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COMMENT

The peroxisome: a production in four acts

Michael P. Rout

Laboratory of Cellular and Structural Biology, The Rockefeller University, New York, NY 10065

A cell regulates the number, size, and kind of each organ-
elle it possesses in response to its particular role in an
environment or tissue. Yet we still know little about how the
molecular signaling networks within each cell perform
such regulation. In this issue, Saleem et al. (Saleem, R.A.,
B. Knoblach, F.D. Mast, J.J. Smith, J. Boyle, C.M. Dobson,
R. Long-O'Donnell, R.A. Rachubinski, and J.D. Aitchison.
2008. J. Cell Biol. 181:281-292) show for the first time
how groups of kinases and phosphatases are organized
to control when and how a cell assembles one kind of
organelle, the peroxisome.

Many of the processes cellsinvolve macromoleculeandas-
sembliezoomingaroundandinteractingonamillisecondtime-
scale. There are also processes, such as the building of new
cellular megastructuresthat require second€o hoursandin-
volve major rearrangements at all levels of the cell® archi-
tecture. Consideran amoeb® pseudopoda growing neuronal
dendrite,or the generatiorof a new organelle. Theseprocesses
involve the coordinatedinteractionsof hundredsof different
componentsand require controlswith incrediblelevels of ! -
nesse, yetery little is knavn about such controls.

Take,for example theassemblyf theperoxisomeFound
in mosteukaryoticcells, peroxisomesare vesicle-like paclets
boundedby a single membranehat surroundsa compartment
termedthe matrix. However, unlike most organelles,peroxi-
somescan vary dramaticallyin their abundanceand size de-
pending on the cell@ type and its environment. Within the
matrix aresetsof specializecenzymesoconcentratethatthey
sometimescrystallize. Peroxisomesare so namedbecauseof
thefunctionof someof their matrix enzymesn ridding thecell
of peroxidesandothertoxins,includingtheethanokhatremains
in our blood aftera night on thetown. They alsoplay arole in
numerousothermetabolicreactionsjncluding the B-oxidation
of very-long-chainfatty acids,which allows the utilization of
fats asfuel. Defectsin peroxisomebiogenesisare associated
with numerouseriousdiseasessuchasthefatalcongenitabb-
normality Zellweger syndrome (Weller et al., 2003; Steinberg
et al., 2006 PlattaandErdmann,2007). It seemscuriousthat,
despitethekey cellularrolesthe peroxisomeplays,mostof the
principles underlying the coordination of its assembly and main-
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tenance, established long ago for other organelles, have yet to be
determinedPlatta and Erdmann, 2007

In themodelorganismSaccharomyces cerevisiae (baker®
yeast),peroxisomesrelow in numberduring growth in which
sugarsarethesourceof carbon However, yeastrespondy rap-
idly inducing peroxisomebiogenesisvhen switchedto a me-
diumin which fatty acidssupplythe carbon(Fig. 1), enabling
researcherso identify mary genesrequiredfor peroxisome
assemblylmportantly mutantsin thesegenesoften mimic hu-
manperoxisomebiogenesiglisordersncluding Zellwegersyn-
drome Subramani, 1997

Until recently studiesof peroxisomes$have, of necessity
proceedeadnegene,oneproteinatatime, trying to fathomthe
diverseeffects of the disruptionof a single componentn the
machinerieghat regulate peroxisomeassemblyand function.
Notwithstandinghe tremendousmpactsuchsingle-itemstud-
ies have had,they necessarilymissthe emegentpropertiesof
the whole peroxisomebiogenesipathway, just asdetailedex-
aminationsof a steeringwheelalonecannottracethe assembly
or elucidatethe mechanismand purposeof the entire car to
which it is attached However, recentadvancesin proteomics
and genomics have built resources of complete genome se-
guencesndsuitesof high-throughputechniqueso analyzethe
thousand®f dynamicinteractionsbetweerproteins DNA, and
RNA thatregulatecellularresponsesl hestudyof thesemolec-
ular information networks andthe emegentpropertiesarising
from themis termedsystemsiologyN the (holisticOversionof
molecularbiology mary of ushave long wishedwe could prac-
tice but couldnotuntil recently At the heartof systemsiology
arethe efforts to de!ne the complex and shifting information
networks within living cells asthey develop andreactto their
ervironment Galeem et al., 2006

