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I. INTRODUCTION

The specific localization of molecules within the cell is an essential process. One set of
basic localization problems concerns the nucleus: (1) what mechanisms select proteins to be
localized to the nucleus; (2) how proteins cross the nuclear envelope; and (3) how these
proteins are retained in the nuclear interior. We consider these questions and review nuclear
envelope structure. In addition, we review what is known about protein transport into the
nucleus and compare it with transport into the endoplasmic reticulum and mitochondria, two
organelles which share many phenomenological similarities with each other and the nucleus.

II. STRUCTURE OF THE NUCLEAR ENVELOPE

Before discussing nuclear transport, we will review the structure and biosynthesis of
the nucleus.!? The nucleus of a typical mammalian cell has a diameter of 3 to 10 pm and
is separated from the cytoplasm by the nuclear envelope.? The nuclear envelope is constructed
of two lipid bilayers, the outer and inner nuclear membranes, which are separated by a gap
of 10 to 60 nm called the perinuclear space.* The outer membrane is apparently continuous
with the endoplasmic reticulum, making it appear that the endoplasmic reticulum lumen and
perinuclear space are also continuous, although little is known about any chemical continuity
between these membranes or spaces.'?

The composition of nuclear and endoplasmic reticulum membranes is similar-in terms
of lipid pattern, many proteins, glycoproteins, and carbohydrates.'* These results could be
due to real similarities or cross-contamination between these two membrane fractions, which
are very difficult to separate completely. Some cells, such as avain erythrocytes and certain
species of green algae, do not show continuities between the endoplasmic reticulum and
nucleus.?

The nucleoplasmic surface of the inner membrane is associated with the nuclear lamina,
a fibrous network which appears to act as a ‘‘nucleoskeleton’’.>¢ In addition to providing
a structural framework for the nuclear envelope, the lamina is thought to participate in the
organization of chromatin.®’ In mammals, this lamina has three major protein components,
lamins A, B, and C, which form an insoluble network that remains after membranes and
peripheral proteins have been removed with nonionic detergents and salt.>*® The nuclei of
some higher eukaryotic cell types, such as clam oocytes, appear to have only one or two
lamins.® McKeon et al.!! and Fisher et al.? identified large regions of homology between
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the A and C lamins and the large a-helical domain of cytoplasmic intermediate filaments.
This domain is involved in coil-coiled assemblies of the intermediate filaments'! and, hence,
might play a similar structural role in the interactions between the lamins.

A. THE NUCLEAR PORE

One of the most striking features of the nuclear envelope is the nuclear pore. Pores are
found throughout the nuclear membranes of all eukaryotes and, in typical mammalian cells,
are found at a density of about 11 pores per square micrometer of membrane area (3000 to
4000 pores/nucleus).® This density varies in different organisms from 3 pores/pm? to 59 to
60 pores/pum?.! The pore bridges the gap between the inner and outer nuclear membranes
and may serve as a point of contact between these two membranes, which are otherwise
topologically distinct.! The pore complex also interrupts the nuclear lamina and may be
bound to it; pore complexes remain associated with the lamina after extraction with salt and
nonionic detergent.®!3

The subunit structure of the pore has been characterized primarily by electron micros-
copy. It is a cylindrical complex consisting of two ‘‘coaxial annuli’’, one facing the cytoplasm
and one facing the nucleoplasm, with each annulus being made of eight smaller subunits.
Spokes emanate toward the center from the periphery. Sometimes a central plug is found.!*
The pore complex as a whole has a diameter of about 120 nm, but the actual channel through
the center is much smaller, having an apparent diameter of approximately 9 nm. 41413

A few of the pore proteins have been identified. A 190-kDa glycoprotein is localized
to the region of the membrane immediately adjacent to the pore and may act as an anchor
for the pore.'® Fisher and colleagues'? have identified a 190-kDa ATPase and proposed that
it may be a functional pore component.'”"!®

A 62-kDa wheat germ agglutinin (WGA)-binding protein is found associated with the
pore.'? This protein is probably the same as the 63- to 65-kDa WGA-binding protein identified
by Finlay et al.? This protein is glycosylated in the cytoplasm prior to assembly into the
nucleus and is part of a group of recently identified O-linked nuclear envelope glycoproteins
containing multiple O-linked-N-acetylglucosamine residues.'®-*' More significantly, Finlay
et al.?® showed that WGA blocks nuclear transport in vitro transport assays. It appears that
WGA does not cause this effect by blocking the pore opening, because it does not block
the passive diffusion of dextrans (10 to 64 kDa) across the nuclear membrane.0-2

III. ASSEMBLY OF THE NUCLEUS

Little is known about the biosynthesis of the nuclear envelope. Its biosynthesis differs
from that of other membrane-bound organelles in that for most organisms, the nuclear
envelope is dispersed and reassembled during the course of each mitosis. (In fungi, nuclear
envelope dissassembly during mitosis does not occur.?®) During mitosis, the membrane
breaks up into small vesicles, and the lamina becomes reversibly depolymerized.”® The
vesicles appear to remain associated with lamin B, and lamins A and C become soluble.?*
Mitotic, depolymerized lamins have a higher level of phosphorylation than do interphase
lamins.®2* Reversible phosphorylation could control the polymerization of the lamina and,
perhaps, also the assembly and disassembly of the nuclear envelope.®?* What happens to
the pore complexes during mitosis remains unknown.

