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ABSTRACT Pyridoxal-5’-phosphate-dependent enzymes play a crucial role in nitrogen metabolism. Carbonyl 
compounds, such as O-substituted hydroxylamines, stand out among numerous specific inhibitors of these en-
zymes, including those of practical importance, because they react with pyridoxal-5’-phosphate in the active 
site of the enzymes to form stable oximes. O-substituted hydroxylamines mimic the side group of amino acid 
substrates, thus providing highly potent and specific inhibition of the corresponding enzymes. The interaction 
between D-amino acid transaminase from bacterium Haliscomenobacter hydrossis and 3-aminooxypropionic 
acid was studied in the present work. The structural and spectral analysis of the complex of this transami-
nase with 3-aminooxypropionic acid allowed us to clarify some features of the organization and functioning 
of its active site and illustrate one of the mechanisms of inhibition by the specific substrate, D-glutamic acid.
KEYWORDS transaminase, enzymatic catalysis, crystal structure, inhibitor, 3-aminooxypropionic acid. 
ABBREVIATIONS NADH – reduced nicotinamide adenine dinucleotide; PLP – pyridoxal-5’-phosphate; TA – 
transaminase; TA_Halhy – D-amino acid transaminase from Haliscomenobacter hydrossis

INTRODUCTION
Pyridoxal-5’-phosphate (PLP)-dependent transami-
nases (aminotransferases, TAs, EC [2.6.1.X]) catalyze 
the transfer of an amino group from amino acid or 
amine to keto acid or ketone to form a new amino 
acid/amine and keto acid/ketone [1, 2]. Enzymatic 
transamination is a sequential double displacement 
process involving the intermediate transfer of an 
amino group to the PLP cofactor, giving rise to pyr-
idoxamine-5’-phosphate, which acts as an amino 
group donor in the second half-reaction. Two sub-
strates (the amino acid and keto acid) sequentially 
bind to the same active site region; all the reaction 
stages are reversible [1, 3]. Transaminases have suc-

cessfully been used as stereoselective catalysts of 
amino group transfer for asymmetric amination of 
compounds carrying a keto group and for separa-
tion of chiral primary amines [4, 5]. Only two of the 
seven types of polypeptide chain folding of PLP-
dependent enzymes (fold types I and IV) are charac-
teristic of transaminases. The mechanism of catalysis 
and the structure of a functional dimer transami-
nase have been intensively studied for fold type I 
(S)-selective transaminases. Fold type IV transam-
inases have been characterized to a lesser extent. 
Interestingly, both (S)-selective (transaminases of 
branched L-amino acids) and (R)-selective enzymes 
(D-amino acid transaminases and (R)-amine:pyruvate 
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transaminases) have been found among them. It is 
(R)-selectivity that has re-kindled interest in the 
study of fold type IV transaminases over the past 
decade.

Carbonyl compounds, including hydroxylamine de-
rivatives, are typical inhibitors of PLP-dependent en-
zymes. One of the algorithms for designing high-ef-
ficient and selective inhibitors from hydroxylamine 
esters (R-ONH2) is to use derivatives mimicking the 
side group structure of amino acid substrates. The 
functional groups in the O-substituted hydroxyl-
amine radical ensure substrate-like binding of the 
inhibitor to the enzyme active site, while the reac-
tive aminooxy group interacts with PLP to form ox-
ime. This approach allows one to produce inhibitors 
with a nanomolar binding constant not only for TAs 
such as aspartate aminotransferase [6, 7], but also 
for decarboxylases specific for glutamic acid [8], or-
nithine [9], and arginine [10]. It is noteworthy that 
the use of hydroxylamine-containing analogs of pu-
trescine and agmatine enables selective inhibition 
of closely related ornithine and arginine decarbox-
ylases [10]. The structural similarity of external al-
dimine, one of the intermediates in PLP-catalyzed 
amino acid transformations, and PLP oxime formed 
by substrate-/product-like hydroxylamines was con-
firmed for the first time by X-ray diffraction analysis 
of the enzyme inhibitor complexes of aspartate ami-
notransferase [6, 7]. Later, similar studies were per-
formed for gamma-aminobutyric acid transaminase 
[11], ornithine decarboxylase [12], and D-amino acid 
transaminase [13]. The structures of the complexes 
of PLP-dependent enzymes with such hydroxylamine 
derivatives make it possible to analyze the struc-
ture, as well as the features, of substrate binding and 

