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Momusayus u yenv. DHIOTEHHBIH cuHTE3 cepoBomopoaa (H2S) — Guomormyeckuit
MPOLECC, MPOUCXOAAIINN BHYTPU KJIETOK M TKAHEW OpraHrW3Ma, KOTOPBIM BKIIIOYAET
cepuro (hepMEHTATUBHBIX PEAKIIUH 110 ITyTU TpaHCCyNb(ypanuu. DTOT MyTh OTBEYACT 32
MeTaboIM3M CEepOCOJepKAUX AMHUHOKHCIOT, TaKWX KaK METHOHWH W IIMCTEHH.
Lucratnonun-f-cunraza (CBS) — oauH W3  OCHOBHBIX  (PEPMEHTOB  IyTH
TpaHccynbdypanuu. OH KaTaIM3UpyeT TMpeBpalleHue TOMOIMCTEHHA W CepuHa,
MPOM3BOJAHBIX METHOHHHA, B MUCTATHOHWH. Ha ciexyromeM stare Tpanccynbhyparun
uctatTioHuH-y-ra3a (CSE) kartanusupyeT pacraj [MUCTaTHOHWHA Ha IUCTEHUH M O~
KeToOyTHpaT. 3areM MOJKIIOYACTCS 3-MEpKalTONMUpyBaTcyabhypaTpanchepasza
(B3MST), paboratoruii coBmecTHO ¢ mnucrenHamuHoTpanchepasoii (CAT). CAT
CHayYaja TpeBpallaeT IUCTeNH U O-KeTOrNIyTapaT B TIIyTaMaT U 3-MepKalToIpyBarT.
3arem 3MCT xaTtanu3upyeT TMEpeHOC aTroMa cepbl OT 3-MepKanTolupyBaTa K
MOAXOJIAIIEMY aKIICNITOPY, YTO IPUBOAUT K 00pa3oBanuto HaS.

Lenpro HacTOSIIETO HCCIeIOBaHMS OBIIIO U3yUeHue BIusHu nenenuu renos CBS, CSE
u MST B  pa3nmMYHBIX  COYETAaHUAX HA  NPOJOIDKUTENLHOCTH  JKW3HH,
CTPECCOYCTONYMBOCTh M JIBUTATENbHYIO akTHBHOCTH D. melanogaster nmpu xouTpose
COJIepKaHusl METHOHWHA U IIUCTEUHA B UX paIlloHE.

@on: Panee B paborax Hamiero KOJUIEKTHBA [1] ¥ B COBMECTHBIX HCCIIEIOBAHUIX C
koyieramu u3 WHcTuUTyTa MonekynsipHoii buonormm PAH mM. DHrembrapara Obuio
MOKa3aHo, YTo ycuieHHas skcnpeccus renop CBS u CSE, a taxoke nesenus 3TUX TeHOB
Bela K YBEIWYCHHIO TIPOJIOJDKUTEIHHOCTH JKHM3HH, HO TIPU O3TOM KOHTPOIIS 3a
COJICp)KaHUEM METHOHMHA M IIMCTEHHA B COCTABE JAMETHI HE ObLIO [2].

Memoowi: B pabore wucmonas3oBaim jgaboparopueie jguHmud D. melanogaster wus
koteknun UMb PAH wm. DHrenbsrapara, TOMO3UTOTHBIE 10 JienenusMm reHoB CBS
(0o603naueHa kak CBS-/-) u 3-MST (3-MST-/-), a Takxke ruOpUIHAS JTUHUS C JACITCIHIMH
nByx reaoB CBS u CSE (CBS-/-; CSE-/-). B kauecTBe KOHTPOJIS HCIIOJIb30BAIACH JIMHHS
58492 (BDSC 58492, biaymunrton, CIIIA, o60o3naueHa kak (CBS+/+, CSE+/+)).
KOHTpOIBHBIX 1 SKCITEpUMEHTAIBHBIX MyX COJIEPKajIl Ha CHHTETHIECKOM MTUTAaTehbHON
cpene, 6e3 NpokKed, C TOYHO KOHTPOJIMPYEMBIM COCTaBOM YTIIEBOJIOB, AMUHOKHUCIIOT,
JUMAJOB, BUTAMHHOB M MHKpo3JeMeHTOB (cMech 1D.210411, ENVIGO, CIIA),
OTIIMYAOIIEHCS COJIEPIKAHUEM CEepOCOAepKalINX aMUHOKHCIOT MetnonuHa (Met) u
mucrenda (Cys): KOHTPOJIBHAS cpea, coaepkanias 0oe aMuHOKUCIoTH (Met+, Cys+);
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cpena, cogepkamas Tonbko metuoHuH (Met+, Cys-); cpenma, comepikamias TOJBKO
mucrenH (Met-, Cys+) u cpena, ¢ nepunutom odenx amuHokuciot (Met-, Cys-).

