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ABSTRAKT

Predlozena disertacni prace se zabyva charakterizaci bakteridlnich bun€k schopnych akumulace
polyhydroxyalkanoati (PHA). Disertacni prace je vypracovana formou komentované diskuse
publikovanych praci, které jsou soucasti ptiloh. Prace rozviji aktudlni téma studia protektivnich
funkci PHA a nov¢ objastiuje nékteré protektivni mechanismy vic¢i vybranym stresoram.
V ramci prace byly studovany protektivni i¢inky PHA granuli pred UV zafenim a osmotickym
stresem, konkrétné hypotonickym prostiedim. V pfipad¢ expozice bunck UV zafenim jsou
bunikky chranény predevsim diky rozptylu UV zéafeni na granulich, které se vyskytuji v tésné
blizkosti nukleoidu. U osmotického stresu hraje klicovou roli amorfni stav PHA granuli, ktery
stabilizuje bunééné membrany pii hypertonickém naméihani buné€k, naceZ jsou bakteridlni
buniky 1épe schopné odolavat prechodu do hypotonického prostiedi a udrZet si svoji bunécnou
integritu. Obecné je mozné konstatovat, Ze amorfni stav PHA granuli je kliCovy pro zajiSténi
spravné biologické funkce PHA, at’ uz jako zasobniho nebo protektivniho polymeru. Proto jsme
se v dalsi Casti této prace vénovali objasnéni podstaty stabilizatniho mechanismu, ktery chrani
nativni PHA granule pted krystalizaci a udrzuji tak intracelularni polymer v termodynamicky
nevyhodném fazovém stavu. Na zdkladé¢ experimentilnich poznatkd, kde jsme aplikovali
vybrané stresy, jsme navrhli novy model stabilizace amorfniho stavu PHA granuli in vivo. Jedna
se o kombinaci dvou mechanismil, kdy je z divodu malého objemu granuli sniZena rychlost
krystalizace a zaroven voda pfitomna v granulich plni roli nizkomolekulérniho plastifikatoru.
Diky metabolickému aparatu bunék jsou PHA neustéle syntetizovany a zaroven degradovany,
coz vede k navySeni intracelularni koncentrace monomerd, které rovnéz figuruji v protektivnim
efektu PHA. V tomto kontextu jsme se tedy zaméfili na popis mechanismu kryoprotektivniho
ucinku  3-hydroxybutyrdru, monomeru nejrozSiten¢jStho zastupce PHA, poly(3-
hydroxybutyratu). Byl sestrojen rovnovazny a nerovnovazny fazovy diagram systému 3HB-
voda, diky kterému je moZné konstatovat, Ze 3HB ptedstavuje velice efektivni kryoprotektant,
coz mé fundamentalni vyznam pro pochopeni protektivnich vlastnosti PHA, ale tato skutec¢nost
muZze byt také aplikacné vyuZita napiiklad pifi uchoveé biologickych vzorkd anebo
v potravinaiském primyslu.

Kli¢ova slova:
Polyhydroxyalkanoaty; Cupriavidus necator H16; stresova odpovéd bakterii; UV zafent;
osmoticky stres; amorfni stav; kryoprotektivni uc¢inek; fazovy diagram.



ABSTRACT

This thesis deals with the characterization of bacterial cells capable of polyhydroxyalkanoates
(PHA) accumulation. The dissertation thesis is written in the form of a discussed published
publications which are attached to the thesis as appendixes. The work develops a study of the
current topic of the protective functions of PHA and clarifies protective mechanisms against
selected stressors. Firstly, we focused on the protective effects of PHA granules against UV
radiation and osmotic stress, specifically hypotonic conditions. In the case of UV exposition,
the cells protected themselves by scattering UV radiation on the intracellular granules
protecting especially nucleoid. When exposed to osmotic stress, the amorphous state of PHA
granules is very important since it is capable of stabilization of cell membranes under
hypertonic stress, afterwards, bacterial cells can maintain their integrity during the subsequent
hypotonic challenge. In general, the amorphous state of PHA granules is key to ensure the
proper biological functions of PHA whether as storage or protective polymer. Therefore, in the
next part of this work, we focused on the core of the stabilization mechanism that protects native
PHA granules from crystallization and thus the intracellular polymer maintains in a
thermodynamically unfavorable amorphous phase state. Based on experimental work, we
applied selected stresses because we proposed a new model of stabilization of the amorphous
state of PHA granules in vivo. It consists of two mechanisms, where small volumes of PHA
granules reduce the rates of crystallization and at the same time the water present in the granules
plays the role of a low molecular plasticizer. Due to the metabolic apparatus of bacterial cells,
PHA are simultaneously synthesized and degraded which leads to an increment of intracellular
concentration of monomers that also figure in the protective effect of PHA. In this context, we
aimed at the description of the mechanism of cryoprotective effects of 3-hydroxybutyrate, the
monomer of the most common of PHA, poly(3-hydroxybutyrate). Hence, we constructed an
equilibrium and non-equilibrium phase diagram of the 3HB-water system to prove that 3HB is
a very effective cryoprotectant. This fundamental understanding of the protective properties of
PHA monomers could be also used in the food industry or cryopreservation of biological
samples.

Keywords

Polyhydroxyalkanoates; Cupriavidus necator H16; bacterial stress response; UV radiation;
osmotic stress; amorphous state; cryoprotective effect; phase diagram
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1 UvVoD

Jiz v 19. stoleti, jeden ze zakladatelii bakteriologie Louis Pasteur, francouzsky chemik a
vSeobecné znamy jako otec mikrobiologie pronesl: ,,A stejn¢ jsou to mikrobi, kdo bude mit
posledni slovo!“. A neni divu. Bakterie jakoZzto mikroorganismy nam svoji vSudypiitomnosti
na planeté¢ Zemi dokazuji silnou schopnost adaptace, jelikoz uspéSné piezivaji v oblastech od
polarniho az k tropickému pésu, kde musi ¢elit riiznorodym nepiiznivym podminkam, v naSich
zemepisnych Sitkdch naptiklad i zménam rocnich obdobi. Jsou-li mikroorganismy déle
exponovany uréitému typu stresu nebo kombinaci vice strest, dochdzi u nich k rozvoji
vlastniho protektivniho aparatu.

Jedny ze zédkladnich stresovych faktorti jsou nahlé zmény teplot, které maji dalekosahlé
nasledky projevujici se ve struktufe a biologické aktivité mikroorganismu, kdy extrémni teploty
vzdalené od optimalnich hodnot maji negativni az letalni ucinek. Vysoka teplota v prvni fadé
povede k rozvolnéni cytoplazmatické membrany ¢i denaturaci proteind, nizka teplota vyvola
mimo jiné i osmoticky stres sohledem na zménu skupenstvi jak intracelularni, tak
extracelularni vody. Naruseni osmotické rovnovahy souvisi s druhem mikroorganismu, ktery
muze disponovat libovolnou toleranci ke koncentraci rozpusténych latek. DalSim castym
stresem je zména pH, kterd vyrazné ovliviiuje mimo jiné i samotny metabolismus bunék
prostfednictvim protonizace a deprotonizace ovliviiujici uspotfadani proteind, a tudiz i jejich
aktivitu. Méni se také membranovy transport v disledku odchyleni pH od optimalni hodnoty.
Mezi dal$i univerzalni stres, kterému se mikroorganismy ve volné piirod¢ jen téZko vyhnou, je
expozice UV zéafeni, které vyvolavda mutagenni zmény v DNA. Samotné preziti
mikroorganismt pfi expozici rozliénym stresim zavisi ¢asto na schopnosti rychlé odpovédi at’
uz regulacnim ¢i protektivnim mechanismem.

Jak uz bylo vySe uvedeno, mnohé mikroorganismy si prostiednictvim adaptace vytvoftily
rozlicné protektanty a protektivni mechanismy, diky kterym jsou schopny pfeZit i obtizné
podminky, at’ uz nihlé ¢i trvalé. Mezi hojné vyuzivané protektivni latky, které jsou si n¢které
mikroorganismy schopny nasyntetizovat patii takzvané nizkomolekularni kompatibilni latky.
Tyto latky pisobi jednak jako osmoprotektanty a zaroven maji pozitivni vliv na
Zivotaschopnost bunék i pii nizkych ¢i vysokych teplotach, pfiCemz za ic¢elem ochrany proteinti
pred denaturaci jsou Casto vyuzivany proteiny teplotniho Soku. Také produkce pigmentl hraje
zésadni roli s ohledem na miru expozice UV zéfeni.

vvvvvv

polyhydroxyalkanoaty (PHA), jejichZ obsah v bunécné biomase miize odpovidat az 90 %
hmotnosti suché biomasy. Avsak bylo zjiSténo, Ze akumulace PHA v bakteridlnich buiikich
z pohledu zakladnich fyziologickych a fyzikaln&-chemickych vlastnosti mikrobidlnich bunék
ma velky vliv 1 na Zivotaschopnost samotnych bunék, a to pfedev§im diky zapojeni PHA
do stresové odpovédi bakterii. Cilem této prace je charakterizace jednotlivych protektivnich
mechanismi nativnich PHA vic¢i riznym stresiim aplikovanych na bakterialni buniky obsahujici
PHA inkluze. Déle je v této praci zkoumana podstata amorfniho charakteru intracelularnich
granuli a optimalizovéna izolace PHA za icelem jejich dalSiho studia a také aplikaci pfedevSim
v oblasti potravinaiskych obalt.



2 TEORETICKA CAST

2.1 Polyhydroxyalakanoaty

Polyhydroxyalkanoaty (PHA) jsou mikrobidlni polyestery hydroxykyselin, které jsou
syntetizované a akumulované celou fadou mikroorganismili z domén bakterie a archea, v nichz
jsou tyto polymery piirodniho piivodu akumulovany ve formé intracelularnich granuli. Svymi
vlastnostmi jako jsou biodegrabilita a kompabilita, se PHA fadi mezi vyznamné alternativy ke
klasickym plastim vyrobenych zropy s velkym aplika¢nim potencidlem, navic je lze
biotechnologicky produkovat z obnovitelnych zdroji (Philip a kol., 2007; K. Sudesh a kol.,
2000).

2.1.1 Obecna charakteristika PHA

Jak uz bylo zminéno vyse, mnohé prokaryotické mikroorganismy jsou schopné syntetizovat a
akumulovat rezervni materidl PHA ve form¢ intracelularnich granuli. PHA byly poprvé
popsény uz v roce 1926 francouzskym védcem Mauricem Lemoignem, ktery vyizoloval a
charakterizoval poly(3-hydroxybutyrat) (P3HB) z bakteridlniho kmene Bacillus megaterium.
Schopnost produkce a akumulace PHA byla od té doby jiZ potvrzena u vice nez 300 druht
bakterii, kdy obsah PHA v biomase se odviji od konkrétnich producenti. Nicméné
mikroorganismy obvykle syntetizuji a akumuluji PHA, nachazi-1i se v prostiedi s nadbytkem
zdroje uhliku a zaroven jsou limitovany dusikem, sirou, hof¢ikem nebo dal$imi prvky. Naopak
v piipad¢ limitace uhlikatym substritem je tato rezerva vyuzivana. Velky vliv na samotnou
syntézu a akumulaci PHA ma i pomé&r uhliku vici dusiku, kdy vyss$i mnozstvi uhliku podporuje
vys§i produkci a akumulaci PHA na dkor proliferace. Také stafi bakterialnich bunék ovliviiuje
mnozstvi intracelularni PHA, kdy bunika v exponencidlni fazi vyuZziva energii predevsim k rstu
a bunécnému déleni. Velikost nativnich PHA granuli je rovnéZ ovlivnéna vice faktory, obecné
ji lze popsat jako granuli kulovitého tvaru o velikosti v priméru 0,2-0,5 pm tvofenou
polyesterovym hydrofébnim jadrem obalenym vrstvou proteint (viz kapitola 2.3.1) (Kapralek,
1986; Sudesh a kol., 2000).

Tyto biopolymery patii mezi jedny z nejzkoumangjs$ich materiali 21. stoleti, a to diky svym
jedineCnym vlastnostem jako jsou: biokompatibilita, fyzikadlné-mechanické vlastnosti a
v neposledni fad¢ biodegradabilita. Intenzivni vyzkum, a pfedevSim vylepSeni mechanickych
vlastnosti otevird Sirokou Skalu vyuZiti v medicinskych aplikacich (fizené uvolilovani,
chirurgické Siti aj.), potravinafstvi (obalové materidly) a mnoha dalSich odvétvich. Velka
vyhoda PHA oproti konvenénim plastiim bezesporu spoc¢iva v biologické rozloZitelnosti PHA,
pficemZ mira degradace zavisi na okolnich podminkach (teplota, pH, mikrobialni aktivita aj.).
Jak bylo prokazano, produkty PHA degradace nejsou nijak toxické ¢i zdvadné a pfirozené se
vyskytuji i v lidském téle (Cheng a kol., 2003; Reddy a kol., 2003).



2.1.2 Struktura PHA

PHA jsou linearni polyestery hydroxyalkanovych kyselin, které je mozné dé€lit na zakladé
zastoupenych typli monomernich jednotek na homopolymery, obsahujici pouze jeden typ
monomerni jednotky, a na heteropolymery se dvéma ¢i vice rozdilnymi monomery. Je zndmo
vice nez 150 druhi monomernich jednotek, které mohou byt ve struktufe rtizné¢ kombinovany
a ovliviyji tak vlastnosti polymeru jako celku. Monomerni jednotky vytvaii mezi sebou
esterovou vazbu s hydroxylovou skupinou sousedniho monomeru, jak je vidét na obr. 1 (Sudesh

a kol., 2000).

n=1 R =hydrogen poly(3-hydroxypropionat) P(3HP)
R = methyl poly(3-hydroxybutyrat) P(3HB)
R =ethyl poly(3-hydroxyvalerit) P(3HV)
R =propyl poly(3-hydroxyhexanoit) P(3HHx)
| Il R =butyl poly(3-hydroxyheptanoat) P(3HH)
—O-CH-(CH2);C— R = pentyl poly(3-hydroxyoktanoat) P(3HO)
e R =hexyl poly(3-hydroxynonanoat) P(3HN)
polymer R =heptyl poly(3-hydroxydekanoat) P(3HD)
R = oktyl poly(3-hydroxyundekanodt) P(3HUD)
R =nonyl poly(3-hydroxydodekanodt) P(3HDD)
n=2 R =hydrogen poly(3-hydroxybutyrat) P(4HB)
n=3 R =hydrogen poly(5-hydroxyvalerit) P(5HV)

Obr. 1 Obecnd struktura PHA (Wu a kol., 2003).

Déle mohou byt PHA rozdéleny do tii skupin dle poctu atomi uhliku v monomernich
jednotkach. A to na PHA s kratkym fetézcem scl-PHA (short-chain-lenght), ktera se sklada
z 3 a7 5 atomt uhliku a na PHA se stfedn¢ dlouhym fetézcem mcl-PHA (medium-chain-lenght),
u kterych je monomerni jednotka tvoifena z 6 az 14 atomid uhlikii. Polymer obsahujici
monomerni jednotku delSi nez 14 atomu uhlikti spada do skupiny PHA s dlouhym fetézcem Icl-
PHA (long-chain-lenght), u kterych narozdil od ptedeslych dvou skupin je syntéza pouze uméla
nikoli mikrobidlni. Monomerni jednotky ve vSech PHA, které byly doposud charakterizované,
se vyskytuji v R konfiguraci dasledkem vysoké stereospecifity PHA syntazy. Tyto polymery
jsou déle specifické svym vysokym stupném polymerizace (ptiblizné¢ 100-3 000), co se tyce
molekulové hmotnosti PHA, pohybuje se vrozmezi 200-3 000 kDa v zavislosti na typu
monomerni jednotky, mikroorganismu a podminkach kultivace (Chen a kol.,, 2015;
Muhammadi a kol., 2015).

2.1.3 Mechanické a chemické vlastnosti PHA

Z hlediska vlastnosti PHA, patii tyto ve vodé nerozpustné polymery mezi termoplasty a
elastomery s ohledem na délku monomernich jednotek, kdy skupina scl-PHA vykazuje
vysokou krystalinitu a svymi dal$§imi vlastnostmi podobnymi konven¢nim termoplastim.
Naopak skupina mcl-PHA vykazuje specifické vlastnosti elastomert jako pruznost a nizka
krystalinita. AvSak mechanické a chemické vlastnosti PHA se téZ méni v zavislosti na daném
sloZeni homopolymeru ¢i kopolymeru, konkrétné¢ na zastoupeni jednotlivych monomernich
jednotek. Hodnoty jednotlivych charakteristik pro konkrétni sloZeni polymert jsou jiz
definované pro vyizolované polymery (viz tab. 1) (Muhammadi a kol., 2015; Volova, 2004).



Tab. 1 Fyzikdlni viastnosti poly(3-/4-hydroxyalkanodtii) a polypropylenu.

Polyester Tm T,  Krystalinita Youngav Pevnost ProdlouZeni Reference
[°C] [°C] [%] modul v tahu pfi pfetiZzeni
[GPa] [MPa] [%]

P3HB 180 4 50 80 3,5 40 5 Hazer a
P3HV 110 —15 56 Steinbiichel,
P4HB 53 -40 34 149 104 1 000 2007
P(BHB-co-3HV)

Savenkova a
8 mol. % 3HV 164,3 —0,6 57,3 2,9 21,5 16 kol.. 2000
20mol. % 3HV 1164 -6,3 30,9 0,8 1,2 15,6 182
P(BHB-co-4HB)
10 mol. % 4HB 1284 -2.5 48,99 24 242 Wen a kol., 2012
20mol. % 4HB 91,8 -8,1 26,32

Sudesh a kol.,
Polypropylen 176 -15 50 1,0-1,7 29,3-38,6 500-900 2000

Fyzikalni vlastnosti jsou pifimo zavislé na konkrétnim sloZeni daného polymeru, kdy nejlépe
prostudovanym PHA je bezesporu prvni objeveny homopolymer P3HB ze skupiny scl-PHA.
Jedna se o vysoce krystalicky polymer (55-80 %) v diisledku R konfigurace vSech chirdlnich
atomt uhliku ve své struktute. P3HB je nékterymi svymi vlastnostmi velmi podobny
polypropylenu, at’ uz Youngovym modulem o hodnoté¢ 3,5 GPa ¢i pevnosti v tahu 40 MPa. Na
druhou stranu prodlouZeni neboli elongace ¢ini u P3HB pouze 5 % kdeZto u polypropylenu
dosahuje elongace az 400 %, v disledku ¢ehoZ je P3HB tuhé a kiehké. Teplota skelného
pfechodu P3HB nastava pii 4 °C, pfiCemzZ teplota tani je velice blizkd teploté tepelného
rozkladu, konkrétn€ hodnoty teploty tani polymeru P3HB odpovidaji 173 az 180 °C a teplota
rozkladu 200 °C (Hazer a Steinbiichel, 2007). Jak jiZ bylo zminéno vySe, ke zméné vlastnosti
polymeru, pfedevSim teplot tani a rozkladu lze docilit pomoci inkorporace vice druht
monomernich jednotek, lze tak ziskat kopolymery s lepSimi ¢i vyhodné€j$imi vlastnostmi.
Zatimco samotny P3HB ma teplotu tani okolo 180 °C, v kopolymeru s 4-hydroxybutyratem
(4HB) se teplota snizi az na 91,8 °C ¢i s 3-hydroxyvaleratem (3HV) na cca 116 °C, kdy mira
zmen vlastnosti kopolymert je zavisla na molarnich pomérech monomerti (Savenkova a kol.,
2000; Wen a kol., 2012). Ale ne vZdy se jedna o antagonistické ptisobeni polymert, ptikladem
synergického efektu je kopolymer P(3HB-co-3HV), kdy dochazi k isodimorfismu, ¢tj.
kokrystalizaci dvou monomernich jednotek v krystalové miiZce obou homopolymert, v
zavislosti, zdali mnoZstvi (R)-3HV je vice nebo méné nez 40 mol. % (Sudesh a kol., 2000;
Sudesh a kol., 2011).

Dalsi vyrazné zlepSeni vlastnosti jinak krystalického a kiehkého P3HB je zakomponovéani 4HB
do struktury hlavniho fetézce. Vysledkem kontrolovaného zvySovani molarniho poméru
jednotek 3HB a 4HB ve prospéch 4HB krystalinita klesa a zvySuje se pevnost a prodlouzeni
(viz tab. 2) (Saito a Doi, 1994).
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Tab. 2 Viastnosti kopolymeru P(3HB-co-4HB) filmui pri 23 °C (Saito a Doi, 1994).

4HB frakce [mol %]
Vlastnosti 0 3 10 16 64 78 82 90 100
Krystalinita [%] 60 55 45 45 15 17 18 28 34
Youngtiv modul [MPa] 3500 30 24 45 100 149
Pevnost v tahu [MPa] 43 28 24 26 17 42 58 65 104

Délkové prodlouZeni pii

. e 5 45 242 444 591 1120 1320 1080 1000
pretrZzeni [%]

V porovnani s scl-PHA, skupina mcl-PHA patii mezi elastomery, které se znaci sice nizkou
krystalinitou (25 %), avSak vysokou zavislosti na tepelné historii polymeru. Mcl-PHA disponuji
narozdil od scl-PHA niz§imi teplotami tani 39 az 61 °C a teplotami skelného prechodu, ktery
nastava v rozmezi od —43 do 25 °C (Flickinger a kol., 2002).

2.1.4  Charakterizace vybranych producenti PHA

Jak uz bylo nastinéno v dvodu, Sirokd Skala mikroorganismil je schopna syntetizovat a
akumulovat PHA ve formé bunécnych inkluzi v cytoplazmé, kdy mikroorganismy neprodukuji
tento polymer pouze za ticelem zasobnim, ale rovnéz jako obranu vii¢i neptiznivym podminkam
(teplota, osmoticky stres, UV aj.) ve smyslu vzniklé adaptace. Proto neni nijak prekvapujici, ze
skupina PHA produkujicich mikroorganismii je velice Sirokd a zahrnuje domény archea a
bakterie jak grampozitivni, tak gramnegativni (Sudesh a kol., 2000).

2.1.4.1 Cupriavidus necator H16

Bakteridlni kmen Cupriavidus necator H16 patii bezesporu mezi nejvice prostudované
producenty PHA. Jedna se o gramnegativni, fakultativné chemolitotrofni bakterie, které jsou
zafazeny mezi modelové mikroorganismy pro metabolismus PHA. Diky Castym zménam
v taxonomii lze tento bakterii v literatufe stale nalézt po ndzvem Ralstonia eutropha H16 z roku
1995, Wautersia eutropha nebo Alcaligenes eutrophus (Reinecke a Steinbiichel, 2008).

Bakterie Cupriavidus necator H16 se ptirozené¢ vyskytuje se v pudnich a sladkovodnich
biotopech. V nepfitomnosti organickych slou€enin je tento bakteridlni kmen schopen vyuZivat
H> a CO> jako zdroj uhliku a energie prostiednictvim autotrofni fixace CO> Calvin-Benson-
Basshamovym cyklem. V piipad¢ anoxie jsou tyto bakterie schopny pfejit do denitrifika¢niho
rezimu, kde dusi¢nany slouZzi jako alternativni akceptor elektronli. Jako zdroj energie a
organického uhliku mohou byt dile vyuzity jak meziprodukty citratového cyklu, tak cukerné ¢i
mastné kyseliny. Ze sacharidl je vyuZiti omezeno pouze na fruktézu, kyselinu glukonovou a
N-acetylglukosamin. Diky nepfitomnosti klicového enzymu frukt6za-1,6-bisfosfataldolazy je
fruktéza metabolizovéna prostfednictvim Entner-Doudorffovy drédhy pomoci enzymu 2-keto-
3-deoxy-6-fosfoglukonat aldolazy. V soucasné dobé je téZ znama kompletni nukleotidova
sekvence, pricemz genom se sklada ze tifi replikonti: chromozon 1, chromozom 2 a
megaplasmid pHG1 (Cramm, 2008; Pohlmann a kol., 2006).

Jak uZ bylo zminéné vyse, bakteridlni kmen Cupriavidus necator H16 slouzi jako modelovy
mikroorganismus pro metabolickou drahu biosyntézy PHA, kdy syntéza PHB byla jiZ detailn¢
objasnéna (viz kapitola 2.2). Tento bakterialni kmen je schopny syntetizovat a akumulovat PHB
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v mnozstvi az 90 hm. % suché biomasy v zavislosti na kultiva¢nich podminkach (viz obr. 2).
JelikoZ jsou bakterie schopny rovnéz vyuzit k produkci PHA fadu odpadnich substratd, fadi se
Cupriavidus necator H16 k biotechnologicky slibnym kmentim (Miiller a kol., 2013).

XA

Obr.2 Transmisni elektronovy mikroskopicky (TEM) snimek bunék Cupriavidus necator H16
(Sedlacek a kol., 2019a).

.

ant'’
==

2.1.4.2 Rod Bacillus

Grampozitivni rod Bacillus patii k vyznamnym producentim PHA, kdy uZ roku 1926 profesor
Lemoigne objevil P3HB v bakteridlnim kmeni Bacillus megaterium. Druhy rodu Bacillus jsou
Siroce vyuZivany i pro svoji genetickou stabilitu, kdy absence vné&jSich alkalickych proteaz
umoziiuje produkci intaktnich proteinti riznymi plasmidy (Vary a kol., 2007). Také je znamo,
7e nékteré druhy Bacillus jsou schopné vysoké produkce a akumulace PHA (az 90 % PHA
v biomase), kdy nepfitomnost vnéjSi membranové vrstvy s lipopolysacharidy, kterd se
vyskytuje u gramnegativnich mikroorganismd, usnadiiuje extrakci PHA. Kromé vyssi rychlosti
rustu a schopnosti produkce kopolymerdt PHA, rod Bacillus disponuje celou fadu
hydrolytickych enzymu, které napoméhaji vyuZiti napiiklad zemédélskych odpadil jako
moznych substratl pro vyrobu PHA, a tak sniZuji jeho ponékud drahou produkci v porovnani
s konven¢nimi plasty (Mohapatra a kol., 2017). Nicmén¢ vyuZiti druht Bacillus pro produkci
PHA skyta velkou nevyhodu, a to je sporulace, ktera je divodem nizké produkce P3HB, kdy
tvorba spér a produkce PHA jsou vzijemné propojeny skrze podminky podobné nutricnimu
stresu. Tato nesndz miiZe byt obejita zménou pH ¢i zabranénim nutriénimu stresu v zavislosti
na pouZiti konkrétniho kmene rodu Bacillus (Rodriguez-Contreras a kol., 2013).

Mezi mén¢ znamé producenty rodu Bacillus patii nové izolovany kmen Aneurinibacillus sp.
H1, ktery se fadi mezi slibné mirné¢ termofilni producenty PHA (viz obr. 3): Jednd se o
grampozitivni bakterii schopnou biosyntézy PHA, kdy zastoupeni jednotlivych typt
monomernich jednotek zavisi na pouZzitych substratech. Bakteridlni kmen Aneurinibacillus sp.
H1 je specificky ptedevsim pro svoji schopnost syntetizovat vysoké frakce 4-hydroxybutyratu
(4HB) a 3-hydroxyvaleratu (3HV) v kombinaci s 3HB. Vlastnosti téchto kopolymert se
vyrazné lisi od scl-PHA homopolymert a otevira tak Sirokou Skalu moZnosti, jak tyto materialy
komeréné vyuZit. Mezi dals$i vyhody vyuZiti Aneurinibacillus sp. H1 pro produkci PHA je
teplotni optimum rastu bakterii, kdy 45-50 °C zabraiuje vyraznéj$i mikrobidlni kontaminaci
v prub¢hu biotechnologické produkce i bez piisného dodrZzovani asepticity procesu. JelikoZ se
jedna o druh blizce piibuzny rodu Bacillus, tak i u tohoto kmene se projevuje mirna sporulace,
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kterou lze vidét na obr. 3, kde jsou spdry oznaceny Cervenymi Sipkami (Pernicova a kol., 2020;
Sedlacek a kol., 2020).

Obr.3 TEM snimek bunék Aneurinibacillus sp. HI (Pernicova a kol., 2020).

2.1.4.3 Halomonas halophila

Halomonas halophila diive znama jako Deleya halophila, patii mezi gramnegativni, striktné
aerobni nesporulujici extremofilni bakterie, konkrétn¢ mezi mirné halofily s optimalni
koncentraci chloridu sodného 7,5 % (hm./obj.). Tento kmen byl plivodné vyizolovan v blizkosti
Alicante ve §panélsku (Kucera a kol., 2018; Quesada a Proteose, 1984). Halomonas halophila
je schopna akumulovat PHB az do 82 % suché hmotnosti buné€k, kdy na rozdil od mnoha jinych
halofilti bakterie nevyZaduje drahé komplexni slozky média. Dalsi vyhoda tohoto kmene
vypliva ze skuteCnosti, Ze koncentrace NaCl v kultivaénim médiu ovliviiuje nejen vytézek
PHB, ale i molekulovou hmotnost a polydisperzitu polymeru, coz je mozné technologicky
vyuzit k fizeni vlastnosti ziskaného polymeru. Rovnéz Skila vyuZitelnych substrati je
z biotechnologického hlediska velmi zajiméava, jelikoZ bakterie je schopna metabolizovat razné

sacharidy v¢etn¢ cukrli nachézejicich se v lignocelul6zach a jinych levnych substratech (Kucera
a kol., 2018).

Obr.4 TEM snimek bakteridlnich bunek Halomonas halophila (Sedlacek a kol., 2019a).
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2.2 Metabolismus a regulace PHA

Struktura PHA je pfimo zavisld na druhu substratu urCujiciho drdhu biosyntézy PHA, ktera
bude tvoftit specifické monomerni jednotky pro tuto drdhu, a tak i samotnou strukturu PHA.
Substraty vhodné jako zdroje uhliku mohou byt rozdéleny na strukturné podobné (mastné
kyseliny, alkoholy) a substraty, které nijak svoji strukturou nesouviseji se strukturou PHA
(glukéza), pricemZ nedilnou soucasti metabolickych drah PHA jsou regulacni mechanismy
(Chen a kol., 2015; Kessler a Witholt, 2001).

2.2.1 PHA cyklus

V ramci PHA metabolismu, biosytnéza a degradace PHA jsou navzijem uzce propojeny, které
probihaji soucasné. I za ptiznivych podminek, jako je naptiklad nadbytek zdroje uhliku, jsou
PHA depolymerazy aktivni a dochazi k soucasné syntéze a degradaci polymeru, i kdyZ syntéze
je vyrazné vyznamngj$i. Z tohoto diivodu se PHA metabolismus ¢asto nahrazuje pojmem PHA
cyklus (viz obr. 5) pro zdiraznéni svého cyklického charakteru (Kadouri a kol., 2005).
Diisledkem tohoto metabolismu je vysoky intracelularni pool PHA monomernich jednotek
v PHA akumulujicich bunikach. JelikoZ jsou monomery PHA, pfedevsim pak 3HB, povazovany
za chemické chaperony chrénici proteiny a dal$i biomolekuly vici fadé¢ stresovych faktort, je

vysoky intracelularni pool monomert fyziologicky velice dileZity faktor (Obruca a kol. 2016a).

Sacharidy, mastné kyseliny, aj.

\
\
\
Acetyl-CoA + Acetyl-CoA

l 3-ketothiolaza (PhaA)

Acetoacetyl-CoA

PHA cyklus

CoA transferaza

Acetoacetyl-CoA
reduktaza (PhaB)

[-oxidace
PHA monomery —> R-3-hydroxyacyl-CoA | < <= <= mastnych

PHB kyselin
depolymeréz;\ /PHAsyntéza N Y
(PhbZ) (PhbC)
PHA

N
Biosyntéza mastnych kyselin

Obr.5 Metabolismus a cyklus PHA (Obruca a kol., 2020).

2.2.1.1 Biosyntéza PHA

Biosyntéza PHA patii k dobfe prozkoumanym metabolickym drahdm, je rozdélena do tii
hlavnich drah v zavislosti na povaze uhlikatého zdroje (viz obr. 6). Pro syntézu scl-PHA je
specifickd prvni draha odpovidajici produkci PHB u modelového mikroorganismu Cupriavidus
necator H16, zatimco druhou metabolickou drahu vedouci k syntéze mcl-PHA zastupuje
modelové mikroorganismy rod Pseudomonas. Posledni metabolicka draha vede také k syntéze
mcl-—PHA, kdy meziprodukty biosyntézy mastnych kyselin se stanou prekurzory
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pro biosyntézu mcl-PHA (Sudesh a kol., 2000). Tyto metabolické drahy mohou byt dale
rozdeleny do dal$ich miniméln¢€ 12 drah riznych typt PHA. VSechny tyto drahy jsou propojeny
bud’ s nativnimi, nebo artificidlnimi metabolickymi drahami, které spole¢n¢ vytvaii riznorodé
PHA (Chen a kol., 2015).

Drahal
zdroj uhliku
(sacharidy)
zdroj uhliku
' (mastné kyseliny)
citratovy atvl
oykius ~a——— Acetyl-CoA l Driha II
. ' Acyl-CoA degradace mastnych kyselin
Acetoacetyl-CoA (B-oxidace)
PhaB
' 3-Ketoacyl-CoA Enoyl-CoA
(R)-3-Hydroxybutyryl-CoA / \
PhaC
v FabG (?) (5)-3-Hydroxyacyl-CoA jﬂj
granule ~————  (R)-3-Hydroxybutyryl-CoA
PHA PhaC
PhaG
FabD (?)
(R)-3-Hydroxyacyl-ACP
PhaC
4-, 3-, 6-Hydroxyalkanoyl-CoAs 3-Ketoacyl-ACP Enoyl-ACP
44N Driha III
’ ' ' biosyntéza
dalsi drahy AcTHACP mastnych kyselin
f Malonyl-ACP } .
dalsi zdroje Malonyl-CoA
uhliku
Acetyl-CoA
zdroj uhliku
(sacharidy)

Obr. 6: Schéma metabolickych drah PHA (PhaA, f-ketothioldza;, PhaB, NADPH-dependentni
acetoacetyl-CoA reduktdza; PhaC, PHA syntdza; PhaG, 3-hydroxyacyl-ACP-CoA transferdza; Phal,
(R)-enoyl-CoA hydratdza; FabD, malonyl-CoA-ACP transacyldza; FabG, 3-ketoacyl-CoA reduktdza)
(Sudesh a kol., 2000).
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Jak uz bylo zminéno vySe, za predstavitele prvni skupiny (scl-PHA) se nejCastéji uvadi
metabolickd drdha bakteridlniho kmene Cupriavidus necator H16, ktery syntetizuje P3HB
titkrokovou enzymaticky katalyzovanou reakci pocinaje z acetyl-CoA. Nejprve dochazi
ke kondenzaci dvou molekul acetyl-CoA katalyzované pomoci 3-ketothiolazy (PhaA) na
acetoacetyl-CoA. Tento produkt je poté stereoselektivné redukovan NADPH-dependentni
acetoacetyl-CoA reduktazou (PhaB) na (R)-3-hydroxybutyryl-CoA. Poslednim krokem syntézy
PHB, je samotna polymerizace (R)-3-hydroxybutyryl-CoA monomert prostfednictvim enzymu
PHA syntazy (PhaC) (viz obr. 6, drdha I). AZ na drobné vyjimky, naptiklad u bakteridlniho
kmene Rhodospirillum rubrum, kdy je (S)-3-hydroxyybutyryl-CoA generovan a pfeveden na
(R) formu za pfitomnosti dvou stereospecifickych enoyl-CoA hydrataz (Kessler a Witholt,
2002). Jak uz bylo n€kolikrat zminéno, zdroj uhliku zdsadné ovlivituje produkci urcitého typu
PHA, ktery bude syntetizovan danym bakteridlnim kmenem. JestliZze se jako substrat pouZije
smés substratu glukézy a kyseliny propionové ¢i jiny prekurzor 3-hydroxyvaleratu, prochéazi
tyto zdroje uhliku podobnou metabolickou drahou odpovidajici draze syntézy P3HB. Tudiz
kondenzaci propionyl-CoA a acetyl-CoA vznikd 3-ketovaleryl-CoA, ktery je nasledné
redukovan na 3-hydroxyvaleryl-CoA a nasledn¢ PHA syntdzou inkorporovan do struktury
polymeru, pficemzZ vznik4 kopolymer P(3HB-co-3HV) (Kessler a Witholt, 2002; K. Sudesh a
kol., 2000).

Oproti scl-PHA, mcl-PHA jsou prioritn¢ syntetizovany z meziprodukti metabolismu mastnych
kyselin. Pti degradaci mastnych kyselin se musi potiebny meziprodukt nejprve transformovat
na konfiguraci R, konkrétné se jedna o pfeménu (S)-3-hydroxyacyl-CoA na (R)-3-hydroxyacyl-
CoA za pfitomnosti enzymu (R)-enoyl-CoA hydratazy (viz obr. 6, draha II). Jestlize dojde k
oxidaci zdroje uhliku prostfednictvim B-oxidace, enoyl-CoA bude enzymaticky katalyzovan
PhaJ (enoyl-CoA hydratdzou) na (R)-3-hydroxyacyl-CoA. Tento produkt je poté piimym
prekurzorem PHA syntézy a substraitem pro PHA syntazu PhaC. Naopak pii biosyntéze
mastnych kyselin je zdroj uhliku ve formé jednoduchych sloucenin oxidovéin na acetyl-CoA
(viz obr. 6, draha III). Meziprodukty oxidace maji roli prekurzorti biosyntézy mcl-PHA, které
jsou vclenény do metabolické drdhy PHA za pfitomnosti (R)-3-hydroxyacyl-ACP-CoA
transferdzy neboli PhaG pomoci pfislusného thioesteru ACP (acyl carrier protein), kdy (R)-3-
hydroxyacylova ¢ast je prenesena na CoA (Rehm, 2006; Sudesh a kol., 2000).

2.2.1.2 PHA syntdzy

PHA syntazy patii ke klicovym enzymim PHA biosyntézy (viz obr. 6), jedna se o velice
rozmanitou skupinu enzymu. Na zaklad¢ primarni struktury je znamo vice nez 59 riznych PHA
syntaz, které jsou rozd¢€leny do 4 tfid s ohledem na povahu substratu a podjednotky bilkoviny,
jak muzete vidét v tabulce 3 (Rehm, 2003).
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Tabulka 3: Charakteristika PHA syntdz (Rehm, 2003).

Ttida Podjednotky Bakterialni kmen Substraty
PhaC 3HASCL-COA,
1. (6073 kDa) C. necator 4HAscL-CoA, SHAsc1-CoA,
3MASCL-COA
PhaCl, PhaC2 .
1L (60-65 kDa) P. aeruginosa 3HAmcL-CoA
3HASCL-COA,
1L PhaC, PhaE A. vinosum 3HAwc1-CoA,

(40 kDa, 40 kDa) 4HAsc1-CoA, SHAsc1-CoA,

PhaC, PhaR

Iv. (40, 22 kDa)

B. megaterium 3HAscL-CoA

PHA syntazy tiidy I a II tvofi jeden typ podjednotky, lisi se ale od sebe substratovou
specificitou. Zatimco syntazy ttidy I (Cupriavidus necator H16) preferuji monomery o délce
fetézce 3 az 5 atomu uhliku, PHA syntazy ttidy Il (Pseudomonas aeruginosa) preferuji délku
monomertl 6 az 14 atoml uhliku. Na rozdil od syntdz 1. a II. tfidy, jsou syntazy III.
(Allochromatin vinosum) a 1IV. tfidy (Bacillus megaterium) tvofeny dvéma riiznymi
podjednotkami, kdy jedna z podjednotek syntizy tiidy III se ¢aste€n¢ podoba jednotce PhaC 1.
a IL. tfidy, alele druha podjednotka PhaE, nemé Zadnou shodnost s ostatnimi skupinami PHA
syntaz. Tento typ syntdz téz preferuje monomerni jednotky o délce 3 aZ 5 atomil uhliku,
ale v nékterych piipadech dovedou syntetizovat i mcl-PHA. Ttida IV svym sloZenim pfipomina
tiidu III PHA syntaz s tim rozdilem, Ze podjednotka PhaE je nahrazena podjednotkou PhaR a
jsou PHA syntazy IV tfidy jsou vyhradné zaméteny na scl-PHA (Rehm, 2003; Sudesh a kol.,
2000).

Model mechanismu polymerizace neni stile jednoznacné popsany, v soucasné dobé& je n¢kolik
modeli, které nabizi hned nékolik moZnych reak¢énich mechanismu. Jeden z pfedpokladanych
mechanisml polymerizace prostiednictvim PHA syntazy byl popsidn u bakteridlntho kmene
Cupriavidus necator H16, jedna se tudiz o syntazu tfidy I, kdy samotnd polymerizace je
rozdélena do tif Casti: iniciace, elongace a terminace. Tento model je zalozen na podobnosti s
velmi dobfe prozkoumanou syntézou mastnych kyselin. V mechanismu polymerizace
prostiednictvim PHB syntazy hraji dilezitou roli cystein a serin posttranslacné modifikovany
4’-fosfopantothenovou prostetickou skupinou (PP), jelikoZ samotny proces polymerizace je

zavisly na pfitomnosti dvou thiolovych skupin (viz obr. 7) (Kessler a Witholt, 2002).
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Obr. 7: Hypoteticky model mechanismu polymerizace PHA syntdzy (Kessler a Witholt, 2002).

Nejprve je 3-hydroxybutyryl-CoAt pfenesen PP na thiolovou skupinu modifikovaného serinu
zauvolnéni koenzymu A. Pfedpoklada se, Ze v dalSim kroku dochazi k transferu jiz navdzaného
3-hydroxybutyratu na thiolovou skupinu cysteinu a pravé diky tomuto posunu dochézi
k dimerizaci syntaz, zatimco druha 3-hydroxyacylova skupina je pfenesena k thiolové skupiné
modifikovaného serinu pomoci PP za uvolnéni dalSiho koenzymu A. Béhem elongace fetézce
se druha 3-hydroxyacylova skupina piida k thiolové skupin¢€ prvniho monomeru navazaného
na cysteinu v mist¢ thiolesterové vazby za vzniku kovalentné vazaného dimeru/oligomeru. K
ukonceni elongace tetézce dochazi hydrolytickym Stépenim za ptitomnosti molekuly vody
bchem pienosu fetézce, diky cemuz se polymer odpojuje od enzymu. Nicméné tento model
nepoCitd s translokaci polymerniho fetézce z posttranslané modifikovaného serinu na
thiolovou skupinu cysteinu druhé jednotky, jak je tomu v ptipadé de novo syntézy mastnych
kyselin (Kessler a Witholt, 2002).

2.2.1.3 Biodegradace PHA

Jak uz bylo zminéno v podkapitole 2.1.1, PHA patii mezi biodegradovatelné polymery. Tento
ve vodé nerozpustny biopolymer je Stépen prostfednictvim enzymatické hydrolyzy esterové
vazby na ve vod¢ rozpustné monomery/oligomery, které mohou byt dale metabolizovany fadou
mikroorganismti (Jendrossek a Handrick, 2002; Sudesh a kol., 2000). PHA degradace se
uskutecnuje v prvni fadé pomoci mikroorganismu produkujicich intracelularni a extracelularni
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depolymerazy, které se lisi jak svoji molekularni strukturou, tak pfedevSim svou substratovou
specifitou v zavislosti na stavu PHA. Tyto karboxylesterazy spadaji do skupiny o/B-hydrolaz,
kdy intracelularni PHA depolymeraza (i-PHA depolymeraza) je schopna aktivné hydrolyzovat
amorfni neboli nativni PHA granule (nPHA). Zato extracelularni PHA depolymeréaza (e-PHA
depolymeraza) je schopna enzymaticky rozlozit pouze krystalické PHA, Casto oznacované jako
denaturované PHA (dPHA), které bylo uvolnéno do prostfedi nasledkem lyze bunék schopnych
akumulace PHA (Jendrossek, 2007). Nicméné byla zjiSténa vyjimka, kterd nespada do
klasifikace depolymeraz dle formy PHA, a tou je extracelularni depolymerdza (PhaZ7)
produkovéana bakterii Paucimonas lemoignei, kterd odbourava pouze nativni PHA granule
(Handrick a kol., 2001). Dalsi vyjimku ptedstavuje depolymerdza (PhaZl) bakterie
Rhodospirillum rubrum lokalizovana v periplazmatickém prostoru bun¢k, kterd se na jednu
stranu velmi podoba sekvenci katalytické domény e-PHA depolymeraz, na druhou stranu je tato
PhaZ1 aktivni vic¢i nPHB a jeho oligomernim jednotkam. Neni tplné jasné opodstatnéni
vyskytu depolymerazy v periplazmatickém prostoru, ptedpoklada se ale, Ze tato depolymeraza
reprezentuje novy typ PHB depolymeraz (Handrick a kol., 2004).

Rychlost degradace PHA je rovnéz ovlivnéna podminkami prostiedi, jako je teplota, vlhkost,
pH aj., z ¢ehoZ vyplyva i ¢asové rozmezi degradace materidlu v fadi tydnt az let. Pi aerobni
degradaci PHA vznikd aZ oxid uhli€ity a voda, anaerobné vznik4 také methan (Sudesh a kol.,
2000).

2.2.1.4 Intraceluldrni degradace PHA

Jak uZ bylo nastinéno v kapitole 2.2.1, PHA syntéza a intracelularni degradace probiha
soucasng, i kdyZ rychlost jednotlivych procest se odviji od mnozstvi dostupného zdroje uhliku,
energie a dusiku (Ong a kol., 2017). Intracelularni PHA depolymerazy (PhaZ) jsou schopny
degradace PHA pouze v nativnim amorfnim stavu, diky ¢emuZ udrzuji stilou dostupnost
monomernich ¢i oligomernich jednotek PHA. Bylo zjisténo, Ze v pfipadé bakteridlniho kmene
Cupriavidus necator H16 byla 16,5krat vyssi koncentrace 3HB nez u jeho mutantniho kmene
bez schopnosti syntézy a akulmulace PHA (Obruca et al., 2016a). PhaZ lze dale rozdélit dle
délky monomerni jednotky na nPHAwmcrL a nPHAscL depolymerdzy. AZ na nékolik vyjimek ve
skupiné nPHAscL maji vSechny depolymerazy jak intracelularni, tak extracelularni katalytickou
triadu (serin-histidin-aspartat) tvotici aktivni misto. U nékterych a/B-hydroldz bylo potvrzeno
zaClenéni katalytickeho serinu v tzv. lipase box pod sekvenci Gly-Ser-Gly. Mezi dalsi
podobnosti mezi PHA depolymerazami a lipdzami patii stabilizace pfechodné konformace
karbonylového uhliku pomoci histidinu (nekatalyticka forma), konkrétné prostiednictvim NH-
skupin rovnéz v aktivnim misté enzymu (oxyaniontova dira) (Flickinger a kol., 2002; Jaeger a
kol., 1995; Knoll a kol., 2009). Nicmén¢ u intracelularnich nPHA depolymerdz nebyla
potvrzena Zadna substritovd vazebnd doména. Rovné lipase box se nevyskytuje u vSech
nPHAscL depolymerdz, které disponuji na druhou stranu katalytickou triddou sloZenou
z cysteinu, histidinu a aspartatu, jak je tomu napiiklad u jiZz zminéné bakterie Cupriavidus
necator H16 (Behrends a kol., 1996; Knoll a kol., 2009).

Na zdkladé uplné genomové sekvence Cupriavidus necator H16 se piedpoklada, Ze tento
bakteridlni kmen je schopny syntézy az 9 nPHBscL depolymeraz s oligomernim hydrolazami,
kde pét z nich piedstavuji PHB depolymerazy (PhaZal-PhaZa5), 2 oligomerni hydrolazy
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(PhaZb a PhaZc) a dva izoenzymy PHB depolymeraz (PhaZd1 a PhaZd2). PhaZa a PhaZd jsou
obvykle navazany na nativnich granulich a hydrolyzuji polymerni fet€zce P3HB na oligomerni
jednotky 3HB. Zato druhd skupina enzymt, oligomerni hydroldzy PhaZb a PhaZc Stépi
v cytoplazmatickém prostoru oligomery 3HB na monomery (Sugiyama a kol., 2004; Uchino a
kol., 2008). Mezi dalsi i-nPHA depolymerazu, ktera byla identifikovana, patfi PhaZl. Tato
depolymeraza vyskytujici se u bakteridlniho kmene Bacillus mageterium je specifickd svoji
vysokou afinitou, enzymatickou aktivitou vic¢i nativnim PHA granulim a také schopnosti
hydrolyzovat semi-krystalické PHB na rozdil od jinych i-PHAscL depolymeraz (Chen a kol.,
2009).

Jsou zkoumany také intracelularni PHAmcL depolymerazy, napiiklad i-PHAwmcL depolymeraza
izolovana z bakterie Pseudomonas putida. Jedna se o intracelularni enzym navdzany na PHA
granulich, ktery diky inhibi¢nimu vlivu fenylmethylsulfonylfluoridem (PMFS) ¢i Tritonu X-
100 ptipomina serinové hydrolazy. PMFS nebo Triton X-100 interaguji se serinovymi zbytky
v aktivnim misté enzymu, a tudiZ depolymeraza ztraci svoji aktivitu (Eugenio a kol., 2007).

2.2.1.5 Extraceluldrni degradace PHA

Extracelularni PHA depolymerazy jsou az na vyjimky schopny hydrolyzovat degradovany
krystalicky polymer. Ve srovnani s intracelularnimi depolymerazami, extracelularni
depolymerazy patii k nejlépe probadanym depolymerazam, které jsou dile déleny na dPHAscL
a dPHAwMcL. Tyto enzymy jsou charakteristické nizkou molekulovou hmotnosti (<70 kDa) a
vysokou mirou stability v Sirokém rozmezi pH (optimani pH 7,5-9,8), teplot a iontové sily.
Aktivita dPHAscL depolymeraz je aZ na vyjimky inhibovana redukénimi €inidly a inhibitory
serinovych hydrolaz jako jsou napiiklad diisopropyl-fluorofosfat (DFP) nebo
acylsulfonylderivaty. Rovnéz bylo zjiSt€éno, Ze vétSina PHA depolymerdz neinteraguje s
pozitivné nabitymi iontoménici (napiiklad diethylaminoethyl celul6za) pifi neutrdlnim pH
narozdil od hydrofébnich materidlu. Proto se v purifikacnim protokolech hojné vyuZziva
chromatografie hydrofobnich interakci (Jendrossek a Handrick, 2002). Izolované e-PHA
depolymerazy se skladaji z jediného polypeptidového fetézce s molekulovou hmotnosti 37—
60 kDa, ktery je tvofen kratkym signalnim peptidem (22-58 aminokyselin), N-terminalni
katalytickou doménou (lipase box a oxyaninotova dira), kritkou doménou linkeru a C-
terminalni nekatalytickou substratovou vazebnou doménou, kdy v zavislosti na poloze lipase
box vici oxyaninotové diie jsou rozliSovany dvé katalytické domény. Zatimco u dPHAwmic
depolymeraz neni znamo, zda disponuji substratovou vazebnou doménou, predpoklada se, ze
funkce C-termindlni domény je nahrazena N-termindlni katalytickou doménou (Knoll a kol.,
2009; Sudesh a kol., 2000).

Mezi zéastupce intenzivné zkoumanych bakterii v souvislosti s extracelularnimi
depolymerizami patii bezesporu bakterie Paucimonas lemoignei syntetizujici nejmén¢ sedm e-
PHA depolymeriz, kdy Sest (PhaZ1-PhaZ6) z nich je schopno hydrolyzovat dPHA. Sedma
depolymerdza (PhaZ7), jak uz bylo zminéno vySe v podkapitole 2.2.1.3, patii sice do
extracelularnich depolymeraz, ale odbourdva pouze nPHA. Divod piitomnosti tolika
depolymerdz neni jeSté zcela objasnén, ale pfedpoklada se urCitd kooperace depolymeraz
s odliSnou aktivitou s ohledem na rtiznou délku fetézce molekul v rdmci hydrolyzy P3HB.
Oproti vétsiné dPHA depolymeraz, jsou dPHA depolymerazy P. lemoignei glykosylované, kdy
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mechanismus glykosylace neni zndm. Vyznam glykosylace je pfisuzovan vyssi odolnosti vici
vysSi teploté a hydrolytickému Stépeni protedzami konkurenénich mikroorganismi, nebot
ptitomnost sacharidi neni nezbytna pro samotnou aktivitu depolymeraz, jak bylo ovéfeno u
rekombinantnich kment Escherichia coli a Bacillus substilis (Briese a kol., 1994; Jendrossek a
kol., 1995). Na druhé stran€¢ o dPHAwmcL toho tolik zndmo neni. Je prokdzana vysoké specifita
dPHA depolymeraz na délku monomerni jednotky fetézce PHA, kdy u bakteridlniho kmene
Streptomyces exfoliatus K10 byla zjisténa schopnost degradace jak dP3HB, tak dPHO, i kdyz
disponuje pouze dP3HB depolymerizou specifickou pro dPHAscL, coZ naznaCuje vyskyt
nejméné jedné dalSi depolymerizy se speciftou pro dPHAmcL (Klingbeil a kol., 1996).
S podobnymi vysledky vysla aktivita dP3HB depolymerazy bakterie Alcaligenes faecalis, ktera
nebyla schopny hydrolyzy esterovych vazeb mezi kopolymerem P(3HB-co-3HHXx) (Doi a kol.,
1995). V ramci degradace dPHA bylo zjiSténo, Ze nékolik lipdz je schopno hydrolyzovat
esterové vazby PHA, jestlize se polymer sklada z m-hydroxyalkanovych kyselin (Jaeger a kol.,
1995). S ohledem na podobnost dPHA depolymeraz s lipdzami byla testovana katalyticka
reakce PHB depolymeraz z Pseudomonas lemoignei v organickych rozpoustédlech, kde byla
za nepiitomnosti vody prokazana reverzni reakce, konkrétné syntéza esterti ¢i transesterifikace
(Kumar a kol., 2000).

2.2.2  Regulace metabolismu PHA

Regula¢ni mechanismy jsou nedilnou soucasti metabolickych drah PHA, at’ uz z hlediska
syntézy ¢i degradace. Regulacni procesy lze rozdélit dle urovné, kde se odehravaji, konkrétné
na regulaci prostfednictvim nutri¢nich podminek, regulaci na enzymatické urovni a na regulaci
PHA metabolismu na drovni genové exprese.

2.2.2.1 Nutri¢ni podminky

Zavislost syntézy PHA na kultivaénich podminkdch bylo objeveno uz vroce 1958 u
nesporulujictho kmene B. megaterium. V dnes$ni dob€ uz je prokizéina piima zavislost mezi
ucinnosti syntézy PHA pfi nadbytku uhliku a ziroven nedostatku esencidlnich prvki jako
napftiklad dusiku, siry, hot¢iku, fosforu nebo kysliku potfebnych pro bunécné déleni. Rovnéz
byl potvrzen i pozitivni vliv poméru mnoZstvi mezi dusikem a uhlikem, kdy s vét§im pomérem

ve prospéch uhliku se zvysilo i mnoZstvi naakumulovaného PHA (Merrick a Doudoroff, 1964).

2.2.2.2 Regulace na enzymatické virovni

Regulace na enzymatické drovni se tyka jak aktivace, tak inhibice PHA metabolickych enzymut
¢i jejich kombinace. Kli¢ové regulac¢ni body byly podrobné popsany u syntetické drahy PHA
bakteridlnitho kmene Cupriavidus necator H16 jako modelového organismu. Jednim z hlavnich
faktort je intraceluldrni koncentrace acetyl-CoA a volného koenzymu A, které ovliviiuji ve
velké mife aktivitu enzymu 3-ketothiolazu, kterd katalyzuje prvni krok syntézy PHA. Rovnéz
vysoké koncentrace NAD(P)H a vysoké poméry NAD(P)H/NAD(P)+ maji vyznamny vliv na
syntézu PHA, kdy vysoké koncentrace jiZ zminénych koenzymil inhibuje citratovy cyklus,
konkrétné¢ dochézi k inhibici citrat syntazy a citrat dehydrogenazy, ¢imz je posilen tok acetyl-
CoA do syntézy PHB namisto citratového cyklu (Kessler a Witholt, 2001).Tento typ regulace
byl nasledné experimentalné potvrzen pomoci mutantniho kmene C. necator H16 s naruSenou
isocitrat dehydrogenazou, diky ¢emuZ vyrazné klesla aktivita citratového cyklu a zvysSila se
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rychlost syntézy PHA. Prave aktivita enzymil 3-ketothiolazy a acetoacetyl-CoA reduktazy
udava rychlost PHA syntézy, pficemz obsah PHB je tizen PHA syntdzou (Jung a kol., 2000).

2.2.2.3 Regulace PHA metabolismu na tirovni genové exprese

Regulace také probiha na irovni genové exprese, kde je zapojend celd fada regulacnich proteinii
v ramci regulace transkripce. Napiiklad regulacni protein LuxR, ktery je znam kontrolou nad
bioluminiscenci a nad PHA syntézou u bakteridlniho kmene Vibrio harvey. Tento protein je
aktivovan vysokou koncentraci N-acylhomoserin-laktonu pisobiciho jako autoinduktor ve
stacionarni fazi bunék. Naproti tomu mutantni kmen Vibrio harvey bez schopnosti exprese
proteinu LuxR ztratil schopnost akumulace PHB (Miyamoto a kol., 1998).

