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Summary

NF-kB plays a central role in mediating pathogen and
cytokine-stimulated gene transcription. NFKB repressing
factor (NRF) has been shown to interact with specific
negative regulatory DNA elements (NRE) to mediate
transcriptional repression by inhibition of the NF-kB
activity at certain promoters. mRNA ablation experiments
demonstrated that the trans-acting NRF protein is involved
in constitutive but not post-stimulated silencing of IFNB,
IL-8 and iINOS genes by binding to cis-acting NRE elements
in their promoters.

We have examined the subcellular localization and
mobility of the NRF protein. Since neither tagging nor
overexpression perturbs NRF localization the GFP-tagged
protein was used for detailed localization and mobility
studies. Owing to an N-terminal nuclear localization
sequence, all NRF fragments that contain this signal show
a constitutive nuclear accumulation. C-terminal NRF
fragments also localize to the nucleus although no
canonical NLS motifs were detected. Full-length NRF is
highly enriched in nucleoli and only a small fraction of
NRF is found in the nucleoplasm and cytoplasm. This

relationship was found to be independent of the protein
expression rate. FRAP analysis proved to be a sensitive
method to determine protein mobility and made it possible
to differentiate between the NRF protein fragments.
Nucleolar localization correlated inversely with mobility.
The data demonstrate that a series of neighboring
fragments in a large central domain of the protein
contribute to the strong nucleolar affinity. These properties
were not altered by viral infection or LPS treatment.
Several sequence motifs for RNA binding were predicted
by computer-mediated databank searches. We found that
NRF binds to double stranded RNA (dsRNA). This
property mapped to several NRF fragments which
correlate with the nucleolar affinity domain. Since
treatment with actinomycin D releases NRF from nucleoli
the identified RNA binding motifs might act as nucleolar
localization signals.
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Introduction

binding sequences (Nourbakhsh and Hauser, 1997;

Nuclear factor-kappaB (NKB) repressing factor (NRF) was Nourbakhsh et al., 2000; Nourbakhsh et al., 2001; Fen.g gt al.,
identified as a constitutively expressed silencer protein th@002). Thus, NREs represent a class of transcriptional

binds to the negative regulatory element (NRE) in ffRe
interferon (IFNf) promoter and represses
transcription of the gene (Nourbakhsh et al., 1993).

repressor binding sequences specific for the suppression of the

the basabasal activity of NFkB/Rel-binding element.

A cDNA of 3.7 kb encoding a protein that specifically binds

IFN-B is a prototype regulatable gene that is highly inducibléo NRE was isolated. Within the first 388 amino acids of this
by virus in virtually all cell types, whereas expression isprotein two functional domains were identified, the DNA

undetectable in non-induced cells. Examination of its promotefNRE)-binding domain and a domain

responsible for

revealed binding sites for transcriptional activating proteinsonstitutive NFkB repression. NB proteins bind to purified
such as IRF, NkB, ATF-2 and c-Jun as well as a sequenceé\RF in vitro by a direct protein-protein interaction and NRF
required for efficient promoter silencing in non-induced cellscan inhibit NFKB basal activity (Nourbakhsh and Hauser,

This site was shown to selectively silence thedFbinding

1999).

activity (Nourbakhsh et al., 1993). According to bioinformatic Reduction of NRF protein level through expression of NRF
analysis a number of other genes with NRE consensumntisense RNA resulted in basal activation Beinterferon
sequences in NKB-regulated promoters exist. The common(IFN-B) gene transcription (Nourbakhsh and Hauser, 1999).
features of the five NREs presently characterized are sequercenstitutive silencing of the human inducible nitric oxide
homology, short length (11-13 bp), distance and positionsynthase (iNOS) gene by NRF binding to the cis-acting NRE

independent action and specific silencing of ®B?Rel-

was also shown (Feng et al., 2002). Further, NRF was found
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to play a dual role in interleukin 8 (IL-8) transcription. In the Cell culture, gene transfer and induction of cells

absence of stimulation, NRF is involved in transcriptionalThe murine C243 cell line (Qie et al., 1972) and NIH3T3 cells were

silencing, but in the presence of IL-1 it is required for fullcultured in Dulbecco’s modifed Eagle’s medium (DMEM; Sigma)

induction of the IL-8 promoter (Nourbakhsh et al., 2001).  supplemented with 10% fetal calf serum, antibiotic and glutamine.
Sequencing of further cDNA clones as well as ESTs an®NA was transfected using the calcium phosphate co-precipitation

genomic sequences from murine and human tissues gethod. The medium was changed 4 hours prior to transfection and

documented in public databases (NCBI) revealed a Sequencigy‘ewed 18 hours post transfection. Stable cell lines were generated

0

: - : : transfecting 5ug plasmid DNA together with fug of high
error in the previously published NRF cDNA sequence leadin lecular mass DNA and Oyf of the selection plasmid pBSper

to premature termination (Nourbakhsh and_ Haus_er, 1999)'_ Trﬂﬁe la Luna et al., 1988) per 2BP cells. Stable transfectants after
corrected sequences codes f(_)r a 302 amino acid extensiono@fomycin selection (4.2ig/ml; Sigma) were pooled. Single cell
the C-terminal end of the reading frame for the human proteijones were also isolated. For transient transfectiqry Dlasmid

In this work we have evaluated the contribution of the CDNA per 1x10° cells were used.
terminal fragment to NRF localization. A dsRNA binding Virus infection of transfected C243 cells was done with Newcastle
activity was identified and the full-length NRF was found todisease virus (NDV) or Sendai virus as described previously
be associated with the nucleolus. A nucleolar targeting domalfiirchhoff et al., 1999). At different time points after infection

that significantly reduces the molecular mobility of NRF wagntracellular - localization and FRAP analysis were performed.
identified Actinomycin D (Sigma) was used at a final concentration jaj/ml.