JIJIs OUEHKH TIPOJIOIDKUATENHHOCTH JKU3HU KXKIBIA JICHb MOJCYHUTHIBAINA KOJIHMUYECTBO
yMepIIUX MyX. 3aMeHY MTUTATEILHON Cpe/Ibl Ha CBEXKYFO TIPOBOIVIIH TPH pa3a B HEIEIIO.
Jis MHOYKUMM OKHCIHMTENBHOTO CTpecca IBYXHEIENBHBIX MyX COAEpKald Ha
mUTaTeNbHOU cpefe ¢ nobasimenneM 20 MM mapaxsara (Merk, I'epmanms). Ilpu ornenke
YCTOWYMBOCTH K THUIEPTEPMHH, JBYXHEACTBHBIX MYX COJCPKAIN NPU TEMIIEPaType
35 °C. Ob6paboTKy mapakBaTOM M BO3JCHCTBUE THIEPTEPMHU MPOBOIWIN 1O THOENn
Bcex ocobOeill. BospacTHble M3MeHEHHS MOJBMKHOCTH MCCIEAOBANN IYTEM OLICHKU
CIIOHTAHHOW JBUTaTEJbHON aKTUBHOCTU MYyX C INOMOULIBIO MOHUTOpPA JOKOMOTOPHOM
aktuBHOCTH LAM25H (Trikinetics, CILIA) onun pa3 B HeZelIo.

Jns  onpeaeneHusi CTaTUCTHYECKOHW 3HAYMMOCTH pPa3IMuMid B MEIUAHHOW W
MAaKCUMaJIbHOW MPOJOJDKUTEIBHOCTH KWU3HU MCIOJI30BAIM TOYHBIM  KpUTEpU
®umiepa. Jlor-paHroBplidi TECT MCHOJB30BAICA JJIi OIEHKH CTaTUCTUYECKOU
3HAYUMOCTH  Pa3iIu4Mil  MEXAYy KpHUBBIMH  BBDKHMBAEMOCTH.  JIByCTOPOHHMIA
mucniepcronnbiii aHanu3 (ANOVA) BMecTe ¢ armoctepruopHbiM TecToM Torroku HSD Ob11
MPOBENEH s YCTAHOBIICHHMSI CTATHCTHYECKOW 3HAYMMOCTH OTKJIOHCHUH B
JIBUTATEILHON aKTHBHOCTH.

