
Chinese Chemical Letters 34 (2023) 108144

Contents lists available at ScienceDirect

Chinese Chemical Letters

journal homepage: www.elsevier.com/locate/cclet

Selective conformer detection of short-lived base pair tautomers: A

computational study of the unusual guanine-cytosine pairs using

ultrafast resonance Raman spectroscopy

Baoling Tiana, Yizhou Fanga, Shulai Leib,c,d,∗, Ke Xub, Chaozheng Hee,∗∗, Shujuan Lib,c,
Hao Renf,∗∗

a College of Chemistry and Pharmaceutical Sciences, Qingdao Agricultural University, Qingdao 266109, China
bHubei Key Laboratory of Low Dimensional Optoelectronic Materials and Devices, Hubei University of Arts and Science, Xiangyang 441053, China
c Institute of Chemistry, Free University of Berlin, Arnimallee 22, Berlin D-14195, Germany
dHubei Longzhong Laboratory, Xiangyang 441000, China
e Institute of Environment and Energy Catalysis, School of Materials Science and Chemical Engineering, Xi’an Technological University, Xi’an 710021, China
f School of Materials Science and Engineering, China University of Petroleum (East China), Qingdao 266580, China

a r t i c l e i n f o

Article history:

Received 22 November 2022

Revised 20 December 2022

Accepted 11 January 2023

Available online 13 January 2023

Keywords:

Guanine-cytosine pair

Hydrogen bonding

Tautomer

Resonance Raman

Vibronic coupling

a b s t r a c t

Base pair mismatch has been regarded as the main source of DNA point mutations, where minor short-

lived tautomers were usually involved. However, the detection and characterization of these unnatural

species pose challenges to existing techniques. Here, by using systematic structural and ultrafast reso-

nance Raman (RR) spectral analysis for the four possible conformers of guanine-cytosine base pairs, the

prominent marker Raman bands were identified. We found that the hydrogen bonding vibrational region

from 2300 cm−1 to 3700 cm−1 is ideal for the identification of these short live species. The marker bands

provide direct evidence for the existence of the tautomer species, thus offering an effective strategy to

detect the short-lived minor species. Ultrafast resonance Raman spectroscopy would be a powerful tool

to provide direct evidence of critical dynamical details of complex systems involving protonation or tau-

tomerization.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Finding an effective strategy for conformer-selective detection

of short-lived tautomer species is of pivotal importance to un-

derstand the biological processes of DNA in physiological environ-

ments. The maintenance of the genetic code relies on specific hy-

drogen bonding recognition between nucleic acid bases [1]. Ac-

cording to the Watson–Crick model, the guanine–cytosine base

pairs (G:C) are stabilized by three hydrogen bonds as shown in

Fig. 1a. This structural feature is important since it enables one

to read the DNA sequence without unzipping the base pairs and

is responsible for the recognition specificity and the binding pat-

terns between other molecules and DNA strands [2,3]. The nu-

cleic acid bases are well known to exhibit various tautomeric con-

formations in different environments, implying that DNA could
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also accommodate a range of alternative pairing patterns that de-

termines both the DNA double-helix structures and its biological

function [4]. The “reverse Watson-Crick” minor tautomer (G∗:C∗)
shown in Fig. 1b is proposed according to the Löwdin hypoth-

esis [5,6], which is believed to cause pairing mismatch and po-

tentially is the main source of spontaneous point mutations. We

adopt the initial structure of the G∗:C∗ tautomer from the work

by Fu et al. [7], which has been extensively examined as a source

of mutagenic GC tautomers [8]. Other possible proton transferred

tautomers were ruled out by structure optimizations and previ-

ous transition state calculations. While the noncanonical Hoog-

steen guanine–cytosine base pairing (G:CH+) shown in Fig. 1d ex-

ists in the dynamic equilibrium with Watson–Crick conformation,

which is sparsely populated (∼0.02%−0.4%) and short-lived (life-

times ∼0.2–2.5ms) [9]. The Hoogsteen G:CH+ can alter the base

pair’s electrostatics, constrict the DNA backbone, as well as play

unique roles in DNA recognition [10]. The hydrogen bonding inter-

action in various transient guanine–cytosine base pairs produces

the key aspects of both DNA structures and genetic-related features

[11,12]. However, these transient isomers and the dynamic inter-

https://doi.org/10.1016/j.cclet.2023.108144
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Fig. 1. Optimized geometries of the guanine–cytosine (with assigned labels) con-

sidered in this work: (a) Canonical Watson–Crick G:C, (b) the rare Watson–Crick

tautomer G∗:C∗ , (c) the protonated Watson–Crick H+G:C, and (d) the noncanonical

Hoogsteen G:CH+ . Silver, blue, red and white balls denote carbon, nitrogen, oxygen

and hydrogen atoms, respectively.