Studies of nuclear assembly have been assisted by the development of systems for in
vitro nuclear assembly and transport. Addition of purified DNA (either from phage lambda
or Xenopus) to Xenopus oocyte extracts triggers formation of nuclear envelopes around the
added DNA .32 At least some of these synthetic nuclei are functional reproductions of
natural nuclei; many have a complete double membrane, a nuclear lamina, nuclear pores,
and are active in nuclear transport.?” The fact that lambda DNA triggers this response indicates
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that specific eukaryotic DNA sequences are not required for assembly of the functional
nuclear envelope.?” Nucleus-like structures are also formed by seeding extracts from ho-
mogenized metaphase Chinese hamster ovary cells with DNA.? Transport is studied with
these in vitro systems, as well as with extracts composed of rat liver nuclei and nuclear
envelope vesicles.?>?®?° Experiments with these systems have indicated that the lamins
assemble into a network on which the rest of the nucleus is constructed and have demonstrated
that ATP is not necessary for this assembly process.®

How does the nucleus increase in size? Materials stockpiled during interphase are in-
corporated into the envelope when it is reformed at the end of mitosis. However, this cannot
completely explain nuclear membrane growth because the membrane can increase in size
during S phase.® Furthermore, nuclei of yeast and other fungi do not visibly disassemble
during mitosis,?* making it unlikely that reformation could be the only means of adding
material to the nuclear envelope.

The nucleus may grow by directly exchanging material with the endoplasmic reticulum.?
Ribosomes are sometimes found on the outer nuclear membrane.' The inner membrane could
grow by exchanging material with the outer membrane at the pores.® How these membranes
would retain their functional identity is not made clear by this model.

A third possibility is that the nucleus grows by fusing with cytoplasmic vesicles, as do
the Golgi apparatus and the plasma membrane.*® Vesicles have been seen to fuse with the
nuclear envelope in the electron microscope in a variety of cell types.! However, there is
little other evidence to indicate that such fusion does occur or what role it might play in
nuclear function. Since the vesicles appear to fuse only with the outer membrane, the question
of how the inner membrane grows remains open. It may receive material from the outer
membrane by exchanging it at the pores.

IV. PROTEIN LOCALIZATION

A. POSSIBLE MECHANISMS OF NUCLEAR PROTEIN IMPORT

What determines which proteins are localized to the nucleus? While some proteins are
localized specifically to the nuclear interior, others apparently cannot gain access to the
nuclear interior at all, and still others appear to partition equally between the nucleus and
cytoplasm.* Two models have been proposed to explain this problem. The first proposes
that molecules gain access to the nuclear interior by freely diffusing in and out of the nuclear
pores and accumulate in the nucleus by binding to some factor inside (DNA, the lamina,
possibly a soluble ‘‘retention protein’’).*!-* Alternatively, some proteins might diffuse into
the nucleus and accumulate there because of greater stability in the nuclear environment.*?
This diffusion and retention model of nuclear localization was widely accepted until recently.
A more recent model is ‘‘selective transfer’’. This model postulates that nuclear transport
is an active and specific process, triggered by the specific interaction of a nuclear localization
sequence on the protein with a receptor, presumably in the pore.

The attraction of the diffusion and binding theory is its simplicity. It uses only statistical
mechanics and principles of self-assembly and does not postulate any unknown factors. The
only strong evidence supporting it consists of experiments showing that some particles
(nonnuclear proteins and dextrans) can enter the nucleus with a rate based only on their
size, indicating that diffusion across the nuclear envelope does occur.*'s But particles with
a diameter greater than 9 nm cannot diffuse into the nucleus,* even though proteins much
larger than this are found inside the nucleus. Several lines of more recent evidence have
pointed out other problems with the diffusion model. Foremost among these is that nuclear
proteins, such as nucleoplasmin, can accumulate in the nucleus very quickly, much faster
than dextrans of similar size.3** Additionally, proteins with multiple (up to six) nuclear
localization sequences (see below for a more detailed definition) per molecule move more
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rapidly from the cytoplasm to the nucleus than proteins with only one or two nuclear
localization sequences.*

The selective transport model proposes selective translocation of proteins into the nu-
cleus, rather than passive retention in the nuclear interior. It is supported by experiments
demonstrating the existence of nuclear targeting sequences (also called nuclear localization
signals or nuclear signal sequences) in some nuclear proteins. These sequences are necessary
for transit across the nuclear envelope. Specific information for nuclear protein localization
appears to reside both within the transported protein (see section below) and the transport
apparatus.?®35-3¢ Depletion of ATP blocks nuclear protein accumulation both in vivo? and
in vitro®®33 consistent with specific transport requiring energy.

B. PROTEIN TRANSPORT INTO THE ENDOPLASMIC RETICULUM AND

MITOCHONDRIA

We will review the process of protein localization to the endoplasmic reticulum and
mitochondria. The endoplasmic reticulum, unlike the nucleus, is partitioned from the cy-
toplasm by only a single lipid bilayer. No structures analogous to either the nuclear lamina
or the pores are visible by electron microscopy. The endoplasmic reticulum functions as a
place of early modification and protein sorting in the secretory pathway. Proteins to be
secreted or localized to the plasma membrane, Golgi apparatus, or lysosomes first pass
through the endoplasmic reticulum before moving on to other organelles. Proteins and lipids
are modified in the endoplasmic reticulum by the addition of carbohydrates in the first steps
of the maturation of glycoproteins and glycolipids.

