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Nuclear pore complexes (NPCs) form the site for entry and exit from the 
nucleus. A convergence of studies have defined the physical framework for 
the nuclear transport mechanism. This includes definition of the soluble 
transport machinery required for protein and RNA movement, x-ray 
structure analysis of transport factors, definitive compositional analysis of 
yeast NPCs, and documentation of the relative steady state arrangement 
of NPC components within the portal. With this information, researchers 
are now in the exciting position to examine the dynamic interplay be- 
tween shuttling transport factors and the static pore complex. 

The nuclear envelope has been referred to as mic fibrils, (ii) the central core, and (iii) the 
the karyotheca (I), a coat or sheath protecting nuclear basket. The central core is formed 
the genomic material. The NPCs are large from eight spokelike structures that encircle a 
proteinaceous structures that traverse this central plug structure and are sandwiched 
coat and serve as the gatekeepers for both between two rings. The NPC is built from 
spatially and temporally segregating the protein components termed "nucleoporins" 
genomic material from all cytosolic process- (Nups). The molecular characterization of at 
es. NPCs allow controlled nucleocytoplasmic least 25 distinct Nups in Sacchar~rn~ycescer-
exchange, which is essential for proper cell evisiae has occurred at a steady pace since 
growth and progression through the cell cy- 1990, on the basis of the combined successes 
cle, responses to extracellular and develop- of classic biochemical, cell biological, and 
mental signals, and viral proliferation. Impor- genetic analyses in many laboratories [re- 
tant advances have been made in the under- viewed in (7-9)]. This compositional dissec- 
standing of how protein and RNA macromol- tion culminated with a tour de force analysis 
ecules are recognized by the soluble transport of yeast S. cerevisiae NPCs (IO), involving 
machinery, and models for the mechanisms collaborative efforts of the Rout, Aitchison, 
by which these complexes cross the NF'C have and Chait laboratories to identify every poly- 
been proposed. This has been largely achieved peptide present in a purified NPC preparation 
by a reductionist approach to the problem. (10). After a combination of protein sequenc- 

ing and mass spectrometry, each candidate 
Higher Orders of Resolution for the was epitope tagged and tested for cofraction- 
Nuclear Transport Machinery ation with NPCs and substructural localiza- 
Fifty years ago, the first descriptions of tion. This work is remarkable, not so much 
"pores" and "annuli" in nuclear envelopes for the identification of three new NPC-asso- 
were reported in electron microscopy (EM) ciated proteins, but rather for the comprehen- 
studies (2). The hallmark eightfold structural siveness of the approach (10). From not 
symmetry of the annuli was visualized short- knowing the number of yeast Nups with con- 
ly thereafter, and researchers proposed that fidence, we now know the relative stoichio- 
the composition of the annulus was distinct metries and steady state substructural local- 
from the membrane (3-5). By the end of the izations for the -30 yeast Nups (Fig. ID). 
1950s, the term "nuclear pore complex" was At least 65% of the yeast S. cerevisiae 
coined (6 ) .However, over the past half cen- Nups have clear orthologs in vertebrate ge- 
tury, researchers have struggled to analyze nomes (9). The vertebrate NPC is predicted to 
the structure and function of this organelle at be larger than that of S. cerevisiae with -50 
a finer level. Today, it is clear that the NPC is components (11-13). A similar proteomics 
a universal feature of the nuclear envelope in approach could be used to conclusively de- 
all eukaryotes, and the physical structure has fine vertebrate NPC composition. The studies 
been resolved. of the S. cerevisiae NPC revealed four dis- 

Molecular aspects of NPC structure have tinct surface-accessible Nup localization pat- 
been directly attacked with a variety of tools terns (10): symmetrical, strictly cytoplasmic, 
and strategies. The early EM view of an strictly nuclear, or a biased asymmetric dis- 
octagonal cylinder has evolved to an elabo- tribution to either the cytoplasmic or nuclear 
rate structure consisting of at least three sep- side. Symmetrical localization was most com- 
arate structural elements (Fig. 1): (i) cytoplas- mon with many Nups present in two or four 

couies per suoke. This substantiallv improves 
< A 

the molecular resolution of the NPC architec- 
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established, particularly in vertebrates [(14- 
16); reviewed in (9)]. However, the new 
analysis documents that such asymmetric lo- 
calization is true for only a small subset of 
yeast Nups (9 of 29) (10). Three of these are 
highly homologous, functionally redundant, 
and likely the result of gene duplications 
(17). The unique localizations may allow for 
discrete functions at specific nuclear trans- 
port steps. 

