recent simulations the TIP3P water
model? and the Amber adapted Aqvist’s parameters?! for the ions have been used. This
particular choice of water and ion parameters has, however, reported to cause departures of
K™ cations from the highly electronegative channel, located along the axis of the G-tetrads.
This is an artefact due to the short range repulsion term of the ion Lennard-Jones potential

1.22 One possible

being too repulsive, as described by Fadrna et al.'” and by Konstantinos et a
way to preserve the correct coordination of the K+ ions inside the channel is to use slightly
smaller ion radii parameters, as suggested by Hazel et al.?*> An additional problem of the
Amber adapted Aqvist’s parameters occurs at non zero salt concentration simulations, where
a non-physical formation of KCl aggregates has been observed using the default parameters
of the Amber software.?425

A new set of parameters for ions has been developed by Joung and Cheatham?’ in order
to improve their bulk behaviour in water solution, and they are now commonly used by the
nucleic acid simulation community.!® As far as quadruplexes are concerned, MD simulations
with these parameters have already been tested in combination of TIP3P water model.'”
These ion parameters have been optimized also for the TIP4P,,,*® model, but not controlled
for quadruplexes so far. Even small differences in water models and ion parameters can
influence the interaction of nucleic acids with water, and local phenomena can easily spread
over large portion of the DNA structure and flaw the final MD simulation results. The
effects on RNA duplex structures of the explicit water models used in MD simulations have
been recently addressed by Kiihrova et al.;*” they found that helical parameters such as roll,
inclination and slide are affected by the water model. Such a structural effect was found
to be due to water bridging between hydroxylic groups belonging to opposite nucleic acid
chains, which in turn is due to a different capability of the used water model to describe more

complex topologies. Krepl et al.?® pointed out differences between the TIP3P and TIP5P

water model usage on the anti-parallel DNA quadruplex, where the pucker degradation of



Table 1: Overview of the MD simulations of quadruplex DNA using the
Parmbsc0'? force field reported after 2009. Empty space in the table indicates
the use of the same parameters as specified in the row above. “Counter ion
type. ’Counter ion parameters with the following abbreviations: AA: AMBER-
adapted Aqvist;?! JC: Joung and Cheatham;*° SD: Smith and Dang;*! DK: Dang
and Kollman;*? H: Hazel et al.?® “Counterions concentration. ‘Trajectory length.
‘Water model: TIP3P;2° SPC/E;%%44 TIP4P;2° TIP5P.%5 /Modified structures.
9Various combinations of these three structures have been used to build up dif-
ferent higher quadruplex hybrids. "Unfolding study.

Structure Cre CIp? Clc © Tr ¢ Water € Group Year Ref.
(PDB id) (mM) (ns) model
1JRN Na™t AA 0 50 TIP3P Fadrna et al. 2009 17
Kt H 0
DK 0
KCl 200
Kt SPC/E
JC 0 TIP3P
KCl1 200
1KF1 Nat AA 0 40 TIP3P
Kt DK 50
KCl 300
143D, 2HY9 Kt AA 0 50 TIP3P Li et al. 2010 26
1KF1, 156D
1XAV/S KT AA 0 35 TIP3P Li et al. 2010 27
2HY9, 2JPZ Kt AA 0 10 TIP3P Petraccone et al. 2010 28
1KF19
50 Petraccone et al. 2011 29
2GKU, 1JPQ, 139B Kt JjC 0 10 TIP3P Cang et al. 2011 30
148D (15-TBA) NaCl AA 150 1000 TIP4P Reshetnikov et al. 2011 31
KCl
2JT7 Na™t AA 0 10 TIP3P Li et al. 2012 32
2GWQ Nat AA 0 200 TIP3P Krepl et al. 2012 33
100 TIP5P
Kt DK 200 SPC/E
KCl1 SD 200
143D, 2GKU Kt AA 0 1000 TIP3P Zhu et al. 2013 34
1KF1 Kt H 0 1500 TIP3P Islam et al. 2013 35
1JRN Kt JjC 0 50 TIP3P Song et al. 2013 36
2G6WQ Na™t AA 0 500 TIP3P Zgarbova et al. 2013 37
CEB1 Kt AA 0 200 TIP3P Adrian et al. 2014 38
1KF1, 2HY9, 143D" Kt AA 0 50 TIP3P Bergues-Pupo et al. 2015 39

the inner-tetrads has been mitigated due to the choice of particular water model. Since
it is not clear how different ion parameters and water models might affect the simulation
results concerning the complicated DNA quadruplexes and their specific interaction with
ions, it is necessary to verify the effect of different combinations with the aim to extract
some guidelines. Also the effect of salt concentration, which has rarely been considered in

simulations of quadruplexes,!” is still to be assessed.



