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INTRODUCTION
Any cell is a highly complex open-type multienzyme 
system, and depending on the complexity and spe-
cific state of functioning of the organism, the same 
enzyme can perform different physiological roles. A 
good example is D-amino acid oxidase (DAAO, EC 
1.4.3.3). In bacteria, yeast, and fungi, the main role of 
this enzyme is limited to the utilization of exogenous 
D-amino acids (primarily D-Ala) [1, 2]. In higher eu-
karyotes – vertebrates and especially in mammals, 
the main role of DAAO is to maintain a certain lev-
el of D-amino acids, which are regulators of many 
important processes, primarily nervous activity. For 
example, a decrease in the level of D‑Ser in the cer-
ebrospinal fluid due to increased DAAO activity is 
associated with schizophrenia [3, 4]. In Alzheimer’s 
and Parkinson’s diseases, increased levels of D-Ala 

are observed in nervous tissues [4, 5]. Therefore, the 
search for effective and specific inhibitors of human 
DAAO seems to be relevant. D-amino acid oxidase is 
also widely used in practice [6–9]. For example, DAAO 
from the yeast Trigonopsis variabilis is used in the 
two-enzyme biocatalytic process for the production of 
7-aminocephalosporonic acid (7-ACA) from cephalo-
sporin C [10, 11]. This process reduces the consump-
tion of organic solvents by 400 times compared to the 
previously used purely chemical method. The produc-
tion of 7-ACA, used as a synthone for the production 
of semisynthetic cephalosporins of various genera-
tions, reaches several thousand tons per year.

The practical application of the enzyme requires 
the use of a biocatalyst with certain properties. 
There is no universal enzyme in nature. Its activ-
ity and specificity are stipulated by the role it per-
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forms in nature. In most biotechnological processes, 
the substrates and reaction conditions differ from 
those in nature. Therefore, when developing a new 
process, method of analysis and in other cases for 
each one, the properties of the biocatalyst are adjust-
ed to the requirements of the process. This is usu-
ally done by protein engineering methods. Obviously, 
the enzyme whose properties are the closest to the 
required ones seems to be the optimal starting ob-
ject. For this purpose, genes are searched for in se-
quenced genomes, the number of which is constant-
ly increasing. The genes of D-amino acid oxidases 
from yeast and fungi were cloned, and the properties 
of the enzymes were studied from only 7 sources: 
Fusarium solani (FsoDAAO) [12], Trigonopsis variabi-
lis (TvaDAAO) [13], Rhodosporidium toruloides (for-
merly Rhodotorula gracilis) (RtoDAAO) [14], Pichia 
pastoris (PpaDAAO) [15], Candida boidinii (CboDAAO) 
[16], Rasamsonia emersonii strain YA (RemDAAO) 
[17], and Ogataea parapolymorpha DL-1 [18]. In 
the latter case, the genes of five different DAAOs 
(OpaDAAO1 – OpaDAAO5) and one D-aspartate oxi-
dase (DASPO) were identified, cloned, and expressed 
in E. coli. In the case of bacteria, only three en-
zymes have been cloned and described thus far: from 
Rubrobacter xylanophilus (RxyDAAO), Streptomyces 
coelicolor (ScoDAAO), and Arthrobacter protophor-
miae (AprDAAO) [9]. Currently, there are no data on 
the presence of potential daao genes in the archaean 
genomes in the literature and databases. The main 
reason for this state of affairs in the research and ap-
plication of bacterial DAAOs is the difficulty in find-
ing enzyme genes in bacterial genomes. A total of 
just over 10 DAAO genes have been identified, and 
all of them have been found in the genomes of bac-
teria belonging to Acinetobacteria [7, 9]. The difficulty 
of the search is related to the fact that the amino acid 
sequences of DAAOs are highly variable. Therefore, 
the traditional widely used homology search is a very 
difficult task. In addition, there is a closely related 
enzyme, glycine oxidase (GOX), which very often ap-
pears when searching for DAAO by homology with 
known enzymes of this type.

The second important point in the search for new 
DAAOs is the selection of candidates with proper-
ties closest to those needed. Common DAAOs, with 
the exception of the highly specific D-aspartate oxi-
dase, exhibit broad substrate specificity. Depending 
on the source, the spectrum of substrate specificity 
varies greatly, and activity with different D-amino 
acids may differ by an order of magnitude or more. 
Moreover, in some cases, the substrate specificity of 
DAAOs may have special requirements. For example, 
when developing methods for diagnosing neurodegen-

erative diseases, DAAOs that are active with D-Ser 
but not with D-Ala and vice versa are required [5]. 
Therefore, to select a DAAO with the desired sub-
strate specificity (if its description is not available), we 
have to clone and express a representative set of en-
zymes, purify and study their catalytic properties and 
select the best one. Obviously, this procedure is labo-
rious, time-consuming, and expensive.

We have proposed a bioinformatic-structural ap-
proach that allows us to show with high reliability the 
belonging of candidate enzymes exactly to DAAOs, 
discriminate them from glycine oxidases, and, using 
the correlation between substrate specificity and ex-
perimental or model structures of known DAAOs, 
make a reasonable assumption about the spectrum 
of substrate specificity. Particular emphasis is placed 
on using data on enzymes from the thermotolerant 
yeast O. parapolymorpha DL-1 (five OpaDAAO and 
OpaDASPO) because five of the six enzymes exhibit 
unusual dependencies of stability and activity on me-
dium pH and have a very interesting and promising 
spectrum of substrate specificity. This approach has 
been successfully tested on a number of sequences 
from extremophilic bacteria. The presence of the daao 
gene in the genome of a halophilic archaea has been 
shown for the first time in the world.

EXPERIMENTAL

Bioinformatic search for potential DAAO genes
The homology search for new DAAOs was performed 
using BLASTp software (https://blast.ncbi.nlm.nih.gov/
Blast.PAGE=Proteins) against a database of translat-
ed protein sequences from the genomes of extremo-
philic bacteria. The UniProt NCBI was used as the 
main source. We also searched the genomes of bac-
teria and archaea whose sequences were determined 
during work under Agreement No. 075-15-2021-1396 
dated 10/26/2021 (Federal Research Program for the 
Development of Genetic Technologies for 2019–2027). 
The sequences that showed the highest homology 
were selected for further work.

Multiple alignment of the selected sequences and a 
number of known bacterial and yeast sequences was 
carried out with Clustal X 1.83 software.

Construction and analysis of 
DAAO model structures
The open-access online server for AlphaFold2 was 
used to build model structures of enzymes [19, 20]. 
MMseqs2 software was used for multiple alignments, 
and three cycles of prediction refinement were per-
formed for each model. Five models were generated, 
and the best variant was chosen based on the pLDDT 
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value [19]. All obtained structures had a pLDDT 
greater than 90. The FAD molecule was incorporated 
by optimizing the position in the globule and bond ge-
ometry with Coot software [21].

Substrate docking was performed using AutoDock 
software [22] with GPU acceleration [23]. The 
following parameters were used for docking: 
ga_pop_size = 150, ga_num_evals = 25000000, ga_run 
= 20, ga_mutation_rate 0.02–0.08, Solis-Wets method. 
Docking results were selected based on the positions 
of the carboxyl group, amino group, and Cα-atom of 
the D-amino acid suitable for catalysis of reaction. 
The corresponding positions were selected based on 
the crystal structures of RtoDAAO in complex with 
D-alanine/iminopyruvate (PDBID 1C0P) and pkDAAO 
(from pig kidney) in complex with iminotryptophan 
(PDBID 1DDO). The position of the D-amino acid side 
chain was chosen based on the potential interactions 
of the substrate with DAAO.

The RMSD between structures was calculated by 
Cα atoms using the “align” command of the PyMol 
software package (The PyMOL Molecular Graphics 
System, Version 2.1.0, Schrödinger, LLC). Five cycles 
of structural emission deviations (parameter “cycles”) 
were used to calculate the RMSD.

The structures were also visualized using PyMol 
software (The PyMOL Molecular Graphics System, 
Version 2.1.0, Schrödinger, LLC).

RESULTS AND DISCUSSION

Homology search for new DAAOs from 
extremophilic bacteria and archaea
The search for new potential DAAOs was performed 
using the UniProt NCBI database for bacterial ge-
nomes and the joint database of sequenced genomes 
of extremophilic microorganisms of Lomonosov 
Moscow State University and Federal Research 
Centre “Fundamentals of Biotechnology” of the 
Russian Academy of Sciences (FRC Biotechnology 
RAS). Amino acid sequences of enzymes from the 
yeast R.  toruloides (better known as R.  gracilis), 
T. variabilis, C. boidinii, O. parapolymorpha DL-1 (five 
DAAOs and one DASPO) and the bacteria A. pro-
tophormiae, R. xylanophilus and S. coelicolor were 
used as references. Detailed information about the 
sources of DAAO sequences used in this work is pre-
sented in Table. 1. In the case of bacteria, sequences 
of only those enzymes with proven oxidase activity 
were used. First, the new enzymes were compared 
with the most well-studied DAOOs from R. toruloi-
des and T. variabilis. Special attention was given to 
five DAAOs and one DASPO from the yeast O. para-
polymorpha DL-1 because this is the only organism 

thus far in which so many paralogous enzymes have 
been obtained and studied. The daao and daspo genes 
from the yeast O. parapolymorpha DL-1 were cloned 
and expressed in E. coli cells in the active form. Four 
DAAOs and DASPO were obtained in a highly puri-
fied form, their catalytic parameters with D-amino 
acids were determined, their activity and stability de-
pendencies were studied at different medium pH val-
ues, and their thermal stability at pH values optimal 
for stability was studied. The amino acid sequences of 
vertebrate DAAO were not used because they initial-
ly had low homology with microbial enzymes [1, 2, 9].

