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1.2.3 Chloroplast stroma:
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environment can diffuse into the pyrenoid to meet Rubisco. This ca® be generated from
HCQ by CAH1 (dehydrates HE@ CQ) in the periplasm. In addition, cells can also take up
bicarbonate by the transporters. LCI1 and HLA3 would transpo@hhto cytoplasm and LCIA
would take it across the chloroplast envelope to the stroma. Instead of finding a way to reach
the thylakoid lumen in pyrenoid, HgQ@ould be dehydrated to Gy phosphorylated CAH3
localized in or very close to the openingsthe minitubules at the surface of the pyrenoid.
Then the stromal HGCand the Rubisco substratebulosel, 5bisphosphate(RuBP) can be
directly delivered to the pyrenoid matrix via the minabules. The product of carbon fixation,

like 3PGA, can ab be transported from pyrenoid to stroma directly via these ribules (Fig

1.1).
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1.2.6 Regulation of CCM
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Reactive oxygen species (ROS) can cause oxidative damage to diverse biological molecules
[134]. Most studies have focused on the mechanisms and consequences of oxidation of DNA,
proteins and lipids. Recently, RNA has been recognized as another important target of oxidation
[155]. For example, RNA oxidation is an early event in neurodegeneratigasdss such as
I £ T KSA Y S NG InRddi&os [the Sxidation of RNA can be regulatory or involved in a
signalling pathwayl146, 189] RNA oxidation level can be detected by the level of a modified
base induced by RO&:oxoguanine (&x0G).8-0xoG is the most common oxidized base and,
therefore, it is widely a used marker of oxidative damage to both RNA and I9GA

Compared to the many known antioxidant systems dedicated to DNA, proteins and lipids,
systems that manage RNA oxidatiare still poorly understood. It has been proposed that RNA
oxidation may be managed in the cytoplasmic RNA granules, such as SGbatidsP(see
Chapter 1)191]. The recruitment of oxidized RNAnding protein, such as Auf 1 and-YBto
SGs under adative stress suggests that SGs are a location of quality control of oxidized RNA
[152, 1531 avdzl f Adeé O2y (iNRfté¢ NBFSNA (2 (GKS aLISOAT
repair or selective degradation-fddies increase in number and size duringdakve stress
and they are known to contain RNA decay machin&®2]. The normal RNA decay mechanism

could also apply to the oxidized RNA degradation, although this has not been demonstrated to



my knowledgeWhile our understanding of the quality controi oxidized RNA is advancing, the
precise mechanisms are still unknown.
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RBCL hasn RNAbinding activity under oxidizing condition and this may be required for its
recruitment to the cpSGE38, 54] RBCL in the cpSGs is not paired with RBCS. RBCL in cpSGs
AK2dzf R KI @S Fy20KSNJ AYRSLISYRSYy( aYZungtidnina Kd Ay 3
photosynthesi438] [54]. We hypothesized that RBCL can mitigate RNA oxidation by protecting
RNA from oxidation, or repairing oxidized RNA with RiStciated proteins, or selectively
degrading them. The proposed function that RBCL mitigdtexidation of RNA, agrees with
the definition of antioxidant as a molecule that inhibits or delays the oxidation of other
molecules[194]® | SNBI FGSNE L NBFSNI G2 GKA& ayYz2z2yfA3dK
Fdzy Ol A2y é @
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All procedures followed standard protoco]206]. Proteins on nofilenaturing gels were
electrotransferred to PVDF membrane at 300 mA for 2.5 transfer buffer 25 mM Tris, 190
mM glycine, 0.1% SDS [w/v] and 20% methanol JvVRBCL was detectagsing acommercial
polyclonal rabbit antibody from Agriserd$0303Y at a 1:2000 dilution. Ahemiluninescent
HRP substrate (ECL) (Milipore) was used and the chemiluminescent signal was collected by film
(Hyblot) and developed in a Kodak developer.
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To identify the protein complex in the w . ,/cdlls in a 300 ml culturef pn w. tefls were
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pelleted by centrifugation (4,000 x g, 5 min), frozen in liquid nitrogen and then ground with a
mortar and pestle to a fine power in lysis buffaren  d f¢NWA PN ngH a Y/
Hp Ya 9D¢! I noH a -m{ndzO NPZEKIBB w21 PPNAYIRkYY £ ). | S LI N
Thawing this material gave cell lysates, which were concentrated using 10 kDa Amicon Ultra
centrifugal filter units (Fisher). Protein concentration was determined by standard BCA assay
(Thermo scientific)5 mg samples were loaded either onto a HiLoad 16/600 Superdex 200 pg
column or a Superose 12, 10/300 GL column (GE Healthcare). The Amersham Pharmacia AKTA
Explorer 10 chromatography system was used to separate the proteins according to their sizes
and colect the fractions (1 mL each). The first 6 mL of an elute was discarded. Elution was
performed with gel filtration buffer (1onm EDTA, 16m Tricine/KOH pH 7.5, and 5.0 mM KCI)
at 1 mL/ min flow rate. Fractions were analyzed by-BBGE and immunoblottings described
above for the nordenaturing gels.
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Pyrenoid could have a role in RNA metabolism. Stress granules were found to form at the
perimeter of pyrenoid during oxidativaress and other stress conditions in the chloroplast of
C. reinhardti{38]. These cpSGs recruit mMRNAs, RNA binding proteins, and the small but not the
large subunit of the chloroplast ribosome. Results in Chapter 2 report that pyrenoids contained
oxidized RNA and reveal an alternate function of the major pyrenoid protein RBGhtialling
the level of oxidized RNA in the chloroplast@f reinhardtii The localization of cpSGs and
oxidized RNA in the pyrenoid suggests that pyrenoids may have a role in RNA metabolism.
Together, the detection of DNA and RNA in, or close to, mydesuggests that the pyrenoid is a
privileged location for some processes in nucleic acid metabolism involving both the chloroplast
genome and RNAs encoded by it.
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AMYA2, 1582751865  3ff LldEOI v & I (GBANDIL, R5BIASA3GRIY &4 §IK@ a4 LIK 2 3 dzOI vy
RA 1 A WPWRILS 158274578 | isb&nylase (ISA1158274413bThis implies that starch
metabolism, including botBynthesis and degradation, happens in or close to the pyrenoid.

