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Because of high stability and slow unfolding rates of G-quadruplexes (G4), cells have evolved specialized
helicases that disrupt these non-canonical DNA and RNA structures in an ATP-dependent manner. One
example is DHX36, a DEAH-box helicase, which participates in gene expression and replication by recog-
nizing and unwinding parallel G4s. Here, we studied the molecular basis for the high affinity and speci-
ficity of DHX36 for parallel-type G4s using all-atom molecular dynamics simulations. By computing
binding free energies, we found that the two main G4-interacting subdomains of DHX36, DSM and OB,
separately exhibit high G4 affinity but they act cooperatively to recognize two distinctive features of par-
allel G4s: the exposed planar face of a guanine tetrad and the unique backbone conformation of a contin-
uous guanine tract, respectively. Our results also show that DSM-mediated interactions are the main
contributor to the binding free energy and rely on making extensive van der Waals contacts between
the GXXXG motifs and hydrophobic residues of DSM and a flat guanine plane. Accordingly, the sterically
more accessible 50-G-tetrad allows for more favorable van der Waals and hydrophobic interactions which
leads to the preferential binding of DSM to the 50-side. In contrast to DSM, OB binds to G4 mostly through
polar interactions by flexibly adapting to the 50-terminal guanine tract to form a number of strong hydro-
gen bonds with the backbone phosphate groups. We also identified a third DHX36/G4 interaction site
formed by the flexible loop missing in the crystal structure.
� 2021 The Author(s). Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).
1. Introduction

G-quadruplexes (G4s) are four-stranded secondary structures of
nucleic acids in which four guanines associate by Hoogsteen
hydrogen bonds into planar G-tetrads stabilized by monovalent
cations [1,2]. DNA G-quadruplexes are polymorphic and can adopt
diverse topologies [3,4] depending on some intrinsic properties,
such as the base composition of the intervening sequences (termed
loops) [5,6] and flanking nucleotides [7], as well as environmental
conditions, such as type and concentration of ions [8,9] and molec-
ular crowding [10,11]. In contrast, structural diversity of RNA G-
quadruplexes is limited to the one dominant parallel topology, in
which all four guanine tracts (G-tracts) are oriented in the same
direction [12,13].

Although G4s can be multi-molecular, in cells, they are usually
formed by single guanine-rich strands [14,15] and are enriched in
telomeric and regulatory regions of the genome [16–18]. In fact, a
recent genome-wide detection in living cells [19] has revealed that
G4s are present in >60% of gene promoters (especially at the tran-
scription start site) and in ~70% of genes. In particular, they are
found at promoters of some protooncogenes, ribosomal DNA and
immunoglobulin switch regions [15,20–22], as well as in replica-
tion origins [23]. Even though their biological relevance is not fully
understood, some guanine-rich RNA sequences, such as telomeric
RNA repeats (TERRA) and 30- and 50-untranslated regions of mRNA
(UTRs), are also known to form stable G4s [24–26].

There is mounting evidence that maintaining a delicate balance
between folded and unfolded G4 motifs within regulatory genomic
regions plays an important role in controlling gene expression and
DNA replication [27–29]. Indeed, it has been found that, on the one
hand, G4s present intrinsic obstacles to DNA and RNA synthesis by
polymerases [30], but, on the other, their formation might be
involved in activation of some DNA replication origins as well as
in recruiting transcription factors to promoters [31,23]. Further-
more, it has also been shown that G4s forming within UTRs
increase the stability of mature mRNA and affect translation
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efficiency [24,28,32], while those present in pre-mRNAs’ intronic
regions can act as both, splicing enhancers and silencers [33,34].

The role of G4s as regulatory genomic elements requires that
their formation and unwinding is temporally controlled during cell
cycle progression [26,35–37]. As a result of high thermodynamic
stability and slow unfolding rates of G4s, cells have evolved spe-
cialized helicases that disrupt DNA and RNA G4s in an ATP-
dependent manner [27,38–40]. A prominent example is DHX36, a
member of the DEAH/RHAU family of helicases [41,42], which –
among other functions – participates in transcriptional regulation
[43–45] and prevents the accumulation of translationally inactive
mRNAs with G4-structures in untranslated regions [46]. Even
though the coupling between ATP hydrolysis and G4 unfolding
mediated by DHX36 are poorly understood at the molecular level,
Chen et al. [47] proposed, consistently with previous biochemical
studies [48,49], that a passive destabilization of G4 occurs upon
its binding to DHX36 and futher (active) unfolding happens during
the major conformational change of the helicase driven by ATP
hydrolysis. Alternatively, it has been suggested that DHX36 under-
goes ATP-independent conformational transition that exerts force
on the 30-tail of the bound parallel-stranded G4 leading to its
unwinding by one nucleotide at a time [50]. Upon ATP hydrolysis,
the partially destabilized G-quadruplex is then released from the
helicase [51,50].

