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ABSTRACT:. Nucleolar phosphoprotein B23 is a putative ribosome assembly factor with a relatively high
affinity for peptides containing sequences of nuclear localization signals (NLSs) of the SV40 T-antigen
type [Szebeni, A., Herrera, J. E., & Olson, O. J. (198%)chemistry 348037-8042]. The effects of
protein B23 on nuclear import were determined byimanitro assay [Dean, D. A., & Kasamatsu, H.
(1994) J. Biol. Chem 269, 4910-4916] using NLS peptide-conjugated bovine serum albumin (NLS
BSA) or the HIV-1 Rev protein as substrates for import into isolated rat liver nuclei. The import was
ATP-dependent and inhibited by wheat germ agglutinin or by an antibody against p97, a component of
the nuclear import system. The rate of import of either substrate was increased if protein B23 was added
to the incubation medium. Similar enhancements of import were seen with both isoforms (B23.1 and
B23.2). The stimulatory effect on Rev protein import was saturable with maximum stimulatiegy (2

fold) at a molar ratio of protein B23:Rev of approximately 1:1. Phosphorylation of protein B23.1 by
casein kinase Il produced an additional doubling of the import rate. This effect was not seen if protein
B23.1 was phosphorylated with a cdc2 type protein kinase. Mutant forms of protein B23.1 in which the
nuclear localization signal was either deleted or altered did not stimulate import of the substrates. These
results suggest that protein B23 plays a role as an accessory factor in the nuclear import of the NLS-
containing proteins and that phosphorylation at sites in the highly acidic segments of the protein enhances
the stimulatory effect.

In eukaryotic cells, the nuclear envelope serves as aproteins and RNAs over 2840 kDa are too large to diffuse
semipermeable barrier to separate the processes of translatiothrough this channel [Paine et al., 1975; Peters, 1987; Nigg
and transcription. Bidirectional traffic between the cytoplasm et al., 1991; Forbes, 1992; Gerace, 1992; for review see
and_the nucleus takes place through nuclear pores which spaiGirlich and Mattaj (1996) and Csermely et al. (1995)]. The
the inner and outer layers of the nuclear envelope (Feldherr,nuclear accumulation of proteins via the nuclear pore
1992). Proteins that function in the nucleus such as histones complex is directed by relatively short basic sequences called
transcriptional regulatory proteins, DNA and RNA poly- npyclear localization signals (NLS) contained in these proteins
merases and ribosomal proteins are selectively imported '”tO(FeIdherr, 1992; Dingwall & Laskey, 1991; Boulikas, 1994
the nucleus from the cytoplasm. At the same time, tRNAS, Fapre & Hurt, 1994). Two major classes of NLS sequences
MRNAS, snRNAs, and ribosomal subunits are exported 10 ) e peen identified. The most studied is the NLS found in
the cytoplasm. In addition, certain proteins have been shownthe prototypical SV40 large T antigen (PKKKRKV) in which
f’fl S?Sg!qe IE)/Ieetiverantlrc])f);\lNcl) Jgeg-u,l\?;r?ﬁp;ggﬁﬂfrr(Blogrgé-et five of the seven amino acid residues are basic (Kalderon et

- ' ' ' ' ' al., 1984). The second class of NLS is typified by that found
Pifol-Roma & Dreyfuss, 1992). ; : ; . )
in the Xenopugprotein nucleoplasmin (Dingwall et al., 1988;

The nuclear pore complex (NPCis a large and sym- ; L X .
metrical supramolecular gate (Akey, 1989; Akey & Goldfarb, Robbins et al., 1991) where two CF'F'Cal ba§ Ic do.ma|n§ are
separated by a spacer of ten noncritical amino acid residues.

1989). lons, metabolites, and small proteins can enter the
nucleus by passive diffusion through the NPC which has an  The import process can be separated into two distinct steps.
open channel with a diameter of 10 nm. However, most The first is the ATP-independent docking of NLS-containing
protein to the nuclear pore complex which is followed by a
T This work was supported by NIH Grants GM28349 and AI34277 slower ATP- and temperature-dependent translocation through

to LV'T-S- V\?r:‘(?mec'\(")?r%‘f’%;ge?{x- should be addressed the pore (Richardson et al., 1988; Newmeyer & Forbes, 1988;
# University of Misr;issippi Medical Center. ' Moore & Blobel, 1994). Both steps appear to require
§ Tougaloo College. multiple cytosolic factors. The binding step involves at least
! Northwestern University Medical School. two kinds of proteins, a receptor M, 54/56 kDa and a 97

