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Abstract: The paper deals with innovative equations tackling exactly stochastic dynamics 

mass spectrometric experimental variable intensity of peak per span of scan time. They 

overcome limitations of classical methods for semi-quantifying analytes developed, so far, and 

exactly grasp observable variables and their fluctuations; thus, succeeding in determining 

analytes reliably both quantitatively and 3D structurally via soft ionization mass spectrometry. 

Given the paper’s goal of illustrating their crucial effect on mass spectrometric methodology 

as an irreplaceable approach to structurally analyse species, this study offers stochastic 

dynamics-based analysis of nucleotides. The major contribution is providing empirical 

justification of aspects of structural mass spectrometry analysing uridines and pseudouridines. 

The virtual identity of fragmentation patterns causes significant analytical challenges. The 

same is true for methyl-substituted guanosines which are often determined as mixtures. There 

are used ultra-high resolution electrospray ionization mass spectrometry, high accuracy 

computational static and molecular dynamics methods, and chemometrics. The study discusses 

controversial aspects of classical techniques. It illustrates how the innovative equations resolve 

disputable problems of structural analysis of nucleotides. It supports advanced formulas for 

achieving superior performances. There are obtained coefficients of linear correlation r = 

0.9994–0.99923 determining N1-methyl-pseudouridine modified diphosphate compared with 

5-methyluridine diphosphate N-acetylglucosamine. There are determined N2,N2-

dimethylguanosine, uridine, pseudouridine, 5-methyl-uridine, 1-methyl-pseudouridine, 5,6-

dihydrothymidine, galactosyl-queuosine, mannosyl-queuosine, adenosine, 2’-O-methyl-5-

hydroxymethyl cytidine, uridine triphosphate, thymidine diphosphate N-acetylglucosamine, 5-

methyluridine diphosphate N-acetylglucosamine, and 7-methylguanosine-5’-phosphate 

modified derivative, respectively. 

Keywords: stochastic dynamics mass spectrometry; quantum chemistry; nucleotides; 5-

methyl-uridine; 1-methyl-pseudouridine; 3D structural analysis 

1. Introduction 

Uracil is nucleic acid found in RNA⎯in DNA it is replaced by a 5-methyl 

derivative (or thymine)⎯by contrast to nucleic acids determined in both the DNA and 

RNA [1,2]. Enormous research efforts over decades have been made to 

comprehensively understand DNA and RNA structures and their replication processes. 

There is a highlighted connection of RNA point mutation with rare enol-tautomeric 

uracil forms [2,3]. The RNA modifications play a role in RNA stability and structural 

folding, translation fidelity, base pairing, cell development and regulation of gene 

expression. Its modifications are involved in mechanisms of antibiotic resistance and 

diseases [4]. About 150 modifications in RNA are known [4,5]. The variety ranges 

from simple modification, which is the most naturally abundant form of nucleotides 

to modifications including molecular rearrangement [4,6]. Many modifications are 

homologous to all tRNAs. For instance, there is a TΨC loop containing pseudouridine 
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(Ψ) or the so-called D loop, showing dihydrouridine (D). Modifications would remain 

static unless some perturbation of the system such as stress or disease intervened, using 

RNA-modified nucleotides candidate for clinical analysis in early detection of disease 

and progression [7]. The molecular structural analysis of (ribo)nucleotides is of 

outmost importance to in-depth understand not only their biological functions, but also 

their implementations in fields of medicinal chemistry and toxicology [8]. The 

chemical substitution of cellular DNA could trigger perturbation in gene expression in 

addition to induce cell division, or to inhibit apoptosis. Attempts to replicate damaged 

DNA could cause for errors in cell information. 

Oligonucleotide-based therapy using antisense effects is an approach to various 

diseases [9]. Antisense oligonucleotides joined with target mRNA cause for inhibition 

effect.  

Therefore, the identification and determination of DNA adducts could enhance 

an in-depth understanding of mechanistic aspects of biochemical reactions associated 

with carcinogenesis as well as tobacco-related cancers [10].  

Due to the prominent role of uracil in cell biology, there are developed 5-

substituted uracils with medical applications to oncology or AIDS. Commonly, 5-

substituted nucleic bases are templates for constituting antiviral medications [11]. 

Its derivative 5,6-dihydrouracil is also connected with biological processes. 

There are transfer loops in RNAs, antitumor, adreno-blocking, or antiretroviral activity 

[1]. The crucial step, amongst others in the prebiotic formation of cell information 

which is carried out via DNA and RNA biopolymers is enzyme-free nucleic acid 

polymerization reactions utilizing cyclic phosphates or phosphoroimidazolides [12]. 

Thus, low molecular weight (LMW) analytes as ribonucleotides, desoxy- 

ribonucleotides, amino and fatty acids, and more, are essential components in the 

organisms [13]. 

The same is valid for adenosine triphosphate (ATP) and adenosine, which are 

also implemented into vital cellular biological functions [14,15]. They are co-

substrates in enzymatic processes, cell energy production, and extracellular signalling. 

Extracellular nucleotides are frequently metabolized at the cell surface. The ATP 

metabolizes to adenosine diphosphate (ADP), adenosine monophosphate (AMP) and, 

adenosine [14]. 

There is significant interest in in-depth studying various tautomeric forms of 

purine and pyrimidine bases as well as their derivatives, due basically to not only their 

biological importance associated with mispairing by rare tautomers but also to develop 

of unnatural chemically substituted bases that could extend the genetic alphabet and 

could find a broad spectrum of application to pharmacy and medicine. 

To detail molecular 3D conformations, electronic structure, and energetics of 

purine and pyrimidine bases and their derivatives; also, their transient species such as 

cation-radicals is of utmost importance for understanding driving forces in cellular 

processes involving DNA and RNA. There is looked at mechanistic aspects of 

biochemical reactions involving radicals and charge transfer effects. The radicals play 

a primary role in the processes of radiation DNA damage [16]. The thermodynamics 

shed light on the driving forces of biological processes of the discussed compounds 

[17].  
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Further: the protein glycosylation process which is an abundant post-translational 

modification, amongst other in vivo biochemical reactions plays important roles in a 

large number of modulation reactions of macromolecular conformation and stability. 

Its dysregulation is connected with diseases [18–21]. The glucose is used as an energy 

source in vivo via a glycolytic pathway. It is utilized as a carbon sources for 

metabolites including nucleotide carbohydrates (CBs) such as substituted uridine 5’-

diphospho-N-acetylglucosamine (UDP-GlcNAc) [18].  

The monosaccharides are activated in vivo by nucleotides through mono- or 

diphosphate; thus, forming CBs-nucleotides used as glycosylation donors [22]. There 

are nine human CBs-nucleotides, i.e., UDP-D-Glc, UDP-D-GlcA, UDP-D-GlcNAc, 

UDP-D-Gal, UDP-D-GalNAc, GDP-L-Fuc, GDPD-Man, UDP-D-Xyl, and CMP-

Neu5Ac, respectively. 

The nucleotide CBs are used in Golgi apparatus. They are added to glycans on 

proteins. The UDP-GlcNAc is the substrate of GlcNAc-transferases. It is also used to 

modify O-GlcNAc intracellular proteins [18]. The UDP-GlcNAc is the final analyte 

involved in the hexosamine biosynthetic pathway [23]. It is a key cytoplasmic amino 

nucleotide CBs and essential precursor in processes producing different cell 

biomolecules not only peptidoglycans, but also lipopolysaccharides, chitin, 

enterobacterial antigens, glycosaminoglycans, glycosylphosphatidylinositol anchors, 

and more [24]. 

Due to its significant role in N-or O-glycosylation reactions in vivo, enormous 

effort has been made in designing analogs of UDP-GlcNAc capable of affecting on 

process of protein O-glycosylation by blocking enzyme O-GlcNAc transferase. 

Therefore, quantitative and structural analyses of nucleoside modifications in 

RNA or the so-called epitranscriptomics is a crucial step for associating these 

biologically active molecules with biochemical functions and disease [25–28]. 

For purposes of molecular structural analysis of species, the analytical practice 

has used methods for determining base DNA or RNA sequences via combinations of 

enzymatic approaches, chromatography, and radioactive tracer techniques [29–31]. 

Methodological developments in the field highlight thin layer chromatography and 

high-performance liquid chromatography coupled with UV-spectrophotometry as 

methods for an early attempts to quantify such analytes [27], but ultraviolet visible 

(UV)-detection shows low sensitivities. It mainly determines highly abundant analyte 

modifications.  

Furthermore, there is chiefly semi-quantitative analysis and a lack of quantifying 

multiple analytes occurs. The indirect and direct next generation sequencing 

techniques and mass spectrometry (MS) have been proven as powerful tools for 

identifying analyte modifications. The former tools are high throughput ones.  

However, there are required sample pretreatments to recognize sites of 

macromolecular modification. There is challenge in the distinguishing analyte signal 

from noise during its mapping. 

Hyphenated methods such as liquid chromatography coupled with tandem mass 

spectrometry are methods of choice for identifying, quantifying, and structurally 

analyzing sites RNA sequence due to superior method performances. Non-substituted 

oligodeoxynucleotides could be determined at least qualitatively or semi-

quantitatively by means of MS methods at trace concentration levels [29]. The MS 
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contributes crucially to study mononucleotides, nucleobases, and nucleotides as well 

as their oligomers and biologically active polymers in their own right [32].  

Furthermore, an important research issue is associated with proton accepting 

capability of nucleosides, nucleobases, and nucleotides in addition to their hydrogen-

bond interactions as homo and hetero-base pairs, which frequently involved (doubly) 

charge and proton transfer effects. They are ubiquitous processes in chemistry and 

biology [1]. The reactions are, perhaps among most important biochemical pathways 

of the life itself.  

MS methods such as soft ionization approaches to electrospray (ESI) and matrix-

assisted laser desorption tools allowing for facile production of large analyte ions in 

gas phase also contribute crucially to determine protomers, particularly, highlighting 

that they are characterized by complex multi-centered proton accepting capability and 

tautomerism [33]. The tautomers have been regarded as inseparable in solution [34].  