In this paper we address the following questions: How is the structure of the quadruplex
affected by the chosen ion and water models? How are the interactions with the ions outside
the channel affected by the chosen parameters? Does the variation of the ionic strength affect
the quadruplex structure? To answer these questions we have performed nine 500 ns long
MD simulations of the full parallel human telomeric quadruplex structure (PDB id 1KF11?)
in water with potassium counter ions. In all simulations the DNA quadruplex force field
parameters was the same (Amber Parmbsc0), but the water and ion models were changed
according to the scheme shown in Table 2. Also the ionic strength was varied, starting from
minimal salt conditions and adding KCI to reach salt concentration values steps of 50, 100
or 200 mM.

Table 2: Ion potential parameters used in the MD simulations presented in
this paper. Empty space in the table indicates equality to the previous one in
the same column. “Counter ion parameters with the following abbreviations:
AA: AMBER-adapted Aqvist;?! JC: Joung and Cheatham® "Water model: 3P:
TIP3P;2° 4P: TIP4P,.,,*% ‘Lennard Jones parameters for counter ions.

LJp©
Clp* W? o (nm) e (KJ/mol)
Set 1| AA 3P Kt 4.736 107! 1.372 1073
Set 2 JC K+ 3.038 107! 8.104 107!
Cl- 4.47810~' 1.489 107!
Set 3 AP KT 283310°' 1.169 107°
Cl~ 4918 107! 4.879 1072

2 Methods

As a telomeric quadruplex we have chosen the human full parallel structure with the sequence
d[AG3(T»AG3)3], PDB id 1KF1, schematically drawn in Figure 1. The crystal structure of
this intramolecular quadruplex!® has been used as a starting geometry for MD simulations
in water solution. The nucleic acid negative net charge was neutralized with K cations,

two of them were initially placed inside the channel along the axis of G-tetrads in the same
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positions detected in the X-ray structure. This structure contains three G-tetrads formed in
a full parallel G-strands arrangement, with three propeller thymine - thymine - adenine loops
on the side of the quadruplex guanine core, linking the bottom and upper G-tetrads together;
beside the loops a single flanking adenine is present at the beginning of this sequence. In
all of the loops of the crystal structure the adenine is inserted between the two preceding
thymines and is stacked with the first thymine in the 5" — 3’ direction, while the thymine,
adjacent to the adenine, is not stacked with any of the bases.

The all-atom MD simulations were performed with the GROMACS software?® 59 using
the Parmbsc0!® version of the Amber parm99 force field, found suitable for simulations of
non-canonical nucleic acids.?® The DNA quadruplex shown in Figure 1 was initially centred
in a cubic periodic box, with the walls placed at least 15 A from any of the solute atoms, and
filled with TIP3P?° or TIP4P.,,*® water molecules. The temperature was set to 298 K, and

L under 0.1 ps

kept constant using the velocity rescale thermostat with a stochastic term
rescaling factor. All bonds with hydrogen atoms were constrained by the LINCS algorithm 2
and the integration time step was set to 2 fs. The electrostatic interactions were treated
using the particle mesh Ewald summation method (PME)%® with a cut-off 13 A. The same

cut-off was applied even for short-range Lennard-Jones interactions. Coordinates have been

collected in trajectory files every 10 ps.

loop 1
T5T6 A7

< " G9"7 - (lateral)

G16

Figure 1: Schematic representation of the full parallel human telomeric 1KF1 quadruplex
structure.



Each system has undergone the same equilibration process under NVT conditions and
1 fs integration time step: 100 ps MD simulations with frozen DNA and counter ions
followed by 100 ps MD where the constraints on the counter ions were removed; several
rounds of energy minimization each followed by 25 ps MD simulation with restrained DNA
(the restraints were slowly decreased from 500 kcal to zero); 100 ps MD simulation without
restraints. An additional 200 ps under NPT condition with isotropic Parrinello-Rahman
barostat®?5 under 2 ps period of pressure fluctuations at equilibrium was performed to
complete the equilibration stage. 500 ns trajectory of production were obtained for each
system.

