Université de Sherbrooke

Nuclear import mechanism of Php4 under iron deprivation in
fission yeastSchizosaccharomyces pombe.

By
Md Gulam Musawwir Khan
Département de Biochimie
Faculté de Médecine et des Sciences de la Santé,

Université de Sherbrook&herbrooke, QC, Canada

Memorysubmitted at
La Faculté de Médecine et des Sciences de la Santé
To fulfill the requirement fothe degree of

Master of Science (M.Sc.) in Biochemistry



¢

TABLE OF CONTENT

T 9 hC /T hbeIObEXXXXXXXXXXXXXEXKXXXXX

LISTOF FIGUREE X X X X X X X X X X X X XXX XK XX X XXX L +
LISTOF TABLEE X X X X X X X X X X X X X X X X X X X X XXXXXX4D
LIST OF ABBREVIATIORIX X X X X X X X X X X X X X X X X X J0 ¥l
ABSTRACGTX X X X X XX XXX X X XXX XX XXX XK X N P
INTRODUCTIONX X XXX X X X X R X X X X X X X X XRKXMDK X X

1.
2.
3.

Iron: An essential element for living organistdsX X X X X X X X X X X X X XX X1 X
Yeasts asmodel system to study molecular and céliologyX X X X X X X ® X X X3X &
Iron homeostasis ilbudding yeastS. cerevisia® X X X X X X X XXROKXXX X X X X X p

3.1. Mechanisms of iron acquisition $ cerevisia¥ X X X XXXXPXPX X X X XXXXX&X
3.1.1. Highaffinity iron uptakereductaseindependenX X X X X X X X X XX6 P @
3.1.2. Highaffinity iron uptakereductasedependenX X X X X X X XXXRKXX8X
3.1.3. Lowaffinity iron uptakeX X X X X X X X XXXKXXPRPIPX X X X X X XX X X
3.1.4. Storage of ironinthevacl®a X X X X X X X X X X X X X X X X XLX X X X X X

3.2.Regulation of iron homeostasis iNRIRA Y3 & ST A0 XXX XXX XDEX X X X X X
3.2.1. Regulation ofirontransportly Fiim | YR | FIHXXXXXE XXX XX
3.2.2. Regulation of iron storage Qy I LJp X X X X X X X X X X X X X X X X X X X X

3.3. Posttranscriptional regulation ofironhomeést aAa o6& / GKm HY R / (K

Iron homeostasism S.pombeX X X X X X X X X X XXRKRKRKXKX X X X X X X XA X X X P

4.1. Extracellulairon scavenging systesthighr-aff A Y A G & A XX K X &DIKIX S X
4.1.1. Reductive iron acquisition systeiX X X X X X X XXXX X X X XXX X @
4.1.2. Nonreductive iron acquisitiosystenX ¥ X X X X X XXX X X X X @X

4.2. Intracellular iron storage systenX X X X X X X X X X XXX XK XK XX X X2& X X

4.3. Irontransportregulation:role of Fe@X X X X X X XXX XXX X X X X X 2K X ©

4.4. The CCAAT binding comp(©BCandits role iniron homeostasiX X X X X X ®&Gp

Php4, a subunit o€BCplays a critical role in iroeconomyX X X X X X X X X X BX X X
5.1. Php4subunitX X X X X X X X X X X X X X X X X X X X X X X X X X X BX X X X X X
5.2. Php4d reguloXX X X X X X X X X X X X X X X X XXX X X XBK X X X
5.3. lIron-dependent subcellular localization of Php4na its posttranslational

regulatiol’X X X X X X X X X X X X X X X X X X X X X X X X X X X X BHK X X X X X’
Role ofmonothiol glutaredoxin and BolAike proteinsin iron homeostasiX X X. X &
6.1. Role of Grx3/4 anBira2 inron homeostasis in budding yeasX X X X X X X 8K X X
6.2.Role of Grx4 and Frd@r iron homeostasigh S. pomb XX.X X X XXXXbX X X39 &



7. Nucleo-cytoplasmic trafficking ofproteinsX X XX X X X X X XK X X X X XK X X
7.1. Nuclearocalization sequencéNLStriggersnuclearimport of proteinsX X XX @b
7.2. Role okl NE 2 LIK SnXt&ngportingciargo proteirbearingNLSX X XXX X.42
8. 1 8LRUKSEAA | YR NEXXKXMIKXKKEZERKXPEAXXXXXn

RESULTEX X X X X X X X X X X X X X XX XXX X X X X X XXXIXdn ¢

Article: Characterization of thenuclear import mechanism of the CCAAT
regulatory subunit Php4.

WS & dzY S XXX X X X X X X X X X X X BKEKEKKEKKEKXXXXXXXXXdn
[ 2YONRBHEXZHXX XX XX XXX XXX XX X XXX XXX Dn -
1 0 & U NIXODOX X X X X X X X X X X X X XRKEKEBHEKX X XXX XXX DDn
LY GNRRAZEEXXREXXX XX XXX XXX X HKEKEKKEKEKXXXXXXXXDp J
al GSNAFf YR aSUiK2Ra XXXXXXXXXXXXXXXXXXX®XX
WS & dzf GEXOKFKEX XXX XX XX XXXXXXXXXXXXXXXXXXXXXXPp
5A & OdzaXiXxR X RUX X X X X X X X X X X X XRKKERKKKKX X XXX XXX DD
Acknowledgment® XX X X X X X X X X X X X X X X X X X XXX XXX XXX XXXXXTn
WS T S NBEYXIIKK X X XX X XXX XXX X XX XXX XXX X DPDT

DISCUSSIONX X X X X X X X X X X X X X X XA X X XBD tp

Role of other karyopherin Ay (G KS MNBOARIBYAXXRYX XXX o
Validation ofPhp4a dzo OSt t dzf I NJ £ 2 OF f AXIXEXIXAXRX/X XoRAdbdK |

t KLJn b[{&d ALISOAFTAOAGE F2NJ {FNB2LKSNAYyaXX
Assembly of othesubunits of CBCone-step orpiggy-back mechanisfdX X X @9

Role of phosphorylation in the nuclear localization Bhp4X dXdXdX X X X X X X ® M N H

w2f S 2F DNER AXYX XAXNEXYX XEXSYMEXAXYXDOOXXXX X .X08 X X X X X
Php4asanantifungaltherapeutictargetX &g X X X X X XXX X X X X X X XM T

No gk whPRE

ACKNOWLEDMENTBX X X X X X X X X X X X XK XXX XX XX XK DPDPDM™
REFERENCEZE X X X X X X X X X X X X X XXRLRKRKRLRLRKX X X BIH M



LIST OF FIGURES

INTRODUCTION
Figure 1The Fenton reaction produces free hydroxyl radicals that have potential to damage

DNA LINPGSAYya FYR fALARAE AYy OSffaXXXXXXHXXXX
Figure 2. Reductasgependent iron acquisition if. cerevisia@ X X X X X X X X X X.XLX X X
Figure 3Vacuol&J ANBY &0G2N} 3S | yR Y20Af AT I A4 XXXXX
Figure 4. Cthl and Ctle®ntrol post-transcriptiond regulationof iron-using gene transcripts

underA NBY RSTFA ORXSKYXOERMXROX X X X X X X X X X X X X XK H X X X X X
Figure 5. Ferrichrome biosynthesis pathway in the fission y&gsdmbX X X X X X X24 X

Figure 6. Proposed model for iron transpor&npomb& X X X X X X X X X X X X X X X X X X @ ¢
Figure 7. Schematic representation of FEL X X X X X X X X X X X X X X X X X X X X X X X >
Figure 8. Php4 plays a significant role in the transcriptional regulation of genes encoding
iron-using proteins irs. pombX X X X X XXX X X X X X X X X X X X X X X X X X X X X X X >
Figure 9Schematic representation oluclear protein impork X X XXPX X X X X X X X dddn o
RESULTS

Figure 1. Ironregulated nucleecytoplasmic trafficking of Php4 is independent of Php2,

Php3 and Php5 proteidsX X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X |
Figure 2. Distinct regions of Php4 are required for its nuclear localiz&tignX X X X X X X Xy H
Figure 3. Two regias of Php4 encompassing amino acid residues 171 to 174 and 234 to 240

are involved in targeting Php4 tothe nuclegUX X X X X X X X X X X X X X X X X X X X X X X X
Figire4. Php4 NLSs are required for Phpddiated repressive functioi X X X X X X X X X @y n
Figure5. Amino acid fragmda 166190 and 21246 of Php4 contain nuclear import

activity X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X
Figure6. Identification of two functional Php4A NDEX X X X X X X X X X X X X X X X X X X X X
Figure?. Inactivation ofimp1, cutl5 andsal3 produced defetin nuclear import of GFP

tKLIT X XXX XXX XXXXXXXXXXXXXXXXXXX XXX XXX XXXX XXX
Figure 8. Loss of Imp1, Cutl5 or Sal3 resulted in increased expresssai‘afnder low iron

conditioNK X X X X X X X X X X X X X X X X X X X X X X XX XXX XXXXXXXX XX X
Figure9. Php4 interacts with Imp1, Cutl5, and SalS.ipombX X X X X X X X X X X X X X X ®y d



Supplementary Figures:

Figure SiDetection of intact GSEGP and GSDCt FdzaA 2y LINRPGSAYy a XX XX)
Figure S2nactivation ofimpl1D cut1585or sal3Dresulted in increased @xession of isal

under iron starvation conditiofE X X X X X X X X X X X X X X X X X X X X X X X X X X X X X

DISCUSSION
Figure 10. Iromesponsive nucleaytoplasmic trafficking of HABhpAX X X X X X X X X X X (b ¢