Image acquisition and photobleaching techniques

Materllals and Methods For in vivo imaging and FRAP analysis, cells were placed into Lab-
Plasmid constructs Tek chamber slides (Nunc) 20 hours before analysis. FRAP analysis
A new human cDNA clone corresponding to the NRF mRNA aswas performed with a Zeiss LSM 510 inverted confocal laser scanning
described previously (Nourbakhsh and Hauser, 1999) was isolatedicroscope equipped with an on-stage heating chamber using a Plan-
(identical to that with GenBank accession number 015226)Apochromat 108 oil immersion objective (1.3 numeric aperture).
Sequencing revealed a reading frame of 690 amino acids (Fig. 1ATells were excited with an argon laser at 488 nm, and emission was
To generate His-Mygtagged NRF, this full-length cDNA was collected using a 505-550 nm bandpass filter. To bleach nucleolar
subcloned into pCS3+MT vector (Holtmann et al., 1999). The Histargeted proteins, the entire region of a single nucleolus was scanned
tag was added N-terminally by insertion of a correspondingvith maximum laser power for 50 iterations. Fluorescence recovery
oligonucleotide. For the expression of various NRF-GFP fusiornn the bleached nucleolus and intensity in a neighboring nucleolus was
proteins we used the pMBC-1 vector (Dirks et al., 1994). To construguantified with minimal laser power over time. The data were plotted
the plasmid pNRF-GFP, a PCR fragment of the human full-lengtiin a graph to show recovery of fluorescence in the bleached nucleoli.
NRF cDNA without its stop codon was generated using the ExpanBor all data, the average of five to ten measurements is presented. A
Long Template PCR system (Roche) and N-terminally integrated intdeiss Axiovert 135TV microscope equipped for epifluorescence
enhanced GFP (Clontech) expressing pMBC-1. The sequences for thas used for fluorescence microscopy. A special filter set from
genes of NRF and EGFP are separated by an oligonucleotide encodi@gegaOptical was used for EGFP visualization. Images were
a five amino acid spacer peptide (GGPAP). C-terminal deletionacquired with a Photometrics (Tucson, AZ) high-resolution, cooled
NRFL-550 NRF-480 NRF-434 NRF402 and NRR-361 were  charge-coupled device camera (PXL 1400, Grade 2) for 12-bit image
generated by standard PCR reactions and plasmids were analogoustylection controlled by IPLab Spectrum software (SignalAnalytics).
constructed to encode GFP fusion proteins. To construct the deletion
mutant NRF6269QGFP, a PCR fragment containing a Kozak o
sequence '5to the methionine at position 362 was generated andmmunostaining
cloned accordingly. All PCR generated DNA fragments wereCells were plated onto 24 mm diameter round coverslips and fixed
confirmed by sequencing in the final expression plasmids. Theith cold (-20°C) methanol/acetone (1:1) for 5 minutes. After
expression plasmid for IFM-was described by Ben-Asouli et al. fixation, cells were washed three times with PBS containing 3%
(Ben-Asouli et al., 2002). bovine serum albumin (BSA). The cells were incubated for 1 hour at
room temperature with the primary anti-Myc-tag antibody at a 1:250
o dilution (Roche). Excess antibody was removed by washing three
RNA binding assay times with PBS containing 0.1% saponin. The cells were then
The T7 transcript containing thé-&erminal 469 nt of IFN¢ mRNA incubated for 45 minutes at room temperature with Cy3-labeled goat
was generated fror8fu-digested phlFNy-1 DNA (Ben-Asouli et anti-mouse IgG antibody (Dianova) at a 1:800 dilution. Cells were
al., 2002). Uniformly labeled'&erminal 469 nt T7 IFNt mRNA washed again in PBS containing 0.1% saponin and then mounted onto
transcripts were synthesized (Ambion) using-3fPJUTP (40  glass slides with Elvanol.
mCi/ml) and 0.5 mM UTP for labeling. Complex formation between
proteins produced in rabbit reticulocyte lysate (Promega) and 469 nt ) )
IFN-y mRNA was assayed by electrophoretic mobility shift. Preparation of extracts and western blot analysis
Reaction mixtures of 2Qu contained32P-labeled mRNA (210° Nuclear extracts from stably transfected and control C243 cells were
c.p.m.) and the indicated proteins in binding buffer (50 mM KCI,prepared using NucBuster Protein Extraction Kit (Novagen) following
20 mM Tris-HCIl, pH 7.8, 2 mM magnesium acetate, 1 mMthe manufacturer’s protocol. The insoluble pellet containing nucleolar
dithiothreitol). After incubation for 15 minutes at 30°C the mixture proteins was additionally treated with deoxycholate (DOC) buffer (10
was incubated for 10 minutes on ice and then 50% glycerol loadinggM Tris-HCI, pH 8.0, 10 mM KCI, 0.5 mM Mgg| 0.15% DOC).
buffer was added. Samples were run for 5 hours at 100 V throughhe protein extracts were analyzed by SDS-PAGE and transferred by
4% native polyacrylamide gels in 90 mM boric acid, 25 mM EDTA, electroblotting onto nitrocellulose membranes. Immunoblotting was
90 mM Tris base. To demonstrate specificity of the complgxg 2 performed using monoclonal antibody directed against the Myc-tag
of anti-Myc antibody (Roche) was added after the 15 minutgRoche). Filters were then incubated with the secondary horseradish
incubation at 30°C. peroxidase-conjugated anti-mouse antibody (Dianova). Proteins were
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detected using an enhanced chemiluminescence protein detectiohthe genes encoding IFland IL-8, and NRF binds to both
method (Pierce). promoters (Nourbakhsh and Hauser, 1999; Nourbakhsh et al.,
2001). We therefore tested the ability of NRF to bind to
dsRNA. For this purpose a-terminal fragment of IFN¢
Results N mRNA was examined. Ben-Asouli et al. (Ben-Asouli et al.,
dsRNA-binding activity of NRF 2002) showed that this RNA forms a strong secondary structure
NRF sequence compilation resulted in the prediction that NR&nd binds to PKR, a dsRNA binding protein. The NRF protein
binds to dsRNA (Falquet et al., 2002; Geer et al., 200Zragments containing a His-Myc-tag or a GFP label as outlined
Bateman et al., 2002; Schultz et al., 1998; Letunic et al., 200#) Fig. 1C were produced in vitro and incubated with uniformly
Marchler-Bauer et al., 2002; Marchler-Bauer et al., 2003)labeled 469 nt T7 IFN- mRNA transcripts (Ben-Asouli et
Three different domains exhibiting such properties weral., 2000). The resulting complexes were subjected to
detected. Their position on a linear NRF protein display i®lectrophoretic mobility shift assays. The results are shown in
depicted in Fig. 1B. Further searches revealed amino ackig. 2. In contrast to luciferase, which serves as a negative
sequence similarities to several conserved domains found @ontrol (lane 3), NRF binds to this dsRNA (lane 4). The same
nucleic acid-binding proteins: a JAG domain comprising as true for GFP-labeled NRF, indicating that dsRNA binding is
glycine rich sequence (G-patch) and an R3H sequence motibt due to the His-Myc-tag (lane 6). Addition of antibody
(Fig. 1B). directed against the Myc-tag specifically inhibits complex
dsRNA binding might play a role in the regulation of NRFformation between His-Myc-NRF and IFNRNA (lane 5) but
function since this type of RNA is involved in the regulationdoes not reduce binding of PKR (lanes 10 and 11). A C-