Nevertheless, uracil has well-studied dominant tautomers. They are different 

forms coexisting in a solution [2]. A comprehensive analysis by Molina et al. [35] of 

tautomers, protomers, and cation-radicals has highlighted that a coupled MS 

instrumental scheme to UV photo fragmentation spectroscopy yields important 

photodynamic data on protomers of biopolymers and their monomeric sub-units, 

detailing electronic structure and energetics of cation-radicals of uracil and thymine. 

Their low-stability and short lifetime challenge MS and UV-electronic spectroscopic 

analyses.  

In the case of 5-methyl-uracil, there is observed a rare enol-tautomer co-existing 

with its two rotamers [35]. Due to these reasons, the current study, details on tautomers, 

protomers, and rotamers of the analytes. 

Owing to its significant biological activity there have been made enormous effort 

to study the properties of protomers of uracil and its tautomers of protomers via MS 

methods, as well [36–44]. For studying RNA, MS approaches are hyphenated with 

methods for analyte separation such as chromatography or capillary electrophoresis 

[4]. There is often a level analysis consisting of identifying RNA modifications after 

a total hydrolysis of the sample. The identifications are carried out via mapped on 

RNA sequence after digestions to obtain oligonucleotides.  

The oligonucleotide MS analysis uses two operation modes—tandem MS/MS 

and multiple reaction monitoring one—which allows for fast and easy data-

interpretation including analyte quantification. Despite, the latter approach requires 

pre-established data on modified and non-modified analytes.  

If a modification is not accurately predicted, then it should not be detected. 

Gosset-Erard et al. [4] have stated that no software is yet available for untargeted 

determining of RNA modifications from classical data-dependent MS/MS 

experimental variables. Long and tedious data-interpretation is manually performed. 

The analysis of isomers is carried out manually. There are complicated dimensions of 

MS analysis consisting of theoretical and practical tasks. The latter dimension 

implicated data-processing of all MS variables of ions, while the former dimension 

treats fundamental level of theoretical models of exact MS analysis which emerged as 

response to the fact that isomers of oligonucleotides show often subtle variation of MS 

data on m/z and intensity of ions. By beginning such analysis one should account not 

only for MS peaks of analyte, but also data on its isotopomers. Frequently, the latter 
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peaks show low abundance due to low analyte concentration. Thus, there can be 

provided ambiguous performances lacking reliability due to fluctuation of MS peaks 

of isotopomers. The MS study of fate of UDP-GlcNAc utilizes 13C6-glucose and 13C2-

glucosamine and isotopomers analysis [18,45,46]. There is observed complex MS 

pattern of isotopomers due to 13C-labeled isotopic ions. The MS peaks are assigned to: 

m/z 606 [M–H]-, 607 (+1) [13C1-[M–H]-], 608 (+2) [13C2-[M–H]-], and 611 (+5) [13C5-

ribose] in negative MS polarity. The intensity ratio of MS peaks at m/z 606, 607, and 

608, using natural isotope distribution shows 1:0.20:0.055 [18]. The latter isotopomer 

peak often cannot be determined reliably by routine methods for data-processing of 

variables. The analyte could also participate into reactions of rearrangement causing 

for migrating phosphate-N-acetylglucosamine moiety to 3’ terminus of ribose; thus, 

complicating experimental MS pattern [23]. Due to these reasons, multiple reaction 

monitoring MS analysis of CBs-nucleotides yields to r2 = 0.994–0.998 [47].  

Stable isotope tracing of analytes is powerful approach to delineate metabolic 

pathways. It produces reliable analyte assigning and their quantification via stable 

isotope tracer MS studies. They focus on distinct analytes or biological pathways 

[45,46,48–51]. There is a rather lack of comprehensive metabolite coverage analysis 

via the latter technique, due to limitation of known appropriate tools to analyze 

complex isotope MS pattern of raw data [45,46].  

Nonetheless, for purposes of bioinformatics looking at fast and easy data-

interpretation there have been developed innovative user-friendly search engines [4,5] 

comparing absolute intensity data on MS/MS variables with database containing mass 

spectra of standard samples in order to identify modifications. However, the 

effectiveness is at about 70 %. Both employment in automated tools and manual MS 

data interpretation fails to determine dihydrouridine [4]. The analysis of 5-

methyluridine (m5U) and  shows effectiveness 50 % depending on sample. The score 

of determining of  is 34.39 % out of 100 % studying peaks at m/z 245.0754, 

155.04527, 179.04479, and 209.05485. The uridine (U) shows ion at m/z 245.0754, as 

well.  

Although, a rather lack of strict boundary among bioinformatics’ methods and 

kinetic or thermodynamics ones treating MS phenomena question of reliability of 

approaches arises for their application to MS variables of oligonucleotides in 

biological samples.  

Mostly, the most stable protomers of tautomers correspond to enol-structures of 

the discussed analytes. The keto-groups are converted to OH-ones by proton bonding 

and transfer from neighboring NH groups. The Cooks et al. [52,53] kinetic method 

and thermodynamics ones [54–57] have reliably determined protonation properties of 

uracils [1]. Davalos-Prado et al. [1] have comprehensively determined methylated 

uracils and their protomers via an extended kinetic method based on Cook’s kinetic 

one. It considers entropy effects on dissociation reactions of heterodimeric ions via 

MS approaches. Cooks et al. and De Pauw et al. [54–58] systematically have 

developed ESI-MS based protocols for determining stability of protonated dimers of 

nucleic acids. They are proven approaches to study insight into intrinsic properties of 

analyte dimers [58]. The methodology involves survival yield method [54–57].  
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The same can be said for electron ionization MS-based analysis of nucleic acid 

derivatives which is underlined powerful tool to determine tautomeric equilibria [2]. 

Post-transcriptional modification in biological processes has been in-depth 

studied via liquid chromatography platforms and MS instrumentation; thus, resulting 

in enhanced identification, characterization, and quantification of nucleosides [5]. The 

highlights are on tandem MS/MS technique determining analyte molecular structure 

[59–62]. It allows for differentiating among positional isomers; if any. The approach 

has been applied by Jiang et al. [5] to determine urinary nucleosides. Kuskovsky et al. 

[5] have analyzed deoxyribonucleotides in fibroblasts via stable isotope labeling 

technique. Bao et al. [5] have determine nucleoside level in plasma, as well. Limbach 

et al. [5] have developed automated identification algorithm for MS based 

determination of chemically modified nucleosides. Quantification of CB-containing 

nucleotides via ESI-MS shows r2 = 0.931–0.997 [62]. Analysis of  in RNA has 

resulted to regression coefficient r2 = 0.991–0.946 [63].  

However, theoretical methods of bioinformatics, thermodynamics, or kinetics 

ones used to mass spectrometry, so far, are incapable of keeping distinction of 

reliability straight. The results, so far pose a question of increasing in performances 

and exact analyte determining via innovative developments of models for data-

processing of MS variables.  

Besides, experimental MS methods and analytical instrumentation of electronic 

spectroscopy the theoretical computational methods contribute crucially to (i) 

understand in-depth biochemical reactions involving nucleosides, nucleobases, and 

nucleotides; (ii) determine their 3D molecular and electronic structures; (iii) study the 

structural dynamics of complex processes involving nucleobases; and (iv) obtain 

thermodynamics and molecular properties of neutral species, tautomers, rotamers, 

protomers, and cation-radicals, respectively [16,64]. In this regard, computational 

methods allow for an in-depth understanding of (bio)chemical reactions, because of 

frequently they exhibit complex mechanisms of condensed phase reactions of nucleic 

acid derivatives involving solvent molecules [64–66]. Brancato et al. have in-depth 

studied [16] uracil radicals has, showing that solvent water molecules adopt a cluster-

like microstructure instead of a first solvation water shell-like solute-solvent 

intramolecular arrangements [16]. 

What is left still unacknowledged in the introductory section is novelty of this 

study dealing with application of stochastic dynamics MS Equations (2)–(4) (see sub-

section 2.1, below) to determine 3D structurally oligonucleotides and, perhaps, to say 

that these formulas by Ivanova [67–71] provide not only exact quantitative analysis of 

molecules in environmental and foodstuff samples or biological fluids, but also 

determine exactly 3D molecular and electronic structures of species. The latter task 

inherently involves analysis of MS variables and theoretical parameters of quantum 

chemical computations. There is assessed via chemometric methods statistical 

significance of mutual linear relation of parameters of Equations (2) and (3). 

This study first applies Equations (2)–(4) to determine nucleotides and their 

derivatives showing a large number of isomers, tautomers, protomers, subtle electronic 

effects, and significant capability of intramolecular rearrangement, respectively. 

These properties and processes make their unambiguous MS structural analysis 

particularly challenging analytical task; furthermore, determining them in mixture. It 
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is illustrated, how Equations (2)–(4) could be of crucial help in finding highly precise 

and accurate solution of this problem; thus, achieving excellent method performances.  

2. Experimental 

2.1. Experimental mass spectrometric method 

The sub-section deals with the innovative stochastic dynamics model formulas, 

as aforementioned.  

𝐷𝑆𝐷
𝑡𝑜𝑡 = ∑ 𝐷𝑆𝐷

𝑖𝑛
𝑖 = ∑ 1.3194.10−17 × 𝐴𝑖 ×

𝐼𝑖
2−(𝐼𝑖)

2

(𝐼𝑖−𝐼𝑖)
2

𝑛
𝑖   (1) 

𝐷𝑆𝐷
",𝑡𝑜𝑡 = ∑ 𝐷𝑆𝐷

",𝑖𝑛
𝑖 = ∑ 2.6388.10−17 × (𝐼𝑖

2 − (𝐼𝑖)
2
)𝑛

𝑖   (2) 

𝐷𝑄𝐶 =
∏ 𝜈𝑖

03𝑁
𝑖=1

∏ 𝜈𝑖
𝑆3𝑁−1

𝑖=1

× 𝑒−
𝛥𝐻≠

𝑅×𝑇 (3) 

𝐼SD
Theor ≈ (2.6388.10−17 × 𝐷QC)

1/2
 (4) 

Detail on mutual deriving of Equation (2) from Equation (1) together with 

approximations used to write Equation (4) from Equation (2) could be found [67–71]. 

