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netic Monitoring and Screening in the Workplace,
OTA-BA-455 (U.S. Government Printing Office,
Washington, DC, 1990).

. Genetic Information and Health Insurance: Report of

the Task Force on Genetic Information and Insur-
ance (National Institutes of Health-Department of
Energy Working Group on the Ethical, Legal, and
Social Implications of Human Genome Research, 10
May 1993).

. See, for example, P. R. Bilings et al., Am. J. Hum.

Genet. 50, 476 (1992).

As the interviews progressed and it was apparent
that few members of ethnic or racial minorities were
volunteering, additional telephone outreach was
made to support groups to increase awareness of
the project and opportunities for volunteering. This
was only partially successful as seen in the demo-
graphic data.

There were no statistically significant differences in
the responses on the telephone and written inter-
views so they are reported here together.

Of the 332 respondents, 80% were female, 57%
have at least a bachelors degree, and 90% were
Caucasian. Other characteristics were: 75% were
married and living with their spouses, 76% have chil-
dren, and 63% work outside the home. Family rela-
tionship, whether or not the respondent or family
members were affected, age of diagnosis, and cur-
rent age were also recorded.

Precise data on the demographics of genetic sup-
port groups are not available. Impressions are from
staff of the Alliance of Genetic Support Groups
based on their conversations and communications
with the member organizations and attendance at
national, regional, and local meetings.

. Religious preferences were Roman Catholic, 26%;

Protestant, 41%; Christian-other, 9%; Jewish, 11%;
other, 2%; and none, 12%.

. Theinterviewers were trained in interview techniques

by the principal investigator and participated in pre-
testing the questionnaire.

. The guestions on possible genetic discrimination

were taken from a questionnaire developed by Dr.
Dorothy C. Wertz, The Shriver Center, Waltham, MA,
entitled, Ethical Issues in Genetics, Part |, p. 33, No.
34, and used with permission of Dr. Wertz (letter of
16 December 1993).

This definition of genetic discrimination differs from the
one used by Bilings et al. (12) as they did not include
actions against persons who were symptomatic or vis-
ibly affected by their genetic disorders. The design of
our questionnaire does not permit analysis according to
the definition of Billings et al. (1993). Because the ques-
tions on discrimination ask about all family members at
once, the questions do not distinguish among: (i) the
direct consequences of ongoing genetic disease or
conditions, (i) the effect of genetic disease on other
family members, and (i} the consequences of genetic
information gained through testing.

M. J. Ellis Kahn, in a video by the HUGEM Project, An
Overview of the Human Genome Project and Its Eth-
ical, Legal, and Social Issuies (Georgetown University
Medical Center, Washington, DC, 1995).

K. H. Rothenberg, J. Law Med. Ethics 23, 313
(1995).

The Ad Hoc Committee on Genetic Testing/Insur-
ance Issues, Am. J. Hum. Genet. 56, 328 (1995).
“Report of the ACLI-HIAA Task Force on Genetic
Testing,” The American Council of Life Insurance and
The Health Insurance Association of America (1991).

. Many respondents said they had never applied for

life insurance because they assumed they would be
turned down.

Since 1990, the Americans with Disabilities Act
(ADA) has provided protection for persons with dlis-
abilities in the workplace. The ADA prevents employ-
ers from openly denying employment or firing an
individual solely on the basis of a “disability” if there
are ‘reasonable accommodations” that can be
made in the work setting to allow the person to
perform his or her job. In April 1995, the ADA was
interpreted by the U.S. Equal Employment Opportu-
nity Commission to include healthy people who are
carriers of genetic disorders. Implementation in gen-
eral relies on employers and employees knowing and
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Kap104p: A Karyopherin Involved in the Nuclear
Transport of Messenger RNA Binding Proteins

John D. Aitchison, Gunter Blobel,* Michael P. Rout

A cytosolic yeast karyopherin, Kap104p, was isolated and shown to function in the
nuclear import of a specific class of proteins. The protein bound directly to repeat-
containing nucleoporins and to a cytosolic pool of two nuclear messenger RNA (mMRNA)
binding proteins, Nab2p and Nab4p. Depletion of Kap104p resulted in a rapid shift of
Nab2p from the nucleus to the cytoplasm without affecting the localization of other
nuclear proteins tested. This finding suggests that the major function of Kap104p lies in
returning mMRNA binding proteins to the nucleus after mRNA export.