U Protein Expression Laboratory. . . .
® Abstract published irAdvance ACS Abstractdflarch 15, 1997. kDa protein that binds with the receptor to the nuclear pore

! Abbreviations: NPC, nuclear pore complex; NLS, nuclear localiza- complex (Adam & Adam, 1994; Chi et al., 1995). These

tion signal; cdc, cell division cycle; CKII, casein kinase II; HIV, human i i ; 1
immunodeficiency virus; BSA, bovine serum albumin; FITC, fluores- proteins probably correspond to importin 60 and 90r{iGly

cein isothiocyanate; ConA, concanavalin A; WGA, wheat germ etal, 1_995) or karyopheria a_ndﬁ (Mor_Oianu etal., 1995),
agglutinin; DTAF, dichlorotriazinylaminofluorescein. respectively. The translocation step involves a small GTP-
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binding protein called Ran/TC4 (Moore & Blobel, 1994; EXPERIMENTAL PROCEDURES

Melchior et al., 1993). , ) ) )
ith h S h b found i | Protein Preparations Recombinant proteins B23.1 and
Although NL _sequences have been found In a 1arge go3 5 e in these studies were producedseherichia
number of proteins, only a few proteins with which they i ang purified essentially as previously described (Umeka-
potentially interact have been identified. One of these is \,5 ot a1 1993) except that the respective cDNAs were

nucleolar protein B23, which has been shown to bind jnserted into the pET 11c vector for expression (Novagen).
peptides containing NLS sequences from the SV40 T antigengecombinant protein B23AINLS was obtained from a

(Goldfarb, 1988) and to specifically interact with these mytant in which the NLS region was deleted by using the
in a 1:1 stoichiometry (Szebeni et al., 1995). Protein B23 pcRr SOEing technique (splicing by overlap extension).
(also called nucleophosmin, numatrin, or NO38) is an pytant protein B23.1 QNLS was prepared by a similar
abundant multifunctional phosphoprotein predominantly method, except that lysines 154, 155, and 157 were substi-
located in the nucleolus. This protein has been shown to tyted with glutamines. The mutant proteins were expressed
shuttle between the nucleus and the cytoplasm (Borer etin E. coli BL21-DE3 after cloning into pET15b and were
al., 1989). Furthermore, protein B23 forms a specific purified by nickel chelate and affinity chromatography.
complex with the human immunodeficiency virus-1 (HIV-  Recombinant Rev protein was expressed and purified as
1) Rev protein (Fankhauser et al., 1991; Umekawa et al., previously described (Wingfield et al., 1991). The mono-
1993) which is also localized to the nucleoli of HIV-infected clonal antibody to p97 was prepared as previously described
cells (Cullen et al., 1988). The highly acidic segments of (Chi et al., 1995).
protein B23 (Mamrack et al., 1977) appear to be respons-  protein Phosphorylation Recombinant protein B23 was
ible for blndlng the nuclear localization Signal sequences phosphory|a’[ed in vitro with either casein kinase Il (Boe-
(Adachi et al., 1993). It has been suggested that thesehringer-Mannheim) or the cdc2 kinase (Upstate Biotechnol-
segments of protein B23 are also capable of binding basicogy) under the reaction conditions described below. For
sequences in ribosomal proteins which are transient com-casein kinase Il phosphorylation, samples of protein B23.1
ponents of the nucleolus during their assembly into ribosomesor B23.2 (0.3 mg/mL) were incubated in a reaction mixture
(Olson, 1990). Taken together, the above data suggest thatontaining 1 milliunit/mL of casein kinase Il, 20 mM MES
protein B23 plays a role in the import of proteins into the buffer (pH 7.2), 130 mM KCI, 0.4 mM MgGJ 48 mM DTT,
nucleus, especially those proteins whose destination is the100 uM ATP, in a total volume of 1 mL at 25C for 30
nucleolus. min. To remove the enzyme from phosphorylated protein
Protein B23 exists in cells as a phosphoprotein. Phos- B23 the sample was loaded to DEAE-Sephacel column and
phorylation has been shown at one or more typical caseinWashed with 50 mM MES buffer (pH 6.2). The eluted CKII
kinase Il (CKII) sites (Chan et al., 1986) and also at cdc2 Was monitored by autophosphorylation of CKIl as detected
type kinase sites (Jones et al., 1981; Peter et al., 1990;by liquid scmt!llatmn counting. Protein B23 was eluted from
Feuerstein & Randazzo, 1991). The former sites are phos-the column with S0 mM Tris/HCl buffer containing 150 mM
phorylated during interphase while the latter sites are N@Cl- For the cdc2 kinase phosphorylation the B23 samples
phosphorylated only during metaphase (Peter et al., 1990).Were incubated at 25C for 45 min in a buffer containing
The phosphorylation of protein B23 at the cdc2 type sites is 0.1ug of cdc2 kinase, 50 mM Tris-HCI (pH 7.4), 0.4 mM
believed to be related to the breakdown of the nucleolus MgCI?,_l mM EGTA, 200uM ATP, and 1ug/mL each Of.
during mitosis, whereas CKII phosphorylation has been aprotinin, leupeptin, and pepstatin. After phosphorylation