conversions between them are difficult to detect due to the intrin-

sic complexities of the complexity and the fast kinetics in biolog-

ical systems. Conventional crystalline characterizations are usually

affected by crystallographic environments. Several crystalline ex-

periments showed evidences of the existence of Hoogsteen G:CH+,
however, solution nuclear magnetic resonance (NMR) characteriza-

tions suggest the same systems are Watson–Crick G:C conforma-

tion, implying that crystalline structures deviate from those in vivo

[13]. In addition, the dynamic nature poses extra challenges for the

detection and characterization of these short-lived conformers.

Some insights into these rare species are conventionally ob-

tained by using X-ray crystal diffraction (XRD), infrared (IR) and/or

Raman spectroscopy and mass spectrometry [14–16]. However,

these detections are usually not performed in vitro, leading to am-

biguities related to physiological functions. In addition, these tech-

niques usually have temporal resolutions much lower than the

fast binding kinetics. For instance, NMR relaxation dispersion ex-

periments have successfully detected Hoogsteen G:CH+ in small,

naked DNA duplexes [17], but it is difficult to characterize large

DNA/protein complexes, due to severe spectral overlaps and unfa-

vorable relaxations. There are a number of successful characteri-

zations of the short-lived or sparely populated guanine–cytosine

tautomers [18], but they are incapable of capturing the atomic res-

olution structures, and the tautomerization dynamics are not clear.

An effective tool to selectively detect G:C in a mixture with its

transient tautomers would greatly facilitate the understanding of

the microscopic mechanism and related biological functions. Spon-

taneous resonance Raman (spRR) spectroscopy detects the vibronic

coupling between molecular vibrations and electronic transitions,

and is a powerful technique to provide molecular fingerprint infor-

mation [19–22]. Molecular vibrations are sensitive to local chem-

ical environments and their resonance with electronic transitions

provides a high signal-to-noise ratio [23–26]. By tuning the excita-

tion wavelengths, spRR is capable of probing specific basepairs dur-

ing complex biological processes. Combined with ultrafast pulses,

spRR has been extended to the time domain, i.e., stimulated res-

onance Raman (stRR), which can give kinetic information of fast

biological processes [27,28]. With these advantages, spRR and stRR

are powerful tools for identifying base-pair species probably with

short lifetimes or only exist transiently.

In this work, we carried out systematic ab initio simulations to

study the spRR and ultrafast stRR spectra of the four biologically

important guanine–cytosine conformers, i.e., G:C, G:CH+, G∗:C∗ and

H+G:C. G:C is the most populated Watson–Crick conformation,

while the hoogsteen G:CH+ exists in dynamic equilibrium with

canonical G:C. The rare tautomers G∗:C∗ and H+G:C, which might

participate in DNA mutation, were also considered here. The char-

acteristic RR spectral patterns, as well as the appropriate excita-

tion wavelengths for resonance enhancement, were predicted and

would serve as references for future experiments. The spRR sig-

nals were evaluated by calculating the differential Raman scatter-

ing cross section [29]:

Ssp
(
ωin,ωsig

)
= dσ

d�
∝

∑
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(
ωin − ωsig − ωca
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where ωin is the incident frequencies, while ωsig is the Raman

signal frequencies. P(a) denotes the population of the state |a〉.
αca(ωin) is the polarizability between state |a〉 and |c〉, which ex-

plicitly depends on the incident frequency ωin . In the practical

calculations, the delta function δ(ωin - ωsig - ωca) is replaced by a

Gaussian function, which can ensure energy conservation during

the scattering process. The pump-probe stRR signals can be ob-

tained by:
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Here ωi and Ei(ω) denote the center frequency and envelope of the

ith pulse, respectively. Detailed derivations of spRR and stRR can

be found in Ref. [29]. Considering the electronic dynamics is much

faster than the nuclear relaxation, we use the linewidth parameters

of 10 cm−1 and 100 cm−1 for the vibrational and electronic spec-

tra to capture the broadening effects originating from intermedi-

ate state lifetimes. These values have been widely used in previous

theoretical calculations [30–33]. The calculated vibrational frequen-

cies were scaled by 0.97 to correct the systematic errors [34]. All

the calculations, including structure optimization, vibrational anal-

ysis and electronic transitions were carried out by using the Gaus-

sian 16 package at the (time-dependent) B3LYP/cc-pVTZ level of

theory [35]. This computational scheme has been proven successful

to describe the electronic structures of nucleobases [36]. To under-

stand the strong peaks in the UV absorption spectra, we performed

natural transition orbital (NTO) analysis for the corresponding elec-

tronic transitions [37]. The first order Franck-Condon contribution

to the vibronic coupling was considered, while the higher order

Herzberg-Teller terms were neglected since only strongly allowed

electronic transitions were involved [38,39]. The solvation effect

was implicitly accounted by the polarizable continuum model with

conductor-like solvations (CPCM) method [40].

