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ELECTRON IMPACT MASS SPECTROMETRY IN ANALYSIS
OF INTRODUCTION OF STABLE ISOTOPES OF DEUTERIUM
AND CARBON-13 INTO AMINO ACID MOLECULES
FROM BIOLOGICAL OBJECTS

The work demonstrates the possibility of using electron 1mpact mass spectrometry (EI) on a MB-80A device ("Hita-
chi", Japan) with a double electron focusing for analysis of [*H, '*CJamino acid mixtures of L-phenylalanine produc-
ing strain of Brevibacterium methylicum and L-leucine- producmg strain of Methylobacillus flagellatum, and
[*H, "*Clamino acids of the total bromass rotern isolated whlle growing the bacterial cells on media containing as a
source of stable isotopes [ H]methanol J C] methanol and *H,0. For mass- -spectrometric analysis of the level of in-
corporatlon of stable isotopes “H and "°C into the molecules of [*H, *CJamino acids the multi- componentlal le—
tures of [*H, *Clamino acids, derived from cultural media and protein hydrolysates after 2ydrolys1s in 6 M HCI
B % phenol) and 2 M Ba(OH), were modified into N- benzyloxycarbonyl -derivatives of [’H, “CJamino acids as
well as into the methyl esters of N-dansyl-derivatives of [*H, CJamino acids, which were separated by the method
of reverse phase high performance hqurd chromatography (RP HPLC) on a column with octadecylsilane gel Sepa-
ron SGX C18. The levels of *H and "*C enrichment of secreted amino acids and amino acid residues of protem were
found to be varied depending on the metabolic pathways of biosynthesis and concentration of H- and "*C-labelled
substrates in growth media from 20.0 atom. % to L-leucine/isoleucine up to 97.5 atom. % for L-alanine.
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INTRODUCTION

The method of isotope labeling is an important in-
strumental tool for various biochemical and metabolic
studies using amino acids and other biologically ac-
t1ve substances (BAS), labeled with stable isotopes
(*H, °C, N, "®0) [1]. The trends to a preferred use of
stable isotopes as compared to their radioactive coun-
terparts are stipulated by the lack of radioactive radia-
tion hazards and determination of the localization of
the label in the molecule by high resolution tech-
niques, including NMR [2], IR-spectroscopy [3] and
mass spectrometry [4]. The development of these me-
thods for the detection of stable isotopes in recent
years has significantly increased the efficiency of bio-
logical research, as well as studies of the structure and
mechanism of action of cellular BAS at the molecular
level. In particular, “H- and “C-labeled amino acids
are used for studying of the spatial structure and con-
formational changes of proteins, the interaction of
protein molecules and in chemical syntheses of some
isotope-labeled compounds based on them [5, 6].

An important factor in studies with using
[°H, 13C]amrno acids is their accessibility.
[2H 3Clamino acids can be prepared using chemical,
enzymatic and microbiological methods. Chernlcal
synthesis is multistage often require a large expendi-

ture of costly labeled reagents and substrates and leads
to a racemic mixture of D- and L-enantiomers for the
separation of which is required the special separation
methods [7]. The fine chemical synthesis of “H- and
P(C-labeled amino acids are linked with using a com-
bination of chemical and enzymatic approaches [8].
Microbiology provides an alternative to chemical
synthesis a method for obtaining of amino acids la-
beled with stable isotopes, which leads to high yields
of the synthesized products, to the effective incorpora-
tion of stable isotopes in the molecule, and to preser-
Vatlon of the natural configuration of synthesized
[’H, "“C comp ounds. When microbiological prepara-
tion of ['H, C]amino acids use several approaches,
one of which is consisted in uniform enrichment of
synthesized compounds by stable isotopes at the car-
bon skeleton in the molecule due to the using of bac-
terial strains growing on selective media contammg as
a source of stable isotopes  ["*C]methanol,
[*H]methanol and *H,O [9, 10]. This approach also
involves the use of complex chemical components of
biomass grown on [*H, "C]growth substrates with
further separating and fractionating of target “H- and
13C- labeled compounds. Another approach consists in
a site-specific enrichment of amino acids at certain
positions of molecules due to assimilation by cell
the isotopically labeled precursors such as
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[1,4-"C]succinate, [1, 2-"*Clacetate and [1-"*C]lactate
[11].

The present work is a continuation of the research
related to the usage of electron impact (EI) mass spec-
trometry in analyzing of the level of incorporation of
stable isotopes of “H and "“C into complex multi-
component mixtures of [*H, *CJamino acids obtained
microbiologically due to the utilization by microbial
cells of low-molecular-labeled substrates —
[*H]methanol, ['*C]methanol and *H,O. The sensitivi-
ty of mass spectrometry is 10°—10""" mol in samples,
which is considerably higher than when using IR- and
NMR spectroscopy. This method in combination with
reverse phase high performance liquid chromatogra-
phy (RP HPLC) has worked well for the study of the
level of isotopic enrichment of [*H, *CJamino acid
molecules in the composition of their multi compo-
nent mixtures as the samples of culture liquids of bac-
terial strains, producers of amino acids and hydroly-
sates of total protein of biomass obtained on minimal
growth media containing isotopic labeled substrates.

INSTRUMENTS AND MATERIALS

For the synthesis of derivatives of [*H, "*CJamino
acids used  N-5-(dimethylamino)naphthalene-1-
sulfonyl chloride (dansyl chloride), chem. pur. >99.0 %
(HPLC), (Sigma Aldrich, USA), benzyloxycarbonyl
(CBz-chloride), >98.0 % (HPLC) ("Sigma Aldrich",
USA) and  diazomethane, prepared  from
N-nitrosomethylurea, >99.0 % (HPLC) ("Sigma Al-
drich", USA). To prepare the growth media used *H,0O
(99.9 atom.% °H), *HCl (95.6 atom. % °H),
[*H]methanol (98.5 atom. % “H) and [*C]methanol
(99.5 atom. % "°C) obtained from the Russian Scien-
tific-technical Center "Isotope" (St. Petersburg, Rus-
sia). Inorganic salts were recrystallized preliminary in
2H20; ’H,0 was distilled over KMnO, with the
subsequent control of isotope enrichment by
'H-NMR-spectroscopy on a Brucker WM-250 device
("Brucker Daltonics", Germany) (working frequency
70 MHz, internal standard Me,Si), proton chemical
shifts (6, ppm) were measured in parts per million rel-
ative to Me,Si.

