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Abstract

The nomenclature for compounds that are modified with isotopes is growing
every day. Compounds can be modified with isotopes either individually, in a
functional group or groups, or completely with all atomic centers of the ele-
ment. This diversity of isotope-modified compounds increases the range of
researches that can be studied using them. Compounds modified with iso-
topes of carbon-13 or nitrogen-15 can be converted into carbon monoxide,
carbon dioxide and molecular nitrogen. Currently, only the average value of
carbon-13 or nitrogen-15 isotopes can be determined. However, by directly
determining the atomic share of these isotopes in organic compounds mod-
ified with isotopes, information about the isotopic centers of the element can
be obtained. The atomic fraction of an element is defined as a single carbon
or nitrogen isotope-modified center or centers, or all centers that are iso-
tope-modified with that element at the same time. Carbon-13 or nitrogen-15
isotopes’ atomic fraction can be determined molecularly or with fragment ions
of different elemental content, or both. This makes the method self-verifying,
increasing the accuracy and reliability of the results obtained. Amino acids,
such as asparagine, aspartic acid, methionine, and threonine, are essential for
the human body. This proposed method of isotopic analysis will increase the
possibilities for scientific research using these compounds.
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1. Introduction

The use of isotope-modified compounds significantly increases the area of their
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application. With their help, it is possible to conduct such studies that were im-
possible without the use of isotope-modified compounds. Their use depends to a
significant extent on the existence of cheap and simple methods. Amino acids
are very important organic compounds. Among them, asparagine, aspartic acid,
methionine and threonine are important biological products. These compounds
are critical for protein synthesis and play a multifaceted role in maintaining the
structure and function of body tissues and organs.

Asparagine and aspartic acid are essential for a variety of biological processes,
including protein structure, neurotransmitter synthesis, and metabolic processes.
Asparagine is important for stabilizing protein structure. It participates in ac-
id-base reactions and is important for maintaining acid-base balance. It partici-
pates in the urea cycle and contributes to the production of energy and the de-
struction of excess nitrogen. Asparagine and aspartic acid are extremely impor-
tant for the precise structure of proteins [1] [2] [3].

Threonine is a basic building block for proteins. It is an important component
of collagen. Threonine is involved in the production of antibodies and proteins
related to the immune system, which protects the body from infectious diseases.
It participates in the transmission of signals in the brain and spinal cord, and the
protection of the central nervous system. It also helps in various metabolic
processes, maintenance and growth of muscle tissue, and detoxifies the liver. It is
not produced by the human organism. People eat it from poultry, meat, milk,
and nuts.

Methionine is an essential amino acid. The human body cannot synthesize it,
but takes it from food. Methionine is an essential substance for protein synthesis.
A coenzyme is formed from methionine in the human body, through which
further methylation takes place, ie. the methyl group is transferred to DNA,
proteins and lipids. The content of the sulfur atom determines the synthesis of
glutathione, thereby deoxygenating the human body and protecting cells from
oxidative stress. Methionine frees the liver from heavy metals and harmful sub-
stances.

These amino acids have many other functions in the human body. Therefore,
carbon-13 and nitrogen-15 isotope-modified compounds will give us more de-
tailed information about them.

The rapid growth of the nomenclature of isotope-modified compounds has
greatly increased their use in scientific research. Organic compounds modified
with carbon and nitrogen elements included in organic compounds are espe-
cially important. For their successful use in research, it is necessary to use simple,
accurate and informative methods of isotope analysis.

Amino acids are very important organic compounds for the human body. Di-
rect measurement of carbon-13 and nitrogen-15 isotopes in asparagine, aspartic
acid, methionine and threonine. Information about modified elements in indi-
vidual groups and the determination of carbon and nitrogen isotopic content in

them significantly expands the possibility of research. Determining the isotopic
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content using ions with different mass numbers increases the accuracy and re-
liability of the measurement. Determination of the isotopic content in the exist-
ing carbon dioxide and in them is done only by determining their average value
[4].