Vétsina faktorti ovliviiujici regulacni mechanismy probihajici na transkripéni drovni byly
pozorovany a popsany na piikladu bakteridlniho rodu Pseudomonas. Napiiklad transkripéni
reguldtor PhbRps u bakteridlniho kmene Pseudomonas sp. 61-3, ktery je schopen jak syntézy
homopolymeru PHB, tak ndhodného kopolymeru obsahujici monomerni jednotky o 4 az 12
atomu uhliku. Pfitom PhbRp; je zapojeny pouze v expresi gentl, které jsou nezbytné pro syntézu
homopolymeru PHB. Zajimava je nezavislost transkripce gent phbps v rekombinantnim
mutantu C. necator H16 neprodukujicim PHB na genu kddujicim regulidtor PhaRps, coZ
naznacuje bud’ dalsi funkéni promotoru na hornim konci kdédujici sekvence nebo regulétor C.
necator H16, ktery miZe dany regulator PhaRps nahradit (Matsusaki a kol., 1998). Jednim
z dalsich piikladi regulatori je PhaS identifikovany v P. putida KT2442, ktery ve své primarni
struktufe vykazuje homologii s ¢asti senzoru u dvouslozkového regulacniho systému obsahujici
histidin-protein kindzu a regula¢ni doménu (Madison a Huisman, 1999). Na zakladé¢ téchto dat
byla u bakterie Azotobacter vinelandii popsdna GacS transmembranova senzorickd kinaza,
kterd se svoji nukleotidovou sekvenci velmi podoba regulaénimu proteinu PhaS. Bylo
potvrzeno, Ze tato transmembranova senzorickd kinaza GacS reguluje jak produkci alginatu,
tak samotnou syntézu PHB (Castafieda a kol., 2000).

U bakteridlntho kmene Pseudomonas aeruginosa PHA akumulace zavisi na pfitomnosti
alternativniho o faktoru RpoN patiici do skupiny RNA polymeraz. K inhibici akumulace PHA
dochazi tedy pouze za nepiitomnosti RpoN, jestliZze jsou bunky kultivoviany na mastnych
kyselinach. Obecné se RpoN podili na riistové fazi v zavislosti na aktivaci non-housekeeping
promotort. Avsak stile neni jasna podstata tohoto ¢ faktoru pro biosyntézu PHB z sacharid
prostfednictvim de novo syntézy mastnych kyselin a nikoli skrz B-oxidaci mastnych kyselin
(Timm a Steinbiichel, 1992). AvS§ak RpoN neni jediny ¢ faktor, ktery reguluje akumulaci PHA.
Bylo zjisténo, Ze o faktor RpoS u bakterie Pseudomonas putida ¥idi nejen expresi nékolika genti
podilejicich se na pteziti za nepiiznivych podminek, ale také figuruje v regulaci genii kodujicich
PHA syntazu (phaC) a PHA depolymerazu (phaZ). Narozdil od nepfitomnosti inhibitoru
akumulace PHA RpoN, zvySend exprese phaC a phaZ geni u mutantnich kmenii naopak

Vv

zpusobila niZ$i obsah PHA v buiikdch (Raiger-Iustman a Ruiz, 2008).

Mezi dalsi dileZité transkripéni reguldtory jsou PhaR (phaR), které ovliviiuje transkripci
pomoci represe ur¢itého tseku DNA, konkrétné oblast (phaC-phaP a phaP-phaR), ktera je
zodpovédna za expresi phasinii (PhaP) a biosyntézu PHA (viz obr. 8). Jakmile nastanou
nepfiznivé podminky pro syntézu PHA, PhaR se specificky navaZou na phaP promotorovou
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oblast, ¢imZ dojde k inhibici transkripce PhaC. Tato inhibice trva az do doby, dokud nenastanou
pithodné;jsi podminky pro produkci PHA, kdy dochazi k formaci granuli a PhaR se za¢ne vazat
na jejich povrch. Jedni se o nespecifickou vazbu zaloZenou na hydrofobicité povrchu granuli.
Nésledné dojde k poklesu koncentrace PhaR v cytoplazmé a zapocne syntéza PhaP, které se
hned vaze na PHA granule. Jakmile granule dosdhne své maximalni velikost a jeji povrch je
z vétSiny pokryt PhaP, PhaR je vytlaen zpét do cytoplazmy, ¢imzZ se tyto regulacni proteiny
navazi opét na ptislusnou sekvenci DNA a dochazi k represi transkripce phaR a phaP. Timto
regulacnim mechanismem neboli autoregulaci se tak bunka chrani pfed zbyte¢nou syntézou
PHA, a tudiZ i plytvanim energii (Grage a kol., 2009; Potter a kol., 2002; York a kol., 2002).

navazani na
PHA granule

—

represe
phaR

represe represe
phaP3 phaP1

PhaP1 navazani na -
. PHA granule

——
%‘g navazani na PHA granule ‘—)

Obr. 8: Regulace na iirovni transkripce (Potter a kol., 2005).

23 Fyziologie a biofyzikalni vlastnosti PHA granuli

JelikoZ intracelularni granule ptedstavuji velky podil bakteridlnich bunék (aZ 90 % hmotnosti
suché biomasy, maximalné cca 40 objemovych % bunky), vyrazné tak ovliviji jejich fyzikalné
chemické vlastnosti (Mravec et al., 2016).

2.3.1  Struktura PHA granuli

Jak uZ bylo naznaceno v podkapitole 2.1.1, intracelularni PHA jsou akumulovany rGznymi
mikroorganismy ve form¢ amorfnich granuli sférického tvaru tvofené hydrofobnim PHA
polymernim jadrem obklopenym vnéjsi proteinovou vrstvou (tzv. strukturni PHA proteiny),
kterd neobsahuje in vivo Zadné fosfolipidy, jak bylo v nedavné dobé dokazano u bakterie
Cupriavidus necator H16 (viz obr. 9). Takto strukturované supramolekularni komplexy neboli
karbonosomy dosahuji velikosti 0,2 az 0,5 pm v priméru (Bresan a kol., 2016).
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Obr. 9: Struktura PHA granule (Bresan a kol., 2016).

Doposud bylo identifikovano na devatenéct proteinii na povrchu PHB granuli u bakteridlniho
kmene C. necator H16: PHB syntidza (PhaC), sedm PHB depolymeraz (PhaZ1-PhaZ5, PhaZd1
a PhaZd2), dv¢ oligomerni hydrolazy PHB (PhaZb a PhaZc), sedm phasini (PhaP1-PhaP7) a
dva DNA a PHB vazné proteiny (PhaR a PhaM), pfiCemzZ phasiny pokryvaji vétSinu povrchu
PHB granuli (Jendrossek a Pfeiffer, 2014). Jedna se o proteiny amfifilniho charakteru s malou
molekulovou hmotnosti (14-28 kDa) obsahujici strukturni motiv leucinového zipu v sekvenci
aminokyselin podporujici domnélou oligomerizaci jako mechanismus formace téchto
polypeptidi (Maestro a Sanz, 2017; Potter a kol., 2005). Obecné phasiny hraji klicovou roli
nejen ve stabilizaci PHA granuli, ale také v samotné regulaci syntézy, distribuci béhem
bunécného déleni a degradaci PHA granuli, diisledkem ¢ehoz je rizna velikost a pocet PHA
granuli (Mezzina a Pettinari, 2016). Konkrétné¢ u Cupriavidus necator H16 je povrch PHB
granuli tvotfen 27 az 54 % PhaP1, ¢imZ dosahuje azZ 5 % celkové proteinové slozky v buiice
(Wieczorek a kol., 1995). Jestlize byla produkce PhaP1 omezena pomoci delece genti PhaP
genu, dochéazelo k vytvofeni jedné velké PHB granule v rimci buniky (viz obr. 10 vlevo) na
rozdil rekombinantnich kment,, kde byla naopak zvySena produkce PhaPl, coz vedlo
k produkci velkého po¢tu malych PHB granuli. (viz obr. 10 napravo) (Potter a kol., 2002;
Wieczorek a kol., 1995).

Obr. 10: Mutantni kmeny Cupriavidus necator H16 (Bresan a kol., 2016).
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Predpoklada se, Ze PhaP1 je esencialni nejen pro stabilizaci PHB granuli, ale 1 pro samotnou
degradaci, pro kterou je nezbytny, i kdyZ PhaP1 mlzZe byt do jisté miry nahrazen dalS$imi typy
phasinti (Maestro a Sanz, 2017). Jak uZ bylo popsano v podkapitole 2.2.2.3, exprese PhaP1 je
striktné regulovana pomoci transkripéniho regulatoru PhaR. Dale bylo zjiSténo, Ze ptidavek
¢isté formy PhaP1 prodlouZzi lag fazi syntdzy PhaC oproti PhaM, ktery se vaZe na granuli PHB
pies syntdzu PhaC a zaroven je vazan s bakteridlni DNA. Diky ¢emuz PhaM zajist'uje rozdéleni
PHB granuli z matefské bunky do dvou dcefinych bunék béhem déleni. Nicméné bylo
potvrzeno, Ze PhaM (32 kDa) je schopen piepnout neaktivni formu PhaC na aktivni, jejiZ podil
byl podstatné vyssi neZ bez pritomnosti aktivatoru PhaM. Odhaduje se, Ze jedna molekula
PhaM je dostatecné pro aktivaci pfiblizné 11 molekul PhaC (Cho a kol., 2012; Jendrossek,
2009; Jendrossek a Pfeiffer, 2014). Stejné jako u PhaP1l byla objevena zavislost poctu a
velikosti granuli PHB na mnoZstvi PhaM, kdy s deleci genu phaM klesa pocet granuli PHB az
na jednu velkou oproti nadmérné expresi PhaM, kdy se naopak vyrazné zvysi pocet malych
granuli PHB (Wahl a kol., 2012).

Zatimco u druhu Pseudomonas jsou mcl-PHA granule pokryty phasiny PhaF a Phal, PhaC a
PhaZ spolec¢né s acyl-CoA syntazou (ACS1), kde PhaF se vyskytuje v majoritnim zastoupeni.
Tento phasin je velmi dikladné prozkouman z hlediska jeho struktury vyznacujici se PHA
vazebnym N-koncem a kladné nabitym C-koncem (histonova doména), ktery se nespecificky
vaze k DNA (Maestro a Sanz, 2017). V ptipad¢ nedostatku PhaF dochézi k tbytku celkového
obsahu PHA vysledkem Spatné segregace granuli do dcefinych bun€k (Dinjaski a Prieto, 2013).
Rovnéz byl potvrzen regulacni ucinek u exprese genti phaCl a phal (Galan a kol., 2011). Phasin
Phal je strukturné velmi podobny PhaF a spolecné s PhaF je zodpovédny za biosyntézu a
akumulaci PHA u bakteridlntho kmene P. putida KT2442. U bakterii akumulujicich
kopolymery PHA byly objeveny phasiny vyskytujici se u bakterii s scl-PHA metabolismem,
tzv. phasiny PhbP, ve formé¢ klastri (Hokamura a kol., 2015; Matsumoto a kol., 2002).

2.3.2 Mechanismy vzniku PHA granuli

Jelikoz se diive predpokladal vyskyt fosfolipidii v povrchové vrstvé PHA granuli, byly prvni
hypotézy, jak se tvoii PHA granule in vivo, jiZ vyvraceny (viz obr. 11A, B). Jedna se o tzv.
micelarni a pucici model, kde prvni model byl zaloZen na samousporadani PHA granuli
v cytoplazmé prostfednictvim ve vodé€ rozpustnych PHB syntaz. Tyto PHB syntazy zacnou
syntetizovat hydrofobni polymer P3HB, jestliZe koncentrace monomernich jednotek 3HB-CoA
v cytoplazmatickém prostoru je dostatecné vysoka. Na zaklad¢ hydrofobicity se poté fetézce
samy formuluji do ndhodné umisténych micelarnich struktur, ke kterym se piipojuji phasiny
s dalSimi proteiny. Zato druhy tzv. pucici model vychazi z vyskytu syntdz PHA v periferni
oblasti, konkrétné ptipojenych k plazmatické membrané. Nicmén¢ bylo potvrzeno, zZe zZadné
PhaC ani phasiny se na cytoplazmatické membrané nenachézeji (Jendrossek a Pfeiffer, 2014;
Singh a Chandel, 2018). Tteti model nazyvany ,,scaffold‘ pfedpokliada (viz obr. 11C), Ze PHA
granule jsou vytvareny okolo nespecifikované struktury ve sttedu buné€k, coZ znamena, Ze
umisténi PHA granuli neni nahodily proces. Tento model je zaloZen na snimcich pofizenych
pomoci TEM, na kterém je Sipkou oznacena neznidmé scaffold oblast s PHA granulemi u
bakteridlnitho kmene Cupriavidus necator H16, ktery byl kultivovan pfi limitaci dusikem (Tian
a kol., 2005). Tteti model byl jiz modifikovan na tzv. model bunécnych poéla, a to z hlediska
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umisténi PHA granuli v buiikach, kdy uZ po 5-10 minutich byly pozorovatelné jedna az dvé
P3HB granule, které byly vzdy lokalizovdny na opacnych pdlech buiiky. Tento jev je
pfisuzovéan s nejvetsi pravdépodobnosti PhaM, ktery se vaze jak na PhaC, tak na nukleoid, ktery
by tak plnil funkci scaffoldu (viz obr. 11D) (Beeby a kol., 2012; Xiao a kol., 2015). Zatim ale
neni zadna hypotéza potvrzena do takové miry, aby se stala teorii obecné vysvétlujici vznik
intracelularni granule in vivo.

A) Micelarni model

S Y ®® PHB syntiza
Ba PHB polymer
PhaP1
Dal3i PhaPs
B) Puéici model PhaZs
PhaR
Pham
gy —
s s~ § - <ipas Fosfolipid

Obr. 11: Modely formovdni PHA granuli (Jendrossek a Pfeiffer, 2014; Tian a kol., 2005).

2.3.3  Amorfni charakter nativnich PHA granuli

Jak bylo feceno v pfedchazejicich kapitolach, P3HB je ukladano ve formé intracelularnich
granuli v amorfnim stavu. Jakmile jsou P3HB granule izolovany, dochazi k alespoil ¢aste¢né
ztraté amorfniho charakteru a granule prechazi do krystalického stavu s velmi odliSnymi
vlastnostmi. Amorfni P3HB granule jsou casto na zaklad¢ vlastnosti pfirovnavany
k podchlazené vodg, ktera si zachovava strukturu kapaliny pii prudkém sniZeni rychlosti diftize
a naristu viskozity. Pfedev§im diky mechanickym vlastnostem se amorfni P3HB granule lisi
od ostatnich komponent, které se vyskytuji v bakteridlnich bunikach (Bonthrone a kol., 1992).
Vliv amorficity P3HB je v sou¢asné dob¢ velmi zkoumanym tématem, mnohé studie prokazaly
spojitost mezi vyjimecnym charakterem P3HB in vivo a protektivnimi mechanismy vuci
riznym stresovym faktoriim jako je osmoticky Sok, nizka teplota, aj. (viz podkapitola 2.3.4).
K ptekvapujicim zjisténim patii bezesporu udrzeni amorfniho charakteru intracelularnich PHB
granuli i za velmi nizkych teplot (—140 °C), ktery byl prokazan diky snimktim z cryo-SEM (viz
obr. 12) (Sedlacek a kol., 2019b).
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Mechanismus uchovani amorfniho charakteru P3HB granuli in vivo namisto termodynamicky
vyhodn¢jsi krystalické formy neni zcela objasnén, ackoli je zndmo nékolik teorii, které se snazi
vysvétlit nativni charakter intracelularnich P3HB granuli. Jedna z nich je zaloZena na ucasti
tzv. plastifikitori (nizkomolekuldrnich ¢i makromolekuldrnich latek), ale nebyl prokdzéin
Zadny pfimy vliv jednotlivych slou¢enin. Mezi navrhovanymi slou¢eninami byla i voda, nebot’
je soucasti nativnich granul, a to aZ z 10 hmotnostnich % (Lauzier, Marchessault, a kol., 1992;
Lauzier, Revol, a kol., 1992; Mas a kol., 1985). Predpokldda se, Ze voda stabilizuje B-
konformaci syntetizovanych fetézcti PHA uvnitit granuli prostfednictvim vodikovych vazeb, a
tudiZ znemozni jejich krystalizaci. Tato teorie v§ak nebyla prozatim experimentaln€é dokazana.
Druha teorie o amorficit¢ P3HB granuli vychazi z kinetického mechanismu, ktery zohlediiuje
pokles rychlosti krystalizace z diivodu nizsi frekvence spontdnnich nukleaci v tak malém
objemu (Bonthrone a kol., 1992; de Koning a Lemstra, 1992). Pozdé&ji byl tento argument
experimentalné vyvracen vytvorenim krystalického PHA za pouZiti amorfni granule o velikosti
submikronu (Horowitz a Sanders, 1994). Mezi dalsi stabiliza¢ni mechanismy, které mohou hrat
dialeZitou roli v amorficit¢ PHA granuli, je povaZzovana samotnd proteinovd povrchova vrstva
granuli, kterd chrani granule pted pfipadnou koalescenci (Potter a kol., 2002). V nyné&jsi dobé
se ¢im dél vice pfiklani ke kombinaci téchto tfi modeld, které alesponl ¢astecné vysvétluji
mechanismus amorfniho charakteru PHB (Obruca a kol., 2017). Nicméné je jasné, Ze dana
problematika amorficity PHA granuli in vivo potiebuje vice experimentalnich dat k objasnéni
mechanismu jeji stabilizace.

Obr. 12: Amorfni PHB granule C. necator H16 na snimcich cryo-SEM (Sedlacek a kol., 2019D).

2.3.4  Protektivni vlastnosti PHA pfi stresové odpovédi bakterii

VétSina mikroorganismil si vyvinula celou fadou protektivnich mechanismil, aby dokézaly Celit
riznorodym podminkdm prostiedi, v némz se vyskytuji (dostupnost Zivin, zmény teplot, pH,
oxidace ¢i rizné koncentrace soli aj.). Schopnost bakterii pfezit v n€kterych piipadech az
extrémni podminky zavisi pfedev§im na rychlosti odezvy regulacnich mechanismil a
ptizptisobeni metabolickych drah mikroorganismt (zmény v genové expresi, lokace) (Ron,
2013). Jednim z ptikladi vyznamnych obrannych néstrojii je i mimo jinych produkce a
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akumulace PHA ve form¢ intracelularnich granuli, které neslouzi pouze jako zdroj energie a
uhliku, ale hraji vyznamnou protektivni roli u mnohych mikroorganismt vii¢i riznym strestim,
jak je shrnuto v tab. 4 (Obruca a kol., 2020). Nicméné¢ role nativnich PHA granuli je mnohem
komplexnéjsi, neZ by se mohlo zdat, nebot’ byl prokizan i protektivni efekt monomernich a
oligomernich jednotek PHA v bakteriich, jsou pfitom Casto pfirovnavany k tzv. kompatibilnim
latkam, chranici bakterie pii nizkych teplotich, osmotickém Soku, oxidacnim stresu atd. (da
Costa a kol., 1998; Obruca a kol., 2016a; Obruca a kol., 2016b).

2.3.4.1 Teplota

Bakterie schopné produkovat PHA vykazuji rtizné Siroky rozsah optimdlnich teplot rastu.
Obecné I1ze mikroorganismy délit dle vhodné teploty do n€kolika skupin: na psychrofily (okolo
15 °C), psychrotrofy (20 az 30 °C), mezofily (okolo 37 °C), termofily (okolo 60 °C) a
hypertermofily (80 °C a vice) (Marles-Wright a Lewis, 2007). Nicméné& obecné plati, Ze pii
prudkém navyseni teploty nad optimalni kultivacni teplotu daného mikroorganismu dochazi
k indukci metabolické odpovédi na tepelny Sok (heat shock response), kdy dochazi ke spusténi
exprese proteint teplotniho Soku HSPs (heat shock proteins). Tato odezva slouzi jako ochranny
a zaroven homeostaticky bunécny proces, ktery napomaha termotoleranci. HSPs hraji dalezitou
roli v obnoveni biologicky aktivni konformace proteint a degradaci proteint jak za stresovych,
tak i za normalnich podminek. HSPs skupina je sloZena z molekularnich chaperont (Dnak,
GroEL, GroES) a ATP dependentni protedzy (Lon, ClpP) (Ron, 2013).

V ptipad€ nizkych teplot mikroorganismy reaguji prostfednictvim odpovédi na Sok z chladu
(cold shock response) produkci specifické skupiny proteinti chladového Soku CSPs (cold shock
proteins). Mechanismus odezvy mikroorganismti na vliv sniZené teploty byl zkoumén
na bakteridlnim kmenu Escherichia coli s optimalni rtistovou teplotou 37 °C v exponencialni
fazi, kterd byla skokové vystavena snizené teploté¢ 15 °C. Reakce bakterii na stres se sklada
z nékolika fazi. Prvni faze odpovida aklimatizaci bunék po dobu 3 az 6 hodin, kdy v tomto
intervalu je rast bunék zastaven. Po uplynuti lhlity nastdva druhd faze, kde rist bunék opét
zapocne, ale v pomalejSim tempu (Barria a kol., 2013).

Jak bylo zminéno v pfedchézejici kapitole, vyskyt PHA v bakteriich m4 pfimy vliv na jejich
prezivani za nizkych teplot. Konkrétn¢ byl tento efekt prokdzdn u bakteridlntho kmene
Pseudomonas vyskytujictho se v antarktickych oblastech. Nésledujici studie potvrdily vétsi
odolnost bakterii produkujicich P3HB va¢i nizkym teplotim narozdil od bakterii
bez schopnosti syntézy P3HB (Ayub a kol., 2004). RovnéZz bakteridlni kmeny produkujici
kopolymery PHA byly srovnany s kmeny neprodukujicimi. Napiiklad kmen Aeromonas
hydrophila 4AK4 produkujici kopolymer 3-hydroxybutyratu a 3-hydroxyhexanoatu a jako
neprodukujici byl vybran kmen Aeromona hydrofila CQ4 s porusenou PhaC-syntdzou.
Vysledek nebyl pouze ve vétsi odolnosti A. hydrophila 4AK4 vici teplotnimu Soku, ale také
vuci UV zéreni a osmotickému tlaku (Zhao a kol., 2007).

Pti plisobeni nizké teploty na mikroorganismy hraje vyznamnou roli také rychlost chlazeni.
Jestlize je rychlost chlazeni dostatecn¢ pomald, dochazi v disledku rozdilu chemickych
potencialt intracelularniho a extracelularniho prostiedi k exosmoéze (tok vody z bunky
v disledku vétsi koncentrace rozpusténych latek v extracelularnim prostredi), a tim ke vzniku
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krystalkli ledu pouze v extracelularnim prostfedi bunék (viz obr. 13). Dochazi k dehydrataci
buiiky ve snaze vyrovnat ¢i udrZet rovnovahy chemickych potencialt a bunka se smr§tuje. V
kontrastu s pomalym chlazenim, v priibéhu rychlého chlazeni nedochézi k pottebné dehydrataci
a vznika intracelularni led, ktery miiZe ponicit vnitini strukturu buiiky. Nicmén¢ pfi extrémné
rychlém chlazeni dochazi k tzv. podchlazeni intracelularni vody a tim i k redukci rozméra
intracelularnich krystalki ledu, které jsou pozorovatelné jen pomoci elektronové mikroskopie.
Mnozstvi podchlazené bunécné vody lze vypocitat jako funkci rychlosti ochlazeni za pouZiti
hodnot permeability buiiky vii¢i vodé, aktivacni energie, poméru objemu bunécné vody,
velikosti povrchu buiikky a pocatecni koncentrace rozpuSténych latek v bunice. MnoZstvi
bunécné vody lze potom vynést jako zavislost relativniho objemu buné¢éné vody vici teploté
odpovidajici izotonickému objemu bunécné vody. Ddle 1ze tyto hodnoty vyuzit i k odhadnuti
pravdépodobnosti zmrznuti bunééné vody s ohledem na rychlost ochlazeni. Rovnéz byl
experimentalné dokazan vztah mezi rychlosti chlazeni a rychlosti zpétného ohiivani vztahnuty
na citlivost bun¢k. Buiiky, které prosly procesem rychlého chlazeni, prokazovaly vétsi citlivost
viuci pomalému ohievu, jelikoZ podchlazena voda podléhala zpétné krystalizaci. Naopak u
bunék s historii pomalého chlazeni nebyla zaznamenana zadna zvySena citlivost vici zméné
rychlosti ohfevu. Jedinym negativem pii pouZiti pomalého chlazeni je smrSténi bunky
disledkem dehydratace a nasledné zvySeni koncentrace elektrolytii, kterd miZe mit aZ toxicky
vliv na buniku (P. Mazur, 1984).

Obr. 13: Disledky riiznych rychlosti chlazeni s ohledem na bunku dle (P. Mazur, 1984).

Kryoprotektivni role PHA je pfirovnavana k ucinku kryoprotektivnich aditiv (cryoprotective
agents, CPA). Mezi aditiva patii cela fada nizkomolekuldrni aZ vysokomolekuldrnich
organickych molekul (PEG, etanol, glycerol, trehal6za atd.). Velké vyuziti téchto latek se
vyuzivd v molekularni biologii, moderni mediciné ¢i pfi konzervaci Zivych bunék, kdy
mnoZzstvi vitalnich buné€k je vyssi nez za nepfitomnosti aditiv. CPA se d¢€li dle penetra¢ni doby
a schopnosti penetrace pfes bunécnou sténu a plazmatickou membranu (P. Mazur, 1984).
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Predpoklada se, Ze PHA chrani bunky piedev§Sim diky své amorfni struktufe, kterou si
zachovava i za velmi nizkych teplot vlivem skelného pfechodu. V disledku amorfniho stavu a
vysoké viskozity jsou tak buiiky ochranény pied riistem intracelularnich ledovych krystalt a
tim pfed poskozenim membran. Zaroven je tieba zminit, Ze monomer 3HB polymeru P3HB je
velice efektivnich kryoprotektantem, jak bylo experimentidlné potvrzeno u zamrazovacich-
rozmrazovacich cyklech enzymu (lipaza), kvasinek (Saccaromyces cerevisiae) a bakteridlnich
kmenit (C. necator H16) (Hubalek, 2003; Obruca a kol., 2016b). Dalsi kryoprotektivni
mechanismus je zaloZen na systému membranovych proteint aquaporint, ktery piimo reguluje
tok vody do buiiky a ven a pfedchazi osmotickému Soku (Fuller, 2004).

Ackoli nizké teploty zpuisobuji zpomaleni €i Uplné zastaveni metabolickych drah, zaroven
mohou jiné biochemické reakce urychlit, jelikoz pii dehydrataci buiiky se navysi koncentrace
rozpusténych latek ucastnicich se dané reakce. Piikladem je katalyzovanad oxidace lipida
mikroskopické frakce rybi svaloviny v pfitomnosti NaCl (Apgar a Hultin, 1982).

2.3.4.2 Osmoticky sok

Osmoticky stres ma velky vliv na strukturu a fyzikalné-chemické vlastnosti bakterialnich
bunék. V zavislosti na osmotické toleranci daného mikroorganismu je ovlivnén rist, déleni a
viubec schopnost pieziti. Mikroorganismy, které naopak vyzaduji pro rast vyssi pfitomnost
NaCl, patii do skupiny halofili, které se dale déli dle tolerance NaCl. Prvni skupina — mirni
halofilové rostou pii koncentraci rozpusSténych latek 2—-5 % (Ollivier a kol., 1994).

Osmoticky tlak, resp. osmolalita, zavisi na celkové koncentraci rozpusSténych latek v roztoku
za specifické teploty. Proto se osmolalita pocita mezi koligativni vlastnosti. Obecné je prostredi
v piirod¢ charakterizovano z hlediska obsahu rozpusténych latek v rozsahu od 0 do 16 mol/kg,
kdy hlavni komponenty rozpusSténych latek ptedstavuji cukry a soli (Ron, 2013). Diky
semipermeabilit¢ cytoplazmatické membrany dochazi k toku vody vné nebo dovnitt bunck
v zavislosti na rozdilnych koncentracich rozpusténych latek na zakladé osmézy (Storz a
Hengge, 2011). JestliZze se koncentrace rozpusténych latek v buiice a v daném prostiedi nelisi,
jedna se o tzv. izotonické prostredi. V piipadé vyssi osmolality v prostredi (tzv. hypertonickém)
dochazi k dehydrataci bun€k a nastavd plazmolyza — plazmatickd membrina se oddéli od
bunééné stény s naslednym smrSténim bunky. Intenzita a rychlost plazmolyzy zilezi na
velikosti koncentratniho rozdilu mezi bunkou a prosttedim. JestliZe je koncentrace
rozpusSténych latek v prostfedi niz$i nezli v intracelularnim prostoru bunky, tedy v
hypotonickém prostfedi, je tok vody smeérovan do buniky na zékladé¢ nizSiho vné&jsiho
osmotického tlaku. V tomto ptipad¢ mize s velkym mnoZstvim absorbované vody nastat lyze
buniky — tzv. osmolyza nebo také hypotonicka lyze. Pfes cytoplazmatickou membranu rovnéz
mohou prochéazet skrze kanaly kompatibilni osmolyty (glycerol, ethanol, trehal6za), které
chrani bunky pred dopady osmotického stresu (Csonka, 1989; Wood, 2015).

Regulacni mechanismy lze délit do dvou zékladnich strategii. Prvni spo¢iva v aktivnim
priichodu ionti s kompatibilnimi osmolyty skrz bunécnou sténu, zatimco druhd strategie je
zaloZena na syntéze osmoprotektantii a jejich akumulaci. Napiiklad Escherichia coli ma
schopnost akumulace betainu a prolinu prostfednictvim specifickych transportéra ¢i vyuziva
exogenniho cholinu k syntéze betainu (Chung a kol., 2006). Jako dal$i ochranny mechanismus
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pfi hyperosmotické expozici vyuzivaji bunky E. coli zvySeni koncentrace meziproduktl
metabolické drahy ubichinonu 8 (QS), ktery je rovnéZ akumulovin ve vyrazné zvySeném
mnozstvi (Sévin a Sauer, 2014).

Bylo prokazano, ze P3HB granule disponuji téZ osmoprotektivnim ti¢inkem vici plazmolyze u
bakteridlntho kmene Cupriavidus necator H16. Experimentdlné¢ bylo testovano ne¢kolik
koncentraci NaCl (50 g/L; 100 g/L; 200 g/L). Na obrazku 14 je zobrazen jak kmen C. necator
H16 schopny syntézy a akumulace PHB (B; D; F), tak jeho mutantni kmen C. necator PHB*,
ktery slouzi jako kontrolni vzorek (A; C; E). Jakmile byly kontrolni vzorky vystaveny jakékoli
z vybranych koncentraci soli, doSlo kmasivni plazmolyze spojené s poruSenim
cytoplazmatické membréiny a uvolnénim obsahu buiiky do okoli. Oproti tomu, bakteridlni kmen
obsahujici P3HB granule disponuje protektivnimi mechanismy, které redukuji miru
plazmolyzy. PHA granule pravdépodobné funguji jako ,scaffold”, ktery brani masivni
deformaci buniky. Celkové¢ tak doslo k mensi dehydrataci a odchylce intracelularniho pH nezli
u mutantniho kmene PHB™ bez schopnosti syntézy PHB. Druhy osmoprotektivni mechanismus
PHA je zaloZen na unikatnich vlastnostech amorfnich PHA granuli, které se podobaji
podchlazené kapaliné. Jakmile doSlo k poruseni membran, PHA granule vyplnily tyto malé
trhliny a ochranily tak buniku pfed plazmolyzou (Obruca a kol., 2017).

50 g/L NacCl

100 g/L Nacl

200 g/L Nacl

Obr. 14: Morfologie bunéek C. necator H16 v hypertonickém prostredi NaCl (Obruca a kol., 2017).
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2.3.4.3 Neoptimdlni hodnoty pH

pH cytoplazmy je dileZitym aspektem vitality bakteridlnich bun€k vychézejici ze snahy o
zachovani optimalntho pH daného mikroorganismu. Pravé regulace pH cytoplazmy
prostiednictvim iontovych transportnich systémt je klicova, protoZe je zaloZena na kontrole
propustnosti protonti bunéfnou membranou. Také v této kapitole je zapotiebi rozd¢lit
mikroorganismy podle hodnot pH optima. Acidofilni mikroorganismy neboli acidofily preferuji
pH hodnoty od 3,0 do 6,5 zatimco neutrofily maji hodnoty pH 6,5 aZ 8,0 a alkalofily hodnoty
pH 8,0 a vice. Z rozdilnych hodnot pH je zifejmé, Ze bakterie jsou schopny rizn¢ regulovat pH
cytoplazmy, a disponuji tedy i rozdilnymi enzymatickymi aparaty a rGznou toleranci ke
zméndm pH. Mirné vykyvy pH cytoplazmy jsou u vétSiny bakterii zplisobeny specifickym
pohybem protoni pfes cytoplazmatickou membranu pomoci membrianové vazanych
protonovych cerpadel generujici transmembranovy elektrochemicky gradient protont.
Nicméné biologické membrany vykazuji nizkou propustnost viici protontim, kdy permeabilita
membran je pouze 2krat az 3krat vyssi nez propustnost Cistého lipidického liposomu. Tudiz i
velka fluktuace pH extracelularniho prostiedi zpiisobuje obecné malé zmény pH bunky. Také
diky metabolismu alkalickych a acidnich latek v cytoplazmé kolisa pH cytoplazmy. Naptiklad
rust E. coli na kyselych substratech (napt. na sukcinatu) vede k vétsi bazicité média, coZ znaci
veétsi spotebu protond béhem metabolismu tohoto uhlikatého zdroje. Bylo prokazéano, Ze pH
rastového média piimo ovliviiuje metabolické vlastnosti bakterii, buniky na alkalickych
substratech produkuji kyselé produkty a buiiky na kyselych substratech produkuji neutrilni
produkty. Naptiklad Clostridium acetotobutylicum, ktery vytvaii butanol za piitomnosti
butyrétu ¢i Klebsiella aerogenes produkujici butandiol z acetitu (Booth, 1985).

2.3.4.4 Expozice UV zdieni

Mezi dalsi faktory ovliviiujici Zivotaschopnost a fyziologii bun¢k patii UV zafeni, které je
soucasti slune¢niho zéareni, kdy UV svétlo (A <390 nm) je zastoupeno 3 % slunecného zateni;
viditelné svétlo (A = 390-780 nm) zahrnuje 37 % slunecniho zafeni a infraervené svétlo
(A > 780 nm) je soucasti slunecniho zateni z 60 %. UV zafeni je déle rozd¢leno do ti{ regiont:
ultrafialova A (UVA, 390-320 nm), ultrafialova B (UVB, 320-286 nm) a ultrafialova C (UVC,
pod 286 nm). Expozice bakteridlnich bun¢k UV zéteni zpisobuje pfedev§im poskozeni DNA,
pficemZ vysi tolerance vici DNA poskozeni zastituje protein RecA, ktery je pfimo zapojen
v oprav¢ poSkozenych tsekli DNA dusledkem UV zareni. Mutace DNA jsou paradoxné do jisté
miry zadané, jelikoZ mohou byt zdrojem selektivni vyhody vii€i ostatnim mikroorganismtm. I
proto mikroorganismy nedisponuji absolutnim protektivnim systémem vici UV zatenim. U
bakteridlnitho kmene E. coli vyvolava UV zafeni bunécny systém s funkci SOS v zavislosti na
aktivité genu recA. Gen recA koduje produkci protedz, které Stépi represory SOS systému
(produkty genu lexA) (Gascon a kol., 1995).
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Tabulka 4: Priklady protektivnich vicinki PHA v riiznych mikroorganismech viici stresiim (Obruca a

kol., 2020).

Stres

Mikroorganismy

Reference

Nizk4 teplota a rozmrazovani

Aeromonas hydrophila
Pseudomonas extremaustralis
Sphingopyrix chilensis
Cupriavidus necator

Zhao a kol., 2007
Tribelli a Lopez, 2011
Pavez a kol., 2009
Obruca, a kol., 2016b
Nowroth a kol., 2016

Teplotni Sok

Aeromonas hydrophila
Azospirillum brasilense

Bacillus thuringiensis

Pseudomonas aeruginosa
Escherichia coli

Zhao a kol., 2007
Kadouri a kol., 2003a
Kadouri a kol., 2003b
Wu akol., 2011

Pham a kol., 2004
Wang a kol., 2009

Osmoticky Sok

Aeromonas hydrophila
Azospirillum brasilense

Escherichia coli
Cupriavidus necator

Halomonas halophila
Rhizobium spp.

Zhao a kol., 2007
Kadouri a kol., 2003a
Kadouri a kol., 2003b
Wang a kol., 2009
Obruca a kol., 2017
Sedlacek a kol., 2019b
Sedlacek a kol., 2019b
Breedveld a kol., 1993

Oxidacéni stres

Aeromonas hydrophila
Azospirillum brasilense

Pseudomonas extremaustralis
Herbaspirillum seropedicae
Delfia acidovorans

Zhao a kol., 2007
Kadouri a kol., 2003a
Kadouri a kol., 2003b
Ayub a kol., 2009
Batista a kol., 2018
Goh a kol., 2014

UV protektivita

Aeromonas hydrophila

Azospirillum brasilense

Cupriavidus necator
Escherichia coli
Pseudomonas extremaustralis

Zhao a kol., 2007
Kadouri a kol., 2003a
Kadouri a kol., 2003b
Tal a Okon, 1985
Slaninova a kol., 2018
Wang a kol., 2009
Tribelli a kol., 2020
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3 VYSLEDKY A DISKUZE

V rdmci této kapitoly jsou shrnuty, komentovany a diskutovidny experimentalni vysledky
shroméazdéné v pribéhu doktorského studia, a to formou komentované kompilace ¢lank,
publikovanych nebo v soucasnosti podstupujicich recenzni fizeni v zahrani¢nich odbornych
Casopisech. Vsechny komentované ¢lanky jsou k této praci ptipojeny jako piilohy (viz kapitola
6), jejich seznam se stru¢nym popisem autorského piispévku autorky této prace je uveden v
kapitole 5. Detailni popis pouzitych metodik a experimentilnich postupt je bud’ soucasti
jednotlivych komentovanych publikaci, nebo je v ptipadé dosud nepublikovanych experimentii
pfiloZen jako samostatna piiloha (Pftiloha II).

Diserta¢ni prace je zamé&fena na metabolickou a biofyzikalni charakterizaci bakteridlnich bun¢k
schopnych akumulace PHA, a to pfedev$im v kontextu snahy o objasnéni mechanismu
v soucasnosti Siroce diskutovanych protektivnich uG¢ink P3HB granuli vici stresovym
podminkdm. Proto jsme se zaméfili na podrobné studium protektivnich u¢inktit P3HB granuli
vici vybranym environmentalné relevantnim stresum (podkapitola 3.1). Zda se, Zze amorfni
charakter P3HB granuli mtze ptfedstavovat klicovy faktor pfispivajicim k jejich protektivni
funkci. Proto jsme se v této praci vénovali také tomuto fenoménu, konkrétné jsme se zaméfili
na jednotlivé stabilizaéni mechanismy pfispivajici ke stabilizaci termodynamicky nevyhodné
amorfni formy P3HB v bakteridlnich bunikdch a na experimentilni posouzeni efektivity jejich
ucinku za stresovych podminek (podkapitola 3.2). V ramci posouzeni metabolickych dasledki
ptitomnosti P3HB v burikach jsme se zaméfili na podstatu protektivnich d¢inkit monomernich
jednotek 3HB, které jsou v bakteriich schopnych akumulace P3HB ve vysoké mife katabolicky
produkovany. Pravé popis a objasnéni bioprotektivnich efekti 3HB predstavuje nejen originalni
a velice zajimavy piispévek k pochopeni komplexni biologické role PHA v buiikach, ale také
otevira celou fadu potencidlnich aplikaci predevs§im v oblasti kryobiologie ¢i v potravinaiském
primyslu (viz podkapitola 3.3). Aktualizovana predstava o klicovych mechanismech
protektivnich ucinki intraceluldrnich granuli P3HB a 3HB, vytvoiena na zakladé¢ originilnich
poznatkt ziskanych v ramci této doktorské prace, je shrnuta a okomentovana v podkapitole 3.4.
A konecné, protoze kazda odpoveéd’ generuje dalsi otazky, kapitola 3.5 predstavuje dals$i mozné
sméfovani vyzkumu navazujiciho na tuto doktorskou praci.

3.1 Protektivni vliv PHA vudi stresum

Na zaklad¢ predeslého vyzkumu realizovaného na pracovisti doktorandky bylo zjisténo, Ze
intracelularni PHA neslouZi bakteriim pouze jako zasobni zdroj energie a uhliku, ale také se
fadi svymi jedinecnymi vlastnostmi mezi vyznamné protektanty pied Skodlivymi vlivy jako je
zamrazovani, vysoka teplota aj. (viz podkapitola 2.3.4). Proto byla v rdmci experimentéalni ¢asti
prace nejprve vénovana pozornost studiu odolnosti mikrobialnich bun&k schopnych produkce
a akumulace PHA vici dalSim experimentalné relevantnim stresim (UV zéafeni, osmoticky
stres).
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3.1.1  Pozitivni vliv PHA granuli vaci UV zareni

Vv

V rdmci feSeni disertacni prace jsme se nejprve zaméfili na jeden z nejbéznéjSich pfirozené se
vyskytujicich strest, a to na expozici UV zéfeni, které zplisobuje fatdlni zmény v molekularni
struktute DNA, RNA, proteinti a dalSich bunécnych komponent (Gabani a Singh, 2012).
Nejskodlivejsi slozka UV zéteni UV-C (100-295 nm) je efektivn€ absorbovana ozdénovou
vrstvou na rozdil od zafeni ve spektrdlni oblasti UV-B (295-320 nm), které prochazi
atmosférou a dopadid na zemsky povrch. Hlavni negativni ucinky této slozky UV zafeni
spocivaji ve fotochemickych zménach iniciovanych absorpci tohoto ziteni molekulami DNA.
Nejcastéjsi poskozeni DNA UV zéatfenim spociva predevsim v tvorbé pyrimidinovych dimert
cyklobutanu a pyrimidinovych dimerti kovalentné vazanych se dvéma sousedicimi pyrimidiny.
Dalsi mozné poskozeni u bazi je nasyceni dvojné vazby pyrimidind, ¢imZ vznikd hydrét
cytosinu a thyminglykol (Goosen a Moolenaar, 2008). V diisledku expozice UV zaieni si
mnohé mikroorganismy vyvinuly rizné funk¢ni fotoprotektivni mechanismy, ktery
minimalizuji jeho vliv a nasledky.

Obecn¢ jsou mikroorganismy schopné prezivat v extrémnim prostiedi nazyvany extremofilové,
v kontextu UV zafeni jsou konkrétn¢ oznacovany jako UV rezistentni mikroorganismy (UVR
mikroorganismy). Tuto skupinu lze dale délit dle zvolené strategie obrany vaci UV zafeni na
UVR mikroorganismy vyuZzivajici produkci riznych metaboliti (pigmenty, mykosporinu
podobné aminokyseliny, melanin aj.) (Gabani a Singh, 2012; Koller a kol., 2014) ¢i vyuZivajici
reparacnich drah jiZ pozménéné DNA za pomoci napiiklad tzv. fotolyaz. Tyto enzymy jsou
schopny $tépit kovalentni vazby mezi pyrimidinovymi dimery v rdmci procesu fotoreaktivace,
ktery je aktivovan zafenim o vinové délce 300-500 nm jakozZto zdrojem energie. V dusledku
této reparacni drahy tak vznikaji pivodni pyrimidinové monomery (Takahashi a Ohnishi,
2009). Dalsi enzymaticka draha nazyvana excisni reparace bazi (BER) je inicializoviana DNA
glykosylazami, které rozpoznaji a hydrolyzuji glykosylovou vazbu mezi poskozenou bazi a
deoxyribdzou. Mikroorganismy také casto vyuzivaji pifi opravich DNA enzymy
UV-endonukleézy, které rozpoznaji a ihned vystfihnout piislu$né fotoprodukty. Nicméné mezi
nejcastéji vyuzivanou reparacni drahu DNA patii draha nukleotidové excisni reparace (NER),
diky které dochazi k uplnému odstranéni poskozenych oligonukleotidl (Ataian a Krebs, 2006;
Goosen a Moolenaar, 2008).

Vlivem UV zafeni si fada mikroorganismua vyvinula alternativni strategie efektivni ochrany.
Jednu z takovychto strategii piedstavuje také produkce a akumulace intracelularnich PHA
granuli. Pozitivni vliv PHA granuli v mikrobidlnich bunikach vi¢i UV-B zéteni byl jiz potvrzen
v neékolika studiich. Napfiklad byl porovnavan protektivni efekt PHA u PHA produkujiciho
kmene Azospirillum brasilence oproti jeho mutantu s absenci PHA syntazy (Kadouri a kol.,
2003a). Stejny pozitivni vliv PHA granuli byl pozorovan pii porovnani mutantniho kmene
Azospirillum brasilence neschopného degradace PHA s divokym kmenem (Kadouri a kol.,
2003b). Podobného vysledku bylo dosaZzeno i pii pouZziti jiného mikroorganismu, konkrétné
Aeromonas hydrophila a jeho mutantniho kmene bez PHA syntazy (Zhao a kol., 2007).

Ptestoze byl takto opakované experimentalné potvrzen pozitivni vliv PHA granuli pii ochrané
bunék pted UV-B zéafenim, nebylo zatim uvedeno zadné vysvétleni, ani navrZen mechanismus
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toho, jak jsou tyto buiikky chrinény. Objasnéni UV-fotoprotektivity PHA granuli by pfitom
mohlo mit v budoucnu velky vyznam, a to i vzhledem k ubyvajici 0zénové vrstvé coby primarni
environmentalni bariéfe proti UV zédteni. Predpokladi se, Ze na konci 21. stoleti dojde
k markantnimu navySeni intenzity UV-B zéfeni, a to aZ o 5-15 % v mirnych zemépisnych
Sitkdch a az 0 20 % v polarnich oblastech. Vyznam UV zéfeni jako stresoru (stresového faktoru)
pro prokaryotické bunky tedy jest¢ naroste (Zepp a kol., 2011). Proto jsme se rozhodli blize
experimentalné prozkoumat mechanismus UV protekce mikroorganismtt PHA granulemi, a to
s vyuzitim ne zcela rutinnich spektroskopickych ptistupti.

Nejprve jsme se zaméfili na potvrzeni pozitivniho vlivu P3HB granuli vici UV zafeni u
modelového bakteridlntho kmene Cupriavidus necator H16 (s obsahem 74 hm. % P3HB na
suchou biomasu) oproti jeho mutantnimu kmenu Cupriavidus necator PHB* bez schopnosti
produkce a akumulace P3HB. Obé¢ kultury byly pro tento ucel upraveny na stejnou koncentraci
bunék (10® CFU/mL) a vystaveny expozici UV zifeni (UV-A lampa s piesahem do UV-B
oblasti, emisni pas 400—300 nm, maximum emise 350 nm, sekundarni emisni pas pii 313 nm),
kdy viabilita obou bakteridlnich kmenti byla hodnocena po riizné délce expozice UV zéfeni.
Vysledky této experimentalni studie byly publikovany v Casopise Applied Microbiology and
Biotechnology v ¢lanku uvedeném v Priloze I této prace. Vysledky studie jednoznacné
potvrzuji podstatné vyssi odolnost kultury obsahujici PHB viaci UV zéafeni, pfiCemZ pokles
viability u referencniho vzorku, vystaveného stejné manipulaci pouze s absenci UV expozice,
byla nizZ8i nez 5 %. Z tohoto diivodu neni pochyb o tom, Ze letdlni efekty pozorované v tomto
experimentu jsou spravné prisuzovany vlivu expozice UV zéfeni.

Abychom pochopili, jak intracelularni P3HB granule interaguji se svételnym zafenim, byly
bunécné suspenze obou kmenl podrobeny komplexni spektroskopické charakterizaci, a to jak
v ultrafialové, tak také ve viditelné oblasti zafeni. Nejprve byla provedena standardni
turbidimetrickd analyza v transmisnim moédu na standardnim dvoupaprskovém UV-Vis
spektrofotometru. Na zakladé zméfenych transmitancnich spekter byly pro analyzované
bunécné suspenze (obé testované bunécné kultury v rliznych stupnich ziedéni) vypocitany
optické hustoty pro konkrétni vybrané vinové délky (630 nm, 254 nm). Vyjma oblasti blizké
vlnové délce 200 nm vykazovala buné¢né suspenze P3HB akumulujiciho kmene o mnoho vyssi
optickou hustotu ve srovnani s neakumulujicim kmenem. Je tfeba zdlraznit, Ze takto naméfena
spektra a hodnoty optickych hustot kultur nerozliSuji absorpci a rozptyl zafeni. Jinymi slovy,
namétfend optickd hustota reprezentuje souhrnny piispévek zafeni blokovaného v priichodu
vzorkem jak v disledku jeho absorpce jednotlivymi komponentami vzorku, tak rovnéz
rozptylem zéareni bunkami, resp. jejich vnitini strukturou. A pravé pochopeni, zda se jedna
pfevazné o rozptyl ¢i absorpci svétla je klicové k pochopeni fotoprotektivniho mechanismu
P3HB granuli. Absorpce svétla iniciuje rizné fyzikalni ¢i fotochemické procesy, které mohou
mit Casto Skodlivé az fatdlni t€inky na vitalitu bunék, zejména jedni-li se o zafeni v UV oblasti.
Naproti tomu rozptyl svétla je charakterizovan pirevazné ochrannym tc¢inkem, tzv. rozptylové
stinéni snizuje lokalni intenzitu dopadajiciho zateni, a chrani tak fotolabilni komponenty bunky
(Paunescu a kol., 2014).
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Jelikoz klasicka turbidimetricka analyza neposkytovala relevantni vysvétleni ucinku zafeni na
buniky obsahujici P3HB, byla tato technika doplnéna méfenim diftizni transmitance bunéénych
suspenzi pomoci integracni koule. Tato technika je speciidln€ navrZzena pro analyzu absorpce
zéteni zakalenymi vzorky. Touto metodou bylo tedy mozné minimalizovat signal odpovidajici
rozptylu svétla, coz bylo potvrzeno sniZenim vypoctenych hodnot absorbance ve viditelné
oblasti ve srovnani s hodnotami optické hustoty stanovené turbidimetricky o vice nez tii fady.
Z tohoto duvodu lze ptisoudit hodnotu optické hustoty namétené pomoci klasické turbidimetrie
témet vyhradné vlivu rozptylu svétla. Jinymi slovy vyssi hodnoty optickych hustot u suspenzi
bakteridlntho kmene Cupriavidus necator H16 jsou evidentné zptusobeny rozptylem svétla na
vnitinim upotfadani bunck, konkrétné na granulich P3HB pfitomnych v cytoplazmatickém
prostoru.

Za ucelem spolehlivéjsi interpretace vysledkli jsme navrhli origindlni kvantitativni pfistup
zaloZeny na porovnani zavislosti optické hustoty (turbidimetrie) a absorbance (diftizné-
transmisni spektrometrie) na hustot¢ bunénych suspenzi (viz obr. 15). Zamgéfili jsme se
predevSim na namétfend data u dvou konkrétnich vinovych délek; vinovou délku 254 nm jsme
zvolili proto, Ze odpovidd maximu absorpce molekulami DNA, zatimco vinova délka 630 nm
se rutinné vyuZziva pii charakterizaci bunécné hustoty. Jak Ize vycist z grafu (obr. 15a), zavislost
optické hustoty na buné¢né hustoté suspenzi vykazuje prakticky linearni pribéh u obou kmen.
Dale lze na zakladé velmi dobré linedrni zavislosti usoudit, Ze rozptyl svétla u bunék
obsahujicich P3HB je kumulativniho razu na rozdil od namétenych hodnot pfi vilnové délce
254 nm (viz obr. 15b), kde spojnice trendu neprotind pocatek soutadnic. Vysledky nam tak
potvrzuji pfedpoklad, Ze buniky obsahujici intracelularni granule P3HB rozptyluji dopadajici
svétlo (viz. obr. 15d). Na zéklad€ porovnani smérnice spojnice trendu jsme byli schopni odvodit
30% relativni pokles absorpcniho koeficientu jedné buiiky obsahujici P3HB oproti P3HB
negativnim buitkdm pfii vinové délce 254 nm. To potvrzuje protektivni efekt rozptylu svétla na
vnitini struktufe bunék, ktery se projevuje sniZenim efektivity absorpce UV zafeni. Na obr. 15¢
je patrnd ,,zbytkova*® absorbance ve viditelné oblasti svétla, kterou je mozZné pftisoudit
rozptylenému zafeni nezachycenému detektorem integracni koule (napf. zpétné rozptylené
zateni). Tato zavislost nepfimo charakterizuje miru nejistoty rozliSeni rozptylové a absorpcni
komponenty optické hustoty pro jednotlivé bunécné suspenze pii pouziti uvedené kombinace
turbidimetrické a difizné-transmitancni analyzy.
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Obr. 15: Souhrn vysledki namérenych optickych hustot a absorbanci bunécnych suspenzi C. necator
H16 produkujici PHB (X) a C. necator PHB™ (+). a, b Zdvislost optické hustoty pii 630 a 254 nm na
hustoté bunek. ¢, d Zdvislost absorbance na 630 a 254 nm na hustoté bunék.

Nase dalsi experimenty se zamétily na metodicky nezavislé ovéteni predpokladu, Ze rozdil
v hodnotach optické hustoty a absorbance suspenzi bakteridlnich bunék skute¢né odpovida
intenzité rozptyleného svétla. Jako vhodnou metodu jsme pro tento tcel vybrali nefelometrii,
kterd se zaméfuje na piimé meéfeni intenzity rozptyleného zafeni. JelikoZ jsme neméli
k dispozici nefelometr (zafizeni konstruované jednoucelové pro méfeni rozptyleného zareni
pod fixnim nebo proménlivym thlem), vyuZili jsme pro tento tucel standardni fluorimetr, jehoz
konstrukce umozituje méfeni intenzity zafeni emitovaného nebo rozptyleného vzorkem pod
thlem 90°. Abychom potlacili vliv kolisani intenzity emise zdroje svétla fluorimetrem
(xenonova vybojka), byly intenzity rozptyleného svétla bunéénych suspenzi C. necator H16 a
C. necator PHB* normalizovany na jednotku CFU a vyneseny ve vzdjemném poméru
v zavislosti na vlnové délce zateni. Takto upravena spektra ziskana prostrednictvim zakladnich
nefelometrickych testi potvrdila, Ze intenzita rozptyleného zafeni u bun¢k obsahujici P3HB
granule je vyrazng vys$si v UV oblasti ve srovnani s mutantnim kmenem C. necator PHB™. Lze
tedy konstatovat, Ze nefelometrie nAm potvrdila nase zavéry z predchozich spektroskopickych
metod.

Jak uz bylo popséano na zac¢atku této podkapitoly, UV zatfeni neindukuje pouze strukturni zmény
DNA a dalSich bunécnych komponent, ale indukuje také oxidativni stres za vzniku reaktivnich
forem kysliku (ROS) v mikrobidlnich buiikkidch. Z toho divodu jsme zkoumali, jestli
fotoprotektivni ucinek P3HB granuli, ktery spociva v rozptylu UV svétla, ovliviiuje
intracelularni koncentraci ROS. Ke stanoveni mnoZstvi intracelularnich ROS pied, resp. po UV

38



expozici jsme vyuZili pritokovou cytometrii v kombinaci s fluorescen¢ni sondou CM-
H2CFDA, u které je zelena fluorescence pifimo aktivovana reakci s ROS (Dong a kol., 2015).
Timto zpisobem jsme analyzovali oba bakteridlni kmeny pied a po UV expozici jak obarvené,
tak i neobarvené. Z namétenych fluorescenc¢nich intenzit byl patrny pouze mirny nartist signalu
u bakteridlnich bunék obsahujici P3HB po expozici UV (pfiblizné 10 %). Oproti tomu u kultury
neobsahujici granule P3HB, kterd byla vystavena UV zafeni, vzrostla intenzita zelené
fluorescence az 3,6krat. Tim jsme potvrdili, Ze rozptyl P3HB granuli chrani bakterialni bunky
pfed samotnou tvorbou ROS a néslednymi fotochemickymi reakcemi.

Pti diskusi efektu P3HB na produkci ROS v buiice je tfeba podotknout, Ze pozitivni vliv vici
ucinkiim ROS byl v piedchozi studii na pracovisti doktorandky potvrzen i u monomernich
jednotek 3HB, které se vyskytuji az v 16,5krat vyssi koncentraci v mikrobidlnich bunikich
schopnych akumulace PHA neZ u mutanta téhoZz bakteridlniho kmene bez schopnosti produkce
a akumulace PHA (Obruca a kol, 2016a). Vysvétleni takto vysoké koncentrace intracelularniho
3HB spociva v cyklické povaze PHA metabolismu, kdy jsou fetézce PHA na jednu stranu
syntetizovany a zaroven degradovany pravé na monomerni jednotky napt. 3HB (viz kapitola
2.2.1). Omezeni produkce 3HB, tedy jinymi slovy omezeni ¢i delece intracelularnich
depolymerdz, jak tomu bylo u mutantniho kmene Azospirillum brasilence, prokazalo vyssi
citlivost vii¢i UV zéteni neZli jeho divoky kmen (Kadouri a kol., 2003b).

Vysledky na$i experimentalni studie potvrdily piedpoklad, Ze fotoprotektivni role P3HB
granuli je uzce spjata s ochranou molekul DNA pfed expozici vysoké intenzité ziteni ve
spektralni oblasti UV-B. Z tohoto pohledu je klicovym faktorem vzijemné lokalizace P3HB
granuli a DNA v intracelularnim prostoru. Na rozdil od monomernich 3HB, které se volné
vyskytuji v cytoplazmatickém prostoru, intracelularni granule P3HB jsou v bakteridlnich
bunikach vazany k DNA skrze protein PhaM podobny phasinim, ktery je schopen se navazat
jak na DNA, tak na PHA syntazu. Diky této vazebné schopnosti je PhaM zapojen hned
v neékolika procesech, mimo jinych i v distribuci P3HB granuli do dcefinych bunék béhem
bunééného déleni u bakteridlniho kmene C. necator H16 (Jendrossek a Pfeiffer, 2014).

