Mechanism and Control of Nuclear-Cytoplasmic Traoation of the
Transporter Regulator RS1

Mechanismus und Kontrolle der Translokation dem$pmrterregulator RS1

zwischen Kern und Zytoplasma

Doctoral thesis for a doctoral degree
at the Graduate School of Life Sciences,
Julius-Maximilians-Universitat Wirzburg,
Section Biomedicine

submitted by

Alina Filatova

from

Khimki, Russia

Wirzburg, 2009



Submitted on:

Office stamp

Members of thePromotionskomitee:

Chairperson: ................ Prof. Dr. Thomas Hunig.....................

Primary Supervisor: ......Prof. Dr. Hermann Koepsell..............

Supervisor (Second): ..... Prof. Dr. Roland Benz......................

Supervisor (Third): .........Dr. Heike Hermanns.........................

Date of PUDIIC DEIENCE: ... .ne e e e e e e e e e e

Date of receipt of Certificates: ..o



Table of contents

Table of contents

I N @ 151 L @ I L PP 1
1.1, THE RSL PrOTEIN...ceeeeiiiii ittt e e e e e e e e e e e e e e e enan s 1.
1.2. Transport of proteins in and out of the nucleus..............cccoorvvieiiiccceeeen. 5.
1.2.1. Nuclear protein import PAtNWAYS ......ccoiveieie e e e 6
1.2.2. Nuclear export PatNWAYS...........ueeeiiee e 10
1.2.3. Regulation of nuclear tranSPOIt............oiiiiiiiiee s 11
1.2.3.1. Regulation of the karyopherin-cargo interaction..............ccccevvvvvivvvnninnnn. 11
1.2.3.2. Regulation of transport by the NPC.........ccooiiiiiiiiiiieees 14
2. THE AIM OF THIS STUDY ittt eee e et et e e e e eaa e ees 16
3. MATERIALS AND METHODS ...ttt 18
I I V= (T = 1 TP P PUOPPPPPPRPRTT 18
3.1.1. ChEMICAIS ... .ot e e e e e e e e e e e e eeee e 18
TRt A Y o 1] o o [ =T 3T 18
G0t I TR N i T T Y 11 = L1 o = 19
3.1.4. DNA and Protein MarkerS..........ouuuiiiiiiiiiiiiiiciiiiiiie e e e e e 19
G 0 IR ST = 0 4 Y/ <1 PR PRPPRRPT 19
3.1.6. Inhibitors and aCtiVALOIS............couuiiiiiiiiiieia e s 19
3.1.7. REACHON KIlS......uuiiiiiiiiiiiiiiiiiiei ettt 20

G 00 I F =T o1 o =S 20
3.1.9. Synthetic OlIgONUCIEOLIAES. .......uuurueiiiiiiee e 20
3.1.10. Plasmids and CONSIIUCES..........ccciiiiiiiiiiiiiiiiiiar e e e ee e e e e e 21
I I 5 I = 7 T = 4 = TP PPUOPPPPPPRPRRP 24
3112, Cll MBS .cciiiiiiiiee ettt e e e e e e e e e e e e e 24
3.1.13. Buffers and SOIULIONS...........uuuuiiiiiiiee et 24
3.1.14. SOMWANE......ccc ettt e e e e e e e e e e eea e 25
3.2, MEENOAS ... 26
G720 N \Y (o] L= ol W] =T gl o] o] [T )Y/ 26
Tt N I V1) = o =T 1= PSSR RRRPP 26

3.2.1.2. Generation of the GFP-TEV-S-Tag VECIOL............ceiiiiiiieeeeeeiieeeeeeiiiiiines 6.2



Table of contents

3.2.1.3. Generation of the GFP-TEV-S-Tag-CK2-NS-PKC-PKC vealr .............. 26
3.2.1.4. Annealing of oligonuCIEotides............ouuuuuiiiiiiiiiiiee e 27
3.2.1.5. Polymerase chain reaction (PCR)...........cuuuuuuiiiiiiiieieieeeeeeeeeeeeeveeeeeeeenenns 27
3.2.1.6. DNA isolation by phenol/chloroform extraction............ccccceevvvviviiciiiiennnnnn. 28
3.2.1.7. Digestion of DNA with restriction endonucleases............cccccceeeiiiieeeeeeennnn. 28
3.2.1.8. Analytical agarose gel electrophoresis of DNA........cccoooiviiiiiiiiiiiiiiiiiiiiins 28
3.2.1.9. Preparative agarose gel electrophoresis...........ccccvvvvvvvivviiiiiiiiiieee e 29
0t 0t O TR I o - 1 o1 R 29
3.2.1.11. Analytical agarose gel electrophoresis of RNA........cccooiiiiiiiiiiiiiiiiiiiiiiiies 29
3.2.1.12. Desalting of DNA SAMPIES....ccooiiiiiiiiiiiiieiieiiirr e ere e eeeeeees 30
3.2.1.13. Transformation of bacteria and clone selection.................cccocciiiiiiiinnnnne. 30
3.2.1.14. Isolation of plasmid DNA from E.COli.........cccooviiiiiiiiiiiiiiiiee s 31
3.2.1.15. Determination of DNA and RNA concentration by speabphotometry .. 32
3.2.2. Protein analysisS MethodS.........ooouiiiiiiiiiiii e 32
3.2.2.1. Preparation of the whole-cell extracts............ccccceeeeiiiiiiiieeeeeeeeeeeeeeeeee 32
3.2.2.2. Purification of GFP fusion proteins...............uueiceieiiiiiieeeeeeeeeeeeeevieeeeeeee 32
3.2.2.3. Immunoprecipitation of GFP fusion proteins and assoiated proteins.... 33
3.2.2.4. Determination of protein CoONCeNtration.............ccceeeeeeiieeeeeeiiiieiiiiiiiiiieees 34
3.2.2.5. SDS-polyacrylamide gel electrophoresis..........cccceeeeviiiiieeiiiiiiiiiiiiiiiiies 34
3.2.2.6. Western blot and immunodetection..............cooovviiiiiiiiiiiiiiiiiiieeeee e 35
3.2.2.7. Staining of protein polyacrylamide gels with Coomasie blue.................. 37
3.2.2.8. Silver staining of protein polyacrylamide gelS.........cccooeeiiiiiiiiiiiiiiiiiinn. 37
G I € 1= o [ Y/ o 38
3.2.3. Generation and testing of phosphospecific Binodies............ccccevvvvvviiiiinnennnn. 38
3.2.3.1. Immunization of rabbitS ..........cooiiiiiiiiiii e 39

3.2.3.2. Identification of the antibody titer. Enzyme-linked Immunosorbent Assay
(ELISA). 39

3.2.3.3. Affinity purification of antibodies ...............viiiiiiiiiiiiee e 40
3.2.4, Cell CURUIE......ce et e e e e e e e e e e e e e e e e s s nnnes 41
3.2.4.1. Cultivation of mammalian CellS.............ouuuiiiiiiiieeeeeeee 41
B.2.4.2. PaASSAQE. ... ciiiiiii ettt e e e e e e e aaaees 41
3.2.4.3. CIYOCUIUIE ...ceeeeeeeeece e ettt e s e s e e e e e e e e e e eeeeeeennennnnns 14

3.2.4.4. Transient transfection of mammalian cellS.........oovveieoeii i, 42



Table of contents

3.2.4.5. Generation of stable cell INes............o.ouiiiiiiiii s 42
3.2.4.6. Inhibitor treatment of CellS ........cooviiiiiieii 43
3.2.5. Analysis of gene expression in mouse embryofibroblasts (MEFS)............. 43
3.2.5.1. Isolation and cultivation of MEFS...........ccoooiiiiiiiiiiiiiiiieeeeeeeeee e 43
3.2.5.2. CrYOCUIUIE ...ccoeiiiiiiiiiiceiee ettt e e e e e eeeeennnnnnnn B 4
3.2.5.3. Synchronization Of MEFS............cooiiiiiiiiiiiiee e 44
3.2.5.4. Isolation of Total RNA .. ..o 45
3.2.5.5. Gene expression microarray analySiS.......ccccevveeeeeeeeeeieeeeeeeiiiiinnes 45
3.2.6. Fluorescence analysis and measurements otlaar localization.................... 45
3.2.7. Calculation and STatiSTICS ........ccoiiiiiiiiiiiiiiiiea e 46
4, RESULT S et e e e e et 47

4.1. Analysis of nuclear location of pRS1 and its fragm&s: experimental desigd7

4.2. Dynamic redistribution of pRS1 during the cell cyCk............eiiiiiiiiiiii. 47
4.3. Identification and characterization of nuclear expat signal in pRS1............. 50
4.4. hRS1 interacts with nuclear import receptor importin Bl ........ccccceeeevvveereeeenn. 52

4.5. ldentification of a minimal sequence steering conflence dependent location of
pRS154

4.6. Investigation of the role of phosphorylation of seéne 370.........cccccceeeeeeeeenenn.. 55
4.7. Studies on the phosphorylation state of serine 376f pRS1 in subconfluent
and confluent LLC-PK cells using mass SPectromMetry............uuvveveiiiiinnneeeeeeeeeeeeeee. 59
4.8. Investigation of the role of calmodulin in the reglation of nuclear location of
pRS162

5. DISCUSSION. ...t 67

APPENDIX |. GENE EXPRESSION PROFILING IN RS1 DEFICI ENT MOUSE
EMBRYONIC FIBROBLASTS. .. 74

APPENDIX II. STUDIES ON THE UBIQUITINATION OF PRS1. .....ccccoooiiiiieenn. 78

APPENDIX 1ll. STUDIES ON THE DEGRADATION OF PRS1 IN
SUBCONFLUENT AND CONFLUENT LLC-PK1 CELLS. INVESTIGA TION OF
THE ROLES OF THE PROTEASOME AND CALPAIN. ... 81



Table of contents

APPENDIX IV. GENERATION OF ANTIBODIES WHICH RECOGNI ZE

PHOSPHORYLATED SERINE 370. ... 92
6. SUMMARY ot e et aeeeaenes 96
7. ZUSAMMENFASUNG ...t e e e et e e e e e e e eeeees 97
8. ABBREVIATIONS ..ot eeenne 9.9
9. REFERENCES. ... ettt e e e e e e e e s 100
ACKNOWLEDGEMENTS ..o 117
CURRICULUM VT AE et e et e e e ennans 119
PUBIICALIONS ...t e e 120
Participation in scientific CONfEIENCES..........uuuiiiiiiiie e 120
Participation in scientific workshops and COUISES............uvvveiiiiiiiiiieeeeeeeeeeeieeiiee 121

Y i [0 F= Y/ TP 122



1. Introduction 1

1. Introduction

1.1. The RS1 protein

After cloning and functional characterization ofaxiety of solute transporters in
the plasma membrane, the factors regulating theression and functional activities
have become an important topic in transporter reeedransporters can be regulated at
the levels of transcription, mMRNA stability andriséation as well as at posttranslational
level.

RSC1A1l is an intronless single copy gene that is speddic mammals and
encodes 67-to 68-kDa RS1 proteins in human (Laralebtl., 1996), pig (Veyhkt al.,
1993), rabbit (Reinhardit al., 1999), and mouse (Osswattlal., 2005). A first RS1
ortholog from pig was isolated by screening of apression library from porcine kidney
with a monoclonal IgM antibody which stimulated igffinity phlorizin binding to
renal border membranes but did not react with-Daylucose cotransporter SGLT1
(Veyhl et al., 1993). After co-expression of RS1 with SGLT2X@nopus laevis oocytes,
the expressed uptake of methyD-glucopyranoside (AMG) and the apparent substrate
dependence of AMG uptake after 1 hour incubationh wsubstrate were altered.
Moreover, immunohystochemical studies showed th&i Rvas associated with the
plasma membrane (VeyHl al., 1993;Lambottest al., 1996). On the basis of these data,
RS1 was proposed to be a regulatory subunit of SG(Kloepsell and Spangenberg,
1994). However, later this hypothesis appearectoriprobable since RS1 was shown to
localize intracellularly inXenopus laevis oocytes (Valentiret al., 2000) and to regulate
different membrane transporters (Vewhlal., 1993;Lambottest al., 1996;Veyhlet al.,
2003;Veyhlet al., 2006).

RS1 orthologs exhibit about 70% identity on the ramacid sequence level.
Several functional domains of the RS1 protein hlagen identified: (i) an N-terminal
domain responsible for the posttranscriptional deoegulation of SGLT1, containing
three regulatory peptides, two consensus sequdacgmtential binding to the 14-3-3
proteins, and two consensus PKC phosphorylatias §¥ernalekemt al., 2007; Veyhl
M., Vernaleken A., Koepsell H., unpublished daf@);a nuclear localization sequence
(Leyerer, 2007), and (iii) a C-terminal ubiquitissaciated domain (UBA) (Valentiet
al., 2000).
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RS1 has a broad tissue distribution, including Irggraximal tubules, small
intestine, liver, and neurons (Veybt al., 1993;Lambotteet al., 1996;Poppest al.,
1997;Reinhardiet al., 1999;Valentinet al., 2000). Low expression of RS1 was also
detected in the lung and spleen but not in skekatdl heart muscle, colon or stomach
(Veyhl et al., 1993;Reinhardét al., 1999). In porcine kidney RS1 protein was found in
brush-border membrane fraction (Valenénal., 2000). In mouse small intestine RS1
was localized in epithelial and subepithelial cellsthin the nucleus and below the
plasma membrane (Osswadtlal., 2005). In renal porcine epithelial cell line LLEK,,
RS1 is located at the intracellular side of thespla membrane, at theans-Golgi
netwotk (TGN), and within the nucleus (Kroiasal., 2006). At that, nuclear location of
RS1 is confluence-dependent. The RS1 protein @lifeed in the nuclei and cytoplasm
of subconfluent LLC- PKcells and in the cytoplasm of confluent LLC- fg€lls. In
Xenopus laevis oocytes, most of the over-expressed RS1 protdouisd in the cytosol; a
small fraction of RS1 is also associated with thesma membrane (Valentiet al.,
2000).

Co-expression experiments Xenopus laevis oocytes have shown that RS1
regulates the activities of SGLT1 and some othexsppp membrane transporters
including the SGLT1-homologous Nanyo-inositol cotransporter SMIT, the organic
cation transporters OCT1 and OCT2, and the orgamimn transporter OAT1 (Lambotte
et al., 1996;Reinhardet al., 1999;Veyhlet al., 2003). Apparently, RS1 can regulate
transporters from different families. Although tlselectivity of RS1 is not fully
understood, it has been demonstrated that SGLaIlsysiologically important target of
RS1. RST mice developed obesity associated with increase®dd intake, glucose
transport and SGLT1 expression in the small imesDsswaldet al., 2005). The effect
of RS1 deficiency was tissue-specific, and downlagn of SGLT1 by RS1 in small
intestine occurred through posttranscriptional naatdms. These observations initiated a
more detailed investigation of the role of the Rfdtein in the regulation of SGLT1.

The posttranscriptional regulation of SGLT1 by R®as studied inXenopus
laevis oocytes. Co-expression of hRS1 and hSGLT1 (Veyhl., 1993;Lambottet al.,
1996;Reinhardtt al., 1999;Veyhlet al., 2003) or injection of the purified RS1 protein
into SGLT1 expressing oocytes (Vewtlal., 2006) led to inhibition of SGLT1-mediated
AMG uptake. The short-term posttranscriptional dewgulation of SGLT1 by RS1

occurred within 30 min and was due to blockagehef dynamin-dependent release of
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hSGLT1 containing vesicles from the TGN (Vewhhl., 2006;Kroisset al., 2006). This
posttranscriptional down-regulation of SGLT1 by RiSlincreased upon activation of
PKC and decreased at enhanced intracellular AMGanation (Veyhlet al., 2006).
Interestingly, the short-term inhibition of hOCTZ2diated tetraethylammonium uptake
by hRS1 protein is decreased at high intracellAliG concentration as well (Veyle

al., 2006). The data suggests that inhibition of thagporters by RS1 is regulated by an
intracellular glucose binding protein.

RS1 interacts with a recently identified 28-kDahismia/reperfusion inducible
protein (IRIP), which is up-regulated in kidneyeafischemia and reperfusion (Jiagtg
al., 2005). IRIP protein is expressed at relativelghhievels in the testis, bronchial
epithelia, thyroid, ovary, colon, kidney, and braamd at the low levels in the spleen,
muscle, heart, and small intestine. IRIP inhibite £xpression of a variety of plasma
membrane transporters including SGLT1, the orgaaton transporters OCT2 and
OCT3, the organic anion transporter OAT1, theé-batransporter for serotonin SERT,
the dopamine transporter DAT, and the norepinephtiansporter NET. Interestingly,
most of them have been shown to be regulated by &Sivell (Lambotteet al.,
1996;Reinhardét al., 1999;Veyhlet al., 2003). Therefore, RS1 and IRIP can belong to a
novel regulatory pathway that controls activitiéshe solute carriers of several families.
This assumption is confirmed by experimental dbla.additive or synergic interaction
between effects of IRIP and RS1 on OCT2 was obderard the effect of RS1 was
abolished when the dominant negative mutant of IRH3 co-expressed (Jiaegal.,
2005). Because RS1 and IRIP are expressed in watigsues, the regulatory pathway is
supposed to be present in many cell types.

Attempts to identify a domain of hRS1 that is raspble for the
posttranscriptional inhibition of SGLT1 were undéwstn (Vernalekewt al., 2007). Two
tripeptides derived from hRS1 sequence, GInCysPm GInSerPro, were identified
which act as high affinity posttranscriptional ibitors of hSGLT1. Similar to the full-
length hRS1 protein (Veyrt al., 2006), GInCysPro and GInSerPro inhibit the redeafs
hSGLT1 containing vesicles from the TGN. Moreowbe down-regulation of SGLT1
by the tripeptides is also modulated by differentracellular monosaccharides.
Therefore, the mechanism of the tripeptide-mediategdbition was proposed which

involves binding of the tripeptides to a high aitfinbinding site of a protein, which
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contains a modulatory monosaccharide binding sitethe TGN (Vernalekemt al.,
2007).

The similarities between the observed posttransonal effects of hRS1 and the
tripeptides indicate that GInCysPro and/or GInSerPiorm a part of (a)
posttranscriptionally active domain(s) of hRS1. THemain responsible for the
posttranscriptional down-regulation of SGLT1 haserdly been identified (Veyhl,
Vernaleken, Koepsell, unpublished data). It cossidttwo GInSerPro motifs (aa 19-21,
91-93), another regulatory peptide, two consenggsiences for the binding of protein
14-3-3 and two consensus sequences for PKC-depeptesphorylation. Since RS1
protein is rapidly degraded in HEK 293 cells, C&ccells and LLC-PKcells (Koepsell
et al., unpublished data), and small hRS1 fragmemtsiding tripeptides demonstrate
inhibitory activity, it is possible that the positiscriptional down-regulation of hSGLT1
by hRS1 is partially mediated by hRS1 fragmentss Glestion is still open and requires
further investigation.

RS1 was suggested to participate in the transenptidown-regulation of SGLT1
(Korn et al., 2001). When RS1 expression in porcine LLC:#lls was reduced via an
antisense strategy, the expression of SGLT1 wazgylated on the transcriptional and
posttranscriptional levels; conversely, overexpogssf RS1 caused a strong decrease in
the expression of SGLT1. This inverse relationdf@jween RS1 and SGLT1 gave rise to
the hypothesis that RS1 suppresses transcriptio8@ET1. Interestingly, SGLT1
expression is confluence-dependent in LLCrP&ls. SGLT1 is virtually undetectable in
subconfluent cells and is highly expressed in awmrft cells. Thus, a hypothesis was
raised that RS1 inhibits the expression of SGLT4uhconfluent LLC-PKcells and that
the up-regulation of SGLT1 after confluence is ealiy a relief of this inhibition.

Remarkably, the expression level and the distrmutf RS1 are dependent on
the state of confluence. Whereas subconfluent LKG-€ells contain large amounts of
RS1 protein and exhibit pronounced nuclear locatibRS1, in the confluent LLC-PK
cells the amount of RS1 is decreased and RS1 asddmutside of the nucleus (Koeh
al., 2001;Kroisset al., 2006). The mechanisms underlying these changgist mepresent
the regulatory mechanisms which govern RS1 funatiohLC-PK; cells. For example,
the observation that RS1 is located in the nuatéssibconfluent but not confluent LLC-
PK; cells correlates with functional data showing tHaS1 down-regulates the
transcription of SGLT1 in subconfluent LLC-PKcells (Korn et al., 2001). The
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investigation of the regulation of dynamic RS1 laaion and expression in relation to
cell confluence can provide important new insigbts¢he understanding of RS1 function

which involves coordinated transcriptional and pasiscriptional regulation.

1.2. Transport of proteins in and out of the nucleus

In eukaryotic cells, the nucleus is physically saped from the cytoplasm by an
impermeable double membrane called the nuclear lgpwe(NE). The traffic of
macromolecules across the NE occurs through nuptearcomplexes (NPCs). NPCs are
huge macromolecular assemblies that perforate ublear envelope and are responsible
for the bidirectional exchange of molecules betwinencytoplasm and nucleus through a
central channel that has a limiting diameter~86—30 nm (Feldhert al., 2001). NPCs
have an estimated mass -©44 MDa and are constructed from multiple copies-80
different proteins collectively called nucleoporingronshawet al., 2002;Lusket al.,
2004;Stewart, 2007), many of which are conservaxdmn species. Nucleoporins can be
divided into three subgroups. The first one is espnted by integral membrane proteins
that are believed to play a role in NPC assembly anchoring of the NPC to the
membrane. The second group is formed by protemstsctimtain repeated peptide motives
of the type GLFG, FXFG, PSFG or FG and are callédnikcleoporins. These proteins
play a direct role in the transport, and severahein have been shown to interact with
karyopherins (Kaps; see below) directly. The thgrdup is represented by the most
evolutionary conserved proteins which do not conthe repeated peptide motives. They
are thought to provide a scaffold for organizatairthe FG-nucleoporins (Lusé al.,
2004).

The nuclear transport of small molecules less thaim in diameter occurs via
passive diffusion whereas macromolecules greatar #0 kD are transported actively
through NPCs (Pemberton and Paschal, 2005;Ste2@07). Transport of most nuclear
cargos is accomplished by soluble carrier molectdesedp-Kaps that shuttle between
the cytoplasm and nucleus. The nuclear import aqibré carriers are called importins
and exportins. They recognize cargos by bindingdear localization signal (NLS) or a
nuclear export signal (NES) in either the cytoplasmthe nucleus, respectively, and
dock them to the NPC for subsequent translocatiosk et al., 2004). The family of-
Kaps includes 14 members in budding yeast andhat BO in human (Cocddt al., 2007).
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Individual Kaps have the ability to bind specifiagses of cargos that provides the basis
for the independent regulation of the transpordififerent classes of molecules (Luak
al., 2004). While the overall structure of tifieKaps is believed to be similar, their
sequence similarity is low (the identity typicalbetween 15% and 20%), except for a
region near the N-terminus that contains a bindsitg for the GTPase Ran. The
differences in the sequences of Kaps are likelgtedl with their ability to recognize
different cargos (Pemberton and Paschal, 2005).

In addition to the Kaps, nucleo-cytoplasmic excleargguires the activity of the
GTPase Ran (Macara, 2001a; Fried and Kutay, 20083;\2@03). In the nucleus, Ran is
maintained in its GTP-bound state by the nuclesiricded GTP exchange factor, Ran-
GEF. In contrast, the Ran GTPase activating prot@Ran-GAP) is primarily
cytoplasmic, ensuring that this pool of Ran isttnGDP-bound form. The formation of
import complexes betweefi-Kaps and their cargos is stable in the presence of
cytoplasmic Ran-GDP. However, once fkap—cargo complexes enter the nucleus,
Ran-GTP binds to th@-Kaps and displaces their cargo. On the other hitwedformation
of export complexes is stabilized in the nucleusRan-GTP, and as soon as these
complexes reach the cytoplasm the GTP is hydrolyzetl the complex disassembles.
Moreover, the Ran-GTP gradient provides energyrémycling of Kaps back to the
cytoplasm and continued rounds of transport.

Additional factors contribute to the Ran cycle. R&AP needs cofactors (the
Ran-binding proteins, or RanBPs) to act on the Kapad complexes that reach the
cytoplasmic side of the nuclear envelope. Followimglrolysis, Ran-GDP is recycled
back to the nucleus by a dedicated transport fgataclear transport factor 2 or NTF2)

that bears no resemblance to the Kaps (Stewarf)200

1.2.1.Nuclear protein import pathways

There are different protein nuclear import pathwingg use different carriers, but
share many common features and are based on arah&eries of protein-protein
interactions by which cargos are recognized in ¢hwplasm, translocated through
NPCs, and released into the nucleus (Stewart, 20®€gach pathway, cargo proteins are
targeted for nuclear import by short nuclear lagion signals (NLSs) sequence motifs

which are necessary and sufficient to target pmst@ito the nucleus. There are different
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NLS classes, each of which is recognized by thepoomants of a different pathway
(Pemberton and Paschal, 2005).

The classical nuclear protein import pathway (Fégd) is responsible for the
transport of a broad range of cargos and has beelned in substantial biochemical,
genetic, cell biological and structural detail (garet al., 2007;Stewart, 2007). The
classical nuclear protein import cycle generatasgport rates o£100-1,000 cargos per
minute per NPC (Ribbeck and Gorlich, 2001). Thelearcprotein import cycle can be
divided into four steps: assembly of the cargo-amgarrier complex in the cytoplasm,
translocation through NPCs, disassembly of the mnpomplex in the nucleus, and
importin recycling. Cargo proteins with conventibhNLSs are imported by the carrier
importin 1, which binds them through the adaptor proteinartip oo (Pemberton and
Paschal, 2005;Stewart, 2007) and facilitates thmeovement through NPCs. FG-
nucleoporins are thought to be important for meagathe movement of cargo/carrier
complexes through NPCs. The phenylalanine sidenshaii the hydrophobic FG-repeat
cores bind to hydrophobic cavities on the surfateaoriers (Cooket al., 2007). The
interaction is weak (usually of the orderdfl affinity) and so is sufficiently transient to
enable rapid transport of cargo/carrier complexekigh affinity would imply slow off-
rates). In the nucleus, Ran-GTP binds to impdbtin dissociating the import complex
and releasing the cargo. Importfi in complex with Ran-GTP is recycled to the
cytoplasm, whereas importin is exported in complex with the karyopherin CASlan
Ran-GTP. Finally, cytoplasmic Ran-GAP stimulates Ran-GTPase, generating Ran-
GDP, which dissociates from the importins and thgneleases them for another import
cycle (Stewart, 2007).

