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Abstract

Using compounds modified by the isotopes carbon-13 and nitrogen-15 helps
research in various fields of science, such as medicine, pharmacology, phar-
macokinetics, metabolism, agriculture, and others. In case of the availability
of reliable, express, and cheap methods, the area of their use will gradually
expand. A determination of the atomic fraction of the isotopes carbon-13 and
nitrogen-15 directly in glycine, leucine, isoleucine, and alanine is proposed;
the modification concerns all centers or one or more identical carbon and ni-
trogen centers separately, as well as both isotopes at the same time. There are
defined mass lines of the mass spectrum of each amino acid, through which
the isotopic content of carbon and nitrogen is calculated. The processes that
must be taken into account for the determination of the isotopic content are
also established. Isotopic analysis of these compounds until now was carried
out by transforming them into carbon oxide, dioxide, and molecular nitro-
gen, and determination of their content in individual centers was impossible.
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1. Introduction

The nomenclature of compounds modified by the isotopes carbon-13 and nitro-
gen-15 is gradually expanding and the area of their use is gradually expanding.
Amino acids are the most important compounds for life and so much attention

is paid to their metabolism in the human body. Several studies have been conducted
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and their metabolic routes have been proposed. The use of isotope-modified
amino acids will help determine their metabolism in the human body accurately
and definitively, and at the same time control the processes of their synthesis [1].
Variations of these elements are expected to occur during biosynthesis; deter-
mination of these variations, in turn, is also very important.

Mass spectra of these substances have been studied, but some secondary
processes, which must be taken into account for mass spectrometric analysis di-
rectly in these compounds, have not been recorded [2]-[7]. It is impossible to
carry out isotopic analysis without taking them into account. The availability of
simple, express, and reliable methods will make it possible to use these com-
pounds in the future in various scientific studies, the solution of which was im-
possible without the use of isotope-modified amino acids.

As is known, the compounds modified by the isotopes carbon-13 and nitro-
gen-15 for conducting the mass-spectrometric analysis are converted into com-
pounds “convenient” for mass-spectrometric analysis: carbon oxide or carbon
dioxide and molecular nitrogen. Amino acids can be isotope-modified by one or
more carbon or nitrogen centers. The isotopes of carbon-13 and nitrogen-15
may have different atomic fractions in different isotopic centers. They cannot be
determined by the conversion method, information about the isotopic content in
separate centers is lost, and only the average isotopic content of carbon and ni-
trogen in the analyzed compound is determined. The authors of the papers
[2]-[7] have proposed a mathematical model of the possibility of direct (imme-
diate) mass spectrometric analysis of researched organic compounds. In the
work [2], as well as in the works [2]-[7], a mathematical model for determining
the isotope nitrogen-15 was proposed. Specific cases of their use in some com-
pounds are given. The mass spectra have been studied by the proposed approach
in glycine, L-serine, threonine, methionine, leucine, isoleucine, glutamic acid, va-
line, proline, alanine, asparagine, aspartic acid, and glutamine. The processes
that must be taken into account for the determination of the isotopic content in

them have been determined and the formulas are given.

2. Experimental

» The mass spectrum of glycine is given in Figure 1

Even though the molecule has two highly polar groups and has a short chain,
the molecular peak in the spectrum is intense compared to other amino acids.
The NH, group is the most electronegative in the molecule, so the charge is
mainly localized on the nitrogen atom, and therefore the amine type fragmenta-
tion occurs here, and it has the most intensive peak m/z = 30 (CH,-NH,+) in the
spectrum, and therefore the peak of ions with m/z = 45 is less intensive. During
fragmentation, water is also eliminated by the migration of hydrogen from the
amine group (low-intensity ions m/z = 57, 58), the spectrum also shows ions m/z
= 60, 61, which are formed by the migration of hydrogen to the carbon atom and

subsequent fragmentation from the amine group. The migration of hydrogen
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Figure 1. The mass spectrum of glycine.

from the amine group to the carboxyl group and cleavage of CO, also occur and
ions m/z = 31 are formed.

