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Komplexy vnitfni membrany rostlinnych
mitochondrii — dva systemy prenosu e-

Box 1. Cytochrome oxidase and alternative oxidase pathways of mitochondrial electron transport

The oxidetive electron trensport in mitochondria of higher plants uses
two differert pathweays {Figure 1} — the cyanide-sensitive cytochrame
oxidese {COX) pethway end the cyanide-insensitive ahemative oxidase
IADK) pathwray |23,74, 75 The COX pathway sccomplishes most of the
ATP production in plemt mitochondna, whereas energy tends to be
dissipated &8 hest thmough the AQK pathwesy | 78], The operstion of
the ADK pathwey ia dynamic and depends on the environmental
conditions [74]. AQK plsys an imporanmt mole in integrating the
processes of carbon metabolism end mitochondrial electron transport,
particularly when them is an sccumulstion of reduced equivelents and
pyruvate {e.g. under phosphate deficiency} [231 Howewver, the physio-
logical function of the AQX pathway in green tissues is not dlear,
elthough it is known to increase under stress conditions [£3, 74].
Experiments with inhibitors suggested that the mitochondnal path-
way through 00X and ADY is essential for photosynthesis [8,31]. The
AD¥ pethway can play an imporan role in protecting chloroplasts
i mmititen. by dissipating the excess redox equivelents
NADH v

dehydr%genasa
H+

Ratenona Malonate

salicylhydfoxamid acid

from chloroplasts. Interestingly. the extent end engagement of ADX
seemstoincme sse whentheoytosol and mitochondna ame over-reduced,
a5 happens in the light [44]. Furthermore, several pieces of evidence
suggest the pronounced operstion of the AQ K pathway in light in green
tisaues: li} increased electron flow through the ACK pathway during
glycine oxidation |1042] (i} synthesis of ADX protein duning greening
|37 il increased elecron flux through theAOK pathiasy in Hght and its
decresseontrensition to dark [78]. Mostof theexperimenta thataugpest
the importance of A0K in maintaining the redox state and optimizing
photosynthesis heve been conducted using salicylhydroxamic acd,
whaose relisbility is frequently questioned [6]. Howewver, experiments
with 8 stable oxygen lotope mevealed that —60% of mitochondrial
respiration in light occumed through AOX [78]. The concept of the
participation of the AQKX pathway in modulsting photosynthesis or
phaotoinhibition needs to be re-examined using other s pproaches, such
a5 mutents or frensgenics with sltered ADX protein levels 23] and
factors that modulate ACK, such as temperature [48].
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Vyznam této respiracni drahy je vedle
vyjimecnych pfipadu produkce tepla (Arum)
pravdepodobné v moznosti reagovat na stres
antioxidat ¢énim p isobenim , ,upoustét”
prebytecnou energii a udrzet v chodu aerobni
glykolyzu, pentozovy a Krebsuv cyklus (i].
anabolické fce mitochondrii). AOX je aktivni v
pripadé silné reduktivni situace — napf. bezi-li

silné fotosyntéza.



Mitochondrie se déli
,zaskrcenim® podobne jako
plastidy
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Vnitni prstynek - FtsZ1 a 2 (vzdal. prokar. p

Fib. tubulinu

GTPdep. polymerace — u krytosemennych neni )
a spol. Vn éjSi prstynek — dynamin.

PC Ft=Z {chloroplast

aj

AP Dynamin (mitochondricn)

Ft=Z (mitochondrion)

Fig. 1. Ring structures armund the division site of a chloroplast and mitochondrion
in the red slga Cyanidioschyzon. |&} A scanning electron microgreph of an isolsted
dividing chloroplzst. (b} Magnified cross-section of the plastid-dividing {PD} ring
obtained by transmission electron microscopy. The PD ring is composed of an
outer ring lon the cytosolic side of the outer envelope|, 8 middle ring lin the inter-

membrane spacel, and an inner ring {on the stromal side of the inner envelope)
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Organizace mitochondrialniho genomu
suchozemskych rostlin
208-2400 kb depending on species

Relatively constant coding but highly variable organization among and
even within a species

Entire complexity maps as a single “master circle”

All angiosperms except Brassica hirta have one or more
recombination repeats.

Repeats not conserved among species

Direct and/or inverted orientations

Recombination generated inversions
(inverted repeats)

Recombination generated subgenomic

molecules (deletions) (direct repeats), some present at very
low copy number (sublimons)
Leads to complex multipartite structures



Architektura rostlinné mtDNA je
velmi variabilni — pr.kukurice
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Uspo radani genomu mitochondrii Arabidopsis.
(modified from Backert et al. Trends Plant Sci 2:478)

Fig. 1. Proposed multipartite organization model of the
mitochondrial genome of Arabidopsis. The entire genome of
372 kb is contained in the circular master chromosome,
which occurs in three different arrangements that are in
balance with two subgenomic circles of 138 and 234 kb.
These five circular molecules are generated by recombi-
nation across two sets of repeats. The position and direction

of the repeats are indicated by open and filled arrows.
Modified from Ref. 40.



Fyzicka struktura mitochondrialni DNA rostlin
(Backert et al. Trends Plant Sci 2:478)

Conclusions
No discrete size classes
Circles including smaller than predicted
Linears including longer than predicted

Potential Mechanisms
Rosettes
Nucleoid complexes
Recombination complexes

Long linear molecules and sigma molecules
Rolling circle replication
Recombination

Branched linear molecules
Recombination or replication of linear molecules

Small circles
Recombination across short direct repeats

Questions
How is the genome stably inherited from cell
to cell and generation to generation?



