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a b s t r a c t

Inosine is a vital RNA modification across three kingdoms of life. It has been demonstrated that

inosine plays important roles in modulation of the fate of RNAs. In the current study, we de-

veloped a highly sensitive method to determine inosine in a single cell by N-cyclohexyl-N’-β-(4-

methylmorpholinium)ethylcarbodiimide p-toluenesulfonate (CMCT) derivatization in combination with

mass spectrometry analysis. The results showed that the detection sensitivity of inosine was increased

by 556-fold after CMCT derivatization, with the limit of detection (LOD) being 4.5 amol. With the estab-

lished method, we could detect inosine from 13.0 pg of total RNA of HEK293T cells. Meanwhile, inosine

in RNA from a single cell could also be clearly detected due to the improved detection sensitivity. More-

over, we found the level of inosine in RNA of sleep-deprived mice was significantly increased compared

to the control mice, indicating that inosine is associated with sleep behavior and might be a potential

indicator of sleep disorder. Taken together, the chemical derivatization coupled with mass spectrometry

analysis offers a valuable tool in determination of endogenous RNA modifications in a single cell, which

should benefit the functional study of RNA modification in rare clinical samples.

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

Medica, Chinese Academy of Medical Sciences.

Nucleic acids contain a variety of chemical modifications that

play critical roles in many biological processes [1–5]. Over 150

different types of modifications have been identified in RNA

molecules [6–9]. Adenosine-to-inosine (A-to-I) RNA editing is one

of the most important modifications in RNA [10,11]. Inosine (I) is

essentially a purine nucleoside resulting from the enzymatic deam-

ination of adenosine (A) at C6 position [12,13]. Inosine was ini-

tially identified in the tRNA in yeast [14]. In mRNAs of eukaryotes,

inosines are generated by adenosine deaminases acting on RNAs

(ADARs) [15].

Inosine preferentially pairs with cytosine, resulting in being rec-

ognized as guanine [16]. Meanwhile, inosine can also pair with

adenine in a less stable way, thus affecting transcript localiza-

tion and translation accuracy (Fig. S1 in Supporting information)

[16]. Previous studies revealed that inosine was also involved in

the incidence and development of many human diseases, includ-
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ing neurological diseases [17], cancers [18] and autoimmune dis-

eases [19]. Uncovering the functions of inosine requires the sen-

sitive and accurate detection of inosine in RNA. The established

methods for analysis of nucleic acid modifications include thin-

layer chromatography, capillary electrophoresis, mass spectrome-

try, and sequencing [20–22]. Liquid chromatography−tandem mass

spectrometry (LC-MS/MS) has been frequently employed for the

quantification of nucleic acid modifications [21,23–27]. However,

due to the low ionization of inosine in LC-MS/MS analysis, detec-

tion of inosine is challenging, especially in a single cell.

Chemical derivatization strategy can introduce an easily ioniz-

able group into target compounds, which will improve the detec-

tion sensitivities of analytes in LC-MS/MS analysis [28,29]. Along

this line, here we developed a method by CMCT (N-cyclohexyl-N’-

β-(4-methylmorpholinium)ethylcarbodiimide p-toluenesulfonate)

derivatization coupled with LC-MS/MS analysis for the sensitive

and accurate determination of inosine. Due to the high sensitivity,

the developed CMCT derivatization in combination with LC-MS/MS

analysis enables the distinct detection of inosine in RNA from a

single cell.

https://doi.org/10.1016/j.cclet.2023.108243
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Fig. 1. Chemical derivatization reaction between CMCT and inosine. (A) CMCT car-

ries a carbodiimide group that can selectively react with the NH group at the N1

position of inosine. (B) Schematic illustration of the improved detection sensitivity

of I-CMCT compared to the native inosine in LC-MS/MS analysis.

As for the method development, we first examined the CMCT-

derivatized inosine (I-CMCT). The carbodiimide group in CMCT can

selectively react with the NH group at the N1 position of inosine

(Fig. 1A). CMCT contains a positively charged quaternary ammo-

nium group which can be readily ionized and eventually can im-

prove the detection sensitivity of the derivative of I-CMCT in LC-

MS/MS analysis (Fig. 1B). As expected, the results showed that the

precursor ion (m/z shown in blue) of the detected derivative was

identical to its theoretical value (m/z shown in red) (Fig. 2A). More-

over, the product ion (m/z 252.2) of I-CMCT was clearly observed

in the product ion MS spectra (Fig. 2B). With the increasing colli-

sion energy, we observed the decreased intensity of the precursor

ion (m/z 520.2) and the increased intensity of the product ion (m/z

Fig. 2. Examination and optimization of the CMCT derivatization reaction. (A) Full

scan MS spectrum of I-CMCT. (B) Product ion spectrum of I-CMCT. Shown in red

and blue are the theoretical m/z and measured m/z, respectively. (C) Schematic il-

lustration of the CMCT derivatization and purification by DSPE with CeO2 to capture

I-CMCT and remove excess CMCT. (D) Optimization of the CMCT derivatization re-

action conditions.

