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INTRODUCTION

The nucleus and cytoplasm in eukaryotes are physically separated
throughout interphase. The two compartments differ markedly
in composition and function, but constant communication be-
tween them is a precondition for the survival of the cell ; therefore
molecular traffic across the nuclear envelope must be precisely
choreographed. Modulation of this traffic might play a role in
regulating some cellular activities. Indeed, the obvious sites of
exchange, the nuclear pore-complexes, can adopt ‘open’ or
‘closed’ forms [1,2], and some transport-related activities are
sensitive to endogenous nuclear envelope protein kinases that
respond to hormonal and other signals [3]. Moreover, nucleo-
cytoplasmic transport processes change qualitatively and quant-
itatively during development, aging and carcinogenesis (for
reviews see [4,5]). A process that is fundamental to the eukaryotic
state, and is likely to play a significant role in cell regulation, is
inherently interesting; so it is not surprising that nucleo-
cytoplasmic transport has been the subject of a good deal of
research over the past few years (as examples of the many
reviews, see [6-10]).

During the past decade, the application of molecular-biological
and other techniques to the study of nucleocytoplasmic transport
has led to advances in two particular areas: (1) the biochemistry
of the pore-complex and of its interactions with transported
macromolecules; and (2) identification of factors responsible for
the accumulation of particular molecular species in one or other
compartment.

These foci of interest need some explanation. The pore-complex
is responsible for the ‘molecular sieving’ properties of the nuclear
envelope (e.g. [11]); low-M, solutes can exchange freely and
passively through them. It was established in the 1960s that
macromolecules also migrate via the pore-complexes [12,13], but
for all except the lowest-M, proteins, the rate constant of passive
movement is of the order of hours. Transportable molecules
must therefore contain signals (location signals) that initiate
specific, rapid, movement through the pore-complex, and much
research has been devoted to identifying both these signals and
the receptors that recognize them [7-9]. It is generally assumed
that characterization of the location signals and knowledge of
the functional organization of the pore-complex are crucial for
elucidating nucleocytoplasmic transport mechanisms.

However, the location signals, the signal receptors and the
activities of the pore-complex cannot account for all our know-
ledge of nucleocytoplasmic transport. Studies on amphibian
oocytes and other cells show that most protein and RNA species
are effectively immobilized within either nucleus or cytoplasm, or
both [14-16]. Intracompartmental binding, and not translocation
across the nuclear envelope, therefore determines the nucleo-
cytoplasmic distribution ratios of many macromolecules [17,17a].
For at least some classes of macromolecules, both signal-receptor
interaction at the pore-complex and extensive nuclear and

cytoplasmic binding are relevant to the establishment of in-
tracellular distributions. In these cases, nucleocytoplasmic trans-
port is not simply a matter of crossing a barrier (the nuclear
envelope) through specific channels (pore-complexes) between
two aqueous compartments. It is more likely to be a ‘solid-state’
process, in which a negligible fraction of the transport substrate
is ‘in solution’, and most or all of the material remains bound to
intracellular structures, of which the pore-complex is only one
example. In a solid-state transport process, either the transported
molecules are transferred directly from one binding site to the
next, or they move along a long-range fibrillar system, perhaps in
a manner analogous to the axonal transport of neurotransmitter
vesicles (cf. [18]). In either case, the transported substrate is
presented to the pore-complex in an immobile, not a soluble,
form. There is substantial evidence for such a solid-state transport
system in the case of mRNA [19], minimally involving release
from an intranuclear binding site, translocation through a pore-
complex and binding to a cytoplasmic site [4,8], and there is
suggestive evidence for similar systems for other classes of
molecules. As yet, however, the mechanistic details remain
obscure.

In short, the pore-complex and the location signals are
important in nucleocytoplasmic exchanges, and compared with
the rest of the transport machinery they are relatively well
characterized. Most of this Review therefore concerns advances
in the studies of pore-complexes and location signals, and the
longer-range solid-state systems receive less emphasis. This
asymmetry reflects the present state of knowledge and the main
thrust of current research, not the relative importance of the
topics for our ultimate understanding of nucleocytoplasmic
transport.

There is continuing confusion in the field about a significant
methodological implication of the solid-state transport concept.
Since the advent of techniques that have enabled the movements
of microinjected molecules to be studied in living cells, it has
become widely accepted that in situ methods for studying
nucleocytoplasmic exchanges are reliable and that in vitro
methods, utilizing nuclei and other subcellular fragments, are
not. The argument for this position is simple and at first sight
seems incontrovertible. Microinjection does not disrupt the cell
significantly, so molecular movements in situ take place in an
essentially unperturbed system. In contrast, subcellular fraction-
ation inflicts substantial damage, e.g. on nuclei, and in vitro
studies are therefore unphysiological and their results corre-
spondingly difficult to interpret. So far as export from the
nucleus is concerned, this argument is valid if and only if the
process is essentially identical with translocation through the
pore-complex, the distribution of the transported species within
the individual compartments (cytoplasm and nucleoplasm) being
essentially a matter of ‘ diffusion’. However, if specific association
with a solid-state apparatus within each compartment is a
prerequisite for physiological transport, then in situ methods can

Abbreviations used: WGA, wheat-germ agglutinin; SV40, simian virus 40; RNP, ribonucleoprotein; NTPase, nucleoside triphosphatase.
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Figure 1 Schematic representation of a nuclear pore-complex