functioning of the enzyme active site. In the present 
study, this approach was employed for investigating 
D-amino acid transaminase from Haliscomenobacter 
hydrossis (TA_Halhy). TA_Halhy belongs to the group 
of fold type IV transaminases and efficiently catalyzes 
transamination reactions between D-amino acids and 
α-keto acids; specific activity in the reaction between 
D-glutamic acid and pyruvate in 50 mM potassium 
phosphate buffer (рН 8.0) hits record high values for 
TAs: 380 ± 10 µmol/min per mg of protein at 40°C 
[14, 15]. The structure of this enzyme, the dimer be-
ing its functional unit, has been identified (Fig. 1A). 
Like for the studied fold type IV TAs, the active site 
of TA_Halhy can be subdivided into two parts (the 
O- and P-pockets); the amino acid residues of these 
pockets are involved in substrate binding, thus be-
ing responsible for the stereospecificity of catalytic 
transformation (Fig. 1B). TA_Halhy stands out among 
the known fold type IV TAs by featuring four posi-
tively charged functional groups in its active site (side 
groups of amino acids Arg28*, Arg90, Arg179, and 
Lys241) [14, 16] (Fig. 1B).

The results of an analysis of the structure of the 
TA_Halhy complex with an inhibitor, D-cycloserine, 
suggested that the side groups of Arg28* and Arg179 
residues are involved in substrate binding [17]. Since 
we failed to identify the structure of the TA_Halhy 
complex with substrates (because of the high efficien-
cy of amino acid conversion in TA_Halhy-catalyzed 
reactions, crystallization with substrates yields an apo-
enzyme), research into the structure of the TA_Halhy 
active site was continued by analyzing the interac-
tion between the enzyme and 3-aminooxy propionic 
acid (an analog of the D-glutamic acid substrate) 
by UV/Vis spectrophotometry and X-ray diffraction 
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Fig. 1. The overall structure of TA_Halhy. (A) TA_Halhy homodimer; (B) active site of TA_Halhy. O-pocket residues are 
colored in orange; P-pocket residues are colored in green. The PLP molecule is colored in purple. * – residues of the 
adjacent subunit of the function dimer
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analysis. 3-Aminooxypropionic acid was shown to in-
teract with PLP in the active site of TA_Halhy to 
form an oxime that mimics the external aldimine of 
PLP and D-glutamic acid (Fig. 2); therefore, success-
ful crystallization and solving the complex’s structure 
make it possible to identify the functional groups in-
volved in the binding of this specific substrate.

MATERIALS AND METHODS

Expression and purification 
of recombinant TA_Halhy
Purified active recombinant TA_Halhy was prepared 
according to the procedure described previously [14]. 
The purity and homogeneity were controlled elec-
trophoretically in denaturing polyacrylamide gel 
(SDS-PAAG). TA_Halhy concentration was deter-
mined spectrophotometrically at 280 nm.

Spectral analysis
The PLP form of TA_Halhy (holoenzyme) was pre-
pared by incubating the enzyme (2.5 mg/mL, or 
74 µM) in 50 mM potassium phosphate buffer (рН 8.0) 
with excess PLP (700 µM) in the presence of 10 mM 
α-ketoglutarate during 30 min. Low-molecular-weight 
components were removed from the holoenzyme 
by transfer into 50 mM potassium buffer (pH 8.0) us-
ing a HiTrap Desalting column (Cytiva, USA) equili-
brated in the same buffer.

3-Aminooxypropionic acid (10 mM) was added to 
the holoenzyme (0.85 mg/mL, or 25 µM) in 50 mM po-
tassium phosphate buffer (pH 8.0), and the mixture 
was allowed to stand for 60 min. The protein fraction 
was separated from the low-molecular-weight com-
ponents on the HiTrap Desalting column. The frac-
tion of low-molecular-weight components was also 
obtained by ultrafiltration using a centrifugal concen-
trator (30 kDa MWCO, Millipore, USA). The absorp-

tion spectra were recorded in 50 mM potassium phos-
phate buffer, pH 8.0, using an Evolution 300 UV-Vis 
spectrophotometer (Thermo Scientific, USA).