Fig. 1 shows the fully optimized structure of the guanine–

cytosine base pairs. The Watson–Crick pairing pattern has three

hydrogen bonds, while the Hoogsteen structure has only two.

Three kinds of hydrogen bonds in G:C are shown in Fig. 1a,

one proton is covalently bonded to N1 of guanine and hydrogen

bonded to N7 of cytosine, the second hydrogen bond occurs be-

tween the amino group of cytosine and the O1 of guanine, and

the third hydrogen bond occurs between the amino group of gua-

nine and the O2 of cytosine. The Hoogsteen G:CH+ pairing pattern

is stabilized by two hydrogen bonds resulting from a 180° rota-

tion of the purine base in Watson–Crick. As shown in Fig. 1d, one

proton is bonded to N7 of cytosine and N5 of guanine, and the

second hydrogen bond occurs between the amino group of cyto-

sine and the O1 of guanine. The formation of two hydrogen bonds

shortens the C–C distance between guanine and cytosine, which

2
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Fig. 2. Vibration resolved UV–vis absorption spectra for four guanine–cytosine con-

formers.

can lead to the kinks of the DNA double helix. Herein, except for

the biologically important Watson–Crick G:C and Hoogsteen G:CH+

conformation, we extend the selected analogs including the “re-

verse Watson-Crick” minor tautomer G∗:C∗ and the isolated proto-

nated Watson-Crick H+G:C. The G∗:C∗ species is a double proton

transfer state of G:C. As shown in Fig. 1b, the guanine exists in

its enol form (G∗), and the cytosine exists in the form of iminocy-

tosine (C∗). The hydrogen bonds of G∗:C∗ are covalently bound to

O1 of guanine and the N7 of cytosine, respectively. This short-lived

G∗:C∗ tautomer is considered to be the main potential source of

spontaneous point mutations. But there is no direct experimental

evidence to probe this isomer so far. Accessing its spectroscopic

signatures would facilitate the investigation of the proton transfer

mechanism on DAN mutation. The protonated H+G:C as shown in

Fig. 1c, mainly existing in solution at pH 5.8 [41,42], is one base

pairing conformer of the protonated DNA, which is very important

for a better understanding of DNA biological chemistry. Here, both

the canonical G:C and the double proton transfer conformer G∗:C∗

are neutral structures, while the protonated H+G:C and the proton-

bound non-covalent G:CH+ are with net charges +1, respectively.

To reduce the computational cost of the simulations without af-

fecting the spectroscopic properties, the methyl groups were used

to instead the binding sites at N8 of cytosine and N4 of guanine in

guanine–cytosine isomers, which is bound to ribose or deoxyribose

in nucleic acids.

Appropriate excitation wavelengths are required to match the

UV absorption of the target species for UVRR detection. It can

be obtained by examining the vibrational resolved UV absorption

spectroscopy of guanine–cytosine. As shown in Fig. 2, the total ab-

sorption and the dominant contributions of the main peaks of each

conformer were depicted in 222–286nm (35,000–45,000 cm−1) re-

gion, which match well with the experimental UV–vis absorption

spectra of nucleotides [43]. Herein, we also assessed the spatial

distribution of the strongly allowed electronic excitations by per-

forming NTO analysis. The NTO plots of the interesting electronic

transitions of the four conformers are presented in Figs. S1–S4

(Supporting information). For clarity, we denote the ith electronic

transition of isomers S as εS
i . The total absorption spectra are plot-

ted in black.

As shown in Fig. 2a, four electronic transitions have been iden-

tified as contributing significantly to the total UV–vis spectrum

of the canonical G:C. The maximum peak lies near 40,726 cm−1

(245.5 nm), which is mainly attributed to the electron rearrange-

ment transition of εI
4 from guanine to cytosine. It contains con-

siderable hydrogen bond distribution changes around the N6H2,

N1H3, and N2H4 regions along with the NTO analysis in Fig.