Vazba mezi granuli P3HB a nukleoidem je naprosto klicovad vramci platnych teorii
zabyvajicich se tvorbou PHA granuli in vivo (viz podkapitola 2.3.2). Konkrétné tzv. model
bunécnych poll (nazyvany ,,scaffold*) je zaloZzen na navazani granuli P3HB na tmavé mediacni
prvky, které byly pozorovatelné pomoci TEM u bakterii C. necator H16. Nicméné tyto
bakteridlni buiiky byly pied analyzou kratce kultivovany v produkénim médiu s omezenym
obsahem dusiku. Je tedy pravdépodobné, Ze limitace mohla zastavit jak déleni bunék, tak i
replikaci samotné DNA, coz by znamenalo, Ze mediacni prvky, které studie uvadi, predstavuji
prave oblast nukleoidu (Pfeiffer a kol., 2011; Tian a kol., 2005). Proto se soucasné ptedstavy o
vzniku P3HB granuli nejcastéji pfiklani ke ctvrtému modelu, tzv. modelu bunéénych poli. Ten
je zaloZen na experimentech, ve kterych byly bunky C. necator H16 v rané stacionirni fazi
preneseny do Cerstvého média, diky cemuz nedoslo k Zddnému omezeni replikace nukleoidu ¢i
tvorby granuli. Ukazalo se, Ze nukleoid v tomto ptipad¢ plni funkci scaffoldu, na ktery se vdzou
P3HB granule prostfednictvim vazby PhaM a PhaC (Pfeiffer a kol., 2011). Obdobu proteinu
PhaM muzZeme najit i u mcl-PHA produkujicich bakterii, kde tlohu distribuovat PHA granule
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u Pseudomonas putida ptebird protein PhaF (Moldes a kol., 2004). Také intracelularni
koncentrace PhaM mé vyznamny vliv na P3HB granule, konkrétn€ na jejich pocet a velikost.
Bylo experimentalné prokizano, Ze pii nadmérné produkci PhaM se tvoii velké mnozstvi
malych granuli, které jsou také vSechny navazané prostiednictvim PhaM na DNA. Oproti tomu
u bun¢k C. necator H16 neschopnych exprese PhaM dochazi k vytvoreni jedné velké P3HB
granule (Jendrossek a Pfeiffer, 2014). Vazb¢ PhaM a PhaC muze byt vSak zabranéno pfi
nadmérné expresi phasinu PhaP5, ktery se kompetitivné vaze rovnéz s PhaM a ostatnimi
phasiny (Wabhl a kol., 2012).

Je velmi pravdépodobné, Ze blizkost navazanych P3HB granuli k bakterialni DNA vysvétluje,
pro¢ je rozptyl UV zafeni PHA granuli tak efektivnim protektivnim prostfedkem. Z tohoto
divodu jsme se rozhodli bliZe prozkoumat vazbu mezi PhaC a PhaM, tedy proteint, které se
piimo podileji na vazb&é mezi nukleoidem a P3HB granulemi. Je-1i hypotéza o klicové roli
lokalizace P3HB granuli a DNA spravna, pak pravé vazba mezi PhaC a PhaM je stéZejni
z hlediska fotoprotektivniho efektu P3HB granuli vic¢i UV zéfeni, jelikoZ pravé ona udrzuje
P3HB granule v dostatecné blizkosti DNA, ¢imzZ tak stini DNA pted dopady skodlivého zafeni.
Experimentalni studie této problematiky byla realizovana v radmci zahrani¢ni stiZe autorky na
University of Stuttgart v Némecku pod odbornym vedenim profesora Jendrosska, ktery se
problematice struktury P3HB granuli a vyzkumu P3HB-asociovanych proteinli zabyvd po
vétSinu své bohaté védecké kariéry. Cilem této experimentalni studie bylo ovéteni klicové role
struktury N-konct obou proteinti pfi jejich vzdjemné vazbe¢. Za timto icelem jsme oba proteiny
podrobili delecim, konkrétné byly tyto proteiny zkraceny o C-konec. Poté jsme tyto proteiny,
at’ uz zkracené ¢i ptivodni, zkoumali v rdmci jejich schopnosti tvofit in vitro vzajemné
komplexy v riznych kombinacich.

Dosud publikované informace o struktufe obou studovanych proteinti vedly k predpokladu, Ze
v piipadé PhaM odpovida C-konec doméné€ zodpoveédné za specifické navazani tohoto proteinu
na DNA. Tato doména obsahuje vysoky pocet prolind, alanind, a pfedev§im kladné nabitych
zbytkl lysind vytvafejicich dva PAKKA motivy a dal§i dva jim podobné, diky kterym
pfipominaji strukturu histonti. Oproti tomu druhd transmembranovd doména (tj. N-konec)
PhaM je zodpovédna za propojeni DNA a hydrofobnich P3HB granuli prostfednictvim vazby
s N-koncem syntiazy P3HB (Bresan a Jendrossek, 2017). Naproti tomu P3HB syntdzy PhaC
bakteridlnitho kmene C. necator H16 (viz podkapitola 2.2.1.2) obsahuji C-konec odpovidajici
katalytické domén¢ polymerizujici P3HB a N-konec, ktery hraje duleZitou roli pfi lokalizaci
syntazy na P3HB granulich a zaroven stabilizuje rostouci fetézec polymeru P3HB u aktivniho
mista C-konce. Jak uzZ bylo zminéno v kapitole 2.3.1, bylo prokazano, Ze PhaM ma pozitivni
vliv na samotnou polymerizaci (zkracuje lag fazi polymerizace). Predpoklada se, Ze zkraceni
lag faze proteinem PhaM je zptsobeno jeho vazbou s nekatalytickym N-koncem PhaC, coz
vede ke zvySené vazebné afinité N-konce syntdzy k nartistajicimu fetézci P3HB. Zbyla doba
lag faze by tak odpovidala pouze dimerizaci syntizy PhaC, kterd je aktivovdna navazanim
substratu, a také dosazeni dostatecné délky rostouciho fetézce P3HB pro interakci s N-koncem
PHA syntazy (Kim a kol., 2017).
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Pro navrZenou experimentalni studii bylo nejprve tfeba zkonstruovat originalni deletovany
protein PhaC“€. Za timto ticelem byly navrZeny a syntetizovany dva potiebné plazmidy pro
zkracenou verzi PhaC s chybéjicim C-koncem. Kazdy plazmid umoZziujici posilenou expresi
proteinu PhaC2¢ tak obsahoval piislusny gen zkraceného proteinu PhaC lisici se pouze v
umisténi genu pro strep-tag, ktery byl inkorporovan z diivodii souvisejicich s naslednou izolaci
proteinu. Tyto plazmidy byly v dal§im kroku transformovéany do klonovacich kment E. coli
TOP10, pticemz podrobny experimentilni protokol je uveden v Priloze II. Béhem exprese
deletovanych proteint se prokazala jejich jista nestabilita, tudiZ bylo dileZité optimalizovat
dobu a podminky produkce, kdy je koncentrace produkovanych proteinti nejvyssi. V piipade
dal$ich proteinii vyuZitych ve studiu jejich vzdjemnych interakci byly vyuzZity sbirkové kmeny
daného pracovisté, které jiz byly pfipraveny v ramci predchozich disertacnich praci. Diky
sbirkovym kmen@im jsem byla schopn4 izolovat zkracenou verzi PhaM“® a originalni formy
PhaM a PhaC s his-tagem, ktery byl klicovy jak pro izolacni postup danych proteind, tak pro
realizaci experimentl v rdmci metody biometrické interferometrie (BLI) za pouziti systému
oktet K2. Pro lepsi ptehlednost v textu byly step a his-tagy vynechany, podrobnéjsi informace
jsou bliZze popsany v Piiloze II. Nejprve jsme se tedy ujistili, zda zkracené PhaC2€ (22,2 kDa)
a zkricené PhaM”¢ (24,1 kDa) tvoif komplex prostfednictvim experimentu cross-linking za
pfitomnosti glutaraldehydu jako ,,crosslinkeru* (viz obr. 16).
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Obr. 16: SDS-PAGE PhaC’‘ a PhaM“ a jejich kombinace. (1) Markerové proteiny molekulovych
hmotnosti, (2-4) proteiny PhaC’® a PhaM’“ a jejich kombinace bez pritomnosti glutaraldehydu, (5-9)
proteiny PhaC*“ a PhaM’“ a jejich kombinace se zvysujici se koncentraci PhaM’ (1:1; 1:2; 1:3) bez
pritomnosti glutaraldehydu. Koncentrace obou proteinii cinila 10 uM.

Velikost takto glutaraldehydem zesitovanych proteint piesahovala 180 kDa (viz obr. 16), a to
jak v pfipad¢ samostatnych proteinti, tak i jejich kombinaci, a nebylo tak mozné odecist
konkrétni molekulovou hmotnost pomoci SDS-PAGE. Nicméné zvySena intenzita HWM (z
angl. high molecular weight, vysoka molekulova hmotnost) pasu u kombinaci proteinti PhaCA®
a PhaM*€ (imé&rna zvysujici se koncentraci PhaM“€, viz obr. 16, sloupec 7-9), naznacuje, Ze
oba proteiny spolu skute¢né vzajemné interaguji za vzniku vysokomolekularnich komplexd.
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Ztohoto duivodu jsme se nasledné¢ rozhodli vyuzit metodu SEC-MALS (vylucovaci
chromatografie v kombinaci s detekci rozptylu svétla ve vice thlech), kterd umoznuje urcit
molekulovou hmotnost a relativni zastoupeni jednotlivych proteint v danych komplexech.

Z vysledkl analyzy SEC-MALS je mozné urcit molekulovou hmotnost a na zikladé toho
odhadnout kvartérni strukturu proteint a jejich vzajemnych komplext. Vysledky analyzy jsou
uvedeny na obr. 17, pti¢emzZ v ptipadé¢ PHA syntazy vysledky zobrazuji pouze PhaC formu
(bez delece) protoze precistény deletovany protein PhaC2C nebylo mozné ziskat v koncentraci
potiebné pro tento typ analyzy. Jak uZ bylo naznaceno vyse, metoda SEC-MALS disponuje
vyS§im rozliSenim vysokomolekularnich latek nezli SDS-PAGE, a proto jsme byli schopni
stanovit molekulovou hmotnost ¢istého PhaM”C na 154 kDa, ktera odpovida zhruba 6,4
nasobku molekulové hmotnosti monomeru (monomer = 24,1 kDa). Distribuce signalu v rdmci
molekulové hmotnosti byla vSak relativné Sirokd, konkrétn€ od 142 do 163 kDa, presto se da
predpokladat, Ze PhaM“C in vitro preferuje tvorbu hexamerii. Oproti tomu v pifpadé PHA
syntazy PhaC odpovidalo maximum v chromatogramu molekulové hmotnosti 71 kDa, coz
prakticky odpovida monomerni jednotce (66,5 kDa), a pfidruzeny pik pii nizSim elu¢nim Case
odpovida tvorbé dimeru (111 kDa). Pfitomnost dimert PhaC in vitro neni ni¢im prekvapujici,
jelikoz doprovazeni monomernich jednotek PhaC pravé dimery bylo jiZ experimentalné
prokézéano v predeslych studiich (Gerngross a kol., 1994; Stubbe a kol., 2005).
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Obr. 17: Charakterizace PhaC a PhaM’‘ a jejich komplexy pomoci SEC-MALS.

V piipadé experimentdl tykajicich se komplexdi PhaC a PhaM’¢ jsme studovali nékolik
vzijemnych poméri, pti¢em? vzdy prevaZzoval protein PhaM“C. Pfi poméru obou proteint 1:3
odpovida majoritni zastoupeni ¢astic v systému molekulové hmotnosti 264 kDa, coZ odpovida
5,6 monomertim PhaM“® pfipadajicim na jeden dimer PhaC. Oproti tomu v pifpadé poméru
proteinti 1:6 je molekulova hmotnost hlavniho piku rovna 274 kDa, tudiZ pocet monomernich
jednotek PhaM“® ku dimertim PhaC je roven 6,1. Velmi zajimavym vysledkem je zména
relativni intenzity sekundarnich piki, které velikosti odpovidaji monomernim jednotkdm PhaC.
Je ztejmé, Ze intenzita piki a tudiz i relativni zastoupeni monomert PhaC v systému se zvysilo
pfi pfidavku vétsiho mnoZstvi Hise-PhaM“® ke stejnému mnoZstvi PhaC. Toto chovéni je

nejpravdépodobnéji zapii¢inéno agrega¢nim chovianim Hiss-PhaMAC, které pii dostate¢ném
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mnoZzstvi (1:6) preferuji tvorbu hexamerti s dimery PhaC, diky ¢emuz jsou ve smési ve veétsi
mife piitomné volné PhaC jednotky. Z hlediska struktury komplext jsme se dale zaméfili na
jejich krystalizaci, diky které bychom mohli 1épe porozumét prostorové orientaci PhaM
ku PhaC, nicméné¢ krystalizacni experiment stale probiha.

Dale byla komplexace obou proteinti studovana také z hlediska energie jejich vzajemné vazby,
kdy byla porovnavéna sila interakci mezi deletovanou syntazou (PhaC“C) a obéma variantami
PhaM (PhaM, PhaM“®). Tato in vitro analyza byla realizovdna s vyuZitim biometrické
interferometrie (BLI) za pouZiti systému oktet K2. Tato metoda studia biomolekularnich
interakci patii mezi optické analytické metody, kdy je analyzovén interferen¢ni obrazec bilého
svétla odraZeného od dvou povrchl (Kaisermann, 2020). V naSem piipad¢ se bilé svétlo odrazi
od vrstvy imobilizovaného his-tag proteinu PhaM nebo PhaM“C na $pi¢ce biosenzoru (Ni-
NTA) a od vnitini referenéni vrstvy. NavéaZe-li se na imobilizovany protein PhaC“C, zméni se
tak pocet molekul navazanych na Spicce senzoru a dojde tak k posunu vinové délky, ktera je
meéfena v redlném Case. Na zaklad¢ této metody byl vytvoten profil odezvy, diky kterému lze
urcit vazebnou specifitu, miru asociace a disociace (viz obr. 18 nalevo — odezva interakci mezi
PhaC%¢ a PhaM). Jak je patrné na obr. 18 napravo, PhaC¢ interaguje s obéma formami PhaM
avSak s nezkracenou verzi PhaM je signdl reprezentujici miru interakce pfiblizné dvojnasobné
vys§i nez u PhaMA¢,

1.

09 £ ™PhaM+PhaCAC

............

asociace disociace - ® PhaMAC + PhacAC .. e
E 0.7 ..;;.f
£ . 0.6 + .
o > [
‘s N 05+ .
5 B 04 .
$ ;o T .
03 + e
2 e ..o
0.2 + S e
01 _® e 8.9
B eeenettt i ®
L o I S|
0 200 400 600 800 1000
Cas [s] PhaC2¢ [nm]

Obr. 18: (nalevo) Naméiend odezva interakci mezi PhaC’® a PhaM metodou BLI. (napravo) Rozdil
intenzity interakci v zdvislosti na proteinu délce Hiss-PhaM.

Na zaklad¢ vySe uvedenych experimentalnich vysledkl je mozZné konstatovat, Ze delece C-
konce u proteinu PhaM ma sice negativni vliv na vazbu takto modifikovaného proteinu s PHA
syntdzou, nicméné¢ interakce mezi obéma proteiny 1 v tomto ptipadé stile probihd. Proto jsme
se dale soustiedili na bodové zaméfenou mutagenezi PhaM proteinu, abychom ovéfili, nakolik
je vazba mezi PhaM a PhaC zavisla na sekundarni struktufe N-koncové domény PhaM. Za
timto ucelem jsme zvolili 11 riznych kombinaci mutaci na kratkém tseku na N-konci PhaM,
ve kterém jsme nahradili jednu ¢i vice aminokyselinovych zbytki ptfedevSim kyseliny
asparagové za alanin a dvé obmény isoleucinu a alaninu za prolin, abychom docilili zhrouceni
struktury a-helix. Tato studie v soucasnosti stale probihd, zkonstruované bakterialni kmeny E.
coli BL21 DE3 pLys obsahujici jednotlivé plazmidy s danymi mutacemi jsou déle zkoumany
na univerzité ve Stuttgartu.
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Biomolekularni studie realizované v ramci pétim&sicni zahrani¢ni staze tak potvrzuji hypotézu,
Ze C-konec u PhaM proteinu neni aZ tak zisadni pro samotnou vazbu se syntdzou PhaC.
Uvedend experimentdlni studie tak prispéla svym dilem k objasnéni strukturnich a
energetickych aspektti vazby DNA a P3HB granuli, kter4, jak naznacuji vysledky experimentti
zamétfenych na expozici P3HB produkujicich bakterii UV zaifeni, hraje klicovou tlohu v ramci
fotoprotektivniho mechanismu téchto granuli in vivo.

3.1.2  Osmoprotektivni efekt PHA granuli

Dalsi z podrobnéji studovanych stresovych faktori — osmotickd dysbalance — byl zvolen
predevSim na zaklad¢ ptedeslé studie realizované na pracovisti autorky piedlozené prace
(Obruca a kol., 2017). Tato studie se zabyvala osmoprotektivnim uc¢inkem P3HB granuli v
hypertonickém prostfedi. Dal$i motivaci byl fakt, Ze se opét jednd o velice Casty stres
v pfirozeném prostfedi mikroorganismii, jelikoZ mikrobidlni buiiky se v pfirod¢ museji potykat
s opakovanymi osmotickymi vykyvy. Pfi hypertonickych podminkich zplisobenych vysokou
extracelularni koncentraci rozpusténych latek (pfedev§im soli) dochédzi k rychlé dehydrataci
cytoplazmy. Dusledkem intenzivniho toku vody smérem ven z buniky dochazi ke smrSténi
cytoplazmatické membrany a zmenseni celkového objemu buné€k, coz miiZze vést az k oddé€leni
vnéjSich bunéénych oballi od cytoplazmatické membrany, tzv. plazmolyze. Ponévadz
plazmatickd membréna neni schopna se smrstit o vice nez 2-5 %, intenzivni plazmolyza ¢asto
zpusobi naruSeni strukturniho uspofadani ¢i dokonce uplnou ztratu integrity membrany
(Schwarz a Koch, 1995). Rychlost i mira dehydratace byva pfimo umérnd osmotickému
gradientu napfi¢ plazmatickou membrinou, pfechod vody je ov§em rovnéZ limitovan vlastni
permeabilitou membrany (souvisi se sloZzenim a morfologii membrany), kterd je rovnéz
ovlivnéna teplotou prostfedi. Opacny piipad nastava, jestlize se mikroorganismy ocitnou
v hypotonickém prostiedi, kde dochdzi naopak k piitoku vody do bunky. Pii vyraznéjSim
poruSeni integrity cytoplazmatické membrany za téchto podminek hrozi prasknuti, tzv.
hypotonicka lyze (Brown a Audet, 2008). Molekuly vody se mohou do buniky a ven dostavat
dvéma zpusoby. Prvnim z nich je vyuziti specifickych membranovych kanalkt, tvofenych
transmembranovymi proteiny, tzv. aquaporiny. Druhou moznosti je diftize pies lipidickou
dvojvrstvu (Mazur, 2004), kterd je z kinetického hlediska vyrazné brzdéna energetickymi
bariérami spojenymi se vstupem vody do siln€ nepolarniho intramembranového prostiedi.

Mnohé mikroorganismy si vyvinuly v zavislosti na jejich optimalni koncentraci rozpusténych
latek v prostiedi celou fadu diimyslnych protektivnich mechanismu vii¢i osmotickym Sokum.
Jednim ze stéZejnich ochrannych mechanismi je bezesporu zapojeni mechano-senzitivnich
kanalti a osmotickych pfenaSeci, diky kterym jsou bunky schopné rozpoznat ¢i detekovat
osmotické zmény ve vnéjSim prostfedi. DalSi obrannou strategii bakterii je syntéza osmolyti,
Casto také nazyvanych jako kompatibilni soluty. Tyto malé organické molekuly (trehaloza,
ektoiny a jiné) jsou velmi prospésné pii hypertonickém stresu, kdy vyrovnévaji extracelularni
osmoticky tlak (Roberts, 2005). Naopak u hypotonického stresu buiky ,,pumpuji*“ vodu a
kompatibilni latky pomoci mechano-senzitivnich kanalti do vnéjsiho prostiedi tak, aby predesly
hypotonické lyzi buniky (Kouwen a kol., 2009).
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V poslednich letech vysledky celé fady experimentédlnich studii naznacCovaly, Ze svoji
podstatnou roli vramci osmoprotektivity hraji i granule PHA. Napf. bakterialni kmen
Aeromonas hydrophila akumulujici PHA prokazal vyssi rezistenci vici osmotickému stresu
nezli jeho mutantni kmen neschopny syntézy PHA (Zhao a kol., 2007). Podobnych vysledkt
bylo dosaZeno také u bakteridlniho kmene Azosprillium brasilense v porovnani s jeho mutanty
s deleci PHA syntazy a PHA depolymerazy (Kadouri a kol., 2003a, 2003b). Pozitivni vliv PHA
granuli vic¢i osmotickému stresu byl taktéz potvrzen u transgenni E. coli schopné syntézy a
pfipadné i degradace PHA narozdil od divokého kmene, ktery neni schopen akumulace PHA
(Wang a kol., 2009). Osmoprotektivni ucinek PHA byl tedy pozorovian u mnohych
mikroorganismu, avSak po dlouhou dobu nebyl zndm mechanismus, jakym PHA granule
ptispivaji k navyseni rezistence bunék viici osmotickému stresu. Na zakladé poslednich studif
se funkce PHA jevi velmi komplexné, a to i v zdvislosti na konkrétnim bakteridlnim kmenu.
Napiiklad kmeny Rhizobium leguminosaurum TA-1 a Rhizobium meliloti SU-47 se brani vici
osmotickému up-Soku hydrolyzou PHA za vzniku monomernich jednotek a energie, kterou
vyuZivaji pro syntézu kompatibilnich latek, konkrétné trehal6zy (Breedveld a kol., 1993). Pti
degradaci P3HB tak vznikéa potifebna energie pro syntézu dalSich kompatibilnich latek a zaroven
si prostiednictvim degradace zvysuji koncentraci 3HB, které téZ patii mezi kompatibilni latky
(Obruca, a kol., 2016). Nicmén€ u modelového kmene schopného produkce a akumulace P3HB
Cupriavidus necator H16 byla moZné strategie spjatd s degradaci P3HB pii expozici
hypertonickému prostiedi vyvracena vramci experimentalni studie, na niZz piedloZena
disertacni prace navazuje (Obruca a kol., 2017). V té bylo zjiSténo, Ze expozice bunck C.
necator H16 hypertonickému prostiedi zapficinila ¢asteCnou krystalizaci PHA granuli, kterou
jiz nebylo moZné degradovat prostiednictvim intracelularnich depolymeraz, coz bylo patrné
z Ramanovskych spekter mikrobidlnich bun¢k. PHA granule si piesto zachovaly natolik sviij
unikatni plasticky charakter, Ze byly schopny vyplnit malé mezery v membrané, které vznikly
v diisledky plazmolyzy. I proto dochédzelo k mensi dehydrataci bun¢€k ve srovnani s mutantnim
kmenem C. necator PHB*. Dale tato studie naznacila, Ze pfitomnost P3HB granuli
v mikrobidlnich bunkach sniZuje plazmolyzu osmoticky namahanych bunék, a to
pravdépodobné proto, Ze PHA plni funkci scaffoldu, a brani tak vyrazné deformaci bunky.

Na zéklad¢ zajimavych vysledkl a zavéri z predeslych studii vénovanych piedevsim odpoveédi
mikrobidlnich bunék na hypertonicky stres jsme se rozhodli experimentalné ovéfit, zda je
mozné osmoprotektivni i¢inek PHA granuli rozsitit také na podminky, pii nichzZ jsou bakterie
vystaveny nahlému hypotonickému Soku. Pro experimentdlni studii, kterd je v podobé
publikace v Casopise New Biotechnology prezentovana v Priloze III, jsme vybrali jak halofilni
P3HB produkujici kmen Halomonas halophila, tak také mezofilni bakterialni kmen C. necator
H16. Diivodem pro zatazeni halofilni kultury do nasi studie byla skutecnost, Ze mnohé halofilni
1 extrémné& halofilni bakterie a archea akumuluji nemalé mnozstvi PHA, coZ opét podporuje
hypotézu, Ze PHA granule neslouzi pouze jako zasobni material, ale i jako osmoprotektant. Jak
bylo popsdno vySe, u bakteridlntho kmene C. necator H16, ktery nepatii mezi halofilni
mikroorganismy, je znamo, zZe pfi hyperosmotickém Soku P3HB granule poskytuji ochrannou
funkci (Obruca a kol., 2017), a zarovent byl pozorovan pozitivni vliv mirného osmotického
tlaku (10 g/LL NaCl) na biosyntézu P3HB (Obruca a kol., 2010). Jako referencni bakterialni
kmen bez piitomnosti P3HB granuli byl opét vyuZit mutantni kmen C. necator PHB™ a takté
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C. necator H16 kultivovany s nadbytkem dusiku, ¢imZ byl obsah P3HB v buiikich
minimalizovan.

Nejprve jsme se zaméfili na viabilitu bunék vystavenych hypertonickym podminkdm (200g/L
NaCl) a nasledn¢ vymeéné prostiedi za deionizovanou vodu. Nejvyssi robustnost mikrobidlnich
bunék viici takto intenzivnimu osmotickému namé&hani jsme pozorovali u bakteridlniho kmene
C. necator H16 s nevyssim obsahem P3HB (74 % P3HB na suchou biomasu). Z vysledki je
dale patrné, Ze i maly obsah P3HB v bunikach C. necator H16 (1,6 % PHB na suchou biomasu
pfi kultivaci na komplexnim médiu) pozitivn€ ovliviiuje schopnost bakteriilni kultury udrzet si
pfi osmotickém naméhani integritu bun€k. Rozpad bunék byl ztetelny mj. v ibytku celkového
poctu naméfenych stresovanych bunck oproti bunéénym suspenzim, které nebyly vystaveny
Zadnym osmotickym Sokiim. Naopak vyraznd hypotonickd lyze buné€k i nejvyssi pokles
bunécné viability byl pozorovan u mikrobialni kultury neschopné syntézy a akumulace P3HB.

Vv,

Pro bliz§i prozkouméani bunécné integrity jsme vyuzili izoterméalni termogravimetrickou
analyzu (iTGA), diky které jsme byli schopni monitorovat zmény v mnoZstvi intracelularni
vody u jednotlivych vzorki bakteridlnich kmenii. Metoda je zaloZena na odliSeni extracelularni
a intracelularni vody ve vzorku prostiednictvim rozdilné rychlosti suseni. Zatimco v prvni fazi
suSeni je ze vzorku uvoliovana téméf vyhradné extracelularni voda, a to prakticky konstantni
rychlosti, v druhé fazi suSeni jsou buniky zbavovany intracelularni vody, pfi¢emz rychlost jejiho
ubytku postupné klesa. Hranice mezi obéma fazemi, kterd se urcuje jako prasecik zavislosti
rychlosti suSeni v jednotlivych fazich, a ktera reprezentuje ptibliZny obsah intracelularni vody
ve vzorku, je ozna¢ovana jako tzv. kriticky obsah vody. Schéma metody je ilustrovano na obr.
19.
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Obr. 19: Princip stanoveni mnoZstvi intraceluldrni vody pomoct izotermdlni termogravimetrie. (nalevo)
Casovd zdvislost zbytkové relativni hmotnosti vzorku pri suSeni pri 70°C. (napravo) Termogram
upraveny do podoby zdvislosti rychlosti tibytku hmotnosti na zbytkové vodé ve vzorku. (1) Prvni fdze
susent, kdy je uvolniovdna ze vzorku extraceluldrni voda. (II) Druhd fdze susent, kdy buriky prichdzeji o
intraceluldrni vodu. Sipka oznacuje hranici mezi obéma fdzemi, tzv. kriticky obsah vody.

Tato metoda ndm mimo jiné potvrdila, Ze bunky neakumulujici P3HB (¢i akumulujici P3HB
jen v malé mife) obsahuji skoro dvojnasobné mnozstvi intracelularni vody v cytoplazmé
vztazeno na suchou hmotnost bunék. Pfi hyperosmotickém Soku vykazovaly vzorky pokles
relativniho mnozstvi intracelularni vody (znamka osmotického vysouSeni bunék). U vSech
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vzorkll bez ohledu na obsah P3HB byl u bun¢k vystavenych hyperosmotickému a nasledné
hypoosmotickému prostfedi pozorovan posun kritického bodu k vy$§im hodnotdm. Jinymi
slovy, bunky obsahovaly po fluktuaci osmotickych prostiedi vice intracelularni vody nezli pred
expozici osmotickym stresim, coZ miZe byt zapfi¢inéno strukturnimi zmeénami
v cytoplazmatické membrané po jiz prodélaném hyperosmotickém Soku. Nicmén¢, v piipade
bunék s nizkych nebo Zadnym obsahem P3HB bylo po prodélaném hypoosmotickém Soku
obtizné — ptipadné zcela nemozné — urcit kriticky obsah vody. To naznacuje ztratu integrity
bunécné stény a s tim spojené mazani rozdill v rychlostech suSeni intra- resp. extracelularni
vody. Negativni dopady hypotonického Soku na bakteridlni buiiky s nizkym obsahem P3HB ¢i
bez pritomnosti intracelularnich P3HB granuli byly navic zavislé na intenzit¢ ptredeslého
hypertonického stresu, kde bylo testovano hned né€kolik koncentraci (50, 100 a 200 g/L. NaCl).

Abychom si byli naprosto jisti, co se v priitbéhu osmotického namahéni s bakteridlnimi buitkami
skutecné d¢je, doplnili jsme diskutovanou studii také o morfologickou analyzu bunck
v jednotlivych stadiich jejich stresové expozice. Tato analyza, realizovana prostiednictvim
transmisni elektronové mikroskopie (TEM), potvrdila nase piredeslé zavéry vyvozené
z vysledkli dosazenych prutokovou cytometrii a izotermalni TGA. Piitomnost P3HB granuli
ma jednoznacné pozitivni vliv na zachovani integrity bunck pfi osmotickém naméhani. Vyrazné
rozdily byly pozorovany u kmene C. necator H16 s vysokym obsahem P3HB (viz obr. 20) a
jeho mutantniho kmene C. necator PHB™ bez schopnosti akumulace P3HB (viz obr. 21).

Obr. 20: TEM snimky bunécnych suspenzi C. necator HI16 produkujici P3HB, (A—C) po kultivaci
v minerdlnim médiu, (D—F) po hyperosmotickém stresu (200 g/L NaCl), (G-I) po hypoosmotickém
stresu, (1) mirnd plazmolyza, (2) koalescence granull.

Na TEM snimcich uvedenych na obr. 20 d-f jsou vyobrazeny bunky C. necator H16
akumulujici P3HB po hyperosmotickém Soku. U téchto bun€k je pozorovatelnd mirna

plazmolyza a koagulace P3HB granuli, ktera je nejspiSe zapfiinéna dehydrataci v pribchu
stresu a poSkozenim povrchové proteinové vrstvy, kterd agregaci granuli za fyziologickych
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podminek zabraniuje. Tento shluk granuli v jednu velkou granuli byl pozorovan jiz diive ve
studii Obruca a kol. (2017). Zatimco v bunikdch s vysokym obsahem P3HB se projevila
symetrickd plazmolyza, u bunék bez P3HB (viz obr. 21) se plazmolyticka deformace bunék
projevila n€kolika zpusoby. Nejcastéjsi variantou plazmolytické deformace cytoplazmatické
membrany u gram-negativnich bakteridlnich bunék je jeji odpojeni od bunécné stény a vnéjsi
membrany. V duasledku zmenseni intracelularniho objemu hypertonicky namahanych bunék
dochazi k mechanické deformaci cytoplazmatické membrany, coz vede k jejimu poSkozeni a
vzniku nékterych deformaci jako jsou endo/exocytotické vacky Ci tvorba tubularnich nebo
Scheieho struktur (blize Koch, 1995). Pokud byly timto zplsobem buiiky poSkozeny pfti
hypertonickém stresu, dochazelo v ptipad¢é bunck neobsahujicich P3HB po néasledné expozici
hypotonickému prostfedi k masivni lyzi bunék a uvolnéni cytoplazmy do extracelularniho
prostiedi. Oproti tomu, u bunék s vysokym obsahem P3HB byl negativni efekt komplexniho
osmotického naméahani miniméalni a buiiky byly schopny uchovat svou integritu a celistvost.

kultivaéni médiurh = 200 g/L NacCl - destilovana voda

s

Obr. 21: TEM snimky bunécnych suspenzi C. necator PHB™ bez produkce P3HB, (A—C) po kultivaci
v minerdlnim médiu, (D—F) po hyperosmotickém stresu (200 g/L NaCl), (G—=I) po hypoosmotickém
stresu (deionizovand voda), (1) plazmolyza, (3) vyliti cytoplazmatického obsahu.

Jak uz bylo feceno na zacatku této podkapitoly, rozhodli jsme se prozkoumat vliv P3HB granuli
také u halofilnich kment, konkrétn€¢ u Halomonas halophila, které jsme kultivovali jak
v mineralnim (tato kultura obsahovala 82 hm.% PHB na suchou biomasu), tak v komplexnim
médiu (4 hm.% PHB na suchou biomasu). Hlavni motivaci pro zatazeni halofilni bakterie bylo
eliminovat vliv hypertonického namahéani bun¢k a posoudit ochranny vliv P3HB granuli pouze
z pohledu hypotonického stresu. I v ptipad¢ halofilniho bakteridlniho kmene byl potvrzen
pozitivni vliv P3HB granuli na bunky vystavené hypotonickému Soku (deionizovana voda)
pfimo po kultivaci v mineralnim médiu obsahujici vysokou koncentraci soli (66 g/L).
Naméfena viabilita bunék prokézala stejny protektivni ic¢inek P3HB granuli jako u mezofilniho
kmene C. necator H16, i kdyZ metoda ke stanoveni viability bunék (pritokova cytometrie) zde
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musela byt nahrazena pocitanim kolonii na miskach, jelikoZ vysoky obsah soli v referen¢nim
vzorku vedl ke zhaSeni fluorescence viabilitni sondy.

Vystupy z iTGA a TEM potvrdily zdvazné poSkozeni integrity bunék H. halophila kultivované
v komplexnim médiu oproti halofilnim buiikkdm s vysokym obsahem P3HB. Vzhledem
k halofilnimu charakteru H. halophila se di ptedpokladat odliSny ochranny mechanismus
P3HB granuli nez u bakteridlniho kmene C. necator H16. H. halophila patii mezi mirné halofily
schopné akumulace znacného mnoZstvi osmolytl, které vyuzivaji k vyrovnavani osmotického
gradientu. Vyskytnou-li se tyto halofilni bunky v hypotonickém prostfedi, stanou se vSak
nashromédzdéné osmolyty spiSe nevyhodou. P3HB granule zaujimaji vyznamnou Cést
intracelularniho prostoru bunék, coZ sniZuje mnoZstvi osmolyti nezbytné pro kompenzaci
osmotického tlaku. A pravé pfitomnost P3HB granuli mize byt vyznamnym faktorem
navySujicim robustnost PHA akumulujicich bun€k vici hypotonickému Soku.

Prokazany protektivni vliv PHB granuli v bakteridlnich bunkéach vi¢i osmotickym zménam
predstavuje vyznamny poznatek také v kontextu potencidlniho vyuZiti v biotechnologickém
pramyslu. A to jak pfi bioremediac¢nich procesech (Obruca a kol., 2018), kde jsou vyuZity i
dalsi protektivni uc¢inky PHB granuli (odolnost vi¢i vykyvam pH, téZkym kovliim, organickym
latkam aj.), tak i v rdmci primyslové produkce PHA. V této oblasti by halofilni kmeny mohly
najit Siroké uplatnéni, jelikoZ kultivatni podminky by snizovaly jak pravdépodobnost
kontaminace (Koller, 2015), tak i ndklady na proces samotny za pfedpokladu vyuZiti levné
moftské vody pro pfipravu kultivacniho média (Takahashi a kol., 2017).

3.2 Amorfni charakter PHA granuli in vivo

Jak jiZ bylo prokazano, PHA granule nejsou pouze zdrojem uhliku a energie, ale disponuji celou
fadou biologickych a biofyzikalnich specifik, diky kterym zvySuji robustnost a rezistenci bun¢k
vici ptisobeni riznych strestt (UV zéfeni, osmoticky stres, nizka teplota a jiné, viz kapitola
2.3.4). Na rozdil od izolovaného P3HB, ktery je charakteristicky svou vysokou krystalinitou,
intracelularni neboli nativni granule P3HB se vyskytuji v builkich v amorfni formé
(Jendrossek, 2007 a dalsi viz kapitola 2.3.3). Tento termodynamicky nevyhodny stav nativnich
granuli ma vSak své opodstatnéni nejen z hlediska jejich protektivniho ucinku, ale i z hlediska
metabolismu. UdrZovani naristajictho fetézce polymeru v amorfni podobé¢ je pravdépodobné
nezbytné€ nutné jiz v okamziku jeho syntézy, kdy je fet€zec spolu s pfipojovanym monomerem
(ve formé¢ 3-hydroxyacyl-CoA) vazan v aktivnim mist¢ PHA syntdzy PhaC. Jakmile amorfni
polymer dosahne dostatecné délky, navaze se na N-konec PhaC, a tim urychli polymeriza¢ni
proces, jelikoZ se stale nachazi v blizkosti aktivniho mista a je tak dostupné;j$i pro reakci (Kim
a kol., 2017). Rovnéz aktivita P3HB intracelularnich depolymeraz je piimo podminéna
amorfnim stavem polymeru v nativnich granulich, jelikoZ vlivem svoji struktury a substratové
specifity nejsou schopné hydrolyzovat krystalické (tzv. ,,denaturované*) P3HB granule
(Uchino a kol., 2008). Krystalizace intracelularnich granuli tak znemoZziuje vyuziti PHA jako
zdroje uhliku a energie v dob€ hladovéni a sniZuje efektivitu protektivnich mechanismi vici
stresovym podminkdm véazanych na plastickou povahu amorfniho polymeru (napf. vyse
zminéné efekty pii expozici hyperosmotickému prostiedi, viz kap. 3.1.2). V neposledni fad¢ je
krystalizaci P3HB blokovano také jeho zapojeni do PHA cyklu, a tudiz 1 produkce
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monomernich jednotek 3HB jako tzv. potencidlnich chemickych chaperont, které chrani
enzymy a dal$i biomolekuly pfed vysokou teplotou a oxidativnim stresem (Obruca a kol.,
2016a).

Ke krystalizaci polymeru béZné dochazi v prib¢hu izolace granuli z buné¢k, kdy v disledku
fyzikélnich nebo chemickych ucinki izola¢nich podminek dochézi k naruSeni jejich nativni
struktury (Porter a Yu, 2011). Naproti tomu bylo zjisté€no, Ze granule intaktnich bakteridlnich
bunék zlstavaji v nativni amorfni formée i pfi extrémné nizkych teplotach (napf. pti zpracovani
pro kryoSEM zobrazovani pii teplotach kolem —140 °C), kdy si zachovavaji nejen vysokou
flexibilitu, ale i elasticitu. Hodnota prodlouZeni pfti pfetrZzeni pozorovana u P3HB granuli v takto
kryogenicky zpracovanych bunikach je vice nez 100 %, coZ je v silném kontrastu k izolovanému
polymeru P3HB, u kterého hodnota kritické deformace ¢ini bézn€ pouze okolo 4 % (Obruca a
kol., 2016b).

Ackoli amorfni stav P3HB granuli a jeho vliv na builky béhem stresovych podminek je
v soucasnosti  Siroce diskutovanym tématem, doposud nebyl jednozna¢né objasnén
mechanismus stabilizace P3HB v amorfni podob¢ in vivo. Jak bylo uvedeno v teoretické casti
této prace, je znamo nékolik teorii, které se snazi vysvétlit podstatu plastifikace P3HB
v nativnich intraceluldrnich granulich. Prvni teorie se zaklidd4 na pfitomnosti specifickych
plastifikatort v prostiedi nativni granuli. Tyto plastifika¢ni G¢inky byly pfisuzovany napiiklad
molekuldm vody ¢i nékterym nizkomolekuldrnim latkdm (Ceccorulli a kol., 1992; Choi a Park,
2004). Alternativni teorie vychézi Cisté z chemicko-kinetického mechanismu, ktery vysvétluje
extrémné nizkou rychlost krystalizace in vivo pouze na zaklad¢ malého objemu P3HB granuli
(Bonthrone a kol., 1992; de Koning a Lemstra, 1992), pfi¢emz dilezita role pfi zamezeni
agregace granuli a s tim spojenym nartstem jejich objemu se pfisuzuje proteinové povrchové
vrstve granuli (Bresan a kol., 2016) (vice v podkapitole 2.3.1). Nicméné ani jedna z téchto teorii
(viz obr. 22) neni povaZovana za definitivni a uspokojivé vysvétlujici vSechna dosud popsand
experimentalni pozorovani.

I Vliv plastifikatoru Il. Kineticky mechanismus

krystalizacni rychlost=> 0 krystalizacni rychlost >> krystalizaénirychlost  >>  krystalizacni rychlost-» 0

(

Obr. 22: Stabilizacni hypotézy amorficity PHB granuli. (I.) Hypotéza zaloZend na pritomnosti
plastifikdtoru v PHA granuli. (I1.) Stabilizace PHA granule na zdkladé malého objemu PHA granule
s nizkou krystalizacni rychlosti.
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Dalsi experimentalni studie realizovani v rdmci pfedloZené disertaCni prace byla proto
navrzena s cilem posoudit stabilizacni mechanismy udrZujici intracelularni P3HB v amorfni
formé, a to s ohledem na tematické zaméfeni prace op¢t v kontextu expozice bun¢k riiznym
stresovym faktoriim. Metodologicky studie vychazela z publikovanych praci tymu Porteraa Yu
(2011a), kteti uspésné otestovali techniku infracervené spektroskopie s Fourierovou
transformaci (FTIR) za icelem rozliSeni krystalické a amorfni formy P3HB ve vzorcich celych
bun¢k a korelovali kvantitativni vystupy této techniky s vysledky ze standardné vyuzivané DSC
metody. Stejni autofi nasledné vyuzili tuto spektroskopickou techniku pii pozorovani kinetiky
krystalizace P3HB v bunikach C. necator H16, které nejdiive oSetfili velmi nizkym pH (0,2 M
kyselina sirovd), aby zastavili ptipadnou biologickou aktivitu. V pribéhu méfeni vzorkl byla
zaznamendavana spektra dokladajici riznou miru krystalizace P3HB v Case v priibéhu volného
vysouseni vzorku (Porter a Yu, 2011b). V rdmci experimentll byla také zpozorovana jista
souvislost mezi rychlosti krystalizace P3HB granuli v bunikdch a dalSim oSetfenim bunck
(vysoka teplota, tiprava pH). JelikoZ pozorovani rychlosti krystalizace nativnich P3HB granuli
pomoci FTIR bylo realizovano u bun¢k, které byly nejprve vystaveny nizkému pH, ziistavalo
otazkou, zdali prab¢h krystalizace nebyl pouhym disledkem fyziologickych a morfologickych
zmeén bunék praveé v disledku jejich reakce na tento stres. Autory studie také nebyl navrzen
zadny konkrétni destabilizatni mechanismus, kterym by vysvétlovali ptechod amorfnich
granuli do krystalického stavu v pribéhu prezentovanych experimentl. Z tohoto diivodu jsme
se rozhodli systematicky prozkoumat tuto problematiku se zvlastni pozornosti vénovanou vlivu
stresové expozice na miru a rychlost nasledné krystalizace P3HB in vivo. Vysledky této studie
byly publikovany v Casopise Applied Microbiology and Biotechnology, ptiCemz piislusna
publikace je pfiloZzena k této disertacni praci v podob¢ Prilohy IV.

V ramci této studie bylo experimentalné prokazano, Ze u bakteridlnich bun¢k C. necator H16
nenastala v pribéhu suSeni ani po ném krystalizace P3HB granuli, pokud butiky nebyly nejprve
vystaveny stresovym podminkdm. Bylo také dokazano, Ze ne vSechny testované stresy (vysoka
teplota, osmoticky tlak, rozmrazovaci a zmrazovaci cykly a nizké pH) musi nutné vést k iniciaci
krystalizace amorfnich granuli (viz obr 23). Krystalizaci iniciovala expozice bun¢k vysoké
teploté (50, 80°C), nizkému pH (pH = 1 nebo 2) a hyperosmotickému prostredi (200 g/ NaCl).
Oproti tomu cyklické mrazeni a rozmrazovani bunék, stejné¢ jako expozice mirné kyselému
prostiedi (pH = 3 a 4) nevedly k pozorovatelné krystalizaci P3HB granuli in vivo. Abychom
vice porozuméli tomu, zda a jak spolu souvisi morfologické zmény bunck zplsobené
jednotlivymi testovanymi stresy a mira krystalizace granuli P3HB danym stresem iniciovana,
vzorky bun€k exponovanych jednotlivym stresim byly opét zobrazeny technikou TEM (viz
obr. 24). Kombinaci morfologické mikroskopické analyzy s FTIR analyzou krystalizace P3HB
bylo zjisténo, Ze krystalizace nastavd pouze u buné¢k, u kterych doslo v disledku aplikace
stresovych podminek ke koagulaci P3HB granuli. Mira obou projevi (koagulace granuli a
krystalizace polymeru) je pfitom zavisla na intenzit¢ aplikovaného stresii (napt. konkrétni
teplota, hodnota pH).

Uvedena zjisténi podporuji argumentaci chemicko-kinetického modelu krystalizace, ktery je
zaloZen na nizké pravdépodobnosti spontanni nukleace a ztoho plynouci extrémné malé
rychlosti krystalizace polymeru v submikronovém objemu granule (Bonthrone a kol., 1992).
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Jak uZ bylo zminéno vyse, koagulace P3HB granuli je nejspiSe zplsobena denaturaci protein
povrchové vrstvy P3HB granuli, kterd byla také ztetelné pozorovatelna ve FTIR spektrech
vzorki, které vykazovaly jak koagulaci granuli, tak rovnéZz krystalizaci P3HB. Ackoliv tato
spektra pochopitelné¢ nezaznamenavaji denaturaci pouze proteinii navazanych na P3HB
granule, ale vSech proteinti vyskytujicich se v buiikach, da se ptesto predpokladat, Ze denaturace
proteinti a koagulace nativnich P3HB granuli spolu dzce souvisi. Povrch P3HB granuli C.
necator H16 pokryva z 27-54 % phasin P1 (24 kDa), ktery svoji Cetnosti dosahuje az 5 %
celkové proteinové slozky v bunice (Wieczorek a kol., 1995). Proto by i ¢astecna denaturace
povrchovych proteinti znamenala ztratu jejich schopnosti plnit dlohu surfaktanti oddé€lujicich
od sebe hydrofobni jadra P3HB granuli a hydrofilni prostfedi bunétné cytoplazmy. Tato
domnénka byla rovnéZ experimentalné¢ podlozena, kdy jsme vychazeli ze zmrazovacich
rozmrazovacich cykld, pfi kterych se pomoci FTIR (prostfednictvim dekonvoluce amidového
pasu) denaturace buné¢nych proteinti neprokéizala a zaroven nebyla pomoci TEM pozorovéana
koagulace P3HB granuli.

Dalsi dalezity poznatek ziskany pomoci FTIR spocival ve zjisténi, Ze krystalizace P3HB granuli
nastava vzdy az nasledn¢ po dehydrataci vzorku. Na obrazku 23 si navic lze povSimnout, Ze s
vyjimkou osmotického stres (obr. 24e) se vSude vyskytuje ¢asova prodleva mezi dehydrataci a
pocatkem krystalizace. Tento jev poukazuje na fakt, Ze koagulace nativnich P3HB granuli jako
takova nestaCi k iniciaci krystalizace (morfologické TEM analyze byly podrobeny plné
hydratované vzorky), ale musi byt vZdy spojena s dehydrataci bun€k. Toto zjiSténi naopak
podporuje hypotézu plastifikacniho d¢inku intragranuldrni vody (Lauzier a kol., 1992a,b).
Vyskyt vody v PHA granulich byl jiz difive experimentilné ovéien, pfiCemz bylo zjisténo, Ze
nativni PHA granule obsahuji az 10 hm. % vody (Mas a kol., 1985). Jak uZ bylo nastinéno
v teoretické Casti prace (podkapitola 2.3.3), voda hypoteticky stabilizuje B-konformaci
syntetizovanych fetézci PHA uvniti granuli prostfednictvim vodikovych vazeb, a tudiz
znemozZni jejich krystalizaci. Tato teorie vSak nebyla prozatim experimentalné dokazéna,
jelikoZz se jeSté nepodafilo vytvofit artificidlni amorfni P3HB granuli stabilizovanou pouze
pomoci vody. Vysledky nasi experimentalni studie ovSem naznacuji, Ze pravé voda dopliuje
svymi plastifika¢nimi icinky kinetické efekty malého objemu nativnich granuli, a pfispiva tak
ke stabilizaci amorfni stavu intracelularniho P3HB.
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Obr. 23: Casovy vyvoj absorbanci pri frekvencich souvisejicich s dehydrataci vzorku (3 300 cm™) a
krystalizaci P3HB (1734 em 719 em’, 1278 em™, 1227 em’, respektive 1 180 cm™). Vsechny
sledované absorbance byly Skdlovdny pomoci absorbance retencniho piku pri 1382 cm’. Srovndni
vysledkit kultury C. necator H16: (a) kontrola, (b) pri 50 °C, (¢) 80 °C, (d) =30 °C, (e) 200 g/L NaCl a
hodnota pH=1 (f). (I.) dehydratacni fdaze vzorku, (I1.) dehydratované bunky s amorfnimi P3HB, (I11.)
krystalizacni fdze. Prerusované krivky prislusi vedlejsi ose podradnic.

Jak Ize vidét na obr. 23, casova prodleva (II.) mezi dehydrataci a krystalizaci amorfnich P3HB
granuli odpovida s nejvétsi pravdépodobnosti dobé, kterd je nutna k dehydrataci intracelularni
vody z nativnich P3HB granuli. Mohlo by se zdat, Ze tato prodleva nutnd k dehydrataci
nativnich granuli by méla byt patrnd u vSech stresem indukovanych krystalizaci. U vzorku
exponovaného hypertonickému prostredi vSak tato ¢asova prodleva chybi (viz obr. 23e). Tato
odli$nost je disledkem velmi rychlé ztraty intracelularni vody, kterou miiZeme pozorovat jak
na prudce klesajici absorbanci pii frekvenci souvisejici s dehydrataci vzorku, tak také na
pofizenych TEM snimcich, kde je moZné pozorovat poSkozeni integrity nativnich P3HB
granuli, nasledkem ¢ehozZ se obsah granule rozléva do cytoplazmy. Takto poskozené amorfni
granule P3HB tak vyznamné¢ urychluji samotnou dehydrataci granuli (viz obr. 24e).
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Obr. 24: TEM snimky C. necator H16: (a) kontrola, (b) pri 50 °C, (c¢) 80 °C, (d) =30 °C, (e) 200 g/L
NaCl a hodnota pH=1 (f). (1.) koagulace P3HB granuli, (2.) plazmolyza, (3.) zhrouceni integrity
granuli. Méritko = ILum.

Mezi dals$i zajimavé vysledky zajisté patfi i umisténi agregovanych P3HB granuli, a to
pfedev§im v centrdlnich castech bunék., kde se obvykle iniciuje a probihd bunécné déleni
(Dvorak a kol., 2015). Je pravdépodobné, Ze agregace P3HB granuli ma neblahy vliv na
reprodukci bakteridlnich bunék. Tento pfedpoklad byl vradmci prezentované studie
experimentalné potvrzen provedenim kultivacnich viabilitnich experimentl, které prokéizaly,
Ze schopnost reprodukce byla nejvice ovlivnéna pravé u téch vzorkd, které byly vystaveny
stresim vyvoléavajicim agregaci P3HB granuli (tj. vysoka teplota, nizké pH).

Na zéklad¢ naSich experimentl je tedy mozné konstatovat, Ze ob& plivodni hypotézy ve
skute€nosti vysvétluji pouze cast skutecného mechanismu plastifikace. Pfedstava o tomto
mechanismu, aktualizovani na zéklad€ prezentované experimentalni studie, uvazuje amorfni
stav P3HB granuli v bunikdch stabilizovany jak kineticky v dasledku malé velikosti P3HB
granuli, tak i prostfednictvim plastifikitoru, kde tuto roli s nejvétsi pravdépodobnosti plni
intracelularni voda. NaS revidovany mechanismus stabilizace P3HB granuli je obsahem
obrazku 25.
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Obr. 25: Destabilizace prirozeného plastifikacniho mechanismu a krystalizace P3HB granuli in vivo
(viz Priloha VI).

3.3 Objasnéni protektivnich vlastnosti monomerni jednotky PHB

Vyznamna role monomernich jednotek 3HB v mikrobidlnich buiikdch byla predmétem jiz
n¢kolika studii, v nichZ byly prokazany jejich piekvapivé protektivni vlastnosti. Pfitomnost
monomertl v buiitkich je zajistén vlivem P3HB cyklu, kdy jsou granule P3HB soucasné¢
syntetizovany a degradovany (Kadouri a kol., 2005). V poslednim desetileti bylo zjisténo, ze
monomery 3HB vykazuji vlastnosti jak kompatibilnich latek chranicich bakterie pred vysokym
osmotickym tlakem prostfedi (Soto a kol., 2012), tak chemickych chaperoni chranicich
enzymy (lysozym, lipaza) pied vysokou teplotou a oxidacnim stresem (Obruca a kol., 2016b).
RovnéZz bylo potvrzeno, Ze 3HB slouZi i jako potencialni kryoprotektant pro enzymy (lipaza),
kvasinky (Saccharomyces cerevisiae) a bakteridlni bunky (Cupriavidus necator H16) (Obruca,
a kol., 2016a). Neptfimym dikazem vyznamu metabolismu P3HB pro adaptaci prokaryot vici
chladu a mrazeni je také skuteCnost, Ze mnoho producenti P3HB bylo identifikovano ve
vzorcich exponovanych velmi nizkym teplotdm jako je napiiklad arkticka voda nebo permafrost
(Ciesielski a kol., 2012; Goh a Tan, 2012).

Jak uz bylo zminéno vyse, stabiliza¢ni efekt 3HB v P3HB akumulujicich bakteridlnich bunikach
se uplatiiuje pti riznych stresovych podminkach. Je tedy zifejmé, Ze protektivni mechanismus
3HB a P3HB je velice komplexni a zahrnuje fadu mechanismil a zaroven je tfeba mit na mysli,
Ze protektivni funkci plni v buiikdch celd tada dalSich metaboliti a molekul. Pro lepsi
pochopeni protektivniho u¢inku 3HB jsme se zaméfili na interakce této molekuly s vodou.
Pochopeni tohoto fundamentalniho vztahu nAm mize pomoci objasnit vliv 3HB na vlastnosti a
chovani intracelularni vody. V bakteridlnich buiitkdch jsou proteiny a dalsi bunécné
komponenty stabilizovany a chranény prostfednictvim tzv. kompatibilnich latek, které ovliviuji
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hydrataci jednotlivych buné&fnych komponent (da Costa a kol., 1998; Jain a Roy, 2009).
Zminéna stabilizace je rovnéZz znidma pod nazvem preferencni stabilizaCni efekt, ktery je
zaloZen na poklesu aktivity vody v roztoku v dusledku preferenéniho navéazani pravé ke
kompatibilnim latkdm ¢i na povrch proteinu, ¢imz dochazi k exkluzi molekul kompatibilnich
latek z hydratacni vrstvy proteint (da Costa a kol., 1998). Na zdklad¢ preferenci vody se tak
Casto setkdvame v buiikach s rozliSenim na ,,nizkohustotni* a ,,vysokohustotni* (Wiggins,
1990). A praveé hodnota aktivity vody nam udava, v jaké form¢ se voda v daném systému
nachizi. Mohlo by se zdat, Ze termodynamicky stav vody v buiice je stéZejni u dehydratace
bunék piedevs§im v kontextu s osmotickym stresem, avSak dehydratace buiiky Casto nastavi i
v prubéhu pomalého zmrazovéni, kdy v extracelularnim prostfedi vznikaji krystalky ledu a
odstranovanim kapalné vody tak dochéizi ke zvySovani koncentrace rozpusténych latek, coz
vede ke zvySeni gradientu chemickych potencidlli vody v intracelularnim a extracelularnim
prostiedi (viz podkapitola 2.3.4.1 obr. 13). U vysSich rychlosti zamrazovani se v zavislosti na
aktivité vody v buiice tvoii krystalky ledu pfimo v intracelularnim prostiedi, kde poté fataln¢
ovliviiuji fyziologicky stav buiiky. Je tedy zfejmé, Ze dostateCné mnoZzstvi intracelularni vody
je stéZejni pro déje zajist'ujici viabilitu bunky (elektronovy transfer systému, metabolicka
aktivita enzymi aj.) (Mittler, 2002).