The search for DAAO homologues in bacterial ge-
nomes deposited at UniProt NCBI found a large num-
ber of candidate sequences, but the level of homol-
ogy did not exceed 30%. An expert evaluation of the 
search results showed that the vast majority of se-
quences with a homology level of less than 23% can-
not be attributed to DAAO. Therefore, only sequenc-
es from thermophilic bacteria with homology levels 
of 24–30% were selected for further work. Expert 
evaluation of these proteins based on conserved resi-
dues (see the next section) allowed us to narrow down 
the set to the sequences characteristic of DAAO and 
GOX. A similar sequence of procedures was used 
when searching for potential DAAO genes in the ge-
nomes of extremophiles and archaea in the database 
of Lomonosov Moscow State University and the FRC 
Biotechnology RAS.

Comparison of the amino acid sequences 
of the new DAAOs with known enzymes 
from bacteria, yeast, and fungi
Figure 1 shows some of the results of multiple align-
ment of the identified sequences (names of new en-
zymes are in bold italics) with the sequences of ref-
erence DAAOs. To avoid cluttering the already large 
figure, it does not show all the search results in the 
UniProt NCBI database. We left only the sequenc-
es of five DAAOs from thermomophilic microorgan-
isms and did not provide data for glycine oxidases. 
However, multiple alignments of the glycine oxidase 
sequences were also performed, and model structures 
were constructed, based on the analysis of which they 
were assigned to GOX. Four sequences were select-
ed from the genome databases of MSU and the FRC 
Biotechnology RAS after expert evaluation: one each 
from the bacteria Natronosporangium hydrolyticum 
ACPA39 [24] and Natroglycomyces albus ACPA22 [25] 
(this enzyme ended up being a glycine oxidase) and 
two from the archaea Natrarchaeobius halalkaliphilus 
AArcht4 [26]. In addition, sequences from two path-
ogens, Mycobacterium tuberculosis (MycDAAO) and 
Pseudomonas aeruginosa (PaeGOX), also found by 
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CLUSTAL X (1.83) multiple sequence alignment 
 
NhyDAAO    ----------------MAEVDVLVVGAGVSGLTTAVCLAETG----RRVTVRTATEPAR-------TTSAVAGALWMPYLVRPVD-KVTAWGAATLTELRTLADQP---TTGVRRTNGVVL 
GthDAAO    -------------------MDVLVLGGGVIGLTVAVALAEAG----HAVLVRAAEPPHA-------TTSAAAGALWGPWLAQPRA-RVLRWAERSLSALTELAAHP---DTGVHLASGKGV 
MycDAAO    --------------MAIGEQQVIVIGAGVSGLTSAICLAEAG----WPVRVWAAALPQQ-------TTSAVAGAVWGPRPKEPVA-KVRGWIEQSLHVFRDLAKDP---ATGVRMTPALSV 
SavDAAO    -------------METGRSGEVIVVGGGVIGLTTAIVLAESG----RRVRVWTREPVER-------TTSAVAGALWWPYRIEPAA-SARAWALTSFDVYEELATRPG--RTGVRMVEG-VQ 
ScoDAAO    ---------METELDDERDGEVVVVGGGVIGLTTAVVLAERG----RRVRLWTREPAER-------TTSVVAGGLWWPYRIEPVA-LAQAWALRSLDVYEELAARPG--QTGVRMLEG-VL 
CthDAAO    ---------------MVTSRSALVIGCGISGLACARRLQAAG----YHVTIITREQPKS-------TTSNVAAALWYPYRCAPRE-KALPWSKATFEELLRQHRDG---VPGVTPTTFIEL 
RhoDAAO    ---------------------MIVLGSGVIGLTAAIRLQEAG----FAPRLLTRDRPEA-------TTSAVAAAVWYPYRAYPAH-RVLPWSRRTLEVCYDLAADP---TSGVSLIPFVDL 
RtaDAAO    -------------------MDALVIGCGVIGLSTAICLQEAG----LEVEVWAAEMPRE-------STSGVAAAVWYPYKAYPQN-RVLKWGGQTYAAFEKLAGDG---QTGVRMGEGVEL 
RxyDAAO    ---------------MRDCGRAVVVGCGVIGLSAALVLRERG----FGVRVVAREPPER-------TTSAVAAAVWYPYRAYPED-RVLRWGARTYEVFRGLAADP---RSGVRLREGVEL 
RraDAAO    MRKEETASVRRASGGSAAPFDVAVVGGGVAGLSTAVRLLEIG----RSVCVLSADPPQK-------TTSNLAAAVWYPTEFGRQD-GVLAWARRAYDVFRELSGTE---GSGVVMRETLML 
AprDAAO    --------------MPTAPLRITVIGSGVIGLSAAHELAAAG----HQVTVAYDQELAE-------CVSSVAAAIWFPYHSENSP-AADKLLADSLARFEQLSEHP---ETGIDLRRGLNV 
TvaDAAO    ------------------MAKIVVIGAGVAGLTTALQLLRK----GHEVTIVSEFTPGD---LSIGYTSPWAGANWLTFYDGG---KLADYDAVSYPILRELARSSPEAGIRLINQRSHVL 
OpaDAAO2   ------------------MAKIIVIGCGVVGMTTALELAQR----GHNVQIVARHLPGD---VDVEYTSPFAGANWSSFAQDGDY-EMKEWDKLGYYRFMDLAENVP---------GSSVV 
NcrDAAO    -----------------MS-TIVVVGAGVSGLTCALQLAKQG--GNTITVVAKHMPGD---YDPEYTSPFAGANVLPMAP------EYNRWEGETWPLKRLAETCPEAGIHFQ--KAVLYE 
FsoDAAO    -----------------MSNTIVVVGAGVIGLTSALLLSKNK---GNKITVVAKHMPGD---YDVEYASPFAGANHSPMATE----ESSEWERRTWYEFKRLVEEVPEAGVHFQ--KSRIQ 
RemDAAO    ----------------MATNNIVVLGAGVSGLTTAWLLSKDP---SNKITVAAKHMPGD---YDIEYCSPWAGANYLPVGAENS--RVGQWERATWPHLRDIAQNHPEAGIHFQ--DTVVY 
CboDAAO    -----------------MGDQIVVLGSGIIGLYTTYCLIYEAGCAPAKITIVAEFLPGD---QSTLYTSPWAGGNFSCISPADD--TTLAYDKFTYLNLFKIHKKLGGPECGLDNKPSTEY 
OpaDAAO4   -----------------MSDTYVVVGAGIVGLYTAYSLVYEAGVSPKHITIAAAHIPGD---QSINYTSPWAGGNFSCISPGDK--KSLSYDRYTYTHLAEIQKKLGGPSCGLDMRPATDY 
OpaDAAO1   -------------------MTFAIVGCGIVGLYTALNLV-ESGVKGSEITIVAEYLPGD---QSINYTSPWAGGNFSCISPDDA--QTLNFDKTTYTHLAAIQKLLG-PGCGLDRRPSTEF 
PpaDAAO1   ----------------MTDSKYVIIGAGISGLYTAWSLI-DKGTGPSDIKVVAEFLPGD---QSTLYTSPWAGGNFSLITSTDE--RSMKFDKFTYTNLHRIQELLGGPECGLDMLPSTEM 
SpoDAAO    ------------MTKENKPRDIVIVGAGVIGLTTAWILS-DLGLAP-RIKVIAKYTPED---RSVEYTSPWAGANFCSISATDD--NALRWDKITYHRFAYLAKTR--PEAGIRFADLREL 
OpaDAAO3   -------------------MKIVVVGAGVIGLTTALILKRKLN---CDVVVVSKEIPGD---ADPIYTSTKAGAQWSSSPGNKR--AEFSYRIFDELSKVPEAWVTKIP----------LY 
OpaDAAO5   -----------------MKERIVVIGAGVIGLTTALELSRRG----YLVSIVAKELPGD---EARFYTSPYAGAFFYHLDSLAS--KGWLAQLQDIASYYEFLRVAQEPGSGVAERVAEVY 
OpaDASPO   -----------------MTKSIVVVGAGVVGLTCAYQLAEEG----YDVTIVAKHLPSTSI-ADSQYTSPWAGAHFRPFPAKTPE-EYRDSKLTRSTFQVFKKLATTFPESSIRFMPGTDF 
RtoDAAO    ---------------MHSQKRVVVLGSGVIGLSSALILARKG----YSVHILARDLPED-V-SSQTFASPWAGANWTPFMTLTDGPRQAKWEESTFKKWVELVPTG----HAMWLKGTRRF 
NhaDAAO    -----------------MQPDITVLGAGVNGTSTALALTLLG----YNTQIVADQFAYEEQHRDPRFSSAYGAGAILPYSVGMDS--LDETFEESQTVFRLLEELS---VLGVRKNDHYWI 
NhaGOX     ---------------MAERFDAVVVGGGIVGSSVGYHLARAG----VETAVIDRADAGR-------ATDAGAGIVSPPTSSLTGGDEQFEFATNAAAYYPELVDRLRGDGVEETSYERVGI 
PaeGOX     -----------------------MVGAGVIGLLTARELALAG----LRVTLVERGESGR----EASWAGGGIVSPLYPWRYSPAVTALAHWSQDFYPALGQRLLDETGLDPEVHTVGLYWL 
NalGOX     ------------------MRRIHVIGAGAIGLGIAWRAAQRG----ADVTVFDPDPGSG----ASTTAAGMLAAVTESHFGEETLADLATDSVTRWPSFAAELENASGLNVGYRDIPTLLV 
                                  ::* *  *                   :                                                                       
 