Substrate inhibition
The TA_Halhy-catalyzed transamination reaction 
was conducted in 50 mM potassium phosphate buff-
er, pH 8.0, at 40°C with substrates D-alanine (40 mM) 
and α-ketoglutarate or D-glutamic acid and pyruvate 
(2.5 mM) supplemented with 30 µM PLP, 0.33 mM 
NADH, and 5 µg/mL lactate dehydrogenase (specif-
ic activity, 200 µmol/min per mg of protein). Lactate 
dehydrogenase was stable under the conditions of 
the transamination reaction. No heat inactivation of 
TA_Halhy was observed at 40°C [14].

Preparing crystals of the TA_Halhy complex with 
oxime of PLP and 3-aminooxypropionic acid
Crystals of the complex were prepared by co-crys-
tallization of the TA_Halhy holoenzyme with 12 mM 
3-aminooxypropionic acid in the presence of excess 
PLP (6 mM) under the following conditions: 0.1 M 
bis-Tris-propane, pH 5.5, 0.2 M MgCl2, 25% PEG 3350.

Collection and analysis of the diffraction 
data. Structure solution and refinement
Right before the X-ray diffraction experiment, 
TA_Halhy crystals were placed into a cryosolu-
tion containing 25% (v/v) glycerol, along with coun-
ter-solution ions; the crystal in a loop sample holder 
was then frozen in liquid nitrogen vapor. The XRD 
data recorded at 100 K on the Protein Factory of 
the synchrotron radiation source at Research Center 
“Kurchatov Institute” were analyzed using the Dials 
software [18] from the CCP4 software package [19]. 
Table 1 shows the statistics of the recorded dataset. 
The structure was solved by the molecular replace-
ment method using the MOLREP software [20]. The 

Oxime

Internal  
aldimine

External aldimine

Fig. 2. Scheme 
of the interactions 
of internal aldimine 
(holoenzyme) 
of TA_Halhy with 
3-aminooxypro-
pionic acid (an ox-
ime is formed) and 
D-glutamic acid 
(an external al-
dimine is formed)
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Table 1. Statistics for data collection, analysis, and crystallographic refinement of the structure of the TA_Halhy complex 
with the oxime formed by PLP and 3-aminooxypropionic acid

Study object TA_Halhy complex
X-ray source National Research Center “Kurchatov Institute”
Wavelength, Å 0.74503
Temperature, K 100

Analysis
Space group C2

Unit cell parameters a = 88.77 Å, b = 71.23 Å, c = 52.55 Å; α = γ = 90°, β = 101.26°
Resolution, Å 35.34–1.70 (1.73–1.70)

Number of independent reflections 32789 (1795)
Completeness, % 94.9 (98.6)

Rmeas, % 10.1 (54.6)
Mean I/σ(I) 11.4 (1.9)

CC1/2, % 99.1 (60.2)
Refinement

Rwork, % 16.6
Rfree, % 21.0

Overall average B-factor 17.9
Average B-factor for protein 16.8
Average B-factor for ligands 16.5
Average B-factor for solvent 26.2

Number of non-hydrogen atoms
Total 2607

Protein 2275
Ligands 23
Solvent 309

Root mean square deviations
Bond lengths, Å 0.01
Bond angles, ° 1.67

Ramachandran plot
Most favored, % 98.2

Allowed, % 1.8
PDB ID 8YRV

REFMAC5 software was used for refinement [21]. 
The structure of the holo form of D-acid transami-
nase from H. hydrossis (PDB ID 7P7X) was used as a 
starting model. Visual analysis of structural data was 
performed using the Coot [22] and PyMOL Molecular 
Graphics System, Version 4.6, software (Schrödinger, 
USA).

RESULTS AND DISCUSSION

Spectral analysis of interactions between 
TA_Halhy and 3-aminooxypropionic acid
Figure 3 shows the spectra of the holoenzyme 
TA_Halhy (25 µM) in 50 mM potassium phosphate 
buffer, pH 8.0, immediately after the addition of 
10 mM 3-aminooxypropionic acid and incubation at 

25°C for 1 h. The observed changes attest to the for-
mation of the oxime of PLP and 3-aminooxypro pionic 
acid within the active site of TA_Halhy (the spec-
trum with λmax = 380 nm) and release of the oxime 
from the active site of the solution (the spectrum 
with λmax = 333 nm corresponds to the spectrum of 
the oxime of PLP and H2NOR in the solution [23]). 
Figure 3B demonstrates that after the transfer to a 
new buffer and one hour of incubation, the spectrum 
of TA_Halhy corresponded to the apoenzyme (without 
PLP and its adducts). Holoenzyme was formed, and 
TA_Halhy activity was fully restored, after PLP was 
added to the resulting apoenzyme solution.