Transport across the nuclear envelope oc-
curs through nuclear pore complexes
(NPCs) and is governed by the interaction
of soluble transport proteins (karyopherins)
with the transport substrate and the NPC
(I-12). Most of our understanding of the
mechanism of translocation comes from
studying protein import in semiperme-
ablized cells (1) of model karyophilic pro-
teins that carry a nuclear localization signal
(NLS) from either the SV40 large T anti-
gen or nucleoplasmin (2). These classical
NLSs are recognized by karyopherin « in a
dimeric cytosolic complex with karyopherin
B (3-8). The complex docks at the NPC
through its interaction with nucleoporins
that contain characteristic repeated peptide
motifs (6—11). The small guanosine triphos-
phatase, Ran, and p10 are required for the
subsequent translocation of the substrate
(and karyopherin «) through the NPC (11,
12).

Distinct saturable and noncompeting
pathways for the import of different karyo-
philes have been uncovered through the use
of microinjection studies in oocytes (13—
15). Similarly, saturable noncompeting
pathways exist for the export of macromol-
ecules from the nucleus (14, 16, 17). The
signals that mediate many of these processes
are different from classical NLSs (14, 15,
17-19) and thus may use recognition fac-
tors other than karyopherin « and karyo-
pherin B for nuclear transport. Here we
characterize the first such factor, which we
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term Kap104p and which is required for the
import of at least two yeast nuclear mnRNA
hinding proteins.

The Saccharomyces cerevisiae proteins
Kap60p and Kap95p are homologs of mam-
malian karyopherin « and karyopherin
(20). Sequence comparisons of Kap95p
with the complete yeast genome database
uncovered three additional proteins that
are structurally similar to Kap95p; two of
these, which we term Kapl23p and
Kap104p, have not been previously charac-
terized (21), and the third, Pselp, was iden-
tified as a multicopy enhancer of protein
secretion (22). The sequence alignment of
Kap104p with Kap95p is shown (Fig. 1A).
The proteins bear substantial similarity over
their entire lengths, and secondary structur-
al predictions suggest that Kap95p and
Kap104p share the same overall domain
structure of HEAT motifs (23).

Deletion of KAP104 resulted in a severe
growth defect and temperature sensitivity
(24). Immunofluorescence microscopy (25)
with antibodies specific for KaplO4p (in
wild-type cells) showed that Kap104p was
mainly cytosolic and was apparently absent
from the nucleus (Fig. 1B). However, in
nupl 20A cells, which cluster their NPCs to
a region of the nuclear envelope opposite
the nucleolus (26), KaplO4p colocalized
with the nucleoporin Nsplp (27) (Fig. 1C).
The ability to detect coincident staining of
the nucleoporins and Kap104p under these
conditions likely was due to an interaction
of Kap104p with NPCs.

Subcellular fractionation (28) was con-
sistent with the distribution of KaplO4p
detected by immunofluorescence. Kapl104p
was present mainly in the cytosolic fraction,



but cofractionated partly with the nucleus
(29). Further fractionation of the nucleus
caused Kap104p to be released into a solu-
ble fraction, and so it did not copurify with
NPCs (28, 29). This result is in contrast to
that for Kap95p and Kap60p, which were
found in the highly enriched NPC fraction
(see below) (30). Thus, the interaction of
Kap104p with the NPC was weaker than
that of the Kap95p-Kap60p complex.