. : . the samples were dialyzed in microdialysis flow cells against
proposed to play a role in ribosome biogenesis (Olson, 1990). )

. . : 20 mM HEPES buffer (pH 7.4). Aliquots (5@) from the
Intergstlngly, recent.studles sh_oweq that phosphorylatlon Ofincubation mixtures sﬁ%pleméntedqwim[gZP]ATP were
protein B23 by CKIl increased its affinity for peptides based routinely used to measure the efficiency of the enzyme
on NLS sequences, while phosphorylation by a cdc2 type . .
kinase had no effect on NLS peptide binding (Szebeni et reactions and to estimate the number of phosphoryl groups

: ) incorporated. Termination of phosphorylation in these
al., 1995). This suggests that CKIl phosphorylation may be aliqugts was achieved by additign ofp10°>:) TCA followed
involved at the level of nuclear import.

by two more washes in 10% TCA, with subsequent washes
Although the proteins of the nuclear import system are with methanol and ether. The radioactivity incorporated into
rapidly becoming characterized, it is possible that accessorythe protein was measured in a liquid scintillation counter.
factors also participate in the import process. The charac-The number of phosphoryl groups incorporated into the
teristics of protein B23 described above suggest such a roleprotein was calculated from the radioisotope incorporation,
at some stage of nuclear import. The current work was the specific activity of the/-[3?P]JATP, and the amount of
initiated to extend previous studies on the binding of NLS protein as determined by the Bio-Rad protein assay. Ap-
peptides to protein B23 (Szebeni et al., 1995) by asking proximately 1.5 or 1 phosphoryl groups per mole of protein
whether protein B23 is able to alter the rates of nuclear were incorporated using CKIl or cdc2 kinase, respectively.
import of NLS-containing substrates. The substrates chosen Preparation of Labeled Import Substrate$he synthetic
for this were bovine serum albumin to which peptides peptide containing the SV40 T antigen NLS was conjugated
containing the SV40 T-antigen were attached and the HIV-1 to BSA using the heterobifunctional cross-linking agent MBS
Rev protein, which localizes to the nucleolus and has a highly (m-maleimidobenzoyN-hydroxysuccinimide ester) using a
basic NLS. It was found that the presence of protein B23 modification of a previously described method (Lanford et
stimulates the rate of import of both substrates into isolated al., 1986; Kitagawa & Aikawa, 1976). The protein substrates
rat liver nuclei. This stimulation was further enhanced if (Rev and NLS-BSA) used for nuclear uptake studies were
protein B23 was phosphorylated by casein kinase II. labeled with'?Y using lodogen as described by the manu-
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facturer (Pierce Chemical Co.). The labeled protein was
separated from the fre&% by a Sephadex G-25 column.
The concentrations and specific activities of thé-labeled
proteins were determined by absorbance at 280 nm. Ra-
dioactivity was measured in s counter.

Isolation of Nuclei and Cytosol FractionsNuclei were
prepared from rat liver, as described by Blobel and Potter
(1966), with minor modifications. The homogenization
buffer (TKM) contained 250 mM sucrose, 50 mM Tris, pH
7.6, 25 mM KCI, 2.5 mM MgC, and 10ug/mL each of
leupeptin and pepstatin. Two different sources for cytosol
were used for nuclear import assay: rabbit reticulocyte lysate
(Promega Biotech, Milwaukee, WI) as previously described
(Adam et al., 1991) and rat liver cytosol. Fresh rat liver
was gently homogenized with 2 vol of import buffer (50
mM Tris, pH 7.6, 25 mM KCI, 2.5 mM MgGl and
containing 1 ug/mL each of leupeptin, pepstatin, and
aprotinin) using a Potter homogenizer with a Teflon pestle.
The homogenate was centrifuged at 188 20 min. The
supernatant was centrifuged at 158@0r 20 min, followed
by 10000@ for 1 h. The 100009 supernatant was then
dialyzed fo 4 h against import buffer.