Methods for determining the atomic fraction of carbon and nitrogen isotopes
directly in asparagine, aspartic acid, methionine and threonine are not known
[5]. The authors proposed a general approach to the possibility of directly de-
termining the atomic fraction of carbon isotopes in organic compounds [6]. The
possibility of determining the atomic fraction of nitrogen isotopes is discussed in
the article. Based on a detailed study of the mass spectrum of each organic com-
pound, it is determined by the mass fraction of molecular or fragmented ions
and the processes that need to be taken into account, after which, based on the
principle of the given general system, a system of equations is created, which is
reduced to one equation.

The articles discuss the possibility of determining the atomic shares of carbon
and nitrogen in certain organic compounds using selected mass lines [6]-[12].
The authors present the mass spectra of asparagine, aspartic acid, threonine and
methionine, which were obtained using an isotope mass spectrometer MJ1-1201.
The study focuses on the elemental content of the thiolate mass line, and the
mass lines used to determine the atomic share of carbon-13 and nitrogen-15.
Depending on the mass spectrum, molecular and fragment ions can be used to
determine these quantities using different mass lines. When multiple methods
are used, the results can be verified, which increases the accuracy and reliability
of the method.

2. Experimental

Asparagine molecule contains two amino groups, so it has a different type of
fragmentation.

Obtaining a mass spectrum involves bombarding the sample with electrons
using an isotope mass spectrometer M11-1201, as shown in Figure 1.

Asparagine, unlike most amino acids, does not have a fixed molecular peak
due to the presence of functional groups in the molecule. The spectrum shows a
strong peak (M-COOH)" with a mass-to-charge ratio of m/z = 87. The most
likely process of molecule fragmentation is the breaking of the S-bond, which
leads to the formation of the fragment ion C with m/z= 44 (NH,-C = 0) and a
charged amino group. If the charge is on the second amino group, then a frag-
ment (NH,-CH-CH,)" with m1/z = 43 is obtained instead. Additionally, the spec-
trum shows the elimination of water and the removal of the hydroxyl radical
from the molecule, which leads to the formation of the fragment ion C with m/z
=114, 115. Subsequent S-bond breaking results in ions with m/z= 70

C
(O=C— | -CH,)’
NH,
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Figure 1. The mass spectrum of asparagine.

The molecular ion rearrangement process results in the migration of a hydro-
gen atom to the amine group, leading to fragmentation and the formation of
ions with m/z= 88.

The atomic fraction of carbon and nitrogen isotopes can be determined by
analyzing the intensities of fragmented ions with m/z = 114, 115, 116. However,
it is necessary to remove dehydration and hydroxyl radicals for accurate results.

When asparagine is isotope-modified with all four carbon centers, then the
system of equations reduces to the equation:

10I114y2 - (4I115 - O.O364I114) y+ ( l;;6 —0.0091l,, — 0.00403I114) =0 (1)
where
y = Xc'*/Xc* )

The formula for calculating the atomic fraction of the carbon-13 isotope is as
follows:

XeB =Y 3)
y+1
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To identify isotope-modified n asparagine, we consider only the a-carbon or
carboxyl group carbon. We also account for dehydration and removal of the hy-
droxyl group from the molecular ion. By using ions with mass lines of m/z= 114,
115, and 116, we can simplify the system of equations to a single equation:

liaY? (15 —0.042721,,, ) y + (1,4 —0.042721,,5 —0.002981,,,) =0 (4)

Similarly, the atomic fraction of the carbon-13 isotope is always calculated
using formula (3).
If the carbon chain modifies asparagine isotopically, the equation will take a

specific form:

31,,Y% — (21,45 —0.063021,,, ) y + (I, —0.031511,,, —0.003471,,,) =0 (5)

It is possible to determine the amount of the carbon-13 isotope in a sample by
using fragment ions with m/z = 86, 87, and 88. However, these fragment ions
cannot contain carboxyl carbon and can only be used when asparagine is mod-
ified with all carbon centers. In such cases, the system of equations can be sim-

plified to a single equation.

