A domain unique to plant RanGAP is responsible for
its targeting to the plant nuclear rim
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Ran is a small signaling GTPase that is involved in nucleocytoplas-
mic transport. Two additional functions of animal Ran in the
formation of spindle asters and the reassembly of the nuclear
envelope in mitotic cells have been recently reported. In contrast
to Ras or Rho, Ran is not associated with membranes. Instead, the
spatial sequestering of its accessory proteins, the Ran GTPase-
activating protein RanGAP and the nucleotide exchange factor
RCC1, appears to define the local concentration of RanGTP vs.
RanGDP involved in signaling. Mammalian RanGAP is bound to the
nuclear pore by a mechanism involving the attachment of small
ubiquitin-related modifier protein (SUMO) to its C terminus and the
subsequent binding of the SUMOylated domain to the nucleoporin
Nup358. Here we show that plant RanGAP utilizes a different
mechanism for nuclear envelope association, involving a novel
targeting domain that appears to be unique to plants. The N-
terminal WPP domain is highly conserved among plant RanGAPs
and the small, plant-specific nuclear envelope-associated protein
MAF1, but not present in yeast or animal RanGAP. Confocal laser
scanning microscopy of green fluorescent protein (GFP) fusion
proteins showed that it is necessary for RanGAP targeting and
sufficient to target the heterologous protein GFP to the plant
nuclear rim. The highly conserved tryptophan and proline residues
of the WPP motif are necessary for its function. The 110-aa WPP
domain is the first nuclear-envelope targeting domain identified in
plants. Its fundamental difference to its mammalian counterpart
implies that different mechanisms have evolved in plants and
animals to anchor RanGAP at the nuclear surface.

n emerging theme in signal transduction research is how the

different pathways of signaling events are both separated
and coordinated in a temporal and spatial manner in the living
cell. It is becoming increasingly evident that discrete spatial
positioning within the cell is a major aspect of this coordination.
However, how this positioning is achieved for individual signal-
ing molecules remains a fundamental question of molecular cell
biology.

The small GTP-binding protein Ran is required for the
trafficking of proteins and RNA in and out of the nucleus (1).
It forms a complex with nuclear transport receptors and their
cargoes and is involved in their directional passage through the
nuclear pores. Like all small GTP-binding proteins, RanGTP has
a very low intrinsic GTPase activity that requires stimulation by
Ran GTPase activating protein (RanGAP) and its accessory
factor RanBP1 (2). Replacement of GDP from RanGDP with
GTP is accomplished by the Ran guanine nucleotide exchange
factor RCCI1, which closes the cycle. RanGTP and RanGDP
have different roles in nuclear transport, and their respective
abundance is regulated by a spatial separation of RanGAP and
RanBP1 outside and RCC1 inside the nucleus (1). The nucle-
otide binding state of Ran thus serves as a marker for compart-
ment identity. In contrast to other small signaling GTPases like
Ras and Rho, Ran itself is not membrane bound. It is unique in
that the sequestering of its accessory proteins provides the
spatial information for its respective activities (3).

In animal cells, RanGAP is anchored to the outer basket of the
nuclear pore by interaction with the nucleoporin Nup358,
whereas RCC1 is sequestered in the nucleus through binding to
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chromatin (4). Vertebrate RanGAP contains a C-terminal
Nup358-binding domain. Modification of this domain by the
small ubiquitin-like protein SUMO causes a conformational
change of RanGAP that allows Nup358 binding (5). The
Nup358-binding domain is not present in Rnalp, the Saccharo-
myces cerevisiae and Schizosaccharomyces pombe RanGAP ho-
molog (6), which appears to be localized in the cytoplasm (7, 8).

Besides the well-established role of Ran in animal and yeast
nucleocytoplasmic transport, several exciting recent findings
point toward a wider function of Ran in cellular signaling in
animals (9, 10). RanGTP can induce microtubule self-
organization and spindle assembly by releasing microtubule-
assembly factors from inhibition by importin « and 8 (3, 11-13).
At the end of mitosis, GTP hydrolysis by Ran and a high local
concentration of RanGDP are required for the association of
nuclear envelope material with the decondensing chromatin
(14, 15).