Fyz.i_cké struktura mitochondrialni DNA rostlin
(modified from Backert et al. Trends Plant Sci 2:478)

About 1 Not
270 kb Master chromosome

observed
T — i
LT beeen smai o scures.
o o O_O
G = L) s = oO— >Dbsewed

. binat
—a Linear molecules
(40-250 kb)
Replication Linear molecules

Fig. 2. Hypothetical model of the structural organization and replication of the
mitochondrial DNA in Chenopodium alburm. Circular molecules (including circles
with tails, which comprise 13—26% of the molecules, about one third of which are
represented by plasmid mp 1), linear molecules (56.5—81.5%) and more complex mol-
ecules (4.2—-17.5%) are expected to exist in dynamic equilibrium as observed in elec-
tron microscopic studies'. The organization of DNA may be more simple or even
more complicated in the mitochondria of other species. The enormous diversity in
the size of molecules (including molecules larger than the putative master chromo-
some, such as oligomers and concatemers), and in their shape, may be
generated by various mechanisms: inter- and intramolecular recombination events
between large and small repeats; the formation of higher ordered (nucleoid-like
rosette) structures:; and specific types of replication.




Fyzicka struktura mitochondrialni DNA rostlin

via rolling circle DNA replication
(from Freifelder, 1983, Molecular Biology)

———— B
T 3'-OH on leading strand
3'-0OH
5p —_— — —— —— 3-0OH
5'-p
(a)

Figure 8-39

(a) Rolling circle or o
replication. Newly syn-
thesized DNA is shown in
red. (b) An electron mi-
crograph of a rolling
circle of phage A DNA
isolated from phage-
infected E. coli. The
length of the branch is
15.2 um. (Courtesy of
Marc Better.)




Kodovaci potencial genomu rostlin

In organello protein synthesis indicates 30-50 proteins encoded by
most plant mitochondrial genomes

Complete sequence of A. thaliana mitochondrial genome identified 57
genes
respiratory complex components
rRNAS, tRNAS, ribosomal proteins
cytochrome c biogenesis

Plant mitochondrial genomes do not encode a complete set of tRNAs
mit encoded tRNAs of native (mitochondrial origin)
mit encoded tRNAs from imported plastid genome
missing tRNAs are nuclear encoded and imported into mitochondria to

complete the set

42 orfs in A. thaliana mit genome that might be genes

A. thaliana mitochondrial gene density (1 gene per 8 kb) is lower than the
nuclear gene density (1 gene per 4-5 kb)!



Jak mitochondrie reguluj i expresi
jadernych gen u.

Priklad alternativn i oxid azoveé
drahy v mitochondri ich a ROS.



Mitochondrial requlation of plant nuclear genes.

Plant mitochondrial respiratory electron transfer chain includes an

alternative pathway for electron flow
Single subunit alternative oxidase (AOX) — je rezistentni ke kyanidu! A je inhibovana

Salicylhydroxamovou kyselinou (SHAM).

Encoded bya Nuclear gene ( aox)

Bypasses two of three sites for H+ transfer coupled to ATP s ynthesis

antimycin A (4A)

Transcription of nuclear aox is upregulated when elg
the cytochrome pathway is disrupted by the inhibito

H+ naADH NAD+

NADH NAD+

{Adapted from Mclntosh Plant Physiol 105:781)



Jak mitochondrie reguluji jadernou genovou
expresi.

NtAI genes (Maxwell et al. Plant J 29:267)
Nuclear genes up-regulated in response to AA, including aox
Seven additional genes identified by differential mMRNA display, most associated with
stress responses
acc oxidase glutathione S transferase
Sar8.2 cysteine protease
pathogen-induced lipase SA-induced glucosyl transferase
Also induced by reactive oxygen species (ROS) (eg H202)

Induction is blocked by antioxidants such as flavones

Of all inducers, AA is the most rapid. This implicates mitochondria as the site
coordinating ROS signaling in the plant cell
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Mitochondrial requlation of plant nuclear genes.

NtAI genes (Maxwell et al. Plant J 29:267)
(b)

AoxT

MEAST

MEATZ

MNEATS
MEA N
MNEATS
MNEA TG

MEAS T

NAC - N-acetylcystein a flavon = antioxidanty; AA = atimycin A

Figure 3. Antioxidants lower intracellular ROS levels and inhibit gene induction.

(a) Effects of antioxidant addition on AA, H,0,, and SA-dependent accumulation of intracellular ROS in tobacco suspension
cells. ROS levels were measured 4 h after AA (5 um), H,O, (5 mm) and SA (1 mm) addition with and without preincubation
for 45 min with N-acetylcysteine (25 mm) or flavone (1 mm). Data represent means + SD for three experiments.

(b) Effect of the antioxidant treatment described above on the AA-, H,0,-and SA-dependent expression of Aox7 and the NtA/
genes.
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This diagram depicts the potential signalling pathways that influence the expression of AQK'in a gene-specific manner. Signals originating within the cell
from mitochondrial or plastidic function interact with external signals from organ, developmental or environmental stimull fo activate expression of ADX. These
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Editovani mRNA v
mitochondriich.

0.5 az 5% pozic byva
modifikovano.
celkove jsou editovany stovky
pozic — kol. 450 x pro
Arabidopsis

(pro pripomenuti v plastidech je
to jen 19x)



Editovani mitochondridlni RNA_

Evidence for the importance of cis-guiding sequences in plant
mitochondrial RNA editing

Editing of recombinant or rearranged mitochondrial genes
Recombination breakpoint immediately 3’ to an editing site in rice atp6 did
not abolish editing
Recombination breakpoint seven nucleotides 5’ to an editing site in maize
rps12 did abolish editing
Recombination breakpoint 21 nucleotides 5’ to an editing site in maize
rpsl2 did not abolish editing

Electroporation of genes into isolated mitochondria, followed by isolation of
mitochondrial cDNA
Editing of mutated cox// gene demonstrated sequences
from -16 to +6 required for editing

mechanismus opét DEAMINACE s C na U (viz. PLASTIDY)



Pentatricopeptidoveé bilkoviny (PPR) hraji
roli v kazdem kroku genoveé exprese v
mitochondriich vCetné editovani a cms.

