Molecular
BioSystems

Accepted Manuscript

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Molecular
Biosystems

wwrse orglmolecularbiosystems

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's

standard Terms & Conditions and the Ethical guidelines still

@Hmm apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript

or any consequences arising from the use of any information it

contains.

b

1y &

~

ROYAL SOCIETY .
OF CHEMISTRY www.rsc.org/molecularbiosystems


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 5

Molecular'BioSystems

Journal Name

[ ROYAL SOCIETY

OF CHEMISTRY

Reverse Watson-Crick G-G base pair in G-Quadruplex formation

Soma Mondal®, Jyotsna Bhat®, Jagannath Jana®, Meghomukta Mukherjee’ and Subhrangsu

) Chatterjee®*
Received 00th January 20xx,

Accepted 00th January 20xx
DOI: 10.1039/x0xx00000x

www.rsc.org/

A stable intermediate dimeric G-rich form as a precursor of
tetrameric G-quadruplex structures has been detected by MALDI-
TOF Spectrometry. Molecular Dynamics Simulation offered detail
insights at atomic level assigning reverse Watson-Crick G-G base
pairing (not Hoogsteen) in the G-rich dimer. In support, cisplatin
formed stable adduct binding to dimeric G-rich structure
eliminating the possibility of G-G Hoogsteen hydrogen bond
formation.

Besides the canonical B-DNA that has right handed double helical
structure stabilized by Watson-Crick base pairingl, repetitive G-rich
sequences can fold into non-canonical structure known as G-
quadruplex. A G-quadruplex structure consists of m-m stacking of
planar G-tetrads stabilized by Hoogsteen type hydrogen-bondsz‘ 3,
G-rich sequences are abundantly distributed in telomeric region of
human DNA and in promoter of many oncogenes”, thus
contributing a significant role in many biological processess’ ° G-
quadruplexes can be formed from single strands (intramolecular),
two strands (bimolecular) and four strands (tetramolecular)w.
Furthermore, intermolecular  G-quadruplexes are gaining
importance nowadays for engineering of nano-molecular devices
owing to their stable and rigid three dimensional scaffolds and
inherent electronic propertiesu'”. In addition, intermolecular G-
quadruplex structures bring in frontier concepts in developing anti-
cancer™ and anti-HIV therapeutics16 for near future. Among all the
intermolecular  G-quadruplex structures, tetramolecular G-
qguadruplex structure emerged as a new vision due to their
symmetry and thermodynamic stability. Many studies related to the
mechanism of tetramolecular G-quadruplex formation has been
already investigated”’ 18 through kinetics'®?° and thermodynamic
studies™ %2 Structures adopted by short G-rich sequences
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Scheme S1.Proposed mechanism of G-Quartet formation from G-G Reverse
Watson Crick G-G base-pairs