This Figure attempts to represent a consensus view of pore-complex architecture in the light of known functional properties. (a) Vertical section; (b) surface view. Some features (the octagonal
symmetry, the existence of nucleoplasmic and cytoplasmic rings, the ‘struts’ and the ‘basket' structure) are almost universally recognized, but details are more controversial; the number of pore-
complex models that have been proposed is more or less commensurate with the number of researchers who have studied the structure. Key: CP, particle on cytoplasmic face (compacted fibril ?);
CR, cytoplasmic ring; NR, nucleoplasmic ring; S, strut; B, basket framework; ONM, outer nuclear membrane; INM, inner nuclear membrane; L, lamina; LR, lamin receptor; PCF, pore-connecting

fibril.

be validated only if it can be shown that the microinjected
material has made the requisite association; in practice, this has
not been shown in any instance known to us. In contrast, if (say)
nuclei are isolated and incubated under conditions where their
internal solid-state apparatus remains functionally intact, and if
efflux of endogenous molecules from such nuclei is studied, then
physiologically interpretable results are obtained. Therefore, in
situ methods are superior if and only if export is not a solid-state
process. If export is a solid-state process, then superiority lies, at
least potentially, with in vitro methods. For this reason, we place
emphasis on in vitro rather than in situ studies of mRNA
transport, which is almost certainly a solid-state process. In
contrast, nuclear import of proteins cannot usefully be studied
with isolated nuclei even if it is a solid-state process [4,8], because
no solid-state cytoplasmic elements are present in the prepara-
tions.

The argument for in vitro rather than in situ approaches to the
study of mRNA transport is important for interpreting the
literature. For instance, in vitro studies have suggested that
poly(A)* and poly(A)- mRNAs compete for export from the
nucleus, but in situ studies have indicated the opposite (see
below). Until the methodological issue is satisfactorily resolved,
interpretation of these conflicting findings will remain con-
troversial. We shall return to the question of methods at the end
of this Review.

THE PORE-COMPLEX
Structure and relationship to other cell components

The nuclear pore-complex is an octagonally symmetrical cylinder
about 80 nm in length and 100 nm in diameter [20]. Its protein

M, has been estimated at 1.25 x 10® by scanning electron micro-
scopy [21]. The density of pore-complexes on the nuclear
surface generally correlates with the metabolic activity of the cell
[20]. Pore-complexes from all eukaryotic cells seem to be virtually
identical in structure and are probably closely similar in com-
position. However, fine details of ultrastructure are sensitive to
conditions of sample preparation and therefore remain con-
troversial, and as yet only a few of the proteins making up the
structure have been fully characterized.

Figure 1 is a schematic diagram of a ‘consensus’ view of pore-
complex structure (cf. Figure 3 in [10] for a similar represen-
tation). The eight radial ‘spokes’ can occupy more or less of the
area circumscribed by the rings, so the patent aperture in the
centre can change from about 10 nm (‘closed’ state) to about
40 nm (‘open’ state); it is through this aperture that macro-
molecules are translocated [1,2]. Studies with colloidal gold
particles suggest that translocation occurs via fibrils running
along the length of the cylinder, orthogonal to the plane of the
nuclear envelope [22]. The significance of the octagonal ‘basket’
structure on the nucleoplasmic face [23] is not yet clear, but it
may link the pore-complex with the fibres of the nucleoskeleton
[20]. The nucleoplasmic ring is attached to the lamina of the
envelope [23,24]. Pore-connecting fibrils in the plane of the outer
nuclear membrane are probably linked to the cytoplasmic rings
[25]. The eight granules seen on the cytoplasmic face of the pore-
complex in isolated nuclear envelopes may be the compacted
remains of fine fibrils linked to the cytoskeleton [18,20]; the
existence of such fibrils is revealed by high-energy transmission
electron microscopy of thick resinless sections [26,27]. Thus,
although many details of the organization have not yet been
elucidated, there is considerable evidence for fibrillar connections
between an individual pore-complex and (i) the nucleoskeleton,
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Figure 2 Comparison of domain structures of the known nucleoporins

Key: white, KPAFSFGAK; pink, GLFG or related repeat; black, conserved domain; dark grey,
XFXFG repeat; light grey, zinc finger domain.

Table 1 Structural motifs in nucleoporins

The nucleoporins studied to date seem to. fall into two main structural groups. These are
characterized by the distinctive repeat units listed here; X represents any amino acid residue.

Group Examples Motif

1 Gp62 KPAFSFGAK
NSP1
NUP1

2 NUP/NSP49 GLFG
NUP/NSP116
NUP100
NUP153 XFXFG

CX,CX;oCX,C (zinc finger)

(ii) the cytoskeleton and (iii) other pore-complexes. If this
inference is valid, the lamina and the intranuclear fibrillar system
(nucleoskeleton) are linked to the cytoskeleton via the pore-
complex [23,24,26]. Such an arrangement could provide a basis
for solid-state transport.