The rapid formation of the oxime of PLP and 
3-aminooxypropionic acid in the active site of 
TA_Halhy (Fig. 3A, spectrum with λmax = 380 nm) is 
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consistent with knowledge that Schiff bases (in this 
case, internal aldimine) react with O-substituted hy-
droxylamines much faster compared to the respec-
tive aldehyde [24]. The efficiency of TA inhibition by 
O-substituted hydroxylamines depends on the struc-
tural similarity of the radical of O-substituted hy-
droxylamine and the side group of the amino acid 
substrate, as well as the strength of PLP binding to 
the enzyme’s active site [8–10, 25, 26]. Thus, aspartate 
aminotransferase forms strong oximes with amino-
oxyacetic and 3-aminooxypropionic acids, which mim-
ic external aldimines with substrates, as well as as-
partic and glutamic acids. The carboxylic groups of 
the inhibitors act as anchors and ensure additional 
binding of oximes to the enzyme’s active site. When 
excess hydroxylamines are removed, oximes of PLP 
do not get released from the enzyme active site and 
adding excess PLP does not restore enzyme activ-
ity, either [6]. Contrariwise, TA_Halhy has low affin-
ity with PLP (Kd = 1.9 ± 0.3 µM [16]) and the oxime 
of PLP is easily released from the active site (Fig. 3). 
Similar dissociation was observed upon interaction 
between TA_Halhy, D-cycloserine [17], and phenyl-
hydrazine [16], thus attesting to the open active site 
of TA_Halhy, which seems to retain its open con-
formation during catalytic transformations [14, 16]. 
Dissociation of the complex with the oxime leads to 
the accumulation of the apoenzyme (Fig. 3B). Adding 
PLP to the TA_Halhy complex with oxime causes en-
zyme reactivation; an active holoenzyme is formed as 
a result of complex dissociation and release of the ox-
ime from the active site yielding the apoenzyme, fol-
lowed by interaction between the apoenzyme and the 
added PLP: therefore, inhibition by 3-aminooxypropi-

onic acid is reversible. The reactivation of TA_Halhy 
after PLP had been added was consistent with the 
apoenzyme stability that had been demonstrated pre-
viously [15].

We successfully crystallized the TA_Halhy complex 
with the oxime of PLP and 3-aminooxypropionic acid 
in the active site. A set of diffraction data has been 
collected in the XRD experiment; the structure of the 
TA_Halhy complex has been solved and refined. The 
structures of the holoenzyme and complex with the 
oxime are well-superposed (RMSD for Cα atoms is 
0.31). Differences are mostly observed for the posi-
tions of loops. Importantly, the carboxyl group of the 
oxime of PLP and 3-aminooxypropionic acid is locat-
ed in the O-pocket, although in fold type IV D-amino 
acid transaminases the side group of the substrate 
binds within the P-pocket, while the O-pocket binds 
the α-carboxyl group of substrates (D-amino acid 
or keto acid), which forms hydrogen bonds with the 
functional groups of the active site [27, 28]. In the re-
sulting structure, the carboxyl group of the oxime 
forms hydrogen bonds with the guanidine groups of 
Arg28* and Arg179 residues. The Arg90 and Lys241 
residues are not involved in the binding of the car-
boxyl group; the side group positions in all the afore-
mentioned residues remain unchanged. The geometry 
of the holoenzyme active site is retained in the struc-
ture of the complex with oxime (Fig. 4A). 

The observed adduct position in the active site 
of TA_Halhy mimics substrate inhibition rath-
er than the formation of an external aldimine with 
D-glutamic acid as a specific substrate. Substrate in-
hibition is known to accompany transaminase catal-
ysis because of the similarities in substrate (amino 

