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To understand the gene-based biological processes in-depth, the single-molecule real-time sequencing has drawn
increasing attention with promoted by the Human Genome Project. Herein, a set of newly designed canonical fluorescent
bases (Ay, tC, Gy, Tp) are proposed for four-color DNA sequencing. These quasi-intrinsic probes are derived from the
fluorophore replacement and ring expansion on natural bases, which still keep the pyrimidine or purine underlying skeleton
and Watson—Crick hydrogen bonding face to allow minimal perturbation to the native DNA duplex. More importantly, these
nucleobase analogues possess red-shifted absorption and efficient photoluminescence due to the enhanced 7w-conjugation
in character. Meanwhile, the four analogues could generate distinct emission wavelength (AA ~ 50 nm) for real-time
sequencing. To assess the biological employment of the proposed biosensors, the effects of base pairing and linking

deoxyribose are also considered.
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1. Introduction

Deoxyribonucleic acid (DNA) is one of the most vi-
The ar-
rangements of the four nucleobases (A, T, C, G) pairing in

tal biopolymers in the midst of living organisms.

DNA double helix are the essence of encoding, transmit-
ting and expressing genetic information.!":?! To understand
the gene based biological processes in-depth, the DNA se-
quencing technology has been greatly promoted by the Hu-
man Genome Project.>8] The first generation sequencing
(FGS) is performed on microfabricated capillary electrophore-
sis chips and the sequencing fragment ladders were fluores-
cently labeled by utilizing the energy transfer dye-labeled
primers.[”) In next-generation sequencing (NGS) methods,
four nucleotides (A, C, G, T) are produced as invertible termi-
nators by linking a cleavable fluorophore as substrates.!'! The
DNA templates composing of homopolymer regions could be
precisely sequenced on a DNA chip by using four-color flu-
orescent scanner.!'!l Recently, the single-molecule real-time
sequencing (SMRT) become the available third generation se-
quencing (TGS) technology, which employs four labeled nu-
cleotides to generate distinct emission spectra during the se-
quencing process.!!?~131 In general, the SMRT is realized upon
two-base pattern with considering the fact that single-stranded
DNA template to be sequenced could combined with artifi-
cial bases to form DNA double-strand with help of DNA poly-
merase immobilized at the bottom of zero-mode waveguide

fCorresponding author. E-mail: qtmeng @sdnu.edu.cn
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(ZMW).[16:17] The ZMW is narrower than the excitation wave-
length, which makes it to allow the selective photo-excitation
only of the incorporated fluorescent nucleotides and provide
distinct time trace of four-color fluorescence (see Fig. S1 in
supporting information). It should be noticed that, however,
the above extrinsic fluorescent dyes could disturb the native
structure of DNA and bring poor incorporation in consecutive
positions by DNA polymerase due to their large steric hin-
drance during DNA synthesis phase.!!8] Hence, there is a ne-
cessity to develop intrinsic fluorescence labelling strategy for
real-time DNA sequencing with minimal disturbance with the
native structure.

In recent years, the quasi-intrinsic building blocks have
achieved increasing attention due to their geometric similarity
with natural counterparts and accurate self-assembles.[!*-2]
For example, Kool et al.l*®! reported the modified DNA
oligomers containing fluorogenic nucleobases to measure the
oxidative 8-oxoguanine by utilizing itself as a fluorescence
quencher. Moreover, Tan and co-workers reported a new
photoresponsive T-analogue (zT) that could provide versa-
tility required for constructing desired DNA nanomolecules
and nanodevices.!?’”! Recently, the artificial ferrocene-base
(Fe-base) was synthesized for monitoring single-nucleobase
changes and charge transfer rates in DNA.?8 Additionally, the
fluorescent thymidine analogue (PMAT) is designed to study
the site-specific metal binding reactions in duplex DNA.[>’]
In 2023, the modified C-analogues are proposed as optical
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probes to detect the carcinogenic DNA adducts (*BPdG) based
on the selective base pairing induced excited-state intermolec-
ular charge transfer (ESICT) mechanism. 3!