The same is valid to Arrhenius’s Equation (3).  

Briefly, the equations connect among measurable variables intensity (‘I’) of MS 

peak, molecular properties, 3D geometry parameters, and electronic structures of 

species; thus, allowing to identify and quantify analytes. The analysis is performed per 

short span of scan time; thus, tackling precisely fluctuations of variables. The 

fluctuation refers to vary randomly a parameter from its average value over time.  

The analysis is performed per short span of scan time. The formulas are applied 

to any span of scan time of measurement.  

Equation (1) contains statistical parameter ‚Ai‘. It is obtained by means of 

SineSqr curve fitting of experimental function (I–|<I>)2 = f (t). It determines temporal 

distribution of intensity per any ith span of scan time. There is obtained error 

conurbation to Ai-parameter, however. In overcoming the drawback, there is 

approximated Ai 2.<(I–<I>)2>; thus, writing Equation (2). It is an exact stochastic 

dynamics formula for quantitative MS analysis, yielding to |r| = 1 [67–71].  

The 3D molecular structural analysis is performed via equation (2), however, 

complementary with Arrhenius’s Equation (3). The i
(o) and i

(s) represent ionic 

vibration modes of MS species in ground (GS) and transition (TS) states, while H# 

denotes difference in energetics of same ions in TSs and GSs. The T and R mean 

temperature, respectively, ideal gas constant. Methods for inferential statistics assess 

statistical significance of linear relationship D”
SD=f(DQC). 

Equation (4) is derived from equation (2), as well. It predicts highly accurately 

mass spectrum of molecules approximating <I2> > <I>2 and D”
SDDQC. The parameter 

ISD
Theor is theoretical intensity data on MS peaks of qth ion in certain conditions. It does 

not account for fluctuations of variables. They are unable to be predicted, theoretically.  

Equation (4), so far, produces excellent performances |r|=0.99922–0.99 [67–71]. 
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2.2. Materials and methods 

The study utilizes experimental raw data on MS measurements [72]. There has 

been used a LTQ Orbitrap XL (Thermo Fisher Inc.) instrument. Table S1 summarizes 

experimental conditions of measurements. There are processed data on phage T4 and 

phage SPO1 nucleosides, where the latter results are from file ORB59709.raw while 

T4 data are taken from file ORB59710.  

2.3. Theory/computations 

The GAUSSIAN 98, 09; Dalton2011 and Gamess-US [73–76] program packages 

were utilized for computing via ab initio and density functional theory molecular 

species. There were used B3PW91, M062X, and B97X-D methods. The Bernys’ 

algorithm determines ground state of ions. The stationary points of potential energy 

surfaces were determined via vibration harmonic analysis. It is proven when there is a 

lack of imaginary frequency of second-derivative matrix. There were used cc-pVDZ 

and 6-31++G(2d,2p) basis sets together with quasi-relativistic effective core pseudo 

potentials from Stuttgart-Dresden(-Bonn) (SDD, SDDAll) [70,71]. The molecular 

dynamics (MD) computations were carried out by ab initio Born–Oppenheimner (BO) 

method for M062X functional and SDD or cc-pvDZ basis sets. There were not 

considered periodic boundary conditions. The molecular mechanics (MM) Allinger’s 

MM2 force field was also utilized [77,78]. The low order torsion terms are accounted 

for higher priority rather than van der Waals interactions. The method’s accuracy is 

1.5 kJ.mol−1 of diamante or 5.71.10−4 a.u. The computations involve crystallographic 

data on pseudouridine, as well [79].  

2.4. Chemometrics 

There is used software R4Cal Open Office STATISTICs for Windows 7. The 

statistical significance was evaluated by t-test. Model fit was determined upon by F-

test. Analysis of variance (ANOVA) tests were used. The nonlinear fitting of MS data 

was performed via searching Levenberg-Marquardt algorithm [80–85]. Together with 

ANOVA test, there are used nonparameteric two sample Kolmogorov–Smirnov [86], 

Wilcoxon–Mann–Whitney [87], and Mood’s mediantests [88], as well. ProteoWizard 

3.0.11565.0 (2017), mMass 5.0.0, Xcalibur 2.0.7 (Thermo Fischer Scientific Inc.) and 

AMDIS 2.71 (2012) software were used.  

3. Results and discussion 

3.1. Chromatographic data 

Figures S1–S3 depict chromatographic data on ORB59709 and ORB59710. The 

patterns are not significantly statistically different (Table S2). Despite, there shall be 

discussed some characteristics low intensive chromatographic peaks corresponding to 

markedly different analyte mass spectra, together with common chromatographic 

peaks of the samples.  

The chromatographic peaks at retention time (RT) = 13.37 and 13.92 mins 

correspond to abundance MS peaks having  (m/z) spacing of 22 (Figure S4). They 

belong to analyte sodium adducts which are frequently stabilized in MS spectra of 
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nucleosides. The collision induced dissociation (CID)-MS/MS spectrum of MS peak 

at m/z 244 of ORB59710 yields to product ion at m/z 244 (RT = 13.95 min). It further 

produces species at m/z 208 and 180 assigned to N2, N2-dimethylguanosine (Figure 

S5 [89].) The CID-MS/MS of m/z 245.19 and RT=14.23 mins show ions at m/z 246, 

226, 207, 179, and 159 typically observed in pseudouridine [5,32] (Figures S6 and 

S7.) 

A low-intensive chromatographic peak at RT = 1.82 min of ORB59709 shows 

low abundance MS peaks at m/z 581, 561, and 541 of sodium adducts together with 

MS peaks at m/z 281 and 223. Same characteristic species can be found in mass spectra 

of galactosyl-queuosine (GalQ) or mannosyl-queuosine (ManQ) [4,90–92].  

The CID-MS/MS spectrum of GalQ cation of protomer produces abundance MS 

peak at m/z 165 (Figure S8.) It is assigned to mixtures of m1G, m2G, and m7G isomers 

[4,6]. It is determined only in sample ORB59709. There is a lack of chromatographic 

peak at RT = 1.8 min of sample ORB59710. The chromatographic peak at RT = 2.47 

min of ORB59709 which lacks of ORB59710 as well as is assigned to adenosine. 

There is observed abundance MS peak at m/z 136 (Figure S9) [4,93]. The typical only 

for ORB59710 peak at RT = 1.70 min is assigned to 2’-O-methyl-5-

hydroxymethylcytidine (hm5Cm). The data agree with Gosset-Erard et al. work [4]. 

There are characteristic ions at m/z 286, 142, and 124 (Figure S10.)  

The peak at RT = 1.17 min of ORB59709 produces MS data on Figure S11. Peak 

at RT = 1.17 min of ORB59709 shows mass spectrum depicted in Figure S12. Figure 

S13 shows MS spectrum characteristics of 5,6-dihydrouridine triphosphate. 

3.2. Mass spectrometric data on nucleotides 

3.2.1. Mass spectrometric fragmentation patterns 

Before to proceed to apply Equations (2) and (3) to determine 3D molecular 

structures of nucleotides there is an important issue that this sub-section should 

address. The species consist of two structural sub-units, i.e., a CBs fragment and 

nucleic acid which are mutually covalently bonded. There is cleavage of N-glycosidic 

bond in uridine—a process which can be achieved relatively easily in ESI-MS 

conditions [94].  

Despite, this is not the case of pseudouridine. The N-glycoside bond does not 

show easy cleavage. 

Despite, CBs product ions is formed mainly via removal of OH-radical when 

there is employed in electron impact MS measurements [95]. In presence of phosphate 

ester bond in substituted nucleosides mechanism of N-glycoside bond cleavage can be 

complicated due to single or double-strand breaks of phosphate ester bond. It could be 

implicated in a number of chemical transformations and modifications of nucleobases 

or CBs moiety. The latter processes; if any, however, could contribute to DNA or RNA 

mutations [65,95]. 

Further: When there is N-glycosidic bond hydrolysis of 5-carboxylcytosine, then 

there is mechanisms of N-glycosidic bond cleavage involving (i) excitation of nucleic 

acid; or (ii) a stepwise mechanism of intramolecular rearrangement and subsequent 

C–N glycoside bond cleavage [65]. There is intermediate of hydrogen bond interacting 

analyte and solvent water molecule, as well. The effect of N3-protonation of the base 
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on acidic properties of N1-centre or presence of 5-COOH substituents is highlighted 

as important factor, amongst other causing for different chemical reactivity of the 

bases. Depending on 5-substituent type there can be stabilized additional tautomers or 

zwitterions as has been detailed on 5-COOH substituted thymine [65].  

The MS spectrum of analyte at RT = 2.12 min of ORB59710 shows low 

abundance MS peaks at m/z 290.09 and 268.10. There is abundance peak at m/z 252.11. 

The CID-MS/MS data on the latter peak show product ions at m/z 136.06 and 252.11 

or 136.06 and 253.11 which belong to standard spectrum of adenosine monophosphate 

[14,59]. The MS peaks at m/z 290.09 and 268.10 are assigned to sodium adduct of 

AMP and its protomer, while product ion at m/z 136 is assigned to protonated adenine.  

The MS spectrum of ADP and ATP show additional MS peak at m/z 158.92437 

[14]. The ATP also exhibits peak at m/z 176.935. It can be assigned to dimers of 

diphosphate residues. It also reveals MS peak at m/z 408.01. ATP is characterized by 

low abundance MS peak at m/z 505.9880, as well [14]. 

The CID-MS/MS spectrum of  at m/z 245.0770 shows ions at m/z 125.03473, 

155.04523, 179.04512, 209.05576, and 228.06889, respectively [5]. Correlative 

analysis between intensity data on ions of ORB59710 of CID-MS/MS fragmentation 

of species at m/z 254.2 at m/z 226.18, 206.94, 178.45, 158.44, 125.19, and 109.58 

yields to r = 0.07266–0.91257 with or without accounting for results from peak at 

m/z 226. MS data on  also show product ions at m/z 226.8, 208.91, 190.99, 178.93. 