I NBOSyYyld FAYRAY3I GKFG F LBNBY2AR RSTFAOASYO Y
GKS I olFlyR2YyYSyl BHFouMAKRISESENRIREANRYIt adl NDOK

AKISSR d GKS RAFTFSNBYyG t20FGA2y gAGK RAFTTFS

Qx
1Y
<

OHOMB G aldAtf NBYFAYyA LaarofsS GKFG GKS LRNBy?
Ada YIRS YR oNR1SY R2gy®
Photosynthesis:

The pyrenoid sequesterRubisco from the Oproduced by PSII in thylakoid membranes
throughout the chloroplast. In addition, it has been proposed that the thylakoid membranes of
the tubules in the pyrenoid lack PSII, and this is supported by results of histochemical staining
and electron microscopy232]. The absence of PSII subunits in our pyrenoid proteome
substantiates this finding (Sup Fig 3. 4). Consistent with a previous report of PSI in pyrenoid
tubule membranes histochemical staining, we found that three PS | reaction center subunits in
the pyrenoid proteome. (PSI does not producgdnd, therefore, would not affect the LG,
ratio in the pyrenoid). In addition, we identified three ATP synthase subunits and three
Oeiliz20MNBES LI SE adzoddzyaidad [A1S t{L Fy2R ot LLEZ
SYOSRRSR Ay GKefl{1{2AR YSYOoONlIYySad ¢KSNBEFT2NB:
LK2i2aeyikKSaAra O2YL)X SESax SEOSLIi t{LLX FNB LN
GAOGKAY (UKS LEBNBY2AR® a2NB20SNE XNKS ArpasgHOHSLRT
LIN2EGS2YS YI1Sa GKS LINBaSyOS 2F 20KSNJ LIK2023583
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LBNBY2ARAIT GKeflFr12AR YSYOoON}rySaod Ly (K I 6&asSy
¢t dzaAy3d O8O0t A0 St SOINRYH @O chazN) WH 3 HiK 8 & 2 ILINR &
adzLILI2 NI 2F GKS LINBOA2dza Keé LJ2 4K STa veiteratéd &ajor | ¢t &
finding here; the absence of PSII subunits in our pyrenoid proteome, and the presence of
subunits of each of the other majomptosynthesis complexes (see below) provides the first
biochemical support of this hypothesis that PSIl is excluded from the pyrenoid to suppress the
O,/CO ratio (Sup Fig 3. 4).

CKS YI22NE KONFRAYAYAADNBEGSAY A {GKIIYRI NB LIL&A &5
Ay GKS LINRPGS2YSd | 26SOSNE (GKS t{LL LINRGSAYya O
LR NEW2ARIGADS 2¢ AGNRESVAONRY il KEdzEIBRWHEF 24 RA I 0 dH |
¢tKS®@ 6SNB 2dzad & dzd 4§ NN SR YBENE X aili S ¢ RENBF2NB =
GKSGKSNI [1/ L FYR LL LINRPGSAYEA INB Ay &KS SLI NS
LINEGSAYEA GAGK 1y26y -a2INSIEING RiBRGsicRR0ofadpdyh a/bA y A 3
binding protein 1 and 3 (LHCSR1 and 3, 1865773 and 158275235), eadilydigtiible protein
(ELI4, 158276363) and low molecular mass early-iightced protein (LHL3, 54649970) (Sup
Fig 3.4). LHCSR proteins played a crucial role in dissipating excessnéghy for phote
acclimation[244]. These proteins may be involved in regulating photosynthesis in the thylakoid
membranes of the pyrenoid tubules. Whether there is a special requirement for the light stress
responses carried out by these proteins in fhaenoid remains to be determined.

Chlorophyll synthesis:

Historically, the location of chlorophyll synthesis in chloroplasts of plants and algae has been

controversial and very little is known @ reinhardti{245]. Therefore, it was intriguing to find 6
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proteins in the tetrapyrrole and chlorophyll synthesis pathway in the pyrenoid proteome (Sup
Fig 3.4)lt is widely assumed, but not tested, that chlorophyll synthesis is localized at or near
the locations of the asembly of the photosystems and their LHZ2]. This assumption is based
on the fact that ROS and oxidative damage can be caused by free chlorophyll intermediates; i.e.
in the absence of the photochemical and nRphotochemical chlorophyll quenching
mechansms carried out by these complex§d46]. Thus newly synthesized chlorophyll is
predicted to be integrated to the photosynthetic complex quidel#]. Previous work in the lab
identified the location of PSIlI subunit synthesis and assembly immediatelyeatjax the
pyrenoid, in the Tzone and chloroplast translation membranes (which have the marker
proteins found in the one)[212]. If chlorophyll is synthesized in or close to pyrenoid, it could
be rapidly loaded into assembling PSIl complexes in thghbering Tzone. This could
minimize the accumulation and toxicity of unassembled,-qaenched chlorophyll.
Lipid synthesis:

Biogenesis of thylakoid membrane needs the biosynthesis of galactalipttie bilayer and
the assembly of the photosystem complex. Since pyrenoid is adjacent to the PSIl assembly
location, | wondered if there would be any evidence of lipid synthesis in our proteome.