The isotopic content of carbon in glycine isotopically modified by both cen-
ters is determined by molecular peaks. The conducted research has shown that
in this case, we should take into account both the formation of molecular peaks

and fragmentation by breaking off the hydrogen atom. The formula that can be

X
used to calculate the ratio Y =——C  is as follows:
12c

31,,Y2 —(21,, —0.010301,, )Y +(1,, —0.005151,; —0.004051,,)=0 (1)

where L, L, L are respectively the intensities of the peaks with m/z = 74, 75, 76,
and ch and X12C are the atomic fractions of carbon-13 and carbon-12, re-
spectively. The numerical coefficients (in all equations and formulas used in the
article) take into account the natural distribution of heavy isotopes of other ele-
ments entering the molecule. The atomic fraction of the carbon-13 isotope in

percent is calculated using the formula:

X x100% (2)

% = Y
Y +1

B¢

It is also possible to calculate the ratio of isotopic content of carbon by ion
peaks with m/z = 29, 30, 31. The equation that determines the Y ratio of carbon

isotopes has the following form:

1, 2 = (15 —0.008371,4 )Y + (15, —0.004261,, —0.01141l,4) =0 3)

The same equation can be used to calculate ¥ when glycine is isotope-modified
by an a carbon center. If glycine is isotope-modified by the carbon of the car-
boxyl group and the a carbon center is of natural distribution, then Yis deter-

mined by the following equation:
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(Y +Y") 1, = (1,5 —0.005161,,)(Y'+Y") = 1,,Y¥"+(1,, —0.005161,; —0.004051,,) = 0

1,,Y2 (1,5 —0.01635l,,)Y +(1,, —0.01635I , —0.003851,,) =0 (4)

When the content of carbon isotopes in the carbon centers of glycine is not
the same, we have in the equation two unknowns Y'and Y”; and the equation is

reduced to the following form:

©)

0.00516(Y"+Y")* I, —(0.005161,5 —0.000031,, )(Y'+Y")—~0.00501,,Y Y "+ (1., —0.00408l ;) =0

where Y’ :& in the a carbon center, and Y" :& in the carbon center
2¢ 2¢
of the carboxyl group. It is possible to determine the isotopic content of carbon
in both carbon centers simultaneously in a simpler way.
Yin the a-carbon center should be determined by the formula (3) and then by
formula (4), where the isotopic content of the a-carbon center will be taken into
account by numerical coefficients. The content of the isotope carbon-13 in nat-

ural glycine determined by these methods is given in Table 1.
For determination of atomic fractions of the isotope of nitrogen intensities of

X
the mass lines with m/z = 74, 75, 76 also are used. Y =—N is calculated by the
14 N

equation

1Y% = (1,4 —0.023741,,)Y +(1,, —0.023891., —0.004941,,) =0 (6)

The atomic fraction of the isotope nitrogen-15 in percent is calculated by the

formula:

X x100% (7)

15

% = Y
Y +1

Table 1. The content of the isotope carbon-13 in natural glycine.

The atomic fraction of the isotope carbon-13, calculated by the formula

No.
No. 1 No. 3 No. 4
1 1.15 1.14 1.15
2 1.15 1.11 1.13
3 1.16 1.15 1.11
4 1.09 1.13 1.09
5 1.10 1.12 1.10
6 1.10 1.12 1.09
7 1.12 1.12 1.10
8 1.14 1.14 1.14
9 1.10 1.14 1.12
10 1.09 1.11 1.16

1.11 £ 0.02 1.13 £ 0.02 1.12 £ 0.02
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The atomic fraction of the natural content of nitrogen-15 by the given method
has been measured—0.37%.

» The mass spectrum of leucine is given in Figure 2

In the mass spectrum of leucine, the molecular peak is not observed because
leucine has a branched structure and its fragmentation occurs during an electron
bombardment, an intensive peak with m/z = 86 is in the mass spectrum, it is
formed as a result of the cleavage of the carboxyl group and contains both car-
bons of the main chain and nitrogen, but does not contain carbon of the carbox-
yl group. Further dissociation occurs with a four-step migration of the hydrogen
atom and ions with m/z = 30 (H,C = NH,) and ions with m/z = 44 (H,C =
CH-NH,) are formed, and a six-step rearrangement also occurs (the so-called
McLafferty rearrangement); ions with m/z = 75 (NH,-CH-C(OH),) and also m/z
=57 (NH,-CH-C-O) are formed.