The separation of the mixture of methyl esters
of N-Dns-[*H, "“Clamino acids from the culture
liquid and protein hydrolysates was carried out at
t = 20—(£25) °C by the RP HPLC method on a liquid
chromatograph Knauer Smartline ("Knauer", Germa-
ny) equipped with a UV detector UF-2563 and inte-
grator-R 3A ("Shimadzu", Japan) using 250%10 mm
column with the stationary phase of Separon SGX
C18, 7 um ("Kova", Slovakia). The mobile phase: (A)
acetonitril— trifluoroacetic acid = 100: (0.1-0.5) vol. %
and (B) acetonitrile = 100 vol. % under the gradient
elution conditions. The sample volume — 50-100 pl;
elution rate — 1.5 ml/min. The yield of methyl esters

of the individual N-Dns-[*H, "*Clamino acids was
75-89 %; the chromatographic purity — 95-98 %.

Ion exchange chromatography of protein hydroly-
sates was performed on Biotronic LC 5001 apparatus
("Eppendorf-Nethleler-Hinz", Germany) using a col-
umn with Biotronic resin BIC 2710; ¢ = 20—(£25) °C;
3.2x230 mm. The stationary phase: sulfonated styrene
(7.25 % of cross-linking) resin UR-30 ("Beckman
Spinco", USA); mobile phase — 0.2 M of Na-citrate
buffer; operating pressure — 50-60 atm; feed rate of
Na-citrate buffer — 18.5; ninhydrin — 9.25 ml/h; de-
tection at A = 570 nm and A = 440 nm (for proline).

Mass spectra of EI of amino acid derivatives were
recorded on MB-80 A ("Hitachi", Japan) with a
double focusing with ionizing voltage of 70 eV, an
accelerating voltage of 8 kV and the temperature of
the cathode source of 180-200 °C. The scanning of
samples was analyzed at a resolution of 7500 arbitrary
units using 10 % image sharpness.

EXPERIMENTAL

Strains-producers of [*H, *C]amino acids

Investigations were carried out with genetically
marked strains of bacteria obtained from the culture
collection of the Russian National Collection of In-
dustrial Microorganisms (VKPM) of State Research
Institute of Genetics and Selection of Industrial Mi-
croorganisms:

1) Brevibacterium methylicum VKPM B 5652 —
L-leucine-dependent strain of facultative methylo-
trophic bacteria producing L-phenylalanine;

2) Methylobacillus flagellatum KT — L-isoleucine-
dependent strain of obligate methylotrophic bacteria
producing L-leucine.

Growing conditions and isolation
of ’H, PC-labeled proteins and amino acids

The cultivation of methylotrophic bacteria B. me-
thylicum and M. flagellatum was performed in a min-
eral M9 medium in Erlenmeyer flasks with 250 ml
volume filled up with 50 ml of the growth medium
according to a method described in [12;]é using as a
source of stable isotopes [*H]methanol, ["*C]methanol
and “H,O in the presence of L-leucine for B. methyli-
cum and L-isoleucine for M. flagellatum in concentra-
tions of 10 mg/l. Cells were separated by centrifuga-
tion in a centrifuge T-24 ("Heraues Sepatech", Ger-
many) (10000 g, 20 min). In the culture liquids were
analyzed the secreted amino acids. To isolate the pro-
tein fraction of the total biomass the cells were
washed twice with distilled water followed by centri-
fugation (10000 g, 20 min), exposed to ultrasound at
40 kHz (3x15 min) and centrifuged. The resulting
precipitate (10 mg) obtained after the separation of
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lipids and pigments by a mixture of organic solvents:
chloroform—methanol—acetone (2 : 1 : 1) was used
as the protein fraction of the total biomass. Lipids and
pigments were extracted with chloroform—methanol—
acetone (2 : 1 : 1) according to the method of E. Bligh
and W. Dyer [13]. The hydrolysis of total protem was
performed with 6 M *HCI1 (3 % phenol in *H,O) or
2 M Ba(OH), (110 °C, 24 h).

Synthesis of N-Dns-[*H, *C] amino acids

For the synthesis of N-Dns-[*H, *C]amino acids to
4-5 mg of lyophilized samples of culture liquid and
protein hydrolysates dissolved in 1 ml of 2 M NaHCO;,
pH = 9-10 was added portionwise with stirring 25.5 mg
of dansyl chloride in 2 ml of acetone. The reaction mix-
ture was kept under stirring for 1 hour at # = 40 °C, then
acidified with 2 M HCI to pH = 3.0 and extracted with
ethyl acetate (3x5 ml). The combined extract was
washed with water until pH = 7.0, dried over anhydrous
sodium sulfate, the solvent was removed at 10 mm. Hg.

Synthesis of methyl esters of N-Dns-["H, “C]
amino acids

Synthesis of methyl esters of N-Dns-[*H, *C]amino
acids was carried out with using diazomethane. For
obtaining of diazomethane to 20 ml of 40 % KOH dis-
solved in 40 ml of diethyl ether was added 3.0 g of wet
nitrosomethylurea and stirred at ice-water bath for 15—
20 min. After intensive gassing closure ether layer was
separated, washed with ice water until pH = 7.0, dried
over an ;/drous sodium sulfate, and further used to treat

N-[*H, "*C]-Dns-amino acids in composition of culture
11qu1ds and hydrolysates of total proteins of biomass.