S1. Two weak absorption bands at 37,747 cm−1 (264.9 nm) and

38,968 cm−1 (256.6 nm) are comparable in intensity. One is con-

tributed from the εI
2 excitation at 37,747 cm−1, which is ascribed

to the electron rearrangement inside the guanine base, while the

second band at 38,968 cm−1 comes from a typical electron re-

arrangement transition of εI
3 inside the cytosine base. The spa-

tial distributions of the NTOs for these transitions are depicted in

Fig. S1. The fourth transition εI
6 is located in the 228.7 nm region,

which is a weak transition.

G∗:C∗ is the double proton transfer state from G:C. Two

main peaks appear at 36,921 cm−1 (270.9 nm) and 38,007 cm−1

(263.1 nm), respectively. One comes from the π→π ∗ transition of

εII
2 excitation at 270.9 nm and another peak arises from the εII

3

excitation at 263.1 nm. Herein, εII
2 is a typical electron rearrange-

ment inside guanine, and εII
3 is the typical electron rearrangement

inside cytosine as shown in Fig. S2. Compared to G:C, there are

no obvious peaks in the 240–260nm region. Two relatively weaker

shoulder bands are observed at 237.9 and 235.2 nm, which are cor-

responding to the excitation of εII
4 at 42,020 cm−1 (237.9 nm) and

εII
5 at 42,463 cm−1 (235.2 nm). These two excitations arise from

the electron rearrangement from guanine to cytosine as shown in

Fig. S2. It is worth noticing that the electron rearrangement exci-

tations from guanine to cytosine in G∗:C∗ exhibit some blueshift

compared to that of G:C, while the electron rearrangement excita-

tions inside guanine (εII
2) and cytosine (εII

3) exhibit some redshift,

which are in agreement with the proposing hyperchromic effect or

subtractive effect.

For the H+G:C conformer, the protonation has a significant ef-

fect on its absorption spectrum. As shown in Fig. 2c, there are

no obvious bands in the region above 260nm. Comparatively, the

peaks are more dense and concentrated in the region 240–260nm,

which are respectively centered at 38,772 cm−1, 39,664 cm−1

and 40,808 cm−1. According to the corresponding NTO analysis

(Fig. S3), these peaks at 38,772 cm−1 and 39,664 cm−1 are as-

signed from the contributions of εIV
3 at 257.9 nm and εIV

4 at

252.1 nm, which are related to the electron rearrangement from

guanine to cytosine. While the other two peaks at 40,808 cm−1

and 41,054 cm−1 are assigned to the contributions of εIV
5 at

245.1 nm and εIV
6 at 243.6 nm, which are typically considered the

electron rearrangement from cytosine to guanine. In addition, there

is a strong peak in the deep UV region at 40,808 cm−1, which is

assigned to the electron rearrangement inside the cytosine base

by εIV
8 excitation at 226.2 nm. These characteristic features sug-

gest that the protonated H+G:C represents important uniqueness,

which may contribute to the detection of H+G:C.
As the purine of G:C is rotated 180°, one proton of guanine

is covalently bound to the N7 of the cytosine to form G:CH+. As
shown in Fig. 2d, the Hoogsteen G:CH+spectra feature also has

three typical absorption peaks, which are generally similar to the

Watson-Crick G:C. The strongest band appears is corresponding to

the contributions of εIII
4 at 41,017 cm−1 (243.8 nm), while two

weaker transitions appear above 260nm. The strongest peak of

G:CH+ at 243.8 nm displays some blue-shift compared to that of

G:C at 245.5 nm, while other two weak peaks of G:CH+ above

260nm show some red-shifts. In addition, two weak peaks are

also dramatically reweighted in the relative intensities in G:CH+.
One peak located at 37,495 cm−1 (266.7 nm) is stronger than

that at 37,951 cm−1 (263.5 nm). The former peak assigned to εIII
2

mainly comes from the contribution of N7-H6 stretching, while

the weaker εIII
3 peak is mainly assigned to the N1-H3 stretching,

which is in agreement with the NTOs analysis of these electronic

excitations depicted in Fig. S4. Spectroscopically, we cannot directly

3
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Fig. 3. Two-dimensional spontaneous Raman spectra of (a-d) four guanine–cytosine

conformers with excitation energy scanned from 35,000 cm−1 to 45,000 cm−1. The

horizontal and vertical axes represent the Raman shift and excitation energy, re-

spectively.

distinguish four conformers alone due to the congestion of their

UV–vis spectrum, but these spectral data provide the basis neces-

sary for further exploitation of UVRR spectroscopy.