Pesynomamur: Tlpu ananuse mpoao/DKUTENBHOCTH u3HM JuHUE D. melanogaster ¢
JIENICIMSIMA TI0 MCCIEAYEMbIM TeHaM TPU Pa3IMYHOM COJCPIKAHWU aMUHOKHCIOT B
MUTATENILHOU Cpefie, ObUT0 OTMEYEHO, UTO MPOJIODKUTEIBHOCTD KH3HU KOHTPOJIBHOU
munun (CBS+/+, CSE+/+) u murun 3-MST-/- ObL1a BbIILIE IPU COACPIKAHUU HA CPEJIC C
nmobasnennem metnonnHa (Met+, Cys+) u (Met+, Cys-) mo cpaBHEHHIO C BapHaHTaMHU
cpen ¢ nedpurmrom Metnonuna (Met-, Cys+) u (Met-, Cys-). Brisio 00HapykeHo, 4To
OTCYTCTBHE METHOHHMHA, PE3KO COKpallaeT MPOIODKUTENBHOCTD JKM3HU MyX. s
ocobeit  nuHuMM ¢ gaBoWHOW  genermeit  (CBS-/-;  CSE-/-)  nauOonblias
MPOJIOJDKUTEIFHOCTh JKA3HU HaONIoJanach NPH COACPKAHWHM HA KOHTPOJILHOM
Bapuante cpenbl (Met+, Cys+), 3a HUM ciieoBaJl BapHaHT C LUCTCHHOBOM Cpenoi
(Met-, Cys+). HauMeHbIIyI0 NPOJODKHUTEIBHOCTS JKH3HH HMEIH BapHaHTEHI,
comepkammecs Ha cpenax ¢ jaedpunmurom obeux amuHOokucior (Met-, Cys-) u ¢
nobaBneHreM MeTHOHHWHA, HO ¢ naedunmtom 1wcrenHa (Met+, Cys-). Ilocnennee
HaOJroleHNEe MOXKHO OOBSCHUTH HAKOIUIGHHEM TOMOIMCTEUHA, TOKCHYHOTO
MPOMEKYTOYHOTO MPOAYKTa METa0ONM3Ma B MyTH TPAHCCYIbPYPAIUH, YTO MOXKET
MPUBOJIUTH K Pa3IMYHBIM (DU3MOJIOTHUECKHM HapylneHusM. Kpome Toro, y ocobeit
guann CBS-/- Hanbosbiias TpoIo/KATENFHOCTD JKU3HN HaOIi01aiach B BapHaHTax,
coJiepKalIuXCsl Ha NHUTATENBbHON cpele C IUCTEMHOM, HE3aBUCHMMO OT J100aBKU
metnonuna (Met-, Cys+) u (Met+, Cys+). HauMeHbIIyi0 MpoI0/DKUTEILHOCTD KH3HU
UMeITd MyXH B BapHaHTe C J00aBJICHHEM METHOHWHA, HO C JC(HHUIUTOM IHUCTCHHA
(Met+, Cys-).

B yciioBHSAX OKHCIIUTEIBHOIO CTPECca CaMKu KOHTPOsIbHO# muHun (CBS+/+, CSE+/+)
MPOJICMOHCTPUPOBATH JYUIIYI0 BBDKHBAGMOCTh Ha cpelie ¢ JeGHIMTOM METHOHHHA
(Met-, Cyst), B To Bpems Kak caMilbl UMEJHU JIy4IIyl0 BBDKMBAGMOCTh Ha Cpelie ¢
nmobasienrem metnonnHa (Met+, Cys-). Ocobu o6oux mosoB nuaun CBS-/- umenn
Jy4IIyI0 BBDKHBAGMOCTh Ha KOHTpOJbHOHU cpexe (Met+, Cys+). V juHHMM ¢ ABOHHON
nenerueit (CBS-/-; CSE-/-) xourponbhas cpena (Met+, Cys+) u cpeaa ¢ aeduiurom
metuonuHa (Met-, Cys+) oOecrieunBaay HaWIydIlIMe YCJIIOBUS BbDKHMBaHUA. Y JIMHUU
3-MST-/- camiibl uMenH JIy4ITy0 BEDKUBAaEMOCTh Ha KOHTposibHOH cpeze (Met+, Cys+)
u cperne c¢ Jgo0aBiIeHMEM MeTHOHMHA W jedurnuroM 1uctemHa (Met+,
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Cys-), Toraa Kak caMKH UMEIH JIyYlIyI0 BBDKHBAEMOCTh TIPU T00aBICHUN KaKoW-Tn00
AMUHOKHUCIIOTHI.

[pu u3ydeHun BO3ACHCTBUS THIEPTEPMUM OBLIIO OTMEYEHO, 4uTo JinHus CBS-/- umena
CcaMyl0 BBICOKYIO BBDKHBAaE€MOCTh Ha MUTATENBHOW cpene ¢ AehUIIMTOM METHOHUHA
(Met-, Cys+).

Takke yCTaHOBJIEHO, YTO JBHIaTelibHas akTUBHOCTH D. melanogaster cymiectBeHHO
BapbUpPYyeT B 3aBICHUMOCTH OT HAJMYWS WU OTCYTCTBHSI aMHHOKHCIIOT, UX COYETaHUH,
BO3pacTa M moia. B dyacTHOCTH, BIMsSHUE METHOHWHA Ha JBUTATENbHYIO aKTHBHOCTH
pasIuYagoch y caMIloB U caMOK KOHTposbHOU nuuuu (CBS+/+, CSE+/+). V camok
no0OaBleHre B palliOH METHOHWHA CHUKAJIO JBUTATENBHYIO aKTHBHOCTH. Y CaMIIOB,
HA000POT, NPUCYTCTBUE METHOHMHA B CpeJie €€ MOBBIIIATIO.

