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ANOTACIJA

Vairumam fagu bitiska to genomu dala pieder t.s. “biosferas
tumsajai materijai”, kas uzrada zemu vai nenosakamu Iidzibu ar
raksturotam genomiskajam sekvencém un tade] ietver daudzus saistoSus
mérkproteTnus eksperimentalai izp&tei, kas galu gala var€tu atklat So
proteinu biologiskos aspektus vai praktiska pielietojuma potencialu.
Hafnia viruss Enc34, ko atklaja miisu zinatniska grupa, kodé vairakus
Sadus proteinus, tostarp atvérta lasiSanas ramja (open reading frame,
ORF) 6 hipotetisko DNS replikacijas proteinu un ORF39 iespg&amo
endolizinu, kas abi parstav evoliicijas gaita saglabajusas, bet lidz Sim
neraksturotas proteinu saimes. Lai gutu labaku izpratni par Siem
proteiniem, tika producgti, attiriti un kristaliz&ti to nativie, mutantie un
selenometionina aizvietotie varianti, un tika eksperimentali noteiktas to
trisdimensionalas struktiiras. Talakas strukturalas homologijas analizes
atklaja, ka Enc34 ORF6 proteins ir faga T7 tipa vienpavediena DNS
saistoSo proteinu (single-stranded DNA-binding proteins, SSBs) saimes
divergents loceklis. Ta DNS saistiSanas Tpasibas tika parbauditas in vitro,
un tika noteikta ari proteina kristalstruktira kompleksa ar DNS
oligonukleotidu. ST kompleksa struktiira pirmoreiz atklaja DNS saistibas
molekularos pamatus lieclai SSB saimei, kas sastopama gan fagos, gan
eikariotu virusos. Enc34 ORF39 proteina gadijuma, pamatojoties uz
genoma kontekstu, tika izvirzita hipotéze, ka tas ir jauna veida fagu
endolizins — peptidoglikanu noardoss enzims, kas no iekSpuses sagrauj
baktérijas Stnas sieninu. Ta hipotetizeéta enzimatiska aktivitate tika
apstiprinata in vitro testos, un proteina enzimatiski aktiva doména
trisdimensionala struktiira atklaja izteikti divergentu lizocima folda
variaciju. Struktiiras analize paradija, ka Enc34 ORF39 proteins ir tikai
attali radniecigs vienam citam faga endolizinam un diviem bakteriju
autoliziniem, kuriem, neraugoties uz biitiskam atSkirtbam, ir kopigs
konservativs tris aminoskabju motivs substrata 3kel3anai. ST darba
rezultatd nezinamas funkcijas doména (domain of unknown function,
DUF) 2815 un fagu proteinu saimes PHA02564 anotacijas beigs pastavet
sekvencu datos ka proteomu tumsa matgrija, jo esam tos raksturojusi ka
attiecigi SSB un endolizinus.
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SAISINAJUMI

A angstréms

AF2 AlphaFold?2

AM aréja membrana

BMC Latvijas Biomedicinas p&tijumu un studiju centrs
CDC ASYV Slimibu kontroles un profilakses centrs
CRISPR  grupéti, regulari izkliedéti isi palindromiskie atkartojumi
Dali attalumu matricas salidzinasana

DSB divpavedienu parravums

dpDNS divpavedienu dezoksiribonukletnskabe

DTT ditiotreitols

DUF nezinamas funkcijas doméns

EAD enzimatiski aktivais doméns

ECDC Eiropas slimibu profilakses un kontroles centrs
GH glikozidu hidrolaze

GIcNAc  N-acetilglikozamins

IPTG izopropil-p-D-1-tiogalaktopiranozids

kbp kilobazu pari

MurNAc  N-acetilmuraminskabe

NCBI Nacionalais biotehnologiju informacijas centrs
OB oligonukleotidu/oligosaharidu saistiSana
0OD600 optiskais blivums pie 600 nanometriem

ORF atvertais lasiSanas ramis

PBS fosfatu buferskidums

PCR polimerazes k&des reakcija

PDB Protetnu datu banka

PHA fagu proteins

pLDDT prognozeto lokalo attalumu starpibas tests
SeMet selenometionins

SSB vienpavediena dezoksiribonukleinskabes saistosais proteins
TAE Tris-acetats-etilendiamintetraetikskabe

TEV tabakas kodinajuma viruss

TN Tris-natrija hlorids

VPDNS vienpavediena dezoksiribonukleinskabe
VPRNS vienpavediena ribonukleinskabe

WHO Pasaules Veselibas organizacija



IEVADS

Bakteriofagi ir iecienitas modelsistémas dabaszinatnés, un aizvien
notiekoSie pétfjumi ar paradigmiskajiem kolifagiem A, T4, M13 un
daZiem citiem ir devusi daudzus fundamentalus atklajumus biologija un
neskaitamus rikus zinatnei un ripniecibai. Genomiska un metagenomiska
sekvengsana ir atklajusi, ka visdazadakie fagi ir sastopami it visur daba,
kur tie pastav ka nozimigs ekologisko un evoliicijas procesu virzitajspeks,
tomér daudzi fagu biologijas aspekti, domajams, joprojam nav atklati.
Antimikrobialas rezistences globala izplatiba ir vél vairak veicinajusi
interesi par fagiem ka lidzekliem cinai pret bakterialam infekcijam un
kontaminaciju. Sagaidams, ka daudzi inovativi antibakterialie lidzekli
tiks raditi, iedvesmojoties no fagu kodetajam Siinu Iizes masinerijam, kas
ir izradijusas daudzveidigakas, neka ieprieks tika uzskatits, un joprojam
ir nepietiekami izpétitas.

PieaugoSaja Dbakteriofagu sekvencu krajuma lielakajai dalai
prognozgto proteinu aizvien trikst uzticamu funkcionalo anotaciju, jo to
lidziba ar eksperimentali raksturotiem génu produktiem ir neliela vai
nenosakama, un tadgjadi tie veido, t.s., biosféras tums$o materiju. Tomer
dazi no $iem noslépumainajiem proteiniem ir ievérojami saglabajusies
evollcijas gaita kopa ar citu virusu, prokariotu vai pat eikariotu
homologiem, un tapéc tie ir lieliski merki strukturaliem un funkcionaliem
pétijumiem, kas var palidz&ét izzinat veselas proteinu Saimes ar
acimredzami butiskam biologiskam funkcijam. Misu modelfags Enc34,
kas tika izolets BMC, ta genoma modulos DNS replikacijai un
saimnieksiinas lizei kodé wvairakus Sadus proteinus, kas péc to
identifikacijas ir radijusi interesi talakai eksperimentalai izp&tei.
Promocijas darba merki

Mana promocijas darba mérki bija iegilit jaunas zinaSanas par
Hafnia virusa Enc34 proteoma lidz §im neraksturoto proteinu struktiiram

un funkcijam, izzinat nepietiekami izpétitas proteinu saimes un shiegt
pienesumu biologisko sekvenéu funkciju anoté$ana.



Darba uzdevumi

Merku sasniegSanai tika izvirziti sekojosi darba uzdevumi:

Tezes

Identificét konservativus neraksturotus
mérkproteinus Enc34 proteoma, izmantojot in silico
sekvencu analizes rikus;

Izstradat produc€sanas, attiriSanas un kristaliz€Sanas
shémas  izveéleto  proteinu  nativajiem  un
selenometionina aizvietotajiem variantiem;

De novo noteikt un analizét izveleto proteinu
trisdimensionalas struktiiras un izvirzit hipotézes par
to funkcijam;

Izpetit mérkproteinu hipotetizetas funkcijas, veicot
papildus strukturalos p&tijumus un in vitro testus.

S1 darba galvenas tézes bija:

1.

Bakteriofaga Enc34 ORF6 proteins ir virusa DNS
replikacijas masinérijas divergenta sastavdala.

Bakteriofaga Enc34 ORF39 kodg€ endolizinu ar
netipisku  arhitektiru un izteikti  divergentu
enzimatiski aktivo doménu.

Meérktiecigi strukturalie pétijumi, kopa ar in vitro
testiem, var atklat virusu “tumsas matgrijas” proteinu
funkcijas un 1pasibas.

Konservativu neizpétitu proteinu izzinasana var radit
prieksstatus par lielakam proteinu saimém un uzlabot
radniecigu sekvencu funkciju anotaciju.
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1. LITERATURAS APSKATS

No pieradiSanas, ka DNS ir iedzimtibas molekula, 1idz pat grupétu,
regulari izkliedetu 1su palindromisko atkartojumu (CRISPR) atklasanai —
pétijumi ar bakteriofagiem vienmér ir bijusi molekularas biologijas
prieksplana, sniedzot svarigas atzinas un radot instrumentus, ko Sobrid
plasi izmanto zinatn€ un riipnieciba. Daudzi no ietekmigakajiem
atklajumiem un pielietojumiem ir radusies, pateicoties zinatkarei par
paSiem fagiem, ka ari dazadu biologisko procesu izpausmém
bakteriofagu modelsistémas (Salmond, Fineran, 2015). Tomér Sie
sasniegumi, iesp&jams, ir tikai “aisberga redzama dala”, jo izpétita ir
pavisam nieciga dala no visiem daba sastopamajiem fagiem un tikai
neliela virusu genofonda dala ir labi defin&ta un izzinata (Aevarsson et
al., 2021). Ka dabiski bakteriju antagonisti fagi var kalpot ar1 ka
biokontroles agenti, un to Iitiskos mehanismus var izmantot, lai raditu
jaunus farmaceitiskos lidzeklus bakteriju infekciju arstéSanai. Sis
petniecibas virziens nesen Tpasi aktualizgjies, nemot vera pieaugoso
antimikrobialas rezistences izplatibu bakterialo patogénu vidd un
ieveérojamu sabiedribas veselibas agentiiru pazinojumus par nenovérsamo
“post-antibiotiku laikmetu”, ka ari aicinajumus izstradat jaunus
antibakterialus lidzeklus (WHO, 2015; CDC, 2019; ECDC, WHO, 2022).
NeapSaubami, vel daudzi atklajumi un inovacijas tiks giiti gan
fundamentalos, gan lietiskos fagu petijumos, kas, ka aizvien, turpinas
sniegt ieguldijumu zinatng, tehnologijas un medicina.

1.1. Fagu biologija

Bakteriofagi infic€ visur eso$as bakterijas, tapec tie ir vieni no
mazakajam un vienkarS$akajam, tomér daba visplasak sastopamajam
radibam, kam ir sava genétika, evolucionara vésture un zinama
pasregulacijas sp&ja (Yolles, Frieden, 2022). Fagi ir atklati visas
prokariotu dzivotn€s — gan @ideni, gan uz Sauszemes, gan asociacija ar
augiem un dzivniekiem, un to skaits parsniedz visu biosféras organismu
kopskaitu (Cobian Giiemes et al., 2016). Fagi ka visplasak parstavétas
biologiskas biitnes uz Zemes spélé nozimigas lomas biogeokimiskaja
aprite (Suttle, 2007), baktériju ekosistému veidosana (Chevallereau et al.,
2021) un mikrobu evoliicijas virziSana (Hampton et al., 2020).
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Fagi atSkiras ne tikvien péc virionu struktiiras, kas var bt ar vai
bez astes, pavedienveida, vai icklauta apvalka, bet arT p&éc nukleinskabes
tipa, kas veido virusa genomu, jo paslaik ir zinami gan vienpavediena
(vp), gan divpavedienu (dp) DNS un RNS fagi (Ofir, Sorek, 2018). Lidz
ar sekveng$anas tehnologiju attistibu genomika kluva par aizvien lielaku
un nozimigaku fagu izpétes dalu (Briissow, Hendrix, 2002), un ta
joprojam ir jaunu fagu atklaSanas un raksturoSanas stiirakmens.
Genomikas pétijumiem paplasinoties, tika atklats, ka dazadu fagu
genoma izméri un sekvences ievérojami atskiras un ka fagu genomiem ir
mozaikveida struktiira, proti, tie sastav no génu blokiem jeb moduliem,
kas aizgliti no citiem fagiem, pateicoties plasai genétiskai apmainai
populacijas ietvaros (Hatfull, 2008). Sobrid GenBank gen&tisko sekvenéu
datubaze ir vairak neka 16 000 dazadu fagu sekvencu (organizgjot pec
Cook et al., 2021, metodikas), §1 kolekcija turpina divkarsoties katru divu
lidz tr1s gadu laikposma, un tas, domajams, drizuma neapstasies vai
nepaléninasies. Tomer tikai neliela dala baktériju un ar tam saistito fagu
ir viegli kultivéjami laboratorijas apstaklos, tap&c virusu metagenomikas
attisttba un nesenais uzplaukums ir Javis vl precizak novertét fagu
izplatibu dazados biotopos (Paez-Espino et al., 2016; Gregory et al.,
2019), un tas ir radijis v€l pilnigaku priek$statu par genétiskas
daudzveidibas plasumu virusu pasaulg (Dion et al., 2020). Vel joprojam
licla dala fagu genomikas un metagenomikas datu veido t.s. biosféras
tumsSo materiju, kas uzrada zemu vai neuzrada nekadu lidzibu ar Sobrid
zinamajam sekvenceém un tadgjadi ietver veselus genomu modulus un
miklainus atseviskus gé€nus, kas vél gaida savu kartu zinatniskaja izp&te
(Hatfull, 2015; Santiago-Rodriguez, Hollister, 2022).