154.98, and 124.98 [32]. The analysis between intensity data on these ions with CID-

MS/MS ones of samples ORB59710 and ORB59709 of ions at m/z 211.17 (RT = 14.45 

min) and 305.08 (RT = 13.65 min) yields to r = 0.00975 and r = 0.80514 (Figure 

S14.) The analysis of intensity data on ORB59710 and ORB59709 looking at peaks at 

m/z 208.91, 178.93. 154.98, and 124.98; thus, excluding from results from peaks at 

m/z 226.8 and 190.99, however, produces r=0.98053.  

The MS spectrum of uridine standard reveals peaks at m/z 113.05, 96.008, 70.029, 

and 57.034. The m5U is characterized by ions at m/z 127.057, 110.024, 84.044, 71.6, 

and 54.03 [96]. Correlative analysis between CID-MS/MS peaks of m5U at m/z 127.05, 

110.024, 84.044, 71.68, and 57.03 [96] and data on ORB59710 yields to r = 0.34361–

0.99718 with or without accounting for intensity value of peak at m/z 72. The MS ions 

of standard Ψ and m5U agree well with results by Giessing et al. [97] and Levola et al. 

[28]. The electron impact spectrum of pseudouridine-C [98] shows m/z 244 (r.i. 2%; 

[M]+), 226.0570 (5%; [(M+)–H2O]), 208.0492 (9%; [(M+)–2H2O]), 183.0414 (6%), 

171.0408 (15%), 154.0379 (16%), 142.0357 (15%), and 141.0289 (100%). CID-

MS/MS data on Ψ yield to ions at m/z 209, 125, 191, while m5U is characterized by 

fragmentation paths m/z 259 [M+H]+→127→110→84 [99].  

Uridine shows ions at: m/z 245 [M+H]+→113→70→96 [97,99]. Depending on 

experimental conditions of CID-MS/MS measurements there is characteristic MS ion 

of Ψ at m/z 163. Also, there are observed peaks at m/z 209 and 191 [97]. Derivatives 

m5U, m5C, m3C, and m3U produce similar fragmentation patterns: m/z 127, 110, 82, 

54 (m5U); 126, 111, 101, 85, 72, 57 (m5C); 126, 109, 95, 83, 69 (m3U), and 127, 109, 

96, 68 (m3U), respectively [97]. 

A question of further complication of MS based 3D structural analysis of CBs-

nucleosides follows looking at data on RT = 15.38 min (ORB59709) and 15.53 min 
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(ORB59710) (Figures 1, S15 and S16) showing abundance MS peaks at m/z 604 and 

609 as well as a low abundance one at m/z 607. The former MS ion ca be assigned to 

5-methyluridine diphosphate N-acetylglucosamine (dTDP-D-GlcNAc) which is a 

nucleotide CB-consisting of m5U structural sub-unit linked to N-acetylglucosamine or 

to N1-methyl-pseudouridine modified diphosphate (N1-methyl-DP). Despite the fact 

that (dTDP)-carbohydrate nucleotides are diverse analytes in the nature, amongst 

others, and are implicated as glycosylation templates of glycosyl-transferases in 

obtaining various CBs structures in living cells, their synthesis is significantly 

challenged [100]. 

The assigned data on MS peak at m/z 604 agree well with results from a 

comprehensive MS analysis of nucleoside CBs including the later analyte showing 

abundance MS peak at m/z 604 and ions at m/z 401, 281, and 269 in negative MS 

polarity [24,101]. 

There is variation in MS peak intensity of ions at m/z 604, 605, and 606 

comparing with results from UDP-GlcNAc. The peak intensity ratio of ions at m/z 606 

[M–H]-, 607 (+1) [13C1-[M–H]-] and 608 (+2) [13C2-[M–H]-] is 1:0.20:0.055 (see 

comprehensive analysis of molecular isotopomers of complete pentose and hexose 
13C-labelled UDP-GlcNAc in [18].) The MS peak at m/z 609 is assigned to 7-

methylguanosine 5’-phosphate modified derivative studying a set of structurally 

similar derivatives and standard samples, as well (below.)  

The low abundance peak at m/z 607 is assigned to cation-radical [M]+• of UDP-

GlcNAc. In positive polarity it shows abundance peak of [M+H]+ protomer at m/z 608 

[102]. In negative MS polarity conditions, the analyte is characterized by abundance 

MS ion at m/z 606 of [M–H]- [18,47,103]. Both the UDP-GlcNAc and UDP-GalNAc 

produce identical product CID-MS/MS ions at m/z 606, 384, 281, and 273 in negative 

MS polarity mode of operation [47]. 

The abundance MS peak of CID-MS/MS spectra of UDP-GlcNAc at m/z 591 is 

identified as characteristics for processes of rearrangement [23]. The peaks at m/z 281 

and 263 are assigned to ions of phospho-N-acetylglucosamine structural sub-unit [23]. 

However, peak at m/z 591 is observed in dUDP-GlcNAc, as well [24,101]. 

The MS peak at 632 is assigned to sodium adduct [M+Na]+ which agrees with 

data on [24,101,104] showing that UDP-GlcNAc, dUDP-GlcNAc, and dTDP-GlcNAc 

tend to stabilize alkali metal ion adducts. The MS peak at m/z 646 is assigned to 

[M+K]+ adduct. Both the K+- and NH4
+-, in addition to sodium adducts are typically 

observed in MS spectra of nucleoside-CBs [21,105–107]. 

Therefore, when the study comes to problem of structural assignment of ions at 

m/z 604, 607 and 609, then the stochastic dynamics approach proceeds as follows: It 

begins by determining D”
SD parameters of Equation (2) of all statistically significantly 

different datasets of experimental variables and further specifying variation of 

candidate molecules and their fragment patterns; thus, determining DQC data on 

Equation (3). Due to complexity of molecular objects, an important point, amongst 

other, to understand the logic of stochastic dynamics MS based structural analysis is 

that it solves the problem of reliable distinguishing among structurally very similar 

species by providing a justification of assignment based on chemometrics assessment 

of relation D”
SD = f (DQC). The reliability of assignment is further secured via 
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independent analysis of theoretical MS spectra obtained via Equation (6) and standard 

MS spectra of same or structurally very similar analytes.  

The CID-MS/MS spectrum of peak at m/z 609.36 of ORB59710 (RT = 15.56 min) 

shows ion at m/z 610.34. It produces fragment ion showing abundance peak at m/z 

591 (Figure 2) This ion together with species at m/z 281 and 263 could be assigned 

to dUDP-GlcNAc and its fragmentation peaks corresponding to intramolecular 

rearranged species [23,24,101]. The MS peak at m/z 610 corresponds to 5,6-dihydro-

dUDP-GlcNAc, while peak at 608.36⎯to protomer of dUDP-GlcNAc. The CID-

MS/MS spectrum of ion at m/z 609 (ORB59709) at RT = 15.38 min is depicted in 

Figure 3. 

However, the CID-MS/MS spectra of peak at m/z 391.28 of the both the 

ORB59709 and ORB59710 reveal common ions at m/z 392, 280, 279, 167, and 149, 

respectively. Their absolute intensity data (Table 1) correlate mutually linearly; thus, 

showing r = 0.99972 (Figure 4). The absolute intensity data on MS peaks of isotope 

shape of 607, 608, 609, 610, and 611 correlate linearly with data on standard 

guanosine-3’-(β-18O-diphosphate)-5’-(β-18O-phosphate) (β-[18O]-GTP) [108] 

showing r = 0.98497. 

However, 7-methylguanosine (m7G) shows MS peaks at m/z 298, 166 and 149 

[109,110] together with low abundance ions at m/z 142, 124, 107, and 96 depending 

on experimental conditions [111,112]. Peak at m/z 167 is observed in spectra of 

guanosine as result from interaction of product ion at m/z 135 with solvent CH3OH 

and subsequent loss of NH3-group [113]. The same mechanism is used to determine 

peak at m/z 167 of studied, herein, guanosine derivative. The MS pattern agrees well 

with those ones of a series of substituted derivatives of m7G [114,115].  

If MS peak at m/z 392 (Figure 2) is assigned to 7-methylguanosine 5’-(1-

thiophosphate) ion, then there are a set of ionic models of product ions.  

 

Figure 1. Experimental ESI(+)-MS data on samples ORB59710: (A) and 

ORB59709; (B) at RT=15.38 and 15.53 min within m/z 200–800 as well as within 
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600–620; chemical diagrams of analytes proposed and assigned to ions m/z 604 and 

609. 

Table 1. CID-MS/MS data on ion at m/z 391 of samples ORB59709 and 

ORB59710; m/z values; absolute intensity, I [arb.units]; and relative intensity, r.i. 

[%]. 

ORB59710 ORB59709 

m/z I [arb.units] r.i. [%] m/z I [arb.units] r.i. [%] 

149.02 139051.8 100 149.02 153105.4 100 

167.03 40142.9 28.87 167.03 41797 27.3 

279.16 27548.3 19.81 279.16 25912.4 16.92 

280.16 4012.2 2.89 280.16 3590.3 2.34 

392.29 10561.5 7.6 392.29 9175 5.99 

 

Figure 2. Experimental CID-ESI(+)-MS/MS data on samples ORB59709 and 

ORB59710 at RT = 15.56: (A) 15.64; (B) and 0.04–30.01; (C) min within m/z 0–600 

of ions at m/z 609.34, 610.34, and 391.28; chemical diagrams of proposed analytes 

and their product ions. 
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As the introductory section has underlined many of tRNAs homologous contain 

Ψ or D-loop; thus, showing 1,5-dihydrouridine. If there is taken this view, then there 

is needed to ask how stochastic dynamics approach should distinguish between m1Ψ- 

and m5U-derivatives; if any? In accordance with the innovative approach D”
SD=f(DQC) 

relation producing highest r—coefficient of ions of m1Ψ- and m5U-containing species 

should be assigned to the observable data. Figures 5, 6, S8, and S17–S19 illustrate a 

statistically representative set of MS ions at m/z 225, 207, 178, 161, 159, 127, 110, 

and 84, respectively. It allows for a reliable assignment of analytes comparing 

theoretical and experimental data on various protomers and tautomers of m1Ψ- and 

m5U- ions. The MS pea at m/z 179 together with peaks at m/z 213, 196, 161, 101, and 

83 are assigned to ions of diphosphate fragment (Figure S20). The MS peaks at m/z 

211, 210, 193, and 175 belong to ions of substituted CBs-units with phosphates.  