A 1 MEKILQMAEG IDIGEMPSYD LVLSKPSKGQ KRHLSTCDGQ NPPKKQAGSK FHARPRFEPV
61 HFVASSSKDE RQEDPYGPQT KEVNEQTHFA SMPRDIYQDY TQDSFSIQDG NSQYCDSSGF

121 ILTKDQPVTA NMYFDSGNPA PSTTSQQANS QSTPEPSPSQ TFPESVVAEK QYFIEKLTAT
181 IWKNLSNPEM TSGSDKINYT YMLTRCIQAC KTNPEYIYAP LKEIPPADIP KNKKLLTDGY
241 ACEVRCQNIY LTTGYAGSKN GSRDRATELA VKLLQKRIEV RVVRRKFKHT FGEDLVVCQI
301 GMSSYEFPPA LKPPEDLVVL GKDASGQPIF NASAKHWTNF VITENANDAI GILNNSASFN
361 KMSIEYKYEM MPNRTWRCRV FLQDHCLAEG YGTKKTSKHA AADEALKILQ KTQPTYPSVK
421 SSQCHTGSSP RGSGKKKDIK DLVVYENSSN PVCTLNDTAQ FNRMTVEYVY ERMTGLRWKC
481 KVILESEVIA EAVGVKKTVK YEAAGEAVKT LKKTQPTVIN NLKKGAVEDV ISRNEIQGRS
541 AEEAYKQQIK EDNIGNQLLR KMGWTGGGLG KSGEGIREPI SVKEQHKREG LGLDVERVNK
601 IAKRDIEQII RNYARSESHT DLTFSRELTN DERKQIHQIA QKYGLKSKSH GVGHDRYLVV
661 GRKRRKEDLL DQLKQEGQVG HYELVMPQAN *

B

SOBJAGGSS
'Repression Domadff dsRBDs ______ 586R3HE63
31N|_S46 296DBD388 SAQG_PatCﬁQG
[ |
1 690
C
His 1 NRF 690 . Fig. 1. NRF domains and DNA fragments
P His-Myc-NRF used in the study (A) Amino acid sequence
Y 1 690 of human NRF as deduced from the cDNA
- ] NRF-GFP clone used in this study. Asterisk indicates
the stop codon. (B) Schematic illustration
1 550 of the NRF protein showing the NLS, the
- | NRE-55.GFP NF-kB repression domain, the DNA
L 480 binding domai_n (DBD) and consensus
[ I NRE-45.GEP sequence _mO'FIfS _for RNA binding (JAG),
nucleic acid binding (G-Patch) and single-
1 434 stranded nucleic acid binding (R3H).
- I NRF-434GFP Several dsRNA binding motifs are found
between amino acid (aa) 349 and aa 512
1 402 (dashed line). (C) Schematic representation
- | NRF-402GFP of the full-length NRF tagged with His-
1 261 Myc epitope or with GFP and NRF deletion
- | NRFEL36LGEP mutants fused to GFP. The His-Myc-tag
was fused in-frame to the amino terminus
362 690 of NRF, while GFP was added in-frame to

- | NRF6269QGFP its C-terminal end.
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size by western blotting of cell extracts from the respective

o
i 6 F & transfectants (data not shown). Intracellular localization of
$Z2Z2a0ag 989 His-Myc-NRF was visualized by immunofluorescence staining
5 82 G s 2 8 using an antibody directed against the Myc-tag. His-Myc-NRF
o < % ?.9 ﬁ 'ﬁ:L ‘% E:._ E:._ ¥ o was detectable pr_edominantly in the nuclt_—:'oli but some protei_n
£ 8323 B XKL was also present in the nucleoplasm and in the cytoplasm (Fig.
- — — — 4+ — — — — — 4+ o-MycmAb 3Aab).

The localization of NRF-GFP was examined in living cells.
The NRF-GFP fusion protein exhibited the same pattern of
intracellular localization as its His-Myc-tagged counterpart.
Fig. 3A shows a dominant localization of NRF-GFP in the
nucleoli of living cells. A small portion of the NRF protein is
also detectable in both the nucleoplasm and the cytoplasm.
However, this is only visible when the nucleolar signal is
saturated (Fig. 3A,f). We could not find significant changes in
the pattern of this intracellular NRF-GFP distribution in cells
with different expression strength of the fusion protein (data
not shown). Furthermore, the same subcellular localization of
NRF-GFP was found in other murine cell lines (NIH3T3,
LMTK-, MEFs) and in human A549 cells (data not shown).