Trajectory processing and most of the analysis have been performed using the Gromacs
Tools and computed over the last 300 ns of MD simulations. In order to decrease the clutter
and to increase the clarity in root mean square deviation (RMSD) plots, we have represented
every b ns of trajectory by a single point indicating the average value. Radial distribution
functions (RDFs) were calculated using the software package MagiC.?® To compare torsion
angles between different sets we have created a convenient wheel representation, which allows
a compact visualization of all of them in an arrangement from o (middle circle) to y (edge
circle) as a single plot. In addition, the color intensity reflects the percentage of occupation
of a given torsion angle values during the MD, with 15° cluster resolution. All torsion angle
calculations have been done using a simple in-house software, inspired by representation
from the Do X3dna package.®” The spatial distribution functions (SDFs) were calculated
with the software Spatial of Gromacs Tools and presented in gaussian cube format. SDF
were calculated on grid volumes of 0.125 A3 and displayed around the average structure,
calculated over the same time period as the SDF. Images of the SDFs were created using the

VMD software.?®



3 Results & Discussion

The results with discussion are organized in two main sections: comparison between different
simulation parameter sets (section 3.1) and comparison between simulations performed at

different salt concentrations (section 3.2).

3.1 Comparison between different simulation parameter sets
3.1.1 Root mean square deviations

Set 1: AA ion parameters / TIP3P water model Already in the beginning of the
simulation (around 15 ns) one of the K cations exited from the electronegative quadruplex
channel, coordinating to the external side of the channel’s rim. The ion is kept stable in
that position by the interaction with the adenine base A1, which stacks over the guanine of
the tetrads, and after some time also by the interaction with another adenine from a loop
(A13). At around 50 ns of simulation, a water molecule triggers the departure of the cation
from the rim, and in the following 400 ps a few water molecules occupy the same position
until one enters the channels, where it is kept for about 8 ns. After the water exits from the
channel one ion from the channel rim moves in and out during several ns, before it occupies
the coordination site between two G-tetrads. A detailed description of the mechanism is
given in the Supporting material, section S9. Such ion exchange mechanism is different
from those previously reported. Inspection of the RMSDs (Figure 2) shows that the exit
of the ion from the channel has a clear effect on the structure: the RMSD increases from
nearly 0.2 to nearly 0.4 A. The pairwise-RMSD plot, displayed in the same figure, provides
an insight to conformational variations occurring during the simulations. RMSD indicates
that the ion exit leads to conformational variation. In order to identify the portions of the
quadruplex that are most affected, the RMSD was calculated separately for the three main
structural elements: loops, sugar-phosphate backbone and guanine quartets (Figure 3, Set

1). The largest variations are observed in the RMSDs of the loops and, to some extent, of



the backbone. The G quartet RMSD is not significantly affected by the ion motion inside
the channel. To verify whether the observed ion exit is a probable or a rare event, an
independent second simulation was performed starting from the equilibrated system and
assigning different initial velocities. Also in this second simulation one K exits from the
channel after 10 ns, and differently from that in the first simulation no new ion enters the
channel. Also in this second simulation, the escape of the channel ion leads to significant

structural changes (Supporting material, Figure S3 and Table S2).

0.6

0.2 — Setl
— Set2
— Set3

RMSD [nm]

T
0 100 200 300 400 S00
Time [ns]

0 Time [ns] 500 o Time [ns] 500 D Time [ns] 500
0.0 0.6 [nm] 0.0 ———— 0.6 [nm] 00— 0.6 [nm]

Figure 2: (Top) RMSD of all atom positions starting from the experimental 1KF1 crystal
structure for different parameter sets. (Bottom) Representation of the pairwise RMSD: red
Set 1; blue Set 2; green Set 3. Deviation is comprised between 0 (white) and 0.6 nm (color).

Set 2: JC ion parameters / TIP3P water model This combination of ion/water pa-
rameters has recently been used in MD simulations.”3¢ In contrast to the Set 1 simulations,
no ion exit from the quadruplex channel was observed during 500 ns of MD simulation. The
channel ion coordination remained close to that in the experimental crystal structure. In the
first 140 ns of simulation the RMSDs of the loop are significantly smaller than those observed
for parameter Set 1, as shown in Figure 3. However after 150 ns somewhat larger RMSDs
are observed for the loops, and to a much lesser extent, also for the backbone, approaching
values comparable to those observed for Set 1. Figure 3 shows that the total RMSD increase
is due to the loop fluctuations. The larger conformational fluctuations after 150 ns mainly

involve reorientations of the loops bases. A similar behavior has been reported by Islam et
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al.® in the study of the same quadruplex but with slightly modified ion parameters. We
observe the same conformational variations, characterized by the central thymine in loop
1 moving from one side of the backbone to the other side. After 280 ns of simulation the
RMSD of the loops returns closer to the experimental crystal structure (Figure 3, Set 2),
and at the same time the pairwise-RMSD indicates a transition into a conformation similar
to that observed at 120 ns (Figure 2, blue curve). This transition was due to a large fluc-
tuation in the second loop, as determined by calculating the RMSD of each loop separately

(Supporting material, Figure S2).
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Figure 3: Time evolution of the RMSD of the atomic positions from the experimental 1KF1
crystal structure in the simulation performed with Set 1, Set 2 and Set 3 parameters for
separate quadruplex portions.