Fagi ar asttm un DNS genomu aptuveni 25-100 kilobazu paru
(kbp) intervala ir visizplatitakie (Zrelovs et al., 2020a), un parasti tie kodé
desmitiem proteinu izteikti modulara izkartojuma, visticamak pateicoties
selektivam spiedienam uz efektiva kompakta genoma saglabasanu (Berg,
Roux, 2021). Funkcionalajos modulos vienkopus atrodas proteini, kas
nodrosina lizog€niju, DNS replikaciju, genoma pakosanu, faga galvas un
astes morfogenézi un saimniekstnas lizi (Briissow, Hendrix, 2002), kas
lielakos genomos bieZi vien satur iestarpinatus hiperplastiskus regionus,
kuri kodg jaunus proteinus ar potenciali adaptivam funkcijam (Comeau et
al., 2008).
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1.2. Hafnia viruss Enc34

Latvijas Biomedicinas pétijumu un studiju centra (BMC) jau
izsenis tiek veikti fagu pétijumi, kas vésturiski un joprojam ir vérsti uz
VPRNS bakteriofagiem un to strukturalajiem protetniem (Ramnieks,
Tars, 2011; Rumnieks, Tars, 2014; Riimnieks, Tars, 2017; Rumnieks et
al., 2020). Meklgjot jaunus RNS fagus izp&tei no dazadiem vides avotiem,
mums faktiski saka veidoties kolekcija ar “astainajiem” DNS virusiem,
kas jau tad ieklava vairak neka 40 izolatu. Kadu laiku Sie fagi netika talak
pétiti, [idz DNS sekven&sana kluva mums daudz pieejamaka. Tas rosinaja
interesi par misu atklato virusu raksturoSanu, un galu gala tika aizsakts
pavisam jauns DNS fagu izpétes virziens BMC un Latvija kopuma.
Sobrid BMC fagu kolekcija ir tikusi papildinata ar vél vairakiem
desmitiem izolatu, kas iegtti no kukainu, notekiidenu un pat Antarktikas
augsnes paraugiem u.c. avotiem. Kopuma GenBank datubazg lidz $im ir
deponétas 18 fagu pilna genoma sekvences, un més esam atklajusi pirmos
izolétos virusus baktérijam Virgibacillus halotolerans (Zrelovs et al.,
2020b) un Erwinia persicina (Zrelovs et al., 2020c), divergentu
Lactococcus bakteriofagu (Zrelovs et al., 2021), Morganella fagu ar
atSkirigu genoma pakoSanas veidu (Zrelovs et al.,, 2022a) un
Psychrobacillus virusus, kas mitinas Antarktikas augsné (Zrelovs et al.,
2022Db); saprotams, ka katram no $iem izolatiem piemit kas unikals un
interesants.

Tomeér pats pirmais pilniba sekvengtais izolats no kolekcijas bija
bakteriofags Enc34 (Kazaks et al., 2012), par kuru tolaik tika uzskatits,
ka tas infic€ Enterobacter cancerogenus, pamatojoties uz biokimiskajiem
testiem, bet jaunakas molekularas analizes paradija, ka ta
saimniekbaktérija ir neparasts Hafnia alvei celms (skat. publikaciju Il1).
H. alvei ir Gram-negativa Enterobacterales kartas Hafniaceae dzimtas
bakterija (Adeolu et al., 2016), un, lai gan parasti to uzskata par dzivnieku
mikrobioma komensalu sastavdalu (Song et al., 2017), §1 suga ir
identific€ta arT ka oportiinistisku infekciju izraisitaja cilvékiem (Ionescu
et al., 2022) un ka bisu, zivju un citu dzivnieku patogéns (Padilla et al.,
2014). Hafnia virusa Enc34 virionam ir galvas-astes struktira ar garu
nekontraktilu asti (1. attéls, pa kreisi), un virusa genoms ir lineara dpDNS
molekula, kuras garums ir aptuveni 60 kbp ar 5' parkarém, ko sauc par
kohezivajiem galiem jeb cos un kuras norada uz 5' cos genoma pakosanas
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stratégiju (Casjens, Gilcrease, 2009). Faga oficialais nosaukums ir
Enchivirus Enc34, un paslaik tas ir vienigais viruss sava ginti, kura pieder
Casjensviridae dzimtai (1. attls, pa labi). Saja dzimta vél ietilpst liela
Salmonellu virusu grupa, kas ir apvienoti Chivirus ginti, ka arT daudzas
mazas gintis, Katra ar vienu vai daziem izolétiem fagiem. Tie savukart
inficé virkni dazadu Gram-negativu baktériju, tostarp Burkholderia
(Lynch et al., 2012), Providencia (Onmus-Leone et al., 2013), Xylella
(Ahern et al., 2014), Proteus (Nguyen et al., 2019), Pectobacterium
(Zaczek-Moczydtowska et al., 2020) un citas, bet, neraugoties uz to, Siem
virusiem ir 11dzigi genoma izm&ri un sint€nisks génu izkartojums.

\ Impérija: Duplodnaviria
"~ Valsts: Heunggongvirae
Tips: Uroviricota
Klase: Caudoviricetes
Dzimta: Casjensviridae
Gints: Enchivirus

Suga: Enchivirus Enc34

Sinonimi

Hafnia fags Enc34, agrak saukts
_ Enterobacter fags Enc34

1. attéls. Hafnia viruss Enc34. Virionu transmisijas elektronmikroskopija (pa kreisi) un
faga taksonomija un nomenklattra (pa labi). Markieris, 100 nm (nepublicéti dati).

Enc34 genoms satur 80 atvértos lasiSanas ramjus (ORF), kas ir
sakartoti funkcionalos modulos un atbild par attiecigi virusa DNS
replikaciju, genoma pakosanu, viriona morfogenézi un saimnieks$tnas
lizi, tomér 45 ORF neuzradija nekadu Iidzibu ar zinamiem génu
produktiem, tapéc tie tika anoteti ka hipotetiski (Kazaks et al., 2012)
(GenBank ID: JQ340774.2). Saja darba es vérsu uzmanibu uz
neraksturotajiem proteiniem faga Enc34 DNS replikacijas moduli, kura
vidi acimredzami atradas intrig€joss génu bloks, kas secigi kodgja Cetrus
hipotétiskos proteinus (ORF3 lidz 6), ka ari uz $tnu lizes moduli, kura
Skietami atradas jauna tipa bakt€riju $tnu sieninu noardo$s enzims jeb
endolizins (ORF39). Sim proteinam tika prognozéta neparasta arhitektiira
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ar C-terminalu transmembranas doménu un divergentS enzimatiski
aktivais doméns. lzvElétie proteini ir evolucionari konservativi, tomér
neviens no identificjamajiem sekvences homologiem taja laika nebija
eksperimentali izpétits. Sada veida mérkproteinu pétijumi tatad ne tikai
atklatu butiskus paSa proteina struktiiras un funkcijas aspektus, bet art
raksturotu veselas proteinu saimes, izcelot tas no “virusu tumsas
matgrijas” (Galperin, Koonin, 2004). Mans promocijas darbs detaliz&ti
skaidro un ilustré de novo struktiras noteikSanu un funkcijas parbaudi
ORF6 hipotétiskajam DNS replikacijas protetnam un ORF39
hipotétiskajam endolizinam. Nobeiguma tiek prezentétas ar in silico
atrisinatas ORF3, ORF4 un ORF5 proteinu struktiras un tiek isi
izklastttas turpmaka darba perspektivas.
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2. MATERIALI UN METODES

Lai pétitu miaisu modelfaga Enc34 proteinu struktiras un funkcijas,
es izmantoju dazadu molekularas biologijas, mikrobiologijas un
bioinformatikas metozu klastu. Saja nodala es sniedzu kopsavilkumu par
galvenajam metodém un procediiram, kas tika izmantotas darba ar Enc34
ORF6 un ORF39 protemiem. Sikaka informacija ir atrodama attiecigajos
manuskriptos, jo ipasi publikacija |, kas pati par sevi ir visaptveross
struktarbiologijas p&tijuma celvedis.

2.1. Sekvences analize

Enc34 proteinu sekvences tika parbauditas ar BLASTP (Boratyn et
al., 2013), izmantojot Nacionala biotehnologiju informacijas centra
(NCBI) ne-redundanto proteinu sekvenc¢u datubazi, ka ari HHpred
(Gabler et al., 2020) un PDB_mmCIF70 datubazi. Transmembranu
spirales tika identificétas ar TMHMM (Krogh et al., 2001) un
DeepTMHMM (Hallgren et al., 2022), bet signalpeptidi tika prognozéti
ar SignalP (Teufel et al., 2022). Vairaku sekven¢u salidzinajumi
turpmakai homologijas un filologgtiskajai analizei tika generéti,
izmantojot Clustal Omega (Sievers, Higgins, 2021).

2.2. Plazmidu veido$ana

Meérkproteinu kod&josas sekvences tika pavairotas ar PCR no
Enc34 genomiskas DNS (GenBank ID: JQ340774). ORF6 tika
amplificéts, izmantojot oligonukleotidus, kas saturgja tabakas
kodinajuma virusa (TEV) proteazes SkelSanas saita sekvenci un
restrikcijas saitus klonésanai un klonu atlasei. Amplificéta DNS tika
klonéta pETDuet-1 vektora (Novagen) aiz N-gala heksahistidinu iezimes
(His-Tag). legttais vektors, kas tatad saturéja afinitates iezimi, tam
sekojosu TEV saitu, ka arT strupinata gala restrikcijas saitu inserta
izgrieSanai, tika izmantots, lai veidotu visas pargjas plazmidas, ieskaitot
ORF39 kodgjoso konstruktu. Lai sekmétu strupinato galu klongSanu,
pirms PCR tieSie oligonukleotidi tika fosforiléti ar T4 polinukleotidu
kinazi (Thermo Scientific). Plazmidas C-terminali saisinatajiem proteina
variantiem tika izveidotas, izmantojot atbilstoSus apgrieztos
oligonukleotidus un to paSu pETDuet-1 atvasinato vektora bazi.
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2.3. Proteinu producésana

Nativie proteini un to saisinatie varianti tika producéti E. coli
BL21(DE3) stunas, izmantojot optimiz&tu protokolu, ko meés izstradajam,
lai palielinatu mérkprotetnu $kidibu un iznakumu. Isuma, ar atbilsto$o
plazmidu transformétas S§tinas tika audzetas 2xTY barotné ar 50 ug/mL
ampicilinu 25 °C temperatiira lidz OD600 0,6-0,8. Péc tam kultivéSanas
temperatiira tika samazinata 1idz 22 °C un mérka proteina producésana
tika inducéta ar 0,01 mM izopropil-B-D-1-tiogalaktopiranozida (IPTG)
Skidumu, turpinot kultivéSanu pa nakti. Ar selenometioninu (SeMet)
aizvietotie proteini savukart tika producéti E. coli B834, izmantojot
reagentu komplektu (Molecular Dimensions) un nedaudz modificétu
protokolu, kas miisu peétijlumos uzlaboja mérka proteinu Sskidibu.
Vispirms $iinas tika audzgtas 2xTY barotn€ ar 50 ug/mL ampicilinu 25
°C temperatiira lidz OD600 0,8-1,0, p&c tam tas tika parnestas uz specialu
komercialu barotni ar baribas vielam un inkub&tas 25 °C temperatiira 2 h.
Tad tika pievienots SeMet Skidums un produkcija tika inducéta ar 0,1-1,0
mM IPTG 25 °C temperatiira, turpinot inkubaciju pa nakti. Sinu biomasa
tika ievakta ar centrifugéS8anu un uzglabata -20 °C temperatira lidz
izmantoSanai.