In order to gain more information on the relationship among
NRF and other nucleolar components, we have studied the effect
) . of actinomycin D on its localization. The nucleolar localization
3 1 8 of NRF may depend on the presence of nucleolar RNA. To test
1 2 34567 8 9 1011 this hypothesis, we examined the localization of NRF after
actinomycin D treatment. Treatment of cells with high doses of
actinomycin D inhibits the activity of RNA polymerase | and Il
Actinomycin D treatment disrupts the function of the nucleolus
in vitro produced full-length NRF fusion protein or the indicated but does .HOt lead to its dlsappearahce (Scheer et al.,, 1993). This
deletion mutants. The reaction mixture was subjected to was cpnflrmed by phgse-cor}trast images of C243 cells treated
electrophoresis on a native gel to separate RNA-protein complexes With high doses of actinomycin D (data not shown). A complete
from the free probe. The arrows indicate the migration Ofva relocal|zat|0n Of NRF'GFP was Observed aﬂer tl’eatlng the Ce||S
as a free probe and as complexes with NRF and PKR. The for 8 hours with actinomycin D (Fig. 3B,a). NRF-GFP was
autoradiogram shows free and bound RNA. Addition of antibody  distributed throughout the nucleoplasm and was absent from the
directed against the Myc-tag (that specifically inhibits the complex nucleolus. In the first hours after drug addition a concentration
formation between His-Myc-NRF and IFjs indicated. of the NRF protein along the outer surface of the nucleoli was

detectable. The majority of the NRF disappeared from the
nucleoli after 5 hours (data not shown). Western blot analysis
(Fig. 3C) confirmed these data. As a control the localization of
terminal NRF fragment (NF882-690in Fig. 1C) is able to bind the GFP-labeled nucleolar protein hfor2_82i24 (Simpson et al.,
to dsRNA (lane 7), while mutants in which the R3H domain2000) was determined (Fig. 3B,c,d). The localization of GFP-
(NRF550 Jane 8) and the R3H domain plus G-Patchhfbr2_82i24 after actinomycin D treatment was comparable to
(NRF-480 Jane 9) were deleted showed strongly reducedhat of wild-type NRF-GFP protein. Thus, the nucleolar
capacity to bind the IFN-RNA. The binding of dsRNA to localization of NRF appears to depend on the presence of rRNA
proteins can alter their properties, e.g. DNA-binding,or ongoing transcription.
(enzymatic) activity, or binding to other proteins (Varani et al., To determine the role of the RNA binding domains of NRF
2000; Mogridge et al., 1998; Zheng and Gierasch, 1997for the nucleolar targeting we examined the subcellular
Previous studies indicated that dsRNA treatment or virutcalization of GFP-tagged deletion mutants NR¥ and
infection does not alter the DNA-binding of NRF (NourbakhshNRF-480 Both mutants show the same predominant nucleolar
et al., 1993). Since NRF has no known enzymatic activity wéocalization as the full-length protein (Fig. 3D,a,b). We next
examined whether dsRNA binding would alter interactionggenerated additional C-terminal deletion mutants to specify the
with other cellular components. It is known that binding toelements in NRF responsible for accumulation of the protein
other proteins can lead to a reduction of mobility or to a change the nucleolus. The NRF fragments NRf4 NRF-402and
in its destination. NRFL-361 were fused to GFP, and their localization was
investigated upon transfection into C243 cells (Fig. 3D,c-e). In
o living cells most of the NRF*34 was found in nucleoli. In
Intracellular localization of NRF contrast, NRF mutants lacking further parts of the C terminus
To examine the subcellular localization of NRF we generatedhowed a reduced capacity to accumulate in the nucleolus.
stable C243 cell lines expressing the full-length His-Myc-Compared to the full-length protein, a greater amount of
tagged NRF and a C-terminal fusion of the NRF protein wittNRF:492 |ocalizes in the nucleoplasm but the major fraction
GFP. Both proteins were shown to be expressed at the expectddhe protein still accumulates in nucleoli. Confocal imaging

-+— PKR
NRF—

free —m

Fig. 2.dsRNA binding activity of NRF. Uniformly2P-labeled 469
nt IFN-y T7-derived RNA (see Methods section) was incubated with
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nuclear nucleolar
- -

NRF™% (c)

Fig. 3.Localization of full-length and mutant NRF in
interphase nuclei. (A) Fluorescence microscopy images (b,d
and the corresponding phase-contrast images (a,c) of C24
cells expressing His-Myc-tagged NRF (a,b) or NRF-GFP
fusion protein (c,d). To visualize the cytoplasmic and
nucleoplasmic presence of NRF, confocal laser scanning
microscopy of GFP-tagged full-length protein was carried o
under non-saturating (e) and saturating (f) imaging conditions

in living C243 cells. (B) C243 cells expressing full-length NRF-GFP (a),3#RG22GFP (b) or the nucleolic marker protein GFP-hfbr2_82i24

(d) were treated with gg/ml actinomycin D. Intracellular localization of the GFP-tagged proteins was determined by confocal laser scanning
microscopy in living cells. Representative images from cells after 8 hours of actinomycin D treatment are shown. As noortreht8& P-
hfbr2_82i24 is shown in c. (C) C243 cells expressing His-Myc-tagged NRF were either left untreated or treatpd/mitla&inomycin D for

8 hours. Nuclear and nucleolar fractions were prepared as described under Materials and Methods. Equal amounts of pestairetvbye
SDS-PAGE, blotted onto a nitrocellulose membrane and probed with antibody directed against the Myc-tag. (D) NRF deletdnsadtemt

