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Abstract. 

 

La (SS-B) is a highly expressed protein that 

 

is able to bind 3

 

9

 

-oligouridylate and other common 
RNA sequence/structural motifs. By virtue of these in-
teractions, La is present in a myriad of nuclear and cy-
toplasmic ribonucleoprotein complexes in vivo where it 
may function as an RNA-folding protein or RNA chap-
erone. We have recently characterized the nuclear im-

 

port pathway of the 

 

S. cerevisiae

 

 La, Lhp1p. The solu-
ble transport factor, or karyopherin, that mediates the 
import of Lhp1p is Kap108p/Sxm1p. We have now de-
termined a 113-amino acid domain of Lhp1p that is 
brought to the nucleus by Kap108p. Unexpectedly, this 
domain does not coincide with the previously identified 
nuclear localization signal of human La. Furthermore, 

when expressed in 

 

Saccharomyces cerevisiae

 

, the nu-
clear localization of 

 

Schizosaccharomyces pombe

 

, 

 

Drosophila

 

, and human La proteins are independent of 
Kap108p. We have been able to reconstitute the nu-
clear import of human La into permeabilized HeLa 
cells using the recombinant human factors karyopherin 

 

a

 

2, karyopherin 

 

b

 

1, Ran, and p10. As such, the yeast 
and human La proteins are imported using different se-
quence motifs and dissimilar karyopherins. Our results 
are consistent with an intermingling of the nuclear im-
port and evolution of La.

Key words: nuclear transport • karyopherin • protein 
evolution • RNA biogenesis • RNA-binding proteins

 

T

 

he 

 

La (SS-B) protein was originally characterized
as an autoreactive antigen in patients afflicted with
systemic lupus erythematosus (Mattioli and Reich-

lin, 1974; for reviews see Tan, 1989; Van Venrooij and
Pruijn, 1995). La is an RNA-binding protein that is found
complexed to a wide variety of RNAs including precursors
to tRNA and 5S RNA (Hendrick et al., 1981; Rinke and
Steitz, 1982, 1985). By virtue of its affinity for 3

 

9 

 

oligo-
uridylate, La is able to bind to the oligo(U)-tail present in
all RNA polymerase III transcripts (Stefano, 1984). Since
these oligo(U)-tails are often cleaved during RNA matu-
ration, the interaction between La and these RNAs is
likely to be transient. Recently, additional modes of RNA
recognition by La have been described. These modes in-
clude general recognition of 5

 

9 

 

triphosphates of tRNA
precursors and specific recognition of AUG within a
Kozak consensus translation initiation sequence (McBrat-
ney and Sarnow, 1996; Fan et al., 1998). Human La is a
multidomain protein that dimerizes via a COOH-terminal
domain and contains a putative ATP-binding cassette
(Topfer et al., 1993; Craig et al., 1997). La proteins have

been identified in 

 

Saccharomyces cerevisiae

 

, 

 

Schizosaccha-
romyces pombe

 

, mosquito, 

 

Drosophila

 

, 

 

Xenopus

 

, mouse,
rat, bovine, and human species (Chambers et al., 1988;
Chan et al., 1989; Scherly et al., 1993; Semsei et al., 1993;
Topfer et al., 1993; Bai et al., 1994; Yoo and Wolin, 1994;
Pardigon and Strauss, 1996; Van Horn et al., 1997).

 

2

 

 Evo-
lution has conserved the domain arrangement and bio-
chemical properties of the La proteins. The La proteins
share an NH

 

2

 

-terminal “La domain,” central RNA recog-
nition motif (RRM),

 

1

 

 and a highly charged COOH termi-
nus. The region of most divergence among the La proteins
is their COOH-terminal half, where apparently uncon-
served features of the mammalian La proteins, such as an
atypical RRM, an ATP-binding motif, and a dimerization
domain, are located (Birney et al., 1993; Topfer et al.,
1993; Craig et al., 1997).

Defining a unique function of La has been difficult. It
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1. 

 

Abbreviations used in this paper:

 

 aa, amino acid; GFP, green fluorescent
protein; IRES, internal ribosome entry site; Kap, karyopherin; NLS, nu-
clear localization sequence; NPC, nuclear pore complex; RRM, RNA rec-
ognition motif. 

2. Throughout the text, depending on context, nonstandard nomencla-
ture of La proteins will be used to facilitate the discussion. Specifically, the

 

S. cerevisiae

 

 La, Lhp1p, will sometimes be referred to as scLa and the 

 

S.
pombe

 

 La, Sla1, will be referred to as spLa. 