Another intriguing question is what underlies the DHX36 high
specificity for binding and unfolding DNA and RNA G-
quadruplexes with parallel topology. The recent crystal structure
of the DHX36/G4 complex does not fully answers this question,
as it captures partially-destabilized, ‘‘register-shifted” G4 with 50-
tetrad composed of two guanines, adenine and thymine
(G � G � A � T) (Fig. 1AB) [50]. Additionally, the reported structure
does not contain two fragments, potentially important for interac-
tions with G4: a 20-residue linker between the DHX36-specific
motif (DSM) and RecA1 and a 13-residue loop in RecA2, located
in the proximity of the G4 binding interface. Nevertheless, the
structure provides a compelling molecular explanation why the
DSM a1 helix may act as a key recognition element with a high
affinity for parallel G4s, in agreement with biochemical findings
[48,52]. Specifically, DSM binds to the solvent-exposed flat surface
formed by the G-tetrad at the 50-end of the G-quadruplex, consis-
tently with the earlier NMR structure of a truncated DSM in com-
plex with G4 [53]. The other essential G4 binding interface
identified in the crystal structure is formed by the subdomain of
the C-terminal domain showing the oligonucleotide/oligosacchar
ide-binding like fold (OB), particularly, its OI loop interacting with
the sugar phosphate backbone of the bound G-quadruplex [50].

Despite these important structural insights, the mechanism by
which DHX36 recognizes parallel-stranded G4s is not fully under-
stood. Since the structure of DHX36 in complex with a fully folded
G4 has not yet been obtained, it is not clear whether the DSM bind-
ing mode and binding energy depend on the G4 state and, conse-
quently, whether DSM act merely as an anchor for G4s or rather
it actively participates in the unfolding process [54]. A strong pref-
erence of DSM to bind to the 50-terminal side of parallel G4s also
requires clarification at the molecular level [53]. Furthermore, it
is not known, given the flexible attachment of DSM to the helicase
core, what is the relative importance of DSM and OB in recognizing
G4s and whether G4 binding to both these subdomains is indepen-
dent. Finally, the role of individual protein residues in the recogni-
tion process and their relative contribution to the binding energy is
yet to be established.

Here, to address the above questions, we studied the recogni-
tion of parallel-type G-quadruplexes by DHX36 with all-atom
molecular dynamics simulations. Using a set of model systems
based on the crystal structure of the DHX36/G4 complex [50], we
2527
computed the relative contributions to the binding free energy
due to the two main recognition subdomains, DSM and OB, and
found that G4 binding to these sites is cooperative, i.e., they mutu-
ally enhance each other’s affinity for G4. Detailed description of the
binding interfaces in terms of polar and non-polar interactions
provided molecular-level explanation of the observed affinities
and cooperativity, as well as preferential binding of DSM to
the 50-terminal G-tetrad. Our simulations also revealed that the
13-residue flexible loop in the RecA2 domain might form a third
binding interface that can provide additional stabilization of the
complex with G4.
2. Materials and methods

2.1. Molecular systems

The simulated systems were constructed on the basis of the
co-crystal structure of the bovine DHX36 bound to a parallel
G-quadruplex with 30-end single-stranded (ss) DNA segment
(PDB id: 5VHE) [50]. As opposed to 5VHE, the other solved
structures of DHX36 [47,52] do not contain bound G4 and there-
fore cannot be directly used as a starting point for the analysis of
the recognition process. Two missing fragments in the crystal
structure, a 20-residue linker between the DHX36-specific motif
(DSM) and RecA1 and a 13-residue loop in RecA2, were rebuilt
using Modeller [55] (highlighted in Fig. S1), obtaining the
full-length helicase structure. Further, we have discarded the 30-
ssDNA tail because of the following reasons: (1) our primary inter-
est was to explore the recognition process of only all-parallel-G4,
(2) it is known from the experiment that removal of 30-ssDNA tail
does not substantially affect the binding of G4 to the helicase
[47,48], (3) the flexible ssDNA tail can present an obstacle to the
enforced G4 dissociation, and thus slow down the convergence of
free energy computations, preventing us from drawing firm con-
clusions. Therefore, we kept only the first 17 nucleotides corre-
sponding to the G4 sequence from the human c-myc promoter
(DNAmyc-G4: [A(G)3T(G)3TA(G)3T(G)3]). For the purpose of dissect-
ing the role of individual DHX36 subdomains in the G4 recognition,
we simulated two variants of the helicase: i) the complete struc-
ture involving all interfaces with G4 and ii) the structure with
the DSM motif removed along with the entire N-terminal linker
region and a several initial residues of RecA1 forming an overhang-
ing loop in equilibrium MD (residues Pro57–Ile200).

