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The influence of the G-quartet structural integrity on the catalytic activity of the G-quadruplex (G4)
was investigated by comparing the G4-DNAzyme performances of a series of G4s with a G-vacancy
site and a G-triplex (G-tri). The results presented herein not only confirm that the structural integ-
rity of the 3'-end G-quartet is necessary for G4s to be catalytically competent but also show how to

remediate G-vacancy-mediated catalytic activity losses via the addition of guanine surrogates in an
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approach referred to as G-vacancy complementation strategy that is applicable to parallel G4s only.
Furthermore, this study demonstrates that the terminal G-quartet could act as a proximal coordi-
nating group and cooperate with the flanking nucleotide to activate the hemin cofactor.

© 2021, Dalian Institute of Chemical Physics, Chinese Academy of Sciences.

Published by Elsevier B.V. All rights reserved.

Since Breaker and Joyce discovered DNAzymes [1], catalytic
nucleic acids have gained special attention [2—4] thanks to their
designability, versatility, and biocompatibility, which make
them efficient biodevices in various fields, including chemical
transformations [5,6], biosensing [7,8], and chemical biology
[9]. An important biocatalytic system is the G-quadruplex (G4)
DNAzyme, which results from the non-covalent association of
G4s and the hemoprotein cofactor hemin. G4-DNAzymes show
controllable catalytic properties (notably via the selection of
the DNA sequence the G4 folds from) and a wide substrate
scope [10-13]. Recently, numerous strategies have been de-
vised to improve the activity of G4-DNAzymes and gain insights
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into their intrinsic catalytic mechanism, including the addition
of external boosters [14—17] and fine-tuned sequences [18-25].

Beyond these efforts, little is known about how the external
G-quartet, which interacts with hemin and is important in the
catalysis process, affects the G4-DNAzyme properties of the G4
it belongs to. In previous studies [12,26,27], Sen and colleagues
proposed a catalytic model in which the catalytic intermediate
was a hexacoordinated hemin iron, on the basis of both UV-Vis
[12] and electron paramagnetic resonance (EPR) spectroscopy
[27]. Yamamoto et al. [28,29] applied vibrational and nuclear
magnetic resonance (NMR) spectroscopies to further investi-
gate the coordination state of the hemin iron. These studies
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Table 1
DNA sequences used in this study.

Name Sequences (5'-3")

GV1 TTGTGTGGGTGGGT GGG T
GV2 TTGGTGGGTGGG T GGG T
GV2A TTGGTGGGT GGG T GGG A
GV2TC TTGGT GGG T GGG T GGG TC
PG4 TT GGG T GGG T GGG T GGG T
G4A TT GGG T GGG T GGG T GGG A
G4TC TT GGG T GGG T GGG T GGG TC
G-Tri TT GGG T GGG T GGG
TG3T TGGGT

concurred with a double role of the external G-quartet of the
G4, behaving as both a hemin-binding site via m-m stacking in-
teractions and a hemin activator by providing a proximal ligand
(e.g, through G-flipping) that completed the coordination
sphere of the iron atom (the sixth coordinate being the sto-
chiometric oxidant H202) [27,30-33].

To further investigate whether a guanine could actually co-
ordinate bound hemin and how the structural integrity of the
external G-quartet of a G4 could influence its catalytic proper-
ties, we implemented a strategy based on G-vacancy (GV) sites.
To date, only three GV structures have been elucidated
[34-36]. We selected two GV structures (GV1 and GV2) de-
scribed by Phan et al. [34,36] as starting models (sequences are
shown in Table 1). Our strategy, which is schematically depict-
ed in Fig. 1, relies either on the study of GVs in interaction with
guanine surrogates [guanosine (G) or acycloguanosine, also
known as acyclovir (A)] or that of a G-triplex (G-Tri) in interac-
tion with a TG3T strand in order to restore a complete 3'-end
external G-quartet (the privileged hemin-binding site) [18,37]
in a controlled manner.

We first analyzed the G4 folding of both GV1 and GV2 using
circular dichroism (CD) spectroscopy. The obtained CD signa-
tures (a negative peak at approximately 245 nm, a positive
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Fig. 1. Schematic representation of the influence of the G-quartet integ-
rity on the G4-DNAzyme activity. Upper panel: G4 with a G-vacancy site
(GV) (structure of GV2 is shown here, PDB ID is 6K3X) can be complet-
ed by the free guanine surrogates [(acyclovir (A) and guanosine (G)].
Lower panel: the G-quartet integrity of a G-triplex (G-Tri) was restored
with the single-stranded G-rich sequence TG3T.

