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Nuclear proteins are actively and posttranslationally transported across the nuclear envelope. This transport is a highly selective process that can
be divided into twe steps, receptor-binding followed by translocation through the nuclear envelope. Receptor-binding is niediated by nuclear locali-
zation signals that have been identified in many nuclear proteins. Translocation is energy-dependent and occurs through the nuclear pore complex.

Nuclear localization signal; Nuclear pore complex

1. INTRODUCTION

The nuclear envelope sequesters the genome and its
activities within a nanique biochemical environment, the
nucleus. The nuclear envelope consists of two lipid
bilayers, the outer and inner nuclear membranes,
separated by a perinuclear cisternal space. The peri-
nuclear space is continuous with the lumen of the
endoplasmic reticulum (ER}. The outer nuclear mem-
brane and the ER membrane are also continuous and
functionally similar in that both contain ribosomes on
their cytoplasmic surfaces.The nucleoplasmic surface
of the inner membrane is associated with the nuclear
lamina, a fibrous network that supports the nuclear
envelope.

Pores traverse the nuclear envelope at sites where the
inner and outer membranes are fused, thereby pro-
viding a link between the cytoplasm and the interior of
the nucleus. Bach nuclear pore is a water-filled channel
within a large proteinaceous nuclear pore complex
(NPC). The NPC mediates active transport of proteins
across the nuclear envelope, and, in addition, allows
passive diffusion of small proteins and other molecules.
Here we review the salient features of active protein
transport into the nucleus. The reader is referred to
other more extensive reviews for additional information
on passive [1] and active [2-6] transport and on the
structure of the nucleus {7-12].

2. NUCLEAR PORE COMPLEX (NPC)

In 1876, using the light microscope as a means of
observation, Hertwig first suggested the existence of
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nuclear pores, Observing a punctate pattern on nuclear
envelopes, he proposed the existence of channels con-
necting the cytoplasm and nucleoplasm. In 1949, Callan
[13] observed the ultrastructure of nuclear pores with
the electron microscope. Wischnitzer [14] proposed the
first structural r ¢l of the nuclear pore in 1958.
Recently, more detailed information on the structure of
the NPC hes been obtained using high resolution elec-
tron microscopy combined with image processing
{15-17]. About an axis perpendicular to the plane of the
nuclear envelope, the NPC has an 8-fold rotational
symmetry formed by two coaxial rings connected to a
central plug by a spoke assembly. One ring lies on each
side of the nuclear envelope, facing the cytoplasm or the
nucleoplasm. The eytoplasmic ring is heavier than the
nucleoplasmic ring, creating asymmieiry along the axis
parallel to the nuclear envelope. The spoke assembly
probably contains 24 spokes; 8 inner spokes extending
outward from the central plug (inner spokes) joining 8
cuter spokes exiending inward from each of the two
rings. The central plug or transporter is thought to con-
tain the transport channel. Occasionally, fibrils can be
seen extending from the pore into either the cytoplasm
or thic nucleoplasm, possibly acting as tracks through
the pore. The overall size of the NPC is 120 nm in
diameter by 70 nui. Radial arms extending out from the
NPC, possibly to anchor the two coaxial rings to the
membrane, have also been proposed. With these radial
arms the NPC would have an overall diameter of
145 nm., '

Mass determination of the NI'C has vielded a mole-
cular mass of ~124 MDa [17]. Assuming that an
average pore protein has a molecular mass of 200 kDa,
approximately 500 proteins (possibly over a 100 dif-
ferent protein species) are required to assemble an
NPC. To date, relatively few NPC proteins have been
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identified. One, gp210 (or gp190), is an integral mem-
brane glycoprotein containing N-linked high mannose-
type carbohydrate and has been proposed to anchor the
pore complex within the nuclear envelope [J8-20].
Among the handful of other proteins thought to ke part
of the NPC [21-27] many bear an unusual carbohydrate
modification consisting of single O-linked Nwgcetyl-
glucosamine (GleNAc) residues ([28~30]; for review sce

[12)).