2.4. Proteinu attiriSana

Lai uzsaktu mérkproteinu izoléSanu, $tinu masa tika atkauséta,
resuspendéta TN bufer§kiduma (20 mM Tris-HCI (pH 8,0), 300 mM
NaCl) un lizéta ar sonikaciju. Lizata Skistosa frakcija tika iegita
centrifuggjot, un talak to izlaida cauri HisTrap afinitates hromatografijas
kolonnai (GE Healthcare). Kolonna tika skalota ar TN buferskidumu, kas
saturgja 20 mM imidazolu, un saistitais proteins tika eluéts TN
buferskiduma ar pievienotu 300 mM imidazolu. His-Tag iezime tika
atdalita ar TEV proteazi, kam sekoja vél viens afinitates hromatografijas
solis, lai izolétu iezimi nesaturoSo proteinu. Lai iegiitu kristalizacijai
pietiekami tiru preparatu, ORF6 proteins tika papildus attirits ar augstas
izskirtsp&jas jonu apmainas hromatografiju, izmantojot MonoQ kolonnu
(GE Healthcare). SeMet proteini tika izoléti un attiriti pec tada paSa
protokola ka attiecigie nativie proteini, iznemot to, ka visi bufer§kidumi
tika papildinati ar ditiotreitolu (DTT), lai samazinatu proteinu agregaciju.
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2.5. KristalizéSana un datu iegiiSana

AttIrito proteinu preparatiem buferskidumi tika nomainiti uz 20
mM Tris-HCI (pH 8,0), 100 mM NaCl (ar 1 mM DTT SeMet proteiniem),
un proteini tika koncentréti lidz ~10 mg/mL, izmantojot atbilsto$as
molekulmasas filtrus (Millipore). P&c tam istabas temperattira tika veikti
“sedosa piliena” tvaika difuizijas kristalizé$anas eksperimenti, izmantojot
komerciali pieejamus kristalizacijas Skidumu komplektus, piem&ram,
JCSG-plus, Structure screen 1 + 2 un PACT premier (Molecular
Dimensions), un pipetéSanas robotu (Tecan). Kristalu audzésanas apstakli
tika replicéti un manuali optimizgti, lai ieglitu vairak kristalu, kurus péc
tam parnesa uz krioprotektanta Skidumu, sasald&ja Skidraja slapeklt un tur
uzglabaja lidz rentgenstaru datu ievaksSanai. Lai ieglitu proteina-liganda
kompleksus, es galvenokart izmantoju ko-kristalizaciju, mérka proteinu
sajaucot ar ligandu dazadas molarajas attiecibas tiesi pirms skrininga vai
turpmakajiem kristalizacijas eksperimentiem. Enc34 endolizina gadijuma
tika izmé&ginata arT proteina kristalu mércésana ligandu $kidumos, tomér
ne §i, ne ari ko-kristalizacijas metode iegitajas struktiiras neatklaja
saistitu ligandu. Difrakcijas dati no visiem kristalu paraugiem tika iegti
vairakos komandgjumos MAX-lab un MAX IV (Lundas Universitatg) un
BESSY Il (Helmholca centra, Berling).

2.6. Struktiuiras noteik§ana

Lai noteiktu ORF6 proteina struktiiru, SeMet kristala difrakcijas
atteli tika apstradati ar MOSFLM (Battye et al., 2011) un merogoti,
izmantojot SCALA (Evans, 2006), no CCP4 programmatiiras (Potterton
et al., 2018). FazeSana tika veikta, izmantojot SHELX C/D/E
programmas (Usén, Sheldrick, 2018), kam sekoja blivuma modificéSana
ar DM (Cowtan, 2010). Sakotngjais modelis tika generéts ar
BUCCANEER (Cowtan, 2006), un p&c tam tas tika manuali parbiivets
COQOT programma (Casafial et al., 2020) un uzlabots ar REFMACS5
(Kovalevskiy et al., 2018). C-terminali saisinata ORF6 proteina struktiira
tika atrisinata ar molekularo aizvietoSanu, izmantojot MOLREP (Vagin,
Teplyakov, 2010), un proteina-DNS kompleksa struktiira velak tika
izrékinata, izmantojot PHASER (McCoy et al., 2007). Savukart ORF39
proteina difrakcijas atteli tika apstradati ar XDS (Kabsch, 2010a), un péc
tam vairakas SeMet datu kopas tika mérogotas kopa, izmantojot
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XSCALE (Kabsch, 2010b) caur XDSAPP (Sparta et al., 2016). Struktiira
tika atrisinata ar AutoSol Wizard (Terwilliger et al., 2009) no Phenix
programmatiiras (Liebschner et al., 2019), un modelis tika izmantots, lai
fazétu nedaudz augstakas izskirtsp&jas nativo datu kopu. VElaki ko-
kristalizacijas un kristalu mercéSanas eksperimenti rezultgjas ar vél
daudzu citu augstas izskirtsp&jas struktiiru noteikSanu, izmantojot
PHASER, un no tam vispilnigakais modelis tika talak uzlabots ar COOT
un REFMACS un izmantots publicéSanai. Visas deponétas ORF6 un
ORF39 struktiiras ir validétas ar COOT un MolProbity (Williams et al.,
2018).

2.7. Struktiiras analize

Modelu parbaude un detalizéta izpéte tika veikta COOT un
PyMOL programmas (Schrodinger, DelLano, 2020). ORF6 un ORF39
strukturalie homologi tika identificéti, izmantojot attalumu matricas
salidzinasanas (Dali) serveri (Holm, 2022). Starpmolekularas
mijiedarbibas kristalos tika parbauditas ar PDBePISA (Krissinel,
Henrick, 2007). ORF6 protetnam elektrostatiska virsma tika aprékinata ar
PyMOL papildus programmu APBS Tools (Jurrus et al., 2018), un “omit”
elektronblivuma karte tika izveidota ar REFMAC un FFT (Murshudov et
al., 1999) no CCP4. ORF39 proteina aminoskabju konservativitates
analizei un kartéSanai tika izmantots ConSurf (Ashkenazy et al., 2016).
Modelu vizualizacija un attelu sagatavosana tika veikta ar PyMOL.

2.8. Elektroforétiskas kustibas nobides tests

ORF6 protetna DNS saistiSanas 1paSibas tika pétitas ar
elektroforézes eksperimentiem agarozes géla. Gan pilna garuma, gan
saisinatais proteina variantS tika testéts ar VPpDNS un dpDNS
fragmentiem, kas tika iegtiti no Enc34 genoma. DNS alikvotas tika
sajauktas ar ORF6 proteinu dazadas ta koncentracijas (molaro attiecibu
diapazona no 1:156 lidz 1:2500), un Sie maisTjumi 20 mindtes tika
inkubgti istabas temperatiira. Talak tos ienesa 1% nativaja agarozes géla,
kas saturgja etidija bromidu, Tris-acetata-EDTA (TAE) buferskiduma, un
tika veikta elektroforéze 20 min pie 10 V/cm, kuras beigas DNS tika
vizualizéta ultravioletaja gaisma.
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2.9. Optiska blivuma samazinasanas tests

ORF39 proteina peptidoglikana Skelsanas aktivitate tika noteikta
spektrofotometriski, testgjot proteinu pret bakteriju Stinu substratu ar argji
ekspongtu peptidoglikana slani. Lai iegiitu $adu substratu, Gram-
negativas Escherichia coli W3100, Pseudomonas aeruginosa PAO1 un
Enc34 jutigas Hafnia alvei sanas (visas no laboratorijas kolekcijas) tika
apstradatas ar hloroforma piesatinatu 50 mM Tris-HCI (pH 7,7), péc tam
tas skalojot un resuspendgjot fosfatu buferskiduma (PBS) optiskaja
blivuma OD600 0,6-1,0. Reakciju maisijumi tika sagatavoti 96 bedrisu
mikroplaté, membranas permeabilizétajam Stnam pievienojot dazadus
ORF39 proteina daudzumus, un talak to absorbcija pie 600 nm tika mérita
ar mikroplasu lasitaju (BioTek) 3 h ar 3 min starplaikiem. Péc tam
enzimatiska aktivitate tika aprékinata, izmantojot ActivityCalculator
izklajlapu no https://www.biw.kuleuven.be/logt/ActivityCalculator.htm
(Briers et al., 2007). ORF39 proteins tika testéts arT uz argjo membranu
saturos$am  Gram-negativam S§tnam, ka ar1  Gram-pozitivam
Microbacterium paraoxydans baktérijam (no laboratorijas kolekcijas),
izmantojot tikai augstako enzima koncentraciju. Visas reakcijas tika
veiktas trijos atkartojumos, ka negativo kontroli izmantojot PBS, bet ka
pozitivo kontroli — vistas olu baltuma lizoctimu (Biochemica).
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3. REZULTATI UN DISKUSIJA

Mans promocijas p&tijums ir atainots tris publicétos manuskriptos:
() prezenté un raksturo metodes, kas tika izstradatas Enc34 ORF6
proteina izpétei un vélak tika piem&rotas ari citiem mérkproteiniem no
Enc34 proteoma, tostarp ORF39, (II) lielakoties analizé Enc34 ORF6
proteina struktirbiologiju, un (III) atklaj jaunu lizocima folda variaciju,
kas parstavéta Enc34 ORF39 proteina. Sis nodalas struktiira ir veidota ta,
lai iepazistinatu ar galvenajiem miné&to publikaciju rezultatiem (attiecigi
3.1., 3.2. un 3.3. apaks$nodala) un Tsi apspriestu projekta nakotni (3.4.
apak$nodala).

3.1. Vienpavediena DNS saisto$a proteina struktiiras
raksturoSana: bakteriofaga Enc34 ORFG6 proteina
gadijuma analize

Lai labak izprastu vienpavediena DNS saisto$a proteina (SSB)
funkcijas molekularos pamatus, ir janosaka ta trisdimensionala strukttira,
ja iespgjams, kompleksa ar DNS. Saja publikacija ir aprakstiti visi soli,
kas tika veikti, lai strukturali raksturotu bakteriofaga Enc34 SSB, ko kodg
ta genoma ORF6. M@&s sniedzam sikaku informaciju par galvenajam
pétijuma izmantotajam procediram, sakot ar ekspresijas konstruktu
izstradi, proteina produc€Sanu, attirisanu un kristalizé€sanu, lidz pat
trisdimensionalas struktiiras noteik8anai un analizei. Papildus més
dalamies ar padomiem un ieteikumiem, kas lava veiksmigi realiz&t
bakteriofaga Enc34 ORF6 SSB pétijumu un kuru viens no piemériem ir
zemak ilustrétais rekombinanta proteina producéSanas optimizets
protokols.

Producgjot rekombinantus proteinus E. coli, interes€josais proteins
gana biezi izradas pilniba vai dalgji neskistoss, kas tika noverots arl
Enc34 ORF6 proteina gadijuma. Tomér, gadu gaita producgjot dazadus
rekombinantus proteinus, miisu laboratorija ir ticis izstradats alternativs
protokols, kura tiek izmantota zemaka kultivéSanas temperattra (22 °C)
un induktora koncentracija (0,01 mM IPTG), un tas ir bijis loti efektivs
SkistoSu proteinu razosSanali, vienlaikus saglabajot lidzigu vai pat lielaku
mérkproteina iznakumu, neka producgjot standartapstaklos (2. attels, A).
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kDa 1 2 3 4 55 6 7 8
Standarta protokols  Optimizéts protokols ‘ v
(37°C, 1 mMIPTG, 4 h) (22 °C, 0.01 mM IPTG, 16 h)

2. attels. Enc34 ORF6 proteina producgsana un kristalizésana. SDS-PAGE analize ORF6
proteina produkcijai un $kidibai, izmantojot standarta vai optimizétu producéSanas
protokolu (A). 1 — molekulmasas markieris; 2 — neinducétu $tnu lizats; 3 un 6 — $inas
proteinu saturs ORF6 producésanas beigas; 4 un 7 — neskistoso proteinu frakcija; 5 un 8
— 8kistos0 proteinu frakcija. Bultina norada uz ORF6 proteina zonu. Pilna garuma ORF6
proteina (B) un ORF6AC-oligotimidina kompleksa (C) kristali.

