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“Can we Execute Reliable MM-PBSA Free Energy Computations of Relative Energies
of Different Guanine Quadruplex Folds?” OR.. “Relative Free Energies of Different

Topologies of Human Telomeric Quadruplex”

ABSTRACT: The self-assembly and stability of DNA G-quadruplexes (GQs) are substantially
affected by the intrinsic stability of different GpG base steps embedded in their G-quartet stems.

We have extended an earlier analysis of stability of the GQ GpG steps based on MD simulations

and free energy computations of two-quartet [
GQ stems. MD simulations followed by MM-

PBSA free energy calculations were carried out

<O T mZE

on all known three-quartet intramolecular

human telomeric GQ topologies. Along with

the experimentally observed folds, we also

<

studied antiparallel GQs with alternative syn-

anti patterns of the G-quartets. We tested different ions, dihedral variants of the DNA force field,
water models and simulation lengths. In total, ~35 pus of simulations have been carried out. The
here studied systems are considerably more complete than the previously studied two-quartet
stems. Among other effects, our computations could include the stem-loop coupling and ion - ion
interactions inside the stem. The calculations showed a broad agreement with the earlier
predictions. However, the increase of the completeness of the system was associated with
increased noise of the free energy data which could be related for example to the presence of
long-living loop substates and rather complex dynamics of the two bound ions inside the G-stem.
As the result, the MM-PBSA data were noisy and we could not improve their quantitative

convergence even by expanding the simulations to 2.5 us long trajectories. We also suggest that



the quality of MM-based free energy computations based on MD simulations of complete GQs is
more sensitive to the neglect of explicit polarization effects which, in real systems, are associated
with presence of multiple closely spaced ions inside the GQs. Thus, although the MM-PBSA
procedure provides very useful insights that complement the structural-dynamics data from MD
trajectories of GQs, the method is far from reaching a quantitative accuracy. Our conclusions are
in agreement with critical assessments of the MM-PBSA methodology available in contemporary

literature for other types of problems.

INTRODUCTION

In recent years, it has been established that DNA can adopt various secondary structures under
physiologically relevant conditions.!” These secondary structures can play role in key biological
processes like replication, transformation and gene rearrangements.>* %7 One of the widely
studied and fascinating DNA secondary structures is four-stranded architecture called G-
quadruplex (GQ). The basic structural unit of GQ is a G-quartet, which is formed by the cyclic
square planar alignment of four guanines linked by Hoogsteen H-bonds.! % *1° Two or more G-
quartets can stack together to form G-stem (GS) while the interlinking nucleotides form the loops
of GQ.> ! Cations (usually K* or Na®) in the quartets or between them stabilize the closely
spaced carbonyl oxygens of guanine residues in the central channel of the GS.!*"'* Once formed,
GQs are very stable and can often resist high temperatures up to 95°C in the presence of K*

jions.!> 16

The arrangement of loops defines the topology of GQ which leads to characteristic patterns of
the glycosidic bond orientations of guanine bases within the G-quartets. The guanine bases in G-

quartets can arrange in syn or anti-orientation. The DNA backbone of the quartets forms the



grooves of GQ. Three different groove widths are possible in the GQ. Strands interacting via
base pairs with same glycosidic patterns (syn-syn and anti-anti) form medium grooves and are
parallel. Strands interacting through base pairs having opposite glycosidic patterns form either
wide or narrow grooves, and are oriented in antiparallel manner. The human telomeric (Htel)
GQs are a classic example of GQ structural polymorphism (Figure S1). The (TTAGGG) repeat
sequence can adopt at least five intramolecular three-quartet topologies as thermodynamic

1722 while a sixth two-quartet topology with strand

minima under diverse experimental conditions
slippage has also been observed.?® Various factors like the sequence of flanking bases, stabilizing

cations, concentration of the nucleotides and solvent conditions influence the topology of the

Htel GQ.2428

There are three basic types of loop arrangements in GQs: double chain reversal or propeller
loop, edgewise or lateral loop and the diagonal loop. The type and direction of the loops also
determine the topology of the GQ. A global frame of reference was proposed by Webba da Silva
to define the directionality of the loops.?” We have followed the same scheme in the present
article (Figure 1a). The GQ is placed such that its first strand occurs in front right side with its
5’-end pointing downwards and the grooves are numbered 1 to 4 in the anticlockwise direction
(Figure 1a-d). The loops progressing in the same direction as the grooves are anticlockwise while
those in the opposite direction are clockwise loops, respectively. The propeller loops of the GQ
are associated with chain direction reversal and parallel orientation of the G-strands.
Anticlockwise propeller loops are more commonly observed in the GQs, including the three
propeller loops of Htel parallel-stranded GQ (PDB id: 1KF1)!7 (Figure 1b). In contrast, the

second loop of Htel antiparallel (2+2) GQ (PDB id: 2MBJ)'® is globally a clockwise propeller



“Figure 1. Representation of loops and grooves of GQ with notations used in the present work.
(a) Scheme of parallel-stranded GQ to elucidate the numbering of the grooves. The grooves
progress anticlockwise from the 5'-end irrespective of the sequence progression. Note that
groove 2 is at the back while groove 4 is at the front. The 5' and 3' end of the GQ and groove
numbering (labeled in blue) are marked in Figure (a) to (d). (b) Cartoon representation of
parallel-stranded Htel GQ. The propeller loops are shown in green (c) Cartoon representation of
antiparallel basket Htel GQ. Loop 1 (first lateral loop) is shown in blue, loop 2 (diagonal loop) in
magenta and loop 3 (second lateral loop) in red. (d) Top view of the first quartet of antiparallel
basket Htel GQ to explain loop notations: The lateral loops are called anticlockwise when they
progress in the same direction as the grooves as the loop 1 and are called clockwise when they

progress in the direction opposite to the progression of the groove as the loop 3. (e) Loop 1 is



lateral wide and (f) Loop 3 is lateral narrow in antiparallel basket Htel GQ. In the cartoon
representations, the backbone of stem is shown in yellow and the loops are colored differently.
The stem nucleosides are shown as grey sticks and loop nucleosides are not shown. The

hydrogens and channel cations are also not shown in the figure.”

loop with respect to the suggested frame of reference. The authors would like to highlight that
the local geometry of this propeller loop is similar to the propeller loops in other Htel topologies
as they all progress against the direction of helical twist of the GQ. This local topology is known
as right (short) propeller loop (see Figure 1 in reference®’). The alternative left (long) propeller
loop has not been observed for Htel GQs. The diagonal loops of GQ connect bases that are not
hydrogen-bonded in the quartet. The second loop of Htel antiparallel basket GQ (PDB id:
143D)? is a diagonal loop (Figure 1c). The lateral loops join antiparallel adjacent G-strands and
can be lateral wide or lateral narrow depending on the groove they span; both types are
commonly observed (Figure 1e and 1f). Globally, both clockwise and anticlockwise lateral loops
of GQs have been observed in the experimental conditions.'®?* In the Htel antiparallel basket
GQ, the first lateral loop is anticlockwise while the second lateral loop is clockwise (Figure 1c

and 1d).