Nuclear Import Assay Nuclei were added to import buffer
50 mM Tris, pH 7.6, 25 mM KCl, 2.5 mM MgGlcontaining
5 mM ATP, and 2 mg/mL of BSA to a final concentration
of 107 nuclei/mL and allowed to equilibrate for 5 min at 30
°C as described by Dean and Kasamatsu (1994). After 5
min, 129-protein import substrate was added to the equili-
brated nuclei. The typical import mixture was 260. At
various times after mixing, a 50L sample was removed
and filtered through a 5.0m Durapore filter (diameter: 13
mm), which was presoaked for—% h in import buffer
containing 20 mg/mL of BSA to block protein-binding sites.
The filter was washed with 10 mL of cold import buffer
containing 2 mg/mL BSA, dried, and counted ity aounter.

Microscopy Nuclei were viewed under a Zeiss epifluo-
rescence microscope equipped with a camera system.

Chemicals and NLS PeptideThe SV40 large T antigen
NLS sequ_enc_e_ (PKKKRKVEDP.YQ was synthesized by Ficure 1: Import of fluorescently labeled Rev protein into isolated
Coast. Sc!entlflc. MBS r(‘rmale'lmIdobenzoyN-hydrox— nuclei. Isolatgd rat liver nuclei wyere added(mrt):lei/mL) to TKM
ysuccinimide ester) was from Pierce Chemical Co. (Rock- puffer containing 2 mg/mL of BSA and incubated at room

ford, IL) product. All other chemicals were purchased from temperature for 10 min with DTAF-labeled Rev protein (A) in the
Sigma. presence of 5 mM ATP (B) or 5 mM ATP and O:M protein

B23.1 (C). The nuclei were then fixed L of 37% formaldehyde
was added to a 10L sample), and the DTAF-labeled Rev protein
was detected by fluorescence microscopy.

RESULTS

Nuclear Import of NLSBSA and HIV-1 Re To deter- ) . .
mine the possible involvement of protein B23 in nuclear S€en. The integrity of the nuclear membranes was judged
import we adapted the assay of Dean and Kasamatsu (1994¥y the criteria used by Dean and Kasamatsu (1994);
which measures uptake of labeled substrates into isolated®Xclusion of large fluorescently labeled macromolecules
nuclei by filtration onto nitrocellulose membranes. However, (FITC-dextran or FITC-albumin), inaccessibility by FITC-
lower backgrounds were obtained if Durapore membranes CONA to the lumen between the outer and inner nuclear
were substituted for nitrocellulose. The former were used Meémbranes, and exclusive staining of the outer nuclear
for the experiments described below. The import substratesMeémbrane by FITC-WGA. By these criteria more than 90%
were either NLS-BSA or the HIV-1 Rev protein which were ~ ©f the nuclei had intact nuclear envelopes.
labeled with??3. Nuclei were isolated from rat liver by The nuclei were also examined after import of fluores-
centrifugation through a sucrose gradient and resuspendecently labeled import substrate (Figure 1). Only traces of
in TKM buffer which contained 0.24 M sucrose. Since the DTAF-labeled Rev were seen inside nuclei in the absence
Dean and Kasamatsu (1994) assay was developed usingf ATP (Figure 1A). However, when 5 mM ATP was added
nuclei of monkey kidney cells in culture, we did extensive to the system, the substrate was internalized in the nuclei
evaluation of its use with rat liver nuclei. Microscopic and simply did not adhere to the surfaces (Figure 1B,C).
examination indicated that less than 5% of the isolated nuclei The amount of internalized Rev appeared to be greater in
were damaged and only traces of cytoplasmic debris werethe presence of protein B23.1 (Figure 1C).
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FiGure 2: Import of 129-labeled substrates into isolated nuclei. Isolated rat liver nuclei were incubated with 25%MLS—BSA (A)

or 80 nM of [29]Rev protein (B) at 3C°C in TKM buffer (as described in Materials and Methods) in the presence (circled plus sign) or
absence of 5 mM ATPX). The assay was also performed with added protein B23/AM)Lin the presence®) or absence of ATP{,

panel A only). [24]BSA without NLS peptides attached was not measurably imported into the nuclei (data not shown). Each data point
represents the meah SD of data obtained from five (A) or six (B) independent experiments.