Nativais pilna garuma Enc34 ORF6 proteins tika producéts
saskana ar optimizéto protokolu, un talak tas tika attirits, izmantojot
imobilizetu metala jonu afinitates hromatografiju un anjonu apmainas
hromatografiju. Proteins viegli kristalizgjas vairakos apstaklos (2. attels,
B), tade] darbs tika turpinats ar pilna garuma ORF6 selenometionina
aizvietota varianta (SeMet-ORF6) producésanu, kas bija nepiecieSams,
lai iegtitu eksperimentalos fazu datus struktiiras noteiksanai. P€c SeMet-
ORF6 attiriSanas un kristaliz€Sanas protokolu optimize$anas iegitie
kristali tika izmantoti rentgenstaru datu ievakSanai un struktiras
atrisinaSanai. Visbeidzot, tika izveidots C-terminali saisinats ORF6
variants (ORF6AC), pamatojoties uz to, ka proteina nestrukturétais C-
gals var gan kavét kristalizaciju ta fleksibilitates dél, gan konkurét ar
vienpavediena DNS par vienu un to pasu saistiSanas virsmu (Marintcheva
et al., 2008). Visbeidzot, tika iegiita ORFO6AC struktira kompleksa ar
DNS, izmantojot rentgenstaru datus no protetna-oligotimidina ko-kristala
(2. attels, C).
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3.2. Enterobacter faga Enc34 vienpavediena DNS saistos$a
proteina DNS atpaziSanas strukturalie pamati

Enc34 ORF6 proteina struktiira tika noteikta 1,50 A izskirtspgja,
un, ja neskaita nestrukturéto C-galu, pargjam proteinam ir kompakta,
globulara forma ar aptuveni 40 A diametru un jauktu o/p arhitektiiru, ko
galvenokart veido B-virknes. Proteinu var raksturot ka veidotu no
ieliektas septinu virknu B-plaksnes viena proteina pus€, no kuras tris
centralas virknes kopa ar divam B-virkn@m no pretéjas puses veido
nedaudz saplacinatu piecu pavedienu -mucu proteina kodola, savukart
B-mucas abus galus aizklaj a-spirales (3. attéls). ST proteina arhitektiira
viennozimigi atgadina oligonukleotidu/oligosaharidu saistiSanas (OB)
foldu, ko parasti definé ka piecu virknu B-mucu ar galu nosedzosu o-
spirali (Theobald et al., 2003).

3. attels. Faga Enc34 ORF6 proteina terciara struktiira. Proteina aminoskabju seciba ir
iekrasota varaviksnes krasas no violetas lidz sarkanai, attiecigi no N lidz C-galam. Virknes
proteina B-mucas kodola ir numurgtas saskana ar Murzin, 1993.

Lai ari sekvences limeni Enc34 ORF6 homologi ir tikai
tuvradniecigi fagu proteini no nezinamas funkcijas doména (DUF) 2815
saimes, ta trisdimensionala struktiira ir lidziga dazadiem OB folda
protetniem. Tris struktiiras, kas paslaik atrodamas ProteTnu datu banka
(PDB), neparprotami veido kopigu strukturalas homologijas grupu ar
Enc34 ORFG, un taja ietilpst vél divi lidz sim neraksturoti fagu izcelsmes
proteini no Bacillus cereus (PDB ID: 4JG2) un Enterococcus faecalis
(PDB ID: 4KLK), ka arT bakteriofaga T7 géna 2.5 proteins (PDB ID:
1JE5), kas ir plasi pétits SSB (Hernandez, Richardson, 2019). Lai
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apstiprinatu, ka Enc34 ORF6 patiesam darbojas ka SSB, proteins tika
parbaudits agarozes géla elektroforézé dazada veida DNS klatbiitngé. Tika
skaidri novérota DNS kustibas nobide VPDNS gadijuma, bet ne proteinam
ar dpDNS. Parsteidzosa karta tika atklats, ka ko-kristalizacijas
izm&ginajumiem izveidotais C-terminali saisinatais proteins saistija ka
VPDNS, ta dpDNS ar lidzigu afinitati.

Turpinot pétit Enc34 ORF6 DNS saistiSanas mehanismu, més
noteicam ORF6AC 3D struktiiru kompleksa ar vpDNS. ORF6AC-(dT)ss
kristali difraggja Iidz 1,56 A un saturgja vienu ORF6AC molekulu
asimetriskaja vieniba, kas bija saistijusi devinu timidina nukleotidu
sekvenci (4. attéls). Kompleksa struktiira bija redzams, ka DNS pavediens
izklaj visu OB folda ligandu saistisanas virsmu, kas lielakoties ir pozitivi
lad&ta un norobezota ar cilpam L12, L23'3 un L45, kuras savieno attiecigi
B1 un B2, 23’ un B3 un B4 un BS. Proteina DNS saistiSanas mehanisma
pamata ir divas aromatiskas aminoskabes un vairakas elektrostatiskas
mijiedarbibas, kuras ir konservativas un raksturo T7 tipa SSB saimi.

4. attels. ORF6AC-(dT)ss kompleksa struktira. DNS oligonukleotids (oranza krasa)
saistas pozitivi ladétaja iedobé OB folda doména (A). Atskiriga kompleksa orientacija,
kura DNS ir parklata ar 2Fo-Fc “omit” elektronblivuma karti, konturétu pie 0,7 o (B).
Abos panelos timidini ir numuréti T1-T8 5’ — 3’ virziena un ir noraditas ar1 saistiSanas
virsmu norobezojosas cilpas.
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3.3. Lizocima folda daudzveidiba: neparasta endolizina,
ko kode fags Enc34, katalitiska doména struktiira

Lai uzsaktu Enc34 hipotetiz&ta endolizina funkcijas un struktaras
petijumus, ORF39 sekvence tika klon&ta ekspresijas konstrukta un ar
seSiem histidiniem N-gala iezim&ts ORF39 proteins tika producéts E. coli
Stnas. Plazmidai, kas kod&ja pilna garuma proteinu, bija zema
transformacijas efektivitate, tika noverota arT samazinata $iinu augSana un
péc indukcijas nebija konstat§jama meérka proteina produkcija, kas
liecinaja par ORF39 produkta toksicitati baktriju $tnam. Turpmaki
eksperimenti atklaja, ka ORF39 proteina saisinatais variants, kas saturgja
tikai N-terminalo PHA02564 doménu, ir viegli producgjams skistosa
forma un ir $tnam nekaitigs. Tadel visos turpmakajos pétijumos tika
izmantots proteina C-gala delécijas variants ORF39AC.

Lai parbauditu Enc34 endolizina enzimatisko aktivitati, attiritam
ORF39AC proteinam tika veikti optiska blivuma samazinasanas testi, ka
substratu izmantojot aréjas membranas (AM) permeabiliz&tas bakterijas.
Enc34 endolizins uzradija neparprotamu muralitisko aktivitati pret AM
permeabilizétam Escherichia coli W3100, Pseudomonas aeruginosa
PAO1 un Hafnia alvei $tnam, pieradot, ka Enc34 endolizina N-
terminalais doméns un 1idz ar to arT citu bakteriofagu genomos atrodamie
PHAOQ02564 saimes proteini patiesam ir funkcionalu endolizinu
enzimatiski aktivie doméni (EAD).

ORF39 EAD struktiira tika noteikta, izmantojot viena vilpa garuma
anomalas difrakcijas metodi ar SeMet aizvietotiem ORF39AC kristaliem,
kas difraggja Iidz 1,8 A. Velakos eksperimentos tika izrekinata cita
struktiira ar iz8kirtsp&ju Iidz 1,6 A, un tap&c ta tika izvéleta publicgsanai.
ORF39 EAD kopgja struktiira sastav tikai no spiralém un cilpam, un to
veido seSas a-spirales (al Iidz a6) un viena vienpagrieziena 3o spirale
starp a5 un o6 (5. attéls). So struktiiru var raksturot ka divu sapludinatu
a-spiralu saisku kopu, no kuriem pirmo veido a2, a3, a4 un a5, bet otro
— 02, a5 un a6. EAD ir globularas formas ar lielu iedobi starp cilpam, kas
savieno al-02 un a3-04, un tas centrs ir apméram o3 spirales C-gala.
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5. attéls. Enc34 endolizina enzimatiski aktiva doména terciara struktiira. Proteina
aminoskabju seciba ir iekrasota varaviksnes krasas no violetas 1idz sarkanai, attiecigi no
N lidz C-galam.

Strukturalas homologijas analize ar Dali ka lidzigus atklaja
dazadus a-strukturétus proteinus, tomér nevienam no “top” lidziniekiem
nebija nekadas acimredzamas radniecibas ar endoliziniem. Tikai tiTs
proteini, proti, N-acetilglikozaminidaze no Thermotoga maritima (PDB
ID: 4QDN; Z vertiba: 3,0), Iitiska transglikozilaze gp144 no bakteriofaga
¢KZ (PDB ID: 3BKH; Z vértiba: 2,6) un E. coli Iitiska transglikozilaze
MItC (PDB ID: 4C5F; Z vértiba: 2,5) liecinaja par potencialu homologiju,
kaut arT sekvences Iimeni tie bija tik atSkirigi no Enc34 ORF39, ka
sekvencu salidzindjumi nebija iesp&jami. Savukart struktiiras limenT Sie
tris  homologiskie proteini reprezenté dazadus o/f lizocima folda
variantus, kas visi sastav no a un B-strukturétam daivam, starp kuram
veidojas dzila iedobe substrata saistiSanai un SkelSanai. Enc34 endolizina
EAD ir lidzigs lizocima folda a-daivai, bet taja nav B-struktur&tu
elementu. Tomér jaatzimé, ka liela cilpa, kas ORF39 proteina savieno ol
un o2, buitiba atrodas taja pasa vieta, kur TM0633 B-daiva, un tai varétu
bt lidziga funkcija substratu saisto$as iedobes aizsegSana.

ORF39 EAD struktara Glul3l pozicija atbilst katalitiskajam
glutamata atlikumam TMO0633, gp144 un MItC proteinos, kas apstiprina,
ka dzila iedobe patiesam ir Enc34 endolizina aktivais centrs. Konservativi
ir arT Trp79 un Tyr95, kas ir tikusi paraditi ka svarigi katalizei ORF39
strukturalajos homologos (Lipski et al., 2015; Chertkov et al., 2017).
Spirales, kas Enc34 endolizina atbilst 02, a3 un o4, $ada seciba ir
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atrodamas ar1 pargjos tris proteinos, bet, kamér a5 Enc34 endolizina seko
tiesi aiz a4, TM0633, gp144 un MItC proteinos attieciga spirale atrodas
pirms a2 analoga (6. attéls). Zimigi, ka Enc34 endolizina katalitiskais
Glul3l ir tieSi a5 spirale, bet, neraugoties uz cirkularo permutaciju,
attiecigais glutamata atlikums TMO0633, gpl44 un MItC strukttras
atrodas tie$i taja paSa vieta, kur ORF39 proteinam. Kopuma S§is
konservativas strukturaldas ipaSibas liecina par Enc34 endolizina un
TMO0633, gp144 un MItC proteinu evolucionaro radniecibu, ka arT iezZimé
peptidoglikana skelsanas molekularo motivu lielai enzimu supergrupai,
kas apvieno glikozidu hidrolazes (GH) 73 un GH23 proteinus.

ORF39 TMO0633 gpl44 MItC
GH73 GH23 GH23

o<q( <A
N
\) \«

Y

3

02 a3 o4 a5

ORF39 a0 .
TM0633 [ L B ]
gpldd a G a
MItC L ) @&

6. attels. Enc34 endolizina un GH73 un GH23 glikozidu hidrolazu folda Iidziba. Cetras
o-spirales, kas veido proteina kodolu, ir izceltas dazadas krasas. So proteinu sekundaras
struktiiras elementu diagrammas ir paraditas zemak, izmantojot to pasu krasu sheému.
Gpl144 un MItC proteinu pargjie doméni ir nonemti, lai saglabatu att€la uzskatamibu.