Buigoowi: CormacHo mMONyYeHHBIM pe3yibTaTaM, Ha MPOJOJDKUTENBHOCTh JKHU3HH,
BBDKMBAEMOCTh U JIBUTATEIbHYI0 aKTUBHOCTH D. melanogaster Biusiet B3auMoieiicTBre
Mexay depmenTamu, mponyrupyoommmu cepoBogopoa (CBS, CSE u 3MST) u
MUILEBBIMU CEPOCOACPIKAIMMEI aMUHOKUCIOTaMH (METHOHUHOM H LIUCTEHHOM).
[IpucyrcTBe MeTHOHMHA W LUcTerMHa B pampoHe D. melanogaster oxasbiBaer
CYIIECTBEHHOE BJHSIHHE Ha TMPOJODKUTEIHHOCTh JXHM3HH. B dacTHocTH, OBLIO
00Hapy»KEHO, YTO OTCYTCTBHE METHOHHWHA PE3KO COKpamaeT MPOJOKUTEIBHOCTh
’KU3HU KOHTpoJbHOU HuK MyX (CBS+/+, CSE+/+) u nunuu 3-MST-/-. Pe3ynbrathl
TaKXKe IIOKA3bIBAlOT, UTO JMHHA ¢ ABOMHON menerumeir (CBS-/-; CSE-/-) u nuums ¢
onuHouHOM nenenuerr (CBS-/-) mo-pasHOMy pearupyrOT Ha MPHCYTCTBHE WA
OTCYTCTBUE€ METMOHMHA U LHUCTEMHA B MX palMOHE. Y JIMHUU C JBOMHOWN Helenuei
BapHaHT KOHTpoJsHOU cpensl (Met+, Cys+) umen HanOOMBIIYIO TPOIOIKUTETFHOCTh
JKM3HH, 38 HUM CJIeI0BAJI BAPHAHT ¢ 100aBienueM iucrenHa (Met-, Cys+). Dto roBopur
0 TOM, 4YTO HAJIMYME IMCTeWHa Oojiee BaXXHO IS JOJITOJETHUS MyX Ha 3TOM
TCHETHYECKOM ¢omne, yeM MPUCYTCTBHE METHOHHHA. Haumenspiryro
MPOJODKATENBHOCTh JKM3HW WMENH BapUaHTBl C JMePUIMTOM O0EMX aMHHOKHUCIOT
(Met-, Cys-) u BapuanTt ¢ mo6asiaeHuem mernonuHa (Met+, Cys-), yTo MOTIO OBITH
CBSI3aHO C HAaKOIUIEHHMEM TOMOIMCTeHHA. B 1menom, uccienoBaHue MOAYEPKUBAET
BaYKHOCTH COQITAHCUPOBAHHOM AMETHI, BKIFOYAOIIEH Kak METUOHHH, TaK M IIUCTEUH, IS
nonrortetuss D. melanogaster u npenmnonaraer, 4Tto reHETHYECKUH (POH MyX MOXKET
BJIMATH HAa UX PEAKIUIO HA Pa3IMYHbIC JTUETHUECKUE YCIOBUSI.

OnTUManbHBIEe YCIIOBUS /ISl BBDKUBAHUS TIPU OKUCIIUTEIIEHOM CTPECCE U THIIEPTEPMUH
pa3IMYaNInCh, Y Pa3HBIX JTUHUN U TIOJIOB, YTO YKAa3bIBAET HA TO, YTO BIIUSHUE PA3TMYHBIX
(haKTOpPOB HAa BEDKUBAEMOCTH SIBIISIETCS CIIOKHBIM M MOYKET 3aBHUCETh OT T€HETHYECKOTO
¢dona wu (dakTopoB, CcHEMUPUYHBIX JUIA M0Jia. OTO TOJYEPKUBACT BaKHOCTh
PaccMOTpPEHUs Toja KaKk OMOJOTHYECKOi IMepeMEeHHON B MCCIIEI0BAHUSIX, U3yUYaroInX
BIIUSTHYE TTUIIEBBIX KOMIIOHEHTOB Ha ()U3MOJIOTHYECKHE U TIOBEIECHIECKHE PE3YIIbTATHL.
HeoOxomumbl panpHEHIIME WCCIEIOBaHUS, YTOOBI TOJHOCTHIO IOHSATH OCHOBHBIC
MEXaHHU3MBI U MIOTCHIINATBHOE IPUMEHEHHE ITHX PE3YIIbTATOB.