To examine the dependence of DSM binding on a specific folded
state adopted by the parallel G4 and to understand the preference
of DSM for binding to the 50-G-tetrad, we prepared three additional
systems containing only the truncated DSM a1 helix (22 residues,
Pro57–Lys78) and DNAmyc-G4 in solution (which also allowed for
better free energy convergence). Specifically, in these DSM/G4 sys-
tems the DSM a1 helix is bound to (1) the register-shifted partially
unfolded G4 (puG4) captured in the co-crystal structure (PDB id:
5VHE), (2) the 50-G-tetrad of the native fully folded DNAmyc-G4
(ffG4) taken from its solution NMR structure (PDB id:1XAV) [56]
and (3) the 30-G-tetrad of ffG4. The initial structure of the
DSM/G4 complex for system (1) was taken directly from the crys-
tallographic data, whereas for systems (2) and (3) was obtained by
fitting the NMR structure of ffG4 to puG4 in the system (1) using
non–hydrogen backbone atoms of four nucleotides forming the
G-tetrad bound to DSM. As a result, in all three systems, the initial
orientation and positioning of the DSM a1 helix in relation to the
respective G-quadruplexes was the same.

All prepared protein-DNAmyc-G4 complexes were solvated with
TIP3P water molecules [57] in a dodecahedron box with dimen-
sions ensuring at least 1.2 nm distance from the solute to the
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Fig. 1. A Structure of the DHX36 helicase in complex with the register-shifted partially unfolded G-quadruplex (DNAmyc-G4) with parallel topology, taken from the X-ray
structure [50] with the missing parts modeled in as described in Methods. Individual domains of DHX36 are marked with different colors (NTD and CTD are the N- and C-
terminal domains, respectively). Darker shades show the binding interfaces with the G-quadruplex with LK�Q labeling a new interface identified in our work. B, C Structures of
DNAmyc-G4 in the register-shifted partially unfolded (puG4) and fully folded states (ffG4), respectively. Potassium ions (K+) are shown in semi-transparent sphere
representation. D Free energy profiles for binding of the DSM a1 helix to puG4 (yellow) and ffG4 (cyan). For convergence of the free energy profiles see Fig. S2, and for the
biased distributions of the reaction coordinate Fig. S3.
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box edges. The number of K+ and Cl- ions were adjusted to main-
tain a physiological salt concentration of 0.15 M and neutralize
the net charge of the system. Two of K+ ions were stably bound
in the central channel of DNAmyc-G4.
2528
2.2. Simulation details

All MD simulations were performed using Gromacs 5 [58] in
conjunction with the PLUMED 2.2.3 plugin [59] in the
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isothermal-isobaric (NPT) ensembles with the temperature kept at
300 K using the v-rescale thermostat [60] and pressure kept at
1 bar using Parrinello-Rahman barostat [61]. The AMBER parmbsc1
force field [62] was used for the DNA, proteins and ions. Periodic
boundary conditions were applied in 3D, and electrostatic interac-
tions were calculated using the particle mesh Ewald (PME) method
[63] with a real-space cutoff of 1.2 nm and a Fourier grid spacing of
0.12 nm. A cutoff of 1.2 nm was used for Lennard-Jones interac-
tions. Bond lengths were constrained by P-LINCS [64] for the
DNA and protein molecules and SETTLE [65] for water. The equa-
tions of motion were integrated using the leap-frog algorithm with
a 2 fs time step. Initially, each system was subjected to at least
500 ns of relaxation via unbiased MD simulation.

2.3. Free energy simulations

To investigate the interplay between the individual DHX36 sub-
domains in G4 recognition, we calculated the set of relevant free
energy profiles using umbrella sampling (US) approach [66], as
described below.

To dissociate the complexes of puG4 with DHX36, either includ-
ing or not DSM (systems (i) and (ii), respectively, as described
above), we performed steered MD (SMD) simulations, in which,
starting from the bound state, puG4 was pulled away from the
helicase during 500-ns-long runs. This was done using a moving
harmonic potential with a force constant of 179.42 and 119.61 kc
al/(mol�nm2) (for system (i) and (ii), respectively) applied to the
coordinate defined as the separation distance (r) between the cen-
ters of mass (COM) of the heavy atoms of the guanine core and the
Ca atoms of the OB subdomain (see Fig. 4A).

From thus obtained enforced-dissociation trajectories, we
extracted initial configurations for the US simulations. In particu-
lar, we used 23 uniformly distributed, 0.15-nm separated US win-
dows in the range of r from 1.7 to 5.0 nm. In each of these
windows, the systemwas simulated for 500 ns, using the harmonic
potential with a similar force constant (used during SMD) to
restrain the system along the reaction coordinate r.

To dissociate the three complexes of the DSM a1 helix, formed
either with the 50-tetrad of puG4, the 50-G-tetrad of ffG4 or the 30-
G-tetrad of ffG4 (systems (1), (2) and (3), respectively, as described
above), we performed steered MD (SMD) simulations, in which
DSM was pulled away from G4 during 500 ns run. This was done
using a moving harmonic potential with a force constant of 119.6
1 kcal/(mol�nm2) applied to the coordinate defined as the separa-
tion distance (r) between the COMs of the guanine-core heavy
atoms and the Ca atoms of DSM. From these enforced-
dissociation trajectories, we extracted initial configurations for
the US simulations. In particular, we used 22 uniformly distributed
0.15-nm separated US windows in the range of r from 0.85 to
4.0 nm. In each of these windows the system was simulated for
500 ns, using the harmonic potential with a force constant of 56.
80 kcal/(mol�nm2) to restrain the system along the reaction coordi-
nate r. Due to the tendency of the DSM a1 helix to spontaneously
unfold in the absence of G4, in all simulated systems, we preserved
the DSM helicity using the ALPHARMSD coordinate [67] and a force
constant of 59.8 kcal/mol�nm2 applied.