To perform the assays the isolated nuclei were initially complex via p97. Chi et al. (1995) have shown that an
suspended in TKM buffer containing ATP and BSA and antibody to p97 inhibits nuclear import in permeabilized
equilibrated for 5 min. The reaction was initiated by the cells. To determine whether import in the isolated nuclear
addition of'®3-labeled import substrate. After various times system was taking place by the same mechanism the nuclei
of incubation aliquots were removed, filtered, and counted were treated with a monoclonal antibody to p97. Isolated
for incorporated radioactivity. Figure 2A shows a typical nuclei were preincubated for 5 min at 30 in the presence
time course of nuclear uptake of NEBSA. The uptake or absence of anti-p97 antibody in assay buffer containing
of NLS—BSA was ATP dependent, with essentially no ATP and then for 10 min with radiolabeled import substrates.
uptake in the absence of ATP. The nuclei imported NLS  Figure 3 shows that pretreatment with the antibody resulted
BSA with initial rates that were typically-56 pmol of NLS— in rates of import of either NLSBSA or Rev similar to
BSA/min/1® nuclei at a ligand concentration of 25 nM. those seen with the control samples where ATP was omitted.
[*29]BSA without NLS peptides attached was not measurably In the presence of anti-p97, addition of recombinant protein
imported into the nuclei. The same nuclear import assay B23.1 had no significant effect on the import of either
was used to measure the import of a second substrate, thesubstrate (Figure 3). When nuclei were treated with anti-
HIV-1 Rev protein. Results similar to those obtained with p97 and observed by immunofluorescence microscopy, rings
NLS—BSA were seen with the Rev protein (Figure 2B). The of fluorescence were observed around the nuclei (not shown).
import of radiolabeled Rev was also ATP dependent, with These results suggest that p97 is present in the isolated
only low levels of incorporation if ATP was not present in nuclear system and that both NEBSA and Rev are
the assay buffer. The addition of cytosolic fractions to the imported into nuclei by the same pathway described previ-
import buffer did not significantly alter the rate of import of ously (Adam & Adam, 1994).
either substrate (not shown). Wheat germ agglutinin (WGA) also inhibits import of

Protein B23 Increases the Rates of Nuclear Import of proteins into the nucleus, probably by interaction with
NLS-BSA and the ReProtein The previously reported  nucleoporins (Finlay et al., 1987). Experiments were
shuttling characteristics (Borer et al., 1989) and the affinity performed to determine whether WGA affects import of the
of protein B23 for peptides containing SV40 T-antigen NLS two substrates into isolated nuclei. Addition of increasing
or Rev protein NOS sequences (Szebeni et al., 1995) raisecamounts of WGA to the import buffer caused a decrease in
the question of whether protein B23 may participate in the the uptake of NLSBSA into the nuclei (Figure 4A) with
nuclear import of proteins. When recombinant protein B23.1 greater than 90% inhibition at about 39/mL. When this
was added to the nuclear import system at a concentrationexperiment was done in the presence of protein B23 a similar
of 6 uM the rate of import of NLS-BSA was increased inhibition curve was seen (Figure 4B) indicating that protein
approximately 2-fold (Figure 2A). Similarly, when Revwas B23 did not affect the interaction of WGA with the nuclei.
used as the nuclear import substrate the presence of proteirThus, this nuclear import system exhibits characteristics
B23.1 (approximately 1:1 ratio of B23 to Rev) increased the similar to those seen with systems utilizing permeabilized
rate of import of Rev approximately 2-fold (Figure 2B). Thus, cells.
protein B23 appears to have a similar stimulatory effect on  Stimulatory Effect of Protein B23 Is SaturableTwo
the nuclear import of two different substrates. important questions in determining the specificity of the

Treatment of Isolated Nuclei with Anti-p97 or Wheat Germ stimulatory effect are whether the stimulation is saturable
Agglutinin Inhibits Nuclear Import The first step in nuclear  and if so, what is the stoichiometry with regard to the import
import is binding of the NLS to a receptor (p54/56) which substrate. These experiments were done with Rev as the
binds to a 97 kDa protein (Adam & Adam, 1994). This import substrate because it contains only one NLS per
complex of proteins then interacts with the nuclear pore molecule compared to the other substrate where multiple
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Ficure 3: Effect of treatment of isolated nuclei with anti-p97 monoclonal antibody prior to nuclear import assay. Isolated rat liver nuclei
were preincubated for 5 min at 3C in the presence or absence of 5 mM ATP and/60mL of anti-p97 antibody (AB) in TKM buffer

and then for 10 min with 25 nMA]NLS—BSA or 80 nM [L239]Rev protein. Each value represents the maag8D from a minimum of

six independent experiments.
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Ficure 4: Effect of wheat germ agglutinin on uptake of import substrates into isolated nuclei. Isolated rat liver nuclei were preincubated
for 5 min at 30°C in the presence of 5 mM ATP and with the indicated concentration of WGA in TKM buffer and then for 10 min with
25 nM ['29]NLS—BSA in the presence (panel A) or absence (panel B) of B23.14®ly} Each data point represents the meai$D of

data obtained from five independent experiments in panel A and three independent experiments in panel B.