3. NUCLEAR LOCALIZATION SIGNAL (NLS)

Upon injecting BSA and histones into Xencpus
oocytes, Gurdon [31] found that histories, but ngt BSA,
accumulate in the nucleus. He concluded that protein
uptake into nuclei is a selective prccess. In 1975, Bonner
[32] injected either nuclear contents or cytoplasm of
Xenopus oocytes into recipient oocytes and found that
nuclear, but not cyteplasmic, proteins accumulate in
the nucleus; however, he also found that cytoplasmic
proteins smaller than 20 kDa equilibrate between the
nucleus and c¢ytoplasm within 24 h, suggesting that
sinall proteins can freely diffuse into the nucleys. In a
variation of Gurdon’s original experiment, De Robertis
et al. [33) suggested in 1978 that nuclear proteins con-
tain in their molecular structure a signal that enables
them to accumulate in the nucleus. The first direct
evidence for such a signal came in 1982 from expeéri-
ments employing nucleoplasmin as a nuclear import
substrate. Dingwall et al. [34] found that nucleoplasmin
rapidly accumulates in the nucleus when injecied into
oocytes, but nucleoplasmin derivatives lacking the C-
terminal end are not transported to the nucleys. This
work demonstrated that sequences present within a
mature protein are sufficient to direct nuclear Jocaliza-
tion. The first nuclear targeting signal whose sequence
- was defined is from the yeast nuclear protein MATa2.
By constructing hybrid proteins containing g-galacto-
sidase fused to different portions of MAT«2, Hall et
al.[35] showed that a segment of MATo2 as small as 13
amino acids can direct S-galactosidase to the nucleus.
Within these 13 amino acids is a possible consensus
signal sequence consisting of 5 animo acids, Lys®-Ile-
Pro-Ile-Lys [35,36]. Independently and shortly there-
after, Kalderon et al. [37,38] and Lanford and Butel
[39] described an NLS in SV40 large T antigen, This se-
quence, Pro-Lys-Lys'?®-Lys-Arg-Lys-Val, is sufficient

to target linked non-nuclear proteins to the nucleus

[38]. Mutant large T antigen, in which Lys'?® is replaced
by threonine or asparagine, does not accumulate in the
nucleus {37,39]. NLSs have now been identified in a
large number of nuclear proteins (for & comprehensive
list see [6]).

In 1986, Richardson et al. [40] found that the
polyoma virus large T antigen contains two indepen-
dent nuclear signal sequences. When both signals are
deleted, the protein is no longer directed to thenuclevs,
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whereas deletion of only one of the two signals conters
a much lcss dramatic iocalization defect. Both se-
quences resemble the nuclear targeting signal of SVa0
large T antigen, containing basic amino acids and a nro-
line residue. Subsequent studies in which two NLSs
have been found in several nuclear proteins (see {6))
suggest that two signals could be a generanl feature of
nuclear protein import. The role for a dual signal is not
yet clear. The two signals could be functionally equi-
valent and act additively or could be functionally
distinet (for review see [6]].

There is no single consensus among the many N1L.Ss
that have been identified to date. However, there are
some general descriptive rules. Nuclear localization
signals (1) are tyoically short sequences, usually not
more than 8§ to 10 amino acids; (2) contain a high pro-
portion of positively charged amino acids (lysine and
arginine) often associated with a proline; (3) can reside
in any exposed region of a nuclear protein; (4) arc not
removei following localization; and (5) can occur more
than once in a given protein.

4. MECHANISM OF TRANSPORT INTO THE
NUCLEUS

The molecular machinery that translocates proteins
across the nuclear envelope is part of the nuclear pore
complex (NPC), as incisively demonstrated in 1234 by
Feldherr et al.[41]. Feldherr et al. examining by ¢lectron
microscopy the nuclear accumulation of colloidal gold
particles coated with the nuclear protein nucleoplasmin,
observed that at early times after injection into the
cytoplasm, the particles accumulated at nuclear pores.
They concluded that the pores are the major, if not the
exclusive, sites for transport; there is no evidence sup-
porting a model in which exchange occurs directly
across the nuclear membranes. Additional evidence for
transport through the NPC has subsequently come
from numerous studies in which FMPC-binding agents,
such as antibodies [42,43] and WGA [44-48], are shown
to inhibit nuclear import.