NhyDAAO    APTAIA---------------PPAWTETV-AAVPCPPADLPHG--------YEVGWRFGSVLVEMPIYLGYLADRLRAA-GGRIEP-----------GLVTDLADALTV---------APL 
GthDAAO    SAVKHE---------------PPEWFRLLPDARPCTADDLPAG--------HLHGIRYTAPLVNMPVHLAYLVDRLRSA-GGAVEI-----------GAVTTLDQAAES---------API 
MycDAAO    GDRIETGA-------------MPPGLELIPDVRPADPADVPGG--------FRAGFHATLPMIDMPQYLDCLTQRLAAT-GCEIET-----------RPLRSLAEAAEA---------API 
SavDAAO    GGATLEET-------------EAWALGRALGLRAATAEECPG-----------GGLWARLPLIDMPAHLRWLRERFTAA-GGTVET-----------RTVTDLAEAK-----------APV 
ScoDAAO    GETGLDEV-------------DGWAAARLPGLRAASAAEYAG-----------TGLWARLPLIDMSTHLPWLRERLLAA-GGTVED-----------RAVTDLAEAD-----------APV 
CthDAAO    FDHDRP---------------TPWWAEATGGVTRLTGNDLP--------PGYAVGFAATVPVVETPLYLPYLVEQFSAA-GGTLQL-----------GELTSLDEACAA---------YPL 
RhoDAAO    FDRPTP---------------PPAWRTAVRAFRRARPDERP--------AGYVDGFVAEVPLIETPVHLPYLVARFEAG-GGTIEVVP---------GGVTDLAALAAS---------AGL 
RtaDAAO    WRREVP---------------DPWWKDAVSRFRRCEEHELP--------PGYRDGYVFTVPVIEMPRYLQYLLERFAGA-GGRLTR-----------RVVRSLEEAAEA---------SPL 
RxyDAAO    LRRTSTG--------------EPWWRGAVSGFRRCRREELP--------PGCRGGYRFVAPVAEMPAYLAYLLGRFREA-GGELEL-----------REVSSLEEVAGG---------ADV 
RraDAAO    LRTPDEG--------------SPWWAEAIGGVERVGAGDLRSEWG----SGYAGGYRFEVPLVEMPVYLPWLLKRFIRS-GGVFEE-----------RRIESLREAGAR---------AGM 
AprDAAO    DHLPGA---------------DRSWTRIVAGTEEASPADLPDG--------AHAGVWATVPIITMSTYLGWLRGRVEEL-GADFAK-----------GTVTDLAQLKGG---------ADL 
TvaDAAO    KRDLPKLEGA----MSAICQRNPWFKNTVDSFEIIEDRSRIVHDD------VAYLVEFASVCIHTGVYLNWLMSQCLSL-GATVVK-----------RRVNHIKDANLLHSSG---SRPDV 
OpaDAAO2   RRTERILN----------SKRLPWFKDFVQDFRLLSKEELPDG--------VEYGHEYTTVAITVPIYLHYLLQKLLSL-GVKLHR-----------AHLHHIKDAASYFTDG----KVDV 
NcrDAAO    RRAQDEAAGFAGPLSDGLFVRNPWYKDLVPDYVDLPASEVPEG--------MSSASSFTSVCINTAIYLPWLVGQCRAR-GVVFKR-----------AVLKHISDAAKLSHTG---RKPDI 
FsoDAAO    RRNVDTEKAQRSGFPDALFSKEPWFKNMFEDFREQHPSEVIPG--------YDSGCEFTSVCINTAIYLPWLLGQCIKN-GVIVKR-----------AILNDISEAKKLSHAG---KTPNI 
RemDAAO    NRTKDQGSTTGQWFS-ELVKPNPWYGKVLPNFRELSKDELPPG--------IDNANRFTSVCINTAVYLPWLVGQCRKN-GVVFKR-----------AVFKHVAEAANAHHSG---QKADL 
CboDAAO    WDFYPGDE------------KVNSLKQYLKDFKVIPKSELPEG--------VEYGISYTTWNFNCPVFLQNMANFLNKR-NVTIIR-----------KHLTHISQAYLT-------VNTKV 
OpaDAAO4   FHKYPPAK------------KMESLKEYVKDFRILDKSALPKG--------IVFGISYTTWNFNCPLFLQNLASFLEKL-GVTIIK-----------KKLEHLSQAFLS-------PNTKI 
OpaDAAO1   WDYLPDQR------------KIDSLSSYLQDFAIIPSSQLPQG--------VAFGIKYISWNFNCPKFLEVLKEYLAST-GIVFVR-----------RKIQNVDEMFEF-------ART-- 
PpaDAAO1   FEQELDHA------------KLDSISQYLKEYRPMTKEEMPEG--------VVSGVKFLTWNFNCPLFLANFQKHLAAI-GVTFER-----------SKIDHISSVFS--------PSVDA 
SpoDAAO    WEYEPKHD------------KIRSWNTYVRDFKVIPEKDLPGE--------CIYGHKATTFLINAPHYLNYMYKLLIEA-GVEFEK-----------KELSHIKETVEET------PEASV 
OpaDAAO3   KGEIDPKRP--------ATEPDLKSFVDNYEWIGEDQQKFPG---------VSHIYKFDTFTISPPQYLAYLANELLKL-GVAIQR-----------GVVRNFED-----------VAADY 
OpaDAAO5   VPRISMMETG---------YDGPWFKDVVRNYEVIDPREYPAGAA---GDDIVFAFRYTGFTINPVQYLHYLLYRCAQS-GINYVR-----------RTVGSLEEAKTLFLDGDDFVEADL 
OpaDASPO   IERDDPLYEN----------VSAGYAEGIENFKVLPKSALPNG--------IKFGATYNAWCMNSPMYIQFLERRLEMYYKVKIVQ-----------ESLGSLQQVAELFP-------GAT 
RtoDAAO    AQNEDGLLG-------------HWYKDITPNYRPLPSSECPPG---------AIGVTYDTLSVHAPKYCQYLARELQKL-GATFER-----------RTVTSLEQAFDG---------ADL 
NhaDAAO    DEEGRG---------------PSNAPKYLDGFRKVESPNALPRRTG---SEHVTDFTAEMLFADMPTYMEGLYRLYQAAGGSIRKR------------TVTRTDLTEMP----------GL 
NhaGOX     VGVAVDDDEIEP----YDERLERVSARNFDRLDEIEPDEARERFPAL-AEPKRAFHYADAARIDGRVFTDSLLTAARTHGLTTYDGDVDRI--RIDRGRVTGVETAGGKR------IDAET 
PaeGOX     DLDDQTEA-------------LQWARNHTRPLKEVPIEEAYAAVPGLGAGFQRAVYMSGVANVRNPRLARSLRASLQQFANLELHEQTEVRGWLRDGDRVVGVATSRGE-------IRGDK 
NalGOX     GIEEGDRDNVTR--------YAGLYRKLGFEVENLTGRTARKAEPLLS-QRARGGVRVRADHEVDPRAVHAALLTAAHRAGVHIVR--------------DKVTDPTAG--------DADV 
                                                                                                                                     