Fig. 3. Spectral changes in TA_Halhy (25 µM) upon addition of 3-aminooxypropionic acid in 50 mM potassium phos-
phate buffer, pH 8.0, at 25°C: (A) the absorption spectra of holoenzyme TA_Halhy before (black), immediately after 
addition (red), and after 1 h of incubation with 3-aminooxypropionic acid acid (blue); (B) the absorption spectra of 
holoenzyme TA_Halhy after 1 h of incubation with 3-aminooxypropionic acid acid (blue) followed by exchange in 50 mM 
potassium phosphate buffer, pH 8.0 (green); the absorption spectrum of the low-molecular-weight fraction collected by 
ultrafiltration (pink)
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Fig. 4. The active site of the complex of TA_Halhy with 
3-aminooxypropionic acid: (A) superposition of the 
structures of the complex (green; PDB ID 8YRV) and 
holoenzyme TA_Halhy (purple; PDB ID 7P7X), distances 
are given in angstroms and depicted with dashed lines; 
(B) the “omit” electron density map (Fo-Fc) of the oxime 
of PLP and 3-aminooxypropionic acid is depicted at the 
3σ level; (C) superposition of the PLP in the holoenzyme 
(purple) and in the complex with oxime (green)
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Fig. 5. Substrate inhibition of TA_Halhy in the transam-
ination reaction between D-glutamic acid and 2.5 mM 
pyruvate (●) and between α-ketoglutarate and 40 mM 
D-alanine (▲) in 50 mM potassium phosphate buffer, 
pH 8.0, at 40°C. Bars denote the standard deviation

acids and keto acids) binding. TA_Halhy is inhibit-
ed by D-glutamic acid and α-ketoglutarate at sub-
strate concentrations as low as millimolars (Fig. 5). 
At least two inhibition mechanisms are known: (1) 
D-glutamic acid binds to the active site containing a 
pyridoxamine-5’-phosphate instead of the keto sub-
strate and (2) the position of the α-carboxyl group 
is occupied by the γ-carboxyl group of D-glutamic 
acid or α-ketoglutarate. This very type of binding is 
observed in the complex (Fig. 4A). This nonproduc-
tive inhibitory binding is consistent with the high ob-
served dissociation constant of the TA_Halhy complex 
with D-glutamic acid determined using the half-reac-
tion method (Kd = 1.8 ± 0.4 mM [29]).

It is also worth mentioning that the position of the 
PLP molecule in the complex's structure is changed: 
in the oxime complex, the PLP molecule is tilted to-
wards the active site entrance by 18° along the N1–C6 
axis (Fig. 4B,C). The change in the cofactor position is 
observed as the internal aldimine is converted to an 
external one (Fig. 2) [13, 27]. These findings support 
the hypothesis that the cofactor, in the form of an in-
ternal aldimine, is under the stress relieved when an 
external aldimine (rupturing of a covalent bond with 
the side group of the catalytic lysine residue [30]), 
or oxime in the case of 3-aminooxypropionic acid, is 
formed. Interestingly, the active site of TA_Halhy re-
mains open after oxime formation, which is proved by 
the fact that the oxime is released into the solution af-
ter one hour of incubation of the enzyme in the pres-
ence of excess 3-aminooxypropionic acid (see above). 
Open configuration of the active site was observed 
previously for TA_Halhy in complexes with phenyl-
hydrazine and D-cycloserine; Open configuration of 
the active site was also observed for the homologous 
D-amino acid transaminase from Aminobacterium 
colombience in complexes with D-glutamic acid and 
3-aminooxypropionic acid [13], as well as for the ca-
nonical D-amino acid transaminase from Bacillus sp. 
YM-1 in complex with D-alanine [27]. In other words, 
stereoselective transamination in D-amino acid trans-
aminases seems to take place without active site clo-
sure (separation from the solvent), unlike in the case 
of fold type I transaminases [7].
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CONCLUSIONS
The following conclusions can be drawn from the 
study of the interaction between D-amino acid 
transaminase holoenzyme from H. hydrossis and 
3-aminooxypropionic acid: (1) inhibition by 3-ami-
nooxypropionic acid is reversible; (2) the active site 
of transaminase remains open after substrates/inhibi-
tors binding; (3) coordination of the carboxyl group of 
the oxime in the O-pocket confirms that the Arg28* 
and Arg179 residues are involved in substrate bind-
ing; however, the observed position of the oxime cor-
responds to substrate inhibition, when a substrate 
(α-ketoglutarate and D-glutamic acid) binds nonpro-

ductively (via the γ-carboxyl group in the O-pocket of 
the active site), and the reactive amino group of the 
substrate faces away from PLP and the side group of 
the catalytic lysine residue. 

This work was supported by the Russian Science 
Foundation (grant No. 23-74-30004) in the part 

of conducting spectral and kinetic studies. The work 
was supported by the Ministry of Science and Higher 

Education of the Russian Federation in the part 
of complex crystallization, X-ray diffraction analysis 

experiment, solving and refining the structure.