Abychom porozuméli tak komplexni problematice, jakou je stabiliza¢ni efekt monomernich
jednotek 3HB, rozhodli jsme se v této praci podrobné prozkoumat termodynamiku a fazové
chovani binarniho systému 3-hydroxybutyratu sodného (Na3HB) s vodou. Jinymi slovy jsme
se zam¢fili na podstatu interakci monomernich jednotek 3HB a vody a urceni hydratacni a
kryoprotektivni ucinnosti 3HB. Kromé vysvétleni pfirozenych stabilizacnich efekta
monomerni jednotky v P3HB produkujicich bunikich tato studie cili navic také na posouzeni
potencidlu vyuziti 3HB jako alternativniho (kryo)protektantu v rtiznych aplikacich. Manuskript
¢lanku (v soucasnosti podléha recenznimu fizeni v Casopise Biomolecules), ktery shrnuje tuto
experimentalni praci je uveden v Priloze V. Uvedené vysledky byly ziskany v ramci
petimésicni zahrani¢ni staZe pod vedenim pana prof. Kocherbitova na univerit¢ v Malmo ve
Svédsku.

Nejprve jsme se vramci experimenti zaméfili na posouzeni hygroskopiCnosti systému
3HB/voda stanovenim sorp¢ni izotermy pro sorpci vodnich par na 3HB. Pro tento tucel jsme
vyuzili hned n€kolik metod, dynamickou sorp¢ni analyzu par (DVS), hygrometr LabMaster-aw
(Novasina) a sorp¢ni kalorimetrii. VSechny tyto tii metody jsou zaloZeny na odliSném principu,
kdy DVS patii ke gravimetrické metod¢ méfici rovnovaznou hmotnost vzorku pii kontrolované
relativni vlhkosti, zatimco vlhkomér LabMaster-aw, Casto vyuZivany v potravinafskych

Y

oborech, méfi aktivitu vody u vzorkd s konkrétnim mnoZstvim vody. Posledni zvolena
technika, sorp¢ni kalorimetrie, je kombinaci pfedchozich dvou metod (méfi aktivitu vodnich
par i jeji mnozstvi nasorbované vzorkem), a navic nam udava pti méteni diferencidlni adsorpéni
entalpii. Na zdklad¢ experimentt pfi teploté 25 °C jsme ziskali sorp¢ni izotermy pro vodni paru,
a praveé tvar izoterem ndm odhalil jednak sorp¢ni afinitu vody na 3HB, jednak pfitomnost
n¢kolika fazovych prechodt (viz obr. 26).
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Obr. 26: (nalevo) Sorpcni izotermy vodni pdry u Na3HB prii 25 °C ziskané pomoci DVS, LabMaster-aw
Novasina, a sorpcni kalorimetrii. (napravo) Entalpie hydratace Na3HB naméiend sorpcnim
kalorimetrem pri 25 °C.

Ze sorp¢ni izotermy uvedené na obr. 26 je patrné, Ze krystalicky bezvody Na3HB neabsorbuje
Zadnou vodu, dokud relativni vlhkost (RH) nepiekroci kritickou hodnotu cca 48,55 hm. %. Toto
chovani je typické pro krystalické latky a 1isi se od chovani amorfnich kryoprotektantti. Takto
napt. u amorfni trehal6zy (béZn¢ vyuzivana kryoprotektivni latka) nasorbované mnozstvi vody
roste prakticky linearn€ se zvySujici se RH (Roe a Labuza, 2005), zatimco u krystalické
a,o-trehalozy (protihrudkujici aditivum) €ini hodnota kritické RH hranice skoro dvojnasobek
oproti 3HB (95 % RH) (Lammert a kol., 1998). Dalsi zména tvaru sorp¢ni izotermy nastiva,
jakmile je Na3HB z 22,5 hm. % hydratovéan. To odpovida pfechodu 3HB z bezvodé krystalické
formy do formy krystalického dihydratu. Konkrétni stechiometrie hydratu (dvé molekuly vody
na jednu molekulu Na3HB) byla urcena prav€ z hrani¢ni hmotnostni koncentrace v sorp&ni
izoterm¢. Dal$i fazova zména nastdva pii 45,2 hm. % vody ve smési s Na3HB, kdy je jiz
veSkery krystalicky dihydrat rozpustén do podoby nasyceného vodného roztoku. Pro vyssi RH
je jiz 3HB pouze ve formé vodného roztoku. Z poméru rovnovazné aktivity a molarniho zlomku
vody v roztoku je mozné pro touto oblast urcit aktivitni koeficient vody, resp. jeho zavislost na
sloZeni roztoku. Hodnota aktivitniho koeficientu je v celém rozsahu koncentraci vyrazné mensi
nez 1 (v rozsahu od 0,7 do 0,9), coZ potvrzuje, Ze Na3HB se ve vodném roztoku chova jako
siln€ hydrofilni latka.

Kromé studia systému Na3HB-voda pii laboratorni teploté jsme se diale zaméfili na
kryoprotektivni efekt Na3HB. V tomto piipadé jsme vyuZili kalorimetrickou analyzu binarnich
smési Na3HB/voda o riizném slozeni, kterd nAm umoznila konstruovat binarni rovnovazny a
nerovnovazny fazovy diagram systému a porozumét tak chovani rizné hydratovaného Na3HB
v Sirokém rozpéti teplot. Pti diskusi kryoprotektivnich vlastnosti 3HB je u rovnovazného
fazového diagramu pro nés nejvice podstatna teplota, pii které dochazi k tani ledu, jinymi slovy,
jaky efekt ma Na3HB na sniZeni rovnovazné teploty mrznuti vody. Kryoprotektivni t¢inky za
rovnovaznych podminek se projevuji sniZenim teploty tuhnuti vody, které lze vycist z kiivky
tani ledu, kdy strmost kiivky (pokles teplot tani ledu) ndm udéava kryoprotektivni efektivitu
dané latky (viz obr. 27 nalevo). Také pozice eutektického bodu, ktery odpovida nejnizsi teploté,
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pti které voda ve dvouslozkovém systému mrzne, nim vypovida o tc¢innosti kryoprotektantu
z hlediska nejnizsi mozné koncentrace, kterd s klesajicim zastoupenim kryoprotektantu
v systému roste. Zato kryoprotektivni Gic¢inky za nerovnovaznych podminek se projevuji jak
mnoZzstvim nemrznouci vody v systému, tak mirou amorfni faze. Kryoprotektivni u¢inek latky
je opét silnéjsi, pokud zlom, kde jiZ nedochdzi k tuhnuti vody, se nachazi v co nejnizsi
koncentraci daného kryoprotektantu (viz obr. 27 napravo).

/"//—A
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tani T / |
\ ¢/ = Tténi
= \ */ |~ téni
\/
\ ’ P Tg
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Obr. 27: Schematické fdazové diagramy zobrazujici kryoprotektivni icinky, (nalevo) rovnovdzny fdazovy
diagram kompatibilnich ldtek s kryoprotektivnim efektem vyjddirenym posunem bodu mrznuti vody a

v 2

pozici eutektického bodu (Cervend kiivka), (napravo) zjednoduseny nerovnovdiny fdazovy diagram
kryoprotektivni ldtky, kryoprotektivni ucinky jsou reprezentovdny posunem bodu mrznuti vody a
mnoZstvim nemrznouci vody. T. = eutekticky bod, T, = teplota skelného prechodu.

Z naméfenych vysledki je patrné, Ze pravé kiivka diagramu oddélujici pevnou fazi a kapalnou
fazi vody ma strmé klesajici trend oproti znamym kryoprotektantiim a eutekticky bod se nachazi
pti 40,5 % Na3HB a -28,1 °C (viz obr. 28). To také znamen4, Ze u vySSich koncentraci Na3HB
uz v uvedeném dvojslozkovém systému nedochazi k tvorbé ledu. Zaroven tento bod piestavuje
maximalni posun teploty mrznuti vody zptisobeny piitomnosti Na3HB. Pfi porovnani s
fazovymi diagramy bézn¢ vyuzivanych kryoprotektantt, jakym je naptiklad trehal6za (Chen a
kol., 2000), sachar6za (Mathlouthi a Reiser, 1995) ¢i glycerol (Nakagawa a Oyama, 2019) je
posun bodu bod mrznuti vody u systému Na3HB-voda minimaln¢ porovnatelny ¢i ve vétSing
pfipadi dokonce vétsi, coz je mozné povazovat za jednu z pfi¢in popsané vysoké
kryoprotektivni d¢innosti Na3HB.
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Obr. 28: RovnovdZiny fdazovy diagram systému Na3HB-voda, DSC (X); sorpcni kalorimetrie (@), DVS (
).

Pro lepsi predstavu, konkrétni hodnoty eutektického bodu u trehalézy jsou v rozsahu od 2,5 do
18,8 °C (Miller a kol., 1997) a sachar6zy —8,5 az 13,95 °C (Young a Jones, 1949). I kdyzZ je
bod tuhnuti vody v pfitomnosti glycerolu sniZen az na —45 °C, tak koncentrace glycerolu nutna
k tomuto sniZeni Cini 65 %. PouZijeme-li stejné mnoZzstvi glycerolu jako u eutektického bodu
Na3HB, tzn. okolo 40%, teplota bodu tuhnuti vody se zvysi az na —15,4 °C (Lane, 1925).
Z tohoto porovnani vyplyvé, Ze Na3HB ovliviiuje aktivitu vody pfinejmensim stejné efektivné
jako znamé kompatibilni latky s kryoprotektivnim u¢inkem. Dal$i zavér, ktery byl potvrzen jak
v sorp¢ni analyze, tak na zdklad¢ skenovaci kalorimetrie, je tvorba dihydratti Na3HB.

Jak uZ bylo zminéno vySe, nejen mnozstvi, ale i termodynamicky stav intracelularni vody je
stéZzejni pro zachovani funkci bunky pfi jejim ochlazovani pod bod mrazu. Mobilita
intracelularni vody je pfimo zavisla na jejim stavu, pfi prudkém podchlazeni se mobilita
molekul vody rapidné sniZi, a proto je buika méné nichylna k dehydrataci mrazem. SniZena
mobilita molekul pfi prudkém ochlazeni také znemoZnuje systému zaujmout svoji
termodynamicky nejvyhodnéjsi podobu, a systém tak setrvava v kineticky stabilizovaném
nerovnovazném stavu. Typickym piipadem takového stavu je stav skelny. Z toho diivodu jsme
svoji pozornost upfeli také na skelné prechody dvousloZkového systému Na3HB-voda, jejichz
kalorimetricka analyza ndim umoznila zkonstruovat fazovy diagram systému v nerovnovazném

stavu (viz. obr.29).
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Obr. 29: NerovnovdzZny fdazovy diagram systému Na3HB-voda stanoveny technikou DSC.

Z namétenych vysledkt je ziejmé, Ze skelné prechody v celém rozsahu koncentraci Na3HB lze
rozdé¢lit do tif oblasti v zavislosti na tepelnych kapacitach vzorka, které se zvySuji s obsahem
amorfni faze. Je zajimavé, Ze dvé oblasti, v nichZ se nachazi vzdy dv¢ faze, konkrétné amorfni
stav spole¢né s ledem a amorfni stav s krystalickym Na3HB (tudiZ na opacnych stranich
fazového diagramu), se 1isi ve stechiometrickém poméru vody a Na3HB. Pti niZsi koncentrace
Na3HB (hrani¢ni koncentrace 50 hm. %) pfipada 7 molekul vody na jednu molekulu Na3HB,
zatimco u vyss§i (> 68 hm. %) se poCet molekul vody sniZi na 3, coZ opétovné dokazuje vysokou
miru hydroficility Na3HB v porovnani napfiklad s amorfni trehalézou, kterd je schopna
pojmout 2 molekuly vody na jednu molekulu (Green a Angell, 1989). Naproti tomu, stfedni
¢ast fazového diagramu je charakterizovana vcelku konstantni tepelnou kapacitou, ktera
poukazuje na fakt, Ze veSkery obsah vzorkli se nachdzi v amorfnim stavu. Toto tvrzeni je
podpoifeno i absenci jakykoliv naméfenych endotermnich piki odpovidajici tani ledu v
termogramu. V porovnani s trehalézou (cca 25 °C, 50 hm. %) je teplota skelnych ptechodil ve
stiedni C4sti diagramu vyrazné€ nizsi (Olgenblum a kol., 2020). Nicméné v ptipadé trehal6zy to
neni zadné velké piekvapeni, protoZe jeji vliv na skelny piechod vody je vskutku mimofadny.
Porovname-li ale 3HB s dalSimi kompatibilnimi latkami jako je sachardza nebo fruktéza, jsou
teploty skelnych pfechodii vody srovnatelné (Goff a Sahagian, 1996). Na rozdil od
rovnovazného fazového diagramu, ve fazovém diagramu zkonstruovaném na zakladé
nerovnovaznych méfeni neni mozné piimo urcit konkrétni slozeni smési Na3HB-voda, pii
kterém kapalné voda piestava mrznout. Proto jsme vyuZili stanovené hodnoty entalpii tani ledu
(vypoctené jako plochy odpovidajicich endotermnich piki tani ledu) a vynesli je v zavislosti na
obsahu vody ve vzorku. Extrapolaci line4rni regrese této zavislosti na nulovou entalpii bylo
poté stanoveno mnoZzstvi tzv. nemrznouci vody, kterd odpovida pfiblizn¢ 1,35 g vody na g
Na3HB (0,57 g vody na g vzorku). Toto mnoZstvi nemrznouci vody je bezkonkuren¢ni v rdmci
ostatnich popsanych biokompatibilnich latek, konkrétn¢ pii porovnani s fruktézou (0,21 g
vody/g), sachar6zou (0,26 g vody/g) a trehal6zou (0,31 g vody /g) (Xu a kol., 2017).
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Nase vysledky ukazuji, Ze protektivni efekt 3HB v biologickych systémech je mozné ptisuzovat
jeho unikatnimu fazovému chovani ve vztahu k vod¢. Biologické konsekvence tohoto zjisténi
jsou neoddiskutovatelné, 3HB se nevyskytuje pouze v mikroorganismech, jedna se o Siroce
rozSitenou biomolekulu, kterou mizeme najit i v lidském téle, kde je syntetizovana v jatrech, a
tudizZ cirkuluje t€lem v ramci krevniho obéhu. Koncentrace 3HB v krvi u dosp€lych pohybuje
od 5 az 335 umol/L, v ptipad¢ ketézy mohou koncentrace dosahovat az hodnot 1 mmol/L, za
ucelem poskytovani potiebné energie buiikdm pfi nedostatku glukézy. Zato vyskyt 3HB u
prokaryotickych organismu pfimo souvisi se schopnosti bunék akumulovat P3HB, kdy je tento
polymer v bunikach zéroven syntetizovan a degradovan pravé na monomerni jednotky 3HB
(vice v podkapitole 2.2.1). Ztohoto divodu je u PHA produkujicich mikroorganismi
intracelularni koncentrace 3HB az 16,5krat vyssi (100 mmol/L) neZ u mikrobidlnich bunék
neschopnych syntézy a akumulace P3HB. Nizkomolekularni 3HB se tedy nepodoba
kompatibilnim latkdim pouze vlastnostmi, ale také koncentraci v buiikach.

Potvrzeny kryoprotektivni efekt otevira aplikacni skalu napiiklad v rdmci kryobiologie, kde by
se Na3HB dal vyuzit ke stabilizaci riiznych biologickych preparatl, jako jsou napiiklad
mikrobidlni a bunééné kultury, nukleové kyseliny a jiné biologicky aktivni latky za nizkych
teplot. Jako dalSi mozZnost se jevi oblast vymrazovani, a to v roli lyoprotektantu. Pfirozeny
vyskyt Na3HB v lidském téle 1 jeho netoxicita rovnéZz umoZziuji pouZzit tuto latku v
potravinaiském primyslu jako dal$i kryoprotektanty, které se béZzné aplikuji pro zachovani
textury, chuti a dalSich aspektll po zmrazeni a nasledném rozmrazeni (MacDonald a Lanier,
1997). Na3HB je zaroven senzoricky neutrdlni latka, kterd neovliviiuje ani chut ci
piirodni/pfirozené aroma potravin. Velkd vyhoda Na3HB spocivd v moznostech produkce,
jelikoZ mtiZe byt produkovéan jak biotechnologickou, tak syntetickou cestou nebo enzymatickou
hydrolyzou P3HB, tudiZ by mohl s ohledem na cenu snadnéji konkurovat jiz zavedenym
kryokonzervacnim latkam (Tokiwa a Ugwu, 2007; Uefuji a kol., 1997)
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34 Prinos diserta¢ni prace k souc¢asnému stavu problematiky

Cilem predlozené disertacni prace je rozsifit soucasny stav poznani v oblasti biologické role
PHA granuli v prokaryotickych bunikdch. Pfedevsim jsme se zaméfili na protektivni roli PHA
vici environmentalné vyznamnym stresorim a také na pochopeni protektivnich mechanismil
PHA, které nebyly doposud popsany. Obecné je mozné konstatovat, Ze protektivni funkce PHA
se na pocatku 21. stoleti stala Siroce diskutovanym tématem, viz. naptiklad review Kadouri a
kol. 2003. Price v téchto letech nastinily vyznam PHA v kontextu stresové odolnosti bakterii,
nicmén¢ protektivni mechanismus PHA granuli obvykle nebyl detailné studovan. V poslednich
letech vyznam PHA v kontextu stresové robustnosti prokaryotickych bunék zistava stile
aktudlnim, jak doklada rfada publikaci, které se protektivni funci PHA také vénuji. Za vSechny
je mozné jmenovat napiiklad piehledovy ¢lanek Miiller-Santos a kol., 2020, ktery byl nedavno
publikovan prestiznim casopise FEMS Microbiology Reviews. Tento ¢lanek v fadé aspekta
navazuje a dile rozviji vysledky a mySlenky publikované vyzkumnym tymem Skolitele autorky.

V predloZené disertani praci jsme se konkrétné¢ zaméfili na studium protektivnich d€inkt
P3HB pied UV zafenim a osmotickym stresem, v piipadé druhého stresového faktoru
pfedev§im z hlediska expozice bakterii hypotonickému protiedim. Abychom porozuméli
jednotlivym protektivnim mechanismiim vi¢i danym stresim, zaméfili jsme se jednak na
biofyzikalni projevy pfitomnosti P3HB granuli in vivo, ale také na metabolické dusledky
spojené s produkci monomerni jednotky 3HB v ramci metabolické drahy zvané PHA cyklus.
Konkrétni protektivni mechanismus P3HB granuli pochopitelné¢ zavisel na konkrétnim
stresovém faktoru.

Na zéaklad¢ naSich vysledki je mozné konstatovat, Ze v ptipadé expozice bunék UV zafeni jsou
buniky chranény predevsim diky rozptylu UV zéateni na P3HB granulich, které sniZuje absorpci
zafeni fotolabilnimi bunéénymi komponentami lokalizovanymi v jejich t€sné blizkosti,
konkrétn¢ predev§im molekulami DNA. Rozptyl zafeni také snizuje intracelularni koncetraci
ROS specii, coz pfispiva k fotoprotektivnimu efektu potlacenim sekundarniho oxidativniho
stresu. Studie vénovana protektivnimu uc¢inku P3HB granuli byla publikovina v Casopise
Applied Microbiology and Biotechnology (viz Priloha I) a poster vénujici se této tématice byl
ocenén odbornou komisi vit€zstvim v soutéZi poradané v rdmci posterové sekce na zahrani¢ni
konferenci 10" European Symposium on Biopolymers, kterd se konala vroce 2019
v némeckém Straubingu.

Nase prace také prokazala, Ze pii expozici osmotickému stresu se na ochran¢ buinky podili
amorfni charakter P3HB granuli, ktery stabilizuje bunéné membrany hypertonicky
namahanych bunék. Pti ndsledném hypotonickém Soku jsou pak PHA granule obsahujici bunky
diky vyrazn¢ mensi mife poSkozeni cytoplazmatické membrany vyznamné mén¢ nachylné vici
hypotonické lyzi a jsou si schopny lépe udrZet svou bunécnou integritu. Zaroven schopnost
akumulace PHA sniZuje nachylnost halofilnich bun¢k vuci hypotonické lyzi, coZ miiZe byt
jednim z divodil, pro¢ je schopnost akumulace PHA mezi halofolnimi prokaryoty Siroce
rozsifend. Vysledky této studie byly publikovany v casopise New Biotechnology (viz Ptiloha
I10).
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Amorfni stav nativnich granuli hraje daleZitou roli nejen v rdmci jejich protektivnich dc¢inkd,
ale 1 z hlediska metabolické role P3HB v bakteridlnich bunkéch, protoze buniky jsou schopné
utilizovat P3HB granule pouze v jejich nativnim amorfnim stavu. Z tohoto divodu jsme se
zabyvali také stabilizacnimi mechanismy, které brani P3HB granulim v krystalizaci a udrzZuji
tak intracelularni polymer v termodynamicky nevyhodném, ale biologicky nepostradatelném
amorfnim stavu. Za timto ucelem jsme aplikovali né€kolik vybranych stresi (vysoka teplota,
vysoka salinita, nizké pH aj.) a studovali kinetiku krystalizace P3HB in vivo v pribéhu
dehydratace bunc¢k. Na zdklad¢ vysledkl téchto experimentl jsme zjistili, Ze P3HB granule
pfechazi do krystalické formy pouze, jestlize dojde k agregaci nativnich granuli, které jsou
nasledn¢ dehydratoviany. To nas vedlo k navrhu nového modelu stabilizace amorfni formy
P3HB in vivo, ktery je zaloZen na kombinaci dvou simultdnnich stabiliza¢nich mechanismi,
kdy k plastifikacnimu ucinku pfispiva jednak maly objem granuli a stim spojend nizka
frekvence nukleace, ale vedle toho také piitomnost vody v granulich, ktera ptispiva k amorfni
form¢ granuli v roli nizkomolekularniho plastifikatoru. Vysledky této studie byly publikovany
v Casopise Applied Microbiology and Biotechnology (viz priloha IV). Poznatky o stresem
indukované krystalitaci P3HB in vivo maji také jednoznacny piesah do oblasti biotechnologické
produkce tohoto polymeru. Ukazuje se, Ze vystaveni buné€k subletalnim davkam stresu, piestoze
se nemusi okamZité¢ fatdln¢ projevit na mnoZstvi Zivotaschopnych bun¢k, miiZe indukovat
zménu biofyzikalniho stavu granuli, coZ ve svém diisledku vede nejen k poklesu produkce
z divodu omezeni déleni bungk, ale krystalizace polymeru v bunikich muze také negativné
ovlivnit jeho rozpustnost a tim i d¢innost nasledného izola¢niho procesu.

V dalsi praci jsme se zaméfili na studium termodynamickych parametrti a fazového chovani
monomeru P3HB ve vodnych smésich. Diky unikadtnimu charakteru metabolismu P3HB
obsahuji bunky schopné syntézy a degradace P3HB granuli vyznamnou intracelularni
koncentraci 3HB a i tato molekula pfispiva k protektivnimu efektu P3HB granuli, protoZze 3HB
se projevuje jako efektivni chemicky chaperon a kryoprotektant. Abychom 1épe porozumnéli
protektivnim udcinkim 3HB vénovala autorka diseraténi prace v ramci stdZze u prof.

s~ 2

Kocherbitova na univerité¢ v Malmo studiu interakci 3HB z vodou a vytvofeni rovnovazného a
nerovnovazného fazového diagramu systému Na3HB-voda. Ziskana data potvrzuji, ze 3HB
predstavuje velice ucinny kryoprotektant, ktery svou ucinnosti muze konkurovat napiiklad
trehal6ze nebo glycerolu. Kromé fundamentéalniho vyznamu v kontextu biologické role P3HB
granuli u prokaryot mohou mit tyto vysledky aplikacni potencial naptiklad v oblasti ichovy
biologickych vzorki nebo potravin. Manuskript vénujici se této tematice je obsahem prilohy

V a v soucasné dob¢ podléha recenznimu fizeni.

2N 2

Klic¢ové originalni poznatky, které pfedloZena disertacni prace ptinasi v kontextu protektivnich
mechanismt a efektli P3HB v bakteridlnich buiikach jsou shrnuty na obrazku 30.
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Ochrana senzitivnich biomolekul Navyseni robustnosti bunék vici ztraté
vUuci UV zareni rozptylem zareni bunécéné integrity pfi osmotickém namahani
na PHA granulich (viz kapitola 3.1.1). (viz. kapitola 3.1.2).

Popis stabilizaéniho mechanismu
amorfnich PHA granuli in vivo

(viz. kapitola 3.2). .

Popis biofyzikdlnich vlastnostimonomeru P3HB
v kontextu jeho bioprotektivnich vlastnosti
s (viz. kapitola 3.3)

Obr. 30: Souhrn protektivnich mechanismuii P3HB granuli a jeho monomerni jednotky 3HB.

Vysledky vySe uvedenych praci byly popsany nejen v piivodnich védeckych c¢lancich
uvedenych vySe, ale také v ptehledovém ¢lanku, ktery byl publikovin na zdklad€ pozvéni od
Séf-editora Casopisu profesora Steinbuchela v Casopise Applied Microbiology and
Biotechnology. V tomto piehledovém ¢lanku jsme shrnuli soucasny stav poznani a predeveéSim
jsme se zamé&fili na popis unikétnich biofyzikalnich a biochemickych vlastnosti PHA granuli,
které vychézeji z jejich nativni amorfni povahy. Zaroven jsme se v ptehledovém c¢lanku dale
vénovali mechanismim stabilizujicich amorfni stav granuli a pfedstavili jsme na$ originalni
koncept, ktery synergicky propojuje ob¢ stavajici navrZzené teorie tzn. stabilizaci pomoci
plastifkétoru a vliv malého objemu granuli na kinetiku krystalizace granuli. Pfehledovy ¢lanek
je obsahem prFilohy VI.

Ptedlozend disertacni prace téZ ptispcla v rdmci rozvoje celé fady instrumentélnich technik a
metodik, které nepatii mezi standartné vyuzivané metody v oblasti mikrobiologie, ale ukizaly
se jako velmi uZite¢né pii objasnéni jak protektivnich ucinkli P3HB, tak stabilizaéniho
mechanismu amorfnich P3HB granuli. Jedna se naptiklad o kombinaci turbidimetrie s diftizné
transmitancni spektroskopii, diky které jsme byli schopni rozliSit mezi absorpci a rozptylem
svétla u bunéénych suspenzi. Tato technika, kterou jsme za uvedenym ucelem doporucili
v publikaci z roku 2018 (viz Ptiloha I), naSla v posledni dobé své uplatnéné tieba v praci
Tribelli a kol. 2020, ktera se také vénovala studiu UV protektivni funkce P3HB u antarktické
bakterie Pseudomonas extremaustralis. Dal$i zajimavou nestandardni technikou pouZitou v této
praci je izotermdlni termogravimetrie, kterd byla velmi prospé$na pfi stanoveni mnoZstvi
intracelularni vody a také pfi analyze integrity bunék. Jako dalsi spektroskopickou metodu,
pfitahujici v posledni dobé rostouci pozornost v oblasti charakterizace PHA produkujicich
bakterii, je mozné vyzdvihnout infracervenou spektroskopii, diky které jsme byli v nasi praci
schopni urcit miru krystalinity P3HB in vivo méfenou v redlném case. Na zdkladé prave této
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metody jsme byli schopni porozumét podstaté stabiliza¢niho mechanismu amorfnich P3HB
granuli.

3.5 Budouci perspektiva vyzkumu

Soucasny stav poznani tlohy P3HB granuli v mikrobidlnich bunkéach doplnény o originlni
poznatky, které piinesla tato disertacni prace, poukazuje na velmi komplexni roli téchto
bunéénych ttvart. Siri pohled na rozli¢né dosud prokazané pozitivni efekty, které schopnost
produkce a akumulace PHA granuli buiikdm pfinasi, naznacuje, Ze tato schopnost pfedstavuje
urcitou evoluc¢ni vyhodu oproti ostatnim mikroorganismtim. PHA granule neslouzi pouze jako
zdroj energie a uhliku, ale také se podileji spolecné s dalSimi protektivnimi mechanismy buiky
na ochran¢ buné¢k. Bunky jsou diky neustdlym fluktuacim environmentélnich vlivll v podstaté
nepretrzit¢ exponovany stresu, v diisledku ¢ehoz jsou nuceny si vyvinout ¢i zefektivnit jiz
vytvofeny obranny mechanismus. Pochopime-li, jak budou mikroorganismy reagovat na
piislusnou intenzitu stresu, budeme s nejvetsi pravdépodobnosti tento poznatek moci vyuZit
také technologicky, at’ uZ v ramci predikce chovani systému nebo navyseni vykonu daného
mikroorganismu (Calabrese, 2014). Zvolena strategie se nemusi tykat pouze okamZité
schopnosti organismu pieZzit drastické davky stresového faktoru, ale také dlouhodobé adaptace
organismu na nizkych davkich konkrétniho stresu ¢i kombinace vice stresi. Klicovy parametr
v ramci popisu chovéani organismu (nejen mikroorganismu, ale tfeba i lidského jedince) za
stresovych podminek pfedstavuje vZdy konkrétni sila stresu, jiZ je organismus vystaven. Jak je
znamo, vystaveni (mikro)organismu mirnym stresim zpisobi jistou stimulaci obecnych
ochrannych mechanismii, které si tim zvysi schopnost sebeobrany vii¢i Skodlivym podminkam
(Calabrese a Blain, 2011). Tento efekt, vystizné vyjadieny réenim ,,Co t€ nezabije, to t& posili*,
se vramci evolucni biologie oznacuje jako hormeze. Vysledky predloZzené disertacni prace
spole¢n¢ s fadou dalSich obecné znamych souvislosti mezi expozici mikroorganismi stresu a
jejich schopnosti produkce PHA (napf. Siroce popsand schopnost stimulace produkce PHA
vhodnou davkou chemického nebo fyzikalniho stresu, ( Obruca a kol, 2021) spolecné vedou k
zaveéru, ze produkce PHA ve skutecnosti piedstavuje dosud nepopsany, i kdyZ Siroce rozsiteny,
mechanismus hormetické obrany organismu (viz obr. 31). Z biologického hlediska by tento
poznatek mohl vést nejen ke zcela nové perspektivé chapani biologické role PHA, ale také ke
zvyseni efektivity a ekonomické konkurenceschopnosti biotechnologické vyroby PHA. Cilena
a kontrolovana aplikace vybraného stresového faktoru by totiZz mohla byt vyuzita jako
jednoduchy a ekonomicky nendro¢ny postup pro navySeni akumulace PHA v bakteridlnich
bunikach béhem jejich biotechnologické produkce. Pravé zapojeni PHA do fenoménu hormeze
a jeho biotechnologické vyuziti je velice zajimavym a perspektivnim smérem dalSiho vyzkumu
v oblasti PHA.
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Obr. 31: Produkce a akumulace PHA mikroorganismy jako jeden z projevii hormeze. Spolecné rysy
stresovych odpovedi organismui pri riiznych typech stresu: (vlevo) Yerkes-Dodsonova kiivka pouZivand
psychology pro popis vztahu mezi lidskych vykonem a ddvkou stresu. (vpravo) Stresovd robustnost PHA
produkujicich mikroorganismii.

Nicméné dobfe zvolend davka konkrétniho stresu nemusi byt vyuZita pouze v ramci zvySeni
produkce PHA, ale mlzZe ovliviiovat i kvalitu produkovaného materidlu. To se jednoznacné
ukazuje napiiklad v aktualné probihajici studii vénované vyuZziti extremofilnich bakterii pti
produkci PHA, na které se autorka této prace podili (vysledky nejsou soucasti piedlozené
disertacni prace). VyuZiti extremofilnich producenti PHA predstavuje novy a velmi nadéjny
biotechnologicky smér, ptfedevsim z hlediska robustnosti procesti vyuZivajicich extremofilni
mikroorganismy vu¢i mikrobidlni kontaminaci ubikvitni mezofilni mikroflérou. Ukazuje se
navic, Ze nékteré tyto mikroorganismy jsou metabolicky velice flexibilni a jsou schopni pfi
vybéru vhodnych substrati ménit v Sirokém rozsahu monomerni sloZeni produkovanych PHA,
a tudiz 1 jeho vysledné uzitné vlastnosti (Sedlacek a kol., 2020). Takto pfipravené materialy
byly izolovany a ovéfovala se jejich pouzitelnost z hlediska aplikaci v potraviniiském
pramyslu jakoZto obalovych materiali. Vysledky téchto dosud nepublikovanych experimenti
napt. ukazuji, Ze pii pouziti jednoho extremofilniho producenta je mozné fizenim
biotechnologického procesu pfipravit polymerni materialy, u nichZ lze na zédkladé manipulace
s monomernim sloZenim v Sirokém rozsahu ménit jejich fyzikalni a morfologickou strukturu
(krystalinitu), mechanické vlastnosti, bariérové vlastnosti (permeabilitu pro vodni paru nebo
kyslik), ale také schopnost inkorporovat aktivni slozky a fidit kinetiku jejich nasledného
uvolnovéani. Podrobny navazujici vyzkum této problematiky by mohl vyrazné zvysSit
konkurenceschopnost bakteridlné produkovanych PHA materidlii v oblasti potravinaiskych
aplikaci a v modernich smérech primyslu obalovych materiala (napt. produkce tzv. aktivnich
obali).

Vyznamny aplikacni potencial se rovnéZ tyka nizkomolekularnich biomolekul Na3HB, které
vykazuji velmi silné kryoprotektivni ucinky. Tyto latky se bézne¢ vyskytuji jak
v prokaryotickych buiikich, tak i v lidském téle, diky Cemuz se otevira celé skéla aplikaci, jak
Ize tento kryoprotektant vyuzit. Jednou z aplikacnich moZnosti Na3HB je v oblasti
kryobiologie, kdy l1ze Na3HB aplikovat pfi kryokonzervaci ¢€i lyofilizaci riznych nestabilnich
biologickych materialli jako jsou napiiklad bunécéné kultury, proteiny, nukleové kyseliny,
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protilatky a dalsi biologicky aktivni peptidy, vakciny atd. Dal$i vyznamné uplatnéni Na3HB
muze byt v potravinarském primyslu, zejména k ochrané potravin pted neZadoucimi zménami,
at’ uZ v ramci struktury ¢i chuti v disledku zamrazeni a ndsledném rozmrazeni. Na3HB se fadi
mezi neutrdlni senzorické latky, ¢imZ je aplikacni potencidl rozsiten o pouziti Na3HB jako
aditivum do mrazenych potravin, pfidavek Na3HB nebude nijak senzoricky naruSovat
piirozeny senzoricky charakter stabilizované potraviny. Také tento aplikacni smér je velice
zajimavy a jisté by bylo vhodné jej dale experimentalné rozvijet.

67



4 LITERATURA

Apgar, M. E., a Hultin, H. O. (1982). Lipid peroxidation in fish muscle microsomes in the
frozen state. Cryobiology, 19(2), 154—162. https://doi.org/10.1016/0011-2240(82)90136-
5

Ataian, Y., a Krebs, J. E. (2006). Five repair pathways in one context: Chromatin modification
during DNA repair. Biochemistry and Cell Biology, 84(4), 490-504.
https://doi.org/10.1139/006-075

Ayub, N. D., Pettinari, M. J., Ruiz, J. A., a Lopez, N. 1. (2004). A polyhydroxybutyrate-
producing Pseudomonas sp. isolated from antarctic environments with high stress
resistance. Current Microbiology, 49(3), 170-174. https://doi.org/10.1007/s00284-004-
4254-2

Ayub, N. D., Tribelli, P. M., a Lopez, N. 1. (2009). Polyhydroxyalkanoates are essential for
maintenance of redox state in the Antarctic bacterium Pseudomonas sp. 14-3 during low
temperature adaptation. Extremophiles, 13(1), 59-66. https://doi.org/10.1007/s00792-
008-0197-z

Barria, C., Malecki, M., a Arraiano, C. M. (2013). Bacterial adaptation to cold. Microbiology
(United Kingdom), 159(PART 12), 2437-2443. https://doi.org/10.1099/mic.0.052209-0

Batista, M. B., Teixeira, C. S., Sfeir, M. Z. T., Alves, L. P. S., Valdameri, G., Pedrosa, F. D.
0., Sassaki, G. L., Steffens, M. B. R., de Souza, E. M., Dixon, R., a Miiller-Santos, M.
(2018). PHB biosynthesis counteracts redox stress in Herbaspirillum seropedicae.
Frontiers in Microbiology, 9MAR), 1-12. https://doi.org/10.3389/fmicb.2018.00472

Beeby, M., Cho, M., Stubbe, J., a Jensen, G. J. (2012). Growth and localization of
polyhydroxybutyrate granules in ralstonia eutropha. Journal of Bacteriology, 194(5),
1092-1099. https://doi.org/10.1128/JB.06125-11

Behrends, A., Klingbeil, B., a Jendrossek, D. (1996). Poly(3-hydroxybutyrate) depolymerases
bind to their substrate by a C-terminal located substrate binding site. FEMS Microbiology
Letters, 143(2-3), 191-194. https://doi.org/10.1016/0378-1097(96)00305-9

Bonthrone, K. M., Clauss, J., Horowitz, D. M., Hunter, B. K., a Sanders, J. K. M. (1992). The
biological and physical chemistry of polyhydroxyalkanoates as seen by NMR
spectroscopy. FEMS Microbiology Letters, 103(2-4), 269-2717.
https://doi.org/10.1016/0378-1097(92)90320-N

Booth, I. R. (1985). Regulation of cytoplasmic pH in bacteria. Microbiological Reviews, 49(4),
359-378. https://doi.org/10.1128/mmbr.49.4.359-378.1985

Breedveld, M. W., Dijkema, C., Zevenhuizen, L. P. T. M., a Zehnder, A. J. B. (1993). Response
of intracellular carbohydrates to a NaCl shock in Rhizobium leguminosarum biovar trifolii
TA-1 and Rhizobium meliloti SU-47. Journal of General Microbiology, 139(12), 3157—
3163. https://doi.org/10.1099/00221287-139-12-3157

Bresan, S., a Jendrossek, D. (2017). New insights into PhaM-PhaC-mediated localization of
polyhydroxybutyrate granules in Ralstonia eutropha H16. Applied and Environmental
Microbiology, 83(12), 1-14. https://doi.org/10.1128/AEM.00505-17

Bresan, S., Sznajder, A., Hauf, W., Forchhammer, K., Pfeiffer, D., a Jendrossek, D. (2016).
Polyhydroxyalkanoate (PHA) granules have no phospholipids. Scientific Reports, 6(May),
1-13. https://doi.org/10.1038/srep26612

Briese, B. H., Schmidt, B., a Jendrossek, D. (1994). Pseudomonas lemoignei has five
poly(hydroxyalkanoic acid) (PHA) depolymerase genes: A comparative study of bacterial
and eukaryotic PHA depolymerases. Journal of Environmental Polymer Degradation,
2(2), 75-87. https://doi.org/10.1007/BF02074776

Brown, R. B., a Audet, J. (2008). Current techniques for single-cell lysis. Journal of the Royal
Society Interface, 5(SUPPL.2). https://doi.org/10.1098/rsif.2008.0009.focus

68



Calabrese, E. J. (2014). In a nutshell Hormesis: a fundamental concept in biology. OPEN
ACCESS | Www.Microbialcell. Com 145 Microbial Cell, 1(5).
https://doi.org/10.15698/mic2014.05.145

Calabrese, E. J., a Blain, R. B. (2011). The hormesis database: The occurrence of hormetic dose
responses in the toxicological literature. Regulatory Toxicology and Pharmacology, 61(1),
73-81. https://doi.org/10.1016/j.yrtph.2011.06.003

Castaineda, M., Guzman, J., Moreno, S., a Espin, G. (2000). The GacS sensor kinase regulates
alginate and poly-B-hydroxybutyrate production in Azotobacter vinelandii. Journal of
Bacteriology, 182(9), 2624-2628. https://doi.org/10.1128/JB.182.9.2624-2628.2000

Ceccorulli, G., Pizzoli, M., a Scandola, M. (1992). Plasticization of Bacterial Poly(3-
hydroxybutyrate). Macromolecules, 25(12), 3304-3306.
https://doi.org/10.1021/ma00038a045

Chen, G. Q., Hajnal, 1., Wu, H., Lv, L., a Ye, J. (2015). Engineering Biosynthesis Mechanisms
for Diversifying Polyhydroxyalkanoates. In Trends in Biotechnology (Vol. 33, Issue 10,
pp. 565-574). Elsevier Ltd. https://doi.org/10.1016/].tibtech.2015.07.007

Chen, H.-J., Pan, S.-C., a Shaw, G.-C. (2009). Identification and Characterization of a Novel
Intracellular ~ Poly(3-Hydroxybutyrate) = Depolymerase from  alt;emagt;Bacillus
megateriumalt;/emagt; Applied and Environmental Microbiology, 75(16), 5290 LP —
5299. https://doi.org/10.1128/AEM.00621-09

Chen, T., Fowler, A., a Toner, M. (2000). Literature review: Supplemented phase diagram of
the trehalose-water binary mixture. Cryobiology, 40(3), 277-282.
https://doi.org/10.1006/cryo.2000.2244

Cheng, G., Cai, Z., a Wang, L. (2003). Biocompatibility and biodegradation of
poly(hydroxybutyrate)/poly(ethylene glycol) blend films. Journal of Materials Science:
Materials in Medicine, 14(12), 1073-1078.
https://doi.org/10.1023/B:JMSM.0000004004.37103.f4

Cho, M., Brigham, C. J., Sinskey, A. J., a Stubbe, J. (2012). Purification of polyhydroxybutyrate
synthase from its native organism, ralstonia eutropha: Implications for the initiation and
elongation of polymer formation in vivo. Biochemistry, 51(11), 2276-2288.
https://doi.org/10.1021/b12013596

Choi, J. S., a Park, W. H. (2004). Effect of biodegradable plasticizers on thermal and
mechanical properties of poly(3-hydroxybutyrate). Polymer Testing, 23(4), 455-460.
https://doi.org/10.1016/j.polymertesting.2003.09.005

Chung, H. J., Bang, W., a Drake, M. A. (2006). Comprehensive Stress Response of Reviews
Escherichia coli in Food Science and Food Safety. Comprehensive Reviews InFood
Science and Food Safety, 5, 52—64.

Ciesielski, S., Gorniak, D., Mo_, J., Aleksander, ¢, Wia _tecki e, S. *, Grzesiak, J., a Zdanowski,
M. (2012). The Diversity of Bacteria Isolated from Antarctic Freshwater Reservoirs
Possessing the Ability to Produce Polyhydroxyalkanoates. Current Microbiology, 69,
594-603. https://doi.org/10.1007/s00284-014-0629-1

Cramm, R. (2008). Genomic view of energy metabolism in Ralstonia eutropha H16. Journal of
Molecular Microbiology and Biotechnology, 16(1-2), 38-52.
https://doi.org/10.1159/000142893

Csonka, L. N. (1989). Physiological and genetic responses of bacteria to osmotic stress.
Microbiological Reviews, 53(1), 121-147. https://doi.org/10.1128/mmbr.53.1.121-
147.1989

da Costa, M. S., Santos, H., a Galinski, E. A. (1998). An overview of the role and diversity of
compatible solutes in Bacteria and Archaea. Advances in Biochemical
Engineering/Biotechnology, 61, 117-153. https://doi.org/10.1007/bfb0102291

de Koning, G. J. M., a Lemstra, P. J. (1992). The amorphous state of bacterial poly[(R)-3-

69



hydroxyalkanoate]in vivo. Polymer, 33(15), 3292-3294. https://doi.org/10.1016/0032-
3861(92)90249-V

Dinjaski, N., a Prieto, M. A. (2013). Swapping of phasin modules to optimize the in vivo
immobilization of proteins to medium-chain-length polyhydroxyalkanoate granules in
pseudomonas putida. Biomacromolecules, 14(9), 3285-3293.
https://doi.org/10.1021/bm4008937

Doi, Y., Kitamura, S., a Abe, H. (1995). Microbial Synthesis and Characterization of Poly(3-
hydroxybutyrate-co-3-hydroxyhexanoate).  Macromolecules,  28(14), 4822-4828.
https://doi.org/10.1021/ma00118a007

Dong, T. G., Dong, S., Catalano, C., Moore, R., Liang, X., a Mekalanos, J. J. (2015). Generation
of reactive oxygen species by lethal attacks from competing microbes. Proceedings of the
National Academy of Sciences of the United States of America, 112(7), 2181-2186.
https://doi.org/10.1073/pnas.1425007112

Dvorak, P., Chrast, L., Nikel, P. L., Fedr, R., Soucek, K., Sedlackova, M., Chaloupkova, R.,
Lorenzo, V., Prokop, Z., a Damborsky, J. (2015). Exacerbation of substrate toxicity by
IPTG in Escherichia coli BL21(DE3) carrying a synthetic metabolic pathway. Microbial
Cell Factories, 14(1), 1-15. https://doi.org/10.1186/s12934-015-0393-3

Flickinger, M. C., Drew, S. W., a Wiley, J. (2002). Encyclopedia of Bioprocess Technology. In
Encyclopedia of Bioprocess Technology. https://doi.org/10.1002/0471250589

Fuller, B. J. (2004). Cryoprotectants: The essential antifreezes to protect life in the frozen state.
Cryo-Letters, 25(6), 375-388.

Gabani, P., a Singh, O. V. (2012). Radiation-resistant extremophiles and their potential in
biotechnology and therapeutics. Applied Microbiology and Biotechnology, 97, 993—1004.
https://doi.org/10.1007/s00253-012-4642-7

Galan, B., Dinjaski, N., Maestro, B., De Eugenio, L. 1., Escapa, . F., Sanz, J. M., Garcia, J. L.,
a Prieto, M. A. (2011). Nucleoid-associated PhaF phasin drives intracellular location and
segregation of polyhydroxyalkanoate granules in Pseudomonas putida KT2442.
Molecular ~ Microbiology, 79(2), 402-418. https://doi.org/10.1111/j.1365-
2958.2010.07450.x

Gascon, J., Oubifia, A., Pérez-Lezaun, A., a Urmeneta, J. (1995). Sensitivity of selected
bacterial species to UV radiation. Current Microbiology, 30(3), 177-182.
https://doi.org/10.1007/BF00296205

Gerngross, T. U., Snell, K. D., Peoples, O. P., Sinskey, A. J., Csuhai, E., Masamune, S., a
Stubbe, J. (1994). Overexpression and Purification of the Soluble Polyhydroxyalkanoate
Synthase from Alcaligenes eutrophus: Evidence for a Required Posttranslational
Modification  for  Catalytic  Activity.  Biochemistry,  33(31), 9311-9320.
https://doi.org/10.1021/bi100197a035

Goff, H. D., a Sahagian, M. E. (1996). Glass transitions in aqueous carbohydrate solutions and
their relevance to frozen food stability. Thermochimica Acta, 280-281(SPEC. ISS.), 449—
464. https://doi.org/10.1016/0040-6031(95)02656-8

Goh, L. K., Purama, R. K., a Sudesh, K. (2014). Enhancement of stress tolerance in the
polyhydroxyalkanoate producers without mobilization of the accumulated granules.
Applied Biochemistry and Biotechnology, 172(3), 1585-1598.
https://doi.org/10.1007/s12010-013-0634-z

Goh, Y. S., a Tan, I. K. P. (2012). Polyhydroxyalkanoate production by antarctic soil bacteria
isolated from Casey Station and Signy Island. Microbiological Research, 167(4), 211-
219. https://doi.org/10.1016/j.micres.2011.08.002

Goosen, N., a Moolenaar, G. F. (2008). Repair of UV damage in bacteria. In DNA Repair (Vol.
7, Issue 3, pp. 353-379). Elsevier. https://doi.org/10.1016/j.dnarep.2007.09.002

Grage, K., Jahns, A. C., Parlane, N., Palanisamy, R., Rasiah, I. A., Atwood, J. A., a Rehm, B.

70



H. A. (2009). Bacterial polyhydroxyalkanoate granules: Biogenesis, structure, and
potential use as nano-/micro-beads in biotechnological and biomedical applications.
Biomacromolecules, 10(4), 660—669. https://doi.org/10.1021/bm801394s

Green, J. L., a Angell, C. A. (1989). Phase relations and vitrification in saccharide-water
solutions and the trehalose anomaly. Journal of Physical Chemistry, 93(8), 2880-2882.
https://doi.org/10.1021/j1003452006

Handrick, R., Reinhardt, S., Focarete, M. L., Scandola, M., Adamus, G., Kowalczuk, M., a
Jendrossek, D. (2001). A New Type of Thermoalkalophilic Hydrolase of Paucimonas
lemoignei with High Specificity for Amorphous Polyesters of Short Chain-length
Hydroxyalkanoic Acids. Journal of Biological Chemistry, 276(39), 36215-36224.
https://doi.org/10.1074/jbc.M 101106200

Handrick, R., Reinhardt, S., Kimmig, P., a Jendrossek, D. (2004). The “Intracellular” Poly(3-
Hydroxybutyrate) (PHB) Depolymerase of alt;emagt;Rhodospirillum rubrumalt;/emagt; Is
a Periplasm-Located Protein with Specificity for Native PHB and with Structural
Similarity to Extracellular PHB Depolymerases. Journal of Bacteriology, 186(21), 7243
LP — 7253. https://doi.org/10.1128/JB.186.21.7243-7253.2004

Hazer, B., a Steinbiichel, A. (2007). Increased diversification of polyhydroxyalkanoates by
modification reactions for industrial and medical applications. Applied Microbiology and
Biotechnology, 74(1), 1-12. https://doi.org/10.1007/s00253-006-0732-8

Hokamura, A., Fujino, K., Isoda, Y., Arizono, K., Shiratsuchi, H., a Matsusaki, H. (2015).
Characterization and identification of the proteins bound to two types of
polyhydroxyalkanoate granules in Pseudomonas SP. 61-3. Bioscience, Biotechnology and
Biochemistry, 79(8), 1369—1377. https://doi.org/10.1080/09168451.2015.1023250

Horowitz, D. M., a Sanders, J. K. M. (1994). Amorphous, Biomimetic Granules of PHB. 116(7).

Hubdlek, Z. (2003). Protectants used in the cryopreservation of microorganisms. In
Cryobiology (Vol. 46, Issue 3, pp. 205-229). Academic Press Inc.
https://doi.org/10.1016/S0011-2240(03)00046-4

Jaeger, K. E., Steinbuchel, A., a Jendrossek, D. (1995). Substrate specificities of bacterial
polyhydroxyalkanoate depolymerases and lipases: Bacterial lipases hydrolyze poly(m-
hydroxyalkanoates). Applied and Environmental Microbiology, 61(8), 3113-3118.
https://doi.org/10.1128/aem.61.8.3113-3118.1995

Jain, N. K., a Roy, 1. (2009). Effect of trehalose on protein structure. Protein Science, 18(1),
24-36. https://doi.org/10.1002/pro.3

Jendrossek, D., Frisse, A., Behrends, A., Andermann, M., Kratzin, H. D., Stanislawski, T., a
Schlegel, H. G. (1995). Biochemical and molecular characterization of the Pseudomonas
lemoignei polyhydroxyalkanoate depolymerase system. Journal of Bacteriology, 177(3),
596-607. https://doi.org/10.1128/jb.177.3.596-607.1995

Jendrossek, Dieter. (2007). Peculiarities of PHA granules preparation and PHA depolymerase
activity determination. Applied Microbiology and Biotechnology, 74(6), 1186—1196.
https://doi.org/10.1007/s00253-007-0860-9

Jendrossek, Dieter. (2009). Polyhydroxyalkanoate granules are complex subcellular organelles
(carbonosomes). Journal of Bacteriology, 191(10), 3195-3202.
https://doi.org/10.1128/JB.01723-08

Jendrossek, Dieter, a Handrick, R. (2002). Microbial degradation of polyhydroxyalkanoates.
Annual Review of Microbiology, 56, 403-432.
https://doi.org/10.1146/annurev.micro.56.012302.160838

Jendrossek, Dieter, a Pfeiffer, D. (2014). New insights in the formation of
polyhydroxyalkanoate granules (carbonosomes) and novel functions of poly(3-
hydroxybutyrate). Environmental Microbiology, 16(8), 2357-2373.
https://doi.org/10.1111/1462-2920.12356

71



Jung, Y. M., Park, J. S., a Lee, Y. H. (2000). Metabolic engineering of Alcaligenes eutrophus
through the transformation of cloned phbCAB genes for the investigation of the regulatory
mechanism of polyhydroxyalkanoate biosynthesis. Enzyme and Microbial Technology,
26(2-4), 201-208. https://doi.org/10.1016/S0141-0229(99)00156-8

Kadouri, D., Jurkevitch, E., a Okon, Y. (2003a). Involvement of the reserve material poly-f-
hydroxybutyrate in Azospirillum brasilense stress endurance and root colonization.
Applied and Environmental Microbiology, 69(6), 3244-3250.
https://doi.org/10.1128/AEM.69.6.3244-3250.2003

Kadouri, D., Jurkevitch, E., a Okon, Y. (2003b). Poly B-hydroxybutyrate depolymerase (PhaZ)
in Azospirillum brasilense and characterization of a phaZ mutant. Archives of
Microbiology, 180(5), 309-318. https://doi.org/10.1007/s00203-003-0590-z

Kadouri, D., Jurkevitch, E., Okon, Y., a Castro-Sowinski, S. (2005). Ecological and agricultural
significance of bacterial polyhydroxyalkanoates. Critical Reviews in Microbiology, 31(2),
55-67. https://doi.org/10.1080/10408410590899228

Kaisermann, J. (2020). Ndstroje molekuldrni biologie 1. Cambridge Stanford Books.
https://books.google.cz/books?id=1qgPSDwAAQBAJ

Kaprélek, F. (1986). Fyziologie bakterii. Statni pedagogické nakladatelstvi.

Kessler, B., a Witholt, B. (2001). Factors involved in the regulatory network of
polyhydroxyalkanoate metabolism. Journal of Biotechnology, 86(2), 97-104.
https://doi.org/10.1016/S0168-1656(00)00404-1

Kessler, B., a Witholt, B. (2002). Poly(3-Hydroxyalkanoates). In Encyclopedia of Bioprocess
Technology. American Cancer Society.
https://doi.org/https://doi.org/10.1002/0471250589.ebt168

Kim, J., Kim, Y. J., Choi, S. Y., Lee, S. Y., a Kim, K. J. (2017). Crystal structure of Ralstonia
eutropha polyhydroxyalkanoate synthase C-terminal domain and reaction mechanisms.
Biotechnology Journal, 12(1). https://doi.org/10.1002/biot.201600648

Kim, Y.J.,Choi, S. Y., Kim, J., Jin, K. S.,Lee, S. Y., aKim, K. J. (2017). Structure and function
of the N-terminal domain of Ralstonia eutropha polyhydroxyalkanoate synthase, and the
proposed structure and mechanisms of the whole enzyme. Biotechnology Journal, 12(1).
https://doi.org/10.1002/biot.201600649

Klingbeil, B., Kroppenstedt, R. M., a Jendrossek, D. (1996). Taxonomic identification of
Streptomyces exfoliatus K10 and characterization of its poly(3-hydroxybutyrate)
depolymerase  gene. @ FEMS  Microbiology  Letters,  142(2-3), 215-221.
https://doi.org/10.1016/0378-1097(96)00271-6

Knoll, M., Hamm, T. M., Wagner, F., Martinez, V., a Pleiss, J. (2009). The PHA Depolymerase
Engineering Database: A systematic analysis tool for the diverse family of
polyhydroxyalkanoate (PHA) depolymerases. BMC Bioinformatics, 10, 1-8.
https://doi.org/10.1186/1471-2105-10-89

Koch, A. L. (1995). The geometry and osmotic relations of plasmolysis spaces in bacteria and
the role of endocytosis, tubular structures and scheie structures in their formation. In
Journal  of Theoretical Biology (Vol. 176, Issue 4, pp. 471-492).
https://doi.org/10.1006/S0022-5193(85)90300-5

Koller, M. (2015). Recycling of waste streams of the biotechnological poly(hydroxyalkanoate)
production by Haloferax mediterranei on whey. International Journal of Polymer Science,
2015. https://doi.org/10.1155/2015/370164

Koller, M., Muhr, A., a Braunegg, G. (2014). Microalgae as versatile cellular factories for
valued products. In Algal Research (Vol. 6, Issue PA, pp. 52-63). Elsevier.
https://doi.org/10.1016/j.algal.2014.09.002

Kouwen, R. H. M., Antelmann, H., Van Ploeg, R. Der, Denham, E. L., Hecker, M., a Van Dijl,
J. M. (2009). MscL of Bacillus subtilis prevents selective release of cytoplasmic proteins

72



in a hypotonic environment. Proteomics, 9(4), 1033-1043.
https://doi.org/10.1002/pmic.200800483

Kucera, D., Pernicova, 1., Kovalcik, A., Koller, M., Mullerova, L., Sedlacek, P., Mravec, F.,
Nebesarova, J., Kalina, M., Marova, I., Krzyzanek, V., a Obruca, S. (2018).
Characterization of the promising poly(3-hydroxybutyrate) producing halophilic
bacterium Halomonas halophila.  Bioresource  Technology, 256, 552-556.
https://doi.org/10.1016/j.biortech.2018.02.062

Kumar, A., A. Gross, R., a Jendrossek, D. (2000). Poly(3-hydroxybutyrate)-depolymerase from
Pseudomonas lemoignei: Catalysis of Esterifications in Organic Media. The Journal of
Organic Chemistry, 65(23), 7800-7806. https://doi.org/10.1021/j00008 14y

Lammert, A. M., Schmidt, S. J., a Day, G. A. (1998). Water activity and solubility of trehalose.
Food Chemistry, 61(1-2), 139-144. https://doi.org/10.1016/S0308-8146(97)00132-5

Lane, L. B. (1925). Freezing Points of Glycerol and its Aqueous Solutions. Industrial and
Engineering Chemistry, 17(9), 924. https://doi.org/10.1021/ie50189a017

Lauzier, C., Marchessault, R. H., Smith, P., a Chanzy, H. (1992). Structural study of isolated
poly(B-hydroxybutyrate) granules. Polymer, 33(4), 823-827.
https://doi.org/10.1016/0032-3861(92)90343-U

Lauzier, C., Revol, J. F., a Marchessault, R. H. (1992). Topotactic crystallization of isolated
poly(B-hydroxybutyrate) granules from Alcaligenes eutrophus. FEMS Microbiology
Letters, 103(2-4), 299-310. https://doi.org/10.1016/0378-1097(92)90323-G

MacDonald, G. A., a Lanier, T. C. (1997). Cryoprotectants for Improving Frozen-Food Quality.
Quality in Frozen Foods, 197-232. https://doi.org/10.1007/978-1-4615-5975-7_11

Madison, L. L., a Huisman, G. W. (1999). Metabolic Engineering of Poly(3-
Hydroxyalkanoates): From DNA to Plastic. Microbiology and Molecular Biology
Reviews, 63(1), 21-53. https://doi.org/10.1128/mmbr.63.1.21-53.1999

Maestro, B., a Sanz, J. M. (2017). Polyhydroxyalkanoate-associated phasins as
phylogenetically heterogeneous, multipurpose proteins. Microbial Biotechnology, 10(6),
1323-1337. https://doi.org/10.1111/1751-7915.12718

Marles-Wright, J., a Lewis, R. J. (2007). Stress responses of bacteria. In Current Opinion in
Structural Biology (Vol. 17, Issue 6, pp. 755-760). Elsevier Current Trends.
https://doi.org/10.1016/j.sbi.2007.08.004

Mas, J., Pedros-Alig, C., a Guerrero, R. (1985). Mathematical model for determining the effects
of intracytoplasmic inclusions on volume and density of microorganisms. Journal of
Bacteriology, 164(2), 749-756. https://doi.org/10.1128/JB.164.2.749-756.1985

Mathlouthi, M., Reiser, P. (1995). Sucrose: properties and applications. Springer Science a
Business Media.

