Dopliiky

\A. Bakterialni cvtoskeleﬂ

Bakterialni buiika obsahuje fadu vlaknitych proteinti nutnych pro

- regulaci tvaru bunky

- bunécné déleni a

- segregaci chromozomii
- rozdélovani plazmida
- bunécné polarité

Jsou analogické vSem tiem cytoskeletarnim strukturam eukaryotni bunky, a to nejen
svou

- 3D strukturou, ale 1
- biochemickymi vlastnostmi.

Nedavné technologické pokroky osvétlily vazby mezi bunéénym délenim a segregaci
chromozomtl.

(Yu-Ling Shih and Lawrence Rothfield (2006): The Bacterial Cytoskeleton.Microbiology
and Molecular Biology Reviews, p. 729-754, Vol. 70, No. 3;

Michie KA, Lowe J. (2006): Dynamic filaments of the bacterial cytoskeleton. Annu Rev
Biochem.;75:467-92).

Bakterialni cytoskeletarni proteiny se samousporadavaji ve vlaknité struktury in
vitro a tvori organizované vlaknité struktury in vivo.

1. Pivod bakterialniho aktinového cytoskeletu

Je dokdzano, Ze v bakteridlnich bunkach funguje analog tubulinu, jmenovité¢ FtsZ
(filamentous-temperature sensitive protein Z).

Pomoci imunofluorescence byl rovnéz u druhu Bacillus subtilis objeven analog
aktinu - protein MreB. Formuje spiralovité struktury pod cytoplazmatickou membrénou
(L.J.F. Jones, R. Carballido-Lopez and J. Errington, Cell, 104, 913-922 (2001)). Studie
distribuce MreB genii v fi$i Bacteria ukazuji, Ze nesférické bunky vlastni jeden nebo vice
téchto genti. Bunky Bacillus subtilis bez tohoto genu ztraci sviij tvar.

Zbyvéa pochopit, zda MreB formuje vldkna. Purifikovany protein MreB z bunék
Thermotoga maritima je scopen in vitro formovat polymery podobné jako eukaryotni
aktin (F. van den Ent, L.A. Amos and J. Lowe, Nature, 413, 39-44 (2001)). Pohled na
polymery pod elektronovym mikroskopem ukazal, ze se sklddaji z paru filamenti — kazdy
byl vlakno protomeru. Podobnost mezi MreB a a aktinem byla zkouméana na krystalické
struktufe proteinu MreB bunék 7. maritima pomoci MAD (multiple anomalous dispersion).
Strukturalné jsou si tedy podobné, i svou orientaci. Trigonalni krystaly MreB (P3,21,a=b =
51.58 A, ¢ =292.37 A) formuji dvé shodné podjednotky, stejné jako u aktinu. Kombinaci
rentgenového zareni a elektronové mikroskopie se doSlo k zavéru, Ze polymerované
podjednotky aktinu a MreB formuji shodnd protofilamneta.



Existuje vSak markantni rozdil mezi polymery MreB a F-aktinem. Eukaryotni aktin je
tvoren dvéma protofilamenty jemné propletenymi do helikalniho vlakna, zatimco
bakterialni ,.aktin* sestava z paru rovnych protofilament

(F. van den Ent, L.A. Amos a J. Lowe (2007): Bacterial Origin of the Actin Cytoskeleton.
MRC-Laboratory of Molecular Biology, Cambridge (UK)
http://www.esrf.eu/UsersAndScience/Publications/Highlights/2001/life-
sciences/L.S10.html)

Obr:
Srovnani protofilamnet F-aktinu a proteinu MreB. Jsou znazornény tfi podjednotky obou
polymert, kazda ze ¢tyt domén rizné barvy. Podélné usporadani je podobné:
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Dalsimi podrobn¢ studovanymi proteiny s vlastnostmi aktinu jsou ParM (E. coli) a
MamK (Magnetospirillum magneticum) a crescentin — podobnost intermediannim
filamentim (Caulobacter crescentus).
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Obrazky: (Yu-Ling Shih and Lawrence Rothfield (2006): The Bacterial
Cytoskeleton.Microbiology and Molecular Biology Reviews, p. 729-754, Vol. 70, No. 3).
http://mmbr.asm.org/cgi/content/full/70/3/729?view=long&pmid=16959967