Figure 11. pPAProposed pigg¥pack model irE. pombg X X X X X X X X X X X X X X X X X ® X ™M
B)Amino acid sequence of PhpRhibitspotential NLSS X X ® & X X X X1ROX
Figure 12. Proposed [2R2S] cluster moded X X X X X X X X X X X X X X X X X X X X X X X X



LIST OF TABLES

INTRODUCTION
Table 1. Siderophore substrates of ARN/SIT familan$porters{ X X X X X X X X X X X X P D X y

Table 2. Examples of genes that areragulated by Aft1l/ Aft2 during iron deficien§yX X m T

RESULTS:
TABLE 5. pombetrain genotypeX X X X X X X X X X X X X X X X X X X X X X8 X X X X X X

DISCUSSION

Table 3. Possible localization of PHBER Php3HA3or Php5Myc13in wild-type, pK LJH p Z
pK LJoamdpK LJpstnainsthat would support a piggpack mechanisid X X X X X XLB2X &

Table 4. List of several known cargo proteins nuclear localization sequences whose nuclear
importation are regulated by phosphorgianX X X X X X X X X X X X X X X X X X X X X X X X ¢

Table 5. Predicted NLSs in Php4 orthologs in pathogenic }eAskls X X X X X X X XL120X X X

Vi



LIST OF ABBREVIATIONS

ABC ATRbinding cassette

ARE AU-rich element

ATP Adenosine triphosphate

BiFC Bimolecular fluorescence complementation
CBC CCAA™Dinding complex

CBF CCAA™Dinding factor

CCC CationChloride Cdransporter
CNLS Classical NLS

ColP Coimmunoprecipitation

CRD Cysteinerich domain

Dip 2,2-dipyridyl

DNA Deoxyribonucleic acid

DUF Domain of unknown function
ER Endoplasmic Reticulum
FRET Fluorescence resonance energy transfer
GFP Green fluorescent protein
GTP Guanosine'-triphosphate
GTPase Guanosines'-triphosphatase
HTTP Human tristetraprolin

IBB Importin betabinding domain
Kap Karyopherin

MRNA Messenger RNA

NES Nuclear export sequence

NLS Nuclear localization sequence
NPC Nuclear pore complex

Nramp Naturatresistanceassociated macrophage protein
P¥NLS proline-tyrosineNLS

Ran RAs-relatednuclearprotein
RNA Ribonucleic acid

SIT siderophoreiron-transporters
TCA cycle  Tricarboxylic acid cycle

TZF Tandem zinc finger

UTR untranslated region

uv ultra-violet

ZF Zinc Finger

VI


http://en.wikipedia.org/wiki/Proline
http://en.wikipedia.org/wiki/Tyrosine

ABSTRACT

Nuclear import mechanism of Php4 under iron deprivation in
fission yeastSchizosaccharomyces pombe.

Md Gulam Musawwir Khan
Département deBiochimie,
Faculté deMédecine et desciences de I&anté,

Université de Sherbrooke, Sherbrooke, QC, Canada

Php4 is a subunit of the CCAAGinding protein complexhat has a negative regulatory
function during iron deprivation in the fission ye&shizosaccharomyces pombader low

iron conditions, Php4 fosters the repression of genes encoding iron using proteins. In contrast,
under ironreplete conditions, Php4 is dativated at both transcriptional and post
transcriptional levels. Our group has already described that Php4 is a-aycplasmic
shuttling protein, which accumulates into the nucleus during iron deficiency. On the contrary,
Php4 is exported from the deus to the cytoplasm in response to iron abundance. Php4
possesses a leucknieh NES PPLLEQLEML %) that is necessary for its nuclear export by
the exportin Crm1. Our current studynsat understandinghe mechanism by which Php4

is imported in the neleus during iron starvation. Through microscopic analyses using
different mutant strainsye showed that the nuclear localization of Php4 is independent of
the other subunits of the CCAAGinding core complexnamely Php2, Php3 and Php5.
Deletion mapping malysis of Php4 identifies two putative nuclear localization sequences
(NLSS) in Php4 t"'KRIRY* and 24 SVKRVR?%9). Using chimeric protemthat consisbf

GFP fused to Php4ve engineered substitutions of the basiino acidesidues *AAIA 174
and2>“ASVAAAA ?4%and analyzed the functionality of both NLS&e observed that both

monogartite NLSs play critical role for Php4 nuclear localizatide also observed that

VI



mutant strains otutl5’, imp1l" or sal3" exhibited defects in nuclear targeting of Php4,
revealing that nuclear accumulation of Php4 is dependentoktvo yopher i n U (|
Cutl5) and one Kkar y cCpnsigentlyrnhe BhpdieBiatdd Bepressiomc e pt o
activity is abolished in thabsence of two functional NLSs. Moreovess of Imp1, Cutl5 or

Sal3 resulted in increased expression isal’, which is a target gene of PhpLo-
immunoprecipitation assay (€8) reveals physical interaction of Php4 with Impl1, Cutl5

and Sal3 in vitroCollectively, our resultslemonstratehat Php4 hatwo distinct NLS

regions responsible for its nuclear localizatiarthermore, karyopherid and b recep
play a role in the nuclear import of PhBecause Php4 is essential for growth under low

iron conditions, the presence of two Nd&ould ensure the protein to reach its nuclear

destinationwhen cells undergo a transition from irsufficient to ron-limiting conditions.



INTRODUCTION
1. Iron: An essential element for living organisms

Iron is anessential microelement for almost all living eukaryptesging from yeast to
mammals. The capacity foeely lose and gain electremermits iron to playa substantial
role in biochemistry and cellular physiology. Dueit®ability to exchangelectronsiron

can be foundn the ferrous form (Fé), which is an electron don@and ferric form (F&),
which is an electroaccepor. This property makes it@factor of choice for many enzymes
involved in oxidereduction reactionsncluding oxygen transpaqrtrespiration and the
tricarboxylic acid cyclelron can be found in various forms such as inorganic iron, oxoiron,
heme and irorsulfur cluster. Tiese factsnake this transitionnetal indispensable for the
function of several enzymes and thus, for the iligbof virtually all living organisns.

Exceptionally, aly few species obacteriado not require iroifVAN Ho et al.2002)

Although iron is the fourthmost abundanmetal on earth, its bioavailability is highly
restricted. Major geographical areas like ocean, lakes and other water surfaces possess very
low concentrations of iron. When abundant, iron is found in various biologically inaccessible
forms such as magnetite (FesOs), hematite (FeQs), goethite (FeO(OH)

limonite (FeO(OH).n(#D)) or siderite (FeC@). Furthermore, due to its redox chemical
properties,iron is rapidly oxidized in theoresence of ©@to generateinsoluble ferric
hydroxides To combat the poor bioavailability, iron must be acquired through specialized
cellular transport systems which have been developed by organisms throughout their

evolution.


http://en.wikipedia.org/wiki/Magnetite

Unfortunately, the redoxrpperty of iron could make it toxic to cells, especially when its
concentration exceeds the normal requirements. In cytoplasm of cells, free iron is found in
its reduced state (F9. Ferrous ions can easily reastth hydrogen peroxide (#D,) to
generateboth hydroxyl ion OH) and hydroxyl radical®DH), according tathe Fenton

reaction (Figure 1jHALLIWELL andGUTTERIDGE 1992)

Fé's @y Fe+oH + O

Me mbr
DNA Prot | i pi d

Figure 1. The Fenton reaction produces free hydroxyl radicals that have potential to

damage DNA, proteins and lipids in cells.

Hydroxyl radicals produced via this reaction are part of the reactive oxygen species (ROS)
family. These possessstrongoxidaive powerand are known for their ability to alter certain
cellular components like proteins, membrane phospholipids and nuclei¢REITER et al.

1995) More specifically, free radicals affect the DNA backbone by breaking the links
between DNA bases at the phosphodiester bonds resulting in single and double stranded

DNA breaks. Free hydroxyl radicals cause oxidative degradation of membrane lipids through

2



afree radical chain reaction mechanism. This sequesters electrons at polyunsaturated fatty
acids and results in the damage of lipoprofélaLLiweLL and CHIRICO 1993) Positively

charged iron can directly bind to DNA and interfere with the attachment of magnesium. This
results in adverse effects on DNA repair mechanisms and subsequently on DNA integrity

(L1 et al. 2009b) |l ron also has the ability to subs
motifso resulting in the |l oss of stability
substituted zinc fingers may also generate frelcadés and lead to adverse consequences

which could be fatal for cell surviv@ARKAR 1995;CONTE et al. 1996)

Considering iron is both essential and toxic for organisms, maintaining a delicate balance of
this transition metal in the cell is vital. A tight regulation of #oguisition and distribution

of iron inside the cell prevents deficiency as well as toxicity that comes with iron excess. So
organisms developed mechanisms to absorb precise quantity of meetdheir metabolic
requirementsTo studyprevailingmechanisms ahe molecular levelSchizosaccharomyces
pombeprovides usvith an excellent model for understanding how eukaryotic cells regulate

the acquisition biron.