Qunancuposanue. Pabora BbinonHeHa B pamkax rpanra PH® Ne 17-74-30030.
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Motivation and Aim: Endogenous hydrogen sulfide (H2S) synthesis is a biological
process occurring within the cells and tissues of the body that involves a series of
enzymatic reactions via the transsulfuration pathway. This pathway is responsible for
the metabolism of sulfur-containing amino acids such as methionine and cysteine.
Cystathionine-p-synthase (CBS) is one of the major enzymes of the transsulfuration
pathway. It catalyzes the conversion of homocysteine and serine derivatives of
methionine to cystathionine. In the next step of transsulfuration, cystathionine-y-lyase
(CSE) catalyzes the breakdown of cystathionine into cysteine and a-ketobutyrate. Then
3-mercaptopyruvate sulfurathransferase (3MST), working in conjunction with cysteine
aminotransferase (CAT), is involved. CAT first converts cysteine and a-ketoglutarate to
glutamate and 3-mercaptopyruvate. 3MCT then catalyzes the transfer of a sulfur atom
from 3-mercaptopyruvate to a suitable acceptor, resulting in the formation of HS.

The aim of the present study was to investigate the effect of deletion of CBS, CSE and
MST genes in different combinations on longevity, stress tolerance and locomotor
activity of D. melanogaster while controlling methionine and cysteine content in their
diet.

Background: Earlier in the works of our team [1] and in joint studies with colleagues
from the Engelhardt Institute of Molecular Biology of the Russian Academy of Sciences,
it was shown that enhanced expression of CBS and CSE genes, as well as deletion of
these genes, led to an increase in life span, but at the same time the content of methionine
and cysteine in the diet was not controlled experimentally [2].

Methods and Algorithms: Laboratory lines of D. melanogaster from the Engelhardt IMB
RAS collection homozygous for deletions of CBS (designated as CBS-/-) and 3-MST (3-
MST-/-) genes, as well as a hybrid line with deletions of two genes CBS and CSE (CBS-
/-; CSE-/-). Line 58492 (BDSC 58492, Bloomington, USA, designated as (CBS+/+,
CSE+/+)) was used as control.

Control and experimental flies were maintained on synthetic nutrient medium, without
yeast, with precisely controlled composition of carbohydrates, amino acids, lipids,
vitamins and trace elements (mix TD.210411, ENVIGO, USA), differing in the content
of the sulfur-containing amino acids methionine (Met) and cysteine (Cys): control
medium containing both amino acids (Met+, Cys+); medium containing only methionine
(Met+, Cys-); medium containing only cysteine (Met-, Cys+) and medium deficient in
both amino acids (Met-, Cys-).
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The number of flies that died was counted each day to assess longevity. The nutrient
medium was replaced with fresh medium three times a week. For induction of oxidative
stress, two-week-old flies were maintained on nutrient medium supplemented with
20 mM paraquat (Merk, Germany). For evaluation of resistance to hyperthermia, two-
week-old flies were kept at 35 °C. Paraquat treatment and exposure to hyperthermia were
carried out until all individuals were killed. Age-related changes in motility were
investigated by assessing the spontaneous locomotor activity of flies using a LAM25H
locomotor activity monitor (Trikinetics, USA) once a week.

Fisher's exact test was used to determine the statistical significance of differences in
median and maximum life expectancy. Log-rank test was used to assess the statistical
significance of differences between survival curves. Two-way analysis of variance
(ANOVA) along with Tukey's HSD posterior test was performed to establish the
statistical significance of variance in motor activity.