 
NhyDAAO    VVNCAGIGARELVPDP----GLRPVRGQVVVVE---NPG-IDEFVSEHPGASP--WLKYVLPHR---DTVVLGGTAEPDRSDPT-----------PDPSITARILADSVELVPALAG--- 
GthDAAO    VVNCTGLGARVLVGDR----QLYPVRGQQVVVT---NPG-IDEFLEVDTGDST--DLIAIYPHG---DHAILGGTAQPYSWQRE-----------ADKATTKSILLRCIVLQPKLKA--- 
MycDAAO    VINCAGLGARELAGDA----TVWPRRGQHVVLT---NPG-LEQLFIERTGGS---EWICYFAHP---QRVVCGGISIPGRWDPT-----------PEPEITERILQRCRRIQPRLAE--- 
SavDAAO    VVNCTGLGARDLVPDT----SVRPVRGQLVVVE---NPG-IRTWLVSTGAD-G--EMAYFFPQP---GRLLLGGTAVEDEWSLV-----------PDPAVAEAIVRRCAAWRPEIAG--- 
ScoDAAO    VVNCTGLGARELVPDP----AVRPVRGQLVVVE---NPG-IHNWLVAADADSG--ETTYFLPQP---GRLLLGGTAEEDAWSTE-----------PDPEVAAAIVRRCAALRPEIAG--- 
CthDAAO    VINCSGLGARTLANDP----EVFPIRGQVVRVS---NPG-VRRALTDDDGPR---RISYTIPRQ---TDVILGGTALPHVWDTT-----------PDAATTERILRHCRELEPALAS--- 
RhoDAAO    VVNCTGLGARRLVPDP----SLYPIRGQVVRVT---NPG-LTHALADDTGPL---AISYVIPRR---GDVILGGTAQDGVWDRT-----------PDPETTREILRKARLLEPRLAD--- 
RtaDAAO    VFNCTGLGARELVGDR----LLSPIRGQIVRVR---NPG-LERFVLDEEHPE---EPTYIVPRT---EDCVLGGTAQERRWDIE-----------PDPETAAAILRRCVSLEPRLAD--- 
RxyDAAO    AVNCSGAGARKLVGDP----AVFPIRGQVLRVA---NPG-LERFMLDEENPE---GLTYIVPRT---EDCVLGGTAEEGSWSTR-----------PDPVTAYSILHRCTALEPRLQG--- 
RraDAAO    VVNCSGIGARELCGDR----EVRPARGQVVRVE---NPG-LSVSVRDEENPG---GRTYIHPRT---EDCILGGTFESGNWDTT-----------PDPETARRILARCSELVPELAG--- 
AprDAAO    VVLAAGLRGGELLGDDD---TVYPIRGQVVRLA---NTKNLTQWLCDDNYPD---GVSYIIPRR---EDIIVGGTDTANDWNRE-----------VEPQTSIDILERAAKLVPELEG--- 
TvaDAAO    IVNCSGLFARFLGGVED--KKMYPIRGQVVLVR---NSLPFMASFSSTPEKENEDEALYIMTRF-DGT-SIIGGCFQPNNWSSE-----------PDPSLTHRILSRALDRFPELTK--- 
OpaDAAO2   TVNCSGLLSSKLGGVMD--QDVFPIKGQVIHAR---NSCPYMLSVKNIPG-ASKDELLYIFPRK-EGG-TIIGGCFRVNDWTPD-----------VDEGLFERTVARARQYCPELFE--- 
NcrDAAO    IINATGLLSCRLGGVMD--KKVMPARGQVVLVR---NEATPNMVCTSGTDDGNGDELCYIMQRA-AGGGTILGGTYMKGNWDGV-----------PDPNIATRIMKRAVEACPALTG--- 
FsoDAAO    IVNATGLGSYKLGGVED--KTMAPARGQIVVVR---NESSP-MLLTSGVEDG-GADVMYLMQRA-AGGGTILGGTYDVGNWESQ-----------PDPNIANRIMQRIVEVRPEIAN--- 
RemDAAO    VVNCTGLSSRKLGGVQD--NTLLPARGQIVVVR---NDPGL-MCSISGTDDG-DDEVTYMMTRA-AGGGTILGGTYQKHNWDSL-----------PDPNLAVRIMKRCIELCPSLVAP-- 
CboDAAO    VFNCTGIGAADLGGVKD--EKVYPTRGQVVVVR---APHIQENKMRWGKDYA-----TYIIPRPYSNGELVLGGFLQKDNWTGN-----------TFGFETDDIVSRTTSLLPKIL---- 
OpaDAAO4   VFNCTGIGAITLGGVKD--TNVYPTRGQVVVIK---APHIQFNMCLWTNESA-----TYIIPRPNSNGELVMGGFLQKGISTGD-----------TFKHETEDIIKRATEMAPQIL---- 
OpaDAAO1   IFNCTGIGARALGGAED--KNIYPARGQVVVIK---APHINENRMRWGTEDV-----TYIIPRPDSQSQVVLGGYLQANNWCAD-----------TWKTETDDIIRRTSQLFPEIG---- 
PpaDAAO1   VFNCTGIGAASLGGVKD--ENVFPTRGQVVVVR---APHIRENRFRWRPDSD-----TYVIPRPFSDGSIVMGGFFQEGNWSGN-----------TYGYETEDILKRGLELYPEIGK--- 
SpoDAAO    VFNCTGLWASKLGGVED--PDVYPTRGHVVLVK---APHVTETRILNGKNSD-----TYIIPRPLNGG-VICGGFMQPGNWDRE-----------IHPEDTLDILKRTSALMPELFH--- 
OpaDAAO3   VINCTGIQYNNIDGCHD--AALRPIRGHTLLIE---NTLPYQVMFKENNPVE-EGEFLMLFPRK-EGCAVLGGIYDAHSPAFDTS---------VHADYVERLQAKATKHLPELQG---- 
OpaDAAO5   VVNCAGIHGFDLNTKDK--ENRLPVKGQTLLVE---NVARKLIIVEAMDAAH-ATESLYVVPRAGYGTLLTGTYLYHDDSVD-------------VDAGLTQRIKERALRYAPELVDSDF 
OpaDASPO   IVNCSGRGLTYYGG-YD--PATYPIRGQTLLVK---SPKDCPYNSETVTYQLEDGSFCFVIPRPLDGG-VIVGGTKQVGDLYPQ-----------VRDADTQKLIENGKKWFPELLID-- 
RtoDAAO    VVNATGLGAKSIAGIDD--QAAEPIRGQTVLVK---SPCKRCTMDSSDPASP-----AYIIPRP--GGEVICGGTYGVGDWDLS-----------VNPETVQRILKHCLRLDPTISSD-- 
NhaDAAO    LINCTGLRSPELFEDS---APYHAARGHLVTAQRAPIPKLDGTMISYSYSVAGDRKGVYCFPRM---DGIVMGGTHQSVPYRPDEKPCFPPLNEPTTKIGGTEVPKRIVELNAELLAQL- 
NhaGOX     VVLAGGVWSSAFEGQLGVELPLEPRRGQIARLN---VPDTDTSSWPIVTGFR----HHYLVPLP--DGTLVCGATLEADAGFDPR----------PTASGVEEVLAEAQRLVPDLAD--- 
PaeGOX     VLLAAGAWSGELLKPLGLELPVVPVKGQMILYK---CAADFLPRMVLAKG-------RYAIPRR--DGHILIGSTLEHSGFDKT-----------PTDEALESLRASAAELLPELAD--- 
NalGOX     VILAAGCGSAAFDLPVR------PVRGVVLRLRADQHQLQPDNIVRAFVRGN----PVYIVPRAN--GEIVIGATSE-ERGFDATTG---------TAGATWDLLRNAIDVVPEIAEY-- 
            . . *                 .  *                               :           :  .                                      . :      
 