 

Drosophila

 

 and human La
proteins will be referred to as dmLa and hsLa, respectively.
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participates in both transcriptional and posttranscriptional
processes (for review of such proteins see Ladomery,
1997). La has been shown to be an important constituent
of RNA polymerase III initiation, termination, and recy-
cling reactions in vitro (Gottlieb and Steitz, 1989

 

a

 

,

 

b

 

; Ma-
raia, 1996). The highly unusual histone mRNAs, which are
devoid of introns and poly(A) tails, were demonstrated to
be specifically protected from cell cycle–dependent degra-
dation in vitro by La, possibly through its interaction with
a 3

 

9

 

-stem loop (McLaren et al., 1997). La was also shown
to be essential for the cap-independent, internal ribosome
entry site-mediated (IRES) translation of several viral
RNAs, including those of polio, human immunodeficiency
virus, and hepatitis C (Meerovitch et al., 1993; Svitkin et al.,
1994; Ali and Siddiqui, 1997). A genetic analysis of the 

 

S.
cerevisiae

 

 La, Lhp1p, led to the discovery of a role for
Lhp1p in 3

 

9

 

-endonucleolytic cleavage of tRNA precursors
in vivo (Yoo and Wolin, 1997). Based on this function, 

 

S.
cerevisiae 

 

and 

 

S. pombe

 

 each appear to have only one La
protein (Yoo and Wolin, 1994; Van Horn et al., 1997). De-
letion of the 

 

S. pombe

 

 La, 

 

Sla1

 

, leads to tRNA processing
defects that can be complemented by the expression of

 

Sla1

 

 or 

 

LHP1

 

 or even human La, indicating functional
conservation throughout the La family (Van Horn et al.,
1997). Recently, 5

 

9

 

 and 3

 

9 

 

processing of tRNA precursors
was shown to be affected by La in human HeLa cell ex-
tracts, further confirming the functional conservation of
La (Fan et al., 1998). Additionally, human La has been
shown to have an ATP hydrolysis activity and to be an
ATP-dependent RNA/DNA and RNA/RNA helicase
(Bachmann et al., 1990; Huhn et al., 1997).

In an attempt to unify these seemingly disparate obser-
vations, it has been suggested that La acts as a general
RNA-folding protein, or RNA chaperone (Meerovitch
and Sonenberg, 1993; for reviews see Herschlag, 1995;
Weeks, 1997). In such a scenario, La, which is highly ex-
pressed and binds to many different RNAs, stabilizes un-
folded and/or folded RNA domains, possibly decreasing
“off-pathway” folding events in a manner analogous to the
action of the hsp70 class of chaperones on polypeptides
(for reviews see Hartl, 1996; Bukau and Horwich, 1998).

To carry out its myriad of cellular tasks, La is needed in
both the nucleus, for its transcription and tRNA-process-
ing activities, and the cytoplasm, for its translation and
mRNA protection activities. Indeed, La has been shown
to shuttle from its steady-state nuclear localization to the
cytoplasm after herpes or polio infection, consistent with
its observed functions in viral translation (Bachmann et al.,
1989; Meerovitch et al., 1993). A cell cycle–dependent re-
distribution to the nucleolus has also been observed (Deng
et al., 1981). Nucleocytoplasmic transport of macromole-
cules occurs via several distinct pathways (for reviews see
Pemberton et al., 1998; Wozniak et al., 1998). A unique
soluble factor, or karyopherin (Kap) governs each individ-
ual pathway. (Having been identified nearly coincidentally
in several labs, these factors have been given many names,
including: importins, exportins, transportins, RanBPs, PTACs,
p97, and nuclear localization sequences [NLS] receptor
[Pemberton et al., 1998].) Each Kap recognizes cognate
transport substrates and transports them through the
nuclear pore complex (NPC) in concert with the small GTP-
ase Ran and its cofactors (for review see Moore, 1998).

 

Only Kap

 

a

 

/Kap

 

b

 

1 (Kap60p/Kap95p in 

 

S. cerevisiae

 

) func-
tions as a dimer, all of the other Kaps characterized are
monomeric, able to recognize both substrate and the NPC.
In the Kap

 

a

 

/Kap

 

b

 

1 case, 

 

a

 

-Kaps recognize NLSs rich in
basic residues whereas Kap

 

b

 

1 binds to the NPC. A 27-
amino acid (aa) NLS of the human La has recently been
delineated (Simons et al., 1996). Consistent with a need for
regulated and specific nucleocytoplasmic transport of La,
we have previously demonstrated a requirement for a dis-
tinct Kap for the nuclear localization of Lhp1p in 

 

S. cerevi-
siae

 

 (Rosenblum et al., 1997). Sxm1p/Kap108p mediates
this pathway. In the course of further characterization of
the nuclear import of Lhp1p via Kap108p, we have now
identified an evolutionary divergence in the pathway of
nuclear import of La proteins. This divergence coincides
with a significant increase in the complexity of La proteins
and suggests interplay between nuclear import and evolu-
tion of this class of proteins.