One standard model of protein localization into the endoplasmic reticulum is as fol-
lows.3"-3® Translocation of a targeted protein into the endoplasmic reticulum is mediated by
the ‘‘signal recognition particle’’ (SRP), a complex consisting of six polypeptide chains and
a 7S RNA, and the docking protein, an integral component of the endoplasmic reticulum
membrane.*>-*' SRP recognizes and interacts with the signal sequence of the targeted pro-
tein.*? Translation of a secreted or membrane bound protein is initiated on cytoplasmic
ribosomes. Then, after the signal sequence has cleared the ribosome, the SRP binds to the
ribosome-nascent protein complex, halting translation until the complex interacts with the
docking protein on the endoplasmic reticulum surface.*'*** At this point the SRP is released,
along with the translation inhibition, and the protein begins to be inserted into the lumen of
the endoplasmic reticulum.* At some point the signal sequence is cleaved by a specific
peptidase, although there are some proteins with internal signal sequences, such as oval-
bumin, which have uncleaved signal sequences.*’*®* How the protein crosses the membrane
remains unclear. There are a number of theories, but there is no consensus on a mechanism.*?-3

Mitochondrial localization shares several characteristics with transport into the nucleus.
The mitochondrion, like the nucleus and unlike the endoplasmic reticulum, is bounded by
a double membrane layer. Also, unlike the endoplasmic reticulum, the mitochondrion con-
tains proteinaceous pores in its outer membrane, although these pores are smaller than those
found in the nucleus, having an estimated radius of 20 A.* Discussion of translocation into
the mitochondria is complicated by the fact that there are four compartments to which proteins
can be translocated: the outer membrane, inner membrane, intermembrane space, and matrix
(lumen).

Nuclear and mitochondrially localized proteins are initiated on free cytoplasmic ribo-
somes and can be translocated posttranslationally. Mitochondrial proteins made in vitro are
imported into isolated mitochondria and are taken up equally well, regardless of whether
the mitochondria are added posttranslationally or if they are added during protein synthe-
sis.*8:3° Also, extramitochondrial pools of precursor mitochondrial proteins can be detected
in the cytoplasm of yeast cells during pulse-chase experiments.*! Mitochondria do have
polysomes on their outer membranes enriched in nascent mitochondrial preproteins, but these
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polysomes are only a small fraction of the total cellular polysomes translating a given
mitochondrial protein.**3* As for both the nucleus and endoplasmic reticulum, many
mitochondrial proteins contain an amino acid signal sequence which somehow specifically
interacts with the translocation apparatus to localize the protein to the correct intramito-
chondrial compartment.>* For instance, the cytoplasmic and mitochondrial histidine-tRNA
synthetases of yeast are encoded by the same gene, but the mitochondrial form differs only
by having a mitochondrial targeting sequence at its N-terminus.’* Most of mitochondrial
signal sequences are removed as the protein assembles into the mitochondria.** Miura et
al.*® and Argan et al.*” have demonstrated that a cytoplasmic factor, which may be analogous
to the endoplasmic reticulum SRP, is necessary for translocation to take place. Proteins must
remain unfolded in order to assemble into mitochondria.*®-* ATP is required to maintain
proteins in an import competent conformation. An enzyme responsible for keeping proteins
unfolded may be located in the cytoplasm or in the mitochondria.°

A large body of evidence supports these models of endoplasmic reticulum and mito-
chondrial localization.?”-3%:6! 1t is generally accepted that the interaction between the SRP,
translocated protein, and docking protein is best described by the theories above. However,
a controversial aspect of this model is whether translocation into the endoplasmic reticulum
is necessarily cotranslational. This idea derives from the observation that the endoplasmic
reticulum is studded with ribosomes, and from experiments showing that proteins can be
localized to microsomes in vitro if the membranes are present during protein synthesis, but
not if they are added after the protein is complete.5*

Thus, it may be that translocation to the endoplasmic reticulum need not be cotransla-
tional. Then why is the endoplasmic reticulum studded with ribosomes? This conflict can
be resolved by postulating that in the cell, translocation initiates during translation, but that
this coupling is not a required part of the mechanism of translocation. Possibly the trans-
location apparatus has components, unrelated to the act of translocation itself, whose function
is to ensure that endoplasmic reticulum-destined proteins are not translated until they are
being translocated. Some proteins undergo translational arrest in vitro at distinct stages in
their translation. For preprolactin, 75 amino acids are synthesized before translational arrest
occurs.® Thus, enough of the protein may be exposed to allow the SRP interaction to occur.

However, Maher and Singer® have postulated that in vitro proteins cannot be translocated
across the endoplasmic reticulum membrane posttranslationally because they have intrachain
disulfide bonds, which do not allow the protein to unfold in a manner required for trans-
location.® In fact, human preprolactin can be posttranslationally translocated across the
endoplasmic reticulum membrane in vitro if the medium is sufficiently reducing.%® Thus,
translocation of proteins would depend on an equilibrium between the folded and the unfolded
state. Since the folded state is generally favored, posttranslational translocation would be
slowed or not take place at all.

