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ABSTRACT: During mitosis in higher eukaryotic cells, the nuclear envelope membranes break down into
distinct populations of vesicles and the proteins of the nuclear lamina and the nuclear pore complexes
disperse in the cytoplasm. Since phosphorylation can alter pregpeatein interactions and membrane
traffic, we have examined the cell cycle-dependent phosphorylation of nuclear pore complex proteins.
Nonmembrane nucleoporins Nup153, Nup214, and Nup358 that are modified by O-Nr&keetylglu-
cosamine and recognized by a monoclonal antibody were phosphorylated throughout the cell cycle and
hyperphosphorylated during M phase. Pore membrane glycoprotein gp210, that has a cytoplasmic,
carboxyl-terminal domain facing the pore, was not phosphorylated in interphase but specifically
phosphorylated in mitosis. Mutant and wild-type fusion proteins containing the cytoplasmic domain of
gp210 were phosphorylated vitro and their phosphopeptide maps compared to that of mitotic gp210.
This analysis showed that S&° of gp210 was phosphorylated in mitosis, possibly by cyclin B34

or a related kinase. Several nuclear pore complex proteins are therefore differentially phosphorylated
during mitosis when pore complexes disassemble and reassemble.

The nuclear envelope of higher eukaryotic cells is com- and characterized in vertebrates or yeast (Rout & Wente,
posed of the nuclear membranes, a meshwork of intermediatel994; Wu et al., 1995; Yokoyama et al., 1995). Many of
filament proteins termed the nuclear lamina, and the nuclearthe nonmembrane nucleoporins that have been characterized
pore complexes. The nuclear envelope constitutes a me-contain repeat motifs of five (XFXFG), four (GLFG), and/
chanical barrier to exchange between the cytoplasmic andor two (FG) amino acids. In vertebrates, these proteins have
the nuclear compartments of eukaryotic cells. Bidirectional numerous sites that are modified by the posttranslational
traffic between these two cell compartments is mediated by addition of O-linkedN-acetylglucosamine (GIcNAEYesi-
the nuclear pore complexes, supramolecular structures withdues. Four GIcNAc-containing nucleoporins are recognized
diameters of approximately 120 nm and estimated molecularby a monoclonal antibody called mab414 that was first used
masses of approximately 12410 Da (Dingwall & Laskey, to identify nucleoporin p62 (Davis & Blobel, 1986). Nucle-
1992; Parte& Aebi, 1993). The pore complexes form oporin p62 has since been characterized by cDNA cloning
transcisternal channels across the nuclear envelope in regionand sequencing in several vertebrate species (Starr et al.
where the inner and outer nuclear membranes fuse to form1990; Wente & Rout, 1994). Mab414 also recognizes
the pore membrane domain (Franke et al., 1981; Reichelt etNup153 (Sukegawa & Blobel, 1993; McMorrow et al., 1994),
al., 1990). Nup214 (von Lindern et al., 1992; Kraemer et al., 1994),

Although the nuclear pore complex consists of-8@0 and the Ran-binding protein Nup358 (Wu et al., 1995;
gene products, in multiple copies making a total of about Yokoyama et al., 1995) that have all been characterized by
1000 polypeptides, only several of these have been identifiedcDNA cloning and sequencing in mammalian species. In
addition to containing multiple sites for the addition of
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membrane proteins with cytoplasmic carboxyl-terminal McKeon, 1990; Peter et al., 1990; Courvalin et al., 1992).
domains and amino-terminal domains located in the lumen In the present report, we have examined the cell cycle-
of the perinuclear space (Greber et al., 1990je3qvist & dependent phosphorylation of a group of GIcNAc-containing
Hallberg, 1994). Gp210 has a cytoplasmic, carboxyl- nucleoporins that are recognized by a single monoclonal
terminal domain of 58 amino acids and a luminal domain of antibody and have characterized in detail the mitosis-specific
1808 amino acids (including the signal sequence) with phosphorylation of nuclear pore membrane protein gp210.
several N-linked high mannose sugar groups (Wozniak et
al., 1989; Greber et al., 1990). EXPERIMENTAL PROCEDURES

The nonmembrane nucleoporins and nuclear pore mem-
brane proteins contribute to a pore complex structure that
contains cytoplasmic filaments, nuclear filaments, and an
octahedral core structure (Pange Aebi, 1993; Rout &
Wente, 1994). On the basis of its location and relative
abundance (25 copies per nuclear pore, totattigMDa),
gp210 may be a major component of the outer spoke ring
of the nuclear pore (Wozniak et al., 1989) and play a role in
nuclear pore complex assembly by anchoring the octahedral
core structure of the pore complex to the membrane.
However, the identities of the putative ligands of gp210 in
the nuclear pore complex remain unknown. Nonmembrane
nucleoporins are the predominant structural components of
the filaments and octahedral core. The highly organized pore
complex structure functions as the docking site and transport
channel for the machinery responsible for the active nuclear
import and export of macromolecules. Two of the best
known components of the import machinery are the GTPase

Ran and a protein that binds to the nuclear localization signal . N
protel nas u 1zatl '9 labeling of mitotic cells, nocodazole (40 ng/mL) was added

or NLS of actively imported protein. This NLS-binding to an S fraction of cells which was then grown for 12 h with

protein has been given several names in different species; . S - : e
including karyopherire,, importin 60, Srplp, and the NLS Si[mia])r?itgg&?e (1 mCy/mL) present for the final 5 h (mitotic

