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The photophysical properties of fluorescent nucleobase analogs play a crucial role in nucleic acids detection and the
investigation of their structural and functional characteristics. In this study, we computationally designed a series of quasi-
intrinsic fluorescent probes according to natural guanine (G) for selectively identifying covalent N*-acetylcytosine (4acC),
a base that is highly correlated with active transcription and gene expression. This work aims to gain insight into the role
of 4acC in biological regulation with minimal perturbation to the native DNA structure. The results indicate that these G-
analogs possess extended 7-conjugation in comparison with the natural guanine, which could yield efficient fluorescence
emission and red-shifted absorption. Especially, the 8-thienyl-2’-deoxyguanosine (ThG) exhibits the highest fluorescence
intensity and avoids self-absorption on account of the large Stokes shifts (> 67 nm). What is more, the fluorescence of
ThG is unaffected to base pairing with natural cytosine, while the obvious fluorescence quenching is observed by virtue
of the excited state intermolecular charge transfer after pairing with 4acC, so it is supposed as a promising biosensor for
monitoring the fluorescence changes in the absence or presence of the 4acC. Additionally, the impact of binding deoxyribose
on photophysical properties is explored to guarantee the biological applicability of the bright G-analogs in real environment.

Keywords: guanine analog, base modification, fluorescence probe, density functional theory

PACS: 31.15.E, 32.50.4+d, 33.50.Dq, 34.70.+¢
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1. Introduction

Nucleic acid modifications of genomic DNA naturally oc-
cur within cells, and are often involved in critical biological
functions, including regulating gene expression and stabilizing
nucleic acid structure.!"?) These modifications would not dis-
rupt Watson—Crick (WC) pairing, but they can impact the in-
teraction between DNA and proteins within the major groove
of the double helix.?! The N*-acetylcytosine (ac*C) is catalyt-
ically produced by the N-acetyltransferase 10 (NAT10), which
is a highly conserved RNA modification.* The ac*C is orig-
inally discovered in bacterial tRNA, ) and subsequent studies
have revealed that it can help to increase the fidelity of pro-
tein translation.”! Although the modification is well-studied in
RNA, the existence and epigenetic of N*-acetyldeoxycytosine
(4acC) role in cellular DNA are not satisfactorily understood.
Inspired by the chemical modifications of RNA and DNA,
such as m®A/6mA, 3] m3C/5mC,!'%11] and the RNA modi-
fication ac*C,11>13] Wang et al.!'*] explored the existence and
function of 4acC in DNA. It is found that the 4acC modifica-
tion is mainly distributed in the euchromatin region of ara-
bidopsis, with the highest abundance near the transcription
start site of protein-coding genes among euchromatin regions,
and its abundance is significantly positively correlated with
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active transcription and gene expression.
the selective determination of 4acC in DNA is essential for
exploring its biological regulation and interaction with other
epigenetic information. It not only carries implications for
understanding biological interactions and mechanism of 4acC
formation at the molecular level, but also extends the DNA
modified catalog of regulating gene expression.

Currently, 4acC immunoprecipitation sequencing (4acC-
IP-Seq) and ultrahigh performance liquid chromatography-
electrospray ionization-tandem mass spectrometry (UPLC-
ESI-MS) are available to detect the 4acC.!'*] However, the
enzymatic hydrolysis of nucleotides caused by these methods
tends to disrupt the natural structure of DNA and affect biolog-
ical interactions. Therefore, there is an urgent need to achieve
selective response on microenvironments and position-specific
conformations with minimal interference to the natural config-
uration. In response to the hereinbefore problems, the fluores-
cent nucleobase analogs (FNAs) have attracted much attention
due to their high sensitivity and the easy accessibility.!!7-18]
An ideal FNA should satisfy at least two touchstones: Geo-
metrically, it should be similar to the native nucleosides when
incorporated in the target nucleic acid sequence without dis-