Folding of GQs is an exceptionally slow process taking from hours to days with a complex
kinetics.?!" 32 Comparison of theoretical models show that the folding process can be best
understood as an extreme case of kinetic partitioning mechanism with a wide range of deep
competing basins of attraction (alternative folds), with only a small fraction of molecules folding
directly to the native state.>®> The preference of guanines in GSs to adopt syn or anti glycosidic
bond orientation influences the polymorphism of GQs. Thus, four sequential base steps (GpG

dinucleotides) are possible within a GQ: syn-anti (SA), anti-anti (AA), anti-syn (AS) and syn-syn



(d)

“Figure 2. GQ GpG steps: (a) AA, (b) AS, (¢) SA ,(d) SS, (e) 5°-SS and (f) 5’-SA. The
nucleotide towards the 5’-end is shown in grey. Internal 5’-OH — G(N3) H-bond is formed in 5’-
syn bases with free ~OH group and is shown as dash line in section (e) and (f) of this Figure.

Hydrogen atoms are only shown in 5’-syn nucleotides for representation of the internal H-bond.”

(SS) steps (Figure 2a-d). These base steps differ in energy contribution due to the difference in
ring-stacking of the guanine bases.>* Any GQ stem can be split into a set of these basic

1.3* in a previous

dinucleotides. The free energy of each base step was predicted by Cang et a
work based on molecular dynamics (MD) simulations followed by free energy calculations by

MM-PBSA. This particular work considered, besides the four above-noted basic base steps, two

additional special cases, namely, 5’-terminal syn-anti (5’-SA) and syn-syn (5°-SS) dinucleotides.



In these base steps, the 5’-terminal OH group forms a powerful intramolecular H-bond with N3
of its guanine adopting a syn configuration. Such 5’-terminal Gs are relevant to many

experiments (Figure 2e and 2f).

The work by Cang et al.**

has been based on MD simulations of six model two-quartet stems.
It predicted the following order of dinucleotide free energies in kcal/mol: AA (0), SA (-3.5), AS
(3.5), SS (4.6), 5’-SA (-7.9) and 5°-SS (0.2). The predicted stability order was in good agreement
with experimental data for antiparallel GQs, demonstrating the potential of such calculations.
However, there was a disagreement regarding the free energy balance between the all-parallel
all-anti and antiparallel GQs, because the original prediction appeared to overstabilize the SA
step relatively to the AA step. The discrepancy was resolved by large-scale quantum chemical

1.%° carried out for the same set of double-quartet stems. The

(QM) calculations by Sponer ef a
QM calculations unraveled a substantial conformational energy bias caused by the
approximations of the DNA force-field.*® Thus, QM-MM potential energy difference has been
used as a correction to the original MM-PBSA free energy order, leading to the final free energy
estimate in kcal/mol as: AA (0), SA (1.2), AS (3.5), SS(7.8), 5'-SA(-3.2) and 5'-SS(3.4).>> The
AA and SA steps became almost isoenergetic which led to full qualitative agreement with the

experiments, by predicting that the GQs tend to maximize the number of AA and SA steps and

minimize the number of AS and SS steps.

The preceding MM-PBSA study®* has been carried out with the smallest possible systems,
two-quartet GQ stems. An advantage of using such small model system is that the MD
trajectories are expected to converge rather quickly and the genuine noise of the MM-PBSA
method should be minimized. It is noteworthy, though not always admitted in the literature, the

MM-PBSA method suffers from many uncertainties.*® 37 However, the use of the minimalistic



double-quartet stems may also introduce systematic errors into the predictions. The underlying
simulations can be affected by so-called end-effects, i.e., excessive fluctuations which are known
to occur at the exposed ends of the simulated nucleic acids molecules and which are expected to
be particularly sensitive to the force-field approximations.*® Further, both quartets are exposed
to the solvent which may increase inaccuracy caused by the mean-field continuum solvent model
in the postprocessing of the trajectories by MM-PBSA. In this study, we tried to repeat the earlier
computations with more complete systems, namely, three-quartet GSs with deletion of the loops
and complete GQs. In the later case, the MM-PBSA energies were calculated with a posterior
deletion of the loops and flanking bases. Various anti/syn patterns, experimentally observed as
well as unobserved, were investigated. Obviously, while the increase of the size of the model
systems on one side improves completeness of the studied molecules, it on the other side may
increase uncertainties stemming from the overall noise of the MM-PBSA computations and
slow-down convergence of the simulations. A challenging problem is the inclusion of the loops
as mainly the propeller loops are rather poorly described even by improved force-fields.* During
the MD simulations, the loops can interact with the GS and form substates which are often long-
living.*%- ! Their effect on the stability of the GQ topology is thus difficult to capture and they
may affect the predicted stabilities of the stems even when excluded from the MM-PBSA
procedure. In other words, the attached loops may affect the structural dynamics of the stems.

Another complication is the presence of closely-spaced ions inside the GQ structure.*?

Methods

Starting Structures



We have carried out MD simulations and free energy analyses on all five known three-quartet
intramolecular Htel GQ topologies (Figure S1). The GQ coordinates for parallel-stranded
topology were taken from PDB id 1KF1,!” antiparallel basket from PDB id 143D,%° hybrid-1
from PDB id 2HY9,?? hybrid-2 from PDB id 2JPZ,?! and antiparallel (2+2) GQ from PDB id
2MBJ."® In the NMR ensembles, the coordinates from first frame were taken for the simulations.
The syn(s)-anti(a) patterns of guanines in these topologies are as follows: parallel-stranded (5°-
aaa--aaa--aaa--aaa-3’), antiparallel basket (5’-asa--sas--asa--sas-3), hybrid-1 (5’-saa--saa--
ssa--saa-3"), hybrid-2 (5’-saa--ssa--saa--saa-3’) and antiparallel (2+2) (5’-ssa--saa--saa--ssa-
3’). We also carried out simulations with GSs of these topologies without the loops and flanking
bases (notated in the text as GS followed by the topology description); each strand of these GSs

was initiated with a free 5°-OH group.