BlgsY? — (315 —0.02577 1, ) y +(Igg —0.008741,, —0.002001 5 ) =0 (6)

Asparagine is a molecule that can be modified with an isotope of nitrogen to
create nitrogen-15. This is important because we can calculate the amount of ni-
trogen-15 present by measuring the fragment ions with a m/z = 114, 115, 116.
We consider two processes—dehydration and removal of the hydroxyl group—
which can be represented by the following equation system:

31,3, Y% = (21,35 —0.093191,,, )y + (1,5 —0.046741,,, —0.00491l,,,) =0  (7)

in this case

y = Xn'*/Xn* (8)
and
Xn'® = —yil ©)

If asparagine is isotope modified with nitrogen-15 isotope with only one ni-

trogen center, in this case, the system reduces to the following equation
Iy - (1,35 —0.050261,,, )y +(1,,5 —0.050261,,; —0.005071,,,)=0  (10)
It is interesting to determine the atomic share of the nitrogen-15 isotope through

the fragment with m/z = 86, 87, 88. In asparagine modified by both atomic cen-
ters, the system of equations is reduced to the following equation

3lgsy’ — (215 —0.07004 14 ) y +( 155 —0.0350214, —0.0012514,) =0  (11)
And when it is modified with one nitrogen center, the equation has the form
Ly — (1g; —0.03868l4, ) y + (15 —0.038681,;, —0.00111l,) =0 (12)

The atomic fraction of carbon-13 isotope is calculated by formula (3).
The results of measuring the atomic fraction of carbon-13 isotope in aspara-

gine of natural content, calculated by formulas (1) and (6) are given in Table 1.
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Table 1. Atomic fraction of carbon-13 isotope determined by equations.

Equation (1) Equation (6)

1 1.10 1.11

2 1.14 1.13

3 1.11 1.10

4 1.13 1.12

5 1.12 1.11

6 1.10 1.13

7 1.14 1.12

8 1.13 1.11

9 1.12 1.10

10 1.11 1.12
1.12 £ 0.02 1.12 £ 0.02

Aspartic acid is the simplest representative of amino dicarboxylic acids Mass
spectrum of aspartic acid taken with isotope mass spectrometer MJ1-1201 is
given in Figure 2.

A molecular ion is not observed in the mass spectrum of aspartic acid, which
is due to the presence of two carboxyl groups in the molecule. Most likely, the
removal of the carboxyl group from the molecule resulted in the formation of
ions with m/z = 88. Parallel to this process, a-cleavage is observed with hydrogen
migration to the amine group, resulting in ions with m/z = 89. Also charge ions,
whose m/z = 87 after the removal of the hydrogen atom after the removal of the
carboxyl group.

A peak of low intensity is also observed, arising from the elimination of water
from the molecular ion and the cleavage of the hydroxyl radical. These fragment
ions are also unstable and dissociate into fragments with m/z = 70 and 71.
a-cleavage, on the other hand, fragment ions with m/z= 69 and 74.

Analysis of the spectrum shows that isotopic analysis can be performed using
the ion peaks of the mas-spectrum with m/z = 87, 88, 89, 90. That is, we need to
consider three processes: removal of the carboxyl group, removal of hydrogen
from this fragment ion, and migration of hydrogen from the carboxyl group to
the amine group.

When the asparagine molecule is isotope modified with all carbon centers,

then the system of equations reduces to the following equation
1014,y° —(614 —0.032641,, ) y* + (314 —0.016321,, —0.01218l,, )y

(13)
— (1o —0.005441, — 0.004061,, —0.0000371;) =0

where y= X,/ X;5, Xc = p/l + y.
If the asparagine molecule is modified by carboxyl groups, then the system of

equations is reduced to the equation
;Y —(1gg —0.027851, ) y? + (15 —0.0278514, —0.00356 1, ) y

(14)
— (I3 —0.00278514, —0.0035614, —0.000161,, ) =0
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Figure 2. The mass spectrum of aspartic acid.

And in the case when the carbon of the aspartic acid chain is isotope-modified,

the system of equations will be reduced to the equation

415, y° —(3lg —0.049941,; ) y® + (214 —0.0033314, —0.00771, ) y

(15)
— (1o —0.016651 4, —0.003781,, —0.000071,,) =0

The atomic fraction of nitrogen-15 isotope in aspartic acid modified with ni-

trogen isotope is also calculated by the equation

g7y — (155 —0.035391, ) y? + (g —0.035391, —0.003271; ) y

(16)
— (I —0.035391,, —0.003271,, —0.000141,,) =0

The results of measuring the atomic fraction of carbon-13 isotope in aspartic
acid of natural content, calculated by formulas (13) and (16) are given in Table
2.