Ran has been identified in plants and has been shown to
complement the respective S. pombe mutant (16, 17). Plant
Ran-binding proteins with high similarity to mammalian/yeast
RanBP1 have been identified (18). No plant homolog for RCC1
is presently known, but several sequences for putative plant
RanGAPs have been found. At present, nothing is known about
the potential additional functions of Ran and its access-
ory proteins in plant spindle formation and nuclear envelope
assembly.

We have shown previously that plant RanGAP sequences
contain a unique N-terminal domain (WPP domain) not present
in yeast or animal RanGAPs (19). The WPP domain shows
strong similarity to the small nuclear envelope-associated pro-
tein MAF1, which also appears to be unique to plants (20). Here,
we demonstrate that Arabidopsis RanGAP1 is localized at the
nuclear envelope of plant interphase cells, similar to mammalian
RanGAP and different from yeast Rnalp. We show that the
WPP domain constitutes a targeting domain that is necessary
and sufficient for anchoring AtRanGAP1 to the nuclear enve-
lope and that the WPP motif is involved in its function. These
findings indicate that the mechanism for subcellular anchoring of
RanGAP differs fundamentally between plants and animals.

Materials and Methods

Sequence Comparison and Structural Modeling. GenBank and the
Arabidopsis genome database were accessed through the Na-
tional Center for Biotechnology Information (http://
www.ncbi.nlm.nih.gov/) and The Arabidopsis Information Re-
source (http://www.arabidopsis.org/), respectively. Sequence
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similarity searches were performed by using BLAST (21). Multiple
sequence alignments were performed with the DNASTAR protein
alignment protocol (DNASTAR, Madison, WI) by using the
CLUSTAL algorithm. Parameters for CLUSTAL alignments were as
follows. Pairwise alignment was: Ktuple, 1; gap Penalty, 3;
windows, 5; and diagonals saved, 5. Multiple alignment was: gap
penalty, 10; and gap length penalty, 10. The PAM250 weight
table was used.

Structural fitting data were acquired by accessing Swiss-Model
through the interfaced SWISS PDB VIEWER (version 3.7b2) soft-
ware (22, 23). The ~10,000 protein structures deposited in the
Protein Data Bank (PDB) were searched through Swiss-Model
for a template to model AtRanGAP1 and OsRanGAP with the
full-length amino acid sequences of the two proteins. The
structure files 1IYRGA and 1YRGB, representing the crystal
structures of the two identical subunits of the SpRnalp crystal
dimer, were identified with both sequences. Sequence identity of
the regions identified for threading was 28.3% for AtRanGAP1
and 27.7% for OsRanGAP. 1YRGB was used for modeling.
Preliminary threading was performed with MAGIC FIT in SWISS
PDB VIEWER, and the models were subsequently optimized on the
Swiss-Model server (22, 23). The quality of the received models
was confirmed with the WHAT_CHECK verification routine (24).
Of the 48 parameters checked by the program, all parameters
with impact on modeling by homology scored acceptable. Im-
portantly, the Ramachandran Z score (measure for backbone
structure) and the x-1/x-2 Z score (measure for side-chain
conformation) were both in the acceptable range (—2.57 for
Ramachandran Z score and —0.541 for x-1/x-2 Z score).

Reverse Transcription (RT)-PCR Cloning of AtRanGAP1. The
AtRanGAP1 cDNA was isolated by RT-PCR with the primers
RanGAPI1-F (5'-ATG GAT CAT TCA GCG AAA ACC-3)
and RanGAP1-R (5'-TCA TTC CTC CCCTTG CTT GAT-3').
RNA was prepared from Arabidopsis ecotype Columbia leaf
tissue by using the RNeasy Plant Mini Kit (Qiagen, Chatsworth,
CA). RT-PCR was performed by using the ProSTAR HF
Single Tube RT-PCR System from Stratagene (La Jolla, CA)
with 180 ng of total RNA, 100 ng of each primer, and 45°C
annealing temperature. The resulting RT-PCR product of ~1.6
kb length was cloned into the pCR II-TOPO vector, by using the
TOPO TA Cloning Kit from Invitrogen, creating pCRII-TOPO-
AtRanGAPI1. The cDNA insert was sequenced.