Further, we prepared seven hypothetical models from the antiparallel basket Htel GQ (PDB id:
143D) to see if the observed structure is predicted as the most stable. Instead of introducing
individual syn-anti flips, the coordinates of individual quartets from the antiparallel basket GQ
(PDB: 143D) were rearranged to form all theoretically possible (2°=8) syn-anti GS patterns of
this antiparallel GQ (Figure 3) using Swiss-PDB viewer from http://www.expasy.org/spdbv/.*’
The flanking base and the three loop coordinates were added to the models in the same
orientation as in the original antiparallel basket GQ to complete the GQ. The original antiparallel
GQ with 5’-asa--sas--asa--sas-3’ pattern is marked as model 0. The syn-anti patterns of guanines
in the other models are: model 1 (5’-ssa--saa--ssa--saa-3’), model 2 (5’-aaa--sss--aaa--sss-3’),
model 3 (5’-ass--aas--ass--aas-3’), model 4 (5’-sss--aaa--sss--aaa-3’), model § (5’-sas--asa--

sas--asa-3’), model 6 (5’-aas--ass--aas--ass-3’) and model 7 (5’-saa--ssa--saa--ssa-3’). The
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“Figure 3: Schematic representation of hypothetical models of GQ used in the present study. The
models were prepared by rearranging the quartets of the basket Htel GQ, i.e., the model 0. The

bases in anti and syn orientations are shown in yellow and orange, respectively.”

simulations of all the models were again carried out both with complete GQs (quartets, loops and
flanking base) and with GSs only (notated as GS followed by the model number). In the
following text, the GQ strands are numbered from the 5’-end, such that the strand 1 starts from
the guanine closest to the 5’-end and the strand 4 is closest to the 3’-end. The first quartet refers
to the quartet closest to the 5’-end, the second quartet is the middle quartet and the third quartet

is the last quartet.
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MD simulations

MD simulations in explicit solvent were carried out with AMBER12** using three force-field
variants to increase sampling and to screen for eventual force-field sensitivity of the results. The
following versions derived by consecutive refinements of the backbone torsion potentials from
the Cornell et al. force-field parm99* parameters were used; bscO from 2007,% bscOyor4 from
2012%7 and bscOyor4elor1 from 2013.** BscO modified the a/y dihedrals to stabilize B-DNA
simulations, yor4 corrected the syn-anti balance and shape of the glycosidic torsion potential
which improved mainly GQ simulations and €{or1 mainly corrected undertwisting of B-DNA and
balance between the BI and BII substates in DNA. Our results are primarily based on the most
complete bscOyorselor1 dihedral potential reparametrization; for parameters see AmberTools15

May 2015 update or http://fch.upol.cz/ff ol/ and for general discussion of the force-field

limitations see reference.*” Note that all the presently available force-field refinements are based
exclusively on tuning of the individual uncoupled backbone dihedral energy terms, which is the
simplest type of a force-field modification. All the other terms including the critical non-bonded

L 45

terms remain identical as in the original Cornell et al.”™ parametrization and their optimizations

will be done in future.

The ions and water molecules were added to GQ in the xleap module of AMBER12.** It was
solvated in an octahedral box of TIP3P water with an extension of at least 10 A from each side of
the solute. The GQ was neutralized in Na" ions and further 0.15 M excess NaCl was added. We
also carried out simulations of GSs in K" ions. In these simulations, the GSs were neutralized in
K" ions and further 0.15 M excess KCI was added. TIP3P specific Amber-adapted Joung and
Cheatham parameters were used for Na*, K and C1" ions.”® The long-range electrostatics were

calculated using particle mesh Ewald method with non-bonded cut-off set to 9 A.>! The covalent
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bonds were constrained using SHAKE with a tolerance of 0.00001 A and the integration time
step was set to 2 fs.>2 The temperature and pressure were maintained at 300 K and 1 atm
respectively using Berendsen thermostat.>* Standard protocol of equilibration was followed and
is described in the Supplementary Data section. The final MD simulations were carried out for
100 ns in most cases. To probe the convergence (or divergence) of the results, we extended
simulations of Htel-GSs (without the loops and flanking bases) in bscOyor4 force-field up to 2.5
us. While TIP3P was the standard water model used in the present study, we also carried out
simulations of Htel GQs in SPC/E water model as well for comparison. These simulations were
carried out in excess NaCl in bscOyor4 force-field and extended up to 2.5 ps. Thus, in our study
we tested different ions, dihedral variants of the force-field, water models and simulation lengths.

In total, ~35 ps of simulations have been carried out.

Free energy calculations

The MM-PBSA python script distributed with AMBER14>* was used to calculate the free
energy of the GQs and the models. The snapshots were taken at 200 ps intervals over the 100 ns
MD trajectories and using 2 ns intervals over the longer trajectories. The channel cations (Na* or
K") were included explicitly in the free energy calculations.’® The sizes of the Na* and K* ions
were modified to 1.369 A and 1.705 A respectively in the MM-PBSA script to obtain consistent
solvation energies. A probe radius of 1.6 A was used for all the MM-PBSA calculations. Both
the MM-GBSA and MM-PBSA calculations were carried out but the analyses presented in the
main text are based on MM-PBSA results as they are considered to be more accurate.?”> > The
MM-GBSA results are provided in the Supplementary Data section. In the recent versions of
MM-PBSA (as in Amberl4, used here), a non-polar solvation term based on solvent-accessible

surface area (SASA) has been implemented which is constituted of a (repulsive) cavitation term
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and a (attractive) dispersion term. The inclusion of dispersion term in SASA based non-polar
solvation term has been suggested to improve the precision of MM-PBSA .78 Therefore, we
have included this in the MM-PBSA relative free energy calculations. It is notable that this term
was not included in the previous work by Cang et al.>* The entropy contributions were not
included in the energy analyses as they should be similar for the systems tested here. The entropy

calculations are known to be not very accurate and could increase the uncertainty of the results.*®