C. SIGNAL SEQUENCES

The most striking similarity between transport into the nucleus, the endoplasmic retic-
ulum, and the mitochondria is that specific amino acid sequences are capable of targeting
proteins to each organelle. In all three cases, these ‘‘signal sequences’ can be attached by
gene fusion to cytoplasmic proteins and will correctly localize these chimeric proteins to
their respective organelles.5”

Although signal sequences are necessary for the localization of proteins to these organ-
elles, in no case has a consensus sequence for a signal sequence been found. Sequence
analysis and study of point mutations has identified at least a general motif for endoplasmic
reticulum signal sequences. An endoplasmic reticulum signal sequence is normally at the
N-terminal end of the protein and usually consists of 16 to 26 residues with a short, basic
stretch at its N-terminus (1 to 5 residues), a core of strongly hydrophobic amino acids (4
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to 8 residues), and a third domain with small, helix-breaking amino acids that appears to
be a leader peptidase recognition site.*®

Mitochondrial signal sequences are not as well characterized, but are usually hydrophilic
and free of acidic residues.”* Roise et al.” showed that a chemically synthesized peptide
corresponding to the cytochrome ¢ oxidase subunit IV mitochondrial targeting sequence
could form an amphiphilic helix sufficiently surface active enough to strongly perturb phos-
pholipid bilayers. They also found that a membrane potential (such as the one across the
mitochondrial inner membrane) enhanced the activity of the peptide. Von Heijne”* showed
that most of the known mitochondrial presequences fit the model for an amphiphilic helix.
Amphiphilic helices have been proposed to be the common structural feature of many surface
active peptides.” Possibly the membrane disruption caused by the helix of a signal sequence
could create a pathway through which the protein could pass. This ability of an amphiphilic
helix to create a membrane channel through which proteins might pass would dispense with
the need for transit pores. In this way, mitochondrial protein import may differ from protein
import into the endoplasmic reticulum and the nucleus.

Three types of experiments demonstrate the role of the nuclear targeting sequence:
deletion analysis, mutation experiments, and gene fusions. Dingwall et al.** provided the
first evidence for the existence of a nuclear targeting sequence by performing deletion analysis
on nucleoplasm, a major nuclear protein of Xenopus oocytes. They proteolytically cleaved
nucleoplasm into N-terminal ‘‘core’’ particles and C-terminal ‘‘tail’’ particles. Limited
proteolysis also yielded multiple species consisting of ‘‘core’” species to which zero to five
“‘tails”* were still attached. Particles still retaining the C-terminus were still capable of
nuclear localization following injection into the ococyte cytoplasm. Particles with five tails
were more efficiently imported than those with fewer tails. When ‘‘core particles’’ (nu-
cleoplasm pentamers without tails) were injected into the nucleus, they could be retained
there. However, they did not accumulate in the nucleus when cytoplasmically injected. These
results indicated that something specific to the C-terminal tail region promoted protein entry
into the nucleus. Similar deletion analysis has revealed regions of influenza virus NP?¢ and
NS1,77 SV40 T-antigen,’” SV40 VP,* polyoma large T,®' adenovirus E1A,® rat gluco-
corticoid receptor,®® human lamin A, histone H1,% and yeast GAL4 protein®® that are
important for nuclear localization. Polyoma large T-antigen® and influenza NS177 proteins
were shown to contain two regions important for nuclear localization. In the case of polyoma
large T-antigen,®" deletion of both sequences results in non-nuclear polyoma T-antigen, but
deletion of either one or the other has only a partial effect on nuclear localization.

The mutation experiment is best exemplified by the work with large T-antigen of the
simian virus SV40. SV40 T-antigen is a 94-kDa protein found predominantly in the nucleus
of infected mammalian cells.?” Lanford and Butel®®-®® and Kalderon et al.” found mutations
in T-antigen that resulted in a single amino acid change at lysine 128. Conversion of T-
antigen lysine 128 to either threonine™ or asparagine® caused the normally nuclear protein
to be cytoplasmically localized and excluded from the nucleus. These mutational analysis
and deletion experiments led to the proposal that a short stretch of amino acids between 126
and 132 was important for T-antigen nuclear localization (see Table 1). A similar stretch of
amino acids lies between amino acids 415 and 421 of human lamin protein (see Table 1).
Conversion of the lysine at position 417 of lamin to isoleucine or threonine resulted in a
mutant protein that, for the most part, did not assemble into the nuclear envelope.® Lamin
lysine 417 corresponds to SV40 T-antigen lysine 128 in its position in the proposed nuclear
localization sequence. A number of mutations that cause single amino acid changes in the
N-terminus of the yeast GAL4 protein affect its nuclear localization to varying degrees.®

Gene fusions were first used to demonstrate the ability of a short stretch of amino acids
to target a normally cytoplasmic protein to the nucleus in the yeast, Saccharomyces cere-
visige,***' and in Vero cells.” Fusions between portions of genes encoding a nuclear protein
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TABLE 1
Nuclear Localization Sequences

Viral

SV40 T-antigen 126PKKKRK V3
SV40 VP1 'APTKRKGS®
Polyoma large T 189VSRKRPRPA'Y’

ZOPKKARED?*
Influenza NP 3QLVWMACNSAAFEDLRVLSFIR*#
Influenza NS1 NLS1 ZDAPFLDRLRRDQKSLRG*
NLS2 2WGSSNENGGPPLTPKOKRKMARTARSK VRRDKMAD??
Adenovirus E1A #KRPRP™

Saccharomyces cerevisiae

Mat a2 'MNKIPIKDLLNPQ"?

Ribosomal L3 'MSHRK YEAPRHGHLGFLPRKR?

GALA 'MKLLSSIEQACDICRLKKLKCSKEKPKCA?