The free energy profiles were determined after discarding the
first 10% of thus obtained trajectories using standard weighted his-
togram analysis (WHAM) method [68]. Uncertainties were esti-
mated using bootstrap error analysis taking into account the
correlation in the analyzed time series. For the purpose of interac-
tion analysis, the original (biased) umbrella sampling data were
reweighted to recover the unbiased probabilities, using weights
of the form: exp UiðrÞ�Fi

kBT

� �
, where UiðrÞ is the applied biasing poten-

tial and Fi the free energy constant associated with the bias as cal-
culated by the WHAM algorithm, in the i-th US window.
2529
3. Results and discussion

DSM plays a major role in recognition of parallel G4s.
Since the available structural data provide only an indirect

insight into the recognition of native G-quadruplexes by DEAH/
RHAU helicases [50,53], we first examined how the G4-binding
affinity of DSM, the main recognition motif of DHX36, and the
bound-state structure are affected by a helicase-mediated one-
nucleotide register shift in the G-quadruplex (Fig. 1B). To this
end, we computed the free energy profiles for binding of the iso-
lated DSM a1 helix (residues Pro57–Lys78) to the G-quadruplex
from the c-myc promoter (DNAmyc-G4) in the native fully folded
state (ffG4; Fig. 1C), as well as in the register-shifted partially
unfolded state extracted from the co-crystallized complex with
DHX36 [50] (puG4; Fig. 1B). As a reaction coordinate, we used
the center-of-mass distance between the DSM a1 helix and the
guanine cores of the respective G-quadruplexes (Fig. 1D). To retain
the extended a-helical conformation of DSM found in the DHX36/
G4 complex, the helicity of DSM was restrained for the purpose of
our free energy calculations (see Methods).

The well-pronounced ~20 kcal/mol deep minimum in the
resulting free energy curves in Fig. 1D at 0.8–1.1 nm correspond
to DSM tightly bound at the surface of the G-quadruplexes
(Fig. 2A,B). This deep bound state minimum is consistent with high
affinities of DSM for parallel G4s measured in quantitative gel elec-
trophoresis [50,53] and thus support a primary role of DSM in the
recognition process [69]. It should be noted, however, that due to
force field inaccuracies and undersampling of the partially-bound
and unbound states in our umbrella sampling approach, the
obtained profiles should mostly be used for comparative analysis,
as the absolute binding free energies point to a considerable over-
stabilization of the DHX36/G4 complexes.

Importantly, similar binding free energies predicted for both G-
quadruplex folds (<1.5 kcal/mol difference between ffG4 and puG4
in Fig. 1D) indicate that the strength of DSM binding to G4 virtually
does not depend on the base composition of the outer tetrad.
Rather, the DSMmotif seems to be especially suited for recognition
of all-parallel G4 structures characterized by easily accessible flat
surfaces. Therefore, it acts as a specialized anchor for G4s as previ-
ously found by Srinivasan et al. [52] who observed that DSM shows
preference for G4 DNA structures over the canonical double helix.
Furthermore, very high affinities for the parallel G4s are consistent
with the experimentally established capability of DSM to promote
G-quadruplex remodeling towards the all-parallel fold, even
though definitive conclusions would require computing the bind-
ing free energy for other G4 forms as well [48,52,54].

The range 1.3–2.5 nm of r in Fig. 1D corresponds to non-native
DSM/G4 complexes. We found that, in all these partially formed
intermediates, the DSM helix interacts with the 50-tetrad, yet in
an energetically sub-optimal manner, again pointing to specializa-
tion of DSM in sensing flat molecular surfaces. For example, a local
minimum at ~1.6 nm in the case of puG4 corresponds to the state
in which the DSM helix is shifted along the tetrad while its Tyr69
and Ile65 residues interact favorably with the groove region of the
G-quadruplex (Fig. S4).

DSM recognizes parallel G4s through extensive van der
Waals and hydrophobic interactions with a planar G-tetrad
surface.

To investigate in more detail the molecular determinants of the
observed high affinities of DSM for G4 and characterize the role of
the individual interfacial residues in the recognition process, we
further calculated the probabilities of formation of van der Waals
(vdW) contacts (with minimal distance cutoff of 0.4 nm) and
hydrogen bonds (h-bonds) between the DSM a1 helix and the
two G-quadruplex folds in the bound state minima (see Fig. 2A,
B). To this end, the original (biased) US data were reweighted to
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Fig. 2. A, B Representative structures of the DSM a1 helix tightly bound to either puG4 or ffG4, respectively, corresponding to the 0.8–1.1 nm range in Fig. 1D. The equilibrium
probabilities of a given DSM residue making a contact with the G4 are color-coded using a blue scale. Most probable hydrogen bonds are shown with black dotted lines along
with their formation probabilities. Glycine residues in the two adjacent GXXXG motifs in DSM are marked in orange. C Equilibrium probabilities of forming a contact
(minimum distance < 0.4 nm; left) or a hydrogen bonds (right) between pairs of residues across the DSM/G4 binding interface for the complexes involving either puG4 (top)
or ffG4 (bottom). For nucleotide residues, the nucleobase (NB) and sugar-phosphate moieties (BB) are shown separately.
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recover the unbiased equilibrium distribution (see Methods). The
results are presented as h-bond and contact matrices in Fig. 2C.