The MS peak at m/z 487 (Figure S13) is assigned to γ-18O2-uridine-5’-

triphosphate (γ-18O-UTP) among the studied series of nucleotides. The results agree 

well with data on standard stable isotope 18O-labeled derivative [108].  

As the preceding sub-section states, the low intensive chromatographic peak at 

RT = 1.82 min of ORB59709 shows low abundance peaks at m/z 581, 561, and 541, 

of analyte sodium adducts together with peaks at m/z 281 and 223 which can be found 

in spectra of GalQ or ManQ [4]. The CID-MS/MS spectrum of the formed cation 

produces peak at m/z 165. It is frequently assigned to isomeric mixtures of m1G, m2G, 

m7G [4,6]. The analyte is determined only in ORB59709. There is a lack of 

chromatographic peak at RT = 1.8 min of ORB59710. The chromatographic peak at 

RT = 2.47 min of ORB59709 lacks of sample ORB59710. It is assigned to adenosine 

due to product ion at m/z 136 [4]. The typical only for ORB59710 chromatographic 

peak at RT = 1.70 min belong to hm5Cm in accordance with data on same analyte [4]. 

There are typically observed product ions at m/z 286, 142, and 124. 

If there is continued to broaden comparative analysis of analytes of ORB59709 

and ORB59710, then there can be seen that at RT = 1.80 min ESI-MS spectrum of the 

latter sample reveals ions at m/z 178, 167 and 149; thus, studying CID-MS/MS data 

on ion at m/z 279. The MS spectrum of analyte at RT = 0.62 shows the same ions 

together with low abundance ones at m/z 392 and 279.16 (Figure S21). Concerning 

similarity of MS pattern of this analyte with the analysis of various substituted methyl-

guanosine phosphates [60,61] there is carried out analysis of depicted dimethyl-

derivative of guanosine monophosphate (GMP), as well. The MS peaks at m/z 413 

and 436 are assigned to mono- and disodium adducts of m2GMP. The main concern 

should be: Does analyte at RT = 1.17 min of ORB59709 is β-[18O]-derivative of 

dimethyl substituted guanosine diphosphate (m2GDP) or it is β-[18O]-derivative of 

standard GDP⎯looking at similarity of fragmentation patterns of Figures S12 and 

S21?  
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Figure 3. Experimental CID-ESI(+)-MS/MS data on sample ORB59709 at 

RT=15.38: (A) 15.49; (B) 13.65; (C) and 15.57; (D) min within m/z 0–600 of ions at 

m/z 207.10, 305.08, and 610.34; chemical diagrams of proposed analytes and their 

product ions. 

 

Figure 4. Correlative analysis of absolute intensity (I [arb.uits]) data on CID-

MS/MS product ions at m/z 149.02, 167.03, 279.16, 280.16, and 392.29 of ion at m/z 

391.28 of samples ORB59709 and ORB59710: (A) and ESI-MS isotope peaks of 

standard β-[18O]-GTP; (B) and ESI(+)-MS data on ORB59709 and m/z 607.32, 

608.33, 609.34, 610.34, and 611.35.  
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Figure 5. CID-ESI-MS/MS spectrum of analyte of sample ORB59710 at RT = 3.63 

min: (A) of ion at m/z 243; chemical diagrams of substituted pseudouridine; (B) and 

uridine; (C) and their common product ions at m/z 243, 225, 207, and 127, 

respectively. 

3.2.2. Determining of stochastic dynamics mass spectrometric parameters 

As could be apparent from what there has been said in introductory section the 

issue is neither to review capability of equation (2) of exact determining analytes mass 

spectrometrically nor to detail on theory behind its derivation. The latter matter has 

been treated at substantial length by Ivanova (2024) [67–71]. The novelty of this study 

is that it takes question of unambiguous MS-based 3D structural determining of CBs-

nucleosides; thus, distinguishing between uridine and pseudouridine containing 

derivatives via a new, applied for first time approach to process mass spectra of 

oligonucleotides via Equations (2) and (3). Looking at performances obtained below 

it seems to be the most accurate approach developed, so far. Following research tasks 

sketched in [67–71] the D”
SD data on Equation (2) are obtained per short span of scan 

time (Table S3 and Figure S22.) To grasp relation between variable intensity and 3D 

molecular structure of the species also requires determining of DQC parameters of 

Equation (3) and ITheor
SD ones of Equation (4) (below). The analysis is carried out using 

datasets of variables of samples ORB59709 and ORB59710.  
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However, when there are overlapped peaks of the same compounds in the latter 

samples, then absolute intensity value is taken quantitatively accounting for different 

amounts of analytes (Figure S23). As in the case of chromatographic data shown 

above, statistical similarity of mean values of m/z variables is evaluated via ANOVA 

tests (Table S4). 

3.3. Theoretical data⎯Correlative analysis among molecular and 

electronic structures and energetics of ions and determining of 

Arrhenius’s parameter 

As the reader has already been noticed that in solving problem of assigning MS 

peaks of ions to 3D molecular and electronic structures of species via Equation (2) 

there are favored certain computational tasks. To in-depth understand one the issue, 

perhaps, one needs to concentrate on concepts of static and MD computations 

interconnecting between 3D conformations, electronic structures, properties, and 

energetics of molecules; thus, grasping whole problems of determining most probable 

3D molecular structures. There is crucially to answer question “Which 3D molecular 

conformation belong to MS observable peak?”, because of MS data can be studied 

only knowing of energetics of major MS fragmentation paths of analyte molecules 

[54,55]. 

Therefore, the results from this and next sub-sections bridge a gap of knowledge 

of relations between observable fluctuations of MS variables, particularly, 

highlighting intensity of peak and analyte 3D molecular conformations and electronic 

structures.  

Despite, the aforementioned almost routinely implemented into the practice 

algorithms and methods for computing static and MD molecular structures and 

properties of ions, it represents the most difficult part of the analysis not only because 

of there is a claim that experimental m/z and intensity parameters of peaks can be 

directed at 3D molecular structure, but also that the structures and electronic effects 

can be complex even in cases of small molecules of nucleic acid derivatives.  

Yet, there has to be said that the answer to the obvious question “What kind of 

functional relation do they have?” is that distribution of internal energy of molecules 

controls their fragmentation paths in unimolecular fragment reactions which are mass 

spectrometrically observed. The so-called quasi-equilibrium theory in context of MS 

unimolecular reaction indicates that the analyte dissociation reaction rate in CID-

MS/MS experiment depends on molecular internal energy, activation energy of 

reactions, vibration degree of freedom, and transition state (TS) reaction entropy [56]. 

There has been established a straightforward correlation between MS intensity of 

analyte peaks and rate of its CID reactions called survival yield [56,57]. Looking at 

survival yield relation [56], it is logically to suggest that there is direct functional 

relation between intensity of MS peak of ion and its energetics.  

Since, energetics and vibration modes of molecules are their unique parameters 

joined to 3D molecular and electronic structure of ions, then, MS intensity values of 

ions and peaks of an analyte in certain experimental conditions appear unique 

parameters of 3D molecular structure. A perturbation of measurable variables is 

closely connected not only with perturbations of conditions of measurements, but also 
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with perturbation of 3D conformation and electronic structure of molecules. In essence, 

methods capable of exact processing experimental MS data on, as Equation (2) as well 

as those ones capable of exact accounting for energetics and vibration properties, as 

Equation (3), produce highly reliable relation between observable MS phenomena and 

analyte 3D molecular structure.  

Since, function D”
SD = f (DQC) connects among experimental MS intensity 

parameters, energetics, and molecular vibrations, i.e., connects between measurable 

variable intensity and 3D molecular structure this relation written as equation (4) is 

capable of predicting highly accurately mass spectra of even unknown analytes. It 

provides relation between 3D electron density map of molecular structure and 

theoretical intensity ITheor
SD parameter. 

However, 3D ensemble of atoms called molecule has unique energy parameter 

and vibration pattern. They are directly connected with MS intensity parameter via 

relation D”
SD = f (DQC). Equation (2) processes exactly fluctuations of measurable MS 

data on analytes. It tackles precisely perturbations of 3D molecular conformations and 

electronic structures. This fact extends significantly the MS capability as a robust 

method not only for quantitative analysis, but also for highly precise 3D structural 

analysis when Equation (2) is used complementarily with Arrhenius’s Equation (3).  

Perhaps, disjunction between known methods connecting between MS spectral 

and structural similarity as well as Equation (2) is clearly striking; thus, highlighting 

advantages of the latter approach to molecular structural analysis. 

From perspective of theoretical computations and calculation of parameters of 

Equation (3) there are a number of difficulties to be faces in order to determine 

precisely 3D molecular geometry and electronic structures as well as energetics of 

nucleic acid derivatives in spite of structural simplicity of species and the robust 

capability of computational quantum chemistry as methods and techniques for 

computing of molecular properties and structures. There is mentioned the major 

problem of theory that there are a set of analyte tautomers, protomers, rotamers, and 

radical-cations that produce virtually identical properties. Due to the latter reason 

computational tasks imply a set of objects of analysis.  

Despite, the fact that it might be said that methodology is mere technical, however, 

it does not really matter. As a matter of fact subtle electronic effects producing two 

closely distinct electronic structures never really do share same vibrational properties 

in spite of cases of equal energy parameters or so-called isoenergetic structures. The 

theoretical analysis needs to be maximum close enough in properties of species in 

order to produce plausible structural assignment of peaks using relation D”
SD = f (DQC).  

In doing so, there are studied a large number of molecular and electronic 

structures of species in order to distinguish reliably between ions and to achieve 

statistically the true assignment of discussed theory and innovative model equations.  

Thus, in the case of uracil containing species as has been comprehensively 

theoretically studied over decades there are eighteen tautomers. Raczynska et al. 

systematically detail on most stable species of non-substituted uracil [60,116,117].  