NLS peptides are attached to BSA. Addition of increasing segment of the protein (Chan et al., 1990). Another potential
concentrations of protein B23.1 to the import system while site is located at threonine 185 in the second highly acidic
maintaining constant concentrations of Rev causes increasegegment. Since this region of the molecule is a proposed
rates of import up to a concentration of about 3a%0 nM site of interaction with the NLS sequences we examined the
B23.1 (Figure 5). This is slightly above a 1:1 ratio of B23: effects of phosphorylation on the nuclear import of NLS
Rev, suggesting that stoichiometric interaction of the two BSA and Rev. After phosphorylation of protein B23.1 by
proteins provides optimal stimulation of import. casein kinase Il it was determined that+45 phosphoryl

Phosphorylation of Protein B2B Further Enhances the  groups were incorporated per molecule of protein. This
Stimulation of Nuclear Import of N-SBSA and Re We suggested complete phosphorylation of the major CKIll site
have previously shown that phosphorylation of protein B23 and partial phosphorylation of the second site. The presence
by casein kinase Il enhances its affinity for the SV40 T- of phosphorylated B23 increased the rate of nuclear import
and Rev-derived NLS peptides (Szebeni et al., 1995). This of either substrate-45-fold compared to assays done in the
effect was not seen with cdc2 kinase-phosphorylated B23.absence of added B23 (Figure 6). In the same series of
The major casein kinase Il phosphorylation site in protein experiments unphosphorylated B23.1 only produced 3-2
B23 (serine 125) is contained in the first highly acidic fold enhancement over the controls.
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150 This result suggests that the enhancement is only produced

o ° 9 by phosphorylation at sites in the highly acidic segments of

T 125 ° the center of the molecule but not by phosphorylation of

§ cdc2-type sites in the C-terminal end.

2, Deletion or Mutation of the NLS of Protein BA3

% 100 © Abolishes Its Stimulatory Effect on Nuclear ImpoRrotein

E B23 contains a bipartite nuclear localization signal between

> xsdo® the two acidic segments (Peculis & Gall, 1992). To test the

5::’ possible role of the NLS in the stimulation of nuclear import

o § by protein B23 a mutant form of the protein was prepared

oy
o
i

in which residues 141157 were deleted (B23AINLS).
: : . : When nuclear import experiments were done using this
0 100 200 300 400 mutant protein there was no stimulation of import (Figure
7). In fact, the rate of import was slightly lower than
B23 (nM) when no B23 was added to the system. Because the dele-
Ficure 5: Effect of protein B23.1 concentration on Rev protein tion of 17 amino acid residues may cause a major change

uptake into isolated nuclei. Isolated rat liver nuclei were preincu- ; ; :
bated for 5 min at 30C in TKM buffer containing 5 mM ATP as in the conformation of the protein a second NLS mutant

described in Materials and Methods!25]Rev protein (100 nM) ~ Protein was tested. In this case lysines 154, 155, and 157
and various concentrations of protein B23.1 were added and were substituted with glutamines. This mutant protein
incubated for 10 min, and the nuclei were collected on Durapore (B23.1QNLS) was also incapable of stimulating import. This
membranes as described in Materials and Methods. indicates that the NLS is essential for the stimulation of

Protein B23 is also known to be phosphorylated in the import and suggests that the effect depends on protein B23

C-terminal region by a cdc2-type protein kinase (Peter et ItSelf being imported.