Pore-complexes are also firmly linked to the nuclear mem-
branes, independently of the lamina—inner-membrane junctions.
Chronologically the first pore-complex component to be charac-
terized, the glycoprotein Gp210, is located on the periphery of
the cytoplasmic ring and may be involved in linking the two
nuclear membranes to the pore-complex. The bulk of this
molecule lies in the perinuclear cisterna, between the two nuclear
membranes; its C-terminal domain contains a membrane-span-
ning segment [28] which seems to be sufficient for sorting the

glycoprotein into the membrane region contiguous to the pore
[30]. Gp210 is rich in N-linked high-mannose oligosaccharides of
the type found in the lumen of the endoplasmic reticulum; these
are responsible for its binding to concanavalin A [29,31]. More
recently, Hallberg et al. [31a] have described a wheat-germ
agglutinin (WGA) binding protein of M, 121000 which is also
located in the pore membrane region (see below).

Nucleoporins

The other pore-complex glycoproteins that have been charac-
terized to date, the nucleoporins, contain O-linked N-acetyl-
glucosamine residues and therefore bind to WGA [32]. They are
not membrane-associated, although they can form complexes
with Gp210 that may partly determine their organization [30,33],
and they probably make up some 5-10 %, of the mass of the pore-
complex. Available sequence data, especially for the most abun-
dant of these components in vertebrates (Gp62), indicate an o-
helical C-terminal domain with the coiled-coil structure typical
of intracellular structural proteins [34,35]. The N-terminal do-
main of Gp62, which contains the 10-20 glycosylation sites,
comprises 15 copies of a conserved nine-residue motif inter-
spersed with variable-sequence regions of similar size, probably
forming a g-sheet [35]. Gp62 is similar in sequence and structure
to two yeast-specific pore-complex proteins, NUP1 and nucleo-
skeleton-like protein (NSP) 1 [36,37], though these proteins
contain more copies of the N-terminal motif. A distinct group of
nucleoporins has been identified by work in several laboratories
(see e.g. [38—40]). The structural features of these various proteins
are shown schematically in Figure 2 and Table 1. The M,-121000
protein described by Hallberg et al. [31a] (see above) also binds
WGA and has the XFXFG motif; it is believed to anchor other
pore components to the membranes.

Nucleoporins are certainly involved in translocation of macro-
molecules across the pore-complex; nuclear import of proteins,
and export of mRNA, tRNAs, UsnRNAs and ribonucleo-
proteins (RNPs) and ribosomal subunits, can all be inhibited by
WGA [41-43c], and at least some of them can be inhibited by
monoclonal antibodies against nucleoporins [41,44]. Gp62 forms
a hetero-oligomer, other components of which include the
nucleoporins Gp58 and Gp54, and it is apparently this hetero-
oligomer (stable in 2 M urea or 2 M NaCl) that functions in
translocation [45]. Although the locations of the individual
nucleoporins within the pore-complex have not been demon-
strated, it is tempting to suggest that complexes such as the
Gp62-Gp58-Gp54 oligomer constitute some part of the ‘spokes’
visible in the electron microscope (Figure 1); certainly Gp62 and
NSP1 are accessible to monoclonal antibodies from both the
nucleoplasmic and cytoplasmic surfaces and therefore are prob-
ably symmetrically distributed. To extend this speculation, the
coiled-coil C-terminal domains might interact to form the
orthogonal fibrils along which translocating macromolecules
migrate, and hinges between the C-terminal coiled-coil domain
and the glycosylated N-terminal domain might be involved in
‘opening’ and ‘closing’ the pore (Figure 3).

Models of this kind might have some bearing on the con-
troversial myosin-dependent translocation mechanism proposed
by Berrios and Fisher [46-48]. Antibodies against Drosophila
pore-complex material cross-react with the heavy chain of non-
muscle myosin [46,47], and vice-versa [48]. It is possible that
monoclonals recognizing epitopes on the coiled-coil domains of
nucleoporins and myosin might cross-react; however, Berrios
and Fisher note that the ATP hydrolysis associated with most
translocation processes has many of the characteristics of ATP
hydrolysis by myosin [46].
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Figure 3 Possible organization of nucleoporins in the pore-complex struts

In this speculative model, the glycosylated N-terminal domains of the nucleoporins are assumed
to lie at the periphery of the pore, directly or indirectly associated with the cytoplasmic and
nuclear rings. The extended C-terminal coiled-coil domain is assumed to form the orthogonal
fibrils of the pore-complex. The hinge of the nucleoporin molecule marks the boundary of the
strut visible by electron microscopy.

A nucleoporin of M, 153000, NUP153, is located exclusively
on the nucleoplasmic face of the pore-complex, possibly in the
‘basket’ structure (see Figure 1). Its C-terminal region contains
‘zinc finger’ motifs characteristic of nucleic acid binding proteins
[49] (see Table 1 and Figure 2). Although all four of these motifs
are of the C,~C, type found in DNA binding proteins, the
identical spacing of 10 residues between each cysteine pair in all
four fingers, and the probable independence of the motifs
conferred by the long (approximately 40 residue) spacing between
one finger and the next, suggest RNA binding capability (Figure

10
c C
2 2
C C
664

Figure 4 The zinc finger motifs of NUP153

4; see the discussion in [50]). It is therefore possible that NUP153
participates in RNA export, perhaps by promoting the unfolding
of ribonucleoprotein particles that seems to be a prerequisite for
export [51,52]). Certainly NUP153 contains phosphorylation
consensus sequences, and might be a substrate for the nuclear
envelope protein kinases that modulate RNA export [3,52]. At
present, however, there are no data that bear directly on this
possibility.