METENENS

PPR protaing have been found associatad with every known staga of gens
exprassion batwaen tfranscription and translation. 1: PPR protaing have
ban found associated with the mitochondrial RMA polymerase; 2. PPR
protaire have besn implicated in RMA cleavage; 3: PPA proteins have bean
implicated in splicing; 4: PPR proteing have bean implicated in editing; 5:
PPR proteins ara strongly thought to play a rola in trarelation initiation; &
PPR prateins are thoug ht to ko associatad with ribosomas and to in some
casas to tether the franslation machinery to the mitechondrial inner rmem-
brana to facilitata insartion of newly syrithesized polypeptidas into the cor-
rect complex. Figura reproducad from Andres et al. (2007).
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Import bilkovin do mitochondrii



Recognition of proteins
destined for mitochondria

(B)

Figure 12-23. Molecular Biology of the Cell, 4th Edition.

This involves both terminal signal
sequences and internal signal
patches

In some cases proteins for import are
packaged with chaperones,
especially Hsp70, but in other cases
it would appear that the fully-folded
protein is imported intact.

There are two major recognition
sites on the outer membrane, one
recognising fully folded proteins, the
other proteins associated with
chaperones



Nterm. Lokalizacni znacCka pro
Import do mitochondrii se
nazyva také presekvence.

Casto jsou to
a-helixy. (Zvl. u membranovyc
bilkovin je ovSem AA signal pro

Import casto uvnitr bilkoviny.)
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Import into mitochondria

Path A
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U rostlin TOM70 schazi a také recept. dom. na TOM22 — maji misto toho TOM9 a
dalSi mozné receptory v ¢etné plastidového typu , TOC64-V“=mtOM®64.




 Transfer across the outer membrane does
not require ATP hydrolysis directly but
obviously energy is needed as the proteins
are moving up a concentration gradient.
The energy Is probably provided by ATP
hydrolysis in binding and releasing Hsp70



The Transfer - Inner membrane
complex

1) It must recognise the signal on peptides
projecting from the TOM complex

2) It must guide these through the inner membrane
and then pull the rest of the molecule through.

 The matrix targetting signal must now be
removed. This Is carried out by a special Matrix
processing peptidase, sometimes assisted by a
second enzyme, the mitochondrial intermediate
peptidase



Role Vm a energie

 Movement of proteins through the pore depends
on the maintenance of the potential difference
across the membrane. This is normally app. 200
mV which Is equivalent to 400,000 V/cm

 The key role in dragging the remainder of the
proteins through the membrane is played by the
mitochondrial form of Hsc/70. Transfer requires
ATP hydrolysis. Three mechanisms have been
suggested. The ratchet mechanism proposes
that transfer is by Brownian motion with Hsc70
binding preventing back movement. The
molecular motor model proposes that the
conformational change of mtHsc70 results in the
protein being pulled across the membrane



Mechanics of Movement

thermal motion
|l ‘ 11
N
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Figure 12-28 part 1 of 2. Molecular Biology of the Cell, 4th Edition.
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Figure 12-28 part 2 of 2. Molecular Biology of the Cell, 4th Edition.



e Importy do mitochondrii a plastidu spolu
souviseji — ALE JSOU POUZE

ANALOGICKE .

* Pri endosymbioze sinice uz v bunce byla
masinerie pro import do mitochondrii.



Miochondrion Chiloroplast

Fig. 3. Origins of mitochondrial and plastidal protein translocases. More than 25
mitechondrial translocases have been identified (left). TOM, translocase of the outer
mitochondrial membrane; SAM, sorting and assembly machinery; TIM, translocase of
the inner mitoechondrial membrane; PAM, presequence translocase-associated motor;
MPP, mitochondrial processing peptidase. Numbers correspond to component name
and size (kD). The specific TIM22 pathway used by AAC and some eukaryotic-specific
membrane proteins is indicated by black arrows. More than 15 translocases are
identified in chloroplasts (top right) and thylakeids (bottom right). TOC, translocase
of the outer chloroplast envelope; TIC, translocase of the inner chleroplast envelope;
SPP, stromal processing peptidase; SRP, signal-recognition particle-dependent pathway;
Sec, Sec-dependent pathway; Tat, Twin-arginine translocase; the black box depicts a
spontanecus membrane protein insertion pathway. IMS, intermembrane space; colors
indicate the possible origins of translocases determined by BLAST (49) searches with
Saccharomyces cerevisiae mitochondrial translocases and Pisum sativum plastid trans-
locases as input, except for cpn10 and SPP, where Arabidopsis thaliana homologs were
used. Scurces for mitochendrial translocases, (29, 47, 47, 52, 53); sources for plastid
translocases, (3032, 46).



Import bilkovin do
mitochondrii je podobny
importu do plastidu i kdyz
jejich evolucni historie je
ruzna - a obé tyto drahy spolu
souvisejl.

DVOJITE CILENI



,Dual targeting” — podvojné adresovani.

Nektereé bilkoviny nesou lokalizacni N-
term.signal pro lokalizaci jak do mitochondrii,
tak do plastidu(prip.peroxisomu). Napr. jedna

ze 3 NEP fag.podob. RNApol., AtZn-

metalloproteaza (pro preseq./trans.pept.
Odstépovani), 17x AAc-tRNA synt.

. Jde bud’o nespecificky trans./pres. peptid Ci
o dva ,lokalizaCni* peptidy tandemove za
sebou.