RESULTS

Relative MM-PBSA free energies of Htel architectures based on 100 ns MD simulations:
We have first performed 100 ns simulations of the five Htel topologies in NaCl using all three
force-field versions. In principle, short simulations starting from experimental structures should
be sufficient to derive the free energy estimates. In addition, longer simulations might
accumulate some force-field errors and lead to deviations from the experimental structures,
especially for the loops. The simulations were done using full GQs and then repeated using only
the GSs. The MM-PBSA data were derived from the 50-100 ns trajectory portions. When using
the simulations of full GQs, the loops and flanking bases were deleted during the MM-PBSA
analysis. In parallel-stranded and basket GQ, the 3’-terminal base is GS guanine. For the MM-
PBSA calculations on full GQ simulations, we deleted 3’-terminal H-atom in these GQs to
maintain equal number of atoms as in hybrids and antiparallel (2+2) GQs. In the simulations of
GS (without the loops and flanking bases), all 5°-terminal syn guanosines formed a 5’-OH —
G(N3) intramolecular H-bond;** % there was no such H-bond in the parallel topology, two in the
antiparallel basket and four in the remaining three GSs. Also, there was no such H-bond in any

of the full GQs, since all of these contained some 5’-end flanking nucleotides.
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“Figure 4: All atoms mass-weighted RMSD vs time curves for the GSs of Htel full GQ

simulations in (a) bsc0, (b) bscOy,, 4 and (¢) bscOy, ,C,, , force-fields. The curves of parallel-

stranded (1KF1), antiparallel basket (143D), hybrid-1 (2HY9), hybrid-2 (2JPZ) and antiparallel
(2+2) (2MBJ) are represented in black, red, green, blue and yellow. The simulations were carried
out with the full GQs (G-stems, loops and flanking bases) but the loops and flanking bases were

trimmed from the trajectories for the RMSD calculations.”

All the simulations were stable (Figures 4 and S2). For each GQ topology similar RMSD
values were observed for the GSs in the three force-fields with no large force-field dependent
effects (Figure 4). Obviously, the three force-fields differed in details of the structural dynamics,

however, for space reasons we refer the reader to the original papers where typical performance
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of all three force-field variants for GQs is discussed.*”>*® A brief summary of the simulations is
presented in Table S1. Some differences between the individual simulations that affect the
calculated free energies are specifically explained below and may be rather caused by the
stochastic nature of the simulations. Before introducing the MM-PBSA data we explain two GQ-
specific force-field limitations that are important to understand the results. First, the current
force-field versions have substantial problems to describe the loops, as common for description
of single-stranded nucleic acids regions.* 6! Although the bscOyor4e{oL1 is an improvement, it
remains far from perfect. Textbook example is the dominant substate of the TTA propeller loop,
which needs to have y-dihedral in trans region for its first thymine.®!: ® However, the bsc0 y-
dihedral correction rather quickly wipes out such geometries. Unfortunately, the bscO correction
cannot be substantially reduced since it would worsen description of B-DNA. Our unpublished
data suggest that simultaneous balanced description of B-DNA and GQ propeller loops is not
achievable by refinements of the dihedral potentials and would require more radical force-field
changes. Second force-field problem is the description of the ions inside the stem. The ion-stem
interactions are widely considered as dominating stabilization factor of GQs.*"> % Qualitatively,
the long-range electrostatic interactions between ions and GQs are very well described by the
force-field, which is one of the reasons why GQ simulations provided many valuable results in
the past.%* Quantitatively, however, the ion binding inside GQs is also associated with sizable
polarization effects. These polarization effects are completely neglected by the force-field
lacking any appropriate molecular mechanics terms and thus cannot be satisfactorily included by
any reparameterization of the current force field form.** Thus, ion dynamics and energetics
cannot be accurately described by the pair-additive force-field which will affect the results

presented below. Note that these inaccuracies are considerably larger for the presently studied
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three-quartet systems with two closely spaced ions than for the previously studied two-quartet

3% see Figures 3, 5 and 11 in*? for visualization of the magnitude of the

GSs with only one ion;
typical force-field errors in description of ion — ion interactions inside GQs. When two or more

ions bind inside the GQ, they extensively exchange polarization energy through the G-quartets,

which is not describable by any MM description based on fixed charge distributions.

The initial set of free energy data is given in Table 1, with the parallel-stranded GS always
taken as the reference. The data in the left part of the Table represent MM-PBSA calculations
based on simulations of the full GQs. The parallel stranded topology was the most stable in all
force-field variants, though there were rather visible quantitative differences in data obtained by
different force-field variants (Tables 1 and S2). The relative free energy of the other topologies
with respect to the parallel-stranded topology varied from 0 to 23 kcal/mol. The Table 1 also
presents relative stabilities of the structures as predicted using the parameters derived by Cang et
al.,** which evidently do not agree with the present MM-PBSA computation. However, as we
explain later, this discrepancy can be rationalized and in no case invalidates the work by Cang et
al.>* The right part of the Table 1 presents data derived from simulations of the pure GSs. In this
case, capable G-strands formed the terminal syn-specific 5’-OH — G(N3) H-bonds (as noted
above) which affected the relative energies markedly. This explains why in this computation the
parallel structure lacking such interactions was less stable than the other structures. Importantly,
when using simulations without the loops, the calculated relative free energies became
essentially insensitive to the force-field variant (Tables 1 and S3). Thus, the apparent force-field
dependence in the left part of the Table 1 could be due to an indirect impact of the stem-loop

coupling in the simulations.
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Table 1: MM-PBSA-based relative free energies® (kcal/mol) of the GSs of Htel topologies

compared with the earlier prediction®*

gna;:ula(t;%(jlsa triglr‘?:c\)/: Jgﬁ? lete Calculated GS relative free
9y P Predicted GS| energy (simulations of GSs) .
GQs) . Predicted GS
syn(s) - relative free relative free
anti(a) energy (in energy (in
Topology glycosidic presence of
. absence of
pattern in loops and loops and
the GSs bscO | bscOyors | bscOyorseloLt flanklgg bscO | bscOyors | bscOyorselorr [flanking
bases) bases)”
Parallel- >'-ada-
aaa--aaa—-| O 0 0 0 0 0 0 0
stranded ,
aaa-3
Antiparallel >-asa—~
sas--asa--| 21 15 13 0 -2 -4 0 -9
basket )
sas-3
5’-saa--
Hybrid-1 saa--ssa--| 20 18 19 -9 -9 -12 -13 -27
saa-3’
5’-saa--
Hybrid-2 ssa--saa-| 11 23 16 -9 -18 -15 -18 -27
-saa-3’
Antiparallel >7-ssa- 22
(2+2) saa——safz— 5 8 4 -4 -22 (30-80 -20 -23
-ssa-3 ns)