Nuclear pore assembly

The limitations of our current understanding of the pore-complex
are highlighted by the fact that, although the structure is
disassembled at prophase in open mitosis and is reassembled at
telophase, the mechanisms of assembly and disassembly remain
largely mysterious. When membrane vesicles are in limiting
supply, ‘pre-pores’ resembling ‘spoke’ complexes form [54],
implying that membranes are necessary for forming the nucleo-
plasmic and cytoplasmic rings. Lamins are not required for pore
assembly [55]. Pores formed in the absence of Gp62 and other
translocation-related nucleoporins are translocationally inactive,
but activity can be restored by adding the glycoproteins [56)].
From this evidence it seems that pore assembly is a multi-step
process, and it is unlikely to be characterized adequately until
more of the components of the structure have been identified.
An interesting possibility is that NUP153 is necessary to
organize nascent pore-complex material on the decondensing
telophase chromosomes. This speculation assumes that the zinc
fingers on NUP153 are DNA-binding rather than RNA-binding
motifs. If this is the case, then transcribable regions of the
genome might be linked closely to the pore-complexes in the
daughter nuclei, facilitating the export of mRNAs to the cyto-
plasm, as required by the gene gating hypothesis of Blobel [57].

LOCATION SIGNALS AND TRANSLOCATION
The nature of location signals

A location signal is recognized by a specific receptor and permits
the molecule that bears it to be translocated through the pore-
complex. Location signals are parts of mature macromolecules,

Schematic summary of the zinc-finger-like domain of the most nucleoplasmically directed of the known nucleoporins. The key features are the 16 cysteine residues, occurring in four groups of

four, which probably constitute four zinc binding sites.
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Table 2 Some nuclear location signals in proteins

Protein Location signal Reference

SV40 large-T antigen P,26KKKRKVE 57

Yeast MAT a, RPAATKK 58

Polyoma large-T P,goKKARED 6
Vs33SRKRPR

N1 Vs3,SRKRPR 59
AsgKKSKQE

Nucleoplasmin R,5,PAATKKAGNAKKKKLDKED 60

Lamin A KEKRKRI

in contrast, for example, to the signal sequences that permit
sorting of proteins into endoplasmic reticulum or mitochondria,
which are generally removed after translocation. In proteins,
location signals are oligopeptide sequences that belong to one of
two main classes, of which the paradigm examples are simian
virus 40 (SV40) large-T antigen and MAT «, (Table 2). Some
nucleus-targeted proteins have more than one location signal (see
Table 2 and [58,59]) and although signals differ in efficiency, and
more efficient ones dominate over less efficient ones, the effects of
multiple signals are additive [62—64]. In nucleoplasmin there are
three overlapping signals between residues 152 and 168; two
resembling Mating Type a, (152-157 and 158-163) and one
resembling SV40 (162-168) (Table 2 and [60]); nucleoplasmin
uptake from cytoplasm to nucleus is very rapid [65,66].

In tRNAs there seems to be a common location signal around
G®® in the highly conserved D loop [67]. In mRNAs there are
various signals, one of which is an oligo(A) segment of at least 15
residues [53]; another is the 5’ cap [68,69]. It is possible that
efficient export of mRNAs from the nucleus depends on the
concerted action of the 5" cap signal and another signal such as
oligo(A). The latter need not be part of a 3’ poly(A) tail, as has
often been supposed. On the other hand, spatial separation of the
cap from the oligo(A) sequence is not evidence against their
simultaneous involvement in translocation ; the concerted action
of two spatially separated signals appears to be necessary for the
translocation of U,;snRNP [70]. Furthermore, involvement of the
3’ end of the mRNA in translocation is suggested by some in situ
studies; for instance, histone mRNA export requires maturation
of the 3’ end of the molecule [70a].

Any location signal lies on the surface of the molecule that
bears it. If it is buried, or if it is surrounded by sequences that
mask its effect, it will not function efficiently and the molecule
might not be translocated [71]. Part of the nuclear location signal
of U,snRNP seems to be the AU,G sequence that lies in a
portion of the RNA between the two pairs of loops [72]. This
region is apparently buried in the naked RNA, which is exported
from the oocyte nucleus, but exposed in the RNP complex, which
is nucleus-targeted [73]. Other snRNPs may have location signals
in their protein rather than RNA constituents, but the exposure
of the signal only when the mature complex is formed may be a
common principle. This principle may also be exemplified by
steroid receptors, the location signals of which are apparently
exposed only when the steroid is bound [74]. However, ex-
perimental evidence in this area needs careful interpretation. For
example, although import of most UsnRNAs to the nucleus is
inhibited by an excess of the cap structure m;GpppG, import of
U6 is inhibited by excess of the SV40 large-T location signal
peptide [43c]. In this instance, exposure of a location signal on a
protein component is not a possible explanation.

Molecules without location signals can sometimes be trans-
located, if they can form sufficiently tight complexes with
translocatable molecules without masking the location signals of
the latter. For instance, if antibodies to nucleus-targeted proteins
are injected into the cytoplasm they can be conveyed to the
nucleus [75]. Conversely, molecules that do have location signals
might not be translocated (a) if the signal is modified (e.g. by
phosphorylation in the case of a protein [76]), or (b) if the
molecule is attached to another cellular component so that it
cannot travel to the pore-complex. For instance, a membrane-
binding domain might prevent nuclear uptake of a protein with
a nuclear location signal; and although oligo(A) is an export
signal for some mRNAs, many adenylated RNAs remain re-
stricted to the nucleus in vivo.