Set 3: JC Parameters, TIP4P,., Water model To the best of our knowledge, this
combination has not been used previously in simulations of quadruplex DNA structures.
Compared to the simulations with Set 1 an Set 2, the simulated quadruplex structure deviates
less from the experimental one, as can be seen from the RMSDs. In particular, the RMSDs
of the loops are significantly lower than those in Set 1 and 2 (Figure 2). As seen from the

RMSDs in Figure 2 loops, backbone and quartets do not seem to undergo any large structural
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changes during the simulations. The total RMSD in Figure 2 reaches a stable value around
180 ns. The corresponding pairwise-RMSD shows two structural clusters during the whole
simulation, and the transition to a stable value in the regular RMSD corresponds to a
transition between the two clusters. The average of the total RMSD is reported in Table 3
together with the standard deviation. Compared with Set 1 and Set 2, Set 3 has an RMSD
lower than 0.5 A, and also a much lower deviation range, nearly half of that of the other
sets. Independent additional simulations for Set 2 and 3 did not show the same difference
between the RMSDs. The total RMSDs were lower than those in the first simulation for Set
2, and very similar to those observed for Set 3. However, the standard deviation was again

significantly lower for the Set 3 (Supporting material, Table S2).

Table 3: Mean of the RMSD for different simulation sets and their standard
deviation values.

RMSD H average (nm) o (nm)

Set 1 0.407 £ 0.031
Set 2 0.408 + 0.029
Set 3 0.349 + 0.015

3.1.2 Root mean square fluctuations

In Figure 4 are shown the root mean square fluctuations (RMSF) of atomic positions with
respect to the crystal structure of the studied quadruplex. Analysis of Sets 1 and 2 reveals
that, despite the fact that all the three loops have an identical sequence and are all of the
propeller type, the loops 1 and 2 undergo much larger fluctuations than loop 3. In addition,
also the relative intensity of the RMSF varies with the loop; e.g. in Set 1 the second
thymine shows smaller fluctuations than the adenine in the first loop, while the opposite is
true for the second loop. The difference between the fluctuations among the loops is much
less pronounced in Set 3 simulations: the loop geometry is kept close to that in the crystal

structure during the whole run. Also the RMSFs for residues not belonging to loop 1 and 2
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are slightly lower with Set 3 compared to other Sets. Although the analysis of the RMSD
and RMSF provide useful information about structural changes, more specific descriptors are
needed to analyze the impact on the structure of different parameter sets in simulations.? In
order to investigate the quadruplex structural dynamics in more details, we have calculated
additional properties such as the radial and spatial distribution functions of ions and water
molecules around the quadruplex and analysed the trajectories of all torsion angles.

Al G2 G3 G4 TS5 Te A7 G8 GC9 G10 T11T12Al13 G14C15G16 T17 T18 A19 G20 G21G22

RMSF [nm]

0 0o 200 300 _m'go "so0 el 700
atom positions

Figure 4: RMSF of atomic positions from the reference experimental 1KF1 crystal structure
for different parameter sets.

3.1.3 Radial distribution functions

In Figure 5 we report the radial distribution functions (RDFs) between the sugar-phosphate
moieties constituting the backbone (B) or the nucleobases guanine (Gu), adenine (Ad),
thymine (Th), and the counterions outside the channel (K), between K with itself, and
between counter ions in the channel (Kin) and counter ions outside of the channel. The figure
clearly shows that with different sets of parameters the Gu-K, B-K and Th-K distributions do
not only change quantitatively but also qualitatively. Indeed, the relative maxima of the first
and second peak in the B-K distributions have the opposite behaviour for Set 1 compared to
that in the other two sets. The highest peaks are observed for Set 3, and this is accompanied
by reduced structural fluctuations and smaller deviation from the experimental structure,
as indicated by the RMSF and RMSD. RDFs alone cannot give a complete picture of the
three-dimensional distribution of the ions around the molecule, while it can be obtained in

the spatial distribution functions (SDFs).
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Figure 5: RDFs for selected combinations between guanine nucleobase bead (Gu), Backbone
deoxyribose-phosphate group bead (B), thymine nucleobase bead (Th), adenine nucleobase
bead (Ad), potassium outside of ion channel (K) and potassium inside of ion channel (Kin).
RDF between beads are calculated as the RDF of the center of mass of the atoms in each
bead.