Cloning of Green Fluorescent Protein (GFP) Fusion Constructs
of AtRanGAP1 and AtRanGAP1 Deletion Clones. To create
AtRanGAP1-GFP, AtRanGAP1AC-GFP, and AtRanGAP1AN-
GFP, the respective AtRanGAP1 fragments were amplified by
PCR by using pCR II-TOPO-AtRanGAP1 as template and the
primers RanGAP5.1 (5'-GCC ATG GAT CAT TCA GCG AAA
ACC-3’) and RanGAP3.1 (5'-GGC CAT GGA TTC CTC CCC
TTG CTT GAT-3’) for AtRanGAP1; RanGAP5.2 (5'-GCC ATG
GAA GAA TCC GAG GTT GAG-3') and RanGAP3.1 for
AtRanGAP1AN; and RanGAPS.1 and RanGAP3.3 (5'-ACC CAT
GGC CTC AAC CTC GGA TTC-3') for AtRanGAPI1AC. The
resulting PCR fragments were cloned into pCR II-TOPO and
sequenced for confirmation before cloning them into the single
Ncolsite of pRTL2-mGFPS65T (25) by using the internal Ncol sites
of the PCR primers.

Site-Directed Mutagenesis. Point mutations were introduced by
using the QuikChange XL Site-Directed Mutagenesis Kit (Strat-
agene), the plasmids containing AtRanGAP1-GFP and
AtRanGAPAC-GFP as templates, and the mutagenic primers
RanGAP-mu (5'-GTC AGT GAA GAT GGC GGC ACC GAG
TAA GAG-3') and RanGAP-mu-rev (5'-CTC TTA CTC GGT
GCC GCC ATC TTC ACT GAC-3') to replace the WPP
motive with AAP (see Fig. 54). The mutagenized plasmids
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were screened by using the destruction of a Mscl site in the
WPP motive, and the RanGAP inserts were sequenced for
confirmation.

Ballistic Transient Transformation of Tobacco BY-2 Cells. Tobacco
BY-2 cells were cultured in Murashige and Skoog medium (MS
salts; Life Technologies, Gaithersburg, MD) supplemented with
0.3% (wt/vol) sucrose, 1.87 mM KH,PO,4, 100 mg/liter myo-
inositol, 1 mg/liter thiamine, and 0.2 mg/liter 2,4-D, with a final
pH of 5.0 adjusted with KOH. Cells were maintained by shaking
at 200 rpm in constant light at 24°C and subcultured weekly by
1:50 dilution. Transient transformation of BY-2 cells was per-
formed essentially as described for NT-1 cells (20). For DNA
staining, cells were incubated with SYTO 82 orange fluorescent
nucleic acid stain (Molecular Probes) at a final concentration of
500 nM for 45 min at room temperature before microscopic
imaging.

Confocal Laser Scanning Microscopy. Digitized confocal images
were acquired at 1024 X 1024 pixel resolution with a Nikon Plan
Fluor X40/0.75 air objective (1 pixel = 0.3 um) or Nikon Plan
Fluor x100/1.30 oil objective (1 pixel = 0.12 wm) on a PCM
2000/Nikon Eclipse E600 confocal laser scanning microscope
(Nikon Bioscience Confocal Systems, Melville, NY). For the
detection of GFP in the green channel, the 488-nm excitation
line of an Argon laser was used in combination with a 515/30-nm
bandpass emission filter (EM515/30HQ). To detect SYTO 82
orange in the red channel, a 543-nm He-Ne laser was used for
excitation in combination with a 565-nm long pass emission filter
(ES65LP). The siMPLEPCI software (Compix Imaging Systems,
Cranberry Township, PA) was used for image capture. Photo-
multiplier tube black levels were kept at a default of 350 for
fluorescence images and 600 for transmitted light images, and
gain settings for the green and red channel were adjusted
between 1,200 and 2,400, according to the intensity of the
fluorescence signal. Images were captured in 1 X exposure mode
with 4 X rolling average processing during capture for single
layer images, and 2 X rolling average processing for stacks of
images. Further image processing and assembly were done by
using Adobe PHOTOSHOP and Adobe IMAGEREADY software
(Adobe Systems, Mountain View, CA).