Biitisks §T petijuma trikums ir tas, ka netika iegiita endolizina-
liganda kompleksa struktiira, kas lautu sikak izpéetit §1 Enc34 divergenta
enzima peptidoglikana saistiSanas un $kel$anas molekularos principus.
Tika veikti daudzi kristalu mércésanas un ko-kristalizacijas eksperimenti,
izmantojot komerciali pieejam0 N-acetilglikozaminu (GlcNAc), N-
acetilmuraminskabi (MurNAc), hitotetraozi un GIcNAc-MurNAc
disaharidu, bet diemz&l bez panakumiem. Lai gan endolizina-liganda
kompleksi ir tikusi iegti, izmantojot proteina dabisko formu (Pérez-
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Dorado et al., 2007; Fokine et al., 2008), turpmaki kristalu m&rcé$anas un
ko-kristalizacijas eksperimenti, izmantojot neaktivu Enc34 endolizina
variantu, varétu radit labaku iesp&ju proteina-liganda mijiedarbibas
notverSanai. Japiemin ari, ka strukturalais homologs TM0633 izradijas
enzimatiski neaktivs uz peptidus nesaturosiem glikanu pavedieniem un
kristaliz€Sanas izméginajumos ar lineariem peptidoglikana analogiem,
tiesi tapat ka ORF39 gadijuma, neizdevas iegiit nevienu ar ligandu saistitu
TMO0633 proteina struktiiru (Lipski et al., 2015). Tap&c mums ir zinama
interese par kristalografijas eksperimentu turpinasanu, Soreiz izmantojot
sazarotus peptidoglikana analogus.

3.4. Enc34 ORF3, ORF4 un ORFS5 proteinu AlphaFold2
struktiiras un turpmaka darba perspektivas

“Proteinu struktiiras prognozesanas kritiska novertéjuma’ pasaules
konkursa Cetrpadsmita karta 2020. gada ieziméja nozimigu paversienu
proteinu struktiirbiologijas joma. DeepMind izstradata dzilas maciSanas
maksliga intelekta programma AlphaFold2 (AF2) (Jumper et al., 2021)
kluva par §1 ilggadgja izaicinajuma uzvaretaju, spejot prognozet atsevisku
proteinu molekulu foldingu ar teju eksperimentalu precizitati (Pereira et
al., 2021). Turpmakais zinatniskas sabiedribas izvértéjums ir tikai
apstiprinajis AF2 modelu uzticamibu, un p&tnieki ir vienispratis par §is
tehnologijas nozimigumu struktiirbiologijas un dabaszinatnu turpmakaja
attistiba (Cramer, 2021; Akdel et al., 2022). Tacu ieprieks, pirms AF2,
gan ORF6, gan ORF39 proteinu trisdimensionalas struktiras tika
atrisinatas eksperimentali, ar publikacija | raksturotajam metodém. Lai
gan ilgais un darbietilpigais de novo struktiiras noteikSanas cel$ ir bijis
veiksmigs faga Enc34 ORF6 un ORF39 produktu strukturalajai
raksturo$anai, ORF3, ORF4 un ORFS5 hipotétisko proteinu struktiiras, kas
ar1 savulaik tika uzstaditas ka darba merki, ta arT nekad nematerializgjas,
jo vienkar$i neizdevas iegiit So proteinu kristalus. Savukart AF2 spgj
prognozet visas tis struktiiras mints$u laika (7. attéls), demonstréjot
neironu tiklos balstitu skaitloSanas pieeju apbrinojamas un pat
parcilvéciskas spgjas.
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ORF3

ORF5 Modela ticamiba

M Loti augsta (pLDDT > 90)
Parliecinosa (90 > pLDDT > 70)
Zema (70 > pLDDT > 50)

Il Loti zema (pLDDT < 50)

7. attéls. Faga Enc34 ORF3, ORF4 un ORF5 proteinu AlphaFold2 struktiiras. Paradits
katra proteina visaugstak novértétais modelis, un atlikumi ir ickrasoti atbilstosi to
prognozeto lokalo attalumu starpibas testa (pLDDT) vértibam, Kas korel€ ar strukturalas
prognozes ticamibu (nepublicéti dati).

Lai ilustretu, ka miusdienu sasniegumi maksliga intelekta un
masinmacisanas joma var paatrinat proteomikas “tumsas materijas”
izpéti, ka pieméru es aplikosu Enc34 ORFS proteinu. Sis proteins satur
DUF2800, kas Konservativo doménu datubazé paslaik tiek anotéts ka
CRISPR/Cas sistemas asociétais proteins Cas4. Ta prognozetas strukttras
parbaude ar Dali atklaja izteiktu homologiju ar vairakiem proteiniem,
kam piemit eksonukleazes aktivitate. Promocijas darba sagatavoSanas
laika ORF5 Dali “top” lidzinieks ir mikobakteriju heterodimériska
helikaze-nukleaze AdnAB (PDB ID: 6PPR; Z-score: 13,2), kas ir
atbildiga par DNS divpavedienu parravumu (DSB) apstradi, lai tos talak
var€tu labot ar homologas rekombinacijas palidzibu (Jia et al., 2019).
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Enc34 ORF5 proteina terciaro struktairu var raksturot ka veidotu no divam
daivam ar dzilu iedobi starp tam. Lielaka N-terminala daiva ir kompakta
un Tpasi konservativa, un ta atbilst nukleazes modulim AdnA subvieniba
un citiem strukturali raksturotiem eksonukleazes dom&niem. Turpreti C-
terminala daiva ir unikala Enc34 ORF5 un radniecigajiem fagu
proteiniem, un interesanti, ka prognozeétajos AF2 modelos ta ienem
vairakas alternativas konformacijas, atklajot struktiiru dazados atvertibas
stavoklos, no kuriem dazi var€tu bat biologiski relevanti. Atvértakajas
ORFS5 proteina konformacijas ir iesp&jams iemodelét “daksveida” DNS
molekulu no AdnAB kompleksa struktiiras tikai ar nebatiskiem
steriskajiem traucgjumiem, Kkas liecina, ka ORF5 proteins, lidzigi ka
AdnA, potenciali apstrada Y formas DNS substratu. Daudzi no
identific€tajiem ORFS proteina homologiem darbojas kopa ar helikazem,
kas nodrosina DNS pavedienu atvisanu un kompleksa parvietoSanu, un
tamde| varetu izpetit, vai art ORFS5 proteins veido kompleksus ar pasa
faga vai saimniekbaktérijas helikdzes doméniem. Jaatzimé, ka fagam
Enc34, papildus replikativajai helikazei, kas ir ietverta ORF1 bi-
funkcionalaja praimazes-helikazes proteina, ir ar papildus DNS helikaze,
ko kodeé ORF9 un kuras funkcija vél nav izpétita. Ja §adi daudzprotenu
kompleksi  tiktu identific€ti, tie butu interesanti kriog€nas
elektronmikroskopijas petjumu objekti, jo Tpasi nemot vera ORF5
radniecibu ar DSB laboSanas sisttmam un pat CRISPR asociétajiem
proteiniem. Biutiska lidziba starp Enc34 ORF5 un Cas4 protemniem
patiesam ir konstatjama, tomér bez papildus pieradijumiem ORF5
iesp&jama iesaiste CRISPR speiseru apstradé (Lee et al., 2019) vai
jebkura cita ar CRISPR saistita procesa joprojam nav zinama, un tas ir vél
viens saisto$s jautajums turpmakajiem p&tijjumiem.
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SECINAJUMI

Bakteriofaga Enc34 ORF6 produktu un ta saisinato, ka ari
selenometionina aizvietoto variantu var rekombinanti producét E.
coli. Samazinata kultivéSanas temperatira un induktora
koncentracija palielinaja mérkproteinu Skidibu.

Enc34 ORF6 proteinu un ta variantus var attirit, kombingjot
hromatografijas metodes, un kristalizét, izmantojot komercialus
Skidumu komplektus. C-terminali saisinatais ORF6 proteins
kristaliz&jas arT1 DNS oligonukleotida klatbtitné.

Struktiiras [imeni Enc34 ORF6 proteins sastav no N-terminala
oligonukleotidu/oligosaharidu saistiSanas folda doména un C-
terminala nestrukturta segmenta, un tas ir lidzigs faga T7
vienpavediena DNS saistoSajam protetnam gp2.5.

Enc34 ORF6 proteins saista vienpavediena DNS in vitro, un ta C-
gals spéle lomu vienpavediena un divpavedienu DNS izskirSana.
Bakteriofaga Enc34 ORF39 produkts ir toksisks E. coli §tnam,
tatu C-terminali saisinatu protelnu un ta selenometionina
aizvietoto variantu var iegit, attirit un kristaliz&t, izmantojot
lidzigas laboratorijas metodes ka ORF6 proteina gadijuma.

Enc34 ORF39 proteina N-terminalais doméns skel Gram-negativu
peptidoglikanu in vitro ar lidzigu aktivitati ka komercials vistas olu
baltuma lizoctms.

Struktaras Itment Enc34 ORF39 N-terminalais doméns sastav no
piecam a-spiralém, kas sakartotas divos sapludinatos spiralu
saiSkos, un ta struktira ir attali lidziga lizocima folda o-
strukturétajai dalai.

Enc34 ORF39 protelns ir radniecigs glikozidu hidrolazes GH73 un
GH23 enzimiem, kas ietver fagu endolizinus un bakteriju
autolizinus un kuriem visiem ir kopigs loti konservativs tris
aminoskabju motivs substrata SkelSanai.

Protemni, kas satur nezinamas funkcijas doménu DUF2815, ir
vienpavediena DNS saistoSie proteini, un fagu proteinu PHA02564
saimes parstavji ir Gram-negativu peptidoglikanu noardosi
endolizini.
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ANNOTATION

A significant proportion of most phage genomes constitutes the
“dark matter of the biosphere”, exhibiting low or undetectable similarity
to characterized sequences and encompassing numerous fascinating
protein targets for dedicated studies that could finally unearth their novel
biology or translational potential. Hafnia virus Enc34, discovered by our
laboratory, encodes several such proteins including the open reading
frame (ORF) 6 hypothetical DNA replication protein and the ORF39
putative endolysin, both of which represent evolutionarily conserved yet
uncharacterized protein families. To gain a better understanding about
these proteins, their native, mutant and selenomethionine-substituted
variants were produced, purified and crystallized, and their three-
dimensional structures were experimentally determined. Structural
homology analyses revealed that the Enc34 ORF6 protein is a diverged
member of the phage T7-type single-stranded DNA-binding proteins
(SSBs). Its DNA-binding properties were verified in vitro, and a crystal
structure of the protein in complex with a DNA oligonucleotide was
solved. The complex structure elucidated for the first time the molecular
basis of DNA binding for a major SSB family, found in both phages and
eukaryotic viruses. In the case of the Enc34 ORF39 protein, based on
genomic context we had hypothesized it to represent a new type of phage
endolysin, a peptidoglycan-degrading enzyme that digests the bacterial
cell wall “from within”. The proposed enzymatic activity was verified by
in vitro assays, and the three-dimensional structure of the protein’s
enzymatically active domain unveiled a highly diverged variation of the
lysozyme fold. Structural analysis uncovered that the Enc34 ORF39
protein is only distantly related to one other phage endolysin and two
bacterial autolysins that, nevertheless, all share a conserved three amino
acid scaffold for substrate cleavage. As a consequence of our work, the
domain of unknown function (DUF) 2815 and phage protein family
PHA02564 annotations are expected to become obsolete, having been
illuminated from the proteomic dark matter as SSBs and endolysins,
respectively.
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INTRODUCTION

Bacteriophages are beloved model systems in natural sciences, and
the continuous studies of the paradigm coliphages A, T4, M13 and a few
others, have generated many fundamental discoveries in biology and a
myriad of tools for science and industry. Genomic and metagenomic
sequencing efforts have revealed the occurrence of diverse phages in
every part of the nature, where they exist as a major driving force for
ecological and evolutionary processes, yet many aspects of phage biology
are still thought to remain undiscovered. The global threat of
antimicrobial resistance has further invigorated interest in phages as
agents for combating bacterial infections and contamination. Many
innovative antibacterials can be expected to emerge from phage-encoded
cell lysis machineries, which have turned out to be more diverse than
previously thought and still remain underexplored.

Within the growing record of bacteriophage sequences, most of the
encoded proteins lack reliable functional annotations due to low or
undetectable similarity to experimentally characterized gene products
and, thus, constitute the proverbial dark matter of the biosphere. Some of
these mysterious proteins, nevertheless, show notable conservation with
other viral, prokaryotic or even eukaryotic homologs and, therefore, are
excellent targets for structural and functional studies, having the potential
to elucidate entire protein families with apparently essential biological
roles. Our model bacteriophage Enc34, isolated at the BMC, encodes
several such proteins in its genomic modules for DNA replication and
host cell lysis, that upon closer inspection have attracted our interest for
experimental investigation.

Aims of the thesis

The aims of my doctoral thesis were to gain new knowledge about
the structure and function of uncharacterized proteins from the Hafnia
virus Enc34 proteome, to shed light on understudied protein families and
to contribute to functional annotation of biological sequences.