Inspired by the advantages of the artificial nucleobases,
we systemically investigated the spectral characters of newly
designed canonical fluorescent bases for four-color DNA se-
quencing in solution. Herein, two kinds of modifications were
taken into account including the substitute for fluorophore
replacement®'l and ring expansion.3>331 Compared to the
natural bases, these nucleobase analogues keep the pyrimidine
or purine underlying skeleton and Watson—Crick (WC) hy-
drogen bonding face to allow minimal perturbation to the na-
tive DNA duplex.[*? Meanwhile, the modified bases possess
red-shifted absorption and high-efficiency fluorescence due to
the enhanced 7m-conjugation. More importantly, the four ana-
logues (Ay, tC, Gy, Tp) could generate distinct emission wave-
length (AA ~ 50 nm) for real-time sequencing. To evaluate the
employment of the biosensors in biological environment, the
effects of base pairing and linking deoxyribose are also con-
sidered. This work puts forward a class of quasi-intrinsic can-
didates that could be recognized by four-color optical scanner
and DNA polymerase as substrates, which provides new un-
derstandings into the design of probes for SMRT.

Fig. 1. The schematic structures of Ay, tC, Gy, T).

2. Theoretical methods

Gaussian 16 software!34

was used for the density func-
tional theory (DFT) and the time-dependent density functional
theory (TDDFT) calculations. The related frontier molecular
orbitals (FMOs) were visualized by the VMD program!®! and

¢.3¢ Herein, the molecular optimizations of

Multiwfn packag
all analogues as well as Watson—Crick base pairs in the ground
state (Sp) and the first excited state (S) were obtained by us-

ing the 6-311++G(d,p) basis set!*”*8] with the B3LYP-D3

function.?**!1 Meanwhile, the polarized continuum model

Y4241 i used

with the integral equation formalism (IEFPCM
to account for the solvent effect (water). To confirm the op-
timized structures under solvation equilibrium are the min-
ima of the potential energy surface (PES), the vibrational fre-

quency analyses!®!

are also employed. On the basis of the
optimized configurations in Sp and S; states, the optical spec-
tra were performed with non-equilibrium solvation and broad-

ened through the following Gaussian function:

1 (w—wp)?
Gw)= — ,
)= e |-
where the full width at half maximum (FWHM) is specified to
be 0.4 eV and ¢ denotes FWHM/2+v/21n2. The w and w,, were
used in this equation on behalf of the abscissa of the spectrum

ey

and the excitation energy corresponding to the transition from
Si to S,,. The above structural and optical results were also
examined by utilizing the PBEOD3 functional*®%! that has
been shown to valuably predict the spectra properties of simi-
lar systems. 5!

3. Results and discussion

Herein, the four quasi-intrinsic fluorescent probes are
proposed for application in four-color sequencing. The uti-
lized fluorescent cytosine-analogue is tC, which has been
synthesized experimentally based on the sodium salt gly-

32531 For comparison, the absorption

cosylation procedure.!
and fluorescence wavelength of tC are predicted at 362 nm
and 488 nm, which agree with experimental observations
(Aabsorption = 375 nm, Aguorescence = 505 nmP3)). Besides, as
depicted in Fig. 2, three newly designed analogues (Ay, Gy,
T,) are constructed from the fluorophore replacement and ring
expansion that has been widely utilized in modifications of
nucleobases.!!*>* These surrogates resemble one of the natu-
ral nucleobases in terms of structural ability to WC base pairs
without serious perturbation to the native DNA double helix.
To demonstrate their fluorescent recognition of sequencing in-
formation, the photophysical characterization of all considered
monomers and the effect of base pairing and linking deoxyri-
bose are comprehensively investigated in the following discus-
sion.