Fragmentation with the breaking of the a bond is a less probable process,
therefore the ions m/z = 74 are of low intensity (NH,-CH-COOH); the breaking
of the B bond is also less probable (ions m/z = 43). The isotopic analysis of car-
bon, when leucine is modified by carbons of carbon chains or all centers are

equally modified, can be determined by the formula:

X3, % =((1g; —0.00544145 ) /(15; +4.994561,,)) x 100% (8)

It is possible to determine the atomic fraction of the isotope carbon-13 by the
ions whose m/z = 74, 75, 76. In this case, it is enough to take into account two
processes, the separation of the fragment (CH,),CH-CH, from the molecular ion
and the so-called McLafferty rearrangement, and is determined by Equation (1).
If leucine is modified by carbon centers other than the carboxyl group, then the
isotopic content of carbon is determined by the same equation. And the isotope
content of carbon in the carboxyl group can be determined by Equation (4).
When leucine is isotope-modified non-uniformly by two carbon centers, then

the system of equations will be reduced to the system (5).

L-Leucine

|

) ||” )m I

1519 26 32 38 475357 72 76 86 m/e
Intensity

Figure 2. The mass spectrum of L-leucine.
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Results of measurement of the natural distribution of the isotope carbon-13 in

leucine are given in Table 2.

In leucine, isotope-modified by the isotope of nitrogen, the atomic fraction of

the isotope nitrogen-15 is determined by the mass lines m/z = 86, 87

N™ = (1; —0.0578014 /0.9422014; + I, ) x100% ©)

For the determination of atomic fractions of the isotope of nitrogen the inten-

sities of the mass lines with m/z = 74, 75, 76 also are used through the formula

(6).

> The mass spectrum of isoleucine is given in Figure 3

Table 2. Results of measurement of the natural distribution of the isotope carbon-13 in

leucine.
The atomic fraction of the isotope carbon-13, calculated by the formula
e No. 1 No. 3 No. 4
1 1.11 1.14 1.12
2 1.12 1.13 1.13
3 1.10 1.12 1.11
4 1.10 1.10 1.13
5 1.11 1.14 1.12
6 1.15 1.13 1.13
7 1.12 1.09 1.10
8 1.08 1.14 1.14
9 1.12 1.13 1.12
10 1.13 1.15 1.16
1.11 £0.02 1.13 £0.02 1.13 £ 0.02
[}
[
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Figure 3. The mass spectrum of isoleucine.
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Molecular lines are not recorded in the spectrum. The charge is mainly loca-
lized on the amine group and therefore the fragments containing amine groups
are intense. During fragmentation, intensive rearrangement takes place, this is
confirmed by the peaks with m/z = 30, 44, 57, 75. The ions with m/z = 75
(NH,-CH-C-(OH),)+ are formed by rearrangement. These ions are more in-
tensive than the ions with m/z = 74 (NH,-~CH-C-OOH)+ obtained by alpha
cleavage.

The peak with m/z = 57 (NH,-CH-C=0)+ is also intensive, but there is par-
tial superposition with the ions—(NH,-CH-CH-CH,)+. In isoleucine, the
four-step rearrangement is less probable than in leucine, so the peaks of ions
with m/z = 30, 44 are more intensive. The decarboxylation process is energeti-
cally more favorable for the molecule of isoleucine, and ions with m/z = 86 are
formed; at the same time, the less probable decarboxylation process is observed.
There are fewer probable fragments in the spectrum with m/z = 114, 99.