Results

Plant RanGAPs Have a Unique Domain Structure. Sequences for
four putative plant RanGAPs have been deposited in Gen-
Bank (Medicago sativa RanGAP (MsRanGAP), AF215731;
Oryza sativa RanGAP (OsRanGAP), AAD27557; Arabidopsis
RanGAP1 (AtRanGAP1), AF214559; and Arabidopsis
RanGAP2 (AtRanGAP2), AF214560). Fig. 14 shows the do-
main structure of plant RanGAPs as derived from sequence
alignments and structural fitting (see below) in comparison with
yeast and vertebrate RanGAPs. The S. cerevisiae and S. pombe
RanGAP orthologs ScRnalp and SpRnalp consist of a leucine-
rich repeat domain, followed by an acidic domain, both involved
in RanGAP function (6, 26). Vertebrate RanGAPs contain the
additional C-terminal Nup358-binding domain not present in
their yeast counterparts (6).

Plant RanGAPs do not contain this C-terminal domain, but
contain the N-terminal MAF1-like WPP domain instead (ref. 20
and Fig. 1B). All plant sequences have a domain with similarity
to the leucine-rich repeat (LRR) domain, followed by an acidic
domain (Fig. 14 and Fig. 24). The rice sequence contains an
additional C-terminal domain with no homology to the C-
terminal domains of vertebrate RanGAPs (Fig. 14). However,
as this sequence is derived from conceptual translation, the
presence of this protein domain awaits confirmation.

Sequence similarity between vertebrate, yeast, and plant
RanGAPs is low (=30% identity between human RanGAP
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Fig. 1. Plant RanGAPs contain a unique N-terminal domain. (A) Schematic
comparison of the domain structure of yeast, vertebrate, and plant RanGAPs.
LRR, red; acidic domain, yellow; SUMO-attachment domain (SUMO), green;
MAF1-like WPP domain, cyan; and unique C-terminal domain of OsRanGAP,
blue. The S. pombe (SpRnalp), S. cerevisiae (ScRnalp), Homo sapiens
(HsRanGAP1), Mus musculus (MsRanGAP1), and Xenopus laevis (XIRanGAP1)
RanGAPs are grouped. The plant sequences are derived from A. thaliana
(AtRanGAP1 and AtRanGAP2), M. sativa (MsRanGAP), and rice (OsRanGAP).
Arabidopsis MAF1 (AtMAF1) is included for size comparison. The number of
total residues for each protein is indicated. (B) Graphic depiction of the
consensus sequence of the WPP domain derived from an alignment of the
N-terminal 120 aa of AtRanGAP1, AtRanGAP2, MsRanGAP, OsRanGAP, and
full-length MAF1 from Arabidopsis (AtMAF1), tomato (LeMAF1), soybean
(GmMAF1), maize (ZmMAF1), and Canna edulis (CeMAF1; ref. 19). Amino acid
residues of the consensus are indicated in one letter code. Bar colors represent
consensus strength: red, nine of nine; orange, eight of nine; green, six or seven
of nine; light blue, four or five of nine; dark blue, two or three of nine. Dashes,
no consensus, including gaps in the alignment.