Results: When analyzing the life span of D. melanogaster lines with deletions in the
studied genes at different content of amino acids in the nutrient medium, it was noted
that the life span of the control line (CBS+/+, CSE+/+) and the 3-MST-/- line was higher
when the medium was supplemented with methionine (Met+, Cys+) and (Met+, Cys-)
compared to the variants of the medium with methionine deficiency (Met-, Cys+) and
(Met-, Cys-). Lack of methionine was found to drastically reduce the lifespan of flies.
For individuals of the line with double deletion (CBS-/-; CSE-/-), the longest life span
was observed when kept on control medium (Met+, Cys+), followed by the variant with
cysteine medium (Met-, Cys+). The shortest life span was observed for variants kept on
media deficient in both amino acids (Met-, Cys-) and with the addition of methionine
but deficient in cysteine (Met+, Cys-). The latter observation could be explained by the
accumulation of homocysteine, a toxic metabolic intermediate in the transsulfuration
pathway, which may lead to various physiological disorders. In addition, in individuals
of the CBS-/- line, the longest lifespan was observed in variants maintained on nutrient
medium with cysteine, regardless of methionine supplementation (Met-, Cys+) and
(Met+, Cys+). Flies in the methionine supplemented but cysteine deficient (Met+, Cys-
) variant had the shortest lifespan.

Under oxidative stress conditions, control females (CBS+/+, CSE+/+) showed better
survival on methionine-deficient medium (Met-, Cys+), while males had better survival
on methionine-supplemented medium (Met+, Cys-). Individuals of both sexes of the
CBS-/- line had better survival on control medium (Met+, Cys+). In the double deletion
line (CBS-/-; CSE-/-), control medium (Met+, Cys+) and methionine-deficient medium
(Met-, Cys+) provided the best survival conditions. In the 3-MST-/- line, males had the
best survival on control medium (Met+, Cys+) and methionine- and cysteine-deficient
medium (Met+, Cys-), whereas females had the best survival when any amino acid was
added.

When the effects of hyperthermia were studied, it was observed that CBS-/- line had the
highest survival rate on nutrient medium with methionine deficiency (Met-, Cys+).

The locomotor activity of D. melanogaster was also found to vary significantly
depending on the presence or absence of amino acids, their combinations, age and sex.
In particular, the effect of methionine on locomotor activity differed between males and
control line females (CBS+/+, CSE+/+). In females, the addition of methionine to the
diet decreased locomotor activity. In males, on the contrary, the presence of methionine
in the medium increased it.
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Conclusions: According to the results obtained, the longevity, survival and locomotor
activity of D. melanogaster are influenced by the interaction between hydrogen sulfide-
producing enzymes (CBS, CSE and 3MST) and dietary sulfur-containing amino acids
(methionine and cysteine).

The presence of methionine and cysteine in the diet of D. melanogaster has a significant
effect on longevity. In particular, the absence of methionine was found to dramatically
reduce the lifespan of the control fly line (CBS+/+, CSE+/+) and the 3-MST-/- line. The
results also show that a line with a double deletion (CBS-/-; CSE-/-) and a line with a
single deletion (CBS-/-) respond differently to the presence or absence of methionine
and cysteine in their diet. In the double deletion line, the control medium variant (Met+,
Cys+) had the highest longevity, followed by the cysteine supplemented variant (Met-,
Cys+). This suggests that the presence of cysteine is more important for fly longevity in
this genetic background than the presence of methionine. The variants deficient in both
amino acids (Met-, Cys-) and the variant with methionine supplementation (Met+, Cys-) had
the lowest longevity, which could be due to homocysteine accumulation. Overall, the
study emphasizes the importance of a balanced diet including both methionine and
cysteine for the longevity of D. melanogaster and suggests that the genetic background
of flies may influence their response to different dietary conditions.

Optimal conditions for survival under oxidative stress and hyperthermia differed, across
lines and sexes, indicating that the effects of various factors on survival are complex and
may depend on genetic background and sex-specific factors. This highlights the
importance of considering sex as a biological variable in studies examining the effects
of nutritional components on physiological and behavioral outcomes.

Further research is needed to fully understand the underlying mechanisms and potential
applications of these findings.

Funding: The work was carried out within the framework of the Russian Science
Foundation grant No. 17-74-30030.
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