NhyDAAO    ------APVLAERVGLRPARPE----VRLAVED----------------------RPAG-RIIHNYGHGGGGVTLSWGCAREAAELASGT------------------------------ 
GthDAAO    ------AEIIGERVGLRPTRPT----VRLEEQR----------------------GPGNTRIIHNYGHGGAGISLSWGCAEEVLTLIDSGAQ---------------------------- 
MycDAAO    ------AAVIETITGLRPDRPS----VRVEAEP-----------------------IGRALCIHNYGHGGDGVTLSWGCAREVVNLVGGG------------------------------ 
SavDAAO    ------ARVLEHRTGLRPARGT----VRLEREP----------------------LSDGRVLVHNYGHGGAGVTVAWGCAQEAAGLAASW------------------------------ 
ScoDAAO    ------ARVLAHLVGLRPARDA----VRLERGT----------------------LPDGRRLVHNYGHGGAGVTVAWGCAQEAARLAS-------------------------------- 
CthDAAO    ------AQVLEVRVGLRPGRTA----VRLEREH----------------------R-GVGVVIHNYGHGGAGFTLAWGCADEVLHLARAT------------------------------ 
RhoDAAO    ------AAVLEARVGLRPGRPT----VRLEAER----------------------LPGGGTVIHNYGHGGAGFTLAWGCADEVVALVRAHHARPA------------------------- 
RtaDAAO    ------AEVLEHRVGLRPGRPE----VRLEREE----------------------LGSGALCVHNYGHGGAGVTLSWGCAREACALVLERIG---------------------------- 
RxyDAAO    ------APVLEHRAGLRPGRPE----VRLERTT----------------------LPDGTPCIHNYGHGGSGVTLSWGCAEEAAELAAAALDRNP------------------------- 
RraDAAO    ------ARVLEHHVGLRPVRRGG---VRLERD------------------------PERPATVHNYGHGGAGVTLSWGCAERAVELVESAERELRL------------------------ 
AprDAAO    ------LEVLEHKVGLRPARET----IRLEHVA----------------------G-HPLPVIAAYGHGGAGVTLSWGTAQRVAELAAQLAGEPAS------------------------ 
TvaDAAO    ---DGPLDIVRECVGHRPGREGG---PRVELE----------------------KIPGVGFVVHNYGAAGAGYQSSYGMADEAVSYVERALTRPNL------------------------ 
OpaDAAO2   ---HGDLDVVKVHCGLRPGRKGG---PRIEKE----------------------VIPGVGRVVHNYGAAGAGYQNSHGMAMKTVMLVESFLREHKL------------------------ 
NcrDAAO    GKGIEALDVIRHAVGLRPYREGG---VRIDKE----------------------NIN-GTWVVHNYGHGGWGYQGSWGCAFRVQELVDEIKSELKLG---SKL----------------- 
FsoDAAO    GKGVKGLSVIRHAVGMRPWRKDG---VRIEEE----------------------KLDDETWIVHNYGHSGWGYQGSYGCAENVVQLVDKVGKAAK-----SKL----------------- 
RemDAAO    GQGIEGLDIIRHGVGLRPVREDG---PRIEKE----------------------LID-GVWVVHNYGHGGYGYQTSFGCATTAVEVVREALQQQKQRRDKARL----------------- 
CboDAAO    ---DEPLHIIRVAAGLRPSRHGG---PRIEAE----------------------VCEEGKLTIHNYGASGYGYQAGYGMSYEAVKLLVDNQK-VKAKL---------------------- 
OpaDAAO4   ---DKPLDVVRVAAGLRPSRHGG---PRIEVE----------------------EVEDEKLVIHNYGASGYGYQGGWGMAHDAVRLLIKAQRGSMAAL---------------------- 
OpaDAAO1   ---NEP-EILRVACGLRPSRKGG---VRVERE----------------------PRAKG-LLIHVSGLSGYGYQAGYGAARRAVRLAQSYKL---------------------------- 
PpaDAAO1   ---RNELKIIREAAGLRPSRKGG---VRIEVEHFDQ------------------VNGKDRYIVHNYGASGYGYQSGLGMANEATDMYFEAAK---------------------------- 
SpoDAAO    GKGPEGAEIIQECVGFRPSRKGG---ARVELD---V------------------VPGTSVPLVHDYGASGTGYQAGYGMALDSVMLALPKIKLA-------------------------- 
OpaDAAO3   ----EIRVLKHN-IGFRPHRDGG---VRIEFD------------------------PENPKLIHNYGCSNLGFTESWACAQEVFDLIK-------------------------------- 
OpaDAAO5   MKNPGQLVEVRQFVGIRPGREGG---VNVSRD------------------------GWR---IHNYGSAHSGYQNSYGLANRVARLVQERALKSRL------------------------ 
OpaDASPO   ----GEFQIKRINVGFRPARHGG---VRIERE-----------------------VVDGTEVVHCYGFGGSGYEMSWGAGQKVVELVKSAKSKL-------------------------- 
RtoDAAO    -GTIEGIEVLRHNVGLRPARRGG---PRVEAERIVLPLDRTKSPLSLGRGSARAAKEKEVTLVHAYGFSSAGYQQSWGAAEDVAQLVDEAFQRYHGAARESKL----------------- 
NhaDAAO    -GVDVERSDLEVSIGYRPLRDPEGDGVRVELAE-----------------------ESCGPVVHNYGHGGAGISVSWGCAISVARLVREAIGDREVPPAPVSRPAPLLPLYRTLTKHICE 
NhaGOX     ------ATVADLRVGLRPISGDG-----LPIIG---------------------AVPETDGAYVATGHGSSGLMLGPHSGRVVAELVSGERTTVPDPLSVDRLADV-------------- 
PaeGOX     ------MQPVAHWAGLRPGSPEG-----IPYIG---------------------PVPGFDGLWLNTGHYRNGLVLAPASCRLLADLMSGREPIIDPAPYAPAGRL--------------- 
NalGOX     -------HLAEVDVNFRPGTPDN-----LPILG------------------------WKDDLLVATGHYRQGIALLPATADHLAAAAFGETVDSLAPFDPARFADRHAGE---------- 
                         . **          :                                     *    *                                                 

Fig. 1. Alignment of the amino 
acid sequences of D-amino 
acid oxidases from yeast, bac-
teria and archaea (the names 
are shown in blue and black, 
respectively). See Table 1 
for the name correspondence. 
Novel DAAO sequences from 
bacteria analysed in this work 
are shown in bold italics. Let-
ters on a green background in 
the alignment refer to residues 
that were previously consid-
ered as conserved for D-ami-
no acid binding in the DAAO 
active site
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Table 1. D-amino acid oxidases and glycine oxidases and their sources*

No. Short name Source Protein code in database

NCBI (GeneBank, UniProt)

Bacteria

1 GthDAAO Gandjariella thermophila WP_137812914.1
2 CthDAAO Chloracidobacterium thermophilum B WP_014099936.1
3 RtaDAAO Rubrobacter taiwanensis WP_132692836.1
4 RraDAAO Rubrobacter radiotolerans DSM 5868 WP_084263988.1
5 RbaDAAO Rhodothermaceae bacterium RA ARA94025.1
6 RxyDAAO Rubrobacter xylanophilus BAP18969.1
7 MycDAAO Mycobacterium tuberculosis WP_003899072
8 SavDAAO Streptomyces avermitilis MA-4680 BAC69383
9 ScoDAAO Streptomyces coelicolor A3(2) CAB40690
10 AprDAAO Arthrobacter protophormiae AY306197
11 PaeGOX Pseudomonas aeruginosa AAP81270

Fungi and yeasts
12 TvaDAAO Trigonopsis variabilis AY514426
13 NcrDAAO Neurospora crassa EAA33029
14 FsoDAAO Fusarium solani BAA00692
15 RemDAAO Rasamsonia emersonii BBH51408
16 CboDAAO Candida boidinii BAB12222
17 PpaDAAO Pichia pastoris CBS7435 SCV12162
18 SpoDAAO Schizosaccharomyces pombe NP_001342883
19 RtoDAAO Rhodosporidium toruloides (Rhodotorula gracilis) U60066
20 OpaDAAO1 Ogataea parapolymorpha DL-1 XP_013932717
21 OpaDAAO2 Ogataea parapolymorpha DL-1 XP_013937260
22 OpaDAAO3 Ogataea parapolymorpha DL-1 XP_013934816
23 OpaDAAO4 Ogataea parapolymorpha DL-1 XP_013937224
24 OpaDAAO5 Ogataea parapolymorpha DL-1 XP_013937169
25 OpaDASPO Ogataea parapolymorpha DL-1 XP_013932178

The genome database of the Lomonosov Moscow University and the Federal Research Center of Biotechnology

Bacteria

26 NhyDAAO Natronosporangium hydrolyticum ACPA39 lcl|CP070499.1_prot_QSB16697.1_2115
27 NalGOX Natroglycomyces albus ACPA22 lcl|CP070496.1_prot_QSB06127.1_824

Archaea

28 NhaDAAO Natrarchaeobius halalkaliphilus AArcht4 2642575300
29 NhaGOX Natrarchaeobius halalkaliphilus AArcht4 2642575587

*The new sequences of DAAOs from extremophilic microorganisms analysed in this study are shown in bold italics.

our homology search, are presented in the alignment. 
In the NCBI database, the P. aeruginosa protein is an-
notated as DAAO.

Multiple alignment of the selected sequences was 
performed using Clustal X 1.83 software (Fig. 1). This 
program is used because it itself builds a hierarchy in 
the homology of the given sequences. The results of 

this alignment gave quite expected results. As shown 
in Fig. 1, depending on the source, the enzymes are 
clearly divided into two groups: bacterial DAAOs are 
at the top, followed by yeast and fungal enzymes, im-
mediately followed by DAAO from archaea, and then 
by glycine oxidases. The second interesting point is 
that the widely used and well-studied TvaDAAO has 
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the highest homology with bacterial DAAOs, while 
the second, even more thoroughly studied RtoDAAO, 
is at the very end of the list before archaea.