252.2) (Fig. S2 in Supporting information). The precursor ion and

the product ion of I-CMCT are different with those of CMCT (Fig.

S3 in Supporting information), which excludes the detected ions

from CMCT and further confirms the formed derivative of I-CMCT.

It should be noted that excess CMCT may affect the sensitive

detection of I-CMCT in LC-MS/MS analysis. We previously demon-

strated that cerium oxide (CeO2) could selectively capture cis-diol

compounds under basic condition, and the captured compounds

could be released from CeO2 in acidic condition [30]. Since the

derivative of I-CMCT carries cis-diol group in the ribose of inosine,

we therefore developed dispersive solid phase extraction (DSPE)

with using CeO2 to selectively extract I-CMCT, and in the mean-

time, to remove excess CMCT that contains no cis-diol group (Fig.

2C). The results showed that over 99.7% excess CMCT was removed.

To obtain the best derivatization efficiency, we further opti-

mized the CMCT derivatization conditions, including the reaction

temperature, the reaction time and the concentration of CMCT.

As for the reaction temperature, it can be seen that reaction at

30 °C offered the best reaction efficiency (Fig. 2D). In addition,

we observed that the peak area of I-CMCT reached to a plateau

at 2 h (Fig. 2D). Moreover, the derivatization efficiency was rela-

tively good when the concentration of CMCT was 50 mmol/L (Fig.

2D). Taken together, the optimized derivatization reaction was car-

ried out at 30 °C for 2 h with 50 mmol/L CMCT. By comparing the

signal of the residual inosine after CMCT derivatization to the sig-

nal of inosine without CMCT derivatization, the derivatization effi-

ciency of the reaction was over 93.4% under the optimized reaction

conditions (Fig. S4 in Supporting information). In addition, I-CMCT

exhibited good stability (Fig. S5 in Supporting information), indi-

cating the CMCT derivatization is suitable for the analysis of ino-

sine by LC-MS/MS.

We next evaluated the detection sensitivity of inosine after

CMCT derivatization under optimized derivatization reactions. In

addition, we also optimized the mass spectrometry parameters to

achieve the best detection. The detailed information can be found

in Tables S1 and S2 (Supporting information). The native inosine

has relatively weak retention (1.9 min) on the reversed-phase col-

umn (Fig. S4A). However, the retention of I-CMCT was signifi-

cantly increased (5.1 min) (Fig. 3), which is due to the enhanced

hydrophobicity of I-CMCT through the introduction of cyclohexyl

group from CMCT. Compared to the native form of inosine, the

detection sensitivity of inosine remarkably increased after CMCT

derivatization. The limit of detection (LOD), defined as the amounts

of the analytes at a signal-to-noise ratio (S/N) of 3, of I-CMCT was

4.5 amol (Table S3 and Fig. S6 in Supporting information). How-

ever, the LOD of native inosine was 2.5 fmol (Table S3 in Support-

ing information). The results demonstrated that the detection sen-

sitivity of inosine improved by 556-fold after CMCT derivatization

(Table S3). The significant increase in detection sensitivity of ino-

sine should be attributed to the positive charge of the quaternary

ammonium group in the CMCT as well as the increased retention

of I-CMCT in chromatographic separation.

With the established CMCT derivatization combined with LC-

MS/MS analysis method, we then carried out the detection of in-

osine in RNA from HEK293T cells. The enzymatically digested nu-

cleosides from total RNA of HEK293T cells were reacted with CMCT

in borate buffer (pH 9.0), followed by DSPE with CeO2 to capture I-

CMCT and remove excess CMCT. After elution with 1% formic acid,

the eluent was collected, lyophilized to dryness, and then dissolved

in water for LC-MS/MS analysis. The results showed a peak with a

retention time of 5.1 min in the extracted-ion chromatogram (m/z

520.2→252.2) from total RNA (300 pg) of HEK293T cells, which

was consistent with the retention time of I-CMCT standard (Fig. 3).

We also added the I-CMCT standard to the enzymatically digested

nucleosides from total RNA of HEK293T cells. The results showed

that the spiked I-CMCT standard had the same retention time as
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Fig. 3. Determination of inosine from RNA. From upper to bottom: the extracted-

ion chromatograms of blank control (without addition of RNA), I-CMCT standard,

from 300 pg of total RNA, from 300 pg of total RNA with spiked I-CMCT standard,

and from 13 pg of total RNA.

that detected in HEK293T cells. Meanwhile, the peak intensity of

I-CMCT was increased with the spiked I-CMCT standard (Fig. 3).