Armed with such new approaches, Saleem et al. (see
p. 281) have set out with the goal to understand, quantitatively
and at a systems level, how a switch to a fatty acid medium
induces yeast to begin assembling peroxisomes. The environ-
mental cues involved are complex. The cell must read the
melee of metabolic stresses resulting from the depletion of
glucose and the addition of fatty acids into the sole correct re-
sponse: the induction of peroxisomes. Because phosphory-
lation is the most important and predominant mechanism for
signal transduction, Saleem et al. (2008) decided to determine
the role of kinases and phosphatases in the control of peroxi-
some biogenesis. They began their study by assembling a
comprehensive collection of some 250 strains, encompassing
the majority of such proteins, from each of which wasremoved

JCB

8002 ‘T€ AInr uo Bio gol-mmm wolj papeojumoq

185


http://www.jcb.org

Published April 21, 2008

186

Figure 1.

Induction of yeast peroxisomes over a 20-h period in oleic acid, visualized by the Pot1p-GFP reporter, showing how yeast can fill themselves

with many peroxisomes in a remarkably short time. This image appears coutesy of R. Saleem and J. Aitchison. Bar5 pm.

aspeci! c regulatory phosphatase or kinase. Each strain in this
collection was then genomically tagged so that it expressed a
" uorescent chimera of a peroxisomal matrix protein, Potlp-
GFP, from the POT1 locus, leaving the coding sequence and
upstream transcriptional control sequences intact. The activity
of the POTI promoter is controlled by the available carbon
source. Thus the level of expression of the " uorescent Potlp-
GFP chimera reports upon the activity of peroxisomal protein
gene promoters. Moreover, the localization of Potlp-GFP to
the peroxisome reports on the number and morphology of as-
sembling peroxisomes. Each strain was grown in three carbon
sources. glucose (a sugar), glycerol (a sugar acohol metabo-
lized differently from either sugars or fatty acids), and oleic
acid (a fatty acid). The POTI gene is fully repressed during
growth on glucose, being expressed at <1% of its maximal
level on oleic acid. POT1 expression rises a little on glycerol
to ~10% of its maximal level as the effects of glucose repres-
sion are removed. Using FACS to measure the amount of the
Pot1p-GFP reporter in cells, Saleem et al. (2008) were able to
assay the effects of glucose inhibition, glycerol derepression,
andoleicacidinductionontheconditionalmutantsAt thesame
time, the degree of peroxisome assembly in the mutants could
be measured by microscopically determining the volume and
number of the peroxisomes as well as the reporter signal
intensity within. The time course of reporter induction and
localization was quanti! ed for each of the mutants, and the
resulting datawere statisticallyanalyzedand superimposedn
the existing yeast genetic and proteinEprotein interaction data-
bases to determine the functiona kinase and phosphatase modules
responsible for controlling each step.

Importantly mostof the kinasesandphosphatasegsted
hadno signi! canteffect on theexpressioror localizationof the
reporter, indicating that peroxisome biogenesis is under the
tight control of a specilc subsebf signalingpathways.Indeed,
mary of theidenti! edregulatoryproteinswerethosethatmight
be expectedto have arole in peroxisomebiogenesigsuchas
Snflp;Navarroandigual, 1994, althoughmary othersrevealed
previously unexpected links that underscore the tremendous

stagesn the induction pathway. Eachmoduleactsat the tran-
scriptionallevel via kinaseand phosphataseascadesurning

transcription &ctors on or df and together the modules lead to

the commitment by the cell to gi@ forming peroxisomes.