We did identify three proteins with roles in, or a&éd to, lipid biosynthesis. One of these is
the E1 subunit of pyruvate dehydrogenase (PDHRB277372, which catalyzes the conversion
of pyruvate into acetyCoA as the beginning of lipid synthesis. The E2 subunit, DLA2, was not
identified in the final ist, because it was detected in the primary lists of proteins identified by
MS in the wildtype and two mutant strains. This protein has a dual function as a translational
activator ofpsbAtranslation, for the synthesis of the D1 subunit of PSII, arlldaalized in the

9



T-zone [201]. Also identified in the pyrenoid proteome were two subunits axfetytCoA
carboxylase (158271224, 158270727), which carboxylates &etylto formmalonylCoA

[247]. The identification of these enzymes in fatgid synthes in the pyrenoid raises the
possibility of lipid metabolism in, or close to, the pyrenoid. Three elements related to thylakoid
biogenesis; PSIl assembly, chlorophyll synthesis and lipid synthesis all localized in or close to
pyrenoid. Taken together, ouesults suggested that the location at the perimeter of pyrenoid
could be the site of thylakoid membrane biogenesis.

Transcription:

The chloroplast DNAirected RNA polymerase is composed of four core subunits and
additional proteins as sigma factor and polymerase associated prof2#f3]. Five of the
identified proteins were subunits of chloroplast RNA polymerase. These protpnssented
Fff F2dzNJ O2NB LRt e@YSNIrasS &adzodzyaida h o6wth! X
HnHNndponvXE I Q o6wth/ mM!Z HMOpPMT N p[Rd8]ZAlthough tllewt h/ H Z
sigma factor was not found in the pyrenoid proteome, the finding ofrentiore subunits of
RNA polymerase and the fact that chloroplast nucleoids localized close to pyrenoid suggests it
has a role in transcription of the chloroplast genofhe].

Translation:

t N2PGSAya 2F (GKS OKEf2NRLI RGO A NGRS HLBRANDY 24 &Ra
tKSaS AyOftdzRS HH NRAROG2a2YIf LINRPGSAYyaT wmp 2F GF
FRRAGAZ2Y I (GKSNBE Aada 2yS MRPI29 Q¥828¢8RAOVNWo ciNdioplastt 2 Y I §
stemloop binding proteins (CSP4lm,py Ay m | Y R 34398860)w&®E also in this
category and they are known to have endoribonuclease activity and function (directly or
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indirectly) in transcription and translatid249].

CSP41a could initiate and regulate specific RNA-duan in tobaco chloroplasts. CSP41b
was found associated with 70S ribosomedn reinhardtiiand involved in mRNA processing,
endonuclease activity, cleavage and translati@®0, 251] Except these two RNBinding
proteins, one AT#ependent RNA helicase (HEL65, I&816) and one RNasdike protein
(RNJ1, 187766731) were also found in pyrenoid proteome list. These four proteins might have a
function related to RNA degradation. This proteomic result, together with the findingoab&

RNA in pyrenoid (Chapter 2jdicated that pyrenoid could be a location for oxidized RNA
metabolism, for example, degradation. Degradation process of oxidized RNA would prevent
their translation and limit the synthesis of aberrant proteins.

Stress response:

According to annotation informatiorperoxiredoxin, type Il (PRX5, 158283443) was the only
LINEPGSAY B6KAOK KFER 0SSy OFGS3a2NRT SR G2 aaiNB
Peroxiredoxin scavenges ROS and it also plays a role in ROS sifgfflinfhere are three
types of peroxiredoxins Il i€. reinhardtii however, only one of them contains a putative
chloroplast transit peptide, which was exactly the one we identified in pyrenoid proteome
[252].

Other than this, proteins that have beenatfacterized to the other functional groups could
also have stress related functions. For example, Zeaxanthin epoxidase (ZEP1, 28629442) that
gl a OFGSA2NAT SR (G2 a/FNRGSY2AR . A2aedyiKSarae:
drought and light sess[253, 254] Although the function of lipigassociated proteinsPLAP10,
MPYHTYTppU ¢ & randaydijiy i@ tholght td\ rgsponse to oxidative, aging and
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biotic stress inSolanaceag255]. This might indicate a stress related function of this protein.
Those stresselated proteins identified in the pyrenoid proteome could imply a role of
pyrenoid in stress response or regulation.
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ABSTRACT

The oxidation of biological mol ecul es by r ea
toxi c. This includes the oxidation of RNA,
oxidative stress, aging, and ceritm@avaestniegato«

management of oxi dized RNA in Chhamyddmarmgd
reinharRaegul ts of i mmunofl uorescence 8micros
hydr oxy)guiammitnlee pyrenoi d, a chl oyiospsaamit | anti e a
by t he Cal vin cycl e enzyme Rubi sco. Resul
fractionation reveal t hat RBCL, the Rubisco
RNA. This represents a dual A mo ocendl itgoh tiitnsg ok nf
RNAiIinding activity. Results of preliminary
oxidized RNA is localized to cytoplasmic f
processing bodies, and mitoBBGbdand.t Deaer pyes
the control of oxidized RNA in al gal chl or o}

of oxidized RNA quality control i's a gener al



| NTRODUCTI ON

The oxidation of bi ol ogi cal MEl) e ccual ne sr ebnyd err e
inactivéHolmsoxom and Whinkee IDNA2O0 1l4i)pi ds and
been considered as critical intracel l ul ar ta
RNA oxidation in oxitatnveestodsgéWagbamgue ac
and Wol i.n,Fo20 0dbxpemptilreans]| ati on of oxi dized

prot(eliamsaka et al ., 20@hd Muromurea &tNAalox, da
i's assocAlazleadi meilPoadk s easea, di sease, dementi a
amyotrophic (Mdromur ascdteralsi,s 2009)