A study of direct isotope analysis in isoleucine shows that the atomic fraction
of carbon in isoleucine, modified by all carbon centers, is carried out through
masses of m/z = 86, 87; when the atomic fraction of carbon-13 isotope is more
than 1% it is calculated by the formula (8). And when the atomic fraction is less
than 1%, it is necessary to take into account the hydrogen abstraction, then the
atomic fraction of the isotope carbon-13 is determined by the intensities of the
mass lines with m/z = 85, 86, 87 and the ratio of isotopes is calculated by the fol-

lowing equation:
1514Y ? —(5lgs —0.027201 4 )Y +(1g; —0.0054401,; +0.00003l4 ) =0 (10)

The isotopic fraction of carbon-13 can be calculated using formula (4), but in
the samples with natural distribution, it gives us a higher result than the real one,
so the process of hydrogen abstraction from this fragment should be taken into
account, in this case, the system of equations will be reduced to a cubic equation,

which complicates the calculations. The calculation results are given in Table 3.

Table 3. The calculation results of The isotopic fraction of carbon-13.

The atomic fraction of the isotope carbon-13, calculated by the formula

No.
No. 8 No. 4
1 1.13 1.75
2 1.12 1.81
3 1.10 1.90
4 1.12 1.82
5 1.10 1.81
6 1.13 1.75
7 1.14 1.78
8 1.10 1.83
9 1.12 1.84
10 1.13 1.76

1.12 £ 0.02 1.81 £ 0.04
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The atomic fraction of the isotope nitrogen-15 is calculated by the formula (9)
when the content of the isotope nitrogen-15 is greater than 2%; and when it is
less than 2%, it is calculated by the formula (11).

lysY 2 = (Ig —0.057801; )Y + (1, —0.057801 4, +0.001981,,)=0  (11)

The natural content of the isotopes of nitrogen in the samples of isoleucine is
obtained at 0.38%.
» Mass spectrum of alanine, Figure 4

In the spectrum, the peak of ions with m/z = 44 is the maximum. This frag-
mentary ion is formed by alpha cleavage and abstraction of the carboxyl group;
as in the rest of the amino acid, the charge is mainly localized on the NH, group.
The alpha cleavage from the other side is relatively less intensive and ions with
m/z = 73, 74, 75 are formed. As for the molecular ion, it is very unstable and not
recorded in the spectrum even at a trace level, the conducted experiments
showed us that direct mass spectrometric analysis is preferable to be performed
according to the intensity of the peaks with m/z = 73, 74, 75; in this case, we
consider only the loss of the methyl group and hydrogen migration to the amine
group with the further abstraction of CH, and H. The equation that can be used
to determine the atomic fraction of the isotope carbon-13 in fully modified ala-

nine is as follows:

31,,Y2 —(21,,—0.00021,,)Y +(1I,, —0.00501l,, —0.004061,,)=0  (12)

whereas isotopic concentration is calculated by the formula (2).
The content of the isotope of carbon in alanine can also be calculated accord-
ing to the isotope-modified centers. If it is isotope-modified only by the carbon

of the carboxyl group, the ratio of carbon isotopes is calculated by the equation:

1Y ~(1,, —0.016211 ;)Y + (1,5 —0.01621I,, —0.003851,,)=0  (13)

Alanine
1519 262831 39 4142 5556 7475 m/e
Intensity
Figure 4. Mass spectrum of alanine.
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In the case when alanine is modified not only by the carboxyl carbon but also
by the rest of the carbon atoms, both calculations are relatively difficult and it is

necessary to solve the system of equations:

(YY) g = (15, —0.0050L1 ) (Y +Y") = 1,5Y ¥ "+ (1, —0.00501l,, —0.004061 ;) = 0
0.00501(Y"+Y")* 1, —(0.00501l,,, —0.000021,,)(Y'+Y")~0.004861,,Y Y "+ (1, —0.00408l ;) = 0

(14)

The atomic fraction of the isotope carbon-13 is calculated by the formula (12)
and is equal to 1.21, with an accuracy of £0.02.

The atomic fraction of the isotope nitrogen-15 in alanine can be determined
similarly by m/z = 73, 74, 75; at this time, we take into account the following
processes: the formation of fragmentary ion and abstraction of hydrogen from
the fragmentary ion. The equation that determines the isotope ratio of nitrogen

has the following form:

Y2 —(1,, —0.0577971,,)Y +(1I,; —0,023741,, —0.003681,,) =0  (15)
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