Histone H2B 'MSAKAEKKPASKAOAEKKPAAKKTSTSTDPGKKRSKAY
Other

Xenopus nucleoplasm 1S3 AVRPAATKKAGQAKKK'®

Rat glucocorticoid receptor *“"YRKCLQAGMNLEARKTKKKIKGIQQATA*

Human lamin A “0SQTQGGGSVTKKRKLESTESRSSFSQHARTSGRVAVEE*

Note: ltalicized sequences are proposed consensus nuclear localization sequences. Numbers indicate where the
amino acids occur in the protein indicated in the left column. For references, see citations in the text.

and a cytoplasmic protein are joined in vitro, and the resulting plasmid DNA is introduced
into cells. When the gene fusion is expressed, a chimeric protein is produced that contains
portions of both nuclear and cytoplasmic proteins. The intracellular location of the chimeric
protein is determined by immunocytochemical and biochemical techniques. Hall et al.*
showed that the first 13 amino acids of MATa2, a yeast DNA-binding protein, are sufficient
to localize Escherichia coli B-galactosidase to the yeast nucleus. Similarly, Silver et al.®
showed that the GALA4 nuclear targeting sequence is contained in the first 74 GAL4 amino
acids by fusing different sections of GALA4 to the 5’ end of the E. coli lacZ gene. The
intracellular location of the resulting chimeric proteins was determined by immunofluoresc-
ence with anti-B-galactosidase. The first 22 amino acids of the yeast ribosomal L3 protein®?
and yeast histone H2B®? have also been shown to be sufficient to target E. coli B-galactosidase
to the yeast nucleus. E. coli B-galactosidase was chosen as the nonnuclear component of
the chimeric proteins because as a cytoplasmic protein, it is not localized to any intracellular
compartment in eukaryotic cells and its size (116 kD) might limit its ability to diffuse through
the nuclear pore. Interestingly, Moreland et al.** did find that some B-galactosidase did enter
the nucleus but did not accumulate there.

Fusions between SV40 T-antigen and B-galactosidase also localize to the nucleus in
animal cells.” However, pyruvate kinase is often used as the cytoplasmic portion of the
chimeric proteins in animal cells because, as a true cytoplasmic protein, it is completely
nuclear excluded.” Fusions containing only the SV40 T-antigen nuclear targeting sequence
at the N-terminus of pyruvate kinase are sufficient to completely relocalize the chimeric
protein to the nucleus.” Similar analyses have been used to define nuclear localization
sequences in Xenopus nucleoplasm,®®* rat glucocorticoid receptor,® and polyoma large
T-antigen.®' Some gene fusion experiments have employed galactokinase®? or a-globin’ as
the cytoplasmic portion of the fusion protein. A pentapeptide from adenovirus ElA is
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sufficient to localize an E1A-galactokinase fusion protein to the nucleus.®? Fusions between
influenza NS1 amino acids 28 to 44 and a-globin were nuclear localized.” It is important
to emphasize that the gene fusion experiment tests the sufficiency of a particular sequence
to act as a nuclear targeting sequence. Only in the case of SV40 T-antigen, polyoma
T-antigen, and influenza NP has the same sequence been shown to be important for local-
ization of the native protein.

There is little obvious similarity between nuclear signal sequences, except for a pre-
ponderance of basic amino acids in some of the sequences (see Table 1). At least two
consensus nuclear targeting sequences have been proposed. Hall et al.*! found sequences
similar to the peptide KIPIK in several yeast nuclear proteins and proposed that a short
stretch of hydrophobic amino acids bordered on either side by positively charged amino
acids could be a common structural theme for nuclear signal sequences. A second proposed
sequence, PKKKRKYV, is found in a number of viral proteins, as well as the Drosophila
70-kDa heat shock protein and the nucleoplasmin tail region.*® Extensive study of protein
sequences indicates that there is no pattern common to all nuclear proteins.* However, the
nuclear localization sequence of large T-antigen from the SV40 virus can direct localization
both to the nucleus of the Xenopus oocyte®” and the yeast S. cerevisiae.*® These results
suggest that there is conservation of the recognition and translocation mechanisms across
species.

There is little similarity between the lengths of nuclear targeting sequences. While only
seven amino acids of T-antigen are necessary for nuclear localization,”” polyoma large T-
antigen,®' influenza NS1,”” and MATa2®' appear to contain two sequences necessary for
complete nuclear import. These latter cases are intriguing because Dingwall et al.>* found
that nucleoplasmin pentamers containing a greater number of ‘‘tail’’ peptides (tails contain
the nuclear targeting sequences) migrate more quickly into the nucleus. Smith and colleagues®
obtained similar results, demonstrating that partially defective nuclear localization signals
can cooperate to result in more complete nuclear accumulation.® Possibly ‘‘extra’’ nuclear
targeting sequences are functional and cause a protein to be more quickly or efficiently taken
up into the nucleus. Lanford et al.’® demonstrated this directly. Ovalbumin to which only
one or two nuclear location sequences were chemically cross-linked took up to 1 h to move
from the cytoplasmic site of injection to the nucleus in TC-7 cells. On the other hand,
ovalbumin with six peptides conjugated per molecule took only 15 min to migrate into the
nucleus. There is also evidence that multiple localization signals can increase the efficiency
of mitochondrial localization.'®!

D. RECEPTORS

The fact that specific peptide signals allow some proteins into the interior of the en-
doplasmic reticulum, mitochondria, and nucleus while cytoplasmic proteins lacking a signal
sequence are excluded’'® suggests that transport is receptor mediated in all three systems.
One could postulate a specific interaction between the signal sequence and another part of
the transport mechanism, which would select only proteins with the correct signal sequences
to be localized inside of these organelles.