Také UTRs na mRNA maji zde svou roli.
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~2700 proteins.

Vesicle transport

Current Opineon in Plant Bictogy

Multiple routes to organelles. Recent evidence has suggested novel routes into mitochondria and chloroplasts in addition to the canonical
route via posttranslational import through receptors that are specific to each organelle. Co-translational import, whose specificity is perhaps
influenced by RMA transport, needs to be investigated [2]. The occurrence of similar receptor proteins on both organelles might suggest an
explanation for widespread dual-targeting [14]. An unknown number of proteins reach plastids via the secretory pathway [52°°,53],
prasumably via vesicle fusion with the organelle.



TOM Je dosti rostlinne
specificky, zato TIM je jasnhe
dalekosahle homologni
kvasinkovému.



Adresovani do organel je
ovSem silne zavislé na
diferenciacnim/vyvojovem
stavu bunky — t]. (ne)-
pritomnosti trans-regul.
bilkovin.



SAMCI PYLOVA
STERILITA



e SAMCI PYLOVA STERILITA U
ROSTLIN SOUVISI S
NESTABILITOU
MITOCHONDRIALNI DNA.



Cytoplasmic male sterility
(CMS)

e Controlled by mitochondrial genes

 Maternally inherited

o Used for hybrid production in many
crops
— Onion, carrot, cabbage

— Corn, sorghum, pearl millet, sunflower,
sugar beets



FERTILNI

Hrp==ica

Camol Sunflower Petunin

lvhaeen

Fgurs 2 Floral Mombology in SMS and Fortle Plants

For masza, forfie e dahib® cesoriod anfhes, urike e C045T e
For #assica. fowens containing Jouraoyioplasm codibil atomsd stamen
mamphology. For pounia, SMS and terdlo fowers are indsanguishabio
o 1o deg ararating anhersand & ack of polon n e sterts b Far
aurdicrer, Tiovwons in S5 laok 1ha polion evident on howidtype foveor.
For carmt, s2amens in GRS haree b ooneried 0 polak orbreo-ike
sTdcares For nbaoon, S fowors o o ceseried stamens, which
am hmed with carpeis Fhoographs osdresy of G Brown idasson,
P Simon (oarrosl, BL Wiise (matee), and Bl Gimalius Sobasood)

cms STERILNI



Restorer genes
,obnovovaci“ geny

* Nuclear genes (Rf) can restore male fertility
(One locus restorer system)

— CMS, rfrf is male sterile

— CMS, Rfrf is male fertile

— CMS, RfRf is male fertile
— N, rfrf is male fertile

— N, Rfrf is male fertile

— N, RfRf is male fertile



Fertility restoration in maize

Rfi-mediated Rf8/Rf*-mediated Non-restored
full fertility partial fertility T-cytoplasm

1 Rf2 R ™
1 RfZ 8 i

Web Fig. F. Maize tassel phenotypes mediated by different restorer loci
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encodes a 154D protein; pef indicates petunia CMS-ssaociated fussd
gens, orf522 encodes 522 nucleolidss rathsr than 522 codons)
References are cited in the text. Red ndicates genes for subunis of
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Plant urfl3 transcripts/ Restorer
phenotype | URF13 proteins genotype
CMS High rfl rf2
CMS Low Rfl rf2
CMS High rfl Rf2
Fertile None detected Rfl Rf2

Rf potla €uji jejich neblahé U €inky chimerické bilkoviny.
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e podpora cizosprasovani



+MITOCHONDRIE
HRAJI SPOUST:CI
ROLI V PCD TAKE U
ROSTLIN.



Aktivace PCD mitochondridlnimi signaly také u rostlin.

A regulated pathway of cell death important in normal development and disease and
defense responses in plants and animals

ALE KLI COVOU ROLI HRAJE u rostin  VAKUOLA A UTOFAGICKA DRAHA

In animals, release of mitochondrial signaling molecules, especially the electron carrier
cytochrome c, activates the cell death machinery, which is already in place. This is not
regulation of gene expression!

A role for mitochondria in plant PCD is becoming ev ident, although the nature of
the signaling molecules is not yet known

Fas ligand Death receptors Survival factors
Independent stimuli .
Fas
DIsc 1423
Er—B
Jalrsoo & —& |
| B

l \‘ Calcineurine Kinases
VPE ' ey o .
PKA, Rsks,
PAK)

Bol-x

vacuol. proc| enz . \O.. .Q C@

1 Caspase 9 | ¢ f
af- Tt < - Ny | il o r == .
(2N 2 YN Ca T
Downstream = . el -'I Iy I '. ;
caspases -~ <o Wy U g ==

trends in Cell Biolkogy

Figure 3. Figure 2. Many death signals converge onto mitochondria and are mediated through members of the Bcl-2 protein
family called "BH3-only' proteins, such as Bid and Bad. Caspase 8 then cleaves Bid, whose C-terminal fragment (tBid)
translocates to mitochondria, where it activates Bax or Bax-like proteins and results in cytochrome-c (cyt c) release. Once in
the cytosol, cytochrome ¢ activates caspase 9 by binding to Apaf-1 and dATP.

from Desagher and Martinou Trends Cell Biol 10:369






Peroxisomy



Peroxisomy

(A)

strukturné jednoduché, ale funkéné rozmanité
organely (specializace podle pletiv)

Peroxisomes are a type of microbody. Microbodies
are cell organelles bounded by a single membrane
and are used for a variety if different processes. For
example, peroxisomes contain enzymes which s
produce hydrogen peroxide (and have the means for B)
destroying it). In addition, plants have glyoxysomes
which contain the enzymes of the glyoxylate cycle
and yeasts have a variety of microbodies including
ones involved in methanol oxidation.