2. Caulobacter crescentus
proteiny homologické tubulinu

www.yale.edu/jacobswagner/research.htm:

¢ Strukturalni _analog aktinu_(MreB) - preduréeni tvaru bunék C. crescentus,

Escherichia coli, Bacillus subtilis. Koordinuje bunéénou morfogenezi, ve spojeni

s MreC (proteinem obalujicim buiniku uvniti periplazmatického prostoru.

*

% V bunkach Caulobacter crescentus, je protein MreC spojen s penicilin vazajicim

proteiny (PBPs), kter¢ katalyzuji inzerci intracelularné syntetizovanych prekurzort do
bunécné stény. Protein MreC je podstatny pro prostorovou organizaci sloZek

holoenzymii v periplazmé syntetizujicich peptidoglykan (MreB fidi fidi lokalizaci

prekurzorii peptidoglykanu v cytosolu).

*

» Fluorescencni znaceni vankomycinem (Van-FL) také dokazuje, ze cytoskeletarni

proteiny MreB a FtsZ, stejné¢ jako MreC a RodA pisobi pri syntéze PG. Je
dokazéano, ze proteiny MreB a FtsZ jsou vyZzadovany pro morfogenezi polarni stélky.

FtsZ (filamentous-temperature sensitive protein Z) je vyzadovan pro start ¢asné
syntézy peptidoglykanu vedouci k tvorbé mezivrstev, zatimco MreB je nutny pro
prodluZovani stélky. Bakteridlni cytoskelet a proteiny urcujici tvar bunécéné stény
jako MreC spolupracuji pii lokalizaci komplexti koordinované syntetizujicich

buné¢nou sténu.

(Arun V. Divakaruni, Cyril Baida, Courtney L. White and James W. Gober (2007): The
cell shape proteins MreB and MreC control cell morphogenesis by positioning cell wall

synthetic complexes. Molecular Microbiology, Volume 66, Issue 1, Page 174-188, doi:

10.1111/5.1365-2958.2007.05910.x)

/7
*

¢ Protein bunééného déleni: FtsZ (filamentous-temperature sensitive protein Z), je

homologem tubulinu (bakterie tedy vlastni struktury vlaknitého cytoskeletu). U
caulobactera hraje roli i v prodluZovani buiiky — reguluje prostorové umisténi

enzymu MurG produkujiciho lipid IT (prekurzor peptidoglykanu).

*

% Casné umisténi FtsZ do kruhové struktury b&hem prodluzovéni buiiky je nasledovano

prevedenim MurG a presmérovani syntézy prekurzori peptidoglykanu do stfedu
buiiky. Déje se tak pred bunéénou konstrikei s prispénim k elongaci bunky. Za
nepiitomnosti FtsZ se enzym MurG neakumuluje uprostred butiky a bunécnd elongace

pokracuje inzerci peptidoglykanu i po okrajich bunééné stény. Buiika tedy k elongaci
vyuziva systém syntézy bunécné stény zavisly i neavisly na FtsZ; dalezitost jednoho

nebo druhého rezimu zavisi na nacasovani uspotfddani FtsZ béhem elongace bunky.

(Aaron M, Charbon G, Lam H, Schwarz H, Vollmer W, Jacobs-Wagner C. (2007) The tubulin

homologue FtsZ contributes to cell elongation by guiding cell wall precursor synthesis in
Caulobacter crescentus. Mol Microbiol. 64:938-52.)
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¢ Crescentin — podobny intermedidanim filamentiim — helixy a zak¥iveni

bunék Caulobacter — asymetrické samousporadavani molekuly — tvar b.
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Fig. 2! Crescentin i=s required for the wibrioid and healical
shapes of C. crescenfus Scale bar, 2 pm.
Fhroto earrted countesy of Call Press.