Contact matrices presented in Fig. 2C show that numerous (>10)
DSM residues make extensive and stable (prob. �1) contacts with
the nucleobase and/or sugar-phosphate moieties, especially of
those nucleotides that form the 50-tetrad (G2 � G6 � G11(A10) �
G15(T14)). A large contact area between DSM and G4 is possible
due the presence of two adjacent GXXXG motifs (see Fig. 2AB) that
form a smooth surface on one side of the DSM helix and allow it to
associate closely with a flat surface of the tetrad. Indeed, a detailed
inspection of the contact matrices reveals that four DSM glycine
residues (58, 62, 66 and 74) make a direct stable vdW contact with
G4. As a result of this intimate interaction, a number of other,
mostly hydrophobic residues, also establish contacts with the 50-
tetrad, e.g., Tyr69 that is involved in p-stacking interactions with
G2 and G6 (>90% prob.), Ala70 interacts with A1 and G2 (>70%
prob.), Leu67 with A1 (>70% prob.) and Ile65 with G6 (>90% prob.).

Notably, the contact patterns with ffG4 and puG4 are very sim-
ilar, reflecting the same alignment of DSM at the G4 surface (see
also Fig. S5), with differences resulting mostly from the DHX36-
induced sequence shift in the 50-tetrad (G11 -> A10 and G15 ->
T14; G2 and G6 stay intact). Also in both cases, the A1 base from
the 50-overhang wraps around the DSM helix and makes with it
multiple stable contacts. Given similar binding affinities (Fig. 1D),
the matching contact patterns found here for puG4 and ffG4
strongly suggest that the identified flat-surface-to-flat-surface
binding mode underlies the essential role of DSM in recognizing
and binding parallel G4s with high specificity [53,69].

We further checked whether polar interactions in the form of
hydrogen bonds also contribute to the stability of the complexes
formed by DSM with G-quadruplexes. H-bond matrices in Fig. 2C
reveal the formation of only a few hydrogen bonds across the
DSM-G4 interface. In particular, in the puG4 case, we only found
one significant hydrogen bond (>40 % prob.), between Asn77 and
the G3 phosphate group (Fig. 2A). Lack of hydrogen bonds suggests
that the high binding free energy observed for the DSM/G4 com-
plexes results from the van der Waals and hydrophobic attractive
forces between the two extended apolar surfaces. Because the sec-
ond loop in ffG4 is 1 nt longer, a few additional h-bonds are formed
in this case between the phosphate groups of G11 and G6 and basic
groups of DSM (Lys61, Arg63, Lys76 and N-terminal Pro57) with
probabilities well exceeding 50 %. They might account for a slightly
higher affinity for ffG4 predicted by our simulations.

Preferential binding of DSM to the 50-G-tetrad results from a
tighter contact between the surfaces.

Next, we investigated the molecular basis of the known prefer-
ence of DSM for binding to the 50-G-tetrad of parallel G4s [50,53].
To this end, we used the same approach as above to obtain the free
energy profile for binding of the DSM a1 helix to DNAmyc-G4, in this
case, however, to the most plausible alternative binding site, i.e.,
the 30-G-tetrad. The resulting profile (30ffG4) is compared to the
original one describing the 50-G-tetrad binding (50ffG4) in Fig. 3A.

As can be seen, the binding of DSM to the 30-G-tetrad of G4
(30ffG4) is also characterized by a well-defined global minimum
indicative of a stable complex. However, the DSM affinity for the
30-G-tetrad is predicted to be ~5 kcal/mol lower than for the 50-
G-tetrad, consistently with earlier NMR results, which demon-
strated that binding of DSM to the 30-G-tetrad only occurs at signif-
icantly higher peptide concentrations [53] or when it is enforced
by G4 dimerization through the 50-G-tetrads [70]. Given the key
role of DSM in G4 recognition, its strong preference for the 50-G-
tetrad might be critical for dictating the overall binding mode,
and hence for properly orienting G4 for interactions with other
DHX36 subdomains involved in the unfolding.

To gain a better understanding of the observed preference for
the 50-G-tetrad, we characterized the 30-G-tetrad binding mode
2531
(30ffG4) by analyzing complex-stabilizing vdW contacts and hydro-
gen bonds, using the same approach as above for the 50ffG4 mode.
The resulting contact matrix shown in Fig. 3D reveals that, also in
the 30ffG4 case, DSM makes extensive contacts with the G-tetrad
accounting for a relatively high affinity. Identical DSM residues
involved in the interaction with G4 imply that, similarly as at the
50-G-tetrad, the DSM helix is oriented with its flat side towards
the 30-G-tetrad (Fig. 3BC). Therefore, the contact pattern is essen-
tially the same as before with the difference that the nucleotides
are replaced by the ones forming the 30-G-tetrad
(G4 � G8 � G13 � G17).