receptor (Rexach & Blobel, 1995). ) _
During cell division, the nuclear envelope of higher ~ Rat hepatocellular carcinoma cell line N1S1 was grown
eukaryotic cells undergoes dramatic structural changes!n Suspension in DMEM (Life Technologies) supplemented
(McKeon, 1991; Wiese & Wilson, 1993). In prophase and with 10% fetal calf serum. Mitotic N1S1 cells were
metaphase, the lamina depolymerizes, the nuclear membraneBroduced by a single thymidine block followed by a
break down into vesicles, and the nonmembrane nucleoporing’0codazole accumulation after the release (Zieve et al., 1980).
disassemble into soluble complexes and disperse throughout™ brief, cells at a density of & 10°%/mL were grown for 15
the cytoplasm (Heald & McKeon, 1990; Peter et al., 1990; N in the presence of 2 mM thymidine, washed, and then
Dabauvalle et al., 1990, 1991; Chaudhary & Courvalin, 1993; 9rown in DMEM medium for 3 h. Nocodazole (100 ng/
Macaulay et al., 1995). Membrane disassembly is domain- mL) was then added f_or an additional 4 h. Mitotic indices
specific with integral membrane proteins of the pore and of ©f 70-75% were obtained.
the inner nuclear membrane segregating into different Isolation of*?P-Labeled Pore Proteins from Cell$Human
populations of mitotic vesicles (Chaudhary & Courvalin, autoantibodies that recognize gp210 (Courvalin et al., 1990)
1993). As mitosis nears completion, the preexisting pools were coupled to protein ASepharose (Pierce), and mono-
of nuclear envelope components are used in a stepwiseclonal antibody mab414 (Davis & Blobel, 1986) was coupled
reassembly characterized by the early targeting of membrane© protein G-Sepharose (Pierce) according to Schneider et
vesicles that contain inner nuclear membrane proteins andal. (1982). Rabbit antibodies against rat gp210 were
the subsequent targeting of gp210-containing pore membraneproduced in the following fashion. A 25 amino acid
vesicles (Chaudhary & Courvalin, 1993). The nuclear pore polypeptide corresponding to residues 186386 of rat
complexes also sequentially reassemble from the dispersedP210 (Wozniak et al., 1989) was synthesized on a Milligen
cytosolic components (Davis & Blobel, 1986; Sheehan et 9050 Pepsynthesizer (Biosearch, Framingham, MA). The
al., 1988; Vigers & Lohka, 1991; Chaudhary & Courvalin, polypeptide was coupled to keyhole limpet hemocyanin using
1993; Meier et al., 1995). 0.2% glutaraldehyde and the conjugated complex injected
Many of the structural modifications of the cellular into rabbits as described (Harlow & Lane, 1988). Antibodies
architecture that take place in mitosis, including nuclear were affinity purified from rabbit serum on a column
envelope breakdown, occur concurrently with protein phos- consisting of 2 mg of the synthetic polypeptide that was
phorylation (Nurse, 1990). Nuclear lamins, the intermediate coupled toN-hydroxysuccinimide-activated Sepharose (Phar-
filament proteins of the nuclear lamina (McKeon, 1991), and macia) according to the manufacturer’s instructions. Pro-
LBR, an integral protein that attaches the lamina to the inner cedures for antibody affinity purification have been described
nuclear membrane (Worman et al., 1988, 1990; Ye & (Harlow & Lane, 1988).
Worman, 1994), have been shown to be mitotic substrates HelLacellsin G1, S, G2, and M of the cell cycle and N1S1
for cyclin B-p349 protein kinase, and the locations of the cells, either unsynchronized or mitotic, were collected by
phosphorylated residues have been identified (Heald & centrifugation and resuspended in phosphate-free DMEM

Cells and Cell Culture. HeLa D cells were grown in
suspension in Joklik’'s modified Eagle’'s medium supple-
mented with 5% fetal calf serum (Life Technologies). HelLa
suspension cells (& 10°) were fractionated by counterflow
centrifugal elutriation using a Beckman JE5.0 rotor at
20 °C with Joklik’'s medium to collect and wash the cells
(LaBella et al., 1989). Aliquots of each cell fraction were
analyzed with a FACScan flow cytometer (Becton Dickin-
son) according to Roberts et al. (1991). Cellsin G1, S, and
G2/M were pooled, and since the G2/M fraction contained
less than 5% mitotic cells as assessed by fluorescence
microscopic analysis of an aliquot of fixed cells stained with
the DNA-binding dye 4,6-diamidino-2-phenylindole, it was
referred to as G2. An aliquot of cells in S phase of the cell
cycle was blocked in mitosis with nocodazole (40 ng/mL),
and after 12 h, the mitotic index was greater than 80%. For
35S-labeling of interphase cells, a G1 fraction was grown for
5 h in the presence ots]methionine (1 mCi/mL). FoS-
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supplemented with 5% dialyzed serum for 1 h. Cells at a 1970). Electrophoresis and transfer of proteins to nitrocel-

density of 5x 10°¢/mL in a volume of 2 mL were labeled at
37 °C with 2 mCi of P?PJorthophosphate (NEN) for 1 h.
Labeling of mitotic cells was performed in the presence of
nocodazole (46100 ng/mL), and the mitotic index did not
change during this time period. After labeling, cells were
washed in cold PBS and lysed at’@ in an immunopre-
cipitation medium containing 50 mM Tris-HCI (pH 8.0), 5
mM EDTA, 0.1% SDS, 1% Triton X-100, 2% bovine serum
albumin, and mixtures of protease inhibitors (0.5 mM
phenylmethanesulfonyl fluoride, 1@@/mL aprotinin, 1Qug/
mL antipain, 10ug/mL chymostatin, 1Q:g/mL leupeptin,
and 10ug/mL pepstatin A) and phosphatase inhibitors (50
mM NaF, 5 mM sodium pyrophosphate, and 0.1 mM sodium
orthovanadate).

Cell lysates were incubated with 30 of Sepharose beads
bearing human antibodies at 4 for 2 h with gentle
agitation. When soluble affinity-purified rabbit antibodies

lulose were performed as described (Courvalin et al., 1990).
Nitrocellulose blots were probed with mab414 or gp210
polyclonal antibodies, then with species-specific secondary
antibodies linked to horseradish peroxidase (Promega) for
detection by enhanced chemiluminescence (Amersham,
Buckinghamshire, U.K.).

Construction of Plasmids and Expression of Fusion
Proteins Plasmids encoding GST fusion proteins of the
carboxyl-terminal domain of gp210 and smaller portions of
this domain were constructed in pGEX-2T (Pharmacia) and
have been described previously (Nickowitz & Worman,
1993). Escherichia colistrain TG1 was transformed with
these plasmids by standard methods (Sambrook et al., 1989),
and the transformed recombinant plasmids were analyzed
by restriction endonuclease digestion and examination of
ethidium bromide-stained agarose gels.