Synthesis of N-Cbz-[*H, *C]amino acids

For the synthesis of N-Cbz-[*H, *C]amino acids to
1.5 ml cooled to 0 °C of culture liquid solution
(50 mg) or protein hydrolyzate (5.4 mg) in 4 M NaOH
were added in portions with stirring 2 ml of 4 M NaOH
and 28.5 mg of benzyloxycarbonyl. The reaction mix-
ture was kept at 0 °C, stirred for about 3 hours, acidi-
fied with 2 M HCI to pH = 3.0 and extracted with ethyl
acetate (3x5 ml). The combined extract was washed
with water until pH = 7.0, dried over anhydrous sodium
sulfate, the solvent was removed at 10 mm. Hg.

RESULTS AND DISCUSSION

Isolation of [*H, *C]amino acids
from the culture liquids
and protein hydrolysates

The objects of the study were the obtained by mu-
tagenesis a L-phenylalanine-producing strain of the
facultative methylotrophic bacteria Brevibacterium

methylicum, assimilating methanol via ribulose-5-
monophosphate cycle of carbon assimilation, and a
L-leucine-producing strain of obligate methylotrophic
bacteria Methylobacillus flagellatum, implements a
2-keto-3-deoxy-gluconate aldolase variant of ribulose-
5-monophosphate cycle of carbon assimilation. To
compensate the auxotrophy for L-leucine and
L-isoleucine, these amino acids were added into the
growth medium in the protonated form. The levels of
accumulation of L-phenylalanine and L-leucine in the
liquid medium of these strains-producers reached val-
ues of 0.8 and 1.0 g/l respectively [14, 15]. The inclu-
sion of deuterium into the molecules of secreted ami-
no acids and total proteins was carried out via the cul-
tivation of the strain of B. methylicum on mineral M9
media with *H,0 and protonated methanol, as the lev-
el of inclusion of *H 1nto the amino ac1d molecules
due to assimilation of [*’H]methanol is negligible.

Since the cell ass1m11ates hydrogen (deuterium)
atoms from H,0 (*H,O) environment, we selected
conditions of deuterium enrichment of amino acid
molecules and protelns under a stepwise increase in
concentration of “H,O in growth media as 1s shown in
Table 1. The growth of microorganisms on *H,0 con-
taining growth media was characterized by increasing
the duration of the lag phase, the cell generation time,
and the reduction of outputs of the microbial biomass
(Table 1), so 1t was necessary to carry out the adapta-
tion of cells to 2H,0.

The method of the optional adaptation of the strain
of methylotrophic bacteria B. methylicum to grow on
HZO while maintaining the ability for the biosynthe-
sis of L-phenylalanine was described in article [16]. In
this research, were investigated the samples of the
culture liquids and biomass hydrolysates obtained dur-
ing the multi-stage adaptation of B. methylicum to
heavy water on m1mmal mineral M9 media w1th dif-
ferent content of H20 (from 24.5 to 98.0 % H20)
Since this strain of methylotrophic bacteria was
adapted to grow in “H,0, the study of inclusion levels
of deuterium into the amino acid molecules is the
most interesting.

Unlike the bacterial growth on HZO medium,
wherein it was necessary to carry out the cell adapta-
tion to deuterium, while at the preparatlon of
[*Clamino acids via assimilation of “CH;OH this
stage was not required, because this isotopic substrate
does not exert the adverse biostatic effect on the
growth characteristics of methylotrophs (see Table 1).
Therefore, in the case of the strain of obligate meth hy-
lotrophlc bacteria M. flagellatum the inclusion of "°C
into amino acid molecules was carried out in one step
by growing the bacteria on water M9 media contain-
ing 1 % of [’C]methanol as a source of carbon-13
isotope.
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Table 1. The influence of the isotopic composition of growth media on the growth of strains of B. methylicum and M. flagellatum

Number Growth media* The value The output of biomass, The generation time,
of experiment of lag-phase, h % from control h
1 0 24.0 100 2.2
2 24.5 32.1 90.6 2.4
3 49.0 40.5 70.1 3.0
4 73.5 45.8 56.4 3.5
5 98.0 60.5 32.9 4.4
6 CH;0H 0 100 1.1
7 “CH,0H 0.1 72.0 1.0

* Data for experiments 1-5 were presented for B. methylicum while growing on aqueous M9 media containing 2 % me-
thanol and a specified amount (vol. %) of *H,0. Data for experiments 67 show for M. flagellatum when growing on
aqueous M9 media containing 1 % methanol (6) or 1 % ["*C] methanol.

The main stages at the isolation of [*H, "*C]Jamino
acids consist in following:

— growing the respective strains producers on
%rowth media containing labeled substrates —

[“H]methanol, [*C]methanol and *H,0;
— isolation of culture liquids (CL) containing the
secreted amino acids from microbial biomass;

— purification of lipids;

— cell disruption;

— isolation of fraction of total protein of biomass
with their subsequent hydrolysis, derivatization of
mixtures of amino acids by dansyl chloride, benzy-
loxycarbonyl chloride and diazomethane;

— separation of methyl esters of N-Dns-amino acid
derivatives and N-Cbz-amino acid derivatives by RP
HPLC;

— EI mass spectrometry of the obtained amino acid
derivatives.

’H and "C-labeled amino acids were isolated from
lyophilized culture liquids of amino acid-producing
strains of B. methylicum and M. flagellatum, and as
part of the total protein hydrolysates of biomass.
When isolating the total protein fraction it should be
considered the presence of carbohydrates, lipids and
pigments in samples. In this research was used the
protein rich bacterial strains with a relatively low con-
tent of carbohydrates in them. The hydrolysis was
subjected as a fraction of the total protein the residue
obtained after the separation of exhaustive extraction
of lipids and pigments by organic solvents (metha-
nol—chloroform—acetone). In rare cases for the
complete separation of the cellular components used
the salting out by ammomum sulfate.