Criteria for demonstrating that a sequence of a molecule is a
location signal include the following [71]. (1) When the signal is
ablated or modified (e.g. lysine-128 of the SV40 large-T antigen
is replaced by threonine) and the mutant molecule is micro-
injected into the cell, it remains restricted to the compartment
into which it is injected. (2) If the putative signal is incorporated
into a molecule that is usually not translocatable, the fusion
product will be translocated. For instance, incorporation of the
SV40 signal into pyruvate kinase or BSA [58,63] causes nuclear
uptake after microinjection into the cytoplasm. However, if a
defective signal is incorporated (e.g. the SV40 signal in which
lysine-128 has been replaced by threonine), the fusion product
will not be translocated, providing an important experimental
control. (3) The kinetics of uptake need to be considered. It is
likely that a molecule with a single relatively inefficient location
signal will be translocated slowly, and incomplete transport from
one compartment to the other might be observed [62,63].
Nucleocytoplasmic transport should not be construed as an “all-
or-nothing’ process.

Receptors for location signals

For proteins, tRNAs and mRNAs, binding of the location signal
to the receptor is rapid, ATP-independent and insensitive to
WGA [41,53,77-80]. In all cases, the affinity of the receptor for
the signal is of the order of 107 M. This value is strikingly low.
It implies that if translocation is to be efficient, the number of
receptors must be large, by analogy with extracellular matrix
receptors, which typically have affinities 2-3 orders of magnitude
lower than (say) hormone receptors, but are much more abun-
dant. This in turn suggests that the receptors might not be
confined to the pore-complexes (which presumably could house
only limiting numbers of specific receptors [81]), and indeed there
is evidence for widespread intracellular distributions of both
protein [82-84] and mRNA [85] receptors, perhaps involving the
cytoskeletal and nucleoskeletal fibres involved in solid-state
transport. Visualization by fluorescence microscopy of proteins
microinjected into the cytoplasm often reveals non-uniform
distributions of material apparently in transit to the nucleus.
This kind of microscopic evidence is difficult to interpret, but
examination of some of the fluorescence micrographs (e.g. in
[58-61]) might suggest that the transported protein is at least
partly associated with cytoplasmic fibrils.

Identification of the signal receptors has proved difficult
because (a) their affinities are of the same order as non-specific
binding affinities, and (b) in many studies it has been assumed
that they are restricted to the nuclear envelope, so samples
containing small receptor populations have been studied. Never-
theless, it is now apparent that there are several receptors with
different but overlapping specificities for protein location signals
[82,86-88]. M, values of 140, 100, 70-76, 67-70 and 55-60



614 P. S. Agutter and D. Prochnow

(all x 10%) have been reported. A common feature of these
molecules may be an acidic oligopeptide sequence, because
antibodies specific for the sequence DDDED seem to block all
nucleus-targeted protein receptors [89]. Present knowledge of
protein import receptors has been reviewed by Yamasaki and
Lanford [90].

Competitive binding studies have identified the putative mono-
methyl cap receptor (M, 80000) involved in U,;snRNP trans-
location [91] and mRNA translocation [68]. As yet, the receptors
for many transportable materials, e.g. other snRNPs and tRNAs,
have not been identified. A crucial question concerns the struc-
tural relationships between these various receptors and other
components of the transport apparatus, including the com-
ponents of the pore-complexes. The relationship may be one of
simple identity with a component such as myosin, as suggested
by Berrios et al. [48]. Although this possibility is interesting in
view of the possible role of actin fibrils in the solid-state transport
system (see [85] and the discussion below), the consensus of
current opinion is against it. The receptors are unlikely to be
nucleoporins because WGA does not usually interfere with
binding [79,80]. In the case of the mRNA oligo(A) receptor, the
probable M, is around 110000, though the material located on
the nucleoplasmic face of the nuclear envelope by photoaffinity
labelling seems to have been recovered as proteolytic fragments
of this molecule [92]. The 110000-M, protein does not correspond
in size to any known nucleoporin. The question of the relation-
ships between location signal receptors and the nucleoporins and
other transport components remains unresolved at present, and
it might be approached successfully first in yeasts, for which
extensive gene libraries are available. In this respect, the work of
Silver and her colleagues [93,94] is particularly promising.

The ATP-dependence of translocation

For historical reasons, most of our knowledge about mRNA
translocation has been acquired through the use of cell-free
systems, some of which have been shown to behave physio-
logically (see the Introduction to this Review; for a detailed
discussion see [4]). In contrast, our knowledge of protein trans-
location has come from in situ studies or from use of nuclei
resealed in egg extracts [95]. The intact systems used to study
nuclear protein uptake are advantageous in physiological com-
parability, but disadvantageous in respect of kinetic analysis.
The requirement for ATP hydrolysis was demonstrated for
mRNA translocation long before it was found for protein
translocation [8] and has only recently been corroborated by in
situ studies [68], and the enzyme involved in ATP utilization has
been identified in the former case but not the latter [96,97]. Also,
by comparing the turnover rate of this enzyme, the nuclear
envelope nucleoside triphosphatase (NTPase; EC 3.6.1.15), with
the maximum rate of RNA export through the pore-complexes
(which is in the order of 1 molecule/s per pore [81,98)), it can be
estimated that approximately 10* ATP molecules are hydrolysed
per average-sized poly(A)* RNA molecule translocated. As yet,
no such estimate has been made in the case of protein trans-
location.

