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BeBeneHue

J1akTO3a - pacnpocTpaHEeHHbI B MPUPOAE AMcaxapua, COCTOAWMIA U3 TTHOKO3bI U
rafakTo3bl. XOpOLIO ONMCaHbl HECKO/IbKO DaKTepUasibHbIX METADONNYECKUX NYTEN
nerpagaunun naktosbl. PasnnyHbie 6akTepun CnoCoOOHbI MUTATbCS NAKTO30M, MCMONb3Ya AN
3TOro pa3Hble Habopbl PEePMEHTOB.

A3BECTHO, YTO reHbl, OTHOCSLMECS K onpegeneHHoMy METa6OJ'Il/I‘-IeCKOMy nyTun, 4acto
BCTpeYaroTCA pA4goM B 6aKTepmaan0M reHoMe, COCTaBNsAS KacceTbl. AHANM3 TaKMUX KacceT
NO3BOSIET NCCNIEA0BATb 3BONOLMOHHbIE 0COOEHHOCTHU pa3HbIX FTEHOB, 06Hapy)KMBaTb
YCTOVIHMBbIe CO4YETAHUA U BbIABIATb CJZTy4anN TOPU3OHTAJIbHOIO nNepeHoCa.

Llenu

P NpoaHann3npoBaTb BCe KACCETbl, UMEOLLME OTHOLWEHUE K JTAKTO3HOMY
MeTabon3my

» BbISIBUTb KOHCEPBATUBHbIE COYETAHMS FEHOB

» MNPOBEPUTL, PA3AENSaTCa 1M KAaCcCeTbl Ha NIAKTO3Hble ( TPaHCMOopPT U
'MAPOJSIN3 ) U raflakTo3HbIE (fanbHenwme peakumm)

» HAWUTK CNyvyam roOpM30HTANIbHOIO NepeHoCa KOHCEPBATMBHbIX KacceT
reHoB

[Mnotesa 1:
[lpoaykTaMu NepBoro 3tana paclienseHmsa NakTo3bl ABAAKTCS MHKO03a U
ranakro3a — pacnpoCTpaHeHHbIe NPOAYKTbI MUTaHUS BaKTepui, 4acTo
Haxoaswmeca B cpefe B cBOOOAHOM BUAe, a TaKXKe ABNSWmMecs NnpoayKTaMum
pacnaga Apyrux yrneBofoB 1 UX NPOM3BOLHbIX. DTO NO3BONSET NPeanon0oXunTb, YTO
reHbl, OTBETCTBEHHbIE 3a MMAPOAU3 U 33 JaNbHENLWMe peakumm metabonnyeckoro
nyTn, He ob6s3aTenbHO ByayT Habn4ATLCA B COCTaBe OOHMUX U TEX Xe KaccerT.

O6cyxapneHue

bonee 3 n3ydyeHHbiX bakTepuimm cnocobHbl NMTaTbCA NakTo3omn. O6 3ToM
CBUAETEeNbCTBYET HaJIMYMe reHoB COOTBETCTBYIOLWMX MMApO0sa3 B UX FEHOMaX.
MHormne 6akTepmm NCnonb3yoT Aaa MeTabonnsma NakTo3bl HECKOILKO NyTen
0OQHOBPEMEHHO.BoNbLUNMHCTBO BakTepun, MUTAOLWNXCA TAaKTO30M, HE UMEIOT
OJIMHHBIX KOHCEePBaTUBHbLIX KacCeT, coaep>KallunXx COOTBETCTBYOLWME reHbl. eHbl,
OTBETCTBEHHbIE 3a NMAPOJSIN3 NAaKTO3bl, HYallle BCEro fexaT OTAe/IbHO OT FeHOB,
Kogupyowmnx gpyrme goepmMmeHTbl J1IakTo3HOro nytu ( 6osee 85% cny4vaen). OHM
TaK>Xe BCTPeyvyaloTcs pSaaoM C reHaMuy ralakToKMHa3, HO nvlb B 5% cny4yaes.