containing one flanking base at the 3' or 5' or both the ends have
been shown to form parallel quadruplex structures™. As from the
recent literature on intermolecular G-quadruplex formation it was
observed that there has been no scientific clue, evidence on atomic
level how an intermolecular G-quadruplex form. The possible G-G
base pairing conformation, pathway of forming G-G Hoogsteen
hydrogen bonded base pairing state in the three dimensional
scaffolds of Quadruplexes have not been extensively mined out.
Now here in this report we cultivated results which showed that
monomeric to dimeric G-rich DNA formation can happen through G-
G reverse Watson-Crick type hydrogen bonding. The closed,
stabilized G-G reverse Watson-Crick base pairs in dimeric form open
up to form active functional G-G Hoogsteen base pairs which act as
a building block of G-quartet structure [Scheme 1]. Sharma et al has
previously reported the participation of G-G reverse Watson-Crick
hydrogen bond in multi-modality for edge interactions®® in RNA. We
studied four DNA sequences listed in [Table S1] using NMR, CD
spectroscopy, gel electrophoresis and MALDI-TOF spectrometry. To
support experimental findings we further performed molecular
dynamics simulations. CD is mainly used to reveal information
regarding the conformation of G-quadruplex structures. The CD
spectra of all the GG4 sequences were recorded after overnight
incubation at 4°C [Figure S1(A),(C)]. CD spectra of GG4(A) shows a
positive peak around 260 nm characteristics of parallel quadruplex,
whereas GG4(T) shows a positive peak around 285 nm with a
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minima around 261 nm which indicates antiparallel type
structure®. The CD spectra of GG4(C) displays two positive peaks
one at 285 nm and the other at 256 nm which is the characteristic
peak of C rich duplex DNA. Interestingly, for G rich sequences
Laure et al.”’ has shown that for the sequences where 7 <n £ 13( n=
no .of guaninyl residues) the G-tract remains unfolded, therefore
though GG4(G) shows a positive peak around 260 nm it remains
single stranded. GG4(AT) exhibits a positive peak around 262 nm,
quite different from the summation of GG4(A) and GG4(T) CD
spectra which indicates the existence of other conformations
including that of the GG4(A) and GG4(T). On the contrary, GG4(GC)
displays a positive peak around 260 nm which is similar as the
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Figure 1.MALDI-TOF spectra of GG4 sequences after two months incubation
at 4°C using 3-HPA as matrix (A)GG4(A), inset [zoomed region of GG4(A)
tetramer] (B)GG4(T), inset [zoomed region of GG4(T) tetramer]
(C)GG4(G)(D)GG4(C), inset [zoomed region of GG4(C) triplex] (E)GG4(AT),
inset [zoomed region of GG4(AT) tetramer] (F)GG4(GC), inset [zoomed
region of GG4(C) triplex].X= ammonium ion.

summation of ellipticities of both GG4(C) and GG4(G) indicating the
presence of duplex conformations of GG4(C) and single stranded
conformation of GG4(G). Next, the CD spectra of GG4 sequences
were taken after two months incubation at 4°C [Figure S1(B),(D)].
GG4(A) and GG4(T) both show positive peak near 260 nm
accompanied by an enhancement in CD signal, thus GG4(T)
undergoes structural transition from antiparallel type structure to
parallel stranded G-quadruplex structure. In contrast, the spectral
patterns for GG4(C), GG4(G) and GG4 (GC) remain unaltered after
two months indicating presence of stable duplex and single strand.
In case of GG4(AT), after two months of incubation the CD spectra
showed a positive peak near 262 nm, strikingly this spectra
resembles the spectra generated from the summation of individual
ellipticities of GG4(A) and GG4(T), this observation directly confirms
the existence of primary conformations of GG4(A) and GG4(T) in
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their mixtures. MALDI-TOF mass spectrometryzg‘ % was employed