The! rstmodulemaintaingherepressiomf asetof genes
in the presencef glucoseandwasrevealedby a groupof mu-
tants that failed to keep the reporter fully repressed during
growth in glucose.Most of thesemutantsare unafected by
growth in oleic acid, indicating that oleic acid induction and
glucoserepressiorarelargely controlledby separatenodules.
Interestinglythough,three mutantsare defectve in both glu-
coserepressiomndoleicacidinduction.Two, CtklpandSsn3p,
areregulatory component®f the RNA pol Il complex andso
might be expectedto be generallyde!cientin transcriptional
responsienessBut the third is Pho85p which wasalsofound
to play key rolesin genederepressiomandoleic acidinduction
andsois perhaps Gnaste©controllerof thewholeperoxisome
biogenesis process.

The second module ensuresthat peroxisomal protein
genesare properly derepressedponremoval of glucose pre-
sumablysignalingfor the clearingaway of the glucoserepres-
sion machineryat thesegene€promoters Mutantslacking the
genesmaking up this control modulecould not inducethe re-
porterin eitheroleic acid or glycerol. Several componentf
this network are alsoinvolved in controlling sphingolipidand
phosphatidylinositoproduction,two lipid speciesvhoseroles
as signal messengemoleculesregulating metabolismare be-
ginningto be revealed(FernandisandWenk, 2007 Strahland
Thorner 2007.

Next, severalof the mutantsweredefectve in reporterin-
ductiononoleicacidbut notin increasedeporterexpressioron
glycerol, revealing a third module controlling geneactiation
upondetectionof fatty acids.Thesemutantsled to both hypo-
and hyperinductionof peroxisomalgenes perhapspointing to
someanaloguecontrol mechanismallowing the cell to exqui-
sitely regulatethe numberandsize of peroxisomesMoreover,
mary of theseregulatory proteinslink the transcriptionalre-
sponseo processesuchasthe generaktressesponsandthe

scope of the architectural rearrangements a cell must unelertagell cycle, whichmayre"ectthecell® preparatiorio slow down

to accommodatéheformationof new organellesOnepossibil-
ity would be for the cell to reada single setof ervironmental
cuesinto anuninterruptedinear" ow of instructionghatculmi-

natein organellebiogenesisiatherlik e oneinitial pushtoppling

arow of dominoesHowever, Saleenetal. (2008)have instead
showvn that at least three discrete ervironmentally regulated
modules,eacha distinct control network, function at different
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growth in reaction to a poorer eggrsource.
Thesethreemodulesactstepwise! rstturningoff glucose
repressiorafterglucoseemoval, thenderepressinthesegenes,
and! nally turning the appropriategeneson in responséo the
additionof oleic acid. It alsoappearshatafourth controlmod-
ule actslater, during the actualphaseof peroxisomeassembly
andis controlledby the presencef lipids in the ervironment.
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Mutantsin this network canbegin to assembl@eroxisomebut
fail to correctly regulate their size and number, for example having
too mary smallonesor too few large ones.Again, kinasesand
phosphatasesegulating phosphatidylinositolmetabolismare
component®f this module,asareregulatorsof the actin cyto-
skeleton, which isknown to participate in the assembly of peroxi-
somes Platta and Erdmann, 2007

This work represents a ! rst of its kind, presenting a
genome-wideanalysisof how phosphorylationregulatesthe
productionof anorganelle.lt alsoforms an essential rst step
towardasystems-wideinderstandingf thesignalingpathways
controlling peroxisomebiogenesisMany more of thesesteps
needto beelucidatedjncludingthosewhosecontrolis not me-
diatedthroughphosphorylationNeverthelessby isolatingand
identifying someof the key signalingcontrolmodulesinvolved
in peroxisomebiogenesis Saleemet al. (2008) have setthe
stagefor a systematiaissectionof the molecularmechanisms
underlyingeachmodule.Suchstudieswill shedlight on how
the" ow of informationfrom the ervironmentto the genomeis
transducednto instructionsfor a cell to assemblean organelle
or coordinateother large-scalechangesMoreover, by under
standingheplasticityof peroxisomestheir differentfunctions,
andthe detailsof their biogenesisn response€o peroxisome
proliferators, we will also gain a valuable understanding of
the contritutions madeby the organelleto mary peroxisome-
relatedhumanconditionsand so shouldhelp point the way to
treatments for these diseases.
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