Bbln10 06Hapy>XeHOo TONbKO 0AHa AJIMHHAA KOHCEepBaTUBHAsA KacceTa reHoB
OOHOro N3 CaMbIX PacrnpocTpaHeHHbIX MeTabonnyecknx nyten gerpagaumnm
NaKTO3bl, N3BECTHOro Ana baktepun ponos Bacillales n Lactobacillales.
NHTepeCcHO, 4TO reHbl AaHHOW KacceTbl Habntoaanncb TakXXe Yy MHOXKeCTBa
bakTepun Enterobacteriales, Ho Bce oHM pacnonaranmcb He Apyr PSAoM C
apyrom. Habnwogancsa canyydyan ropnsoHTasIbHOrO NepeHoca 3TON KacCeTbl B
bakTeputo Leptotrichia buccalis, Tak>xxe obuTaloLLyo B OpraHn3mMe 4yesioBeka.
HanpeHa owmnbka aHHOTaUMM pacnpoCTpaHEHHOr 0 FreHa, paHee onpeaesieHHoro,
KakK paKTop TpaHcKpunumm n3 cemenctsa DeoR. C nomMoLlblo aHanmn3a CTPYKTYpPbI
OOMEHOB COOTBETCTBYOWEro 6esika BbIICHEHO, 4TO (DEPMEHT ABNSETCS
n3omMepasoun.

[MnoTtesa 2:
Mbl npeanofnaraem, 4To nmetowasnca y E.coli n apyrmx sHtepobaktepun
KOHCepBaTMBHAsa KacceTa reHoB, y4acTune KoTopbliX B MeTabonmsme
CyNb(OrtoKo3bl ONMcaHo B cTaTbe Denger et. al., Tak>Xe y4aCcTBYeT B
nerpagauunn nakTo3bl UY ranakTosbl.
B nonb3y 3TOM rMnoTe3bl CBUOETENbCTBYIOT:
» MOIHOE COOTBETCTBME OCHOBHbLIX PYHKLIMN (DEPMEHTOB KacceTbl PYHKLNAM
hepMeHTOB BbiLLEONUCAaHHOIr0 MeTabosIM4eckoro nyTu NakTo3bl y 6bauwnnn.
» coBrnageHmne oaHoro n3 hepMeHToB (as1baosna3bl) B 060mx nyTax
» cneumnruyHOCTb 3NMMepa3sbl, NPUCYTCTBYHOLLEN B HAWOEHHOM NMYyTU U B
N3BECTHOM NyTU Aerpagaunny raaakTtosol.
» Hasmyme B NPOMOTOPHOM 0bnacTun canTa cBa3biBaHUA pakTopa CRP*
» cnocobHOCTb HEKOTOPLIX FEHOB 060OMX NyTen codeTaTbCsd B COCTaBe APYrunx
KacceTax
*NccnenoBaHne reHoB MeTOA0M puioreHeTn4eCcKoro yTrnpuHTUHIA NoKas3asio
nepekpbiBaHne obnacrten canTa CBA3bIBaHUA TpaHCKpUNunoHHoro dpaktopa CRP
n npomoTopa. Mo-euanmomy, haktop CRP paboTaeT Kak penpeccop, noaaBndas
3KCMPECCUIO FeHOB 3TON KacCeThbl B CJ/lyHae BbICOKOW KOHLUEHTPaLUWKn rioKo3bl B
KneTkn. Mbl Nnpeanoslaraem, 4To Ha ero paboTy He BAngeT Ccyb(oraoKosa.
dTa runoTte3a MoXXeT bblITb NpoBepPeEHa B MPAMOM 3KCMEPUMEHTE.

MaTepuanbl U MeToAbl

300 TbIC. reHOB yrneesogHoro Mmetabosnnsma, cobpaHHbIX B 55 ThIC. KaccerT.
- Metacyc - 6a3a gaHHbIX MeTabonmyecknx nyten
ba3a gaHHbIX IMG JGI (COG, PFam)
Enzyme classification database - onncanmne pyHKunn pepmeHTOB
Clastal Omega - BblpaBHMUBaHME HYKIEOTUOHbIX MOCAeaoBaTEIbHOCTEN
Phylogenetic footprinting - nonck cantos perynsumm TpaHCKPUNUMn
PHYRE2 - nocTpoeHmne TpexMepHoOn CTPYKTYpbl Oe/1IKOB, MOUCK JOMEHOB
iTOL - nocTpoeHne punoreHeTu4eCcKnx nepeBbeB bakTepun
Habop MHCTPYMEHTOB AJ11 CPAaBHUTE/IbHO-FrEHOMHOI0O aHaIM3a KacCceT reHoB