These results confirmed that the detected compound was inosine.

We then further decreased the amount of input RNA, and it can be

seen that a clear peak of inosine was observed even from 13 pg of

total RNA with the S/N being 26 (Fig. 3). It has been reported that

a single mammalian cell contains approximately 10-40 pg of RNA

[31,32]. These results indicated that the method should be capable

of detection of inosine from a single cell.

We next constructed a calibration curve to quantify inosine

level in RNA. In this respect, various amounts of inosine and fixed

amount of internal standard (adenosine) were mixed to construct

the calibration curve by plotting the mean peak area ratios of I-

CMCT/adenosine (I-CMCT/A) versus the mean molar ratios of ino-

sine/adenosine (I/A) based on data obtained from triplicate mea-

surements. The results showed that good linearity was obtained

with the coefficient of determination (R2) being greater than 0.99

(Fig. S7 in Supporting information). The relative errors (REs) and

intra-day and inter-day relative standard deviations (RSDs) were

employed to evaluate the accuracy and precision of the method.

As shown in Table S4 (Supporting information), the REs and RSDs

were less than 4.3% and 16.7%, respectively. These results showed

good precision and accuracy for quantification of inosine, demon-

strating that the method was reliable for the accurate quantifica-

tion of inosine. With the constructed calibration curve, the quan-

tification results showed that the level of inosine from 13 pg of

RNA was 0.22% (I/A), which is comparable to the result obtained

with using larger amount (300 pg) of RNA (0.28%, I/A).

Next, we employed the CMCT derivatization combined with LC-

MS/MS analysis method to directly detect inosine in a single cell

(Fig. 4A). The samples with a few cells were prepared by succes-

sive dilution of large number of cells according to previous study

[33], and the details could be found in Supporting Information.

We then employed our previously established combined strategy

Fig. 4. Determination of inosine in RNA from a single cell and from sleep-deprived

mice. (A) Schematic illustration of the analytical procedure for detection of inosine

in RNA from a single cell. (B) The extracted-ion chromatograms for the detection

of inosine in RNA from a single cell, 2 cells and 4 cells. (C) Quantification of in-

osine in total RNA of different tissues of sleep-deprived mice (n=3) and control

mice (n=3). Unpaired t-test was performed for the statistics analysis. Data were

presented as means ± SD from three independent experiments. ∗∗P < 0.01.

for cell lysis, RNA digestion and nucleosides extraction in one-tube

[34]. After incubation at 90°C for 10 min to allow the lysis of cell,

the enzymatic digestion was carried out with the addition of phos-

phodiesterase I (0.0125 U) and alkaline phosphatase (0.75 U), fol-

lowed by CMCT derivatization, DSPE with CeO2, and subsequent

LC-MS/MS analysis. With this developed method, we can achieve

the detection of inosine in a few cells as well as in a single cell

(Fig. 4B). The measured content of inosine was 0.26% in a single

cell, which is comparable to the results obtained by using RNA

samples (0.28%, Fig. 3).

Many people are suffering from insomnia that could affect hu-

man neural system [35,36]. Long-term insomnia could also cause

a variety of other diseases, such as diabetes and heart diseases

[37]. We previously found the significantly increased level of in-

osine at position Chr1:63117284 of Ino80dos RNA of tissues from

sleep-deprived mice compared to the control mice [38]. However,

the correlation of the overall level of inosine in RNA and insomnia

is still unknown. Here, we further applied the developed method

to examine the levels of inosine in RNA of tissues (heart, liver

and spleen) of sleep-deprived mice as well as in control mice.

The results showed that the levels of inosine in all the tested tis-

sues (heart, liver or spleen) were significantly increased in sleep-

deprived mice compared to the control mice (Fig. 4C), indicating

that inosine is associated with sleep deprivation and might be a

potential indicator of sleep disorder.

In summary, we developed a highly sensitive method by com-

bining CMCT derivatization with LC-MS/MS analysis for the detec-

tion of inosine in RNA of mammalian cells and tissues. We were

able to detect endogenous inosine in RNA as low as 13.0 pg. In ad-

dition, inosine in RNA from a single cell could also be distinctly de-

tected due to the improved detection sensitivity after CMCT deriva-

tization. Furthermore, we found that the content of inosine in RNA

of sleep-deprived mice was significantly increased compared with

the control mice, indicating that inosine may be involved in sleep

disorder. Taken together, the CMCT derivatization in combination

with mass spectrometry analysis showed great potential in the

determination of endogenous modifications from trace amount of

RNA as well as from a single cell, which may facilitate uncover-
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ing the functions of RNA modifications in the scenario where only

limited samples are available.
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