Matsumoto, K., Matsusaki, H., Taguchi, K., Seki, M., a Doi, Y. (2002). Isolation and
characterization of polyhydroxyalkanoates inclusions and their associated proteins in
Pseudomonas sp. 61-3. Biomacromolecules, 3(4), 787-792.
https://doi.org/10.1021/bm025516k

Matsusaki, H., Manji, S., Taguchi, K., Kato, M., Fukui, T., a Doi, Y. (1998). Cloning and
molecular analysis of the poly(3-hydroxybutyrate) and poly(3-hydroxybutyrate-co-3-
hydroxyalkanoate) biosynthesis genes in Pseudomonas sp. strain 61-3. Journal of
Bacteriology, 180(24), 6459—6467. https://doi.org/10.1128/jb.180.24.6459-6467.1998

Mazur, P. (1984). Freezing of living cells: mechanisms and implications. The American Journal
of Physiology, 247(3 Pt 1), 0—4. https://doi.org/10.1152/ajpcell.1984.247.3.C125

Mazur, Peter. (2004). Principles Of Cryobiology. In Life in the Frozen State.
https://doi.org/10.1201/9780203647073.ch1

Merrick, J. M., a Doudoroff, M. (1964). Depolymerization of poly-beta-hydroxybutyrate by an
intracellular enzyme system. Journal of Bacteriology, 88(1), 60-71.

73



Mezzina, M. P., a Pettinari, M. J. (2016). Phasins, multifaceted polyhydroxyalkanoate granule-
associated proteins. Applied and Environmental Microbiology, 82(17), 5060-5067.
https://doi.org/10.1128/AEM.01161-16

Miller, D. P., de Pablo, J. J., a Corti, H. (1997). Thermophysical Properties of Trehalose and Its
Concentrated Aqueous Solutions. Pharmaceutical Research, 14.

Mittler, R. (2002). Oxidative stress, antioxidants and stress tolerance. Trends in Plant Science,
7(9), 405—410. https://doi.org/10.1016/S1360-1385(02)02312-9

Miyamoto, C. M., Sun, W., a Meighen, E. A. (1998). The LuxR regulator protein controls
synthesis of polyhydroxybutyrate in Vibrio harveyi. Biochimica et Biophysica Acta -
Protein Structure and Molecular Enzymology, 1384(2), 356-364.
https://doi.org/10.1016/S0167-4838(98)00028-4

Mohapatra, S., Maity, S., Dash, H. R., Das, S., Pattnaik, S., Rath, C. C., a Samantaray, D.
(2017). Bacillus and biopolymer: Prospects and challenges. In Biochemistry and
Biophysics Reports (Vol. 12, pp- 206-213). Elsevier B.V.
https://doi.org/10.1016/j.bbrep.2017.10.001

Moldes, C., Garcia, P., Garcia, J. L., a Prieto, M. A. (2004). In vivo immobilization of fusion
proteins on bioplastics by the novel tag BioF. Applied and Environmental Microbiology,
70(6), 3205-3212. https://doi.org/10.1128/AEM.70.6.3205-3212.2004

Mravec, F., Obruca, S., Krzyzanek, V., Sedlacek, P., Hrubanova, K., Samek, O., Kucera, D.,
Benesova, P., a Nebesarova, J. (2016). Accumulation of PHA granules in Cupriavidus
necator as seen by confocal fluorescence microscopy. FEMS Microbiology Letters,
363(10), 1-7. https://doi.org/10.1093/femsle/fnw094

Muhammadi, Shabina, Afzal, M., a Hameed, S. (2015). Bacterial polyhydroxyalkanoates-eco-
friendly next generation plastic: Production, biocompatibility, biodegradation, physical
properties and applications. Green Chemistry Letters and Reviews, 8(3—4), 56-77.
https://doi.org/10.1080/17518253.2015.1109715

Miiller, J., MacEachran, D., Burd, H., Sathitsuksanoh, N., Bi, C., Yeh, Y. C., Lee, T. S., Hillson,
N. J., Chhabra, S. R., Singer, S. W., a Beller, H. R. (2013). Engineering of Ralstonia
eutropha H16 for autotrophic and heterotrophic production of methyl ketones. Applied and
Environmental Microbiology, 79(14), 4433-4439. https://doi.org/10.1128/AEM.00973-
13

Nakagawa, H., a Oyama, T. (2019). Molecular Basis of Water Activity in Glycerol-Water
Mixtures. Frontiers in Chemistry, 7(November), 1-9.
https://doi.org/10.3389/fchem.2019.00731

Nowroth, V., Marquart, L., a Jendrossek, D. (2016). Low temperature-induced viable but not
culturable state of Ralstonia eutropha and its relationship to accumulated
polyhydroxybutyrate. FEMS Microbiology Letters, 363(23), 1-8.
https://doi.org/10.1093/femsle/fnw249

Obruca, S., Marova, L., Svoboda, Z., a Mikulikova, R. (2010). Use of controlled exogenous
stress for improvement of poly(3-hydroxybutyrate) production in Cupriavidus necator.
Folia Microbiologica, 55(1), 17-22. https://doi.org/10.1007/s12223-010-0003-z

Obruca, Stanislav, Sedlacek, P., a Koller, M. (2021). The underexplored role of diverse stress
factors in microbial biopolymer synthesis. Bioresource Technology, 124767.
https://doi.org/10.1016/j.biortech.2021.124767

Obruca, Stanislav, Sedlacek, P., Koller, M., Kucera, D., a Pernicova, 1. (2018). Involvement of
polyhydroxyalkanoates in stress resistance of microbial cells: Biotechnological
consequences and applications. In Biotechnology Advances (Vol. 36, Issue 3, pp. 856—
870). Elsevier Inc. https://doi.org/10.1016/j.biotechadv.2017.12.006

Obruca, Stanislav, Sedlacek, P., Krzyzanek, V., Mravec, F., Hrubanova, K., Samek, O., Kucera,
D., Benesova, P., a Marova, 1. (2016). Accumulation of poly(3-hydroxybutyrate) helps

74



bacterial cells to survive freezing. PLoS ONE, 11(6), 1-16.
https://doi.org/10.1371/journal.pone.0157778

Obruca, Stanislav, Sedlacek, P., Mravec, F., Krzyzanek, V., Nebesarova, J., Samek, O., Kucera,
D., Benesova, P., Hrubanova, K., Milerova, M., a Marova, L. (2017). The presence of PHB
granules in cytoplasm protects non-halophilic bacterial cells against the harmful impact of
hypertonic environments. New Biotechnology, 39, 68-80.
https://doi.org/10.1016/j.nbt.2017.07.008

Obruca, Stanislav, Sedlacek, P., Mravec, F., Samek, O., a Marova, 1. (2016). Evaluation of 3-
hydroxybutyrate as an enzyme-protective agent against heating and oxidative damage and
its potential role in stress response of poly(3-hydroxybutyrate) accumulating cells. Applied
Microbiology and Biotechnology, 100(3), 1365—-1376. https://doi.org/10.1007/s00253-
015-7162-4

Obruca, Stanislav, Sedlacek, P., Slaninova, E., Fritz, 1., Daffert, C., Meixner, K., Sedrlova, Z.,
a Koller, M. (2020). Novel unexpected functions of PHA granules. Applied Microbiology
and Biotechnology, 104(11), 4795-4810. https://doi.org/10.1007/s00253-020-10568-1

Olgenblum, G. 1., Sapir, L., a Harries, D. (2020). Properties of Aqueous Trehalose Mixtures:
Glass Transition and Hydrogen Bonding. Journal of Chemical Theory and Computation,
16(2), 1249-1262. https://doi.org/10.1021/acs.jctc.9b01071

Ollivier, B., Caumette, P., Garcia, J. L., a Mah, R. A. (1994). Anaerobic bacteria from
hypersaline environments. Microbiological Reviews, 58(1), 27-38.
https://doi.org/10.1128/mmbr.58.1.27-38.1994

Ong, S. Y., Chee, J. Y., a Sudesh, K. (2017). Degradation of Polyhydroxyalkanoate (PHA): a
Review. Journal of Siberian Federal University. Biology, 10(2), 21-225.
https://doi.org/10.17516/1997-1389-0024

Paunescu, D., Mora, C. A., Puddu, M., Krumeich, F., a Grass, R. N. (2014). DNA protection
against ultraviolet irradiation by encapsulation in a multilayered Si02/TiO2 assembly.
Journal of Materials Chemistry B, 2(48), 8504-85009. https://doi.org/10.1039/c4tb01552¢

Pavez, P., Castillo, J. L., Gonzélez, C., a Martinez, M. (2009). Poly-B-hydroxyalkanoate exert
a protective effect against carbon starvation and frozen conditions in sphingopyxis
chilensis. Current Microbiology, 59(6), 636—640. https://doi.org/10.1007/s00284-009-
9485-9

Pernicova, 1., Novackova, 1., Sedlacek, P., Kourilova, X., Kalina, M., Kovalcik, A., Koller, M.,
Nebesarova, J., Krzyzanek, V., Hrubanova, K., Masilko, J., Slaninova, E., a Obruca, S.
(2020). Introducing the newly isolated bacterium aneurinibacillus sp. H1 as an auspicious
thermophilic producer of various polyhydroxyalkanoates (PHA) copolymers-1. isolation
and characterization of the bacterium. Polymers, 12(6), 1-13.
https://doi.org/10.3390/POLYM12061235

Pfeiffer, D., Wahl, A., a Jendrossek, D. (2011). Identification of a multifunctional protein,
PhaM, that determines number, surface to volume ratio, subcellular localization and
distribution to daughter cells of poly(3-hydroxybutyrate), PHB, granules in Ralstonia
eutropha H16. Molecular Microbiology, 82(4), 936-951. https://doi.org/10.1111/.1365-
2958.2011.07869.x

Pham, T. H., Webb, J. S., a Rehm, B. H. A. (2004). The role of polyhydroxyalkanoate
biosynthesis by Pseudomonas aeruginosa in rhamnolipid and alginate production as well
as stress tolerance and biofilm formation. Microbiology, 150(10), 3405-3413.
https://doi.org/10.1099/mic.0.27357-0

Philip, S., Keshavarz, T., a Roy, 1. (2007). Polyhydroxyalkanoates: biodegradable polymers
with a range of applications. Journal of Chemical Technology a Biotechnology, 82(3),
233-247. https://doi.org/https://doi.org/10.1002/jctb.1667

Pohlmann, A., Fricke, W. F., Reinecke, F., Kusian, B., Liesegang, H., Cramm, R., Eitinger, T.,

75



Ewering, C., Potter, M., Schwartz, E., Strittmatter, A., Vo8, 1., Gottschalk, G., Steinbiichel,
A., Friedrich, B., a Bowien, B. (2006). Genome sequence of the bioplastic-producing
“Knallgas” bacterium Ralstonia eutropha H16. Nature Biotechnology, 24(10), 1257-1262.
https://doi.org/10.1038/nbt1244

Porter, M., a Yu, J. (2011). Crystallization Kinetics of Poly(3-hydroxybutyrate) Granules in
Different Environmental Conditions. Journal of Biomaterials and Nanobiotechnology,
02(03), 301-310. https://doi.org/10.4236/jbnb.2011.23037

Potter, M., Madkour, M. H., Mayer, F., a Steinbiichel, A. (2002). Regulation of phasin
expression and polyhydroxylkanoate (PHA) granule formation in Ralstonia eutropha H16.
Microbiology, 148(8), 2413-2426. https://doi.org/10.1099/00221287-148-8-2413

Potter, M., Miiller, H., a Steinbiichel, A. (2005). Influence of homologous phasins (PhaP) on
PHA accumulation and regulation of their expression by the transcriptional repressor PhaR
in Ralstonia eutropha H16. Microbiology, 151(3), 825-833.
https://doi.org/10.1099/mic.0.27613-0

Quesada, E., a Proteose, D. (1984). Deleya halophila,. July, 287-292.

Raiger-Iustman, L. J., a Ruiz, J. A. (2008). The alternative sigma factor, oS, affects
polyhydroxyalkanoate metabolism in Pseudomonas putida. FEMS Microbiology Letters,
284(2), 218-224. https://doi.org/10.1111/5.1574-6968.2008.01203.x

Reddy, C. S. K., Ghai, R., Rashmi, a Kalia, V. C. (2003). Polyhydroxyalkanoates: An overview.
In  Bioresource Technology (Vol. 87, Issue 2, pp. 137-146). Elsevier.
https://doi.org/10.1016/S0960-8524(02)00212-2

Rehm, B. H. A. (2003). Polyester synthases: natural catalysts for plastics. Biochemical Journal,
376(1), 15-33. https://doi.org/10.1042/bj20031254

Rehm, B. H. A. (2006). Genetics and biochemistry of polyhydroxyalkanoate granule self-
assembly: The key role of polyester synthases. Biotechnology Letters, 28(4), 207-213.
https://doi.org/10.1007/s10529-005-5521-4

Reinecke, F., a Steinbiichel, A. (2008). Ralstonia eutropha strain H16 as model organism for
PHA metabolism and for biotechnological production of technically interesting
biopolymers. Journal of Molecular Microbiology and Biotechnology, 16(1-2), 91-108.
https://doi.org/10.1159/000142897

Roberts, M. (2005). Organic compatible solutes of halotolerant and halophilic microorganisms.
Saline Systems, 1(1), 1-30. https://doi.org/10.1186/1746-1448-1-5

Rodriguez-Contreras, A., Koller, M., Miranda-de Sousa Dias, M., Calafell-Monfort, M.,
Braunegg, G., a Marqués-Calvo, M. S. (2013). High production of poly(3-
hydroxybutyrate) from a wild Bacillus megaterium Bolivian strain. Journal of Applied
Microbiology, 114(5), 1378-1387. https://doi.org/10.1111/jam.12151

Roe, K. D., a Labuza, T. P. (2005). Glass transition and crystallization of amorphous trehalose-
sucrose mixtures. [International Journal of Food Properties, 8(3), 559-574.
https://doi.org/10.1080/10942910500269824

Ron, E. Z. (2013). Bacterial Stress Response. In The Prokaryotes (pp. 589-603). Springer
Berlin Heidelberg. https://doi.org/10.1007/978-3-642-30141-4_79

Saito, Y., a Doi, Y. (1994). Microbial synthesis and properties of poly(3-hydroxybutyrate-co-
4-hydroxybutyrate) in Comamonas acidovorans. International Journal of Biological
Macromolecules, 16(2), 99-104. https://doi.org/10.1016/0141-8130(94)90022-1

Savenkova, L., Gercberga, Z., Bibers, 1., a Kalnin, M. (2000). Effect of 3-hydroxy valerate
content on some physical and mechanical properties of polyhydroxyalkanoates produced
by  Azotobacter chroococcum.  Process  Biochemistry,  36(5), 445-450.
https://doi.org/10.1016/S0032-9592(00)00235-1

Schwarz, H., a Koch, A. L. (1995). Phase and electron microscopic observations of osmotically
induced wrinkling and the role of endocytotic vesicles in the plasmolysis of the Gram-

76



negative cell wall. Microbiology, 141(12), 3161-3170. https://doi.org/10.1099/13500872-
141-12-3161

Sedlacek, P., Pernicova, 1., Novackova, 1., Kourilova, X., Kalina, M., Kovalcik, A., Koller, M.,
Nebesarova, J., Krzyzanek, V., Hrubanova, K., Masilko, J., Slaninova, E., Trudicova, M.,
a Obruca, S. (2020). Introducing the newly isolated bacterium Aneurinibacillus sp. H1 as
an auspicious thermophilic producer of various polyhydroxyalkanoates (PHA)
copolymers-2. Material study on the produced copolymers. Polymers, 12(6).
https://doi.org/10.3390/POLYM12061298

Sedlacek, P., Slaninova, E., Enev, V., Koller, M., Nebesarova, J., Marova, 1., Hrubanova, K.,
Krzyzanek, V., Samek, O., a Obruca, S. (2019). What keeps polyhydroxyalkanoates in
bacterial cells amorphous? A derivation from stress exposure experiments. Applied
Microbiology and Biotechnology, 103(4), 1905-1917. https://doi.org/10.1007/s00253-
018-09584-z

Sedlacek, P., Slaninova, E., Koller, M., Nebesarova, J., Marova, 1., Krzyzanek, V., a Obruca,
S. (2019). PHA granules help bacterial cells to preserve cell integrity when exposed to
sudden osmotic imbalances. New Biotechnology, 49, 129-136.
https://doi.org/10.1016/j.nbt.2018.10.005

Sévin, D. C., a Sauer, U. (2014). Ubiquinone accumulation improves osmotic-stress tolerance
in Escherichia coli. Nature Chemical Biology, 10(4), 266-272.
https://doi.org/10.1038/nchembio.1437

Singh, O. V., a Chandel, A. K. (2018). Sustainable biotechnology-enzymatic resources of
renewable energy. In Sustainable Biotechnology- Enzymatic Resources of Renewable
Energy. Springer International Publishing. https://doi.org/10.1007/978-3-319-95480-6

Slaninova, E., Sedlacek, P., Mravec, F., Mullerova, L., Samek, O., Koller, M., Hesko, O.,
Kucera, D., Marova, 1., a Obruca, S. (2018). Light scattering on PHA granules protects
bacterial cells against the harmful effects of UV radiation. Applied Microbiology and
Biotechnology, 102(4), 1923—-1931. https://doi.org/10.1007/s00253-018-8760-8

Soto, G., Setten, L., Lisi, C., Maurelis, C., Mozzicafreddo, M., Cuccioloni, M., Angeletti, M.,
a Ayub, N. D. (2012). Hydroxybutyrate prevents protein aggregation in the halotolerant
bacterium Pseudomonas sp. CT13 under abiotic stress. Extremophiles, 16(3), 455-462.
https://doi.org/10.1007/s00792-012-0445-0

Storz, G., a Hengge, R. (Eds.). (2011). Bacterial stress responses (second). ASM Press.

Stubbe, J. A., Tian, J., He, A., Sinskey, A. J., Lawrence, A. G., a Liu, P. (2005). Nontemplate-
dependent polymerization processes: Polyhydroxyalkanoate synthases as a paradigm.
Annual Review of Biochemistry, 74, 433-480.
https://doi.org/10.1146/annurev.biochem.74.082803.133013

Sudesh, K., Abe, H., a Doi, Y. (2000). Synthesis, structure and properties of
polyhydroxyalkanoates: Biological polyesters. In Progress in Polymer Science (Oxford)
(Vol. 25, Issue 10, pp. 1503-1555). Elsevier Science Ltd. https://doi.org/10.1016/S0079-
6700(00)00035-6

Sudesh, Kumar, Bhubalan, K., Chuah, J. A., Kek, Y. K., Kamilah, H., Sridewi, N., aLee, Y. F.
(2011). Synthesis of polyhydroxyalkanoate from palm oil and some new applications.
Applied Microbiology and Biotechnology, 89(5), 1373-1386.
https://doi.org/10.1007/s00253-011-3098-5

Sugiyama, A., Kobayashi, T., Shiraki, M., a Saito, T. (2004). Roles of poly(3-hydroxybutyrate)
depolymerase and 3HB-oligomer hydrolase in bacterial PHB metabolism. Current
Microbiology, 48(6), 424—427. https://doi.org/10.1007/s00284-003-4227-x

Takahashi, A., a Ohnishi, T. (2009). Molecular mechanisms involved in adaptive responses to
radiation, UV light, and Heat. Journal of Radiation Research, 50(5), 385-393.
https://doi.org/10.1269/jrr.09048S

77



Takahashi, R. Y. U., Castilho, N. A. S., da Silva, M. A. C., Miotto, M. C., a Lima, A. O. de S.
(2017). Prospecting for marine bacteria for polyhydroxyalkanoate production on low-cost
substrates. Bioengineering, 4(3). https://doi.org/10.3390/bioengineering4030060

Tal, S., a Okon, Y. (1985). Production of the reserve material poly-B-hydroxybutyrate and its
function in Azospirillum brasilense Cd. Canadian Journal of Microbiology, 31(7), 608—
613. https://doi.org/10.1139/m85-115

Tian, J., Sinskey, A. J., a Stubbe, J. A. (2005). Kinetic studies of polyhydroxybutyrate granule
formation in Wautersia eutropha H16 by transmission electron microscopy. Journal of
Bacteriology, 187(11), 3814-3824. https://doi.org/10.1128/J1B.187.11.3814-3824.2005

Timm, A., a Steinbuchel, A. (1992). Cloning and molecular analysis of the poly(3L!
hydroxyalkanoic acid) gene locus of Pseudomonas aeruginosa PAO1. European Journal
of Biochemistry, 209(1), 15-30. https://doi.org/10.1111/j.1432-1033.1992.tb17256.x

Tokiwa, Y., a Ugwu, C. U. (2007). Biotechnological production of (R)-3-hydroxybutyric acid
monomer. In Journal of Biotechnology (Vol. 132, Issue 3, pp. 264-272). Elsevier.
https://doi.org/10.1016/j.jbiotec.2007.03.015

Tribelli, P. M., a Lopez, N. I. (2011). Poly(3-hydroxybutyrate) influences biofilm formation
and motility in the novel Antarctic species Pseudomonas extremaustralis under cold
conditions. Extremophiles, 15(5), 541-547. https://doi.org/10.1007/s00792-011-0384-1

Tribelli, P. M., Pezzoni, M., Brito, M. G., Montesinos, N. V., Costa, C. S., a Lopez, N. L. (2020).
Response to lethal UVA radiation in the Antarctic bacterium Pseudomonas
extremaustralis: polyhydroxybutyrate and cold adaptation as protective factors.
Extremophiles, 24(2), 265-275. https://doi.org/10.1007/s00792-019-01152-1

Uchino, K., Saito, T., a Jendrossek, D. (2008). Poly(3-hydroxybutyrate) (PHB) depolymerase
PhaZal is involved in mobilization of accumulated PHB in Ralstonia eutropha H16.
Applied and Environmental Microbiology, 74(4), 1057-1063.
https://doi.org/10.1128/AEM.02342-07

Uefuji, M., Kasuya, K. 1., a Doi, Y. (1997). Enzymatic degradation of poly[(R)-3-
hydroxybutyrate]: Secretion and properties of PHB depolymerase from Pseudomonas
stutzeri. Polymer Degradation and Stability, 58(3), 275-281.
https://doi.org/10.1016/S0141-3910(97)00058-X

Vary, P. S., Biedendieck, R., Fuerch, T., Meinhardt, F., Rohde, M., Deckwer, W. D., a Jahn, D.
(2007). Bacillus megaterium-from simple soil bacterium to industrial protein production
host. Applied Microbiology and Biotechnology, 76(5), 957-967.
https://doi.org/10.1007/s00253-007-1089-3

Volova, T. G. (2004). Polyhydroxyalkanoates--plastic materials of the 2Ist century:
production, properties, applications. Nova publishers.

Wahl, A., Schuth, N., Pfeiffer, D., Nussberger, S., a Jendrossek, D. (2012). PHB granules are
attached to the nucleoid via PhaM in Ralstonia eutropha. BMC Microbiology, 12(iv).
https://doi.org/10.1186/1471-2180-12-262

Wang, Q., Yu, H., Xia, Y., Kang, Z., a Qi, Q. (2009). Complete PHB mobilization in
Escherichia coli enhances the stress tolerance: A potential biotechnological application.
Microbial Cell Factories, 8, 47. https://doi.org/10.1186/1475-2859-8-47

Wen, X., Lu, X., Peng, Q., Zhu, F., a Zheng, N. (2012). Crystallization behaviors and
morphology of biodegradable poly(3-hydroxybutyrate-co-4-hydroxybutyrate). Journal of
Thermal Analysis and Calorimetry, 109(2), 959-966. https://doi.org/10.1007/s10973-011-
1768-2

Wieczorek, R., Pries, A., Steinbuchel, A., a Mayer, F. (1995). Analysis of a 24-kilodalton
protein associated with the polyhydroxyalkanoic acid granules in Alcaligenes eutrophus.
Journal of Bacteriology, 177(9), 2425-2435. https://doi.org/10.1128/jb.177.9.2425-
2435.1995

78



Wiggins, P. M. (1990). Role of water in some biological processes. Microbiological Reviews,
54(4), 432—-449. https://doi.org/10.1128/mmbr.54.4.432-449.1990

Wood, J. M. (2015). Bacterial responses to osmotic challenges. Journal of General Physiology,
145(5), 381-388. https://doi.org/10.1085/jgp.201411296

Wu, D., He, J., Gong, Y., Chen, D., Zhu, X., Qiu, N., Sun, M., Li, M., a Yu, Z. (2011).
Proteomic analysis reveals the strategies of Bacillus thuringiensis YBT-1520 for survival
under long-term heat stress. Proteomics, 11(13), 2580-2591.
https://doi.org/10.1002/pmic.201000392

Wu, H. A,, Sheu, D. S., a Lee, C. Y. (2003). Rapid differentiation between short-chain-length
and  medium-chain-length  polyhydroxyalkanoate-accumulating  bacteria  with
spectrofluorometry.  Journal of Microbiological Methods, 53(1), 131-135.
https://doi.org/10.1016/S0167-7012(02)00232-4

Xiao, N., Jiao, N., a Liu, Y. (2015). In vivo and in vitro observations of polyhydroxybutyrate
granules formed by Dinoroseobacter sp. JL 1447. International Journal of Biological
Macromolecules, 74, 467-475. https://doi.org/10.1016/j.ijbiomac.2014.11.045

Xu, M., Chen, G., Zhang, C., a Zhang, S. (2017). Study on the Unfrozen Water Quantity of
Maximally Freeze-Concentrated Solutions for Multicomponent Lyoprotectants. Journal
of Pharmaceutical Sciences, 106(1), 83-91. https://doi.org/10.1016/j.xphs.2016.05.007

York, G. M., Stubbe, J., a Sinskeyl, A. J. (2002). The ralstonia eutropha PhaR protein couples
synthesis of the PhaP phasin to the presence of polyhydroxybutyrate in cells and promotes
polyhydroxybutyrate  production. Journal of Bacteriology, 184(1), 59-66.
https://doi.org/10.1128/JB.184.1.59-66.2002

Young, F. E., a Jones, F. T. (1949). Sucrose hydrates: The sucrose-water phase diagram.
Journal of  Physical a Colloid Chemistry, 5309), 1334-1350.
https://doi.org/10.1021/j150474a004

Zepp, R. G., Erickson III, D. J., Paul, N. D., a Sulzberger, B. (2011). Effects of solar UV
radiation and climate change on biogeochemical cycling: interactions and feedbacks.
Photochemical a Photobiological Sciences, 10(2), 261.
https://doi.org/10.1039/cOpp90037k

Zhao, Y. H., Li, H. M., Qin, L. F., Wang, H. H., a Chen, G. Q. (2007). Disruption of the
polyhydroxyalkanoate synthase gene in Aeromonas hydrophila reduces its survival ability
under stress conditions. FEMS  Microbiology  Letters, 276(1), 34-41.
https://doi.org/10.1111/j.1574-6968.2007.00904.x

79



5 SEZNAM PRILOH A PODIL AUTORKY NA PUBLIKACICH
Priloha I

SLANINOVA, E.; SEDLACEK, P.; MRAVEC, F.; MULLEROVA, L.; SAMEK, O.;
KOLLER, M.; HESKO, O.; KUCERA, D.; MAROVA, 1.; OBRUCA, S. Light scattering on
PHA granules protects bacterial cells against the harmful effects of UV radiation. Applied
Microbiology and Biotechnology, 2018, ro€. 102, €. 4, s. 1923-1931. ISSN: 1432-0614.

Eva Slaninovd provddeéla velkou cdst experimentdlni prdce — kultivaci mikrobidlnich kultur,
posouzeni vliv UV zdreni na viabilitu mikrobidlnich kultur, zdroven navrhovala a realizovala
experimenty vyuzivajici UV-VIS spektrofotometrii. Ddle se studentka zapojila do vyhodnoceni
a zpracovdni dat a také se autorsky spolupodilela na priprave manuskriptu. Podle sytému
Apollo ji v autorském kolektivu prislusi autorsky podil 20 %.

Piiloha II

Experimentalni protokoly dosud nepublikované studie, zaméfené na vazebné interakce proteinu
PhaM a syntdzy PhaC a jejich zkracenych forem v ramci zahrani¢ni stize na University of
Stuttgart v Némecku pod odbornym vedenim profesora Jendrosska.

Priloha III

SEDLACEK, P.; SLANINOVA, E.; KOLLER, M.; NEBESAROVA, J; MAROVA, [;
KRZYZANEK, L.; OBRUCA, S. PHA granules help bacterial cells to preserve cell integrity
when exposed to sudden osmotic imbalances. New Biotechnology, 2019, roc. 49, ¢. 3, s. 129-
136. ISSN: 1871-6784.

Eva Slaninovd byla zodpovédnd za realizaci kultivacnich experimenti, provddéla mereni
viability a stanoveni poctu mikrobidlnich bunék pomoci priitokové cytometrie i pomoci
stanoveni poctu CFU. Ddle se spolupodilela na analyzdch mikrobidlnich bunék pomoci TGA i
TEM. Také se zapojila do zpracovdni a interpretace dat a autorsky se spolupodilela na pripravé
experimentdlni a vysledkové cdsti manuskriptu. Podle sytému Apollo ji v autorském kolektivu
prislust autorsky podil 25 %.

Piiloha IV:

SEDLACEK, P.; SLANINOVA, E.; ENEV, V., KOLLER, M.; NEBESAROVA, J.;
KRZYZANEK, V., SAMEK, O.; MAROVA, 1; OBRUCA, S. What keeps
polyhydroxyalkanoates in bacterial cells amorphous? A derivation from stress exposure
experiments. Applied Microbiology and Biotechnology, 2019, ro¢. 103, ¢. 4, s. 1905-1917.
ISSN: 0175-7598.

Stejné jako v predchozich pripadech byla Eva Slaninovd zodpovédnd za veSkeré kultivacni a
stresové experimenty, aktivné se spolupodilela na designu experimentii a vybéru vhodnych
stresovych faktorii, provedla testy stanoveni viability buneécné kultury C. necator HI6 po
vystaveni vybranym stresovym faktoriim a zdroven pripravovala vzorky pro TEM a cryo-SEM

80



analyzu. Studentka se opet podilela na vyhodnoceni dat a formulaci zdveru a aktivné se
spolupodilela na pripravé manuskriptu. Podle sytému Apollo ji v autorském kolektivu patii
autorsky podil 25 %.

Priloha V

SLANINOVA, E.; OBRUCA, S.; KORCHEBITOV, V.; SEDLACEK, P. On the bioprotective
effects of sodium 3-hydroxybutyrate: thermodynamic study of binary Na3HB-water systems.
V recenznim fizeni v ¢asopise Biomolecules.

Eva Slaninovd provddeéla veskerou experimentdlni prdce v rdmci pétimésicni zahranicni stdZe
— stanoveni sorpcni izotermy pro sorpci vodnich par na 3HB, posouzeni hygroskopicnosti
systémit 3HB/voda a realizovala méreni vyuZivajici kalorimetrickou analyzu, diky které bylo
mozné konstruovat bindrni rovnovdzny a nerovnovdzny fdazovy diagram systému Na3HB/voda
a stanovit tak kryoprotektivni ucinek 3HB. Ddle se studentka zapojila do vyhodnoceni a
zpracovdni dat a také se autorsky podilela na pripravé manuskriptu.

Piiloha VI

OBRUCA, S.; SEDLACEK, P.; SLANINOVA, E.; FRITZ, I.; DAFFERT, C.; MEIXNER, K ;
SEDRLOVA, Z.; KOLLER, M. Novel unexpected functions of PHA granules. Applied
Microbiology and Biotechnology, 2020, ro¢. 104, ¢. 11, s. 4795-4810. ISSN: 0175-7598.

Pri priprave tohoto zvaného prehledového clanku byla Eva Slaninovd zodpovédnd predevsim
za pasdz venujict se strukture PHA granuli a také proteinum vdzajicich se na granule. Ddle se
studentka aktivné podilela na konceptu celého review a pri finalizaci ¢ldnku byla zodpoveédnd
za naplnéni vSech formdlnich poZadavkii casopisu. Podle systému Apollo ji v autorském
kolektivu ndleZi autorsky podil 10 %.

81



6 PRILOHY
6.1 Priloha 1

SLANINOVA, E.; SEDLACEK, P.; MRAVEC, F.; MULLEROVA, L.; SAMEK, O.;
KOLLER, M.; HESKO, O.; KUCERA, D.; MAROVA, 1.; OBRUCA, S. Light scattering on
PHA granules protects bacterial cells against the harmful effects of UV radiation. Applied
Microbiology and Biotechnology, 2018, ro€. 102, €. 4, s. 1923-1931. ISSN: 1432-0614.

82



Applied Microbiology and Biotechnology (2018) 102:1923-1931
https://doi.org/10.1007/500253-018-8760-8

APPLIED MICROBIAL AND CELL PHYSIOLOGY

@ CrossMark

Light scattering on PHA granules protects bacterial cells
against the harmful effects of UV radiation

Eva Slaninova' - Petr Sedlacek - Filip Mravec' - Lucie Mullerova' - Ota Samek? - Martin Koller>* - Ondrej Hesko ' -
Dan Kucera' - Ivana Marova’ - Stanislav Obruca’

Received: 12 September 2017 /Revised: 3 January 2018 / Accepted: 4 January 2018 /Published online: 19 January 2018
© Springer-Verlag GmbH Germany, part of Springer Nature 2018

Abstract

Numerous prokaryotes accumulate polyhydroxyalkanoates (PHA) in the form of intracellular granules. The primary function of
PHA is the storage of carbon and energy. Nevertheless, there are numerous reports that the presence of PHA granules in microbial
cells enhances their stress resistance and fitness when exposed to various stress factors. In this work, we studied the protective
mechanism of PHA granules against UV irradiation employing Cupriavidus necator as a model bacterial strain. The PHA-
accumulating wild type strain showed substantially higher UV radiation resistance than the PHA non-accumulating mutant.
Furthermore, the differences in UV-Vis radiation interactions with both cell types were studied using various spectroscopic
approaches (turbidimetry, absorption spectroscopy, and nephelometry). Our results clearly demonstrate that intracellular PHA
granules efficiently scatter UV radiation, which provides a substantial UV-protective effect for bacterial cells and, moreover,
decreases the intracellular level of reactive oxygen species in UV-challenged cells. The protective properties of the PHA granules
are enhanced by the fact that granules specifically bind to DNA, which in turn provides shield-like protection of DNA as the most
UV-sensitive molecule. To conclude, the UV-protective action of PHA granules adds considerable value to their primary storage
function, which can be beneficial in numerous environments.

Keywords Polyhydroxyalkanoates - Cupriavidus necator - UV radiation - Turbidity - Integrating sphere - Nephelometry

Introduction

Bacteria are fascinating organisms due to their capability to
cope with widely fluctuating environmental conditions such
as changes in nutrient availability, temperature, pH value, or
osmolarity. In addition, also radiation, which can be defined as
energy manifested in the form of electromagnetic waves, can
be considered an important stress factor and occurs in
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numerous ecological niches. UV radiation in sunlight is
among the most common stressors and has many harmful
impacts on living cells such as induction of oxidative pressure
or the inducing of fatal changes to the molecular structure
mainly of DNA, but also of RNA, lipids, and proteins
(Gabani and Singh 2013). Generally, UV radiation is consid-
ered to be one of the most detrimental abiotic factors influenc-
ing microorganisms at both the community and single-cell
level, thus severely affecting the diversity and dynamics of
microbial communities. Moreover, it is expected that by the
end of the twenty-first century, the intensity of UV radiation at
the Earth’s surface will increase by approximately 5-10% in
temperate latitudes and by about 20% in high latitudes (Pérez
et al. 2017). It can therefore be expected that the evolutionary
significance of UV radiation and ability to face this stressor
may even increase.

To cope with UV radiation, bacteria—and among them
especially extremophiles inhabiting harsh environments ex-
posed to harmful solar radiation—have evolved various strat-
egies mainly based on efficient DNA repair mechanisms and
active defense against UV-induced oxidative stress. Moreover,
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many pro- and eukaryotic microorganisms also rely on pro-
duction of UV-protective metabolites such as pigments,
mycosporine-like amino acids, scytonemin, ectoines,
bacterioruberin, sphaerophorin, pannarin, or melanin (Koller
et al. 2014; Singh and Gabani 2011).

Polyhydroxyalkanoates (PHAs) are polyesters accumu-
lated by numerous prokaryotes in the form of intracellular
granules (Tan et al. 2014). The number of granules can
reach up to 1015 granules per cell and their average di-
ameter is about 200—400 nm, though individual values par-
ticularly depend upon the specific microorganism and the
physiological state of the bacterial culture (Vadlja et al.
2016). The weight content of PHA in bacterial cells can
reach up to 90% of cell dry weight, though bacteria regu-
late their diameters to confine the volumetric content of
PHA granules at a level below 40 vol% (Mravec et al.
2016). The PHA polymer itself represents the hydrophobic
core of the granules which is covered by numerous specific
proteins with various functions. These proteins include
PHA synthase, PHA depolymerases, regulatory proteins,
and various PHA granule structural proteins which create
a functional interface between the hydrophobic polymer
and water-containing cytoplasm. These proteins are also
responsible for intracellular localization of granules within
bacterial cells. To emphasize their complexity and multi-
functionality as de facto organelles, these granules are also
referred to as “carbonosomes” (Jendrossek 2009).

The primary function of PHAs is the storage of carbon and
energy. However, recent research has shown that the biologi-
cal function of PHAs is much more complex and that the
capability to accumulate PHA has many biochemical and bio-
physical consequences, enhancing the survival and fitness of
bacterial cells when exposed to numerous stress factors in-
cluding but not limited to high temperature (Pham 2004; Wu
etal. 2011), low temperature (Tribelli and Lopez 2011), freez-
ing (Obruca et al. 2016a; Pavez et al. 2009), or osmotic up-
shock (Obruca et al. 2017).

Moreover, there are reports stating that the presence of
PHA granules in microbial cells also protects bacteria
against UV radiation. For instance, a protective effect of
PHA granules in bacterial cells against UV irradiation was
observed in Azospirillum brasilense when PHA-rich
(about 40 wt.% of PHA in cell dry weight) and PHA-
poor cells (about 5 wt.% of PHA in cell dry weight) were
compared (Tal and Okon 1985). The importance of PHA
for the UV-radiation survival of A. brasilence was con-
firmed in following studies by Kadouri et al., who ob-
served that the wild type was more resistant to numerous
stressors, including UV radiation, than the PHA synthase
deletion mutant incapable of accumulating PHA (Kadouri
et al. 2003a). It was also more resistant than the PHA
depolymerase deletion mutant, which was not capable of
PHA hydrolysis (Kadouri et al. 2003b). Similarly, Zhao
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et al. (2007) compared the stress resistance of the wild
type of Aeromonas hydrophila and its PHA synthase neg-
ative mutant incapable of PHA synthesis. As the major
outcome, the wild type was substantially more resistant
to several stress factors, including UV irradiation.
Furthermore, the UV-radiation protective capacity of
PHA granules was also confirmed with genetically modi-
fied Escherichia coli which harbored genes enabling either
PHA biosynthesis or both PHA biosynthesis and hydroly-
sis. Both transgenic strains were more resistant to UV ra-
diation and other stress factors than the PHA non-
producing wild type (Wang et al. 2009).

Nevertheless, despite the fact that numerous studies have
reported that the presence of PHA granules in microbial cells
provides protection against UV radiation; to our best knowl-
edge, there are no studies exploring the potential mechanism
of the protective action. Therefore, we experimentally con-
firmed the UV-protecting effect of PHA granules for
Cupriavidus necator, a soil bacterium which is considered
the most important model strain for PHA metabolism.
Subsequently, various spectroscopic approaches were
employed to shed light on the interaction of PHA granules
in bacterial cells with UV radiation and to provide an expla-
nation for their UV-protective mechanism.

Materials and methods
Microorganisms and cultivation

The PHA-producing strain Cupriavidus necator H16 (CCM
3726) was obtained from the Czech Collection of
Microorganisms, Brno, Czech Republic, and its PHA non-
producing mutant strain Cupriavidus necator PHB™ (DSM-
541) was purchased from the Leibnitz Institute DSMZ-
German Collection of Microorganism and Cell Cultures,
Braunschweig, Germany.

Cultivations were performed in Erlenmeyer flasks (vol-
ume 250 mL) containing 100 mL of mineral salt (MS)
medium. The composition of the MS medium was 20 g
fructose, 1 g (NH4),SOy4, 1 g KH,POy, 11.1 g Na,HPO, -
12 H,0, 0.2 g MgS0,4 - 7 H,O, 1 mL of microelement
solution, and 1 L of distilled water; the microelement so-
lution in turn was composed of 9.7 g FeCls, 7.8 g CaCl,,
0.156 g CuSOy, - 5 H,0, 0.119 g CoCl,, and 0.118 g NiCl,
in 1 L of 0.1 M HCI. The flasks were inoculated with 5 mL
of an overnight culture of a particular strain of C. necator
grown in Nutrient Broth medium consisting of 10 g pep-
tone, 10 g beef extract, and 5 g NaCl in 1 L of distilled
water. The cells were cultivated for 72 h. The PHA content
in microbial cells was determined by gas chromatography
as described previously (Obruca et al. 2014).
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UV challenge of bacterial strains C. necator H16 and C.
necator PHB™

The suspension of bacterial cells cultivated for 72 h as de-
scribed above was first diluted 30 times. Thereafter, the sus-
pension of bacterial cells of Cupriavidus necator H16 was
diluted to reach the cell density of the suspension of its mutant
strain Cupriavidus necator PHB ™. The solutions thus pre-
pared were further diluted into approx. 10° CFU and 3 mL
of'the cell suspension was placed on a sterile Petri dish to form
a thin layer (approx. 1 mm). After this, cells were exposed to
UV radiation emitted by an UVA lamp (400-320 nm, height
25 cm) and samples were taken at regular intervals (15, 30,
45 min). From these samples, the number of viable cells was
determined as CFU by plating of appropriately diluted cell
suspensions on NB agars.

UV-Vis spectroscopy and nephelometry of bacterial
cells

For UV-Vis spectroscopy characterization, the same culti-
vation suspension as described above was used. Firstly,
both the suspension of bacterial cells of C. necator H16
and the suspension of its mutant bacterial strain were di-
luted step by step five times. The dilution process was
repeated until the final solutions were diluted by a factor
of 100. All solutions prepared this way were analyzed by
UV-Vis absorption spectrophotometry (in a U-3900H,
Hitachi) both in a regular transmission measurement mode
and also in a spatially integrating mode (integration sphere
attachment 60mmDIA for Hitachi U-3900H spectropho-
tometer). Simultaneously with the preparation of samples
for UV-Vis spectroscopy, the number of viable cells was
determined as described above.

Similarly, diluted bacterial suspensions of defined cell
concentration were also investigated by means of nephe-
lometry. As a simple nephelometer, we used a fluorometer
(AMINCO-Bowman Series 2 luminescence spectrometer,
Thermo Inc.) which was employed to detect scattered light
at a fixed scattering angle of 90° to the incidental beam.
Furthermore, this device offers the advantageous possibil-
ity of using different wavelengths ranging from 250 nm
(ozone-free xenon lamps lowest wavelength) to approxi-
mately 850 nm (highest range of PMT detectors). To sup-
press detection of fluorescence or phosphorescence, which
is common for biological samples at different excitation
wavelengths (~340 nm for NADH, ~470 nm for flavo-
noids, etc.) a synchronous scan method was applied, where
excitation and emission monochromators were set to the
zero wavelength difference during scanning. In order to
obtain more accurate results and also to protect the detec-
tor, slits were set to the minimum (1 nm bandpass). To
compensate for the non-flat intensity profile of the

excitation source (a 150-W xenon lamp), intensity was de-
tected relative to the diode. The scan rate was set to 5 nm-
s~ and spectra were collected with a 1-nm resolution in the
range 250-700 nm.

Analysis of intracellular ROS by flow cytometry

Determination of the intracellular level of reactive oxygen
species (ROS) in bacterial cells of C. necator H16 and C.
necator PHB™* before and after 15 min exposition to UV
irradiation (in details described above) was performed by flow
cytometry employing CM-H2CFDA (Thermo Fisher
Scientific), a fluorescent stain used as general oxidative stress
indicator. Suspensions of cells with cell density of approx. 10°
cells per mL were washed twice with PBS buffer; after that,
5 uL of CM-H2CFDA dissolved in HPLC-grade DMSO (the
final concentration of the stain in 1 mL of the sample was
5 uM) was added to the suspensions, and the cells were then
left to incubate in the dark at laboratory temperature for
10 min. After that, the fluorescence of stained as well as
non-stained cells was immediately measured at single-cell lev-
el using the green fluorescence collecting channel (535 +
35 nm) of the used flow cytometer (Apogee AS5O,
ApogeeFlow Systems).

Results
UV exposure of C. necator cells

In the first experiment, cells of the PHA-accumulating strain
C. necator H16 (the PHA content in microbial cells was 74%
of cell dry weight as determined by gas chromatography) and
its mutant strain which is not capable of accumulating PHA
due to a mutation of the PHA synthase (Raberg et al. 2014)
were exposed to a UV challenge. The viability of both bacte-
rial strains was assessed during their exposition to UV irradi-
ation in regular intervals; the results, expressed as the percent-
age of viable cells, are shown in Fig. 1. Generally, the PHA-
containing culture demonstrated substantially higher resis-
tance to UV radiation during the entire period of UV exposure,
thus confirming the UV-protective effect of PHA granules
which has been reported also for other microbial strains
(Kadouri et al. 2003a, b; Tal and Okon 1985; Wang et al.
2009; Zhao et al. 2007). The decrease in viability of reference
samples of both cultures, which were exposed to the same
conditions but without being UV irradiated, was negligible
(<5%). Therefore, it can be stated that accumulation of PHA
granules in cytoplasm represents a potent and generally ob-
served strategy which protects bacterial cells from the harmful
effects of UV irradiation.

@ Springer



Appl Microbiol Biotechnol (2018) 102:1923-1931

g
0 \\
3 |
o ’
2 }
E 40 1+
H
S — 3
0 | : | : : : + t + J
o 10 2 ” i )
time [min]

Fig. 1 Survival of both strains of C. necator during their exposition to
UV irradiation

UV-Vis spectroscopy of bacterial cells

In order to understand how intracellular PHA granules interact
with light, complex spectroscopic characterizations of the cell
dispersions in the ultraviolet and the visible region were per-
formed both for the PHA-accumulating strain (C. necator
H16) and the non-accumulating mutant (C. necator PHB ™).
Three different optical arrangements were used for this
purpose.

Firstly, turbidity measurements were performed using a
standard UV-Vis spectrometer, where the intensity of the
transmitted light is measured and optical density is calculated
for the particular wavelength of the incident light. As the
wavelengths are altered to cover the whole UV-Vis region,
spectra such as those shown in Fig. 2a are collected. It is
evident that except for the shortest measured wavelengths
(close to 200 nm), the PHA-accumulating strain shows a sig-
nificantly higher optical density of the cell dispersion with
comparable cell density compared to the non-accumulating
strain. It should be emphasized that the optical density mea-
sured this way comprises two individual contributions. On the
one hand, the intensity of the transmitted light is decreased via
absorption of the specific wavelengths by the photoactive cell
components. Absorption of the radiant energy then initiates
diverse photophysical (e.g., light emission in the form of fluo-
rescence) or photochemical processes, where the latter ones
may often (mainly in the case of light in the UV spectral
region) have harmful or even fatal effects on the cell fitness.
The other contribution to the optical density is represented by
the light scattered away from the direction of the incident
beam. Unlike the light absorption, light scattering is rarely
damaging. On the contrary, it can even have a protective
“shielding” effect on the photo-labile cell components caused
by attenuation of the local intensity of the incident light in the
cell, which might reduce the level of cell damage (Paunescu
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Fig. 2 Example of typical UV-Vis spectra of C. necator H16 (full line)
and C. necator PHB™ (dashed line). a Turbidity measurement of disper-
sions with cell density 1 x 10° CFU. b Absorbance measurement of dis-
persions with cell density 1 x 10° CFU

et al. 2014). Therefore, turbidity measurements such as those
described above do not provide a relevant explanation of a
harmful effect of light on the cells with light because they
provide no direct information about the relative involvement
of the light absorption and light scattering, respectively, in the
interaction of the cells and their constituent with light.

With respect to this, we further measured the spectra of cell
dispersions using the same UV-Vis spectrometer equipped
with an integrating sphere accessory, specially designed for
the absorbance measurement of turbid samples. Examples of
the collected spectra are shown in Fig. 2b. In these spectra,
effective suppression of the light-scattering artifacts can be
clearly seen. No significant light absorption was found in the
Vis region, which confirms the assumption that in this wave-
length region, the optical density of the sample can be
interpreted solely as a consequence of light scattering. With
respect to this finding, additional interesting outcomes can
further be deduced from the previously described differences
in the turbidity spectra of dispersions of PHA-accumulating
and non-accumulating strains with the same cell density.
Generally, a significant increase in light scattering in the case
of the PHA-accumulating cells of the C. necator H16 strain is
evidently caused by light scattering on the cell ultrastructure,
namely on the PHA granules present in the cell cytoplasm.

Figure 3 presents results from both types of spectroscopic
assays in a more quantitative way. Fig. 3a shows very good
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linearity of the dependency of optical density at 630 nm on the
cell density for both strains. Evidently, light-scattering effects
are cumulative regardless of a contribution of the light
scattered by PHA granules. ODg3( appears to represent a ro-
bust parameter suitable for quantification of cell density.
Nevertheless, careful calibration is needed wherever intracel-
lular light scatters occur, as is the case when PHA granules or
other cell inclusions occur. However, it is evident from Fig.
3b that in the case of C. necator H16 strain, contributions
of light scattering and light absorption in UV wavelength
region are no longer cumulative (the dashed fitting line
does not cross the origin of coordinates). Nevertheless, in
this region, the crucial results are shown in Fig. 3d where a
relative decrease of around 30% in the single cell absorp-
tion coefficient at 254 nm can be deduced. Finally, Fig. 3c
is shown in order to illustrate the negligible residual appar-
ent absorbance of the cell suspensions in the VIS region.
This apparent absorbance represents an experimental arti-
fact coming from the scattered light which does not reach
the aperture of the integrating sphere.

In order to provide an experimental verification of the as-
sumption that the difference between the optical density and
absorbance of the cell suspensions is correctly assigned to the
intensity of scattered light, we performed also a basic nephe-
lometry assay of the same samples. Measurement was done

x10° CFU

with the synchronous scan method as was described above.
We focused on monitoring the changes in scattered light in-
tensity between the PHA-accumulating and non-accumulating
strain suspension of the same cell density, where a high sen-
sitivity of the fluorimeter photomultiplier and its strong light
source provide an undisputed instrumental advantage.
Figure 4 shows the ratio of the intensities of scattered light
normalized per unit CFU for C. necator H16 and C. necator
PHBA, respectively, vs. the wavelength. We use this means of
data demonstration in order to suppress experimental artifacts
coming from uneven light intensity emitted from the xenon
lamp of the fluorimeter at different wavelengths (we assume
that the results for both strains will be affected equally).

From the spectrum, it is evident that the nephelometry ex-
periments confirmed the higher intensity of scattered light for
the PHA-accumulating strain in the whole tested optical re-
gion. Furthermore, the relative efficiency of light scattering by
the PHA producer as compared to the mutant strain increases
significantly in the UV-region, where the light absorbance
measurement revealed the most profound differences in inten-
sity in the light absorption of the two strains. This finding was
reproducible as far as similar results were found regardless of
the particular suspension cell density. Therefore, it can be
summarized that nephelometry confirmed the conclusions of
the previous two spectroscopic assays.
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Fig. 4 Ratio of the intensities of 15
single-cell scattered light for C.
necator H16 strain and PHA non-
accumulating C. necator PHB™*
strain at 90° as determined by
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ROS analysis by flow cytometry

To investigate whether scattering of UV irradiation on PHA
granules influences the intracellular level of ROS in UV-
challenged cells, the amount of ROS before and after UV
exposition was analyzed by flow cytometry employing fluo-
rescent stress indicator CM-H2CFDA. Green fluorescence of
this stain is activated by its reaction with ROS (Dong et al.
2015). Hence, at single-cell level, we analyzed intensity of
green fluorescence of both bacterial cultures prior and after
their exposition to UV irradiation in stained as well as non-
stained bacterial cells; the results are demonstrated in Fig. 5.
The mean value of intensity of green fluorescence of PHA
granules containing bacterial was only slightly (approx. 10%)
increased after exposition of the cells to UV irradiation. On the
contrary, when the culture of cells not containing PHA gran-
ules was exposed to UV irradiation, green autofluorescence of

300 400 500
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600 700

non-stained cells increased about 1.8-fold and, moreover,
green fluorescence of CM-H2CFDA stained cells raised 3.6-
fold. This clearly indicates that UV irradiation induces forma-
tion of substantially higher amount of ROS in PHA negative
cells than in PHA-rich cells.

Discussion

Solar UV radiation on Earth can be considered an important
stress factor which influences numerous living systems.
Therefore, the influence of UV radiation on whole ecosystems
has been studied for various aquatic environments (Héder
et al. 2007), or high-altitude regions (Farias et al. 2009;
Pérez et al. 2017). Moreover, UV-radiation resistance is also
an important topic for astrobiology (Khodadad et al. 2017).
The harmful effect of UV radiation is complex and it includes
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numerous cell-damaging mechanisms. First and foremost, UV
radiation is known for its mutagenic potential because DNA
directly absorbs UVB radiation and this radiation induces nu-
merous grave changes in DNA structure, among which the
formation of dimeric pyrimidines, photo-adducts, and DNA—
protein cross-links are considered the most important
(Ravanat et al. 2001). Furthermore, despite the fact that
DNA does not absorb UVA radiation, UVA can be absorbed
by endogenous photosensitizers which may damage DNA
throughout subsequent reactions (Ravanat et al. 2001). Apart
from DNA, also other photosensitive biomolecules such as
RNA, proteins, or lipids can be damaged by direct or indirect
absorption of UV radiation, though changes in these mole-
cules’ structure do not have such fatal consequences as is the
case for DNA due to their quick turnover. In addition, UV
radiation induces the formation of reactive oxygen species
(ROS) which may further damage crucial cell components
such as DNA, RNA, proteins, and lipids (Kim et al. 2015).
There are numerous reports that the capability to accumu-
late PHA enhances the stress resistance of bacteria against
various stressors (Ayub et al. 2009; Kadouri et al. 2003a, b;
Obruca et al. 2016a, b, 2017; Tal and Okon 1985; Wang et al.
2009; Zhao et al. 2007). This can be considered an important
“added value” to their primary biological function—storage
of carbon, energy, and also reduction power. Generally, it has
been observed that the presence of PHA granules influences
the overall biophysical properties of bacterial cells, which fur-
ther increases stress survival when they are exposed to various
stress factors. For instance, the presence of PHA granules
enhanced the rate of water transport out of the cells during
freezing, which subsequently protected bacterial cells from
formation of intracellular ice; this substantially contributes to
PHA’s cryo-protective effect (Obruca et al. 2016a). Moreover,
PHA polymers in native intracellular granules represent a
unique amorphous form of matter which resembles “super-
cooled” liquid in its properties (Bonthrone et al. 1992). The
liquid-like properties of PHA granules seem to play a crucial
role in the protective mechanism of PHA against osmotic up-
shock, since the presence of PHA granules turned out to re-
duce the level of plasmolysis in challenged cells and, more-
over, according to the results of transmission electron micros-
copy analysis, PHA granules were even capable of stabilizing
membranes of bacterial cells by closing the holes in the cyto-
plasmic membrane (Obruca et al. 2017). Therefore, even the
simple presence of PHA granules in cytoplasm can be bene-
ficial for bacterial cells when exposed to stress conditions.
Moreover, the enhancement of the UV resistance of PHA-
accumulating bacteria which was reported in this work (Fig.
1), as well as by other authors (Kadouri et al. 2003a; Tal and
Okon 1985; Wang et al. 2009; Zhao et al. 2007), is most likely
primarily based on the biophysical consequence of the pres-
ence of PHA granules in cells. According to our results, PHA
granules do not considerably absorb UV radiation but they are

capable of efficient scattering of UV radiation as was indicated
in the present study by the comparison of turbidity (Fig. 2a)
and absorbance measurement (Fig. 2b) of the cells of PHA-
accumulating C. necator and its PHA negative mutant.
Furthermore, the fact that PHA granules efficiently scatter
UV radiation was also confirmed by nephelometry measure-
ment (Fig. 4). Because no considerable changes in cell dimen-
sions were found for both strains in our previous work
(Mravec et al. 2016), the significant increase in the light scat-
tering of the C. necator H16 strain can be ascribed to the
fraction of light scattered on the cell ultrastructure, namely
on the PHA granules in the cell cytoplasm. This finding is in
fact not surprising; a similar observation of an increase of the
single cell light turbidity as a result of light scattering on
inclusion bodies has previously been reported, e.g., for E. coli
W3110 (Hwang and Feldberg 1990). Nevertheless, to the best
of our knowledge, our results represent the first convincing
experimental confirmation that intracellular PHA granules
serve as effective in situ light-scatterers. Furthermore, accord-
ing to the results presented in Fig. 2b, it is evident that UV
radiation is absorbed by the bacterial cells quite effectively.
The absorption band centered around 254 nm can be assigned
to nucleic acid, especially to DNA. Nevertheless, from the
comparison of the absorption spectra of cell suspensions with
the same cell density, it can be seen that UV-radiation absorp-
tion in this wavelength region is considerably suppressed in
the case of the PHA-accumulating strain. Bearing in mind that
there is no significant difference in the cellular content of
DNA for the two strains, this result supports the assumption
of “shielding” effects of PHA granules resulting from their
great light-scattering ability. Moreover, it can be stated that,
apart from protecting DNA as the most sensitive molecule,
scattering of UV irradiation on PHA granules also reduces
level of intracellular ROS (see Fig. 5) generated by UV radi-
ation. This new finding very likely substantially contributes to
complex UV-protective function of PHA granules.