Threonine or g-amino S-hydroxy acid. Mass spectrum of threonine is shown
in Figure 3.

The molecule being discussed contains functional amino, hydroxyl, and car-

boxyl groups. This makes the molecular peak easily fragmented and not fixed in
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Table 2. Atomic fraction of carbon-13 isotope determined by equations.

Equation (13) Equation (16)
1 1.11 1.12
2 1.13 1.13
3 1.14 1.13
4 1.13 1.12
5 1.12 1.11
6 1.11 1.11
7 1.12 1.12
8 1.14 1.13
9 1.12 1.11
10 1.11 1.12
1.12 £ 0.01 1.12 £ 0.01
A
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Figure 3. The mass spectrum of threonine.

the spectrum (2). During ionization, the charge is mostly on the amine groups,

so we will mainly observe amine decomposition fragments in the spectrum. The
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peak m/z =74, 75 is intense, and these fragment ions are formed by breaking the
a-bond, resulting in (C;ONHg)" or (M-COOH)" ions. On these mass lines, we
also see ions formed by breaking the S-bond, which are superimposed with the
previous ions. In the spectrum, we will observe the maximum fragment ion
peaks with m/z= 57 (NH, = CH-C = 0)*, which is obtained by further decompo-
sition of the fragment obtained by the removal of the hydroxyl radical.

Localization of the charge on the carboxyl group is a small probability process,
that’s why the fragment ions with m/z = 45 are of relatively low intensity. Hy-
drogen migration from the carboxyl group will also be observed and fragment
ions with m/z= 30 (CH-NH,)* and m/z= 43 (CH-CH-NH,) will be formed.

It should be noted that fragment ions with m/z = 75, 57 are partially formed
through hydrogen migration to amine groups. Fragment ions with m/z = 29
(NH,-CH)" are intense, which once again confirms the charge localization on
the amine group.

According to the mass spectrum analysis, it is not possible to directly deter-
mine the atomic fraction of carbon-13 and nitrogen-15 in threonine due to the
presence of intense mass lines. The mass lines are overlapped by fragment ions
(C,ONHy)" and (C,0O,NH,)* at m/z = 74, 75, and the isotopic form of (C,0,NH,)*
ion and (C,0,NHj;)* fragment ions at m/z= 75.

Ions of different elemental content are superimposed on fragmented ions with
m/z =57, 58, 59. Fragment ions have different elemental contents. The isotopic
form of fragment ions C,ONH;, C,OH;,and C,ONH; and superimposition
of fragments caused by hydrogen removal. Therefore, determining the atomic
fraction of carbon-13 or nitrogen-15 isotopes in threonine is impossible at this
stage.

Direct determination of threonine is possible only via high resolution mass
spectra or by converting molecular nitrogen into carbon monoxide or carbon
dioxide.

Methionine is an amino acid containing a sulfur atom.

Methionine molecule contains two functional groups, amino and carboxylic.
Due to the presence of a sulfur atom in the molecule, it is relatively stable which
is evident from Figure 4.

Therefore, the molecular ions in the mass spectrum are relatively intense. In
the mass spectrum, the peak of ions with m/z = 61 is the most intense which is
obtained by breaking the S-bond (CH,-S-CH,)". The charge is localized on the
sulfur atom. Water is eliminated intensively and the hydroxyl radical is removed,
forming ions with m/z = 131, 132. From this fragment, a fragment ion with m/z
= 116 is obtained by removing the radical of the further method (C,ONH,). It is
quite likely that the carboxyl group is removed and ions with m/z = 104,
M-COOH, are formed. Ions with m/z= 101, 106, 107 fragment ions will also be
observed.

In the mass spectrum of methionine, the type of amine decomposition is

weakly expressed. Therefore, fragment ions with m/z = 74 are of lower intensity
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Figure 4. The mass spectrum of methionine.

than fragment ions with m/z = 75, Ions will also be observed in the spectrum
NH,-CH* (m/z=57), COOH" m/z= 45 and
CH
CH,- |
NH,

—COOH"*, m/z= 88.