To amplify cDNAs encoding polypeptides containing the

were used, they were incubated with lysates at a 1:50 dilutionlast 33 amino acids of the rat gp210 with $ét Sef8’¢

for 2 h at 4 °C prior to incubation with the protein

and Sel® mutated to alanines, an oligonucleotide of

A—Sepharose. After incubation, Sepharose beads weresequence ®GTGGATCCCCCCACTATCT3was used as
washed three times with the lysate medium without proteasethe sense primer and oligonucleotides of sequen@es&
or phosphatases inhibitors, once in the same medium withoutGAATTCTAGTGAGAGGCATAGGCTGGGCTCCA-

bovine serum albumin, once in 100 mM Tris-HCI (pH 6.8)
containing 0.5 M NacCl, and finally in 100 mM Tris-HCI

GAGCCCTGAGGGAGGTGCGGCTTTGCGAT-
CAGAAG3, 5ATCGAATTCTAGTGAGAGGCATAGG-

(pH 6.8). Bound antigens were eluted from Sepharose bead C TGGGCTCCAGAGCCCTGCGGGAGGGCTG-

by incubating the beads for 15 min at 7Q in Laemmli
sample buffer (Laemmli, 1970) containing 100 mM DTT.
The eluted proteins were separated by SIPAGE under
reducing conditions as described (Laemmli, 1970). ¥Re

GCTTTGCGAT3, and 3ATCGAATTCTAGTGAGAG-
GCATAGGCTGGGGCCCAGAGCCCTGAGGGAG®ere

used as the antisense primers, respectively. The sense primer
contained aBarH| restriction endonuclease site preceded

labeled proteins were detected either by autoradiography ofby CGT at its 5 end, and the antisense primers contained

the dried polyacrylamide slab gels-a¥0 °C using BioMax
MR film (Kodak) and an intensifying screen or by using a
Phosphorimager (Molecular Dynamics).

Phosphatase Treatment of Nucleoporifor preparation

EcadRl restriction endonuclease sites preceded by ATC at
their 5 ends to facilitate oriented cloning in pGEX-2T. PCR

(Saiki et al., 1987) was performed using the GeneAmp Kit
(Perkin-Elmer), and the reaction products were ligated in

of nuclei, HelLa cells in suspension were incubated for 30 pGEX-2T by standard methods (Sambrook et al., 1989).

min at 37 °C in culture medium containing kg/mL
cytochalasin B (Sigma), which was also present in all

Recombinant plasmids were sequenced by the dideoxy chain
termination method (Sanger et al., 1977) using the Sequenase

solutions used before homogenization. After washing in cold Kit Version 2.0 (United States Biochemical Corp.).

PBS, cells were swollen for 6 min in 1 mM Tris-HCI (pH
8) at 4°C and then transferred to 10 mM Tris-HCI (pH 7.5),
10 mM NacCl, 1.5 mM MgC), and 1 mM DTT containing

GST fusion proteins were expressed in transforiecbli
and purified on glutathioneSepharose (Pharmacia) as
described (Smith & Johnson, 1988). Fractions containing

protease inhibitors. Further steps of nuclei preparation were purified fusion proteins were analyzed by SBPBAGE and

performed as described (Chaudhary & Courvalin, 1993).
Nuclear envelopes were prepared according to Dwyer and

Blobel (1976). Mitotic membranes were prepared from
attached Hela cells treated overnight witpd/mL nocoda-

Coomassie blue staining.

In Vitro Phosphorylation Cyclin B-p3492protein kinase
purified from starfish oocytes (Lablet al., 1991) was a gift
from Drs. J.-C. Labbend M. Dofe (CNRS, Montpellier,

zole. Mitotic cells, isolated by shaking loosely adherent cells France). Purified MAP kinase was a gift from Dr. George

from culture dishes (95% mitotic), were fractionated as

Thomas (Friedrich Miescher Institute, Basel, Switzerland).

described (Chaudhary & Courvalin, 1993) except that the Kinase reactions were performed in 20 mM Na-Hepes (pH
centrifugation of the postchromosomal supernatant was7.5), 10 mM MgC}, 1 mM DTT, and 0.5 mM ATP. Kinase

performed at 2000Q) Proteins present in the 200GP0

assays were carried out at 30 for 20 min in a volume of

supernatant were precipitated using 10% trichloroacetic acid 20 uL containing 250 ng of fusion protein, 2€Ci of [y-32P]-

and washed with 90% ethanol. Incubations with alkaline
phosphatase were performed for 30 min at°80in 0.25
mL of buffer containing 50 mM Tris-HCI (pH 8.4), 5 mM
MgCl,, 1 mM DTT, protease inhibitors, 15 units of enzyme

ATP with a specific activity of 6000 Ci/mmol (NEN), and
0.4 uL of the enzyme preparation. Reactions were stopped
by the addition of 5uL of Laemmli 5x sample buffer
(Laemmli, 1970) and heating at &€ for 15 min in the

(Boehringer Mannheim, Mannheim, Germany), and nuclear presence of 100 mM DTT. Control assays were performed
envelopes, mitotic membranes, or proteins precipitated fromusing histone H1 (Boehringer-Mannheim) as substrate.

the 20000 mitotic supernatant each obtained fronx 3.(°
cells. Alakaline phosphatase was omitted from control
reactions. Reactions were stopped by the additionof 5

denaturing Laemmli electrophoresis sample buffer (Laemmli,

Phosphorylated polypeptides were separated by-SPESE

on 15% polyacrylamide slab gels. After electrophoresis, gels
were fixed in 3 volumes of methanol, 1 volume of acetic
acid, and 6 volumes of water, washed extensively with the
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Ficure 1: FACS analysis of Hela cellRepresentative graphs from
FACS analysis show the relative DNA content of unsynchronized, nup358 — -
G1, S, and G2/M populations of Hela cells. Abscissa shows the
relative fluorescence and the ordinate the cell number.