It should be pointed out that in natural producers, PHA
granules are not randomly distributed in bacterial cells, but
they are specifically attached to DNA. In C. necator, the at-
tachment is performed via the protein PhaM which simulta-
neously binds to DNA and the PHA associated-protein PhaP5
(Wahl et al. 2012). Similarly, in Pseudomonas putida, the
binding of PHA granules to DNA is enabled by the protein
PhaF. This protein serves as a transcriptional regulator of PHA
metabolism but it is also responsible for proper segregation of
granules during cell division and ensures, under balanced con-
ditions, equal distribution of granules between daughter cells.
PhaF directs the PHA granules to the center of the cells,
forming a characteristic needle array in the close vicinity of
DNA (Galan et al. 2011). This might substantially contribute
to a UV-protective effect since PHA granules represent a
“shield” attached to the nucleoid which scatters UVB radia-
tion away from the most sensitive molecule-DNA. Here, it
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has to be emphasized that very recent findings by Karmann
et al. (2017) show that, under carbon-limited conditions, the
distribution of granules to daughter cells in statu nascendi
occurs in an asymmetric way; the culture segregates into a
PHA-rich and a PHA-poor subculture, thus displaying a
“bistable behavior.” Future investigations might provide in-
sights if the PHA-rich subculture is definitely better protected
when challenged by UV irradiation.

PHA metabolism reveals a cyclic nature, the so called PHA
cycle, since in microbial cells the polymer is simultaneously
synthesized and degraded (Kadouri et al. 2005). According to
the results of Kadouri et al. (2003b), also the capability of
intracellular PHA degradation is an important factor enhancing
the UV-protective effect of PHA, since a PHA depolymerase
deletion mutant strain of Azospirillum brasilense incapable of
PHA degradation was shown to be more sensitive to UV irra-
diation than the wild type strain. The explanation can be that,
due to the cyclic nature of PHA metabolism and activity of
PHA depolymerase, a substantial amount of PHA monomers
is present in bacterial cells. For instance, the intracellular con-
centration of 3-hydroxybutyrate (3HB) in the wild type strain of
C. necator is 16.5-fold higher than in its PHA non-
accumulating mutant. This is important since 3HB constitutes
a potent chemical chaperone capable of preventing a model
enzyme, lipase, against denaturation caused by high tempera-
ture or oxidative damage (Obruca et al. 2016b). Therefore, it is
likely that the complete PHA cycle might in this way also
prevent bacterial cells against oxidative pressure generated by
UV radiation. Moreover, Ayub et al. (2009) suggested that PHA
metabolism is essential for the maintenance of the redox state in
Pseudomonas sp. 14-3 during oxidative pressure induced by
exposure of bacterial cells to low temperatures.

In summary, the presence of PHA granules in bacterial cells
has numerous biophysical and metabolic consequences,
which alter the stress survival capacity of bacterial cells during
their exposition to various stress factors. Their UV-protective
action might be explained by their efficient UV-radiation scat-
tering properties with high scattering efficiency in the wave-
lengths close to the DNA absorption maxima. Furthermore,
presence of PHA granules in bacterial cells also protects them
from ROS generated by UV irradiation since scattering of UV
radiation on granules decreases levels of generated ROS and,
moreover, PHA metabolism also provides efficient protection
against oxidative stress induced by UV irradiation.
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6.2 Priloha II
Internship at the University of Stuttgart
Material and methods

Bacterial strains, plasmids, and primers

All used bacterial strains, plasmids and a primer in this study are listed in tables 1 and 2. E.
coli IM109 and E.coli DH5a were used for cloning procedures. Recombinant proteins were
expressed in E. coli BL21(DE3)/pLys, All E. coli strains were grown on lysogeny broth (LB)
medium supplemented with the appropriate antibiotics depending on the strain and plasmid at
30°C.

Table 1: List of bacterial strains and plasmids

Bacterial strain/plasmid Characteristic Source/reference
E. coli BL21(DE3)/pLys Expression strain, Cm" Novagen, 4512
E. coli IM109 For cloning and plasmid storage, Km' DSMZ 3423
E.coli DH50 For site directed mutagenesis, Km' Stratagene, 4505
E. coli TOP10 For cloning and plasmid storage, Km' Beyer a kol., 2015
pET28a His tag expression vector, Km" Novagen
pET28a_ hiss_PhaC plasmid for expression of hiss_PhaC Bresan a kol.,2017
pET28a_hiss_PhaM plasmid for expression of hiss_PhaM Bresan a kol.,2017
pET28a_hiss_PhaMA¢ plasmid for expression of hiss_PhaMA® Bresan a kol.,2017
p4782.1 Strep tag expression vector under J.Altenbuchner
rhamnose promoter control, Km"
p4782.1_strep_PhaCA¢ plasmid for expression of strep_PhaC*¢ This study
p4782.1_PhaC’_strep plasmid for expression of PhaC*“_strep This study

Km’, kanamycin resistance; Cm" chloramfenikol resistance

Construction of plasmids

Firstly, the strep-phaCA¢ gene and phaC?C-strep gene were amplified by DNA using the primers
(Table 2). The PCR products were separated by agarose electrophoresis and subsequently
purified by extraction kit (Nucleospin Extract) according to the manufacturer’s instructions.
Then PCR products and digested plasmid p4782.1 were ligated with 10x T4 Ligase buffer and
T4 Ligase overnight at 16°C. Obtained vectors were chemically transformed into competent
strain E. coli TOP10. Thereafter, we send our isolated plasmids with corresponding primers to
DNA sequencing (LGC genomics) to verify the correctness of our constructs, we also
performed a digestion test. Finally, the verified DNA vectors were transformed into express
strain E. coli BL21(DE3)/pLys.

In the case of site-directed mutagenesis of hiss-PhaM in pET28, the desired base substitutions
in PhaM were inserted by site-directed mutagenesis PCR with corresponding primers. Then
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PCR products were incubated with restrictase Dpnl (degrades only methylated DNA) and
transformed into E. coli DH5a. The insertion of the mutation was verified by DNA sequencing.
All verified the constructs were subsequently transformed into expressing strain E. coli BL21
DE3 pLys, pET28a and stored as glycerol stocks at -70°C.

Table 2: Primers

Primer name

Primer sequence

strep-PhaCA°_fwd

strep-PhaC*_rev
PhaC“-strep_fwd
PhaC*“-strep_rev

1_PhaM_D41A_fwd
1 _PhaM_D41A_rev
2_PhaM_D43A_fwd
2_PhaM_D43A_rev
3_PhaM_D44A_fwd
3_PhaM_D44A_rev

4_PhaM_D46A_fwd

4_PhaM_D46A_rev
5_PhaM_D51A_fwd

5_PhaM_DS51A_rev

6_PhaM_D43A, D44A_fwd
6_PhaM_DA43A, D44A_rev
7_PhaM_D44A, D46A_fwd
7_PhaM_D44A, D46A_rev
8_PhaM_D41A, D43A, D44A, fwd
8_PhaM_D41A, D43A, D44A, rev
9_PhaM_D41A, D43A, D44A, D46A_fwd
9_PhaM_D41A, D43A, D44A, D46A_rev
10_PhaM_AS0P_fwd
10_PhaM_A50P_rev

11_PhaM_I70P_fwd

11_PhaM_I70P_rev

ggaattccatatgtggtcacatccgeagtttgaaaaaggatcageaatggcgac
cggcaaag
cccaagcttttagcgtgtcaggtcttccatcatg

ggaattccatatggcgaccggeaaaggegeggeag

cccaagcttttatttttcaaactgcggatgtgaccatgetgatccgegtgtcaggt
cttce

ggtcgtcgagggccatcggegge
gccgecgatggecctegacgace
cttgtcgaggtcggegaggtecatcgg
ccgatggacctcgecgacctcgacaag

gegcettgtcgagggegtegaggtecat
atggacctcgacgecctcgacaagege

ggcaatgegettggegaggtegtcgag
ctcgacgacctcgecaagegeattgec
aagcgcattgcecgecectgaaggeegtg
cacggccttcagggeggcaatgegett
gcgcttgtcgagggeggegaggtceatcgg
ccgatggacctcgeegecctcgacaagege

gcaatgegettggegagggcgtcgaggteca
tggacctcgacgecctegecaagegeattge

gcttgtcgagggeggcgagggecatcggeggc
gcegecgatggecectegecgecctcgacaage
caatgcgcttggegagggeggcgagggecatcggeggc
geegecgatggecectegeecgecctcgecaagegeattg

cgacctcgacaagcgcattcccgacctgaa
ttcaggtcgggaatgegcttgtcgaggtcg

ttccaggecctggggggtggtgcgeage
gctgegeaccaceccecagggectggaa

Overexpression and purification

Each culture was cultivated with respect to the required conditions of specific overexpression
strain E. coli. Expression of His-tagged proteins was induced by the addition of 0.1 mM IPTG
(isopropyl-B-D-thiogalactopyranoside) at an ODgoo= 0.6 for overnight at 26 °C and 150 rpm in
contrast with strep-tagged proteins expression of which was induced by 0.1 % (wt/vol)
rhamnose directly after 1 to 20 inoculation of the main culture for overnight expression at 26 °C
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and 150 rpm, except overexpression strain E. coli BL21(DE3) p 4782.1 strep-PhaC-N terminus
which was induced for 5 hours at 30 °C.

After cultivation, bacterial cells were harvested by centrifugation and disrupted by French press
(3 passages). Subsequently, bacterial suspension was ultracentrifuged (35 000 rpm, 45 min,
4 °C). His-tag PhaC, his-tag PhaM and his-tag PhaM*“ were purified on Ni-NTA agarose
column with a bed volume of 4 mL that was equilibrated with 10mL of buffer A with 20mM
imidazole. Then, each solution of buffer was loaded on the column and eluted by mobile phase
containing a gradient of imidazole described in Table 3.

Table 3: Required volumes of buffer A (with imidazole for protein purification.

Step Concentration imidazole in buffer A* Volume [mL]
1 20 mM 15

2 50 mM 10

3 100 mM 2

4 200 mM 2

5 250 mM 4

6 400 mM 4

“Buffer A: 55 mM NaH,POs, 300 mM NaCl, pH 8.0

After all, all parts of different fractions were mixed with denaturation buffer (5 min/95 °C),
cooled down on the ice for 2min and loaded into wells of SDS polyacrylamide gel (12 %) and
run on SDS-PAGE electrophoresis at 25 mA. All SDS-PAGE gels were stained with Colloidal
Coomassie Blue G-250 (see Fig. 1).

10pM 1pM  1pM 10pM 10 uM 1pM 1pM 10puM 10puM 1pM

75 kDa -

48 kDa -
35kDa -

28 kDa -

L

Figure 1: SDS-PAGE of the purified proteins strepPhaC’‘, Hiss-PhaC, Hiss-PhaM, strep-PhaM and
Hiss-PhaC* loaded in two concentrations 1 and 10 uM.

Whereas, Strep-tagged proteins, such as strep-PhaM and strep-PhaC¢ were purified by 0.2 mL
strep-Tactin gravity flow column that was equilibrated with two CVs (column bed volumes)
and washed five times with 1 CV each time of buffer W (100 mM TRis/HCI, 150 mM NacCl,
pH= 8.0, 1 mM EDTA). Subsequently, Strep-PhaC?“ was eluted with 3 applications (1 CV
each) of elution buffer (100 mM biotin). Then, part of each fraction was also mixed with
denaturation buffer (5 min/95 °C), cooled down on the ice for 2 min and loaded into wells of
SDS polyacrylamide gel (12%) and separated by SDS-PAGE electrophoresis at 25 mA. All
SDS-PAGE gels were stained with Colloidal Coomassie Blue G-250 (see Fig. 1).
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Subsequently, proteins were purified from imidazole and other low-molecular weight
molecules by size exclusion chromatography (120 mL bed volume, Superdex 200) and
exchanged against 10 mM TRis/HCl (pH=8), 250 mM NaCl buffer. Purified proteins were
concentrated via ultrafiltration and then used directly for subsequent analyses.

Cross-linking

For in vitro cross-linking studies different mixtures of Strep_PhaC2¢ (10 uM) and
Hiss_ PhaM2 (10 uM) were prepared in 20 mM potassium phosphate buffer with 5% glycerol
(pH = 7.5) and incubated on ice for 30 min. Then, 0.5 pL of a freshly prepared glutaraldehyde
solution was added. Thereafter, the samples were incubated at 37 °C. After 5 min, the reactions
were stopped by addition of 1 uL of 1M Tris/HCI buffer (pH = 8). SDS denaturation buffer was
added to each elution and analysed by SDS-polyacrylamide gel electrophoresis and stained by
colloidal Coomassie Brilliant Blue G-250.

Size exclusion chromatography and multi light-scattering (SEC-MALS)

Analytical size exclusion chromatography (SEC) coupled to multi angle light-scattering
technique (MALS, Wyatt Technology Corp.) was used to determine the molecular masses of
Hiss_PhaM, Hiss_PhaM“€, Hiss_PhaC and its complexes of these proteins. The measurements
were done on a micro-Akta chromatography system (GE Healthcare) at laboratory temperature
with a flow of 0,5 mL/min in buffer composed of 10 mM Tris-HCI (pH=8.0), 250 mM NacCl.
MALS analysis were achieved by SEC Superose 6 Increase column (10/300 GL, GE
Healthcare, Solingen, Germany) which was calibrated using the gel filtration calibration kit
LMW and HMW (GE Healthcare, Solingen, Germany) according to manufacturer’s
instructions. Fractions (0.5 mL) were collected manually and controlled by SDS-PAGE. To
analyze the molecular weight, micro-Akta was connected to downstream MALS using
miniDawn Treos system (Wyatt) combined with an Optilab T-rEX, (Wyatt, Dernbach,
Germany) refractometer. The molecular masses were calculated by software ASTRA 7 (Wyatt
Technology, Dernbach, Germany).

Bio-layer interferometry

The determination of interaction between Hise_PhaM (26.5 kDa) and strep_PhaC2¢ (22.2 kDa)
and between Hise_PhaM2¢ (24.1 kDa) and strep_PhaC¢ was performed employing Bio-layer
Interferometry (BLI) using an Octet K2 system (Fortébio Molecular Devices (UK) Limited,
Wokingham, United Kingdom). All the experiments were performed in buffer 10 mM Tris-HCl
(pH=8.0), 250 mM NaCl. The association reactions were performed with various Strep-PhaC*¢
(0.008—1 uM) while Hiss_PhaM (11.1 uM) or Hiss_PhaM*€ (24.5 uM ) was used as ligand and
bound to Ni-NTA sensor tips (Fortébio Molecular Devices (UK) Limited, Wokingham, United
Kingdom) followed by a 60s baseline measurement. Subsequently, the tip was incubated for
180 sec in the Strep-PhaC”C analyte solution to observe the association and in the buffer to
record dissociation. To prevent false-positive results, sensor tips, which were not loaded with
Hise_PhaM were also used in the measurement. The assay was terminated by dissociation step,
which took place 300 s. After each use, the biosensors were regenerated by 10 mM glycine
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(pH=1.7) and 10 mM NiCl> as manufactures recommendations proposed. The response in
equilibrium (Req) was calculated using the Data Analysis Software of the Octet System.

Crystallization of strep-tag PhaC¢ and His-tag PhaM“‘ proteins and its complex

Crystallization of the purified proteins strep-tag PhaC 2, His-tag PhaM “€ and its complex was
performed with commercially available crystallization screens Structure Screen 1 and 2
(Molecular Dimensions) using the hanging drop vapor-diffusion method at laboratory
temperature. The most important was purity and high concentration, in the case of strep PhaC
A€ we could not achieve a higher concentration than 3 mg/mL because of spontaneous
precipitation. In the case of his PhaM “€, the used concentration was 8,8 mg/mL. Crystallization
of complex was performed in the protein to one ratio. Each experiment consisted of mixing
1 uL of protein solution (10 mM Tris-HCI, pH =8, 250 mM NaCl) with 1 pL of reservoir
solution and then equilibrating the mixture against 0.5 mL of the reservoir solution. The
experiments are still running and observed every week till now.
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Polyhydroxyalkanoates (PHA) are microbial polyesters which accumulate as intracellular granules in numerous
prokaryotes and mainly serve as storage materials; beyond this primary function, PHA also enhance the ro-
bustness of bacteria against various stress factors. We have observed that the presence of PHA in bacterial cells
substantially enhances their ability to maintain cell integrity when suddenly exposed to osmotic imbalances. In
the case of the non-halophilic bacterium Cupriavidus necator, the presence of PHA decreased plasmolysis-induced
cytoplasmic membrane damage during osmotic up-shock, which subsequently enabled the cells to withstand
subsequent osmotic downshock. In contrast, sudden induction of osmotic up- and subsequent down-shock re-
sulted in massive hypotonic lysis of non-PHA containing cells as determined by Transmission Electron
Microscopy and Thermogravimetrical Analysis. Furthermore, a protective effect of PHA against hypotonic lysis
was also observed in the case of the halophilic bacterium Halomonas halophila; here, challenged PHA-rich cells
were capable of retaining cell integrity more effectively than their PHA-poor counterparts. Hence, it appears that
the fact that PHA granules, as an added value to their primary storage function, protect halophiles from the
harmful effect of osmotic down-shock might explain why PHA accumulation is such a common feature among
halophilic prokaryotes. The results of this study, apart from their fundamental importance, are also of practical
biotechnological significance: because PHA-rich bacterial cells are resistant to osmotic imbalances, they could be
utilized in in-situ bioremediation technologies or during enrichment of mixed microbial consortia in PHA pro-
ducers under conditions of fluctuating salinity.

Introduction partially damaged by plasmolysis, sudden hypotonic shock usually re-

sults in so called hypotonic lysis, which is accompanied by destruction

The osmotic strength of the environment is one of the crucial phy-
sical parameters which determine the capability of bacteria to survive
and grow in a given habitat. Increase in extracellular osmolarity in-
duces transport of water from the bacterial cells, which results in de-
hydration of cytoplasm and damage to the plasma membrane when
massive plasmolysis occurs [1]. Sudden subsequent exposure of osmo-
tically challenged cells to a hypotonic environment induces rapid
transport of water into the cells, accompanied by an increase in their
volume. Since the plasma membrane of the bacterial cells is at least

of the structure of the challenged microbial cell [1,2]. Rapid fluctua-
tions in extracellular osmolarity is a common feature of numerous en-
vironments, and bacteria have developed various strategies how to cope
with hypertonic and hypotonic conditions [3]. The most common
strategy is biosynthesis or accumulation of osmolytes under hypertonic
conditions and their subsequent release under hypotonic conditions
[4,5]. Under the latter, osmolytes as well as other intracellular solutes
and water are released by so called “mechanosensitive channels”, which
are, to some extent, able to protect bacterial cells from losing their

Abbrevations: CDM, cell sry mass; CFU, colony forming units; GC-FID, gas chromatography equiped with flame ionization detector; PHA, polyhydroxyalkanoates;
MS, mineral salt medium; PBS, phosphate buffer saline; TEM, transmission electron microscopy; TGA, themogravimetric analyzer
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integrity under osmotic down-shock [6,7].

Polyhydroxyalkanoates (PHA) are microbial polyesters, which ac-
cumulate as intracellular granules in numerous prokaryotes [8]. These
materials serve primarily for internal storage of carbon and energy, but
their biological function is far more comprehensive; it has been recently
summarized that PHA enhance cell robustness and resistance of bac-
teria against various stress factors [9]. For example, the presence of
PHA in bacterial cells influences water efflux from bacterial cells, which
protects them against damage caused by intracellular ice formation
during freezing [10]. Moreover, PHA monomers generated by the PHA
metabolism are potent chemical chaperones, which protect enzymes
and other biological molecules from the harmful effects of oxidative
pressure and high temperature [5]. In addition, PHA also scatters UV
irradiation, thus providing UV-protective function [11]. Finally, we
have recently reported that PHA protect non-halophilic bacteria against
adverse effects of osmotic up-shock by reducing the level of plasmolysis
and membrane damage in challenged cells [12]. Moreover, a potential
complex osmo-protective effect of PHA is indirectly evidenced by the
fact that numerous halophiles including extremely halophilic Archea
such as Haloferax mediterranei [13], Halogeometricum borinquense [14],
or Natrinema ajinwuensis [15], which are capable of accumulation of
substantial amounts of PHA [16]. Here we aimed at evaluating a po-
tential protective effect of PHA for both non-halophilic and halophilic
bacterial cells when exposed to sudden osmotic down-shock.

Materials and methods
Microorganisms

The PHA-producing bacterial strains Cupriavidus necator H16 (CCM
3726) and Halomonas halophila CCM 3662 were obtained from the
Czech Collection of Microorganisms, Brno, Czech Republic. The PHA
non-producing mutant strain Cupriavidus necator PHB-4 (DMS-541) was
obtained from the Leibnitz Institute DSMZ-German Collection of
Microorganism and Cell Cultures, Braunschweig, Germany.

Cultivations, hyperosmotic and hypo osmotic challenges

The cultivations were performed in Erlenmeyer flasks (volume
250 mL) containing 100 mL of particular cultivation media. To obtain
PHA-rich phenotypes of the tested PHA accumulating strains, nitrogen-
limited Mineral Salt (MS) cultivation medium supporting PHA accu-
mulation was used [17]. Composition of MS medium for C. necator is
described elsewhere [12]. For H. halophila, fructose was replaced by
glucose in the MS medium, and 66 g NaCl per 1 L was added to induce
hyperosmotic conditions required by this strain. When low intracellular
PHA content was required, complex nitrogen-rich media were used. In
this case, C. necator was cultivated in complex Nutrient Broth medium
(10 g peptone, 10 g beef extract, 5 g NaCl per 1 L of distilled water). The
composition of complex medium used for Halomonas halophila was: 15 g
peptone, 3 g yeast extract, 66 g NaCl, and 1 g glucose in 1 L of distilled
water.

The flasks were inoculated with 5 mL of the overnight culture of the
individual strain grown in particular complex media. The cultivations
were performed for 72 h at 30 °C under constant shaking (180 rpm) in a
rotary incubator. When the cultivation was completed, the biomass
concentration was measured gravimetrically and the PHA content in
cell biomass was analyzed by GC-FID as reported previously [18];
subsequently, the cells were exposed to osmotic challenges.

Cells of C. necator H16 and C. necator PHB-4 were harvested by
centrifugation (5000 x g, 5min), washed with phosphate buffer saline
(PBS; pH 7.4, 50 mM), centrifuged again and exposed to various con-
centrations of NaCl - 0, 50, 100 and 200 g/L of phosphate buffer. After
exposure to hyperosmotic conditions (2h at 30 °C), the cells were se-
parated by centrifugation and exposed to subsequent osmotic down-
shock induced by re-suspension in deionized water, and incubation

130

New BIOTECHNOLOGY 49 (2019) 129-136

under permanent shaking for 1h at 30 °C. Osmotic down-shock chal-
lenge exerted on H. halophila cells consisted of separation of the cells
from cultivation media by centrifugation (5000 X g, 5min) and sub-
sequent replacement of cultivation media by deionized water.
Thereafter, the prepared cells were subjected to analysis as described
below.

Determination of cell viability

Cell viability of C. necator cultures after osmotic challenge was as-
sessed by flow cytometry (Apogee A50, Apogee, GB) using a membrane
integrity assay employing propidium iodide staining. The protocol de-
scribed in [19] was employed.

The number of viable cells (CFU per mL) for H. halophila before and
after osmotic down-shock challenge was determined by standard dilu-
tion plating assay on Petri dishes with complex medium agar, where the
colonies were counted after 48 h of incubation in thermostat at 30 °C
(three replicates).

Thermogravimetric and Transmission electron microscopy (TEM) analysis of
bacterial cells

For qualitative and quantitative analysis of the dehydration of
bacterial cells after cultivation and/or osmotic challenge, a thermo-
gravimetric (TGA) analyzer Q5000 (TA Instruments) was used. Prior to
the TGA analysis, the dispersion of the bacterial culture was centrifuged
(5min, 14,800 rpm) and the supernatant was discarded. Approximately
15 mg of the remaining cell suspension was weighed on the aluminium
TGA pan. In the TGA analyzer, the pan with sample was heated in-
stantantly to 70 °C and the weight of the sample was continuously re-
corded at this temperature for 40 min. After that, the temperature was
further raised to 200 °C and the sample was held at this temperature for
another 10 min to determine its dry mass. Every sample was measured
in at least three replicates; for each measurement, a fresh bacterial
culture was prepared. In order to determine critical water contents,
analyses of thermograms were performed according to [20]. In this
experimental aproach, the loss of water is attributed to the specific
intracellular or extracellular region. More details on the data analysis
approach are presented in the Results section.

Samples of the challenged and non-challenged bacterial cultures
were visualized using Transmission Electron Microscope JEOL 1010
following the protocol described in our previous reports [12,17].

Results
Viability assay of osmotically challenged cells of C. necator

Various cultures of C. necator with different PHA content were ex-
posed to osmotic up-shock induced by 200 g/L NaCl followed by sudden
subsequent osmotic down-shock by replacement of NaCl-rich buffer by
deionized water. After this substantial osmotic imbalance challenge, the
total number of bacterial cells as well as the ratio of viable/dead cells
was determined by flow cytometry and compared with non-challenged
cultures. The results are demonstrated in Fig. 1.

The highest overall mortality, accompanied by considerable de-
crease of cell numbers caused by massive hypotonic lysis of the cells,
was observed for the PHA-free culture of C. necator PHB-4. In this case,
only 2% of the cells of the original population were capable of main-
taining cell integrity when exposed to subsequent osmotic up- and
down-shock. Among these non-disrupted cells, 20% were evaluated as
non-viable. A very similar effect of osmotic challenge was observed in
C. necator H16 cultivated in nitrogen-rich medium, which resulted in a
PHA content of 1.6% of cell dry mass. In this case, the total number of
cells after complete osmotic challenge (up- and down-shock) fell to
7.5% of its original value, and the proportion of non-viable cells in the
challenged culture was about 43%. In contrast, when PHA-rich cells of
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Fig. 1. Results of viability assay performed by flow cytometry. Comparison of
number of detected cells (viable vs. dead) in 1 pL for the control and osmoti-
cally challenged (up & down shocked) cells of C. necator H16 cultivated in
mineral medium (A), C. necator H16 cultivated in nutrient broth medium (B)
and for C. necator PHB-4 cultivated in mineral medium (C).

C. necator H16 cultivated in nitrogen limited medium (PHA content of
74% of cell dry mass) were exposed to rapid and massive changes in
external osmolarity, no decrease in cell counts caused by hypotonic cell
disruption was observed, and the proportion of dead cells was about
30%. These data indicate that the presence of intracellular PHA gran-
ules protected bacterial cells from adverse effect of rapid fluctuations in
external osmolarity.

Thermal analysis of challenged bacterial cells of C. necator

Isothermal thermogravimetry was used primarily to monitor os-
motically induced changes in intracellular water content and to reveal
possible effects of altered cell integrity of the osmotically challenged
cells on the rate of transmembrane movement of intracellular water
during the drying process. The method of determination of intracellular
water content based on the isothermal TGA was originally designed by
Uribelarrea et al. [20], who proposed that in the drying rate curve,
when plotted as a function of the residual mass of the cells (or residual
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water content), individual stages of the drying process (i.e., drying of
extracellular and intracellular water, respectively) can be distinguished
as they are represented by respective curve sections with different curve
trends. Thus, the critical water content, i.e., the water content at which
the drying rate curve suddenly changes its course, represents the mo-
ment when a change in the mechanism of the drying process occurs.

The results of isothermal drying TGA analysis performed for all
tested C. necator species at 70 °C are shown in Fig. 2. In Fig. 2a, an
example of a raw thermogram (residual mass of the sample as a func-
tion of time) is shown for C. necator H16 cultivated in mineral (i.e.,
nitrogen limited) medium. In all drying rate curves (shown in Fig. 2b-
d), residual water content is represented as g of water per g of cell dry
mass (determined as residual mass reached during the post-drying step
at 200 °C). Fig. 2b shows the drying kinetics of C. necator H16 cultivated
in nitrogen limited medium (black curve) at different stages of the os-
motic challenge. The drying rate curve shown for the osmotically non-
challenged cells (black) displays the typical three-stage dependency
described and explained in [20,21]. The first stage (I.- IL.) is char-
acterized by a sudden increase in the drying rate as the sample equi-
librates at the drying temperature in TGA analyzer. The next stage (II. —
III.) represents evaporation of extracellular water. The drying rate
(water loss per time) during this stage is almost constant as the process
reflects loss of free (i.e., unbound) water from surface. At the critical
water content, represented by point III. in the drying rate curve, the
drying rate begins to decrease rapidly as the more tightly bound surface
water and the intracellular water begins to evaporate. This critical
water content represents the main quantitative outcome of the iso-
thermal TGA drying analysis.

From the comparison of drying rate curves of reference C. necator
H16 strain with the osmotically up-shocked sample, it is evident that
the cell dehydration, induced by the hyperosmotic conditions, man-
ifests itself in significant decrease of the critical water content in the
drying rate curve. Similar shifts in the critical water content at hyper-
osmotic conditions were found also in the case of C. necator strains with
minor content of PHA, i.e., for C. necator H16 strain cultivated in ni-
trogen-rich medium and also for the PHA-free mutant strain C. necator
PHB-4 (see Fig. 2c, d). It is evident that for both strains the absolute
value of critical water content is significantly higher compared to PHA
accumulating strain H16. This applies for the unchallenged as well as
for the osmotically up-shocked cells, and is clearly attributed to great
increase in cell dry mass caused by accumulated PHA in C. necator H16
cultivated in nitrogen-poor medium.

The most interesting differences between the three tested C. necator
cultivation setups were found when the bacteria were first subjected to
osmotic up-shock in NaCl-rich medium and then transferred to deio-
nized water. This sudden hypoosmotic shock resulted in strongly dif-
ferent behavior of PHA containing cells compared to cells with minor or
no PHA content. C. necator H16 strain with a high content of PHA in the
cells hydrated to some extent as it is represented by a shift of critical
water content to a higher value. The critical water content of the os-
motically challenged PHA containing cells was always lower compared
to the reference (unchallenged cells). This could indicate a change in
barrier properties of the cell membranes or in cell ultrastructure, but
the actual reason of this irreversibility of hyper/hypo osmotic challenge
in the behavior of PHA accumulating cells cannot be revealed without
further experimental study. Completely different drying rate curves
were measured for PHA-free cells. It is evident that the drying rate
curve of C. necator PHB-4 after the osmotic up- and down-shock lost the
typical three-stage shape. There was no critical water content where a
sudden change in the drying kinetics could be observed. This indicates
that there is no barrier effect remaining which would make a difference
between the rate of loss of water from inside and outside the cells.
However, it is very likely that this change in the shape of the drying rate
curve is a consequence of osmotically induced membrane damage and
loss of cell integrity. A similar, though less profound, trend was found
also for low PHA content in C. necator H16 cells (see Fig. 2¢). In contrast
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Fig. 2. Results of isothermal thermogravimetry presented as an example of raw thermogram for C. necator H16 after cultivation in mineral medium (A) and as
individual series of drying rate curves for C. necator H16 cultivated in mineral medium (B), C. necator H16 cultivated in nutrient broth medium (C) and C. necator
PHB-4 cultivated in mineral medium (D), respectively. In graphs (B) — (D), drying rate curves are shown for fresh cells after cultivation (black), for cells after
hyperosmotic treatment in 200 g/L NaCl (red) and after additional hypoosmotic treatment in deionized water (violet). For comparison, drying rate curve for
hypoosmotically challenged cells without previous hyperosmotic step are also shown (blue). Drying rate curves are offset for clarity.

to the PHA-free C. necator PHB-4 strain, the drying rate curve of this low
PHA content strain maintained the concave shape. Nevertheless, it can
be seen that the critical water content disappeared as the initially rather
detached drying of intracellular and extracellular water are over-
lapping. For greater clarity of the changes in the drying curve induced
by the osmotic up- and down-shocks, the results are shown also in the
normalized form in supplementary material (see Figure Sla-c). Beyond
the results shown in Fig. 2, an influence of the extent of hyperosmotic
challenge was also tested. For this purpose, the osmotic up-shock of the
C. necator cultures was performed with differently concentrated NaCl
solutions (50, 100 and 200 g/L NaCl, respectively). The results show
that the higher the NaCl concentration during the hyperosmotic treat-
ment, the more pronounced were the negative impacts on the drying
rate curves of C. necator cultures with low or no PHA content after their
subsequent hypoosmotic treatment in deionized water (see Figure S1

d-f).

Transmission electron microscopy (TEM) of osmotically challenged cells of
C. necator

In order to explain the changes in water transport (drying) behavior
of osmotically challenged cells revealed by thermogravimetry, mor-
phological changes induced by individual steps of the osmotic challenge
were observed by TEM for all tested C. necator cultures (see Figs. 3 and
4 and Fig. S2 in supplementary material). As can be seen in Fig. 3, no
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lethal changes in cell morphology were found for PHA accumulating
cells; osmotic up-shock caused only mild plasmolysis in these cells.
Furthermore, significant coalescence of PHA granules resulting from
the high osmolality was also confirmed, which may indicate a negative
effect of the osmotic up-shock on the physiological state of the granule
bound proteins. As demonstrated for the first time by the present study,
no additional negative impacts on cell morphology of previously up-
shocked PHA containing cells were revealed after the subsequent hy-
poosmotic challenge. On the contrary, severe harmful effects caused by
the osmotic imbalances were observed in cells of non-PHA accumu-
lating C. necator cultures. As can be seen in Fig. 4, osmotic up-shock of
C. necator PHB-4 resulted in massive plasmolysis. Furthermore, as
previously discussed [12], not only the total extent but also some in-
teresting qualitative differences were found for the plasmolysis of up-
shocked PHA accumulating and non-accumulating cells, respectively.
Contrary to the symmetrical plasmolysis observed for PHA containing
cells, both cultures cultivated with no or low content of PHA showed
highly asymmetric formation of periplasmatic space accompanied by
the formation of endocytotic vesicles in some bacterial cells and the
formation of tubular structures and Scheie structures as described by
[22]. In some cells, “hole-like” structures (reminiscent of incompletely
formed endocytotic vesicles) randomly distributed in the outer volume
of bacterial cell cytoplasm were observed. This asymmetric plasmolysis
caused severe damage to the cytoplasmic membrane, as it was further
confirmed by the subsequent osmotic down-shock of the cells. It can be
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Fig. 3. TEM micrographs of C. necator H16 observed under different magnifications after cultivation in mineral medium (A - C), after hyperosmotic treatment in
200 g/L NaCl (D-F) and after additional hypoosmotic treatment in deionized water (G-I). Mild plasmolysis (1) and coalescence of PHB granules (2) is labeled in the

pictures.

seen in Fig. 4 and S2 that PHA non-accumulating cells, after combined
subsequent osmotic up- and down-shock, showed numerous aspects of
cell damage. First, massive leakage of the cytoplasm was confirmed for
PHA non-containing cells after their exposure to osmotic down-shock.
Numerous cells were observed only as depletive cell envelopes. In the
other cells, massive plasmolysis was maintained and the compact, but
seriously deformed cytoplasmatic space was observed. In case of C.
necator H16 culture cultivated in nitrogen-rich medium (see Figure S2),
even in this medium some of the cells accumulated a significant amount
of PHA. In agreement with general comparison of PHA accumulating
and non-accumulating cultures exposed to suddenly induced hypotonic
conditions, these individual PHA containing cells revealed much less
intense negative impacts of fluctuation of osmolality on the cell mor-
phology. The results of TEM confirmed conclusively that the different
drying behavior of PHA accumulating and non-accumulating cells is a
result of damage of the cell membrane caused by the fluctuation in
osmolality. When the osmolality is suddenly increased and decreased,
PHA containing cells are able to maintain cell integrity to a much
greater extent compared to cells without PHA.

The effect of osmotic down-shock on the halophilic bacterium Halomonas
halophila

In previous experiments, it was confirmed that for the non-halo-
philic bacterium C. necator, presence of PHA in the cells provides a
protective effect against the harmful impacts of sudden osmotic im-
balances. To test whether this protective effect can be observed also for
halophilic bacteria, the above introduced methodology was used in the
study of hypoosmotic challenge of Halomonas halophila. Previously, this
halophile was proposed as a promising candidate for biotechnological
production of PHA [17]. To be able to reveal an influence of the PHA
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presence, H. halophila was cultivated in parallel in mineral and in
complex cultivation media. In mineral medium, a high intracellular
content of PHA was accumulated (up to 82%, see [17]), while in
complex medium, only a low amount of PHA was detected (approx.
4%).

The hypoosmotic challenge of the PHA accumulating and non-ac-
cumulating cells was introduced by transferring them from their op-
timal osmolality (provided by 66 g/L NaCl to deionized water. The in-
itial focus was on viability of the cells after the down-shock. Flow
cytometry was found to be inappropriate for the determination of cell
viability/mortality, because it was experimentally confirmed that the
staining of the cells with propidium iodide is not efficient under the
conditions of high salinity necessary for the tested bacteria. As an al-
ternative experimental approach, analysis of colony forming units
(CFU/mL) was employed. By this technique, a far higher mortality was
revealed for osmotically down-shocked culture with low PHA content
than for the PHA accumulating organisms. While for the PHA accu-
mulating culture CFU decreased by one order of magnitude (from 10° in
control to 10® in down-shocked sample), the decrease in CFU was
several times higher for the non-accumulating culture (from 10° in
control to 10%).

Again, the results of thermal analysis confirmed the differences in
drying behavior of H. halophila cultures with high and low PHA content,
respectively. In Fig. 5 it can be seen that the cultures from mineral
medium (high PHA content) maintained the typical profile even after
osmotic down-shock. On the other hand, it can be seen that the drying
rate curve for the down-shocked bacteria cultivated in complex medium
(low PHA content) appears different. First, even if the sampling was
similar to other cultures, it can be seen that the drying rate curves
started at much higher relative weight content of water (see the inset in
Fig. 5). This is because the sediment obtained by centrifugation of the
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-> deionized water

Fig. 4. TEM micrographs of C. necator PHB-4 observed under different magnifications after cultivation in mineral medium (A - C), after hyperosmotic treatment in
200 g/L NaCl (D-F) and after additional hypoosmotic treatment in deionized water (G-I). Severe plasmolysis (1) and leakage of the cytoplasmatic content (3) is

labeled in the pictures.

T ¥ T ¥ T Y T ¥
—— MM control
—— MM downshock
—— CM control
CM downshock

normalized drying rate (wt%/min)

]

T

3
relative weight content (g, ... /9,.)

Fig. 5. Isothermal drying curves for H. halophila cultivated in mineral medium
(blue: control, violet: osmotic down shock provided by treatment in deionized
water) and in complex medium (black: control, dashed red: osmotic down shock
provided by treatment in deionized water).

down-shocked culture with low PHA content contained significantly
lower dry mass compared to all other tested samples (about 5wt. %
compared to at least 20 wt. % for all other C. necator and H. halophila
samples). Furthermore, the drying rate remained similar and in-
comparably high (5-10 times, not seen in the normalized curves shown
in Fig. 5) almost all along the drying process. This indicates that H.
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halophila cells with low PHA content may be substantially damaged by
the hypoosmotic challenge and that the drying process therefore occurs
without any observable effect of the cell residues on the rate of the
water loss. This assumption was further confirmed by TEM results,
where the severe damage of the H. halophila cells cultivated in complex
medium can be clearly observed (see Fig. 6). Similar to down-shocked
PHA-free C. necator cells, a high number of hypoosmotically challenged
H. halophila cells are observed as empty cell envelopes, which indicates
fatal damage of the plasma membrane. Again, a higher presence of PHA
granules in the cells provided significant protection against this mor-
phological harm.

Discussion

Prokaryotes are known to have extreme adaptability to various
stress conditions. Fluctuations in external osmolarity belong among
very common environmental stress factors associated with numerous
habitats. For instance, during dry or rainy periods, soil bacteria are
repeatedly exposed to osmotic up- and down-shocks [1]. Further, some
microorganisms are also capable of adapting to constant high salt
concentrations. So called “halophiles” inhabit naturally salty environ-
ments, extremely halotolerant microorganisms are even able to survive
and prosper at NaCl concentrations reaching values of saturated salt
solution [23].

Apart from well described protective strategies to cope with osmotic
imbalances (such as an accumulation or excretion of compatible so-
lutes), which are exhaustively reviewed for instance by [1,23], there
are reports that accumulation of intracellular PHA granules also sub-
stantially increases survival rate of bacteria when exposed to osmotic
up-shock challenges [24-26]. We have recently investigated the pro-
tective effect of PHA granules for the non-halophilic bacterium C.
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Fig. 6. TEM micrographs of the halophilic bacterial strain H. halophila cells after cultivation in mineral medium (A-C) and complex medium (G-I), respectively. Both
cultures were kept at optimal osmolality provided by 66 g/L NaCl solution. Same cultures after hypoosmotic shock provided by treatment with deionized water (G-I
and J-L for H. halophila cultivated in mineral and complex media, respectively).

necator when exposed to osmotic up-shock. Surprisingly, osmotic up-
shock induced by NaCl did not initiate PHA hydrolysis to provide
carbon and energy covering expenses of stress response [12]. Never-
theless, since PHA represent about 30 vol. % of bacterial cells cytoplasm
[27], almost water-free PHA granules act as hydrophobic scaffolds
which substantially reduce level of cytoplasm shrinkage as a con-
sequence of cell dehydration, which caused substantially lower degree
of plasmolysis. Moreover, PHA granules as a result of their “liquid-like”
properties probably partially repair and stabilize cell membranes by
plugging small gaps formed by plasmolysis. Therefore, PHA rich cells
demonstrated a considerably lower level of cytoplasmic membrane
damage than PHA non-accumulating mutant cells when exposed to
hyperosmotic conditions [12]. Hence, it seems that PHA represents an
important metabolite, which significantly contributes to robustness of
bacterial cells against osmotic up-shock.

To complete knowledge on PHA's role in protective effect against
osmotic fluctuations, this work aimed at evaluating their protective
function under subsequently applied hypotonic conditions. The results
clearly indicate that a capability of PHA accumulation and intracellular
PHA content are important parameters protecting non-halophilic bac-
teria exposed to hypotonic shock. Survival rate of PHA-rich C. necator
H16 (PHA content of 74% of CDM) exposed to osmotic challenge was
much higher than that of PHA non-accumulating mutant C. necator
PHB-4 or PHA-poor C. necator H16 cells cultivated in complex medium
(PHA content about 1.6 wt. % of CDM) (see Fig. 1). Moreover, results
obtained by TGA (Fig. 2) and TEM analysis (Figs. 3,4,5) demonstrated
that the presence of PHA granules in bacteria is essential for them to
maintain cell integrity when suddenly confronted with hypotonic con-
ditions. In other words, presence of PHA granules in non-halophilic
bacterial cells considerably decreases their susceptibility to hypotonic
lysis. The main reason could be a much lower level of cytoplasm
membrane damage in PHA-rich cells caused during the first step of
complex osmotic challenge - osmotic up-shock. When cells are
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subsequently suddenly exposed to hypotonic conditions, PHA-rich cells
with less or even non-damaged cytoplasmic membranes are capable of
maintaining cell integrity via the action of appropriate pumps and
mechanosensitive channels. In contrast, PHA—free cells or cells with low
PHA content are unable, due to plasmolysis induced membrane da-
mage, to compensate/control water influx and inevitably lose their cell
integrity. As far as we are aware, this is the first report describing and
explaining the protective role of PHA in non-halophilic bacterial cells
facing hypotonic shock, since all previous works focused on exposure of
mesophilic bacterial cells to hypertonic conditions [12,24-26]

Furthemore, using H. halophila as model halophilic strain, it was
also demonstrated that the presence of PHA granules has beneficial
consequences for the tested halophilic strain when exposed to sudden
and massive osmotic down-shock. Generally, halophiles are micro-
organisms adapted to high salt concentration, therefore, in case of ha-
lophiles, hyperosmotic conditions do not induce plasmolysis, hence,
they do not cause any harm to the cells. In particular, H. halophila be-
longs to the moderate halophiles, which are known to accumulate or-
ganic osmolytes to compensate osmotic imbalance in extracellular and
intracellular space under hyperosmotic conditions. Intracellular con-
centration of these solutes can reach up to several moles per liter [28].
As a consequence of high intracellular concentration of osmolytes, ha-
lophiles are much more prone to a hypo-osmotic damage as compared
with non-halophilic microorganisms. Since hydrophobic PHA granules
represent a substantial portion of the intracellular volume, the total
amount of osmolytes per cell will be considerably lower in PHA-rich
cells. Furthermore, it is very likely that presence of PHA granules, due
to their capability to protect bacterial cells from massive plasmolysis,
reduces intracellular concentration of osmolytes. Therefore, we hy-
pothesize that the protective effect of PHA for halophilic bacteria is a
result of decreased amount of osmolytes in PHA-rich bacteria; never-
theless, we are aware of the fact that this hypothesis needs further
experimental verification.
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Regardless of the actual protective mechanisms, the results clearly
indicate that presence of PHA granules helps cells when suddenly ex-
posed to hypoosmotic conditions. It should be noted that the experi-
ment in which halophiles were quickly transferred from high salinity
conditions to deionized water does not correspond to the real en-
vironmental situation, since the sudden and massive changes in osmo-
larity are uncommon for most habitats. Nevertheless, less dramatic but
still very important and frequent changes in osmolarity are common
features of many ecological niches [23]. Therefore, it seems that the
fact that PHA granules, as an added value to their primary storage
function, protects halophiles from harm effect of osmotic down-shock
might be the reason why PHA accumulation capability is such a
common feature among halophilic prokaryotes.

The fact that PHA-rich cells are more resistant to osmotic fluctua-
tions than their PHA-poor or non-accumulating counterparts is not only
of scientific interest, but may also have practical biotechnological sig-
nificance. Naturally PHA accumulating bacteria such as members of the
genera Pseudomonas or Cupriavidus are frequently used in in-situ bior-
emediation technologies [29-32]. The fact that presence of PHA in
bacteria enhances their robustness not only against osmotic imbalances
but also other common stress factors could be considered during in-
oculum preparation, which could be operated to reach desired high
amounts of PHA in bacterial biomass. Moreover, consideration of the
fact that PHA-rich cells are more resistant to osmotic imbalances could
be used when enriching microbial consortia in PHA accumulating
strains. Thus, when PHA are produced by mixed microbial consortia,
enrichment processes based on application of “feast-famine” cycles are
usually employed. This strategy is based on the asumption that PHA
accumulating cells are capable to survive famine periods better than
bacteria unable of PHA accumulation [33,34]. Therefore, based on our
experimental experience and observation, we suggest that application
of subsequent series of osmotic up- and down-shock could be used as
alternative or additional strategy to enrich mixed consortia in PHA
accumulating strains.
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Abstract

Polyhydroxyalkanoates (PHA) are storage polymers accumulated by numerous prokaryotes in form of intracellular granules. Native
PHA granules are formed by amorphous polymer which reveals considerably higher elasticity and flexibility as compared to
crystalline pure PHA polymers. The fact that bacteria store PHA in amorphous state has great biological consequences. It is not
clear which mechanisms protect amorphous polymer in native granules from transition into thermodynamically favorable crystalline
state. Here, we demonstrate that exposition of bacterial cells to particular stressors induces granules aggregation, which is the first
but not sufficient condition for PHA crystallization. Crystallization of the polymer occurs only when the stressed bacterial cells are
subsequently dried. The fact that both granules aggregation and cell drying must occur to induce crystallization of PHA indicates
that both previously suggested hypotheses about mechanisms of stabilization of amorphous state of native PHA are valid and, in
fact, both effects participate synergistically. It seems that the amorphous state of the polymer is stabilized kinetically by the low rate
of crystallization in limited volume in small PHA granules and, moreover, water present in PHA granules seems to function as
plasticizer protecting the polymer from crystallization, as confirmed experimentally for the first time by the present work.

Keywords Polyhydroxyalkanoates crystallization - Intracellular granules - Stress conditions

Introduction

Polyhydroxyalkanoates (PHA) are polyesters produced and ac-
cumulated by numerous microbial strains in the form of gran-
ular cell inclusions. Although it is generally accepted that PHA
serve primarily as a carbon and energy storage materials, it was
reported repeatedly that presence of intracellular PHA provides
a variety of additional beneficial functions when a microorgan-
ism faces adverse conditions; in this context, numerous exper-
imental reports have demonstrated that the capability for PHA
biosynthesis and degradation also substantially enhances the
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survival of bacteria when exposed to various physical stress
conditions including high temperature (Wang et al. 2009;
Zhao et al. 2007), freezing and thawing cycles (Obruca et al.
2016a; Pavez et al. 2009), low temperatures (Nowroth et al.
2016), osmotic up-shock (Obruca et al. 2017), oxidative pres-
sure (Kadouri et al. 2003; Obruca et al. 2016b; Koskiméki et al.
2016), or exposure to UV irradiation (Slaninova et al. 2018).
The unexpected universality of the protective effects of PHA,
either from the viewpoint of a wide range of different applied
stress factors or from the perspective of a vast variety of micro-
bial genera for which the protective effect of PHA against these
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stressors was confirmed, led to the currently recognized opinion
that the presence of PHA granules has numerous biological and
biophysical consequences, which, in a synergistic way, enhance
the overall fitness and robustness of PHA-containing cells.
Even more interestingly, it was demonstrated by several authors
that some of these protective effects are not associated with
mobilization of PHA, but simply with the presence of PHA
granules in the cells per se (Obruca et al. 2018).

From the material point of view, PHA chains are of highly
hydrophobic nature. Therefore, the granular PHA inclusions
need to be separated from the surrounding aqueous cytoplasm
by the action of cellular constituents with a surfactant-like
behavior. For a long time, this role had been attributed to
phospholipids, which were considered being arranged in a
monolayer on the surface of the granules (Beeby et al.
2012). Nevertheless, it was revealed more recently that the
granular surface is free of phospholipids and consists only of
proteins, among which the surfactant function is provided
mainly by a special family of granule-associated structural
proteins generally called phasins (Bresan et al. 2016).

The specific molecular structure of PHA also results in a high
degree of crystallinity of the pure polymer at ambient conditions.
However, the intracellularly stored PHA reveal totally different
material properties. The intracellular polymer is amorphous, and
therefore, the polymer chains retain some mobility and flexibil-
ity. The amorphous state of the polymer is not only of crucial
metabolic importance since crystalline PHA are not catabolized
by intracellular PHA depolymerases (Jendrossek 2007); beyond
that, our recent work indicates that amorphous polymer, which is
resembling super-cooled liquids in its mechanical properties, is
also directly employed in some protective effects of PHA gran-
ules against various stressors. For instance, it is likely that amor-
phous PHA granules protect bacteria from damage by extracel-
lular ice during freezing (Obruca et al. 2016a); moreover, we
have observed that amorphous polymer might stabilize cytoplas-
mic membranes stressed by osmotically induced plasmolysis
(Obruca et al. 2017). Furthermore, we observed that exposition
of PHA-positive microbial cells to some particular stressors in-
duces crystallization of the intracellular polymer. Therefore, we
decided to utilize a combination of spectroscopic, morphologi-
cal, and biophysical analyses to investigate stress-induced crys-
tallization of intracellular granules. Surprisingly, apart from stress
response-related aspects of PHA crystallization, our results also
shed light on mechanisms keeping native intracellular granules
in thermodynamically non-stable amorphous state.

Materials and methods
Materials and microorganisms

The PHA-producing bacterial strain Cupriavidus necator H16
(CCM 3726) was purchased from the Czech Collection of

@ Springer

Microorganisms, Brno, Czech Republic; the PHA negative
mutant Cupriavidus necator PHB ™ (DMS-541) was obtained
from the Leibnitz Institute DSMZ-German Collection of
Microorganism and Cell Cultures, Braunschweig, Germany.
Cultivation was performed in nitrogen-limited Mineral Salt
(MS) medium, which supports PHA accumulation. The partic-
ular composition of MS medium was as follows: 1 g
(NH4),SO,4, 1 g KH,POy, 11.1 g Na,HPO,4 12H,0, 0.2 g
MgSO47H,0, 20 g fructose, 1 mL of microelement solution,
and 1 L of distilled water. The composition of microelement
solution was as follows: 9.7 g FeCl;, 7.8 g CaCl,, 0.156 g
CuS04-5H,0, 0.119 g CoCl,, and 0.118 g NiCl, in 1 L of
0.1 M HCI. Erlenmeyer flasks (total volume 250 mL) contain-
ing 100 mL of MS medium were inoculated with 5 mL of an
overnight culture of C. necator H16 grown in complex Nutrient
Broth medium (10 g peptone, 10 g beef extract, 5 g NaCl per
1 L of distilled water). The cultivations were performed for 72 h
at 30 °C under constant shaking (180 rpm) in a rotary incubator.
After 72 h, the cultivation was finished, and biomass was har-
vested by centrifugation (5000xg, 5 min, the same condition
were kept for all following centrifugation steps), washed with
phosphate buffered saline (PBS; pH 7.4, 50 mM), and centri-
fuged again. The biomass concentration was measured gravi-
metrically and the PHA content of cell biomass was analyzed
by GC-FID as reported previously (Obruca et al. 2013). The
average content of PHA in the biomass after 72 h of cultivation
was 74% of cell dry mass (CDM).

Exposure of the bacteria to various stress factors

The fresh cell cultures were exposed to various adverse envi-
ronmental conditions as follows:

i. Effect of elevated temperature: Centrifuged washed cells
were re-dispersed in phosphate buffer (pH 7.4, 50 mM) in
microcentrifuge tubes (total volume of 2 mL, the same tubes
were used also for all following experiments). The individual
microcentrifuge tubes were then incubated in a water bath
conditioned at 25 °C (control), 50 °C, and 80 °C, respectively.
After 90 min, the tubes were removed from the bath and
allowed to cool down to ambient temperature. Prior to further
analyses, cells were centrifuged again. For each tested tem-
perature, three separate samples were prepared in this way.

ii. Effect of high osmolarity: Centrifuged washed cells were
re-dispersed in NaCl solution (200 g/L) in microcentrifuge
tubes. After exposure to hyperosmotic conditions (2 h at
25 °C), the cells were separated by centrifugation, washed
with phosphate buffer (pH 7.4, 50 mM), and centrifuged
again. Again, the sample was prepared in triplicate.

iii. Effect of freezing/thawing: Centrifuged washed cells
were re-dispersed in phosphate buffer (same as above) in
microcentrifuge tubes. The cell dispersion was then frozen
by incubation at —30 °C for 2 h and subsequently thawed at
25 °C. Individual samples were prepared (in triplicates) for
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one, two, three, and four repeated freezing/thawing cycles (at
—30 °C) and also for five cycles with freezing temperature of
the final cycle changed to — 70 °C.

iv. Effect of pH value: Centrifuged washed cells were re-
dispersed in a solution with pH value adjusted to 1, 2, 3, and 4,
respectively. For the pH adjustment, standard hydrochloric
acid—potassium chloride buffer solutions (0.1 M, pH=1 and
2) and acetate buffer solutions (0.1 M pH=3 and 4) were
used. Samples for individual pH values were prepared in trip-
licate. After exposure to acidic conditions (2 h at 25 °C), the
cells were separated by centrifugation.

For all prepared samples (control sample and the samples
exposed to different environmental challenges), the number of
viable cells (CFU per mL) was determined by standard dilu-
tion plating assay on Petri dishes with complex medium agar,
where the colonies were counted after 48 h of incubation in
thermostat at 30 °C (three replicates per setup).