GFP were expressed in C243 cells. The subcellular localization of the various mutant proteins was determined by costaraiitager
microscopy in living cells. (a) NRFPSLGFP, (b) NRE48LGFP, (c) NRE434GFP, (d) NRE402GFP, (e) NRE-36LGFP, (f) NREB62-69QGFP,

NRF 1-402 Rd]

?‘)-j.‘

of NRF-361 showed an equal distribution of the protein indynamic properties of NRF-GFP in different cellular
nucleoli and nucleoplasm. Compared to longer NRFcompartments of living cells. To determine FRAP kinetics,
fragments, a higher amount of NR¥! localizes in the C243 cells expressing full-length NRF-GFP were cultured
cytoplasm. To confirm that the main nucleolar targetingunder a confocal laser scanning microscope and GFP
sequence of NRF is present in the C-terminal part of the protefluorescence was irreversibly bleached by high-powered laser
we generated a NRF mutant lacking the N-terminal 361 aminpulses in an entire area of a single nucleolus. After
acids. The GFP-tagged NP8269 |ocalized mainly in the photobleaching the recovery of fluorescence signal in the
nucleoli of C243 cells but a significant portion of the proteinbleached area was recorded by sequential imaging scans (Fig.
was also present in the nucleoplasm (Fig. 3D,f). TheA). Changes in fluorescence intensity within bleached and
localization of this mutant was also checked after actinomycinnbleached areas were quantitatively measured at different
D treatment. It was found that the NiES9QGFP protein also time points. Fig. 4B shows the kinetics of representative
disappeared as a result of this treatment (Fig. 3B,b). These d#itzorescence recovery of NRF-GFP. The FRAP (fluorescence
confirm that a nucleolar targeting sequence of NRF is in the Gecovery after photobleaching) rate is very slow. The
terminal part of the protein. fluorescence in the bleached nucleolus recovered to 30% of its
pre-bleach intensity within 100 seconds. This correlates with
- ) the slight decrease of fluorescent molecules in unbleached
Mobility of the NRF protein nucleoli of the same cell. The overall loss of fluorescence as a
We applied photobleaching techniques to investigate theonsequence of the image recording is very weak, as shown by
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1000 || HH,,,.HH'““"*H transfected with NRF-GFP were subjected to FRAP analysis. The area of an entire
so0 |+* nucleolus was bleached (indicated by an arrow in the first post-bleach panel) and
U images collected before and at the indicated time points after the end of the bleach
0 2 40 &0 80 100 120 pulse are shown. (B) Quantitative data of fluorescence recovery kinetics for NRF-GFP
Time [sec] were recorded and plotted over time. The fluorescence intensities in bleached and
unbleached nucleoli were measured for two adjacent cells (shown below; the bleached

pre-bleach _ || 125 sec post-bleach nucleolus is indicated by an arrow in the pre-bleach panel). Plotted data were not
0.4 corrected for the overall loss of fluorescence induced by the image collection, to allow
@- ; . a quantitative comparison of signal loss in unbleached areas with signal gain in the
= bleached area. The FRAP rate of the bleached nucleolus (number 1) is represented by
red diamonds; 2 (green squares) and 3 (blue triangles) are unbleached nucleoli of the

same cell; 4 (orange circles) and 5 (magenta squares) are nucleoli of an adjacent cell.

(C) C243 cells expressing NRESLGFP were subjected to FRAP analysis. The area of an entire nucleolus was bleached (indicated by an arrow

in the first post-bleach panel) and images collected before and at the indicated time points after the end of the bleachpwise(B)
Quantitative data of fluorescence recovery kinetics for NRFGFP were recorded and plotted over time. Fluorescence intensities of bleached
and unbleached nucleoli as well as in nucleoplasmic areas were determined. The FRAP rate of the bleached nucleolwstél)by iedic
diamonds; 2 (green squares) and 3 (blue triangles) are unbleached nucleoli of the same cell; 4 (orange circles) is dsennucleopl