The hydrolysis of *H-labeled proteins was per-
formed under conditions to prevent hydrogen isotopic
exchange reactions with deuterium during the hydro-

lysis and preservation of the aromatic [*H]amino acid
residues in the protein. It was considered two
alternatives variants of hydrolysis — the acid and
alkaline hydrolysis. Acid hydrolysis of the protein
under standard conditions (6 M HCI, 24 h, 110 °C), is
known to induce the complete degradation of
tryptophan and partial degradation of serine,
threonine, and several other amino acids in the protein
[17]. Another significant drawback when carrymg out
the hydrolysis in HCI consists in the isotopic (

*H) exchange of aromatic protons (deuterons) in mo-
lecules of tryptophan, tyrosine and histidine, as well
as protons (deuterons) at the C3 atom of aspartic and
C4 glutamic acids [18]. Therefore, to obtain the in-
formation about the real inclusion of deuterium into
biosynthetically synthesized molecules of amino acids
it was necessary to carry out the protein hydrolysis
usmg deuterated reagents (6 M “HCI1 with 3 % phenol
(in Hzo))

Another variant of hydrolysis of the protein was
consisted in using 2 M Ba(OH), (110 °C, 24 h? Under
these conditions the reactlons of isotopic (‘'H—H)
exchange at aromatic [*H]amino acids — tyrosine and
tryptophan do not occur, and tryptophan is not de-
stroyed. Both these methods of hydrolysis showed

ood results for the conservation of aromatic
["H]amino acids in the protein hydrolysate and the
content of deuterium in molecules of [* H]amlno acids.
However, for the preparative productlon of *H-labeled
amino acids from the mlcroblal protein is advisable to
use the hydrolysis in *HCI in *H,O (1n the presence of
phenol to maintain the aromatic amino acid) to pre-
vent racemization.

For preparation of volatile derivatives the amino
a01ds were converted into the methyl esters of N-Dns-
[*H, "CJlamino acids or N-Cbz-[*H, *CJamino acids,
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which were further separated by the RP HPLC me-
thod. The conditions of N-derivatization of
[*H, "*CJamino acids were practiced so as to obtain as
much as possible intensive molecular ion peaks (M")
in EI mass spectra at the background level of the
growth media metabolites. For this it was carried out
the direct N-derivatization of [*H, *Clamino acids in
the composition of lyophilized culture liquids and to-
tal protein hydrolysates of biomass by 5-fold excess of
dansyl chloride (in acetone) or benzyloxycarbonyl.

Under conditions of the reaction of
N-derivatization for lysine, histidine, tyrosine, serine,
threonine and cysteine along with mono-derivatives
were formed N-di-Dns and N-di-Cbz-derivatives. In
addition, from arginine was synthesized N-three-Dns-
(Cbz)-arginine. Therefore, in mass-spectrometric stu-
dies the molecular ions (M") of these compounds were
corresponded to di- or tri-derivatives.

The effectiveness of the use of N-Cbz- and N-Dns-
amino acid derivatives in the RP HPLC and mass
spectrometric studies was demonstrated by us pre-
viously [19]. The volatility of N-derivatives of amino
acids in mass spectrometric analysis can be further
enhanced by the esterification of the carboxyl group,
so that N-Dns-[’H, "*Clamino acids were converted
into their methyl esters. To prevent the reverse isotop-
ic exchange of aromatic protons (deuterons) in the
esterification of deuterium-labeled amino acids, in this
paper we gave a preference to diazomethane. The
freshly prepared solution of diazomethane in diethyl
ether was treated with dry mixtures of amino acids
residues. While the derivatization of amino acids
with diazomethane it was occurred additional

N-methylation at a-NH-(Dns)-group in [*H]amino
acids, leading to the appearance in the mass spectra of
methyl esters of N-Dns-amino acids the additional
peaks corresponding to compounds with a molecular
mass on 14 mass units larger than the original com-
pounds.

Study of levels of inclusion of stable
isotopes of ’H and "C into molecules
of secreted amino acids and hydrolysates

The levels of inclusion of stable isotopes of *H and
C into the multicomponent mixtures of amino acid
molecules of culture liquids and protein hydrolysates
were determined analytically by the EI mass spectro-
metr?/ method. Methyl esters of N-Dns-
[*H, "CJamino acid derivatives or N-Cbz-[*H, *C]amino
acid derivatives were separated by the RP-HPLC me-
thod on octadecylsilane gel Separon SGX CI18,
7 wm. The best result on separation was achieved by
the %radient elution of the methyl esters of N-Dns-
[*H, *Clamino acid derivatives with a mixture of sol-
vents: (A): acetonitrile—trifluoroacetic acid = 100 :
(0.1-0.5) vol. % and (B): acetonitrile 100 vol. % in
the gradient elution conditions by gradually increasing
the concentration of component B in the mixture from
0 to 100 % (see Table 2). In this case, each component
of the mixture was separated in the most optimal
composition of the eluent, thereby achieving their full
separation quality in much less time than in isocratic
mode. In addition, using the gradient significantly in-
creased the maximum number of peaks in the chroma-
togram can accommodate — a peak capacity, which is

Table 2. The results of one-step gradient separation of a mixture of methyl esters
of N-Dns-[*H, "*C]amino acids from hydrolyzates by the RP HPLC, ¢ = 20—(%25) °C
on a 250x10 mm column with octadecylsilane gel Separon SGX C18, 7 n ("Kova", Slovakia)

Number of processing Components of the mobile phase, vol.% Elution time,
A’ B” min