(HsRanGAP) and ScRnalp, ~20% between plant RanGAPs
and either HsRanGAP or ScRnalp). To prevent false align-
ments due to limited sequence similarity, we deleted the unique
N-terminal and C-terminal domains and aligned the “core”
LRR-like and acidic domains only (indicated in red and yellow
in Fig. 1A4). Fig. 24 shows that the plant sequences contain a
number of evolutionary conserved residues shared with the
mammalian and yeast sequences, including the arginine residue
(asterisk in Fig. 24) necessary in human and yeast RanGAP for
binding of Ran and activation of its GTPase activity (6, 26). All
plant sequences contain an acidic domain comparable to those
in yeast and mammalian RanGAP (underlined in Fig. 24).

Plant RanGAP Core Domains Can Be Modeled onto the Crystal Struc-
ture of SpRnalp. One dicot (AtRanGAP1) and the monocot
(OsRanGAP) sequence were tested for structural fit to crystal
structures available in the Swiss-Model three-dimensional da-
tabase (22, 23). SWISS PDB VIEWER interfaced with Swiss-Model
was used to search for a template, and 1YRG (the crystal
structure of SpRnalp) was identified by the program. The
structure of SpRnalp has been resolved at 2.66 A and contains
11 leucine-rich repeats, which adopt a crescent-like structure of
alternating « helices and 3 sheets (6), but does not include the
acidic domain (amino acid 2 to amino acid 344; Fig. 2B Center).

The results of fitting the two plant sequences onto the IYRG
structure by Swiss-Model are shown in Fig. 2B. Successful fit was
observed for amino acid 116 to amino acid 447 of AtRanGAP1
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Fig. 2. Plant RanGAPs share a core domain with the animal and yeast
proteins. (A) Amino acid-sequence alignment of human, yeast, and plant
RanGAPs after trimming the kingdom-specific domains. Amino acid identities
and similarities in at least five sequences are highlighted in black and gray,
respectively. The arginine residue necessary for RanGAP activity is marked by
a red asterisk; the acidic domains are underlined in red. (B) Molecular mod-
eling of AtRanGAP1 and OsRanGAP onto the crystal structure of SpRna1p. Bar
diagrams show the domains in the same color code as in Fig. 1A. The first and
last amino acids represented in the structure are indicated above the bars. (B)
Ribbon representation of the crystal structure of SpRna1p (Center), the pre-
dicted structure of amino acid 116 to 447 of AtRanGAP1 (Left), and of amino
acid 122 to 453 of OsRanGAP (Right). In SpRna1p, a helices are labeled in blue
and B sheets in yellow. In the two predicted structures, successful fit onto the
SpRna1lp structure is indicated in green, nonfitting areas in red.

and amino acid 122 to amino acid 453 of OsRanGAP (Fig.
2B, top). The predicted structures of the AtRanGAP1 and
OsRanGAP sequences threaded onto the SpRnalp structure are
depicted in the Left and Right panels of Fig. 2B, respectively.
Except for small areas indicated in red, the majority of the
molecules are predicted to adopt the structure of SpRnalp
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Fig. 3. AtRanGAP1 is located at the nuclear envelope. (A) Expression cas-
settes for transient transformation of AtRanGAP1-GFP and LeMAF1-GFP-
LeMAF1 fusions. The LeMAF1-GFP-LeMAF1 sandwich expression cassette, de-
signed to prevent passive diffusion into the nucleus, has been described
previously (20). 35S P, cauliflower mosaic virus 35S promoter; L, tobacco etch
virus translational leader; GFP, mGFPS65T from pRTL2-mGFPS65T (25); T, 35S
terminator. (B-E) GFP fluorescence of BY-2 cells transiently transformed with
AtRanGAP1-GFP (B and C) and LeMAF1-GFP-LeMAF1 (D and E). In B and D,
SYTO 82 orange was used to counterstain for DNA, labeling the nucleus, as
well as mitochondria and plastids in the cytoplasm. (In B-E, bars equal 10 um.)
See Movie 1, which is published as supporting information on the PNAS web
site, www.pnas.org. Sequence 1 shows a scan through a cell expressing
AtRanGAP1-GFP, sequence 2 a scan through a cell expressing LeMAF1-GFP-
LeMAF1.