Tasks for achieving the aims

The specific tasks for achieving the aims were:

Theses

To identify conserved uncharacterized proteins of
interest in the Enc34 proteome using in silico
sequence analysis tools;

To develop  production, purification and
crystallization pipelines for the native and
selenomethionine-substituted protein variants;

To de novo determine and analyze the three-
dimensional structure of the selected proteins and to
initiate hypotheses regarding their function;

To explore the proposed function of the target proteins
by additional structural studies and in vitro assays.

The main theses of this work were:

1.

Bacteriophage Enc34 ORF6 protein is a diverged
component of the viral DNA replication machinery.

Bacteriophage Enc34 ORF39 encodes an endolysin
with an atypical architecture and a highly diverged
enzymatically active domain.

Focused structural studies, complemented with in
vitro  assays, can illuminate  previously
uncharacterized proteins from the viral dark matter.

Investigation of conserved understudied proteins can
provide insight into larger protein families and further
improve functional annotation of related sequences.
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1. LITERATURE REVIEW

From proving that DNA is the molecule of inheritance to the
discovery of clustered regularly interspaced short palindromic repeats
(CRISPR), studies involving bacteriophages have always been in the
forefront of molecular biology, delivering important insights and tools
now widely used in science and industry. Many of the most impactful
discoveries and applications originated from curiosity about both phages
themselves and biological processes as they manifested in bacteriophage
model systems (Salmond & Fineran, 2015). Still, these achievements may
only be the proverbial tip of the iceberg, since only a tiny fraction of all
phages in nature has been studied, and merely a small section of the viral
gene pool has been mapped and explored (Aevarsson et al., 2021). As
natural antagonists of bacteria, phages can also serve as biocontrol agents
and their lytic mechanisms can be exploited to create new
pharmaceuticals for bacterial infections. This line of research has recently
reactivated in light of mounting antimicrobial resistance among common
bacterial pathogens and prominent public health agencies sounding the
alarm on the imminent “post-antibiotic era” as well as calling for the
development of new antibacterial treatments (WHO, 2015; CDC, 2019;
ECDC & WHO, 2022). Undoubtedly, many more discoveries and
innovations will be derived from both basic and translational phage
research, which will steadily continue its contribution to science,
technology and medicine.

1.1. Phage biology

Bacteriophages infect the ubiquitous bacteria and, thus, are among
the smallest and most simple, yet abundant entities in nature with their
own genetics, evolutionary histories and some self-governing capacities
(Yolles & Frieden, 2022). Now it is recognized that phages are present in
all prokaryotic habitats, from aquatic to terrestrial, to plant and animal-
associated, and that they outnumber all organisms in the biosphere
combined (Cobian Giiemes et al., 2016). As the most numerous biological
entities on Earth, phages have major roles to play in biogeochemical
cycling (Suttle, 2007), shaping of bacterial ecosystems (Chevallereau et
al., 2021) and driving microbial evolution (Hampton et al., 2020).
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Phages differ not only in their virion structures, which can be
tailed, non-tailed, filamentous or enveloped, but also in the nucleic acid
type comprising the viral genome, as single-stranded (ss) and double-
stranded (ds) DNA and RNA phages are currently known (Ofir & Sorek,
2018). With the advancements in sequencing technologies, genomics
became an increasingly large and important part of phage research
(Briissow & Hendrix, 2002) and still remains a cornerstone of new phage
discovery and characterization. The expansion of phage genomics
immediately uncovered remarkable variation in genome size and
sequence, and further revealed that phage genomes are mosaic in
structure, i.e., composed of gene blocks or modules acquired from other
phages, due to extensive genetic exchange within the population (Hatfull,
2008). As of now, the GenBank genetic sequence database holds more
than 16,000 unique phage sequences (curated according to Cook et al.,
2021) and this collection appears to be doubling every two to three years,
with no apparent end in sight. However, only a small minority of bacteria
and their associated phages are readily cultivable under laboratory
conditions; therefore, the arrival and recent surge of viral metagenomics
has allowed for an even more comprehensive assessment of phage
distribution in different natural habitats (Paez-Espino et al., 2016;
Gregory et al., 2019) and has further illuminated the vastness of genetic
diversity within the virus world (Dion et al., 2020). To date, a large
section of the phage genomic and metagenomic data still constitutes the
so-called dark matter of the biosphere, that exhibits low or undetectable
similarity to any known sequences and, thus, encompasses entire genome
modules and enigmatic individual genes yet to be explored (Hatfull, 2015;
Santiago-Rodriguez & Hollister, 2022).

Tailed phages with DNA genomes around 25-100 kilobase pairs
(kbp) are ostensibly the most common (Zrelovs et al., 2020a) and
typically encode tens of phage proteins in a strictly modular arrangement,
likely due to selective pressures for maintaining an efficient compact
genome (Berg & Roux, 2021). The functional modules generally cluster
proteins pertaining to lysogeny, DNA replication, genome packaging,
phage head and tail morphogenesis, and host lysis (Briissow & Hendrix,
2002) which in the larger genomes are often punctuated with hyperplastic
regions encoding novel proteins with potentially adaptive functions
(Comeau et al., 2008).
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1.2. Hafnia virus Enc34

The Latvian Biomedical Research and Study Centre (BMC) has
had a prevalent interest in phage research, historically and still directed
towards ssSRNA bacteriophages and their structural proteins (Rimnieks
& Tars, 2011; Rumnieks & Tars, 2014; Rimnieks & Tars, 2017;
Ramnieks et al., 2020). During previous efforts to find new RNA phages
for study from different environmental sources we, in fact, had
accumulated a collection of more than 40 isolates of tailed DNA viruses.
For a while these phages were not further explored, until DNA
sequencing became much more available to us. That instigated a renewed
interest in characterizing the viruses we had discovered and ultimately
resulted in a new direction of tailed phage research at BMC and on a
national level. At the time of writing, the BMC phage collection has
grown by tens of additional isolates from insect, wastewater and even
Antarctic soil samples, among other sources. A total of 18 phage whole
genome sequences have been deposited in GenBank as of now, and our
findings include the first cultured phages of Virgibacillus halotolerans
(Zrelovs et al., 2020b) and Erwinia persicina (Zrelovs et al., 2020c), a
highly diverged Lactococcus bacteriophage (Zrelovs et al., 2021), a
Morganella phage with a distinct genome packaging mode (Zrelovs et al.,
2022a), and sequences of novel Psychrobacillus viruses originating from
Antarctic soil (Zrelovs et al., 2022b) all with unique and fascinating
features.

The very first fully sequenced isolate from the collection, however,
was the bacteriophage Enc34 (Kazaks et al., 2012), then thought to infect
Enterobacter cancerogenus based on biochemical tests, but more recent
molecular analyses showed its host to be an unusual strain of Hafnia alvei
(see Publication 111). H. alvei is a Gram-negative bacterium of the family
Hafniaceae within the order Enterobacterales (Adeolu et al., 2016) and
while it is typically regarded as a commensal of animal gut microbiota
(Song et al., 2017) the species has also been identified as the causative
agent of opportunistic infections in humans (lonescu et al., 2022) and
various diseases in bees, fish and other animals (Padilla et al., 2014). The
virion of Hafnia virus Enc34 has a head-tail structure with a long non-
contractile tail (Figure 1, left) and the viral genome is a linear dsSDNA
molecule approximately 60 kbp in length with 5* overhangs, known as

13



cohesive ends or cos, that indicate the 5° cos genome packaging strategy
(Casjens & Gilcrease, 2009). Formally named Enchivirus Enc34, the
phage is currently the only member of its genus, which further belongs to
the family Casjensviridae (Figure 1, right). At present, this family
comprises a large cluster of Salmonella viruses of the genus Chivirus and
many small genera of one or a few isolated phages. The latter infect an
array of different Gram-negative bacteria, including Burkholderia (Lynch
et al., 2012), Providencia (Onmus-Leone et al., 2013), Xylella (Ahern et
al., 2014), Proteus (Nguyen et al., 2019), Pectobacterium (Zaczek-
Moczydlowska et al., 2020) and others, while still exhibiting similar
genome size and notable synteny of genes.

M Realm: Duplodnaviria

* Kingdom: Heunggongvirae
Phylum: Uroviricota
Class: Caudoviricetes
Family: Casjensviridae

~ Genus: Enchivirus
Species: Enchivirus Enc34

Synonyms

: Hafnia phage Enc34, formerly known
__as Enterobacter phage Enc34

Figure 1. Hafnia phage Enc34. Transmission electron microscopy of virions (left) and
phage taxonomy and nomenclature (right). Scale bar, 100 nm (unpublished data).

The Enc34 genome contains 80 open reading frames (ORFs)
organized in functional modules responsible for viral DNA replication,
genome packaging, virion morphogenesis, and host cell lysis, however,
45 ORFs had no recognizable similarity to known gene products and thus
were annotated as hypothetical (Kazaks et al., 2012) (GenBank ID:
JQ340774.2). In my work, | narrowed the focus to uncharacterized
proteins in the phage Enc34 DNA replication module, in the middle of
which there appeared to be a gene block encoding four enigmatic
hypothetical proteins (ORFs 3 to 6), and to the cell lysis cassette,
seemingly containing a new type of bacterial cell wall-degrading enzyme

14



or endolysin (ORF39). The latter protein was predicted to have an unusual
architecture containing a C-terminal transmembrane domain and a highly
diverged enzymatically active domain. The selected proteins were
notably conserved, however, none of the identifiable sequence homologs,
at the time, had been investigated experimentally. Thus, studies of such
protein targets, in addition to uncovering essential structural and
functional aspects of the protein itself, would also illuminate entire
protein families, bringing them forth from the ‘“viral dark matter”
(Galperin & Koonin, 2004). My doctoral thesis details de novo structure
determination and function verification of the ORF6 hypothetical DNA
replication protein and the ORF39 putative endolysin. The
computationally solved structures of the ORF3, ORF4 and ORF5
products are also presented below with a brief discussion on future work
prospects.
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2. MATERIALS AND METHODS

To study the structure and function of proteins from our model
phage Enc34, | employed a range of molecular, microbiological and
computational techniques. Here I present a summary of the main methods
and procedures used to study Enc34 ORF6 and ORF39 proteins. More
specific details can be found in the respective papers, especially
Publication I, which in itself is a comprehensive guide for a structural
biology study.

2.1. Sequence analysis

Enc34 protein sequences were examined with BLASTP (Boratyn
et al., 2013) using the National Center for Biotechnology Information
(NCBI) non-redundant protein sequence database, as well as HHpred
(Gabler et al., 2020) and the PDB_mmCIF70 database. Transmembrane
helices were identified with TMHMM (Krogh et al.,, 2001) and
DeepTMHMM (Hallgren et al., 2022) and signal peptides were predicted
with SignalP (Teufel et al., 2022). Multiple sequence alignments for
further homology and phylogenetic analyses were generated using Clustal
Omega (Sievers & Higgins, 2021).

2.2. Plasmid construction

The coding sequences for proteins of interest were PCR-amplified
from the Enc34 genomic DNA (GenBank ID: JQ340774). ORF6 was
amplified using primers that contained the sequence of the tobacco etch
virus (TEV) protease cleavage site and restriction sites for molecular
cloning and clone selection. The amplified DNA was cloned into a
pETDuet-1 vector (Novagen) in-frame with an N-terminal hexa histidine-
tag (His-Tag). The resultant vector containing the affinity tag, followed
by the TEV site and a blunt-end restriction site for insert excision was
used to construct all subsequent plasmids, including that encoding
ORF39. To facilitate blunt-end cloning, forward primers were
phosphorylated by the T4 polynucleotide kinase (Thermo Scientific) prior
to PCR. Plasmids for the C-terminally truncated protein variants were
created using appropriate reverse primers and the same pETDuet-1-
derived vector backbone.
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2.3. Protein production

Native proteins and their truncated variants were produced in E.
coli BL21(DE3) cells using an optimized protocol that we have developed
to increase solubility and yield of target proteins. Briefly, cells
transformed with the protein-encoding plasmid were grown in 2xTY
medium with 50 pg/mL ampicillin at 25 °C to an OD600 of 0.6-0.8. Then
the cultivation temperature was reduced to 22 °C and target protein
production was induced with 0.01 mM isopropyl p-D-1-
thiogalactopyranoside (IPTG) overnight. The selenomethionine-
substituted (SeMet) proteins were produced in E. coli B834 using a
reagent kit (Molecular Dimensions) and a slightly modified protocol that
in our studies improved target protein solubility. First, the cells were
grown 2xTY medium with 50 pg/mL ampicillin at 25 °C to an OD600 of
0.8-1.0, upon which they were transferred to a dedicated commercial
medium with nutrients and incubated at 25 °C for 2 h. Then, SeMet
solution was added and overproduction was induced with 0.1-1.0 mM
IPTG at 25 °C overnight. The cells were harvested by centrifugation and
stored at -20 °C until further use.