However, in the 30ffG4 case, the calculated equilibrium contact
probabilities are almost uniformly lower than the corresponding
ones for 50ffG4 (Fig. 2C). This systematic shift in contact stabilities
suggests that the observed preference of DSM for binding to the 50-
end of the G-quadruplex is a result of more favorable vdW and
hydrophobic interactions with the G-tetrad. A detailed analysis of
the binding mode indicates that a weaker vdW attraction to the
30-G-tetrad is caused by a slightly more protruding sugar-
phosphate moieties that sterically prevent the bulky DSM helix
from optimally adsorbing at the flat surface of the guanine plane.
Differences in the arrangement of the sugar phosphate backbone
between the 30- and 50-ends of parallel G-quadruplexes arise from
DNA strand polarity and were discussed before in the context of G4
binding preferences [71,72].

H-bond matrix in Fig. 3D demonstrates the existence of only
one strong hydrogen bond between Arg63 and T9 phosphate group
again pointing to a marginal role of polar interactions in driving the
binding of DSM to G4.

OB cooperatively enhances binding affinity for G4 via specific
polar interactions with the 50-end segment of the DNA
backbone.

Previous in vitro binding studies as well as in vivo assays have
shown that the DSM motif is essential but not sufficient for high-
affinity G-quadruplex binding by DHX36 [52,69,73]. It has also
been reported that DHX36 is able to bind G4 even after deletion
of DSM, though with lower affinity [48]. Therefore, prompted by
the recent crystal structure demonstrating that also the OB subdo-
main is implicated in the interaction with G4 [50], we set out to
clarify the relative contribution of OB to G4 recognition. With this
purpose, we first obtained the model consisting of the puG4 G-
quadruplex bound to DHX36 with the DSM motif removed (see
Methods) and determined the free energy profile for the G4 bind-
ing to the OB subdomain only (Fig. 4A). As a reaction coordinate,
we used the center-of-mass distance between the OB Ca atoms
and the guanine core of G4.

A deep free energy minimum of ~16 kcal/mol, found at 1.8–
2.1 nm, corresponds to the OB/G4 bound mode identical to that
in the full complex (see Fig. 4B,C), while the other noticeable local
minima (at 2.5 and 3.1 nm) characterize loosely-bound intermedi-
ates of the mostly intact puG4 (for a detailed description see
Figs. S8 and S9). Thus, the obtained profile clearly confirms the
important role of the OB subdomain in G4 recognition; however,
the OB contribution to the binding free energy is predicted to be
markedly lower than that of DSM (~20 kcal/mol as indicated by
the deep global minimum in Fig. 1D).

Further, to determine whether the binding free energy of G4 to
OB depends on DSM being already bound to 50-G-tetrad, i.e.,
whether the G4 binding by DHX36 is cooperative in nature, we
recomputed the OB/G4 free energy in the context of the full-
length DHX36, that is in the presence of DSM helix bound to the
50-G-tetrad (+DSM in the inset in Fig. 4A). To make sure DSM inter-
acts optimally with G4 regardless of the OB-G4 distance, we
focused on the local response of the free energy profile by limiting
the range of the reaction coordinate to 1.8–3.1 nm. Indeed, com-
parison of the DSM-G4 contacts and h-bonds observed in this sim-
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Fig. 3. A Comparison of the free energy profiles for binding of the DSM a1 helix to the 30- (30ffG4, red)) and 50-G-tetrad (50ffG4, cyan) of ffG4. For convergence of the free
energy simulations see Figs. S2 and S6 B, C Representative structures of the tightly bound complex of the DSM a1 helix and 30ffG4, corresponding to the 0.8–1.1 nm range in
Fig. 3A. The equilibrium probabilities of a given DSM residue making a contact with the G4 are color-coded using a blue scale. Most probable hydrogen bonds are shown with
black dotted lines along with their formation probabilities. D Equilibrium probabilities of forming a contact (minimum distance < 0.4 nm; left) or a hydrogen bonds (right)
between pairs of residues across the DSM/G4 binding interface for the complexes involving 30ffG4. For nucleotide residues, the nucleobase (NB) and sugar-phosphate moieties
(BB) are shown separately.
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ulation (Fig. S10) with those determined above for the DSM/puG4
complex (Fig. 2C) confirms that DSM remains optimally bound to
the 50-G-tetrad over the entire considered range of the reaction
coordinate.
2532
By comparing the two curves in the inset of Fig. 4A, we see that
the presence of DSM does not change the general character of the
binding free energy profile, however, the minimum corresponding
to the native complex is over 4 kcal/mol more stable. This signifi-
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Fig. 4. A Free energy profiles for binding of the parallel G-quadruplex (puG4) to the OB subdomain of DHX36 in the absence of DSM. For convergence of the free energy profile
see Fig. S7. The inset shows the comparison of this profile (�DSM), in the bound-state minimum region, to the one obtained in the presence of DSM bound to the 50-G-tetrad
(+DSM), indicating ~4 kcal/mol deepening of the global minimum in presence of DSM. B Representative structure of puG4 the tightly bound to the OB subdomain,
corresponding to the 1.8–2.1 nm range of r in panel A. The equilibrium probabilities of a given OB residue making a contact with the G4 are color-coded using a red scale. C
Representative structure of the tightly-bound native complex of puG4 with the OB subdomain showing the most probable complex-stabilizing hydrogen bonds (as dotted
lines), along with their formation probabilities (two views of the same snapshot). D Equilibrium probabilities of forming a contact (minimum distance < 0.4 nm; left) or a
hydrogen bonds (right) between pairs of residues across the puG4/OB binding interface in the absence (top) and presence (bottom) of the DSM subdomain. For nucleotide
residues, the nucleobase (NB) and sugar-phosphate moieties (BB) are shown separately.
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cant enhancement of OB affinity for G4 in the presence of the 50-G-
tetrad-bound DSM allows us to conclude that both DHX36 subdo-
mains bind to G4 cooperatively. Structurally, this finding can be
understood by considering that the DSM a1 helix and OB together
form continuous binding interfaces that embrace both sides of the
G-quadruplex and thereby can mutually stabilize each other (see
Fig. S11). This conclusion is additionally supported by the free
energy profile describing the simultaneous binding of G4 to both
G4-interacting sites, in the context of the full-length DXH36
(Fig. S12). Even though this profile suffers from similar bound state
overstabilization as those discussed above, it again points to a syn-
ergistic effect, as the free energy gain due to G4 binding to both
sites at the same time (�48 kcal/mol) significantly exceeds the
sum of individual gains (�20 and �16 kcal/mol for isolated DSM
and OB, respectively).