We used an overlay blot assay to inves-
tigate which (if any) NPC proteins are
bound by KaplO4p. Both Kap95p and
Kap104p were tagged with a functional in-
frame COOH-terminal fusion of protein A
(31). Cytosolic extracts (28) containing the
chimeras were incubated with NPC pro-
teins immobilized on nitrocellulose, and
bound karyopherins were detected by
means of the tag (Fig. 2A) (10). For refer-
ence, the positions of repeat-containing
nucleoporins identified through the use of
well-characterized monoclonal antibodies
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are shown (28). Kap104-protein A bound
most strongly to proteins in the NPC frac-
tion that comigrated with Nupll6p,
Nup100p, Nup145p (65-kD fragment), and
Nup57p. Although Kap95-protein A (like-
ly complexed with Kap60p) (8) bound to
these nucleoporins, it also bound strongly to
proteins comigrating with Nuplp, Nsplp,
and Nup49p. Kap104p expressed as a gluta-
thione-S-transferase (GST) fusion and pu-
rified from Escherichia coli bound to the
same set of nucleoporins as the cytosolic
extract containing tagged Kap104p. Thus,
whereas Kap95p has been reported to bind
to nucleoporins in a complex with Kap60p,
Kapl04p bound directly to these proteins
and required no additional factors from
yeast cytosol. The strong signal, with a rel-
ative molecular mass of ~60,000, observed
in NPCs with Kap95—protein A was iden-
tified by immunoblotting as Kap60p (29),
confirming that Kap95p binds Kap60p. In
contrast, Kapl04-protein A did not bind
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Fig. 1. (A) Alignment of Kap95p and Kap104p. The proteins, aligned by
CLUSTALW (version 1.6), show 55.6% similarity and 16.4% identity
over the 861-amino acid length of Kap95p. Abbreviations for the amino
acid residues are as follows: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G,
Gly; H, His; |, lle; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, Gin; R, Arg;
S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr. (B and C) Subcellular local-
ization of Kap104p in wild-type cells (B) and in the NPC clustering strain
'nup120A (26) (C) by immunofluorescence microscopy. In wild-type
cells, Kap104p was localized to the cytoplasm and was apparently
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Kap60p. Similarly, purified Kapl04p did
not bind to immobilized Kap60p, whereas
purified Kap95p did (29). This result
strongly suggests that whereas Kap60p binds
Kap95p, it does not bind Kap104p.
Because of the comigration of Kapl04p
binding proteins with the repeat-containing
nucleoporins, we expressed GLFG, XFXFG,
and PSFG repeat—containing nucleoporins
in E. coli and compared the ability of
Kap104- and Kap95-protein A to bind to
each (Fig. 2B). Kap104p bound to Nup116p,

A

GST-Kap104p
Kap104-protA
" Kap95-protA

- Nupip
g = Nspi1p

i = Kap60p

& = Nup49p

Nup116p=
Nup100p=

sy

]
i

Nup145p =

Nup57p =

g B TR

R |

B  Nupip Nup116p Nup100p Nup159p U/l

Kap: 95 104 95 104 95 104 95 104 95 104

Fig. 2. Kap104p binds a subset of repeat-con-
taining nucleoporins as shown by blot-overlay
binding of Kap104p to a subset of nucleoporins.
(A) Proteins of yeast NPCs (28) were separated by
SDS-PAGE and transferred to nitrocellulose.
Strips were probed with cytosol from KAP95-A,
KAP104-A cells or purified E. coli-expressed
GST-Kap104p. Bound proteins were detected
with rabbit IgG, in the case of the yeast cytosols,
or by monoclonal antibodies (mAbs) to GST fol-
lowed by horseradish peroxidase—conjugated
secondary antibodies and enhanced chemilumi-
nescence. Additional strips were immunoblotted
with mAbs 414 and 350, and mAb 192 (29), which -
recognize the peptide repeat motifs of various
nucleoporins (28), to identify the position of the
nucleoporins shown. (B) Repeat-containing
nucleoporins [full-length Nup100p and Nup116p
(9), amino acids 432 to 816 of Nup1p (8), and
amino acids 537 to 622 of Nup159p (39)] were

expressed in E. coli, and total lysates from each
strain or from uninduced cells (U/l) were assayed
for binding to Kap95 —protein A and Kap104 —pro-
tein A as described in (A).

absent from the nucleus. In nup720A cells, double-labeled immunofluorescence microscopy revealed
colocalization of Kap104p and the nucleoporin Nsp1p, suggesting that Kap104p interacts with nucleo-
porins. The nuclear DNA was visualized by coincident staining with 4',6'-diamidino-2-phenylindole
(DAPI). Bar, 2 pm.
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Nupl00p, and to the XFXFG repeat—con-
taining region of Nuplp. Kap95p bound
most strongly to the XFXFG repeat—con-
taining region of Nuplp. Neither Kap95p
nor Kapl04p bound to PSFG repeats from
Nup159p or to any E. coli proteins present in
lysates lacking an expressed nucleoporin. It
is difficult to assess the relative binding
strength of each Kap to the nucleoporins in
this assay because each protein may have
renatured on the blot to a different extent. It
is clear, however, that Kap104p bound to
repeat-containing nucleoporins in this assay,
and it is likely that Kap95p and Kapl104p
bound with relatively different affinities to
different nucleoporins.