for these sequences to unravel the intermediates that lead to build
stable quartet conformation of GG4 sequences with time. MALDI-
TOF spectra were recorded after the sequences were annealed in
ammonium citrate dibasic and incubated at 4°C for overnight with
successive time intervals of 1 month and 2 month respectively. G-
quadruplex conformation remains the same in both K" and NH4"
solution [Figure S2]. When MALDI-TOF spectra were recorded after
overnight incubation we find an equilibrium between monomer and
dimer for all the sequences except GG4(G) which exists as a
monomer [Figure S3 and Table S3]. Interestingly, for GG4(C) a
stable trimer (triplex) is also detected. Mixed strand stoichiometry
is detected for GG4(AT) dimer [Figure S3(E) inset]. In GG4(GC) we
observed an equilibrium between GG4(C) monomeric and duplex
forms but no mixed duplex is detected involving monomeric
GG4(G)and GG4(C). Spectra recorded after 1 month incubation
reveals formation of trimer (less amount) for all sequences along
with monomer and dimer except for GG4(G) which still exists as
monomer [Figure S4 and Table S4]. Mixed strand stoichiometry is
again detected for GG4(AT) dimer [Figure S4(E) inset].GG4(GC)
reveals no mixed conformation. The spectra recorded after two
months incubation reveals the formation of tetramers with very low
intensity for GG4(A), GG4(T) and GG4(AT) [Figure 1(A) inset, 1(B)
inset, 1(E) inset] in MALDI-TOF spectrometry. When GG4(A)
tetramer formation is just initiated GG4(T) comprised a proper
tetramolecular G-quadruplex bound to three ammonium ions. In
addition we detect some slipped G-quadruplex structures™” 18,
consisting of none, one and two ammonium ions for the GG4(A),
GG4(T) and GG4(AT) sequences. In course of time there is an
enhancement in signal in MALDI footprints for the dimers and
trimers of all the sequences [Figure 1 and Table S5]. Now in MALDI-
TOF spectrometry GG4(A) and GG4(T) both showed presence of
dimer much higher than that of the trimer as well as tetramer.
Though intermolecular structures are highly concentration
dependent one dimensional proton spectra were performed at 10°C
to find out the nature of secondary structures adopted by the GG4
series. The imino protons appear around 11.0 ppm [Figure S5(A)]
for GG4(A), GG4(T) and GG4(AT) indicating formation of G-
quadruplex structures®’. For GG4(C) and GG4(GC) imino protons are
detected around 13.0 ppm [Figure S5(B)] suggesting formation of
duplex structures®. Single stranded conformation of GG4(G) is
evidenced with no appearance of imino signals in down field region
[FigureS5(B)]. Gel electrophoresis data revealed slow migration rate
of GG4(A), GG4(T) and GG4(AT) followed by GG4(C) and GG4(GC)
indicating the presence of G-quadruplex and duplex forms
respectively. For GG4(G) there is no band seen indicating single
stranded nature of GG4(G) [Figure S6] (Ethidium bromide does not
bind with single stranded DNA). We further continued our studies
with GG4(A), GG4(T) and GG4(AT) as these sequences has the
potential to form G-quarduplex structures. The two most probable
mechanism of tetramolecular G-quarduplex formation reported till
date are (i) monomer-dimer-tetramer in which coupling of dimer is
the rate determining step19 (i) monomer-dimer-trimer-tetramer
where tetramer formation is the rate determining steplS.We mainly
focussed on the dimeric structure obtained in high yield in the mass
spectrometry whose structural elucidation is not very clear. We
simulated the dimeric G-rich structure (duplex) consisting of G-G
Hoogsteen base pairs keeping the strand orientation in parallel
direction to provide detail insights at atomic level. In simulation we
observed the rearrangement of hydrogen bonding pattern of G-G
base pairs. In first phase , G-G bases get unpaired and guanine
bases are opened up. During further production run G-G pairing is
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re-established by means of reverse Watson-Crick hydrogen
bonding?’1 and remained stable throughout the period [Figure 2(A)],
(structural transition can be clearly seen in AVI movie provided in
the supporting information). It has already been reported that to
form parallel duplex structure base pair in reverse Watson-Crick is
more favoured than normal Watson-Crick bonding 32 Asseenin
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G)N2H-N7(Acceptor G) distance is represented in three dimensional
energy landscape of conversion of Hoogsteen pair to Watson-Crick
pair [Figure 2(D) inset]. Similar results are observed for GG4(A) and
GG4(T). From the Molecular dynamics simulation in the explicit
solvent for all dimeric G rich structures (GG4(A), GG4(T), GG4(AT)) it
is very well understood that the reverse Watson-Crick hydrogen
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Figure 2.(A)Ensemble structure of GG4A(top), GG4T(middle) and GG4AT(bottom) along with reverse Watson Crick hydrogen bonding (B)B-factor
estimation of each atom is illustrated in top region and G rich regions of first and second strand of GG4T, GG4AT and GG4A are enlarged for detailed
understanding. (C)Total number of hydrogen bonds at each time step over entire simulation run(50ns), up arrow points at enlarged graph of number of
hydrogen bonds during first 10 ns simulation run and down arrow points at enlarged graph of number of hydrogen bonds during last 10 ns simulation
run (D)Change in total energy in GG4AT with respect to time and the corresponding change in N2H-N7 distance (inset)