Infrared spectroscopy-assisted analysis of the cell
drying

The infrared spectra of the cell dispersions were recorded with a
Nicolet iS50 FTIR spectrometer (Thermo Scientific). All mea-
surements were taken at ambient temperature (in air-
conditioned room) on the built-in single-reflection diamond
attenuated total reflectance (ATR) crystal. For time-resolved
measurement, a small drop (approximately 5 pL) of the centri-
fuged cell dispersion was placed directly on the surface of the
ATR crystal and the data collection using Omnic Series data
collection software was started. While the water was freely
evaporating from the cell dispersion, the FTIR spectra were
collected in regular time intervals. The individual absorption
spectrum was collected every 10 s as an average of 8 scans with
resolution 1 cm ™' over the duration of the data collection (at
least 150 min). For the time monitoring of water content and
crystallinity of PHA, raw absorption spectra were evaluated
without any correction. For investigation of structural changes
in cell proteins, the envelope Amide I absorption band was
further evaluated by deconvolution into individual overlapping
component bands attributed to particular structural motifs.
Positions of the overlapping bands were determined by second
derivative methods. The deconvolution of the sharp band
assigned to C=0 and C—N stretching in Amide I region
(1700-1600 cm ") was made by fitting the experimental enve-
lope band by the summation of seven calculated Gaussian com-
ponents using non-linear fitting tools of the Origin 8.1 software.

Transmission electron microscopy of the bacterial
cells

Samples of the control and challenged bacterial cultures were
visualized using the Transmission Electron Microscope
(TEM) JEOL 1010. Individual samples (approximately

0.2 pL) in a special carrier were frozen in a high-pressure
freezer (Leica EM Pact II) and transferred under liquid nitro-
gen into a freeze substitution unit (Leica EM AFS) with 2%
osmium tetroxide in water-free acetone used as a substitution
solution. The substitution protocol was as follows: first, sam-
ples were kept at —90 °C for 96 h. Then, the samples were
slowly warmed up to — 20 °C at a heating rate 5 °C per hour.
At this elevated temperature, the samples were kept for 24 h,
before the temperature was further increased to 4 °C with a
heating rate 3 °C per hour. The samples were kept for 18 h at
4 °C before being finally warmed to room temperature.
Subsequently, the samples were washed three times in anhy-
drous acetone (exposure time 15 min) and then infiltrated and
embedded with Polybed resin (SPI). Three different acetone-
to-resin mixtures (volume ratios 2:1, 1:1, and 1:2) were used
sequentially; each setup was embedded for 1 h and then dried
overnight in pure embedding media in desiccator evacuated
by connection to the water pump. Polymerization was initiated
by heating to 62 °C and proceeded for 48 h. Ultrathin sections
were cut using an Ultracut UCT ultramicrotome (Leica) with a
diamond knife (Diatome, cutting angle of 45°). Sections were
transferred onto 300 Mesh copper grids and stained with ura-
nyl acetate and lead citrate solutions.

Results
FTIR analysis of sample dehydration

Figure 1a shows the temporal development of FTIR spectra of
the centrifuged dispersion of the control sample, i.c., of the
intact (non-stressed) C. necator H16 cells. In the spectra, dry-
ing of the sample is connected with decreasing intensity of the
characteristic vibration bands of water molecules, in particular
in the spectral regions centered at around 3300 cm™'
(stretching modes, depicted as 1 in Fig. 1), 1640 cm ™' (bend-
ing modes, marked with arrow ibid), and at the spectral edge
below 1000 ¢cm ™! (rocking band, marked with arrow ibid.). In
Fig. 1b, it can be seen that the dehydration of the sample can
be clearly monitored and the completion of the dehydration is
easily identified in time-resolved 2D ATR-FTIR spectrum.
Therefore, any structural changes in the cell which are observ-
able in the spectrum (such as the crystallization of PHA) can
be chronologically related to the dehydration process (whether
it precedes, accompanies or follows on the dehydration).

FTIR analysis of stress-induced PHA crystallization

The same method of ATR-FTIR analysis was applied also for
the cell cultures exposed to various stress factors. In all cases,
the main aim of the experiment was to evaluate the effect of
the stress factor on the susceptibility of originally amorphous
intracellular PHA to crystallize in situ. For the evaluation
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Fig. 1 Results of the ATR-FTIR analysis of the free drying of control
C. necator H16 sample. (a) Time development of the ATR-FTIR spectra
collected from the start of the experiment (¢=0, blue curve) in 10 min
intervals (=10 to 150 min, grey spectra) till the last shown spectra
collected at =160 min (red curve). Characteristic vibration bands for
water are marked with arrows. (b) 2D time-resolved ATR-FTIR spectrum
clearly illustrated the time needed for the completion of the dehydration
of the sample (approx. 65 min)

purposes, several characteristic vibration bands were selected
according to the previously published reports on phase transi-
tion of PHA (Porter and Yu 2011a; Hu et al. 2007) involving
also one vibration band representing the content of water in
the sample and also the Amide I band, which enables observ-
ing the structural changes in proteins. The selected bands are
summarized in Table 1.

Crystallization of PHA imprints mainly in the spectral re-
gion which is shown in detail in Fig. 2. In this figure, a com-
parison of time-resolved FTIR spectra collected after dehydra-
tion of the sample is shown for the control culture (non-
stressed C. necator culture, Fig. 2a) and for the cell suspension
incubated at 80 °C for 90 min prior to ATR-FTIR measure-
ment (Fig. 2b). While for the control sample the characteristic
bands of PHA in the region 1000—1800 cm™' do not show any
significant changes in the course of the experiment (only the
further dehydration of the sample is visible), changes in spec-
tra of the heated sample can decidedly be attributed to the
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partial crystallization of PHA. First of all, the originally sym-
metrical vibration band characteristic for carbonyl stretching
in polyesters deforms with a significant red shift in its maxi-
mum (see the peaks marked 2 and 3 in Fig. 2 and Table 1).
Furthermore, new vibration peaks appear at about 1278 and
1227 cm™ " as a result of crystallization (marked 6 and 7 ibid.).
Finally, intensity of C—O—C stretching band at 1180 cm
(marked 8 in Fig. 2 and Table 1) drops as the content of
amorphous PHA decreases. Among the vibration bands relat-
ed to PHA, symmetric deformation of methyl groups is not
affected by the crystallization process; therefore, the peak cen-
tered at 1382 cm ' (marked 5 ibid.) was used as an internal
reference to scale the spectra before the further analysis.

The results of the FTIR-assisted drying of stressed
C. necator H16 cultures are summarized in Fig. 3. In this
figure, the scaled absorbance values (relative to the absor-
bance at frequency of the reference peak) versus time are
shown for all the above discussed characteristic vibration fre-
quencies of PHA and also for the frequency 3300 cm ™' (water
in sample). In Fig. 3a, it is shown that for the control sample
the relative absorbance at all the PHA-related characteristic
frequencies remains almost constant after the sample is
completely dehydrated (depicted as stage II. in the figure).
On the contrary, the results of drying of samples incubated
at 50 °C and 80 °C (see Fig. 3b, c) show completely different
time courses. It can be clearly seen that for both the samples,
after the dehydration step (stage 1.), PHA in the sample re-
mains amorphous for a certain time period (stage I1.) and, after
this time lag, the crystallization occurs (stage II1.). Moreover,
it can be seen that the impact of crystallization on the spectra is
more pronounced when a higher incubation temperature is
used and that among the selected vibration bands, those at
frequencies 1719 and 1227 cm™' seem to be the most sensi-
tive, while those at 1734 and 1180 ¢cm ! are least sensitive to
the crystallization process.

The same evaluation method was utilized also for other
types of stresses exerted on the C. necator H16 culture. In
Fig. 3d, it can be seen that freezing of the sample exposed to
—30 °C followed by thawing and heated to the ambient tem-
perature did not show any observable signs of PHA crystalli-
zation. Moreover, similar results were obtained also when the
culture was subjected to the freezing and thawing repeatedly
(up to 4 repetitions) and when the freezing temperature was
lowered from — 30 to — 70 °C (data not shown). According to
these results, neither repeated freezing nor thawing provides
any negative effects on the intracellular state of PHA.

On the contrary, osmotically up-shocked C. necator H16
cells (the culture exposed to 200 g/L NaCl, see Fig. 3e) show
significant spectral signs of PHA crystallization. Interestingly,
contrary to the samples exposed to elevated temperature, the
osmotically induced crystallization process begins immediate-
ly after the sample dehydration without any observable lag
period. Again, PHA crystallization manifests mainly via
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Table 1 Characteristic vibration

frequencies selected for further Peak Wavenumber Assignment Purpose
analysis no.
1 3300 cm! Water (O—H stretching) Monitoring of the sample dehydration
2 1734 ¢cm™' Amorphous PHA (C=0 stretching) Detection of the PHA crystallization
3 1719 ¢cm™! Crystalline PHA (C=0 stretching) Detection of the PHA crystallization
4 1700-1600 cm™'  Amide I (amide C=O stretching) Protein denaturation study
5 1382 ¢cm™! CH; symmetric deformation Reference peak (spectra scaling)
6 1278 cm™! Crystalline PHA (—-CH, wagging in Detection of the PHA crystallization
C—C-0O backbone)
7 1227 cm™ Crystalline PHA (asymmetric Detection of the PHA crystallization
C—C-O stretching in helical chains)
8 1180 cm ! Amorphous PHA (asymmetric Detection of the PHA crystallization

C—O-C stretching)

increase in the newly emerging peaks at 1278 and 1227 cm '
and by the red shift of the carbonyl vibration peak to about
1719 cm ™.

The last tested stress factor applied on the C. necator H16
culture was the acidic pH value induced by acetate buffer
(pH = 3 and 4) or by hydrochloric acid (pH = 1 and 2), respec-
tively. In general, no effect on the state of intracellular PHA
was found for acetate buffer induced pH =3 and 4. In Fig. 3f,
results of the time-resolved FTIR show obvious crystallization
at pH=1. In this case, the time lag typical for the
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Fig. 2 In situ detection (time-resolved ATR-FTIR spectroscopy) of
changes in PHA crystallinity in the cells after dehydration of the sample.
Detail on spectral region with characteristic PHA vibration bands (1800—
1000 cm™"). Blue curve represents spectra collected at = 60 (blue dashed
line in the 2D spectrum), red curves stands for =150 min (red dashed
line in the 2D spectrum), gray curves show time development of spectra

crystallization induced by the elevated temperature is seen
again. For pH =2, similar trends with just less intensive signs
of crystallization were obtained (data not shown).

To properly understand the results of the time-resolved
FTIR experiments (results provided in Figs. 1, 2, and 3), it is
important to realize that at the beginning of the experiment,
when the cells are still suspended in the residual water, the
infrared signal is predominated by the water (as can be clearly
seen in Fig. 1). Then, in the early stage of the experiment, two
processes take place simultaneously: (i.) PHA-containing cells

1600 1400 1200 1000
wavenumber (cm™?)

1600 1400 1200 1000
wavenumber (cm™)

between 60 and 150 min in 10-min intervals. (a) Drying of the control
(non-stressed) culture of C. necator H16. No significant changes in char-
acteristic vibration bands of PHA are observed. (b) Drying of the
C. necator H16 culture previously incubated at 80 °C for 90 min. Main
changes in spectra related to PHA crystallization are marked with arrows
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Fig. 3 Time development of
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settle down onto the ATR crystal and (ii.) the residual free
water in the sample evaporates. Both processes, proceeding
with different rates, imprint in the collected infrared spectra.
As the more biomass gradually settle on the ATR crystal,
intensities of the corresponding infrared bands increase. On
the other hand, as the free water evaporates from the surface of
ATR crystal, the background absorption of water (with the
highest absorption intensity centered at around 3300 cm ',
1600 cm™ ' and below 1000 cmfl) decreases. Therefore, in
the early stage of the measurement when the free water is still
present in the sample, the infrared signal of the biomass is
influenced by this changing background absorption of water.
Furthermore, different absorption bands of the biomass are
affected to the different extent because of the dissimilar over-
lapping with the water absorption signal. It is also evident
from Fig. 3 that the time dependence of the changes in the
PHA-related bands follows the changes in absorption of water
at 3300 cm ', To summarize, changing intensity of the scaled
(relative to absorbance at 1382 cm ') absorption bands of
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PHA in the drying period does not stand for changes in the
PHA crystallinity. Rather, they represent inevitable spectral
artifacts related to the sample drying.

Apart from PHA-accumulating strain C. necator H16, we
have performed the same set of experiments also with its PHA
negative mutant C. necator PHB *: the results are demonstrat-
ed in Supplementary Materials as Fig. S1 — Fig. S6.

In addition, time-resolved ATR experiment with the isolat-
ed granules was also performed and the results are shown in
Supplementary Materials (see the results shown in Fig. S7 —
Fig. S9). It is evident that the spectral changes assigned to the
crystallization of PHA in the cells are present as well when the
isolated granules are used. But unlike in the intact PHA-
containing cells, in the case of the isolated granules, polyester
crystallizes already during (not after) the drying step. This
confirms that the isolation procedure may significantly influ-
ence the mechanisms of stabilization of the polymer against
crystallization and therefore, it is not possible to compare sta-
bility of the granule in in vivo and ex vivo state.
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Protein denaturation assay by deconvolution
of Amide | band

It is well documented in published reports (Arrondo et al.
1993; Byler and Susi 1986) that the Amide I vibration band
centered at about 1650 cm ™ is sensitive to changes in second-
ary and tertiary structure of proteins. Therefore, the Amide I
band was further analyzed in order to reveal any observable
effects of applied stress factors on the structure of bacterial
proteins. For this purpose, deconvolution of the spectra of
individual dehydrated samples was performed in the wave-
number range 1700-1600 cm . First of all, frequencies of
individual overlapping components were determined via
Fourier self-deconvolution method. Subsequently, the spec-
trum was fitted by the cummulative function consisting of
the respective Gaussian component peaks. Figure 4 shows
three examples of the decovolution results: non-stressed
control sample (Fig. 4a) and samples exposed to elevat-
ed temperature (80 °C, Fig. 4b) and high osmolarity
(200 g/L NaCl, Fig. 4c), respectively.

From the rough comparison, the differences in the overall
shape as well as in the composition of the Amide I band are
obvious. In the next step, basic motifs of protein secondary

(a)
1650 1638

S
s
@
o
c
©
£
2
el
©

: : z :

1700 1680 1660 1640 1620 1600
wavenumber (cm")

T T T T
(b)
3
s
[0}
o
c
&
Qo
S
17
&
®

% 1676
Il ! } 1

1700 1680 1660 1640 1620 1600
wavenumber (cm™)
Fig. 4 Example of deconvolution of Amide I band in C. necator H16

(blue: measured spectrum, grey: deconvolution components, red:
cummulative fitting spectrum) for (a) control sample, (b) sample

structure were assigned to particular fitting components ac-
cording to the table shown in Fig. 4d (Goormaghtigh et al.
1990; Susi and Byler 1986). In this way, the representative
changes in the secondary structures of cellular proteins in-
duced by particular stress conditions were revealed. Results
of this protein structure assay are shown in Fig. 5. The pro-
vided data represent results of deconvolution of the last col-
lected spectra from the particular drying experiments present-
ed in Fig. 3. It can be seen that, related to the control sample,
all the stress-exposed cultures show decrease in overall pro-
portional representation of ordered structures (x-helices and
[3-sheets), whereas the content of partially (turns and bands) or
totally disordered structures increases. In particular, for the
sample incubated at 80 °C, the content of unordered protein
chains emerged most significantly at the expense of
destroying mainly the o-helical polypeptide motifs. On the
other hand, for osmotically and acidically challenged samples,
the decrease in ordered motifs was balanced by structures
more equally distributed between turns and bands and the
unordered ones. Finally, for the repeatedly frozen and thawn
samples (only the result for 4th cycle of freezing/thawing is
shown), the representation of ordered and disordered struc-
tures were similar as with the control sample.
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(d) peak assigned
position structure

1689 — 1680 cm™
1679 — 1670 cm™
1669 — 1660 cm™
1659 — 1650 cm™
1649 — 1640 cm™
1639 - 1620 cm™

turns and bands
B-sheet

turns and bands
a-helix
unordered

B-sheet

incubated in 200 g/L NaCl solution, and (¢) sample incubated at 80 °C.
Assignement of individual components to various protein secondary
structures is described in table (d)

@ Springer



Appl Microbiol Biotechnol (2019) 103:1905-1917

1912
70
60 M a - helix @B — sheet
50 Oturns and bands  Ounordered
o 40
<
o\o 30
20
10
5 |1
X
S & 5 3 2
& @ < & &
ey & (&7 &’ &
v & X Q
& o S &
& BN > x@
g &
AN

Fig. 5 Proportional representation (in % of peak area) of various
secondary structures in C. necator H16 proteins according to
deconvolution of Amide I band. (freeze/thaw: culture exposed to
4 cycles of freezing and thawing; osmotic stress: culture incubated in
200 g/L NaCl solution; acidic stress: culture incubated at pH =1; high
temperature: culture incubated at 80 °C)

Viability of cells after the stress exposure

Cell viability was assayed by comparing the numbers of cul-
tivable cells (CFU/mL) in samples prior to (control sample)
and after the exposure to the applied stress factors. Results are
shown in Fig. 6. It is evident that among the selected stress
factors, elevated temperature (80 °C) and strongly acidic con-
ditions (pH =1) show the most fatal effect on cell viability
(CFU drops by more than five orders of magnitude). Only
the results for extreme values of these two stress factors are
shown; nevertheless, it was confirmed that the adverse effect
decreased with decreasing the stress dose (the lower tempera-
ture, i.e., 50 °C and the less acidic pH, i.e., 2—4, was applied,
the higher cell survival was detected; data not shown). On the
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1E+07 +
1.E+06 +
1.6405
1.E404
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Fig. 6 Survival (plating viability test) of non-stressed C. necator H16
cells (control) and of the cells exposed to different stress factors.
(freeze/thaw: culture exposed to 4 cycles of freezing and thawing; osmot-
ic stress: culture incubated in 200 g/L NaCl solution; acidic stress: culture
incubated at pH = 1; high temperature: culture incubated at 80 °C). Errors
bars represent standard deviation of the 5 parallel samples
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other hand, the cell survival was significantly higher for sam-
ples exposed to repeated freezing and thawing and also to high
osmolarity (results of viability assay for the osmotically up-
shocked C. necator H16 are in good agreement with our pre-
viously published data (Obruca et al. 2017)).

Cell morphology assay using TEM

As was reported in our previous works (Obruca et al. 2017),
stress challenge of C. necator cells is often accompanied by
significant changes in cell morphology. In order to reveal
morphological changes induced by particular involved stress
factors, TEM analysis of the control sample and the chal-
lenged cells was involved in the study (results are shown in
Fig. 7). The assay confirmed some of the morphological con-
sequences of the stress experiments, which were already de-
scribed. For example, osmotic challenge resulted in wrinkling
of the outer layer of the cell envelope and plasmolysis as was
reported previously (Obruca et al. 2017). Similar changes in
cell surface were found also for frozen cells and for those
subjected to acidic pH values (plasmolysis is depicted as 2
in Fig. 7). Furthermore, hyperosmotically challenged cells al-
so show extraordinary granules-associated behavior, where
the liquid-like state of PHA results in the leakage of PHA into
the cytoplasm (depicted as 3 in Fig. 7). It was hypothesized
that this phenomenon could play an important role in
protecting the cells from the harmful impacts of hypertonic
environment (Obruca et al. 2017).

Nevertheless, the most important outcome of the morpho-
logical assay is represented by the finding that all the stress
factors except for freezing (see Fig. 7d) of the sample resulted
in more or less pronounced coagulation of initially separated
PHA granules (depicted as 1 in Fig. 7). This seems to be a
general stress-induced phenomenon. Furthermore, as can be
seen from comparison of cultures exposed to elevated temper-
ature (50 °C and 80 °C), it is likely that the extent of the
coagulation is affected by the dose of the stress factor.
Whereas the cells exposed to 50 °C preserve some of the
granules separated, in case of exposure to 80 °C, the granules
in the cells form nearly single aggregates occupying almost
the entire cell volume. Data dealing with image analysis of
the TEM results and distribution of the granule sizes in
non-stressed and challenged bacterial cells are provided in
Supplementary Materials as Fig. S10 and Fig. S11. It is
noticeable that the extent to which the coagulation of the
granules was observed is striking in accordance with the
signs of crystallization of PHA as well as with the imprints
of protein structural changes in FTIR spectra. For example,
in the case of (repeated) freezing and thawing of the cells,
little effect on protein structure and cell morphology was
found (with no granule coagulation). At the same time,
FTIR measurement revealed no signs of the PHA crystalli-
zation after the sample dehydration.
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Fig. 7 Results of TEM analysis
of C. necator H16 control culture
(a) and cultures incubated at

50 °C (b), 80 °C (c), —30 °C (d),
200 g/L NaCl (e), and pH=1 (f),
respectively (scale bar = 1 um). In
the micrographs, coagulation of
PHA granules (depicted as 1), cell
plasmolysis (depicted as 2) and
special PHA structures related to
granule leakage into cytoplasm
reported in (Obruca et al. 2017)
(depicted as 3) are marked with
arrows

Discussion

The surprising fact that native intracellular PHA granules are
formed in a thermodynamically unfavorable amorphous form
of the polymer was discovered in 1986 by NMR study on the
methanol utilizing Methylobacterium AM1 (Bonthrone et al.
1992). It should be noted that amorphous PHA reveals
completely different mechanical properties as compared to
its crystalline form. For instance, when poly(3-
hydroxybutyrate) (PHB) is extracted from bacterial cells, it
quickly crystalizes, which substantially reduces its flexibility.
Extracted and purified PHB possesses an elongation to break
of about 4% (Sudesh et al. 2000). On the contrary, native
amorphous intracellular granules reveal behavior of super-
cooled liquids, which can be best demonstrated by Cryo-
SEM pictures of freeze-fractured PHB rich bacterial cells
(Fig. 8). Despite the fact that the bacterial cells were frozen
and fractured at very low temperature (— 140 °C), the PHA
granules retained high flexibility and formed so called needle-
like plastic deformations demonstrating elongation to break of
more than 100%.

Unique material properties of native amorphous PHA gran-
ules are not only of scientific interest but have also great

biological impact. At first, intracellular polymer synthesis is
catalyzed by PHA synthase (PhaC) which accepts two sub-
strates into its enzyme pocket: the monomer (3-hydroxyacyl-
CoA) and the growing polymeric chain (Wittenborn et al.
2016, Kim et al. 2017a). The substrates demonstrate binding
affinity to PHA synthase via its N-terminal region (Kim et al.
2017b). It is very likely that amorphous state of the polymer
chain is required for its binding into active site of the PHA
synthase. Furthermore, since PHA serves primarily as a stor-
age polymer, bacterial cells possess a sophisticated system of
enzymes, so called PHA depolymerases (also designated as
PhaZ proteins) catalyzing mobilization of the storage polymer
predominantly when external carbon source is depleted.
Intracellular PHA depolymerases are specific only to the
amorphous form of the polymer and are not capable to cleave
crystalline PHA (Jendrossek 2007; Uchino et al. 2008; York
et al. 2003). Hence, it can be expected that crystallization of
PHA granules prevents their utilization when bacterial cells
are starving and, therefore, depreciates their storage function.
Moreover, the final products of PHA mobilization were re-
cently identified as very potent chemical chaperons protecting
enzymes and other biomolecules from high temperature of
oxidative pressure (Obruca et al. 2016b; Soto et al. 2012).
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Fig. 8 Cryo-SEM images of

C. necator H16 cells suspension
quickly frozen and freeze-
fractured at — 140 °C. (a) Overall
image of fractured tubular sam-
ple. Details on (b) intact cell sur-
faces, (¢) freeze-fracture area with
characteristic needle-type plastic
deformation of PHA granules and
on (d) single deformed PHA
granule. Method used for cryo-
SEM analysis is described in our
previous work (Obruca et al.
2016a).

Hence, impairment of PHA mobilization can have complex
biological consequences. In addition, there are also reports
that liquid-like properties of native amorphous PHA granules
are directly involved in their protective function against vari-
ous stressors. For instance, it was recently hypothesized that
amorphous PHA granules protect bacterial cells from damage
by ice crystals during freezing (Obruca et al. 2016a), or that
liquid-like amorphous PHA granules stabilize cytoplasmic
membranes of bacterial cells exposed to suddenly induced
hypertonic (Obruca et al. 2017) and hypotonic (Sedlacek
et al. 2018) conditions.

Although the origin and importance of the amorphous char-
acter of native PHA granules has been debated extensively in
the literature, the exact mechanism by which the polymer is
protected from spontaneous crystallization in vivo is not yet
completely understood. Two main explanations were pro-
posed: (i) an involvement of intragranular plasticizers such
as water or other low-molecular solutes (Ceccorulli et al.
1992; Choi and Park 2004) and (ii) a chemical-kinetic mech-
anism based on a low rate of crystallization in limited volume
of sub-micron sized PHA granules (Bonthrone et al. 1992; De
Koning and Lemstra 1992). Nevertheless, none of the two
methods provides a consistent agreement with all available
experimental reports.

It is already well evidenced that Fourier transform infrared
(FTIR) spectroscopy represents an advantageous analytical
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tool for an investigation of PHA crystallinity. Porter and Yu
correlated the values of polymer crystallinity determined by
standard DSC technique with those determined by attenuated
total reflectance FTIR spectroscopy (Porter and Yu 2011a) and
then successfully adopted this spectroscopic technique in the
in situ investigation of crystallization kinetics of PHA in
C. necator H16 (formerly known as Ralstonia eutropha) cells
biologically inactivated by storing at highly acidic conditions
(0.2 M sulfuric acid) (Porter and Yu 2011a, b). For all the
samples treated in this way, significant spectral manifestations
of the crystallization were recorded during the sample drying.
The authors also showed that the crystallization kinetics was
altered when the primary acidic slurry was further treated by
heating or pH adjustment. However, as these authors moni-
tored the PHA crystallization only in the cells with the phys-
iological and probably also the morphological state strongly
affected by the applied acidic conditions, it led us to the ques-
tion how the type and extent of the initial stress, adopted on
the cells, influence an initialization and course of the crystal-
lization process.

Our FTIR study indicated that C. necator H16 cells do not
show any PHA crystallization when the non-stressed culture is
dehydrated under ambient conditions. In other words, to in-
duce the crystallization process, the cell culture must be first
subjected to adverse conditions. On the other hand, not all of
the tested stress factors resulted in the crystallization of PHA.
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Combination of the crystallization assay with morphological
study revealed that only the stress factors that had led to the
coalescence of PHA granules induced crystallization of the
polymer. Furthermore, for these stress factors, higher stress
doses (e.g., higher temperature, lower pH) always led to the
more pronounced manifestation of both the coagulation of
granules and the PHA crystallinity. This finding is in very
good agreement with the crystallization model proposed by
De Koning and Lemstra and Bonthrone (Bonthrone et al.
1992; De Koning and Lemstra 1992). According to this mod-
el, the exceptionally low bulk crystallization rate in the sub-
micron-sized granules of a PHA carbonosome results from the
low frequency of spontaneous nucleation in such a limited
volume. Coagulation of the granules enlarges the volume of
the single polymer phase and increases the probability of
spontaneous nucleation. The probable explanation of the gran-
ule coagulation may also be derived from the results of FTIR
assay discussed above. It can be seen that for all the stress
factors, which caused coagulation of granules and crystalliza-
tion of PHA, significant signs of denaturation of proteins can
be observed. Of course, the protein denaturation assay shown
here cannot distinguish the signal of granule-associated pro-
teins from that of residual cell proteins (it was estimated that
the 24 kDa granule-associated phasin represents one of the
predominant proteins in C. necator and accounts for approx.
5% of the total cell protein fraction (Wieczorek et al. 1995));
nevertheless, the agreement between the extent of granule
coagulation and the loss of overall ordered structure in the cell
proteins does not seem to be coincidental. In the prospective
of the currently acknowledged assumption of the surface of
granules being formed by proteins with no phospholipid con-
tent, these results let us suppose that stress-induced structural
changes in phasins suppress their ability to serve as a surfac-
tant, which separates the individual hydrophobic surfaces of
the granules in the hydrophilic cytoplasm, thus preventing
their contact and association. The crucial role of native protein
structure in preventing granules aggregation can be illustrated
by comparison of the results obtained for frozen/thawed cells
as compared to all the other tested stress factors. Repeating
freezing and thawing did not result in detectable changes in
protein structure (Fig. 5) nor in a noticeable aggregation of the
granules (Fig. 7 and Fig. S11).

Nevertheless, another important finding of the FTIR assay
is that the crystallization process has always followed after the
sample dehydration (see Fig. 3). Except for the osmotically
stressed cells, the time lag was usually observed between the
dehydration and crystallization step. This indicates that the
granule coagulation itself is not sufficient for the crystalliza-
tion to proceed. This in turn supports the active role of
intragranular water in plasticizing PHA. It has been experi-
mentally confirmed that the native PHA granules have a re-
sidual water content up to 10% by mass (Mas et al. 1985), and
the plasticizing effect of water on polymers, even those

structurally similar such as poly(vinyl acetate) (Bair et al.
1981), is well known. Lauzier et al. (1992a, b) proposed a
hypothesis that chains of newly biosynthesized PHA, located
in the granule’s interior, are stabilized in the extended [3-
conformation by hydrogen-bonded water, resulting in a mo-
bile amorphous form of PHA incapable of crystallization. This
hypothesis has not been experimentally confirmed yet because
no artificial amorphous form of PHA stabilized only by com-
plexation with water had been prepared so far. Nevertheless,
our results indicate that the plasticizing role of water repre-
sents not the exclusive, but the necessary additional effect
which, in combination with low volume of the native intracel-
lular granules, stabilizes PHA in the mobile amorphous form.

The lag time between the loss of the majority of cytoplas-
mic water and the crystallization process could then represent
the time needed by the intragranular water to leave the gran-
ule. This may also explain the unique behavior of osmotically
challenged cells where no such lag time was observed. From
the morphological analysis (see Fig. 7¢), it was found that in
the osmotically up-shocked cells, integrity of the granule sur-
face is disturbed and, consequently, the PHA polymer “leaks”
from the granules to the cytoplasm. It is likely that, in a similar
way, the rate of passage of water from inside to outside the
granule is increased under this condition.

Furthermore, it should be noted that the fact that exposure to
some stress factors stimulates aggregation of PHA granules
might affect reproduction of the bacterial cells. Since aggregates
are usually situated in the central part of the cells, aggregation
might complicate division of the bacterial cells. Actually, in our
stress challenge experiment (Fig. 6), we observed the lowest
number of cultivable cells in bacterial cultures exposed to
stressors, which strongly induced PHA granules aggregation,
such as high temperature or strongly acidic conditions.

To conclude, the fact that intracellular PHA polymer in
native intracellular granules occurs in a metastable amorphous
form is not only of specific interest from the prospective of
material or polymer science, but it has also numerous impor-
tant biological consequences. We have demonstrated that ex-
posure of bacterial cells to some of the tested stressors induces
granules aggregation and subsequent crystallization of the
polymer when the bacterial cells are dried. Actually, the fact
that both granules aggregation and cell drying must occur to
induce crystallization of PHA indicates that both previously
suggested hypotheses about mechanisms of stabilization of
amorphous state of native PHA are valid and in fact both
effects participate synergistically. The amorphous state of the
polymer is stabilized kinetically by the low rate of crystalliza-
tion in limited volume in small PHA granules; moreover,
intragranular water seems to function as plasticizer protecting
polymer from crystallization. Nevertheless, it is expectable
that some other important contributors to this complex phe-
nomenon are still to be revealed. For example, the importance
of granule-associated proteins in maintaining the granule
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integrity was evidenced by our results, nevertheless, detailed
analysis of the specific structural changes during the stress
exposure should be provided. Moreover, the significance of
the content of monomer units of PHA in PHA-accumulating
cells together with its important biological activity was
discussed in our previous work (Obruca et al. 2016Db).
However, no information is yet available on the concentration
of the monomer and/or oligomers in the granules nor on their
effect on phase transition of the polymer form. Therefore, and
taking into account its widely discussed biological impor-
tance, there remains a lot to be elucidated before finding a
complete answer to the question raised in the title of this paper.
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modynamic study of binary Na3HB-water systems.
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Abstract: Microorganisms have to face to various inconvenient conditions; therefore, they devel-
oped several protective approaches how to protect themselves such as compatible solutes, osmo-
lytes etc. It was already proved that monomer units 3HB which are present in sufficient concentra-
tion in PHA accumulating cells, serve as a chemical chaperones protecting enzymes against heat
and oxidative stress and also as cryoprotectant for enzymes, bacterial cells and yeast. However, the
ability of cells to protect themselves is also strongly dependent on behavior and state of intracellular
water, especially during stress exposure. For better understanding of protective mechanism and
effect of strongly hydrophilic 3HB in solutions at wide range of temperatures, binary phase diagram
of system Na3HB-water in equilibrium and non-equilibrium were constructed. To investigate activ-
ity of water in various compositions of Na3HB-water, three analytical techniques has been used
(dynamic water sorption analysis, LabMaster-aw and sorption calorimetry). Firstly, 3HB proved its
great hydrophilic nature even better than known compatible solutes (trehalose). In combination
with data from differential scanning calorimetry, phase diagrams demonstrated 3HB as highly ef-
fective to depress freezing point making the large amount of non-frozen water (1.35 g water per g
of Na3HB). Therefore, Na3HB represents very effective cryoprotectant which can be widely used

for numerous applications.

Keywords: cryoprotectant; 3-hydroxybutyrate; sorption isotherm; phase diagram; compatible so-
lutes; differential scanning calorimetry; glass transition; non-frozen water

1. Introduction

Natural cryoprotectants (or cryo-protective agents, CPA) have been known since the
19t century when the earliest concepts of cryoprotection were established. Nowadays,
cryobiology belongs to the essential field with high application in biotechnology and mod-
ern medicine where macromolecules, cell components and cells are protected against
freezing and/or desiccation by cryoprotective additives. The presence of CPA stabilizes
the activity of enzymes and enhances glassy state during freezing which is crucial for the
viability of cells. CPA are generally classified as i. penetrating CPA (capable of diffusing
through the plasma membrane) revealing common properties such as low molecular
weight, high solubility, nontoxicity, etc., and ii. non-penetrating CPA which are generally
long-chain polymers, also soluble in water with high osmotic coefficients. This division of
CPA is closely related to the course of freezing, the penetrating CPA which are known as
compatible solutes (e.g. glucose, sucrose, trehalose, glycerol etc.) are efficient for
protection against slow freezing because of their great ability to mitigate damage
considering osmotic changes. On the contrary, non-penetrating CPA (poly(vinyl alcohol),
polyethylene glycol etc.) are suitable for protection against rapid freezing, they act as
dehydrogenation agents for reduction of an amount of intracellular water before cooling.
Thus, the extent of the freeze-induced damage is dependent both on the rate of cooling
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and on concentrations of the intracellular and the extracellular solution, respectively.
Generally, the dependence between the cooling rate and the cell survival is often
expressed as an inverse-U function where the maximum cell survival at optimal cooling
rate sharply falls down on both directions (Figure 1) [1-5]. Furthermore, many of
thepenetrating CPA (e.g. trehalose, ectoin, betaine) often combine the cryoprotection with
a shielding of labile cellular components against other environmental stress factors,
including high temperature [6], oxidative damage [7] and/or extreme pH [8]. The
mechanism of the universal protective performance of these compounds — often reffered
to as compatible solutes or chemical chaperones - is not clearly understood, nevertheless,
it is believed that they are able to stabilize labile biopolymers (e.g. proteins) by affecting
their hydration in the cell [9, 10]. Therefore, revealing how a biomolecule affects activity
of water in aqueous solutions seems to represent an essential step to evaluate or
understand its bioprotective potential.

Solution affects injury Intracellular ice formation

Cell survival

Optimal cooling rate

Slow Rapid
Cooling Rate

Figure 1. Overlap of the two principal freeze-injury mechanisms [4].

Microorganisms employ several approaches on how to protect themselves against
various factors in the environment such as freezing and thawing, starvation, fluctuations
in temperatures, UV exposure etc. One of the protective mechanisms which numerous
strains of bacteria and Archae can use is capability of production and accumulation of
poly(3-hydroxybutyrate) (PHB) in a form of intracellular granules [11]. These PHB gran-
ules had been considered primarily as storage of energy and carbon (from 25 up to 91 %
of cell dry weight), however, nowadays PHB granules belong to the highly investigated
protectants against various stressors such as high temperature, osmotic shock, UV expo-
sure or oxidative pressure etc. [12-14]. Nevertheless, the principle of such a wide range of
protectivity of these compounds is based both on PHB metabolism and unique structural
and physicochemical properties. In numerous cases, PHB monomer 3-hydroxybutyrate
(3HB) plays its role. PHB granules are simultaneously biosynthesized and degraded,
therefore, the metabolism of PHB is called PHB cycle. As a consequence of the PHB cycle,
PHB accumulating microorganisms possess a high intracellular pool of 3HB monomers
[15]. It was found that 3HB serves as a compatible solute protecting bacteria against the
high salinity of the environment [16]. Moreover, it was also observed that 3HB serves as
a chemical chaperone protecting lysozyme and lipase (representing model enzymes)
against heat and oxidative stress [17]. In another report, 3HB was identified as a potential
cryoprotectant for enzymes (lipase), yeast (Saccaromyces cerevisiae) and bacterial cells (Cu-
priavidus necator) [18]. From the fact that PHB and 3HB might be involved in adaptation
of prokaryotes is also indirectly suggested by the fact that numerous PHB producers were
isolated from cold environments such as Antarctic freshwater [19], Antarctic soil [20], the
Baltic Sea [21] or Pangi-Chamba trans-Himalayan region [22] or other polar regions [23].

Hence, in the present work, we aim at investigating the interactions of sodium 3-
hydroxybutyrate (Na3HB), PHB monomer, with water especially at low and subzero tem-
peratures. Understanding of behavior of Na3HB in water solutions is essential not only
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87 for revealing of its cryoprotective potential, it might also contribute understanding of its
88 general protective action for various biomolecules and cells. Apart from its fundamental
89 biological importance, this highly hydrophilic compound offers wide application poten-
90 tial in cryobiology, freeze-preservation of food and other biological materials etc. For the
91 purpose of in-depth analysis of the protective mechanism of Na3HB we decided to con-
92 struct a phase diagram in equilibrium and non-equilibrium of Na3HB-water system. Data
93 were obtained by several techniques such as isothermal sorption calorimetry, differential
94 calorimetry scanning (DSC), dynamic vapor sorption analysis, and resistive and electro-
95 lytic humidity measurement (Novasina water activity meter).
96 2. Materials and Methods
97 2.1. Preparation of samples
98 Sodium 3-hydroxybutyrate (Na3HB) was obtained by Sigma-Aldrich with purity >
99 99.0 % (NT), CAS Number 150-83-4. Before all hydration experiments, Na3HB was dried
100 in the vacuum in contact with 3 A molecular sieves at least 24 hours at room temperature.
101 Samples of various ratios of Na3HB and water were obtained either direct pipetting of
102 water to dried Na3HB or hydrate0d at a controlled relative humidity (RH) in desiccators
103 with saturated salt solution from several minutes to hours at 25 °C; used salts: K2SO4
104 (97.3% RH), KCl (84.34% RH), NaCl (75.29% RH), Mg(NOs)2 (52.89% RH), MgClI2 (32.78%
105 RH).
106
107 2.2. Determiantion of water activity
108 2.2.1. Dynamic vapor sorption
109 For vapor sorption analysis was used dynamic vapor sorption Q5000 SA (TA
110 Instruments, the United States). Dried Na3HB was post-dried for 60 min at 60 °C and
111 isothermally equilibrated 60 min at specific relative humidity and temperature (10; 15; 25;
112 40 °C). Then, method of moisture sorption and desorption was run with 0.5 -5 % of
113 humidity rate.
114 2.2.2. LabMaster-aw
115 The next instrument which measure activity of water is LabMaster-aw (Novasina,
116 Switzerland). Firstly, the machine was calibrated by commercial reusable SAL-T
117 calibration standards. Every value of the activity of water was measured by each sample
118 of Na3HB-water at 25 °C.
119 2.2.3. Sorption calorimetry
120 In the sorption calorimetry experiments, dried samples of Na3HB were loaded into
121 28 mm two-chamber calorimetric cell inserted in a double-twin calorimeter, respectively
122 dried sample was placed in the upper chamber called sorption chamber. The lower
123 chamber was filled in pure water and all measurements were performed at 25 °C. This
124 method provides to the determination of water activity and the partial molar enthalpy of
125 mixing of water.
126
127 2.3. Differential Scanning Calorimetry (DSC)
128 Experiments with Na3HB containing different amounts of water were performed by
129 differential scanning calorimeter (DSC 1 Mettler Toledo, the United States). For calibration
130 of heat flow and temperature, hermetically sealed indium in aluminum pan (mp 156.6 °C;
131 AH = 28.45 J/g) and an empty sealed aluminum pan as a reference were used. As purge
132 gas a dry nitrogen with gas flow 80 mL/min was used.
133 Firstly, samples were loaded into aluminum pan, hermetically sealed and cooled
134 down (10 °C/min) to low temperature depending on which phase transitions we wanted
135 to. In case of measurements related to phase diagram in equilibrium, we set the lowest

136 temperature (-70 °C) in method above phase temperature of glass transition due to
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137 previous optimalization in contrast with set up for phase diagram in no-equilibrium,
138 where the lowest temperature was equal to -90 °C. For instance, the method proceeded as
139 follows from 25 °C into -90°C and held for equilibration time 5 min, after then heated up
140 to 100 °C and cooled down back to low temperature and once more held at this
141 temperature for 5 min. The whole method ran with a scan rate 10 °C/min, however other
142 scan rates (1, 2 and 5 °C/min) were used for samples to extrapolate the endset of melting
143 of ice and melting of anhydrous Na3HB to zero scan rate. To get phase transitions from
144 42 to 65 wt% of Na3HB for phase diagram in equilibrium, scan rate was decreased into
145 limit of device to 0.2 °C/min and equilibration time was half of the hour when tempera-
146 tures were chosen above glass transition temperature. For evaluation, we used only sec-
147 ond scans except measurements with scan rate 0.2 °C/min.

148 3. Results and Discussion

149 It is very unlikely that the recently revealed stabilizing effect of 3HB for biological
150 samples under such fundamentally distinct stress conditions as cryo- and high tempera-
151 tures, or in an oxidative environment, respectively, could be attributed to a single physical
152 or chemical mechanism of protection. On the other hand, it is indisputable that the state
153 of intracellular water plays an essential role under all of these circumstances. Protein sta-
154 bilization by compatible solutes has most often been ascribed to so-called preferential hy-
155 dration phenomenon [1], which combines general colligative decrease of water activity in
156 a solution with a solute-specific preferential binding or exclusion of the solute molecules
157 from the immediate surface of the protein. Thermodynamic model of the preferential ex-
158 clusion of stabilizing solutes from the protein hydration layer was elaborated [24] and,
159 furthermore, a structural concept was proposed which explains the phenomenon based
160 on the structural distinction and different solvent properties of the hydration (“high-den-
161 sity”) and the bulk (“low-density”) water, respectively [25]. The role of water activity is
162 even more obvious wherever the exposure to harmful conditions results in cell desicca-
163 tion. This is provided not only by a high osmolality of the environment, but it also repre-
164 sents a severe harmful consequence of cell freezing under a slow cooling rate, where the
165 formation of extracellular ice concentrates the solutes outside the cells which result in so-
166 called “freeze-dehydration”. On the other hand, cell freezing under higher cooling rates
167 most often results in a cell injury via intracellular ice formation, once again strongly de-
168 pendant on the thermodynamic state of the cellular water. Last but not least, a decrease in
169 water availability is known to be accompanied by disruption of electron transfer systems
170 and with an increased generation of reactive oxygen species resulting in oxidative stress
171 manifestations such as metabolic enzyme inactivation and damage to membrane lipids
172 and/or nucleic acids [26]. Bearing this essential role of water in mind, we decided to per-
173 form a complex study on the thermodynamics of 3HB/water system as an inevitable first
174 step to a better understanding of stabilizing effects provided by 3HB. Two distinct exper-
175 imental strategies were used for this purpose: first, hydration of 3HB was studied using a
176 combination of three different methods of sorption analysis, second, phase transitions in
177 aqueous solutions of 3HB were studied via DSC under equilibrium and non-equilibrium
178 conditions, respectively.

179

180 2.1. Water sorption on 3-hydroxybutyrate

181 Sorption analysis was performed to evaluate the hygroscopicity of 3HB at different
182 hydration levels. Sorption isotherms (water activity as a function of water content in bi-
183 nary 3HB/water systems), determined by three independent analytical techniques at 25°C,
184 are shown in Fig. 2a. Dynamic water sorption analysis (DVS) is a gravimetry technique
185 based on determining the sample weight after its equilibration at a specific level of relative
186 humidity (RH) of the controlled measuring atmosphere. Hereby, a corresponding equilib-
187 rium water contents in the sample are determined for different values of water activity

188 (numerically equals to the relative humidity in % RH divided by 100). The second applied
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189 experimental technique uses an opposite principle, i.e. the values of water activity were
190 determined using commercial electric hygrometer LabMaster-aw (Novasina) for samples
191 prepared with controlled content of 3HB and water, respectively. And finally, the sorption
192 microcalorimetry technique, whose instrumentation and methodology is described in de-
193 tails elsewhere [27], enables simultaneous measurement of both the water activity (rela-
194 tive humidity) and the sample moisture content. Furthermore, as modified calorimetry,
195 this method also provides differential sorption enthalpy as an additional valuable param-
196 eter characterizing the water sorption process.
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197
198 Figure 2. (a) Sorption isotherms for water vapor sorption on 3HB at 25°C determined by Novasina
199 LabMaster, DVS, and Sorption calorimetry respectively. (b) Enthalpy of hydration of Na3HB as a
200 function of water content as measured by sorption calorimetry at 25 °C. (c) Comparison of water

201 vapor sorption isotherms measured by DVS at 25 °C and 40°C, respectively.
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202 Evidently, results of all the three methods are in a great agreement indicating good
203 reproducibility of the water sorption process and they also provide several interesting
204 findings regarding phase behavior in the 3HB/water system. Primarily, the step-wise
205 shape of the isotherm indicates a complex phase behavior with several phase transitions
206 occurring at specific levels of 3HB hydration. Starting from the lowest water content, it
207 can be seen that the dry crystalline 3HB does not uptake any water until the relative hu-
208 midity exceedes a critical level (about 48.5% RH). The low water absorbency of the crys-
209 talline forms of cryoprotectants is neither unexpected nor unique. For instance, while the
210 amount of water absorbed by the amorphous form of trehalose (routinely used cryopro-
211 tective agent) increases almost linearly with RH of the atmosphere [28], the a, a-trehalose
212 starts to absorb a significant amount of water only at RH above 95%. [29]. When exceeding
213 the required limit of water activity, the amount of sorbed water molecules increases to
214 22.5 wt.%. (region L in Fig. 2a). This particular content of water corresponds to two water
215 molecules per one 3HB, the step in the sorption isotherm, therefore, represents the change
216 of crystal form of solid 3HB from anhydrous to dihydrate. Results of sorption calorimetry
217 show that this transition is exothermic (see Fig. 2b). The next region of constant water
218 activity (region II. in Fig. 2a) represents the coexistence of solid 3HB dihydrate and its
219 saturated solution. From the border concentration of this region (about 45,2 wt.% of wa-
220 ter), the solubility of 3HB dihydrate can be determined (54.8 wt.% of 3HB, equivalent to
221 ca 120 g 3HB per 100 g water). The solubility is well comparable with those of a, a-treha-
222 lose (109.6 g per 100 g water at 30°C, [29]. Furthermore, it can be seen in Fig. 2b that the
223 dissolution of dihydrate is endothermic. The final step of the sorption isotherm (region
224 III., above 60% RH) represents water uptake by 3HB solution. In this region, water activity
225 increases with the water content in solution, whereby the activity coefficient (calculated
226 as a ratio of water activity and molar percentage of water in solution) increases from 0.7
227 to 0.9. The value of the activity coefficient lower than 1 confirms the hydrophilic nature of
228 3HB in its aqueous solution. Moreover, the determined water activities are significantly
229 lower than those published for aqueous solutions of other compatible solutes, e.g. treha-
230 lose or sucrose [30].

231 To check the effect of temperature on the vapor sorption on 3HB, DVS analysis was
232 repeated also at 40°C. It can be seen in Fig. 2c that the sorption isotherm shows some
233 similar features but also significant differences as compared to that determined at 25°C.
234 Again, a negligible water uptake on dry crystalline 3HB was observed below 50 %RH (this
235 phenomenon proved to be general as far as we observed it also at temperatures below
236 25°C, data not shown). Furthermore, also the vapor sorption by 3HB solution does not
237 significantly differ, showing only slightly lower hydrophilicity of 3HB (represented by
238 moderately higher activity coefficient of water). On the other hand, only one step change
239 is found in the isotherm suggesting that no transition between different crystal modifica-
240 tions occurs at the higher temperature. Last but not least, the solubility of crystalline 3HB
241 at 40°C increases to 67.1 wt.% of 3HB (167 g 3HB per 100 g water) which is again higher
242 as compared to trehalose (148 g per 100 g water, [29]).

243 To sum up the results of this experimental part, results of the vapor sorption analyses
244 proved the hydrophilic nature of 3HB in the aqueous solution which is at least comparable
245 to, but in some perspectives (solubility, water activity decrease in solution) even better
246 than some well recognized compatible solutes such as trehalose. This represents an origi-
247 nal and important finding which may motivate further research of 3HB as a chemical
248 chaperon and bioprotective molecule, not only with respect to its possible stabilizing role
249 in various biological systems (e.g. in PHB accumulating microorganisms) but also from
250 the view of its potential application in the fields in which stabilization of biological mole-
251 cules is required e.g. cryopreservation of biological samples, food preservation, cosmetics,
252 etc. Apart from this, the study also revealed that 3HB can form, depending on the condi-
253 tions (temperature, relative humidity), at least two different crystalline forms — anhydrous
254 crystal and crystalline dihydrates, respectively.

255 2.2. Phase diagram of 3HB/water in equilibrium
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256 The vapor sorption analysis describes the thermodynamics of 3HB — water systems
257 at temperatures close to physiological optima. Nevertheless, when discussing the actual
258 bioprotective effects (in particular the cryoprotective ones) it is necessary to analyze ther-
259 modynamics of 3HB - water binary systems over a much wider range of temperatures.
260 For this purpose, we performed a DSC analysis of the phase transitions occurring during
261 controlled freezing and thawing of various 3HB-water mixtures. Examples of recorded
262 DSC thermograms and the illustration of their evaluation are shown in Supplementary
263 materials. As the result of this evaluation, onset, peak and endset temperatures were ob-
264 tained as well as the integral heat of the transition (see the example of ice melting peak
265 evaluation in Figure S1a). For samples with a concentration of Na3HB ranging from 6.3 to
266 37.8 wt%, two separate endotherm peaks were observed in the thermograms below 0 °C
267 upon heating (Figure S1b). In this case, the first endothermic peaks belong to the eutectic
268 line where the crystalline hydrates of Na3HB melt, while the second peaks correspond to
269 the melting of ice. On the other hand, thermograms of the samples with a high content of
270 Na3HB (from 72.4 to 81.6 wt%, Figure Slc) are featureless until about 30°C where they
271 show a dominant peak corresponding to melting of solid 3HB hydrates and a minor peak
272 shifted to a higher temperature attributed to melting of anhydrous Na3HB ( marked with
273 the red arrow in Figure S1d).

274 To provide a complete overview of the equilibrium phase behavior of binary 3HB-
275 water systems, results of DSC and the vapor sorption analysis were combined to construct
276 the phase diagram, shown in Figure 3. To construct the eutectic and peritectic lines,
277 respectively, onset temperatures of the corresponding endothermic peaks were used,
278 while for the solubility and the ice melting curves, endset temperatures were utilized. To
279 minimalize effects of the scan rate on the determined values of the ice melting point and
280 solubility, respectively, DSC measurements were performed at three scan rates (1, 2 and
281 5 °C/min, see Figure S52) and the endset temperatures were extrapolated to zero scan rate.
282 From the methodological point of view, it was also quite tricky to get any results for sam-
283 ples with the content of Na3HB ranging from 42 to 65 wt%. because the peak correspond-
284 ing to the eutectic line was hardly detectable for these samples. The reason is that as far as
285 the second melting scans were analyzed for all the samples (see Materials and Methods),
286 which means that the liquid sample coming from the first scan was cooled down to crys-
287 tallize, samples of this compositions showed a high tendency to adopt the glassy state
288 preventing the sample from crystallization. Actually, the ability to keep the amorphous
289 glassy state at the temperature as low as in this case represents a highly required prop-
290 erty of cryoprotectants. Eventually, these experimental difficulties have been overcome
291 by equilibrating the sample for half an hour to be above the glass transition point (sup-
292 porting sample crystallization) and also by decreasing the scan rate to the limit of the de-

293 vice (0.2 °C/min).
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Figure 3. Phase diagram in the equilibrium of Na3HB-water complex using DSC (x); sorption
calorimetry (@) and DVS (@). All lines are drawn as a guide for eye to follow the respective phase
boundaries.

In the equilibrium phase diagram, the freezing curve represents the most important
phase boundary as far as a cryoprotective effect of 3HB is concerned. This curve illustrates
the depression of the water freezing point in aqueous 3HB solutions. The curve ends in
the eutectic point that occurs at 3HB content of 40.5 wt.% and temperature -28.1 °C. This
means that no ice is formed in solutions above this 3HB content. Furthermore, it also in-
dicates the lowest temperature to which the water freezing point can be depressed by a
presence of 3HB. Similar complete or partial phase diagrams have already been published
for some compatible solutes and routinely used cryoprotectants such as trehalose [31, 32],
sucrose [33] or glycerol [34]. Comparing to these compounds, the effect of 3HB on the
freezing point depression is again either comparable or even more pronounced. For in-
stance, published values of eutectic points of trehalose range from -2.5 °C to -18.8 °C [35 -
37] and for sucrose from -8.5 °C to -13.95 °C [38]. Glycerol can decrease the water freezing
point up to -45 °C (eutectic point), nevertheless, significantly higher glycerol content is
needed (about 65 wt.%, [39]), while the similar weight content of glycerol (40 wt.%) de-
crease water freezing less than 3HB (only to -15.4 °C, [39]). Similarly to the results of vapor
sorption analysis, 3HB thus proved to affect water activity in the binary systems at least
comparably to the well recognized compatible solutes.

Based on the DSC data, it was also further confirmed that 3HB in the solid-state really
does form the crystalline dihydrates. For this purpose, the enthalpies of the melting endo-
thermic peak that corresponds to the peritectic line in the phase diagram in Figure 3 (the
thermograms are shown in Figure S1c) were plotted as a function of Na3HB content. As
can be seen in Figure 4, the melting enthalpy increases as the relative content of this hy-
drated crystalline form in the sample increases at the expense of the solution (lower 3HB
contents) and anhydrous 3HB (higher contents), respectively. The intersection point of the
two linear parts of this dependency occurs at the content of 3HB equal to 77.5 wt%. Once
again, this relative weight content corresponds to the presence of two water molecules per
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one molecule of 3HB in the crystalline hydrate. (Figure 2b). The chemical structure of this

crystalline form was hence confirmed by two independent experimental approaches.
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Figure 4. The dependence of different concentrations on the enthalpy of melting dihydrates of
Na3HB.

2.3. Phase diagram in non-equilibrium

The previous section describes the effect of 3HB from the viewpoint of equilibrium
freezing. On the other hand, freezing of the living organisms is usually occurring far from
equilibrium, with a great influence on the freezing dynamics. As already noted, when
determining the equilibrium phase diagram, the most crucial experimental condition was
represented by preventing the sample to become into a glassy state. In contrast, the bio-
protective effects of compatible solutes during freezing or desiccation of an organism are
often attributed exactly to this tendency to maintain an amorphous form with water mol-
ecules kinetically trapped inside [40, 41]. Therefore, we have complemented the study
with the DSC analysis focused on the phase transition in 3HB-water systems out of equi-
librium.

From the experimental point of view, the main difference lies in cooling the sample
to a temperature well below the glass point prior to the evaluated heating DSC scan.
Hereby, efficient conversion of the sample to the glassy or semi-glassy state phase is as-
sured. The obtained DSC thermograms including an example of the evaluation of the glass
transition are shown in Supplementary material (Figure S3). The composition of the sam-
ples influenced significantly their ability to transform into glass and semi-glass state, re-
spectively. For example, samples with Na3HB concentrations from 6.3 to 37.9 wt%
showed both the glass transition step and the ice melting peak (Figure S3b). In the zoomed
glass transition steps of these thermograms (Figure S3c-e), it can better be seen that the
glass transition varies in temperature and the heat capacity change. Both parameters of
the glass transition are plotted against 3HB content in Figure 5.
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Figure 5.. Glass transitions obtained by DSC data: (left) temperature dependece and independence
of glass transition on water content; (right) heat capacity of glass transitions.

Evidently, three distinct concentration regions can be distinguished in both plots
shown in Figure 5. First, samples with 3HB content below 50 wt.% show the semi-glassy
state where the glassy state coexists with ice. The stoichiometric ratio of water and 3HB in
the glassy state does not change over this region as indicated by the constant glass transi-
tion temperature, while the relative content of the glassy state increases with total 3HB
content in the sample as confirmed by increasing heat capacity change. Similarly, also the
samples rich in 3HB (above 68 wt.%) represents semi-glassy state, in this case represented
by the coexistence of glassy 3HB-water and crystalline 3HB components. Interestingly, it
can be seen that the stoichiometry of the glassy phases of the two regions differs. As can
be derived from the border concentration of the two regions (50 wt% and 68 wt.%, respec-
tively). While the glassy state in the low-3HB region contains 7 water molecules per one
molecule of 3HB, in the high-3HB region this drops to about 3 water molecules per one
3HB molecule. This again confirms the extraordinary hydrophilicity of 3HB, for instance,
glassy trehalose is known to contain about one water molecule per glucose ring (i.e. two
per one molecule) [40].