peak at approximately 265 nm, Fig. S1) confirmed the G4 folds
and indicated that both were parallel G4s, as previously
demonstrated [35,36,38—40]. Noteworthily, the intensity of the
positive peak at approximately 265 nm for GV1 and GV2 was
slightly lower than that for an intact 3-quartet parallel G4 (PG4)
as a result of the G-vacancy. Next, the catalytic properties of
GVs and their G/A partners were assessed via the classical
ABTS oxidation reaction (Fig. 2). Reaction rates obtained with
GV1 and GV2 (11.7 and 31.7 nM/s, respectively) were lower
than that of the structurally intact G4 (PG4, 59.9 nM/s, that is,
5.1 and 1.9-fold higher than that of GV1 and GV2, respectively,
Fig. 2(b)). These results indicated that the structural disruption
of the external G-quartet strongly impacted the G4-DNAzyme
activity.

Recent reports [35,36,38] show that guanine derivatives
such as acyclovir (A) and guanosine (G) have considerable af-
finities toward GVs and are excellent candidates as GV fillers
(Fig. 2(a)). Here, an increasing concentration of A/G (between 2
and 100 mol equiv.) gradually improved the catalytic activity of
GVs, and reached a plateau at [A]/[GVs] = 20, once the majority
of vacancies in GV were filled by A/G (Figs. 2(c,d), S2, and S3).
In addition, the final activity of GV1 + A/G was not completely
restored compared to that of PG4 (Fig. 2(c)), which might be
due to the thymine bulge (left panel in Fig. 2(a)). Furthermore,
CD spectra (Fig. S1) and UV-melting data (Fig. S4) for GVs with
guanine derivatives proved that the addition of GV fillers en-
hanced the stability of G4s. Control experiments performed
with A/G without GVs or with PG4 (Fig. S3) confirmed that they
did not influence the catalysis alone. Altogether, these results
confirmed that restoring the structural integrity of the 3'-end
G-quartet positively impacted the catalytic properties of re-
sulting G4s, without fully reaching that of the intact PG4.

Next, we sought to compensate for GV-mediated catalytic
activity losses by adding flanking nucleotides (dA and dTC,
referred to as GV2A and GV2TC, respectively) on the 3’ end of
the GV2, known to promote the catalytic reaction by coordi-
nating iron-bound H202 [21]. CD spectra of GV2A and GV2TC
were similar to those of GV1 and GV2, with a slightly lower
peak intensity compared to the intact G4s (G4A and G4TC, Fig.
S1(a)). GV2 with either a flanking dA (GV2A) or dTC (GV2TC)
increased the DNAzyme activity of GVs (Fig. 2(b)). dA increased
the activity of GV2 from 31.7 to 108.1 nM/s, while dTC in-
creased it up to 231.4 nM/s. However, their catalytic activities
were still lower than those of the corresponding intact G4s, that
is, G4A (234.0 nM/s) and G4TC (489.0 nM/s), respectively. The
addition of A/G was investigated and was found to restore the
DNAzyme properties in a dose-dependent manner (Figs. 2(e,f))
up to 201.9, 1984, 412.6, and 447.5 nM/s for the GV2A + A,
GV2A + G, GV2TC + A, and GV2TC + G systems, respectively.
These catalytic properties remained lower than those of the
corresponding intact G4s, that is, G4A and G4TC, respectively.

Additionally, we designed a different system, a G-triplex
(G-Tri) with incomplete G-quartets at both extremities, whose
structural integrity was restored through the addition of a
G-rich single strand (TG3T, d[TGGGT]) to form a (3 + 1) com-
posite G4 in Na* buffer [41,42] (Fig. S1(C)). The catalytic activi-
ty of the G-Tri + TG3T system increased with increasing con-
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Fig. 2. (a) G-vacancy complementation strategy with free guanine surrogates. G4-DNAzyme activity of (b) GVs and G4s, and (c) GV1, (d) GV2, (e)
GV2A, and (f) GV2TC upon addition of increasing concentrations (2, 5, 20, 50, and 100 mol. equiv.) of guanine surrogates [acyclovir (A) and guanosine

Q)]

centrations of TG3T, from 19.7 (without TG3T) to 50.4 nM/s,
reaching levels comparable to the activity of the intact PG4
(53.2 nM/s, Fig. 3). Control experiments performed without
G-Tri confirmed that TG3T did not influence the catalysis alone
(Fig. S3).

In all the above experiments, the G4s used were parallel G4s
only. We decided to assess whether the GV complementation
strategy would be applicable to antiparallel G4s as well. Thus,
we constrained G4s through a Holliday junction (H]J)-based
approach described by Marguiles et al. [43]. As depicted in Figs.
S5(a) and 4(a), a wide selection of dsDNA sequences (Table S1)
led to the formation of an HJ that uniquely allowed for fully
controlling the polarity of the G4-forming strands and the
whole G4 structure after hybridization. We designed two
HJ-constrained antiparallel G4s with GV sites on either 3'- or
5’-end (HGV1 and HGV2, respectively) and two HGVs with dTC
flanking nucleotides on either 3'- or 5-end (HGV1TC and
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Fig. 3. G4-DNAzyme activity of G-triplex (G-Tri) upon addition of in-
creasing concentrations (5, 10, 20, and 50 mol equiv.) of TG3T.