same solution, dried and subjected to autoradiography as

described above. nup153 — e e
Thermolysin Phosphopeptide Analysis and Phosphoamino

Acid Analysis Phosphopeptide and phosphoamino acid

analyses were carried out essentially as described by Hem-

mings et al. (1984). In brief?P-labeled proteins which were  Ficure 2: Cell cycle-dependent phosphorylation of nucleoporins

detected by autoradiography were excised from dried-SDS in HeLa cells. Populations of HeLa cells in the G1, S, G2, and M

; ; ; .~ phase of the cell cycle, obtained by centrifugal elutriation, were
polyacrylamide slab gels and digested with thermolysin metabolically labeled with®fP]orthophosphate, immunoprecipitated

(Boeh”nger'Mannhe'm,)' The digested peptides were col- by monoclonal antibody mab414 (A, B), and then separated by
lected, transferred to thin-layer cellulose plates (Kodak), and Sps-PAGE (8% acrylamide). (A) Autoradiogram showing that
separated by electrophoresis (pH 3.5) in the first dimension Nup153, Nup 214, and Nup358 are phosphorylated throughout the
followed by chromatography in 5 volumes of pyridine, 7.5 cell cycle while p62 is not. (B) Autoradiogram of an enlargement

volumes of 1-butanol, 1.5 volumes of acetic acid, and 6 ©f Panel A shows that phosphorylated proteins have a slower
T ! migration in mitosis (M) compared to interphase (G2). (C)

volumes of water. Interphase nuclear envelopes (1) and a 20@@f(pernatant fraction
Phosphoamino acid analysis was performed on phospho-of mitotic HeLa cells (M (s200)) were treated with alkaline
peptides eluted from SDSpolyacrylamide slab gels or on  phosphatase (P) or buffer alone (P-), then subjected to SDS

; PAGE (4% acrylamide) followed by transfer to nitrocellulose and
phosphopeptides scraped from chromatograms, F>I’]OSphorevealed by mab414. Note that the signal for Nup214 was almost

peptides were hydrolyzed in 6 M HCI, applied to thin-layer j,isible in the immunoblotting experiment (lower panel), while it
cellulose plates, and fractionated by electrophoresis (pH 1.9).was highly visible in the immunoprecipitation experiment (higher
Phosphoserine, phosphothreonine, and phosphotyrosine (2@anels).

ugl/sample) were applied to the same plates and visualized . . s .
with ninhydrin. Chromatograms were revealed either by resulting lysates were used for immunoprecipitation with two

standard autoradiography as described above or by using glifferent antibodies, and the precipitated polypeptides were
Phosphorimager. separated by SDSPAGE (8% acrylamide) and visualized

Materials Unless otherwise specified, routine chemical by autqrgdiqgraphy. One of the antibodies used for immu-
reagents were obtained from Sigma or Fisher. Restriction noprecipitation was the mouse monoclonal antibody mab414

endonucleases and DNA ligase were from New England which recognizes several nucleoporins. In vertebrates,
Biolabs mab414 recognizes polypeptides with apparent molecular

masses of 62, 180, 210, and 270 kDa on polyacrylamide gels

RESULTS that correspond to p62, Nupl53, Nup214, and Nup358.

Figure 2A shows that, among the proteins immunoprecipi-

Cell Cycle-Dependent Differences in Phosphorylation of tated with mab414 from Hela cell lysates in G1, S, G2, and

Nuclear Pore Complex ProteinsCultures of HeLa D cells M, only the three higher molecular mass proteins were
growing in suspension were fractionated into populations of phosphorylated while p62 was not. These nucleoporins were
cells in the G1, S, and G2/M phases of the cell cycle by phosphorylated at all stages of the cell cycle but were
centrifugal elutriation (Figure 1). The G2/M fraction had a hyperphosphorylated roughly twice as much in S phase and

mitotic index of less than 5% and was operationally referred mitosis (M) compared to G1 and G2 (Figure 2A). M-phase
to as G2. A population of cells in M phase (mitotic index hyperphosphorylation was accompanied by shifts of these
>80%) was obtained by culturing elutriated S-phase cells nucleoporins toward higher apparent molecular masses, shifts
in the presence of nocodazole for 12 h. that were not observed in S phase (Figure 2A,B). These
All four populations of cells were labeled for 1 h with data demonstrate that three of four nucleoporins recognized
[32P]orthophosphate and then lysed, the mitotic population by mab414 show cell cycle-dependent changes in phospho-
being maintained in the presence of nocodazole. The rylation state and that different sites may be phosphorylated

—
—
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in mitosis, while additional sites may also be phosphorylated A B
in S phase. G1S G2 M I M
Since we were mainly interested in comparing phospho- | '
rylation of nucleoporins in interphase and mitosis, further | - - —gp210
experiments on these proteins were performed using mitotic gp210 ‘| - 1

cells and unfractionated interphasic cells. Mitotic HeLa cells
were homogenized, and the 2@08ostchromosomal super-
natant was centrifuged at 200@PQ@o obtain a cytosol
supernatant (s200) and a pellet enriched in membranes and |
other particles (p200). Proteins contained in these two - .
fractions and in nuclear envelopes prepared from unsyn- '
chronized Hela cells were treated with alkaline phosphatase,

fractionated by SDSPAGE (4% acrylamide), and analyzed c WCE | M

by immunoblotting, using mab414 (Figure 2C). The shift I M PP P p
of Nup 153 and Nup358 toward higher apparent molecular L o
masses in mitosis (Figure 2C, M;Hfpcompared to interphase
(I, P—) was again observed; however, the signal obtained
for Nup214 was too weak to detect. When interphasic
nucleoporins (Figure 2C, I) were treated with alkaline 2
phosphatase (Figure 2C;Hp, there was no shift toward a
lower apparent molecular mass (Figure 2C, compare-l, P
to I, P+), suggesting a low level of phosphorylation for these D E
proteins in interphase. By contrast, when the mitotic
nucleoporins (Figure 2C, M) were treated with alkaline [} A
phosphatase (Figure 2C;Hp, the signals for these proteins
were shifted to a lower apparent molecular mass, similar if
not identical to that of their interphasic counterparts (Figure — P-T
2C, compare M, B to M, P—and I). Figure 2C only shows