2. Yeasts agnodel system to study molecular and cell biology

For many yearghe budding yeasBaccharomyces cerevisiammmonly knownaba k e r 6 s
yeast, has been used for baking, brewing and winemaking. Ther@®rextensive
commercial applications have been observed in the food and beverage industries. For several
years, the usefdhe budding yeas$. cerevisiaén biological research has greatly advanced

our knowledgeof several biological and cellular mechanisi8sveral advantageous traits

like its nonpathogenic nature, simple gvth conditions,rapid proliferation, low cost



associated with its use, and conservation of sew@oahemical and physiological processes
in higher eukaryotemake it a widely studied model organism in biochemistry, molecular
and cell biology. Moreover, this is the first eukaryotic organism whose letengenome

sequence has been elucidai@drreauet al. 1996)

In thecase ofSchizosaccharomyces pomibéas beeiirst isolated in 1893 fromanAfrican

beer by Paul LindnelS. pombeholds some advantages of having more genetic similarities
with complex organismdt is a single celled, redhaped fungus which reproduces by binary
fission (that és Wiskign yaad), a mechanignt seniar tc mdmmalian a s
cells(CHANG andNURSE1996) Its complete genome sequengasperformedointly by the

Sanger Institute ahCold Spring Harbor Laboratory in 200&/0oD etal. 2002) By many
featuresS. pombés close to highereukaryotes thaB. cerevisiag-or examples. cerevisiae
proliferates by budding and lacks RMNfependent RNA interference machinery, which is
conserved irs. pombeas well as in mammals. As a laboratory mo8elpombéias proven

its excellency in the field of cellular biology in terms of harmless nature, ease of handling,
well defined internal organelles, rapid division cycle, and its constitutive haploid genetic
nature (also workable in diploid state by conjugation during nutritional deficiency). Use of
fission yeast has allowed many research studies to be carried out, which improved our
understanding of many cellular mechanisms. Some of those are well consehighein
eukaryotes including mammals. For example, DNA damage and repair mech@ghisms

and SUNNERHAGEN 2008; LIN et al. 2012; Qu et al. 2012, 2013) cell death,aging and
apoptosisLow and YANG 2008; OHTSUKA et al. 2013; LIN and AUSTRIACO 2013) gene
silencing mechanism$REYES- TURCU amd GREWAL 2012; SMIALOWSKA et al. 2014)

chromatin remodeling and histone dynamifiSHOROSJUTINA et al. 2010) and metal ion

e



homeostasis and transport mechanidmsBse et al.2007, 2013 ABBE 2010;BEAUDOIN et

al. 2013)were thoroughly studied using the fission yeast model.

In this study we have used the fission yeast to understand the regulatory mechanism of iron
economy during iron deficiency.he details of these mechanisms will be described in the

following sections.

3. lIron homeostasis inbudding yeastS. cerevisiae

The ludding yeass. cerevisiaés a wellstudied eukaryote used to understand the molecular
mechanisms of iron homeostassudiesat the cellular level inhis yeast model organism
have been performed successfyllproviding with important informationabout iron
physiology anceukaryoticdiseases related to iron deficiend¥is is possibl&ecausenany

of those genes and pathways are conseirvedammalgAskwITH and KAPLAN 1998; DE
FREITAS et al.2003) Furthermore, several components of iron acquisition systems operating
in budding yeast are well conserved throughout many other yeasts and pathoggnic f
(RAMANAN andWANG 2000;JuNG et al. 2008) The following sections will focus on modes

of iron acquisition, and mechanisms of regulation of iron homeostasis in budding yeast.



3.1.Mechanisms of iron acquisition inS. cerevisiae

S. cerevisiagossesss two weHlcharacterized iron acquisition systems. The high affinity
system is privilegednderlimitediron conditions (k< 1 €Tk high affinity iron uptake
system deploys two different mechanisms, one is reductase independehe atiter is
reductasedependent. In contrasa low affinity system becomes actiwmder highiron
conditions (K1 > 40e MJKosMAN 2003) The inegration of both iron acquisition systems

and their rolein iron homeostasisf S. cerevisiaavill be addressed in the following sections.

3.1.1.High-affinity iron uptake: reductase-independent

The mechanism of reductase independent iron uptake relies mainly on capturing small Fe
siderophore complexeSiderophores are smaltganic molecules synthesized and secreted
by many microorganismancluding Gram negative and positive bacteria, as well as several
fungal species (BYERsS and ARCENEAUX 1998) Siderophores arenon-proteinaceous
compounds of relatively low molecular weight (ML500), having the characteristic of
chelating ferric ion with an extraordinary high affinity. This allows them to scavenge iron
from the environment where it is often present in an insoluble fNENLANDS 1993, 1995)
Unlike the majority of microorganisms, the budding ye&8s cerevisiaeis unableto
synthesizesiderophores, but can assimilate those produced by other sngdNEILANDS
1995; LEsuisse et al. 1998) Nevertheless, the siderophenediated iron uptake irs.
cerevisiaeoccurs through the function of a group of siderophare-transporters (SIT) that
comprise the ARN/SIT subfamily of the major facilitator superfamily of transportefs. In

cerevisiagthere are four members of these transporters that have been desigihatacth3



Arnl, Tafl/Arn2, and Enb1/Arn4. These are responsible for transporting sideroamore

chelates under iron depletion conditigRsILPOTT 2006)

Specificity of these transporte(able 1)for fungal or bacterial sideptores varies from
specific to broadgpectrum(HEYMANN et al. 2000; YUN et al. 2000; LEsuissEet al. 2001)

Two of those sidrophore transportersArnl and Arn3/Sitl, are regulated post
translationdly. When substrates are unavailable, both Arnl (ferrichrome transporter) and
Sitl ferrioxamine B transportgaresortedin endosomdike intracellular veglesresulting

in their degradation in the vacuolar lumen. The presence of sideropiiumstates, even in

very low concentration, causes Arnl and Sit3 to relocalize to the plasma meifiaraee

al. 2002, 2005FROISHARD et al.2007) Curiously, Sitl exhibits similar endoso+teeplasma
membrane tafficking even in the presence of a-smetific substrate such as coprogen
(FRoissARDet al.2007) In contrast, the enterobactin transporter Enb1/Arn4 is consititutively
localized b the plasma membrane even in the absence of its specific substrate. Thus, different
intracellular trafficking responses are found with different siderophore transporters upon the
iron status and substrat@SROISSARD et al. 2007) It has been demonstrated that intact
ferrichromeiron chelate (transported by Arnl) can be accumulated in the cytos®l of
cerevisiaewhere the iron can be recovered upon siderophore degradation. This indicates a

direct role of siderophores in iron storgyooRrEet al.2003)



Table 1. Siderophore substrates of ARN/SIT family of transporters

Transporter Siderophore substrates Kn for transport (> a 0

Arnl Ferrichromes 0.9

Coprogen (Triacetylfusarinine®C)

Arn2/Tafl Triacetylfusarinine C 1.6
Arn3/Sitl Ferrioxamine B 0.5
Ferrichrome$ 2.3

Coprogen (Triacetylfusarinine®C)

Arn4/Enbl Enterobactin 1.9

2 Arnl and Arn3 exhibit specificity for multiple members of the ferrichrome family of
siderophores.

b Arn1 and Arn3 exhibit a trace amount of transport activity for triacetylfusarinine C

3.1.2 High-affinity i ron uptake: reductasedependent

S. cerevisiaaises a second mechanisiior high-affinity Fe acquisitiorthat relies on cell
surface metalloreductase activity. Two metalloreductases encoded by thERJEhand
FRE2 play a major role in the exogenous iron uptake of budding yeast. These two
flavocytochromes catitute the majority (>98%) of plasma membrassociated ferric
reductase activityDANCIS et al. 1990, 1992;GEORGATSOU and ALEXANDRAKI 1994;
GEORGATsouUet al. 1997) The expression of bofBRE1andFRE2geness induced under
iron-depleted conditions, and double deletion of both geshesvs a drastic decrease in
ferrireductase activity (only-20%) compared to wild type celi®ANCIs et al. 1992;

GEORGATSsouandALEXANDRAKI 1994) Due to their broader substrate specificity, Frel and



Fre2 are enabled to catalyze the reduction of fsiderophore complexes resulting in the
release of divalent iron (F9. Subsequently, the ferrous iron can be transported across the
plasma membrangy ferrous specific transporters (Figurg2uN et al.2001) Transcription

of the family membersiREL, 2, 3, 4, 5and6, is inducedunder irondepleted conditions,
whereas transcription 6fRE1andFRE7is also found to be induced under copper limited
conditions(YuN et al. 2001) Fre3 and Fre4 possess a weaker catalytic activity in the
reduction of some ferrisiderophore complexg¥ UN et al.2001) Although, the function of

Fre5 is still unclear, the protein exhibits a mitochondrial localization. In the case of Fre6, the
protein localizes in the vacuo{8ICKMANN et al.2003;REEsandTHIELE 2007;SINGH et al.

2007) TheFREreductases mediate reduction of oxidized forms of iron and copper, as well
as other nometallic compounds which are capable of acceptingebeetron(LESuUISSEet

al. 1987)

Under conditions of iron starvation, the higffinity transport complex is activated B

cerevisiaeto assimilate soluble iron (F& into the cell following the external reduction of

Fe*. Thehighaf f i ni ty transport systenpEBisAaa.ti vat e
1996)and its action is performed by the combined action of two protergpperdependent

ferrous oxidasef-et3 (AskwiITH et al. 1994)and an iron permeasEtrl (STEARMAN et al.