3.1.4 Spatial distribution functions

Spatial distribution functions are extremely useful tools to visualize the interactions between
the ions and the quadruplex, and can be of help also in the interpretation of the corresponding
RDFs. The SDFs are shown in Figure 6, using the same iso-density value for all sets. Even at
a first glance, the figure clearly shows a marked difference in the ion affinity to the quadruplex
surface, which increases from Set 1 to Set 2 and even further in Set 3, as already indicated
by the relative intensities of the peaks of the three sets in the RDFs.

In the SDF of Set 1, besides the two peaks of potassium density corresponding to the
two ions in the channel, only another high density region is observed near N3 and O4’ of
G7, forming a bridge with A13. No regions with high ion densities are observed near the
backbone. Considering that the loop backbone is flexible, this lack of high-probability regions
could be due to this internal motion preventing to fix the local frame for the SDFs. However,
we can exclude that this is the case on the basis of the RDF between backbone beads and
cations (B-K), which do not show any high peaks close to this part of quadruplex (Figure 5).
In the SDF of Set 2 several regions of high probability of ion occupation can be clearly seen

near the loops, the grooves, and also near guanine. In particular, as seen schematically in
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Figure 6: SDFs of potassium around the averaged quadruplex structure at 0 mM KCI
concentration. The same threshold value (iso-value 300) is applied for all sets. The Loop

1 is on the top left, and Loop 2 and 3 follow clockwise. The contour level corresponds to
1.8-1072 K+ ions / A®,
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Figure 7, the ions are mainly localized near the phosphates; indeed, a rather high first peak
is observed in the corresponding RDF. High density is also observed near N3 and O4’ of G2
and G14 at a close distance indicating a direct contact, and also near the nitrogen atoms
of the adenine base, and oxygen atoms of thymine. Other peaks are observed in the two
grooves, between the phosphates of loops 2 and 3 (12, 13, 14 and 18, 19 and 20 respectively in
Figure 5 and to a lesser extent in loop 1, where they are organized in a slightly different way
than in the other two loops. This difference can be correlated with a different conformation
adapted by loop 1 which deviates largely from its initial conformation as it can be seen from
the RMSD calculated for the three loops separately (Supporting material, Figure S2). Small
regions with a high probability of finding the ions are found also near the phosphates 4, 10
and 16, however on the overall it can be concluded that near the adenine side of the loops
there is a higher probability of finding a coordinate ion. The SDF for Set 3 reveals a larger
network of interactions between the counter ions and the quadruplex. Differently from what
was observed for Set 2, where the loop regions have different distributions, the ion SDF is
very similar in the three loops. Considering also the increased probability of finding the ions
near the core and loop region revealed by the RDF in Figure 5 we can conclude that this

combination of parameters is the one with highest affinity overall between DNA and K.

Set 2 0 \ o 0 ®
.& ® O.% i .gﬁ.. ® ..
o oD @
Set 3&Q . % . (ﬁQ’Q . Q
oo

Figure 7: Schematic representation of the interactions between K* and the backbone phos-
phates in the Set 2 and Set 3 MD with minimal salt conditions.
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3.1.5 Torsion angles

In comparison with canonical duplex DNA, the torsion angles of human telomeric quadru-
plexes are quite different due to conformational restrictions imposed by the system topology
in these structures; their sampling can serve as a good validator for the used force fields. "3
Regarding the loops, it has been recently shown by Collie et al.%°, that the most frequent
topology of human telomeric TTA loops in available X-ray DNA quadruplexes does have a
native arrangement of loops corresponding to that of the 1KF1 quadruplex crystal structure,
termed as type 1. For instance, in the 5 — 3’ direction, the a/~ torsion angles of the first
thymine in each loop were found in g+ /t, second thymine in t/g+ and the third adenine

0 as can be seen in the first column of Figure 8, where the torsion

in g-/g+ conformations,
angles for the crystal structure are given (t ~ 180°, g+ ~ 60° and g- ~ 300°).

The three simulations Sets employed in the present investigation, share the same force
field for DNA.' Therefore, some known limitations of the force field concerning the loops
have been inherited here. The known rearrangement of loop parts which included an early
backbone flip of T5, T11, T17 thymines /7 torsion angles into the 240°/g-+ values is due to
the force field backbone corrections (necessary for canonical DNA). The adenine interactions
with the thymines in the loops are observed to be slightly different from what is observed
in the crystal structure with the adenine stacking with the flanking thymine instead that
with the first thymine of the loop. These differences between the modeled and the crystal

structure have already been described and discussed by Fadrna et al.'”