2.4. Protein purification

To enable target protein isolation, the cell mass was thawed and
resuspended in TN buffer (20 mM Tris—HCI (pH 8.0), 300 mM NacCl)
and disrupted by sonication. The lysate was clarified by centrifugation
and applied onto a HisTrap affinity chromatography column (GE
Healthcare). The column was washed with TN buffer containing 20 mM
imidazole, after which the bound protein was eluted in TN buffer
containing 300 mM imidazole. The His-Tag was removed by TEV
protease, after which another round of affinity chromatography was
performed to separate the cleaved protein. To obtain sufficient purity for
crystallization, ORF6 protein required an additional step high-resolution
ion-exchange chromatography, for which I used the MonoQ column (GE
Healthcare). The SeMet proteins were isolated and purified following the
same protocol as for the respective native protein, except that all buffer
solutions were supplemented with dithiothreitol (DTT) to reduce protein
aggregation.
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2.5. Crystallization and data collection

Purified protein preparations were buffer exchanged into 20 mM
Tris—HCI (pH 8.0), 100 mM NaCl (with 1 mM DTT for the SeMet
proteins) and concentrated to ~10 mg/mL using appropriate molecular
weight cut-off filters (Millipore). Then, sitting-drop vapor-diffusion
crystallization trials were set up at room temperature, using commercially
available crystallization screens, such as JCSG-plus, Structure screen 1 +
2 and PACT premier (Molecular Dimensions) and a liquid handling
system (Tecan). The crystal-growing conditions were replicated and
manually optimized to obtain more crystals, which were then transferred
to cryoprotectant solution and flash-frozen in liquid nitrogen, awaiting X-
ray data collection. To produce protein-ligand complexes, | primarily
used co-crystallization, where the target protein was mixed with the
ligand in varying molar ratios, just prior to screening and/or subsequent
crystallization experiments. In the case of Enc34 endolysin, crystal
soaking was also attempted, however, it together with co-crystallization
failed to reveal recognizable ligand binding in the obtained structures.
Diffraction data from all the crystal samples were collected on several
occasions at MAX-lab and MAX IV (Lund University) and BESSY I
(Helmholtz-Zentrum Berlin).

2.6. Structure determination

To solve the ORF6 protein structure, diffraction images from a
SeMet crystal were processed with MOSFLM (Battye et al., 2011) and
scaled using SCALA (Evans, 2006) from the CCP4 software suite
(Potterton et al., 2018). Phasing was done using the SHELX C/D/E
pipeline (Uson & Sheldrick, 2018), followed by density modification in
DM (Cowtan, 2010). An initial model was generated with BUCCANEER
(Cowtan, 2006), which was then manually re-built in COOT (Casanal et
al., 2020) and refined with REFMAC5 (Kovalevskiy et al., 2018).
Structure of the C-terminally truncated ORF6 protein was solved by
molecular replacement using MOLREP (Vagin & Teplyakov, 2010) and
the protein-DNA complex structure was later solved using PHASER
(McCoy et al., 2007). For the ORF39 protein, diffraction images were
processed with XDS (Kabsch, 2010a), after which multiple SeMet
datasets were scaled together using XSCALE (Kabsch, 2010b), through
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the XDSAPP interface (Sparta et al., 2016). The structure was solved by
AutoSol Wizard (Terwilliger et al., 2009) from the Phenix suite
(Liebschner et al., 2019), and the model was used to phase a slightly
higher-resolution native dataset. In later co-crystallization and crystal
soaking experiments, many more high-resolution structures were solved
with PHASER, from which the most complete model was further
improved with COOT and REFMACS5 and used for publishing. All ORF6
and ORF39 reported structures underwent validation in COOT and
MolProbity (Williams et al., 2018).

2.7. Structure analysis

Model inspection and close-up analyses were done in COOT and
PyMOL (Schrodinger & DeLano, 2020). Structural homologs of the
ORF6 and ORF39 proteins were identified using the distance matrix
alignment (Dali) server (Holm, 2022). Intermolecular interactions within
the crystals were examined with PDBePISA (Krissinel & Henrick, 2007).
For the ORF6 protein, electrostatic surface was calculated with PyMOL’s
APBS Tools plug-in (Jurrus et al., 2018), and an omit map was created
with REFMAC and FFT (Murshudov et al., 1999) in CCP4. For the
ORF39 protein, ConSurf (Ashkenazy et al., 2016) was used for amino
acid conservation analysis and mapping. All visualization of the models
and figure preparation was performed with PyMOL.

2.8. Electrophoretic mobility shift assay

The DNA-binding properties of the ORF6 protein were studied in
a series of agarose gel electrophoresis experiments. Both full-length and
truncated protein variants were tested with either ssSDNA or dsDNA
fragments derived from the Enc34 genome. To set up the reactions,
aliquots of DNA were mixed with varying concentrations of the ORF6
protein (molar ratios ranging from 1:156 to 1:2500) and incubated at room
temperature for 20 min. Then, the mixtures were loaded onto a 1% native
agarose gel containing ethidium bromide in Tris-acetate-EDTA (TAE)
buffer and run for 20 min at 10 VV/cm, after which the DNA was visualized
under ultraviolet light.
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2.9. Turbidity reduction assay

The peptidoglycan-degrading activity of the ORF39 protein was
determined spectrophotometrically by assaying the protein against
bacterial cell substrate with externally exposed peptidoglycan layer. To
produce such substrate, Gram-negative Escherichia coli W3100,
Pseudomonas aeruginosa PAOL and Enc34-sensitive Hafnia alvei (all
from laboratory collection) were treated with chloroform-saturated 50
mM Tris—HCI (pH 7.7), washed and suspended in phosphate buffered
saline (PBS) at an OD600 of 0.6-1.0. The reactions were set up in a 96-
well plate by adding varying amounts of the ORF39 protein to the
membrane-permeabilized cells, and then absorbance at 600 nm was
measured on a microplate reader (BioTek) for 3 h at 3 min intervals. The
enzymatic activity was then calculated with the ActivityCalculator from
https://www.biw.kuleuven.be/logt/ActivityCalculator.htm (Briers et al.,
2007). The ORF39 protein was also tested on unpermeabilized Gram-
negative cells and Gram-positive Microbacterium paraoxydans (from
laboratory collection) using only the highest concentration of the enzyme.
All reactions were performed in triplicate, with PBS used as negative
controls and chicken egg white lysozyme (Biochemica) as positive
controls.
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3. RESULTS AND DISCUSSION

My doctoral research is presented in three published manuscripts:
(I details the methods developed for the investigation of the Enc34 ORF6
protein, which were later applied to other target proteins from the Enc34
proteome, including ORF39, (1) focuses on the structural biology of the
Enc34 ORF6 protein, and (I11) unveils the novel lysozyme fold variation
of the Enc34 ORF39 protein. This section is structured to present the main
findings of the three publications (subsections 3.1., 3.2. and 3.3,
respectively) and to briefly discuss the future of this project (subsection
3.4.).

3.1. Structural characterization of a single-stranded
DNA-binding protein: a case study of the ORF6 protein
from phage Enc34

In the quest to understand how single-stranded DNA-binding
proteins (SSBs) function at a molecular level, determination of their
three-dimensional structure, especially in complex with DNA, is
indispensable. This publication is a walk-through of all the steps that were
taken to structurally characterize the SSB of the bacteriophage Enc34,
encoded by ORF6 in its genome. We provide details on all major
procedures involved in the study, from designing expression constructs
through to protein production, purification, and crystallization, to
determination and analysis of the protein’s three-dimensional structure.
We further share tips and tricks that proved successful in the study of
bacteriophage Enc34 ORF6 SSB, e.g., an optimized protocol for
recombinant protein production, illustrated below.

When producing recombinant proteins in E. coli, a not too
uncommon issue is a complete or partial insolubility of the target protein,
which was the observation also for the Enc34 ORF6 protein. However,
during our efforts to produce a wide variety of different recombinant
proteins over the years, we have developed an alternative protocol in our
laboratory which uses lower cultivation temperature (22 °C) and inducer
concentration (0.01 mM IPTG) and has a high success rate in producing
soluble protein while maintaining comparable or better protein yields
than the standard protocol (Figure 2A).
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Figure 2. Production and crystallization of the Enc34 ORF6 protein. SDS-PAGE analysis
of production and solubility of the ORF6 protein using standard or optimized production
protocols (A). Lane 1, molecular weight marker; lane 2, lysate of uninduced cells; lanes 3
and 6, total cellular protein at the end of protein production; lanes 4 and 7, insoluble
protein fraction; lanes 5 and 8, soluble protein fraction. The arrow points to the ORF6
protein. Crystals of the full-length ORF6 (B) and ORF6AC-oligothymidine complex (C).

The native full-length Enc34 ORF6 protein was produced
according to the optimized protocol and purified by immobilized metal
ion affinity chromatography and anion exchange chromatography. The
protein readily crystallized under several conditions (Figure 2B), so we
proceeded to produce a selenomethionine-substituted variant of the full-
length ORF6 (SeMet-ORF6) which is required to provide experimental
phasing data for structure solution. After optimization of purification and
crystallization protocols for SeMet-ORF6, the obtained crystals were
used for X-ray data collection and structure determination. Finally, a C-
terminally truncated variant of ORF6 (ORF6AC) was constructed with
the rationale that the unstructured tail might both impede crystallization
due to its flexibility and compete for the same binding surface as the
single-stranded DNA (Marintcheva et al., 2008). Finally, a structure of
the ORF6AC in complex with DNA was obtained, using X-ray data from
a protein-oligothymidine co-crystal (Figure 2C).
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3.2. Structural basis for DNA recognition of a single-
stranded DNA-binding protein from Enterobacter phage
Enc34

The structure of the Enc34 ORF6 protein was solved to 1.50 A,
which apart from the disordered C-terminus adopts a compact, roughly
globular shape with a diameter of approximately 40 A and has a mixed
o/p architecture comprised predominantly of B-strands. The protein can
be regarded as built up from a concave seven-stranded (3-sheet at one side
of the protein, of which the three central strands together with the two f-
strands from the opposite side form a slightly flattened five-stranded f3-
barrel at the protein core, and two a-helices cap the B-barrel at both ends
(Figure 3). The core architecture of the protein clearly resembles the
oligonucleotide/oligosaccharide-binding (OB) fold, which is commonly
defined as a five-stranded B-barrel with a capping a-helix (Theobald et
al., 2003).

Figure 3. Overall structure of the phage Enc34 ORF6 protein. The protein chain is
rainbow-colored purple to red from the N to the C-terminus. The conserved strands of the
core B-barrel are named in accordance to Murzin, 1993.

While at the sequence level Enc34 ORF6 shows conservation with
a number of recognizably homologous phage proteins from the domain
of unknown function (DUF) 2815 family, its three-dimensional structure
is similar to a variety of different OB fold proteins. Three structures
currently in the Protein Data Bank (PDB) clearly form a high-similarity
group with Enc34 ORF6, which includes two uncharacterized phage-
related proteins from Bacillus cereus (PDB ID: 4)G2) and Enterococcus
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faecalis (PDB ID: 4KLK), and the bacteriophage T7 gene 2.5 protein
(PDB ID: 1JES5), an extensively studied SSB (Hernandez & Richardson,
2019). To confirm that the Enc34 ORF6 indeed functions as an SSB, the
protein was assayed in agarose gel electrophoresis in presence of different
types of DNA. A clear mobility shift of the DNA was observed in
presence of ssDNA, but not with dsSDNA. Somewhat surprisingly, the C-
terminally truncated protein constructed for co-crystallization trials,
appeared to bind ssDNA and dsDNA with a similar affinity.

To further investigate the DNA-binding mechanism of the Enc34
ORF6, we determined the 3D structure of the ORF6AC in complex with
sSDNA. The ORF6AC-(dT)ss crystals diffracted to 1.56 A and contained
a single chain of ORF6AC in the asymmetric unit bound to a stretch of
nine thymidine nucleotides (Figure 4). The complex structure reveals the
DNA strand stretching across the entire ligand-binding surface of the OB
fold domain, which is largely positively charged and enclosed by loops
L12, L23'3 and L45 that connect strands B1 and B2, f23’ and B3, and p4
and B3, respectively. The DNA-binding mode of the protein involves two
aromatic stacks and multiple electrostatic interactions, that are conserved
among the T7-type SSBs.