To illustrate the capability of RR to characterize the pairing

patterns of guanine–cytosine conformers, the correlation between

the structural components and their RR spectroscopic signatures

is established. According to the structural analysis, the hydrogen-

bonding interaction modes, especially the CH/NH/OH modes in

the hydrogen-bonding interactions region from 2300 cm−1 to

3700 cm−1, are the key RR active modes. They are far away

from the normal vibrational frequencies of the guanine or cyto-

sine monomer, and can be effectively filtered out from the vibra-

tional modes of H2O or peptides by tuning the incoming excitation

wavenumber. These properties make these hydrogen-bond related

vibrational modes have unexpected marking effects in structural

diagnosis, which can benefit experimental applications in spec-

troscopy detection. These well-defined RR marker bands under the

UV resonance excitation have been assessed as shown in Fig. 3.

Tables 1–4 present the Raman active vibrational modes with rel-

atively obvious intensity in the range 2300–3700 cm−1 under the

excitation from 35,000–45,000 cm−1. There are also other vibra-

Table 1

Raman active modes and assignments of G:C. All frequencies are wavenumbers.

Frequency (cm−1) Assignment

2960 G: C–H stretching inside CH3

2968 C: C–H stretching in CH3

3041 G: N1-H3 stretching

3114 (3132) C: C–H stretching

3139 G: C–H stretching

3202 G:N2-H4 stretching (mainly) coupled with

C:N6-H2 stretching

3215 C:N6-H2 stretching (mainly) coupled with

G:N2-H4 stretching

3562 C:N6-H1 stretching

3566 G:N2-H5 stretching

Table 2

Raman active modes assignments for G∗:C∗ . All frequencies are wavenumbers.

Frequency (cm−1) Assignment

2440 G: O1-H2 stretching

2959 G: C–H stretching in CH3

2969 C: C–H stretching in CH3

2993 C: N7-H3 stretching

3117 C: C–H stretching

3366 G:N2-H4 symmetric stretching

3431 C:N6-H1 stretching

3565 G:N2-H5 stretching

Table 3

Raman active modes and assignments for H+G:C. All frequencies are wavenumbers.

Frequency (cm−1) Assignment

2917 G: N1-H3 stretching

3116 (3135) C: C–H stretching

3122 G: N2-H4 stretching

3196 G: C–H stretching

3292 C: N6-H2 stretching

3506 G: N5-H6 stretching

3555 G: N2-H5 free stretching

tion modes, which did not include in these Table lists, but they are

all RR-silent or with weaker intensity in this excitation region.

Using the marker bands of G:C as a benchmark, prominent

UVRR bands of its short-live tautomers are evaluated at each

excitation wavelength. As shown in Fig. 3a, five well-separated

vibrational modes are observed under the resonant excitation

from 35,000 cm−1 to 45,000 cm−1, which can be conveniently

classified into two categories. One is originated from the C–H

stretching, such as the C–H stretching of CH3 inside guanine at

2960 cm−1, and the C–H stretching of guanine or cytosine at 3139

or 3115 cm−1. Another special signal band comes from the N–H

stretching, including the N–H stretching inside the hydrogen bonds

and the free N–H stretching. Such as both the G:N1-H3 stretch-

ing at 3041 cm−1, the G:N2-H4 stretching at 3203 cm−1, and the

C:N6-H2 stretching at 3215 cm−1 are all the N–H stretching in-

volved to the hydrogen bonds, while both the G:N2-H5 stretch-

ing at 3567 cm−1 and the C:N6-H1 stretching at 3563 cm−1 are

free N–H stretching. Compared to free N–H stretching around

3500 cm−1, all the hydrogen bonds related N–H stretching cen-

tered from 3000 cm−1 to 3200 cm−1 are blue-shifted, which can

be selectively identified by the εI
2 resonant excitation at 264.9 nm

(37,750 cm−1). It can also be confirmed by the NTO analysis of G:C

(Fig. S1). As the most population conformation, the Watson–Crick

G:C will be considered as the reference standard in the following

RR spectral discussion.

To confirm its tautomeric conformer, we further investigate

the spRR spectra of G∗:C∗. As shown in Fig. 3b, one strong sig-

nal at 2440 cm−1 exhibits strong Raman intensity, while bands

of medium intensity are observed at 2993, 3117(3136), 3366 and

Table 4

Raman active modes and assignments for G:CH+ . All frequencies are wavenumbers.