al., 1990). To determine whether the phosphorylation effect Proteins B23L and B232 Are Approximately Equal in
was due to phosphorylation in general or specific for a class Their Stimulatory Effects Protein B23 is expressed in two
of sites, protein B23.1 was also phosphorylated with a cdc2 isoforms, B23.1 and B23.2, differing only in their C-terminal
protein kinase. Approximately one phosphoryl group per ends. To determine whether the C-terminal end of the
molecule of B23.1 was incorporated using the latter enzyme. molecule is important for the stimulatory effect, the import
When the cdc2 kinase-phosphorylated B23.1 was added toassay was done in the presence or absence of equimolar
the assay buffer, the rate of import was stimulate@®Zold amounts of either recombinant protein B23.1 or B23.2.
over control samples using either import substrate (Figure Similar kinetics of import of Rev were obtained in the
6). In other words, there was no enhancement of nuclearpresence of either form of the protein (Figure 8). Further-
import over that seen with unphosphorylated protein B23.1. more, the additional stimulation of the rate of import obtained
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Ficure 6: Effect of phosphorylation of protein B23.1 on uptake of NLEBSA or the Rev protein into isolated nuclei. Isolated rat liver

nuclei were incubated at 3T for 10 minutes in TKM buffer with 25 nMEI]NLS—BSA (A) with 80 nM of [*23]Rev protein (B) or in

the presence or absence of 5 mM ATP. The assay was also performed in the presearndepodtein B23.1 or protein B23.1 phosphorylated

with casein kinase Il or the cdc2 kinase. After 10 min of incubation the mixtures were filtered through Durapore membranes as described
in Materials and Methods. Each data point represents the ezl of data obtained from three (A) or four (B) independent experiments.
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FiGURe 7: Effects of NLS mutations in protein B23.1 on nuclear FIGURE 8: Effect of isoforms of protein B23 on uptake of the Rev
uptake of the Rev protein. Isolated rat liver nuclei were incubated Protein into isolated nuclei. Isolated rat liver nuclei were incubated
(as described in Figure 3) at 3C for 10 min in TKM buffer with (as described in Figure 3) at 3C for 10 min in TKM buffer with

80 nM [24]Rev in the presence of 5 mM ATP. The assay was 80 NM [*4]Rev in presence or absence of S mM ATP. The assay
also performed in the presence of QM protein B23.1 or the ~ Was also performed in the presence of M protein B23.1 or
mutant proteins B23.1QNLS or B2ANLS. Each data point ~ B23.2. The values are meassSD of data obtained from three
represents the meah SD of data obtained from three independent independent experiments.

experiments. Data are expressed as the percentage of the contro, . . . .
which was the labeled Rev uptake in the absence of added protein:{'994)' The latter experiment suggests that import is taking

B23.1. place in isolated nuclei via the system previously character-

ized using permeabilized cells. Furthermore, the substrates
using CKIlI-phosphorylated proteins was essentially the samewere shown to be internalized and did not simply adhere to
for both proteins B23.1 and B23.2. Thus, the carboxyl- the surfaces of nuclei. The nuclei used for the assay had
terminal segment of the molecule must not be involved in intact envelopes and excluded large dextrans but allowed

the stimulation of import. smaller dextrans to be taken up, indicating that import was
not due to leakage of substrate into the nuclei. Thus, by
DISCUSSION several criteria, these nuclei imported NLS-containing sub-

strates by the previously described pathway.

In the current work we have demonstrated that protein  As indicated above, several characteristics of protein B23
B23, especially in its phosphorylated form, stimulates the have suggested that it plays a role in nuclear import; i.e., its
rate of nuclear import of two substrates: NEBSA and  affinity for peptides containing NLS sequences and its ability
the HlV'l Rev protein. The results were obtained USing the to shuttle between the nucleus and Cytop|asm_ Our more
nuclear import assay system developed by Dean and Kasarecent findings showed that there is specificity in the binding
matsu (1994) employing isolated nuclei. This method was of NLS peptides to protein B23 and that this takes place at
chosen because of the necessity for quantification of 3 1:1 molar stoichiometry (Szebeni et al., 1995). Further-
incremental changes in rates of uptake of substrates intomogre, the affinity of the NLS peptides for the protein is
nuclei. Itis apparent from these studies that protein B23 is enhanced by casein kinase Il phosphorylation. Taken
not absolutely required for import of either substrate, but together, these observations suggested the possibility that
rather it alters the rates of their import by the system that is protein B23 affects the nuclear import of NLS-containing
presentin nuclei. The assay employing filtration of isolated proteins. In the current work, we showed that protein B23
nuclei was preferred over fluorescence microscopy-basedstimulates the rate of import of two different NLS-containing
methods because of its relative Slmp|ICIty and its Ut|||ty for proteins' that maximal stimulation of import occurs when
direct quantification of the uptake of radiolabeled substrates g import substrate (Rev) and B23 are at a 1.1 ratio and
into nuclei. where B23 is phosphorylated by casein kinase Il. These