1996) In S. cerevisiaeFET3 was first discovered through a genetic screen for mutants
exhibiting a defect in higlaffinity iron transpor{AskwITH et al. 1994) Moreover, defective

utilization of nonrfermentable carbon sources, malfunctioning respiragstems, as well as

growth retardation under iron and copper depleted conditions, were obsefved tmBitgmt
strains(DANCIS et al. 1994; AskwITH and KAPLAN 1998) Sequence analysis suggests that

Fet3 is a multicopper oxidase which oxidizes ferrous iron to ferric iron before allowing its



transport across the plasma membrane. This mechanism of action is strictly copper dependent
and requires molecular oxygen. For the function of Fet3, four copper ions are required as
cofactors. They are loaded onto the protein during its maturation iretheterypathway

Thus, an intrinsic connection has been observed between iron and copper upsake in
cerevisiagwhere copper depletion can lead to a secondary defect, which is iron starvation

(DANCIs et al.1994;YUAN et al. 1995, 1997HAssETTet al. 1998b)

The expression of Fet3 alone is not enough to induce-dffghty iron transport. This
suggests the involvement of other proteins required for the transmembrane iron ti(@esport
SiLVA et al.1996) This question was resolved when a permease encoded ByRigene

had been found to be involved in the haffinity iron transport system along with Fet3
(STEARMAN et al.1996) The expression aditherone of these proteins imautantstrainnull

for both gene¢f e t 3 Quesulsirltiyp retention of th@orphard protein in the endoplasmic
reticulum (ER)(STEARMAN et al. 1996) Thus, it is important that both proteins assemble
together and mature through the secretory pathway to form a stable complex prior trafficking
to the plasma membran€he association between Feti3dFtrl has also been demonstrated

by FRET (fluorescence resonance energy transfand yeast twdybrid analysis
experiment$SINGH et al.2006) Accordingly, in the hig-affinity iron transport system, Fet3
catalyzes the ferroxidase reaction to convert ferrous iron into ferric iron which is transported
across the plasma membrane by Ftrl (FigurgK2yok et al. 2006) Interestingly, a
paralogous oxidageérmease complex has been found to be expressed on vacuolar
membranes, encoded WETS5 and FTH1, which are homologs ofFET3 and FTR],

respectively. The Fet5/Fthl complex directs the transport of iron from the vacuole to the
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cytosol which will be discussed in the following section (3.1U4RBANOWSKI and PIPER

1999)
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Figure 2. Reductasedependent iron acquisition inS. cerevisiaeA) Uptake of inorganic

Fe requires the initial reduction of ¥¢o F&* by the pasma membrane reductases Frel/2.
SubsequentlyFe?* is oxidized by Fet3 before its passageoss the plasma membraria

Ftrl. B) Fe* sequestered in siderophore chelates is reduced by the action of Frel/2/3/4
ferrireductases. Subsequently, free redueedis re-oxidized toFe** by the multicopper
oxidaseFet3and then transported across the plasma membrane by the membrane permease

Ftrl.
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3.1.3 Lowe-affinity iron uptake

It is interesting tha$. cerevisiaenutantstrains defective for highffinity iron transport are
still able to grow on an iron supplemented media. A-&finity iron transport system is
activated when cells are exposed to an-nioh environment and is functionally independent
of the highaffinity iron transport systems. The leaffinity iron system prefers Feover
Fe** and continues to work properly in the absence of oxygen. In the case of tafimigy
iron transport, the presence of oxygen is required since Fet3 is an oaggebudependent

protein(Dix et al.1994, 1997)

Fet4 is a lowaffinity transporter and its function is not only limited to iron transportidut

also able to transport a wide rangethfer divalent metals such as copper, cobalt, manganese,

and zinc (Dix et al.1994;Li1 andKAPLAN 1998) Fet4 shows relatively lowaffinity to iron

(Km = 30&gM) as compar e dndtindthe ldghaffiaty ifom systemy o f C
That is why the Fet4 function is inactive when iron concentrations are in the lower Km (<1

eM) range. Under conditions of excess iron,
affinity transport system plays a prinyarole in iron uptake, especially under anaerobic

conditions(HAsseTTet al. 1998a;JENSENand CuLOTTA 2002)

Budding yeast also expresses three proteins, Smfl, Smf2 and Smf3 that are encoded by the
SMF], 2 and 3 genes, respectively. These proteins also play a role iratbmity iron
transport. They are similar to members of the Nramp (natvealstanceassociated
macrophage protein) family, which are involved in the iron transport in maniGatsi et

al. 1999;PorTNOY et al.2000;ForBESandGR0s2001) Although Smfl and Smf2 primarily
function as manganese ion transporters, they can also efficiently transport ferrous iron across
the plasma membrane under w@plete conditions. Overexpression of Smfl results in the
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accumulation of cytosolic irofCoHEN et al.2000) Smf3, a paralogue of Smfl and Smf2, is
induced under oxygen pketion and is the only member of the Nramp family found in yeast
that is regulated by the cellular iron status. Smf3 localizes on the vacuolar membrane
(discussed in the following section 3.1.4) and is required as a means to mobilize stored iron

from thevacuole to cytosalPORTNOY et al.2000)

3.1.4 Storage of iron in the vacuoles

Storage of iron in vacuoles is an important homeostatic mechanism fodanevisiae
that allows cells to maintain an adequate amount of intracellularlir@also known that
thesevacuolarreserves of irorcontribute to the survival of cells when iron is scarce

(PHILPOTT andPROTCHENKO2008)

Cccl is the only identified vacuolar iron importer in budding yeast. The expres<iaCif

is induced in response to high levels of illAPINSKAS et al. 1996; LI et al. 2001) The
transcription factor Yap5 induces exies ofCCClunder conditions of excess ir@ol et

al. 2008) Cells lackingCCC1exhibit hypersensitivity to detrimental effects of high iron and
are unable to grow on iremch media(L| et al.2001) The molecular form of iron stores in

the vacuole is still poorly understood. However, it is has been shown that iron can form

complexes with polyphosphates in this compartnjeriPOTT andPROTCHENKO 2008)

In contrast, under ircdepleted conditions, the transcription@EC1lis shut down, thereby
preventing vacuolar iron accumulation. The w@sponsive transcription factors Aftl and

Aft2 induce transcriptio of several genes that encode proteins involved in iron acquisition
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and iron utilization. Some of these genes encode proteins that mobilize stored iron out of the

vacuole(PHILPOTT andPROTCHENKO 2008) Among those proteins, Fre6 localizes on the

Fth1

f Fet5
Fe

Fe

vacuole
Cytosol

Figure 3. Vacuolar iron storage and mobilization.Excess Fe is transported into the
vacuole through the Ccdfiansporter for safe storage. Vacuolar Fe can be mobiiaedf
thevacuole after its reduction that is carrat by Fre6 Iron transport is then mediated by
Smf3 or Fet5/Fthl

vacuolar membrane and is involved in the vacuolar iron reduction prior to its transport into
the cytosol (Figure 3JREes and THIELE 2007; SINGH et al. 2007) As mentioned in the

previous section, the Fet5 and Fthl are paralogues of Fet3 and Ftrl, respectively. They are

14



found on the vacuolar membrane under low iron conditions. Under those conditions, Fet5
and Fth1l mobilize stored iron from the vacuole to neigle the cytosol according to iron

need (Figure 3jURBANOWSKI andPIPER 1999; SINGH et al. 2007) Another mechanisray

which the reduced iron can be exported out of the vacuole requires the action of Smf3 (Figure
3). Expression ofSMF3is induced under irodepleted and hypoxic growth conditions
(PoRTNOY et al. 2000) Cells lacking Smf3 accumulate iron in the vacuole, whereas
overexpression of Smf3 results in the diminished retention of iron in the vacuole as compared

to the wildtype cells(SINGH et al.2007)

3.2.Regulation of iron homeostasis in budding yeast

3.2.1. Regulation of iron transport by Aftl and Aft2

Iron homeostasis is sternly regulatedudding yeasso that necessary iron can carry out all
the cellular processes such as respirgtighile retaining the levels of free iron below toxic
levels. In the iron homeostasis 8f cerevisiagAftl and Aft2 are the major players that
regulate thexgression of genes encoding proteins involved in iron transpotéizétion
depending on theellular iron status(YAMAGUCHI-IWAI et al. 1995; RUTHERFORD et al.
2003) Under iron limiting conditiors, Aftl localizes within the nucleus and activates
transcription of target gends. contrast, under high iron conditions, Aflrapidly exported
into the cytoplasniby the nuclear export receptor MsnmBsulting in the repression of target
genes(UETA et al. 2007) a f t muigntcells exhibit severe iron deficiency phenotype in
comparison toa f t rAutant cells, signifying that Aftl plays the major role in iron
homeostasiever Aft2 Althougha f t 1 gudoabfe m@amtellsaremore vulneable during

iron scarcity than singla f t wlhemAFT2was overexpressed anf tcdllgpit could rescue
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fromiron-dependent defects. Thisdae to increased expressiorF&T3andFTR1via Aft2,
suggesting that Aft2 is able to compengatehe loss of Aftl. Thusoth Aftl and Aft2have
partially overlappingroles in iron regulationwith Aftl possessing the major regulatory
function (BLAISEAU et al.2001;RUTHERFORDet al.2001, 2003)

Both transcription facta, Aftl and Aft2 activate a group of geseluring iron deficiency
whose products are involved in tlegluctasalependent iron transposiderophore transport
and others that are involvea the modulation of cellular metabolisfRUTHERFORDet al.
2003;SHAKOURY-ELIZEH et al.2004;CouREL et al.2005)(Table2). Although Aftl and Aft2
recognizethe same consensus sequence (GCACCC) at the promoter of target Ajghes
shows stronger binding affinityo TGCACCC element,whereasAft2 prefeis to bind with

G/CGCACCelement{CouREL et al.2005)
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Table 2. Examples of genes that are wpegulated by Aftl/ Aft2 during iron deficiency.

Gene Function
Iron uptake
FRElandFRE2 Major plasma membrane metalloreductases
FRE3andFRE4 Plasma membrane metalloreductaseslved in the
reduction of siderophore bound®Fe
FET3 Plasma membrane multicopper oxidase
FTR1 Plasma membrane Fegermease
FET4 Plasma membrane low affinity Fetransporter

FIT1, FIT2andFIT3

Cell wall proteins that are involved in siderophore captl

ARN1, ARN2, ARN3andARN4

Plasma membrane siderophore transporters

Vacuolar iron mobilization

FREG6 Vacuolar metalloreductase

FET5 Vacuolar multicopper oxidase
SMF5 Low affinity vacuolariron tansporter
FTH1 Vacuolar Fé" permease

Metabolic adaptation

VTH1 Biotin transporter

HMX1 Heme oxygenase homologue
CTH1 mRNA regulatory protein
CTH2 MRNA regulatory protein
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3.2.2. Regulation of iron storage by Yap5

Recently another irenesponsive transcription factor, Yap5, has been identified that is
responsible for wpegulating a gene, which encodes the vacuolar iron transporter(Qccl

et al. 2008) Cccl is requid for iron import into vacuole in yeast and plants, although no
mammalian homologue of Cccl has yet been identffiedt al.2001) In Candida albicans,

Cccl is involved in multiple functions, including maintenance eli-wall integrity,
filamentous growth and virulencejitochondrial function and drug resistangéu et al.