A) peroxisomy
asociované s ER

B) vizualizovana katalaza
(tmavé) v peroxisomu




Typy peroxisomu

peroxisomy vzdy obsahuji enzym katalazu — stepeni peroxidu vodiku
(marker peroxisomu)

detoxifikace reactive oxygen species (ROS)

LISTOVE PEROXISOMY - fotorespirace u C3 rostlin
GLYOXYSOMY - (3-oxidace mastnych kyselin a glyoxalatovy cyklus (kli¢eni semen)
GERONTOSOMY - katabolismus lipidd v odumirajicich listech

URIKOSOMY - v hlizkach nodulujicich bobovitych rostlin, specializované na dusikaty
metabolismus (pfi fixaci N,): oxidativni odbouravani guaninu (pfes kyselinu mo€ovou na allantoin

za soucasné produkce H,O.,)

peroxisomy jsou mozna pozustatkem po praputvodni respiraéni organele funkéni pred
vznikem mitochondrii - ??? to je velmi malo podlozena spekulace.



Shape

Internal
Structure

Size
No. per cell

% vol of cell

Vlastnosti peroxisomu

Plants

spherical, ovoid, tubular,
square, irregular

amorphous,
paracrystalline

0.1-2.0 um
1-1000

0.1-80%

Human hepatocytes

ovoid

amorphous

0.5 um
100

1%



Funkce peroxisomu

Key

ﬂ Ribulose-1,5-bisphosphate carboxylase /oxygenase
ﬂ Phosphoglycolate phosphatase
3| Glycolate oxidase

iJ Glutamate:glyoxylate aminotransferase

krystaly
. 'katalazy

EJ Glyeine decarboxylase and serine hydroxymethyl
transferase
ﬂ Serineplyoxylate aminotransferase

ﬂ Hydroxypyruvate reductase
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Biogeneze peroxisomu

ER-bound
1 ribosomes ER

A ————
\

Q Peroxisomes

Theories of \O

Peroxisome
Biogenesis

Pre-peroxisome

Free cytoplasmic
2 ribosomes

o._ 8
\ -
o0 0O

Peroxisomes



A

°
Biogeneze Specialzed Vesioulaung Nascent, mature
RER subdomain RER peroxisome

peroxisom(i P A )

Co-translational Protein movement "Pinching off"
protein import inta forming vesicle of peroxisome

tfi modely: &

Mature, pre-existing peroxisome

A) vznik ze specifickych ¢asti
ER
Membrane Mat{ix
H proteins

B) délenim stavajicich BN \ ete
perixosomu + import viech "' / resen
proteind z cytoplasmy .

C) délenllm Sté.V&jIICIICh "Growing” daughlter peroxisomes

perixosomu + import
membr. proteint z ER
a proteint matrix hsisstl. o

z cytoplasmy e

Membrane

L7 24 / proteins
' <<

1
Matrix
proteins

Reticular/circular
pER subdomain

Reticuloplasmin
ER subdomain



Fig. 1. Early prevailing models for peroxisome hiogenesis. (A) The ER vesiculation model. Peroxisomal membrane (solid triangles) and mamx (sohd polygons)
profeins are synthesized on bound polynbosomes and co-translationally inserted mnto either the membrane or lumen of a specialized region of the rough ER (RER).
Thereafter, both sets of nascent proteins move ( somehow) mto an expanding smooth membrane vesicle that, under some unknown influence, pinches off from the ER
to produce a nascent functional, mature peroxisome. Adapted from Beevers [60]. (B) The autonomous peroxisome growth and division model. Peroxisomal membrane
(solid triangle) and matnx (solid polygons) proteins are synthesized on free polyribosomes i the cytosol and sort (post-translationally) directly to pre-existing
peroxisomes and the new (daughter) peroxisomes. Therefore, the pre-existmg peroxisomes are envisaged to grow and undergo fission (division) to form new
peroxisomes, which also grow via protein acquisiions. Alternatively in the case of interconnected peroxsomes, formation of new (daughter) peroxisomes bud from
the contorted peroxisomal compartment called the “peroxisomal reficulum” (not shown). Adapted from Lazarow and Fujiki [61]. (C) The ER semi-autonomous
peroxisome model. Peroxisomal membrane and matrix proteins are synthesized on free polynbosomes in the cytosol and interact with molecular chaperones prior to
their post-translational sorting. MNascent PMPs (such as APX) sort from the cytosol either directly to the reticular/circular pER subdomain or first to the “general™
reiculoplasmm-containing ER (subdomam?) and then to the pER. In the latter case, the mechanism responsible for sequestermg PMPs into pER is considered
equivalent to that described in the “privileged site budding”™ model for cargo protein soring from the ER lumen or membrane mto specific subdomains or “pnivileged
sites” where COPII vesicles are formed [112]. Transport of PMPs from the pER seems to involve vesicles that are subsequently sorted to pre-existing peroxisomes,
Matrix proteins also could sort indirectly (possibly to vesicles), orinsome mstances directly (dashed Ime), o pre-existmg peroxisomes. Reproduced from Mullen et al.
[47] with permission of the American Society of Plant Biologists.