" The MM-PBSA calculations were carried out on 50-100 ns region of the trajectory, unless

specified. In simulations where ion-exchange was observed, stable portion from elsewhere in the

trajectory (specified in the table) was used for MM-PBSA calculations. The relative free energy

of a given topology was calculated as difference from the energy of parallel stranded topologies

in the same force-field. In the simulations with the loops, the MM-PBSA calculations were
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carried out with only the GSs. The free energy values were rounded-off to the nearest whole
numbers. Note that for the clarity reasons we do not show the error estimates, they will be better
visualized by other data later in the paper.

Based on relative GpG stability order by Cang et al.>*; note that for a comparison with

experiments the QM correction®> would have to be added.”

This can be indeed rationalized by the simulated structures. For example, in the simulation of
the antiparallel basket GQ in the bscO force-field, a hydrogen bond was formed between
A13(H2) from the diagonal loop and G14(06) in the period ~51-100 ns (Figure S3). This
interaction was not indicated in the native NMR structure of antiparallel basket GQ. The
interaction oriented the G14 backbone such that an internal hydrogen bond was formed between
its 05’ and HS. Further, the phosphate oxygens of G14 and G22 were as close as ~4-4.5 A. The
repulsion between these phosphates may cause the higher energy of this GS in MM-PBSA
calculations based on the bsc0 trajectory compared to the bscOyors and bscOyorselor trajectories
(the left part of the Table 1). In a repeated simulation of antiparallel basket GQ in the bscO force-
field from a random seed, the A13(H2) and G14(06) bond was formed from ~90 ns. The MM-
PBSA energy of GS calculated from 40-90 ns of this trajectory was approximately the same as
that in the bscOyor4 and bscOyorseloL1 force-fields. Further, such an interaction was also
observed in the repeat simulation of antiparallel basket GQ in bscOyorselor1 force-field. In
summary, one of our key results is that reparameterizations of backbone dihedral angles did not
have any visible systematic effect on the relative energies of different GSs. This simplifies other
analyses in this paper, as we can consider simulations with the three different dihedral force field
variants as sufficiently similar (equivalent) and the differences among them being primarily

attributable to sampling. Another important result is that the MM-PBSA calculations done with
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the GSs trajectories (the right part of the Table 1) became in a reasonable agreement with a

prediction based on the Cang et al.>* data.

In Table S4, we show that the results remained unchanged when using KCI simulations and K*
MM-PBSA computations. The overall energy values were slightly higher in K* than in the Na*
ion simulations but the relative free energy values of GS topologies were equivalent when using
the K" and Na" ions. Thus, within the range of the genuine uncertainty of the computational
procedure, the choice of the force-field variant and type of the ion did not have any substantial

systematic effect on the MM-PBSA calculations of the relative free energies of GSs.

Additional insights into the MM-PBSA computations can be obtained from comparisons of the
individual MM-PBSA terms (Table S2). The electrostatic potential energy of parallel-stranded
GQ was lower than for the other topologies (Table S2). This difference contributed significantly
to the overall stabilization of parallel stranded GQ with respect to the hybrid-1, -2 and
antiparallel topologies in the left part of the Table 1. Earlier Poisson-Boltzmann APBS-based
calculations also showed that electrostatic component of parallel-stranded GQ was significantly
more negative compared to the hybrid and antiparallel basket GQs.® The relative free energy
calculated without the recently added dispersion energy term also showed energy of parallel-
stranded GQ to be lower than antiparallel basket and both the hybrid GQs. Thus, the
disagreement between the calculations in the left part of the Table 1 and the prediction based on

base-step free energy data by Cang et al.>*

cannot be explained by absence of the dispersion term
in the earlier calculations, consistent with the much improved agreement seen in the right part of

the Table.
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When inspecting the Table 1 we found out that in most cases the present three-quartet MM-
PBSA computations shifted the relative energies (with respect to the parallel structure) of hybrid
and basket GSs to higher values compared to the data by Cang et al.,** derived primarily using
two-quartet GSs. The difference was considerably larger when using GS structures from
simulations of the full GQs. The visualization of the trajectories of the simulations suggests few
reasons that could contribute to this observation. The major reason could be that sugar-phosphate
backbones of the strands in the narrow grooves of these GQs were closely spaced. In the
simulations with full GQ, the narrow grooves narrowed further due to the GS-loop interactions.
Such compaction of narrow groove was minimal in the simulation without the loops. The inter-
phosphate repulsions in the narrow groove are shielded by non-channel cations and explicit
waters in the simulations. However, in the MM-PBSA calculations, only channel cations were
included along with guanine bases of GQ. Therefore, the inter-phosphate repulsion in the narrow
grooves could possibly account for increase in the energy of hybrid and basket GQs. On the other
hand parallel-stranded GQ has all medium grooves in which the sugar phosphate backbone of the
strands are relatively farther. Note that when using two-quartets stems>* for the computations, the
grooves are not fully developed and thus the effect of the narrow groove may be less apparent.
However, we admit that the antiparallel (2+2) structure deviated from the above-described free

energy data trend, so our explanation is only tentative.

Table S5 shows free energies obtained by the MM-GBSA method. The calculations are quite

consistent with the MM-PBSA data, being closer to the data without the dispersion term.

The calculated free energies show visible fluctuations that correlate with ion dynamics.