2013) In budding yeast, Yap5 is constitutively expressed and accumulated into the nucleus
where it interacts with th € TCACGA sequencef the CCClpromoter. The association of
Yap5 with theCCC1lpromoter is not irosdependent. However, in response to high levels of
iron Yap5 transcriptionally activatéSCC1gene expression. Two conserved cysteioe
domains (CRDs) of Yap5 are predicted to playitecal role in irondependent transcriptional
activation. The Nlerminal CRD (composed of four cysteine) is separated by a 37 amino acids
linker from Gterminal CRD (composed of three cysteine). Mutation of all the seven cysteine
residues results in theds of transcriptional induction ability of Yap5 even in the presence
of iron. This occurs without affecting the nuclear localization of Yap5. Cells expressing this
mutant allele are found to be more vulnerable to-toxicity. It has been proposed that
excess iron might affect the thiol grasipf cysteine residuesithin CRDs, which would
trigger conformational changes of Yapbonferring the protein with an ability to trans
activate gene expressiofLI et al. 2008) Interestingly, the expression @CC1is not
exclusively regulated by Yap5. Under lamn conditions,CCC1 mRNA is degraded by
Cthl and Cth2, thus limiting iron storage through this vacuolar iron transporter. The role of

Cthl and Cth2 in iron homeostasis will be discussed in the next section.
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3.3. Posttranscriptional regulation of iron homeostasis by Cthl and Cth2

During iron deficiency, budding yeast also employs a-frasiscriptional mechanism to
tightly regulate several components involved in iron homeostasis. Two proteins, Cthl and
Cth2, are involved in this mechanism. Their expression is regulated undentta of Aftl

and Aft2 (Figure 4)PuiG et al.2005, 2008)

Cth1 and Cth2 belong to the family of human tristetraprolin (HTTP). They are characterized
by the presence of two CCGlype tandem zinc fingers (TZFs) in their carbdagyminal

regions Cthl and Cth2 posseasnRNA binding domain that birsdo the AUrich elements
(AREs) within the <&06R)ofthdr target sRNALTIeOtlPSONetgli on (3
1996; BLACKSHEAR 2001) The association of these proteiwith ARES promotes
destabilization and rapid degradation tcdnscriptsthrough the recruitment cdin RNA
decaying enzyme (@ Dhhl helicase)LYKKE-ANDERSEN and WAGNER 2005; PEDRO-

SEGURA et al. 2008) Under ironlimiting conditions,Cth2 appears to dowregulate 94
transcripts harboring AREs within the® 0 UT R ; hal f of those enco
involved in irondependent metabolic pathways. In the case of Cthl, it is responsible for
downregulation of 20 AREcontaining transcripts; most of them encode mitochondrial
proteins that are involved in respirati@fuiG et al.2008;PHILPOTT et al.2012)

The mechanism by which Cth1/Cth2 recognize their target mMRNAs is still unknown. A recent
study has demonstrated that the nudgtmplasmic shuttling of Cth2 is important for its role

in ARE-dependent mRNAecay A nuclear localization signal located within its TZF domain
promotes its binding with target mRNAs. Interestingly, nuclear export of Cth2 is not
dependent on a classical nuclear export signal (NES). Instead, nuclear export of Cth2 relies

on the nuatar mMRNA export machine} ERGARA et al.2011)
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The action ofCth2is indispensable for iron economy$n cerevisiaeln contrastCTH1can
be inactivated without compromising the iron sparing responSe ¢erevisiag¢PuIG et al.
2005, 2008) Interestingly, wherCTH1 is expressed under control ofCAH2 promoter, it
could replace Cth2 in a((Pdoetdh2068) This suggestsact h 1l q

redundant function for botghroteins, Cthl and Cth2.

S———Feutili zi UUAUUUA'—3
mR N A k
wDEGRADAT <
v
Facilitated utili zat

Figure 4. Cthl and Cth2 control posttranscriptional regulation of iron -using gene

transcripts under iron deficiency. Underconditions of irorstarvation {Fe), Cthl and Cth2

bind tospecific AUr i ch el ements i n t he 3 Madingtotheians | at
degradation
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4. Iron homeostasis inS. pombe

4.1. Extracellular iron scavenging systems: high-affinity iron uptake

4.1.1. Reductive iron acquisition system

Iron bioavailability is restricted in natural environment due to the fact that iron is oxidized
into insoluble compounds such as ferric oxides. The fission yeast possesses a reductive iron
scavenging system for higiffinity iron uptake. One of the compante of its reductive iron
acquisition system is the ferricreductase Frpl.

The function of Frpl was first described in 1993 when it was discovered that this protein is
responsible for plasma membrane reductase activity in fission (R@agnN et al. 1993)

Frpl reduces ferric iron to its ferrous stdter prutpnt cells show impaired ferric iron
uptake, wheredgrrous iron uptake remains unaffectetplshows sequence homology with
gp91phox, a membrane component of an oxidoctalse complex that is present in human
granulecytes Furthermore, Frpl exhibits a strong similarity with Frel in budding yeast
(DANCIs et al. 1992; RomMAN et al. 1993; FINEGOLD et al. 1996) Frpl orthologs in other
fungal pathogenic species are important virulence fa¢lorserset al.2011)

The highaffinity iron transport system requires two other components, Fiol and Fipl. Fiol
is a plasma membrane multicopper oxidase, whighxiéizes the reduced iron by Frpl into
ferric ion (AskwiTH and KAPLAN 1997) Ferric iron is then transported across the plasma
membrane by Fipl, an iron permeaSe.pombeFiol and Fipl proteins show sequence
homology and share similar funatis with their counterparts B cerevisiagFet3 and Firl,
respectivelyWhen bothS. pombéiol* andfipl® genes are expressed iB acerevisiaé e t 3
mutant strain, restoration of iron transport is observed. This demonstrates that both oxidase
and permease activities are required for reconstitution ofdfigtity iron transport in yeasts

(AskwiTH andKAPLAN 1997) Interestingly, botliol" andfip1™ genes are under the control
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of a common promoter in th&. pombegenome. Furthermore, their expression is

transcriptionally regulated by the cellular iron stgiskwiTH andKAPLAN 1997)

4.1.2. Non-reductive iron acquisition system

In order to warrant a delicate supply of ir@,pombecquires iron through siderophores.
Siderophore are low molecular weight chemical compounds with strong iron (ferric)
chelating ability(NEILANDS 1993) Several organisaincluding bacteriafungi andsome
plants synthesize and utilize siderophores to counteract the problem of iron bioavailability in
the environment.With the exception of a novel polycarboxylate type siderophore
(Rhizopherine) synthesized by zygomycef@HIEKEN and WINKELMANN 1992) the
majority of fungal speciegroduce garticular type of siderophore thaglorgs to the class

of hydroxamategVvAN DER HELM and WINKELMANN 1994) Fungal hydroxamates are
derivatives of ornithine, an amino acid not coded by DNA {panteinogenic). They are
divided into four structural familiegl ) rhodotorulic acid, I() fusarinines, I{l ) coprogens,

and (V) ferrichromegHAAS et al.2008)

Although most of the fungi produce more than one siderophores for iron acquisition and
storage(HAAs et al. 2008) ferrichrome is the only one that is produced Shypombe
(ScHRETTL et al. 2004) Unlike S. cerevisiagwhich is unable to produce siderophor8s,
pombepossesses all the machinery that is requicedeir biosynthesi§SCHRETTL et al.

2004) The first engme of the ferrichrome synthesis pathway is th©rnithine N-
oxygenasgeSib2, which catalyzes-Nydroxylation of the precursor-arthinine to formN®-
hydroxy-L-ornithine Sib2 protein exhibits sequence homology wih nidulans SidA

(EiseNDLE et al. 2003) and was predicted to share common features of amino acid
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hydroxylases, includindi) a flavine adenine dinucleotide (FAD)nding domain (i) a
nicotinamde adenine dinucleotide phosphate (NAB#)ding domainand (iii) a domain
anticipated to be invold in substrate bindin@GcHRETTL et al. 2004) The next sp isN°-
acylation of N-hydroxyornithinge which is accomplishedvith the attachment of an acyl
group from acylCoA derivatives by NSransacylases gene product @PBC17G9.06m

the fission yeast~rom here the pathway is divided depending on the choice of acyl group
that produces hydroxamate siderophdkdsas et al.2008) In the fnal step of ferrichrome
biosynthesis, the hydroxamates are covalently linked to peptidesdywyrdbosomal peptide
synthetas€éNRPS termed Sibl. Sib1l adds amino acid glycine to hydroxamate groups and

produces ferrichrome (Figure 8cCHWECKE et al.2006)

S. pombenutants i s 1 dpsBaips show severe growth impairment during iron deficiency.
Cellular growth can be restored by adding exogenous ferrichrdMeRCIER and LABBE

2010) Therefore, ferrichrome synthesis is an important property of fission yeast in terms of
extracellular iron acquisition. Ferrichrome also serves as an iron storage molecule during iron

replete condition$SCHRETTL et al.2004)
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Figure 5. Ferrichrome biosynthesis pathway in the fission yea8. pombe