turbing the native structure and interactions of the labelled nu-
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cleic acid. Electronically, the FNA should exhibit high flu-
orescence quantum yield and optimal spectroscopic charac-
teristics when incorporated into the target nucleic acids.!'%%0]
Recently, many fluorescent analogs have been developed for
molecular dynamics exploration, nucleic acid detection, as
well as DNA structure and function determination. For exam-
ple, the cyano quadracyclic adenine 2CNgA, due to the high
and relatively sequence-independent quantum yield in DNA,
was reported to promise as an interbase Forster resonance en-
ergy transfer (FRET) donor and a nucleic acid label.?! Addi-
tionally, the trans-stilbene cytosine “C was utilized to the real-
time track of reversible conversions between i-motif, single-
stranded and double-stranded structures derived from the hu-
man telomeric repeat sequence.*?! In recent years, our group
also designed a series of the fluorescent C-analogs to monitor
ANJGI23] a5 well as ABPdG adducts,!?*! and the results show
that the fluorescence probe can not only realize the identifi-
cation of the covalent adduct, but also be expected to provide
assistance in the cellular repair of DNA damage.

In this work, a theoretical investigation on the fluores-
cent characterizations of a series of bright G-analogs in aque-
ous solution was presented in order to achieve ultrasensitively
identify the covalent 4acC. Herein, two modifications by flu-
orophore replacement (ThG, 8-NO,G, “G)!>~?" and ring-
expansion (?G, xxG, A1G)!!?282] were considered based
on the complementary guanine due to the fact that the 4acC
prefers to form a stable WC base pair with guanine. The
calculations show that the G-analogs exhibits extended 7-
conjugation that could yield efficient fluorescence emission
and red-shifted absorption. It is remarkable that the fluores-
cence of ThG is unaffected to base pairing with natural cy-
tosine, while the obvious fluorescence quenching occurs after
pairing with 4acC on account of the excited state intermolecu-
lar charge transfer (ESICT). In addition, the influence of bind-
ing deoxyribose on photophysical properties was examined to
assess the biological applicability of the fluorescent G-analogs
in real environment. This study theoretically proposes a series
of quasi-intrinsic fluorescent probes for real-time detection of
4acC, which also shows a feasible way towards comprehend-
ing biological interactions and formation mechanism of 4acC.

2. Theoretical methods

Kasha’s rule points out that upon excitation at any ab-
sorption wavelength the fluorescence emitted by a molecule
originates from its lowest electronically excited state.[3]
Therefore, we employed density functional theory (DFT) and
time-dependent density functional theory (TDDFT) method
to fully optimize the structures of base molecules at the
stable ground state (Sp) and the first singlet excited state

(S1).131733 The functional B3LYP(D3)13*3% with basis set

6-3114++G(d,p)*7% was used in simulations. The solvent
effect (water) on the spectroscopic properties was evaluated
by employing the integral equation formalism of the polarized
continuum model (IEFPCM). 011 Meanwhile, all optimized
geometries were performed the vibrational frequency analysis
to ensure the absence of imaginary frequencies for each ob-
tained geometry.!*?! Additionally, the electronic spectra with
the three lowest singlet excited states were calculated in accor-
dance with the fully optimized geometries at Sp and S; states,
and were broadened by employing the Gaussian function

G(w) = ﬁew (—W)

in which ¢ = FWHM/2+/21n2 and the full width at half max-
imum (FWHM) is program-default 0.4 eV, w represents the

ey

spectral abscissa and the w;,, denotes the excitation energy cor-
responding to transitions from the first to the n-th excited state.

The above-mentioned configurations and relative con-
clusions were also validated utilizing the PBEO(D3) and
MO062X(D3) functional.[*3** Herein, the XY Z coordinates of
molecules designed in this study were obtained in Gaussian-
View, and all of the theoretical calculations were performed
with the Gaussian16 A.03 software.!*>! The related geome-
tries, frontier molecular orbital (FMO) isosurfaces and hole-
electron distribution!#*! were plotted with the help of Visual
Molecular Dynamics (VMD) software!*”! according to the

(48] Furthermore, partial config-

49]

files generated by Multiwfn.
urations were also plotted by the Chemcraft software. !