Roughly one-third of the yeast NPC mass 
is composed by members of the FG (F, phe-
nylalanine; G, glycine) Nup family (10). 
Each FG Nup harbors a domain with multiple 
GLFG, FXFG, or FG amino acid repeats 
separated by polar spacer sequences (L, 
leucine; X, any amino acid) (7). In verte- 
brates and yeast, different FG Nups reside in 
each of the NPC substructures (Fig. ID) (9, 
10); 160 copies of FG repeat domains are 
present in each NPC, with half being sym- 
metrically positioned and half being asym- 
metrically positioned (10). They comprise 
most asymmetrically localized Nups (seven 
of nine). Overall, this progress rekindles the 
excitement generated with the first EM visu- 
alization of the NPC and leaves us poised to 
determine how these structures operate as the 
nuclear gatekeeper. 

Coupled Complexity and Simplicity for 
the Mechanism of Transport 
The semipermeable barrier formed by the 
NPC allows small molecules to passively dif- 
fuse between the nucleus and cytoplasm, lim- 
ited only by their molecular size. How pro- 
tein and RNA macromolecules cross the NPC 
invokes a higher level of control. Early mod- 
els suggested that compartment-specific lo- 
calization in the nucleus was due simply to 
diffusion through the pore followed by bind- 
ing and retention in the given compartment. 
However, with the discovery in the mid-
1980s that a simple or bipartite basic amino 
acid sequence could serve as a specific nu- 
clear localization signal [a classic nuclear 
localization signal (cNLS)] (18, 19), a series 
of experiments showed that nucleocytoplas- 
mic transport reflects active movement against 
a concentration gradient (20, 21). Moreover, 
competition experiments with different types 
of import and export substrates indicated that 
distinct saturable pathways exist [reviewed in 
(22, 23)] The import of U small nuclear 
ribonucleoprotein particles (Usn RNPs) does 
not compete with the cNLS pathway. The 
export of transfer RNA, 5 s  ribosomal RNA, 
Usn RNA, and messenger RNA (mRNA) are 
each largely independent. Indeed, recent find- 
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ings have confirmed that each substrate class 
possesses unique transport signals and re- 
quires distinct transport mediators (24). 

Combining a key in vitro protein import 
assay with subcellular fractionation showed 
that the receptor for cNLS-based import was 
physically distinct from the NPC (25). The 
first biochemically identified transport fac- 
tor was the small guanosine triphosphatase 
(GTPase) Ran (26, 27), quickly followed by 
an adapter protein (karyopherin alimportin 
aMLS receptor/SrpllKap60) (28-30) and a 
transport receptor (karyopherin p llimportin 
~lp97lPTAC97/Kap95/Rsll) (31-34). Each 
protein performs a specific role in the import 
of the cNLS substrate (Fig. 2). 

At this point, the nuclear transport field 
witnessed an explosion in knowledge. After 
molecular identification of the first receptor, 
genome comparisons revealed a superfamily 
of proteins with limited homology (35-37). 
The molecular mapping of other signals (for 
example, a nuclear export signal) and the 
biochemical demonstration that the distinct 
signal receptors were all members of this 
superfamily were exciting steps forward [re- 
viewed in (24, 38)]. Each family member 
likely recognizes a different transport signal. 
Because of coincident discovery by multiple 
laboratories, the superfamily and family mem- 
bers are referred to by multiple names (in- 
cluding karyopherin, importin, exportin, and 
transportin). There are 14 different S. cerevi- 
siae karyopherins that facilitate the entry and 
exit, and the number in human genome is 

likely more than 20 (24, 39). 
Overall, the common properties that de- 

fine a karyopherin directly delineate the trans- 
port mechanism: substrate binding, RanGTP 
binding, interaction with Nups, and nucleo- 
cytoplasmic shuttling (Fig. 2). The energy 
requirements for this process are unclear, and 
GTP hydrolysis by Ran is likely not required 
for movement [reviewed in (24)l. RanGTP 
binding to a karyopherin does play a critical 
role in modulating karyopherin-cargo interac- 
tion. The sharply contrasting distributions for 
the cytoplasmic GTPase-activating protein 
and the nuclear guanine-nucleotide exchange 
factor results in a nuclear RanGTP pool and 
rapid conversion of any cytoplasmic Ran to 
the guanosine diphosphate (GDP) form. Dur- 
ing import, the karyopherin-cargo complex 
binds RanGTP after entering the nucleus, and 
this triggers release of the cargo. In contrast, 
during export, nuclear RanGTP binding sta- 
bilizes the karyopherin-cargo complex until 
the cytoplasm is reached, and the conversion 
to RanGDP results in cargo release. Thus, the 
Ran GTP-bound status confers directionality 
in transport (24). Precisely how RanGTP 
binding to the karyopherin influences cargo 
binding has been exquisitely detailed in re- 
cent x-ray crystallographic studies (40, 41). 
The structures of Ran and karyopherins pro- 
vide key information for experimental tests of 
the transport mechanism. 