To provide a molecular-level description of OB/G4 binding ener-
getics and its dependence on the presence of DSM, we subse-
quently analyzed complex-stabilizing vdW contacts and
hydrogen bonds, using the same approach as described above.
The contact matrices in Fig. 4D show that the OB/G4 interaction
is mediated by several protein residues distributed throughout
the OB domain, most of which, however, belong to the Asn851–
Lys860 reverse turn motif, referred to as the OI loop; (see bottom
part of the matrix in the Fig. 4D and Fig. S13). As can be also seen
in Fig. 4B, the OI residues make stable contacts with the first three
50-terminal guanine nucleotides (G2, G3 and G4) as well as with
the G4’s 30-end, mainly G16 and G17. The observed contact pattern
arises because the OI loop binds to the 30-end and, at the same
time, aligns itself parallel to the 50-terminal part of the sugar-
phosphate backbone (the first G-tract) to form with it several
specific polar interactions.
Fig. 5. A Representative structures of a the binding interface between puG4 and the flexi
complex. The equilibrium probabilities of a given LK�Q residue making a contact with th
with black dotted lines along with their formation probabilities. B Equilibrium probabi
(bottom) between pairs of residues across the LK�Q/G4 binding interface in the complex
sugar-phosphate moieties (BB) are shown separately.

2534
Indeed, h-bond matrices in the Fig. 4D demonstrate that, in con-
trast to DSM, the OB subdomain is involved in strong h-bonding
interactions with G4. In particular, Leu852, Gly853 and Asn851
were found to form high-probability h-bonds with the phosphate
group of G4 (see Fig. 4C, right), while Lys860 and Tyr862 interact
stably with the G3 phosphate (Fig. 4C, left). At the same time,
Ser898, Gly853 and Ile871 make weaker h-bonds with the 30-
terminal guanine nucleotides, G16 and G17.

Comparison of the interaction matrices between the +DSM and
�DSM systems (Fig. 4D) reveals that the binding of DSM domain to
50-G-tetrad does not affect the general OB/G4 contact and h-bond
pattern, however, it leads to a visible increase in the stability of
the hydrogen bonds, mainly those with the 50-end G-tract. This
enhancement of hydrogen bonds is associated with pronounced
conformational changes of the side chains involved (see Fig. S13).

Flexible loop in the RecA2 domain might help to anchor a
G-quadruplex.

During our MD-based refinement of the completed, full-length
DHX36/G4 complex, the flexible 13-residue loop of the Rec2
domain, missing in the crystal structure (Lys414–Gln426; LK�Q in
Fig. 1A, see also Fig. S1), showed a clear tendency to interact with
the G-quadruplex loop, and hence may provide a third interface
involved in G4 recognition. This finding agrees with the results of
shorter MD simulations of a modeled complex of parallel G4 with
DHX36 from D. melanogaster [47], in which the same missing loop
was observed to interact with G4. Here, we examined this interac-
tion in more detail applying the same analysis of vdW contacts and
h-bonds as above to the 1 ls-long unbiased trajectory of the
DHX36/G4 complex.