3. Results and discussion

In order to recognize the 4acC by using the proposed
fluorescent probes, the basic photophysical properties of
monomers are firstly calculated based on the stable configu-
rations in Fig. S1 in supporting materials. Our results indicate
that the fluorescence of 4acC possesses a weak oscillator in-
tensity fgy. = 0.07 at around 354 nm, as shown in Fig. S2 and
Table S1. Given the insufficient intrinsic optical emission of
4acC, two modifications by fluorophore replacement (ThG, 8-
NO,G, *G) and ring-expansion ("*G, xxG, A1G) (Fig. 1) were
made based on the natural guanine, which can form stable WC
base pair with 4acC. On this basis, the spectroscopic charac-
teristics of these analogs and base pairs were investigated to
gain a comprehensive understanding of the fluorescence en-
hancement and the fluorescence quenching mechanism.

3.1. Photophysical properties of isolated G-analogs

The optimized configuration of the G-analogs (see Fig. 1)
retains the purine infrastructures and WC hydrogen bond sur-
faces, which could ensure the native structures and biological
functions of nucleic acid with minimal disturbance.
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Fluorophore

Ring expanded

Fig. 1. Chemical structure formula of guanine and modified G-analogs.

Spectroscopic characteristics (Table S2 and Figs. S3(a)
and S3(b)) of these modified monomers indicate that G-
analogs possess bright photoluminescence and distinct red-
shifted absorption (23 nm—-163 nm) arisen from extended 7-
conjugation. Among these fluorescent analogs, the ThG ex-
hibits the highest fluorescence intensity (fp,, = 0.73) and
can avoid self-absorption on account of large Stokes shifts
(> 67 nm), so it will be explored in detail as an example to
elucidate the underlying mechanism of the fluorescence en-
hancement.

Firstly, the potential energy curves (PECs) of ThG in
solution are constructed, where the dihedral angle §(N1-C2-

C3-S4) is varied in steps of 20° to explore the stable config-
uration of ThG base (see Fig. S4). It can be seen that one
minimum is identified at § = 180° along the minimal en-
ergy pathways for rotation of the the thiophene group within
the ThG in both Sy and S; states. As illustrated in Fig. S5,
the geometrical structure of the ThG monomer in solution
is close to natural guanine in shape, thereby minimizing po-
tential interference with the helical structure and function of
nucleic acids. Moreover, the preservation of the fundamen-
tal purine structure and WC hydrogen bonding ensures the
ThG base can combine with complementary target bases to
form a stable DNA double-strand with the assistance of DNA
polymerase.’?! Based on this, the electronic spectra of ThG
were obtained attending to the optimized geometry in Fig. 2(a)
to uncover the function of the modified groups in spectro-
scopic characteristics. As demonstrated in Fig. 2(b), ThG has
a sharp absorption peak at 341 nm (Sg — Sy, faps. = 0.67) and
a weaker peak at 275 nm (Sg — Sz, faps. = 0.12), which is
red-shifted compared with the native G base (243 nm), and
this characteristic allows its selective photo-excitation in the
presence of the natural bases. The two peaks correspond to
the HOMO—LUMO (HOMO: highest occupied molecular or-
bital, LUMO: lowest unoccupied molecular orbital) (98.8%)
and the HOMO—LUMO+1 (95.4%), respectively (Table 1),