(indicated in green). The successful fit begins immediately after
the end of the WPP domain in both plant RanGAPs and ends
right before the acidic domain. Together with the conservation
of the crucial arginine residue and the acidic domain, as well as
the complementation of the yeast rnal mutant PSY714 by
MsRanGAP and AtRanGAP1 (Ferenc Nagy, personal commu-
nication), these data indicate that the putative plant RanGAPs
are true orthologs of their yeast and animal counterparts.

AtRanGAP1 Is Located at the Plant Nuclear Envelope. We have
investigated whether in plants RanGAP is located at the nuclear
envelope like mammalian RanGAP, or localized in the cyto-
plasm like yeast Rnalp. We have therefore compared the
localization of GFP fusions of AtRanGAP1 and tomato MAF1
(LeMAF1), the latter having previously been shown to be
associated with the plant nuclear envelope (20). The GFP-fusion
constructs outlined in Fig. 34 were transiently transformed into
tobacco BY-2 cells. Fig. 3B shows that AtRanGAP1-GFP local-
izes to the nuclear rim, with a weaker, uniform staining in the
cytoplasm and none in the nucleus (counterstained with SYTO
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Fig. 4. The WPP domain is necessary and sufficient for nuclear-envelope
targeting of AtRanGAP1. (A) Fusion constructs in pRTL2-mGFPS65T. Color
code of AtRanGAP1 domains is as in Fig. 1. (B) GFP fluorescence of BY-2 cells
transiently transformed with AtRanGAP1-GFP (1), AtRanGAP1AN-GFP (2), and
AtRanGAP1AC-GFP (3). (Left) GFP fluorescence. (Right) Transmitted light im-
ages of cells. (Bars equal 10 um.)

82 orange). In some cells expressing AtRanGAP1-GFP, prom-
inent invaginations at the nuclear rim were observed (Fig. 3C),
which might correspond to the extended grooves and invagina-
tions of the nuclear envelope recently reported for plant cells
(27). The AtRanGAP1 localization pattern was found to be very
similar to the localization of LeMAF1 (Fig. 3 D and E) except
for cytoplasmic speckles of LeMAF1-GFP-LeMAF1 fluores-
cence, which were rarely observed with AtRanGAP1-GFP (com-
pare Fig. 3 C and E), and some fluorescence of LeMAF1-GFP-
LeMAF1 inside the nucleus. Together, these data show that
AtRanGAP1 has a subcellular localization very similar to both
mammalian RanGAP (28) and MAFI1.

The WPP Domain Is Necessary and Sufficient for Nuclear Envelope
Targeting of AtRanGAP1. To test the hypothesis that the WPP
domain shared between plant RanGAP and MAFI is in-
volved in nuclear-envelope targeting, deletion constructs of
AtRanGAPI1 were fused to GFP (Fig. 44), and their localiza-
tion in BY-2 cells was investigated (Fig. 4B). In contrast to
AtRanGAPI1-GFP, AtRanGAP1AN-GFP, which had the N-
terminal WPP domain deleted, predominantly accumulated in
the cytoplasm without a concentration at the nuclear rim.
AtRanGAP1AC-GFP, which contained only the WPP domain
fused to GFP, was concentrated at the nuclear rim like
AtRanGAP1-GFP. The observed presence of AtRanGAP1AC-
GFP inside the nucleus is likely due to passive diffusion of this
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37-kDa fusion protein into the nucleus (exclusion size ~40 kDa;
ref. 29).

Approximately 80% of the cells transformed with either
AtRanGAP1-GFP (82 cells total) or AtRanGAP1AC-GFP (112
cells total) showed bright fluorescence at the nuclear rim. In the
remaining ~20% of GFP-expressing cells, no clear nuclear-rim
fluorescence was detected. In contrast, 87% cells transformed
with AtRanGAP1AN-GFP (80 cells total) showed diffuse cyto-
plasmic fluorescence. The remaining 13% showed some en-
hanced fluorescence at the nuclear rim. It is not known whether
this result was due to the developmental state of the cells or to
their morphology, because some cells contained only a very
narrow rim of cytoplasm between the nucleus and surrounding
vacuoles, which could be mistaken for nuclear envelope-staining.
Together, these data indicate that the WPP domain is both
necessary and sufficient for targeting AtRanGAP1 to the plant
nuclear envelope.