1 90 10 10

2 80 20 10

3 60 40 10

5 50 50 10

6 30 60 5

8 20 80 5

9 10 90 5
10 0 100 5

"A : acetonitrile—trifluoroacetic acid = 100 : (0.1-0.5) vol. %

*B: acetonitrile = 100 vol. %
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very important in the separation of complex multi-
component mixtures, which are the protein hydroly-
sates. Thus, it was possible to isolate tryptophan and
intractable pair of phenylalanine/tyrosine. The chro-
matographic purity degrees of [*H, *Clamino acids,
isolated from culture liquids of B. methylicum and M.
flagellatum and protein hydrolysates in the form of
their N-Cbz-[’H, "Clamino acid derivatives were
comprised 96-98 % with yields — 67-89 %. For
some [*H, "Clamino acids was proved to be more
convenient the separation as methyl esters
of N-Dns-[*H, "*C] amino acid derivatives. The de-
grees of chromatographic purity of methyl esters of
N-Dns-[*H]phenylalanine, N-Dns-[*H]tyrosine and
N-Dns-[*H]tryptophan make up 96, 97 and 98 %, re-
spectively. This result is important because of the
chemical stability of methyl esters of N-Dns-amino
acids, the presence of high-molecular ions (M") at
higher molecular weights have proved very conve-
nient for mass spectrometric investigations and enable
to identify [*H,"?C]amino acids in the presence of low
molecular weight metabolites of growth media and
other products of derivatization. The latter fact is very
important to study the composition of the pool of
[*H, CJamino acids secreted into the culture liquids
(CL) of corresponding strains-producers.

The fragmentation pathways of methyl esters of
N-Dns-phenylalanine and N-Dns-leucine in the elec-
tron impact mass spectrometry lead to the formation
of molecular ion peaks (M") at m/z = 412 and m/z = 378
and to the formation of dansyl fragments and products
of the further decay to N—dimethylaminonaphthalene,
and the formation of the amine fragment A" and ami-
noacyl fragment B" (Fig. 1). The fragmentation of
methyl esters of N-Dns-phenylalanine and N-Dns-
leucine shown on Fig. 1 is typical for these derivatives
of all other amino acids, which allows to carry out the
mass spectrometric monitoring of [*H, "*CJamino ac-
ids in the culture liquids of intact producing strains
containing the amount of amino acids and other meta-
bolites of the growth medium until the stage of chro-
matographic separation, as well as explore the inclu-
sion of stable isotopes of “H- and "*C into molecules
of amino acids of protein hydrolysates.

When using as a source of stable isotopes
[*C]methanol and *H,O in the cell are synthesized the
isotopically-substituted ["*C, *H]amino acids differ in
the number of atoms substituted on "*C and *H. At the
same time, the higher is the molecular weight of the
amino acids, the larger is a set of possible molecular
ions (M") corresponding to isotope-substituted forms.
Peaks at m/z = 323.2, 337.4, 368.5, 382.3, 420.5 in the
EI mass spectrum of [*Clamino acid derivatives in
the derivatized culture liquid of M. ﬂagellatum, ob-
tained in an aqueous medium with 1 % [ °C] methanol
(Fig. 2, b) correspond by the weight to the methyl es-

a 170 234 A353 B381

2

(o]
i
O SO,—+—NH—C C—1+OCH;
(CH3),N O CH, 9
b 170 24 A319 B347
O SO, NH——(EH C—+O0OCH;
S
CH
N
CH; CH;

Fig. 1. Fragmentation of methyl esters of N-Dns-
phenylalanine with M, = 412 (a) and N-Dns-
leucine M, = 378 (b) in electron impact mass spec-
trometry

ters of N-Dns-["*C]glycine, N-Dns-["°CJalanine, N-
Dns-["*C]valine, N-Dns-["*C]leucine/["*C]isoleucine
and N-Dns-["°C] phenylalanine. It should be empha-
sized that the value of m/z for the molecular ion (M")
of methyl esters of N-Dns-[’C]leucine and
[*Clisoleucine in EI mass spectra is the same, so
these amino acids could not be accurately identified
b}y this method. The maximum levels of inclusion of
C isotope into amino acid molecules as measured by
an increase of the averaged values of mass to charge
ratio m/z for molecular ions (M") of isotopically-
labeled sample in comparison with a molecular weight
of a non-labeled natural amino acid are varied from
35 % for [*Clalanine and 95 % for ["*C] phenylala-
nine (Fig. 2). Considering the auxotrophy of this strain
for L-isoleucine, the variations in the range can be
explained by the contribution of an exogenous isoleu-
cine in the level of isotopic incorporation of
[*C]leucine, and other metabolically related amino
acids — ["*C]alanine and [*C]valine.

The mass spectrometry data on levels of inclusion
of "C and *H into the molecule of N-Cbz-
[*H, “Clamino acid derivatives within various con-
centrations of “H,O were not different from those of
the methyl esters of N-Dns-[*H, "*CJamino acid deriv-
atives (the accuracy of determination the levels of iso-
topic incorporation into amino acid molecules by this
method comprises £ 5 %). As an example, Figure 3, b
illustrates the mass spectrum of N-Cbz-["*C]-Leu (rel-
ative to the unlabeled N-Cbz-Leu, Fig. 3, a) isolated
by the RP HPLC method from LC of M. flagellatum
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after the treatment by benzyloxycarbonyl The peak of
molecular ion of N-Cbz- [C]-Leu corresponds the
mean value of (M") at m/z = 269 (relative to the (M")
at m/z = 265 under the control condltlons) indicating
that the inclusion of 4 atoms of isotope ~C into the
molecule of leucine (Fig. 3, Scheme). The specific
fragmentation of N- benzyloxycarbonyl derivative of
[*C]leucine under electron impact mass spectrometry
makes it possible to locallze the sites of incorporating
of atoms of the isotope °C at the carbon skeleton of
the molecule. As can be seen from Fig. 3, these are 4
carbon atoms in the positions [2, 3, 4, 5] of the carbon
skeleton of the leucine molecule.