(b)

(d)

Fig. 2. The geometry structures of Ay (a), tC (b), Gy (c), and T}, (d).
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3.1. Photophysical properties of base monomers

The geometries of all considered analogues are optimized
adequately with confirmation by harmonic vibrational fre-
quency analyses. The selected main structural parameters are
listed in Fig. S3. It is shown that these surrogates (Ay, Tp,
tC, Gp) could keep co-planar characteristic, WC hydrogen
bonding faces and has negligible changes (Aday < 0.04 A,
Adr, < 0.05 A, Adc < 0.02 A, Adgy, < 0.04 A) due to the
modifications, in which Ad stands for the maximum difference
of bond lengths between natural bases and modified monomers
(Fig. S3). Clearly, the artificial bases are close to natural bases
with considering the size and shape, which could ensure less
interference with the helical structure and function of nucleic
acids.

On the basis of the optimized geometries in Sp and S
states, the spectra properties of the four analogues are pre-
sented in Fig. 3. It can be seen that the maximum ab-
sorption wavelength of tC is predicted at 362 nm (faps. =
0.07) corresponding to the Sy —S; transition (HOMO—
LUMO, CI=95.6%), which agree with the experimental
observations (375 nm).[33] The absorption of G, in wa-
ter is characterized by a structured spectra with a sharp
peak at 281 nm (fups. = 0.76) and a weaker one around
362 nm (faps. = 0.33), which are dominated by the tran-
sitions of Sg —S3 (HOMO-1—LUMO, CI=559% and
HOMO — LUMO+1, C1=36.3%), and Sy —S; (HOMO —
LUMO, CI=96.8%). Similarly, the absorption spectra of T},
exhibit two distinct absorption peaks around 264 nm (Sg — S,
fabs. = 0.44) and 328 nm (So — Sy, fabs. = 0.28) related
to HOMO — LUMO+1 (CI=97.3%) and HOMO — LUMO
(CI=97.5%), respectively. While, for the Ay, a strong ab-
sorption peak centred at 365 nm (faps, = 1.00) can be primar-
ily ascribed to the So — S3 (HOMO-1— LUMO, CI=59.9%
and HOMO — LUMO+1, CI=33.4%). Compared with the
case of natural bases (A: 251 nm, T: 265 nm, C: 257 nm, G:
243 nm),1>>! the absorption wavelengths of all considered base
analogues (Ay, T, tC, Gy) are obviously red-shifted due to
the narrowed energy gaps between involved orbitals (Fig. 4).
Clearly, these analogues are easy to allow for selective photo-
excitation resolved from the natural nucleobases.

Following the vertical photo-excitation, the electronic
emission spectra at the fully relaxed Si-configuration are
performed in Fig. 3(b). For free tC, the calculated fluores-
cence peak is observed at 488 nm, which is in agreement
with the experimentally determined ones (505 nm!*3). Mean-
while, the three newly designed analogues (Ay, Gp, Tp)
are found to possess enhanced photoluminescence in order
of decreasing wavelength as Ay (576 nm, fg, = 0.45) >
tC (488 nm, fr, = 0.12) > G, (450 nm, fg, = 0.60) >
1, (406 nm, fg, = 0.37). As given in Table 1, the fluo-
rescence of the four analogues (Ay, tC, Gy, Tp) are domi-

nated by LUMO — HOMO (CI=99.8%), LUMO — HOMO
(C1=98.8%), LUMO—HOMO (CI=99.4%), and
LUMO — HOMO (CI = 99.4%) transitions, respectively. The
inspection of Fig. 4(b) reveals that the S; states are T* — 7
in character that allows for bright emission, and the above
distinct emission wavelength could be applied for real-time
sequencing.