As already mentioned, when searching for the 
genes of target enzymes in new sources, an approach 
based on the homology of proteins that perform the 
same function (e.g., catalyze the same reaction) is 
used. In some cases, such enzymes have very high 
homology in the substrate-binding and catalytic do-
mains, and solving such a problem is not very diffi-
cult. A good example is NAD(P)+-dependent formate 
dehydrogenase (FDH), which consists of two identi-
cal subunits and does not have cofactors in the ac-
tive center. The degree of homology between FDHs 
even from evolutionarily distant sources (e.g., bac-
teria and higher plants) is at least 55%, and a large 
number of sufficiently extended (up to 10–15 ami-
no acid residues) conserved sequences in all parts of 
the active center are observed in multiple alignments 
[27–29]. In DAAO, the level of homology does not ex-
ceed 30%, which is much lower. In this case, infor-
mation on the conserved and catalytically important 
amino acid residues could help to annotate the gene. 
However, in the case of DAAO, this approach is of lit-
tle use. A characteristic feature of the catalytic mech-
anism of FAD-containing enzymes is the transfer of 

the hydride ion from the substrate to the isoalkoxa-
zine ring of the cofactor proceeds without significant 
participation of the amino acid residues of the en-
zyme, whose main role is to form the proper confor-
mation of the active centre necessary for catalysis 
and the participation of a number of residues in the 
binding of FAD and D‑amino acids. In the case of a 
cofactor, the fingerprint sequence GxGxxG must be 
present at the N‑terminus of the enzyme [30]. The 
presence of arginine and tyrosine residues (R285 and 
Y223 in RtoDAAO and R302 and Y243 in TvaDAAO) 
in the active site was considered mandatory for bind-
ing the carboxyl group of the D‑amino acid. Similar 
residues are also present in mammalian enzymes [1, 
2]. However, the expansion of the set of compared se-
quences indicates that only the fingerprint sequence 
in the FAD-binding domain and the arginine resi-
due participating in binding the carboxyl group re-
main conserved. Note that the mobility of this Arg 
residue is strongly restricted by the neighboring con-
served proline residue (ArgPro pair, Fig. 1, fourth 
row of alignment). The tyrosine residue (Fig. 1, third 
row of alignment, middle) is not conserved – two of 
the six OpaDAAOs as well as two bacterial enzymes, 
MycDAAO and GthDAAO, have different residues, 
Met, Phe, Ala, and Cys, in this position. In addition, 

CLUSTAL X (1.83) multiple sequence alignment 
 
NhyDAAO   ----------------MAEVDVLVVGAGVSGLTTAVCLAETGRRVTVRTATEP-------ARTTSAVAGALWMPYLVRPVDKVTAWGAATLTELRTLADQP-TTGVRRTNGVVLAPTAIA--PPAWTETV-AAVPCP 
GthDAAO   -------------------MDVLVLGGGVIGLTVAVALAEAGHAVLVRAAEPP-------HATTSAAAGALWGPWLAQPRARVLRWAERSLSALTELAAHP-DTGVHLASGKGVSAVKHE--PPEWFRLLPDARPCT 
MycDAAO   --------------MAIGEQQVIVIGAGVSGLTSAICLAEAGWPVRVWAAALP-------QQTTSAVAGAVWGPRPKEPVAKVRGWIEQSLHVFRDLAKDP-ATGVRMTPALSVGDRIETGAMPPGLELIPDVRPAD 
SavDAAO   -------------METGRSGEVIVVGGGVIGLTTAIVLAESGRRVRVWTREPV-------ERTTSAVAGALWWPYRIEPAASARAWALTSFDVYEELATRPGRTGVRMVEG-VQGGATLEETEAWALGRALGLRAAT 
ScoDAAO   ---------METELDDERDGEVVVVGGGVIGLTTAVVLAERGRRVRLWTREPA-------ERTTSVVAGGLWWPYRIEPVALAQAWALRSLDVYEELAARPGQTGVRMLEG-VLGETGLDEVDGWAAARLPGLRAAS 
CthDAAO   ---------------MVTSRSALVIGCGISGLACARRLQAAGYHVTIITREQP-------KSTTSNVAAALWYPYRCAPREKALPWSKATFEELLRQHRDG-VPGVTPTTFIELFDHDRP--TPWWAEATGGVTRLT 
RhoDAAO   ---------------------MIVLGSGVIGLTAAIRLQEAGFAPRLLTRDRP-------EATTSAVAAAVWYPYRAYPAHRVLPWSRRTLEVCYDLAADP-TSGVSLIPFVDLFDRPTP--PPAWRTAVRAFRRAR 
RtaDAAO   -------------------MDALVIGCGVIGLSTAICLQEAGLEVEVWAAEMP-------RESTSGVAAAVWYPYKAYPQNRVLKWGGQTYAAFEKLAGDG-QTGVRMGEGVELWRREVP--DPWWKDAVSRFRRCE 
RxyDAAO   ---------------MRDCGRAVVVGCGVIGLSAALVLRERGFGVRVVAREPP-------ERTTSAVAAAVWYPYRAYPEDRVLRWGARTYEVFRGLAADP-RSGVRLREGVELLRRTSTG-EPWWRGAVSGFRRCR 
RraDAAO   MRKEETASVRRASGGSAAPFDVAVVGGGVAGLSTAVRLLEIGRSVCVLSADPP-------QKTTSNLAAAVWYPTEFGRQDGVLAWARRAYDVFRELSGTE-GSGVVMRETLMLLRTPDEG-SPWWAEAIGGVERVG 
AprDAAO   --------------MPTAPLRITVIGSGVIGLSAAHELAAAGHQVTVAYDQEL-------AECVSSVAAAIWFPYHSENSPAADKLLADSLARFEQLSEHP-ETGIDLRRGLNVDHLPGA--DRSWTRIVAGTEEAS 
NhaDAAO   -----------------MQPDITVLGAGVNGTSTALALTLLGYNTQIVADQFAYEEQHRDPRFSSAYGAGAILPYSVG-MDSLDETFEESQTVFRLLEELS-VLGVRKNDHYWIDEEGRG--PSNAPKYLDGFRKVE 
                                 *:* *: * : *  *   *    :                 *  ...   *               :              *:                                
 
NhyDAAO   -PADLPHG----YEVGWRFGSVLVEMPIYLGYLADRLRAAGGRIEP--GLVTDLADALTVAPLVVNCAGIGARELVPDP-GLRPVRGQVVVVENPG---IDEFVSEHPGASP---WLKYVLPHRDTVVLGGTAEPDR 
GthDAAO   -ADDLPAG----HLHGIRYTAPLVNMPVHLAYLVDRLRSAGGAVEI--GAVTTLDQAAESAPIVVNCTGLGARVLVGDR-QLYPVRGQQVVVTNPG---IDEFLEVDTGDST---DLIAIYPHGDHAILGGTAQPYS 
MycDAAO   -PADVPGG----FRAGFHATLPMIDMPQYLDCLTQRLAATGCEIET--RPLRSLAEAAEAAPIVINCAGLGARELAGDA-TVWPRFGQHVVLTNPG---LEQLFIERTGGS----EWICYFAHPQRVVCGGISIPGR 
SavDAAO   -AEECPG-------GGLWARLPLIDMPAHLRWLRERFTAAGGTVET--RTVTDLAEAK--APVVVNCTGLGARDLVPDT-SVRPVRGQLVVVENPG---IRTWLVSTGAD-G---EMAYFFPQPGRLLLGGTAVEDE 
ScoDAAO   -AAEYAG-------TGLWARLPLIDMSTHLPWLRERLLAAGGTVED--RAVTDLAEAD--APVVVNCTGLGARELVPDP-AVRPVRGQLVVVENPG---IHNWLVAADADSG---ETTYFLPQPGRLLLGGTAEEDA 
CthDAAO   -GNDLP----PGYAVGFAATVPVVETPLYLPYLVEQFSAAGGTLQL--GELTSLDEACAAYPLVINCSGLGARTLANDP-EVFPIRGQVVRVSNPG---VRRALTDDDGPR----RISYTIPRQTDVILGGTALPHV 
RhoDAAO   -PDERP----AGYVDGFVAEVPLIETPVHLPYLVARFEAGGGTIEVVPGGVTDLAALAASAGLVVNCTGLGARRLVPDP-SLYPIRGQVVRVTNPG---LTHALADDTGPL----AISYVIPRRGDVILGGTAQDGV 
RtaDAAO   -EHELP----PGYRDGYVFTVPVIEMPRYLQYLLERFAGAGGRLTR--RVVRSLEEAAEASPLVFNCTGLGARELVGDR-LLSPIRGQIVRVRNPG---LERFVLDEEHPE----EPTYIVPRTEDCVLGGTAQERR 
RxyDAAO   -REELP----PGCRGGYRFVAPVAEMPAYLAYLLGRFREAGGELEL--REVSSLEEVAGGADVAVNCSGAGARKLVGDP-AVFPIRGQVLRVANPG---LERFMLDEENPE----GLTYIVPRTEDCVLGGTAEEGS 
RraDAAO   -AGDLRSEWGSGYAGGYRFEVPLVEMPVYLPWLLKRFIRSGGVFEE--RRIESLREAGARAGMVVNCSGIGARELCGDR-EVRPARGQVVRVENPG---LSVSVRDEENPG----GRTYIHPRTEDCILGGTFESGN 
AprDAAO   -PADLPDG----AHAGVWATVPIITMSTYLGWLRGRVEELGADFAK--GTVTDLAQLKGGADLVVLAAGLRGGELLGDDDTVYPIRGQVVRLANTKN--LTQWLCDDNYPD----GVSYIIPRREDIIVGGTDTAND 
NhaDAAO   SPNALPRRTGSEHVTDFTAEMLFADMPTYMEGLYRLYQAAGGSIRK---RTVTRTDLTEMPGLLINCTGLRSPELFEDSAPYHAARGHLVTAQRAPIPKLDGTMISYSYSVAGDRKGVYCFPRMDGIVMGGTHQSVP 
                         .      .   . ::  *       *  .                  : . .:*  .  *  *     .  *: :   ..    :   .                 .:    : **       
 