The so-called antiaromatic form (protomer of tautomer m5U_207_T1 of ion at m/z 

207 in Figure S19 or ion m1_207_a in Figure S17) is considered as most stable [116–

120]. 
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The aromatic form (ions m5U_207_T5 and m1_207_d) shows increasing in stability 

with increasing in solvent polarity. High accuracy computations (CASSCF(10,8)/6-

31+G**) show that in both the gas-phase and polar solvent there is stable nonaromatic 

form of uracil. There is also decreasing in the index deviation from aromaticity from 

5.256 to 4.998 [118] due to subtle electronic effects or intramolecular rearrangement 

[121]. These effect, however, cause for significant change of ionic vibrations of 

species in both the ground state (GS) and TS; thus, producing markedly different DQC 

parameters.  

As there is highlighted above, different electronic effects perturb experimentally 

observed MS intensity parameters crucially. The electronic effects should be tackled 

assigning MS patterns of derivatives of nucleic acids.  

Further: Problem with this study is that substituted uridine and pseudouridine 

derivatives produce virtually identical fragment ions at m/z 207, 127, 110, and 84, 

respectively. The electronic effects of tautomers and rotamers of species should be 

tackled highly accurately in order to distinguish not only among protomers of 

tautomers or rotamers; if any, but also between two molecular structural derivatives.  

 

Figure 6. Chemical diagrams of ions of 5-methyl-uracil (5-methyl-1H-pyrimidine-

2,4-dione) and 1-methyl-uracil (1-methyl-1H-pyrimidine-2,4-dione) at m/z 127, 110, 

84, and 72, respectively. 
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Nevertheless, that the latter statement, perhaps, should a bit complicated research 

tasks, and, in fact, this is a rather complicated pro-argument favouring Equations (2) 

and (4), however, the figures already shown illustrate what is meant. The presence of 

two identical peaks in mass spectrum of mixtures of analytes containing substituted 

uridine and pseudouridine means that there are two molecules that were not reliably 

distinguishable even utilizing ultra-high resolution mass spectrometric experiments.  

Conversely, within the stochastic dynamics method analytes are highly reliably 

distinguishable in mixtures assigning observable MS peaks to significantly distinct 

molecular parameters, despite complexity of their tautomers due to their vibration 

modes, even in cases when the molecular systems produce isoenergetic ions. 

After considering theoretical data on protomers of tautomers and rotamers of ions 

of m5U and m1 at m/z 207 and 127 (Figures S24–S27 and Table S5) it seems that 

there should be said that more stable is species m1_207_a and m5U_207_T1 showing C = 

O2+H protonation position. The former cation is most stable one comparing with the 

latter ion showing energy difference  ETOT=0.009826 a.u. 

Although, it is easy to suppose that the same trend of thermodynamics stability 

of ions should be observed in other product ions of m5U and m1 as the latter figure 

reveals it is difficult to define preliminary the most stable product ion. The results from 

protomers of tautomers of ion at m/z 127 reveal that most stable is protomer of OH-

tautomer of substituted uridine (m5U_127_e) comparing with series of m1 ions showing 

lowest energy of m1_127_a. Comparison with tautomers of protomers of these ions 

should help the reader to see difficulty involved in this research task. If there is asked 

to identify analytes precisely via MS method then there should be accounted for subtle 

electronic effects of protomers and tautomers. They are characterized by different 

vibrational properties. 

The properties of species which have been mentioned throughout this and 

preceding sub-sections include perturbation due to intramolecular rearrangement and 

proton, respectively, charge transfer effects in addition to effects of protonation and 

tautomerism. A particular emphasize in this context needs the fact that reactions of 

intramolecular rearrangements could involve not only nucleic acid bases, but also 

phosphate subunits [107,122].  

Since, there are a set of competitive reactions of phosphates; thus, producing MS 

peaks at low m/z values, which alter structural analysis of nucleotides they are 

theoretically considered in this work, as well.  

Results from ions at m/z 225 and 207 of m5U as well as m/z 125 and 110 of m1 

showing intramolecular rearrangement are illustrated in Figure 7, as well. 
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Figure 7. Theoretical M062X/SDD data on various tautomers and protomers of m5U 

ions at m/z 207 and 127: Total energy, ETOT [a.u.], with respect to optimization step 

number: (A) Born-Oppenheimer molecular dynamics data; (B) Potential energy 

[a.u.] versus time in trajectory. 

Let at this point return to DQC parameter of Equation (3). Looking at results from 

Tables S5–S7 there are ionic properties of species which are needed to proceed to 

calculate DQC parameter of ions depending on their molecular structure and electronic 

effects. They affect both the energetics and vibration properties. Vibration modes 

depend on subtle electronic effects. They allow to distinguish reliable protomers of 

tautomers even studying structurally very similar ions. The later fact is major 

advantage, among others, of presented approach to 3D structural analysis of analytes, 

mass spectrometrically.  

Since, the paper, so far, has not done much to detail on the issue, then there should 

be attempted to say something substantial about it at this point. 

Looking at experimental MS spectra of nucleotides presented, so far, there has 

been arguing that different analytes uridine and pseudouridie, among other ones 

produce virtually identical MS patterns. This fact, forces us to use stable isotope 

labelling approach to determine analytes as among most reliable method for MS 

identification and annotation of compounds in biological samples. As results from 

Figure 4 reveal there is achieved high statistical parameter of linear correlation r = 

0.98497, which further, is affected weakly in cases of small structural differences of 

analytes. Therefore, increasing in reliability of analysis needs introduction of 

independent approach to determine molecular structure which to account precisely for 

subtle variation of molecular skeleton and electronic effects. The vibrational modes of 

species as DQC parameters show are such a tool tackling precisely effect of 3D-

molecular conformation and electronic structure on intensity parameter of MS 

observable peak of ion. As can be seen, there is obtained marked difference in DQC-

parameters (Table 2). The later fact draws attention to how statistical assessment of 

relation D”
SD = f (DQC) is capable of determining subtle variations of structure of 

nucleotides; furthermore, reliably. The statement seeks to defend relative complexity 
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of calculation tasks of the innovative approach. In favour of this tool there can be noted 

that next subsection clearly indicates that subtle variations of electronic structures of 

anaytes, having complex electronic effects are processed with a significant difference 

in chemometric performances using DQC parameters of various forms. It correlates DQC 

data with experimental MS ones of Equation (2) of ions of the discussed analytes.  

Table 2. The DQC and ITheor
SD parameters of Equations (3) and (4) of protomers of tautomers and isomers of parent and 

product ions of nucleotides observed mass spectrometrically.  

m/z Form 
m5U 

m/z Form 
m1 

DQC ITheor
SD DQC ITheor

SD 

247 m5U_247 202.8749 7.3168.10−8 - - - - 

225 m5U_225 12.3023 1.8018.10−8 225 m1_225 113.4484 5.4715.10−8 

207 

m5U_T1 156.945 6.435.10−8 

207 

m1_207_a 3490.904 3.035.10−7 

m5U_T2 91.2268 4.9064.10−8 m1_207_b 165.2345 8.48.10−7 

m5U_T3 273.4428 7.9152.10−8 m1_207_c 160.371 6.505.10−8 

m5U_T4 102.4092 5.1985.10−8 m1_207_d 127.832 5.808.10−8 

178 m5U_178 239.313 7.9467.10−8 - - - - 

161 m5U_161 70.4746 4.3124.10−8 - - - - 

159 5U_159 31.4547 2.881.10−8 - - - - 

127 

m5U_127_a 161.885 6.522.10−8 

127 

m1_127_a 406.982 1.0363.10−7 

m5U_127_b 113.7976 5.4799.10−8 m1_127_b 199.0407 7.2473.10−8 

m5U_127_c 18.6705 2.2196.10−8 m1_127_c 187.4298 7.02604.10−8 

m5U_127_d 281.2731 8.61524.10−8 m1_127_d 178.874 6.8703.10−8 

m5U_127_e 388.7157 1.0128.10−7 m1_127_e 555.3707 1.2106.10−7 

125 - - - 125 m1_125 89.2184 4.8521.10−8 

110 

m5U_110_a 104.5565 5.3653.10−7 

110 

m1_110_a 5547.4226 3.826.10−7 

m5U_110_b 37.3567 3.1397.10−8 m1_110_b 1559.1612 2.0284.10−7 

m5U_110_c 96.8784 5.056.10−8 m1_110_c 248.5196 8.098.10−8 

84 
m5U_84_c 64.3464 4.1206.10−8 

84 

m1_84_a 224.5864 7.6983.10−8 

m5U_84_d 249.169 8.1086.10−8 m1_84_b 233.061 7.8422.10−8 

    m1_84_c 2321.52 2.475.10−7 

3.4. Correlative analysis between theoretical and experimental mass 

spectrometric data 

The most important issue that is really to be addressed in this study is statistical 

significance of linear relation between D”
SD and DQC data on Equations (2) and (3) or 

chemomerics assessment of relation D”
SD = f (DQC). Figures 8 and 9 illustrate 

distinction among protomes of tautomers of uridine and pseudouridine derivatives 

showing important significance; thus, allowing to assign unambiguous MS peak to 3D 

ionic structures of analytes.  

The cases discussed in reminder of this sub-section raise very important and 

challenging questions, regarding not only practical application of Equations (2), (3) or 

(4) to determine reliably derivatives of m5U and m1 in biological samples, but also 
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their reliable MS based determination via classical approaches, as well. The MS 

phenomena of newcomers of analytical instrumentation are still not exhaustively 

understood. The fact makes essentially amenable to study them via modeling methods. 

The current study promotes innovative models of both MS methodology and 

fragmentation processes of nucleotides; furthermore, in mixture, both of which are not 

readily grasped, so far. The methodological developments of theoretical model 

formulations are very helpful for grasping the latter issues.  

Arguably, it can be done exactly via Equation (2). It only tackles fluctuations of 

MS data. As the discussed data stand, there is explanation and assignment of MS 

phenomena of ESI-conditions of MS measurements, which model Equations (2)–(4) 

do capture exactly from perspective of chemometrics.  

Therefore, they produce highly reliable assignment of experimental MS data to 

3D molecular structures of species; thus, allowing a detail structural analysis of 

mixtures of biological samples containing the discussed analytes even studying 

unknown samples.  