Carbon-13 isotope atoms in all carbon-centered modified methionine can be
determined directly through molecular ions, as well as fragment ions formed by
dehydration of molecular ions and cleavage of the hydroxyl radical. Ion peaks
with m/z = 131, 132 are formed, as well as fragment ions with m/z= 61, 62. It is
best to understand the atomic fraction of the carbon-13 isotope through mole-
cular ions. At this time, together with the molecular ions, we must take into ac-
count hydrogen dissociation. In this case, the system of equations will be re-
duced to the equation:

151,,5? (5114 —0.070021,,5 ) y + (1,5, — 0.014041,,, —0.048371,,4) =0 (17)

The atomic fraction of carbon-13 isotope is calculated by formula (3).

When methionine is isotope-modified only with the carbon of the carboxyl
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group, then the system of equations reduces to the equation:

lusY? = (lgo —0.058861,5 )y + (1,50 — 058861, —0.046481,,,) =0  (18)

When the system of equations of methionine isotope modified chain with

carbon-13 isotope is reduced to the face

101,45? — (41,46 —0.100361 5 ) y + (1159 — 0.025241,,, —0.0617971,,) =0 (19)

The system for calculating the atomic fraction of nitrogen isotopes in methio-

nine modified with the nitrogen-15 isotope is reduced to the equation

lasY? — (1140 —0.066391,5 )y + (1,5 — 0.066391,,, —0.061801,,,)=0  (20)
lsgY? — (1146 —0.058861,45 )y + (I;5 — 0.058861,,, —0.046521,,,) =0  (21)

The isotopic content of carbon and nitrogen can be determined similarly for
m/z =129, 130, 131 with mass lines. This fragment ion contains both molecular
carbon and nitrogen atoms. These fragments, as mentioned above, are formed
by dehydration of the molecule and cleavage of the hydroxyl radical.

When methionine is isotope-modified at all carbon atoms, then the system of

equations reduces to the equation:
151155 y* = (51,50 —0.066101,, ) y + (1,5, —0.013221,,) — 0.046341,,0) =0 (22)
In threonine modified by the carbon centers of the methionine chain, by the
equation
101,,,y% — (4133, —0.097081,,4 ) y + (13, —0.024421 5, —0.046071,,0) =0 (23)

and in methionine isotope modified with the carbon center of the carboxylic

radical

l1gY? = (1330 —0.058031,,0 ) y + (1,5, —0.058031,,, —0.044491,,,) =0 (24)

The following equation determines the isotope ratio of nitrogen in methionine
modified with a nitrogen atom

Y2 — (1130 —0.069241,9 )y +( 1,5, —0.069241,;, —0.043481,,,) =0 (25)

In methionine modified by chain carbon centers, the ratio of carbon isotopes

can be determined by the equation

3lgy? — (215 —0.017481 )y + (1, —0.008771,, —0.044351,,) =0 (26)

The results of measuring the atomic fraction of carbon-13 isotope in methio-
nine of natural content, calculated by formulas (17), (22) and (26) are given in
Table 3.

Table 3. Atomic fraction of carbon-13 isotope determined by equations.

Equation (17) Equation (22) Equation (26)
1 1.08 1.13 1.12
2 1.09 1.12 1.13
3 1.10 1.10 1.10
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Continued
4 1.15 1.12 1.15
5 1.13 1.14 1.10
6 1.14 1.09 1.12
7 1.10 1.10 1.13
8 1.12 1.11 1.13
9 1.10 1.12 1.12
10 1.12 1.13 1.10
1.11 £ 0.02 1.12 £ 0.01 1.12 £ 0.01

3. Conclusion

To determine the atomic percentage of carbon-13 and nitrogen-15 isotopes
present in asparagine, aspartic acid, threonine, and methionine that have been
modified with carbon and nitrogen, the mass spectra of these compounds were
studied in detail. Based on the analysis, the mass lines were determined through
which the fraction of atoms of carbon-13 and nitrogen-15 isotopes could be cal-
culated, along with the processes that must be taken into account. With the giv-
en equations, it is possible to determine the atomic percentage of these elements
in asparagine, asparagine derivatives, and methionine, both in separate func-
tional groups and in isotopically modified compounds with several carbon cen-
ters or all centers. It is not possible to directly analyze the threonine mass spec-

trum for isotopes.
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