Fig. 3: Crescentin colocalizes with the inner cell curvature near the
membrang. (&) Cwverlay between crescentin-GFP (green) and the
membrane dye FM4-64 (red) in live merodiploid creS-gfe creS cells.
(B Immunofluorescence overlay between crescentin (red) and DAPI (blueg)
stainings . Fhroto eprinted coudesy of Cell Press.

3. Gliding motility

Makoto Miyata, profesor Osaka City University zkoumal klouzavy pohyb Mycoplasma

mobile. Za pomoci cytoskeletarnich filament udrzuji nesféricky tvar. (They look like schmoos
that are pulled along by their heads. How they are able to glide is a mystery.)
Miyata, M., Ryu, W.S., and Berg, H.C. ,,Force and velocity of Mycoplasma mobile gliding.*

J. Bacteriol. 184, 1827-1831 (2002).

4. Hvdrofobni proteiny streptomvcet

opora vzdusného mycelia

Microarrays analyzami — identifikace hydrofobnich proteini — chapliny =
kostra pro vzdusné hyfy. Sekretovany z cytoplazmy a ukladany do bunécné

stény. 8 druhil

Chapliny — kovalentni vazba na PG, hydrofobni a odolna vrstva — studium

cytoskeletu S. coelicolor

Studium — exprese a funkéni specializace jednotl.druhii chaplint, jejich
polymerizace, interakce se slozkami bunéc.stény a morfogeneze

Souvisejici clanky:

L.
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The cell shape proteins MreB and MreC control cell morphogenesis by positioning cell
wall synthetic complexes
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Understanding the shapes of bacteria just got more complicated
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Exploration into the spatial and temporal mechanisms of bacterial polarity.
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Department of Molecular, Cellular and Developmental Biology, Yale University, New Haven,
CT 06520, USA.

The recognition of bacterial asymmetry is not new: the first high-resolution microscopy
studies revealed that bacteria come in a multitude of shapes and sometimes carry
asymmetrically localized external structures such as flagella on the cell surface. Even so, the
idea that bacteria could have an inherent overall polarity, which affects not only their outer
appearance but also many of their vital processes, has only recently been appreciated. In this
review, we focus on recent advances in our understanding of the molecular mechanisms
underlying the establishment of polarized functions and cell polarity in bacteria.

V.

doi:10.1016/j.ceb.2006.12.010 @ Cite or Link Using DO

Copyright © 2006 Elsevier Ltd All rights reserved.

Diversification and specialization of the bacterial cytoskeleton

Zemer Gitai®

*Princeton University, Department of Molecular Biology, Washington Road, Princeton, NJ
08544

Available online 18 December 2006.

The past decade has witnessed the identification and characterization of bacterial homologs of
the three major eukaryotic cytoskeletal families: actin, tubulin and intermediate filaments.
These proteins play essential roles in organizing bacterial subcellular environments. Recently,
the ParA/MinD superfamily has emerged as a new bacterial cytoskeletal class, and imaging
studies hint at the existence of even more, as yet unidentified, cytoskeletal systems. Much as
the cytoskeleton is used for different purposes in different eukaryotic cells, the specific
identities, functions and regulatory mechanisms of cytoskeletal proteins can vary between
different bacterial species. In addition, extensive cross-talk between bacterial cytoskeletal
systems may represent an important mode of cytoskeletal regulation. These themes of



diversity, species-specificity and crosstalk are emerging as central properties of cytoskeletal
biology.

VL

The Bacterial Cytoskeleton

Yu-Ling Shih and Lawrence Rothfield”

Department of Molecular, Microbial and Structural Biology, University of Connecticut Health
Center, 263 Farmington Avenue, Farmington, Connecticut 06032
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(iii) Cellular functions of MreB and MreB homologs.
Plasmid partitioning by an actin homolog: the ParM system.
(i) ParM polymer assembly and disassembly.

(ii) Mechanism of ParM function.

(iii) Filament disassembly and plasmid migration.

MamK.

Tubulin Homologs

FtsZ.

(i) The FtsZ ring.

(ii) Membrane attachment of the Z-ring.

(iii) FtsZ spiral structures.