Discussing results from this sub-section, there is obtained persuasive 

chemometrics showing excellent performances. They allow for a moving of a view 

that soft ionization MS methods are significantly challenged in distinguishing 

quantitatively among similarly substituted mixtures of m5U and m1 containing 

compounds to one that aforementioned MS methods provide unambiguous 3D 

structural analysis of such analytes even studying biological samples. The last 

statement guest to most important matter: The irreplaceable capability of MS methods 

not only for quantifying analytes in biological samples but also for determining them 

3D structurally; furthermore, unambiguously when the structural analysis involves 

Equations (2) and (3) or (4).  

The further analysis could be of help in clarifying the latter statement. Due to low 

signal-to-noise ratio and analyte concentration CID-MS/MS reactions of ion at m/z 

266.18 cause for significant fluctuation of both the m/z value and intensity of ions 

(Figure 8, Table 3). ANOVA tests show that variables at m/z 72, 84, 103, 125, 159, 

178, 207, and 247 are not statistically significantly different. There is large standard 

deviation (sd(yEr)), however (Table S4). 

The correlative analysis of intensity data on the peaks yields to low r- coefficient 

(Figure 8B). In such case; if any, it is not simple identification of analytes via classical 

methods, due to low performances of MS data on standard samples [28].  

Returning to Equations (2) and (3) and assessment of relation D”
SD = f (DQC) the 

correlation between average intensity data on ions with DQC parameters of ions of m5U 

shows r = 0.98831 (Figure 8C). Thus, with the shown statistical significance there 

are assigned the peaks: m/z 161.2486  3.67.10−4 (m5U_161), 178.4396  0.012 

(m5U_178), 206.943  0.017 (m5U_T3), and 247.052  0.1659 (m5U_247,) respectively. 

The parent ion at m/z 266.17 is assigned to sodium adduct of m5U. 

Much the latter point could be carried out by contrasting capability of classical 

MS methods and innovative stochastic dynamics approach, because of what has been 

MS observed of 1-methyl-, 2-methyl-, and 7-methyl-guanosine [96] as standard 

analyte data on, far is applicable to distinguish unambiguously them in mixture via 

classical methods for data-processing of measurands. Jora et al. [96] have provided a 
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comprehensive analysis of the analytes showing r = 0.91088 of data on common 

peaks of m1G and m2G at peaks at m/z 110, 128, 149, and 167, respectively. 

However, correlation of intensity data on common peaks at m/z 110, 149, and 

167 of m1G and m7G yields to r = 0.99998 [96]; thus, lacking of their reliable 

distinguishing in mixture via classical approaches. In the case of sample ORB59709 

and CID-MS/MS results from Figure 2 shown above correlative analysis between 

observable in this study intensity data and standard one yields to r = 0.9696 (Table 

4, Figure 9A). Again, due to significant fluctuations of variables there is obtained 

large sd(yEr) value.  

Despite, only application to classical methods lacks of distinguishable capability 

between m7G and m1G derivatives. Obviously, novel methodological point needs 

crucially to be made and it is implementation of relation D”
SD = f (DQC) of Equations 

(2) and (3) into structural analysis of nucleotides. It provides not only exact assessment 

of fluctuations of variable, but also is based on different theoretical methods 

accounting for 3D molecular structures and electronic effects of analytes. Owing to 

different fragmentation patterns of m1G and m7G there are observed variations in 3D 

molecular structures and electronic effects of species which are accurately tackled with 

static and MD methods; thus, producing reliable DQC-parameters (Table 2). The links 

with exact intensity parameters of species is performed with Equation (2). Relation 

D”
SD = f (DQC) accounts for exact and real link between MS observable variables and 

3D molecular structures of species. This fact brings the paper to results from Figure 

9 showing r-data up to 0.99946 when assessing experimental and theoretical 

parameters of m7G derivative of CID-MS/MS spectrum of ion at m/z 391 of 

ORB59709 and ORB59710 shown as Figure 2 and data on Table 4. The analysis of 

the D”
SD data on peaks at m/z 279, 167, and 149 of product ions of CID-MS/MS spectra 

of cation at m/z 391.18 of samples ORB59709 and ORB59710 yield to r = 0.99996 

(Figure 9C). There is an identical analyte of the samples assigned to the shown 

derivative of m7G. 

Therefore, application to the latter novel methodological procedure sheds light 

on, and solves problem of reliable distinguishing of isomers of m1G and m7G which is 

incapable of performing via classical methods as shown above. 

At this point we are in position to discuss much of what has been already said 

about capability of relation D”
SD = f (DQC) of structural determining of nucleotide 

isomers having virtually identical MS patterns; thus, detailing on a more expanded 

form the data on Tables 2, S3, Figures 2 and 9. We might begin discussion looking 

for basic principles used to distinguish between 5-methyluridine diphosphate N-

acetylglucosamine containing m5U structural sub-unit and N1-methyl-pseudouridine 

modified diphosphate. The correlative analysis between theoretical and experimental 

data on ions at m/z 207, 110, 161, and 84 in the case of dTDP-D-GlcNAc shows r = 

0.98541–0.97402 (Figure 9C). There are assigned peaks to: m/z 207 (m5U_207_T3), 161 

(m5U_161), 110 (m5U_110_b), and 84 (m5U_84_c), respectively.  

However, comparative analysis of D”
SD and DQC data on N1-methyl-DP species 

producing the same MS peaks at m/z 225, 207, 110, and 84 yields to excellent 

performances (r = 0.99946–0.99923) (Figure 9D). The excellent correlation among 

DQC parameters with experimental intensity data of peaks looking at most stable 3D 
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molecular and electronic structures of analytes indicates the following assignment of 

ions: m/z 225 (m1_225), 207 (m1_207_), 225 (m1_225), 110 (m1_110_c), and 84 

(m1_84_b), respectively. The application of Equation (4) yields to r = 0.99459. The 

analysis of data involving DQC parameter of m1_207_b shows r = 0.99946.  

The consideration supposes significant importance for understanding of 

stochastic dynamics formulas as tools for solving problem of MS based 3D structural 

analysis of mixtures of derivatives of nucleotides, having common MS fragmentation 

patterns and virtually identical intensity parameters, due to molecular structural 

similarity and small variation of chemical substitution.  

 

Figure 8. ESI(+)-MS and CID-MS/MS spectra of ORB59710 and cation 266.18 of 

scans 81 and 302; chemical diagram of analyte: (A) linear correlation between 

absolute intensity data (I [arb.units]) of product ions of spectra of scans 81 and 302 

(Table 3); (B) correlation between average intensity data (IExp.
av. [arb.units]) on ions 

of (A) and DQC parameters of Equation (3) shown in Table 2; (C) chemometrics.  
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Table 3. Experimental CID-MS/MS data on 266.18; m/z and intensity, I [arb.units], of product ions of sample 

ORB59710 depending on scan number 81 and 302; descriptive statistics. 

Scan 81 Scan 302 Average 

m/z I m/z I m/z I 

109.57905 802.5627 109.57895 772.11119 109.579  7.013.10−5 787.337  21.5325 

125.19485 203.50537 125.17997 315.47021 125.1874  0.01052 259.4878  79.1711 

158.45114 2104.63477 158.3969 1287.05685 158.424  0.03836 1695.8458  578.1149 

161.24887 620.93299 161.24835 603.81062 161.2486  3.67.10−4 612.372  12.1074 

178.43073 3063.09655 178.44841 1660.40706 178.4396  0.01251 2361.752  991.8513 

206.95532 3894.12788 206.93114 4510.47776 206.9432  0.0171 4202.303  435.8252 

207.00717 1715.30202 207.1353 10114.5289 207.0712  0.0906 5914.916  5939.1503 

246.93414 1389.14206 247.16887 2981.23991 247.052  0.16598 2185.191  1125.783 

  249.18492 24845.2586   

Table 4. Temporal distribution of observable variables (m/z values and intensity, I [arb.units]) of ORB59709 per span 

of scan times or scan numbers 29, 36, and 46 of CID-MS/MS data on peak at m/z 391.18 (Figure 2); descriptive 

statistics; D”
SD data on Equation (2); average m/z and intensity data. 

Scan m/z I m/z I m/z I 

29 279.15863 14189.8548 109.5777 762.02816 125.25979 142.02775 

36 279.15884 18927.9087 109.57767 844.39166 125.28191 243.69354 

46 279.15897 20878.1351 109.57786 719.54583 125.28338 153.94612 

Mean 279.15881 - 109.57774 - 125.27503 - 

sd(yEr) 1.70.10-4 - 1.02.10-4 - 0.01322 - 

se(yEr) 9.81.10-5 - 5.92.10-5 - 0.00763 - 

<I> - 17998.6329 - 775.32188 - 179.88914 

<I>2 - 3.24.108 - 601124.018 - 32360.1027 

<I2> - 3.32.108 - 603810.129 - 34419.277 

<I2>-<I>2 - 7.89.106 - 2686.11169 - 2059.17433 

D”
SD - 2.08.10−10 - 7.09.10−14 - 5.43.10−14 

Scan m/z I m/z I m/z (av.) I (av.) 

29 149.02307 35768.6888 167.03342 12808.9596 125.28 179.89  55.58 

36 149.02318 52182.8144 167.03355 19261.5899 109.5777 775.32  63.48 

46 149.02312 163425.369 167.03375 38772.0813 149.02312 83792.3  69450.9 

Mean 149.02312 - 167.03357 - 167.03 23614.2  13517.8 

sd(yEr) 5.36.10−5 - 1.69.10-4 - - - 

se(yEr) 3.09.10−5 - 9.74.10-5 - - - 

<I> - 83792.2908 - 23614.21 - - 

<I>2 - 7.02.109 - 5.58.108 - - 

<I2> - 1.02.1010 - 6.79.108 - - 

<I2>-<I>2 - 3.22.109 - 1.22.108 - - 

D”
SD - 8.49.10-8 - 3.21.10−9 - - 
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Figure 9. Correlative analysis between experimental average intensity data on 

product ions of CID-MS/SM spectra of cation at m/z 391.18 of sample ORB59709 

(Table 4) and standard results from m7G [96]: (A) linear relation between D”
SD data 

on Equation (2) of product ions at m/z 279, 167, and 149 of CID-MS/MS spectra of 

cation at m/z 391.18 of samples ORB59709 and ORB59710 (Tables 4 and S3); (B) 

correlative analysis of D”
SD and DQC data on Equations (2) and (3) of m5U- and m1-

derivatives; (C) experimental CID-MS/MS spectrum of ion at m/z 243.10; (D) and 

chemical diagrams of species; (E) chemometrics.  