NhyDAAO   SDPTPDP---------------SITARILADSVELVPAL---AGAPVLAERVGLRPARPE----VRLAVEDRPAG-RIIHNYGHGGGGVTLSWGCAREAAELASGT------------------------------ 
GthDAAO   WQREADK---------------ATTKSILLRCIVLQPKL---KAAEIIGERVGLRPTRPT----VRLEEQRGPGNTRIIHNYGHGGAGISLSWGCAEEVLTLIDSGAQ---------------------------- 
MycDAAO   WDPTPEP---------------EITERILQRCRRIQPRL---AEAAVIETITGLRPDRPS----VRVEAEP-IGRALCIHNYGHGGDGVTLSWGCAREVVNLVGGG------------------------------ 
SavDAAO   WSLVPDP---------------AVAEAIVRRCAAWRPEI---AGARVLEHRTGLRPARGT----VRLEREPLSDGRVLVHNYGHGGAGVTVAWGCAQEAAGLAASW------------------------------ 
ScoDAAO   WSTEPDP---------------EVAAAIVRRCAALRPEI---AGARVLAHLVGLRPARDA----VRLERGTLPDGRRLVHNYGHGGAGVTVAWGCAQEAARLAS-------------------------------- 
CthDAAO   WDTTPDA---------------ATTERILRHCRELEPAL---ASAQVLEVRVGLRPGRTA----VRLEREHR-GVGVVIHNYGHGGAGFTLAWGCADEVLHLARAT------------------------------ 
RhoDAAO   WDRTPDP---------------ETTREILRKARLLEPRL---ADAAVLEARVGLRPGRPT----VRLEAERLPGGGTVIHNYGHGGAGFTLAWGCADEVVALVRAHHARPA------------------------- 
RtaDAAO   WDIEPDP---------------ETAAAILRRCVSLEPRL---ADAEVLEHRVGLRPGRPE----VRLEREELGSGALCVHNYGHGGAGVTLSWGCAREACALVLERIG---------------------------- 
RxyDAAO   WSTRPDP---------------VTAYSILHRCTALEPRL---QGAPVLEHRAGLRPGRPE----VRLERTTLPDGTPCIHNYGHGGSGVTLSWGCAEEAAELAAAALDRNP------------------------- 
RraDAAO   WDTTPDP---------------ETARRILARCSELVPEL---AGARVLEHHVGLRPVRRGG---VRLERD--PERPATVHNYGHGGAGVTLSWGCAERAVELVESAERELRL------------------------ 
AprDAAO   WNREVEP---------------QTSIDILERAAKLVPEL---EGLEVLEHKVGLRPARET----IRLEHVAG-HPLPVIAAYGHGGAGVTLSWGTAQRVAELAAQLAGEPAS------------------------ 
NhaDAAO   YRPDEKPCFPPLNEPTTKIGGTEVPKRIVELNAELLAQLGVDVERSDLEVSIGYRPLRDPEGDGVRVELAEESCG-PVVHNYGHGGAGISVSWGCAISVARLVREAIGDREVPPAPVSRPAPLLPLYRTLTKHICE 
               .                  .  *:       . :        :    * ** *      :*:           :  ***** *.:::** *  .  *                                   

Fig. 2. Alignment of amino acid sequences of D-amino acid oxidases from bacteria and archaea after screening out gly-
cine oxidase sequences. See Table 1 for the name correspondence. New DAAO sequences from bacteria analysed in 
this work are shown in bold italics. The Tyr residue that was previously considered conserved for binding D-amino acids 
in the active site is shown with letters on a green background in the alignment
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these two features cannot be used to annotate the en-
zyme as a DAAO, since the same pair (the fingerprint 
sequence and the pair of conserved ArgPro residues) 
is present in all glycine oxidases. When only bacterial 
DAAO sequences are aligned (Fig. 2), the situation is 
more optimistic. As follows from Fig. 2, the region of 
the conserved ArgPro pair for all DAAOss in bacte-
rial enzymes expands to the GxRPxR sequence, and 
a new conserved sequence YGHGGxG also appears. 
However, some glycine oxidases also have such se-
quences (not shown in Fig. 2).

One of the sequences found belongs to DAAO from 
the archaea N. halalkaliphilus AArcht4 (NhaDAAO). 
Figure 2 clearly shows that the amino acid sequence 
of this enzyme is longer than that of the bacterial 
DAAOs. The alignment clearly shows three large in-
serts in the region of the FAD- and substrate-bind-
ing domains, as well as at the C-terminus. However, 
NhaDAAO contains the same set of conserved res-
idues as bacterial DAAOs. In the second analysed 
enzyme from N. halalkaliphilus AArcht4, glycine 
oxidase NhaGOX, the positions of insertions and de-
letions coincided very well with similar positions in 
GOX from P. aeruginosa (Fig. 1) and other glycine 
oxidases (not shown).

The results of the comparison of the amino acid 
sequences allow us to make some assumptions about 
the type of substrate specificity. If the size of the sub-
strates differs significantly, one can easily notice dif-
ferences in the length of the regions that form the 
substrate-binding domain, already at the amino acid 
sequence alignment stage. For example, TvaDAAO, 
RemDAAO, and FsoDAAO have longer sequences in 
the region of residues 100–108 (Fig. 1, left side of the 
second row of alignment). This is because TvaDAAO 
and FsoDAAO are able to oxidize bulk cephalospo-
rin C, while other DAAOs that have deletions in this 
part of the alignment do not oxidize cephalosporin C. 
For example, CboDAAO is specific to small amino ac-
ids, primarily D-Ala [17]. However, it should be not-
ed that a homology search does not distinguish the 
classical DAAO with a wide spectrum of substrate 
specificity from the D-amino acid oxidase DASPO, 
which is specific only to D-Asp and D-Glu. For exam-
ple, OpaDAAO1 (Table 1) is listed in the O. parapoly-
morpha DL-1 genome annotation as D‑aspartate 
oxidase (DASPO), although our experimental data in-
dicate that this is absolutely not the case. Our re-
sults showed that the enzyme has a wide range of 
substrate specificity and is identical to RtoDAAO 
and TvaDAAO in pH profiles of activity and stabil-
ity. A similar situation is observed in the annotation 
of the Pichia pastoris genome. PpaDAAO1, annotated 
as a D-amino acid oxidase, is actually DASPO, while 

PpaDAAO2, annotated as a “hypothetical protein with 
low homology to D‑amino acid oxidase,” is exactly 
DAAO [14].

Construction of model 3D structures and their 
comparative analysis with known DAAO structures
As already noted in the Introduction, the goal of 
searching for and cloning new genes is not just to 
obtain a recombinant enzyme but to create a biocata-
lyst with desired properties using the closest enzyme 
to the target as the initial one. In the case of DAAO, 
it is simply impossible to draw a conclusion about the 
properties (primarily about the substrate specificity 
and the optimal pH profile of activity) based on the 
alignment. In this regard, the use of additional meth-
ods is required. To solve this problem, we proposed an 
approach based on 3D structure modelling. In the first 
stage, model structures of new enzymes are compared 
with experimental and model structures of known 
D‑amino acid oxidases and glycine oxidases.

Many examples have been published where en-
zymes with low homology have very close spatial 
structures. A good example is the supersecondary 
structure called the Rossman fold, which is universal 
for binding the adenine part of various cofactors and 
coenzymes, such as NAD(P)+, FAD, ATP, SAM, etc. 
[31]. Using this approach to DAAO until recently was 
impossible due to the lack of a representative set of 
structures. Experimental structures were solved for 
only four enzymes: yeast RtoDAAO and RemDAAO 
and enzymes from pig kidney (pkDAAO) and humans 
(hDAAO). A model structure of TvaDAAO was con-
structed [32]. However, this enzyme is very similar 
to RemDAAO in both its primary (Fig. 1) and ter-
tiary (Table 2) structures. In addition, the previous-
ly used modelling methods gave good results only 
at high sequence homology between the studied en-
zyme and the enzyme whose structure is used as a 
template for constructing a 3D model structure. High 
accuracy was achieved with a homology of at least 
50–60%, which is not observed in the case of DAAO. 
The situation changed dramatically when a new al-
gorithm for model structure construction, AlphaFold, 
was proposed in 2021 [33]. In 2022, the prediction ac-
curacy was significantly improved [19]. The use of 
AlphaFold2 makes it possible to obtain reliable infor-
mation on the structure of both new enzymes and al-
ready described DAAOs. Such model structures were 
constructed in our work. The structures of 18 DAAOs 
(including eight new ones) have been modelled. 
Table 2 shows the results of a pairwise comparison of 
model and experimental structures of D‑amino acid 
oxidases and glycine oxidases. In this case, the set of 
analysed DAAO structures was extended with two 
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experimental mammalian DAAO structures, from pig 
and human kidney, as well as with the structures of 
two glycine oxidases. In addition, our own preliminary 
data from the X-ray diffraction analysis of TvaDAAO 
and OpaDAAO1 were also used for comparison. Such 
an extended set allows more accurate comparison and 
increases the reliability of assigning new proteins to 
DAAO or GOX. For convenience, the comparison re-
sults shown in Table 2 are highlighted in color. The 
green background shows the results comparing struc-
tures with RMSD up to 1 Å, light green with RMSD 
from 1 to 2 Å, light orange with RMSD from 2 to 6 Å, 
and orange with RMSD above 6 Å. Several important 
and interesting results of the analysis of the data in 
Table 2 can be noted.