The NTPase, like the oligo(A) binding site, seems to be located
on the inner face of the nuclear envelope [99,100]. Alteration of
the NTPase activity results in proportionate changes in the
mRNA translocation rate [96,98]. When the affinity of the
binding site for poly(A) or poly(A)* RNA is increased by
endogenous phosphorylation, the NTPase is concomitantly in-
hibited [53]; when the binding site is blocked by a monoclonal
antibody the NTPase is markedly stimulated [85]. WGA and
other general inhibitors of translocation, such as lumicolchicine

at concentrations of 2-5 mM, do not inhibit the NTPase [98].
These results suggest that the NTPase activity is coupled not
simply to mRNA translocation per se, but also to binding at the
pore-complex (cf. [31,79]). Details at the molecular level, how-
ever, remain unclear.

Not all transported macromolecules have the same requirement
for ATP hydrolysis. Translocation of poly(A)- mRNAs such as
histone messengers seems in some systems to have a lower ATP-
dependence than translocation of poly(A)* RNAs such as globin
and albumin messengers ([101]; however, see [98]). Interestingly,
tRNA translocation has no requirement for ATP at all, either in
situ [67)] or in vitro [98]; the in vitro model system used resealed
nuclear envelope ghosts in which the RNA was entrapped; in
contrast, mRNAs could not be exported from the ghosts without
ATP [98]. Export of ribosomal subunits from Xenopus oocyte
nuclei seems to be ATP-dependent [43a]. These differences in
ATP requirements amongst transportable species have not been
explained. Perhaps ATP ensures that translocation is vectorial by
changing the probability of mRNA binding to open or closed
states of the pore-complex, by analogy with its effect on the
probability of cross-bridge formation in muscle contraction. In
respect of mRNA export from nuclei, ATP does seem to
contribute to unidirectionality, but so do other factors such as
the cytoplasmic location of the major polysomal poly(A) binding
protein [102]. It is at least feasible that vectorial translocation of
tRNA is ensured by other means, and since tRNAs and mRNAs
have different binding sites in the pore-complex, a translocation
system has evolved that is not NTPase-coupled. This hypothesis
is illustrated in Figure S. The kinetic complexity of at least some
translocation processes is well attested [103].

A difficulty for this model is the existence of proteins that
shuttle between the two compartments [104]. These include the
ribonucleosome core protein Al [105] (though the C-group
proteins of this structure have an almost exclusively nuclear
location; see below) and the heat-shock protein hsp70, which
might facilitate the nuclear import of other proteins [106,107).
How the translocation system accommodates this shuttling
process is a challenging problem, which is unlikely to be resolved
until the pore-complex is more fully characterized.

Modifiers of the translocation rate

Considerable attention has been paid to a family of cytosolic and
polysome-associated proteins that stimulates mRNA efflux from
isolated nuclei and probably accelerates translocation
[85,108-110]. The proteins in this family might not be separate
gene products; they are probably derived from degradation of
the cytoplasmically located 110000-M, oligo(A) receptor [98].
However, translocation does seem to respond to specific intra-
cellular regulators that are fundamentally distinct from com-
ponents of the solid-state system itself. The export of HIV-1
mRNA from the nucleus is promoted by the virally encoded rev
protein, which interacts directly with the translocation apparatus
[111,112]. A heterodimer of the adenovirus proteins E1B and E4
selectively promotes export of viral mRNA and inhibits export
of cellular mRNAs, and the influenza virus protein NS1 selec-
tively inhibits the transport of poly(A)* RNAs (for review, see
[112a]). An endogenous glucose-binding protein isolated from
mammalian nuclei increases the affinity of the oligo(A) receptor
for poly(A)* RNAs [113].

With respect to protein import to the nucleus, separate soluble
factors are required for binding to the nuclear envelope and for
ATP-dependent translocation [114,115]. Some of these factors
have been isolated and characterized, and their possible re-
lationship to factors involved in protein uptake into mitochondria
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(a) (b)
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Figure 5 Possible scheme for ATP-coupled and uncoupled translocation

(c) (d)
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This speculative scheme shows half of a pore-complex in vertical section; the membranes are omitted. Key: CR, cytoplasmic ring; NR, nuclear ring; L, lamina; S, struts; B, basket structure; R,
RNA receptors; N, NTPase. (@) An RNA molecule is passing from the first to the second of a series of receptors (not necessarily identical) aligned along the fibril/strut system (nucleoporin ?).
(b) The RNA reaches the receptor at the end of a strut. If the translocation is NTPase-coupled, the enzyme activity is likely to be initiated at this point. Note that a different signal sequence might
be involved in binding to this receptor. (¢) The pore is altered to its ‘open’ form (large patent radius) either as a result of allosteric coupling initiated by the binding of the ligand to the strut-
terminal receptor (b) or by the activity of the NTPase. The RNA is then passed along the remaining receptors in the line and on to the cytoskeletal system. (d) The pore returns to its resting
state because (i) no ligand is bound to the receptors and, if the process is NTPase-coupled, (i) the NTPase has ceased to be active.

and endoplasmic reticulum has been considered [116]. However,
it seems likely that the transport-facilitating factors so far
identified represent only a small subset and that their modes of
action are diverse [117]. Some of them may act as components of
the solid-state transport system in vivo, or might partition between
solid-state structures and a soluble form (e.g. [83,84]).