We have computed
the time distribution of all torsion angles in each loop residue during the MD simulations
for three parameter sets, as described in the Methods section. The obtained distributions
have been subsequently clustered with resolution of 15° and afterwards normalized, which
provided us an angle fluctuation rate in percent. All torsion angles in each residue of the
1KF1 quadruplex loops, together with the values in the crystal structure, are shown in the

compact wheel representation in Figure 8. Comparison of the torsion angles obtained with

different Sets indicates that their behaviour is affected by the combination of the different
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parameters.

The Set 1 torsion angles of the loops indicate different conformations in comparison with
the crystal structure (probably as a consequence of the above discussed escape of the KT ion
from the channel at the beginning of simulation). The first two loops deviate largely from
the crystallographic structure, as shown in the second column of Figure 8. The torsion angles
span over a wide number of possible angle clusters (in some cases even covering them all,
e.g. the x torsion angle of A13 residue), suggesting many different loop geometries for this
set. Moreover, some of torsion angles were stabilized to non-crystallographic values, as the €
torsion angle of T'12 residue around 270° for instance. The obvious diversity of torsion angles
can clarify previous observations of larger RMSD and RMSF for loop residues and this set.
The torsion angles of the the loop residues for Set 2 differs from those observed for Set 1.
The range of occupied angle clusters is obviously smaller (increased number of white regions)
and the probability to find the torsion angle at a position close to the crystal structure values
higher (intensity of red color increased), the third column of Figure 8. Nevertheless, some
values still do not correspond to their experimental data. For instance from the first loop, the
T6 residue ( torsion angle is found around 90° or the A7 residue ¢ around 200°. Even here
we can refer to the previously discussed larger RMSD and RMSF with observed diversion
of torsion angles from crystal structure values. The last column of Figure 8, corresponding
to the Set 3, were found closest to the crystal structure. The all three loops clearly prefer
a certain combination of similar torsion angles with increased probability, corresponding to
values comparable with experimental data. This combination of torsion angles can be linked
with the above discussed loop 1 type arrangement®. Note, that the crystal a/v torsion
angles of the first loop thymine changed completely during the MD simulations due to used
force field even in this case. However, the used set of parameters improved the stability of
the torsion angles for all three loops in comparison with crystallographic data, resulting in

a folded loop geometry in general.
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Figure 8: Comparison of all torsion angles in a wheel representation (angle fluctuation
rate, values clustered with resolution of 15°). The single wheel represents a torsion angle
probability to occur during MD simulation in percent, arranged from a (middle) to x (edge)
torsion respectively. In the four columns are the 1KF1 quadruplex crystal structure and
different simulation sets, respectively. In every row are the residues of three quadruplex
loops. The white circle cluster spots correspond to angle values which never occurred.
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3.2 Simulations at varied ionic strengths

The effect of the ionic strength was evaluated by adding KCI salt into systems of Set 2 and
3, using the JC parameters also for the chloride co-ions Cl1~. The added salt concentration
was of 50, 100 and 200 mM, and the corresponding systems are denoted as Set 25¢ and Set
3xc, for a comparison also the 0 mM simulation is included in the Figures and Discussion.
The Set 1y¢ combination has also been tested using the Dang®? parameters for chlorine,
but as already observed in previous simulations, #4061 these old default ion parameters did

cause KCI to form aggregates; therefore this set will not be further dealt with here.

3.2.1 Root mean square deviations

In figure 9 are reported the all atom RMSDs calculated for the quadruplex structure in Set 2
and Set 3 simulations at different salt concentrations. The RMSDs for each loop are reported
in supporting information, Figures S6 and S7. It is interesting to note that by varying the
ionic strength the RMSDs quickly reach different plateau values, or in some cases, do not
reach any at all, depending on the concentration of the added salt. This is an indication that
the salt concentration affects the structure. It is also noteworthy that in both Set 2 and Set
3 the RMSD is the smallest at 50 mM, indicating that small amounts of added salt has a
stabilizing effect, while larger concentrations can induce large structural variations. For Set
3, the RMSD increases with the salt concentrations, while the rise of RMSD after 300 ns at
200 mM correspond to higher deviation of loop 1 and loop 3 (Supporting material, Figure
S6). The trend is less clear with Set 2, where the RMSD reaches higher values at 100 mM.