P b

gp210_—- — .---—J'—-

_P-S

data obtained with the fraction of mitotic nucleoporins that e L P-Y

were soluble at 2000@0s200); however, identical data were auibl

obtained with the fraction of mitotic nucleoporins that

sedimented at this speed (data not shown). These results + -

further show that some nucleoporins are hyperphosphorylatedricure 3: Cell cycle-dependent phosphorylation of gp210 in HeLa
in mitosis. cells. Populations of HeLa cells in the G1, S, G2, and M phase of

: ; T the cell cycle, obtained by centrifugal elutriation, were metabolically
The other antibody used for immunoprecipitation from labeled with $2P]orthophosphate, immunoprecipitated by polyclonal

[*PJorthophosphate metabolically labeled Hela cells was gptinadies to gp210, and then separated by SPSGE (8%
directed against the nuclear pore membrane glycoproteinacrylamide). (A) Autoradiogram showing that gp210 is only
gp210. The cell cycle phosphorylation pattern of gp210 was phosphorylated in mitosis (M). (B) Autoradiogram showit¥g-
different from that of the nonmembrane nucleoporins. '(élt/tl’)de?lgp(%l)osm;w”o?rec'p'tﬁt?d frc;m Tter}ohe:se (A) a_nd(\r,nvn(t:oélc
- P - cells. roteins from whole extracts of interphasic ,
Gp210 was exclusively phosphorylated in m!t05|s but not in 1) and mitotic (WCE, M) Hela cells (X0cells/lane) rfnd proteins
the G1, S, or G2 phases of the cell cycle (Figure 3A). The from interphase nuclear envelopes (i) and mitotic membranes (M)
absence of a signal in interphase was not due to lack oftreated with either alkaline phosphatase-JRr buffer alone (P-)
protein synthesis, failure of immunoprecipitation, or protein were subjected to SDSPAGE (6% acrylamide) and transferred
degradation as gp210 was detected by autoradiography whefo nitrocellulose sheets, and gp210 was detected using polyclonal

. L g . antibodies in the immunoblot shown. (D) Autoradiogram showin
immunoprecipitated from HeLa cells in interphase or mitosis ' o dimensional phosphopeptide a(rla?lysi§2@f-labgled gp210 9

when cells were grown in the presence $5]methionine eluted from a SDSpolyacrylamide gel as in panel A. Arrowhead
(Figure 3B). In addition, when immunoblots of whole cell indicates a major phosphopeptide and number 1 a minor phospho-
extracts corresponding to an identical number of HeLa cells peptide present in the preparation. The arrow indicates the origin;
in interphase (Figure 3C, WCE, 1) and in mitosis (Figure the anode is on the left, and the cathode on the right. (E)
3C, WCE, M) were analyzed using antibodies to gp210, ,\Pﬂhosphoamlno acid analysls%P-Iabeled gp210 from mitotic cells.

) A . ; igration of phosphoserine (PS), phosphothreonine (PT), and
SlgnalS of similar Intensity were obtained. Inthese two types phosphotyrosine (PY) standards is shown at right.
of experiments, the apparent molecular mass of gp210 in
interphase and mitosis was identical, suggesting a low level phosphorylated on a serine residue, and thermolysin digestion
of gp210 phosphorylation in mitosis. Accordingly, when produced a prominent single phosphopeptide (arrowhead in
proteins of nuclear envelopes and mitotic membranes wereFigure 3D). Another phosphopeptide that migrated near the
treated by alkaline phosphatase before analysis by immu-origin of the chromatogram (labeled 1 in Figure 3D) was
noblotting (Figure 3C), the apparent molecular mass of gp210inconsistently observed and likely due to incomplete ther-
in mitotic membranes (M) and nuclear envelopes (1), either molysin digestion. These data demonstrate that gp210 is
treated by the enzyme {B or untreated (P), was identical. exclusively phosphorylated in mitosis on either a unique
32p-Labeled gp210 from mitotic cells was further analyzed serine residue or a few nearby serine residues.
by phosphopeptide mapping after digestion with thermolysin ~ The Peptide of Gp210 That Is Phosphorylated in Mitosis
(Figure 3D), which cleaves before hydrophobic amino acids, Can Be Phosphorylated in Vitro by Cyclin B-5$4 Protein
and by phosphoamino acid analysis (Figure 3E). Gp210 wasKinase We decided to further characterize the mechanism
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Ficure 4: Cell cycle-dependent phosphorylation of gp210 in rat [
cells N1S1 and human Hela cells. (A) Rat N1S1 cells, either -+ -+ -

unsynchronized (N1S1, I) or arrested in mitosis by nocodazole . . . ) .
(N1S1, M), were metabolically labeled witB?PJorthophosphate, ~ FIGURE 5: In vitro phosphorylation of GST fusion protein contain-
and cell lysates were immunoprecipitated with antibodies against iNg the carboxyl-terminal domain of gp210 by cyclin B-§34
gp210 and the immunoprecipitated proteins separated by-SDS Protein kinase generates a phosphopeptide that comigrates with a
PAGE. Autoradiogram shows that rat gp210 is only phosphorylated Mitosis-specific phosphopeptide. (A) Amino acid sequence of the
in mitosis.3?P-Labeled gp210 obtained form HeLa cells as in Figure Cytoplasmic tail of gp210. Regions labeled VII, IX, VIII, X, and |

3 was run in parallel (HeLa, M). (B) Phosphorimager printouts correspond to the regions of the cytoplasmic tail of gp210 that were
showing two-dimensional phosphopeptide analysid?Bflabeled expressed from plasmid clones as GST-fusion proteins. The small
gp210 immunoprecipitated from mitotic N1S1 cells, or mitotic HeLa Vertical bars below the amino acid sequence indicate the limits of
cells, and a mixture of the phosphopeptides of these two prepara-the fusion proteins. The underlined amino acids correspond to the
tions (equal amounts of radioactivity from each) run on the same Six Ser-Pro motifs. (B) Autoradiograms showing two-dimensional
chromatogram (MIX). Arrowheads indicate the major phospho- Phosphopeptide analysis &P-labeled gp210 immunoprecipitated
peptides common to gp210 in both cell types, and number 2 from mitotic HeLa cells (IN VIVO), of32P-Iabe.Ied.fu5|on protein
indicates a phosphopeptide unique to N1S1 cells. Arrows indicate €xPressed from clone | that was phosphorylatedtro by cyclin

origin. Anode is on the left and cathode on the right. B-p34< protein kinase (IN VITRO), and of a mixture of the
phosphopeptides of these two preparations (equal amounts of

of phosphorylation of nuclear pore membrane glycoprotein radioactivity from each) run on the same chromatogram (MIX).