Figure 5 (a) and (b) shows variation of the MM-PBSA energy along 10 ns windows and revealed
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“Figure 5. GS MM-PBSA free energies along the 100 ns bscOyor4elor1 simulations of the Htel
topologies for (a) simulations of full GQs and (b) GSs. The MM-PBSA output was averaged at
10 ns windows to see the variations over the trajectories. (c) Inter-cationic distance vs time plot
in the GS simulations (corresponding to section b of the Figure). The grey lines represent the
snapshots while the colored lines represent running averages over 250 ps. In the basket (PDB id:
143D) GS simulation, the cation moved above the plane of the first quartet at ~75 ns and the
inter-cationic distance remained large till the end of the simulation, which correlated with large

increase of the MM-PBSA free energy.”
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substantial noise in the computations. For simulations with the loops (Figure 5a), the 10-ns
windows free energy fluctuations in MM-PBSA energies were larger than the predicted free
energy differences between the topologies, i.e., our target data. When analyzing possible origin
of the fluctuations we found out that the results were very sensitive to the inter-cationic distance
(cation dynamics) in the GS channel. For example, the ion - ion dynamics was likely responsible
for the major energy difference between the three force-fields in the simulations with full GQ of
the hybrid-2 topology (cf. the left part of Table 1). The channel cations were closer in the
bscOyors simulation than in the simulations with the other two force-fields (Figure S4), probably
due to some random trajectory developments. The corresponding GS free energy calculations
carried out for this topology showed a relative free energy of 11, 23 and 16 kcal/mol in the bsc0,
bscOyor4 and bscOyor4elor1 simulations, respectively (Table 1). Thus, the relative free energy of
the GS was larger (less stable) when the two channel cations were at a distance of ~3.5 A or even
less in the simulations (cf. Figure S4). Note that the trajectories of the hybrid-2 topology GQ in
the three force-fields showed some differences in the alignments formed below the third quartet
by the second lateral loop and the flanking bases (Table S1) which may have impacted the ion

dynamics.

However, even when basing the MM-PBSA calculations on simulations of GSs without the
loops, the free energies fluctuated (Figure 5b). For example, in the bscOyorselor1 basket GS
simulation, the MM-PBSA energy showed significant variations and was evidently unconverged
at the end (Figure 5b). We again found a correlation between the inter-cationic distance of the
channel cations in this topology and the free energy. When the cations in the GS came closer than
~3.5 A during the genuine thermal fluctuations, they were subsequently expelled to a larger

distance (Figure 5¢), often to ~5 A. At the end of the trajectory the cation between the first and
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the second quartet was pushed even above the plane of the first quartet. This arrangement was
associated with a visible increase of the MM-PBSA energy of the basket GS between 70-100 ns
of the simulation (Figure 5b). In summary, increase as well as decrease of the inter-cation
distance compared to the optimal distance was associated with destabilization of the structures at

the MM-PBSA level of description.

The major variation in MM-PBSA energies due to cation fluctuations in the GSs has important
methodological consequences. First, it shows that the 100 ns simulations of the stems are not
sufficiently converged with respect to the ion dynamics. Second, the ion dynamics may introduce
substantial systematic errors into the MM-based free energy calculations due to the principle
inaccuracy in the description of the ion - ion repulsion by non-polarizable force-fields explained
at the beginning of the Results section.*” This force-field approximation may distort the
distributions of the ion - ion distances in MD and surely biases the dependency of the potential

energy on the ion - ion distance.

MD simulations and free energy analyses of the Htel GQ topologies in 2.5 us long
simulations. As shown above, the MM-PBSA energies of GSs did not converge when using 100
ns trajectories. Part of this could be related, in case of the simulations of full GQs, to loop
dynamics which may affect the MM-PBSA data due to stem-loop interactions. It is well
established that the loop dynamics converges much more slowly than the stem dynamics.*’ 4161
65 However, even when simulating only the GSs, the trajectories were not converged (Figure 5b).
Therefore, we carried out extended 2.5 pus GQ and GS simulations in bscOyor4 force-field to see

if this time scale would improve the convergence. Figure 6 shows the respective free energy data

with averaging over consecutive 100 ns windows.
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“Figure 6. MM-PBSA energy of GSs vs time plot for the Htel GQ topologies. The simulations
were carried out in the bscOyor4 force-field for 2.5 us with the (a) full GQ (GSs, loops and
flanking bases) and (b) with only the GSs. The ion exchange events in the parallel-stranded

topology (PDB id: 1KF1) are marked as yellow circles in both the graphs.”

The trajectories of parallel structures were complicated by several exchanges of the ions with
the bulk. In the parallel stranded GQ, an ion exchange occurred at ~0.78 us. The exchange was
quick and was evidently associated with ion - ion repulsion in the GS channel. First, the
incoming ion from the bulk moved very close and just above the first quartet. Subsequently, a
correlated movement of all three ions occurred, leading to entry of the incoming ion between the
first and second quartet, shift of the ion between the first and second quartet to a position
between the second and third quartet, and expulsion of the ion initially bound between the
second and third quartet to the bulk (Movie S1). The temporary instability due to ion dynamics
was associated with increase of the MM-PBSA energy in the 0.7-0.8 ps window (Figure 6a). In
the simulations with only the GSs, five similar events of ion exchange were observed in the

parallel stranded topology (Figure 6b). Out of five events, the bulk cation entered from above the
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first quartet in three (at 0.57, 0.76 and 1.76 ps) and from below the third quartet in two cases (at
1.48 and 2.4 ps). The present simulations thus showed nice examples of spontaneous ion
exchanges in the GQs structures and confirmed our earlier suggestion that the ion exchange
processes are associated with a correlation between the ion uptake and expulsion.'> The
incoming ion lowers the transition state energy barrier for the ion expulsion through the other
side of the stem.®® Thus, incompletely ion-occupied GSs are only rarely populated and should
very quickly capture ions from the bulk. Note that due to the above-explained force field
approximation overestimating the ion - ion repulsion inside the GQs, MD simulations likely
overestimate the frequency of the ion expulsion events. Still, no ion exchanges with the bulk
were observed for the other topologies. For some other recent studies documenting ion

exchanges between GSs and bulk see refs.!314 67

The relative free-energy of the different topologies in the 2.5 ps long simulations roughly
showed a similar trend as in the 100 ns long simulations. The parallel-stranded topology showed
the lowest energy in simulations with the loops and the highest energy in the simulations carried
out without the loops (Figure 6). However, the time course of the MM-PBSA energy also
revealed that the calculations were quite noisy (Figure 6) and the prolongation of the simulations
did not improve convergence of the results. For example, the energy of antiparallel (2+2) GQ
showed a variation of ~40 kcal/mol, most likely again related to cation dynamics in the GS. In
the simulation of this GQ, the cation in between the first and the second quartet was pushed into
the plane of the first quartet at ~1.35 ps. Simultaneously, the cation in between the second and
the third quartet also moved to the plane of the third quartet. The inter-cationic distance in this
trajectory increased from ~4 A to 6.5 A. Due to this, the 06 atoms of G17 and G23 in the middle

quartet were unable to coordinate with either of these cations while the O6 atoms of G5 and G11
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coordinated with only one (lower) cation. Thus, due to the position of cations in the GS, the
electrostatic repulsion between the atoms of the middle quartet could not be shielded effectively.
This specific substate was the reason why the energy of the antiparallel (2+2) GQ was higher

between ~1.35 to 2.5 us (Figure 6a).