Biogeneze peroxisomu

Latest Theory of

. ER
Peroxisome
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X Old
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Only some
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Semiautonomni model peroxisomu
u rostlin

<

< Group | PMPs;
APX, Pex10p?

blebbingfragmentation?
ER-peroxisomal

ERPIC?
intermediate

\
compartment Q Matrix proteins

/ Group Il PMPs

) blebbingAragmentation?

pER

ERPIC = ;
TBSV-induced
imvagination

Pre-existing
peroxisome

General ER 4— PMPI: Pex16p

Daughter peroxisomes

existuje i retrogradni cesta z peroxisomu do ER: tombus +RNA viry (TBSV) se replikuji
v peroxisomech a nékteré proteiny se pak transportuji do ER



Review

The ER-peroxisome connection in plants: Developmerhi®fER semi-autonomous peroxisome maturation and rejgicamodel for plant
peroxisome biogenesis

Robert T. Mullen2- - and Richard N. Treleasé - -

aDepartment of Molecular and Cellular Biology, University of Guelph, Guelph, ON, Canada N1G 2W1

bSchool of Life Sciences, Arizona State University, PO& 874501, Tempe, AZ 85287-4501, USA

Received 3 June 2006; revised 25 August 2006; accepte8&ptember 2006. Available online 14 September 2006.

Abstract

The perceived role of the ER in the biogenesis of plant pexisomes has evolved significantly from the original
“ER vesiculation” model, which portrayed co-translational import of proteins into peroxisomes originating from
the ER, to the “ER semi-autonomous peroxisome” model wédrein membrane lipids and post-translationally
acquired peroxisomal membrane proteins (PMPs) were deried from the ER. Results from more recent studies
of various plant PMPs including ascorbate peroxidase, PEX0 and PEX16, as well as a viral replication protein,
have since led to the formulation of a more elaborate “ERsemi-autonomous peroxisome maturation and
replication” model. Herein we review these results in tie context of this newly proposed model and its
predecessor models. We discuss also key distinct featurafsthe new model pertaining to its central premise that
the ER defines the semi-autonomous maturation (maintenare/assembly/differentiation) and duplication
(division) features of specialized classes of pre-exist plant peroxisomes. This model also includes a novel
peroxisome-to-ER retrograde sorting pathway that may seve as a constitutive protein retrieval/regulatory
system. In addition, new plant peroxisomes are envisad to arise primarily by duplication of the pre-existing
peroxisomes that receive essential membrane component®in the ER.

Keywords: Biogenesis; Endoplasmic reticulum; Peroxisme; Plant; Protein trafficking; Organelle

Abbreviations: APX, ascorbate peroxidase; BFA, breftin A; BY-2, bright yellow-2; CAT, chloramphenicol acetyltransferase; COPII, coat protein II; DiOCG’ 313_dihexy|oxacarbocyanine idodine; ESCRT,
endosomal sorting complex required for transport; ER, emloplasmic reticulum; ERPIC, ER-peroxisome intermediae compartment; GFP, green
fluorescent protein; HA, hemagglutinin; p33, 33-kDa eplication protein; 92-kDa RNA-dependent RNA polymeras; pER, peroxisomal ER; Pex, peroxin;
PMP, peroxisomal membrane protein; pMVB, peroxisomal nultivesicular body; PTS, peroxisome targeting signalTBSV, tomato bushy stunt virus;
TMD, transmembrane domain; YFP, yellow fluorescent prdein
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Semiautonomni model
peroxisomu u rostlin

APX = askorbat peroxidaza
(perox. membr. protein)

DIOC4 = marker membrany ER

Fig. 2. Characterization of pER and peroxisome division in plant cells, (A) Confocal representative immunofluorescence images (z-sections) of transiently-expressed
HA-APX (green, left panel) and endogenous peroxisomal matrix catalase (red, middle panel), as well as the overlay (nght panel), m s mdividual transformed tobaceo
BY-2 cell. The solid arrowhead indicates one of the numerous obvious co-localizations of HA-APX with endogenous catalase in mdividual (punctate) peroxisomes;
open arrowheads indicate examples of the localization of HA-APX (but not catalase) in reticular and cireular pER. Reproduced from Mullen et l. [47] with permission
of the American Society of Plnt Biologists. (B) Confocal representative (immunojfluorescence mages (z-sections) of transiently-expressed HA-APX (green, left
panel) and DiOCy-stained ER membranes (red, middle panel), as well as the overlay (nght panel), n a transformed BY-2 cell. The solid arrowhead indicates m
example of HA-APX localized to an mdividual (punctate) peroxisome; open arrowheads mdicate obvious co-localizations of HA-APX and DiOC; in reticular/circular
structures considered to be pER. Reproduced from Mullen et al. [47] with permission of the Amencan Society of Plant Biologists. (C) Representative confocal
mmunofluorescence projection overlay image of transiently-expressed CAT-APX localized to aggregated plobular peroxisomes (vellow, solid arowheads) and
putanve circular pER (open arrowheads) i a transformed BY-2 cell. This is a merged (overlay) mage of expressed CAT-APX (green) md endogenous peroxisomal
catalase (red). Note the distribution of endogenous catalase m non-aggregated (punctate) peroxisomes in the neighboning non-transformed BY-2 cells. Reproduced
from Mullen et al. [48] with permission of SpringerLink Publishing. (D) Transmission electron micrograph of a BY-2 cell transienty-expressing GFP-APX, Indwvidual
peroxisomes ndicated with solid arowheads were identified by their single boundary membrane. Note the presence of numerous homo- and heterotypic aggregates of
plastids, mitochondria, and peroxisomes within this cell. ¢, electron-dense bodies; p, peroxisome; pl, plastid; n, micleus; nu, mcleolus. Reproduced from Lisenbee et
al. [50] with permission Blackwell Munsksgaard. (E) Representative confocal (immuno ffluorescence projection overlay image of transiently-expressed monomeric
GFP{ Azpsk)-APX localized to individual (punctate) peroxisomes and reticular pER in & transformed BY-2 cell, This is a merged (overlay) mage of autofluorescent
expressed GFP( AqpsK)-APX (green) and endogenous peroxisomal catalase (red). Note the distribution of non-aggregated (punctate) peroxisomes and reticular pER
this GFP{A2sK }-APX transformed cell compared to the aggregated (globular) peroxisomes and circular pER in the CAT-APX transformed cell shown m (D).
Reproduced from Lisenbee et al. [30] with permission of Blackwell Munsksgaard. (F and G) Representative confocal immunofluorescence projection images of myc-
tmgged Arabidopsis Pex!1p isoforms a (myc-Pex11a) (F—top row of three images) and e (mye-Pex 11e) (G—bottom row of three mages) expressed transiently m
individual Arabidopsis suspension cultured cells for 5 h (left panels), 24 h(middle panels) or 45 h (right panels), The insets show enlarged views of the mye-Pex 11p
isoform-hearing peroxisomes within the corresponding micrographs, In row F, note that compared to the peroxisomes in the myc-Pex |12 transformed cell at 5 h, the
peroxisomes ot 24 h are more elongated, whereas at 43 h they are mostly sphencal and clearly more numerous, In row G, note m contrast that peroxisomes i cells
expressing myc-Pex 1 le do not elongate between 5 and 24 h, but are mostly spherical and clearly more numerous at 45 h, Numerical analyses of the peroxisomes in
these myc-Pex 11a and myc-Pex | le transformed cells revealed that the number of organelles actually doubled (duplication) over the 45-h time penod [17]. Reproduced
from Lingard and Trelease [| 8] with permission of The Company of Biologists, Bars in (A-C and E)=10 pm; Bar in (D)=2 pm; Bar in (F)=5 pm.