Both contact and h-bond probabilities in Fig. 5 consistently
show that the interaction of LK�Q with G4 is mostly polar in nature,
ble LK�Q loop (Lys414–Gln426) identified in our simulations of the full DHX36/puG4
e G4 are color-coded using a green scale. Most probable hydrogen bonds are shown
lities of forming a contact (minimum distance < 0.4 nm; top) or a hydrogen bonds
formed by the full-length DHX36. For nucleotide residues, the nucleobase (NB) and
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with the most stable hydrogen bonds forming between Gln419 and
the nucleobase and backbone moieties of G13 in the G4’s third loop
(Fig. 5A). Since this guanine nucleotide is pulled out of the 50-G-
tetrad during the DHX36-mediated unfolding, it could be specu-
lated that the observed interaction with Gln419 is important for
stabilizing the partially unfolded state of the G-quadruplex. The
remaining residues of LK�Q contributing to the interaction with
G4 include Lys421 and Arg417 that form moderately stable h-
bond-enhanced ion pairs with the phosphate groups of G15 and
G13, respectively. Note that the h-bond stability is low enough
for the loop to remain flexible (as indicated by the root mean
square fluctuations in Fig. S14), such that it apparently is not
resolvable by X-ray crystallography.

To determine whether the LK�Q-mediated interaction with G4
also shows cooperativity with other DHX36 subdomains, we
repeated the same interaction analysis taking as an input a 1 ls
unbiased trajectory of the DHX36/G4 complex with the entire
DSM region removed (Fig. S15). By comparing Fig. 5B and
Fig. S15, we found that virtually all LK�Q-G4 hydrogen bonds are
destabilized in response to the removal of DSM. In particular, h-
bonds formed by Gln419 have their probabilities decreased ~7-
fold, while those formed by Lys421- and Arg417 are affected less
heavily. This finding is again strongly indicative of a cooperative
nature of G4 binding by DHX36.

4. Conclusions

DHX36, an ATP-dependent DEAH-box helicase, is known to bind
and resolve RNA and DNA G-quadruplex (G4) substrates, providing
polymerases and ribosomes with unfolded single-stranded tem-
plates [41,42]. In this work we investigated the molecular basis
of DHX36 specificity for parallel-type G4s, using molecular
dynamics-based free energy calculations along with the recently
solved crystal structure of DHX36 in complex with the G-
quadruplex from the c-myc promoter [50].

By computing binding free energy profiles, we found that the
two main DHX36 subdomains involved in the specific recognition
of G4s, DSM and OB, separately exhibit a high affinity for
parallel-stranded G4s, in agreement with the reported high stabil-
ity of the DHX36/G4 complex [50,53]. We also concluded that, in
the full-length helicase, G4 binding to DSM and OB sites is cooper-
ative and, consistently with previous structural data [50], that the
two subdomains are optimized for sensing two distinctive features
of parallel G-quadruplexes, i.e., the exposed planar face of a G-
tetrad and the specific backbone conformation of a G-tract, respec-
tively. Since these features are common to all parallel G4s, this
binding mode might explain why the unfolding activity of
DHX36 does not strongly depend on the loop length [74]. In fact,
when the telomeric, parallel-stranded G4 is superimposed on the
studied DHX36/G4 complex, only minimal steric clashes are found
between the longer G4 loops and DNA-binding interfaces of the
helicase (Fig. S16).

In particular, our simulations indicated that the interaction of
the flexible DSM a1 helix with the 50-G-tetrad is the main contrib-
utor to the binding free energy, explaining the essential role of
DSM in G4 binding and subsequent processing. Importantly, the
DSM motif does not discriminate between the fully folded and
DHX36-induced partially unfolded conformations of G4, indicating
that the binding affinity does not depend on a particular base com-
position. Rather it relies solely on extensive contacts between the
two adjacent GXXXG motifs as well as hydrophobic residues of
DSM with the guanine plane. Furthermore, we found that the pre-
viously observed preferential binding of DSM to the 50-G-tetrad
[53] can be attributed to the fact that this face of parallel G4s is
sterically more accessible and thus allows for more favorable van
2535
der Waals and hydrophobic interactions between the two flat
surfaces.

In contrast to DSM, OB binds to G4 mostly through polar inter-
actions. More specifically, its OI reverse turn motif tends to align
with the 50-terminal G-tract to form a number of strong hydrogen
bonds with the backbone phosphate groups. The OB contribution
to the binding free energy is overall lower than that of DSM and
was predicted to depend on whether or not DSM is already bound
to the 50-G-tetrad, reflecting the cooperative nature of the G4
recognition process.

Finally, our simulations also revealed the existence of a third
DHX36/G4 interaction site formed by the 13-residue flexible
region in RecA2 domain (LK�Q), missing in the crystal structure
[50].Detailed interaction analysis suggested that this region may
participate in both an initial cooperative anchoring of G4 as well
as the stabilization of its partially unfolded conformation, consis-
tently with the previous MD simulations of a model of the
dmDHX36/G4 complex [47].
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