The results presented here show that isolated rat liverfindings are all consistent with the previous observations,
nuclei imported the two NLS-containing substrates with all and they provide clues regarding the possible mechanism of
of the characteristics of nuclear import previously reported this effect as discussed below.
by Dean and Kasamatsu (1994). The incorporation of Several scenarios can be proposed to explain the stimula-
labeled substrate was ATP-dependent and inhibited by thetion of the rate of nuclear import by protein B23: (a) direct
lectin WGA. In addition, we showed that import was stimulation of the import system without interacting with
inhibited by treatment with an antibody to p97, an essential the NLS-containing protein, (b) providing an “anchor” for
component of the nuclear import system (Adam & Adam, imported substrates in the nucleolus which prevents them
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from being exported, (c) stimulation of the import system
after interacting with the NLS-containing protein, (d) serving
as a carrier of the imported protein which in some way

Szebeni et al.

during interphase but declines during mitosis when the CDC2
sites become phosphorylated (Peter et al., 1990). It is
conceivable that CKIl phosphorylation not only increases

accelerates the rate of import, and (e) altering the physicalthe affinity of B23 for other nucleolar components but also

properties of the NLS-containing protein to enhance its

serves as a regulator of nuclear import which must be at a

import. The data we have presented suggest that directmaximum rate during periods of high synthetic activity. This
interaction with the import substrate is required. In the case is consistent with recent studies by Vancurova et al. (1995)

of the Rev protein where there is one NLS per protein
molecule, maximal stimulation of import is seen at or above
a 1:1 ratio of protein B23 to Rev in the import assay mixture.
This is consistent with our previous findings where the NLS
peptides bound B23 in a 1:1 stoichiometry. Furthermore,
the rate of import is enhanced another 2-fold when B23 is
phosphorylated with casein kinase II. Interestingly, this type
of phosphorylation also increases the binding affinity of the
NLS peptides approximately 2-fold. Thus, the stimulation
of import correlates with the affinity of protein B23 for the
NLS-containing protein and the possibility of stimulation
without interaction as indicated in scenario a seems unlikely.
Experiments performed in this laboratory, but not shown

showing that CKIl phosphorylation seems to be important
for optimal nuclear import of nucleoplasmin, a protein closely
related to B23. Recent work from this laboratory indicates
that after mitosis the Rev protein does not enter the nucleus
and accumulate in the nucleolus until G1 phase when active
nuclear import is established and the nucleolus is fully
operational (Dundr et al., 1996). The phosphorylation of
protein B23 by CKIl could be part of the regulatory process
that causes the switch from a dispersed nucleolus and one
that is actively accepting imported components and as-
sembling them into preribosomal particles.

Although the precise functions of protein B23 are not
clearly defined, the accumulated evidence suggest that it

here, suggest that the second scenario is also not likely toplays multiple roles in nucleolar function. In earlier studies

account for the stimulation. Nuclei were preincubated with
assay buffer containing protein B23 and replaced with B23-
free buffer prior to performing the assay. In these experi-
ments there was no stimulation of import. Experiments with

it was shown to be a general nucleic acid binding protein
(Dumbar et al., 1989). More recently, Herrera et al. (1995)
showed that protein B23 is a ribonuclease, suggesting that
it plays a role in preribosomal RNA processing. The current

labeled B23 indicated that the exogenous B23 accumulatedwork suggests that it serves as an accessory factor in nuclear

in nuclei and nucleoli. Thus, import of B23 into nuclei prior

import, possibly of ribosomal proteins whose destination is

to import of another import substrate does not increase thethe nucleolus. The HIV-1 Rev protein, which also localizes

rate of import. This reinforces the idea that protein B23 must
interact with the import substrate outside of the nucleus prior
to import into the nucleus.

None of the remaining three possibilities above is com-

to the nucleolus (Cullen et al., 1993) may utilize this same
pathway with the aid of protein B23. Future studies will be
required to tie together these proposed functions and provide
a unified picture for its participation in the nuclear and

pletely ruled out by the current data. However, there is some nucleolar machinery.
evidence to support both scenarios d and e. We showed that

the NLS in B23 is required for stimulation of import,
suggesting that B23 itself, or more likely, the B28LS
protein complex is imported and for unknown reasons

accelerates the process. It is interesting that protein B23
has a bipartite NLS and the import substrates used to date

have SV40 T-antigen type NLS sequences. It is tempting
to speculate that the bipartite NLS is more efficiently
imported and that import is stimulated by allowing the
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