To study the interaction of KaplO4p
with soluble proteins, we purified the
Kap104-protein A fusion from the post-
nuclear cytosolic extract of KAP104-A cells
using immunoglobulin G (IgG)-Sepharose
(32). The same procedure was used to iso-
late proteins bound to Kap95p (30). Two
major proteins (p68 and p70) specifically
bound to Kap104p—protein A (Fig. 3). The
behavior of these proteins in this isolation
procedure matched that of Kap60p bound
to Kap95-protein A, suggesting that the
strength and nature of the interaction of
p68 and p70 with Kapl04p was similar to
that of Kap60p with Kap95p. Quantitation
of the recovery of Kapl04—protein A by
imunoblotting showed that under these
conditions, 60 to 70% of the total cellular
Kapl04p was recovered. Also, the Coo-
massie-blue staining intensity of p68 and
p70 compared with that of Kapl04p sug-
gests that they were present in approxi-
mately equimolar amounts. Thus, most of
Kap104p in the cytosol was bound to p68
and p70, although it remains to be deter-
mined whether p68 and p70 bind to
Kapl04p separately or as a complex. By
partial protein sequencing, p68 and p70
were identified as Nab2p and Nab4p (also
- called Hrplp) (33, 34). These proteins have

Fig. 3. Immunoisolation of i
Kap104- and Kap95-protein A 2qp-
complexes. Postnuclear cytosolic 115,

fractions from KAP95-A and 97-
KAP104-A cells were bound to
IlgG-Sepharose and eluted with a 4E:
gradient of MgCl, (32). Lane 1, cy-
tosolic extract; lane 2, low-speed
pellet; lane 3, high-speed pellet; 21" @ =
lane 4, pooled washes (one cell
equivalent loaded); lanes 5 to 12, a
MgCl, stepped elutions (900 cell

equivalents). The proteins of each

been shown to be nuclear mRNA binding
proteins, both with similarity to a class of
heterogeneous nuclear ribonucleoproteins
(hnRNPs) that shuttle between the nucleus
and cytoplasm of mammalian cells. Nab4p
is the closest structural homolog of
hnRNPAL in yeast (33). Although neither
Nab2p nor Nab4p contains the M9 se-
quence shown to be important for shuttling
of hnRNPA1 (19), both have glycine-rich
regions similar to the M9 sequence of
hnRNPA1. Furthermore, searches of the
yeast database with the M9 sequence re-
vealed no direct homologs in yeast, indicat-
ing that this part of the “shuttling” se-
quence may not be highly conserved be-
tween yeast and mammals.

Because Nab2p and Nab4p are nuclear
in the steady state (33), and the cytosolic
fraction used for immunoisolation of
Kap104—protein A was prepared under con-
ditions that keep the majority of nuclei
intact (28), the cytosolic fraction we recov-
ered bound to Kapl04p cannot represent
the major fraction of these proteins. The
similarity of Nab4p and Nab2p to the shut-
tling hnRNPs suggests that the cytosolic
fraction of each protein bound to Kap104p
may represent a cytoplasmic pool of these
mRNA binding proteins.

Temperature-sensitive ~ mutants  of
Kap104p were constructed by plasmid shuf-
fling and assayed for their effect on Nab2p
(35). One of these mutants (kapl104-16) was
of particular interest, because after the tem-
perature shift to 37°C, Kap104p was rapidly
turned over, presumably degraded after mis-
folding of the protein. Immunoblotting of
total cell lysates demonstrated that 1 hour
after the temperature shift, less than 10% of
Kapl104p remained (Fig. 4A), and it was
barely detectable after 3 hours. Immunoflu-
orescent localization of Nab2p demonstrat-
ed that depletion of Kapl04p was coinci-
dent with redistribution of Nab2p from the
nucleus to the cytoplasm (Fig. 4B). Other