In addition to the ability to produce and excrete ferrichrome, three siderophore transporters
have been identified i6. pombeThey are denoted &itrl, Str2 and Str3Moreover, they

differ in their substrate preferend®eLLETIER et al. 2003) The expression of these
siderophore transporteis repressedy iron. In contrast, they are induced under {man
conditions The siderophore transporter Strl, a protein of 614 amino acids, contains 14
transmembrane domains. Strl exhibits significant sequence homology and shares common
structural features with four siderophore transporters that have been previously idemtified i
S. cerevisiagPELLETIER et al. 2003; LABBE et al. 2007) Whenstrl+ gene is ectopically
expressed under the control of a heterologous promd&ecerevisiaé e t 3 g3 gautantl

cells Strltransports ferrichrome. On the other hand, Strl fails to transport other types of
siderophore$PELLETIER et al.2003) Similar experiments with. cerevisiaéd et 3 glogar nl

mutantcells have revealed that Str2 mobiliZzesroxiamine Biron in a highly efficient
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manner, although it is able to transpfatrichromeiron complexes in a lower magnitude
(PeLLETIER et al.2003) In the case of Str3, its substrate specificity hayebbeen defined

(PELLETIER et al.2003)

4.2.Intracellular iron storage system

Yeast vacuolgserve as an important storage depot for essential transitional metalsssuch
zinc, coppeandiron (RAMSAY 1997;SzczYPKA et al.1997) This isnot only to supply tese
metalionsduring deficiencybut also to preveniedls from the toxic effect of excess cytosolic
metal ions(RAMSAY 1997; REes et al. 2004; SIMM et al. 2007; SINGH et al. 2007) In S.
pombethe vacuole iron transportsrPcll. Itbelongs taheDUF125 transmembrane protein
family. Pcll possessesgnificant sequenchomology especially witin two regionsthat
encompass$ive transmembrane domaiywith other members of thBUF125family, eg.
Ccclfrom S. cerevisiadMERCIER et al. 2006) The pcl1l" genetranscriptionis induced in
the presence of excess iropcllgpdisrupted mutantells show hypesensitivity to ironas
compared tavild typecells.Similar observatioshave been reportédr Cccl in the budding
yeast(MERCIERet al.2006) Consistent with the role of Pcll as an iron stoteaygsportemn
the vacuole, it has been observed fhat | Mutpntcells can store less iron than the wild

type cells (PouLIOT et al.2010)

Due to the absee of functional homologsf S. cerevisiad-thl/ Fet5 proteins$. pombe
vacuolar iron export mechanisrseemto function in a novel wagPouLIoT et al.2010) In
fission yeast, an active expaiftiron fromthevacuoleto the cytosols mediated byhe Abc3

protein which sharesignificant sequence homology with the ABCC subfamily of ATP
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binding cassette transportdfouLIOT et al. 2010) Expression ofbc3" is inducedunder
iron deprivation conditions. It couldmobilize vacuolar iron tosatisfy cytosolic iron
requirementsa b ¢ Bwgant cellsalso exhibita significant increase ofell surface Frpl
ferrireductase activityPouLIoT et al. 2010) The discovery oAbc3 inS. pomb@pers the
doorto perform more detailed stigs in othersimilar ABC-like proteirs that are found in
filamentous yeasts. Like Abc3 81 pombgthey are regulated by iron anghy play a similar

role in iron homeostasis.

A summary of iron acquisition systems in fission yeast has been illustrated in Figure 6.

Reductase-dependent Siderophore transporters

Fe*
@ " -~ insoluble
Fe'” ferrichrome-Fe > S %)
\

s e f Cz O ferrichrome
- Fe (' ’

frpl*  strl* sibl™

fiol* str2* sib2*

fipl*  str3* abc3 = = —p
(A/T)GATA(A/T)

Vacuole

26



B

Reductase-dependent Siderophore transporters
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Figure 6. Proposed model foriron transport in S. pombe(A) Upon iron starvation-Fe),
components of theeductive iron acquisition system (Frpl, Fiol and Fipl) @&etephore

iron transportergStrl, Str2 and St)3are activated, leading to acquisition of iron from the
extracellular environment. Moreover, the vacuolar iron transporter Abc3 is also actovated
supply stored iron from the vacuole to the cyto$B). Under ironreplete conditions, the
GATA-type transcription factor Fepl along with-@pressors Tupl1/12 (discussed in the
section 4.3) bind to the DNA to repress all the components of reduciivaaareductive

iron transport systems at the level of transcription. In contrast, Pcll that encodes for a
vacuolariron transporteris transcriptionally induced under irgaplete conditions. Figure
modified from the origina{LABBE et al.2007;LABBE 2010)
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4.3.1ron transport regulation: role of Fepl

In S. pombgeunder ironreplete conditions, genes that encode components of reductive, non
reductive and vacuolar iron transport systems are repressed by the-t@gd tkanscription
factor FepX{PeLLETIER et al.2002, 2003PouLIoT et al.2010) Although Fepl constitutively
localizes to the nucle®ELLETIER et d. 2005) its binding to the chromatin is strictly iron
dependent and is lost when iron is depletdgEL et al.2009) Ironrmediated transcriptional
repression by Fepl is achieved through its recognition ofcikacting element (A/
T)GATA(A/T) in the promoter of target genéBeLLETIER et al. 2002, 2003) The Fept
dependent repression appears tstbengemvhen thecis-acting DNA element is ATC(AT)
GATAA (PourioT et al. 2010) The amineterminal region of Fepl possesses two
Cys2/Cys2type zinc fingergZF1 and ZF2) which are involved in its association with DNA
(PELLETIER et al.2005) It has been shown that ZF2 is essential to allow Fep1 to interact with
the DNA sequenc&d(A/T)GATA(A/T)-30 . Mor eover, it has- been
terminal ZF1 increases the Fepl DNA binding activity by approximately fo/éPaLLETIER

et al.2005) Interestingly, the Nerminal region (2241 amino acids) of Feplis highly similar

to other members of ireresponsive GATAype transcriptional repressors found in
filamentous fungigch as Urbs1 ikJstaligo maydigAN et al.1997a; b) SRE inNeurospora
crassa(ZHou andMARZzLUF 1999) SREA inAspergillus nidulangHAAs et al. 1999) SREP

in Penicillium chrysogenuifHaas et al.1997) Srel inHistoplasmacapsulatumPATHOGEN

et al. 2008)and Sful inCandida albicangLAN et al. 2004). A conservedN-terminal 27
amino acidfragment between the two zing fingers, bearfogr highly conserved Cys
residuesplays a critical role for the iron sensing by Fepl. It also participates in its DNA

binding activity (Figure 7JPELLETIER et al.2005) Mutation of these four conserved cysteine
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residues leads to the failure of Fepl to repress its target genes under iron excess conditions

(PELLETIER etal. 2005)

The Gterminal region of Fepl is also critical for irdependent transcriptional repression.
The 522536 amino acid region of Fepl contains a leucipper motif that allows the
formation of FepdFepl homodimers (Figure TPELLETIER et al. 2005) Mutation in this
region of Fepl abolishes its ability to form homodimers, leading to reduced transcriptional
repression by FepIPeLLETIER et al. 2005) Moreover, the function of Fepl as a
transcriptional repressor depends on two corepressors, Tupll and Tupl2 (Figure 6)
(PELLETIER et al.2002) Deletion of both of these genes results in the abolitidhebability

of Fepl to exert transcriptional repression even undesreplete condition$PELLETIER et

al. 2002; ZNAIDI et al. 2004) The Gterminal region 6 Fepl (405541) is critical for its
association with Tupl1l (Figure Mupllharbors WD4&epeat sequence motifs, whiare
requiredfor its interaction with Fepl{ZNAIDI et al.2004) The Tupl2 protein also interacts
with Fepl, but its mimnal region that is required for physical association with Fepl has not
yet determinedLABBE et al. 2007, 2013) Interestingly, the ortholog (Tupl) of Tup11/12
that is present in the pathogenic ye@andida albicangsis also involved in irormediated

transcriptional repression of iron transport geff@sGHT et al. 2002)
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Figure 7. Schematic representation of FepITwo zinc finger motifs are designated as ZF1
and ZF2, four conserved cysteine residues are located within the regigh) (68tween ZF1
and ZF2, a coiledoil region (522536) is required for the formation of Fepl homodimer.
Furthermore, a region encompiagsamino acid residues 4@8l1 is required for the Fepl
Tupll association.

4.4. The CCAAT binding complex (CBC) and its role in iron homeostasis

The CCAAT motif is present frequently in the eukaryotic promoter regions ranging from
yeast to mammals. Statistical analysis reveals that 30% of eukaryotic promoters possess a
cis-acting sequence CCAA{BUCHER 1990) CCAAT sequences are bound by a variety of
evolutionary conserved transcription factors, often in a heetereric form, designated as the
CCAAT-binding complex (CBC). In eukaryotes, CBC can modulate a variety of genes that
encode for components involved in specific metabolic path@RyavONDJIEAN et al.1988;
SANTORO et al. 1988;JoHNsoNandMcKNIGHT 1989) One of the unique features of CBC is

that all three protein subunits are required for the formation of the DNAnlgicomplex;

this has been well demonstrated in budding yeast, filamentous fungi and HivhacirsB

et al. 1995;BELLORINI et al.1997;STEIDL et al. 1999)
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CCAAT-binding factors play a crucial role in iron homeostasis in several filamentous fungi
and in fission yeast by repressing genes encodingLisorg proteins during iron deprivation,
thereby conferring iron econongliyAN et al.2004;MERCIERet al. 2006;HORTSCHANSKY et

al. 2007) The Hap complex was first discovered in the budding y@aserevisiaavhere
Hap2, Hap3 and Hap5 form the core CBC to bind DNA and Hap4 is involved in the
transcriptional activation of the complécNABB et al. 1995) although in budding yeast

the CBC complex has no direct implication in iron homeostasis under conditions of iron

starvation.