Mol ecul ar qguality <control systems specif
subject them to repair(, Stsoeegcukel&itnu aa n2dD@EBa)loirt yd
control systems have been characterized for
oxi di zddVuRNMmann and Wolwiewer 200%) di zed RNA ¢
involae XBfl and PNPase because these prote
accumu(llait ietn. alMo,y ed2¥®4) the intracellular | o
control in eakearheéenc hgpotBeshi zed to includ
processing (bWuditemmanfPBxn)d Wol i n, 20009; Thoma:
Par ker., R0orl143Gs, this is suppbrared Ayf t heamd
formation iuvwnedest roexsisdacondi ti ons when excess
(Oni shi et al ., 2008; Brava$idmieltanrmly, RBsO0i;n

and number during oxidative stress and the

componeMA @ualR {Y¥homasret al ., 2011.; Whillteer s
our understanding of t he qguality contr ol C
intracellular | ocations are stild/l unknown.

I n the <chloroplasts of apnltandyys tanms garnede nn

guality control are particularly important &

pT UL



per oxiOgde (sHnglet oxygen, S upegrrFoxyiede aanmdd Sthh eg
2011)Moreover, chloropjase sehpves ai grndmMet am (
o f oxidation and(WutamanasiandbwoROK, .20009;
While chloroplasts are known to have qualit
and I(iApieds and, Hncaittsyi kPgoOwdn) about how t hey man

An avenue to study RNA quality control an
our discolviekeg mddiSdmritmgt oX odnmttilve chilrerssepl a
unicel l ul aGhlgpdmemonad gabenkafderi A ChUnaimycdkoemo |
and ZergesThe2s0e08fchl oropl astwegter essesengrbaynut e
fluorescence mi-icndscegy fasi stoesaining MR N
chl oropl ast genomet ainms .S Gz tonta& bkeefr © npme r perin
pyrenoi d-¢c ompamitcnreon t in the chlorepbilaatisomfi
catalyzerde Byal vin cycl e enzyme ri bul ose bi
(Rubi(sMcK)ay and .GipBSkGsar el 99rrni ched in the | ar
RBCL, but not the Rubisco hol oenzyme; t hey @
of this coMpdiexc k eRBLr5d Zdeéreg eRsB,C lRiGgdi8t)c f @t i 0
RNA metaboli smxbdcausg, condetions, the prote
an RNiAhding activity and form aggregates whi
cpSG¥osef et al ., 2004 ; Tokgneotphferand h®lsapirreas,ul
cpSGs, RB&CLpyraemmoitdh have some undefined role
during stress. This hypothesis and the prev
feedback transl ational r(eCporheesns iedn adr.e n2uitOuea) |

Here we tshowi dihzaed RNA | ocalizes to th
i mmunofludfFeésomemaesCopy UuUsSiaagmajnorandx ibdidzye da
RNA and8hDyNdAr,y o x y gouxxaor@GNruen o(m&ir a et al ., 1999; W

2009)We al so show that RBCL controls the | ev

pPT @



does so independently of its function as a s

di scovery of the Il ocalization of oxiceil 2esd R
under -aBndaoetdeoxidative stress | ocalize o0oXxi c
neither SGs nor PBs . Our results reveal a f a

al gal chl oropl ast and sugagoexsitditzheadt RNhAe qaaarp ¢
is a gener al phenomenon.
RESULTS
Oxi dized RNA |l ocalizes within the pyrenoid.
We <characterized the distribution IoFR 0OXi
mi croscopy using -@ano@ntTlhedyF alg@aghakta®ase isp
el iminated when the &axo06Gopgyi wasSignsttadhbheddw

I nspection of <cel |l-oxanm& glels sriegrreall eidn hti lgeh ea h

centr al region with the rnunelnd s (d&n-dggx sm@s tAHc vy |
signal was seen in two distinct patterns; ¢t
in or near the chloroplast. I n ordexoGoi mMet

DNA or RNA, we useHi t ssot, aapperdo accehlelss wi t h DAP
nucl eus and the chloroplast nucleoids (the |
These-cbDNAai ning struecsttuariensear ofyr( W8 gkl @ IAF ¢

clear |l y nditshbex 0854 tl &irmi ng of the pyrenoid and

BoxoG detected with this method is not i n
chl oropl ast. Second, we asked whetolkeorG RN¥ase
stainhegpgfenoi d, the foci, or bot h. Cel l s

either RNase or DNaseoxa® oanttiob csd yadoaxrodtsgD AR It .h
signal in the pyrenoid was eliminatedhlay tre
it represents oxidized -®KRNAG(FFgsi gn&l) .i Bymaos

was eliminated by treat ment with DNase, but
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oxi dized DNA (Fig. 1 D). Thesa, fwkiclmoald I|be
adjacent to(Rhealkhal et olgnlleassset Z®X4) were not e X
DNase treat ment o f toexno &g elnFe r sait gerda la  tdhi rfof uugsheo u&
unknown reasons (Fig. 1 D).