Import proteinu do peroxisomu
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Import do matrix peroxisomu

peroxisome targeting signal = PTS
import do MATRIX peroxisomu

Dva hlavni typy
adresovych sekvenci:

PTS1 — Ser-Lys-Leu ( SKL) na C-
konci,
neni odst épovan

PTS2 — na NI=konci, je odst épovan;
— u Zivo €ich G je vzacny, u rostlin
docela ¢asty

PTS1 (u At 182 gen 1)

1) Carboxy-terminal

2) Small (3 amino acids)

3) Consensus sequence = S-K-L (malé bazické aa)
4) Not cleaved following import

PTS2 (u At 74 gen 1)

1) Amino-terminal or near the amino terminus
2) Medium sized (~9 amino acids)

3) Consensus sequence = R-L-(X)5-H-I/L/F
4) Cleaved following import (in mammals)



Import do matrix peroxisomu

NH,*
The mechanism of PTS1 appears to 8\ CO0-

involve binding of the SKL sequence to

Pex5. This then interacts with a zl§01xisoma|-
peroxisomal membrane protein called targeting sequence
Pex14 forming a channel. 10|

It is not clear whether Pex5 and the protein CX\

move together across the channel or

whether the imported protein is “pushed” @_ Pex5 receptor
through.

In the peroxisome the protein is released / 2
and Pex5 is recycled with the help of

Pex2, 10, and 12. @

Pex14

Cytosol

P CRGT e R R O i
“Peroxisomal. - " . S
“matrix .

Peroxisomal
matrix protein



Import do matrix peroxisomu

NH,*
Podminky pro import do matrix: 8\ CO0-

PTS1
peroxisomal-
1) ATP hydrolysis is required for import. targeting sequence
2) Import into peroxisomes does not require [
unfolding of the protein chain (even gold d\
particles conjugated to a peroxisomal protein
can be imported). @- Pex5 receptor

3) Hsp70 is however needed and becomes / \E’

bound to the exterior of the peroxisome.

Pex14

Cytosol

[ ks ':- : . '-1 x - -P‘e.‘xz :_-‘I;.- ;. i "
“Peroxisomal. - . o\ .
‘matrix .. :

Peroxisomal
matrix protein



IMPORT DO MEMBRANY

CYTOS0L

PTS1 5L T | pTS2
MAMMALS! PLANTS
il

PTS1 T
5 PTS2 z

S.CEREWVISIAL 21

1 ?

L]

e
2 | 18 __“§ PMP

TMAMMALS

Schematic diagram of protein import into peroxisomes |
mMost peroxisome matrix proteins possess one of o targeting signals, a |
C-terminal tripeptide called PTS1 ar an M terminal nonapeptide termed PTS2.
These proteins interact with the cytosolic receptors PEXES and PEET respectively.

In mammals and plants the two pathways are coupled, as an isoform of PEXS
(FPEXSL) is required as an accessary protein for PEXT. |10 bakers wveast the two
pathways are separate with PEXT having 2 unigue accessory proteins, FEX1TS

and PEX21. PEXS and PEXTY receptors with their cargoes dock ata caomplex in the
peroxisome membrane comprised of PEXT14, 13 (and 17 in baker's yeast). This
docking caomplexis part of a larger complex 'the impotomer which includes the
membrane proteins PEX2, 10and 12. By a mechanism that remains unknown,
matrix proteins traverse the membrane,; probahbly still associated with their
receptor. FEXS at least padially traverses the membrane and interacts with PEXSZ
on the trans side ofthe membrane. Subsegquently cargo is unloaded and the |
receptors recycled, again by an unknown mechanism that invalves PEX4 and 22,
Inserion of perodisome membrane proteins (PMPs) is less well understood but
requires PEX149, which may function as a receptarichaperane and PEX3. In
mamimals PEX16 is also involved in this process. (see Brown and Baker 2003 for
further detailsh.
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Figure 2. Protection of chloroplest thylakoid membrnes egeinst photoinhibition
by different processes, The chloroplaats are wulnereble to photoinhibition under
supreaptimal light levels or suboptimel C0; concentrations. The red Emows
indicete the atress on chloroplast membrenes. There are several mecheniams
within the chloroplasts that protect them from owerexcitation lgreen amows)
thermsal dissipation, scevenging sctive oxygen species, oycling of electrons and
repair of demaged proteins. Marked protection egeinst photoinhibition is provided
by photorespiration and oxidative electron transport, both of which 2= medisted
by mitochondria. Thus, mitachondria play & significent role in protecting
chloroplests egeinst photoinhibition.