Identification of Amino Acid Residues Required for Nuclear Envelope
Targeting of AtRanGAP1. To determine whether the highly con-
served WPP motive in the WPP domain is involved in nuclear
envelope targeting, W40 and P41 were replaced with two
alanines in the AtRanGAP1-GFP and AtRanGAP1AC-GFP
constructs (Fig. 54). Transient transformation of these con-
structs into BY-2 cells revealed that the mutation completely
disrupted nuclear envelope targeting of both fusion proteins
(Fig. 5B). The mutations did not alter the behavior of the two
proteins with respect to nuclear import, and the distribution of
AtRanGAP1ACmut-GFP is indistinguishable from free GFP
(Fig. 5B3). These data indicate that the conserved tryptophan
and proline residues are essential for nuclear envelope targeting
of plant RanGAP, likely by being involved in creating a binding
surface for an acceptor protein of RanGAP at the nuclear rim.

Discussion

Based on the data presented here, eukaryotic RanGAPs can be
divided into at least three classes, based on the presence or
absence of specific nuclear envelope-targeting domains. Yeast
RanGAPs represent the most simple form, consisting of an LRR
domain followed by an acidic domain. Both domains are neces-
sary for binding of Ran and activation of the Ran GTPase
activity (6, 26). Vertebrate and plant RanGAPs share this core
domain with the yeast proteins, including critical amino acid
residues.

Vertebrate and plant RanGAPs contain additional, kingdom-
specific domains necessary for association with the nuclear
envelope in the respective organism. Their fundamentally dif-
ferent structures imply that different mechanisms to anchor
RanGAP to the outer surface of the nuclear envelope have
evolved in plants and animals. In vertebrates, SUMOylation of
the C-terminal domain leads to a conformational change that
allows the protein to bind to Nup358 (5, 28). In plants, the
N-terminal WPP domain is necessary and sufficient to target
RanGAP to the nuclear rim, and the WP amino acid pair is
critical for this function. The WPP domain has no sequence
similarity to the vertebrate nuclear envelope-targeting domain.
It does not contain a consensus motif for SUMOylation ((I/V/
L)KXE; ref. 30), suggesting that nuclear envelope targeting in
plants does not involve SUMOylation of RanGAP. However,
because no plant substrate for SUMO has yet been identified, it
cannot be fully excluded that a different sequence motif for
SUMOylation exists in plants (31).

Interestingly, no non-RanGAP protein sequences in GenBank
show significant similarity with the C-terminal domain of ver-
tebrate RanGAPs, whereas in plants MAF1 has strong similarity
to the WPP domain of RanGAP and colocalizes with RanGAP
at the nuclear rim. The function of MAF1 is presently unknown,
but it is tempting to speculate that it could be involved in
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Fig.5. Site-directed mutagenesis of the WPP motif. (A) Constructs in pRTL2-
mGFPS65T used for transient transformation of BY-2 cells. The wild-type
sequence of the WPP motif (see Fig. 1B) and the introduced base pair and
amino acid changes are indicated above the bar diagram of AtRanGAP1mut-
GFP. The asterisk indicates the position of the identical mutation in
AtRanGAP1ACmut-GFP. Color code of the AtRanGAP1 domains is as in Fig. 1.
(B) GFP fluorescence of BY-2 cells transiently transformed with the constructs
shown in A. (Left) GFP fluorescence. (Right) Transmitted light images. (Bar
equals 10 um.)

regulating RanGAP-attachment to an acceptor protein, a func-
tion that could be provided in vertebrates by regulated SUMOy-
lation of RanGAP.

The acceptor protein of mammalian RanGAP, Nup358, is a
complex, multifunctional nucleoporin that does not appear to
have an ortholog in yeast (32, 33). It consists of four RanBP1-like
Ran-binding sites, zinc fingers that bind DNA (34), a leucine-rich
region, a cyclophilin A-homologous domain, and an inverted
peptide repeat, and binds both mammalian Ran and RanGAP
(5, 28, 33-35). The RanGAP-binding surface has been mapped
to a 300 aa region including the inverted peptide repeats (28).