For the strain of methylotrophic bacteria B.
methylicum there was a specific increase in the

434.8

Fig. 2 EI mass spectra of methyl esters of N-
Dns-["*CJamino acids from LC of M. flagella-
tum after treatment with diazomethane and
dansyl chloride.

a— 1 % methanol and H,O (control);

b— 1 % [*C] methanol and H,O.

Symbols of amino acids are marked peaks of
molecular ions [M]" of methyl esters of N-
Dns-["*C] amino acids. The intensity of the
peaks is given in %

m/z

levels of isotopic 1ncorporat10n of deuterium into
molecules of individual [*H]amino acids in the
composition of culture liquids (Table 3) with
stepwise increasing concentrations of *H,O in
growth media. The 1nclu51on levels of deuterium
into molecules of different [*H]amino acids under
the same growing conditions are varied. In all ex-
periments was observed the proportional increase
in the levels of isotopic incorporation of ’H into
the molecules of metabohcally related ["H]amino
acids with stepwise increasing concentrations of
heavy water in the growth media (Table 3). This
result was recorded in all experlments where as a
source of stable isotopes used HgO
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Fig. 3. EI mass spectra of N-Cbz-["°C]-Leu, isolated from M. flagellatum after the treatment by benzy-

loxycarbonyl.
a— 1 % methanol and H,O (the control); b—1 % [*C] methanol and H,O.
The Scheme — the carbon skeleton of the molecule

Table 3. Levels of °C and *H inclusion into molecules of amino acids (atom. %), secreted into the culture liquid (CL)
of B. methylicum and M. flagellatum, and into amino acid residues of protein

Content of ’H,O in the growth medium, %" 1%
Amino acids 24.5 49.0 73.5 98.0 “CH;OH™
CL Protein CL Protein CL Protein CL Pro- CL Pro-
tein tein
Glycine - 15.0 - 35.0 - 50.0 - 90.0 60.0 | 90.0
Alanine 24.5 | 20.0 50.0 | 45.0 50.0 | 62.5 55.0 |97.5 35.0 |95.0
Valine 20.0 | 15.0 50.0 | 46.0 50.0 | 50.0 55.8 | 50.0 50.0 | 50.0
Leucine 20.0 | 15.0 50.0 | 42.0 50.0 | 50.0 50.0 |50.0 |40.0 |49.0
/Isoleucine
Phenylalanine 15.0 | 24.5 27.5 | 375 51.2 |50.0 75.0 |95.0 95.0 | 80.5
Tyrosine - 20.0 - 25.6 - 68.5 - 92.8 - 53.5
Serine - 15.0 - 36.7 - 47.6 - 86.6 - 73.3
Aspartic acid - 20.0 - 36.7 - 60.0 - 66.6 - 333
Glutamic acid - 20.0 - 40.0 - 534 - 70.0 - 40.0
Lysine — 10.0 — 353 — 40.0 — 589 |- 54.4

" Data are submitted for inclusion of “H into the amino acid molecules when growing of B. methylicum on aqueous M9
media containing 2 % methanol and a spec1ﬁed amount (vol. %) of H,0.
Data are submitted for inclusion of >C when growing of M. flagellatum on aqueous M9 media containing 1 %
[*C]methanol.
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From the EI mass spectrum of methyl esters of
N-Dns-[*H]amino asid derivatives of culture liquid of
B. methylicum, obtamed on the growth medium
containing 49 % *H,O (Fig. 4, b) is shown that the
phenylalanine molecule contains 6 isotopically-
substituted forms with an average peak of molecular
ion (M") with m/z = 414.2, which increases compared
to the control conditions (m/z =412.0, Fig. 4, a) on 2.2
units, i.e. 27.5 atom. % of the total number of
hydrogen atoms in the molecule are substituted with
deuterium. The region in the mass spectrum with
values m/z = 90-300 corresponds to relevant products
of derivatization of metabolites in the growth medium.
The peak with m/z = 431.0, recorded in the EI mass
spectrum of the culture liquid manifested in all the
experiments, corresponds to the product of additional
methylation of the phenylalanine molecule at o-NH-
(Dns)-group. The peak with m/z = 400 (Fig. 4, b)
corresponds to the product of cleavage of deuterated
methyl group from the [*H]phenylalanine derivative.

The presence in the EI mass spectrum of a sam-
ple of the culture liquid of B. methylzcum obtained
on a medium containing 73.5 % *H,O (Fig. 5) the
molecular ion peak of the methyl ester of N-Dns-
[*H]phenylalanine (M") with m/z = 416.1 indicates

1, %
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on an increase in molecular weight of the
[*H]phenylalanine molecule on 4.1 unit i.e., 51.2 %
of hydrogen atoms in the molecule  of
[*H]phenylalanine in this case are replaced by deu-
terium. Evidently that above mentioned deuterium
atoms were entered into the [*H]phenylalanine mo-
lecule through biosynthesis de novo, i.e. to the car-
bon skeleton of the molecule. The protons (deute-
rons) at heteroatoms in the NH,- and COOH-
groups of amino acids are appertained to easily ex-
changeable ones, which are replaced by deuterium
at the expense of ease of the dissociation in H,O
(H,0).

From Table 3 it is shown that in conditions of
auxotrophy in L-leucine the levels of inclusion of
’H into the molecules of [*H]leucine/[*H]isoleucine
are lower than those ones for phenylalanine. This
feature more clearly manlfests in the medium with
the highest concentration of *H,0. Once again, this
result is confirmed in Figure 6, which shows the EI
mass spectrum of methyl esters of N-Dns-
[*H]amino acids of culture liquid after the growth of
the bacteria B. methylicum under these conditions.