Fotorespirace

Key

ﬂ Phosphoglycolate phosphatase

3| Glycolate oxidase

iJ Glutamate:glyoxylate aminotransferase
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ﬂ Serineplyoxylate aminotransferase

ﬂ Hydroxypyruvate reductase

&| Glycerate kinase
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Olejova téliska - vznik a mobilizace

Endoplasmic reticulum
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Olejova téliska - vznik a mobilizace

Maturation Postgermination

Ribosames translating
cleosin proteins into (39{_)
ER membrane

Falty acids — R
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L

Fally acids
from plastid




Olejova téliska - vznik a mobilizace

Povrch olejovych télisek stabilizujici oleosiny.

Oleosiny uvolnéné z tapeta maji dulezitou roli pfi
interakci/rozpoznani pylu a blizny.




Olejova téliska a glyoxysomy
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Export malatu (kys.jableéné) z plastidu zajistuje
neprimo ,,rozvod* redukénich ekvivalentu do
cytoplasmy a dalSich organel
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Fgure 1. Uss ot radisosd equivale nts [NADFH or farmedoxin {Fd]] frem chioroplass. Mitochondna, oytosod and penosisemes ans oomman sinks for raduosd equnalands. The
difssi pation of @ oess redao; & guivalents fram chisnopd osts & mmsunad by the axport of glyoolate, malate, glutamate and trioss phosphate {inose P, The armows indicote tha
metabodite movemant. The reoycling of thess four compounds mwolves mitochandns. Furtharmaore, mitgchondriasl ATP synthess helps 16 smestan the formaton of suordess,

an imponiant end produwct of carbon assmilaton. Abbrevintions BPGA, 1 3-besphosphogiyosr ste; Foxid], cwsdizead Fd: Fdired] neducad Fd; DAA, ouxal oacetate; PRA,
3 phosphaglyceratn. The slectnon fransporn system of milgchondria is indicated in Bow 1
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Fgure 1. Biochamical cross talk betwessn chicgropl asts, mAochandna, oytoea] and penoxissm as ma disted by metabaites or ather signaie Metabaite movemant | indicatad
by-armows] is Taoi tated by tha ransiocators o the inner anvalope mambranes of chioroplasis and mitachondrial ar porins {of peroxmamee] . 5 uch matabobts fux ensumes
thee mainiénanoa of the radox stme and allows an afficient rec yeling of o arbon and ndrogan acrees oallulor compartments: The maachondria ans the most active srganelles
becaims they axidoe glyoine, malsbe and ewen NADH through their slactegn iransport chain {ETC] and synthesie ATF by the halp of ATPase complex {FgF (). Only
miftac handria chn ecport ATP A0 o ytosol using the adenylate translocuar {AT]. The photorespir story réactions, which halp chioropd o i ssEpate- enengy and BADPH. are
olss backad up by mitachondria. The transisomans shown gn chioroplsst membrane are the dcarboxyine transtocntor (DT]. glyoodste=glyosrate transi ocatar {GT] and
phosphate transi oomor {FT), wheneas those on the mtochondrial membrane are the maise transloostor {MT] and 2 putative glycine =senine transiocator {ST]. The other
passible signals betwann the grganeBies inciude ascorbate, nitnc axide (D] and oyiosofic pHl. but these phanomena ane yet 1o ba studied in detail Abbreviations: BPGA,
1. 3 bisphasphaghyosrate: DHAP, diby dr ooy somtdne-3-phosphate; GAP, glyos ral dehypde -3 phosphate; DAd, oxalonostate; PGA, 3-phosphaghos rate.




Rostliny mutanta je€émene albostrians, kompenzuji
nefunkéni mutantni plastidy aktivaci mitochondrii.

Further evidence of a close association between
chloroplast development and mitochondrial protein
composition has come lrom work on mutants as well
as experiments wsing chemical treatments to disrupt
normal plastid development. The afhostrigns mutant
of barley, lor example, has ribosome-deficient plastids
and this prevents synthesis of a range of chloro-
plast proteins. Aflected leal tissue is white amd the
plastids lack thylakoids and chlorophyll. Expression of
mitochondrially-encoded penes was [ound to be alfected,
with enhanced expression of genes encoding cytochrome
oxidase subunits (coxf, coxfiT and ATPase (aipA, aips,
afp¥). It was shown, by crossing the mutants with wild-
type barley, that the increase in transcript levels was due
to the lack of chloroplast development and was not
a resull of the nuclear albesirians allele. This was also
supported by the effect of bleaching by treatment with
norflurazon, which led to impaired chloroplast develop-
ment and alko enhanced the level of mitochondrial
transcripts. These studies indicate that plastid develop-
ment can alfect mitochondrial gene expression (Hedtke
eral, 19,



C3 a C4 rostliny

U C3
Vysoka teplota zvySuje oxygenazovou aktivitu Rubiska proti carboxylazové.
Pfi zvySeneé teploté se nepfiznivé méni rozpustnost O, a CO.,.

Pfi zvySené teploté hrozi velké ztraty vody pfi zvySené transpiraci.



C3 rostliny
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C4 rostliny
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Véncita anatomie C4 rostlin

Mesophy Il cell

Buorcdle shearh ol

JKRANZ"/véncita anatomie — CO, je primarné zachycovan v mezofylu
karboxylaci PEP na oxaloacetat

prostorova separace



Véncita anatomie C4 rostlin

Mezofyl

Bunky pochev
cévnich
svazku




Véncita anatomie C4 rostlin
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CAM rostliny

Crassulacean Acid Metabolism
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