For all the topologies, the GS free energies along the 2.5 ps trajectories showed more
variations than within the 100 ns trajectories (Figures 5 and 6). Thus, increasing the length of the
simulations worsened the data in terms of the standard deviations. This is in agreement with
many literature suggestions that longer simulations are not profitable for the MM-PBSA
predictions while multiple short simulations can give a more statistically stable dataset than a
single long trajectory.*® 37 Previous studies have shown that force-field based transitions and
deviations from starting structures are more evident in longer simulations.*® *! For the sake of
completeness, we have carried out additional independent sets of 100 ns simulations, to filter out
force-field based artifacts that might occur in longer simulations (Table S6). However, even this
approach did not seem to reduce the noise. Note, that the common recommendation to run
numerous very short simulations for free energy computations is not a solution for GQs. Due to
uncertainty in mainly the NMR structures, we cannot fully rely on the perfectness of the initial
structures and it is very difficult to confidently separate correct dynamics and genuine relaxation
of the structures from force-field problems. Thus, a set of very short trajectories is not
necessarily a remedy in terms of real accuracy, albeit it statistically might reduce the noise. The
fact that longer trajectories worsened the convergence is an indication of the overall uncertainty
of the MM-PBSA computations of GQs. Due to the noise of the computations, we did not
attempt to derive any free energy prediction equivalent to that done by Cang et al.>* based on the

two-quartet stem simulations. We suggest that the convergence and accuracy of the MM-PBSA
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free energy computations of GQs cannot be substantially improved compared to the data

presented above.

Free energy calculations of hypothetical models of the antiparallel GQ: We carried out
MD simulations and free energy analysis of hypothetical models of the basket GQ, testing all
eight syn - anti patterns compatible with the antiparallel topology (Figure 3). These models were
built by rearranging the quartets of antiparallel basket GQ (PDB id: 143D), notated as model 0.
Models 0 and 5, models 1 and 7, models 2 and 4 and models 3 and 6 had equivalent
combinations of glycosidic angle base steps and differed in the order of the strands within the
GQ (Figure 3). The aim was to see if the MM-PBSA GS free energies could rationalize the
observed syn/anti pattern i.e. the experimental observation of model 0. An obvious uncertainty of
this set of calculations is extent of appropriate structural relaxation of the structures after

building up the models.

The RMSD of GSs of these GQs displayed the same trend in all the three force-field variants
(Figures 7, S5 and S6). The GS RMSD values were used for a rough assessment of the
reproducibility of the simulations and stability of the topologies in the simulations. Model 5 (5°-
sas-asa-sas-asa-3’) was less structurally stable and showed significant increase in GS RMSD
values within the first 20 ns of the simulations. The structure was then steady till the end (100 ns)
of the simulation. This could be due to stem-loop interaction in the groove of model S. In the
starting structure, A7 of the first lateral loop stacked below G8 and formed sheared base-pair
with A19 of the second lateral loop. This base-pair was unstable in all the three force-fields and
A7 oriented in the groove to form hydrogen bond interaction with atoms of strand 4. In the bsc0
and bscOyors4 simulations, A7(C2-H) formed hydrogen bond with G20(04'") and G21(04"),

respectively.
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force-field simulations. The grey lines in all the graphs represent the snapshot values while the
color lines show the running averages over 250 ps. The models with identical base-steps are
grouped together in the sub-plots. The simulations were carried out with the whole GQs (GSs,
loops and flanking bases) but the loops and flanking bases were trimmed from the trajectory for

the RMSD calculations.”

In the bscOyorselor1 simulation, A7 was more flexible and formed short-lived non-specific

interaction with G20 and G21 sugar phosphate backbone atoms. The GS cations were also very

dynamic in model 5. The models 3 (5’-ass--aas--ass--aas-3’) and 6 (5’-aas--ass--aas--ass-3’)
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Table 2. MM-PBSA-based relative free energies (kcal/mol) of the GSs of model® antiparallel

GQs compared with the earlier prediction®*

SJ; n(s)__‘:i’,m(a) Calculated relative free energy Predicted
glycosidic relative free

Models |pattern in the energy
GSs bsc0 bscOyors | bscOyorselort

0 S -asc,z--sas--asa-- 0 0 0 0
sas-3

1 S5 "SSa--saa--ssa-| ) -10 3 -4
saa-3

5 S -aacf--sss--aaa- 3 13 o) 20
-555-3

3 S5 —ass’——aas——ass—— 8 4 14 24
aas-3

4 S —sss:—aaa——sss—— 4 6 6 20
aaa-3")

5 S —sas’——asa——sas—— 10 - ] 0
asa-3

6 S -aa:?--ass--aas-- 20 18 20 24
ass-3

- S5 -Saa--ssa-saa-| 5 9 -7 -4
ssa-3

“Model 0 is the experimentally observed Htel antiparallel-basket GQ. The difference between
the MM-PBSA energy of models 1-7 and the model 0 was called as relative free energy. It was
calculated by subtracting MM-PBSA energy of model 0 from the MM-PBSA energy of the other
models (models 1-7) in the same force-field. The simulations were carried out with the complete
GQ and then subsequent MM-PBSA calculations over the trajectory were carried out on GSs
only. The orientations of the 5’-OH and the 3’-OH were transferred from the deleted parts of the

structures. The free energy values were rounded-off to the nearest whole numbers.
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have the same glycosidic base steps content but model 6 had higher RMSD values and showed
more deviations than model 3 in all three force-fields. The GS RMSD values of other models
were nearly similar to the model 0 (Figures 7, S5 and S6). MM-PBSA data were derived from
the 50-100 ns periods (Tables 2 and S7). The free energy calculations for the GSs showed that
models 7 (5’-saa--ssa--saa--ssa-3’) and 1 (5’-ssa--saa--ssa--saa-3’) had the most stable GS,
even more stable than the native model 0 (5’-asa--sas--asa--sas-3). Model 6 (5’-aas--ass--aas--
ass-3’) had the highest energy in all the three force-fields, which correlated with the presence of
the structural strain noted in the RMSD curves. The computations were in meaningful agreement
with the relative energies predicted by summation of the energies of base-steps predicted by

1.3* Model 5 had the same combination of base-steps as model 0 and hence was

Cang et a
predicted to have the same GS free energy. The model had nearly equal free energy in bscOyor4

force-field but higher energy in bscO and bscOyor4elor1 force-fields.