Fig. 4. EI mass spectrum of methyl esters of
N-Dns-[*H]amino acids from CL of B. me-
thylicum after the treatment with diazome-
thane and dansyl chloride.

a—2% methanol and 98.0 % H,O (con-
trol) b — 2 % [*H]methanol and 49.0 % of
’H,0
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Clearly, the molecular ion peak of methyl ester of
N-Dns-[*H]phenylalanyl (M") with m/z = 418.0 in-
creases compared to control conditions for 6 units
corresponding to the substitution of 75.0 atom. % of
the total number of hydrogen atoms in the molecule.
Unlike [*H ]phenylalamne the mclusmn level of
deuterium enrichment i in [*H]leucine/[*H]isoleucine
was 50.0 atom. %, and [*H]valine — 58.8 atom. %.
The peak with m/z = 432, recorded i in the EI mass
spectrum of methyl esters of N-Dns- [*H]amino ac-
ids of the CL in Fig. 6, corresponds to additional
methylation product of [*H]phenylalanine at o-
NH,-group. In addition, in the EI mass spectrum is
recorded the peak enrlched Wlth deuterium the ben-
zyl fragment C¢HsCH, of [ ]phenylalamne with
m/z = 97 (instead of m/z = 91 in the control) indi-
cating that the sites of locallzatlon of six deuterium
atoms in the molecule of [*H] phenylalanlne are
position of C1-C6 aromatic protons in the benzyl
C¢HsCH,; fragment. From mass spectrometry data is
demonstrated that at other concentrations of *H,O in

89
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= Fig. 5. EI mass spectrum of methyl
ester of N-Dns-[*H]amino acids from
CL of B. methylicum when grown on
growth medium contalnlng 2%
[*H]methanol and 73.5 % *H,0

400 mfz

growth media deuterlum is also included in the
aromatic ring of [*H]phenylalanine since the meta-
bohsm of the strain of B. methylicum adapted to
*H,0 does not undergo significant changes in ’H,0.

A similar pattern in increasing levels of inclusion
of °C isotope into amino acid molecules associated
with auxotrophic metabolism was manifested when
growing L-isoleucine-dependent stram of M. flagella-
tum on growth medium with 1 % ["°C] methanol. As
can be seen from Table 3, unlike that observed for
[*C]phenylalanine (the level of isotopic 1ncorp0rat10n—
95.0 %), the level of 1ncor}?0rat10n of ! C isotope into
the  molecule [*C]leucine/["*C]isoleucine,
["*CJalanine and [' C]Vahne were 38.0, 35.0 and 50.0 %
respectlvely The level of isotopic incorporation into
[ C]glycme (60 %) was although higher than that for
the last three amino acids, but significantly lower than
that of ['*C]phenylalanine.

4180 F

Fig. 6. EI mass spectrum of methyl

esters N-Dns-[*H]amino acids from CL

\ of B. methylicum when growing on the

‘ %rowth medium containing 2 %

H]methanol and 98.0 % “H,O (the
max1mum deuterated medium)

<
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Summarlzmg data on the level of incorporation of
C and ’H isotopes into secreted molecules of amino
acids, it can be concluded about the maintaining of
minor metabolic pathways associated with the biosyn-
thesis of leucine and the metabolically related amino
acids de novo. Another logical explanation for the ob-
served effect, if we take into account the origin of leu-
cine and isoleucine due to biosynthesis in various
pathways (leucine belongs to the family of pyruvate,
while isoleucine — to the family of aspartate), could be
assimilation by the cell of the unlabeled leucine from
the growth media under the background biosynthesis
of isotopic-labeled isoleucine de novo. Taking into
account these effects it should be emphasized that the
use of auxotrophic forms of microorganisms for pro-
duction isotope-labeled amino acids could not be jus-
tified practically because of the multiple character of
inclusion of isotopes into the molecule [20]. On the
contrary, the use for this purpose the prototrophic
forms of microrganisms seem to be more promising
for these aims.

The general principles for the study of levels of
isotope inclusion of molecules of amino acids in this

Fig. 7. EIl Mass spectrum of methyl
ester of N-Dns-[*H]amino acids from
hydrolyzates of total protein of biomass
of B. methylicum when growning on
M9 medium, containing 2 % methanol
and H,O (control) (a) and 2 %
[*H]methanol and 98.0 % “H,O (b)

method of labeling were exemplified by the mass
spectrometry analysis of complex multicomponent
mixtures, obtained after total hydrolysis of proteins of
biomass of methylotrophic bacteria B. methylicum. As
seen in Figure 7, up to 10 amino acids may be identi-
fied in the protein hydrolyzate of B. methylicum by the
peaks of rnolecular ions (M") of corresponding methyl
esters of N-Dns-[*H]amino acid derivatives.

As in the case with secreted amino acids, molecu-
lar ion peaks (M") were corresponded to isotopic mix-
tures of amino acid derivatives of substituted forms.
For lysine and tyrosine peaks (M") were corresponded
to di-methyl esters of amino acid derivatives — a,
g-di-Dns-lysine ((M D) at m/z = 631.0) and O,N-di-
Dns-tyrosine (M) at m/z = 663.9). The levels of iso-
toplc incorporation of deuterium into the molecules of
[*H]amino a01ds from the hydrolysate of total protein
biomass at the “H,O content in the growth medium
from 49.0 % to 25.6 % were varied from 25.6 % for
[*H]tyrosine to 45.0 % for [*H]alanine (Fig. 8, b and
Table 4). The levels of 1sotop1c mcorporatlon of deu-
terium into the molecules of [*H]glycine, ! H]Vahne
[*H]phenylalanine, [*H]serine, [*H]lysine, [ H]aspartic

NAUCHNOE PRIBOROSTROENIE, 2015, Vol. 25, No. 4
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and [*H]glutamic acid are raged within 35-46 %. As
in the case with secreted amino acids, with the in-
crease of “H,O concentration in growth media, it was
observed the proportlonal increase in the level of in-
corporation of “H isoto ope into amino acid molecules.
With regard to other ["H]amino acids not detectable
by this method, it is obvious that levels of isotope in-
clusion into the amino acid molecules are roughly the
same. This is confirmed by data of separation of pro-
tein hydrolysates of methylotrophlc bacteria by the RP
HPLC method as N-Cbz-[* H]amlno acid derivatives
and methyl esters of N-Dns-[*H]amino acid deriva-
tives and ion-exchange chromatography of protein
hydrolysates, wherein it is detected 15 amino acids
(Fig. 8, Table 4).