. S . Arrowheads indicate the major phosphopeptide common to gp210
gp210 in mItOS'IS. However, a drawback W,as t"a‘“”f? immunoprecipitated from mitotic cells and the fusion protein
data were obtained in human HeLa cells while the available expressed from clone 1. Arrows indicate origin. Anode is on the

gp210 fusion proteins that were the putative substrates forleft and cathode on the right.
in vitro phosphorylation originated from rat cONA (Wozniak
et al., 1989; Nickowitz & Worman, 1993). Since the human greater amounts of radioactive phosphoprotein were obtained
sequence was not elucidated, we decided to check thewhen immunoprecipitation was performed in HelLa cells
conservation of the mitotic phosphopeptide of gp210 by compared to N1S1 cells (see Figure 4A) and that it was much
comparing the phosphopeptide mapsrotivo phosphory- easier to arrest Hela cells in mitosis. Difficulties in the
lated human and rat gp210 isolated from mitotic cells. synchronization of rodent cell lines have also been docu-
Rat N1S1 cells, growing in suspension, were chosen for mented by others (Johnson et al., 1993).
these experiments because the cDNA library used for the Gp210 contains six Ser-Pro motifs (Figure 5A) that
sequencing of gp210 was obtained from this cell line represent consensus sites for phosphorylation by proline-
(Wozniak et al., 1989). Figure 4A shows autoradiograms directed protein kinases. Since cyclin B-f83is the major
of the®2P-labeled polypeptides of gp210 immunoprecipitated mitotic protein kinase (Nurse, 1990) with the motif Ser-Pro
from unsynchronized (I) and mitotic (M) N1S1 cells. In both within its consensus sites (Lable¢ al., 1991; Moreno &
rat N1S1 cells and human HelLa cells, gp210 was only Nurse, 1990), it was chosen as a putative kinaséfeitro
phosphorylated in mitosis. The major thermolysin phos- phosphorylation of the carboxyl-terminal domain of gp210.
phopeptide derived from both rat and human gp210 dem- An additional reason for this choice was that cyclin B-{§34
onstrated similar migrations on two-dimensional maps protein kinase catalyzes the mitosis-specific phosphorylation
(Figure 4B, left and middle panels, arrowheads), although of LBR, another integral membrane protein of the nuclear
rat gp210 contained an additional phosphopeptide (labeledenvelope (Courvalin et al., 1992). A protein consisting of
2 in Figure 4B). When phosphopeptides from both the GST fused to the 58-amino acid cytoplasmic domain of rat
human and the rat preparations were run on the samegp210 was expressed from pGEX-2T clone | (Figure 5A).
chromatogram, the two predominant phosphopeptides wereThe purified fusion protein was phosphorylated by cyclin
shown to comigrate (Figure 4B, panel labeled MIX). B-p3492 protein kinasen uitro and then separated from
Because this phosphopeptide was likely identical in both other components of the reaction mixture by SEFAGE.
species, we decided to use vivo phosphorylated human  After autoradiography of the dried gel, tf@-labeled fusion
gp210 in further experiments. The reasons for the choice protein was analyzed by phosphopeptide mapping. Phos-
of human cells foin vivo experiments were that significantly  phopeptide maps showed a major phosphopeptide (Figure
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FIGURE 6: Mitosis-specific phosphorylation site is located at the extreme carboxyl-terminal end of the cytoplasmic domain of gp210.
Autoradiograms showing two-dimensional phosphopeptide majse-é@beled fusion proteins containing different domains of the C-terminus

of gp210. Fusion proteins expressed from clones VI, VIII, IX, and X (see Figure 5) were phosphoiplaitw by cyclin B-p34dc2

protein kinase, and phosphopeptides were analyzed in two dimensions. Each phosphopeptide preparation was mixed with phosphopeptides
obtained from clone | as in Figure 5 and analyzed in parallel (data not shown) to localize the migration of the mitosis-specific phosphopeptide
(arrowheads). Note that this phosphopeptide is present in phosphorylated fusion proteins expressed from clones VIl and X and absent from
phosphorylated fusion proteins expressed from clones VII and IX. Arrows indicate origin. Anode is on the left and cathode on the right.