We reiterate that when we notice different energy data for simulations with different variants of
the force field, the main part of the differences should likely be attributed to the non-equivalent
sampling and not to the different force field versions (see above). This sampling problem could

be particularly severe in this set of computations based on the built-up models.

The calculations based on Cang et al. data** predicted models 1 and 7 to be 4 kcal/mol lower in
energy than the model 0 (noting that 4 kcal/mol difference is small, considering the
approximations of all methods). Indeed, these two models showed lower free energy than model
0 also in the MM-PBSA calculations. The models 2, 3, 4 and 6 were predicted to have 20 and 24

kcal/mol higher energy than model 0. In agreement with the prediction, these models had higher
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free energies than model 0 also in direct MM-PBSA calculations although these calculated values

showed sizable deviations from the predicted energy values.

Free energy calculations based on simulations of GSs of models 0-7: We repeated the
simulations for the antiparallel GS models 0-7 without the loops. To our surprise, in several
structures these expected 5°0O-H - G(N3) terminal H-bonds did not form on the simulation time
scale (Table S8). This was associated with C3’-endo pucker. One possible explanation is that
after the GQ remodeling and deletion of the loops, the terminal nucleotides did not have enough
time to locate the terminal H-bonds. No such obstruction of the terminal H-bonds occurred in
the simulations in the first part of our work, where the simulated structures after deletion of the
loops in native GQs always readily formed the 5’-OH — G(N3) H-bonds in the 5’-terminal syn
nucleotides. This indicates that the simulations of the modeled structures are biased by even
larger sampling uncertainties than the simulations of the experimentally known structures. In
addition, without the loops, we have evidenced larger perturbations in some of the simulated
non-native GSs. Thus, full details of these calculations are given in the Supporting Information.
The calculated free energy data were again reasonably consistent with the prediction based on
the Cang et al.** dinucleotide steps (Tables S8-S10), but very noisy to draw any firm

conclusions.

CONCLUSIONS

The polymorphism of guanine quadruplexes (GQs) is significantly affected by stability of
different GpG base steps in the G-stems (GSs). Six such base steps are possible (Figure 2): anti-
anti, anti-syn, syn-anti, syn-syn, 5’-syn-syn and 5’-syn-anti, the latter two being specific terminal

cases (Figure 2). Previous MD simulations and subsequent MM-PBSA calculations of two-
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quartet GSs suggested the following relative energy of the GpG steps in kcal/mol: anti-anti (0),
syn-anti (-3.5), anti-syn (3.5), syn-syn (4.6), 5’-syn-anti (-7.9) and 5’-syn-syn (0.2).3*
Subsequently, QM calculations have been carried out on the same systems and suggested a
correction making the syn-anti and anti-anti base steps isoenergetic, achieving essentially a full

agreement with experiments.*>

In the present study, we have applied the MM approach of MD-simulations and MM-PBSA
calculations to calculate free energy differences between different GQs folds by using more
complete, three-quartet systems, namely, the full cation-stabilized intramolecular three-quartet
Htel GQs. Independent simulations for all the systems were carried out in bsc0, bscOyor4 and
bscOyor4elor1 force-fields. Along with the experimentally observed topologies, calculations were
also carried out on model GQs made by rearranging the quartets of Htel antiparallel basket GQ to
include all possible anti/syn patterns. In all cases, the structures were simulated first as full GQs
(flanking base, loops and GS) and then as GSs only. The simulations were initially run for 100 ns
but many of them were extended, in an attempt to improve the convergence, to 2.5 us. We
accumulated in total ~35 ps of atomistic simulations. The simulations and MM-PBSA
calculations for all the systems were carried out with only the GSs, to filter out the effect of loop-
type and substates. Based on our preceding MD studies we considered MM-PBSA description of

the loops as too challenging.

The results appeared to be essentially insensitive to the choice of the AMBER Cornell ef al.
force field dihedral parametrization variants and type of the used cation. The MM-PBSA data
provided a useful complement to the structural dynamics and were sensitive to structural
developments seen in the simulations. The free energies were roughly consistent with the earlier

MM-PBSA data using two-quartet GSs. However, the calculations were not converging in a
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quantitative sense and highlighted the principal accuracy limits of the MM-PBSA procedure. In
fact, increase of the size of the studied systems from two-quartets to three-quartets apparently
increased the overall uncertainty of the computations. Subtle structural dynamics of the
simulated systems and mainly the dynamics of the two intra-stem ions were associated with very
large fluctuations of the MM-PBSA data. These included increase in MM-PBSA energy when the
cations came closer than ~3.5 A as well as when the inter-cation distance had increased. The ion
- ion dynamics was associated with MM-PBSA fluctuations as large as 40 kcal/mol, which were

larger than the trends we originally wanted to subtract from the data.

Our calculations highlight that there are substantial limitations in convergence and quantitative
applicability of the widely used MM-PBSA procedure in studies of GQs. Thus, although the
method can provide many useful insights and monitor the structural developments, its capability

should not be overestimated.

SUPPORTING INFORMATION

The equilibration protocol, detailed results from model GS simulations and legend to movie S1
are presented in the Supplementary data section. RMSD curves and distance vs time plots to
support the Results are presented in Figures S1-S9. Summary of stem-loop interactions in the
Htel full GQ simulations, MM-PBSA-based free energies in expanded format and MM-GBSA
outputs are presented in Table S1-S10. Cation dynamics in parallel-stranded GQ is presented in

Movie S1.
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