The findings suggest about the possibility of
achlevmg max1mum levels of inclusion of stable iso-
topes “H and "C into the amino acid residues of the
total protein biomass (except for alanine, valine and
leucine/isoleucine, reduced levels of inclusion of
which explains the effect of auxotrophy for L-leucine
and L-isoleucine). For example, in the case of the deu-
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terated amino acid substitution at full stable isotopes
has been achieved by using as a source of deuterium
98.0 % HzO (Table 4). As can be seen from Table 4,
when grownlng of B. methylicum on growth medlum
with 98.0 % HzO the inclusion levels of *H into resi-
dues of glycine, alanine, phenylalanine and tyrosine
constitute 90.0, 97.5, 95.0 and 92.8 atom. %. In expe-
riments on the 1nclus10n of C isotope into the total
protein biomass due to the assimilation of
[*C]methanol by methylotrophic bacteria M. flagella-
tum were also observed high levels of isotopic incor-
poratlon in [*C]glycine (90.0 %), [*CJalanine (95 0 %)
and [' C]phenylalamne (80.5 %) (Table 3). As in the
case with secreted amino acids the reduced inclusion
levels of stable isotopes in [' C]leucme/1soleuc1ne
(49.0 %), as well as related metabolic [*Clamino ac-
ids under these conditions could be explained by the
effect of auxotrophy of the strain in L-isoleucine,
which was added into the growth medium in the pro-
tonated form.

Fig. 8. Ion exchange chromatography of
amino acids from hydrolysates of proto-
nated (a) and deuterated (b) cells of B. me-
thylicum on maximum deuterated M9 me-
dium.

Biotronic LC-5001 (230x3.2 mm) (“Ep-
pendorf-Nethleler-Hinz”, Germany). The
mobile phase: UR-30 sulfonated styrene
resin (“Beckman-Spinco”, USA). The pel-
let diameter — 25 mm; working pres-
sure — 50-60 atm; mobile phase — 0.2 M
Na-citrate buffer (pH = 2,5); eluent flow
rate — 18.5 ml/h; ninhydrin — 9.25 ml/h;
detection at 4 = 570 and 4 = 440 nm (for
proline)

.69

T L
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Table 4. The amino acid composition of a protein hydrolyzate of total protein of biomass of B. methylicum, obtained in
the maximum deuterated growth medium” and levels of deuterium enrichment of molecules”

Output, % of dry weight of biomass
The number of in- Th . :
. e deuterium enrichment
Amino acid cluded deuterium level, % from a total num-
Protonated sam- | Deuterated sample | atoms in carbon ske- b ffl d t
ple (control) obtained in 98.0 % | leton of the molecule | " Ot yerosena oms’
*H,0

Glyqne 8.03 9.69 2 90.0
Alanine 12.95 13.98 4 97.5
Valine 3.54 3.74 4 50.0
Leucine 8.62 7.33 5 50.0
Isoleucine 4.14 3.64 5 50.0
Phenylalanine 3.88 3.94 8 95.0
Tyrosine 1.56 1.83 7 92.8
Serine 4.18 4.90 3 86.6
Threonine 4.81 5.51 - -

Methionine 4.94 2.25 - -

Aspartic acid 7.88 9.59 2 66.6
Glumatic acid 11.68 10.38 4 70.0
Lysine 4.34 3.98 5 58.9
Arginine 4.63 5.28 - -

Histidine 3.43 3.73 - -

Data obtained on M9 medium with 98.0 % *H,0 and 2 % [*H]methanol.
“"When calculating the deuterium enrichment level protons (deuterons) at COOH and NH, groups of amino acid molecules
are not taken into account because of the ease of their dissociation and isotopic exchange in HQO/ H,O0.

" A dash indicates no data.

In all isotopic experiments on the integration of
stable isotopes into the amino acid molecules the le-
vels of inclusion of *H and "C into metabolically re-
lated amino acids found a certain correlation. Thus,
the isotopic incorporation levels for alanine, Valine
and leucine (pyruvate family), phenylalanine and ty-
rosine (aromatic amino acid family, synthesized from
shikimic acid) are correlated. At the same time levels
of isotope inclusion for alanine, valine and leu-
cine/isoleucine are stable within a wide variation of
H,0 concentration due to the effect of auxotrophy on
leucine. The levels of isotopic incorporation for gly-
cine and serine (serine family), aspartic acid, and ly-
sine (asparagines family) also have similar values and
are in correlation. The levels of isotopic incorporation
into secreted amino acids and corresponding amino
acid residues in the total protein when growing of bac-
teria on growth media with the same isotope content
generally are well correlated. The reason for some of
the observed differences in the level of inclusion of
isotopes into amino acid molecules can be associated
with the effect of auxotrophy of the used strains in

leucine and isoleucine.

CONCLUSION

The research has demonstrated the effectiveness of
the EI mass spectrometry method 9n the example of
N-Cbz- and N-Dns-derivatives of [*H, *CJamino ac-
ids with various levels of isotopic enrlchment ob-
tained by microbiological synthesis, to investigate the
levels of isotopic enrichment of molecules of
[*H, Clamino acids in composition of multicompo-
nent mixtures produced microbiologically using mi-
crobial cells. The method is useful for studying the
composition of the pool of amino acids, secreted into
the culture liquid of strain-producers and protein hy-
drolysates of blomass grown on media with stable
isotopes of “H and ' C and can find further use in
biomedical and metabolic studies.

This research was carried out with the financial
support of the Research Center of Medical Biophysics
(Bulgaria), grant number 115-RU.
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