The ‘‘receptor’’ system for the endoplasmic reticulum is well characterized. The first
receptor is the signal recognition protein, which, as mentioned above, is a ‘‘cytoplasmic
receptor’’ that interacts directly with the various endoplasmic reticulum signal sequences
and binds to the ribosome/nascent protein complex. The docking protein in the endoplasmic
reticulum membrane then acts as the receptor for the SRP/ribosome/nascent protein complex
and allows translation to resume.

What do the (putative) receptors for organelle protein import recognize? Somehow the
SRP recognizes and specifically interacts with the various secretion signal sequences, even
though there is no primary sequence homology between them. There is at least vague
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homology of charge between these sequences (see previous description of pattern); thus the
signal sequence/SRP interaction may be, in part, an electrostatic one. Alternatively, receptors
may recognize the secondary structure of the signal sequence. Nuclear localization sequences,
on the other hand, can be short (the T-antigen signal sequence is only seven amino acids
long) and can function in almost any protein environment (as shown by gene fusion
experiments®). Recognition of secondary structure or charge may also be the cue for nuclear
receptor interaction.

Less is known about receptors for transport into the mitochondria, although there is
evidence that they do exist. Experiments indicate that mitochondrial precursors en route to
the inner membrane or matrix specifically bind to the mitochondrial outer membrane,!°2.193
The binding does not require an energized membrane and is diminished by protease treatment
of the membranes.

Gillespie et al.'*™ found that a synthetic peptide corresponding to amino acids 1 to 27
of preornithine carbamyltransferase (preOTC) can block import of preOTC into mitochondria,
while another peptide of similar charge-to-mass ratio had no effect. The same peptide blocked
import of precursor forms of other mitochondrial matrix and inner membrane proteins.

These results suggest the existence of a common proteinaceous receptor for mitochondrial
protein import. However, outer mitochondrial membrane proteins appear to not require these
same receptors and may employ a different mode of import.!95:106

Though we have not addressed transport into chloroplasts, chloroplast import shares
many similarities with that of the organelles discussed here. Chloroplast proteins are often
encoded by the nucleus and have a transient NH, terminal signal sequence. Pain et al.!%”
have identified a receptor for protein import into chloroplasts by isolating anti-idiotype
antibodies to a 30-amino acid chloroplast signal sequence, and localized this receptor to
envelope contact zones. Whether mitochondrial protein import receptors will be localized
to similar areas of contact between inner and outer membranes remains to be seen.

These similarities suggest that if signal sequence receptors exist as part of the endoplasmic
reticulum and mitochondrial (and even chloroplast) localization mechanisms, they may exist
for the nucleus as well. None have yet been identified, although this could be due only to
our poor knowledge of the biochemistry of the nuclear envelope. Nuclear receptors might
be associated with the pores since it is through the pores that transport apparently takes
place.'®

Experimental evidence for the existence of a nuclear transport receptor was provided
by Goldfarb et al.,”” who cross-linked BSA to the T-antigen nuclear targeting sequence and
found that the uptake rate of the complex was saturable. Further support for receptor-mediated
uptake comes from in vitro experiments with isolated rat liver nuclei.? Isolated nuclei import
SV40 T-antigen in a signal-dependent manner. The uptake is dependent on both temperature
and ATP. The uptake of radioactively labeled SV40 T-antigen is reduced when a 50-fold
chemical excess of unlabeled SV40 T-antigen is included in the reaction. These results
suggest that nuclear import may be a receptor-mediated process.

There might be many nuclear targeting sequences if there were more than one type of
receptor. However, the competition experiments described above, as well as the fact that
Xenopus nucleoplasmin can be localized into the yeast nucleus,'® make it unlikely that there
are specific receptors for each protein to be nuclear-localized.”™

E. AN ALTERNATIVE MECHANISM

The nuclear localization signal sequences could bind to DNA or some other component
of the nuclear interior. Saturation of the uptake rate would then be due to the filling up of
the appropriate binding sites. There may be no nuclear localization consensus sequence
because there is no common binding factor — just different types of DNA binding sites.
This idea is a restatement of the diffusion and binding model. In fact, the nuclear localization
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signal of GAL4 contains the DNA binding regions.!'° Examination of the SV-40 T-antigen
nuclear targeting sequence suggests that it might bind DNA due to its positive charge.
However, the hypothesis that localization capabilities of these sequences are due only to
their DNA binding properties can be rejected for the following reasons. Paucha et al.'!!
demonstrated that T-antigen containing a mutated nuclear targeting sequence was capable
of binding DNA but incapable of directing nuclear localization. Conversely, SV40 large
T-antigen mutants that fail to bind to DNA can, nevertheless, localize to the nucleus by
virtue of their respective nuclear localization sequences.''? Similar results were obtained in
yeast with LexA, a prokaryotic DNA-binding protein which nonspecifically binds to DNA
but is not nuclear localized.!'* For DNA binding to work as a mechanism of retention, the
binding must be nonspecific because there are too few specific DNA binding sites to localize
the large amount of protein that exists in a normal cell nucleus.