We f ocuse-oxodnslthieni&hg of the pyrenoid bec
RNA and was atypical; weofdifdouirotc hsleoer otphliass tp a
chl oroplast proteins that RMeCLanaan dy zRBIC S, r ewhii o
seen pwnrdarmdEind)acke and Zerges, 2007; Uni acke
Zerges, 2009; Schottkowski Taer-aX o @GsetRabiBn2i;n gB ooh
the pyregpmeiskents the specifici tonatedamplod,oopof
to nonspecific entry into the pyrenoid of RI
of the chloropl ast.

When cells wepl eaxpROG&8dudged Ht o induce o
percentage i n wsiahneotkead pryrc& reamiscke dl From 44%
(n=189). This result suggests that oxidized

Oxi di zed RNA did not | oc asltiazienetdo fop S Gsw,o0
proteinsa WRB&Leiomumdnittheof30tShes chl oropl ast r
(Uni acke andDderggst he 088 )0OecspS dsn dfuctee db,g bHu t
oxoG I F signal remained throughout the pyrer
cpSGs do not accumul ate oxidized RNA.

Oxi dized RNA |l ocalizes to foci in cultured m

To determine whether t he dc oRMpAart memt ad e n
phenomenon, we asked whether it occurs in h
oxi dative str esssotraiamresde ofGareoDdoescd 8 tFh esri glnRal  wa s
in multiple cytopl asmicceflolcsi, ians ntoornep atrheadn t4o00

cells (Fig. 2 A). These foci wesrteaidniesdt ifnocrt nife
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proteins specific to each ofB)t heTshee yR Nve rger aanl
within mitochormaowila amd tRerm«fiadreed RNA or
genetic system (Figox&®XG)Yai Nunbebodl es, hetdi
nucl(elode et . aRNA -@bda8@) 8and not DNA, was det €
both cytoplearmi cbemausneuctthey did not stain f
not det ec tterde aitre dRM&d.d sThekieg.readul ts reveal
compartmentalize oxidized RNA to cytopl asmi ¢
RNA bodi e300 (@GR al so substantiate the | oca
reported(pueomouvsal. gt al ., 1999)
RBCL controls the |l evel of oxidized RNA in t

Returning to the chloroplast; weahypot cest
o f oXxidized RNA basedxo06 RNA ftocahkezptyremoo
RBCL is a major protein of the pyrenoid, an
i nvolving RNAYdsef ngt sBb&resa 2\ Gdoluen,d FONy RBCL
be protected from oxidati on, repaired of o]
degradation machinery of the chloropl ast. T
knockoutMXBBtla&nt(,hge be fhfatse ra nii eeM eelvoaxt 6eGI8 il hBNA .
resul ts -olfmltiommuanncal yses revealed a -asxa@@iifmca
RNA fg@dmlbhan i n RNA -tfyrpoem (sRived)i mBTther ef or e, R
required to control OXi disz epdr oRNMA.l vy THir® mo x ihc
because RBCL is a chl-oxo® | RMA wastdckaetne catnedd mic
(Fig. 1).

The el evated | eveglb cdf nooxti ddiuzbe d ioR NRaibicns clme ¢

It was not d&uécdefdi dine mtn omhteant , one that |
(RBCGALOOS5, Ohe igGRaBEG¢OFi g.( D NnA) et. adn. ,t h2e0 Oc5o)n t

RNA fgrR@B8@@sShowed an even | owerG mdam It dwdleod f t
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strainA(Fi huirg®ri sing phenotype is not due

transf orgmB Cbiotnh eafy pve | dRBILCYS 20sft or ed t heoxmoe@n | e
RNA to nearl yvt wpheaatstorfAgitrhEhwisd dovoGevel RNA Br
gRBCiSsoahe®t due to a deficiency for some unk
|l acking both RBCL and RBCS was -dwa@Gdin oRMA,
similar qpt o lFEhéd)t. ®8Based on these results, w e
t he dfeveeXi di zed RNA independently of Rubi sco

Exposure of,Otdhied cneoltl ssitgoniHi cantl-gxa@e®ange
RNA from oqiblcdgRByQiSE, §).. 3Thi-de R&8Cdent contr ol
RNA under-sboéebds samdbngi te®ns supports a cons
controlling oxidized RNA.

RBCL probably does not control the | evel
|l evelswsxo0wmG wWere detectedbalmd wokaglpeDNATrfai om( Fi
Whil e t heoxloeGr ewasofhi8gh erbdlma D NIAn f dRMBAG Sf tr o ims
di fferenfcel dvasédsdisf b0 t he s-ameGcbobmpBRNAsOde®
above) (Fi g. 3 A). Mor eover, as | &sttaati end faolro v
oxoG (Fig.TrkaA memd )00 mictr erasse dwitthlke Nari abi |
BoxoG in DNA between biological replicate ex
relative to DBNAeaftreodm ctulé¢t.unmde diFfifger é€8nces i n
oxi dized protein we+d g pto@nhbdca bftyB Qvuet na ntt h es t wiali
measured as carbonyl ated aminoC)aciTthheretsodeaeg
results do not snupcpoorrttr cal Irionge tohfe RBeQwlelis of
Bi ochemical evidence of an RBCL pool that <co