(iv) FtsZ polymerization and depolymerization.
(v) Regulation of Z-ring assembly and stability.
BtubA/B.

(i) BtubA/B polymerization.

Microtubule-like structures in Verrucomicrobia.

Intermediate Filament Protein Homologs
Crescentin.

The MinD/ParA Class of Bacterial Cytoskeletal Proteins
Subgroup 1: MinD. (i) The MinCDE system.

(ii) The MinD cytoskeleton.

(iii) MinD structure.

(iv) MinD polymerization.

(v) Membrane targeting of MinD.

(vi) MinD-bilayer interactions.

(vii) Dynamic rearrangements of the MinD cytoskeleton.
Subgroup 2: type I plasmid partitioning proteins.
(i) ParA/B proteins in plasmid partitioning.

(ii) ParA cytoskeletal structures.

(iii) ParA polymerization.

(iv) ParA oscillation.

Soj.

Other Filamentous Intracellular Structures
Spiroplasma melliferum fibrillar structures.
Treponema phagodenis cytoplasmic filaments.
Mpyxococcus xanthus intracellular filaments.
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Pucici buiiky Hyphomycrobium
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Fic. 3. Phase-contrast photomicrographs. (a) Aerobic growth on methanol. Characteristic Hyphomicro-
bium cell cycle (33, 45). (b) Induction of Y-cell formation (arrowed) on substitution of methanol by methyla-
mine. I, Swarm cell; 2, stalk development; 3 and 4, daughter cell formation. Gold-palladium-shadowed
electron micrographs. (c) Normal daughter cell development in Hyphomicrobium strain C (3). (d) Y-cell
formation. (e) Released Y-shaped cell showing retention of a portion of the mother cell filament (arrow). (f)
Dichotomous branching (arrow). Negatively stained (1% [wtlvol] phosphotungstic acid) electron micro-

graphs. (g) Development of a Y-shaped cell grown on methylamine as the sole carbon source. Dichotomous
branching yields one cell that "buds off’ a daughter cell, whereas the other continues the branching process.
(h) On readdition of methanol, Y-shaped cells produce filaments of "normal” dimensions, which subsequently
give rise to "normal™ motile cells. 1T should be noled, however, thal recent studies (A . Lawrence, unpublished
data, this laboratory) have shown that similar morphogenetic variations can be induced by altering the
intracellular ionic environment. A similar dependence of morphogenetic expression on the intracellular ionic
environment has been recorded for Geodermatophilus species (37). (Media and growth conditions as de-
scribed in Fig. 2.)
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prostéka
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Fic. 4. A prosthecate bacterium, isolated from freshwater, which responds to environmental stimuli by
the induction or repression of the formation of cellular appendages (prosthecae) and by marked phenotypic
changes. Phase-contrast photomicrographs. (a) Expression of multiple cellular appendages when grown at
25°C under dilute organic nutrient conditions, i.e., 50 pg of peptone per ml in distilled water. This phenotype
is analogous to that previously described for Ancalomicrobium species (79). Growth is unidirectional and
polar. Division is by binary fission. (b) When cultured at 25°C under high nutrient conditions, i.e., 175 pg of
peptone per ml in distilled water, the cells become nonappendaged and assume an alternative distinctive
morphology. Gold-palladium-shadowed electron micrographs. (¢) Multiappendaged cell, which is character-
istic of cultures grown in dilute medium as described in (a). Considerable phenotypic variation is shown in
cultures grown at 25°C on 75 to 100 pg of peptone per ml. The majority of cells have a very characteristic
knobbed appearance and may or may not be appendaged (d). In addition, nonappendaged motile cells (e),
which have a similar knobbed wall structure, are apparent. There are also small, nonmotile, ovoid cells
present, which lack the knobbed wall (e and f) but which can be found in the process of its formation (g).
Numbers on figures refer to phenotypes shown in Fig. 5.