F. UTILIZATION OF ENERGY

Signal-mediated localization of proteins to the endoplasmic reticulum, mitochondria,
and nucleus requires ATP, while localization to the mitochondrial matrix requires both ATP
and a transmembrane electrochemical potential,-27+114116 Thus, all three events are active
processes. No one yet knows how either the ATP or the transmembrane potential is utilized
for translocation. ‘‘Active processes’’ could include both active transport (where the protein
is pulled across the membrane) and facilitated diffusion (where the protein is somehow
selectively allowed to diffuse through a pore or membrane). We still cannot distinguish
between these possibilities for the nucleus. However, Newmeyer and Forbes** have shown
that binding at the nuclear pore does not require ATP, but subsequent import through the
pores does. Proteins could be pulled through the pores (or across other parts of the nuclear
membrane), or the pore could be selectively widened so only certain proteins diffuse through
the channel. The pore may work as a diaphragm and, under certain conditions, expand the
central channel so that it is larger than its apparent diameter determined from diffusion
experiments.

ATP is not necessary to retain proteins inside the nucleus.>” Two possible mechanisms
might retain proteins inside these organelles; they could bind to some interior component
or they could be retained in the organelle interior because they cannot diffuse out through
the pore. Passage through the pore is unidirectional. The second possibility may best explain
retention of proteins in the endoplasmic reticulum since there is probably very little free
diffusion of soluble proteins across the hydrophobic endoplasmic reticulum membrane. Both
mechanisms could be utilized in the nucleus.

Size could prevent some molecules from diffusing out of the nucleus. When introduced
into the cytoplasm, molecules above approximately 45 A (60 to 70 kDa) cannot freely diffuse
into the nucleus and remain in the cytoplasm. Proteins of 60 kDa or greater are retained
when directly microinjected into the nucleus.!® Furthermore, if large nuclear molecules
cross the nuclear membrane in an energy-dependent process,?” they will not be able to exit
the nucleus by the same pathway because this would be unfavorable thermodynamically.

The experiments with LexA (see Section E preceding) demonstrated that DNA binding
was not sufficient to localize this diffusable DNA-binding protein to the nucleus. But,
somehow, small proteins are retained in the nucleus. Histones are small molecules below
the diffusion radius of the nucleus and so, theoretically, are small enough to diffuse out.
Histone retention may be due to incorporation into nucleosomes, but there is not enough
DNA in the Xenopus oocyte nucleus to bind all of the histones stockpiled there.!'”-"'* One
of the functions of nucleoplasmin, the most abundant protein in a Xenopus oocyte nucleus,
might be to retain the unassembled histones in the nuclear interior.!'7-!?!
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G. DIFFERENCES BETWEEN NUCLEAR PROTEIN IMPORT AND
TRANSPORT OF PROTEINS INTO THE ENDOPLASMIC RETICULUM AND
MITOCHONDRIA
Although there are intriguing similarities between mechanisms of localization to the

nucleus, the endoplasmic reticulum, and the mitochondria, there are also fundamental dif-

ferences. Nuclear proteins are apparently synthesized on free cytoplasmic polysomes, while
proteins that are localized inside the endoplasmic reticulum are initiated on free ribosomes,
but are often completed on the rough endoplasmic reticulum. Mitochondrial proteins can
apparently be synthesized either on free ribosomes or on the mitochondrial outer
membrme.38'52'53'122

Many secreted, membrane-bound, and mitochondrial proteins are proteolytically mod-
ified after translocation. Nuclear-localized proteins are not, to our knowledge, modified;
there are no differences between molecular weights and isoelectric points of *‘precursor
proteins’’ (in vitro translated from mRNA) and ‘‘mature proteins’’ (isolated from nuclei or

microsomes).'?*> Proteins isolated from nuclei can be relocalized to the nucleus when mi-

croinjected,'?* but proteins removed from the endoplasmic reticulum or mitochondria gen-

erally cannot return, except for those with uncleaved signal peptides such as ovalbumin.'?

This dissimilarity need not have any implications for the translocation mechanism. Since
the nucleus dissociates during each mitosis in most organisms (in fungi it does not), nuclear
proteins must be relocalized after each mitosis, while endoplasmic reticulum and mito-
chondrial proteins are translocated only once.?* Removal of endoplasmic reticulum and
mitochondria signal peptides accompanies the translocation process, which need only occur
once. Relocalization may be a continual process in cells where the nucleus must reassemble.

Transport across the nuclear envelope is bidirectional. Many chemical species are trans-
ported in one or both directions. Some proteins cross only to the inside of the nucleus. But
mature mRNAs are selectively exported, and other molecules such as snRNAs cross the
membrane at different times in different directions.!?”-'*® Ribosomal proteins enter the nu-
cleus, assemble into ribosomal particles in the nucleolus, and then return to the cytoplasm.

The nucleus of a rapidly growing cell must import approximately 100 histone molecules per

minute per pore, and at the same time export 3 newly assembled ribosomes per minute per

pore.*** This traffic is only a small portion of the total nuclear cytoplasmic exchange.

Mechanisms controlling transport out of the nucleus may be independent of those controlling

transport in. However, in at least one case, the same pore was shown to accommodate both

protein import and RNA export.'?

1. Translocation Conformations

While the experiments cited above imply that some mitochondrial proteins must remain
unfolded to cross both the endoplasmic reticulum and mitochondrial membranes, there is
evidence which indicates that proteins (and other particles) can cross the nuclear membrane
in their native conformations.5%-114.125.13 The finding that nuclear pores have a functional
radius of about 90 A led to the suggestion that large proteins must either unfold or at least
deform to pass through the pores. However, Feldherr et al.!® were able to show that gold-
conjugated nucleoplasmin particles with diameters between 50 and 200 A can pass through
nuclear pores, demonstrating that large particles can fit through pores without deforming.