Extracellular effectors are also involved in the control of
translocation [118], and the most widely studied of these include
insulin and epidermal growth factor [119-122]. In physiological
concentrations, both of these factors stimulate endogenous
phosphorylation of the oligo(A) receptor and, apparently because
of the consequent increase in poly(A)* RNA binding to the
receptor, stimulate the NTPase. Although the biological rele-
vance of these effects is controversial (how are the insulin and
epidermal growth factor internalized so that they can interact
with nuclear envelope components ?), they might be related to the
hormone-induced migration of protein kinase C to the nuclear
envelope [123].

OTHER COMPONENTS OF THE SOLID-STATE SYSTEM
Nuclear structures

Abundant evidence that mRNA precursors are firmly attached
to intranuclear structures has accumulated over the past two
decades and has been reviewed in detail [4,8]. The evidence
includes the fact that nearly normal restriction of RNAs is
retained in isolated liver nuclei, so long as nuclear swelling and
RNAase and proteinase activities are inhibited ; when such nuclei
are incubated in suitable buffers, the poly(A)* RNA exported to

the supernatant in an ATP-dependent manner is intron-free,
translatable, uncontaminated by hnRNA C-group proteins and
divisible into the three main abundance classes of cytoplasmic
mRNA. Since isolated nuclei are structurally damaged and lose
unbound components by leakage, it follows that mRNAs and
their precursors cannot leak from liver nuclei during isolation
and are therefore not unbound. Puncturing of the amphibian
oocyte nuclear envelope in situ also fails to cause nucleo-
cytoplasmic RNA redistribution.

Recently, some specific transcripts have been shown to follow
visible nucleoskeletal tracks to the pore-complex [124-126], and
microinjected intron-containing RNA has been found to as-
sociate with the ‘speckle’ structures in which splicing components
seem to be concentrated [127]. These observations accord with
the solid-state perspective, but other recent observations have
contradictory implications. For example, an extensively tran-
scribed gene product in the salivary glands of Drosophila larvae
showed a somewhat diffuse, web-like intranuclear distribution
[128], and nascent RNA from the transcription of an individual
gene has been located on several hundred, rather than just a few,
intranuclear domains [129]. These apparent conflicts have led
Rosbash and Singer [130] to propose that the visible tracks are
formed not by completed but by nascent RNA, and that after
processing the messenger may be free to ‘diffuse’. In principle,
this hypothesis could reconcile the more recent debate [124-129],
but it is incompatible with the longer-established evidence [4,8]
and assumes, contrary to this evidence, that diffusion would be
a sufficiently rapid and efficient process to convey messengers to
pore-complexes at a viable rate. An alternative explanation for
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the apparently conflicting evidence on ‘tracks’ is that some
mRNAs are targeted to one or a few pore-complexes, in
accordance with the gene gating hypothesis [57], while others can
be transported (perhaps at random) to most or all of these
structures.

This explanation predicts differences in the attachments to the
nucleoskeleton between the more and the less obviously track-
restricted transcripts. Given the growth of knowledge about pre-
mRNA and mRNA attachments to the matrix, it should soon be
possible to test these alternatives. The structures involved in
these attachments are located on the nucleoskeleton or nuclear
matrix [4]; evidence in support of this includes the maintenance
of RNA tracks, for instance from EB40, in operationally defined
matrix preparations [131]. The RNA-binding structures co-
localize with splicing factors [132,133] and may be enriched in
them. Release of mRNA from spliccosome complexes in vitro
requires an RNA helicase-like protein, PRP22 [134], so it is
possible that this protein is required for release in situ. The C-
group proteins of the ribonucleosome core seem to be intimately
involved in anchoring the hnRNA to such nucleoskeletal fibrils
[135]). Immature mRNA precursors seem to be bound to actin-
containing fibrils, and mature mRNA within the nucleus to
DNA topoisomerase II [136,137], and it is possible that migration
of the RNAs from the internum of the nucleus to the pore-
complex depends on actin fibrils and myosin motors [138,139]. It
now appears that, in addition to mRNA and its precursors, at
least some proteins move along solid-state structures in the
nucleus. This has been clearly demonstrated in the case of the
nucleolar protein Nopp 140 [140], a phosphoserine-rich nuclear
location signal binding protein, which shuttles between cytoplasm
and nucleolus along tracks that can be visualized by immuno-
electron microscopy [141]. Structural linkages between the nu-
cleolus and the pore-complex suggest that transport of ribosomal
subunits might also be a solid-state process. Certainly the rate of
efflux of ribosomal subunits from resealed nuclear envelope
vesicles, in the absence of nucleoskeletal structures, is very slow
(I. Hassell and H. Fasold, personal communication). On this
evidence, it begins to seem that, at least within the nucleus, solid-
state migration of macromolecules might be a general phenom-
enon.

If this is so, then particular species may be targeted to particular
pore-complexes and thence to particular areas of the cytoplasm,
as seems to be the case with the pair-rule transcripts in Drosophila
[142] (see also [S7]). Similarly, the solid-state movement of
proteins might ensure that they are targeted via specific pore-
complexes to defined sites within the nucleus. The implications of
such arrangements for the co-ordination of cellular activity are
potentially far-reaching.