Conventional NLSs are divided into three broad sdas and two of them are
represented by highly basic NLSs. Monopartite Nt&dembling NLS of the SV40 large
tumor antigen (PKKKRKYV) (Kalderoet al., 1984), comprise a short stretch of 4-5 basic
amino acids, whereas bipartite NLSs, such as thdt rucleoplasmin
(KRPAATKKAGQAKKKK) (Robbins et al., 1991a), consist of two stretches of basic
amino acids separated by a spacer of about 10 aatids. The conventional NLSs of
the third type are represented by charged/poladues which are interspersed with non-
polar residues (as in the NLS of the yeast homeadlorrontaining protein Mata2), or
the basic cluster which is surrounded by the peolind aspartic acid residues (as in the

protooncogene c-myc (PAAKRVKLD)) (Dang and Lee, 8R8All above-listed classes
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of NLS are recognized in the cytoplasm by the flelgmeric importina/f1 complex
(Conti et al., 1998;Conti and Kuriyan, 2000;Fontetsal., 2000). There are at least five
isoforms of importini, and each carrier binds a specific range of caf§tsvart, 2007).
Usually, NLSs have~10 nM affinity for the importina/fl complex (Kutayet al.,
1997a;Matsuurat al., 2003a;Goldfarlet al., 2004;Matsuura and Stewart, 2005) and the
rate of nuclear import correlates with the strergftbinding to importine (Hodelet al.,
2006).

o 2

_cytoplasm

. g =
RanGAP = N

$B |
_
|

nucleus

Figure 1. Classical nuclear import pathway.An import complex is formed in the cytoplasm betwee
cargos bearing nuclear localization signals (NL8sportin« and importink. After passing through the
nuclear pore complex (NPCs), the binding of Ran-G®Pimportin-? dissociates importif from
importin-x. The NLS-containing cargo is then displaced frompartin< and the importinx is recycled to
the cytoplasm by its nuclear export factor, CASnptexed with Ran-GTP. In the cytoplasm, Ran-GAP
stimulates GTP hydrolysis, releasing the imporforsanother import cycle. Nucleoporins such as NOUP5
catalyze cargo dissociation and function as moégcudtchets to prevent futile cycle@dapted from
Sewart, 2007)

A few cargo proteins bind directly to import#i rather than through importin(
Cingolaniet al., 2002a;Leest al., 2003a;Leet al., 2003c). For example, in the absence

of importina, importin1 binds targeting sequences in transport substsatdsas the T-
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cell protein tyrosine phosphatase (TCPTP) (Tigares al., 1997), human
immunodeficiency virus (HIV-1) Rev protein (Truargnd Cullen, 1999), sterol
regulatory element binding protein 2 (SREBP2) (Ndmcet al., 1999;Nagoshi and
Yoneda, 2001) and parathyroid hormone-related prafeTHrP) (Lamet al., 1999),
docks these proteins at the NPC, and interacts Rait to mediate translocation into the
nucleus. Co-crystal structures of imporfih with a fragment of Kap, with a fragment
of the transcription factor SREBP2, and with theagfayroid hormone-related cargo
protein (PTHrP) showed that distinct contacts aselenbetween the importigl and
each of its cargos (Cingolasi al., 1999a; Cingolanét al., 2002a; Leeet al., 2003a).
This suggests that each Kap can have multiple bindites and explains how a limited
number of Kaps can import diverse cargos with nuaggnt sequence similarity between
cargos. Moreover, these structures show that the iKaapable of adopting different
conformations depending on the cargo ( Cingo&ral., 1999a;Cingolanét al., 2002a;
Leeet al., 2003a).

A variety of nonconventional NLSs that are devoidbasic residues have been
identified. Some of them have been characterizetbasonvential importiw. interacting
motifs, for example, the influenza virus NP protéiWanget al., 1997), the cellular
transcription factor Statl (Melest al., 2001;McBrideet al., 2002) or the NLS of UL84
protein of human cytomegalovirus containing 282 raomacids residues, which all are
required for binding to the importmproteins (Lischkat al., 2003).

Some nonconventional NLSs are transported by Kéfeseht from importinf1.

At that, most Kaps of importifi family bind cargos directly and therefore do rely/ron

an adapter (Pemberton and Paschal, 2005). In sases,cthe NLS contains several basic
amino acids as has been determined for core hstom®somal proteins and arginine—
glycine-rich NLSs observed in some RNA-binding pm$ (Pemberton and Paschal,
2005). In other cases, the NLS domain is relatiVatge, raising the possibility that the
three-dimensional structure of the protein is caitiRosenblunet al., 1998). One of the
examples of the nonconventional NLS is the 38 amacal M9 nuclear targeting
(shuttle) sequence which is rich in glycine andaatc residues. It was first defined for
the large heterogeneous human mRNA-binding prdieRNP Al (Pollarcet al., 1996)
and later has been identified in a number of offteteins (Siomiet al., 1997;Nakielny
and Dreyfuss, 1999). The M9 sequence is recogrigettansportin, which is a close

homologue of importirg, and mediates both import into and export outhef mucleus.
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Shorter NLS motifs that bear no obvious resemblandke classical NLS sequence have
also been described, as for example in Sam68 (PXPRX (Ishidateet al., 1997) and
Cdc6 (S/T-P-X-K-R-L/1) (Takett al., 1999) proteins. A glycine-arginine (GR)-motif has
also been reported to mediate the nuclear trarsiocaf the large fibroblast growth
factor FGF-2 isoforms (Donet al., 1998). Thus, it seems that in addition to thesitzal
basic-type NLS, a variety of other sequences ae able to mediate the nuclear import

of proteins.

1.2.2.Nuclear export pathways

Nuclear export of proteins is closely analogouth®onuclear import and involves
specific, but distinct, targeting signals, impoitiomologs and nucleoporin binding sites,
as well as Ran and its modifying factors. Prot¢ihad are exported from the nucleus in
the cytosol often possess recognizable stretcheanoho acids comprising nuclear
export sequences (NES). A leucine-rich motif (Wemal., 1995; Fischeet al., 1995a)
and a glycine-rich motif (Michaet al., 1995) have been shown to function as NESs.

The best characterized NES is the hydrophobic hedach NES containing three
to four hydrophobic residues (Weh al., 1995;Fischeret al., 1995a). This signal is
utilized in all eukaryotes, and at least 75 prateiantaining leucine-rich NESs have been
identified (Pemberton and Paschal, 2005). Thededecmany transcription factors and
cell cycle regulators, as well as the viral HIV Rprotein and the protein kinase A
inhibitor where the hydrophobic NES was first désed (Fischewet al., 1995a; Weret
al., 1995; Pemberton and Paschal, 2005). Leucine/El$s are recognized by the
karyopherin CRM1 (Chromosome maintenance regiorxddBin 1/Xpolp/ Kapl24p)
(Fornerod et al., 1997;Stadeet al., 1997;0ssareh-Nazast al., 1997;Kudoet al.,
1997;0hnoet al., 1998). CRM1 binds to the leucine-rich NES dingcihd mediates
export through the NPC in a manner inhibited by @méibiotic leptomycin B (LMB)
(Nishi et al., 1994;Ullmanet al., 1997;Kudoet al., 1999;Henderson and Eleftheriou,
2000). Like importin31, CRM1 can also mediate the export of severalosavip adapter
proteins (Pemberton and Paschal, 2005).

In addition to CRM1, three members of karyoph@riamily have been identified
that function as nuclear export carriers. CAS (P&€dp109p) exports importia to

regenerate cytoplasmic importin for further cyclefs transport, whereas exportin-t



1. Introduction 11

(Loslp) is responsible for the export of tRNA frdahe nucleus (Kutat al., 1997a;
Kutayet al., 1998; Artset al., 1998). Yeast Kap Msn5p is responsible for thegpart of
the transcription factor Pho4 (Kaffmahal., 1998). This Kap is unusual in that it can
mediate both nuclear import and export (YoshidaBlathel, 2001).

1.2.3.Regulation of nuclear transport

The nuclear transport of proteins can be regulatesvo different ways: either
directly affecting Kap binding to the cargo, or wéging the interaction between the
Kaps and nucleoporins (Lugkal., 2004).

1.2.3.1. Regulation of the karyopherin-cargo interaction

A number of specific mechanisms regulate nucleansport precisely, in
response to a variety of signals such as hormarnskines and growth factors, cell-
cycle signals, developmental signals, immune chgéleand stress. Figure 2 summarises
some of the specific mechanisms by which targetieece recognition can be modulated
to effect regulation of signal-dependent nucleatgin transport. Masking or exposing of
NLS by binding proteins are the common regulatathways of the nuclear migration.
These processes are mediated by phosphorylatiotepinosphorylation, acetylation,
ubiquitination or sumoylation. Posttranslational dification of signalling molecules
through phosphorylation/dephosphorylation is th&t lederstood mechanism to regulate
nuclear transport (Jare al., 2000;Pemberton and Paschal, 2005) and can beateddi
by many different kinases/phosphatases. Since é&figlsosphatases can be regulated by
many different cellular signals, signal-responspeosphorylation/dephosphorylation
represents a direct link between extracellular @agrand response in terms of nuclear
import or export of specific signalling moleculasck as cell-cycle regulators, kinases
and transcription factors. Many nuclear proteinsgess both NLS and NES, meaning
that the precise level of nuclear accumulation bantightly regulated through the
modulation of nuclear import as well as of nuclegport (Stommett al., 1999;Johnson
et al.,, 1999). Moreover, some proteins contain severabdNor NESs, and interplay

between these signals determines the nuclear ctvatien of a protein.
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Figure 2. Mechanisms of regulation of signal-medi&d nuclear protein transport. The mechanisms of
enhancement of interaction with karyopherins bygphmrylation (i, ii) and inhibition of interactiowith
karyopherins by masking targeting signals eitherpipsphorylation (1), or by intermolecular (2) or
intramolecular (3) masking are shown schematicéfiglapted from Jans et al., 2000)

Phosphorylation is one of the major mechanismsuafaar transport regulation
(Poon and Jans, 2005). It either enhances thengraficargos to Kaps or masks an NLS
or NES preventing their recognition by Kap and tausiding their import or export. The
enhancement of nuclear import or export by phospaton of sites close to the

targeting signal can occur via two mechanisms: eeitphosphorylation triggers
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conformational change that reveals the bindingait&lLS or NES, or, alternatively, the
receptors can recognize only a phosphopeptide. iMgslof NLS by nearby
phosphorylation also occurs via several mechaniffmon and Jans, 2005). First,
phosphorylation might disturb electrostatic intéi@t between highly basic NLSs and
Kaps. The phosphogroup can neutralize a posithaegehof the NLS and thus prevent
interaction with an NLS recognition molecule. Setothe presence of a phosphate may
induce changes in conformational structure of tAey@ protein thus preventing tight
binding to a Kap and consequently inhibiting nucléaport (one of the types of
intramolecular masking — see below). Third, in bipa NLSs, phosphorylation within
the intervening spacer may interfere with the naicimmport machinery.

Prevention of the targeting signal recognition nhigiccur via intramolecular
masking, intermolecular masking or nuclear/cytoplias retention. Intramolecular
masking occurs when the accessibility of the NLS3NE inhibited by the charge or
conformation of the NLS/NES-containing protein (Rcend Jans, 2005). For example,
the precursor form of the transcription factor maclfactor kappa B (NF-kB) p50, p105,
has a masked and inaccessible NLS. During an immuesponse, specific
phosphorylation and degradation of the p105 C-teusiiunmasks the NLS in the p50
form, enabling recognition by the importad/f1 complex and nuclear accumulation
(Riviereet al., 1991;Henkekt al., 1992). Formation of disulfide bond between cysdei
residues can also cause the conformational chaigesteins. For example, in response
to oxidative stress, NES of yeast transcriptiontdad¥aplp becomes inaccessible for
exportin 1 due to the formation of an intramolecuisulfide linkage (Kuget al., 2001).

Target sequence recognition may also be prevengeidtbrmolecular masking
when the binding of a heterologous protein hideBlBS/NES from a corresponding Kap
(Poon and Jans, 2005). Thus, in the absence of imaroballenge, the NLS of NF-kB
p65 is masked from recognition by the imporifil complex due to binding of the
specific inhibitor protein I-kB (Henkedt al., 1992;Huxfordet al., 1999). Upon immune
challenge, I-kB is phosphorylated, leading to itsquitin-dependent degradation by the
proteosome and subsequent unmasking of the NF-kB [WBS (Henkel et al.,
1992;Huxfordet al., 1999). In response to DNA damage, the tumouriggsor p53
forms a tetramer that results in masking of theetnal NES. The tetramerization
domain overlaps NES of p53, and dissociation oft¢fi@mer is necessary to unmask the
NES and allows nuclear export (Stomrneehl., 1999). NESs/NLSs can also be masked
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by ligand binding, as shown for the NES of the ageén receptor, which is located in the
ligand binding domain of the molecule. In the pregeof a ligand (e.g. androgen), the
NES is masked and cannot be recognized by CRMllo¢ddization of androgen
receptor to the cytoplasm occurs only after disgam of the ligand (Saporitet al.,
2003). Intermolecular masking of targeting signedsé also occur via RNA or DNA
binding (Poon and Jans, 2005). Protein-proteinractéons can not only mask targeting
signals but also enhance nuclear import/exportsipbsby facilitating recognition of
NLS/NES by the corresponding Kaps (Poon and J&t5)2

Another mechanism of regulating nuclear transpsrthrough cytoplasmic or
nuclear retentioni.e. the binding of NLS/NES-containing cargo to specdytoplasmic
or nuclear factors that anchor or retain cargosyitoplasmic or nuclear compartments.
For example, a small protein angiogenin is ablesipaly enter the nucleus, and its NLS
does not mediate interaction with importins but feos binding to nuclear/nucleolar
components. These components anchor angiogenirhanntcleus, preventing its
diffusion into the cytoplasm (Liximt al., 2001). Nuclear/cytoplasmic anchoring can be
also regulated by phosphorylation as implied byabhgervation that nuclear retention by
the IFi16 NLS appears to be enhanced by CK2 sibsiorylation (Briggst al., 2001).

1.2.3.2. Regulation of transport by the NPC

In addition to mechanisms modulating interactioredwieen Kaps and their
cargos, there are accumulating evidences suppatmote of the NPC in changing levels
of nuclear transport (for review, see (Lugkal., 2004)). For example, the size of the
NPC channel can be significantly altered in respdieschanges in cellular physiology.
Analysis of the nuclear transport between proltiagpand quiescent BALB/c 3T3 cells
revealed that the size of the NPC translocatiommoelwas larger in cells that were
actively growing (Feldherr and Akin, 1993;Feldhamd Akin, 1994). The molecular
mechanisms causing these changes, however, arenoain yet. The regulation of a
particular transport pathway can be achieved thHrougpdifications of the NPCs
composition by modulation of the importin expressievel. For example, distinct
nuclear import pathways are inhibited during palios infection due to the selective
degradation of two nucleoporins, Nup153 and p62s{@wand Sarnow, 2001). Another

example is the differential expression of importih and a2 in a range of human
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leukaemia lines; more differentiated lines contdihegher levels of both importins and
less differentiated lines contained only one isof@nd at reduced level (Nadleral.,
1997). Lipopolysaccharide, concanavalin A, or plebdster/ionomycin treatment led to
an increase in importim expression in normal blood lymphocytes, indicatifgt
importin levels can be regulated in response ttulegl signals (Nadleet al., 1997).
Marked differences in the level of mMRNA expressaindifferent importina isoforms
were observed across different tissues; whereasrtmm. 1 shows low to medium level
expression in most tissues, mouse and human impadj o5 and a6 are highly
expressed in testis and to a lesser extent inrslrgeveet al., 1996;Tsujiet al., 1997).

The transport of different Kaps through the NPQimes their binding to specific
nucleoporins via specific binding sites. A commeattire of these binding sites is that
they are devoid of FG repeats and have affinibed<tps that are much stronger than the
Kap — FG repeat interaction (Ribbeck and GorlicAD2Pyhtila and Rexach, 2003;
Matsuuraet al., 2003a). These sites have been linked to the agnolof distinct nuclear
import pathways. For example, the deletion of thectic binding site in nucleoporin
Nuplp reduces 450-fold the binding affinity for K&p and has specific effects on
Kap95p—Kap60p-mediated import (Pyhtila and Rex2003). Similarly, the mutation of
theKap60p binding site on Nup2p affects the efficieof nuclear import (Gilchrist and
Rexach, 2003; Matsuusgt al., 2003a).
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2. The aim of this study

RS1 is critically involved in down-regulation ofetN&-D-glucose cotransporter
SGLT1 in small intestine (Osswald al., 2005). In LLC-PK cells, RS1 inhibits the
release of SGLT1 containing vesicles from ttrans-Golgi network and inhibits
transcription of SGLT1 in confluence-dependent near(iKroisset al., 2006). Whereas
the mechanism of posttranscriptional regulationS@LT1 by RS1 has been studied
extensively, still little is known about the tranptional regulation of SGLT1 by RS1 as
well as about the regulation of RS1 function. Thene the goal of this study was to
investigate further pathways of the regulation 8flIRunction.

In LLC-PK; cells, one of the levels of regulation of RS1 epresented by its
subcellular distribution. RS1 exhibits differentillcalization in subconfluentersus
confluent LLC-PK cells being present in the nucleus and the cysoplaf subconfluent
cells and in the cytoplasm of confluent cells. Ryasly, a nuclear localization signal
which directs RS1 into the nucleus has been idedtih our lab. It was suggested that
phosphorylation might serve as a regulatory medmarof RS1 nuclear translocation
during confluence (Leyerer, 2007). However, thecexaechanism of RS1 nuclear
transport and the regulation of RS1 localizationirdy confluence including the role of
phosphorylation have not been elucidated. Thergtbeemajor aim of this study was to
clarify the mechanisms underlying nuclear transpbrRS1 and its regulation. To this
end, several aspects had to be investigated. T$teohjective of this study was to reveal
determinants of confluence-dependent nuclear locatof RS1. Several agents
modulating cell cycle were applied to reveal whettedl cycle is involved in this type of
regulation. Second, we aimed at identification aftgins (importin(s) and exportin(s))
involved in the nucleocytoplasmic translocation RE1. Third, the role of RS1
phosphorylation and nuclear export in the reguhatad RS1 nuclear transport was
guestioned.

In the second part of this thesis, the gene eximegsofiling of fibroblasts with
RSI" genotype in comparison with wild-type fibroblastas performed in an attempt to
characterize the target genes of RS1. These dararaliminary and are presented in
Appendix I.

Regulation of RS1 on the protein expression leveluides degradation pathways.
This type of regulation plays an important role idgrconfluence in LLC-PK cells
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controlling the amount of the protein in subconfitrgersus confluent cells. Hence, the
possible degradation pathways involved in regutattd RS1 protein expression level
were examined. The studies of the posttranscrigtioregulation of RS1 protein

expression are still ongoing and are presentedjmeAdices Il and Il
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3.1. Materials

3.1.1.Chemicals

All laboratory chemicals were of p.a. grade andcpased from Sigma-Aldrich
(Taufkirchen, Germany), Merck (Darmstadt, Germargasl Roth GmbH (Karlsruhe,
Germany), Serva (Heidelberg, Germany), Biozym Dosgik (Hameln, Germany) or

AppliChem (Darmstadt, Germany).

3.1.2.Antibodies

The antibodies used in this work are listed in &bl and 2.

experiments, antibodies which recognize phosphtaglaserine 370 were

Generation of these antibodies is described inviboik (3.2.3.).

Table 1.Primary antibodies used in this work.IB, immunoblot;IP, immunoprecipitation.

Antigen Species, Application,  Supplier
specification dilution

GFP Mouse monoclonal, IB,1: 5000 Covance, Freiburg, Germany
MMS-118P

GFP Rabbit polyclonal, 1P, 1 ul/ml of Abcam, Cambridge, UK
ab290 lysate

Importin 1 Rabbit polyclonal, 1B, 1:1000 Santa Cruz Biotechnology,
Sc-11367 Heidelberg, Germany

Importin 2 Goat polyclonal, IB,1:1000 Santa Cruz Biotechnology
sc-6914

FLAG Mouse monoclonal, 1B, 1:20 000 Sigma-Aldrich

F1804

In some

used.



3. Materials and methods 19

Table 2. Secondary antibodies used in this worki.B, immunoblot.

Antibody Application, dilution Supplier

Anti-rabbit 1gG, IB,1:5000 Sigma-Aldrich
HRP-conjugated

Anti-mouse IgG, IB, 1:5000 Dianova, Hamburg,
HRP-conjugated Germany

3.1.3. Affinity matrices

For immunoprecipitation, Affi-Prep Protein A gel 186-0005, Bio-Rad,
Hercules, CA) was used. GFP-tagged proteins werdigulon pColumns (#130-042-
701, Miltenyi Biotec, Bergisch Gladbach, Germanging uMACS anti-GFP microbeads
(#130-091-125, Miltenyi Biotec) by means @fIACS Separation Unit (#130-042-602,
Miltenyi Biotec).

3.1.4.DNA and Protein Markers

DNA markers 1kb and 10 kb Ladder and PageRulert&nesl Protein Ladder
(MBI Fermentas, St. Leon-Rot, Germany) were used.

3.1.5.Enzymes

Restriction endonucleases (Xhol, Pstl, Eco47IIt]),Pscc65l1, Bglll and BamHI),
Pfu DNA polymerase, and T4 DNA ligase were obtaifiech MBI Fermentas.

3.1.6.Inhibitors and activators

The following inhibitors and activators were usadhis work: protease inhibitor
cocktail set Ill (Calbiochem) (the final concenioats of inhibitors were: 1 mM 4-(2-
aminoethyl)benzenesulfonyl fluoride hydrochloride8 puM aprotinin, 50 uM bestatin,
15 uM N-(trans-epoxysuccinyl)-L-leucine-4-guanichbetylamide, 20 uM leupeptin, 10
MM pepstatin A); 10 pg/ml phosphatase inhibitor ktait 1 (P2850, Sigma-Aldrich)

containing cantharidin, bromotetramisole, and ndgstin; 10 pg/ml phosphatase
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inhibitor cocktail 11 (P5726, Sigma-Aldrich) contang sodium ortovanadate, sodium
molybdate, sodium tartrate, and imidazole; kinaskibitors staurosporine (Sigma-
Aldrich), Ro 31-8220, UO126 (Calbiochem); nucleasp@t inhibitor leptomycin B
(LMB); PKC activator phorbol 12-myristate 13-aceta(PMA) (Sigma-Aldrich);
proteasome inhibitors MG-132, MG-262; calpain intwb calpeptin (Calbiochem);
calcium ionophore A23187 (Sigma-Aldrich); calmoduinhibitor W-13 (Calbiochem);

mimosine; nocodazole (Sigma-Aldrich).

3.1.7.Reaction kits

The indicated reaction kits were used according the manufacturer’s
instructions: Plasmid Purification Kit (Qiagen, é#h, Germany); RNeasy Midi Kit
(Qiagen); ECL PlusTM Detection Kit (GE Healthcakdynich, Germany); Pierce ECL
Western Blotting Substrate (Pierce, Bonn, Germany).

3.1.8.Peptides

The peptides were selected from the pig RS1 sequand contained the serine
370. Peptide containing the phosphorylated serifi® (ELHELLVIpSSKPALENTSC)
with COOH terminal cysteine was synthesized by Efd (Dolan Way, USA), and the
identical peptide with a nonphosphorylated seri@® %/as synthesized by GenScript
(Scotch Plains, USA).

3.1.9.Synthetic Oligonucleotides

The oligonucleotides used in this work are listed the table 3. All
oligonucleotides were synthesized by Biomers.né&n(lGGermany).
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Table 3. Oigonucleotides used in this workRestriction sites or their parts are shown in bold;

cohesive ends are underlined.

. ] ) Introduced
Oligos  5°-Sequence-3 - :
restriction site

FILL  CGCTGCAGGCTGTCAGCCTTCTGTGGAG
FIL2  GOGGTACCTCAATTTTGGGTCCATCTTTCAG

ALI-IF  pTCGAGCTGAGAATCTTTATTTTCAGGGC Xhol
ALI-IR pTGGOGCCCTGAAAATAAAGATTCTCAGC

ALI-2F  pGCCAGCGCTAAAGAAACCGCTGCTGCTAAA

ALI-2R  pCGAATTTAGCAGCAGCGGTTTCTTTAGCGC

ALI-3F  pTTCGAACGCCAGCACATGGACAGCTCIGCA Pstl
ALI-3R pGAGCTGTCCATGTGCTGGCGTT

3.1.10.Plasmids and constructs

Plasmids and expression vectors used in this steliisted in Table 4.

Table 4. Plasmids and constructs used in this work.