While endoplasmic reticulum and mitochondrial signal sequences can target cytoplasmic
proteins to their organelles when attached via gene fusion, nuclear targeting sequences can
function not only as a continuous part of a protein, but also when artificially conjugated to
normally nonnuclear proteins. When the seven-amino acid nuclear targeting sequence of T-
antigen is chemically conjugated to ovalbumin, BSA, IgG, and ferritin, the proteins are
localized to the nucleus.®”-'® Nuclear localization signals can even localize nonproteins such
as the gold-coated nucleoplasmin mentioned above. These results show that molecules with
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with molecular weights of up to 465 kDa'® and diameters up to 200 A8 can be imported
into the nucleus. Experiments of this type have not been done for endoplasmic reticulum
and mitochondrial signal sequences.

In gene fusions, signal sequences are integrated into cytoplasmic proteins by splicing
the DNA encoding the signal sequence to DNA encoding a cytoplasmic protein and so are
connected to the proteins by normal peptide bonds. In cross-linked protein conjugates,
proteins and other particles are attached by a bond provided by a chemical cross-linker. This
connection differs in chemical composition from a normal peptide bond. The particle to be
transported is not a continuous string of amino acids.

While a nuclear targeting sequence can function in diverse molecular environments, it
is not true that it can function in any environment. Efficiency of a nuclear targeting sequence
does depend on its surroundings because in some positions in a protein its activity is masked.
Insertion of the T-antigen nuclear targeting sequence into five places within chicken muscle
pyruvate kinase has varying effects on nuclear localization.*® The function of nuclear targeting
sequences is not limited to a particular region of the protein (i.e., N-terminal or C-terminal).
Even when placed at the N-terminus, the ability of a nuclear localization sequence to function
depends on to what protein it is fused. The first 29 GAL4 amino acids will efficiently localize
a GALA4-invertase fusion protein to the nucleus in S. cerevisiae, but not a GALA4-B-galac-
tosidase fusion protein.?® Similarly, a single SV40 T-antigen nuclear location sequence targets
a SV40-invertase fusion protein to nucleus more efficiently that a SV40-B-galactosidase
fusion protein in S. cerevisiae.

2. The Role of Pores in Transport

The nuclear membrane has large visible pores containing an apparently aqueous channel,
while the mitochondria has smaller, proteinaceous pores, and the endoplasmic reticulum
membrane contains no similar structure. Since the endoplasmic reticulum apparently does
not have pores, it would seem that the basic mechanisms for crossing its membrane must
be very different from those of the other two organelles.

One compelling piece of evidence that proteins do enter the nucleus through the pores
is from direct observation. Feldherr et al.’®® injected Xenopus oocytes with gold-conjugated
nucleoplasmin and followed it by electron microscopy from the cytoplasm, through the actual
pore opening, and into the nucleus. This evidence indicates that at least some proteins are
selectively transported through the nuclear pores.

One interesting, and as yet unexplained, observation from this experiment was that the
gold-conjugated particles seemed to line up outside the nucleus. This behavior implies a
cytoplasmic/cytoskeletal system for directing proteins into the nucleus. There may be cy-
toplasmic receptors around the pores. Indeed, Georgatos et al.'' have demonstrated specific
binding of the nuclear envelope to particular segments of the intermediate filaments vimentin
and desmin. They were able to show that these fragments recognized specifically lamin B,
but not other protein constituents of the nuclear envelope. Possibly, these filaments somehow
participate in localization.

V. CONCLUSIONS

How does the information in this review reflect on the three questions we initially posed?
The mechanism by which a nuclear protein is selected for localization most likely is that a
receptor recognizes a signal sequence within the protein. The evidence for a receptor is
circumstantial; no nuclear receptor has been identified, either biochemically or genetically.
That signal sequences mediate nuclear localization has been established.

Proteins presumably cross the nuclear membrane through the nuclear pore. The first
direct evidence for this was the experiments of Feldherr,'*® showing that nucleoplasmin-
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coated gold particles can be seen within the pore. The primary reason for the acceptance of
this idea is that the pores exist and serve no other obvious function besides transport.

Two plausible mechanisms exist for retaining proteins within the nucleus: binding to
DNA or other components of the nuclear interior and trapping of proteins too large to diffuse
out through the pore. From the structure of the nucleus, mitochondria, and endoplasmic
reticulum, one might imagine that different mechanisms would be used for protein locali-
zation. It is, therefore, perhaps surprising that localization to all three organelles involves
signal sequences. For localization of proteins to the endoplasmic reticulum, receptors in the
form of SRP exist which recognize signal sequences. This suggests that analogous receptors
will recognize nuclear signal sequences and mediate nuclear localization. On the basis of
this analogy, the experiments of Goldfarb et al.?’ are readily interpreted that nuclear local-
ization is a saturable process. Identification of the nuclear receptor will clearly be a goal of
future research.

Within the last 10 years, a broad outline of the process of protein localization to the
nucleus has been established. Several questions remain. What is the mechanism by which
the pore opens? How are proteins translocated through the pore? How is the direction of
traffic determined for a given pore? How is the signal sequence recognized? How far can
the analogy between mechanisms of localization to the endoplasmic reticulum and the nucleus
be extended? In the future, in vitro nuclear localization systems and possibly mutations
affecting the localization mechanism itself should shed light on these problems.
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