(1) The latest modification of the AlphaFold algo-
rithm in the 2022 version [19] truly allows one to ob-
tain model structures with very high accuracy. This is 
clearly seen when comparing the model and experi-
mental structures of OpaDAAO1. The RMSD between 
these structures is only 0.38 Å. The RMSD between 
the model and experimental TvaDAAO structures 
is slightly larger, 0.56 Å (not shown in Table 2), but 
it should be taken into account that these enzymes 
have different oligomeric structures (OpaDAAO1 is a 
monomer, TvaDAAO is a dimer). The high accuracy of 
OpaDAAO1 structure prediction leads to the fact that 
a pairwise comparison of the model and experimen-
tal structures of OpaDAAO1 with the model and ex-
perimental structures of other enzymes gives almost 
identical RMSD values (Table 2, lines 1 and 8).

(2) There is a clear correlation between the func-
tion and overall structure of D‑amino acid oxidas-
es and glycine oxidases. The value of RMSD devia-
tion between DAAO structures does not exceed 2 Å, 
while when comparing DAAO and GOX structures, 
the RMSD value is 3 Å or more (up to 15–18 Å). The 
results with NhaDAAO from archaea slightly fall out 
of the general picture – the deviation of the mod-
el structure from the structures of other DAAOs is 
2.0–3.5 Å (in the case of OpaDAAO3, the deviation 
reaches even 4.69 Å). At the same time, the differ-
ence in the structure of NhaDAAO with glycine oxi-
dases is much greater, from 9 to 17 Å. We should 
also note that this enzyme has a general structure 
close to that of human DAAO (RMSD is only 1.96 Å). 
Such results indicate that to correctly confirm that 
this enzyme is a DAAO, as broad a set of structures 
of known D-amino acid oxidases as possible should be 
used. Nevertheless, although the results of a general 
comparison of the structure of NhaDAAO with the 
structures of other DAAOs are generally slightly out-
side the 2 Å boundary value, the homology analysis 
and comparison of the general structure allowed us to 

classify this enzyme as a D-amino acid oxidase. The 
results of comparison of the structures of active cen-
ters fully confirm this conclusion.

Comparative Analysis of the Structures 
of DAAO Active Centers
In the next step, we compared the structures of the 
active centers of the new DAAOs with the known 
D-amino acid oxidases. The coincidence of the struc-
ture of the new protein with the structure of the ac-
tive center of known enzymes clearly shows that the 
protein of interest belongs to certain enzyme families. 
The structure of the FAD-binding domain should be 
very similar in all DAAOs, but due to different spe-
cificities, the structure of substrate-binding domains 
should differ quite significantly both in volume and 
in the type of residues involved in the binding of a 
particular D-amino acid. Therefore, the coincidence 
of the structures of the substrate-binding domains of 
the active center allows one to unambiguously prove 
that the new enzyme belongs to the DAAO family 
and to draw a fairly reliable conclusion about the pos-
sible spectrum of substrate specificity. In this case, 
a comparison with the structures of DAAO active 
centers from the yeast O. parapolymorpha DL-1 is 
particularly useful since these enzymes differ greatly 
from each other both in the profile of substrate spec-
ificity and in the pH dependences of activity and sta-
bility. The effectiveness of such a comparison is clear-
ly seen by the example of NhaDAAO from archaea. 
As noted above, this enzyme differs rather markedly 
from other DAAOs both in its amino acid sequence 
length and in its overall structure. However, the re-
sults of a comparison of the structures of the active 
sites indicate that NhaDAAO and OpaDAAO2 have 
almost identical active centers (Fig. 3). Alignment of 
the overall structures with the FAD cofactor reveals 
that in addition to the conserved Arg residue in the 
substrate-binding domain (see above), there are Tyr 
and Phe residues involved in substrate binding, and 
the locations of these residues in the active centers 
of NhaDAAO and OpaDAAO2 are almost identical. 
Moreover, the results of modelling the structure of 
the active center of OpaDAAO2 itself are in complete 
agreement with the experimental data, according to 
which the best substrates are D-amino acids with hy-
drophobic side groups – D-Phe (the highest activity), 
D-Tyr and D-Leu. Therefore, it is logical to assume 
that NhaDAAO should have the same spectrum of 
substrate specificity. High specificity to D-Leu and 
D‑Phe was also predicted by comparison with the 
active center of OpaDAAO3 and the enzyme from 
N. hydrolyticum ACPA39 (NhyDAAO) (not shown). 
At present, the gene of this enzyme has been cloned 
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in our laboratory, and its expression in E. coli cells 
is in progress. Preliminary experiments confirmed 
that D-Leu and D-Phe are the best substrates for 
NhyDAAO (a detailed description of the preparation 
and study of the properties of recombinant NhyDAAO 
will be presented in a separate publication).

A comparison of DAAO structures showed that 
the active centers of enzymes from G. thermophi-
la (GthDAAO) and from R. radiotolerans DSM 5868 
(RraoDAAO) are quite unique. In GthDAAO, the car-
boxyl groups of the side chain of residues Glu202 and 
Asp204 must participate in substrate binding (Fig. 4A). 
This suggests that this enzyme can be specific to 
D-Lys and D-Arg, but docking of various D-amino 
acids indicates that both carboxyl groups of residues 
Glu202 and Asp204 are located quite far away (more 
than 3 Å) from the substrate molecule. A more inter-
esting situation is observed in the case of RraDAAO 
(Fig. 4B). The positively charged residue Arg226 and 
the negatively charged residue Glu228 can participate 
in the binding of the substrate side groups. Docking 
to the active center of various D-amino acids suggests 
that RraDAAO should be specific to positively charged 
D-Lys and potentially active with D-Glu. Cloning of 
the gene for this enzyme is of interest because D-Lys 
is a poor substrate for all DAAOs described.

CONCLUSION
The results of our experiments allow us to draw sev-
eral conclusions.

(1) The introduction of the second stage – struc-
tural analysis – in the identification of genes for new 
D-amino acid oxidases, after a search in genomes by 
homology, is a highly effective and necessary proce-
dure. At this stage, it is possible not only to unam-
biguously confirm that the new enzyme belongs to 
DAAO but also to predict the possible spectrum of 
its substrate specificity. The reliability of such pre-
diction of high activity with D-Leu and D-Phe for 
new DAAO from the bacterium from N. hydrolyticum 
ACPA39 was confirmed experimentally.

(2) The amino acid sequences of D-amino acid oxi-
dases from bacteria have low homology (no more than 
30%). Analysis of the bacterial DAAO sequences re-
vealed new characteristic conserved elements that 
can be used for identification of these enzymes dur-
ing their search in bacterial genomes. The presence of 
new conserved regions was also shown in the DAAO 
sequence of N. halalkaliphilus AArcht4 (NhaDAAO) 
archaea.

(3) The D-amino acid oxidase gene was found in 
the archaean genome for the first time. Compared 
to bacterial DAAOs, the NhaDAAO enzyme from ar-

А� B

Fig. 3. The model structures of the active sites of NhaDAAO from the archaea N. halalkaliphilus AArcht4 (A) and 
OpaDAAO2 from the methylotrophic yeast O. parapolymorpha DL-1 (B)



RESEARCH ARTICLES

VOL. 14 № 4 (55) 2022 | ACTA NATURAE | 67

chaea has a longer amino acid sequence and less simi-
lar overall three-dimensional structure, but the re-
sults of structural analysis clearly showed that the 
active center of NhaDAAO is almost identical to the 
active center of OpaDAAO2 from the methylotrophic 
yeast O. parapolymorpha DL-1. Additionally, a glycine 
oxidase was identified in the genome of N. halalka-
liphilus AArcht4, which is the closest in homology to 
GOX from the pathogen P. aeruginosa.

(4) D-amino acid oxidases play an important role 
in the functioning of microorganisms and mammals. 
That is why the search for human hDAAO inhibi-
tors is one of the most active and topical areas of re-
search on this enzyme [34]. Reliable identification of 
the D‑amino acid oxidase gene (MycDAAO) in the ge-
nome of the tuberculosis causative pathogen allows us 
to consider this enzyme as a target for the develop-
ment of a new type of drug against tuberculosis. Due 
to the rare occurrence of DAAO in bacteria and due 
to the significant differences of this enzyme from oth-
er DAAOs (primarily from hDAAO), efficient inhibi-

А� B

Fig. 4. Docking of D-Ala, D-Asp and D-Lys to the DAAO active site from G. thermophila (A) and D-Ala, D-Glu and 
D-Lys to the DAAO active site from R. radiotolerans DSM 5868 (B)

tors that bind specifically to MycDAAO can be used 
as anti-tuberculosis drugs. 
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