Strikingly, there are transport pathways, 
such as mRNA export, that apparently do not 
require a karyopherin family member [sum- 

marized in (42)l. Insights from yeast and viral 
RNA expo6 systems have identified Mex671 
Tap as a central player [(43, 44); reviewed in 
(24)l. Mex67ITap binds RNA, a heteroge- 
nous nuclear RNP (hnRNP) protein, and 
Nups, as well as undergoing nucleocytoplas- 
mic shuttling. Other factors are also required 
(45), yet how their actions are coordinated to 
mediate mRNA export is unknown. 

The complexity intrinsic to the nuclear 
transport mechanism arises from the large 
number of components and their many iso- 
forms (including transport factors, signals, 
and Nups), the diversity of connections be- 
tween these components, and the selectivity 
and specificity at each level of transport. This 
complexity provides a molecular explanation 
for the range of substrate types that a eukary- 
otic cell must transport. Despite the plethora 
of signals and receptors, all NPCs are thought 
to be of identical composition, and a single 
NPC can mediate both import and export (46, 
47). Thus, the nuclear transport mechanism is. 
also beautifully simplistic. 

Moving Through the NPC 
The common denominator for the mechanism 
of active transport is physical interaction with 
a Nup (Fig. 2). Pioneering experiments showed 
that the binding of the lectin wheat germ 
agglutinin to NPCs inhibited nuclear trans- 
port and suggested that particular compo- 
nents of the NPC were important (48-50). 
This was confirmed biochemically when the 
soluble factors and Nups became available. 
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Fig. 1. The NPC at increasing structural resolution. Over the past 50 
years, a series of EM studies have resolved the structural features of the 
vertebrate and yeast NPCs at an increasingly fine level. Illustrations 
based on representative structures are presented from different points in 
time. The models are shown in section perpendicular to  the nuclear 
envelope and are reproduced from those in the original publications 
[reproduced from (4) by copyright permission of Academic Press and 
from (lo), (66), and (67) by copyright permission of The Rockefeller 
University Press]. (A) From the work of Afzelius in 1955, a cylindrical 
mass was observed in the nuclear envelope of sea urchin oocytes (4). (B) 
EM studies by Unwin and Milligan resolved the structure of NPCs in 
Xenopus oocyte nuclear envelopes using Fourier averaging methods (66). 

CP, cytoplasmic particles; R, rings; S, spokes; P, central plug. (C) In 1993, 
Akey and Radermacher reported the three-dimensional reconstruction of 
Xenopus NPCs resolved by cryo-EM technology (67). CF, cytoplasmic 
filaments; CP, cytoplasmic particles; CR, cytoplasmic ring; NR, nucleo- 
plasmic ring; LR, lumenal ring; LS, lumenal spoke; RA, radial arms; ISR, 
inner spoke ring; S, spokes; T, transporter; NC, nuclear cage (basket); DR, 
distal ring. (D) Rout and colleagues mapped the relative surface-acces- 
sible locations of the yeast S. cerevisiae Nups on the yeast NPC structure 
by immunoEM (70). Each circle represents a Nup position with green for 
symmetrical FG Nups, blue for strictly nuclear FG Nups, red for strictly 
cytoplasmic Nups, gray for non-FG Nups, and purple and purple stripes 
for different integral membrane proteins associated with the NPC. 
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Members of the karyopherin superfamily in- 
teract directly with the FG Nups [reviewed in 
(51)], many of which are modified on serine 
and threonine residues by the 0-linked 
addition of monosaccharidic N-acetyl glu- 
cosamine in vertebrate cells. At least two of 
the factors involved in mRNA export also 
associate with FG Nups. 