Cytoskeletal structures

There is abundant evidence for association between some cyto-
plasmic polysomes and the actin-containing microfilaments (for
review see [143]). The evidence includes electron microscopy
[144], immunohistochemistry [85,145], release of polysomes with
cytochalasin B or D [144,146,147] and with 130 mM NacCl
[147,148], inhibition of such release with phalloidin [147,149],
and correlation of microfilament organization with cyto-
megalovirus infection [150]. Differential extraction studies using
non-ionic detergents and deoxycholate have also led to the same
conclusions. These experiments seem to imply that attachment to
the actin cytoskeleton is a precondition for mRNA translation
[147,151,152], assuming that the actin-containing protein gel of
the rough endoplasmic reticulum membrane can be counted as
part of the cytoskeleton [151,152]. However, the results of such

experiments may be difficult to interpret (for reviews see [8,143)).
The balance of evidence at present suggests that around 309, of
the translationally active polysomes may be ‘free’, in the sense
that they are associated with neither the microfilaments nor the
endoplasmic reticulum [143]. Alterations in the size of this pool
when the protein synthesis rate of the cell is increased may imply
that the free polysomes contain the older mRNAs [153].

Colchicine does not affect polysome anchoring, implying that
active polysomes are not associated with microtubules or in-
termediate filaments [146,147]. However, it is possible that
translationally inactive messengers are bound to intermediate
filaments, to judge from immunohistochemical and other studies
on the distributions of untranslated messenger particles [154].
This raises the possibility that polysome redistribution between
active and inactive pools in response to extracellular signals
[153,155] occurs by means of messenger migration from one
binding site to another.

The immobilization of much of the mRNA and many ribo-
somes in the cytoplasmic compartment is consistent with the
solid-state transport concept and with the observed partitioning
of different mRNAs to different parts of the cytoplasm [142,156].
On present evidence, it is difficult to say whether tRNAs and
snRNPs are transported by solid-state mechanisms, but the
possibility remains open. If nucleocytoplasmic transport of
mRNAs, ribosomes and some proteins [16,17,140] is at least in
part a solid-state process, then there is an intuitive likelihood
that tRNA and snRNP transport are similar in kind.

FUTURE PROSPECTS

Paine [17a] has observed that both intracompartmental binding
and translocation events at the pore complex influence nucleo-
cytoplasmic protein distributions. Irrespective of whether trans-
port processes are solid-state, there is no doubt that these two
factors are potentially important in the distributions of any class
of macromolecules in nucleus and cytoplasm. The future dev-
elopment of this field therefore depends on improved character-
ization of both translocation and intracompartmental binding.

Characterization of translocation depends on better under-
standing of the structure and dynamics of the pore-complex. This
will increase as (a) interactions between nuclear envelope con-
stituents during interphase and the mechanisms of assembly and
disassembly during mitosis are more fully understood [157], (b)
the structures and interactions of nucleoporins are known in
more detail [10,158], and (c) more is learned about location
signals and about the wealth of factors that modulate nuclear
envelope binding and translocation [159]. Two crucial stages in
the future advancement of our understanding will be (a) charac-
terization of the relationships between location signal receptors
and nucleoporins, and (b) establishment of a mechanism for the
switching of pore-complexes between open and closed states. To
reach both these stages will require detailed studies of a variety
of systems.

It seems likely that characterization of intracompartmental
binding will improve first in respect of pre-mRNA attachments
in the nucleus. Identification of the nucleoskeletal components

- involved in establishing track-like and non-track-like transcript

distributions, and the relationships between these and the distri-
butions of splicing components, seems to be nascent in the recent
publications reviewed in this article [125-139]. Details about
RNA attachments in the cytoplasmic compartment and about
intranuclear binding sites of karyophilic proteins may be slower
to emerge, because they are not currently major foci of research
interest, although the potential significance of such details for
our understanding is already apparent [17a].
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Potentially, both translocation and intracompartmental bind-
ing could determine the changing distributions of proteins and
other macromolecules during the cell cycle. We have referred to
the nucleocytoplasmic shuttling of a number of proteins during
the course of this article (A-group hnRNP proteins, hsp70 and
Nopp 140). These shuttling processes challenge our under-
standing of the underlying mechanisms, and if an improved
understanding could be applied to the behaviour of cyclins, it
would elucidate the control of the cell cycle itself. Recent studies
on the complex interplay of intermolecular associations, binding
at specific cellular locations and control by phosphorylation and
dephosphorylation of the cyclins [160-162] support this view.

The time is now ripe for a fuller theoretical development of the
‘solid-state transport’ concept. As we have argued in the present
review, there is now abundant evidence that not only mRNA
transport, but also the transport of some proteins and probably
of other macromolecules and complexes, are at least partly solid-
state processes. However, apart from distinguishing the mech-
anism from a ‘diffusion’-dependent process, the description
‘solid-state’ is not particlarly informative. There are several
possible models for solid-state transport [8,18], and quantitatively
articulated versions of these models, from which experimentally
testable predictions can be obtained, would be valuable. Amongst
other advantages, such developments should lead to more critical
assessments of rival methods of study of nucleocytoplasmic
transport processes. This model articulation is a biophysical
problem; only when it has been satisfactorily addressed will it be
possible to proceed to a more general, and more satisfactory,
concept of nucleocytoplasmic transport, and to exclude naive
models in which the sole regulator of intercompartmental ex-
change is assumed to be the openness of the pore-complex [163].
We are currently developing such models via a critical analysis of
the application of diffusion theory in biology.
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