Plasmid Description Source
(Reference)
pEGFP-C1 mammalian expression vector, allows Citain| Clontech,
fusion to GFP Heidelberg,
Germany

GFP-S-tag-TEV| mammalian expression vector on thsisbaf| This work
pPEGFP-C1 expressing fusion protein of GFP and
S-tag separated by tobacco etch virus (TEV)-
protease cleavage site

GFP-S-TAG- GFP-S-tag-TEV  vector expressing nuclediis work
TEV-CK2-NS- | shuttling signal of hRS1 (amino acids 338-402
PKC-PKC

GFP-pRS1 mammalian expression vector coding for| #ieBaumgarten
fusion protein of pRS1 N-terminally linked to
GFP
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Plasmid Description Source
(Reference)
GFP-pRS1 Mammalian expression vector coding for thé. Gorboulev
(Val368Ala) fusion protein of GFP C-terminally linked to
pRS1 in which valine 368 was mutated to alanjne
GFP-pRS1 Mammalian expression vector coding for thé. Gorboulev
(Leu366Ala, fusion protein of GFP C-terminally linked to
Val368Ala) pRS1 in which leucine 366 and valine 368 were
mutated to alanines
GFP-pRS1 Mammalian expression vector coding for thesyerer, 2007
(Ser370Glu) fusion protein of GFP C-terminally linked to
pRS1 in which serine 370 was mutated | to
glutamate
pHM830 Mammalian expression vector encoding |tffeorg and
fusion protein of B-galactosidase C-terminallyStamminger,
linked to GFP that allows cloning of desired999)
fragments betweeprgalactosidase and GFP
pHM829 Mammalian expression vector encoding fusi®org, Stamminge
protein ofB-galactosidase N-terminally linked [d999
GFP
BGal-NS-GFP pHM830 with insertion of the fragmenteyerer, 2007
comprising aa 349-369 of pRS1
BGal-CK2-NS- | pHM830 with insertion of the fragmentLeyerer, 2007
PKC-PKC-GFP | comprising aa 342-402 of pRS1
BGal-CK2-NS- | pHM830 with insertion of the fragmentLeyerer, 2007
PKC-PKC comprising aa 342-402 of pRS1 with the
(Ser370Ala)- mutation of serine 370 to alanine
GFP
BGal-CK2-NS- | pHM830 with insertion of the fragmentLeyerer, 2007
PKC-PKC comprising aa 342-402 of pRS1 with the

(Ser370Glu)-
GFP

mutation of serine 370 to glutamate
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Plasmid Description Source
(Reference)

BGal-CK2-NS- | pHM830 with insertion of the fragment. Gorboulev

PKC-PKC comprising aa 342-402 of pRS1 with the

(le356Gly)- mutation of isoleycine 356 to glycine

GFP

BGal-CK2-NS- | pHM830 with insertion of the fragment. Gorboulev

PKC-PKC comprising aa 342-402 of pRS1 with the

(lle356Gly, mutation of isoleycines 356 and 369 to glycines

le369Gly)-GFP

BGal-NS-PKC- | pHM830 with insertion of the fragmentLeyerer, 2007
PKC-GFP comprising aa 349-402 of pRS1

BGal-CK2-NS- | pHM830 with insertion of the fragmentLeyerer, 2007
GFP comprising aa 342-369 of pRS1

BGal-NS-PKC- | pHM830 with insertion of the fragmentLeyerer, 2007
GFP comprising aa 349-374 of pRS1

BGal-CK2-NS- | pHM830 with insertion of the fragmentLeyerer, 2007
PKC-GFP comprising aa 342-374 of pRS1

GFP-CK2-NS- | pHM829 with insertion of the fragmentieyerer, 2007
PKC-PKC- comprising aa 342-402 of pRS1

pGal

GFP-CK2-NS- | pHM829 with insertion of the fragmen¥. Gorboulev
PKC-PKC comprising aa 342-402 of pRS1 in which two

(+2Tryp)$-Gal

additional trypsin cleavage sites are introdu

(see Results, subsection 4.7)

ced

hRS1-YFP mammalian expression vector coding for | ¥ieGorboulev
fusion protein of hRS1 C-terminally linked to
YFP

YFP-hRS1 mammalian expression vector coding for | t¥ieGorboulev

fusion protein of hRS1 N-terminally linked
YFP

[0
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Plasmid Description Source
(Reference)

YFP-hRS1- mammalian expression vector coding for hé Gorboulev
FLAG-Hisg fusion protein of hRS1 N-terminally linked to

YFP and C-terminally to FLAG-Histags
FLAG-Hisg- mammalian expression vector coding for thé Gorboulev
hRS1-YFP fusion protein of hRS1 C-terminally linked to

YFP and N-terminally to FLAG-Hjstags
GFP-pRS1- mammalian expression vector coding for hé Gorboulev
FLAG-Hisg fusion protein of pRS1 N-terminally linked to

GFP and C-terminally to FLAG-Hidags

As selective agents the following antibiotics wesed:
100 pg/ml ampicillin — for constructs on the basispHM829 and pHMS830 plasmids
and for YFP-hRS1, YFP-hRS1-FLAG-H$LAG-Hiss-hRS1-YFP, and hRS1-YFP;
30 pug/ml kanamycin — for constructs on the basisEdBFP-C1 plasmid.

3.1.11.Bacteria

The bacteriaE.coli strain DH10B (Granét al., 1990) was used for selection and

amplification of plasmids.

3.1.12.Cell lines

HEK 293 is a human embryonic kidney cell line (Guatet al., 1977). LLC-PK
cells represent renal epithelial cells derived fiooncine kidney (Hulkt al., 1976).

3.1.13.Buffers and solutions
All agueous solutions were prepared with deionisedter and generally

autoclaved at 120°C for 20 min. Buffer compositiom® given in corresponding

sections.
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3.1.14.Software

Search of the putative NES motifs and calmodulimdirig motifs was performed
employing Minimotif Miner (Ballaet al., 2006). In addition, Calmodulin Target
Database was employed to predict potential calmodiithding motifs (Yapet al., 2000)
(http://calcium.uhnres.utoronto.ca/ctdb/ctdb/hommlht Search of the putative PEST

sequences was performed with PEST-FIND program éRatjal., 1986). Alignment of
NS sequences of porcine RS1 and its orthologs wdermed with web-based Clustal X
(Version 1.83) (www.searchlauncher.bcm.tmc.edu/malilgn/multi-align.html).
Densitometric analysis was performed using proghaiege J (Rasband, W.S., ImageJ,
U. S. National Institutes of Health, Bethesda, Neamg, USA, http://rsb.info.nih.gov/ij/,
1997-2005; Abramoff M.D., 2004). The UniProtKB/SesBrot accession numbers are:
hRS1, Q92681; pRS1, Q29106; mRS1, Q9ER99; rbRS26&H)
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3.2. Methods

3.2.1.Molecular biology

3.2.1.1. Mutagenesis

Majority of vectors used in this work was generabgdr. V. Gorboulev and Dr.
M. Leyerer. The vectors GFP-TEV-S-Tag and GFP-TEVag-(CK2-NS-PKC-PKC)

were prepared in the context of this work.

3.2.1.2. Generation of the GFP-TEV-S-Tag vector

GFP-TEV-S-Tag was generated on the basis of pEGEFP{Clontech).
Phosphorylated oligonucleotides were annealed irs gALI-1R and ALI-1F; ALI-2R
and ALI-2F; ALI-3R and ALI-3F; Table 3) (3.2.1.4and sequentially ligated together to
generate a synthetic DNA duplex (3.2.1.10.). Tlgatlon mix was then treated with
restriction endonucleases Xhol and Pstl to elin@ifdatge ligation fragments (3.2.1.7.).
The corresponding fragment (88/80 bp long) wasateal by preparative agarose DNA
gel electrophoresis (3.2.1.9.) and ligated with gteGFP-C1 vector cut with same
enzymes. After ligation the mix was desalted (312.]), and used for transformation of
E.cali cells (3.2.1.12). Then the E.coli cells were gramwnagarose plates containing 30
pg/ml kanamycin as selective antibiotics. Individol@nes were grown in LB medium
containing 30 pg/ml kanamycin, the plasmids weoaied in small scale (3.2.1.13.), and
the presence of the insert was approved by digestith the restriction endonuclease
Eco47Ill (3.2.1.7.), which cuts the construct wittisertion but not the original plasmid.
The sequences of selected clones were confirm&Na#y sequencing. DNA of approved
constructs was isolated in large scale (3.2.1.T3ncentration of DNA was measured

by spectrophotometry (3.2.1.14.) and adjustedjig/inl.

3.2.1.3. Generation of the GFP-TEV-S-Tag-CK2-NS-PKC-PKC veatr

The fragment of hRS1 containing amino acids 338-408 amplified by
polymerase chain reaction (PCR) (3.2.1.5.). Thécieficy of the polymerase chain
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reaction was verified by analytical agarose gettedphoresis (3.2.1.8.). Subsequently,
the resulting DNA fragment was digested with resitvth endonucleases Pstl and Acc651
(3.2.1.7.), purified by preparative agarose DNA glettrophoresis (3.2.1.9.), and ligated
with GFP-TEV-S-Tag vector that was cut with the saenzymes (3.2.1.10.). After
ligation the mix was desalted (3.2.1.11.), and uiedtransformation ofE.coli cells
(3.2.1.12). Then the E.coli cells were grown onraga plates containing 30 pg/ml
kanamycin as selective antibiotics. Individual @snwere grown in LB medium
containing 30 pg/ml kanamycin, the plasmids weoated in small scale (3.2.1.13.), and
the presence of the insert was approved by rastricanalysis with restriction
endonucleases Bglll and BamHI (3.2.1.7.). The secgee of selected clones were
confirmed by DNA sequencing. DNA of approved consts was isolated in large scale
(3.2.1.13.). Concentration of DNA was measured fgcgophotometry (3.2.1.14.) and
adjusted to 1 pg/ml.

3.2.1.4. Annealing of oligonucleotides

2.25 nmole of each oligonucleotide were incubatednnealing buffer (10 mM
Tris-HCI, pH 7.5, 0.1 M NaCl, 1 mM EDTA) at 85 for 10 minutes, cooled to room
temperature, and stored at %20 To purify the annealed oligonucleotides, @0of
duplex oligonucleotides were incubated with pl.5f 1M MgCl, and 278ul of ethanol at
-20°C for 20 min. Subsequently, DNA was precipitatedckentrifugation at 15 000 g at
RT for 5 min and washed with 70% ethanol. The oligdeotides were diluted in 22,b

of Milli Q water and used for ligation.
3.2.1.5. Polymerase chain reaction (PCR)

The primer sequences were complementary to thelagenPNA and contained
flanking Pstl and Acc65I restriction sites (Table BCR reaction was performed in a
volume of 50 pl in reaction buffer using 10 ng efmplate DNA (pcDNA3-hRS1), 5
pmol of forward and reverse oligonucleotide prim@grd.1 and FIL2), and 12.5 nmol of
dNTPs. Before the reaction initiation, the reactrmaix was covered with paraffin oil.
After heating to 92C, 1.25 units of Pfu DNA polymerase were addeditiate the PCR

reaction. Following an initial denaturation step fomin at 94C, 25 cycles with the
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following parameters were performed: denaturatmrBD s at 92C, annealing for 30 s at
55°C, and elongation for 30 s at @2 Elongation time was 1 minute per kb to be
amplified. The reaction efficiency was controlledy banalytical agarose gel
electrophoresis. Prior to restriction digestiomgfi@n oil, and polymerase were removed

with chloroform extraction.

3.2.1.6. DNA isolation by phenol/chloroform extraction

To precipitate DNA after PCR and remove paraffin and proteins, the
chloroform extraction was performed. hDof chloroform-isoamyl alcohol (24:1 (v/v))
was added to PCR mix, mixed gently, and two phasge separated by centrifugation at
14 000 g for 10 min (Wallace, 1987). The upper émys) phase containing DNA was
used for precipitation of DNA by addition of 0.1lume of 3M sodium acetate, pH 5.0
and 2.5 volumes of absolute ethanol for 2 h alG20llowed by centrifugation at 14 000
g for 30 min. The pellet was washed with 70% (®thanol to remove excess of the salt,

air-dried and dissolved in water.

3.2.1.7. Digestion of DNA with restriction endonucleases

1pg DNA was used for a digestion reaction with 5abfis of enzyme in 20l of
an appropriate buffer. The enzymatic reaction wegopmed for 3 h at 3. The
following restriction endonucleases were used: XRskl, Eco47IIl, Pstl, Acc65I, Bglll
and BamHI.

3.2.1.8. Analytical agarose gel electrophoresis of DNA

Samples containing 0.1 pg DNA were mixed with gading buffer and
subjected on horizontal 1% (w/v) agarose gel cairigi 0.3 pg/ml ethidium bromide.
The electrophoresis was performed for 1 h in TAHdruat a voltage of 5 V/cm. The
DNA molecular weight markers, 1kb and 10 kb Lad@#BIl Fermentas), were used as a
reference for size determination of the DNA fragtseithe DNA bands were visualized
by illumination in UV light (254 nm) using a Duaitensity Ultraviolet Transilluminator

and photo-documented.
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TAE buffer 40 mM Tris-acetate, pH 8.0, 1 mM EDTA

Gel-loading buffer _
_ ~ 7.5% (v/v) glycerin, 0.06% (w/v) bromphenol blue
(final concentration)

3.2.1.9. Preparative agarose gel electrophoresis

The isolation of DNA fragments after restriction svperformed using the
preparative agarose gel electrophoresis. DNA wasbawed with loading buffer and
applied to 1% low melting point agarose gel. Thec&bphoresis was performed for 1 h
in TAE buffer at a voltage of 5 V/icm. After eleghtworesis, the band of interest was
visualized as described above (3.2.1.8.) and exdreen the gel with a sterile scalpel.
The excised agarose block was incubated % 76r 5 min, then immediately placed at -
70°C for 10 min and subsequently incubated aPC37ill thawing. Followed by
centrifugation at 13 000 g for 5 min. The supemii@ontaining DNA was used for

subsequent analysis.

3.2.1.10Ligation

T4 DNA ligase was used for cloning the DNA fragnsemtto the plasmids and
for ligation of duplex oligonucleotides during tlygeneration of the GFP-TEV-S-Tag
vector. Ligation reactions were performed in altet@ume of 20ul. The molar ratios
vector:insert and duplex:duplex were 1:5 and le$pectively. T4 DNA ligation buffer
and 5 units of T4 DNA ligase were added to the urxtand incubated overnight at
+14°C. To inactivate the ligase, the reaction mixtusvincubated at 7G for 10-15

min.

3.2.1.11Analytical agarose gel electrophoresis of RNA

1 ul of RNA sample was diluted in DMSO/glyoxal solutiancubated for 60 min
at 50C and mixed with 2ul of the gel loading buffer (Ambion, Darmstadt, Gany).
The samples were subjected on horizontal 1% (wggr@se gel containing 10 mM

iodacetate. The electrophoresis was performed forir2 BES buffer at a voltage of 40
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V/gel. To avoid the formation of a pH-gradient beem the catode and anode, the
running buffer (BES) was circulated from anode &hode by a peristaltic pump. The
RNA bands were visualized by illumination in UVHhig(254 nm) using a Dual Intensity

Ultraviolet Transilluminator and photo-documented.

BES buffer 10 mM BES, 0.1 mM EDTA, pH 6.7

~ 50 pg/ml Ethidiumbromide, 50% DMSO, 1M Glyoxal in BI
1x DMSO/glyoxal solution buft
uffer

3.2.1.12Desalting of DNA samples

For electroporation, DNA samples have to be deddéD®weret al., 1988). First,
the phenol extraction of DNA after ligation reactivas performed as described above.
To precipitate DNA, a linear polyacrylamide was diges a carrier. 0.1 volume of 3 M
sodium acetate, pH 5.2, 12.5 ug linear polyacryinand 2 volumes of ethanol were
added to an aqueous phase and DNA was spun dowe lmgntrifugation in a microfuge
at 18 000 g for 30 min at RT. The precipitate wantwashed with 1 ml of 70% (v/v)
ethanol. In order to remove the residual salt sdoem the pellet, precipitated DNA was
incubated with 500 pl of 70% (v/v) ethanol for 3@hmat RT. After centrifugation for 5
min at 18 000 g at RT, DNA was air-dried and digsdlin 10ul of water.

3.2.1.13Transformation of bacteria and clone selection

Plasmid DNA was introduced into bacteria by thetetgporation method (Dower
et al., 1988). 20 pl of electrocompetdaicoli cells were carefully thawed on ice, mixed
with 10 ng plasmid DNA or 1l of a desalted ligation mix, and transferred itite pre-
chilled electroporation cuvette. After electricallge (1.6 kV, 5 ms, Biojet MJ) bacteria
were suspended with 1 ml of SOC medium and incabfatel h at 37C to express the
antibiotic resistance conveyed by the plasmid. 280-ul of the bacterial suspension
were plated on an agar plate containing the coorelipg antibiotic and incubated
overnight at 3%C. After 16 h the single colonies of transformedtbea were observed,
and 10 colonies were selected for further analydi® cells were transferred to a new
agar plate and into tubes with 3 ml LB medium armibated for 16 h at 3.
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10g/l yeast extract, 20g/l bactgptone, 10mM NacCl, 2.5 mM KC

SOC medium

10mM MgCh, 10mM MgSQ, 20mM D-glucose
LB medium 2 % (w/v) bacto-tryptone, 0.5% (w/v) yeastract, 170 mM NaCl
LB-agar LB-media, 1.5 % (w/v) agar

3.2.1.14lsolation of plasmid DNA from E.coli

Plasmids were isolated from overnight cultures inaked with a single colony.

Cultures were grown at 3Z in LB medium containing the corresponding antiio
Small scaleisolation of plasmid DNA (Alkaline lysis, (Birnboim and Doly, 1979))

Cells from 3 ml of the overnight culture were trmeed to a snap vial
(Eppendorf). After centrifugation for 10 min at 8@g, the pellet was resuspended in
300 pl of P1 buffer and incubated for 5-10 min dt Rfter addition of 300 ul of P2
buffer tubes were gently mixed and incubated orfoc& min. 300 pl of P3 buffer were
added and the samples were incubated for 15 minicen The cell debris and
chromosomal DNA were spun down by the centrifugafar 20 min at 15 000 g at RT,
and plasmid DNA was precipitated from 800 pl of evmatant with 640 pl of
isopropanol and spun for 30 min at 15 000 g at Re pellet was washed with ice-cold
70% (v/v) ethanol, air-dried and resuspended ipP6f water. 1ul of DNA solution was
used for an analytical restriction digest. The pesi samples were subjected to

sequencing. DNA samples were stored afG20

P1 buffer 50 mM Tris-HCI, pH 8.0, 10 mM EDTA, 10@/m| RNase A
P2 buffer 200 mM NaOH, 1% (w/v) SDS
P3 buffer 10 mM Tris-HCI, pH 8.0, 1 mM EDTA

Large scaleisolation of plasmid DNA

For large scale purification of plasmid DNA, 100 wil an overnightE.coli
culture transformed with the plasmid of interestravaised. The purification was
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performed according to the manufacturer's instangi (HiSpeed Midi Kit, Qiagen,
Hilden, Germany). The DNA concentration was detegdi by spectrophotometry,

adjusted to 1 pgl concentration, and DNA was stored at®Q0

3.2.1.15Determination of DNA and RNA concentration by speabphotometry

The DNA concentration was determined by measuringydptical density of a
sample at a wavelength of 260 nm. For calculati@xinction coefficients of 0.02
(ng/ml)y*cm® and 0.025 g/ml)‘cm™* were used for a double stranded DNA and RNA,
respectively. Purity of DNA was estimated from ta&o of absorbancies at 260 nm and
280 nm. The sample was considered to be free @¢ipreaontamination if the ratio was
1.8-2.0.

3.2.2.Protein analysis methods

3.2.2.1. Preparation of the whole-cell extracts

Cells were washed with ice-cold PBS and disruptethe lysis buffer (75 mM
Hepes, pH 7.5, 1.5 mM EGTA, 1.5 mM MgCi50 mM KCI, 15% (v/v) Glycerol,
0.075% (v/v) Igepal CA-630) supplemented with paste inhibitor cocktail set IlI
(Calbiochem) and disruptedby sonication (3 minatélt sonication time with repeating
on and off steps for 15 s and 45 s, respectivélygates were centrifuged at 100 000 g
for 1 h at 4C, and the supernatants were stored &G80

3.2.2.2. Purification of GFP fusion proteins

Purification of GFP fusion proteins was performeathg uMACS magnetic anti-
GFP beads (Miltenyi Biotec). This method was usegurify the following proteins:
GFP-CK2-NS-PKC-PK@®B-Gal, GFP-CK2-NS-PKC-PKC(+2Tryf-Gal and YFP-
hRS1. For purification of GFP-CK2-NS-PKC-PKEGal, preconfluent or 30%
confluent LLC-PK cells were transfected with the corresponding tans and two
days after transfection purification was performé&tie two samples were referred as

purified from subconfluent and confluent cells. Tieason for the use of preconfluent
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cells for transfection was the low efficiency drsfection of LLC- PKcells grown two
days after confluence which was not sufficienttfeg effective purification.

All solutions were pre-cooled at %2 and all experiments were performed on ice.
To avoid the degradation of the proteins, all nsffevere supplemented with protease
inhibitor cocktail set Il (Calbiochem). For studgf RS1 phosphorylation state,
phosphatase and kinase inhibitors were added dsTweahhibit phosphatase activity, 10
png/ml phosphatase inhibitor cocktail 1 for serinefonine protein phosphatases and L-
isozymes of alkaline phosphatases (Sigma-Aldrictt) 80 pg/ml phosphatase inhibitor
cocktail 2 for tyrosine phosphatases, acid andliakkghosphatases (Sigma-Aldrich)
were used. Compositions of inhibitor sets are desrin Materials section (subsection
3.1.6). To inhibit kinase activity, following kinasnhibitors were added: 100 nM Ro-31-
8220, 200 nM staurosporine, 700 nM UO126, @M calphostin, 0.1 mM 5,6-
Dichlorobenzimidazole riboside (DRB). For study BfS1 ubiquitination state, N-
ethylmaleimide (NEM) was added to inhibit deubigquating enzymes.

LLC-PK; or HEK 293 cells expressing a GFP fusion proteareMysed in the
lysis buffer (0.05M Tris-HCI, pH 8.0, 0.5M NaCl, 1f#/v) Igepal CA-630) as described
above (3.2.2.1.). Supernatant was incubated ovsrmigh anti-GFP antibodies coupled
to uMACS superparamagnetic microbeads. After incubatoMACS p-column was
placed in the magnetic field of @ACS separation device and the suspension of the
lysate with microbeads was loaded on theolumn. The beads were washed 5 times
with excess of the lysis buffer followed by washingh 20 mM Tris-HCI, pH 7.5, and
fusion protein was eluted by pH shift with the aatbuffer (0.1 M triethylamine, pH
11.8, 0.1% (v/v) Triton X-100). Eluate was colletia a tube containing 1M MES, pH
3.0 for neutralization. The volume of the elutioaction was 5Qul; protein concentration
was estimated as 0.1-QuB/ul according to SDS-polyacrylamide gel electrophzresid

Coomassie staining.
3.2.2.3. Immunoprecipitation of GFP fusion proteins and assoiated proteins

All buffers were pre-cooled at @ and all experiments were performed on ice.
To avoid the degradation of the proteins, protealsbitor cocktail set Il (Calbiochem)
was added to all buffers. For inhibition of phogglsa activity, 10 pug/ml phosphatase

inhibitor cocktail 1 for serine/threonine proteihgsphatases and L-isozymes of alkaline
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phosphatases (Sigma-Aldrich) and 10 pg/ml phospkatdibitor cocktail 2 for tyrosine
phosphatases, acid and alkaline phosphatases (@ilgineh) were used. For
compositions of inhibitor sets, see section 3.E6r inhibition of kinase activity,
following kinase inhibitors were added: 100 nM Rb&20, 200 nM staurosporine, 700
nM UO126, 0.1uM calphostin, 0.1 mM DRB.

Stably transfected HEK cells expressing GFP-S-taYy-br GFP-S- tag -TEV-
CK2-NS-PKC-PKC (hRS1) were lysed in the lysis buffé5 mM Hepes, pH 7.5, 1.5
mM EGTA, 1.5 mM MgC}, 150 mM KCI, 15% (v/v) Glycerol, 0.075% (v/v) IgalpCA-
630) as described above (3.2.2.1.). Cells weredly®g sonication (3 min of total
sonication time with repeating on and off stepsiférs and 45 s, respectively) followed
by centrifugation at% at 100 000 g for 1 h. @ of rabbit polyclonal anti-GFP antibody
(Abcam) were added to 2 ml of the supernatant @onta 5 mg of total protein and
incubated overnight at’@. For precipitation of GFP fusion protein and atsed
proteins, 100 pl of protein A-coupled sepharosedbg®io-Rad) were added and the
mixture was incubated for 1h at@ The beads were washed 5 times with 10 volumes of
the lysis buffer, and GFP fusion proteins with assted proteins were eluted by the pH
shift with elution buffer (0.1 M triethylamine, pHL.8, 0.1% (v/v) Triton X-100). Eluate
was collected in a tube containing 1M MES, pH 20 rieutralization. The associated

proteins were visualized by Western blot analy3i2.2.6.).
3.2.2.4. Determination of protein concentration

The protein content of the samples was determigedrding to Bradford using
bovine serum albumin as a standard (Bradford, 1936)l of protein solution was
diluted in 97 ul of water and 900 ul of Bradforéhgent (Bio-Rad) and incubated for 5
min at RT. The extinction of the samples was meabsat 595 nm and correlated with
the extinction of the solvent and control BSA sagspl, 4, 6, 8, and 1d).

3.2.2.5. SDS-polyacrylamide gel electrophoresis
Proteins or cell extracts were separated by theodiswuous SDS-polyacylamide

gel electrophoresis according to Laemmli (Laemdfi70). The gels were composed of

two layers, the separating gel containing the spwoading amount (see below) of
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acrylamide/bisacrylamide, 375 mM Tris-HCI, pH 8a®d 0.1% SDS and a stacking gel
(5% acrylamide/bisacrylamide, 0.1% SDS, 125 mM-H@l, pH 6.8). Depending on the
required separation range the acrylamide concémravas adjusted to 10%, 12.5%,
15%, or 17.5% in separating gel buffer using the tigRorese gel,
acrylamide/bisacrylamide 37.5:1 mixture (Carl R@&dmbH). Shortly before casting,
polymerization of the stacking or separating geds witiated by addition of ammonium
persulfate (APS) and N,N,N’,N’-Tetramethylethylemaiine (TEMED) to a final
concentration of 0.01% (v/v) of each component.