Frequency (cm−1) Assignment

2733 C: N7-H6 stretching

2969 G: C–H stretching in CH3

2976 C: C–H stretching in CH3

3105 C: N6-H2 stretching

3152(3127) C: C–H stretching

3157 C: C–H stretching

3468 G: N1-H3 stretching

3484 G: H4-N2-H5 symmetric stretching

3534 C: N6-H1 stretching

3595 G: H4-N2-H5 asymmetric stretching

4
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3565(3431) cm−1. This is different from that of canonical G:C, es-

pecially the G:O1–H2 stretching at 2440 cm−1, which is formed by

the hydrogen bonded to N6 of cytosine, and belongs to the marker

RR band of G∗:C∗. This peak is the strongest signal for G∗:C∗ un-

der the selected excitation range, which is the direct evidence for

the formation of transient G∗:C∗. Meanwhile, as the atom H3 inside

guanine undergoes proton transfer, a new N7-H3 bond is formed

inside G∗:C∗,and its characteristic Raman signal N7-H3 stretching

appears at 2993 cm−1, which exhibits a redshifted compared with

the G:N1-H3 stretching at 3041 cm−1 inside G:C. It is also a char-

acteristic RR peak for G∗:C∗. That means if the G∗:C∗ is present

at physiological conditions, both a strong RR signal band around

2440 cm−1 and a weaker peak around 2993 cm−1 would be ob-

served under specific electronic excitation. The full assignment of

the other three assigned RR bands, such as the C:C–H stretch-

ing at 3117 cm−1, the G:N2-H4 symmetric stretch at 3366 cm−1,

and the free N–H stretching at 3431 cm−1 (C:N6-H1 stretching) or

3566 cm−1 (G:N2-H5 stretching) are listed in Table 3, which are

also valuable for the detection of G∗:C∗. For example, the G:N2-H4

stretching at 3366 cm−1 in G∗:C∗ has some blue-shift compared

to that of G:C at 3202 cm−1. Based on the analysis of the verti-

cal excitation energy, both εII
2 at 270.9 nm (36,921 cm−1) and εII

4

at 238.0 nm (42,020 cm−1) can be selected as the preferred exci-

tation wavelengths to identify G ∗: C∗. Under this excitation, the

specific RR peaks at 2240 cm−1 and 3366 cm−1 can be well iden-

tified, which are much stronger than the C–H stretching signals.

This is consistent with the NTOs analyses of εII
2 and εII

4 for G∗:C∗

shown in Fig. S2.

H+G:C is the protonated conformer of G:C under a low pH en-

vironment, in which one proton is bound to the N5 of guanine.

Different from G∗:C∗, there are no obvious Raman bands in the

low-frequency region below 28,000 cm−1. In the high-frequency

region above 3400 cm−1, H+G:C shows another intense Raman

band at 3506 cm−1 in addition to the free G:N2-H5 stretching at

3555 cm−1, which is assigned to the G:N5-H6+ stretching. It is

a characteristic marker RR band of H+G:C. In the medium region

from 2900 to 3300 cm−1, the spRR spectrum shows several iden-

tical vibrational modes attributable to hydrogen bond interaction,

such as the G:N1-H3 stretching at 2917 cm−1, G:N2-H4 stretch-

ing at 3122 cm−1, and C:N6-H2 stretching at 3292 cm−1. Due to

the strong ion-induced dipole interaction, three typical hydrogen-

bond related modes exhibit obvious red or blue shift, such as that

the G:N1-H3 stretching is red-shifted from 3042 to 2917 cm−1, the

G:N2-H4 stretching is red shifted from 3202 to 3122 cm−1, and the

C:N6-H2 stretching is blue-shifted from 3216 to 3292 cm−1. More-

over, the spRR signal bands of H+G:C is more separated compared

to that of G:C.

G:CH+ is stabilized by two hydrogen bonds, with the bond

donors being the N6 and N7 of cytosine and acceptors being the

O1 and N5 of guanine, respectively. As a result, both the C:N7-H6

stretching at 2733 cm−1 and the C:N6-H2 stretching at 3105 cm−1

are the typical marker bands to characterize G:CH+. Meanwhile, as

the broken of three hydrogen bonds in G:C, one free N1-H3 bond is

released. As shown in Fig. 3d, three N–H stretching modes, such as

the free G:N1–H3 stretching at 3468 cm−1, the G:H4–N2–H5 sym-

metric stretching at 3484 cm−1 and the G:H4–N2–H5 asymmetric

stretching at 3495 cm−1 are also observed. All these characteristic

RR bands can be well identified under the special electronic ex-

citation. For example, both the C:N7-H6 stretching at 2733 cm−1

and C: N6-H2 stretching at 3105 cm−1 can be well identified un-

der the εIV
2 excitation at 266.7 nm (37,495 cm−1), the G:N1-H3

stretching at 3468 cm−1 is a RR active mode under the εIV
3 exci-

tation at 263.5 nm (37,951 cm−1). Compared to that of G∗:C∗, even
a similar N7-H6 bond is also appeared in G:CH+, but the corre-

sponding G:N7-H6 stretching signals are red shifted from 2993 to

2733 cm−1, which is far away from the noise C–H stretching and

Fig. 4. One-dimensional spontaneous Raman spectra of G:C (red), G∗:C∗ (green),

H+G:C (cyan) and G:CH+(blue) species. The excitation energies are selected at (a)