In addition, the radiative lifetimes are examined by
employing the Einstein transition probability formula as

follows: 3071

_ 3
- 2fﬂu.v2 ’

in which 7, fg,., and v stand for radiative lifetime, fluorescent

T

@

oscillator strength, and emission energy, respectively. As we
known, the short radiative lifetime facilitates the high light-
emitting efficiency, while the long lifetime makes for the en-
ergy and electron transfer. Our calculations reveal that the ra-
diative lifetime are respectively 11.06 ns (Ay), 28.56 ns (tC),
5.09 ns (Gp), and 6.60 ns (Tp) that accord with the measurable
scope of organic fluorophore (7 < 30 ns). 8! Especially, com-
pared with the previous proposed fluorescent analogues, %]
the shorter lifetimes of newly designed bright nucleobases
(Ay, Gy, Tp) are conductive to their application in the four-
color sequencing.

200 250 300 350 400 450 500 550 600

1.0} (8) 365 Absorption
Ay
0.8} Gp
» 281 To
% 0.6} tC
=
Q
E 264
= 0.4}
362
328
0.21
301  362(375)
Q
200 250 300 350 400 450 500 550 600
Wavelength (nm)
300 400 500 600 700 800
(b) .‘450 Fluorescence
0.6 | Ay
| Gy,
! 576 T,
2 04} 406 ! tC
1) I
o
o) ]
)
] 1
=
]
0-2f 488

QOO 400 500 600 700 800
Wavelength (nm)

Fig. 3. Absorption (a) and fluorescence emission (b) spectra of the four
analogues. The experiment value is shown in parentheses. 33!

023203-3


http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ad9a9a
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ad9a9a

Chin. Phys. B 34, 023203 (2025)

3
2 (a) So—S3 So—S So—S, So—S; So—S3 So—S1 So—S2
1 . .
0
1 L ?l?: L+1:-0.98 eV % %’ﬁ%‘ L+I lI(leV '“+' 477 eV
/>\ 9 Z)Obq%g,. L+1:-1.87 eV L:-1.81eV L:-1.81 eV -204eV _20“\, L:-1.85eV
[} L:-2.66 eV
~ -3
>
5 -4
= —5
4 6
— H:5.87 ¢V -woev H 5.90 eV H:587eV HiS876Y 60“\, H607 eV
7| ey Sane T - ;‘
; ot ¥ Sas CJ N mul 676ev ‘im‘ H-iZ 6saevﬂvﬂ' @ @
- d
_13 Ay tC Gy, Ty
3
ot (B) 558 S-S0 S1—So Si—8o
1
0 (Y K
U e, e W 8%
~ _9 C L) L:-2.19 eV L:-2.27 eV L:-2.25 eV
% 3 L:-2.89 eV
% —4
-
é -0 Hi5.44 eV H:5.41 eV
i ” 54l e H:-5.47 eV .5 76 eV
| 2 )
TN M Y.
-8 o @
Ig Ay tC Gy

Fig. 4. FMOs (isovalue = 0.02 a.u.) involved in the excitation transitions (a) and the decay processes (b).

Table 1. Wavelengths (A, in unit nm), oscillator strengths (fus. and fpy,), state assignments for monomers (Ay, tC, Gy,

Tp) of absorption

processes. The CI represents the abbreviation of composition index of the orbitals of the corresponding transitions. The gap and type denote the

energy gaps and characters involved in orbital transitions, respectively.

Optical spectra Monomer Transition A Jabs. Assignment (CI/Gap (eV)/Type)
Absorption Ay So =Sy 471.11 0.1816 H—L(98.9%/3.00/%r — 7*)
So —S» 376.11 0.1625 H—L+1(64.2%/3.79/t — ©*)
Sy 553 365.44 0.9974 H-1—-L(59.9%/3.83/% — ©*)
H—L+1(33.4%/3.79/% — ©*)
tC So —S1 362.46 0.0702 H—L(95.6%/4.09/% — ©*)
So —S, 301.06 0.0538 H—L+1(84.6%/4.92/ — ©*)
"
So 553 202,92 0.0193 H—L+2(64.7%/4.98/% — ©*)
H-1-L(22.6%/4.95/% — ©*)
Gp So —S; 361.58 0.3255 H—L(96.8%/3.83/ — ©t*)
"
So =5, 30375 0.0142 H—L+1(59.8%/4.77/x — 7*)
H-1—-L(37.6%/4.79/% — ©*)
Sy 553 28076 07637 H-1-L(55.9%/4.79/% — ©*)
H—L+1(36.3%/4.77/n — ©*)
T, So =S4 327.93 0.2757 H—L(97.5%/4.17/%x — %)
So —S, 264.21 0.4441 H—L+1(97.3%/5.25/%t — ©*)
So —S3 253.10 0.0000 H-1—L(88.9%/5.24/r — n*)
Fluorescence Ay S| —So 576 0.45 L—H(99.8%/2.55/% — 7*)
tC S1 —So 488(505) 0.12 L—H(98.8%/3.22/t — ©*)
Gy S1 —=So 450 0.60 L—H(99.4%/3.20/x — 7*)
T, S;1 —So 406 0.37 L—H(99.4%/3.51/x — %)