Biochemical and EM evidence strongly 
suggests that the first and last steps of trans- 
port are defined by interaction with asym- 
metrically localized FG Nups at the cytoplas- 
mic fibrils and nuclear basket (52-54). How 
such docked complexes move between the 
NPC faces is unresolved (Fig. 2). Most mod- 
els have invoked facilitated diffusion con- 
trolled by association and disassociation with 
FG Nups (10, 55), and the wealth of NPC 
architectural information will now allow di- 
rect tests of such models (Fig. 1, C and D). 
Roles for classic motor proteins may not be 
essential because of their notable absence in 
yeast NPCs (10). A series of binding reac- 
tions with graded affinities along FG Nup 
"tracks" also seems unlikely, given the sym- 

I IMPORT I 
I I 

metrical localization for many FG Nups (10). 
The possibility that RanGTP-based vectoral- 
ity is sufficient for directionality has been 
considered (56); however, when not bound to 
cargo, some karyopherins traverse the NPC 
in a Ran-independent manner [reviewed in 
(24)l. A direct role for Ran is also unclear for 
non-karyopherin transport pathways. 

Does the NPC itself exert any control on 
nucleocytoplasmic exchange, influencing 
selectivity, rate, and/or directionality? 
There is evidence that NPC architecture is 
important. The direction of transport across 
an NPC is not reversible in vitro (47), and 
the distinct FG repeat domains are not nec- 
essarily functionally interchangeable (57). 
In addition, different transport factors show 
binding preferences for different subsets of 
Nups (51), and two karyopherins that use 
the same Nup bind to discrete domains (58, 
59). To further resolve the mechanism, we 
must rigorously determine exactly how 
many transport factor-Nup binding events 
are required to propel the cargo through the 
central NPC channel. Overall, a notable 

I EXPORT I 

IV. U1A/U2B1? XI. HIV-1 RNA + \T(<m-* 
Fig. 2. Pathways for movement through the NPC. Examples of transport mechanisms for nuclear 
import (left) and export (right) are shown. In each case, a direct physical interaction with a Nup is 
presumably required. In mechanism I, cargo directly interacts with a karyopherin family member. 
This is typified by the import of hnRNP A1 by transportin (dark pink) (68) and the export of transfer 
RNA by exportin t (orange) (69). In mechanism II, cargo binds an adapter that interacts with a 
karyopherin. The pathway for importing cNLS substrates is shown (a and P in green) [reviewed in 
(38, 39)] as well as the export of human immunodeficiency virus RNA by Rev and Crmllexportin 
(purple) (70). As shown in mechanism Ill, cargo can also bind directly to a non-karyopherin- 
shuttling transport factor. The export of mRNA by Mex67nap is possibly in this class (red star) 
[(43, 44); reviewed in (24)]. In mechanism IV, cargo may also be able to mediate its own transport 
by direct interaction with the NPC, as recently suggested for the import of UIAIUZB" spliceosome 
proteins (gray) (42). A general mechanism for nuclear import is illustrated with the cNLS pathway 
(mechanism 11). The first committed step in karyopherin-based trans ort across the NPC requires 
receptor recognition of the particular signal. In a sequential manner, (iy the receptor-cargo complex 
docks at the NPC, (ii) translocates through the pore to the opposing face, (iii) the cargo is released, 
and (iv) the shuttling transport factors are recycled. For import, RanCTP in the nucleus triggers 
cargo release (yellow triangles). For export, RanCTP stabilizes the karyopherin-cargo interaction, 
and conversion to RanCDP in the cytoplasm results in the disassociation of receptor and cargo 
[reviewed in (24)]. 

missing link is the structure of a karyo- 
pherin docked at an FG Nup. Does karyo- 
pherin binding change the structure of the 
NPC or does the Nup influence the karyo- 
pherin? The elegant NPC architecture pro- 
vides fuel for the debate on how Nups 
facilitate macromolecular movement. 

Entering the Next NPC Century 
Research efforts in the past decade have fo- 
cused on identifying the factors required 
for nucleocytoplasmic exchange. The rapid 
progress has been in no small part due to the 
coupling of basic discoveries with informa- 
tion from both the yeast and human genome 
projects. The genomic information is current- 
ly primed for allowing further functional 
analysis on a grand scale, including pairwise 
protein-protein interaction analysis to identi- 
fy transport substrates and Nup-Nup nearest 
neighbors (60, 61). The challenge now is to 
determine the precise mechanism for move- 
ment through the portal. In addition, we are 
only beginning to unravel the strategies for 
regulating and controlling transport (62-65). 
Continued fundamental work on the mole- 
cules that compose the transport machinery 
and examination of the dynamic interface 
between transport factors and Nups will un- 
doubtedly provide key insight into the NPC 
gatekeepers. 
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A Sense of the End 