5B, arrowhead in panel labeled IN VITRO) that was similar this phosphopeptide in the fusion protein expressed from
to the major phosphopeptide derived from mitotic gp210  clone VIl and its absence from the fusion protein expressed
vivo (Figure 5B, arrowhead in panel labeled IN VIVO). from clone VIl indicated that the phosphorylation site(s) was
These major phosphopeptides of bothitheitro andin vivo located in the second half of the carboxyl-terminal domain
preparations comigrated when separated on the same chroef gp210 and eliminates S&#° and Sef®® as candidates.
matogram (Figure 5B, arrowhead in panel labeled MIX). The Furthermore, since the mitosis-specific phosphopeptide was
major phosphopeptide derived from the fusion protein that absent from the phosphorylated fusion protein expressed from
colocalized with the mitosis-specific phosphopeptide of clone IX but present in that expressed from clone X, we
gp210 was scraped from the chromatography plate anddeduced that SE#°was the most probable phosphorylation
shown by phosphoamino acid analysis to contain phospho-site. Even though S&3was only four amino acids away
serine (data not shown). These data showed that the saméom the carboxyl-terminus of the fusion protein expressed
peptide of gp210 that was phosphorylated during mitosis wasfrom clone IX, this serine residue was still considered as a
phosphorylatedh vitro by the cyclin B-p34°?protein kinase putative candidate for the mitosis-specific phosphorylation
complex. This protein kinase was quite promiscuioustro site.
as several peptides of the fusion protein were phosphorylated. To unequivocally identify the serine residue phosphory-
Modifications in the respective concentrations of the enzyme, |atedin vitro by cyclin B-p349c2that corresponds to the site
the fusion protein, and ATP did not modify the pattern of phosphorylateéh vivo, three fusion proteins identical to that
phosphorylation of the different peptides. When MAP expressed from clone VIII were produced in which 88y
kinase, another proline-directed protein kinase, was substi-Sef876 and Set® were each independently mutated to
tuted for cyclin B-p34%2in thein vitro assay, the thermol-  glanines. Wild-type and mutated fusion proteins were
ysin-generated phosphopeptide corresponding tathe,o phosphorylatedn vitro by cyclin B-p3492 protein kinase.
phosphorylated peptide was also detected (data not shown)Figure 7 shows that the mitosis-specific phosphopeptide
Seit880|s the Mitotic Phosphorylation Site of Gp210 o (Figure 7, left panel, arrowhead) was absent from the fusion
identify the serine residue(s) in the carboxyl-terminal domain protein where Sé#° was mutated to alanine (Figure 7,
of gp210 that was phosphorylated by cyclin B-§8%protein middle panel). This was confirmed by mixing phosphopep-
kinase, GST fusion proteins were expressed from pGEX-2T tides of wild-type fusion protein (VIA®8) and mutated
clones VII, VIII, IX, and X (Figure 5A). These fusion fusion protein (VIIF®89) and analyzing them on the same
proteins contain, in different combinations, all the Ser-Pro chromatogram (Figure 7, panel labeled MIX). Other phos-
motifs in the carboxyl-terminal domain of gp210. Purified phopeptides derived frorm uitro phosphorylated fusion
fusion proteins were phosphorylated by cyclin B-f'%% proteins (Figure 7, numbers 3 and 4) that were not present
protein kinase and then analyzed by two-dimensional phos-in in vivo phosphorylated gp210 (see Figure 5B) were not
phopeptide mapping (Figure 6). Phosphopeptides derivedaffected by this mutation. Such sites are not likely to be
from each of these fusion proteins were also analyzed onphysiologically relevant. Phosphopeptide maps obtained
the same chromatogram with phosphopeptides obtained fromfrom fusion proteins with Sé#2 and Sef®’® mutated to
the entire 58-amino acid carboxyl-terminal domain fusion alanines were identical to those obtained from the wild-type
protein to clearly identify the one that corresponded to the fusion protein (data not shown). The phosphopeptide
mitosis-specific phosphopeptide (data not shown). The containing Séféthat results from digestion with thermolysin
migration of the mitosis-specific phosphopeptide observed is predicted to contain only this serine residue and to be
in these mixing experiments is indicated by the arrowheads distinct from the other potential phosphopeptides generated
in Figure 6. This mitosis-specific phosphopeptide was by thermolysin digestion of the carboxyl-terminal domain
present in the phosphorylated thermolysin-digested fusionof gp210. These results demonstrate that gp210 is phos-
proteins expressed from clones VIII and X but absent from phorylatedin vivo during mitosis on Sé#° Of note, a
those expressed from clones VIl and IX. The presence of TBLASTN search of the XREF Database at the National
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VI S1880 VII| A1880 MIX gp210 is phosphorylated on $&F, a serine residue located
= = within a Ser-Pro site in the cytoplasmic domain seven amino
('] ' acid residues away from the carboxyl-terminus. This same
b .® @ s?te is phosphorylateit uitrp by the proline—direc'ged protein
X =i T kinases p3#°2and MAP kinase. Because cyclin B-34

is the major mitotic protein kinase (Nurse, 1990), and because
MAP kinase is inactivated in metaphase-arrested cells
(Tamemoto et al., 1992), we hypothesize that cyclin B*{534
— | — [ - or a related protein kinase, is the enzyme that catalyzes the
+ . - 4 - phosphorylation of gp210 during mitosis. Several other
Ficure 7: Identification of the serine residue on gp210 that is Serine or threonine residues in the carboxyl-terminal domain
phosphorylatedn vitro by cyclin B-p349¢2 protein kinase. Auto- of gp210 are also phosphorylated by 8%or MAP kinases
radiograms showing two-dimensional phosphopeptide mag®ef  in sitro, but because they are not observed to be phospho-
labeled fusion proteins expressed from clone VIII, either wild-type rylatedin vivo, they have unclear physiological significance

(VII1 51889 or mutagenized (VIR889), and mixture of both (MIX). L
Equal amounts of each fusion protein were loaded in the experiment(l\/Ioreno & Nurse, 1990). Although we favor mitosis-

shown in MIX. Arrowheads indicate tr#@P-labeled phosphopeptide ~ SPecific phOSDhorW?tion of.g.p_210, we cannot fi90r0U5|y
of VIII S1880%that corresponds to thie »ivo phosphorylated peptide.  exclude the alternative possibility that cell cycle differences

Thissgoh_osphopeptide is absent from fusion proteinA¥#fin which in protein phosphorylation result from a fluctuating phos-
Sef880 js mutated to Ala. Numbers 3 and 4 indicat@-labeled phatase activity (Ferrigno et al., 1993). The nonmembrane

phosphopeptides that are present in hiathitro phosphorylated . - . - . ..
fusion proteins but not present in gp210 immunoprecipitated from NUcleoporins examined in this study also have high densities

HelLa or N1S1 cells (see Figure 4). Arrows indicate origin. Anode Of Ser/Thr-Pro motifs with frequencies of one per-4®
is on the left and cathode on the right. amino acids (Starr et al., 1990; von Lindern et al., 1992;