3.2.2 Root mean square fluctuations

The RMSFs reported in Figure 10 indicate that in 25¢ the fluctuations of the loops vary
with the concentration, but no clear trend can be observed. In fact, no large variations are
observed in loop 3, while the loop 2 RMSFs are significantly reduced at 50 and even more

at 200 mM, but this is not the case for the intermediate concentration of 100 mM. In Set 3,
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Figure 9: RMSD of the positions of all atoms with respect to the reference experimental
1KF1 crystal structure for Set 2y¢ and Set 3y¢.

the fluctuations slightly decrease increasing the concentration up to 100 mM; however with a
further increase in concentration the first and third loop have a much larger RMSF. On the
overall the data indicates that the structure becomes less flexible at high salt concentrations,
but, as it will be discussed in sub-section 3.2.5 high concentration of salt can stabilize different

conformations, and also this phenomenon leads to an increase in the RMSF.
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Figure 10: RMSFs of atomic positions with respect to the reference experimental 1KF1
crystal structure for Set 25¢ and Set 3y¢.
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3.2.3 Radial distribution functions

The RDFs of the counter ions with respect to the selected atoms of the quadruplex and the
ions in the channel are reported in Figure 11. It is noteworthy to remind that since ion bulk
concentration increases with the amount of added salt, it is to be expected that the intensity
of the normalized RDF peaks decreases with the added salt and that for a quantitative
comparison, which is not of particular interest here, the integral of the RDFs peak should
be considered instead. The RDFs indicate that the ion interactions with the quadruplex are
qualitatively similar at varying concentration, with three notable exceptions. (1) Set 2 at
100 mM added salt concentration has a much higher peak at direct contact with guanines.
(2) Set 2 at 200 mM has much higher direct contact with adenine, and (3) Set 3 at 50 mM

has a rather high peak at about 4 A with the channel potassium.

3.2.4 Spatial distribution functions

In Figures 12 and 13 are displayed the SDFs calculated from the trajectories obtained using

the Set 2 and Set 3 parameters, respectively.

Set 25 At 50 mM the SDFs are very similar to those observed at 0 mM, with no high
probability near the first loop, and with the same regions of high density already described
for 0 mM near loops 2 and 3. At higher added salt concentrations some differences in the
SDFs are observed with high probability regions near loop 1 (Supporting material, Figure
S7) and inside of loop 2, in direct contact with G9. On the other side of loop 2 and near loop
3 the high probability regions are similar to those observed at 0 and 50 mM. At 200 mM
the SDFs are different, and no clear resemblance to the 0 mM distribution is observed; this
difference is also due to the structural deformation of the quadruplex at this concentration,

as it can be observed in the average structure shown in Figure 12.
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Set 2i¢ Gu - K sf Set 3¢ Gu-K

Figure 11: RDFs for Set 2y¢ (left) and Set 3y¢ (right) of some combinations between
guanine nucleobase bead (Gu), Backbone deoxyribose or phosphate group bead (B), thymine
nucleobase bead (Th), adenine nucleobase bead (Ad), potassium outside of ion channel (K)
and potassium inside of ion channel (Kin). The bead is defined as the center of mass of all
included atoms in the group.
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Set 3y At 50 and 100 mM the main features remain the same as at 0 mM. However, at 50
mM an additional region with a high ion probability appears near the quadruplex channel
on the side of Al, which is not stacked over the quadruplex plane (Supporting material,
Figure S8). This explains the peak at short distance in the Kin-K RDF in Figure 11. At 200
mM the spatial distribution function maintains the features observed at 0 mM, although the

structure is more flexible than at other salt concentration, see sub-section 3.2.2.

Figure 12: SDFs of potassium around the averaged quadruplex structure for Set 25¢. The
Loop 1 is on the top left, and Loops 2 and 3 follow clockwise. The contour level corresponds
to 1.8:1072 K+ ions / A3,

Figure 13: Spatial distribution functions of potassium around the averaged quadruplex struc-
ture for Set 3g¢. The Loop 1 is on the top left, and Loops 2 and 3 follow clockwise. The
contour level corresponds to 1.8-1072 K* ions / A3

3.2.5 Unusual conformations observed with added salt

In the case of Set 2 100mM simulations, a new conformation is observed: the first thymine
base of the first loop stacks by a 7-7 interaction on the guanine G4. The flipping to this

position occurs after about 120 ns, and is kept till the end of the simulation. Such a flipping
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is responsible of the sudden increase in the RMSD, as shown by the RMSD in Figure 9
and in Figure S5 in the Supporting Information. The absence of T5 from the side region
usually occupied by loops nucleobases, provides an easier access to the counter ions, which
can stably bound at the both sides of the loop 1; this is reflected in the RDF between adenine
and KT, which has a relatively high peak between 4 and 5 A (see Figure 11). In analyzing
the normalized RDF, it has to be kept in mind that since the bulk concentration is very
different at OmM and 100 mM of added salt, the same height of the first peak of the RDF
indicates much higher concentration of ions in the 100 mM system. The SDF clearly shows
a high probability of finding counterions around loop 1 (Supporting material, Figure S7). In
addition, a high occupation of counterions is observed in the groove between loop 2 and the
backbone of the preceding guanines (G7, G8, G9), as shown by the rather high peak at 4 A.
With the same Set (Set 2), the thymine stacking to the nearby guanine is observed also at 200
mM, and it occurs in another loop (the 2nd) at about 170 ns. Also in this case the RMSD
reflect the structural variation as shown in Figure 9 and in Figure S5. As observed for the
similar conformation at 100 mM, the thymine stacking on the top of the G-quartet, allows
more ions to interact with the remaining bases (adenine) in the loop, and this is reflected in
the RDF in Figure 11. However, in this case, the RDF do not indicate any increase in the
ion contact with guanine. It is possible that longer simulation time is required to sample

such interactions.