the intensity curves of NRF-GFP in a neighboring cell (Figintensities in bleached and unbleached areas of the nucleus
4B). The confocal images in Fig. 4A further show that the rewere quantitatively measured at different time points (Fig. 4D).
entry of NRF-GFP into the nucleolus starts at the periphery anthe fluorescence intensity in the bleached nucleolus was
slowly extends to its center. restored to the level detectable in the unbleached nucleoli
We determined the FRAP rates of NFELGFP because within 3.5 seconds after the bleaching pulse.
accumulation of this mutant in the nucleoplasm increased. The FLIP (fluorescence loss in photobleaching) approach
Compared to the full-length protein, NRBLGFP rapidly was employed to evaluate the shuttling of full-length NRF
recovers in a bleached nucleolus. Fig. 4C shows a sequenti@tween nucleoplasm and cytoplasm. With this technique the
imaging scan of NRF®LGFP distribution after fluorescence intensity of a whole cell is determined pre- and
photobleaching of an entire nucleolus. The fluorescencpost-bleaching. The bleaching of high mobility fluorescent
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proteins induces a measurable reduction of the fluorescencedauld be detected in both cell lines. The temperature had no
the respective compartment (Cole et al., 1996). Defined aredstectable influence on NRF-GFP mobility. In addition, the
of the nucleoplasm distant from the nucleoli and areas in th@ovement of NRF-GFP within one nucleolus was monitored
cytoplasm were bleached by scanning for three consecuti(&ig. 6A,c). For this type of FRAP analysis we bleached only
periods of 27 to 34 seconds (see indicated times in Fig. 5) wifart of a nucleolus and measured recovery kinetics. The results
maximum laser intensity. The fluorescence of the whole cehow that the mobility of NRF-GFP within a nucleolus is not
was monitored between the times of bleaching. In Fig. 5 thsignificantly higher than the rate of inter-nucleolic exchange.
intensities of the fluorescence signals are shown using a falg¢e therefore conclude that NRF binds strongly to nucleolar
color code. These signals were quantified by measuring thetructures, which results in a low rate of protein exchange.
relative fluorescence intensities (RFI) of different loci (data not To confirm that the mobilty of NRF-GFP in the
shown). The data indicate a high mobility of the NRF-GFPhucleoplasm is not a limiting parameter we performed
protein in the cytoplasm since each bleach pulse reduces theantitative FRAP analysis (Fig. 6B,a). Subsequently,
overall fluorescence in this cellular compartment. While afteexchange between the bleached and unbleached molecules of
these bleach pulses the cytoplasm is completely cleared, theRF-GFP was monitored over time by measuring the
nuclear NRF content is only slightly altered (Fig. 5A). Thisfluorescence intensities in different areas of the nucleoplasm.
result reflects a low rate of nuclear export. Bleach pulses in thehe results confirmed the assumption and the results from
nucleoplasm also reveal a high mobility of the NRF-GFP irFLIP analysis indicate that the nucleoplasmic mobility of
this compartment. However, the nucleoplasm is not completelRF-GFP is very high compared to the mobility of the protein
cleared in the experimental period. This is due to a highen nucleoli. The same analysis was performed in the cytoplasm
amount of NRF protein in the nucleus (nucleoplasm plugFig. 6B,c). About the same mobility of NRF-GFP in the
nucleoli) as compared to the cytoplasm (Fig. 5B). The picturesucleoplasm and the cytoplasm was measured. Interestingly,
also show that a small fraction of the cytoplasmic NRF-GFRnalysis of the C-terminal half of NRF in the nucleoplasm and
disappears. This is due to two effects. First, nuclear bleachiribe cytoplasm revealed the same or a slightly enhanced
includes a weak cytoplasmic bleaching below and above thaobility (Fig. 6B,b,d). Thus, FRAP analysis suggests that NRF
nucleus. Second, a continuous flow through the nucleas firmly trapped by nucleoli while its mobility in the
compartment exists. From these results we conclude, that thecleoplasm is as high as in the cytoplasm.
nucleocytoplasmic shuttling of NRF-GFP is not rapid although The data from Fig. 3D indicate that the C-terminal half of
its mobility is high in both compartments. NRF is responsible for its nucleolar localization. This led
Next, we determined the mobility of NRF-GFP by us determine the mobility of NRF fragments in nucleoli by
measuring FRAP kinetics after bleaching nucleolarFRAP analysis (Fig. 6C). The data from the most important
nucleoplasmic or cytoplasmic areas. Phair and Misteli (Phaimutants are superimposed in Fig. 6C,h. C-terminal deletions
and Misteli, 2000) have shown that the mobility of nuclearsuccessively increase the mobility of the protein. Thus, a single
proteins is not influenced by temperature. In contrastgomain that is responsible for nucleolar binding cannot be
Christensen et al. (Christensen et al., 2002) reported a crucigfined. In contrast, it seems that several protein fragments
influence of temperature on topoisomerase | localization ancbntribute to this binding. The area responsible for the tight
mobility. Therefore, we compared the FRAP rates of NRF-GFRucleolar affinity is located between amino acids (aa) 550 and
at room temperature and at 37°C. Fig. 6A shows recover§6l. Interestingly, a comparison with the static pictures from
kinetics of NRF-GFP after bleaching an entire nucleolus irGFP-labeled NRF fragments (Fig. 3D) shows that mobility
C243 and NIH3T3 cells (a) and at different temperatures (bjneasurements by FRAP give more detailed information and
Fluorescence intensities are given for the bleached and theake it possible to distinguish between mutants that do not
unbleached nucleolus. In both cell lines the FRAP rate of thehow any difference in localization (e.g. mutants RPEEL
inter-nucleolic exchange is very slow. During the first 10GFP and NRE434GFP).
seconds of recovery only a very weak increase in fluorescenceVirus infection induces transcription of the IFNgene as

Fig. 5. FLIP analysis of NRF-GFP. C243 cells were stably transfected with NRF-GFP and subjected to FLIP analysis. The bleaclired regions
the cytoplasm (A) or in the nucleoplasm (B) are indicated with white rectangles and fluorescence intensity is shown ar tadde.ddhch

image series shows the fluorescence prior to bleaching (0 seconds) and after three consecutive bleaching periods af timmen@éate

seconds for A; 27 seconds for B).
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Fig. 6. Quantitative FRAP analysis of full-length and mutant NRF-GFP. (A) C243 cells stably transfected with expression plasnmidsiescodi
full-length NRF-GFP were subjected to quantitative FRAP analysis. The area of an entire nucleolus was bleached and frecmsgnce
kinetics for the bleached region and change of fluorescence intensity in an unbleached nucleolus were measured. To @litivea quant
comparison of signal loss in unbleached areas with signal gain in the bleached area, plotted data were not correctechfidogzeadv
fluorescence induced by the measurements of fluorescence intensity. For clarity, only selected time points are marked. fyerysyindiols
indicate the bleached area, whereas closed symbols mark the area of unbleached nucleoli. Each graph represents thetaWerageof d
single cells. (a) Fluorescence recovery kinetics for NRF-GFP were compared in C243 cells (squares) and in a stablyNilat&F8atetl line
(triangles). (b) Fluorescence recovery kinetics for NRF-GFP at room temperature (squares) and at 37°C (triangles) weri co243acets.
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(c) One part of a nucleolus was bleached and fluorescence recovery kinetics for the bleached region (open squares) aftabcbsceyecef

intensity in the unbleached area (closed circle) of the same nucleolus were measured. (B) Kinetics of fluorescence neBbw&iRoand
NRF362-69¢GFP were measured both in the nucleoplasm (a,b) and in the cytoplasm (c,d). Bleaching was done in a circular area aeeé fluoresce
recovery for the bleached region and change of fluorescence intensity in an unbleached area of the same size wereiplett€dosarity,

the scale of the y-axis was changed. (a,c) NRF-GFP; (b,d$®RREGFP. (C) C243 cells transfected with expression plasmids for the indicated
GFP-tagged NRF deletion mutants were subjected to quantitative FRAP analysis. The overall FRAP settings are descriapNRHATY(