] ] ] Sukegawa & Blobel, 1993; Kraemer et al., 1994; McMorrow
Center for Blotechn_ology _Informat|on (World Wide Web ot a1 1994: Wu et al., 1995: Yokoyama et al., 1995),
URL http://www.ncbi.nlm.nih.gov/XREFdb/), performed af-  5ggesting that the mitotic phosphorylation of these nucle-
ter these experiments were completed, identified a huma”oporins may also be catalyzed by cyclin B-p82or a related
EST (GenBank Accession Number N55034, entry date protein kinase.
February 20, 1996) that encoded an amino acid sequence The cell cycle-dependent phosphorylation of O-linked
identical to rat gp210 from amino acids 1870 to 1886. GlcNAc-containing nucleoporins has recently been studied
in Xenopusoocytes bothin »ivo and in cell-free extracts

DISCUSSION (Macaulay et al., 1995). Protein p60, tienopusequivalent

In the present report, we have examined the cell cycle- of mammalian p62, was not phosphorylated while a protein
dependent phosphorylation of five nuclear pore complex with an apparent molecular mass of 200 kDa was phospho-
proteins. Three nonmembrane nucleoporins modified by rylated in interphase and hyperphosphorylated in mitosis. The
O-linked GIcNAc residues, Nup153, Nup214, and Nup358, 200 kDa glycoprotein was further shown to beiarvitro
were phosphorylated during interphase and hyperphospho-substrate for Cdc2 kinase, although thesivo andin vitro
rylated during mitosis. By contrast, nucleoporin p62 that phosphorylation sites were not identified. Although per-
bears the same glycosylation modification was not phos- formed in two different systems, mammalian somatic cells
phorylated at any stage of the cell cycle. Phosphorylation versus amphibian germinal cells, data from this study and
of NLS-binding proteins in the mobile import machinery our study reach the similar conclusion that mitotic phospho-
appears to be necessary for nuclear import to occur (Stochayylation of pore complex proteins parallels pore complex
& Silver, 1992; Azuma et al., 1995; Mishra & Parnaik, 1995). disassembly and that pore complex proteins are substrates
In Saccharomyces cearisiag, a nuclear pore complex- for cyclin B-p3492protein kinase or a related protein kinase.
associated protein kinase has been shown to phosphorylate What can be the role of phosphorylation of nuclear pore
Srplp, an NLS-binding protein essential for nuclear import complex proteins during mitosis? A possible role could be
(Azuma et al., 1995). Phosphorylation of structural proteins the prevention of proteinprotein interactions in the pore
of the nuclear pore complex also appears to be necessarcomplex as has been proposed for laremin interactions
for nuclear import (Feldherr & Akin, 1995), and the kinases during mitosis (Heald & McKeon, 1990; Peter et al., 1990).
responsible for the phosphorylation may be cAMP-dependentHowever, identification of the ligands of the O-linked
protein kinase (Vandromme et al., 1994; Gauthier-Rouviere GIcNAc-containing nucleoporins and of gp210 is a prereg-
et al., 1995), protein kinase C (Feldherr & Akin, 1995), or uisite to further studies on this subject. Interaction of gp210
both (Mishra & Parnaik, 1995). Except for the NLS-binding with another component of the pore complex has been
proteins, however, specific pore complex or import machin- suggested by transfection experiments showing that a reporter
ery substrates for protein kinases have not been identified.integral membrane protein containing the carboxyl-terminal
Thus, the interphasic phosphorylation shown in this paper domain of gp210 is targeted to the pore complex (Wozniak
of Nup 153, Nup 214, and especially Nup 358, a Ran-binding & Blobel, 1992). The same reporter protein from which the
protein known to function in nucleocytoplasmic transport last 20 amino acids of gp210 was deleted was not targeted
(Wu et al., 1995; Yokoyama et al., 1995), further suggests to the pore membrane, showing that this portion of gp210 is
that this modification may be necessary for effective nuclear involved in proper localization at the pore. We suggest that
import. this subdomain of the carboxyl terminus of gp210 that

In contrast to the nonmembrane nucleoporins, pore mem-contains Séf®interacts in interphase with a component of
brane glycoprotein gp210 is not phosphorylated in interphasethe octahedral core structure of the nuclear pore complex
but is specifically phosphorylated during mitosis. In mitosis, and contributes to its anchoring to the membrane. During
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mitosis, phosphorylation of S&° would destabilize the

interaction and allow the detachment, or prevent the reat-

tachment of such components from the membrane.
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Courvalin, J.-C., Segil, N., Blobel, G., & Worman, H. J. (1992)

Biol. Chem 267,19035-19038.

The carboxyl-terminal end of gp210 contains a low amount Dabauvalle, M. C., Loos, K., & Scheer, U. (1990hromosoma

of hydrophobic (19%) and a high amount of proline residues

100, 56—66.

(17%) that prevents any accurate prediction of secondaryPabauvalle, M. C., Loos, K., Merkert, H., & Scheer, U. (1991)

structure.
phosphorylated serine residue (&) is close to a tryp-
tophan (Trp®™9 and a tyrosine (Ty#%9 residue. In several
studies where proteinprotein interactions were analyzed by

However, the linear sequence shows that the
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contributors of binding free energy (Clackson & Wells,
1995). If Trp®”°and Ty#883belong to the binding interface
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hydrophobic interactions.

Cell Biol. 91, 39s-50s.

Gauthier-Rouviere, C., Vandromme, M., Lautredou, N., Cai, Q. Q.,

Girard, F., Fernandez, A., & Lamb, N. (1998)ol. Cell. Biol.
15,433—-444.

Greber, U. F., Senior, A., & Gerace, L. (1999MBO J. 9,1495-
1502.

Gp210 is targeted to the nuclear pore complex by two Hallberg, E., Wozniak, R. W., & Blobel, G. (1993) Cell Biol

different mechanisms at different times during the cell cycle.
In interphase, gp210 likely diffuses laterally from its site of
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Itis also not known if gp210 functions in this targeting or if
phosphorylation plays a role at this step. The fusion of
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270,254—-262.
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etal., 1989; Woodman et al., 1992). Whether the cell cycle-
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dependent phosphorylation of gp210 plays a role in the Mishra, K., & Parnaik, V. K. (1995Exp. Cell Res216, 124~

nuclear pore membrane fission and fusion that occurs in
mitosis is an open question. Current attempts to isolate

domain-specific populations of mitotic nuclear envelope
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enable us to answer this question.
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