and the obvious red-shift can be attributed to the decreased
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Fig. 2. Diagram of the ThG, ThG:C, ThG:4acC structure (a), absorption spectra of ThG monomer and corresponding base pairs (b), fluorescence
spectra of ThG monomer and corresponding base pairs (c). Atomic colors: white (H), gray (C), blue (N), red (O), yellow (S).
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energy difference between the FMOs involved in the transi-
tions (Fig. 3). Subsequent to vertical excitation, the emission
process from the relaxed structure of the S; state is simulated
(Fig. 2(c)). The ThG monomer possesses a strong oscillator
intensity (fg,. = 0.73) with fluorescence emission observed at
408 nm. As shown in Fig. 3 and Table 1, the fluorescence is
dominated by LUMO—HOMO (99.6%), which allows bright
emission process and presents 7* — 7 characteristic. The
large Stokes shift of 67 nm exhibited by the ThG monomer
favors its application in fluorescence detection. This differ-

ence between excitation and emission maxima minimizes self-

absorption, thereby improving detection sensitivity.
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Fig. 3. View of the FMOs (isovalue = 0.02 a.u.) involved in the excitation
and emission processes for the natural G (a) and the modified ThG (b). Green
and blue signify the positive isosurface and negative isosurface, respectively.
H: HOMO; L: LUMO.

Table 1. Absorption/fluorescence wavelengths (1), oscillator strengths (fups. and fg,.) and state assignments for G and ThG. CI represents the
composition index of the orbitals involved in the electronic transitions. Type and Gap represent the characteristic and energy gap of the orbital

transitions, respectively.

Optical spectral Base Transition A (nm) Sabs./ fau. Assignment (CI/Type/Gap (eV))
Absorption G So— Sz 243 0.34 HOMO—LUMO-+1 (85.2%/nm*/5.63)
ThG So — S 341 0.67 HOMO—LUMO (98.8%/nr*/4.02)
So — S2 275 0.12 HOMO—LUMO-+1 (95.4%/nr*/5.04)
Fluorescence G S1 —So - 0.01 LUMO—HOMO (99.6%/7n/2.52)
ThG S1 —=So 408 0.73 LUMO—HOMO (99.6%/nm*/3.29)

3.2. The effects of base pairing on the photophysical prop-
erties

As previously mentioned, the G-analogs could pair with
the targeted 4acC by hydrogen bonds, thus the impact of base
pairing on the photophysical characterizations is studied in or-
der to evaluate the application of optical probe to recognize
the 4acC. The results reveal that these analogs exhibit differ-
ent optical behaviors with respect to the base pairing (Table S2
and Figs. S3(c) and S3(d)). The analogs (8-NO,G, %G, ™G,
xxG) are observed to have a bright emission upon base pair-
ing with both C and 4acC. Furthermore, the fluorescence of
A1G is almost completely quenched upon base pairing with
C and 4acC. In particular, the photoluminescence of ThG re-
mains unaffected when base pairing with C, whereas a quench
is observed in the presence of 4acC.

To assess the usefulness of an indicator in the detection
of 4acC, the interaction energy (AE) of the ThG after pair-
ing with the 4acC base was calculated utilizing the following

formula: 1]

AE = Exg — (Ea+ EB) + EBssE: 2

where AE stands for the energy differences between the base
pairs (Eap) and the base monomers (Ea and Eg), EBssg rep-
resents the superposition error of the basis set. The results
with correction for BSSE show that the interaction energy of
ThG:4acC in Sy state is —17.48 kcal/mol, which is compara-
ble to the natural base pair G:C (—17.19 kcal/mol). Accord-
ingly, ThG can form stable WC base pair with 4acC in the dou-

ble helix structure of DNA. Subsequently, the relevant spectra

based on the optimized stable configuration are obtained in
Fig. 2, and the pertinent information of the transition is pre-
sented in Table 2. The absorption peak of ThG:4acC is situ-
ated at 348 nm (faps. = 0.71) (Fig. 2(b)), which is mainly due
to the HOMO—LUMO+1 (98.9%) transition corresponding
to So — S,. The base pairing results in a slight red-shift of the
absorption peak by 7 nm compared with the ThG monomer
(341 nm).
in Fig. 2(c) that the fluorescence intensity of ThG:4acC is

For the emission process, it can be illustrated

nearly zero, which indicates that the fluorescence of ThG is to-
tally quenched after binding with 4acC. The deactivation phe-
nomenon is linked to the FMOs involved in the S| — Sy transi-
tion (Fig. 4(b)), where the LUMO—HOMO (99.8%) contribu-
tion is predominant. As demonstrated in Fig. 4(b), the decay
process is accompanied by significant ESICT characteristic,
namely the electron transfers from the ThG part (S;) to the
4acC moiety (S;), which produces significant optical changes.