3.2. Structural and spectra analyses of base pairs

Considering the requirement of SMRT with two-base se-
quence pattern, the effects of base pairing are further inves-
tigated. The base pairs including modified analogues are
shown to maintain the co-planar characteristic in geometry and
therefore enable minimal perturbation to the canonical DNA

(Fig. S5). To examine the structural stability of modified ana-
logues paired with their complementary bases, the interaction
energies are calculated with BSSE correction as shown in the

following equation:©!]

AE = Exg — (Ea + EB) + EBssE; 3)

023203-4
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where AE denotes the energy difference between the com-
plex (Eap) and the individuals (E5 and Eg). The cal-
culated interaction energy of the four analogues is respec-
tively —11.32 kcal/mol (Ay:T), —17.82 kcal/mol (tC:G),
—16.66 kcal/mol (Gy,:C), and —11.19 kcal/mol (T:A), which
is comparable with native base pairs (—11.01 kcal/mol ~
—17.19 kcal/mol). Moreover, the strength of intermolecular
interactions is visualized through the reduced density gradient
(RDG) versus sign(Ay)p were shown via the VMD and the
Multiwfn programs by utilizing the formulas

1 Vp(r
RDG() = 3Gy |p(1:)<4/)3|’ “)
Q(r) = sign(A2(r))p(r). Q)

The atomic theory in molecules (AIM) demonstrate that the
strength and type of interaction are reflected respectively by
the RDG(r) and Q(r) with respect to the electron density

62631 As shown in Fig. 5, the neg-

p(r) and eigenvalue A,.!
ative sign(A2(r))p(r) isosurfaces (blue color) between paired
bases mean that there are distinct H-bond interactions between
paired bases in Sp/S; states, thus generating size-altered stable

helical structure in DNA.

p>0 sign(Xy)p decrease p~0 sign(\o)p increase  p>0
A2<0 A0 A2>0

.

T T

Van der Waals Strong repulsion:
interaction steric effectin
ring and cage

T
Strong attraction:
H-bond

Fig. 5. The color-filled RDG isosurface (contour value =0.5) of Ay:T,
tC:G, Gp:C, and Tp:A in S¢ and S states.

Based on the relaxed Sg-configurations, the absorption
spectra of considered base pairs are performed in Fig. 6, and
the excitation details are given in Table 2. The absorption
spectra of Tj,:A belongs to Sg — S transition that is located
at 327 nm (fups. = 0.23) corresponding to HOMO — LUMO
(CI=97.3%). While, the maximum absorption wavelength of
Ay:T and Gy:C are red-shifted to 366 nm (fys. = 1.03) and
377 nm (fups. = 0.33), respectively. The Sg —S;3 transition

of Ay:T (366 nm) has dominant contributions from HOMO-
1—-LUMO (CI=56.2%) combined with HOMO —LUMO
41 (CI =37.6%), and the Sy — S transition of Gy,:C (377 nm)
is associated with HOMO — LUMO (CI=97.3%). For tC:G,
there are two absorption peaks around 375 nm (faps. = 0.08)
and 308 nm (fans. = 0.04), which can be ascribed to the So —
S; transition (HOMO — LUMO with CI=94.5%) and the
S¢ — S5 transition (HOMO — LUMO+1 with CI = 85.2%).