Susan M. Gasser 

How a cell distinguishes a double-strand break from the end of a chro- 
mosome has long fascinated cell biologists. It was thought that the 
protection of chromosomal ends required either a telomere-specific com- 
plex or the looping back of the 3' TC-rich overhang to anneal with a 
homologous double-stranded repeat. These models must now accommo- 
date the findings that complexes involved in nonhomologous end joining 
play important roles in normal telomere length maintenance, and that 
subtelomeric chromatin changes in response to the DNA damage check- 
point. A hypothetical chromatin assembly checkpoint may help to explain 
why telomeres and the double-strand break repair machinery share es- 
sential components. 

The telomere is a unique chromosomal struc- telomeric repeats (6, 10). Consistently, loss 
ture consisting of repetitive DNA sequences of either subunit is lethal when combined 
bound by protein complexes that cooperate to with mutations in telomerase (EST2) or in 
protect the termini of linear chromosomes Cdcl3p, a single-strand binding protein that 
from fusion and degradation, as well as to helps protect the C-rich telomeric strand from 
promote chromosomal end replication [re- degradation (I  I, 12). Mutation of Mrel l p  
viewed in (1-3)]. It was reasonable to expect which forms a complex with RadSOp and 
that the double-strand break (DSB) repair Xrs2p to process breaks for repair either by 
machinery would be specifically excluded from end-joining or homologous recombination- 
telomeric chromatin, yet this is not the case. In also impairs telomere maintenance and is le- 
yeast, as in mammals, several of the complexes thal in combination with telomerase muta-
directly involved in nonhomologous end join- tions (11, 13). This sharing of telomere main- 
ing (NHEJ) are telomere-bound and affect telo- tenance and DSB repair functions appears to 
mere length maintenance. For instance, yeast be conserved from yeast to humans. The hu- 
strains lacking either subunit of Ku, a het- man Ku complex was shown to bind telo- 
erodimer directly implicated in end-joining re- meric DNA (14, 15), and both mrell-defi- 
actions, have abnormally short telomeres (4-6) cient chicken cells (1 6) and ku-deficient mice 
and reduced levels of subtelomeric silencing (1 7-19) have high rates of end-to-end chro- 
(7-9). Irnrnunofluorescence and cross-linking mosomal fusions, in addition to a pronounced 
assays show that yeast Ku (yKu) associates sensitivity to y irradiation. 
with subtelomeric heterochromatin as well as Telomere structure is affected not only by 

proteins involved in repair, but also by DNA 
checkpoint proteins In caenorhab- Swiss Institute for Experimental Cancer Research, 
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Sw~tzerland E-mall sgasser@el~otu n ~ lch ing the homolog of the yeast DNA check- 

point factor Radl7presul ts  in short telo- 
meres, end-to-end fusions, and chromosome 
loss, much like telomerase-deficient cells 
(20). Deletion of MEC3, which is a bud-
ding yeast checkpoint gene downstream of 
RADl7, induces the lengthening of telomeres 
and counteracts the derepression of telomeric 
silencing provoked by loss of SETI, a yeast 
member of the trithorax gene family (21). 
Moreover, the ataxia telangiectasia mutated 
(ATM) kinase homologs in fission yeast, 
rad3+ and tellt, like MECl and TELl in 
budding yeast, affect both telomere mainte- 
nance and the DNA damage checkpoint re- 
sponse (22). In Schizosaccharomvces pombe, 
this pathway is clearly independent of the 
downstream checkpoint kinases, cdslt  and 
chkl+ (22), which suggests that the ATM 
homologs may directly modify telomere-as- 
sociated factors. 

The observation that yeast telomeric chro- 
matin itself responds to a Meclp-mediated 
checkpoint signal provides further evidence 
that ATM1-like kinases have telomeric tar- 
gets (10, 23, 24). In budding yeast, the in- 
duction of a single DSB is sufficient to pro- 
voke the displacement from telomeric foci of 
yKu, Raplp, and the silent information reg- 
ulatory proteins Sir2p, Sir3p, and Sir4p; this 
event coincides with a drov in subtelomeric 
silencing. The delocalization is dependent on 
the DNA damage signaling components 
Rad9p (lo), Ddclp (23), and the yeast ATM- 
like kinase Meclp (23, 24). Like the telomere 
effects of rad3 mutants in S. pombe, how- 
ever, the response is independent of Rad53p 
(the cdsl+ homolog). 
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