Charakter sporangii aktinomycet

10



Spirillospara

Ampullariella
Fics 1 and 2. Schematic illustrations of actinomycete genera. The white

hatching identifies the substrate mycelium which is on the surface of the medium, and the dark filaments and spores represent
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Zivotni cykly s pravou diferenciaci
A. vlaknité sinice
m heterocysty

m akinety
m vegetativni bunky

Heterocysty
¢ nejsou v pravém smyslu soucasti cyklu — dead-end cells
4 nejsou schopny déleni ani kli¢eni
& slouzi k fixaci molekularniho dusiku — ochrana anaerobni, ke Kysliku
citlivé nitrogenazy
& existuji v tésném spojeni s vegetativnimi bunkami

Heterocysty
m bunéCna sténa je chranéna obalem s glykolipidovou a
polysacharidovou vrstvou

m mikroplazmodesmata spojuji obé buiiky
& presun disacharidu do heterocystyredukovany ferredoxin pirenasi
elektrony nitrogenaze

Akinety
klidové rezistentni stadium
vEtsi bunky s tlustou sténou
rezistence vici vysychani a fyzikalnimu poruseni
Casto v fetizcich
vegetativni buniky se preménuji v akinety na konci
exponencialni faze
Zivotni cyklus
m akinety kli¢i a vyrlstaji z nich vegetativni buiiky, v
fetizcich
m za nedostatku vyuzitelného dusiku se v fetizku tvofi
heterocysty — zhruba kazda sedma buiika
m po pruchodu exponencialni fazi se vegetativni buiiky
méni v akinety

B. Pleurocapsaceae

1. Dermocarpa
m baeocyt — buiika s tlustym obalem

12



& roste, zvétSuje svoji velikost az 1000x

¢ kdyzZ dosahne maximalni velikosti, dojde k mnohonasobnému déleni

uvniti atvaru
¢ rodiovska buiika praska

¢ uvolinuji se nové baeocyty — drobné, pohyblivé klouzavym pohybem,

fototaktické

m vytvofeni pochvy — ptisednuti k pevnému podkladu

1. Dermocarpella

asymetrické déleni ovoidniho baeocytu

vétsi bunka prochazi mnohonasobnym délenim za
vzniku baeocytl, mensi bunka zlistava obalena
pochvou a ptisedla

praska pouze vétsi bunka

13



Tvary bakterialni bunky

Tycky:
- malé: Serratia marcescens
- velké: B. cereus
- fetizky: B. mycoides
- koryneformni — Corynebacterium
- tyC€ky ---- koky: Arthrobacter crystallopoietes

Vladkna: Streptomyces griseus
Caulobacter crescentus

Kolonie:
- hladké smooth — S. marcescens, P. fluorescens
- drsné rough: B. subtilit
- mukoidni: Azobacter vinelandii
- rhizoidni: B. mycoides

Zivotni cyklus Arthrobacter

- G+, 0,6-1,0 x 1-3, Micrococcaceae, mize se rychle odbarvovat

- Rostou 10-35°C, nejvétsi podil pii stanoveni poctu bakterii v piid€. Pocet klesa s rostouci

kyselosti pudy

- Rustovy cyklus: ty¢ka — kok
Grampozitivni tycka se v prabéhu cyklu méni v kok (ve stac.fazi 2-7dni). Po
preneseni do ¢erstvého media ,,puci* a produkuji dalsi buiiky — nepravidelné tycky
(exponencialni faze). Nékteré bunky tvoti dvojice ve tvaru L nebo V, vétSinou
pravouhlé. MiiZe se objevovat primarni vétveni, ne pravé mycelium.
V nékterych kulturach se pfi urditych pomérech N/C tvori velké, kulaté buiky,
spory (klidové stadia?)
Riistovy cyklus je morfologickym znakem — ke sledovéni musi byt pouzito
vhodnych medii (yeast pepton agar)

Ancylobacter aquatis
Alphaproteobacteria, celed Xanthobacteraceae, rod Ancylobacter
- nepohyblivé G- zakiivené bakterie, 0,3-1 x 1-3, stary nazev: Microcyclus, sk. I B
I: respiracni metabolismus, zakiiveny C tvar, mohou tvofit prstynky — za béZnych
kultiva¢nich podminek ptekryvem bunck
B: prilezitostné tvoii prstynky, netvoii Sroubovice a vlakna, mohou tvofit plynové
Vakuoly — pii 20°C

- enkapsulované buiiky, nejsou klidovymi stadii. Vyuzivaji methanol a formiat, aerobni

- 5-37°C

- kolonie: prisvitné — opalescentni — bilé

- kultivace: definované medium: (NH4)2 SO4

14



Arthrobacter crystallopoietes CCM 2386, Gramovo barveni, médium ¢.1, 30°C, 24h.