GFP, (b) NRE48QLGFP, (c) NRE434GFP, (d) NRE-402ZGFP, (e) NRE3SLGFP, (f) FRAP analysis of NRESL.GFP in the nucleoplasm (np),

(g) NRF362:69QGFP, (h) Comparison of the FRAP kinetics for full-length NRF and the indicated deletion mutants.
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well as of the IL-8 gene. Since NRF is active in the constitutivi
silencing of both genes it was of interest to see if virus infectio
would alter localization and mobility of NRF. Initial
experiments in which the NRF-GFP localization was followec
over time after virus infection by confocal fluorescence
microscopy showed no alteration in its distribution betweel
cytoplasm, nucleoplasm and nucleoli (data not shown). For
more detailed characterization FRAP analysis of nucleole
NRF-GFP was performed at different times after infection witt
Sendai virus or Newcastle disease virus (NDV) in C243 cell
(Fig. 7). As a control the mobility of the GFP-labeled nucleolal
protein hfbr2_82i24 was determined. While GFP-hfbr2_82i2¢
mobility was slightly increased by Sendai virus wild-type
NRF-GFP did not show any change after infection with eithe
virus. These data were confirmed in NIH3T3 cells (data nc
shown). Further, cells treated with LPS did not show alteration
in NRF localization or mobility (data not shown). Thus, virus
infection and LPS treatment do not alter NRF localization an
nucleolar mobility.

Discussion

The data presented in this report indicate that the majority «
wild-type NRF is located in nucleoli, but that a significant
amount of the protein is also found in the nucleoplasm. It i
important to note that this is not because of overexpression
the NRF protein since the same proportional distribution i
found in cells that express much less of the recombinant prote
(data not shown). A recent proteomic analysis of the huma

Relative Fluorescence Intensity

Relative Fluorescence Intensity
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—/— 3h Sendai
—O— 8h Sendai
—O— 24h Sendq

1,2

Time [sec]

—O— 1h NDV

nucleolus confirmed the nucleolar localization of NRF. Schet 00T } B 5 M 0 >
et al. (Scherl et al.,, 2002) have found ITBA4 protein as Time [sec]
nucleolar component. Indeed, ITBA4 was isolated as an ES
and spans the C terminus of human NRF (Frattini et al., 1997 2 12
The dynamic movement of a protein in the cell depends nc [ —o— control
only on its size and shape but also on interactions with oth T —~A— 3h Senddi
factors, preferably proteins or nucleic acids. We found that th = —O— 8h Sendgi
mobility of NRF located in nucleoli is much lower than the § 0,84
mobility of nucleoplasmic and cytoplasmic NRF. This o
indicates, first, that the NRF protein as such is quite mobile B o6l
and second, the NRF protein in the nucleolus must be someh s
fixed, possibly by a direct or an indirect binding to nucleolai E 04l
structures. Interestingly, the NRF mutants used here do n o
show the same mobility in the nucleolus but are similarly -% 02
mobile in the nucleoplasm. This led us conclude that th ol
measured nucleolar mobility inversely reflects the affinity of o
the NRF mutants to the nucleolus. A A

From the steady-state images of GFP-labeled NRF mutan
(Fig. 3D) one can distinguish three different localization

Time [sec]

patterns: (i) it is mainly associated with nucleoli and only a lovrig, 7. Quantitative FRAP analysis of NRF-GFP during viral
amount is found in the nucleoplasm; (ii) it is mainly in theinfection. C243 cells expressing full-length NRF-GFP or the

nucleoplasm and the nucleoli are stained slightly mornucleolus marker protein GFP-hfbr2_82i24 were infected with
strongly; (iii) an intermediate between i and ii. The steady-statSendai virus or Newcastle disease virus (NDV). Before and at the
localization of NRF mutants 1-550, 1-480 and 1-434 ar(indicat_ed time poi_nts p_ost_infection cells were _subjec_tgd to FRAP
indistinguishable from the wild-type protein. However, theanalysis as described in Fig. 6A. Inter-nucleolic mobility of NRF-

affinity of these four proteins can be clearly distinguished b)%rﬁlg%fer;‘:haesé’;eudélg&'g glraer?r/{o(\)/\?rl]y #}grgﬁ;ﬁggeoﬁlcuos’reegc‘é';‘fgcs
g;ﬁfm;?r?lysli?fé;?#i; ;EQE ?ﬁ?ﬁi/ﬁgs provides a means 'in_tensity in the unbleached nucleol_i were also deter_mir_1e_d and_do not
S | ? ts in th I\?RF t : involved i _t<d|ffer from the changes presented in Fig. 6A. Egch individual time
everal iragments In the protein are involved In 1tyoint represents the average of data from five single cells. (A) NRF-
subcellular localization. As reported earlier (Nourbakhsh anGFrp-expressing cells infected with Sendai virus. (B) NRF-GFP-
Hauser, 1999) an NRF mutant lacking aa 25-45 is unable expressing cells infected with NDV. (C) GFP-hfbr2_82i24-