OQur finding that-i R8B€he mdesnta fRwrbdtsicoon i n t |
RNA suggests the édnei sptreoniced noft hatpacalrrofest ou

di stinct from the RBCL in the Rubi sco hol oe
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fractionation experi mentlsn taa dii d d otni ftyo stuhceh ne
o f the Rubiscd hheleodmazymse of RBCL are known.
detected in cells undergoing oxidative stres:s
(Knopf and Shnadpitrlae @®t0MN&fr s wa s(i Kameoapdf r aanred S h a
2005; -NMarairmrMoreemd, 200@&a)ddi ti on, RBCL that P
unassembl ed was prrobpdoltsa@nds It eot iaoaunt od we(gid pe ex € O a
al ., . 2065)determine whether the RBCL that c
devel opedeatdiafl centrifugation scheme to sej
three fra8Bt:i o9%k6 (Fag.sadTSbhaspiosel ud] ePp6 ot
solubilizetiOby dr gt ometndbr ahle Ipa ot ieantsesi | nusalinteh gr
cannot be sol ub00.ized by Triton X
Anal yses of fratypenstfifabpm tbeeeali éd t hat

RBCS, representing Rubisco holoenzyme (Fig.
fracti ontsy poef swirdadpres ewlas yh cont amination of n
by of the Rubisco holoenzyme (SpeetbzefFgr 2&Q
exampl e, fTrlacfti om -ttythb® witlrdhi n contai ned bot

presumably in the Ru@i.sclohilsolcooenntzaymien at Fioq. W

wi ghBClsecause it | acks thecRmblates h8B%Entkygm
of t heypva | dev el (Fi g. 4 A) , and it has enh
oxidized RNA (Fig. 3 A). Ther egRBCree,prees emnt s
pool dedicated to the controAnalfysogsi idofaeflr :

obtai ngRBGSedves eRRB@LWd pri maTl lgndn ®#s 6expected
mut ant | acks Rubisco), onl yT hien RtBrCa-d ¢ n& mPalubn t
QRBCiISs not newly synthesized beecdtSpukheée s f
l abel | i ®g. (FumgtthheirsmoRBRCL i s probably not i N s

association, becaussoliubiwlaisz endb t mevmBTriE nded-ti pgyr.agte
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4 Canb). These resthmaj csrugge din igRB &ERIBICf er s i n
physi ochemical properties from the solubl e F
newly synthesized protein. Therefore, this F
dedi cahedcooatrol of oxopliaed. RNA in the chlo
To address the possi biTlli tfyr atchyl BoQrEehier @eRsBenlLt si
the form in cpSGs- Tlwdhaasslkabdtwhwlkret iermntRI@& of
30S subunit of the <chl or op(llansita arkiebZoesrognees , 0o v2eC
I ndeed, results of i mmunobl ot analyses revea
in -PL6fractions, whereas the 50S subunit poo
was observed | gRBaO®maldy dldtkey poefi sbtort@hDn. ( Ho we v edr
whil e stress induces the recruitment of RBCL
the solubl e pldolwh(ehl6c)eltlos RdoFe Can@osedhit ® |
result providesofnsrttibhairt i sviepporite off (RBCL i n
i s constitutive and raises the possibility
containing ribonucleoprotein particlset rtehbsast €
conditi esrcaus(Ss o )Di
Survival under oxidative stress inversely co
To obtain evidence that the dif-fgpentinal
mut ant strains (Fig.,vBweA)yp dhshtveed T mpavardet ol
stress induceddo,. R BCaBxasg eangoalisn used to contro
Ru b i-dsecfoi cClelntcwyr. e s -toyfp et hgetbrediidg®B Cer e exposed |
toxic conc®ONtdr.a0t inovh) ocafn@H ohiel percerti 4 was m
(Fi 84).. 5The resutptbsc lerlelvse adieedd tshiagni f i ccanpéy f &
cells. Therefore, the efhbdbechtrac!|lad\wesl @3 ft ho X ime
tol erqgdBCeSx hi bliOtheydper t pl emeasoeed bot(HFias &elAl

and i n a more wtabnbenhy, aasay hef percent i
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concentration (FgRBCSHEeB) owThmenef beeggel®of o0Xxi
hypertolerance arefbothi opppbenet ymet ooisar t
Similarly,grBRE&utrerstcrugmyf or nRaB G RBs&h o wie dthywiel d

H.O,t ol er anC)e a(nFdi-tgg pei mean | evel of Foraldlygedl iR
@ bgctthe mutant for both RBCLOatnod eRBGS es hmmvde d
oXxi di zed RNAD)IL evidhleseFidghbt Bremaesce i di H not r
di fferences in growth rate,artkreansgcerniepst, |oerv et
HO,degradation in the medium (Fig. S1). Thus,

of oxidizedi RNAisUstupptoed ed t h@;tiodblee aave RBCL

DI SCUSSI ON

Our results reveal oxidized RNA in the
cytopl asmic ORBs i n cul tured human cell s (
phyl ogenetically distant genetic systems su.
RNAshdundamental significance. Compartment al
i's well documented and is (Ibeloieekéd nt anhdda\Baik
Adji bade and Mazroui, 20.14T heWad ¢ pu ess tarnadt | Pat
mol ecul es prevents them from interfering wit
It prevents t he degradati on or attempted
compartmentalization could enhancendl ogcuaall ida oyr
control factors to establish favorable therr
i n, for exampl e, Quepanesudrt sdeogpreand ad v emu e s
compartmentalization in RNA quality control
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Our resultt sRBGQLlowcotnhtar ol s t he | evel of o0x
(Fi g. 3) and i s a OdeobeemancelgheBegtfourhicit m oml
i ndependent of Rubisco and, therefore, coul c
pl ant a neda geelsg atlh alti nhave( Hroasus ep h\Wa Co@3)nd hedent
i nsoRBB8Lepool that is not part of the Rubisc
Amoonlightingo functi omnol(oFciagl.i z4a)t.i oh iosf etxhpel
oxoG RNA in the pyrenoid with the strongest
Rubisco hol oenzyme. R e eReurbti Isyc,0 eRVBQdLe ngaeo o f wae
results of guantitatiive GRalsamysdentirabtdiRe e al
accumul ates sever al fold above the equal st
Rubi sco hol oe (f Rg maeMutfomonp | eetx . alRBCL2 Oalpsp)ear s t
particularly critical and det er mi ril g ofpd atsd r;
i f any other factor woul d gRBEWa uloch motr ebes oa
| ower the | evel of oxi di z®Ogdt oRNeA a(nFcieg .( F3i gA) 5
rel ati v-et ypeqgrwICil®dhe enhanced | eivieilesofi RBEdhn te
oxidized RNMAlemdnde coul d, for exampl e, be
protein for these functions when it cannot b