4 Conclusions

Simulations performed with different combinations of water models and ion parameters pro-
duce significantly different results concerning the stability of the entire structure, the dy-
namics of the loops, the interactions with counterions either at minimal salt conditions or in

presence of added salts.

Ions in the channel. Using the widely employed combination of Aqvist parameters
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for KT, the TIP3P water model, and the parmbscO force field for DNA, one of the
two ions in the channel exited inducing a significant structural modification. Although
the quadruplex was capable to incorporate a new ion in the channel after some time,
such fast ion exchange is not in agreement with time-scales of ion exchanges typical
for quadruplexes.3152%4 Note that similar ion instability has also been reported in
simulations of quadruplexes with CHARMM force field. %% With the same DNA force
field, using the Joung and Cheatham parameters either with TIP3P and TIP4P.,

water model no ion exits from the channel were observed in a total of 5 us simulations.

Structure and dynamics of the loops. Performing the simulation at the minimal salt
condition using the TIP3P water model shows a pronounced difference in the mobility
among the three loops, as shown by the RMSD and its standard deviation. Simulation
performed with the Joung and Cheatham ion parameters and the TIP4P,,, water shows
considerably lower standard deviation of RMSD in all simulations. Moreover, the

investigated torsion angles remain closer to the experimental structure with the same

Set (Set 3).

Ion affinity. The ion affinity for the quadruplex varies largely with the used ion pa-
rameter /water models. As observed in previous investigations with duplex DNA? the
Cheatham parameters lead to a higher affinity of the counter ions to DNA, and the

largest affinity is observed with the TIP4P,,, water model.

Effect of the ionic strength. Addition of a small amount (50 mM) of KCI with both
Set 2 and Set 3 leads to smaller structural fluctuations. Further addition of salt has a
different effect depending on the used potential parameter set. Simulations performed
with Set 2 after adding 100 or 200 mM of KCI caused an important structural modi-
fication, with the loops adopting conformations not reported in previous simulations,
or experimentally. In both cases the first thymine of the loop gets stacked on the top

of the quadruplex, leading to a reduction of the flexibility of the loops accompanied
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by variation in the conformation of the nearby loop(s) altering the interactions with
the counter ions. Using the Joung and Cheatham parameters and the TIP4P.,, wa-
ter model, the addition of salt up to 100 mM leads to a reduction of the mobility of
the loops, while at the 200 mM salt concentration the fluctuations of the loops and
their RMSD are enhanced. On the overall the results indicate that the simulations
performed with Set 3 maintain the quadruplex structure closer to the crystal structure
compared to Set 2. However, in all cases high salt concentration leads to an increase

in the fluctuations, and this induces unusual conformations with Set 2.

Furthermore, the difference in the average behaviour observed in separate half microsec-
ond long simulations indicates that a proper sampling on the conformational space requires
very long simulations. This is in agreement with what was observed previously by Islam
et al. and it is an important information for developing a bottom-up coarse-grained model
of these structures from atomistic simulation. Indeed, extended structure, such as those of

67,68

compact multi-quadruplex structures or those of continuously stacked G-tetrads which

could be used to construct biological nanowires, %

are too large to be amenable by atom-
istic simulations. A natural way to overcome current computational limitations of atomistic
simulations is to use coarse-grained (CG) models to accelerate the simulations by lowering
the resolution of the system using its simplified representation. Usually the CG models are
built on the base of results of atomistic trajectory, ™ therefore CG representation inherits
the information from the underlying detailed model (including artefacts). In other words,
the CG model is only as good as its atomistic template. For these highly charged polymers

the interaction with counterions are of great importance and the cross check of atomistic

simulations constitute an important part of the results validation.

Supporting Information Available

Additional RMSD/F data for different simulation Sets, different quadruplex portions (loop

1, 2, 3), different KCl concentrations; key simulation data from the auxiliary run, SDFs
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calculated from two specific events (see the main text) and the description of the mechanism
of the observed ion exchange for Set 1 (see the main text). This material is available free

of charge via the Internet at http://pubs.acs.org/.
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