Protein samples were prepared by heating for 5an@5C in SDS sample buffer
(0.001 % (w/v) bromphenol blue, 10 % (v/v) glycex00.25 MB-mercaptoethanol, 1 %
(w/v) SDS, 15 mM Tris-HCI, pH 6.8). The samples &veyaded onto polyacrylamide gel
using Gel-Loadertips (Hartenstein). The electropb@ was performed in SDS running
buffer (24.8 mM Tris-HCI, pH 8.3, 192 mM glycine, 18 (w/v) SDS) at 25 V/cm using
MiniProtean-3 electrophoresis chambers (Biorad) tedelectrophoresis power supply
EPS601 (GE Healthcare). The PageRuler Prestaine@ifPrLadder (MBI Fermentas)

was used as a size reference.

3.2.2.6. Western blot and immunodetection

For immunodetection of proteins, the samples werlgested to immunoblot
analysis. Proteins were separated by SDS-PAGEsfaaed onto a Polyvinylidene
Difluoride (PVDF) membrane using a semi-dry sys{&arshoni and Palade, 1983), and
a protein of interest was detected by antibodies. demi-dry transfer of proteins the
horizontal semi-dry transferblot (chamber type SpWith two graphite plates was used.
Before transfer, the PVDF membrane was pre-soaka&dethanol for 5 min. Thereatfter,
Whatman filter papers, the gel and the membrane weubated in the blotting buffer
(25 mM Tris, pH 8.3, 192 mM glycine, 10 % (w/v) rhanol) for 10 min. Subsequently,
the sheets of Whatman paper, the PVDF membranethendel were assembled on a
graphite plate of the transferblot in the followingder: (cathode), 3 x Whatman filter
paper, SDS-PAGE gel, PVYDF membrane, 3 x Whatmaer fpaper, (anode). Blotting
was performed in the blotting buffer at 1.5-2 mAfdor 2 h. After blotting, the PVDF
membrane was stained with Ponceau dye (2% (w/vié€@mnsS, 1% (v/v) acetic acid)

(Salinovich and Montelaro, 1986) to detect the @nes of proteins. The membrane was
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incubated for 40 s in the dye and washed thorouglhily water. The dye was washed
away by the next washing step with TBST buffer (23V1 NaCl, 50 mM Tris-HCI, pH
8.0, 2.7 mM KCI, 0.05 % (v/v) Tween 20).

Immunodetection of the proteins was accomplishetbbewing. First, all non-
specific binding sites on the membrane were blodkedhcubation with blocking buffer
5 % (w/v) milk powder in TBST buffer) for 1 h atTR Then the membrane was
incubated with the primary antibodies diluted ingBcontaining 1% (w/v) milk for 1 h
at RT or overnight at €€. After three 5 min washing steps with TBST canitag 1%
(w/v) milk, the membranes were incubated with tlogsk radish peroxidase (HRP)-
coupled secondary antibodies diluted in TBST comai 1% (w/v) milk for 1 h at RT.
Unbound antibodies were removed with next threeid washing steps with TBST.
During all incubation steps the membrane was in@tan the rotator. The bound label
was visualized by enhanced chemiluminescence uSi@f Plus Detection Kit (GE
Healthcare) or Pierce ECL Western Blotting SubstréPierce) according to the
manufacturer’s instructions. The obtained pictuvesre scanned and densitometric

analysis was performed using program Imad&tp:(/rsbweb.nih.gov/ij/index.htrl

For investigation of the phosphorylation status eérine 370 using
phosphospecific antibodies, the immunodetectiortgutare was modified as following.
First, all non-specific binding sites on the menmeravere blocked by incubation with
blocking buffer (3% (w/v) BSA in PBS buffer) forii at RT. Then the membrane was
incubated with the primary antibodies diluted i thiocking buffer for 1 h at RT or
overnight at +4C. After three 5 min washing steps with PBS, themimenes were
incubated with the horse radish peroxidase (HR®upled secondary antibodies diluted
in PBS for 1 h at RT. Unbound antibodies were reedowith next three 5 min washing
steps with PBS. The detection and analysis of #relb was accomplished as described
above.

Bound antibodies were removed from the Western Bietnbranes by incubation
in the stripping buffer containing 0.1M glycine, p#9 for 1 h at RT. Afterwards
membranes were washed three times in TBST and ddoefith the blocking buffer for 1
h. After this procedure Western blots could be ugmdthe re-probing with other
antibodies.
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3.2.2.7. Staining of protein polyacrylamide gels with Coomasie blue

Detection of proteins separated by SDS-PAGE wasmaplished by staining the
gels with Coomassie Brilliant blue R250 (Merck).eTdrels were incubated in Coomassie
staining solution (0.1 % (w/v) Coomassie brillidahie R250, 7.5 % (v/v) acetic acid, 50
% (v/v) methanol) with gentle agitation for 30 min. order to remove nonbound dye
from the protein gels, the gel was subsequentlyadesd by three 10 min incubations in
the destaining solution (40 % (v/v) methanol, 1Wt) acetic acid). Alternatively, gels
were destained by repeated boiling in water usingaowave. Moist gels were kept in
12% (v/v) acetic acid at’@ in sealed plastic bags or subjected to gel drying

3.2.2.8. Silver staining of protein polyacrylamide gels

Silver staining methods are about 10-100 times nserssitive than Coomassie
Blue staining techniques. Thus, they were usedd@&iection of very low amounts of
protein on electrophoresis gels. Protein detedddrased on the binding of silver ions to
the amino acid side chains, primary the sulfhyamid carboxyl groups of proteins
(Switzer et al., 1979;0akleyet al., 1980;Merril et al., 1981;Merril and Pratt, 1986),
followed by reduction to free metallic silver (Ridud, 1990). The protein bands are
visualized as spots where the reduction occurs asda result, the image of protein
distribution within the gel is based on the diffece in oxidation-reduction potential
between the gel's area occupied by proteins anft¢leeadjacent sites.

After electrophoresis, the gel was soaked in fixswjution for 2 h. Fixation
restricts protein diffusion from the gel matrixnreves interfering ions and detergent
from the gel and improves the sensitivity of thairshg, and decreases the background.
The fixing solution was discarded, and the gel washed two times with 50% (v/v)
ethanol for 30 min to remove the remaining detergams as well as fixation acid from
the gel. Then the gel was incubated in sensitigwigtion for 2 min with gentle rotation.
This step increases the sensitivity and the cantthshe staining. The gel was then
washed twice, 1 min each time, with water. Thenstgi was performed by incubation
with the cold silver staining solution for 20 minat allowed the silver ions to bind to
proteins. Afterwards the gel was rinsed twice witiater to remove the excess of

unbound silver ions. The protein image was develdmpe incubation of the gel in the
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developing solution for 2 - 10 min. The reactionswstopped by addition of the
terminating solution as soon as the desired intgons$ithe bands was reached. Moist gels

were kept in 12% (v/v) acetic acid 8t4in sealed plastic bags or subjected to gel drying

Fixing solution 50% ethanol, 12% acetic acid, 0.06¥maldehyde
Sensitizing solution 0.02% MN&O3 x 5 HO

Silver staining solution  0.1% AgN{0.07% formaldehyde

Developing solution 3% N&O3, 0.05% formaldehyde, 0.0002% 8303 x 5 H,O
Terminating solution 1% glycine

3.2.2.9. Gel drying

Polyacrylamide protein gels were soaked for 0.5-hhl0% (v/v) glycerol,
covered with cellophane and dried using drying farfor 1-2 days.

3.2.3.Generation and testing of phosphospecific antibodse

Generation of rabbit polyclonal antibodies whichcagnise serine 370
specifically in phosphorylated form included seVatages. First, the peptide containing
phosphorylated serine 370 (purity >95%, 30-39 mg)l dhe corresponding non-
phosphorylated peptide (>70%, 30-39 mg) were switkd. The peptides were used for
immunisation, ELISA titration and affinity purifit@an. For immunisation of rabbits, the
phosphorylated peptide was conjugated to a cgpraein ovalbumin and injected into
the host animals (rabbits). Two animals were usedéch immunisation in view of the
variability of the host responses to the antigehenl the antisera were tested with
Enzyme-linked Immunosorbent Assay (ELISA). The Oled a better responding host
(the antiserum which had the highest titer andlatively low cross-reactivity against
non-phosphopeptide) was used for the isolatiomefantibodies by means of sequential
nonphospho- and phosphoaffinity purifications. Aotlies recognising the
phosphorylated epitope were separated from the humgho-specific antibodies using
the non-phosphorylated peptide column. The purpbsige second purification using the
phosphoaffinity column was to obtain exclusivelyoppho-specific antibodies. The

retained elution fraction should contain the desipbospho-specific antibodies, whilst
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the flow-through should include antibodies to otle@itopes. ELISA was performed
against both peptides to test whether the isolaiatibodies are specific to the

phosphorylation site of interest.

3.2.3.1. Immunization of rabbits

The 19-amino acid peptide, ELHELLVIpSSKPALENTSCntaining serine 370
(PKC consensus phosphorylation site) with COOH teaircysteine was synthesized by
EZBiolab (Dolan Way, USA). The peptide was seledtedh the pig RS1 sequence and
corresponded to amino acids 363-379 of pRS1. Theegmonding peptide with a
nonphosphorylated serine 370, ELHELLVISSKPALENTS@as synthesized by
GenScript (Scotch Plains, USA) and used for scregprind purification as detailed
below. The phosphorylated peptide was conjugatadcysteine to the carrier protein
ovalbimin using 3-maleinidobensoic acid N-hydroxygnate (Sigma). Ovalbumin-
coupled peptides were used to produce polyclon@badies (Poppe et al., 1997). Six
month old rabbits were immunized subscapularly Withg of the ovalbumin-conjugated
peptide in Complete Freund’s Adjuvant, followed siybsequent subscapularly booster
injections with 1 mg of the peptide in Incompletedind’s Adjuvant every 3 weeks. Sera
were obtained from the animals every 3 weeks stamin the day 35 after the initial
immunization. 5-20 ml of blood from the ear artewgre collected each time. After
incubation for 3 h at RT and for 16 h at®&4 the blood was centrifuged at 10 000 g for
10 min at +4C, and the supernatant was isolated. The serunmalicasoted in 0.5-1 ml

fractions and stored at -%0.

3.2.3.2. Identification of the antibody titer. Enzyme-linked Immunosorbent Assay
(ELISA).

The sera and antibody titers as well as crossiceaetere determined by ELISA
employing the phosphorylated or the non-phosphteglaeptides as antigens. The wells
of a 96 well PVC microtiter plate (NUNC) were cahtsith the antigen by pipeting 100
ul of coating buffer containing 1 pg of a peptide pell and incubated for 16 h at +4°C.
After removal of the coating solution, the rema@iorotein-binding sites in the coated
wells were blocked by incubation with the blockimgffer containing 0.5 % BSA for 2 h
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at RT. The plate was washed three times with the€himg buffer. The antiserum or the
antibodies were diluted in the blocking buffer (@messive dilutions from 1 : 400 to 1 :
~400 000), and 100 pl of the antibodies or thesantim mixture were added to the wells.
The blocking buffer alone served as a negativerobnAfter 16 h incubation at +4°C,
the plate was washed three times with the washirfigt Each well was filled with 100
pl of the blocking buffer containing the goat arbbit secondary antibodies coupled
with F(ab) alkaline phosphate in a 1 : 250 diluteord incubated for 4 h at RT protected
from light. The secondary antibodies were washeayawy three times washing with the
washing buffer, and 100 ul of the equilibrationfeufwere placed in each well for 5 min
at RT. The equilibration buffer was decanted archegell was filled with 100 pl of the
substrate buffer and incubated for 1 h at RT. Tdlewr reaction was blocked by the stop
solution (100 mM EDTA, pH 8.0). The absorption @&54nm was measured and the
absorption at 450 nm (background) was subtracted/eofinal results.

Coating buffer 0.1 M NaHCgxiterd to pH 9.6 with 0.1 M N&O3

Equilibration buffer 150 mM NaCl, 10 mM Tris-HCIHp9.8

Blocking buffer PBS buffer, 200 mM NacCl, 0.5 % BSA1 % sodium azide

Substrate buffer 150 mM NaCl, 10 mM Tris-HCI, p8,.% mM MgC}, 1 mg/ml
para-nitrophenylphosphate

Washing buffer PBS buffer, 200 mM NacCl, 0.05 % jviween 20

Stop solution 100 mM EDTA, pH 8.0

PBS buffer 137 mM NacCl, 20 mM, 2.7 mM KCI, 1.5 mMHKEP Oy, 8 mM
NaHPO, x 2H,0 pH 7.14

3.2.3.3. Affinity purification of antibodies

For the affinity purification, the peptides were nmabilized on SulfoLink
Coupling Gels (Pierce). The affinity column coupladth non-phosphopeptide was
washed with 6 ml of PBS, and 1.6 ml of an antisemuas loaded onto the affinity
column and incubated for 1.5 h at RT. The flow-tlglo was collected and applied onto
the phosphopeptide-coupled column that was pre-echshith 6 ml of PBS. After
incubation for 1.5 h at RT, the column was washdéti W6 ml of PBS. The antibodies
were eluted by pH-shift with glycine buffer (100m@#lycine-HCI, pH 2.5, 0.1% Triton
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X-100, 0.15 M NaCl). Sixteen fractions of 50 each were collected into tubes
containing 251l of 1M Tris, pH 9.5 and 500l of glycerin.

For the regeneration of the column, the column washed with 16 ml of PBS
and 5 ml of 0.05% Nadl The columns were stored in 2 ml of 0.05% NaiN+4£C.

3.2.4.Cell Culture

3.2.4.1. Cultivation of mammalian cells

Native and transiently transfected human embry&idoey HEK 293 cells and
porcine renal epithelial LLC-PKcells were grown at 8 in a humidified 5% C®
atmosphere in Dulbecco's modified Eagle's mediuMEDI, Sigma-Aldrich) containing
10% (v/v) fetal calf serum (FCS, Sigma-Aldrich), 14glutamine (PAA, Pasching,
Austria), and 1% penicillin/streptomycin (PAA). tase of stably transfected cells, the
medium was supplemented with 0.8 mg/ml G418. Ce#se grown to a maximal

density of 1-2 x10cells/cnf and passaged every 2-3 days.

3.2.4.2. Passage

Serial passages were done 2-3 times a week. FeagasHEK 293 cells were
detached mechanically whereas LLC4R€lls were detached by 5-10 min incubation in
detaching buffer (G& and Md*-free Dulbecco’s phosphate buffered saline (PBSY (1
mM NaCl, 2.7 mM KCI, 1.5 mM KBHPQ, 8 mM NaHPQ,) (Sigma-Aldrich)
supplemented with 28 mM NaHG0.5 mM EDTA, and 10 mM HEPES) until all cells
were detached from the culture dish. The aspiraigts were pelleted by 10 min
centrifugation at 1 000 g and resuspended in thevation medium. 20-30 % of the cells

were transferred into new flask.

3.2.4.3. Cryoculture

Detached and sedimented cells were resuspendegamedium (DMEM, 20%
(v/iv) FCS, 19% (v/v) dimethyl sulfoxide (DMSO) (8ig-Aldrich)) at concentration of
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10° cells per ml, transferred to cryogenic vials arddced at -78C. After overnight

incubation, cells were replaced in liquid nitrogen storage. To bring the frozen cells
again into culture, they were thawed in a wateh lzt37C and resuspended in normal
medium. After 16 h the culture medium was replacecemove residual DMSO, and the

cells were grown as usual.

3.2.4.4. Transient transfection of mammalian cells

LLC-PK; cells were transfected with GFP-pRS1, fagal-GFP with inserted
fragments of pRS1 using FUGENE 6 Transfection Raag&oche Diagnostics,
Mannheim, Germany) following the instructions ok timanufacturer. For the protein
purification experiments, cells were transientlgngfected with GFP-CK2-NS-PKC-
PKC4-gal using polyethylenimine (Sigma-Aldrich) (Ehrtaret al., 2006). With this
method the transfection efficiency was considerdbgher that enabled purification of
higher amounts of the protein. For 10 cm Petri distransfection mix of 18g of DNA,
1.2 ml of DMEM medium without any additives, anddaf 1 mg/ml PEI was prepared.
After 30 min, the transfection mix was added to ¢keés and 5 h later the cell medium
was replaced by normal cultivation medium. Transbéecefficiency was verified the day

after according to GFP fluorescence.

3.2.4.5. Generation of stable cell lines

Stable cell lines were generated by clonal selediiothe presence of 1 mg/ml
gentamycin. For stable transfection subconfluentKHéells were transfected using
lipofectin reagent (GibcoBRL, Karlsruhe, Germang)ldwing the instructions of the
manufacturer. 48 h after transfection, drug sebeciivas initiated by addition of 0.2
mg/ml gentamycin to the medium. Concentration @f éimtibiotic was increased by 0.2
mg/ml every 3-4 days up to 1 mg/ml. Selection medivas replaced on a daily basis.
Six days after drug selection, extensive cell deebs observed. Two-three weeks after
the beginning of drug selection, surviving cellgr&d forming colonies. Approximately
2-3 weeks later, single colonies were picked witttaile pipette tips, broken up onto a

single cell suspension by repetitive pipetting, arndanded. GFP-expressing clones were



3. Materials and methods 43

analyzed by fluorescent microscopy, and clones sigpan appropriate GFP expression

level were used for further experiments.

3.2.4.6. Inhibitor treatment of cells

In some experiments cells were treated with agiatisare listed in Table 5.

Table 5. Agents and inhibitors used in this studyThe final concentration and the time of

incubation are indicated.

Inhibitor/ Description Final Time of
Activator concentration incubation
Leptomycin B Nuclear export inhibitor 10 nM 25h
Phorbol 12- PKC activator 0.1 puM 30 min
myristate 13-acetate
MG-132 Proteasome and calpaif0 uM 20 h
inhibitor
MG-262 Proteasome inhibitor 0.2 nM 20 h
calpeptin Calpain inhibitor 50M 20 h
A23187 Calcium ionophore 1uM 30 min
W-13 Calmodulin inhibitor 10 pg/ml 30 min
Mimosine Arrests cells in M phase 1 mM 16 h
Nocodazole Arrests cell in late GIL uM 12 h
phase

3.2.5.Analysis of gene expression in mouse embryonic fibblasts (MEFS)
3.2.5.1. Isolation and cultivation of MEFs

HeterozygousRS1"~ mice (Osswalckt al., 2005) were crossed to obtain wild-
type and nullRSL™" embryos. Early the following morning the femalenaals were
checked for a vaginal plug which is an indicat@tttoitus occured. The plug is made of
coagulated secretions from the coagulating anccukzsi glands of the male. It generally
fills the female's vagina and persists for 8-24rkafter breeding. To see the plug, the
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females were lifted by the base of their tails #melr vaginal openings were examined
for a whitish mass. Female mice having the plugseveeparated. A pregnant female
mouse was sacrificed at day 13-14 p.c. by cendedbcation. The uterine horns were
dissected out, and the embryos were subsequentasexl. Placenta, surrounding
membranes and the visceral tissue were dissectedl bflain was cut off and used for
PCR analysis. The rest fetal tissue was rinsedB& PSigma-Aldrich), minced, and
treated with trypsin-EDTA (Hanks' Balanced Saltu$ion containing phenol red, 0.25%
porcine trypsin, and 1mM EDTA, Sigma-Aldrich) fod iin at 37C. Trypsinisation was
stopped by addition of an equal volume of MEF med{(DMEM supplemented with 4.5
g/l glucose (Sigma-Aldrich) containing 10% (v/v) ECSigma-Aldrich), 1% L-glutamine
(PAA) and 1% penicillin/streptomycin (PAA)). Thefes, the cells were spun down and
plated in a 100 cfrdish. These cells were defined as passage # é 24t48 h, the cells
became confluent. These cells were frozen or furthdtivated. For continuous
culturing, MEF cultures were split 1 : 5. MEFs wemwn at 37C in a humidified 5%
CO, atmosphere in the MEF medium.

3.2.5.2. Cryoculture

Detached and sedimented MEFs were resuspendedyamedium (DMEM
containing 4.5 g/l glucose, 20% (v/v) FCS, 19% )vldimethyl sulfoxide (DMSO)
(Sigma-Aldrich)), transferred to cryogenic vialsdaplaced at -7A&. After overnight
incubation, cells were replaced in liquid nitrodgen storage. To bring the frozen MEFs
again into culture, they were thawed as rapidlypessible and resuspended in normal
MEF cultivation medium. After 16 h the culture meai was replaced to remove residual

DMSO, and the cells were grown as usual.
3.2.5.3. Synchronization of MEFs

MEFs were synchronized to the/Go phases of the cell cycle by incubation with
DMEM (Sigma-Aldrich) containing 0.5% (v/v) FCS (&ig-Aldrich), 1% L-glutamine
(PAA) and 1% penicillin/streptomycin (PAA) for 2463 at 37C in a humidified 5%
CO, atmosphere. The MEFs were subsequently exposeatbrimal growth medium
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containing 10% FCS for 12 h to enter the S phasek(dan and O'Connor, 2001). These
cells were collected for the total RNA isolation.

3.2.5.4. Isolation of Total RNA

Isolation of the total RNA was performed with RNgadslidi Kit (Qiagen)
according to manufacturer's instructions. 1-5 x° fibroblasts were used for each
preparation. The concentration of RNA was deterohi(®2.1.15.) and adjusted to 1
ug/ul, and the samples were stored af@0

3.2.5.5. Gene expression microarray analysis

The analysis of the quality of RNA, microarray ais& and normalization of the
raw data were performed by Dr. Susanne Kneitz rditeiplinary Centre for Clinical
Research, Institute of immune biology). The qualitfy RNA was analyzed using
capillary electrophoresis (Agilent 2100 BioanalyzAgilent Technologies, Palo Alto,
CA). Purified total RNA samples were used for gerpression microarray experiments
with GeneChip Mouse Gene 1.0 ST Array Kit (AffymetMunich, Germany). Embryos
with RS1”~ andRSL** genotype were derived from the same animal, arek twild-type
— knock-out pairs from three different animals wearealysed For the evaluation of

normalized data, Gene Ontology terms were useduidsieret al., 2000).
3.2.6.Fluorescence analysis and measurements of nucleacélization

Transfected cells grown on glass slides or polyestembranes (Corning,
Duesseldorf, Germany) were washed three times RBB buffer (137 mM NaCl, 2.7
mM KCI, 1.5 mM KHPO,, 8 mM NaHPQ,) (Sigma-Aldrich) and fixed with 4% (w/v)
paraformaldehyde in PBS for 15 at RT. Nuclei wetained with 10ug/ml 4,6-
diamindino-2-phenylindole (DAPI, Molecular ProbeBugene, USA) which forms
fluorescent complexes with nuclear double-stranB®tA (Kubista M. et al., 1987).
After two washing steps with PBS buffer, cells wemsbedded in Fluorescent-Mounting
Medium DAKO (Diagnostika GmbH, Hamburg, Germanyd graced onto the glass

slides.
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Cells were examined by the conventional fluoreseentdcroscopy using an
Axioplot 2 microscope (Carl Zeiss) with standartiefi set. For detection of GFP
fluorescence, laser excitation was performed aaaelength 488 nm and emission was
registered at 505 nm using a long pass filter.datection of DAPI-stained nuclei, laser
excitation was performed at a wavelength 345 nm emdssion was registered at 458
nm. In each experiment, 100-300 transfected cefisevevaluated for GFP fluorescence
in the nuclei in the fluorescence microscope. Usée nuclear marker DAPI insured
proper identification of the cytoplasmic and nucleampartments. Cells were scored
according to the subcellular localization of GFBidms as predominantly nuclear (with
strong GFP fluorescence within nuclei) or cytoplesrfweak or no nuclear GFP
fluorescence). Weak nuclear fluorescence in thet Iigicroscope is due to GFP in the
cytosol compartment above or below the nuclei asvsehby confocal laser scanning
microscopy and counterstaining with DAPI (Leyer@Q07). Nuclear location was
determined as a percentage of transfected cellioamg a fluorescent protein in the

nucleus.

3.2.7.Calculation and Statistics

Each individual experiment was repeated indepehdémiee to six times. Mean
values = SD were calculated. One-way ANOVA testhwibst hoc Tukey comparison
was used to test for significance of differencesvBen mean values from three or more
groups. Significance of the differences between mean values was calculated using

Student’s unpaired t-test.
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4. Results

4.1. Analysis of nuclear location of pRS1 and its fragmas: experimental design

In the present study we investigated mechanismeniyidg nuclear transport of
pRS1 in subconfluent and confluent LLC-P¢ells. LLC-PK cells derived from porcine
epithelia serve as a popular model system for tiyesson of epithelial development
(Hull et al., 1976;Mullinet al., 1980;Amsler, 1994). Subconfluent LLC-PKells have
properties of non-differentiated cells whereas kaft LLC-PK; cells polarize and form
junctions resembling differentiated epithelia.

We analysed nuclear location of pRS1 and its fragmen subconfluent LLC-
PK; cells grown to 50-70% confluence (exponential glowhase (Korret al., 2001))
and in LLC-PK cells grown four days after confluence. These twaditions will be
referred throughout the text as subconfluence amfluence, respectively. In our
experiments, fusion of pRS1 to the C-terminus ofPGdtlowed direct tracing of the
protein in the cells by fluorescent microscopy. G&fging of pRS1 does not influence
the nuclear localization of pRS1 (Kroigs al., 2006) and thus can be used for the
analysis. Since small proteins $0 kDa) can passively diffuse through the nucteae
complex even in the absence of NLS (Gorlich, 1998fRius et al., 1999), small
fragments of pRS1 were inserted between GFP [gdlactosidase which increases
molecular weight of fusion proteins, thus prevegtineir passive diffusion.