200 250 300 350 400 450 500 550 600

1.0t (@) 366 Absorption
Ay
0.8} Gy
> Tp
i
F 0.6} tC
o
g
g
0.4r 377
327
0.2+ 375
200 250 300 350 400 450 500 550 600
Wavelength (nm)
300 400 500 600 700 800
(b) ! Fluorescence
4621 A
0.6f [ Gy
[ 572 b
| Tp
,4? | tC
g 0.4r 405 :
[0}
= |
E |
0.2¢ 1506

0 L s s " s s L L ' s
300 400 500 600 700 800
Wavelength (nm)

Fig. 6. Absorption (a) and fluorescence emission (b) spectra.

After the vertical photo-excitation, the emissive spectra
are calculated at the excited geometries (Fig. 6). Similar
to the case of monomer, the fluorescence peak of the four
analogues can be ordered by Ay:T (572 nm, fy, = 0.53) >
tC:G (506 nm, f, = 0.18) > Gp,:C (462 nm, fp, = 0.64)
> Tp:A (405 nm, fgy, = 0.37) due to the increased H-L en-
ergy gaps as 2.57 eV (Ay:T) < 3.11eV (tC:G) < 3.13 eV
(Gp:C) < 3.52¢eV (Tp:A). As displayed in Table 2, the fluores-
cence of the four analogues (Ay:T, tC:G, Gy:C, T}:A) are all
dominated by the LUMO —HOMO (CI=99.7%), LUMO —
HOMO (CI=98.8%), LUMO —HOMO (CI=99.4%), and
LUMO —HOMO (CI=99.4%) transitions, respectively. Ac-
cordingly, the distinct emission wavelength (AL ~ 50 nm)
with efficient oscillator strength allows the four base pairs
(Ay:T, tC:G, Gyp:C, Ty:A) to serve as quasi-intrinsic biosen-

sors for four-color optical scanner.
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Table 2. Wavelengths (A, in unit nm), oscillator strengths (fyps, and fj,), state assignments for base pairs (Ay:T, tC:G, Gy:C, Tp:A) of

absorption processes.