HGV2TC, respectively), along with the control constructs in
which the external G-quartet was complete (HG4, HG4TC-1 and
HG4TC-2) (Fig. 4(a)). The secondary structures of all these
constructs were verified using isothermal difference spectrum
(IDS) and CD (Fig. S5). As observed in Fig. 4(b), HGVs without
flanking dTC exhibited low catalytic competences, with a rate of
39.0 and 44.2 nM/s for HGV1 and HGV2, respectively, vs 75.4
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Fig. 4. Catalytic performances of Holliday junction-constrained G4s: (a)
Schematic representation of the seven different Holliday junc-
tion-induced G4 systems (HGV and HG4): with (HG4, HG4TC-1, and
HG4TC-2) or without (HGV1, HGV1TC, HGV2, and HGV2TC) intact
G-quartet, and some of them with flanking dTC (HGV1TC, HGV2TC,
HG4TC-1, and HG4TC-2). (b) The G4-DNAzyme activity of GVs upon
addition of increasing concentrations of acyclovir (A).
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Fig. 5. Dissociation constants (Ka) between hemin and GVs (red bars),
GVs upon addition of increasing concentrations of acyclovir (A) (green
bars), and intact G4s (blue bars). Student’s t-tests were performed
between intact G4s and GVs (containing GV2 integrated with acyclovir):
*** means p < 0.001, i.e. the difference between each group data set is
very significant.

nM/s for the complete G4 (HG4). Interestingly, the perfor-
mance of HG4 was enhanced by the presence of the terminal
dTC on its 3"-end (HG4TC-1) and decreased when on its 5'-end
(HG4TC-2). Regarding HGVs, the presence of a vacancy site at
both 3'- and 5’-ends was detrimental to the activity of the cor-
responding G4s, and the addition of increasing concentrations
of acyclovir (A) (according to the protocol described above)
had no effects on the activity of HGVs. These results indicate
that the G-vacancy complementation strategy is effective only
when applied to parallel G4s.

To gain further insight into how the structural integrity of
G-quartet affected the catalytic performances of the G4s they
belonged to, thermal stability experiments were conducted. We
found that the presence of GV sites decreased the melting tem-
perature (Tm) from > 90 °C (for PG4) to 46.2 °C (for GV2) (Fig.
S4). The addition of 50 mol equiv. of A/G enhanced the stability
of GVs to 54.0 or 56.7 °C, respectively (Fig. S4), which remained
modest compared to the destabilization caused by GV sites to
account for the restoration of G4-DNAzyme activity described
above. We determined the dissociation constants (Kd) of hemin
with GVs (red bars, Fig. 5), G4s (blue bars), and GVs in presence
of increasing concentrations of A (green bars). K4 values were
higher for GVs (7.5-5.4 pM) than those for G4s (3.0-2.4 pM),
indicating that the affinity of hemin for an incomplete terminal
G-quartet was weaker (Fig. S6 and Table S2). The partial resto-
ration of a complete external G-quartet upon addition of A re-
inforced the hemin association (3.7-3.2 puM), found close to
that of the intact G4s. These results are fully consistent with the
restoration of the G4-DNAzyme activity described above, and
very significant differences (p < 0.001) between each group
were verified by Student’s t-tests (Fig. 5).

In summary, the results presented here demonstrate that
the structural integrity of the 3'-end G-quartet is necessary for
a G4 to be catalytically competent. The presence of a G-vacancy
site not only decreases the stability of the G4 structure but also
its hemin-binding affinity, which both concur in the overall

lower catalytic performance. We also propose a way to reme-
diate this loss via the addition of guanine surrogates prone to
complete the G-vacancy site and restore the required structural
integrity of the external G-quartet. The versatility of this ap-
proach was herein demonstrated via the restoration of the cat-
alytic activity of both GVs and HGVs by the addition of A and G
and that of G-triplex by the addition of TG3T. We also con-
firmed the positive contribution of the flanking nucleotides dA
and dTC to the overall G4-DNAzyme properties of G4s, provid-
ing another way to enhance their catalytic properties. Interest-
ingly, these improvements are efficient for parallel G4s only,
which warrants further investigations to discover the actual
G4-DNAzyme mechanisms. The results presented herein
demonstrate the validity of G4s as promising and versatile bi-
odevices.
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this article.
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