Nuclear location was determined as a percentagg@msfected cells containing a
fluorescent protein in the nucleus (Yagital., 2002;Franca-Kolet al., 2002;Kobayashi
et al., 2003;Karlssoret al., 2004). In all experiments on nuclear locationscevere
transiently transfected with an indicated constrdcainsient expression allowed short
term analysis of different protein fragments andhmified the detection due to

overexpression of corresponding GFP tagged proteins
4.2. Dynamic redistribution of pRS1 during the cell cyce
Localization of pRS1 in LLC-PKcells depends on confluence (Koeh al.,

2001;Kroisset al., 2006). Confirming these data, we observed GFP1pRS6 + 3% (n
= 6) of nuclei in subconfluent cells and in 18 £ 8= 4) of nuclei in confluent cells.
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Transition of LLC-PK cells from subconfluent to confluent state is aepanied
by changes in the cell density and cell cycle. $anbaent cells actively divide and
progress through &S, G, and M phases whereas confluent cells enter the no
proliferative state (g phase of the cell cycle) and develop extensivecedl contacts
including tight junctions (Amsler, 1994). Therefptependence of pRS1 localization on
confluence might be due to two different reasonsstFpRS1 redistribution might be
regulated by cell-cell contacts. Second, pRS1 ipatbn might be regulated by the cell
cycle. To determine whether nuclear location of PpREB dependent on cell
proliferation/cell cycle or cell density/cell-catbntacts, we synchronized subconfluent
LLC-PK; cells. Cell synchronization was required to enpolpulation of cells being in a
specific cell cycle phase since cell populationsid#i asynchronously. The cells
expressing GFP-pRS1 were treated with mimosinepdexole, or cultivated under
serum withdrawal conditions, and nuclear locatiorG&P-pRS1 was analysed (Figure
3). Mimosine is a plant amino acid that reversttllycks cell cycle progression at the late
G: phase. When mimosine is removed, cells progresaigh S phase and eventually
enter G/M phases. Nocodazole treatment causes destaiaihizait microtubules, thereby
inhibiting formation of the mitotic spindle whicHdeks proliferation and leads to arrest
in M phase. Serum starvation leads to arrest db ael G/G, phases (Jackman and
O'Connor, 2001).

In the G/M-phase generated by 12 h incubation of cells WithM nocodazole
(Jackman and O'Connor, 2001) virtually the saméeandocation of pRS1 was obtained
as in the untreated cells (81 = 3% versus 87 + 2¥)en the cells were synchronized in
the G/Go phase by serum deprivation (Jackman and O'Co@004,), nuclear location of
GFP-pRS1 was reduced to 27 + 7% (Figure 3). Thiisevis similar to nuclear location
obtained in confluent cells (18 £ 6%, Figure 4).0dsynchronization in the;Ghase by
16 h incubation with 1 mM mimosine (Jackman and ddi@r, 2001), 33 = 5% of
transfected cells contained GFP-pRS1 in the nudlei.allow cell cycle progression,
mimosine was removed and the cells were cultivede® or 6 h without mimosine thus
reaching S phase (Jackman and O'Connor, 2001). Witbasing cultivation times after
removal of mimosine, nuclear location of GFP-pRB8dreased successively (Figure 3).
In cells grown for 9 h after removal of mimosinadathus, progressed into,f& phase
(Jackman and O'Connor, 2001), further increaseuriear location of pRS1 could be

observed (nuclear location 64 + 7%, Figure 3). @At indicate that nuclear location of
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pRS1 changes during progression of cells througlcéll cycle reaching a maximum in
the G and/or in the beginning of the M phase and beimgmal in the G- and/or G-

phases. The results indicate that confluence degpemdgulation of pRS1 localization is
determined, at least partially, by the cell cy@ebconfluent cells progress through all
cell cycle phases whereas the nuclear location EP-BRS1 in subconfluent cells was
identical only to that in subconfluent cells syratized to the M phase of cell cycle. It

indicates that cell-cell contacts can also playle in the regulation of pRS1 nuclear

location.
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Figure 3. The nuclear location of pRS1 depends omé cell cycle LLC-PK; cellswere grown until 20-
30% confluence, transfected with GFP-pRS1 andvaitid for 23 h. Subsequently cells were cultivated
for 25 h under the same conditions (non synchrah)jz25 h in the presence of serum depleted medium
(serum starvation), 13 h with regular medium pl@shlin the presence of 1 uM nocodazole, 9 h with
regular medium plus 16 h in the presence of 1 mkhaosine (mimosine), 6 h with regular medium plus 16
h with mimosine and 3 h with regular medium (minmasit 3 h w-0), 3 h with regular medium plus 16 h
with mimosine and 6 h with regular medium (mimos#é h w-o0), or 16 h with mimosine and 9 h with
regular medium (mimosine + 9h w-0). Fractions ainsfected cells with nuclear fluorescence were
determined. Mean values * SD of four independeptsgments are indicated. Synchronization conditions
under which nuclear location of GFP-pRS1 was sigaittly different compared to non-synchronizedscell
are indicated by asterisks, ***P<0.001.
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4.3. ldentification and characterization of nuclear expat signal in pRS1

Since the molecular weight of pRS1 (~70 kDa) swpssthe upper limit for
passive diffusion through the nuclear pore (~4kb@) (Gorlich, 1998;Rosoriug al.,
1999), nuclear transport of pRS1 as well as redigion of pRS1 in confluent LLC-PK
cells should occur via specific signals that faéaie its active nuclear import and possibly
export. By means of mutational analysis, nucleaaliaation signal of pRS1 (RS1-NLS)
represented by amino acids 349-369 had been pdyialentified (Leyerer, 2007). To
identify putative nuclear export signal (NES) m@&)f a bioinformatics-based analysis
employing web-based software Minimotif Miner (Baka al., 2006) was conducted.
Screening of the pRS1 protein sequence revealegrésence of a leucine-rich NES
(RS1-NES), which is represented by amino acids 3®€LKELHELLV %% (Figure
4). The sequence is consistent with the consensgaeace®X ;.3 PXp.3PXD of
classical nuclear export signals, whdres leucine or another hydrophobic amino acid,
and X represents any amino acid (Wetnal., 1995;Kutay and Guttinger, 2005) The
leucine-rich NESs are exported from the nucleusinieraction with the nuclear export
receptor CRML1. This interaction can be blockeddptdmycin B (LMB), a potent highly
specific inhibitor of the nuclear export. The initn mechanism involves selective
alkylation of a single cysteine residue in the carntonserved region of CRM1 by LMB,
which impairs the binding and translocation of tte¥get proteins (Nishiet al.,
1994;Ullmanet al., 1997;Kudoet al., 1999;Henderson and Eleftheriou, 2000). LMB was
employed to verify whether the putative NES is tismal and whether nuclear export is

involved in regulation of pRS1 localization.

pRS1-NES
pRS1-NS

348 v v’370 400
PRS1  342CQPSVESAEESCSSI TAALUKHELH | SSKPALENTSEEVTCRSE! VTEGQTDVKDLSERW QS*06
hRS1 3%8CQPSVESAEESCPSI TAALKHLH SKPASENTSEEVI CQSETI AEGQTSI KDL SERWIQN/02
rbRS1 321SQPPAESAEESCSSI TTAUKELH | SSKPASEAAYEEVTCQSEGTAVWGQTRVNP- SERWTES*84
nRS1  323GQPSVESAEEFCSSVTVALKELH | SCKPASEESPEHVTCQSEl GAESQPSVSDLSGRRVQS®®”

CK2 PKC PKC

Figure 4. Alignment of the nuclear shuttling signalof pRS1 and adjacent amino acids to human RS1
(hRS1), rabbit RS1 (rbRS1) and mouse RS1 (mRS1)ight grey shadings indicate identical and similar
amino acids; identical amino acids are also shawold face. Amino acids that represent the consens
sequence for nuclear export (NES) are boxed. Arairids comprising the consensus motif 1-8-14 df Ca
dependent calmodulin binding are indicated by aheads. Regions corresponding to nuclear exporakign
(NES) (amino acids 360-368 of pRS1) and nucleattlgig signal (NS) (amino acids 349-369 of pRS1)
are depicted above the sequence alignment. Dagksiradings indicate the serines 348, 370 and 400 of
pRS1. Alignment of NS sequences in porcine RS1 igdrthologs was performed with Clustal X
(Version 1.83) (see Methods).
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LLC-PK; cells were grown until 20-30% confluence or twgslafter confluence,
transiently transfected with GFP-pRS1, cultivatedanother two days and incubated for
2.5 h with 10 nM LMB. This concentration was showneffectively inhibit CRM1-
mediated nuclear export (Sachdev and Hannink, 1988 et al., 1998;Asscheet al.,
2001). In the subconfluent cells, most of which teared GFP-pRS1 in the nucleus,
treatment with LMB further increased the nuclearatlion of GFP-pRS1 with borderline
significance (from 86 + 2.4% to 96 = 1.6%, P = @.Obigure 5). In the confluent cells,
the effect of LMB was more pronounced and highlgngicant. 18 + 7.2% of the
confluent cells contained GFP-pRS1 in the nuclews laVB increased nuclear location
of GFP-pRS1 to 77.5 + 1.3% (Figure 5), a value lgintb the nuclear location of GFP-
pRS1 in subconfluent cells. The data indicate tidB prevents the decrease of the
nuclear location of GFP-pRS1 in confluent LLC-P¢ells by inhibition of the nuclear
export. Therefore, confluence may accelerate tlobenu export of pRS1 but not inhibit
the nuclear import of pRS1. It suggests that theedese of the nuclear location during

confluence is due to an activation of the nucleqoet mediated by CRM1.
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Figure 5. The decrease of nuclear location of pRSiuring confluence is abolished when the nuclear
export is blocked by leptomycin B or when NES in pB1 is inactivated LLC-PK; were grown until 20-
30% confluence or until two days after confluenced atransfected with GFP-pRS1 or GFP-
pRS1(Val368Ala) containing an inactivated NES. Afigrther cultivation for two days cells were treat
for 2.5 h with 10 nM LMB to inhibit CRM1 dependemticlear export. Cells that were not incubated with
LMB served as controls. Fractions of transfectdts eeith nuclear staining were determined. Mearueal

+ SD of four independent experiments are indicat&é<0.01, ***P<0.001.
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We assumed that targeting @&al-NS-GFP into the nucleus occurs due to the
specific signal mediating nuclear translocation SARNLS. However, it was formally
possible that pRS1-NLS possesses a cleavage siteffmtease, and cleavage with this
protease vyields two products: GFP fused to a fragrakethe NLS and3-galactosidase
fused to the rest part of the NLS. In this case, dbserved nuclear GFP fluorescence
would reflect the nuclear location of GFP fusedhe degradation product of the NLS
which can passively diffuse into the nucleus eveithe absence of the nuclear import
function. However, purification of the fusion prioteof GFP$Gal with pRS1 fragment
containing pRS1-NLS with anti-GFP antibodies yielamly the full-length protein, and
no degradation products could be detected with@RE antibodies on the Western blot
(see subsection 4.7; Figure 9). Likewise, Westeh dmhalysis of the lysates of LLC-PK
cells transfected with GFP-pRS1 with anti-GFP adibs revealed the presence of only
the full length protein in subconfluent and confiieells (see Appendix lll, Figure 15).
Thus, by analyzing GFP fluoresence we tracked ohéy full-length proteins which
cannot surpass the nucleus passively. These ddizatie that pRS1-NS mediates the
transport of a heterologous protein into the nuleand contains a functional NLS.
Moreover, our results suggest that the differentb@ialization of pRS1 in confluent
versus subconfluent cells is not due to degradation ef photein but due to specific

regulation of the signals governing pRS1 nucleamgport.

4.4. hRSL1 interacts with nuclear import receptor importin g1

Having shown that pRS1-NES within pRS1-NS enable$/€l-mediated export,
we tried to identify the nuclear import pathway disgy pRS1-NLS. The nuclear import
mechanism depends on interaction between the wansgeptors importins and NLSs
of cargos (Pemberton and Paschal, 2005). The mafriproteins bearing nonclassical
NLSs bind directly to specific subtypes of imporfinfamily of the nuclear import
receptors (Pemberton and Paschal, 200B¢refore, we investigated whether a fragment
of hRS1 containing NS (hRS1-NS-fragment, amino 2888-402) or full-length hRS1
bind to importinf1 and/orf2 (Figure 6), the nuclear import receptors thamglacate
majority of targets with nonclassical NLS (Pembertand Paschal, 2005). These

experiments were performed with human RS1 in huerabryonic kidney (HEK) 293
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Figure 6. Interaction of the nonconventional nuclea location sequence in RS1 with importinp1.
HEK 293 cells were stably transfected with GFP (P fused to the CK2-NS-PKC-PKC fragment of
hRS1 (amino acids 338-402 of hRS1, GFP-hRS1 fragnoery FP fused to full-length hRS1 (hRS1-YFP).
Cells were lysed by sonication, centrifuged at 1000g, and the supernatants were used for
immunoprecipitation of GFP and GFP protein compexath anti-GFP beads. Gel-separated proteins
were analyzed by Western blotting using antibodsireg GFP (anti-GFP), importipil (anti-IMP31), or
importin B2 (anti-IMPB2). The data indicate that importpi is coprecipitated with the hRS1 fragment
containing NLS of hRS1 and with full-length hRS1.

cells because the human nuclear transport machisievgll characterized and antibodies
recognizing porcine importins were not availableor Fco-immunoprecipitation,
subconfluent HEK 293 cells transfected with GFP-T&VYag-(hRS1-NS-fragment)
(Figure 6a) or yellow fluorescent protein (YFP)dad full-length hRS1 (hRS1-YFP)
(Figure 6b) were employed. HEK 293 cells expressekpP-TEV-S-tag (Figure 6a) or
nontransfected HEK 293 cells (Figure 6b) served@drols. Immunoprecipitation of
complexes was performed with commercial antibod@sed against GFP that also
recognize YFP. The detection of the importins iruttb fractions was accomplished
using antibodies against impor{id or importinB2. The reactivity of the antibodies was
confirmed by the immunoblotting detection of imporl and importinB2 proteins in

the HEK 293 lysates (data not shown). Co-precipitabf importin 1 with hRS1-NS-
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fragment but not with GFP transfected control cel&s observed whereas imporfig
was not detected in the precipitates (Figure 6&).dEémonstrate the interaction of
importin 1 with full-length hRS1 protein, we precipitated IRYFP from transiently
transfected HEK 293 cells using commercial antibagginst GFP. Consistent with the
migration of hRS1 at 100 kDa in SDS-PAGE gels (Meghal., 2006), hRS1-YFP
protein migrated at about 130 kDa (Figure 6b, peftt). Similarly to GFP-TEV-S-tag-
(hRS1-NS-fragment), hRS1-YFP co-precipitates coehi importin 1. The data
indicate that nonconventional nuclear location aigim NS of hRS1 associates with

importin B1 which can mediate nuclear import of hRS1.

4.5. ldentification of a minimal sequence steering confience dependent location of
pRS1

The composition of pRS1-NS containing both NLS &S suggests that it
might ensure confluence dependent nuclear migratigniRS1. However, the distribution
of the pGal-GFP containing the isolated NS did not dependconfluence (Leyerer,
2007); Table 6). It suggests that an additionalile@gry element(s) in pRS1, which is not
present in the isolated NS, is required for thevattbn of NES and ensures confluence
dependent nuclear transport. Since phosphorylasiane of the major mechanisms of
the nuclear transport regulation (Poon and Jan$5)20we investigated whether
consensus sequences for phosphorylation surroungR§1-NS are required for
confluence dependent nuclear location. pRS1 coewptiisree consensus sequences for
phosphorylation in the vicinity of NS: a consensegjuence for casein kinase 2 (CK2)
dependent phosphorylation of serine 348 N-termyredljacent to NS and two consensus
sequences for protein kinase C (PKC) dependentpplooglation of serine 370 (adjacent
to NS) and serine 400 (Figure 4). The three conserssquences are conserved among
human, pig, rabbit and mouse RS1 (Figure 4) suggesheir potential functional
significance. We hypothesized that phosphorylatbihese sites might be involved in
the regulation of pRS1 subcellular distribution idgr confluence. To check this
hypothesis and to find a minimal sequence requoethe confluence dependent nuclear
targeting of pRS1, we generatg@al-GFP fusion proteins containing NS and the N-
terminal CK2 site (CK2-NS), NS and the first C-témal PKC site (NS-PKC), NS and
two PKC sites (NS-PKC-PKC), NS and the CK2-site #malfirst C-terminal PKC site
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(CK2-NS-PKC), and NS and all three phosphorylasites (CK2-NS-PKC-PKC), and
measured their nuclear location in the subconflummd confluent cells (Table 6).
Confluence dependent decrease of nuclear locatas abserved with NS-PKC, CK2-
NS-PKC, NS-PKC-PKC and CK2-NS-PKC-PKC. The datadaté that NS-PKC is the
minimal sequence that mediates confluence depemimtear location and imparts this
property to the full-length protein. Moreover, tHata suggest that phosphorylation of
serine 370 is critically involved in the regulatioh the pRS1 nuclear location during

confluence.

Table 6. A fragment containing the nuclear shuttlig sequence of pRS1 extended C-terminally to five
amino acids is able to mediate confluence dependemticlear location of Gal-GFP. Nuclear location

of pGal-GFP containing the indicated fragments of pR&k measured in subconfluent and confluent
LLC-PK; cells. Cells were grown until 20-30% confluence or two siafter confluence and transfected
with BGal-GFP containing the indicated fragments. 48tlrafansfection cells were evaluated for nuclear
GFP fluorescence. Mean values + SD of three to iindependent experiments are shown. *P <0.05,
**P<0.01,**P<0.001: differences tgGal-NS-GFP (NS) in confluent cell¥<0.05: difference between
NS-PCK and CK2-NS-PKC:** P<0.001: difference between S370 A and S37BE(.05,”P<0.01,™
P<0.001: differences between subconfluent and genficells. The data indicate that NS-PKC is sidgfit

to mediate confluence dependent nuclear targeting.

a — data from Leyerer, 2007

Name Fragments (aa) Nuclear location
Subconfluent Confluent
NS 349-369 56 £9.0 69 + 16
CK2-NS 342-369 44 + 8.5 42 + 4.5*
NS-PKC 369-374 66 £ 6.7 36 + 7.1%%
CK2-NS-PKC 342-374 62 +5.7 16 + 6.3%*+""
NS-PKC-PKC 349-406 50+95 32 + 4_4*9:
CK2-NS-PKC-PKC? 342-406 67 £7.2 20 + 2. 4xi""
S3704° 342-406 50+5.7 61+3.8
S370F 342-406 7.6+2.3 21 +£1.8

4.6. Investigation of the role of phosphorylation of seine 370

The role of phosphorylation of serine 370 in nucleageting of pRS1 was
examined using mutants of the full-length pRS1 @K@-NS-PKC-PKC in which serine
370 was substituted by alanine or glutamate. Aln(8er370Ala) substitution was
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constructed to abolish phosphorylation at serin@, 3vhereas glutamate (Ser370Glu)
mutants were designed to mimic a constitutivelygphmrylated serine 370 (Thorsness
and Koshland, Jr., 1987;Zhabal., 1994). It has been shown previously that suligiiiu
of serine 370 to alanine or glutamate leads tddbe of confluence-sensitivity of nuclear
location; at that, the effects of the mutationsevepposite. Substitution of serine 370 by
alanine led to the nuclear accumulation of the gnst in both subconfluent and
confluent LLC-PK cells; in contrast, the Ser370Glu mutants showas huclear
location in subconfluent and confluent cells (Leyer2007). The data suggested that
phosphorylation of serine 370 decreases nucleatitotand might be responsible for the
redistribution of pRS1 between the nucleus andctheplasm during confluence. Since
confluence-dependent redistribution of pRS1 is ddpat on the regulation of the
nuclear export (see subsection 4.3), phosphorylatight be the mechanism underlying
the activation of pRS1 nuclear export. Thus, welyaea the effect of LMB on the
nuclear location of the mutated (Ser370Glu) fuligth pRS1. LMB increased nuclear
location of the mutant in the subconfluent and kanft cells (confluent cells without
LMB: 17 + 5.9%, with LMB: 75 £ 14.3%, n = 4 eachs®05; subconfluent cells without
LMB 16.5 £ 13.5%, with LMB 86 £+ 2.8%, n = 3 eachs@001) (Figure 7). Therefore,
phosphorylation of serine 370 promotes nuclear gxgfdhe full-length pRS1.
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Figure 7. Influence of serine 370 phosphorylationrothe nuclear location of the full-length RS1 and
CK2-NS-PKC-PKCin confluent LLC-PK ; cells. LLC-PK; cells were grown until two days after
confluence and transfected with GFP-pRBGal-CK2-NS-PKC-PKC-GFP, or a corresponding protein
containing Ser370Glu mutation. After further cuétilon for two days cells were treated for 2.5 hhwiiD
nM LMB to inhibit CRM1 dependent nuclear export.ll€e¢hat were not incubated with LMB served as
controls. Fractions of transfected cells with naclstaining were determined. Mean values * SD tdadt
three independent experiments are indicated. *@k0**P<0.001.
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The effect of LMB treatment was different in casg$®er370Glu) mutant of the
CK2-NS-PKC-PKC fragment. The fragment showed naistieally significant increase
in nuclear location after LMB treatment (confluealls without LMB 21 + 1.8%, with
LMB 21 £ 1.4%, n = 3 each (Figure 7); subconfluealls without LMB 7 + 2.1%, with
LMB to 16.5 + 13.5%, n = 3 each) indicating thatopphorylation of serine 370 in
fragment CK2-NS-PKC-PKC disturbs the nuclear imporHowever, since
nonphosphorylated mutant of CK2-NS-PKC-PKC (Ser3dapAwvas located in the
nucleus independently of confluence (Leyerer, 200@ble 6), phosphorylation of serine
370 is supposed to be also essential for the nuelgrort of this fragment.

Importantly, unlike the constitutively phosphorgdt fragment, the nuclear
import of the wild-type CK2-NS-PKC-PKC was not bked, and the nuclear location of
the wild-type fragment in the confluent cells wasreased after LMB treatment (without
LMB 20 * 2.4%, with LMB 53 + 3.6%, n = 3 each, P801) (Figure 7). The similarity
of the LMB effect on the nuclear location of thdl4ength pRS1 and CK2-NS-PKC-
PKC indicates that nuclear location of the fragmemegulated during confluence by the
nuclear export as that of the full-length proteline different effects of LMB on the
nuclear location of the mutated (Ser370Glu) pR&grfrent versus mutated (Ser370Glu)
full-length pRS1 may have different reasons. Fitst, folding of the mutated pRS1-NS-
PKC domain may slightly differ between the isolateyment and the full-length pRS1
protein. Another reason could be that an additi@mahain of pRS1 modifies structure
and function of the mutated pRS1-NS-PKC domain. Sihalar effects of LMB on the
location of GFP-pRS1 and GFP-pRS1(Ser370Glu) mwapport the interpretation that
phosphorylation of serine 370 increases nucleaoxghereas it does not block nuclear
import of the full-length pRS1. The exchange ofireer370 to glutamate in fragment
CK2-NS-PKC-PKC may not only stimulate nuclear exgixe in the full-length pRS1
but - different to the full-length pRS1 - also inmphe nuclear import.

The increase in the nuclear location of the wildetyfragment but not of the
(Ser370Glu) mutant fragment after LMB treatment banexplained on the basis of the
following observations. Constitutively phosphorgidtfragment is located predominantly
in the cytoplasm, whereas the wild-type fragment ba phosphorylated in both the
cytoplasm and the nucleus. It is, therefore, pdssibat CK2-NS-PKC-PKC is first

imported into the nucleus and then becomes phoglatted in the nucleus. It might
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explain why nuclear import of (Ser370GIu) mutant bot of the wild-type fragment was
blocked. The (Ser370Glu) mutant of the full-leng&81 might either be phosphorylated
in both the cytoplasm and the nucleus, or mightr l@ehitional regulatory elements

which aid in nuclear translocation of RS1.
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Figure 8. PKC activation leads to a decrease of theuclear location of the full-length RS1 and of
CK2-NS-PKC-PKC which can be blocked by the inhibiton of nuclear export.LLC-PK; were grown
until 20-30% confluence and transfected with GFESpRr CK2-NS-PKC-PKC. After further cultivation
for two days cells were treated with 0.1 uM PMAGL pM PMA together with 10 nM LMB for 2.5
hours. Non-treated cells served as control. Frastiof transfected cells with nuclear staining were
determined. Mean values * SD of four independepegrents are indicated. ***P<0.001.

To prove the role of PKC in the regulation of pR&(bcellular localization, we
investigated whether application of an activatoP&IC, phorbol 12-myristate 13-acetate
(PMA), influences the nuclear location of GFP-pR81 -Gal-(CK2-NS-PKC-PKC)-
GFP in subconfluent LLC-PKcells. Similar results were obtained with both proteins.
When cells were incubated for 30 minutes with M. RMA, the nuclear location of the
corresponding proteins was significantly decred§gaP-pRS1 from 79 + 1.6% to 26.5
+1.5%, B-Gal-(CK2-NS-PKC-PKC)-GFP from 67 + 7% to 14 + 1.5%igure 8).
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Significant shift towards a more cytoplasmic lozation of pRS1 upon PKC activation
was predicted from the data obtained with serinégamta and indicates that localization
of pRS1 is controlled by PKC. To distinguish betwdbe effects of PKC on nuclear
import and nuclear export of pRS1, subconfluensagkre treated with 0.1 uM PMA or
0.1 uM PMA together with 10 nM LMB for 2.5 hoursintlarly to PMA treatment for
30 min, the PMA treatment for 2.5 hours led torargy decrease of nuclear location of
the proteins (GFP-pRS1 from 79 £+ 1.6% to 19 + B¥gal-(CK2-NS-PKC-PKC)-GFP
from 67 = 7% to 20 + 12%). However, when LMB waglgd to block nuclear export,
the effect of PMA on the nuclear location of thdl-fength pRS1 and CK2-PKC-PKC
was abolished (Figure 8) suggesting that PMA atgwanuclear export by

phosphorylation of serine 370.