Figure 4. Structure of the ORF6AC-(dT)ss complex. The DNA oligonucleotide (orange)
binds to the positively charged cleft along the core OB fold (A). A different orientation of
the complex with an overlay of a 2Fo-Fc omit map of the DNA contoured at 0.7 ¢ (B).
The thymidines are numbered T1-T8 in the 5’ to 3' direction and the cleft-defining loops
are indicated in both panels.
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3.3. Diversity of the lysozyme fold: structure of the
catalytic domain from an unusual endolysin encoded by
phage Enc34

To enable functional and structural studies of the putative Enc34
endolysin, the coding sequence of the ORF39 protein with a cleavable N-
terminal hexahistidine-tag was cloned and expressed in E. coli. A plasmid
encoding the full-length protein showed low transformation efficiency,
reduced cell growth and no detectable production of the target protein
upon induction, indicative of toxicity of the ORF39 product to the
bacterial cells. Further experimentation revealed that a truncated variant
of the ORF39 protein containing only the N-terminal PHA02564 domain
can be readily produced in a soluble form and without adverse effects to
the cells. This C-terminal deletion variant of the protein, ORF39AC, was
therefore used for all subsequent studies.

To test for the enzymatic activity of the Enc34 endolysin, purified
ORF39AC protein was subjected to turbidity reduction assays using outer
membrane (OM)-permeabilized bacteria as a substrate. The Enc34
endolysin showed clear muralytic activity towards OM-permeabilized
Escherichia coli W3100, Pseudomonas aeruginosa PAO1 and Hafnia
alvei cells, demonstrating that the N-terminal domain of the Enc34
endolysin, and hence the PHAO02564 family proteins in other
bacteriophage genomes, indeed encode an enzymatically active domain
(EAD) of a functional endolysin.

The structure of the ORF39 EAD was determined using the single-
wavelength anomalous diffraction method with SeMet-substituted
ORF39AC crystals diffracting to 1.8 A. In later experiments another
structure was solved to 1.6 A and, thus, was selected for reporting here.
The overall structure of the ORF39 EAD is all-helical and consists of six
a helices (al to a6) and a single one-turn 310 helix in-between a5 and a6
(Figure 5). The structure can be regarded as two overlapping helical
bundles, the first of which is formed by 02, a3, a4 and a5 and the second
consisting of a2, a5 and a6. The EAD is roughly globular in shape with
a large groove between loops connecting a1—a2 and a3—04 and centered
on the C-terminal end of helix a3.
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Figure 5. Overall structure of the Enc34 endolysin’s enzymatically active domain. The
protein chain is rainbow-colored purple to red from the N to the C-terminus.

Structural homology analysis with Dali uncovered similarities with
a range of a-helical proteins; however, none of the top hits had any
apparent relatedness to endolysins. Only three proteins, namely, N-
acetylglucosaminidase from Thermotoga maritima (PDB ID: 4QDN; Z
score: 3.0), lytic transglycosylase gp144 from bacteriophage ¢KZ (PDB
ID: 3BKH; Z score: 2.6), and the E. coli lytic transglycosylase MItC (PDB
ID: 4C5F; Z score: 2.5) did indicate potential homology, but the sequence
similarity of Enc34 ORF39 to any of these proteins was insufficient for a
sequence alignment. Structurally, however, the homologous proteins all
are variations of the o/p lysozyme fold which canonically consists of a
and B-structured lobes arranged to form a deep cleft for substrate binding
and cleavage. The EAD of the Enc34 endolysin bears resemblance to the
a-lobe of the lysozyme fold but lacks any B-structured elements. It can be
noted, however, that the large loop connecting a1 and a2 in the ORF39
protein is located at essentially the same position as the -lobe in TM0633
and could likewise function as a lid over the substrate-binding groove.

The Glul3l in the ORF39 EAD corresponds to the catalytic
glutamate residues in the superimposed TMO0633, gpl44 and MItC
proteins which suggests that the groove is indeed the active site of the
Enc34 endolysin. Furthermore, residues corresponding to Trp79 and
Tyr95 are also conserved; these have been shown to be important for
catalysis in the structural homologs (Lipski et al., 2015; Chertkov et al.,
2017). Helices corresponding to a2, a3 and 04 in the Enc34 endolysin are
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found in that particular order also in the other structural homologs but
while the remaining helix a5 in the Enc34 endolysin directly follows a4,
in the TM0633, gpl44 and MItC proteins the corresponding helix is
located before their a2 counterpart (Figure 6). Notably, the a5 holds the
catalytic Glu131 of the Enc34 endolysin but despite the permuted core,
the respective glutamate residue in the superimposed TM0633, gp144 and
MItC structures is located at essentially the same position as in the ORF39
protein. Overall, these conserved features indicate a shared evolutionary
history between the Enc34 endolysin and TM0633, gpl44 and MItC
proteins and highlight a molecular signature for peptidoglycan cleavage
for this superclade of enzymes, bringing together glycoside hydrolase
(GH) 73 and GH23 family proteins.

ORF39 TMO0633 gpla4 MitC
GH73 GH23 GH23

N f\\ ) ‘
N ‘
\) N

3

02 a3 04
ORF39 am O .
TM0633 [ | ..
gpl44 L] - [
MItC L a

Figure 6. Similarities in the core fold of the Enc34 endolysin and GH73 and GH23
glycoside hydrolase enzymes. The four helices constituting the protein core are shown in
different colors. Secondary structure diagrams of the proteins are presented below using
the same color scheme. Additional domains of the gp144 and MItC proteins have been
removed for clarity.

A notable shortcoming of this study is the lack of an endolysin-
ligand complex structure that would allow to delve deeper into the
molecular basis for peptidoglycan binding and cleavage of the divergent
Enc34 enzyme. Considerable efforts of crystal soaking and co-
crystallization, using commercially available N-acetylglucosamine
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(GIcNAC), N-acetylmuramic acid (MurNAc), chitotetraose and GIcNAc-
MurNAc disaccharide were undertaken, but sadly to no avail. Although
endolysin-ligand complexes have been obtained using wild type proteins
(Pérez-Dorado et al., 2007; Fokine et al., 2008), future efforts of crystal
soaking and co-crystallization with an inactive variant of the Enc34
enzyme may provide a better chance for capturing the protein-ligand
interaction. It is also worth noting that the structural homolog TM0633
was shown to be enzymatically inactive on peptide-free glycan strands
and extensive crystallization trials with linear peptidoglycan analogs
likewise failed to produce any ligand-bound protein structures (Lipski et
al., 2015). Therefore, continued crystallography experiments using
branched peptidoglycan analogs are also of considerable interest to us.

3.4. AlphaFold2 structures of the Enc34 ORF3, ORF4
and ORF5 proteins and prospects for future work

The fourteenth iteration of the Critical Assessment of protein
Structure Prediction world-wide competition in 2020, marks a major
development in the landscape of protein structural biology. The deep
learning-based artificial intelligence program AlphaFold2 (AF2)
developed by DeepMind (Jumper et al., 2021), emerged as the victor of
this long-standing challenge, having reached the capacity to predict the
folding of single protein chains with near-experimental accuracy (Pereira
et al., 2021). Subsequent assessments by the wider scientific community
have validated the reliability of AF2 models, and are in agreement about
the transformative impact this technology will have on structural biology
and life sciences as a whole (Cramer, 2021; Akdel et al., 2022). Back in
the “pre-AF2” era, however, the novel three-dimensional structures of
both ORF6 and ORF39 proteins were solved experimentally, as detailed
in Publication | with the ORF6 SSB as a case study. While the long and
laborious journey of de novo structure determination was successful for
structural characterization of the phage Enc34 ORF6 and ORF39
products, the structures of ORF3, ORF4 and ORF5 hypothetical proteins
that were also selected as targets, never materialized, since their crystals
could not be obtained. Yet, AF2 can predict all three of the structures in
minutes (Figure 7) showcasing the incredible superhuman capabilities of
neural network-based computational approaches.
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ORF5 @ & Model confidence

M Very high (pLDDT > 90)
Confident (90 > pLDDT > 70)
Low (70 > pLDDT > 50)

I Very low (pLDDT < 50)

Figure 7. AlphaFold2 structures of the phage Enc34 ORF3, ORF4 and ORF5 proteins.
The top-ranked model of each protein is presented, with residues colored according to
their predicted local-distance difference test (pLDDT) scores that correlate to structural
prediction confidence (unpublished data).

To illustrate how the present-day breakthroughs in artificial
intelligence and machine learning can accelerate the study of the
proteomic dark matter, 1 will expand on the case of the Enc34 ORF5
protein as an example. The protein contains a DUF2800, which in the
Conserved Domain Database is currently annotated as CRISPR/Cas
system-associated protein Cas4. Examination of the predicted structure
with Dali reveals strong homology to various proteins with exonuclease
activity. At the time of writing, the top Dali match is the mycobacterial
heterodimeric helicase-nuclease AdnAB (PDB ID: 6PPR; Z-score: 13.2)
which is responsible for processing DNA double-strand breaks (DSBs) to
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enable repair by homologous recombination (Jia et al., 2019). The overall
structure of the Enc34 ORF5 protein can be seen as composed of two
lobes with a deep cleft between them. The larger N-terminal lobe is well-
ordered and notably conserved, corresponding to the nuclease module of
the AdnA subunit and other structurally characterized exonuclease
domains. In contrast, the C-terminal lobe is a unique to Enc34 ORF5 and
related phage proteins and, interestingly, it adopts several alternative
conformations in the predicted AF2 models representing the structure in
various states of openness, some of which could be biologically relevant.
The more open ORF5 protein conformations accommodate the forked
DNA moiety of the AdnAB complex structure with only minor steric
hindrance, suggesting that the protein could likewise act upon Y-shaped
DNA substrate. Many of the identified ORF5 protein homologs work in
concert with helicases that perform DNA unwinding and complex
translocation, and, thus, it could be investigated whether the ORF5
protein forms complexes with phage or host helicase domains. Notably,
Enc34 is thought to have an accessory DNA helicase encoded by ORF9,
the functional role of which has not yet been studied, in addition to its
replicative helicase which is embodied in the bifunctional primase-
helicase of ORFL1. If identified, such multiprotein complexes would be
interesting objects for cryogenic electron microscopy studies, especially
given their similarity to DSB repair systems and even CRISPR-associated
proteins. Indeed, significant similarities between Enc34 ORF5 and Cas4
proteins can be detected; however, in the absence of further evidence, the
potential involvement of ORF5 in prespacer processing (Lee et al., 2019)
or any other CRISPR-related process, remains unknown, and is yet
another compelling question for future studies.
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CONCLUSIONS

Bacteriophage Enc34 ORF6 product and its truncated and
selenomethionine-substituted variants could be produced in E. coli.
Lowered culturing temperature and inducer concentration
increased solubility of the recombinant proteins.

Enc34 ORF6 protein and its variants could be purified by a
combination of chromatography methods and crystallized using
commercial screens. The C-terminally truncated ORF6 protein also
crystallized in the presence of a DNA oligonucleotide.
Structurally, Enc34 ORF6 protein is composed of an N-terminal
oligonucleotide/oligosaccharide-binding fold domain and a C-
terminal disordered segment, and it resembles the phage T7 single-
stranded DNA-binding protein gp2.5.

Enc34 ORF6 protein binds single-stranded DNA in vitro and its C-
terminus contributes to discrimination between single-stranded and
double-stranded DNA.

Bacteriophage Enc34 ORF39 product is toxic to E. coli cells;
however, a C-terminally truncated protein and its
selenomethionine-substituted variant could be produced, purified
and crystallized, using similar laboratory methods as for the ORF6
protein.

The N-terminal domain of the Enc34 ORF39 protein readily
digests Gram-negative peptidoglycan in vitro with activity
comparable to that of commercial chicken egg white lysozyme.
Structurally, the N-terminal domain of Enc34 ORF39 is composed
of five a-helices organized in two overlapping helical bundles, and
it distantly resembles the a-structured lobe of the lysozyme fold.
Enc34 ORF39 protein is related to glycoside hydrolase GH73 and
GH23 enzymes, which include phage endolysins and bacterial
autolysins, all sharing a highly conserved three amino acid scaffold
for substrate cleavage.

Proteins containing the domain of unknown function DUF2815 are
single-stranded DNA-binding proteins, and members of the phage
protein family PHAO02564 are Gram-negative peptidoglycan-
degrading endolysins.
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