CpaBHUTE/IbHO-TEHOMHbIN aHaNIN3 MeTaboIM3Ma N1akTo3bl Y bakTepun

AnekcaHapa EpemMunHa, Mapunsa TyTykKnHa, AHHA Ka3Haa3ewn

Pe3ynbTaThl
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B runoteTnyeckoM nyTu anbaonasa coenagaeT C anbAosa3on M3 naktosHoro nytu Bacillales, a
3nMMepasa C 3ANnMMepason 13 NyTu aerpagaumu ranaktosbl Jlenyapa. OTMeyeHHas XenTbiM
M30Mepasa paHee CYMTANACh PerynaTopoM TPAHCKPUNLUMK U NPUCYTCTBYET B 0O0MX YKA3aHHbIX
KaCCeTax.

Fig. 1 Two most common bacterial lactose degradation pathways and one predicted pathway

In the hypothetical pathwsay aldolase matches aldolase from classic Bacillales lactose pathway, and epimerase

matches epimerase from Leloir galactose degradation pathway. Isomerase marked yellow was previously considered
a transcription regulator and is present in both respective gene cassettes.
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Fig. 5. Distribution of standard and hypothetical cassette of
lactose degradation genes compared to non-cassette
distribution of the same genes
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Fig. 6. Horizontal transfer of cassette from Firmicutes
(Staphylococcus, Streptococcus, etc.) to Leptotrichia buccalis
(Fusobacteria)

Escherichia coli str. K-12 substr. MG1655 GCTTGTCTG---TTTTTGATCGTA- - - - - -ATTTATCGTCA ————— AAAAAT-CTTTTTAAACAATTGGTGAAAT- -GAACG- CATCCC- -
Escherichia coli SMS-3-5 GCTTGTCTG- - - TTTTTGATCGTA- - - - - ATTTATCGTCA----- AAAAAT CTTTTTAAACAATTGGTGAAAT- GAACG- CATCCC- -
Shigella flexneri 5 str. 8401 GCTTGTCTG- - - TTTTTGATCGCA- - - - -
Salnmonella enterica serovar Typh. LT2 TTCTGTCIG- - - TTTGTGATCGTA- - - - -
Salmonella enterica serovar Par. A ATCC9150 ------- TT---TTTCTGATCGTA-----
Enterobacter cloacae ATCC 13047
Citrobacter koseri ATCC BAA-895

Cronobacter turicensis z3032

IEAATTTATAGTCA- - - - - AAAAAT ICACAGEEEIEECTTTTTAAACATTTCGTGAAAT - BIGAGCA- GATCG- - -

BIAA TTTCGCAAAATGTTTAAAAAGTGACGEEIEIEEAT TTTTTGACCATAAATTACAAAEEIII CAAAAAGAGACAAAAT CAGCGTCACGC
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Fig. 4 Gene combinations in studied cassettes
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Fig. 7. Segregation of lactose hydrolysis and galactose
degradation pathways

--------------------------------------------------- AAATGCTTAAGGAATGACC- BTBATTCG
--------------------------------------------------- AAATGTTTAAGGAATGACC- ATEATTCG

A
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IEIAAT TTATCGTCA- - - - - AAAAATGACACEEEIEECTTTTTAAACAATTGGT GAAAT - [ GAACG- AT CCCA - An - - - = - e o e e o e e e e e e AAATGTTTAAGGAATGACC- BTGATTCG
A - m e e AAATGCTTGAGGAATGACC- BTGGTTCG

INEIAAT TTATAGTCA- - - - - AAAAATGACACEEEIEECTTTTTAAACATTTCGTGAAAT - [ GAGCA- BATCG- - - A- - - - = - m e e e e e e e e AAATGCTTGAGGAATGACC- BGGTTCG