Interestingly, no significant effect had been oledrwhen subconfluent cells
were incubated for 1 h with 5 uM PKC stimulator DQ@yerer, 2007). The observation
that nuclear location depended on PMA but not orGO@plies that phosphorylation of
serine 370 of pRS1 during confluence is mediatedavDOG insensitive PKC subtype
that can be activated by PMA. It might occur inf@iént situations. First, phorbol esters
and DOG bind to two different sites of PKCs and magluce different states of
activation (Slateet al., 1994), and phosphorylation of serine 370 may ireca PMA-
specific activation of PKC. Second, PMA activateslear PKC subtypes (Thomesal.,
1988;Leachet al., 1989;Eldaret al., 1992) which might be responsible for the
phosphorylation of serine 370 exclusively in thelaus.

4.7. Studies on the phosphorylation state of serine 376f pRS1 in subconfluent

and confluent LLC-PK cells using mass spectrometry

Although the functional role of phosphorylation sd#rine 370 may be deduced
from the experiments employing Ser370 mutants a0@ BRctivation, the demonstration
of differential phosphorylation of serine 370 irethubconfluent and confluent cells was
essential for a final proof. To study the phosplairgn state of pRS1n vivo, mass-
spectrometry was applied. GFP-CK2-NS-PKC-PpgGal was purified from transiently
transfected subconfluent or confluent LLCP&ells using magnetic beads coupled to
anti-GFP antibodies and subjected to the mass+speetry analysis (LC-MRM-
MS/MS) that was performed by Prof. Dr. Albert Sickm (Rudolf-Virchow-Center,
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DFG Research Centre for Experimental Biomedicinajversity of Wuerzburg). To

prevent dephosphorylation or phosphorylation oingeB70 during lysis or purification,

all purification steps were performed on ice and $lolutions were supplemented with
phosphatase and kinase inhibitors. The efficiedcguification was controlled by the

silver staining of polyacrylamide gels and immurattthg with anti-GFP antibodies

(Figure 9). The absence of the GFP fusion proteinthe flow-through and the

enrichment of the elution fraction with the fusignotein (see representative silver-
stained gel and Western blot in Figure 9) indicdtigthly efficient purification.
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Figure 9. Purification of GFP-CK2-NS-PKC-PKC-BGal using magnetic beads coupled to antibodies
recognizing GFP. The fusion protein was purified from transienthartsfected subconfluent LLC-RK
cells and purified with anti-GFP antibodies. Lysdtew-through and elution fraction were analysed b
silver staining of SDS-polyacrylamide gelsf{) and immunoblotting with anti-GFP antibodiegt).

The proteins GFP-CK2-NS-PKC-PKE&Gal purified from subconfluent or
confluent LLC-PK cells were subjected to the mass spectrometritysinaSince mass
spectrometric analysis can be applied only to pgegtwith molecular weight less than 3
kDa, a prior proteolytic cleavage with trypsin waarformed. By mass spectrometric
analysis of the trypsin cleavage products, we wanable to detect any peptide
containing serine 370 — neither in phosphorylatedin nonphosphorylated form. This

could be due to a limitation in a dynamic rangemass spectrometry when a peptide
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might not be seen if it is present in a very lowrmdance relative to another peptide in
the same fraction (Areces al., 2004). Other reason might be low ionization éffcy
which can interfere with the detection of peptiq@seceset al., 2004). Finally, the
tryptic cleavage could result in generation of pegtides with molecular mass more than
3 kDa which cannot be detected by the mass speetrgnindeed, in our experiments
the protein sequence coverage did not exceed 3@&wraged 25%. Inspection of the
GFP-CK2-NS-PKC-PK@-Gal protein sequence revealed that two potentigdsin
cleavage sites at positively charged amino acidatéal in the vicinity of serine 370 are
followed by prolines (Figure 12) that can block ptig cleavage (Wilkinson JM.,
1986;Bier ME, 2002;Barrett al., 2004). In this case, cleavage with trypsin yidios
large peptides which cannot by detected by masstrepeetry. Thus, the alternative
proteases including Glu-C, chymotrypsin, and V6 evemployed. However, after
application of these agents peptides containinges&70 could not be detected by mass
spectrometry as in the case of trypsin cleavage.
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Figure 10. Alternative strategy to detect peptidesontaining serine 370Prolines shown in bold were
substituted with alanines, thus allowing cleavageripsin at two additional sites indicated by avso All
potential trypsin cleavage sites in vicinity ofiser370 are underlined. The introduced mutatiormih
increase the possibility that peptides containing $erine of interest (marked with dark grey) void
detected. GFP, CK2-NS-PKC-PKC (amino acids 342-40@p3-galactosidase are marked with light grey.

Since application of several cleavage agents digpramuce peptides that can be
detected by mass spectrometry, we developed amaitee strategy to detect peptides
containing serine 370 (Figure 10). As discussed/@pbserine 370 is surrounded by two
potential trypsin cleavage sites in GFP-CK2-NS-PRIGE{f-Gal, but the cleavage can
be disturbed due to the proline residues followtihg positively charged amino acids
(Wilkinson JM., 1986;Bier ME, 2002;Barret al., 2004). Therefore, proline residues at
positions 247 and 283 of GFP-CK2-NS-PKC-PRGal were substituted with alanines,
thus allowing trypsin cleavage at two additionaési(arginine 246 in the spacer region
and lysine 282 corresponding to position 361 of pRS&irrounding the serine of interest
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(Figure 10). The resulting protein, GFP-CK2-NS-PRRC(+2Tryp)Gal, was
expressed in subconfluent or confluent LLCsRt€lls, purified using magnetic beads
coupled to anti-GFP antibodies, and subjected too#a-MS/MS analysis in
cooperation with Dr. Yvonne Reinders (Proteomicoupr Institute of Functional
Genomics, University of Regensburg). The appliegtsgy allowed the detection of both
phospho- and non-phosphopeptides containing se&if® These peptides had the
sequence ELHELLVISSK indicating that the trypsieastage occurred at the natural site
after Lys 361 and at the introduced site after [ys3Iintegration of extracted ion
chromatograms of the phosphorylated and non-phoglaited peptides revealed that
phosphorylated peptide signal was increased byoappately 60 % while the signal of
the non-phosphorylated peptide was diminished 9 88the sample derived from the
confluent cells in comparison with the sample aisdi from the subconfluent cells.
Therefore, serine 370 is phosphorylated to a higleggree in the confluent cells in
comparison with the subconfluent cells.

It is important to mention that only the ratiosadfundancies of the peptide (either
non-phosphorylated or phosphorylated) from subcemfi and confluent cells samples
could be derived from the mass spectrometry dat@. dbsolute quantification of the
extent of serine 370 phosphorylation (e.g, ratio @hosphorylated and non-
phosphorylated peptides) in proteins purified freabbconfluent or confluent LLC-RK
cells was impossible since the spectra of phospldoran-phosphopeptides generally do
not accurately reflect the ratio between the phosmnd non-phosphopeptides in a
sample (Craiget al., 1991). The main reason is the low ionization cgfficy of
phosphopeptides compared with their non-phospheglanalogues which leads to
higher yields of the nonphosphorylated peptide iomspared with the phosphorylated
peptide (Craiget al., 1991).In parallel with mass spectrometry analysis aimed to
generate the antibodies which recognize serinespé@ifically in phosphorylated state.
The generation and characterization of these agigsas described in Appendix IV.

4.8. Investigation of the role of calmodulin in the reglation of nuclear location of
pRS1

RS1-NS contains a functional consensus motif foe talcium-dependent

calmodulin binding. This motif belongs to the clags1-8-14 motives (Rhoads and
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Friedberg, 1997). It overlaps with RS1-NES (Figute and might overlap with
determinants of RS1 nuclear import suggesting ta&hodulin might be involved in
regulation of RS1 nuclear transport. The nucleus daomplete G4 signalling system
and C&" signals can generate considerable movement of ochllim into the
nucleoplasm, where it may have an important fumciiothe control of gene expression
(Peterseret al., 1999). For example, it has recently been shovan diuring the initial
phase of cholecystokinin-evoked global cytosolié*@scillations, each Garise causes
an increment in the nucleoplasmic calmodulin cotreg¢ion, which finally reaches a
steady enhanced level (Crashteal., 1999). To test whether calmodulin participates in
confluence dependent regulation of RS1 nucleardiiateon, we investigated the effect
of the calmodulin inhibitor W-13 on the nucleardtion of GFP-pRS1 and NS-PKC in
subconfluent or confluent LLC-RKcells. This inhibitor belongs to the class of
naphtalenesulfonamide derivatives which bind toncalulin and inhibit C&/calmodulin
regulated enzyme activities (Hidakfal., 1981). Inhibition of calmodulin binding did
not change the nuclear location of RS1 in both snfbeent and confluent cells (GFP-
pRS1, subconfluent cells: control, 98 + 1.2%, withibitor, 99 + 0.3%, n=3; confluent
cells: control, 17.6 £ 7.3%, with inhibitor, 12.451%, n=5; NS-PKC, subconfluent
cells: control, 66 %, with inhibitor, 63 +4%, n = 3; confluent cells: control, 258%b,
with inhibitor, 21 +8%, n = 3). It suggests that calmodulin is notoired into the
confluence-dependent regulation of RS1 nuclearliaieon in LLC-PK; cells. The
absence of the calmodulin effect on nuclear locabb RS1 might have at least two
different reasons. First, it is possible that caloim is not expressed in LLC-RKells

or its expression level is low. Second, the intlata free calcium concentration,
estimated as 72 £ 6 nM in LLC-RKells (Pary=t al., 1986;Blackmoreet al., 2002),
might be too low for calmodulin binding to RS1 ®rtbe observed half maximal calcium
concentration required for calmodulin binding to1R8 vitro has been determined as
0.48 +0.28 uM (experiment performed by Chakravarthi @flapati; Filatova et al.,
2009, submitted). To assess the first possibiity,tested whether calmodulin protein is
present in subconfluent and confluent LLC+Ri€lls. The calmodulin was expressed in
both HEK 293 cells and LLC-PKcells (Figure 11a); therefore, it seems that low
calmodulin expression cannot be the explanatiothf®rabsence of the calmodulin effect.
The second possibility was tested by applicatiothefcalcium ionophore A23187 which

increases the intracellular calcium concentrationl, atherefore, should enhance or
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activate calcium-dependent calmodulin binding td R¥e analysed the nuclear location
of GFP-pRS1 in subconfluent or confluent LLC-R#€lls that were treated with A23187
for 30 min. In both subconfluent and confluent €ethe elevated intracellular calcium
concentration did not influence the nuclear locatdd RS1 (subconfluent cells, control;
98 + 1.2%, with calcium ionophore: 99 + 1.1%, n=8nfluent cells, control: 17.6 *
7.3%; with calcium ionophore: 19.5 + 2.4%, n=3) gesting that calmodulin binding

does not influence the confluence-dependent nuldeation of RS1.
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Figure 11. a.The lysates of subconfluent HEK 293 cells and sofigent and confluent LLC-PK1 cells
were analysed with an antibody against calmod@imi{CaM). 30 pg of protein were applied per lame.
HEK 293 cells stably transfected with GFP (GFP)PGised to amino acids 338-402 of hRS1 (GFP-hRS1
fragment) were lysed in the presence of 2 mM EGTA.& mM C&", and the supernatants were incubated
with anti-GFP antibody coupled agarose in the atrsefi C&* (2 mM EGTA) or in the the presence of 0.1
mM C&*. The beads were washed in the absence or preséi@#*. GFP and GFP-protein complexes
were analyzed by Western blotting using antibodgireg importinp1 (anti-imB1). The data indicate that
imag)ortin B1 is coprecipitated with the hRS1 fragment contajriRS1-NLS in the absence and presence of
ca’.

To directly test whether calmodulin binding to t@sensus binding motif within
RS1-NS changes nuclear migration of RS1, we inatt/ the binding by single

substitution of isoleucine 356 to glycine or doubléstitution of isoleucines 356 and

369 to glycines in CK2-NS-PKC-PKC. The correspogdimutations have been shown to
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inactivate calmodulin binding to 1-8-14 calmodulimding motives (Fischeet al.,
1996;Beguiret al., 2005). The inactivation of calmodulin binding Heeen confirmed by
the in vitro calmodulin binding assay (experiment performed ©Ghakravarthi
Chintalapati; Filatova et al., 2009, submitted).char location of the mutants in
subconfluent cells was strongly decreased for buikants in comparison with the wild-
type fragment (single substitution mutant: 18 +92, double mutant: 9 + 1.8%). The
observed decline in the nuclear location of theamist might have two reasons: either the
NLS itself is destroyed, or the calmodulin bindisgequired for the nuclear location of
RS1. Trying to distinguish between these two polesds, we treated subconfluent or
confluent LLC-PK cells expressing one of the mutants with LMB. Tmeant with
nuclear export inhibitor did not increase the nacléocation (CK2-NS-PKC-PKC
(le356Gly): without inhibitor 18 + 2.7%, with inhitor 19 + 8.2%; CK2-NS-PKC-PKC
(1e356Gly,lle369Gly): without inhibitor 9 + 1.8%wyith inhibitor 9 + 2.1%) implying
that the mutations led to the impairment of theleaicimport. This effect can be due to
the direct effect of the mutation(s) on RS1 nucle@aport (e.g., when important
recognition determinants of NLS are destroyed)air be caused by disturbance of the
calmodulin binding. To approach this question, wstéd whether calmodulin binding
prevents binding of importifil to RS1-NS and may thereby block nuclear impooteN
that the co-precipitation of importifl with the human RS1 fragment CK2-NS-PKC-
PKC expressed in HEK 293 cells was performed in ésence of GA where
endogenous calmodulin does not bind to NS (seeestiba 4.4). We tested whether
increased calcium concentration which should endaredmodulin binding prevents
binding of importin 1 to NS and may thereby block nuclear import unterse
conditions. Analysis of the precipitates of GFP-hR8agment (GFP-TEV-S-Tag-
(human CK2-NS-PKC-PKC) in the absence and presefi€el mM C&" showed that
importin 1 was co-precipitated under both conditions, andt tthe amount of
precipitated importirl was 1.97 = 0.5 times higher (n=3, P<0.05) in @nes of 0.1
mM C&* compared to the calcium-free conditions (Figure)11The data suggest that
binding of calmodulin to NS modulates but does piavent binding of importirgl.
Since the inactivation of calmodulin binding wast nioe reason for the decrease in
nuclear location of RS1 in subconfluent cells, #&3seems to be important for RS1
transition into the nucleus along with the aminadaceu366. Our data suggest that

calmodulin is not involved in the confluence depamtdregulation of RS1 localization.
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At the same time, our results do not exclude thelirement of calmodulin in the
regulation of RS1 nuclear transport. The increadethe intracellular calcium
concentration, for example, during confluence (Miget al., 1992) or during the cell
cycle (Bootman and Berridge, 1996;Gerasimergkoal., 1996), might lead to the
activation of calmodulin binding to RS1 and subsaquedistribution of the protein.

This assumption, however, needs experimental stppdrcalls for further investigation.
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5. Discussion

LLC-PKj, a cell line derived from porcine proximal tubwells (Hull et al., 1976),
has been widely used as a model system for studyimgjions of polarized epithelia and, in
particular, regulation of glucose transport in legiial cells (Mullin et al., 1980;Amsler,
1994). This cell line has been described to undengarphological changes during
differentiation and maturation from subconfluenttaxe to a confluent epithelial layer.
During transition from logarithmically growing sutr@fluent undifferentiated cells to a
confluent monolayer in LLC-PKcells, a number of differentiated functional cltaeastics
of renal proximal tubule develops including tightingtions, microvilli, vasopressin
responsiveness, transepithelial salt and waterspat, and brush border marker enzyme
activities (Mullin et al., 1980;Amsler, 1994). Expression of apical membrhiaé-coupled
glucose transport activity (Amsler and Cook, 19&®@kr, 1986) and SGLT1 expression
(SHIODA et al., 1994;Yetet al., 1994) is also differentiation dependent in LLCqRi€lls.
SGLT1 is undetectable in subconfluent, activelyiding cultures whereas SGLT1 expression
and SGLT1 mediated AMG uptake drastically increafter cell confluence together with
other differentiation-specific features of kidneypymal tubule.

RS1 participates in the confluence dependent régaoleof SGLT1 in LLC-PK
decreasing the expression of SGLT1 in subconflid@-PK; cells via downregulation of
MRNA transcripts (Kornet al., 2001). In serving this function, RS1 displays iatidct
subcellular localization in subconfluent comparedonfluent cells. In the subconfluent cells
RS1 is present in the nucleus and the cytoplasnereds after confluence it is located
predominantly in the cytoplasm (Kroist al., 2006;Leyerer, 2007). Understanding the
mechanism of RS1 nuclear transport might provid#eaper insight on the mechanism of
RS1-mediated regulation of SGLT1. Therefore, in fh@sent work an attempt was
undertaken to reveal a mechanism of confluencelaigginuclear transport of RS1.

We showed that the decrease of nuclear locatidSdf observed during confluence is
determined, at least partially, by the cell cydlaerefore, RS1 might regulate SGLT1 in cell
cycle dependent manner. Cell cycle dependent regalaf membrane proteins has been
demonstrated previously. For example, the transongactor c-Myb upregulates the plasma
membrane Ca2+ ATPase-1 (PMCAL) during G1 / S ttems{Afroze and Husain, 2001). In
LLC-PK1 cells, a 32 amino acid hormone calcitoniffiedentially activates Na,K-ATPase and
Na/H exchanger in cell cycle dependent manner (Ginakty et al., 1991;Chakraborty et al.,
1994). Likewise, cell cycle dependent nuclear llocatof RS1 might influence Na+-D-
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glucose cotransport activity during confluence aiCLPK1 cells. However, after cell cycle
arrest at G1/GO phase in subconfluent LLC-PK1 aalisiced by 24 h serum starvation or at
G1 phase induced by treatment for 16 h with 1 mivhasine leading to a decrease of nuclear
location of RS1 similar to confluence, Na+-d-glueatransport activity was increased by
only 50-75% (H. Koepsell, unpublished data). Attihida+-d-glucose cotransport activity
increases more than 100-fold during confluence ifKetr al., 2001). Therefore, the reduced
amount of RS1 in the nucleus is not the main readaime drastic upregulation of Na+-d-
glucose cotransport activity during confluence dfCLPK1 cells. Additional regulatory
processes must be involved such as RS1 indepengeagulation of SGLT1 transcription
and/or posttranscriptional upregulation of SGLTheTregulation of the mRNA level might
be accomplished, for example, by PKA which rais€d. Bl mRNA level by a pronounced
stabilization of the message (Amsler et al., 198dg® and Lever, 1995). The
posttranscriptional upregulation may be independent RS1 or may be due to
posttranscriptional regulation of SGLT1 by RS1 (Ket al., 2001;Veyhl et al., 2006;Kroiss
et al., 2006). This additional regulation of SGLduring confluence may be signalled by cell-
cell contact. In summary, nuclear location of RShot the main regulatory mechanism for
confluence dependent upregulation of SGLT1 in LLKERells; however, changes in nuclear
location of RS1 contribute to the upregulation &&LS1 during the cell cycle and the
confluence. This type of regulation may be crilicainvolved in changes of SGLT1
expression during regeneration of enterocytes iallsmtestine (Freeman et al., 1992) and
during regeneration of renal tubular cells aftgpdxemic stress (Jiang et al., 2005). Although
RS1 has been mainly described as a regulator ofT3GVeyhl et al., 1993;Lambotte et al.,
1996;Reinhardt et al., 1999;Veyhl et al., 2003;Cddwet al., 2005;Veyhl et al.,
2006;Vernaleken et al., 2007) it must be kept imdanihat RS1 regulates the expression of
various plasma membrane transporters includingspeilgific drug transporters of the SLC22
transporter family and sodium dependent neurotrdgtesmiransporters (Reinhardt et al.,
1999;Jiang et al., 2005). RS1 is expressed in wammrmal tissues, different cell types and in
most tumours (Reinhardt et al., 1999;0sswald et2805); see also cDNA chip expression

arrays: http://www.ncbi.nlm.nih.gov/ggoand is supposed to be involved in tissue specific

regulations of a group of plasma membrane transmriVe assume that the transcriptional
downregulation of transporters in poorly differatéid cells is a general function of RS1 and
may be important in tumour cells. Thus, the regoladf nuclear location of RS1 can aid in

controlling this function.
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Although a large number of proteins have been kntwshuttle between the nucleus
and the cytoplasm, there are only a few examplegrofeins regulated by confluence.
Notably, similarly to RS1, all of them are localizgogredominantly in the nucleus in
subconfluent cells but in the cytoplasm in the gt cells. The confluence-regulated
nucleocytoplasmic shuttling proteins include seivenscriptional factors such as the tumor
suppressor proteins, von Hippel-Lindau (Lee et H96) and adenomatous polyposis coli
(APC) (Zhang et al., 2001), the aryl hydrocarboreptor (AhR) (lkuta et al., 2004), Smad2
(Petridou et al., 2000), and the influenza virugleoprotein (Bui et al., 2002) as well as
proteins with an unknown nuclear function: the gitowegulator p8 (Valacco et al., 2006), the
junction-associated proteins ZO-1 (Gottardi et E96)and ZO-2 (Islas et al., 2002), and the
poorly characterized proteins AHNAK (Sussman et 2001) and NORPEG (Kutty et al.,
2006). The confluence dependent redistribution ahes of these proteins is mediated by
nuclear export (lkuta et al., 2004) or differenfidosphorylation of sites near NLS or NES
(Zhang et al., 2001;Sussman et al., 2001;Bui e2802;lkuta et al., 2004) as in case of RS1.
However, to our knowledge, RS1 is the first desatiprotein confluence-dependent shuttling

of which is mediated by a single 26 amino acidgloaclear shuttling domain.

The mapping of a signal which controls the nuckeansport of RS1 was one of the
issues addressed in this study. The nuclear shgiignal employed by RS1 (RS1-NS) was
identified which is composed of nuclear localizatisignal (RS1-NLS) and nuclear export
signal (RS1-NES) that enable transport of RS1 ih @m of the nucleus. RS1-NS is highly
conserved across species showing 95% amino aanditidéetween pig, human, rabbit and
mouse suggesting a common mechanism of nuclearirapd export for pRS1 and orthologs
(Figure 4).

RS1-NS is a new member of the class of nucleartlstgitsignals that contain
overlapping and sometimes inseparable NLS and N#i8héel, 2000;Bachmant al.,
2006;Lin and Yen, 2006). It bears little sequencalarity with other characterized NS such
as the M9 domain of hnRNP Al (Siomi and Dreyfu€95), KNS of hnRNP K (Michael,
2000), HNS of HuR (Fan and Steitz, 1998), or ZNSD#&ZAP1 (Lin and Yen, 2006);
however, RS1-NS shares the consensus of an emb&RIgd dependent leucine-rich NES
with NSs of Vpr (Shermast al., 2001), protein tyrosine kinase Syk (Zheiwal., 2006), and
S6 kinase 1 (Bachmana al., 2006). The existence of a subclass of NSs cantain
overlapping leucine-rich NES and nonconventionabNtas first proposed by Sherman et al.
(2001) who have shown that leucine-rich NES of Yips also properties of NLS. Authors

assumed that NES-containing sequences may funasiddiSs also in other proteins that lack a
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classical import signal. Our results confirm thissamption and might prompt the
investigation of leucine-rich NESs of other nuclgaoteins bearing unknown nuclear
localization signals.

RS1-NLS shows no similarity to the classical nucleaalization signals that contain
a single short stretch of basic amino acids (€gKKRKV (Kalderonet al., 1984)) or the
bipartite NLS with two basic amino acid clustersthwian intervening spacer (e.g.,
KRPAATKKAGQAKKKK (Robbinset al., 1991a)). On the contrary, RS1-NLS essentially
devoid of clusters of basic residues and is repteseby a putativex-helix containing
hydrophobic (mainly leucine) and acidic amino aci@#@gure 4). Several studies have
demonstrated the involvement of the leucine-ricimdims into the nuclear transport. The
leucine-rich motifs mediate nuclear import of than&AP1 (Matuniset al., 1998), sterol
regulatory element binding protein (SREBP) (Nagoshal., 1999;Nagoshi and Yoneda,
2001), Vpr (Shermaret al., 2001), and protein tyrosine kinase Syk (Zhaual., 2006).
Interestingly, similarly to RS1-NLS, the NLS of SBE has a helical structure and is able
engage importin 3 directly (Nagosttial., 1999;Leeet al., 2003a). Thus, RS1-NLS might
employ the same nuclear import pathway as the NLST&BP. Although the full extent of
RS1-NLS is not completely mapped, by means of rartat analysis we could identify
amino acids lle 356 and Leu366 as important fomtindear import of RS1.

In the present study, the nuclear transport recepthich mediate nucleocytoplasmic
shuttling of RS1 have been identified. We showed the leucine-rich NES of RS1 employs
nuclear export receptor CRM1 whereas RS1-NLS dyreoteracts with importin31 that is
responsible for the nuclear import of RS1. Our datggest that the nuclear import of RS1 is
not altered during confluence, and that the nuétgtssol distribution of RS1 is regulated

during confluence by nuclear export activit.