In contrast, the region of medium concentrations (50 — 68 wt.% 3HB) differs from the
neighboring ones in that the glass temperature increases with 3HB content while the heat
capacity change remains constant. This indicates that these samples are fully converted
into a glassy state. This was confirmed also by that no ice melting was detected in this
concentration region. All the water in the sample is restricted in its motion by locking up
in the amorphous 3HB matrix. The disordered state of the 3HB-water system is prevented
from any ordering by too high energetic barriers of molecular motion which is hence
slowed down below the timescale of the experiment. The range of glass transition temper-
atures of 3HB-water mixtures in this region is still significantly lower as compared to tre-
halose (about -25°C for 50 wt% of trehalose, [42]), nevertheless, trehalose is well known
for its extraordinary ability to increase the glass point in the water. From this viewpoint,
3HB is superior to carbohydrate-based compatible solutes such as sucrose or fructose,
which in their aqueous mixtures show glass transition temperatures close to -50 °C [43].

The results for DSC analysis were again used to construct phase diagram of the 3HB-
water binary systems, in this case out of the equilibrium conditions. The diagram is shown
in Fig. 6. Similarly to the equilibrium phase diagram, the cryoprotective effect of 3HB can
be seen in several features of the diagram. Water freezing is reduced partially (below 3HB
content of 40-50 wt.%) or completely (above this 3HB content). Furthermore, in the region
where the water freezes a significant freezing temperature depression is found again.
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389 Figure 6. Phase diagram in non-equilibrium of Na3HB-water complex using DSC data from

390 second scans represented by stars (x). All lines are drawn as a guide for eye to follow the

391 respective phase boundaries.

392 From the non-equilibrium phase diagram shown in Figure 6, it is hardly possible to
393 determine more precisely the limiting composition of 3HB-water mixtures at which the
394 water in the sample stops freezing. For that purpose, the total enthalpies, determined from
395 the corresponding ice melting endotherms (shown in Figure S3b), were plotted against
396 the water content in the sample (Figure 7). From the linear regression and extrapolation
397 to zero enthalpy, the amount of nonfrozen water was determined to be approximately
398 1.35 g water per g of Na3HB (or 0.57 g water per g of sample). Once again, this illustrates
399 the outstanding position of 3HB among the recognized compatible solutes. For instance,
400 published values of non-freezing water for sugars range from 0.21 g water per g of

401 fructose, through 0.26 g water per g sucrose, to 0.31 g water per g trehalose [44].
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Figure 7. Amount of nonfreezing water per gram of Na3HB obtained by DSC data as a function of
water content on enthalpy of melting of water.

2.3. Biological implications

Generally, 3HB is a very important biomolecule that can be found in numerous bio-
logical systems fulfilling various functions. 3HB is an intermediate precursor of various
metabolite pathways such as the metabolism of leucine in humans. More importantly, in
humans and other higher organisms, 3HB is synthesized in the liver, circulates in the
blood, and along with glucose and other ketone bodies it serves as an energy fuel for cells.
The concentration of 3HB in the blood of adults varies between 5-335 umol/l notably
higher concentrations (1-2 mmol/l) occur in individuals experiencing ketosis [45]. A sub-
stantially higher concentration of 3HB can be found in prokaryotes capable of PHB accu-
mulation. Since the PHB metabolism constitutes of simultaneous synthesis and hydrolysis
of PHB granules by the action of PHB granules associated enzymes PHB synthase and
PHB depolymerase, the intracellular concentration of 3HB reaches about 100 mmol/I [16,
17], which is about 16.5 fold higher than 3HB concentration in PHB non-accumulating
mutant bacterial strain [17]. Therefore, based on its relatively high intracellular concentra-
tion 3HB represent a very important low-molecular solute which can be, in terms of con-
centration, compared to compatible solutes such as glycerol, trehalose or ectoines which
are under stress conditions accumulated in similar amounts. Therefore, even 3HB is some-
times classified among compatible solutes [46].

Similarly to other compatible solutes, also 3HB reveals a general protective function,
it is capable of shielding biomolecules from denaturation induced by high temperature or
oxidation [17]. Based on our results, 3HB is very efficient to hydrate by water, which sup-
poses an important role for stabilization of structure of biomolecules or provides the de-
sired environment for chemical and enzymatic reactions. Moreover, it was also observed
that Na3HB acts as a potent cryoprotectant that was capable of protecting various biolog-
ical systems when exposed to repeated freezing and thawing. When Na3HB was applied
at the concentration of 100 mmol/l it protected the model enzyme from losing activity
during 7 subsequent freezing/thawing cycles, its protective effect was even slightly higher
than that observed in trehalose. Similarly, when Na3HB was added to a final concentra-
tion of 100 mmol/l to the suspension of yeast Saccharomyces cerevisiae, it also protected the
cells against repeated freezing and thawing even more efficiently than trehalose, ectoine,
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435 or glycerol — well-known cryoprotectants [18]. Also, the results obtained in this study con-
436 firmed the high cryoprotective potential of Na3HB, where the already position of the eu-
437 tectic point which corresponds to the lowest possible melting temperature shows the high
438 potential of Na3HB. Even ice melting temperatures indicate a presumable cryoprotective
439 effect of low concentrations of Na3HB in comparison with conventional cryoprotectants
440 such as sucrose [28] and trehalose [32, 43]. Nevertheless, the unique and unexpected re-
441 sults of glass transitions of Na3HB-water system and then the determined amount of non-
442 frozen water prove that Na3HB corresponds to a strong cryoprotective function.

443 The fact that Na3HB represents a very potent cryoprotectant is not only of funda-
444 mental interest with respect to its biological importance especially in PHB accumulating
445 prokaryotes but it might have also numerous applications. For instance, trehalose or glyc-
446 erol are frequently used as protectants for cryopreservation of various biological samples
447 e.g. viable microbial or cellular cultures, proteins, nucleic acids, antibodies and other bio-
448 logically active substances [47]. Our results suggest t that Na3HB could be advanta-
449 geously used in the same manner. Moreover, since numerous cryoprotectants are also
450 used to maintain the activity of various biological samples during and after freeze-drying,
451 it would be also interesting to test the protective potential of Na3HB with this respect.
452 Considering all the fundamental physicochemical properties of Na3HB determined in this
453 work, it seems that Na3HB posses all the prerequisites to be used also as lyoprotectant in
454 freeze-drying. Further, various cryoprotectants are widely used in food preservation to
455 protect food from undesirable changes in texture, taste and overall acceptability upon
456 freezing, frozen storage and subsequent thawing [48, 49]. Considering all the qualities of
457 Na3HB described in this work and also the facts that Na3HB is a safe substance naturally
458 present in the human body in high concentrations and that it is sencosrically neutral sub-
459 stance (e.g. not influencing natural flavor and taste of foods), it could be used as a food
460 additive to improve the quality and stability of frozen foodstuffs. Last but not least,
461 Na3HB can be relatively simply produced biotechnologically or by chemical or enzymat-
462 ical hydrolysis of PHB [50, 51]; therefore, it could be easily available and relatively cheap
463 substance able to compete with well-established cryopreservatives.

464 5. Conclusions

465 <not mandatory>

466 Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Figure
467 §1: DSC thermograms of mixtures of Na3HB and water in different proportions: (a) example of
468 evaluation of ice melting, Na3HB concentration 30.3 wt%; (b) endotherms at -27.5 °C correspond-
469 ing eutectic points and second endotherms corresponding of ice melting, low Na3HB concentra-
470 tions from 11.3 to 40.5 wt%; (c) endotherms, melting of dihydrates and melting of crystalline

471 Na3HB, high Na3HB concentrations from 72.4 to 81.6 “wt%; (d) magnified endotherms of crystal-
472 line Na3HB highlighted by red arrow. Scanning rates were 10 °C-min-'. Figure S2: DSC

473 thermograms measured by different scan rates for extrapolations to zero scan rate. Figure S3: DSC
474 thermograms of Na3HB and water in different proportions: (a) example of glass transition, Na3HB
475 concentration 67.0 wt%; (b) observed scans with glass transitions and melting of ice, Na3HB con-
476 centrations from 6.3 to 37.9 wt%; (c) glass transitions with low concentrations of Na3HB; (d) glass
477 transitions, Na3HB concentrations from 48 to 68 wt%; (e) glass transitions, Na3HB concentrations
478 from 68 to 98 wt%. Scanning rates were 10 °C min'..

479 Abbreviations

480 CPA Cryoprotectants

481 PHB Poly(3-hydroxybutyrate)

482 3HB 3-hydroxybutyrate

483 Na3HB Sodium 3-hydroxybutyrate

484 DSC Differential calorimetry scanning

485 DVS Vapor sorption analysis
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Abstract

Polyhydroxyalkanoates (PHA), polyesters accumulated by numerous prokaryotes in the form of intracellular granules, have been
for decades considered being predominantly storage molecules. However, numerous recent discoveries revealed and emphasized
their complex biological role for microbial cells. Most of all, it was repeatedly reported and confirmed that the presence of PHA
granules in prokaryotic cells enhances stress resistance and robustness of microbes against various environmental stress factors
such as high or low temperature, freezing, oxidative, and osmotic pressure. It seems that protective mechanisms of PHA
granules are associated with their extraordinary architecture and biophysical properties as well as with the complex and deeply
interconnected nature of PHA metabolism. Therefore, this review aims at describing novel and unexpected properties of PHA
granules with respect to their contribution to stress tolerance of various prokaryotes including common mesophilic heterotrophic
bacteria, but also extremophiles or photo-autotrophic cyanobacteria.

Key points
* PHA granules present in bacterial cells reveal unique properties and functions.
* PHA enhances stress robustness of bacterial cells.

Keywords Bacteria - Polyhydroxyalkanoates - PHA granules - Stress robustness - Cupriavidus necator - Extremophiles -
Cyanobacteria

Introduction external carbon source and degraded to fuel metabolism of

bacterial cells when external carbon source is exhausted

Polyhydroxyalkanoates (PHA) are microbial polyesters accu-
mulated by numerous prokaryotes in the form of intracellular
granules. For decades, PHA were considered being predomi-
nantly storage materials which are accumulated in excess of
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(Sudesh et al. 2000a). Nevertheless, in course of time, numer-
ous evidences suggesting more complex biological role of
PHA appeared. It was observed that PHA are involved in
maintenance of anoxic photosynthesis and sulfur cycle in mi-
crobial mats dependent on photosynthetic carbon fixation
(Rothermic et al. 2000; Urmeneta et al. 1995), triggering spor-
ulation in Bacilli (Slepecky and Law 1961), supporting the
prolongation of nitrogen fixation by diazotrophs in the dark
(Bergersen et al. 1991), or maintaining energy production and
NADH oxidation to NAD"* by nitrogen fixing bacteria
(Encarnacion et al. 2002). Further, experiments with promot-
ing bacteria plant growth, which can be employed as agricul-
tural inoculants such as Azospirillum brasilense, substantiated
the importance of PHA for stress robustness of bacteria. The
first work systematically studying the influence of PHA con-
tent in bacterial cells with respect to survival rate under stress
conditions was published in 1985 by Tal and Okon; these
authors observed that PHA-rich cells of Azospirillum
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brasilense were much less prone to the harmful effects of UV
radiation, desiccation, and osmotic challenge than PHA-poor
cells (Tal and Okon 1985). These preliminary observations
were lately confirmed by numerous studies resorting to dele-
tion mutants of Azospirillum brasilense in which the phaC
gene was deleted, thus resulting in hampered PHA biosynthe-
sis (Kadouri et al. 2002; Kadouri et al. 2003a), or by deletion
of the phaZ gene, which disabled the bacterium to utilize
stored PHA (Kadouri et al. 2003b). In all these cases, deletion
mutants revealed substantially higher sensitivity to various
stress conditions than wild-type strain. Very similar phenom-
ena were also observed in other bacteria such as Aeromonas
hydrophila (Zhao et al. 2007), Pseudomonas oleovorans
(Ruiz et al. 2001), Pseudomonas extremaustralis (Tribelli
et al. 2019), Pseudomonas aeruginosa (Pham 2004), or
Escherichia coli (Wang et al. 2009). This confirms the fact
that PHA are very complex metabolites and, apart from their
primary storage function, they provide bacterial cells also with
very important “secondary benefits” such as enhancement of
robustness and survival rate when exposed to various environ-
mentally relevant stress conditions. Table 1 summarizes mi-
croorganisms and stress factors in which protective function
of PHA was described. Protective function of PHA granules is
most likely the consequence of both PHA metabolism and its
interconnection with other metabolic routes; however, it
seems that unique biophysical properties of PHA intracellular
granules are equally important. This review summarizes the
recent understanding of protective mechanisms of PHA
granules.

PHA metabolism and its impact on stress robustness
of bacteria

In principle, there are three main metabolic pathways of PHA
biosynthesis. So-called short chain length PHA (sc/-PHA),
comprising 4-5 carbon atoms per monomer subunit, such as
poly(3-hydroxybutyrate) (P(3HB)), the homopolymer of 3-
hydroxybutyrate (3HB), are synthesized via a metabolic path-
way consisting of three enzymatically catalyzed reactions. At
first, two acetyl-CoA molecules are condensed by the action
of 3-ketothiolase (PhaA) resulting in formation of acetoacetyl-
CoA, which is subsequently stereospecifically reduced by
acetoacetyl-CoA reductase (PhaB) to R-3-hydroxybutyryl-
CoA; this step regenerates the oxidized form of redox equiv-
alents and therefore is often referred to as “pseudo fermenta-
tion.” Finally, PHA synthase (PhaC) catalyzes incorporation
of R-3-hydrobuytyryl-CoA into the long linear polyester chain
of P(3HB) (Kessler and Witholt 2001). When PHA consisting
of medium-chain-length monomers (mc/-PHA; 6-14 carbon
atoms per monomer units) are synthesized, desired substrates
for particular PHA synthase, namely diverse R-3-
hydroxyacyl-CoA molecules, can be obtained either from (3-

@ Springer

oxidation of fatty acids or from de novo fatty acids synthesis
(Kim et al. 2007).

Mobilization of PHA granules is catabolized by a cock-
tail of intracellular PHA depolymerases (PhaZ), which are
able to hydrolyze amorphous native PHA granules yield-
ing PHA monomers as final products (Jendrossek 2007).
The battery of PHA depolymerases and related enzymes is
well described for Cupriavius necator; it consists of seven
PHA depolymerases (PhaZ1-PhaZ7) and two oligomer
hydrolases (PhaY1 and PhaY?2), which further cleavage
products of PhaZ to provide PHA monomers (Peplinski
et al. 2010).

It should be pointed out that biosynthesis and degradation
of PHA are interconnected processes which are occurring in
the cells simultaneously. Therefore, even during PHA biosyn-
thesis favoring conditions (excess of carbon substrate, etc.),
PHA depolymerases are active to a certain extent. Hence,
PHA metabolism is sometimes termed “PHA cycle” in order
to stress out its cyclic character (Kadouri et al. 2005). Proper
function of the PHA cycle is essential for bacterial cells since
it ensures balanced flow of carbon to the transient demand for
metabolic intermediates to balance the storage and use of car-
bon and energy; moreover, the PHA cycle also influences the
number and size of PHA granules in bacterial cells (Prieto
etal. 2016).

Bacterial cells possessing a functional PHA cycle feature
a high intracellular pool of PHA monomers. For instance, it
was demonstrated that P(3HB) accumulating cells of
Cupriavidus necator have 16.5 higher intracellular concen-
tration of 3HB than its PHA non-accumulating mutants
(Obrucaetal. 2016a). It should be noted thatit was repeatedly
demonstrated that 3HB constitutes a very potent chemical
chaperone, which is capable of protecting biomolecules from
denaturation under stress conditions. Soto et al. (2012) ob-
served that 3HB was used as compatible solute by the
halotolerant bacterium Pseudomonas sp. CT13 to cope with
high salinity of cultivation media. Moreover, 3HB accumu-
lation was also associated with the prevention of protein ag-
gregation under combined salt, and thermal stresses in vivo
and in vitro studies demonstrated that physiologically
relevant concentrations of 3HB protected citrate synthase
as a model enzyme from denaturation by high temperature.
Moreover, Obruca et al. (2016a) studied the protective func-
tion of 3HB against heat and oxidative degradation of lyso-
zyme and lipase as model enzymes and observed that
chaperoning efficiency of 3HB is more than comparable to
that of well-known chemical chaperones such as trehalose or
hydroxyectoine. These observations might explain why bac-
terial strain capable of PHA synthesis but unable of PHA
degradation to monomers revealed higher sensitivity to nu-
merous stress factors (Kadouri et al. 2003b; Ruiz et al. 2001;
Wang et al. 2009) which again underlies the importance of a
functional PHA cycle for stress robustness of bacteria.
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Table 1 Summary of stressors

Microorganism

Reference

and microorganisms in which Stressor

protective function of PHA was

described Low temperature and freezing
Heat shock

Osmotic shock

Oxidative pressure

UV protection

Heavy metals

Aeromonas hydrophila
Pseudomonas extremaustralis
Sphingopyxis chilensis

Cupriavidus necator

Aeromonas hydrophila

Azospirillum brasilense

Bacillus thuringiensis
Pseudomonas aeruginosa
Escherichia coli
Aeromonas hydrophila

Azospirillum brasilense

Escherichia coli

Cupriavidus necator

Halomonas halophila
Rhizobium spp.
Aeromonas hydrophila

Azospirillum brasilense

Pseudomonas extremaustralis
Herbaspirillum seropedicae
Delfiia acidovorans
Aeromonas hydrophila

Azospirillum brasilense

Cupriavidus necator
Escherichia coli
Pseudomonas extremaustralis
Cupriavidus taiwanensis

Azospirillum brasilense

Zhao et al. 2007
Tribelli and Lopez 2011
Pavez et al. 2009
Obruca et al. 2016b
Nowroth et al. 2016
Zhao et al. 2007
Kadouri et al. 2003a
Kadouri et al. 2003b
Wu et al. 2011

Pham 2004

Wang et al. 2009
Zhao et al. 2007
Kadouri et al. 2003a
Kadouri et al. 2003b
Wang et al. 2009
Obruca et al. 2017
Sedlacek et al. 2019b
Sedlacek et al. 2019b
Breedveld et al. 1993
Zhao et al. 2007
Kadouri et al. 2003a
Kadouri et al. 2003b
Ayub et al. 2009
Batista et al. 2018
Goh et al. 2014
Zhao et al. 2007
Kadouri et al. 2003a
Kadouri et al. 2003b
Tal and Okon 1985
Slaninova et al. 2018
Wang et al. 2009
Tribelli et al. 2019
Chien et al. 2014
Kamnev et al. 2005

In addition, Ruiz et al. (2001) demonstrated that intensive
degradation of stored PHA is associated not only with expect-
ed increase in intracellular levels of ATP, but it also enhances
intracellular concentration of guanosine tetraphoshate
(ppGpp) in Pseudomonas oleovorans. It is known that
ppGpp serves as cell alarmone causing upregulation of many
genes involved in stress response, including rpoS gene
encoding for alternative sigma factor of RNA polymerase.
RPoS proteins further control the expression of numerous
genes involved in stress response of bacteria. This might be

additional very important factors supporting stress robustness
of bacteria possessing functional PHA cycle.

Furthermore, Koskiméki et al. 2016 investigated PHA me-
tabolism of the pine endophyte Methylobacterium extorquens
and observed that the strain is during mobilization of PHA
capable of producing methyl-esterified dimers and trimers of
3HB which revealed very strong antioxidant properties.
Authors compared their antioxidant capacity to well-known
cellular antioxidants and reported that they reveal 3-fold
higher hydroxyl radical-scavenging activity than glutathione
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and 11-fold greater activity than ascorbic acid (vitamin C).
The authors suggested that the PHA reserves are mobilized
for the synthesis of methyl-esterified 3HB oligomers in bac-
terial cells to eliminate hydroxyl radical stress introduced by
infected plants.

The fact that PHA can be hydrolyzed under stress condi-
tions to serve as substrate for synthesis of metabolites provid-
ing desirable shielding effect was also demonstrated by
Breedveld et al. (1993), who observed that exposition of
Rhizobium leguminosarum and Rhizobium meliloti to hyper-
tonic pressure resulted in hydrolysis of PHA storage which
fueled biosynthesis of trehalose as a compatible solute com-
pensating increase in osmotic pressure.

Hence, numerous protective mechanisms and functions of
PHA are related to their unique metabolism called PHA cycle.
Table 2 summarizes studies in which direct protective function
of PHA monomers or oligomers was suggested; the most im-
portant features of PHA metabolism and its impacts on stress
resistance and robustness of bacteria are demonstrated in Fig. 1.

Structure of PHA granules and granule-associated
proteins

In addition to their metabolism, numerous protective functions
of PHA can be attributed to the structural and biophysical
features related to a specific way how the PHA chains are
stored inside the cell. Bioaccumulated PHA chains are stored
in the form of granules, often designated as carbonosomes
(Jendrossek 2009). The size and properties of PHA granules
are already described in detail. Intracellular PHA granules are
typically 0.2—0.5 pum in diameter (Sudesh et al. 2000a). These
PHA inclusions consist of hydrophobic polyester core
surrounded by an amphiphilic layer that provides solubiliza-
tion of the water-insoluble polymer in the aqueous cytoplas-
mic environment. Although it had been originally accepted
that phospholipids form the main structural and solubilizing
component of this layer (P6tter and Steinbiichel 2006), it was
later revealed that the lipids detected in the isolated granules in
fact represent an artifact of the isolation procedure; actually,

Table 2

the granules are covered by so-called PHA granule-associated
proteins (PGAPs), which include PHA synthase (PhaC), PHA
depolymerase (PhaZ), surface proteins so-called phasins
(PhaP), and regulatory proteins (PhaR) (De Koning and
Lemstra 1992) (see Fig. 2).

Localization of PHA granules in the cell’s interior is closely
connected with mechanisms of PHA granules formation. Up
to now, four model mechanisms of the granule formation were
proposed: (i) the micelle model, (ii) the budding model, (iii)
the scaffold model, and (iv) the cell pole model (Jendrossek
and Pfeiffer 2014; Rehm and Steinbiichel 1999). Originally,
the micelle model had assumed that localization of PHA syn-
thesis in the cell is conditioned only by a sufficiently high
concentration of the substrate (3-hydroxybutyryl-CoA) and
that the nascent water-insoluble chains of PHA consequently
form micelle-like aggregates localized more or less randomly
throughout the cell. Nevertheless, follow-up studies revealed
that PHA granules are often localized in close vicinity of cy-
toplasmic membrane, which gave the rise of budding theory
(Stubbe and Tian 2003) according to which PHA synthases,
attached to the cytoplasmic membrane, liberate the growing
PHA chains into the bilayer of the membrane forming an
integral PHA blob which is subsequently detached from the
membrane after it reaches a specific size. However, the bud-
ding model was later challenged by the results of a study
performed by Jendrossek et al. (2007), which revealed that
formation of intracellular PHA granules at the early stages of
their synthesis in Caryophanon latum was localized close to
membrane but without any attachment to it. Furthermore, nu-
merous studies have confirmed that the PHA granule forma-
tion can be initiated at positions distant from cytoplasmic
membrane. Consequently, the scaffold model proposed utili-
zation of mediation elements at the center of the cells as nu-
cleation sites for granules initiation, which was observed by
transmission electron microscopy (TEM) in Cupriavidus
necator H16 (Tian et al. 2005). This mechanism was further
supported by studies on Comamonas sp. EB172 (Mumtaz
et al. 2011). Additionally, the cell pole model describes an
initiation of formation of PHA granules at the cell poles.

Summary of direct protective function of PHA monomers and oligomers

Microorganism PHA-related metabolite

Protective function

Reference

Pseudomonas sp. CT13 3HB monomer

Cupriavidus necator 3HB monomer

Cupriavidus necator 3HB monomer

Photobacterium profundum ~ 3HB monomer and oligomers

Methyl-esters of 3HB and 3HB
oligomers

Methylobacterium
extorquens

3HB serves as compatible solute and prevent protein

3HB reveals chaperoning activity and protects

3HB is very potent cryo-protectant

Monomer and oligomers serve as osmolyte

Protection against oxidative pressure caused

Soto et al. 2012
aggregation under stress conditions.

Obruca et al. 2016a
enzyme

from denaturation by heating and oxidation

Obruca et al. 2016b

Martin et al. 2002
protecting cells from hydrodynamic pressure
Koskimaki et al.

by hydroxyl radicals 2016
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This mechanism is supported by several fluorescence micros-
copy studies on various microorganism such as
Rhodospirillum rubrum, Cupriavidus necator H16,
Escherichia coli (Jendrossek 2005), or by structural assays
of Dinoroseobacter sp. JL 1447 obtained by TEM and AFM
microscopy (Xiao et al. 2015).

As already emphasized, the surface layer of PHA granules
is formed by granule-associated proteins. Among these,
stereo-selective PHA synthases (PhaC) play the key role in
PHA anabolism. Based on their structure, number of subunits,
and substrate specificity, PHA synthases are classified into 4
types (Rehm 2003). Similarly, also intracellular PHA
depolymerases (PhaZ), essential for PHA mobilization, form
the integral part of the proteinaceous surface layer of the gran-
ules (Stuart et al. 1996) as well as the group of low-molecular-
weight proteins with no catalytic activity generally called
phasins (PhaP) (Sudesh et al. 2000a; Wieczorek et al. 1995;
Zhao et al. 2016). Although phasins are not directly involved
in PHA formation, it was experimentally confirmed that these
proteins are expressed in the cells under PHA-accumulating
conditions (York et al. 2001a) and that they play a fundamen-
tal role in PHA accumulation via regulating the ratio of sur-
face area to volume of P(3HB) granules (Wieczorek et al.
1995) and also via a conformation change of PHA synthase
as a result of its specific interactions with PhaP (York et al.
2001b). The last described granule-associated protein is
PhaM, which is the physiological activator of PHA produc-
tion. The mechanism of PhaC activation by PhaM was de-
scribed in detail for Cupriavidus necator H16, where it re-
duces the lag phase of PhaC via inducing its transition from
an inactive monomeric form into the active dimeric form
(Pfeiffer and Jendrossek 2014). Mezzina et al. (2017) further

PHA monomers

PHB PHA LN
depolymerase synthase
(PhbC)

(Phb2)

Acetyl-CoA + Acetyl-CoA
l 3-ketothiolase (PhaA)

Acetoacetyl-CoA

PHA cycle

CoA
transferases

Acetoacetyl-Un4Q reductase (PhaB)

B-oxidation of

e «— — «—
R-3-hydroxyacyl-CoA P,

N
Fatty acids de novo synthesis

revealed that phasins may serve as chaperones during exposi-
tion to organic solvents providing higher resistance for PhaP
overexpressing in PHA not producing E. coli in comparison
with the wild-type strain. Likewise, cells with overproduction
of PhaP are able to grow much better at high temperature
where expression of the main regulator sigma factor RpoH
is reduced (Mezzina et al. 2017). Production of phasins and
biosynthesis of PHA granules is also efficiently regulated by
transcriptional regulators PhaR, which inhibit transcription of
PhaP under PHA biosynthesis unfavorable conditions
(Kessler and Witholt 2001; York et al. 2002).

Unique structure and properties of PHA in granules

As it is obvious from the previous text focused on the protein
shell of the intracellular PHA inclusions, a native PHA gran-
ule represents a fascinating supramolecular assembly, well-
designed to provide multiple functionalities including
compatibilization of the hydrophobic polymer inside the aque-
ous cytoplasmic environment and its deposition in a form
capable of further metabolic utilization. Furthermore, it should
also be emphasized that in the core of the granule interesting
and not fully elucidated structural features can be found.
Primarily, it has been repeatedly reported that inside the gran-
ule the polymer occurs in a physical state far different from the
thermodynamically favorable one. Isolated sc-PHA (such as
P(3HB) as the most common representative) are highly crys-
talline brittle polymers and it was initially believed that this
intrinsic tendency to crystallize spontaneously is retained also
in vivo (Ellar et al. 1968). Nevertheless, this view was soon
challenged by the pioneer structural studies involving intact
cells of PHA-producing bacteria. Already in the 1960s, freeze-
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Fig. 2 Morphology of PHA granules in PHA-producing bacteria. a PHA
granules in the cells of the mesophilic PHA producer Cupriavidus
necator H16. b Schematic representation of fundamental structural fea-
tures of PHA granules. ¢ PHA granules in the cells of the halophilic PHA
producer Halomonas hydrothermalis

fracture cryo-scanning electron microscopy (cryo-SEM), as
the newly developed technique for imaging biological speci-
mens, was utilized to investigate an ultrastructure of PHA-
accumulating bacterial cells (van Gool et al. 1969; Remsen
1966). In these works, surprising imaging artifacts related to
intracellular PHA granules were first described. In spite of the
fact that the sample fracturing is performed at very low tem-
peratures (below — 100 °C), PHA granules exhibited plastic
deformation with the polymer elongation substantially higher
than 100% (compare with the elongation at break of isolated
P(3HB) at about 5% (Doi et al. 1995) leading to formation of
characteristic needle-type deformation artifacts (for the more
recent example of these deformation, see Fig. 3), which were
later repeatedly confirmed by cryo-SEM imaging of a variety
of PHA-containing species (Fuller et al. 1992). Nevertheless,
the main concern of these cryo-SEM investigations was fo-
cused rather on the detailed description of how fracturing
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conditions affect the physical features of these deformations
(Sudesh et al. 2000b) than on the remarkable discrepancy of
the general deformation behavior of intracellular PHA with its
contemporary notion of a brittle crystalline material consisting
of non-mobile polymer chains.

The idea of the crystalline state of PHA in native granules
was finally disproved by the works of Sanders’s research
group in the late 1980s (Barnard and Sanders 1988). The
authors used '>*C NMR to analyze intact cells of several
PHA-producing bacteria and noticed a surprising resolution
of the PHA signal in the spectra, which would be unattainable
if the material was crystalline. The authors later conceded that
their experiments were successful mainly because they ig-
nored the conventional wisdom which was prejudging NMR
to fail in analyzing cellular PHA (Bonthrone et al. 1992).
Instead of that, they proved that the polymer in the cell actu-
ally behaves like an elastomer with the mobility of chain seg-
ments on the timescale of 10~ s (Barnard and Sanders 1989).
Furthermore, the authors supported their conclusion also by
X-ray diffraction analysis of PHA-producing bacteria, which
demonstrated an absence of a significant amount of crystalline
polymer in the cells (Amor et al. 1991).

These results immediately raised the question how the crys-
tallization of PHA is prevented in the cell granules. The soon
revealed fact that a transfer of genes related to PHA synthase
enables formation of apparently fully functional PHA gran-
ules in E. coli (Schubert et al. 1988) or even in green plants
(Poirier et al. 1992) supported the suggestion that the mecha-
nism of the PHA plasticization in vivo must be simple and
universal. Since the beginning of this debate, the potential
plasticizing role of water was considered. The presence of
residual water inside the PHA granules was confirmed exper-
imentally already in the original works of Sanders’ group
(Barnard and Sanders 1989). Furthermore, Lauzier et al.
showed that the content of water in the native granules is at
about 5-10% by mass (Lauzier et al. 1992a). At that time, the
plasticizing effect of water had already been described for
polymers such as nylon (Smith 1976) or poly(vinyl acetate)
(Bair et al. 1981). Hence, Barnard and Sanders proposed that
hydrogen bonding or dipole-dipole interactions between indi-
vidual water molecules or localized pockets of water and the
ester groups at PHA are responsible for inhibiting chain-chain
proximity necessary for the crystallization to occur (Barnard
and Sanders 1989). The idea was further elaborated by
Lauzier who hypothesized that hydrogen-bonded water stabi-
lizes newly biosynthesized PHA in extended conformation
incapable of crystallization in the granule interior (Lauzier
et al. 1992a; Lauzier et al. 1992b). Nevertheless, to our best
knowledge, no report on stabilization of PHA in amorphous
form solely on the basis of its water binding has been pub-
lished. Furthermore, a simple experimental study on PHA
plasticization by di-n-butylphtalate demonstrated that the ef-
fect of low-molecular plasticizing agent on crystallization
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Fig. 3 Cryo-SEM images of

C. necator H16 cells suspension
quickly frozen and freeze-
fractured at — 140 °C. a Overall
image of fractured tubular sam-
ple. Details on b intact cell sur-
faces, ¢ freeze-fracture area with
characteristic needle-type plastic
deformation of PHA granules and
on d single deformed PHA gran-
ule. Reprinted with permission
from Sedlacek et al. (2019a)

temperature is limited and that plasticization by water or by
other cellular material can partially contribute to PHA mobil-
ity in vivo, but that also other mechanisms need to come into
play to explain the prevention of PHA crystallization
(Ceccorulli et al. 1992).

Alternative mechanism of protection of native form of
PHA against crystallization was consequently proposed by
Sanders’ group (Bonthrone et al. 1992) and also by de
Koning and Lemstra (1992). In this case, the mobility of
PHA in vivo is explained solely on the basis of crystallization
kinetics. According to this explanation, crystallization of na-
tive PHA, biosynthesized in the amorphous form, is restricted
by the low (sub-micron) volume of the polymer granule where
the frequency of nucleation as the rate determining step of the
crystallization process is extremely low. Horowitz et al.
showed that for the polymer crystallizing at the timescale of
few minutes in the bulk melt, the crystallization half-life in the
0.25 pm granule will increase to more than 1000 years in the
absence of heterogeneous nucleation (Horowitz et al. 1993).
This straightforward physicochemical explanation was further
experimentally supported by crystallization studies performed
with artificial PHA granules (Horowitz and Sanders 1994;
Horowitz and Sanders 1995). Nevertheless, the kinetic expla-
nation is not fully consistent with some aspects of PHA crys-
tallization in vivo such as with the observation of crystalline-
shell/amorphous-core PHA granules described by Lauzier and

colleagues (Lauzier et al. 1992a) or acknowledgement of the
cell dehydration as the necessary crystallization-inducing con-
dition reported by Sedlacek et al. (2019a).

Already since the early studies on amorphous state of PHA
in vivo, it has been repeatedly confirmed that the native struc-
ture of PHA in the granules can be altered as a result of certain
physical or chemical treatment. Merrick and colleagues de-
scribed the morphological changes (Merrick et al. 1965) and
the consequent loss of biological activity of PHA (Merrick
and Doudoroff 1964) as a result of various treatments includ-
ing freezing and thawing, prolonged storage at 4 °C, centrifu-
gation, or extraction with hypochlorite. Barnard and Sanders
(1989) later linked this biological inactivation to crystalliza-
tion of PHA and described similar changes in granules isolat-
ed from Methylobacterium AM]1 after their exposure to low
temperature (4 °C or freezing) and to aqueous solutions of
acetone. Harrison et al. (1992) attributed a similar effect also
to centrifugal force and to selected enzymatic treatments. Two
decades later, Porter and Jian in their in situ study on the PHA
crystallization kinetics used strongly acidic slurry in order to
induce nucleation of PHA in the cells (Porter and Jian 2011a;
Porter and Jian 2011b). Following these observations,
Sedlacek et al. performed the systematic investigation of the
effect of exposure of PHA-producing cells (C. necator H16)
to various physical stressors (elevated temperature, high
osmolarilty, freezing/thawing cycles, acidic pH value) on the
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PHA crystallization in vivo (Sedlacek et al. 2019a). Using
ATR-FTIR spectroscopy for the monitoring of the free dehy-
dration of the cells at ambient conditions, the authors experi-
mentally confirmed that dehydration was followed by crystal-
lization of intracellular PHA only when the cells were previ-
ously stressed; nevertheless, not all the tested stress factors
induced this in vivo crystallization. In accordance with the
concept of suppressed crystallization rate in limited volume,
the crystallization occurred only in those cells where the ex-
position to the stressor resulted in significant coalescence of
the granules as revealed by TEM analysis. On the other hand,
a time lag was observed between the dehydration step and
subsequent PHA crystallization, which supports the idea of
additional plasticizing effect of water. Finally, spectroscopic
evidence was provided by the authors that the stress factors
active in changes in morphology and crystallinity of the gran-
ules were the same ones that caused the most pronounced
denaturation of intracellular proteins. These results thus pro-
vided an updated idea of stabilization of metastable amor-
phous form of PHA in the cells by a well-tuned interplay of
kinetic effects resulting from sub-micron volume of the gran-
ules and the plasticizing effect of residual intra-granular water.
In accordance with the current view on the surface structure of
the granules (Bresan et al. 2016), the authors propose that

|
PHA granules

. - - ‘
.‘:"@JE’ .:;i%%xs in the native form
N
inac’Fivation ‘ ‘k
e sureas e {%}} {%i

coalescence
of the granules

dehydration
of the granules

Fig. 4 Updated view of the mechanism protecting amorphous form of
PHA in vivo (according to Sedlacek et al. (2019a). Crystallization of PHA
in the cells occurs in the system where the exposure of the cells to a
physical or chemical stressor induces inactivation of the protective func-
tion of granule-assisted proteins in the surface layer of PHA granules
(step II), after the coalescence of the granules increases the effective
volume of PHA (step III) if the cells are dried and the residual water is
excluded from the granule with the subsequent loss of its plasticizing
effect (step IV)
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granule-associated proteins play an essential role in keeping
both stabilization factors working (see Fig. 4). This concep-
tion is supported by several works reporting a strong influence
of phasins on stabilization effect of PhaP against coalescence
of separated PHA granules (Pétter et al. 2002; Wieczorek et al.
1995).

Biological and biophysical consequences
of the presence of PHA granules in bacterial cells

Aside from the mechanical and physicochemical conse-
quences of the elastomeric nature of PHA, numerous reports
have stressed also the biological importance of the physical
state of PHA in vivo. First of all, it was described long time
ago that PHA depolymerases, which catalyze mobilization of
PHA in the cells, are specific only to amorphous PHA with no
ability to cleave crystalline PHA (Ellar et al. 1968; Merrick
etal. 1999). This well-known fact restricts the capability to fill
the primary role of a storage material exclusively to amor-
phous polymer and gives the reason for terms “native” and
“denatured” PHA commonly used currently as synonyms for
amorphous and crystalline PHA, respectively (Gebauer and
Jendrossek 2006).

Nevertheless, recent studies show that the biological im-
pact of the unique physical state of native PHA is in fact more
general than previously considered. It was proposed by
Obruca et al. that the flexibility of the PHA chains in its native
intra-granular state may help bacterial cells to endure shearing
deformations associated with growth of extracellular ice crys-
tals during freezing (Obruca et al. 2016b) as well as during cell
dehydration caused by a hyperosmotic environment (Obruca
et al. 2017). Furthermore, the results of a detailed morpholog-
ical study performed by the same research group also indicat-
ed that the liquid-like behavior supports and partially repairs
the integrity of cytoplasmic membranes of bacterial cells ex-
posed to suddenly induced hypertonic (Obruca et al. 2017)
and hypotonic (Sedlacek et al. 2019b) conditions. The biolog-
ical relevance of the native PHA state was also emphasized by
the results of cell viability tests involved by Sedlacek et al. in
their stress-induced crystallization study (Sedlacek et al.
2019a). In this study, the lowest number of cultivable cells
was reported for bacterial cultures exposed to stressors, which
strongly induced PHA granules aggregation, such as high
temperature or strongly acidic conditions. The authors pro-
posed that aggregation and crystallization of the granules
may impede division of the bacterial cells. It can hence be
seen from the previous text that even the morphology and
physicochemical state of the PHA chains in the granules must
be considered as an important piece of the puzzle representing
the complete view on the biological role of PHA.

Aside from the role of the physical state of the polymer, the
above referenced studies also described how the general
changes in cell morphology and biophysics, caused by the
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presence of PHA granules therein, are involved in protection
of the cells against various types of adverse conditions. For
instance, it was demonstrated that PHA protects non-
halophilic bacteria against precarious osmotic up-shock;
PHA-rich C. necator cells were expediently resistant to hyper-
tonic challenge and revealed less plasmolysis when exposed to
hypertonic media; in contrast, massive plasmolysis destroyed
the cytoplasmic membrane and resulted in leakage of the cyto-
plasm of PHA-negative mutants of the same species. When
present, PHA granules mechanistically serve as “internal scaf-
folds,” which prevent bacteria from such detrimental plasmol-
ysis (Obruca et al. 2017). In addition to osmotic up-shock, it
was shown that PHA granules protect also against osmotic
down-shock in hypotonic media, as described both for the hal-
ophilic bacterium Halomonas halophila and for the non-
halophile C. necator. For both strains, capability to keep cell
integrity when suddenly exposed to osmotic down-shock was
substantially enhanced when PHA granules were stored in cells.
The protective function of PHA granules in C. necator during
osmotic up-shock was probably associated with less cytoplasm
membrane damage caused by plasmolysis, which in turn
harnished these cells with a survival advantage during a subse-
quent osmotic up-shock. In contrast, PHA-free cells suffered
from massive hypotonic lysis when osmotic up- and subsequent
down-shock were suddenly induced.

Furthermore, mechanistic description of the cryo-
protective effect of P(3HB) in survival ability of bacteria un-
der freezing conditions was accomplished by Obruca et al. by
cryo-SEM, which allows studying the impact of PHA gran-
ules on the cells’ mechanical properties, on solutes’ mobility
in the cytoplasm, and the cellular response to sudden temper-
ature changes such as drying, freezing, or thawing. During
freezing-and-thawing cycles, 3HB, the monomer from which
the homopolyester P(3HB) is built up, acts as a strong cryo-
protectant for enzymes, yeasts, and the PHA producer
C. necator. For PHA-positive cultures, the survival rates after
freezing were significantly higher than for PHA-negative mu-
tants. High levels of 3HB in C. necator cells, which simulta-
neously produce and degrade P(3HB), were proposed by the
authors to predominantly (but not exclusively!) cause this
protective effect. Nevertheless, the reported results actually
indicate that some biophysical mechanisms of the protection
are involved as well. Cryo-SEM observations also showed
that PHA granules maintain their expedient flexibility even
at extremely low temperature, suggesting that these inclusions
also prevent massive cellular damage resulting from the ad-
verse effect of intracellular ice crystals; these effects encom-
pass generation of gas bubbles, physical membrane damage,
or even detriments of organelles. The presence of PHA gran-
ules covered with a surface layer of hydrated proteins proba-
bly changes the adhesion forces between water molecules and
cellular components, resulting in a higher rate of water trans-
port through membranes. This causes a faster discharge of

water from cells harboring PHA granules during drying or
freezing, which keeps intracellular formation of ice crystals
to a minimum (Obruca et al. 2016a).

Last but not least, it was experimentally confirmed that the
presence of PHA granules helps to protect cells against UV
radiation. In a study by Slaninova et al. (2018), it was de-
scribed that PHA granules efficiently scatter UV radiation,
which provides a substantial UV-protective effect for bacterial
cells and, moreover, decreases the intracellular level of reac-
tive oxygen species in UV-challenged cells. In this study,
Cupriavidus necator H16 producing PHA granules has much
higher resistance to UV exposition than its non-accumulating
mutant Cupriavidus necator PHB . The protective properties
of the PHA granules are enhanced by the fact that granules
specifically bind to DNA, which in turn provides shield-like
protection of DNA as the most UV-sensitive molecule.
Similar findings were recently reported by Tribelli et al. for
the psychrophilic bacterium Pseudomonas extremaustralis
(Tribelli et al. 2019).

PHA in phototrophic prokaryotes

In several aspects, cyanobacteria are an extremely important
group of organisms: in paleo-biology, as they were the first
massive oxygen producers (Stanley 1999); in ecology, as they
are responsible for 20-30% of the global photosynthetic syn-
thesis of organic carbon (McArthur 2006; Stal 2012); in terms
of evolutionary adaptation, as they have multiple photosyn-
thetically active pigments while able to fix nitrogen (Mitsui
et al. 1986) and can withstand drought, UV radiation, and
extreme temperatures (Bhaya et al. 2000); and in biotechnol-
ogy, as they can be grown strictly photo-autotrophically while
producing different lipids, amino acids, fatty acids, some vi-
tamins, and bioactive components (including, but not only
toxins) for feed, food, and pharmaceutical applications
(Masojidek and Prasil 2010; Meixner 2018).

Similar to heterotrophic bacteria, numerous cyanobacterial
strains accumulate PHA, preferably the homopolyester
P(3HB), in their cells in the form of granules (Ansari and
Fatma 2016; Asada et al. 1999). As mentioned before, the
primarily role of P(3HB) is the storage of carbon and energy
(Sudesh et al. 2001). Similar to other prokaryotes,
cyanobacterial P(3HB) synthesis is stimulated by unfavorable
environmental conditions, such as nitrogen or phosphorous
starvation, but requiring a surplus of energy and a carbon
source (Panda et al. 2005). With emphasis on cyanobacteria-
specific characteristics to morphology and to their extraordi-
nary metabolic flexibility (photosynthesis, nitrogen fixation),
the role of P(3HB) is expected to be highly complex. In con-
trast to most PHA-producing heterotrophs, cyanobacteria ac-
cumulate glycogen, lipids, and proteins besides P(3HB) in
amounts and in relations to each other which substantially
depend on the species and on the cultivation conditions
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(Koch et al. 2019). At heterotrophic growth, for example, the
P(3HB) content in cyanobacteria can reach similar values as in
other bacteria, while at photo-autotrophic growth typically
10-15 but rarely ever more than 25% P(3HB) in the biomass
is reached (Troschl et al. 2017).

While the cyanobacterial P(3HB) synthesis pathway does
not differ from other heterotrophic bacteria, the involved en-
zymes and their respective genes are different in number,
types, and location in the genome (Taroncher-Oldenburg
et al. 2000) (see Fig. 5). Considering the sheer number of
cyanobacteria species that can produce P(3HB) (Ansari and
Fatma 2016), the knowledge about P(3HB) synthesis kinetics
for each of them is far less profound than it is, for example, for
C. necator (Haas et al. 2017; Yamane 1993).

While cyanobacteria genera such as Synechocystis,
Synechococcus, and Gloeothece are spherical and single cel-
lular, others such as Anabaena, Calothrix, Chlorogloeopsis, or
Nostoc grow in irregular or filamentous aggregates, making
the first group the preferred targets for deeper investigations,
simply by allowing to take a representative sample from a
bigger culture volume for analysis. Example images provided
in Fig. 6 may give an impression about why it is almost im-
possible to accurately monitor the growth and development of
aggregate forming cyanobacteria. From our own observations
in Synechocystis sp. cultures (unpublished data), we experi-
enced a wide variety of physiological stages of cells simulta-
neously present in each culture, e.g., containing no, a single or
multiple P(3HB) granules. While growth and
P(3HB) synthesis can be measured from a culture over time,
the development of individual cells remains widely unclear.

It is expected that intracellular P(3HB) has more roles for
cyanobacteria than just carbon and energy storage (Obruca
etal. 2017; Pavez et al. 2009), but this is currently not proven.
With respect to physiological differences, such as the lower
P(3HB) content and its relation to glycogen and with respect
to morphological differences, such as the required space for
thylakoids, the total effect of P(3HB) may be weaker in
cyanobacteria than it is in high accumulating heterotrophic
bacteria. An example of the cellular distribution of P(3HB)
granules in 8 weeks long cultivated Synechocystis culture

~[> phaE phaC

932071 934293
4I>— phaA phaB

1437373 1439426

Fig. 5 Location of the four P(3HB) synthesis genes in Synechocystis
PCC6803, reproduced from Silvestrini et al. (2016)
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(not exceeding 20% P(3HB) in the biomass) is shown in
Fig. 7. The granules are unevenly located in a small part of
the cells, suggesting the occupation of a certain cell volume by
other components.

Exploitation of cyanobacterial P(3HB) production is cur-
rently not done on industrial scale, not only for lack of knowl-
edge about biochemical details, but for reasons of comparably
slower growth and lower P(3HB) content per cell mass,
resulting in an unacceptable high product price (Panuschka
et al. 2019). Research activities, therefore, focus on either
increased cellular P(3HB) synthesis and accumulation rates
(Khetkorn et al. 2016), on increased overall biomass growth
by optimization of media and reactor designs (Pulz 2001), or
on utilization of production residues and waste streams as
inexpensive nutrient resources (Meixner et al. 2016). Finally,
a holistic approach is needed, taking ecological, economical,
technical, and ethical aspects into account to best possible
support a sustainable living (Koller et al. 2017).
Undoubtedly, within those aspects, a better understanding of
the evolution of prokaryotic PHA synthesis and of its ecolog-
ical role in cyanobacteria is the key.

The importance of PHA granules for extremophiles

The specific role of PHA in survival and adaptation of micro-
organisms to adverse conditions is further illustrated by the
well-known fact that a plethora of microbes adapted to life in
various extreme environments like hot springs, bio-trickling
filters, glaciers, salterns, or chemically polluted habitats have
shown potential for PHA biosynthesis. A growing number of
studies accomplished during the last couple of years suggest a
unique evolutionary role of PHA biosynthesis in that adapta-
tion to extreme environments (Koller et al. 2018).

Among different types of extremophiles, many representa-
tives of extremely halophiles are readily studied PHA pro-
ducers. Generally, PHA accumulation seems to be a wide-
spread feature among different prokaryotic strains thriving in
highly saline environments, including both extremely halo-
philic eubacteria and haloarchaea. This suggests that PHA
accumulation plays a vital role in osmotic adaptation of mi-
croorganisms. Sedlacek et al. (2019b), studying the halophilic
strain H. halophila, reported that hypo-osmotically burdened
PHA-rich cells better maintained cell integrity compared to
PHA-poor cells. Under hypertonic conditions, this moderately
halophile H. halophila accumulates high quantities of organic
osmolytes to compensate osmotic imbalance. When suddenly
exposed to osmotic down-shock, halophiles are much more
sensitive to a hypo-osmotic damage and hypotonic lysis than
non-halophiles. Since hydrophobic PHA granules represent a
substantial portion of the intracellular volume, the total
amount of osmolytes per cell will be significantly lower in
PHA-rich cells, which facilitates the quick adaptation from
hyper- to hypotonic conditions. These findings substantiated
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Fig. 6 Morphology of three selected cyanobacteria genera which are able to accumulate P(3HB) while growing under non-sterile conditions in bench-
scale photobioreactors. All photos are in the same scale, from left to right: Synechocystis, Chlorogloeopsis, Calothrix

previous reports for the extremely halophilic archaeon
Haloquadratum walsbyi, cells of which immediately lyse in
distilled water and require a minimum of about 140 g/L salts
for growth. This flat square-shaped haloarchacon was grown
aerobically under illumination on a medium containing about
200 g/L NaCl; detailed studies of cellular morphology via
atomic force microscopy showed strong corrugation of the
cellular surface due to the presence of tightly packed PHA
granules. Already in this study, it was supposed that the pri-
mary function of these PHA granules was to reduce the cyto-
sol volume to minimize the energy demand of cells for osmot-
ic homeostasis; hence, they display an essential function for
the cells to manage high salinity (Saponetti et al. 2011).

As an example for cryophilic (psychrophilic) PHA-
producing strains, Pseudomonas sp. 14-3, isolated from sam-
ples taken in the Antarctic region, was investigated by Ayub
et al. It was shown that the phaRBAC genes of this strain,
responsible for PHA biosynthesis, are located on the same
isolated gene region where also those genes presumably con-
tributing to its high adaptability to low temperature are placed.
To study the impact of PHA biosynthesis on the strain’s

adaptability to low temperature, its wild-type and PHA-
negative mutant (deletion of the PHA synthase encoding
gene) were compared. The PHA-negative mutant strain was
more prone to freezing than the PHA-accumulating wild-type
organisms; the mutant did not grow at all at 10 °C. It was
suggested that the presence of PHA granules was essential
for the strain to adequately respond to the oxidative stress
caused by the low temperature. Importantly, for the mutant,
sudden cold shock resulted in prompt decrease of the intracel-
lular NADPH content and NADH/NAD" ratio, while sudden
cold shock of the PHA-positive wild-type initiated sudden
PHA degradation, but no tremendous loss of reduction equiv-
alents due to regeneration of reducing power by PHA degra-
dation. As a consequence, lipid peroxidation at low tempera-
ture was 25 times higher in the mutant strain than in the wild
type. Hence, oxidative stress related to low temperature is
relieved by degrading PHA due to generation of the needed
reduction potential (Ayub et al. 2009). The importance of
PHA for bacteria inhabiting cold environments was also con-
firmed by numerous studies dealing with composition of mi-
croflora occurring in niches constantly exposed to low and

Fig. 7 Microscopy images of Synechocystis in bright field mode (left), in fluorescence mode after Nile Red staining (middle) and an overlay of both

(right). x 1000 magnification, cell size is ca. 3.54 um

@ Springer



4806

Appl Microbiol Biotechnol (2020) 104:4795-4810

even sub-zero temperatures. Numerous PHA producers were
detected in Antarctic soil (Goh and Tan 2012), subarctic sea
ice in Greenland (Kaartokallio et al. 2013), Antarctic freshwa-
ter (Ciesielski et al. 2014), the Baltic Sea (Pdrnédnen et al.
2015), or Pangi-Chamba trans-Himalayan region (Kumar
et al. 2018).

At the first sight, biotechnological implementation of
thermophilic production strains seems to be impractical be-
cause of technological issues associated with high tempera-
ture cultivations, e.g., reduced oxygen solubility at elevated
temperatures and high energy required to maintain high cul-
tivation temperature. Surprisingly, when thermophiles are
used in bioreactor cultivations, these processes often are of
considerable energy efficiency, mainly due to reduced
energy-demanding cooling requirements. Additionally, cul-
tivations of thermophiles are considered “self-heating sys-
tems” because heat energy is generated by their metabolism;
this phenomenon is especially observed for large-scale cul-
tivations with high cell density. Further, also the bioreactor
stirring system produces heat energy, which additionally
contributes to the heat energy supply to the cultivation.
Combination of all these effects reduces both heating and
cooling costs. As a further advantage, also energy-
demanding sterility precautions (sterilization of equipment
and media components) can be reduced to a minimum when
working with thermophilic organisms (Ibrahim et al. 2010);
this benefit is analogous to the reduced energy costs for ster-
ilization when using extremely halophiles like, e.g.,
Haloferax mediterranei (Hermann-Krauss et al. 2013).
Among the potential thermophilic producers for biotechno-
logical production of PHA, Chelatococcus daeguensis
TADI can be considered an auspicious candidate for PHA
production from abundantly available inexpensive raw ma-
terials on an industrial scale. Improved productivity of this
thermophilic strain, isolated from bio-layers of a bio-
trickling NOy removal filter, as compared to its mesophilic
relative Chelatococcus sp. strain MW 10 was reported
(Ibrahim and Steinbiichel 2010; Xu et al. 2014). However,
as compared to halophiles or psychrophiles, PHA biosynthe-
sis was not reported for many thermophiles, which indicates
either that PHA biosynthesis is not very common among
thermophiles or that thermophilic PHA biosynthesis is
underinvestigated. To isolate novel promising thermophilic
PHA producers, Pernicova et al. (2020) developed a novel
isolation approach. Since conventional colony-Nile Red
staining provided false positive signals in thermophiles, a
mixed consortium was enriched by PHA-producing thermo-
philes by application of osmotic challenge relying on the
osmoprotective function of PHA granules. PHA-positive
colonies were subsequently identified by fast and reliable
ATR-FTIR analysis. In this work, several potentially prom-
ising thermophilic PHA producers belonging to genus
Bacillus, Aneurinibacillus, and Chelatococcus were gained.

@ Springer

Conclusions

As was shown in this review, the biological role of PHA is
very complex and universal among diverse genera of prokary-
otes, as can be illustrated by the fact that PHA production is
common for such fundamentally different groups of microor-
ganisms as heterotrophs and autotrophs on the one hand, or
mesophiles and extremophiles on the other hand. Aside from
the generally accepted storage function, recent experimental
studies have decidedly elucidated that accumulation of PHA
in the cells provides microorganisms with higher stress sur-
vival and robustness. Mechanisms involved in the PHA pro-
tective role combine various factors including unique cyclic
character of PHA metabolism and its interconnection with
other crucial metabolic pathways, multiple biological func-
tions of PHA granules associated proteins and remarkable
morphological and biophysical properties of native PHA gran-
ules. The understanding of the particular contributions of the
individual mechanisms in the PHA stress-shielding is of the
great interest not only from the fundamental scientific point of
view, but it has also very promising potential in improving
sustainability and comprehensibility of various biotechnolog-
ical processes including, but not limited to, PHA production.
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7 SEZNAM ZKRATEK

3HB
3HV
4HB
BER
CoA
DNA
dPHA
DSC
DVS
FTIR
i-nPHA
iTGA
kryoSEM
Icl-PHA
mcl-PHA
NER
nPHA
P3HB
PHA
RH
RNA
ROS
scl-PHA
TEM

T,

Tm

uv
UVR

3-hydroxybutyrat

3-hydroxyvalerat

4-hydroxybutyrat

excisni reparace bazi

koenzym A

deoxyribonukleova kyselina
denaturované PHA

diferencialni skenovaci kalorimetrie
dynamicka sorp¢ni analyza par
infracervend spektroskopie s Fourierovou transformaci
intracelularni nativni PHA

izotermalni termogravimetricka analyza
kryo skenovaci elektronova mikroskopie
long-chain-lenght

medium-chain-lenght

nukleotidové excisni reparace

nativni PHA

poly(3-hydroxybutyrat)
polyhydroxyalkanoaty

relativni vlhkost

ribonukleova kyselina

reaktivni formy kysliku
short-chain-lenght

transmisni elektronova mikroskopie
teplota skelného ptrechodu

teplota tani

ultrafialové zatfeni

UV rezistence
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