AAGT GACAAAAAATGACATTCACGTTTCAGGAGAACGATATGGCAGT

CGATATGACAGGAGAGAGGCATGTCAGC
AAAATGACATTCCGCTTTTACGCTGACAGGAGCAAGTTATGGCGAC

Shine-Dalgarno Translation start

[0nyObIM OTMEeYeH CanT CBSA3bIBAHUA GakTopa TpaHckpunuum CRP. BuaHo, 4To OH nepekpbiBaeTcs C NPOMOTOPOM, NO3TOMY Mbl NpeaAnonaraem, 4to npu

CBSI3bIBAHUM (PAKTOPA NPOUCXOAUT penpeccus TpPaHCKPUNLUMMU,
Fig 8. Multiple alignment of intergenic regions of studied Enterobacteriales cassette

Transcription factor CRP binding site is marked blue, it is overlapping with promoter region, thus we suggest that when factor binds to the site it prevents

transcription.

Introduction

Lactose is a common disaccharide that consists of glucose and galactose monomers.
There are a few well-described bacterial metabolic pathways of lactose degradation.
Different bacteria can consume lactose using different sets of genes.

It is a known fact that genes from the same metabolic pathway are often located

together on the bacterial chromosome. Analysis of such cassettes allows to study
evolution, stable combinations of such genes and reveal horizontal transfer cases.

Aims

» Analyze all gene cassettes related to lactose metabolism

» Obtain conservative combinations

» Check whether cassettes divide into lactose (transport and hydrolysis of
disaccharide) and galactose (further reactions). See hypothesis 1.

» Find cases of horisontal transfer of conservative cassettes.

Hypothesis 1:
On the first stage of lactose degradation lactose is hydrolised, and glucose and galactose
are obtained. Both of them are common nutrients and could be transported into cell
separately or obtained after degradation of different kinds of carbohydrates and their
derivatives. Thus we suggest that genes providing hydrolisis and genes providing further
reactions concerning galactose could be often located on different cassettes.

Discussion

More than % of known bacteria seem to have ability to consume lactose. We
make this conclusion based on the fact that they posses galactosidase genes.
Many bacteria use several pathways of lactose degradation simultaneously.

Most bacteria that consume lactose do not contain long conservative cassettes of
respective genes. Our studies show that galactosidase genes are usually located
apart from other genes coding other enzymes from lactose degradation pathways
(more than 85% cases). Sometimes they are located near galactokinases, but
only in 5% cases.

We have found one long conservative cassette corresponding to a well-known
lactose degradation pathway of Baccilales and Lactobacillales. Interestingly, most
Enterobacteriales seem to posess all those genes, but they are scattered on the
chromosome.

We have also observed a horizontal transfer case, where the whole cassette was
transfered into Leptotrichia buccalis, which also live inside human organism.

A few annotation mistakes were spotted, including a common gene from many
bacteria genomes previously described as a transcriptional factor from DeoR
family. After analyzing its domain structure we came to a conclusion that it is an
iIsomerase.

Hypothesis 2:
We suggest that a conservative cassette found in most E.coli strains and several
other Enterobacteriales involved in metabolism of sulphoquinovose (6-deoxy-6-
sulphoglucose), described by Denger et al, can also participate in lactose or
galactose degradation.

Arguments in favor of this hypothesis :

» Full compliance of basic functions of enzymes from this cassette with the
functions of the mentioned above enzymes from the common metabolic pathway
of lactose degradation in Bacilli.

» Matching of one of the enzymes (aldolase) in both pathways

» Specificity of the epimerase present in this cassette and in the cassettes of the
well-known pathway of galactose degradation.

»Presence of the binding site of factor CRP in the promoter region*

»The ability of some genes from both pathways to be mix in other kinds of
cassettes

*Investigation of genes by phylogenetic footprinting revealed the overlap of CPR
transcription factor binding site and promoter. Apparently factor CRP functions as
a repressor suppressing gene expression cassette when the glucose concentration

Methods and Materials

300k genes of carbohydrate metabolism assembled into 55k cassettes

- Metacyc - metabolic pathway database

- IMG JGI (COG, PFam)

- Enzyme classification database

- Clastal Omega - alignment of nucleotide sequences

- Phylogenetic footprinting - search tool for transcription regulation sites
- PHYRE2

- 3D protein structure study, search for domains

- iTOL - construction of bacterial phylogenetic trees