How are proteins transported across the nuclear
envelope? Although this question is not yet solved, the
process is known to consist of at least two steps
[36,49,50]}: (1) binding to a receptor either on the
nuclear envelope or in the cytoplasm; and (2) a subse-
quent energy-dependent translocation through the
nuclear pore complex.

4.1, Step one: receptor binding

A large number of studies demonstrating the
saturability and specificity of nuclear protein import
argue that the import process is receptor-mediated {51].
For example, Goldfarb et al. [52] showed that BSA con-
jugated to the NLS of SV40 large T antigen is imported
into nuclei with saturable kinetics (approximate K of
1.8 uM and a Vaax of 6.4 x 10° molecules/cell per
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min). By coinjecting the BSA-large T NLE conjugate
with free NLS pepticle, uptake of the conjugate could be
inhitrired. In contrast, a peptide containing an import
deficient signal did sot inhibit import, These data sug-
gost that nuctear import is mediated by a receptor that
interacts with the NLS.

Where is the receptor? There are at least three
possibilities which are currently being considered. First,
the receptor is located at the NPC where it binds and
transports protein into the nucleus. Second, the recep-
tor resides in the cytoplasm where it binds a nuclear
protein, shuttles it to the NPC, and then reteases it to be
transported into the nucleus by a separate machinery.
Third, the receptor is located in the cytoplasin, nucleo-
plastn and nuclear envelope such that it binds a nuclear
protein in the cytoplasm; a receptor-nuclear protein
complex then binds the NPC and is transported into the
nucleus, where the nuclear protein is released and the
receptor is regycled.

Evidence for receptors near or in the NPC is provided
by studies in which presumed import intermediates are
visualized directly 136,49,50,53,54]. Employing col-
loidal gold particles coated with nuclear proteins, it has
been shown that under ATP-depleted conditions,
nuclear proteins bind to the NPC, suggesting that the
receptor is located on the NPC or on the fibrils which
cinanate from the WPC, Additional evidence for a
NLS8-binding receptor in the NPC has come from a
siudy by Yoneda et al. [43]. Reasoning that a receptor
for a positively charged signal such as the large T an-
tigen NLS (Lys-Lys-Lys-Arg-Lys) might have a com-
plementary stretch of negatively charged amino acids,
Yoneda et al. raised antibodies against a peptide con-
taining the sequence Asp-Asp-Asp-Glu-Asp. The an-
tibodies both recognize antigens in the NPC and inhibit
nuclear import, suggesting that an antigen in the NPC
is a receptor for the large T antigen NLS.,

Four groups have described nuclear (presumably ex-
clusively) NL8-binding proteins. Lee and Melese [55]
and Silver et al. {56], identified yeast NLS-binding pro-
teins in the nucleus by ligand blotting. Silver et al.
found two proteins of 70 and 59 kDa. The biochemical
behavior of these proteins svggests that they associate
with ruclei via protein-protein interactions, Lee and
Melese identified a 67 kDa protein that is tightly
associated with the nuclear envelope, either with the
NPC or the putative yeast nuclear lamina. The 70 kDa
protein found by Silver et al. and the 67 kDa found by
Lee and Melese could be the same protein. Benditt et al.
[571 identified 56, 57, 65 and 74 kDa signal-binding pro-

teins from purified rat nuclear envelopes by crosslink-

ing. Li and Thomas [58], also by crosslinking, have
described a 66 kDa nucleoplasmic NLS-binding protein
from human cells.