4 56 7:8 9 10 1112 T8 12
§:
. - . &
- ,p70 ~Nup2p
‘p68 ‘K&DEOD
-
Kap104-protA Kap95-protA

+ fraction were separated by SDS-PAGE and stained with Coomassie blue. (Left) The elution profile for
Kap104 —protein A. The positions of p68, p70 (Nab2p and Nab4p, respectively), and Kap104 —protein A
(arrow) are shown. Fractions 7, 8, and 12 from the parallel experiment with Kap95—protein A are shown
at the right. The positions of Kap60p, Nup2p, and Kap95—protein A (arrow) are shown. immunoblotting
for Kap104—protein A is shown at the bottom left and demonstrates the recovery of Kap104—protein A
(lanes 1 to 4, 1 cell equivalent; lanes 5 to 12, 300 cell equivalents).
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nuclear marker proteins, including Nsrlp,
Noplp, Npl3p (36), and the SV40 large T
NLS fused to the green fluorescent protein
were not mislocalized under these condi-
tions (29). Thus, depletion of Kap104p af-
ter the temperature shift resulted in the
specific depletion of NabZp from the nucle-
us in these cells, which suggests that the
accumulation of Nab2p in the cytosol was a
direct result of the inability to reimport
Nab2p after it was exported from the nu-
cleus. Similar results were obtained when
Kapl04p was depleted from a strain con-
taining KAP104 under the glucose-repress-
ible GALI promoter (29). Electron micros-
copy of these cells showed no apparent
morphological defects (29). In addition, dif-
ferent alleles of kap104ts mutants mislocal-
ized NabZp to a varying extent. Thus,
Kapl104p appeared to play a role in the
import of Nab2p, but not its export. This
result is also consistent with the cytosolic
location of Kap104p.

We examined the distribution of poly-
adenylated [poly(A)*] mRNA by in situ
hybridization of oligo(dT) in the kap104-16
strain. Poly(A)* RNA accumulated within
the nucleus after the temperature shift, but
in only a subpopulation of cells after 3 hours
(29), considerably slower than the rapid
mislocalization of Nab2p and loss of detect-
able Kap104p, suggesting that Kap104p de-
pletion did not directly affect mRNA ex-

A WT kap104-16
5 0 i 3 5 hours
o e—
“l

DAPI

Fig. 4. Depletion of Kap104p causes mislocaliza-
tion of Nab2p. (A) Immunoblotting of Kap104p in
wild-type (WT) and kap104-16 total cell lysates
after a temperature shift to 37°C for the indicated
length of time, demonstrating the rapid turnover of
Kap104p in these cells after the temperature shift.
(B) Immunofluorescent localization of Nab2p in
kap104-16 cells demonstrating that after the tem-
perature shift to 37°C, Nab2p is rapidly redistrib-
uted from the nucleus to the cytoplasm. The
length of time at 37°C is indicated. The nuclear
DNA was visualized by coincident staining with
DAPI. Bar, 2 pm. Other nuclear markers were not
affected by the depletion of Kap104p in kap104-
16 cells (29).

Nab2p



port. The most straightforward interpreta-
tion of our results [and by analogy to

hnRNPA1 (19)] is that Nab2p (and
Nab4p) exit the nucleus as a major compo-
nent of an hnRNP complex and upon re-
lease are reimported into the nucleus. The
late-onset mRNA transport block we ob-
served after the temperature shift in
kap104-16 cells may thus have been caused
by depletion of the nuclear pool of essential
mRNA binding proteins like Nab2p.

Thus, Kap104p represents a karyopherin
that participates in a nuclear import path-
way independent of the classical NLS-me-
diated pathway of Kap95p and Kap60p. It
interacted directly both with its substrate
and nucleoporins, bypassing the require-
ment of an NLS binding adapter like
Kap60p. We suggest an import-export cycle
in which Nab2p and Nab4p are imported
into nuclei via Kap104p, are assembled with
mRNA, and are exported to the cytoplasm
as major components of hnRNPs, where
they dissociate from the mRNA and upon
rebinding of Kap104p, begin another cycle.
A putative mammalian Kap104p homolog
has recently been cloned (37), suggesting
an evolutionary conservation of this trans-
port system.
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