272, (b) 266, (c) 264 and (d) 229nm.

makes the identification of G:CH+ conformer much easily. The spa-

tial distribution of the NTOs for εIV
2, ε

IV
3 and εIV

4 are depicted in

Fig. S4. Herein, the electronic transition εIV
2 is related to the N7-

H6 bond with an O2 to N7 transition, the electronic transition εIV
3

is mainly related to the electronic transition localized around N1-

H3 bond, and the electronic transition εIV
4 is mainly related to the

electronic transition localized around N6-H2 bond, which are all in

better agreement with the typical spRR signals.

The UVRR spectra of H2O and D2O solutions of nucleosides (dA,

dG, dC, dT) have been extensively studied under the laser excita-

tion wavelengths in the deep UV region from 193nm to 280nm

[44–46]. The results show that the RR spectral signal are strongly

dependent on excitation wavelength and constitute sensitive and

selective probe for nucleosides. To characterize the prominent Ra-

man bands that could potentially be used to identify different

short-lived tautomer species, we studied the spRR spectra of four

conformers excited at selected excitation wavelengths of 272, 266,

264 and 229nm.

Fig. 4a compares UVRR spectra of G:C, G∗:C∗, H+G:C, and G:CH+

excited at 272nm. The dominant bands at 2440 cm−1 exhibits the

outstanding Raman intensity in G∗:C∗, which is well isolated from

other UVRR markers under this excitation. This band is assigned to

the mode involving of G:O1-H2 stretching in G∗:C∗. Another typ-

ical band of G∗:C∗ occurs at 3366 cm−1. It’s assigned to a G:N2-

H4 stretching, which exhibits a moderately Raman intensity. These

are useful marker Raman bands of G∗:C∗, which provide a unique

advantage in discriminating the G∗:C∗. In contrast, G:C excited at

272nm exhibits the weakest signal intensities, roughly lower than

150 orders of magnitude of G∗C∗, while both the H+G:C and G:CH+

exhibit relatively weak Raman signals.

Fig. 4b shows the UVRR spectra excited at 266nm. G:CH+

gives a well-resolved band at 2733 cm−1 assigned to the C:N7-

H6 stretching. It’s well isolated from markers of other species. An-

other typical band of G:CH+ occurs at 3105 cm−1 due to C:N6-

H2 stretching. These markers are well resolved, which are useful

marker bands for diagnosing G:CH+. It is worth noting that a weak

band at 3506 cm−1 of H+G:C under 266nm excitation exhibits a

strong signal under excitation at 264nm (Fig. 4c). It corresponds

to the G:N5-H6+ stretching of H+G:C, which provides a potentially

valuable indicator of H+G:C The results show that UVRR signals

of the G:C and its short-lived tautomer species are strongly de-

pendent on excitation wavelength and constitute a sensitive and

selective detection of the labeled bands. We also investigated the

spectral signal under excitation at 229nm, a common excitation

wavelength in experiments. As shown in Fig. 4d, both G:C and
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Fig. 5. Comparison between stRR (dashed) and spRR (solid) spectra for (a) G:C, (b)

G∗:C∗ , (c) H+G:C and (d) G:CH+ BPs. The center frequencies of the pump and probe

pulse used in the stRR simulation are denoted as (ε0 , εi), with the pump chosen to

be pre-resonant at ε0 =25,000 cm−1.

H+G:C species exhibited stronger UVRR signals compared to the

other two species. A typical marker band for both G:C and H+G:C
is the G:N1-H3 stretching, which appears at 2960 cm−1 in G:C,

but shifts to 2916 cm−1 in H+G:C. Both G∗:C∗ and G:CH+ exhib-

ited weaker UVRR signals, but also provided well-resolved marker

bands at 2440 cm−1 and 2733 cm−1, respectively.

As mentioned above, the protonated H+G:C and G:CH+ can be

effectively identified under excitation at 266 and 264nm, while the

excitation wavelength of 272nm is a suitable excitation energy to

enhance the G∗:C∗ signals. These results provide a library of UVRR

labeled bands for structural analysis of guanine–cytosine undergo-

ing protonation or tautomerization events.