The mechanism that regulates RS1 nuclear tranghaorhg confluence involves
phosphorylation of serine 370. We assume that plwgfation of serine 370 by PKC
enhances nuclear export of RS1 after confluencengpam the following observations: (i)
inactivation of phosphorylation by mutating serB%0 to alanine led to nuclear accumulation
that was independent of confluence; (ii) nuclearatmn of GFP-RS1 anfiGal-CK2-NS-
PKC-PKC-GFP was strongly increased after treatnéntonfluent LLC-PK1 cells with
nuclear export inhibitor LMB; (iii) the decline afuclear location of GFP-RS1 afidal-
CK2-NS-PKC-PKC-GFP caused by activation of PKC dobé reversed by inhibition of
nuclear export. Confirming our results, mass speogtry analysis showed that serine 370 is

phosphorylated to a higher degree in confluent [RK;- cells in comparison with
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subconfluent cells. On the first view our resul{gp@ar to be inconsistent with previous
findings showing that total PKC activity in homogées of subconfluent LLC-RKcells is
higher compared to confluent LLC-Rkeells (Dawson and Cook, 1987). However, the
phosphorylation of pRS1 may be subtype-specifec, anly one specific PKC subtype may
phosphorylate RS1. For example, serine 370 of pR&Y be phosphorylated by a PKC
isoform that is translocated from the cytoplasnih® nucleus in response to differentiation
stimuli. Indeed, there are several reports of iaseel levels of nuclear PKC activity in the
context of cell differentiation. All these invesiipns showed translocation of various PKC
isoforms from the cytoplasm to the nucleus upon ddferentiation (Martelli et al.,
1999;Buchner, 2000;Martelét al., 2006). Moreover, PKC is translocated to the ruslm
response to phorbol ester treatment (Thoehak, 1988;Leactet al., 1989;Eldart al., 1992)
that can explain the differential effects of PMAJADOG on the nuclear location of RS1 (see
subsection 4.6. in Results). Although our data tawbe phosphorylation of Ser370 by PKC
in the nucleus, we do not have any direct evideincevhich cellular compartment the
phosphorylation takes place.

Taking together, the following model of regulatioh confluence-dependent nuclear
transport of RS1 in LLC-PK1 cells can be propodadyre 12). In subconfluent cells, RS1 is
translocated into the nucleus via the nuclear impeceptor importin3l whereas nuclear
export of RS1 is not active. RS1 accumulates imthdeus because nonphosphorylated RS1-
NS does not mediate nuclear export. After confleeneKC phosphorylates RS1 that
enhances RS1 nuclear export mediated by the nuelgeant receptor CRM1. It leads to the
predominantly cytoplasmic distribution of the piiaten the confluent cells.

The impact of Cadependent calmodulin binding to RS1-NS on the leggun of
nuclear location of RS1 is not understood. We caowdt elucidate the role of calmodulin in
confluence-dependent regulation of nuclear locatbiS1. This may be due to relatively
low C&* concentrations in LLC-PKcells (Blackmoreet al., 2002). Importantly, our results
do not exclude that calmodulin binds to RS1-NS umdere defined physiological conditions,
for example during specific cell states when th®sglic and/or nuclear Eaconcentrations
increase to higher levels. Such states may be gepied only by single cells of the
populations of LLC-PK cells investigated in our study. Notably, transikemge increases of
C&* concentration in the cytosol may be channelledhia nucleus during confluence of
MDCK cells (Nigamet al., 1992), during antigen stimulation of tumour meeils (Chandra
et al., 1994) or during the cell cycle (Bootman and Bkye, 1996;Gerasimenlab al., 1996).
Since modelling of interaction of RS1-NS with cabmbn and PKC presupposes that
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calmodulin and PKC cannot bind simultaneously tolRE (Filatova et al., 2009,
submitted), calmodulin binding should compete viltle phosphorylation of serine 370 by
PKC and thereby slow down or prevent nuclear expoRS1.

subconfluent confluent

a N

RS1 oL RS1.

|

L /

Figure 12. Schematic model for the confluence-dependent regulation of RIS nuclear location by
differential phosphorylation of serine 370.In subconfluent cells, pRS1 localises to the nuxldue to active
NLS which mediates transport of RS1 into the nugleia importinfl. In confluent cells, phosphorylation of
serine 370 activates NES that leads to the expulsidhe protein from the nucleus via nuclear ekpeceptor
CRM1 and ensures predominantly cytoplasmic distidoupattern of pRS1.

"I leptomycin B

The nuclear location of RS1 in confluent cells sty increases within 2.5 hours
upon inhibition of the nuclear export. It suggetiiat a large fraction of the total RS1
population shuttles between the nucleus and cydopl&Vhat is the role of nuclear shuttling
by RS1? RS1 downregulates the release of SGLTJacwmg vesicles from the TGN (Veyhl
et al., 2006;Kroisset al., 2006) as well as the transcription of SGLT1 (Ketral., 2001).
Since RS1 mediates a dual regulation of SGLT1 anstriptional and post-transcriptional
levels, the nucleocytoplasmic shuttling of RS1 migihsure a rapid switch between short- and
long-term regulations of SGLT1 by RS1. Whether twerice dependent nuclear location is
required for the “cytoplasmic” function of RS1 isalkear and calls for further investigation.

Notably, RS1-NS overlaps with a recently identifteahscription modulatory domain
of RS1 located between amino acids 328-529 of hRS1Chintalapati, R. Poppe, V.
Gorboulev and H. Koepsell, unpublished data). Thamjno acids 328-529 represent a
domain which consists of two overlapping functiosabunits: a nuclear transport subunit and
a transcription modulatory subunit. It is therefpassible that proteolytic degradation of RS1
leads not only to a relieve of TGN regulatory domai RS1 (Kornet al., 2001;Veyhlet al.,
2006;Kroisset al., 2006) but also to a release of a transcriptiguleging domain. Since RS1
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was suggested to downregulate SGLT1 on the traotguoral level, nuclear location of RS1
might be important for the regulation of SGLT1. Timgclear location of RS1 suggests that
RS1 can directly interact with the transcriptiosamplex of SGLT1. However, RS1 might
also target an unknown factor, e.g., a transcmpiéetor, which, in turn, regulates SGLTL1.

In an attempt to characterize the targets of RShamucleus, we performed the gene
expression profiling of mouse embryonic fibroblastth RSI™ genotype in comparison to
wild-type fibroblasts (see Appendix I). Interestyygour results suggest that transcriptional
regulation by RS1 might be important for the cejcle and cell division. Since RS1
localization depends on the cell cycle, it is temgpto speculate that RS1 might be important

for the cell cycle progression or regulation durspgcific phases of the cell cycle.
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Appendix |. Gene expression profiling in RS1 defi@nt mouse embryonic
fibroblasts.

In an attempt to characterize the role of RS1 enbcleus, we compared gene
expression profiles of wild-type mouse embryoniordblasts (MEFs) and MEFs in
which the gene encoding RS1 was disrupted (Ossetald, 2005). The RS1 and wild-
type embryos were derived from the same heterozy@sd’ animal, and three wild-
type — knock-out pairs from three different miceraveised. The obtained fibroblasts
were cultivated until the passage number 3-4 amtispnized to S phase of the cell
cycle. Thereafter, the cells were lysed, and theesponding total RNAs were purified.
Subsequently, the analysis of the quality of RNAcroarray analysis as well as
normalization and evaluation of the raw data wesdgsmed in collaboration with Dr.
Susanne Kneitz (Interdisciplinary Centre for ClalidResearch, Institute of Immune
Biology, University of Wirzburg).

A statistical analysis of the 29012 genes deted@&ireproducibly differentially
expressed genes between R¥hock-out and wild-type fibroblasts (adjusted puea<
0.01). We could not see any general change of rdmesdript abundance of glucose
transporters of the GLUT and SGLT families (TabjeThese findings are in agreement
with the previous findings which showed that mRNx¥peession levels of two major
glucose transporters in the small intestine, SGand GLUT2, do not differ between the
intestines of the wild-type and RSImice (Osswalcet al., 2005). We also analysed
expression of the genes encoding factors that haea shown to regulate SGLT1 on the
transcriptional level. The mRNA levels of these ggnvas not changed. They include
HNF1 homeobox BHnflb (Rhoadset al., 1998;Woodet al., 1999;Martin et al.,
2000;Vayroet al., 2001;Kekudaet al., 2008;Balakrishnaret al., 2008), trans-acting
transcription factor Bl (Martin et al., 2000; Tabatabagt al., 2005;Kekudaet al., 2008),
forkhead box L1Foxl1 (Katz et al., 2004), CCAAT/enhancer binding protein alpha
Cebpa (Oesterreicheet al., 1998), interleukin 616 (Lee et al., 2007), GATA binding
protein 5 Gata5 (Balakrishnanet al., 2008), and caudal type homeobox Calx2
(Balakrishnaret al., 2008) (Table 7). Although the expression leveSGLT1 and of the

factors that have been shown to regulate SGLT1 mRkigxession was not changed in
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RSI" MEFs in comparison with wild-type MEFs, it is pitde that the regulation of
SGLT1 by RS1 is cell subtype-, tissue- or orgarcsjge

Table 7. Analysis of the mRNA levels of genes endad glucose transporters and genes encoding
factors which regulate SGLT1 expression in RS1-/-fock-out fibroblasts in comparison with the
wild-type fibroblasts. The ratios between the knock-out and wild-typeid¢rib/wt) and the corresponding
P values are indicated.

Gene Gene name Accession No. Ratio | P value
symbol ko/wt
Genes encoding glucose transporters
Sc5al Sgltl NM_019810 1 1
Sc5a2 Sglt2 NM_133254 0.94 1
Sc5a9 Sglt4 NM_ 145551 1 0.5
Sc5al0 | Sgltb NM_001033227 1 0.98
Sc2al Glut 1 NM_ 011400 0.93 0.24
Sc2a2 Glut2 NM_ 031197 1 0.4
Sc2a3 Glut3 NM 011401 1 0.46
Sc2a4 Glut4 NM_009204 1 0.55
Sc2a5 Glutb NM_ 019741 1 0.61
Sc2a6 Glut6 NM_ 172659 1 0.47
Sc2a8 Glut8 NM_ 019488 1 0.94
Sc2a9 Glut9 NM 001102414 1 0.92
Sc2al0 | Glutl0 NM_130451 0.94 0.25
Sc2al?2 | Glutl2 NM_178934 1 0.49
Genes encoding factors which regulate SGLT1 expression
Hnflb HNF1 homeobox B NM_009330 0.98 0.57
F1 trans-acting transcription factor 1  NM_013672 1.02 0.68
Foxl1 forkhead box L1 NM_008024 1.02 0.6§
Cebpa CCAAT/enhancer binding protein NM_007678 1.07 0.19
alpha
116 interleukin 6 NM_031168 0.87 0.11
Gatab GATA binding protein 5 NM_ 008093 1.03 0.57
Cdx2 caudal type homeobox 2 NM_007673 1.03 0.7

Since RS1 is supposed to act as a transcriptiotorfamr as a regulator of
transcription factors, we analysed the mRNA expoesdevels of the transcription
factors. Expression of most of them was not changedever, a slight but significant
difference in RST MEFs in comparison with wild type MEFs was obserfer the
activating transcription factor Btf5 (ratio between the wild-type and knock-out 0.8; P
value 0.02) Whether the regulation @&tf5 by RS1 has physiological significance has to

be elucidated.
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The most differentially expressed genes were tivend@gulated genes calponin
Cnnl, thymic stromal lymphopoietifislp, gap junction proteifi2 Gjb2, smooth muscle
actin y2 Actg2, eukaryotic translation initiation factor 2, sultuB, structural gene Y-
linked Eif2s3y, protein tyrosine phosphatase receptor tyfprzl, and the up-regulated
genes dipeptidylpeptidase Opp7, metallothionein-1IMt1, mitochondrial galactosidase
alphaGla, UDP-N-acteylglucosamine pyrophosphorylasel-likeplll (Table 8).
Table 8. Most down-regulated and up-regulated genéa RS1-/- knock-out fibroblasts in comparison

with the wild-type fibroblasts. The ratios between the knock-out and wild-typeigr&b/wt) and the
corresponding P values are indicated.

Gene Gene name Accession No Ratio | P value
symbol ko/wt
Down-regulated genes
Cnnl calponin NM_009922 0.24 0.0004
Tdlp thymic stromal lymphopoietin NM_021367 0.30 0.0038
Gjb2 gap junction protein NM_008125 0.32 8.70E-
05
Actg2 smooth muscle actin gamma 2 NM_009610 0.34 0.0014
Eif2s3y | eukaryotic translation initiation | NM_012011 0.34 0.0067
factor 2, subunit 3, structural gene
Y-linked

Ptprzl protein tyrosine phosphatase NM_00108130 0.35 0.0011
receptor type

Up-regulated genes

Uaplll UDP-N-acteylglucosamine NM_001033293 2.18 0.0004
pyrophosphorylasel-like 1

Gla mitochondrial galactosidase alpha NM_ 013463 2.09 .0034

Mtl metallothionein-1 NM_ 013602 2.04 0.0124

Dpp7 dipeptidylpeptidase 7 NM_ 031843 1.99 0.0055

Gene Ontology project (Ashburnet al., 2000) was used to describe gene
products in terms of their associated biologicabcpsses, cellular components and
molecular functions and allowed us to extract n#i¢c functional information from
hundreds of significantly differentially expressegnes. The genes that displayed
significantly different transcript abundance in R$%1fibroblasts compared to wild-type
fibroblasts (p-value < 0.01) were classified in tlnesupervised clustering into 685
biological processes, cellular components, and ocotde functions. Functional group
enrichment analysis was used to identify categomiés a significant enrichment in the
number of genes differentially expressed in RSHnbck-out and wild-type fibroblasts.

Down-regulation of RSlespecially affected the following biological proses: cell
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organization and biogenesis, cell division, celtley nitrogen compound metabolism,
muscle contraction, cell growth, cell-substrate emibn, and chromosome segregation.
The cellular components involved were the extratail matrix, the intracellular non-
membrane-bound organelle, and the chromosomal @dré molecular functions
included cytoskeletal protein binding, growth facbinding, protein complex binding,
intramolecular oxidoreductase activity.

Obviously, not all of these genes have to be ditaogets of RS1, and the
observed regulation of some genes can be a segoeffiect. In order to detect the more
subtle effects of RS1 deletion on gene expressatteqms, further investigations are
absolutely required. Nevertheless, our resultsrigledemonstrate that the loss of RS1
affects gene expression pattern of embryonic filagib. In future experiments, the
microarray results have to be validated with RT-PGRreover, a proteomics-based
approach will be employed to reveal whether theeplei difference in gene expression
is also valid on the protein expression level. Iremnore, the physiological relevance of
the obtained RS1-mediated effects has to be eligtdda
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Appendix Il. Studies on the ubiquitination of pRS1.

Ubiquitination of proteins plays an important rote a wide range of cellular
processes including cell cycle control and progoesssignal transduction, chromosome
structure maintenance, transcriptional regulateocytosis, organelle biogenesis, viral
pathogenesis, and the stress response (HershkGiaakanover, 1998;Hershko, 2005).
In most cases polyubiquitination of a substrateldet® a fast degradation of proteins by
the 26S proteasome (Ciechanover al., 1984) whereas monoubiquitination or
oligoubiquitination is responsible for the non-cegative pathways regulating protein
stability, function, and intracellular localizatiaand functions as a signaling device to
establish protein-protein interactions with intdddar proteins. Some data indicate that
RS1 can be regulated by ubiquitination. RS1 exprassvas dependent on the
proteasome inhibitor MG-132 (Leyerer, 2007). It gesis that RS1 should be
polyubiquitinated since most of the proteasome tsates are recognized via
polyubiquitinated chains (Hershlebal., 2000).

Studying ubiquitination of RS1n vivo, we were aware of two major factors
which might complicate the analysis of ubiquitioati the low steady-state levels of the
ubiquitinated forms caused by degradation by th® gfoteasome and/or highly active
deubiquitinating enzymes (Dubs) that remove ubiguiinits (Pickart and Cohen,
2004;Bloom and Pagano, 2005). Therefore, we toedesign the experiments in such a
fashion that in spite of these factors ubiquitioatiwvas preserved. We performed
immunoprecipitation of YFP-hRS1 with anti-GFP aonties (which also recognize YFP)
and analyzed the precipitates by immunoblottinghveaittibodies recognizing ubiquitin.
HEK 293 cells were cotransfected with YFP-hRS1 BhAG-tagged ubiquitin (FLAG-
Ub). Overexpression of ubiquitin increases protemquitination whereas FLAG tag
facilitates detection of ubiquitination. HEK 293llsetransfected with FLAG-Ub alone
served as control. Since many polyubiquitinatedtigins are rapidly degraded by the
proteasome, in the second set of experiments, HEK c&lls were cotransfected with
YFP-hRS1 and FLAG-tagged ubiquitin mutant in whiglsine 48 was mutated to
arginine (FLAG-Ub(Lys48Arg)). The mutated ubiquiticannot form polyubiquitin
chains via lysine 48 that prevents recognition lé tubiquitinated proteins by the
proteasome and thereby leads to accumulation oulhguitinated protein in the cell
simplifying ubiquitination detection (Willemat al., 1996). Another factor which might
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interfere with detection of protein ubiquitinatios the presence of Dubs which can
remove the ubiquitin molecules from the proteinraérest. This problem was avoided
by the addition of the N-ethylmaleimide (NEM) whidilocks the critical cysteine
residue in the active site of Dubs (Hjerpe and Rpez, 2008). Since NEM does not
specifically inactivate Dubs and might also aff2éS proteasome and recognition sites
of ubiquitination on RS1, in some experiments theuitin aldehyde was used to inhibit
deubiquitination. HEK cells expressing the corregpog proteins were lysed, and the
lysates were used for immunoprecipitation. Lysaied elution fractions were analyzed
by immunoblotting with antibodies recognizing GEPcbntrol purification efficiency or
FLAG-tag to trace ubiquitination. Whereas purifioatwas successful as confirmed by
immunoblotting with anti-GFP antibodies (Figure ,18biquitinated proteins could not
be detected in the elution fractions (Figure 13)widver, the ubiquitinated proteins were
obtained in the lysate and the flow-through thatidgates that ubiquitination could be
preserved during the lysis and purification. It gests that RS1 is neither
monoubiquitinated nor polyubiquitinated in HEK ellThe data obtained with
immunoblotting were confirmed by mass spectromeainalysis. By this analysis,
ubiquitination could not be detected in the obtdiredution fractions (Koepsell H.,
Filatova A., Reinders Y., unpublished data). Imanotly, our data do not exclude the
possibility of RS1 ubiquitination. RS1 might be gbitinated under specific conditions
which were not covered by our experiment. For eXxamiRS1 ubiquitination might be
cell type-specific. Alternatively, it is also poska that in spite of all precautions aimed to
prevent the deubiquitination of RS1 we could nasprve the ubiquitination. In this
case, an alternative approach can be applied tty ®$1 ubiquitination. For example,
purification of ubiquitinated proteins can be pemied with Nf*-chelate affinity
chromatography if ubiquitin or RS1 is fused to Hegadine tag. The main advantage of
this procedure over the others is that the lysegpgration and purification are performed
under highly denaturing conditions (8M urea or 6Magidinium) which limit Dubs
activity and largely preserve the ubiquitinatioatss during the entire procedure (Kaiser
and Tagwerker, 2005;Hjerpe and Rodriguez, 2008).

The finding that expression of pRS1 (Leyerer, 2087) hRS1 (data not shown)
is dependent on the proteasome inhibitor MG-132nseto contradict the absence of
polyubiquitinated RS1. However, the proteasome oadiate degradation of few

proteins that do not undergo ubiquitination, forample, the c-Jun protein (Jariel-



Appendix I 80

Encontreet al., 1995), the cycline dependent kinase inhibitor "f21"* (Jin et al.,
2003), the Rb tumor suppressor (Seeél., 2005), and the steroid receptor coactivator-3
(SRC3/AIB1) (Li et al., 2006). Accordingly, Kruppel-like zinc finger trseriptional
factor KLF-5 can be degraded by the proteasomautfiréhe ubiquitin-dependent as well
as ubiquitin-independent pathway (Cletral., 2007). Ornithine decarboxylase (ODC) is
degraded by the proteasome in ubiquitin indepenchaminer; this process is mediated by
antizyme AZ1 (Murakamgt al., 1992). Recently, ODC and KLF-5 were identified as
interacting partners of RS1 in yeast two-hybridesar (Chintalapati C., Koepsell H.,
unpublished data). It raises the tempting assumpkiat the degradation of RS1 might be
regulated by the same factors as the degradatidDD&@ and/or KLF-5. On the other
hand, since MG-132 also inhibits calpain, RS1 déafian might depend on calpain and

be independent of the proteasome (see Appendix Il1)
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Figure 13. Studies on RS1 ubiquitinatiorin vivo. HEK 293 cells were cotransfected with YFP-hRS1 and
FLAG-Ub or FLAG-Ub(Lys48Arg). The HEK 293 cells trsfected with FLAG-Ub served as control.
Ubiquitination was assayed by immunoprecipitatiériy8P-hRS1 with anti-GFP antibodies followed by
immunoblotting. The purification efficiency was Wfead using anti-GFP antibodies, and the ubiquitda
proteins were detected with anti-FLAG antibodies.



Appendix Il 81

Appendix lll. Studies on the degradation of pRS1 insubconfluent and
confluent LLC-PK1 cells. Investigation of the rolesof the proteasome

and calpain.

The activity of a protein depends on its conceitnat The regulation of
concentration of a protein occurs at many levelsluiding control of protein synthesis,
especially at the level of transcription, and pesislational modification, such as
phosphorylation, which alters the concentratioractive forms of the protein. Another
widespread and effective form of posttranslatiomabdification is proteolytic
degradation, which can rapidly and irreversiblycinzte a protein by destroying it.
Concentration of the pRS1 protein at the plasma lonane decreases dramatically when
LLC-PK; cells reach confluence, and this effect is inddpah of transcription (Koret
al., 2001). Interestingly, the decrease of pRS1 pnatencentration in confluent cells is
accompanied by a strong increase in SGLT1 protgwnession (Korret al., 2001). Thus,
the regulation of RS1 protein concentration migiiresent one of the mechanisms of
regulation of SGLT1 expression. It has been obskpreviously that concentration of
RS1 protein in LLC-PK cells can be increased by the addition of the gasime
inhibitor MG-132 (Leyerer, 2007). Moreover, in clugnt LLC-PK; cells, addition of
MG-132 led to the increase of RS1 protein expresaiod redistribution of RS1 in the
nucleus (Kroisst al., 2006). MG-132 is generally accepted as a higloiemt inhibitor
of the proteasome; however, this compound is netiip for the proteasome and also
potently inhibits various cysteine proteases ardatas (Lee and Goldberg, 1998). In
this study, we tried to investigate the effect d6M32 on RS1 protein and to distinguish
between the roles of the proteasome and calpalegradation of RS1.