During iron deficiencyA. nidulansCBC plays a critical role in the down regulation of genes
encoding irorusing proteins. Under lowvon conditions, the HapX protein physically
interacts with CBC, resulting in negative regulation of gene expre@s3mRrrSCHANSKY et

al. 2007) A mutual transcriptional control was also observed between HapX (homolog of
Php4) and GATAtype transcription factor SreA . nidulangHORTSCHANSKYet al.2007)

In a recent study, a similar reciprocal transcriptional regulation was reported irbarsal
fungal pathogerfFusariumoxysporum(LoPEZBERGESet al. 2012) In F. oxysporumthe
CCAATbinding factor HapX has a similar function as its counterpart(HapX) from A.
nidulans Furthermore, its function is required for plant infection. DeletiohapXp does

not affect the iron uptake machinery, but leads to impaired growth undesdance
conditions(LoPEzZBERGESet al.2012) Likewise, the CCAAThinding homologous protein
HapX in A. fumigatusmediates transcriptional remodeling when fungal cells face iron
starvation; this adaptian is crucial for yeast virulend&cHRETTL et al.2010) In Candida
albicans a HapX homolog is named as Hap43. It is activated undetidomvconditions.

Hap43 also acts as an irdependent negative regulatory repressor when it is bound to CBC.
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Its participation in iron sparing response is required for rend€irgbicansvirulent and

pathogeni¢Hsu et al.2011)

In S. pombePhp2/3/5 (Hap2/3/5 orthologs) compose the core CBIgh4(HapX ortholog)

is a subunit of the CBQt exertsa negative regulatory functioon gene expression of iron

using proteinsduring iron scarcity(MERCIER et al. 2006) The e&pression ofphp4 is
repressed by Fepl when cells are grown underregplete conditions. When iron is
sufficient, Php4 is not only inactivated at the transcriptional level, but also at the post
translational leve{MERCIERet al.2006, 2008)Microarray data analysis reveals that during
iron deprivation, Php4 is able to repress 86 genes, including genes encoding the TCA cycle
components, electron transport chain proteins, amino acid biosynthesis enzymes,-and iron
sulfur cluster biogenesis proteins. Thus, Php4 plays a key regulatory roy@ iconomy
(MERCIEREet al.2008) The following sections wilexplain in more detail the iremediated
regulatory function of Php4, its subcellular localization and its-ttependent inactivation

mechanism.
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5. Php4, a subunit of CBC, plays a critical role in iron economy

Budding yeasS. cerevisiaexperiences a metabolic reprogramming during deprivation
conditions. Two proteingjesignatedCthl and Cth2promote the degradation of many mR&A

encoding proteis involved in Fedependent metabolic pathways, which leads to optimize iron
utilization (Discussed in the section 3. @ ARTINEZ-PASTOR et al.2013) In bacteria, small RNAs

are responsible for dowregulating mRNAs of irofusing proteins to repress iralependent
metabolic pathways under iron deficie{@%CQUESet al.2006; DESNOYERSet al.2013) However,

in fission yeast, regulation of iron sparing response is controlled by a regulatory subunit of the
CCAAT-binding factor, denoted as Php4. The mechanism of action of Php4 and the importance of

its function during iron deficiency will be describieddetail in the following sections.

5.1. Php4 subunit

In S. pombea group of genes are repressed during iron deficiency and the consisrved
acting regulatory sequence CCAAT has a significant role in this gdiBRCIERet al.2006)

The CCAAT sequence is recognized by a hepeadein complex composed of Php2, Php3
and PhpgMcNaBB et al. 1997) These proteins are constitutively expressed and form the
core constituents of the CBC. However, they are not sufficierexast transcriptional
repression under iron deficiency. A fourth subunit, Php4, harboring a functional repression
domain, triggers transcriptional repression activity when associated with Php2/3/5 subunits
under irordepleted conditions. Php4 itself isalnle to bind DNA directly. Expression of
php4 is induced under iron starvation, whereas it is repressed undeeplate conditions

(MERCIEREL al.2006, 2008)
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Using computational analysis of tf& pombewhole genome sequence, Php4 was first
predicted to be a putativie cerevisia¢dap4 homolog SYBIRNA et al. 2005) Php4 harbors

a conserved &mino acid region’RVSKQWVVPPRPKPGR,) that is also present in that

of Hap4. This conserved motif is required for the association of Hap4 with the Hap2/3/5
heterocomplex irS. cerevisiacHowever, the rest of Php4 protein shares a limited overall

sequence homology with that of HafdcNABB andPINTO 2005;MERCIEREet al.2006)

5.2.Php4 regulon

Three genes encoding irarsing proteins, pcil(encoding an iron storage protein), sth4
(encoding a protein involved in the TCA cycle), and ige@hcoding a protein involved in

the ironsulfur cluster biogenesis), were primarily found to be doggulated during iron
deficiency(MERCIER et al. 2006) It has also been demonstratedgayeticstudies that the
presence of Php4 is essential for transcriptional repression of those genes under iron
starvation condition6VIERCIERet al.2006) Later, microarray analyses were performed and
identified several additional genes that are differentially regulated by Php4 in response to
iron starvation. The genonweide picture reveals that 86 genes are doggulated by Php4

in response to iron depien (MERCIER et al. 2008) Among these 86 genes, 55 encode
proteins that have been assigned a probable function irrétated processes, includittye

TCA cycle, mitochondrial respiratiorheme biosynthesisamino acid biosynthesignd
oxidative stress defensdll of those Php4 target genes possess one or masat@d
CCAAT sequence in their promotgMERCIERet al.2008) Under iron depleted conditions,

Php4 is associated with the Php2/3/5 heterotrimer on a CCAAT sequence and exerts its
negative regulatory function to repress gene expressions (Figure 8).
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Figure 8. Php4 playsa significant role in the transcriptional regulation of genes
encoding ironusing proteins in S. pombeln fission yeastthe CCAAT-binding factor isa
multi-subunit complex thais composed of Php2, Php3, and Php5. Under-itow
conditions, Php4 acts asnagative regulatory subunit of the CCAAInding factor and
fosters repression of genes encoding-using proteins. Under conditions of iron excess,
Php4 expression is turned off by GAJigpe transcrigbn factor Feplresulting in the de
repression ofienes encoding ireasing proteins.

5.3.Iron -dependent subcellular localization oPhp4 and its posttranslational

regulation

The function of Php4 is regulated at different levels. As already described, the expression of
Php4 is transcriptionally regulated Ibye irondependent repressor FEMERCIER et al.

2006) Moreover, Php4 also undergoes an idapendent podtanslational regulation that
requires the action of the mathiol glutaredoxin Grx4MERCIERet al.2008; MERCIERanNd

LABBE 2009) This regulation of Php4 is critical for its subcellular localization, as weias i
inactivation by iron. In the presence of excess iron, Php4 is exported from the nucleus to the
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cytosol, while under iron deficiency, Php4 accumulates in the nu@éesciERandLABBE

2009)

The mechanism underlying the Php4 nuclear export in response to excess iron has been
characterized MERCIER and LABBE 2009) A functional leucingich *LLEQLEML )

nuclear export sequence (NES) has been identified within Php4, which is necessary for its
iron-mediated nuclear expa¥ ERCIERandLABBE 2009) The export of Phpélsorequires

the action of two other proteins: the mdmol glutaredoxin Grx4 and thexportin Crm1

Grx4 is an interacting partner of Php4 during its nuclear export. Grx4 is also required for iron
inhibition of Php4 functiofMERCIERandLABBE 2009) Ing r xrdutant cellsPhp4exhibits

a constitutive nuclear localization and represses target gene expression irrespective of the
cellular iron status. Further studies have revealed that the thioredoxin-{ikRXpmain of

Grx4 constitutively interacts with Php4, whereas the ghaaxin (GRX}like domain of

Grx4 associates with Php4 only under Hreplete condition§VACHON et al. 2012) Site

directed mutagenesis revealed that Cys 172 of Grx4 and two conserved cysteine residues,
Cys 221 and Cys 227, in Php4 are required for thedependent association of GRX domain

and Php4. The GRXRhp4 interaction would prvent Php4 to associate with the hetero
complex Php2/3/5, leading to its release and subsequent export from the nucleus to the
cytosol by the exportin Crm1. The leucirieh NES in Php4 is recognized by Crm1 and leads

to the export of the protein from timeicleus to the cytoplasm. In the presence of the €rm1l
inhibitor leptomycin B, the nuclear export mechanism is abolished and this results in a

permanent nuclear accumulation of PlieERCIERandLABBE 2009)

In contrast, when cells are exposed to idapleted conditions, Php4 is imported inside of

the nucleus where it could exert its negative regulatory function. Toitateiclear import
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mechanism is unclear. My studies mainly focused to unveil the mechanism underlying the
nuclear localization of Php4 during iron starvation conditions. My results are presented in

the result section.

6. Role of morothiol glutaredoxin and BolA-like proteins in iron homeostasis

Monothiol glutaredoxins (Grxs) with @onservedCGFS active sitand BolAlike proteins,

have become recognized as novel player iron homeostasisTheir functionsinclude
intracellular iron signaling, iron trafficking, and maturatmi Fe1 S cl uster pro
on CGFS Grxs and BolAike proteirs using model organismS. cerevisia@andS. pombe

have provided a framework for understanding many aspects of iron regudathe cellular

level (L1 and OUTTEN 2012) Given thewidespread distribution of BolAike proteirs and

CGFS Grx homologs in other prokaryotes and eukaryotes, it is of paramount importance to
uncover their involvement in iron homeostasis. The following sections will address the roles

of CGFS Grxs and BolAike proteinsin theregulaton of iron metabakm in bothbudding

and fission yeast.