Our results also RBQ@lpoirn danbehadaokil obpoot @i
have dual f vlmicn diomg( YosodeRNiAats ahis @D&d43 of p
been proposed to coordinate metabolism and
di versity (odfenpgrzet eaonmdeFs®r eosaby a0iew such pro
of the dvual funcinowiaseewme dheamoen sdtonaet ehder e f o

How RBCL controls oxidized RNA remains to
protection of undamaged RNAdifzreadm RRNAAS forr seel
from transl ated pool, repair, or oegGadRNAI on

was not enriched in c¢cpSGs (Fig. 1 E and F)
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RNA, but compati bl emswi tFo rt heex aoniphleer, ntepcSh@sn i W60
oxi dized RNA ifoxidegegdgr & NActf romn ROS and mig
degrade or repair oxidized RNA. Neverthel ess

function in theiduaedtRNAoNntrol of o

OQur findings have potenti al relevance to
granules have been implicated in fundament a
and physiochemical properties sareewedly gmr e
Rubisco biochemical pool of RBCL which i s i

cpSG proteins because cpSGs are aggregates o
100 is a propdiMeyxefr BBFaprtdateceaimad®Q5x aet PaAaB

t hi

(7]

RBCL pool , l i ke cpSGs, has an excess o0
over the 50S subunit -gtFrieggs s 4c¢ o n dButti oenvse, n wihnedn
have c¢cpSGs, RBCL iwas | dibtl eec tfeod m ma ntdhe hown t o
understmemss conditions, when most cells do |

results suggest that RBCL controls oxidized

o
—
(@]

pSGs, awd Whetshenr uoni vedt SGs and PBs al s

be determi ned.

Oxi dized RNA arises under opti mal growt h
i ncrease during stress (Fi g. 3) . RNA oxi da
byproadfucphotosynthesi s, whg tcthesosccanmd sutndes s
{Foyer, 2009 #3516} . Mor eover, a presumed d

chl oroplast seemd ypte agd dvvbtahie 9 pmittedr ei tws | Mavi ng
level of oxi dized -tRNA)( Acdnd@i.gva®R StLOuwi Irdkesul t
consistent with a cerbteaiimng |beevreilg no fu na>eird i ozpet
(Fig.S1 A) and becoming €eFirgmeb)al Fon €kamf

bases in chloropl ast MRNASs coul-bdi nrdesnugl tp rion e
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with Fenton actixzitbytheomvegrmhdiyon oxfi cHhydr ox

potentiat e J4OheFotyax iNaiott oarqof 21 09)

MATERI ALS AND METHODS
Cul turC.ngr eif.Tinar dvtyipid s td4rAati RE Ovbads)b, wla € G4 6 9 6
(MX 3 3) 1Der . Genhai ZBirui(dSRt agepan Han dgRBCWa st zer ,
CALOOS . dDilmlDe nt et.gadlabgrBRO0®rs5)-prhaont osynt heti c,
viable wunder heteSattappmar arod d Bperceamusszee rRu b2
mut ants areehs@gholyedomg,atl20 1clyl t ures were gro
heterotrophinc tchendiiatcikd md,e phosphaté,( MAP)h me
orbitall Gonmakainn@nd .Te vg enree r alt9es 5t)dRaB CsSo mtah @ me n t
witgprpB8Cg2ne (on p(HEBmMmedt pls&2a amwhsSpmdirtodeairc,
i nggoBClBy gl amedibataeld transformati(®Purasndeg200
The doubl er mah d RBICKI oORBCRhRBCBR2er e obtained f
cross |(petduepnagRBCS-)(mtlt was <critical to use
gowt h phase and i nd4 txhcek Odlesn/smit.y range of 2
C. reinhardtii microscopy and IFstaining. ThelF protocol forC. reinhardtiiwas reported
previously(Uniacke et al., 2011)To induce cpSG formation, live cells were treated with 2.0
mM H,O, for 15 min prior to fixation. Where indicated, fixed and permeabilized cells were
treated for 1h at 3T with 10 pg/ml RNase A (Fermentas) or 50 pg/ml DNase | (Invitrogen).
8-oxoG was immunodetected with a monoclonal mouse antibody (QED Bioscience Inc.,
clone 15A3). The specificity of this antibody situ was confirmed by incubating with its
antigen 8-hydroxy-2 -BNgoxyguanosine (1.0 mg/mL) for 2 h before-sk&ining. Rabbit
antibodies were used to immunodetect RBCL (Agrise&03037 and the 30S subunit
chloroplast ribosomaprotein (S20) (RandolphAnderson et al., 1989%econdary antibodies

were: Alexa Fluor 488 goat ammouse IgG and Alexa Fluor 568 goat anatibbit 1gG
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(Invitrogen Inc.). Images were acquired by epifluorescence microscopy using a Leica DMI