A receptor found exclusively at the NPC is difficult
to reconcile with the lack of a consensus NLS. One
might imagine that many different types of signals
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would require a large number of receptors on a limited
number of pore complexes. This problem becomes par-
ticularly acute when considering that all pores appear to
be competent to import a given protein {41]. One solu-
fion to this problem is to invoke cytoplasmic receptors
that serve as adaptors between the different types of
signals and a common binding site on the nucleus.
Evidence fcr non-nuclear receptors has been reported
by several groups, Newmeyer and Forbes [59] have
described a frog cytoplasmic factor, NIF-1, that
stimulates nuclear protein import in vitro. Breeuwoer
and Goldfarb [60] found that histone H1 is rytained in
the cytoplasm at 4°C, whereas non-nuclear pro: ains of
similar size diffuse inte the nucleus; the cytoplasmic
retention aof HI is overcome by injection of excess H1.
This saturable cytoplasmic retention supports the no-
tion that H1 is localized to the nucleus by a cytoplasmic
receptor that prevents diffusion at low temperature.
Yamasaki et al. [61] have described proteins from rat
liver cells that bind an NLS peptide; two of these pro-
teins, 100 and 70 kDa, are cytoplasmic, while the re-
maining two proteins, 140 and 55 kDa, ate loosely
nucleus-associated. These proteins could bind NLS-
bearing proteins in the cytoplasm and shutile them to a
receptor residing at the NPC. Finally, Adam et al. {62)
have also found in rat liver cell extract two proteins that
bind an NLS-bearing protein. These proteins, of 60 and
70 kDa, reside in the cytosol, nuclear envelope and
nucleoplasm, supporting the multistep model for
carrier-mediated nuclear protein import in which a
recycling receptor carries a passenger protein all the
way from the cytoplasm to the nucleoplasm. Which of
the many NLS-binding proteins described to date are
physiologically relevant to the impuit. process and the
validity of any of the three models on receptor function
described above remain to be determined.

4.2, Step two: translocation through the nuclear pore
complex

The second step in the transport of nuclear proteins
from the cytoplasm to the nucleoplasm is translocation
through the nuclear pore. This step is clearly the active
step in the import process, requiring both physiological
temperature and ATP, At low temperature or in the
absence of ATP, import substrates bind t5 the nuclear
periphery but are not translocated across the nuclear
envelope [49,50]. The requirement for physiological
temperature has been demonstrated in vivo [47,50,63]
and in vitro [48,64-69]. The ATP requirement has also
been investigated in a number of systems. Nuclear nro-
tein import is abolished following depletion of ATP
with apyrase in cell-free systems [49,64,65,67-70] or
with deoxyglucose and sodium azide in cultured cells
{50]. Furthermore, a non-hydrolyzable ATP analogue
does not support import [68].

The actual translocation step itself might consist of

3



Volume 275, number 1,2

several steps, as revealed by EM visualization of NLS-
coated colloidal gold particles bound to nuclear pore
complexes [53,54) and of transport-related configura-
tions of the pore transporter [71]. A nuclear protein ap-
pears first to bind to the periphery of the transporter
and then to move through an opening in the center of
the trangporter. The transport channel perhaps opens
concomitantly with the binding and movement of an
import substrate such that only certain proteins are
allowed to pass through the channel. Remarkably,
nuclcoplasmin-coated gold particles with a diameter as
large as 20 nm can pass through the nuclear pore [41],
even though the pare agucous channel has a diameter of
only 9 nm [72]. Since the pore can accomodate large,
rigid gold particles, protein deformation or unfolding
must not be a prerequisite for nuclear import. The
above observations taken together suggest that the nore
may work as an ATP-driven iris diaphragm that opens
in response to a signal recognition event.,

5. CONCLUSION

The study of nuclear protein localization is now
entering its third phase. The first phase, the carly years,
consisted mostly of morphological and physiological
studies on the nuclear envelope, and was responsible
primarily for establishing the nuclear pore complex as a
channel through which molecuies can diffuse between
the eytoplasm and the nucleoplasm. The second phase
was ushered in during the early 1980s by the discovery
of nuclear localization signals and the realization that
nuclear import involves active transport in addition to
passive diffusion. The third phase is now beginning to
identify the cellular components with which NLSs in-
teract and should eventually elucidate the actual
molecular niechanism by which proteins are actively
transported into the nucleus.
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