6.1. Role of Grx3/4 and Fra2 in iron homeostasis in budding yeast

Grxscanbe of single or mult-domains, with an Merminal thioredoxin (RX)-like domain
anda Gterminalglutaredoxin (GRXJike domain.In S. cerevisiagGrx5 plays a crucial role
in mitochondrial irorsulfur cluster synthesidén the cases ddrx3andGrx4, they participate

in sensingof cellular iron status cytosolic iron trafficking and in communicating the
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presence of iron to ireresponsive transigtion factors(RouHIER et al.2010; M UHLENHOFF

et al.2010)

Out of three subfamilies of Bolike proteirs (BolAl-, BolA2-, and BolA3), BolAl-like

proteins are found in both prokaryotes and eukaryotesreas the BolA2and BolA3like

proteins are found only in eukaryoigs andOUTTEN 2012) In S. cerevisiagarole forFra2
(aBolA2-like protein)in iron homeostasibas been revealed basedaghenotypic analysis

of FRA-deleted mutant cells.fr a 2ngptant cellsexhibited aberrant regulatioaf iron
metabolism, including accumulation of mitochondrial iron, constitutiverspd®re, and

ferrous iron uptak@_esuisseet al.2005) In S. cerevisiagAftl and Aft2 are théranscription
factorsthat regulate the expression of genes encoding psoteiolved in iron transport and
distribution (Discussed in the section 3.2 @hder ironreplete conditiongira2 along with

Grx3/4 inhibit the function of Aftl and Aft2 throughnairon-dependentmitochondrial

inhibitory signal that leagto the nuclear export of Aft1/AfRJETA et al.2007;KUMANOVICS

et al.2008) Underiron starvation conditons due to the interruption
cluster biogenesis, thgaGrx complex camo longerinhibit the activity of Aft1/2 resulting

in their accumulationvithin the nucleusand subsequent activation of the iron regulme

interaction between Fra2 and Grx8ds been characterized, revealingt Fra2 forms [2Fe
2SF*-bridged heterodimers with Gre®dGrx4 (LI et al.2009a, 2011)A recent studyalso

confirmed the nature adheFr a 21 Gr x 3/ 4, revealihgethhabtidei comserved Cys

residue othe CGFS active site in Grx3/4, a conserved His in Fra2 (His103), and a Cys from
GSH provide the iron | igandls etiain20ld)hiteis Fr a 21
indisputablethatthe Fra2Grx3/Grx4 heterodimehnas a significant rolen theinhibition of

Aftl/2, and plag a key role in regulating iron homeostasisSincerevisiae
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6.2. Role of Grx3/4 and Fra2for iron homeostasis inS. pombe

Under iron starvation, th8. pombeCGFSmonothiol glutaredoxin Grx4xerts a negative
regulatory action on Fepl activitMutant cells lackinggrxdgexhibit a permanent Fepl
occupancy on chromatin, leading to a constitutive repression af&osport geneGBEL et

al. 2011) It has been demonstrated that the Tl domainof Grx4 strongly interacts with

the Gterminal region of Fepl in an irandependent manner, whereas @GfReX-like domain
associates witthe Nterminal region oFeplin an ironrdependent manndfurther analysis
revealedthat Cys35 of Grx4located within the TRXike domain, WAARCK motif) is
required for the interaction between t@dermiral region ofFepl and the TRX domain,
whereas Cys172f Grx4 (located wihin the conserve€GFS motif) is essentialfor the
interaction between the FepktBrminus and the GRX domaiihe molecular mechanism
underlying the crostalk between Grx4 and Fepl is still unknown. Prefiotein interaction
assays have revealed thater lowiron conditions, the GRX domain associates with the N
terminal DNAbinding domain of Fepl. This FedRX interaction would foster
conformati onal changes that cause interfer
GATA recognition sequenceSonsequently, Fepl would be unable to trigger repression of
its target genes. In contrast, under conditions of high iron levels, it is predicted that two GRX
domains of Grx4 can generate [2F8}bridged homodimers with the coordination of two
cysteine ligands (from each CGFS motif) along with the aid of two cysteines from glutathione
(GSH) moleculegPiccioccHiet al.2007;BANDYOPADHYAY et al.2008;IweMA et al.2009)

. Thus, the Nlerminal region of Fepl would be available to bind chromatin and functions as

a transcriptional repressor, shutting down gene expression.
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Studies also suggest that Grx4 exerts an inhibitory effect on Php4 function in an iron
dependent mannéDiscussed in the section 5@JERCIERandLABBE 2009;VACHON et al.

2012) Under conditions of excess iron, the GRX domain interacts with Php4. Php4 is
exported from the urcleus to the cytosol by exportin Crm1, resulting in the inactivation of
Php4 function. In contrast, under iron starvation conditions, the GRX domain can no longer
interact with Php4, which would lead to its association with Php2/3/5, thereby allowing Php4

to repress target gene expression of-usimg proteins.

To date, the role of BolA homologues in the regulation of iron homeostasis is poorly
understood in fission yeast. A recent study has demonstrated the role of Frazeguator

of Fepl activityduring iron deficiencyJACQUESet al.2014) Results have demonstrated that
Fra2 exhibits a negative regulat@gtion on Fepl activity under iron starvation. Mutant cells
lacking fra2" (f r g @wariably activate Fepl and allow Fepl to bind promoters of target
genes, resulting in their constitutive repression. Microscopic analyses reveal that Fra2 is
localized thoughout the cells under both iron deficient and-rgplete conditions, although

a significant proportion of Fra2 is detected in nuclei. This permits Fra2 to be available for
interactions with Grx4 and Fepl in the nucleus. Coimmunoprecipation analyses hav
confirmed that Fra2, Grx4 and Fepl form a heteroprotein complex in cells. Furtharmore,
vivo BIFC experiments revealed that Fra2 associates with Fepl in nuclei. All these findings
suggest that under iron deficiency, Fra2 plays an important role to inactivate Fepl. Further
investigations are required to discover the detail molecular mechanismyingléhis Fra2

mediated inactivation of Fepl.
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7. Nucleo-cytoplasmic trafficking of proteins

Synthesis of proteins take place in the cytoplasm, but some proteins need to be translocated
into the nucleus to accomplish important cellular functi¢eg. gene control through
transcriptional regulation). As like otherularyotic cells transport of S. pombe
macromolecules between the cytoplasm Hranucleus occurs through the nuclear pore
complex (NPC). The NPC is composed of about 30 differenbteins Qucleoporing It
forms a gatewaythat facilitates the nucleoytoplasmic exchangef soluble proteins
(SoROKIN et al.2007;HOELZ et al.2011) Several factorbave been identified and found to
be involved in nucleecytoplasmic trafficking ofproteins. This includes karyopherins
(trarsport receptorsyuclear localization signal (NLS) for nuclear impof cargo proteins,
nuclear export signal (NESpr nuclear export of cargo proteins and GTPase Ran that
regulates the interaction between karyopherin and cargo pr{feirekIN et al.2007) This

section will describe the detailed mechanisms underlying nuclear import of proteins.

7.1.Nuclear localization sequence (NLS) triggers nuclear import of proteins

Nuclearimport of proteins is a regulated process in eukary&esgteins to be imported into

the nucleuoften possessuclearlocalizationsignals (NLS¥that are recognized by carrier
proteins, termed importins or karyopherins. Importins can distinguish cargo proteins targeted
for nuclear localization from other cellular proteins through the recognition of NLSSE

et al. 2007) Typically, NLSs consist of one or more short basic amino acid sequences and
were first describetbr their role in the nuclear import sfmian virus 40 (SV40) &ntigen

and nucleoplasmiDINGWALL et al. 1982;KALDERON et al. 1984)
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Based on the NLS6s recognition by the adapt
classical NLSs (cNLSs) that have been identifleaNGE et al.2007) The monopartite cNLS

consists of single stretches of basic amino acid residues, whereas in bipartite cNLSs two basic
clusters are separated by allDshort, norconserved amino acid spacer. Monopartite NLSs

can be of two types; one has at least fouseontive basic amino acids and the second type

has only three basic amino acid residues present in a loose consensus segG#ReX-(K

K/R). A number of experimentally defined NLSs do not match the classical consensus
sequence. Furthermore, some other Nttf8¢ match consensus sequences could be found

non-functional(LANGE et al.2007)

Recently, a new consensus sequence calletlPY has been identified apart from classical

NLSs 't i s recognized DbRY-NLStenseKsasséquenae eonsssts o r t
of ahydrophobic or basic region followed by an arginine (R)/lygk¢histidine (H), then

a proline and tyrosine (R/KAX(2i 5)-PY) (LEE et al.2006) Several RNA binding proteins

that shuttle between nucleus and cytoplasm have been reportedéspB¥NLS motifs

(LANGE et al.2008; TwYFFELS et al.2013;MALLET andBACHAND 2013)

72.Rol e of karyopherin U/b in trsansporting c

Karyopherinsareagroup of proteinshat playa crucial role in the nuclear import of proteins

that posses?NLSs. There are two types of karyopherins: karyopkerin ( Kap U) an
karyophem-b ( Kap b) . Kap b can be further subdiwv
i mport pat hismeoles intherecpgnitiod of cNLSalongwithaKap U adapt o

whereas Kap b2 -NLSscongamingzcago proteids yrRFORI¥t al.2011)
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During the nuclear transport, kép f i r st b iratethsbeatingNL8saKragp@arp
also bind to Kap inb the cytoplasm through its N-terminal importin-beta
binding (IBB) domain T h e n, iKtergrts With thecomponents ofthe NPC and,
subsequently, the heterotrim@mplexis transportedhrough theNPC. Translocations an
active process involving the GTPase Ran and other accessaggutesl Thisamulti-step
procesdgnvolveshydrolysis of GTP moleculesAfter translocationnto the nucleoplasm, at
some point, theargoprotein dissociates from the importins, which are recycled into the

cytoplasm(Figure 9)(CHook andBLOBEL 2001;KUERSTENet al.2001)

Figure 9. Schematicrepresentation of nuclear protein import
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