6000 microscopdLeica Microsystems) with a 63X/1.4 objective, a Hamamatsu OrcaR2
camera, and Volocity acquisition software (PefEimer). Z-stacks were taken by series

capture at a thimess of 0.2 um per section. Stacks were deconvoluted with AutoQuant X3
(Media Cybernetics Inc(Abramoff et al., 2004)

Mammal i an ti ssua calvucal cancer cells were

Type Culture CollectiO®nl { Maeaassda@®| t YVAPMERCC

(Si Ahar i ch, St . Loui s, MO) supplemented wit
streptomycin-Alalrli cth)om F$ixeerda and permeabil iz
Og/ ml RNase for 1h, swkhdeuwuen andiecatedtr2ad mmm

for 1.0 hr under the conditions described ab
Ma mmal i ans tcaeilnli nlgF.

The protocol was (Feosuamilked. egP reavima,uy2 Gh3 ) bod
UG3BP1 from Dr. | medr 6altRyKy z&MQAMRIO GL@AIMBIr oumi v e
Santa Cruz Bi dJtfexcdf@r wlmo gED aBidosci ence | nc.

secondar yweamd i Aloeix @ sFl-mousd8BgGopail axné&i Fl uor
mouse | gG, and Al exablbd @o ¢! rd5Wwi8tl rgoogacinmeal awitcs. ) .
visualized by an LSM 700 confocal | aser scart
ZEN software for image acquisition and anal\
settings: 63X 0))] @OboecOmveeon zpioxmell. i ze, an
Anal yses of oxi dized IRNAgcachNAbiaon d glPrcat eirre.p
RNA, DNA, and protein werWheselianhedcared, t hie
exposed tegdf2ar0 Imivthh In. RNA was extngenhéed (&sgr
Al dri ch) according to the manufacturerdés pr
wer e confirmed by el ectrophoretic anal ysi s

extracteddescyinhtgr hmext hyl ammoni um bfMumi dey arsd
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Thompson, Th@8®ONA preparations were 3,idasf R
confirmed by nan@dHB04po aannaé byyzbderdd (mbirtoho ka and Ru
2001)RMAl aDNA concentrations were quantified
and UV spectrophotometry, respectivel y. Tot ¢
transferred to a nitrocellll usloste Imeaontbr apet eavm
Schyel Filters were reacted wioxln Gt f QEOo Bmersci
|l nac.l,one) 18W8r nf{Cghambatook and. RAsgenhduseB@0OD1
secondary antibody (KPL) was used and ECL de
(Millipore). Tocelslod awer ¢ opal | preod ef{ 8, 000 x
mM T€li spH 8. 0, 1 mM EDTA, 50 mM NaCbeatli miyl P
(Hopki ns, Prl®dt9eli)n egs)a nwpelrees a(n2a0Dy g Bild catwickoimtdi ng t
t he manufacturer 0s protocol (Millipore). TC
described( fmewvhowd! yaQu.ant 1988pti ed was as C
previ oBehiye et. Farl . st 2t0ils8t)i calogdrcally sresp!| i ead
compared t o @ bceolrrraeism oprdii onrgH0,0 Wwhiech ddas i o@si
as 100% oxidation. Statistical di f-famphees w
test .

Differential CEe€hsrimlf ogalftbomes were pell eted

X g, 5 min) at room temper at MKé&b wafnfde rr e(s1% pra

MgGl 20 mM KCI , 10 InMO % rpirncditveea speH | M.h3 b4 t or ¢
Al drich)). Celltlsewpaesdbgoekenhbgogugih a chill ed
psi . The <cel |l |l ysate was centrifuged at 3, 2
supernatant was collected and c°6®ntiThtugeduhbt

superwasaBi6. The pell et ( Poluef)f ewa swivll)ehs t2e% e(nvc
X-100 and incubated for 15 minutes at room t

me mbr anes. These samples were then®enmtheda fu
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supernat aitS. washe PpRII)l ewas( Plé&s uslpefnfderd. i Mhr oM
samples from each fraPAGBnaweériemswmbmokricdote darm a
| oadi ng was based on equal propor tRBoOLs of
( Agser a, ARBGS8 3 7)Dr . Robert SpreitzleP43 Uni v
(Agri ser 85201 1(1pre887t)ei3®) ,( 0 B t(eRann)dlondpehr son et ¢
1989)amMIIP70Bchroda .etSeadandalrdy 99t aiamibrbd dgne d ¢
(KPL) incubated for 1 h at room temperature.
I n VBpollsaebel ing JdBpup-kabel neg reactions wer
3Qas describeUdnipacie candg&lelr sle ¢’ p&UMKB)ampl e)
were then pelleted by centrifugaeli 60 mM5 7170086
Cl pH 7. 4, relsuMipi@nd ed, i an 8 thkerad(kHog kbiyn.sb, e ald9 9
The cell |l ysates were centrifugpgedn@i@and®@0dr rxc

were subj eRAGH -1t 5223 y| ami d®&p u bl saéb eM | terde ap)r.ot

in dried gels were visualized with a Typhoon
Survival and viability
Cel | survival and vingbialdidti ¥O4twonr 40 CeedhslM.yseudr vfi ovl

was determined by counting the proportion of
(Si Athalri ch) . Viability was detewsmilnaldfasgdcad
medi Eor statisesi codl samaliw al and viability,
( ANOVA) was conducted with strain as a bet we

appropriate, post hoc analyses were conducte
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