REFERENCES
1. Eliot A.C., Kirsch J.F. // Annu. Rev. Biochem. 2004. V. 73. 
P. 383–415. 

2. Steffen-Munsberg F., Vickers C., Kohls H., Land H., 
Mallin H., Nobili A., Skalden L., van den Bergh T., Joos-
ten H.-J., Berglund P., Höhne M., Bornscheuer U.T. // 
Biotechnol. Adv. 2015. V. 33. P. 566–604. 

3. Braunstein A.E. Amino Group Transfer. The Enzymes / 
Ed. Boyer P.D. London: Acad. Press, 1973. V. 9. P. 379–481.

4. Winkler C.K., Schrittwieser J.H., Kroutil W. // ACS Cent. 
Sci. 2021. V. 7. P. 55–71. 

5. Madsen J.Ø., Woodley J.M. // ChemCatChem. 2023. V. 15. 
№ 13. P. e202300560.

6. Delbaere L.T.J., Kallen J., Markovic-Housley Z., Khomu-
tov A.R., Khomutov R.M., Karpeisky M.Y., Jansonius J.N. 
// Biochimie. 1989. V. 71. P. 449–459. 

7. Markovic-Housley Z., Schirmer T., Hohenester E., 
Khomutov A.R., Khomutov R.M., Karpeisky M.Y., Sand-
meier E., Christen P., Jansonius J.N. // Eur. J. Biochem. 
1996. V. 236. P. 1025–1032. 

8. Satshenko L.P., Severin E.S., Khomutov R.M. // Biochem-
istry (Moscow). 1968. V. 33 № 1. P. 142–147.

9. Khomutov R.M., Denisova G. F., Khomutov A.R., Be-
lostotskaja K.M., Schlosman R.B., Artamonova E. Yu. // 
Bioorg. Khimia (Moscow) 1985. V. 11. № 11. P. 1574–1576. 

10. Hyvönen M.T., Keinänen T.A., Nuraeva G.K., Yan-
varev D. V., Khomutov M., Khurs E.N., Kochetkov S.N., 
Vepsäläinen J., Zhgun A.A., Khomutov A.R. // Biomole-
cules. 2020. V. 10. P. 406. 

11. Liu W., Peterson P.E., Carter R.J., Zhou X., Langston 
J.A., Fisher A.J., Toney M.D. // Biochemistry. 2004. V. 43. 
P. 10896–10905. 

12. Zhou X.E., Suino-Powell K., Schultz C.R., Aleiwi B., 
Brunzelle J.S., Lamp J., Vega I.E., Ellsworth E., Bach-
mann A.S., Melcher K. // Biochem. J. 2021. V. 478. 
P. 4137–4149. 

13. Shilova S.A., Matyuta I.O., Khrenova M.G., Nikolae-
va A.Y., Klyachko N.L., Minyaev M.E., Khomutov A.R., 
Boyko K.M., Popov V.O., Bezsudnova E.Y. // Biochem. J. 
2023. V. 480. P. 1267–1284. 

14. Bakunova A.K., Nikolaeva A.Y., Rakitina T.V., Isaikina 
T.Y., Khrenova M.G., Boyko K.M., Popov V.O., Bezsudnova 
E.Y. // Molecules. 2021. V. 26. P. 5053. 

15. Bakunova A.K., Isaikina T.Y., Popov V.O., Bezsudnova 
E.Y. // Catalysts 2022. V. 12. P. 1551. 

16. Bakunova A.K., Matyuta I.O., Minyaev M.E., Isaikina 

T.Y., Boyko K.M., Popov V.O., Bezsudnova E.Y. // Arch. 
Biochem. Biophys. 2024. V. 756. P. 110011. 

17. Bakunova A.K., Matyuta I.O., Nikolaeva A.Y., Boyko 
K.M., Popov V.O., Bezsudnova E.Yu. // Biochem. 2023. 
V. 88. P. 687–697. 

18. Winter G., Waterman D.G., Parkhurst J.M., Brewster 
A.S., Gildea R.J., Gerstel M., Fuentes-Montero L., Vollmar 
M., Michels-Clark T., Young I.D., et al. // Acta Crystallogr. 
Sect. D Struct. Biol. 2018. V. 74. P. 85–97. 