4. Discussion 

In this section, the discussion should focus on advantages of Equations (2) and 

(4) in determining nucleotides in mixtures as an attractive tool for MS-based structural 

analysis, comparing with routine approaches to process experimental variables. To 

develop the latter point there should be focused on issue of quantitative distinguishing 

between 3D molecular conformations and electronic structures of protomers, 
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tautomers, isomers, and rotamers of analytes exhibiting subtle electronic effects. It is 

an important theme, amongst others in application-oriented MS analysis of nucleotides. 

There has been argued elsewhere that in vivo exposure of DNA or RNA upon ionizing 

irradiation causes for their structural damage as most sensitive molecular targets in 

living systems. There is affected mainly on phosphate ester bond cleavage; thus, 

producing a set of chemical modifications of both nucleobases and CB-fragment. The 

modified molecules contribute to develop cancer. The research effort is concentrated 

on important task of structural analysis of nucleotides and their chemically modified 

derivatives in vivo. In doing so, the MS methods contribute crucially as irreplaceable 

approaches to identify molecules as result from their superior method performances 

and capability of in vivo assay and imaging techniques. However, frequently MS 

protocols fail to solve analytical problems for which they were intended. The structural 

analysis of nucleotide mixtures, their derivatives, and chemically modified analogues 

could be rather complicated determining structurally similar analytes; thus, 

highlighting species containing methyl and hydroxyl groups. Their stabilizing or 

destabilizing properties depend on macromolecular environmental factors. The uridine 

and thymidine derivatives are differ by both one OH- and CH3-groups; thus, making 

difficult their separation. Further complication derives from presence of pseudouridine 

derivatives; if any. They show virtually identical MS fragmentation patterns, as well. 

The same is valid to derivatives of guanosine m1G, m2G, and m7G isomers which are 

frequently assigned to mixture of analytes, mass spectrometrically. Given that, there 

is need to take seriously issue of capability of routine methods for data processing of 

MS variables. In analysing mixtures of nucleotides there has become part of problem 

of their reliable structural assignment due to low semi-quantitative performances of 

the methods, rather than to be tools for its solution. There is needed complementary 

employment in more precise approaches to process data on MS parameters allowing a 

reliable distinguishing of individual analyte among species having subtle variation of 

structural sub-units, including tackling subtle electronic effects of tautomers. 

Equations (2) and (4) overcome this drawback; thus, linking between the latter 

developed methodologically MS formulas and practical application oriented aspects 

of method for structural analysis of nucleotides. There is made crucial progress on 

discussed issue having significant prospective for broad interdisciplinary application 

to many research fields. 

The discussion should start by explaining what there is understood under semi-

quantitative determining of nucleotides and why there are assigned observable MS 

variables to mixtures of analytes instead of to individual molecules? Then, there shall 

be considered essential critique of routine approaches and how it relates known 

theories and practical application to mass spectrometry. Concluding statements shall 

reflect on implications of Equations (2) and (4) into MS-based structural analysis of 

nucleosides, their advantages, and contributions of current study to ongoing debates, 

regarding, capability of analytical mass spectrometry of reliable structural determining 

of individual analytes in biological samples, particularly concentrating the reader’s 

attention on nucleosides. 

Thus, an in-depth study of MS-based structural analysis of 1-methyl-, 2-methyl-, 

and 7-methyl-guanosine using standard samples of analytes [96] shows that linear 

correlation of intensity parameter of common peaks of derivatives m1G and m2G at 
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m/z 110, 128, 149, and 167 yields to r = 0.91088, using routine approach to evaluate 

statistically average intensity data of peaks over whole time of measurements and data-

base searching algorithms of mass spectra of standard samples. Particularly, complex 

is the structural analysis of mixtures of m1G and m7G showing correlation 

performances of intensity data on common peaks at m/z 110, 149, and 167 of r = 

0.99998; thus, lacking of reliable distinguishing of these species via classical tools. In 

the case of the studied in this paper samples tandem mass spectrometric results of 

intensity parameters of analytes and data on standards yield to r = 0.9696. The 

obtained low performances and structural distinguishing among analytes via routine 

methods are not only due to significant fluctuations of measurands causing for large 

standard deviation, but also due to subtle variation of experimental intensity data 

lacking reliable determining of m1G and m7G derivatives. The same can be said for 

structural analysis of substituted pseudouridine showing product ions at m/z 

125.03473, 155.04523, 179.04512, 209.05576, and 228.06889 [5] and produce r = 

0.07266–0.91257 comparing with standard sample. The data on this study reveals 

peaks at m/z 226.8, 208.91, 190.99, 178.93. 154.98, and 124.98 in agreement with 

work [32]. The classical analysis shows r = 0.98053 correlating parameters with 

standard MS ones. Further: Mass spectrum of standard sample uridine reveals peaks 

at m/z 113.05, 96.008, 70.029, and 57.034, respectively. Its 5-methyl derivative m5U 

is characterized by ions at m/z 127.057, 110.024, 84.044, 71.6, and 54.03 [96]. 

Correlative analysis between data on peaks of m5U at m/z 127.05, 110.024, 84.044, 

71.68, and 57.03 [96] and measurable variables of analytes in this study yields to r = 

0.34361–0.99718. Given that, there are semi-quantitative performances (r = 0.99). 

Thus, any conclusion in structural assignment of discussed analytes based on only 

routine approaches should need to be tentative, rather than unambiguous one. There 

lies a question: How are we to carry out reliable theoretical sense of such cases; if any? 

Clearly, it is not explicitly explicable within the routine methods for data-processing 

of MS variables. There is needed novel concept in order to explain observable MS 

phenomena and the link between measurable parameters and molecular structure of 

analytes; furthermore, reliably and producing superior performances allowing to 

determine the discussed species in mixture unambiguously. The suggestion presented 

in this work is based on stochastic dynamics Equation (2) and its complementary 

employment in Arrhenius’s Equation (3) allowing for tackling, on the one hand, 

fluctuations of variables per short span of scan time (Equation (2)). On the other hand, 

Equation (3) is capable of distinguishing between subtle electronic effects. It treats 

ionic vibrations of species in both ground and transition states. Perturbation of 3D 

molecular conformation and electronic structure of molecules affect sensitively their 

vibrational modes. Thus, chemometric assessment of relation D”
SD = f (DQC) of 

parameters of Equation (2) and (3), in fact, assess link between MS intensity and its 

fluctuations as well as molecular and electronic structures of ions. A central task is to 

try to in-depth model and explain variations of intensity parameters of MS peaks 

within a large number of electronic effects of protomers, rotamers, and products of 

intramolecular rearrangement of ions; if any. The task excludes failure in trying to 

explain deeply electronic effects of nucleotides which vary broadly. Looking at results 
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from the current study it is empirically argued for claiming that there is achieved 

conclusive evidence of merits of presented approach showing r = 0.99946.  

Therefore, it seems to me that implementation of innovative Equation (2) into 

MS based structural analysis of nucleotides even determining complex mixtures of 

derivatives of biological samples adds crucially not only to our further understanding 

of experimental MS phenomena, but also to increase in reliability of MS structural 

analysis of complex nucleotides exhibiting a diversity of electronic effects and isomers. 

The excellent performances achieved, herein, affect essentially on prospective 

application of the tool to many interdisciplinary research fields implementing 

routinely mass spectrometry for purposes of identification, annotation, and 3D 

structural analysis of nucleotides.  

5. Conclusion 

The innovative stochastic dynamics Equations (2) and (4) together with 

Arrhenius’s Equation (3) through this study have proved to be significantly more 

effective and powerful tools for determining 3D structurally 5-methyluridine 

diphosphate N-acetylglucosamine containing m5U structural sub-unit or N1-methyl-

pseudouridine modified diphosphate in mixtures of nucleotides. These analytes 

produce virtually identical MS patterns and a set of common ions, particularly, 

highlighting low m/z-values. Due to the later fact, immediate difficulty arises when 

there is applied routine methods for data-processing of MS parameters of nucleotides 

which show semi-quantitative performances when there are compared analyte patterns 

with standard samples. The analysis of 5-methyl-uridine derivatives shows r = 

0.98831. The difficulty of molecular structural analysis is mainly in specifying analyte 

tautomers, protomers, and rotamers together with their products of intramolecular 

rearrangement which can vary broadly. However, in the case of the stochastic 

dynamics method the 3D molecular and electronic structures of the analytes and 

fluctuations of experimental variables are handled exactly via Equations (2) and (3), 

thus, allowing for correlating reliably between observable parameters and molecular 

structures of analytes. As can be seen, there are achieved superior performances 

determining N1-methyl-pseudouridine modified diphosphate (r = 0.9994–0.99923). 

Conversely, analysis of proposed 5-methyluridine diphosphate N-acetylglucosamine 

shows r = 0.98541–0.97402. The obtained performances contrast significantly with 

those ones achieved via classical methods; thus, producing not only excellent 

coefficients of linear correlation between theory and experiment, but also it is 

significantly higher comparing with structurally similar derivative of 5-methyl-uridine 

producing virtually identical fragmentation patterns, particularly within m/z 600–0. 

The application to Equation (4) result in r = 0.99459. In parallel, performances of the 

innovative method are excellent comparing with classical methods yielding to semi-

quantitative data, respectively, assignment of analytes, mass spectrometrically. The 

outcome of these data and observations is that Equations (2) and (4) show significant 

prospective application to mass spectrometric based structural analysis as powerful 

tool producing highly reliable quantitative and structural analysis of complex mixtures 

of nucleotides. 
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Supplementary materials: Chromatographic, mass spectrometric, theoretical 

quantum chemical data; and chemometrics (Figures S1–S27 and Tables S1–S7.)  
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