Optical spectra Base pair Transition A (nm) Jabs. Assignment (CI/Gap(eV)/Type)
Absorption Ay:T So —S; 469.07 0.1944 H—L(98.8%/3.01/x — &™)
H— L+1(60.0%/3.79/. *
So =S 376.57 0.1900 —LALO0.0%A.79/% = 7°)
H-1—-1L(35.5%/3.82/% — ©*)
H-1—-1(56.2 .82 *
So 53 365.79 10306 —L062%/5 82/m — x°)
H—L+1(37.6%/3.79/% — 7*)
tC:G So — S 374.86 0.0794 H—L(94.5%/3.96/7 — 7*)
So—S2 339.32 0.0054 H-1-L(98.5%/4.12/m — ©*)
So —S3 308.46 0.0372 H—L+1(85.2%/4.81/w — 7*)
Gy:C So — S 377.08 0.3347 H—L(97.3%/3.70/x — 7*)
So—Sy 324.06 0.0274 H—L+1(95.2%/4.24/w — m*)
H— L+2(64.2%/4. *
So S 306.54 0.0082 —LA26A2%/A.T0T — 7°)
H-1-L(28.6%/4.72/m — ©*)
Tp:A So — S 327.29 0.2307 H—L(97.3%/4.18/r — ©*)
So—S2 295.20 0.0060 H-1-1.(99.4%/4.65/% — ©*)
So —S3 276.26 0.0192 H—L+1(99.6%/4.82/w — m*)
Fluorescence Ay:T S1 —So 572 0.53 L—H(99.7%/2.57/7 — ©*)
tC:G S1 —So 506 0.18 L—H(98.8%/3.11/r — )
Gy:C S1 —So 462 0.64 L—H(99.4%/3.13/x — ©*)
Tp:A S1 —So 405 0.37 L—H(99.4%/3.52/x — ©*)
3
ol (a) S-S So—Si So—S2 So—Si So—Si
1 ‘g“';,’ .
0 11 et gﬂ ’ f 10 'S "&b
1t R o ‘,'g‘ Iy L+‘I:-|.06 eV I ,," o 1> 78 r«
S s 08 "’:ﬁ"ﬁ&:"o L+1:-1.89 eV L:-1.91 eV P L:-1.80 eV
[} L:-2.67 eV
g -3
%0 —4
= —5
B 6 , H:-5.68 :"' H:587¢V  H:-5.87 eV f;—”“ ev H-5.98 eV
_ H-1:16.49 eV {} MBS, 85 85 ? » 9
us {38V 8 @ = .3 %‘ 4
—8r¢y :."4’43(‘.(% % 2 & et Sy ® > iP5 e
_18 Ay:T tC:G Gy:C Tp:A
3
9 (b)  Si—=So S1—S S1—So Si—S
1 9@ . . @
() = ‘o
0 G : %8p, r%
L . Y 2 I 0o
-1 ReMeee 86 TV s, o 175 dee
—~ —2 » LA L:2.31 eV L:2.23 eV Li-2.23 eV
% 3 L:-2.88 eV
54
g 5
5 _6 P H:-5.45 eV H:-S.:Z eV ::-S-J:V oy
;L ® RS \ o
AN & e, %
-8 g - 0¢ > 'y 1% w
713 Ay:T 8 Gy:C Tp:A

Fig. 7. FMOs (isovalue = 0.02 a.u.) involved in the excitation transitions (a) and the decay processes (b).

3.3. Effects of linking to deoxyribose on spectral charac-
terization

With aim to ensure the biological application of the four-
color indicators, we examined the effects of binding deoxyri-
bose on spectral characterization. Geometrically, these bases
retain co-planar characteristic after linking with deoxyribose
(see Fig. S6). Electronically, the absorption and emission
spectra at the relaxed Sg and S; geometries are performed in
Fig. 9. The absorption of dAy is centred at 350 nm (faps. =

0.72) originated from the Sog — S3 transition. While, the other
three analogues possess structured spectra with two absorp-
tion peaks. The maximum absorption peaks are located at
368 nm (dtC: Sg — S1, faps. = 0.11), 286 nm (dGp: So — S3,
Sabs. = 0.67), 265 nm (dTp: So —S2, fans. = 0.42), and the
side peaks centred around 301 nm (dtC: Sg — S», faps. = 0.08),
361 nm (dGy: So —+S1, fabs. = 0.35), 330 nm (dT: So — S1,
fabs. = 0.31), respectively. Inspection of the decay process
reveals that the four analogues keep efficient fluorescence or-
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dered in decreasing wavelength as dAy: 584 nm (ff,. = 0.50)
> dtC: 493 nm (ffy. = 0.16) > dGyp: 452 nm (ff,. = 0.65)
> dTp: 408 nm (ff,. = 0.40), which has unique contribu-
tion from LUMO to HOMO transition. Compared with the
case of free bases, the fluorescence maxima of tC red-shifts
from 488 nm to 493 nm with unchanged oscillator strength
(Af < 4%) after linking to the deoxyribose. While, the linking
with sugar groups could red-shift the fluorescence emission
from 576 nm (Ay) to 584 nm (dAy), 450 nm (Gp) to 452 nm
(dGp), and 406 nm (Tp) to 408 nm (dT,), corresponding to
an increasing oscillator strength from 0.45 (Ay) to 0.50 (dAy),
0.60 (Gp) to 0.65 (dGy,), and 0.37 (Tp) to 0.40 (dTp).