< O o’é u .{
> o) .J . g e v
I 0 <2 > $ ” L+2 -0.56 ‘: g‘g 0 84 y“i‘ ( : e
%2 L -1.73 L—— 20| _o L. 175 @y
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£ _g]8s 303 T §,-8,|3.23 4 $y—8,3.95 sﬁJms
= H—e 566 H 566 H -5.27 n— 570 H— 520
5 - oal®| -6 \ \ ]
- RE Toal® . Toud®
RN RS- 4 (3 8 . gl ,',.',\P?

—~10 —-10

(a) ThG:C (b) ThG:4acC

Fig. 4. View of the FMOs (isovalue = 0.02 a.u.) involved in the excitation and
emission processes for ThG:C (a) and ThG:4acC (b). Green and blue signify
the positive isosurface and negative isosurface, respectively. H: HOMO; L:
LUMO.

For comparison, the effect of pairing with cytosine on the
spectra characteristics is further investigated. As exhibited in
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Fig. 2(b), ThG:C exhibits a sharp peak at 351 nm (Sg — S;)
with an oscillator intensity of fu,s. = 0.70, which is mainly
involved in the HOMO—LUMO transition (99.0%). In S;
state, the fluorescence emission spectra calculation of ThG:C
shows that the peak is at 416 nm with an oscillator intensity
Sfau. = 0.78 (Fig. 2(c)), which is consistent with the value of
single ThG (408 nm, fq,. = 0.73). As shown in Fig. 4(a), the
S1 — Sy transition is mainly associated with LUMO—HOMO
(99.6%) and belongs to the m* — 7 transition (bright state).

The above discussion indicates that the pairing with cytosine
has no visible effect on the fluorescence, whereas the fluores-
cence quenching induced by ESICT is observed after pairing
with 4acC, so it can be used as an ultra-sensitive fluorescence
probe for selective detection of 4acC. The relevant conclusions
were further validated with PBEO-D3 and M062X-D3 func-
tional to confirm the feasibility of the results, which has been
successfully employed in similar systems (see Tables S3 and
$4).152:53]

Table 2. Absorption/fluorescence wavelengths (A1), oscillator strengths (fyps. and fiy.), and state assignments for ThG:C and ThG:4acC. CI
represents the composition index of the orbitals involved in the electronic transitions. Type and Gap represent the characteristic and energy gap

of the orbital transitions, respectively.

Optical spectral Base Transition A (nm) Sabs. / fau. Assignment (CI/Type/Gap (eV))
Absorption ThG:C So — S 351 0.70 HOMO—LUMO (99.0%/rm*/3.93)
So — S3 274 0.08 HOMO—LUMO+2 (94.0%/7m*/5.10)
ThG:4acC So—S2 348 0.71 HOMO—LUMO+1 (98.9%/nm*/3.95)
Fluorescence ThG:C S1 —So 416 0.78 LUMO—HOMO (99.6%/rr*/3.23)
ThG:4acC S1 = So - 0.00 LUMO—HOMO (99.8%/nm*/2.39)
_q1 ThGidacC ThG:O_“:GdacC WG:C AlGidacC AIGC them is primarily connected with the LUMO—HOMO, both
of which are characterized by the emission from the LUMO
-2.03 . e . .
-2 T8 2u 2.40 243 orbital of pyrimidine (4acC/C) to the HOMO orbital of purine
L wfee — g . - - . .
B EY watell WP T @i (A1G) (green solid lines in Fig. 5). The above discussions
S-314. £ e G 2% :
0 Cx 302 & of fluorescence reaction fully suggest that ThG can serve as a
@ —4+ , ¢ &? ke £ quasi-intrinsic probe for detecting the presence or absence of
g : q,s,‘ 3 fﬁak(”‘ ) > o° IS% 4acC.
H -5 1S 2§ ¢ e .- 'Q o 4.84 478
5.20 7 OB~ ReH -2 o .
6 528 sln o 3.3. The effects of linking to deoxyribose
With the intention of further demonstrating the biologi-
—7