accumulate in the nucleus because of the removal of a nucleexpressing cells infected with Sendai virus.
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localization signal (NLS) located within the deleted sequenceucleolar proteins (Scheer et al., 1993; Welsh et al., 1999). We
Accordingly, all N-terminal NRF fragments were found in thethus conclude that NRF binding to the nucleolus is not
nucleus. Interestingly, also the C-terminal NRF protein parinediated by these proteins but rather through a direct
(362-690) is nuclear, indicating that signal(s) other than the Nnteraction with nucleolar RNA.
terminal NLS promote the nuclear transport of NRF. However, Takemura et al. (Takemura et al., 2002) have shown that pRb
bona fide NLS sequences could not be detected in the @ssociates only with nucleoli in the hyperphosphorylated state
terminal part. However, it is not very probable that a protein ofhrough binding to B23. NRF is constitutively phosphorylated
64 kDa passes through the nuclear membrane by free diffusiofi.N., unpublished). Phosphorylation might undergo alterations
We suspect that the signals that direct NRF to the nucleoli also different cellular states, e.g. after virus infection. The fact
function as nuclear localization signals. The dominant nucleahat neither treatment of cells with staurosporine nor sodium
localization might be further supported by the fact that NRFortho-vanadate altered the association of wild-type NRF to
does not shuttle rapidly between the nucleus and the cytoplasmcleoli (data not shown) led us to conclude that neither
(Fig. 5). phosphorylation of NRF itself nor of a potential linker protein
We have tried to define the protein domain responsible fds needed for its nucleolar localization.
nucleolar localization. In general, it is assumed that targeting NRF mRNAs are detected in all tested human cell lines and
of specific molecules to the nucleolus results from direct oadult tissues (Nourbakhsh and Hauser, 1999). This indicates
indirect interaction with one of the nucleolar building blocks,that NRF is abundant and ubiquitously available to participate
that is rDNA or its transcripts (Carmo-Fonseca et al., 2000)n transcriptional regulation of its target genes. NRF mRNA
Nucleolar targeting sequences as defined for several nucleolaontains a strong IRES element that results in IRES-mediated
proteins such as Rev (HIV), Rex (HTLV-1) and some othetranslation (Oumard et al., 2000). Examination of EST
viral proteins, as well as some cellular proteins, consist of sequences in public data bases would suggest that apart from
cluster of basic amino acids (Lohrum et al., 2000; Weber et athe NRF mRNA examined earlier and in this report, other NRF
2000; Hiscox, 2002). It is understood that these proteins binciRNA splice forms may exist, which lead to an N-terminal
to the same target within the nucleolus, probably the nucleolaxtension of the protein. This was not considered in the current
protein B23. However, in other nucleolar proteins such typework. Although the biological function of the IRES element is
of clusters have not been elucidated (Christensen et al., 2002pt understood, the data accumulated to date indicate that it
It seems that in this group larger protein domains areonfers high translation efficiency that is not perturbed by viral
responsible for the localization. The NRF protein sequencmfection and diverse stress responses (Oumard et al., 2000)
responsible for the nucleolar localization spans from about gand data not shown). Thus, the NRF protein as examined in
361 to aa 550. A distinct signal could not be defined withirthis report is constitutively realized even under challenging
this domain. In contrast, the data lead us to conclude thabnditions and its expression, although not explicitly
several signals within this domain contribute to the specifiquantified, seems to be rather high for a transcription factor.
localization. A successive increase in affinity exhibited by the The predominant localization of NRF in nucleoli is of high
mutants spanning from 1-361 up to 1-550 indicates that eadhterest. The known genes that are regulated by NRF are
of the signals add to the strong affinity of the wild-type proteirexpected to be transcribed in the nucleoplasm. Thus, a factor
to the nucleolus. that is required for transcriptional activation would not be
We could show NRF protein binding to dsRNA. The dsRNAexpected to localize in nucleoli. However, NRF is a repressor
binding activity localizes to NRF sequences from aa 362 to garotein that is mainly active in the non-induced state of the
550 (Fig. 2). Our data indicate that the main contribution to theells. It is thus possible that NRF is involved in the repression
nucleolar localization is in the region with the dsRBDs. Aof transcription of nucleolar genes, as has been suggested for
further contribution might come from the C terminus, e.g. thehe IFN-induced nucleolar proteins 41 and 75 (Welsh et al.,
JAG (508-663) domain. Thus, dsRNA or RNA binding motifs1999). It is known that inactive RNA polymerase Il transcribed
coincide with the nucleolar localization of NRF. Their genes in yeast are localized to nucleoli and that nucleolar
responsibility for this binding remains to be proved. compartimentalization is connected to chromatin silencing
Despite the fact that nucleoplasmic NRF shows a mucfCarmo-Fonseca et al., 2000). An analogous situation in higher
higher mobility than nucleolar NRF this does not exclude NRFeukaryotes would suggest that the NRF-regulated genes are
interacting with other proteins in the nucleoplasm. It has beekept in nucleoli in the inactive state but are released to the
shown that NRF acts through DNA-protein interactions, NRFhucleoplasm upon transcriptional activation. We wanted to
binding to NRE, as well as protein-protein interactionsknow if nucleolar NRF, like ARF for MDM2 (Lohrum et al.,
(Nourbakhsh and Hauser, 1999). A comparison of the mobilit000) or B23 for hyperphosphorylated Rb (Takemura et al.,
of NRFs with a heterologous protein, GFP, shows tha2002) is sequestering other molecules into the nucleolus. This
nucleoplasmic NRF is less mobile than nuclear GFP (data netas examined for the NkB proteins p50/p65, factors that are
shown) which could indicate interactions of NRF. However, &nown to bind to NRF (Nourbakhsh and Hauser, 1999).
direct comparison is not possible since the mobility of proteinslowever, we could not find an NRF-mediated sequestration of
is also defined by their molecular mass and shape. p50/p65 to the nucleolus (data not shown).
High actinomycin D concentrations disrupt the function of

the n_ucle_olqs Z.md lead to a r_ed|str|but|0n of the nucleolar This work was supported by the Minerva Foundation with a grant
proteins fibrillarin, B23, nucleolin and p41/p75, but does nof, N.F. we thank Raymond Kaempfer, University of Jerusalem for
lead to its disappearance. Under these conditions (Fig. 3B,Glman IFNy expression plasmid, Jeremy C. Simpson and Stefan
NRF was completely released from the nucleolus, indicatingviemann for expression plasmid encoding GFP-hfbr2_82i24 and
that NRF behaves different from the earlier characterizelichael Mathews for ideas about the dsRNA binding domains.
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