Different from spRR, time-resolved stimulated resonance Raman

(stRR) is a nonlinear technique using a pump-probe pulse configu-

ration that drives the system to evolve in its vibrationally excited

states, which can directly probe the structural dynamics along

their vibrational modes and has a sufficiently high temporal reso-

lution to capture spectroscopic snapshots for short-lived tautomer

species. The pump pulse prepares a vibrationally excited state

wave packet in the ground electronic state via a pre-resonance

Raman process, and the probe pulse arrives the sample after a

time delay to probe the dynamics of this wave packet with a reso-

nance Raman process. This pulse configuration preserves the selec-

tivity and resonant enhancement of spRR, in the meantime, avoid-

ing the excited state population probably caused by the pump. A

strong signal in the stRR spectra implies that the corresponding

vibrational excitation survives the time delay between the pump

and probe pulses and hence produces a strong correlation. Fig. 5

presents the one-dimensional (1D) stRR results simulated to illus-

trate the applicability of this technique in conformer-selective de-

tection. The pump was chosen to be centered at ε0 =25,000 cm−1,

which is off-resonant with any excited states of four GC conform-

ers. The probe is chosen to be resonant with the selected electronic

excitation for each system denoted as i. The center frequencies of

the pump and probe pulse used in the stRR simulation are denoted

as (ε0, εi).

The 1D stRR spectra (dashed line) accompanied with the

frequency-domain spontaneous version (solid lines) are shown in

Fig. 5. Similar to the spRR signals, the stRR can capture the dis-

tinctive features of four species, ensuring their capability for struc-

ture characterization, such as that both the G:O1-H2 stretching

of G∗:C∗ at 2440 cm−1 and the marker C: N7-H6+ stretching of

G:CH+ at 2733 cm−1 are all identified under the special stRR

simulation. However, the relative intensities of the marker peaks

change obviously. As shown in Fig. 5a, the prominent spectral in-

dicative of stRR for G:C is an intense Raman band at 3114 cm−1,

which involves C–H stretching of cytosine under the excitation εI
2,

while the maximum intensity bands turn to the G:N2-H4 stretch-

ing at 3202 cm−1 in the spRR detection. For G∗:C∗ as shown

in Fig. 5b, in addition to the marker band at 2440 cm−1, both

the C:N7-H3 stretching at 2993 cm−1 and C:C–H stretching at

3117 cm−1 exhibit relatively more intensities in the stRR detec-

tion compared to that of spRR. Similarly, H+G:C presents an in-

tense band around 2916 cm−1 under the εIII
5 resonance excitation

of spRR spectrum. However, this peak is not detected and the max-

imum peak shifts to 3121 cm−1 in stRR spectra. This demonstrates

that the proper choice of the excitation wavelength makes stRR

spectroscopy a suitable technique for capturing the rapid structural

changes of guanine–cytosine undergone upon protonation or tau-

tomeric transformation events.

In summary, the present UVRR signatures of four guanine–

cytosine species exhibit abundant marker Raman bands, which

carry rich structure information about the microscopic structure,

with specific characteristics that would be helpful for conformer

selective detection of short-lived tautomer species in DNA muta-

tions. Both frequency-domain spRR and time-domain stRR features

were simulated by ab initio studies. These data clearly show the

unique UVRR fingerprints of the four species. Although both stRR

and spRR induce similar spectral signals, the spectroscopic fea-

tures excited with different wavelengths of incident lights demon-

strate the excitation wavelength selectivity of the RR technique.

Moreover, the stRR technique also provides femtosecond scale high

temporal resolution, providing the ability to detect specific species

during the fast kinetics or dynamics undergone upon protona-

tion or tautomeric transformation events. Combining the finger-

print nature of vibration modes, the chemical-specie dependent

selectivity of excitation wavelengths, and the resonance enhance-

ment, our results suggest that spRR and stRR are powerful tools

for the chemical identification of various guanine–cytosine pair-

ing patterns at low concentrations or possess short lifetimes. Con-

sidering the complexity of the physiological environment, the vi-

brational modes of these G:C tautomers would be affected by the

solution environment. An additional assessment on the effects of

hydrogen-bonding with solvent water was performed (Tables S1-S4

in Supporting information). The frequency variations of the vibra-

tion features discussed here are not significant and would not alter

the qualitative conclusions. By carefully choosing excitation ener-

gies, it not only filters out the vibrational modes from the solvents,

but also monitors the transient short-lived base pair tautomers in

different environments. Combined with other conventional meth-

ods of experimental characterization, this technique promises to be

a powerful tool to provide direct evidence of critical dynamical de-

tails of complex systems involving protonation or tautomerization.
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