Fig. 5. Electron distribution and orbital energies involved in the emis-
sion processes of base pairs. ThG:4acC, ThG:C: blue solid line;
2G:4acC, "*G:C: black solid line; A1G:4acC, A1G:C: green solid line.

To illustrate the optical mechanism of these G-analogs
pairing with 4acC and C, the electron distribution and orbital
energies in S| state of two representative analogs ("*G and
A1G) were investigated. As depicted by the blue solid lines in
Fig. 5, the fluorescence of ThG:4acC and ThG:C has unique
LUMO—HOMO contribution, and the phenomenon can be
attributed to deactivation processes that the electron transfers
from the 4acC part (LUMO) to the ThG moiety (HOMO). Fur-
thermore, the HOMO/LUMO of ThG:C is predominantly lo-
cated in the ThG region and is similar to those involved in
S| state of single ThG, resulting in insensitivity to fluores-
cence after pairing with the C-base. However, the base pairs
2G:4acC and "™G:C remain efficiently fluorescent, whose
decay process is mainly contributed by LUMO—HOMO,
and the fluorescence is generated by the "*G(7*)— "“*G(7x)
(bright states), which does not generate significant fluores-
cence changes to recognize 4acC in DNA (black solid line in
Fig. 5). For the base pairs A1G:4acC and A1G:C, the fluo-
rescence quenching is observed and the S; — Sy transition in

cal applicability of the modified G-analogs in the double he-
lix structure of DNA, the impact of binding with deoxyribose
on photophysical properties is assessed. In accordance with
the fully optimized geometries with linking to deoxyribose
(Fig. 6(a)), the absorption and fluorescence spectra of base
monomers and the relevant base pairs are simulated. As dis-
played in Fig. 6(b), the isolated ThdG displays a maximum
absorption peak at 318 nm (So — Sy, fabs. = 0.56), which
is mainly contributed by HOMO—LUMO (98.6%) (Fig. S6)
and possesses distinct blue shifts (~ 23 nm) compared with
the free ThG base. In the experiment of Rankin et al.,’¥ the
maximum absorption wavelength of ThdG is determined to be
284 nm in an aqueous solution, which is close to our calculated
value of 318 nm. For emission, the fluorescence peak is red-
shifted from 408 nm (ThG) to 409 nm (ThdG), corresponding
to a negligible change in fluorescence strength (A fg,. = 0.01)
(Fig. 6(c)), which is in good accordance with the experimental
emission value of 414 nm. 54!

In respect to the base pairs (ThdG:d4acC and ThdG:dC),
the electronic spectra are simulated at the optimized Sg and
S| structures, respectively (Fig. 6). As expected, the fluo-
rescence of ThdG is still unaffected to base pairing with dC,
whereas the obvious fluorescence quenching is observed to be
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effective upon pairing with the d4acC. In detailed, the fluores-
cent emission peak of ThdG:dC is located at around 418 nm
(fau. = 0.79), which is characterized by LUMO—HOMO
(99.6%), corresponding to electronic transition of the 7* — &
type (Fig. S6 and Table S5). In contrast, the fluorescence of
ThdG:d4acC is totally quenched with the negligible oscilla-
tor intensity. As exhibited in Fig. S6, the S| — Sy transition of
ThdG:d4acC is related with LUMO—HOMO (99.8%) and ex-
hibits the distinct ESICT characteristic with the electron tran-
sition from the ThdG moiety (S,) to d4acC part (S;), which
leads to the fluorescence quenching of base pairs. In addi-
tion, the hole—electron distribution graph and Cyje—Cee graph
defined by smooth description of the electron distribution are
also utilized to evaluate the electronic excitation characteris-