For base pairs, the spectra of absorption and fluores-
cence emission are depicted in Figs. 9(c) and 9(d). The maxi-
mum absorption peaks of the four analogues (dA:dT, dtC:dG,
dGb:dC, dTp:dA) located at 350 nm (faps. = 0.79), 380 nm
(fabs. = 0.12), 376 nm (faps. = 0.38), and 330 nm (fyps. = 0.26)
that originated from the S¢g — S5 transition, Sg — S transi-
tion, So — S transition, and Sy —S; transition, respectively.
Meanwhile, the fluorescence peak of four analogues can be
ordered by dAy:dT > dtC:dG > dGy:dC > dT,:dA with dis-
tinct emission wavelength (AA ~ 50 nm), which is essential

200 300 400 500 600
0.8 350 Absorption
286 dA,
dGy,
0.6 dT,
I dtC
~§ 265
361
% 0.4 330
s
0.2
i 368
0
200 300 400 500 600
Wavelength (nm)
200 300 400 500 600
0.8 350 Absorption
dAy:dT
dGy,:dC
0.6 dT,:dA
IS dtC:dG
E
5 04 376
=
— 330
0.2
380
0 - . g : : 0
200 300 400 500 600

Wavelength (nm)

to identify the sequencing information. Detailedly, the decay
process of the four analogues (dAy:dT: 581 nm (fju. = 0.53),
dtC:dG: 508 nm (fqy, = 0.18), dGy,:dC: 464 nm (fq,. = 0.64),
dTp:dA: 406 nm (f,. = 0.37)) corresponds to S; —So emis-
sion and is dominated by the LUMO — HOMO transition (see
Fig. S8 and Table S2 in the supporting information). The con-
clusions drawn above have been confirmed at the PBEO-D3
/6-3114++4G(d,p) level (see Table S3), which has also been
shown to valuably predict the spectra properties of similar

systems. 1641

(2)

o o
3 °f 3 Boa Pl
(©)
9 po 9 Po
s ° < ) Oo ©

Fig. 8. Optimized geometries of dAy:dT (a), dtC:dG (b), dGy:dC (c)
and dT}:dA (d).

300 400 _ 500 600 700 800

(b) 452/ Fluorescence
1 dAy
0.6 1 dGy,
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gv’ 408 | dtC
204y :
Q
E 1
5
1
0.2+F 1493
O s " " "
300 400 500 600 700 800
Wavelength (nm)
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1
(b) 4641 Fluorescence
I dA,:dT
0.6 : 581 dGy,:dC
| dT,:dA
> | dtC:dG
2 0.4 406 |
g |
=i
— I
09 1508
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Wavelength (nm)

Fig. 9. Absorption (a), (c) and fluorescence emission (b), (d) spectra.

4. Conclusions

In this work, the structural and spectra properties of
newly designed fluorescent bases are theoretically character-
ized to propose quasi-intrinsic biosensors for four-color DNA
sequencing. Herein, two kinds of modifications were taken

into account including the fluorophore replacement and ring
expansion. These surrogates could keep the pyrimidine or
purine underlying skeleton and Watson—Crick hydrogen bond-
ing face to allow minimal perturbation to the native DNA du-

plex. More importantly, compared to the natural bases, these
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nucleobase analogues possess red-shifted absorption and effi-
cient fluorescence as a result of the enhanced 7-conjugation in
character. To ensure the utilization of biosensors for SMRT
with two-base artificial sequence pattern, the effect of base
pairing is examined. The fluorescence peak of the four ana-
logues can be ordered by Ay:T (572 nm) > tC:G (508 nm)
> Gyp:C (464 nm) > T,:A (406 nm) and the distinct emission
wavelength (AA ~ 50 nm) allows for expected time trace of
four-color fluorescence during the single-molecule real-time
DNA sequencing. Meanwhile, the similar trends are repro-
duced with linking deoxyribose. This computational study
proposes a set of fluorescent analogues that could serve as
quasi-intrinsic biosensors for four-color scanner, thus con-
tributing new insights into the design of probes for SMRT.
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