[Figure 2(C)], for first 10 ns total number of hydrogen bonds are
fewer in number [GG4(A):3, GG4(T):2 and GG4(AT):3(average
values)] however, hydrogen bonding is increasing with the
progression of simulation run. During 40-50 ns simulation period
the total number of hydrogen bonds increased to GG4(A):4,
GG4(T):7 and GG4(AT):8(average values). Also these hydrogen
bonds are stable as illustrated by hydrogen bond occupancy values
[Table S6]. B-factor analyses of all the atoms showed that the G-
region of all the three systems are most stable compared to the
terminal bases [Figure 2(B)].MMPBSA energy calculation suggested
that the total energy content of the system is decreasing during the
simulation thus resulting into more stable conformations [Table S7].
Change in total energy in GG4(AT) with respect to time is shown in
[Figure 2(D), Figure S9] also the corresponding change in (Donor

This journal is © The Royal Society of Chemistry 20xx

bonding involved in G-G base pairs stabilize the dimeric form of
DNA. The simulation though was augmented with G-G Hoogsteen
base pairing reverse Watson-crick G-G paired dimers become the
end result. This observation was validated by MALDI-TOF of G-G
dimer in presence of cisplatin (Molar mass 300 g/mol). As cisplatin
binds to N7 atoms of two consecutive guanines33 dimeric G-G pair
has to be in reverse Watson-Crick hydrogen bonded conformation
to facilitate the cisplatin DNA adduct formation. Here we could find
a signal of G-G dimer bound to one and two cisplatin moiety shown
in [Figure 4(A, B, C)] . This experimental observation is alighed with
that of the theoretical molecular dynamics simulation. Interestingly
in G-G pairing the imidazole ring of both the Gs are not involved in
the base-pairing. If N1-H-O6 hydrogen bond in pairing is cleaved
formation of N(2)-H-N7 bond simultaneously occur to save the

J. Name., 2013, 00, 1-3 | 3
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energy loss. This Watson-Crick pairing switched to Hoogsteen
pairing opens one acceptor and a donor arm which ultimately
couple with another G-G Hoogsteen base-pairing to form G
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Figure 3.(A)MALDI of GG4(T) with cisplatin (B)Model structure of cisplatin
bound to dimeric structure of GG4(T) (C)cisplatin bound to N7 of guanine
(D)G-G reverse Watson-Crick base pair.

quadruplex structure [Scheme 1 ,S2]. The central N-H-O hydrogen
bond being the backbone of the switch of 06-H-N1 to N2-H-N7
makes the coupling of the pairs of dimers (GG) to produce
quadruplex. In a quadruplex structure there are two types of
hydrogen bonds** (i) N1(Donor G)-H-O6 (Acceptor G) (ii)
N7(Acceptor G) -H - N2(Donor G). The central N-H-O signal is sharp
in NMR spectroscopy confirming the slow exchange of the central
proton. On the contrary the peripheral N2-H-N7 does not appear in
NMR confirming fast exchange.

In short it is proven that the stable dimeric G rich form is dictated
by G-G reverse Watson-Crick bonded base pairs. However, reverse
Watson-Crick G-G pair cannot lead to form G quartet structures
without switching to Hoogsteen pairing. This emphasizes GG ="
Watson-Crick -onverts to GGM°®'*®" functional pairing which in turn
couple with another GG pair to form tetramolecular G-
quarduplex structure. Thus GGReverse Watsen-Crick o -onceptualized as
the dormant, locked conformation of G-G base pair whereas
GG%®"*®" is the open, active, functional form.

Hoogsteen
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