tics. This results intuitively suggest that the ThdG:d4acC un-
dergoes the apparent intermolecular charge transfer, that is,
the electron migrates from the ThdG base to the d4acC base
during the Sg — S; transition process (Fig. 7), which provides
further evidence for the charge transfer process by the ThdG
as the electron donor and the d4acC base as the electron ac-
ceptor. Additionally, we also take into account factors such as
acidity and lipophilicity in living organisms to ensure that the
fluorescent ThdG molecule with an extended 7-conjugation
can efficiently enter the nucleus (SI-I). It follows that all the
results obtained after deoxyribose connection are consistent
with the above conclusions and thus the ThG base can func-
tion as a valid optical indicator to detect the 4acC bases in real
biological environment.

(a) ) g
@- 2 PO o-¢ 09
Q }r; ) O’ Q Q@ .
20}{‘3 o4 ) OQO’ ‘(OQAOOO/O', GQG) Q 003)
3 2 S g o4 o © 5 G’ ‘o o :
j)-? g ,Po @I, ® ",O.‘ GQ& o 3 ) ) o4 o ”
> 78, 5 ) ﬁ;’ X e, [ ‘ 2§ 4 ""m
ThdG (SDZ ThdG:dC (So) > ThdG:d4acC (So) “
(e > g o ¢
. o’ e 9 oop‘ o9
° PP 0 ™o 0., 0 , 7 ¢
20’0(009 & < (o o4 .2 090' b P oe
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Fig. 6. Diagram of the ThdG, ThdG:dC, ThdG:d4acC structures (a), absorption spectra of ThdG monomer and corresponding base pairs (b),
fluorescence spectra of ThdG monomer and corresponding base pairs (c). Atomic colors: white (H), gray (C), blue (N), red (O), yellow (S).

(a) ThdG:dC

(b) ThdG:d4acC

Fig. 7. Hole—electron distribution graph (isovalue = 0.002 a.u.)
and Cpole—Cele graph (isovalue = 0.0002 a.u.) of ThdG:dC (a) and
ThdG:d4acC (b). Blue and orange zones signify the electron and hole
distributions, respectively.

4. Conclusions

In this work, the photophysical properties of two types
of modified fluorescent G-analogs, proposed as biosensor to
ultra-sensitively detect the 4acC in real time, are theoretically
investigated. These G-analogs retain the purine underlying
architectures and WC hydrogen bond surfaces, which could
guarantee the native structures and biological functions of nu-
cleic acid with minimal disturbance. Compared with the na-
tive Guanine, these G-analogs possess extended -conjugation
that could yield efficient fluorescence emission and red-shifted
absorption. Especially, the ThG exhibits the highest fluores-
cence intensity and avoids self-absorption on account of the
large Stokes shifts (> 67 nm). Crucially, the fluorescence of
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ThG remains unaffected by base pairing with natural cyto-
sine, while the obvious fluorescence quenching is noticed by
virtue of the ESICT after pairing with 4acC, which can be pre-
sented as a promising biosensor for monitoring fluorescence
changes in the absence or presence of the 4acC. Furthermore,
the impact of binding deoxyribose on photophysical proper-
ties is explored to ensure the biological applicability of these
bright G-analogs in real environment. In summary, the pro-
posed fluorescent analogs obtained through fluorophore mod-
ification and ring expansion benefit the DNA research field,
which carries implications on comprehending biological inter-
actions and mechanism of 4acC formation at the molecular
level, and offering valuable insights into essential biological
processes.
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