19. Collaborative Computational Project, Number 4 // Acta 
Crystallogr. D. Biol. Crystallogr. 1994. V. 50. P. 760–763. 

20. Vagin A., Teplyakov A. // J. Appl. Crystallogr. 1997. 
V. 30. P. 1022–1025. 

21. Murshudov G.N., Skubák P., Lebedev A.A., Pannu N.S., 
Steiner R.A., Nicholls R.A., Winn M.D., Long F., Vagin 
A.A. // Acta Crystallogr. Sect. D Biol. Crystallogr. 2011. 
V. 67. P. 355–367. 

22. Emsley P., Lohkamp B., Scott W.G., Cowtan K. // 
Acta Crystallogr. Sect. D Biol. Crystallogr. 2010. V. 66. 
P. 486–501. 

23. Morozov V.Y. Vitamin B – pyridoxal phosphate. Part 
A. / Eds Dolphin D., Poulson R., Avramovic O. New York: 
John Wiley & Sons, 1986. P. 131–222. 

24. Dirksen A., Dawson P.E. // Bioconjug. Chem. 2008. V. 19. 
P. 2543–2548. 

25. Castro-Oropeza R., Pino-Ángeles A., Khomutov M.A., 
Urdiales J.L., Moya-García A.A., Vepsäläinen J., Persson 
L., Sarabia F., Khomutov A., Sánchez-Jiménez F. // Amino 
Acids. 2014. V. 46. P. 621–631. 

26. Khomutov A.R., Gabibov A.G., Khurs E.N., Tolosa 
E.A., Shuster A.M., Goryachenkova E.V., Khomutov R.M. 
Biochemistry of Vitamin B6 / Eds Christen P., Korpela T. 
Basel: Birkhauser, 1987. P. 317–321. 

27. Peisach D., Chipman D.M., van Ophem P.W., Manning 
J.M., Ringe D. // Biochemistry. 1998. V. 37. P. 4958–4967. 

28. Shilova S.A., Khrenova M.G., Matyuta I.O., Nikolaeva 
A.Y., Rakitina T.V., Klyachko N.L., Minyaev M.E., Boyko 
K.M., Popov V.O., Bezsudnova E.Y. // Molecules. 2023. 
V. 28. P. 2109. 

29. Bakunova A.K., Kostyukov A.A., Kuzmin V.A., Popov 
V.O., Bezsudnova E.Y. // Biochim. Biophys. Acta – Pro-
teins Proteomics. 2023. V. 1871. P. 140886. 

30. Hayashi H., Mizuguchi H., Miyahara I., Islam M.M., 
Ikushiro H., Nakajima Y., Hirotsu K., Kagamiyama H. 
// Biochim. Biophys. Acta – Proteins Proteomics. 2003. 
V. 1647. P. 103–109. 


	Evolutionary Perspectives on Human-Artificial Intelligence Convergence
	Insights into the Functioning of the D-amino Acid Transaminase from Haliscomenobacter Hydrossis via a Structural and Spectral Analysis of its Complex with 3-Aminooxypropionic Acid
	Specific Activation of the Expression of Growth Factor Genes in Expi293F Human Cells Using CRISPR/Cas9-SAM Technology Increases Their Proliferation
	The Correlation Patterns of miRNA Expression with Targeted mRNA Transcripts in Glioma Patients with Wild-Type and Mutated Isocitrate Dehydrogenase (IDH) Genotypes
	Reconstruction of the Reaction of Andalusicin Lantibiotic Modification by Lanthionine Synthetase AncKC in a Heterologous Escherichia coli System
	Cannula Implantation Reduces the Severity of the Beta Amyloid Effect on Peroxidized Lipids and Glutathione Levels in the Brain of BALB/c Mice
	5'-Noraristeromycin Repurposing: Well-known S-Adenosyl-L-homocysteine Hydrolase Inhibitor As a Potential Drug Against Leukemia
	Abundance of Tumor-Infiltrating B Cells in Human Epithelial Malignancies
	Synthetic Lesions with a Fluorescein Carbamoyl Group As Analogs of Bulky Lesions Removable by Nucleotide Excision Repair: A Comparative Study on Properties
	Investigating the Structure of the Components of the PolyADP-Ribosylation System in Fusarium Fungi and Evaluating the Expression Dynamics of Its Key Genes
	The Features of Beta-Amyloid Phosphorylation in Alzheimer’s Disease
	Genome Characterization of Two Novel Lactococcus lactis Phages vL_296 and vL_20A