At present, no nucleoporins have been identified from plants.
A surprisingly low degree of similarity exists between the known
32 yeast and 25 mammalian nuclear pore complex proteins. Only
six proteins have a convincing ortholog in the other organism
(32). We have searched the Arabidopsis full genome database
with the sequence of human Nup358 (GenBank accession no.
A57545). The only proteins with similarity are cyclophilins and
related cis-trans isomerases that align with the C-terminal 200 aa
of Nup358 and the already described family of RanBP1-like
proteins that share the Ran-binding domains (18). No protein
with the combination of domains indicative of Nup358 exists in
the annotated Arabidopsis genome. This finding is consistent
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with the notion that plant RanGAP utilizes a different interac-
tion partner for anchoring to the nuclear rim.

Why would a protein with presumably similar function in
nucleocytoplasmic transport have such different modes of lo-
calization in different organisms? In contrast to mammalian and
plant RanGAP, which are both clearly associated with the
nuclear rim, Rnalp in both S. cerevisiae and S. pombe is
predominantly cytoplasmic (7, 36, 37). It therefore appears that
yeast RanGAP does not have a specific mechanism for nuclear
envelope anchoring, and indeed a purely or predominantly
cytoplasmic location might suffice for the suggested function in
establishing a RanGTP/RanGDP gradient across the interphase
nuclear envelope. In contrast to yeast, both higher plants and
animals undergo open mitosis. The newly discovered functions
of animal Ran in spindle formation and nuclear vesicle fusion
imply a specific role for both RanGTP and RanGDP in mitotic
cells (10). Plant and animal cells, but not yeast, require therefore
the means to spatially separate the Ran accessory proteins
RanGAP and RCCl in the absence of an intact nuclear enve-
lope. Attachment of RCC1 to the chromosomes and of RanGAP
to structures derived from the dissociated nuclear envelope
might provide such means.

It has been noted previously that the protein composition of
the nuclear envelope differs surprisingly between organisms
from different kingdoms. An example is the complete lack of
homologs of lamins and lamina-associated proteins in both yeast
and plants (19, 38). The vast differences in nuclear pore com-
ponents between yeast and mammalian cells were a similarly
unexpected finding (32). If the process of open mitosis had
evolved independently after the separation of plants and animals
one billion years ago, it could explain why many players at the
nuclear envelope have no counterpart in the other kingdoms. In
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plant evolution, higher plant-like open mitosis appears first in
the Charophycea (stoneworts), multicellular freshwater algae
and the predicted ancestors of land plants, whereas the eugleno-
phytae (Euglena) have closed mitosis and the chlorophycae
(Volvox, Chlamydomonas) show all three forms of closed,
fenestral, and open mitosis (39). This late occurrence of open
mitosis in plants argues indeed strongly for a separate evolution
of the mechanism in the plant and animal kingdoms.

A subset of the mammalian nuclear pore complex proteins,
including Nup358, is among the first proteins to reassemble on
the decondensing chromosomes in early telophase (40-43).
Whereas none of them have been shown to be functionally
required for nuclear assembly, it is conceivable that especially
the DNA-binding Nups may play a role in the association of
nuclear envelope components with the decondensing chromatin.
A recruitment during evolution of different proteins into roles in
nuclear envelope and nuclear pore dynamics during open mitosis
in plants and animals might explain why RanGAP utilizes
different anchor surfaces for nuclear-envelope attachment. The
finding that RanGTP hydrolysis is required for the fusion of
nuclear vesicles points to a role for the RanGAP-anchoring
factor—and RanGAP—at an early stage of nuclear envelope
reformation. The fundamental differences in nuclear envelope
targeting of RanGAP in plants and animals presented here lead
us to expect different players in the spatial organization of Ran
signaling in the plant and animal kingdoms.
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