We analyzed the dependence of hRS1 protein comtemtron the inhibitor MG-
132 in HEK 293 cells (Figure 14). 40-50% confluétEK 293 cells were transiently
transfected with YFP-hRS1, hRS1-YFP, YFP-hRS1-FLAGs or FLAG-His-YFP-
hRS1 and one day after transfection incubated ®WtuM MG-132 for 20 hours. The
cells were lysed, and the lysates were analyzednbyiunoblotting with anti-GFP
antibodies. We observed that addition of a C-teaitag (YFP or FLAG-Hig to hRS1
leads to the stabilization of the protein in HEK32&lls and abolishes the dependence of
the protein concentration on MG-132 (Figure 14).wHa C-terminal tag affects
dependence of RS1 protein stability on MG-132 isahear. One of the reasons might be
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the requirement of a free C-terminus that mightriwelved in interaction with proteins
responsible for the stabilization/degradation oflR&8Iternatively, addition of the C-
terminal tag could induce an alteration of the @irotsecondary structure which is
essential for binding of the degrading enzyme(slf@regulatory proteins to RS1.
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Figure 14. Analysis of the dependence of the proteistability on the proteasome inhibitor MG-132

for the proteins YFP-hRS1-FLAG-Hisgs, FLAG-Hisg-YFP-hRS1, YFP-hRS1, and hRS1-YFPa. HEK
293 cells were transiently transfected with andatBd construct, and one day after transfectiorcétie
were incubated with a proteasome inhibitor 10 uM-M&2 for 20 hours. Thereafter, the cells were lysed
and the lysates were analyzed by immunoblotting witti-GFP antibodies. Per lane, | 2pof total protein
extract were appliedh. Relative expression level of YFP-hRS1 and YFP-HRBAG-Hisg in HEK 293
cells treated with MG-132 in comparison with noeatied cells. Densitometric quantification was peeid
using programm Image J (see Merhods). The datadtalithat a C-terminal tag stabilizes hRS1 in HEK
293 cells and prevents its degradation by the psateae.
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Since addition of a C-terminal tag abolished depend of hRS1 concentration
on MG-132, we generated stable LLC-P¢€ll lines which express GFP-pRS1 or GFP-
pRS1-FLAG-His. By this mean we hoped to investigate the rol¢hef degradation of
RS1 in the regulation of SGLT1 on mRNA, protein audivity levels. Analysis of the
protein expression in subconfluent and confluenCiRK; cells did not reveal any
difference between the two proteins, and the pmoexpression of both proteins was
significantly higher in subconfluent cells comparedconfluent cells (Figure 15). To
investigate the effect of MG-132, the cells werevgn until 40-50% confluence or three
days after confluence and incubated with or withdQt uM MG-132 for 20 hours.
Thereatfter, the cells were lysed, and the lysate®wnalyzed by immunoblotting with
anti-GFP antibodies. Surprisingly, GFP-pRS1 andGheerminally tagged GFP-pRS1-
FLAG-Hisgdid not differ in the response to MG-132. In coefiti cells the concentration
of both proteins was strongly dependent on MG-BH@gure 16). The different effects of
MG-132 on C-terminally tagged hRS1 and pRS1 in HEX3 and confluent LLC-PK
cells, respectively, may be due to the RS1 orthadogell line-specificity. This question
was not investigated further. With anti-GFP antiesd only the full-length pRS1 was
detected. It indicates that the degradation of B&drs without formation of relatively
stable N-terminal fragments. The presence of Citeimfragments of pRS1 was
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Figure 15. Expression of GFP-pRS1 and GFP-pRS1-FLA®Iisg in subconfluent and confluent LLC-
PK; cells.a. LLC-PK; cells stably transfected with GFP-pRS1 or GFP-pRBAG-Hisg were grown until
70% confluence or four days after confluence arsgtdy The lysates were analyzed by immunoblotting
with anti-GFP antibodies. Per lane, &5 of total protein extract were applied.
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assessed using immunoblotting with anti-pRS1 adtds(Figure 16). These antibodies
were raised against the full-length pRS1, and #aeteepitopes are not known (Valentin
et al., 2000). Similarly to anti-GFP antibodiesthwanti-pRS1 antibodies only the full
length pRS1 was detected. It suggests that duriR®1lp degradation C-terminal
fragments are not formed; however, since recognitepitopes of the anti-pRS1
antibodies are not known, we cannot exclude thendion of small C-terminal
fragments. In subconfluent LLC-RKcells, the concentration of both GFP-pRS1 and
GFP-pRS1-FLAG-Hig was high and was not changed upon application G-132
(Figure 16). The increase of the protein amountanfluent cells upon application of
MG-132 suggests that the posttranscriptional dogulegion of RS1 in confluent cells
(Korn et al., 2001) may be due to the proteasome- or calpgiestent degradation.
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Figure 16. Dependence of GFP-pRS1 and GFP-pRS1-FLABisg expression in subconfluent and
confluent LLC-PK; cells on MG-132.LLC-PK; cells stably transfected with GFP-pRSf) ¢or GFP-
pRS1-FLAG-Hig (b) were grown until 40-50% confluence or two daygelatonfluence and incubated
with or without MG-132 for 20 hours. Thereafteretbells were lysed, and the lysates were analyyged b
immunoblotting with anti-GFP or anti-pRS1 antibadider lane, 2qug of total protein extract were
applied.
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As MG-132 inhibits proteasome and calpain, we tt@dlistinguish between the
effects of the proteasome and calpain on the R$esgion. For that, a specific
proteasome inhibitor MG-262 (Lee and Goldberg, )98l a specific calpain inhibitor
calpeptin (Tsujinakat al., 1988) were employed. LLC-RKells stably transfected with
GFP-pRS1 were grown three days after confluenceraubated with 10 uM MG-132,
0.2 nM MG-262 or 5QuM calpeptin for 20 hours. Non-treated cells serasdcontrol.
The cells were lysed, and the lysates were anallggecthmunoblotting with anti-GFP or
anti-pRS1 antibodies. The amount of RS1 protein iwaseased in the cells that were
incubated with MG-132 or the calpain inhibitor cgiin. A slight increase was also
observed for the cells incubated with the proteasamhibitor MG-262 (Figure 1&b).
The data indicate that RS1 concentration dependsatpain whereas the proteasome
plays only a minor role. Notably, similarly to othmlpain substrates, RS1 degradation
products could not bdentified (see Figures 14-16,d,6). These fragments are probably
cleared rapidlyn cells by endopeptidases or the proteasome thereadingdetection
(Botbol and Scornik, 1983;Haat al., 1999;Cheret al., 2007).

In paired t-test, the differences between the anrsoahGFP-pRS1 in calpeptin-
or MG-262-treated cells in comparison with non-teelacells were significant (0.035 and
0.042, respectively). However, large variationswaen the single experiments were
observed (Figure ). It might have different reasons. First, the eggion of the
proteins varied between the single experimentsells expressing higher amounts of the
protein, the protein concentration might have beederestimated due to saturation of
ECL reaction. Second, calpain and proteasome nhghegulated by the factors which
were not controlled in the present set of experiserurther investigation is required to
reveal the determinants of calpain- and proteasmedtated cleavage. Notably, the
effect of MG-132 correlated with the effects ofpghtin and MG-262, and in a single
experiment either a strong or a slight increaseniggplication of the three inhibitors was
observed.

Calpains are cytoplasmic €adependent cysteine proteases which are localised
at the plasma membrane, Golgi network and in ttetens (Bevers and Neumar, 2008).
Fifteen isoforms of calpain have been describe@; mimgjority of them have been
identified only as mRNA, and several are thoughtddissue specific (Go#t al., 2003).

The ubiquitously expressed micromolar and millimdala*-requiring neutral proteases
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Figure 17. Effects of MG-132, MG-262 and calpeption the concentration of GFP-pRS1 protein in
subconfluent LLC-PK; cells. LLC-PK; cells stably transfected with GFP-pRS1 were grofwee days
after confluence and incubated with 10 uM MG-132, M MG-262, or 5QuM calpeptin for 20 hours.
Non-treated cells served as control. Thereaftar, dblls were lysed, and the lysates were analyzed b
Western blot with anti-pRSJa) or anti-GFP If) antibodies. Per lane, 32 of total protein extract were
applied. €¢,d) Normalized expression of GFP-pRS1 in calpaia} ¢r MG-262- () treated cellsin
comparison with non-treated cells.

(u-calpain and m-calpain) are the best studied mesnbethe family (Suzukit al.,
2004;Bevers and Neumar, 2008h vitro, m-calpain binds G with relatively low
affinity (millimolar), and p-calpairbinds with higher affinity (micromolar); however,
their C&* requirementsn cells and tissues are influenced by severabfacthatmay

lower these requirements. Moreover, it was obsethatl calpain activation can occur
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without changes in intracellular calcium (Getlal., 2003). Both isoforms are thought to
have indistinguishable substrate affinities (Bevansl Neumar, 2008). Calpains have
diverse functions catalyzing the proteolysis of tems involved in cytoskeletal
remodelling, cell cycle regulation, signal transtitut, cell differentiation, apoptosis and
necrosis, embryonic development, and vesicularfitkihg (Zatz and Starling,
2005;Bevers and Neumar, 2008). Interestingly, ¢apaan shuttle between thacleus
and the cytoplasm and have distinct functiongroliferating and differentiated cells
(Tremper-Wells and Vallano, 2005). Moreover, calgaare supposed to play a role in
intestinal differentiation (Ibrahinet al., 1994;Potteret al., 2003). It reinforces the
assumption that the degradation of RS1 might beortapt for the regulation of SGLT1
during confluence of LLC-PKcells.

Some properties of a protease that performs cleawbBS1 have been identified
in experimental work with RS1. First, during purdtion, the RS1 protein was stabilised
by the addition of EDTA indicating that the proteamrforming cleavage of RS1 is®a
or Mg dependent (Thorsten Keller, personal communica}ionSecond, the
concentration of pRS1 protein in LLC-PIells did not depend on lysosome (Leyerer,
2007); therefore, the protease should be cytoptasiMioreover, according to RS1
localization, the protease should be localized he thucleus or at thé&rans-Golgi
network. Third, since the confluence dependent degulation of RS1 was observed in
porcine kidney LLC-PK cells, the protease should be expressed in theekid
Strikingly, calpain fits all these criteria.

We tried to identify putative calpain cleavage sit@nd recognition motifs.
Targets of calpains do not possess common recogmnitiotif(s) (Friedrich and Bozoky,
2005). Despite multiple attempts of substrate secgeanalysis (Tompaet al.,
2004;Cuerrieret al., 2005), no definitive method exists to predict thiee a given
compound is a calpain substrate, or, if it is asgalte, to identify the cleavage site. Using
naturally occurring and artificial peptides as dtdies for calpain, Sasaki et al. (1984)
formulated a general preference rule for calpaotqmlysis at the cleavage site: a Lys,
Tyr, Arg or Met residue in the P1 position precebtgd hydrophobic amino acid residue
(Leu or Val) in the P2 position would favour clegeaat the carboxyl side of the residue

|

P2(L/V)-P1(K/Y/R/M)-

in the P1 position:
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However, this pattern does not explain all the saS§o®me proteins containing these
motifs are not substrates for calpain amsh versa some proteins that do not possess
these motifs are degraded by calpain (Wetrg., 1989). Nevertheless, we analyzed RS1
sequences from human, pig, rabbit and mouse foptesence of the putative calpain
cleavage sites. The analysis revealed the presd#noaltiple potential calpain cleavage
sites according to the preference rule (Figure 18,

It is supposed that prior to cleavage calpain h#acto specific recognition
sequences on a substrate. The recognition sequaresaggested to localize adjacent to
the actual cleavage site and to be representedhyhar order structure(s) in substrate
(Rechsteiner and Rogers, 1996). Two major calpatcognition motifs are known:
Proline-Gutamate-8rine-Threonine (PEST) motifs (Rechsteiner and Rogers,6)199
and/or calmodulin binding sites (Wasial., 1989).

PEST motifs are the sequences enriched in prolghetamate, serine and
threonine flanked by positive amino acids. They present in about 95% of rapidly
turning over proteins in eukaryotes and have béwnws to trigger rapid intracellular
degradation (Rechsteiner and Rogers, 1996). PESifsnmave been shown to mediate
calpain-dependent (Wang al., 1989;Rechsteiner and Rogers, 1996;Shumetas .,
1999) as well as proteasome-dependent degradaRioth € al., 1998). It is proposed
that PEST motifs increase the local calcium comedioh and, in turn, activate calpain
(Sandovalet al., 2006). PEST-FIND program (Rogestsal., 1986) was used to identify
putative PEST motifs in RS1 orthologs. This proggedicts putative PEST motifs with
scores ranging from -45 to +50. Scores more th@nafe considered significant and
indicate strong PEST signals whereas scores bet@eamd 5.0 indicate weak PEST
signals. One to four strong PEST signals were ifiedtin each RS1 ortholog (Figure
18a, 19); however, they were not conserved betweeortholog sequences.

Next, search of the putative calmodulin bindingesiin hRS1 and pRS1 was
performed employing MiniMotif Miner (Balleet al., 2006) and Calmodulin Target
Database (Yapet al., 2000) http://calcium.uhnres.utoronto.ca/ctdb/ctdb/honmalht

Surprisingly, the two programs predicted differgrutential calmodulin binding sites
(Figure 18b, 19). The Calmodulin Target Databasedipted the existence of an
“unclassified” calmodulin binding site at the N#tgnus of RS1 which is conserved
between the human and porcine orthologs. MiniMbtifer predicted seven and eight

potential calmodulin binding sites in hRS1 and pR&kpectively (Figure 18b, 19).
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Several of them were conserved between the ortholdiereas others were species-
specific.

The identification of a minimal “degron” that metha degradation of RS1 would
be a challenging task for future investigationswtiuld be particularly interesting to
assess the roles of the PEST sequences and ofpattegitial calpain recognition motifs

in the regulation of degradation and function oflRS
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Figure 18. Schematic representation of PEST motifin RS1 orthologs &) and potential calpain
cleavage sites and recognition motifs in hRS1 andR$1 ©). The potential calpain recognition motifs
include PEST motifs and calmodulin binding sitesheTgreen rectangles represent PEST motifs.
Calmodulin binding sites predicted by calmodulinget database or MiniMotif Miner are indicated by
light blue or dark blue circles, respectively. Tieel arrows indicate potential calpain cleavagessitea,

the PEST scores are shown above the indicatorE 8TRnotifs.
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pRS1 HRVGGNADLALLVLLAKNI WWPT
hRS1 HRVGGNADLALLVLLAKNI VWPT
r bRS1 HRVGGNADLALLVLLAKNI VWPT
nRS1 HRVGGNADLALLVLLAKNI VWPT

khkkkhkhkkhkhkhkhkhkkhkhkkhkhkk*k*x

Figure 19. Potential calpain recognition motifs and cleavageites. Light grey shadings indicate
potential calpain cleavage sites; PEST motifs hoeve in red and bold face. Asterisks and colongcatd
identical and similar amino acids, respectivelyigAiment of sequences of RS1 orthologs from porcine
RS1 (pRS1), human RS1 (hRS1), rabbit RS1 (rbRSd haouse RS1 (mRS1) was performed with Clustal
W (Version 1.83) (see Methods).
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Appendix V. Generation of antibodies which recogrize phosphorylated serine 370.

In parallel with mass spectrometry analysis, imnudetection of the
phosphorylated proteins was applied to investigaissible phosphorylation events of
pRS1in vivo. To this end, we aimed to generate antibodies lwhpecifically recognize
phosphorylated serine 370 (anti-P-Ser370). Thenpialespecificity of such antibodies,
generated against specific phosphorylated epitopeskes site-specific recognition
feasible, provided the relevant antibodies canliiained.

For generation of anti-P-Ser370 antibodies, a geptontaining phosphorylated
serine 370, ELHELLVIpSSKPALENTSC, was conjugated tloe carrier protein
ovalbumin and used for the immunization of two iigbbSera were collected from the
animals every 3 weeks starting on day 35 after itmé@al immunization. For
characterization of the obtained samples, enzymedi immunosorbent assay (ELISA)
tests were performedhe titers against phosphorylated peptide and rmsphopeptide
(cross-reaction) were determined (Table 9). Thesphorylated peptide was recognized
by all sera better than the nonphosphorylated peptideléT@b The serum with the
highest ratio between the titers against phosphategl and nonphosphorylated peptides
(full serum 149 1) was used for the antibody pugsfion.

For purification of the antibodies, a two-step poml was applied. First, the
affinity purification with the nonphosphorylatedpgtele as an antigen was carried out to
separate the antibodies recognizing the phosphed/leepitope from the non-
phosphospecific antibodies. Subsequently, the flmough was used for purification on
phosphopeptide column to obtain exclusively phosphoific antibodies separated from
antibodies to other epitopes. The efficiency ofghefication and the phosphospecificity
of the antibodies were controlled by ELISA. As simow the Table 9, the flow-through
after the first purification step did not contaiomphosphospecific antibodies indicating
that all antibodies which recognize non-phosphddepwere efficiently removed. At the
same time, the flow-through contained antibodiesirey the phosphopeptide. The titer
in the flow-through was reduced in comparison Wit full serum that can be explained
by the non-specific binding of the antibodies te tton-phosphopeptide column or cross-
reaction. After the second purification step, ahhiger of antibodies recognizing the

phosphopeptide (Table 9) indicated efficient paafion of the antibodies. These



Appendix IV 93

antibodies virtually did not recognize non-phospteted peptide and, thus, represent
phosphospecific antibodies.

Remarkably, one-step affinity purification on phbspeptide column was not
sufficient for purification of phosphospecific dmidies. The antibodies obtained
according to this procedure recognized both norsphorylated and phosphopeptides
(Table 9). The most probable reason is that théadiies contained in the sera recognize
not only the phosphoserine 370 but also other pegdesides of the phosphorylation

site.

Table 9. Titers and cross reaction of immunized rabit sera and purified antibodies determined by
ELISA. For full sera, number of immunized rabbit (accogdia the laboratory nomenclature) and number
of bleed (I-1V) are indicated.

Serum/Antibody Titer Cross-reaction
(anti-phosphopeptide) (anti-non-phosphorylated
peptide)
Full sera
Full serum 149 | 1:150 000 1:42 000
Full serum 149 II 1:205 000 1:80 000
Full serum 149 IV 1:150 000 1:60 000
Full serum 150 | 1:78 000 1:50 000
Full serum 150 IV 1: 300 000 1:135 000
Two-step purification
Flow-through after 1:55 000
purification ~ with  non-
phosphopeptide column
Purified Antibodies 1:50 000 1:700
One-step purification
Purified antibodies | 1: 200 000 \ 1:51 000

To assess the phosphorylation status of serinarBg0bconfluent and confluent
cells, the affinity purification followed by immubtotting with the generated
phosphospecific antibodies was performed. LLC-RKlls were transiently transfected
with GFP-CK2-NS-PKC-PK@-Gal, and two days after transfection GFP fusion
proteins were purified with anti-GFP antibodiesnfrgubconfluent and confluent LLC-
PK; cells. To prevent dephosphorylation or phosphtioftaof serine 370 during lysis
and purification, all purification steps were perm@d on ice and all buffers were
supplemented with phosphatase and kinase inhibitéws efficiency of purification was
controlled by the silver staining of polyacrylamidgels after electrophoresis and
immunoblotting with anti-GFP antibody. The present¢he phosphorylated serine 370



Appendix IV 94

was examined by immunoblotting with anti-phosphdigep antibodies (Figure 20a).
WhereaspGal-CK2-NS-PKC-PKC-GFP was detected in both lysate eluates with
anti-GFP antibodies (Figure 20a), in a series gfeexnents we were unable to detect
phosphorylation neither in subconfluent nor in d¢oeft cells using the anti-
phosphoserine 370 antibodies (Figure 20b). At Hmestime, the antibodies recognised
various proteins and/or protein fragments in thealg (Figure 20b). It might reflect
either the recognition of the endogenous pRS1 anigofragments or binding of
antibodies to proteins unrelated to pRS1. In tttedaase, the antibodies reaction might
represent either recognition of other phosphorglaisteins by the antibodies or non-
specific binding of antibodies.

N \\ o 0 D& @ &
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\\‘ﬁ \ﬁé @0 @0'& @ & Q/\\\ \\i&
kDa
—170—
— —__ DG
—100— -
- 72— ;
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IB: anti-GFP IB: anti-P-Ser370

Figure 20. Studies on the phosphorylation of RSin vivo using anti-P-Ser 370 antibodiesLLC-PK;
cells were transiently transfected with GFP-CK2-RISE-PKC$-Gal. After immunoprecipitation with
anti-GFP antibodies, the samples were dividedtintoparts for immunoblotting with anti-GFP antibesli
or anti-phosphoserine 370 antibodies (anti-P-S370).

The absence of binding of the antibodies recoggittie phosphopeptide pgsal-
CK2-NS-PKC-PKC-GFP might be due to different reasdtirst, the purifieGal-CK2-
NS-PKC-PKC-GFP might be not phosphorylated at serBv0. However, mass
spectrometric analysis shows that the protein @sphorylated. Second, the antibodies

might be not phosphospecific against the serine (3@ above). Third, the antibodies
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might not be suitable for the immunoblotting. Forample, the recognition epitopes
might be hidden due to refolding of the protein the PVDF membrane (Birk and
Koepsell, 1987). Although the generated antibod@msld not be successfully used for
the immunoblotting, the results of ELISA measuretaesuggest that the obtained
antisera contain a pool of antibodies recognizihggphoserine 370. Therefore, it might
be worth testing all sera with immunoblotting. Tdhe@an be a serum which recognizes
phosphorylated serine 370 but does not cross-mdttother proteins. The sera with a
ratio between the titers against phospho- and masghorylated peptides lower than in
the serum 149I, that was used for the antibodigffigation, still can be more RS1-
specific. The higher cross-reaction can be overcbmeéwo-step affinity purification
which efficiently separates the phosphospecificibadies from the antibodies

recognizing non-phosphorylated peptide.
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6. Summary

The RS1 protein (gen®SC1A1) participates in regulation of RéD-glucose
cotransporter SGLT1 and some other solute carrlarsubconfluent LLC-PK cells,
RS1 inhibits release of SGLT1 from theans-Golgi network and transcription of
SGLT1. In subconfluent cells, RS1 is localizedha tucleus and the cytoplasm whereas
confluent cells contain predominantly cytoplasmi&IR

In the present study, the mechanism and regulatioconfluence-dependent
nuclear location of RS1 was investigated. Confleetiependent nuclear location of RS1
was shown to be regulated by the cell cycle. A earcthuttling signal (NS) in pRS1 was
identified that ensures confluence-dependent Higion of pRS1 and comprises nuclear
localization signal (NLS) and nuclear export sig(ES). The NLS and NES of RS1
mediate translocation into and out of the nucleig wnportin 1 and CRM1,
respectively, and the nuclear/cytoplasmic distidouiof the RS1 protein is determined
by the nuclear export activity. The adjacent protenase C (PKC) phosphorylation site
at serine 370 of pRS1 was shown to control nudieealization driven by NS and is
necessary for the differential localization of Riflquiescent versus proliferating cells.
Basing on the data of site-directed mutagenesi<; Bgtivation experiments and mass
spectrometry analysis of RS1 phosphorylation, tiewing model of the regulation of
RS1 nuclear location in LLC-PKcells was proposed. In subconfluent cells, RS1 is
actively imported into the nucleus whereas nuokegoort of RS1 is not active leading to
accumulation of RS1 in the nucleus. After conflleneghosphorylation of serine 370 of
pRS1 by PKC takes place leading to enhancement $1 Ruclear export and
predominantly cytoplasmic distribution of the piiaten the confluent cells.

The confluence-dependent regulation of RS1 loctddimamay control SGLT1
expression during regeneration of enterocytes iallsimestine and during regeneration
of renal tubular cells after hypoxemic stress. Moes, the gene expression profiling of
mouse embryonic fibroblasts with RSfjenotype suggests that transcriptional regulation
by RS1 might be important for the cell cycle antl devision. Since RS1 localization
depends on the cell cycle, RS1 might play a rolthenregulation of the solute carriers

during specific phases of the cell cycle.
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7. Zusammenfasung

Das RS1 Protein (GeRSC1A1) beteiligt sich an der Regulation des Na
Glukose-kotransporters SGLT1 und einiger anderangporter. In subkonfluenten LLC-
PK; Zellen hemmt RS1 die Freisetzung von SGLT1 aus tlans-Golgi-Netzwerk und
die Transkription von SGLT1. Wahrend es sich infkeanten Zellen hauptsachlich im
Zytoplasma befindet, ist RS1 in subkonfluenten efellm Kern und im Zytoplasma
lokalisiert.

In der vorliegenden Arbeit wurden Mechanismus uneglRation der
konfluenzabhangigen Kernlokalisation von RS1 umnteht Dabel konnte gezeigt
werden, dass die von Konfluenz abhangige Kernlegdbn von RS1 durch den
Zellzyklus reguliert wird. In RS1 aul8is scrofa (pRS1) wurde eine Sequenz identifiziert
(,nuclear shuttling signal“, NS), die fur die koménzabh&ngige Verteilung von RS1
verantwortlich ist und sowohl das Signal fur dierdekalisation (NLS) als auch das
Signal fur den Export aus dem Kern (NES) beinhaD#¢ NLS und NES Signale von
RS1 vermitteln die Translokation des Proteins in Hern und aus dem Kern mit Hilfe
von Importin B1 bzw. CRM1,wobei die Verteilung von RS1 zwischen Kern und
Zytoplasma durch die Aktivitdt des Exportsystemstipemt wird. Es wurde gezeigt,
dass die benachbarte Proteinkinase C (PKC) Phodmrangsstelle an Serin 370 von
pRS1 die NS-gesteuerte Kernlokalisierung kontrdlliend fir die vom Zellzyklus
abhangige Kernlokalisation notwendig ist. Aufgrushel Ergebnisse der ortsgerichteten
Mutagenese, PKC-Aktivierungsexperimenten und Magsektrometrie-Analyse des
Phosphorylierungsmusters von RS1 wurde ein Modetjeschlagen, das die Regulation
der Kernlokalisation des RS1 Proteins in LLC;PRellen beschreibt. Dem Modell
zufolge wird RS1 in subkonfluenten Zellen starkden Kern befordert, wahrend der
Export von RS1 aus dem Kern nicht stattfindet. st zur Anreicherung von RS1 im
Kern. Nach Konfluenz wird Serin 370 durch PKC pHuspliert, was die Steigerung des
RS1-Exports aus dem Kern begunstigt und die Ubegemie zytoplasmatische
Lokalisation des Proteins in konfluenten Zellenvoeruft.

Die konfluenzabhangige Regulation der Lokalisatison RS1 kann die
Expression von SGLT1 wahrend der Regeneration vaergzyten im Dinndarm und
der Regeneration von Zellen der Nierentubuli nagbok&mischem Stress kontrollieren.

AuRerdem deutet die Analyse der Genexpression bryamalen Fibroblasten der RS



7. Zusammenfasung 98

Mause deutet darauf hin, dass die transkriptioRagulation durch RS1 im Zellzyklus
und bei der Zellteilung eine wichtige Rolle spielkeamn. Da die Lokalisation von RS1
zellzyklusabhangig ist, kann RS1 fir die Regulatder Transporter in spezifischen

Phasen des Zellzyklus wichtig sein.
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8. Abbreviations

aa
AMG
APS
DMEM
DMSO
dNTP
DRB
ECL
FCS
GFP
HEK
HRP
IRIP
Kap
LMB
MEF
NE
NEM
NES
NLS
NPC
NSS
OAT
ocT
PBS
PCR
PEI
PMA
PRS1-NES
PRS1-NRS
PRS1-NSS
PVDF
RT
SGLT
STEBP
TEMED
TEV
TGN
YFP

amino acid
methyl-a-D-glucopyranoside
ammonium persulfate

Dulbecco's modified Eagle's medium
dimethyl sulfoxide
deoxynucleotide triphosphate
5,6-dichlorobenzimidazole riboside
enhanced chemiluminescence
fetal calf serum

green fluorescent protein

human embryonic kidney

horse radish peroxidase
ischemia/reperfusion inducible protein
karyopherin

leptomycin B

mouse embryonic fibroblast
nuclear envelope
N-ethylmaleimide

nuclear export signal

nuclear localization signal

nuclear pore complex

nuclear shuttling signal

organic anion transporter

organic cation transporter
phosphate buffered saline
polymerase chain reaction
polyethylenimine

phorbol 12-myristate 13-acetate

nuclear export signal of pRS1, aa 360-368
nuclear localization signal of pRS1, &23@9
nuclear shuttling signal of pRS1, aa &®-3

polyvinylidene difluoride
room temperature
Na+-d-glucose cotransporter

sterol regulatory element binding protein

N,N,N’,N’-Tetramethylethylendiamine
tobacco etch virus

trans-Golgi netwotk

yellow fluorescent protein
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