15
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Ancylobacter aquaticus CCM 2549, Gramovo barveni, médium ¢.46, 28°C, 3 dny

Ancylobacter aquaticus CCM 2549, médium ¢€.46 (Ancylobacter - Spirosoma medium) 28°C,
4 dny.
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B. Pohyb bakterialni buiiky|

Spirochety — axidlni filamenta v periplazmatickém prostoru
Klouzavy pohyb — sinice (cyanobacteria), Myxobacteriales, Cytophagales, mykoplazmata
- nema preduréeny specialni struktury
- 3 pum/s
- myxobakterie: 3 genové oblasti — pohyb individualni buniky, spole¢ny
pohyb bunék a usidleni — agregace (tato tfeti skupina genil je uzce
ptibuzna genim pro MCP systém!
Pohyb je odpoved’ na: chemické latky, teplotu, svétlo, gravitaci, kyslikovy gradient

Chemotaxe:

Pohyb bez atraktantu — stfidani pfimého a otacivého, vrtivého. Nahodny.

Pohyb s atraktantem — niz8i frekvence otdceni na misté

Bakterie disponuje paméti na okamzitou koncentraci atraktantu: porovnava prostredi

s ptfedchozi koncentraci — ve sméru zvysujici se koncentrace se sniZuje frekvence otaceni na
misté.

= Pozitivni (pohyb k atraktantu) a negativni — pozorovani na Petriho misce
= Koncentra¢ni gradient
= Chemoreceptory — v periplazmé nebo na cytoplazmatické membrané
= Atraktanty:
> cukry (odpovéd uz na 10 M koncentraci), aminokyseliny;
» 20 chemoreceptort
= Repelenty
» Dbakt.odpadni produkty, inhibi¢ni agens, barviva, chemické latky
» 10 chemoreceptort

Zavislost na prostiedi:
MCP systém celedi Enterobacteriaceae je ur€.zplisobem vyvinut u druhti zijicich v prostiedi
bohatém na ziviny, lisi se tedy od systému recepce napi.u oceanskych bakterii:

Vibrio furnissii — zivi se chitinem, vykazuje, silnd odpovéd’ na nizké koncentrace
oligosacharid chitinu, nikoli na silné atraktans napi.pro enterobakterie (aspartat).
Fotosyntetické Chromatium — pfitahovano H,S (donor elektrontt), coz je repelent pro vétSinu
bakterii.

H. halobium pfitahovano leucinem, coz je repelent pro enterobakterie.

Rhodopseudomonas putida — chemoatraktantem jsou repelenty enterobakterii (benzoat)

MCP systém neni ovliviien ristovym cyklem buriky, , neni zahrnut v udrzbé bunky, ale pfi
zvySené intenzité rustu. — pohyb hraje roli pfi kompetici limitujicich zdroji.

Chemotaxe hraje roli u adherovanych bunék

Caulobacter — volné plovouci buiiky — neni syntéza DNA, ani déleni, ale exprese MCP —
podobnych receptorti — silna chemotaxe. Pohyb za signaly, dokud nenarazi na povrch bohaty
na substrat — osidleni a iniciace buné¢ného déleni.

Aerotaxe:
Jedna z nejdiive popsanych taxi. (1883, Engelmann).
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Fototaxe:

Fotokineze je snizeni ¢i zvySeni rychlosti odpovédi na zmény intenzity svétla.
Pozitivni fototaxe ve sméru nizsi intenzity svétla.

Akumulace ve stinném prostiedi.

Sinice — velikost buniky umoziiuje vnimat smér svétla.

Bakterie — fotofobni.
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