 

Materials and Methods

 

Strains and Plasmids

 

DF5 was used as the parent strain for all new strains constructed (Finley et
al., 1987). The Lhp1–PrA strains and the Kap108–PrA strain in the wild-
type background were described previously (Rosenblum et al., 1997). The
Kap95-PrA strain was the generous gift of M.P. Rout (Rockefeller Uni-
versity, New York, NY) and J.D. Aitchison (University of Alberta, Al-
berta, Canada) (Aitchison et al., 1996). The Kap108-PrA

 

/

 

D

 

lhp1

 

 strain was
generated by direct integration of a PCR product (as described in Aitchi-
son et al., 1995) directly into a haploid 

 

D

 

lhp1

 

 strain (provided by S. Wolin,
Yale University, New Haven, CT). Proper integration was assessed by
PCR and Western blotting as described previously (Rosenblum et al.,
1997). Yeast strains with and without plasmids were grown at 30

 

8

 

C in
dropout and YPD media, respectively (Ausubel et al., 1997).

The green fluorescent protein (GFP) constructs were assembled in
pYX242 (Novagen, Madison, WI). pYX242 is a 2-

 

m

 

 plasmid with the tri-
ose phosphate isomerase promoter and 

 

LEU2

 

 marker. The GFP used, a
yeast codon-optimized, fluorescence optimized mutant (yEGFP3), was
the kind gift of B. Cormack (Stanford University, Stanford, CA) (Cor-
mack et al., 1997). All restriction enzymes were purchased from New En-
gland Biolabs (Beverly, MA), Pfu was purchased from Stratagene (La
Jolla, CA). yEGFP3 was cloned into pYX242 using the enzymes HindIII
and SalI to generate the plasmid pYX242–GFP. 

 

LHP1

 

 was amplified from

 

S. cerevisiae 

 

genomic DNA (Promega, Madison, WI) and cloned into
pYX242–GFP using primer-encoded BamHI and ApaI sites to generate
pYXLhp1–GFP. Restriction of pYXLhp1–GFP with HindIII, filling in the
overhangs with T4 DNA polymerase and religating generated the frag-
ment 1 construct, pYXfrag1–GFP. Fragments 2 and 3 were cloned with
primer-encoded EcoRI/BamHI and BamHI/HindIII sites, respectively to
generate pYXfrag2–GFP and pYXfrag3–GFP. The human La was am-
plified from a human fetal bone marrow cDNA library (Clontech, Palo
Alto, CA) using primer-encoded BamHI and HindIII sites, generating
pYXhsLa–GFP. 

 

Drosophila

 

 and 

 

S. pombe

 

 Las were amplified from
cDNAs kindly provided by S. Wolin and cloned into pYX242–GFP using
primer-encoded BamHI and HindIII sites to generate pYXdmLa–GFP
and pYXspLa–GFP. pYXspLa35–GFP and pYXspLa67–GFP, which con-
tain the last 35 and 67 aa of Sla1, respectively, fused to GFP, and were
cloned from Sla1 cDNA using primer-encoded EcoRI and HindIII sites.
The construct encoding the last 35 aa of 

 

Drosophila

 

 La fused to GFP,
pYXdmLa35–GFP, was generated by restriction of pYXdmLa–GFP with
EcoRI and religating. Yeast strains were transformed with plasmids via
electroporation (Ausubel et al., 1997).

To express human La in bacteria for in vitro import assays, the hsLa–
GFP cassette from pYXhsLa–GFP was amplified and cloned into pET21b
(Novagen) using primer-encoded BamHI and SalI sites. The 

 

Escherichia
coli 

 

strains XL1-blue and BL21(DE3) (Stratagene) were used for general
cloning and protein expression, respectively. Bacterial strains were trans-
formed by heat shock (Ausubel et al., 1997).
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Western Blotting

 

Total yeast extracts were isolated as previously described (Rosenblum et al.,
1997). After electrophoresis through a 7.5% polyacrylamide gel, proteins
were transferred to nitrocellulose (0.4 

 

m

 

, Schleicher & Schuell, Keene,
NH). Blots were visualized with amido black (0.1% amido black in 40%
methanol, 10% acetic acid) before blocking in 5% milk in TBS (10 mM
Tris, 150 mM NaCl, pH 7.5) for 15 min. Blots were incubated with poly-
clonal anti-GFP antibodies (Clontech) at 1:1,500 dilution in 5% nonfat dry
milk in TBS for 2 h. After incubation, blots were rinsed with water,
washed twice with 0.05% NP-40 in TBS, and then once with TBS. The
blots were incubated with horseradish peroxidase-coupled donkey anti–
rabbit antibodies (Amersham, Arlington Heights, IL) at 1:2,000 dilution
in 5% milk in TBS for 1 h. After this incubation, blots were washed in a
similar manner to before. Enzyme-linked antibodies were detected using
luminol-based chemiluminescence (Schneppenheim et al., 1991).

 

Protein Purification

 

For the purification of protein A fusion proteins from yeast, cytosol was
prepared from strains essentially as described (Rout and Blobel, 1993).
For a typical purification, cytosol from 

 

z

 

2 g (wet weight) of cells in a final
volume of 50 ml was incubated overnight at 4

 

8

 

C with 25 

 

m

 

l of IgG
Sepharose (made from coupling CNBr-activated Sepharose 4B [Pharma-
cia Biotech, Piscataway, NJ] to rabbit IgG [Cappel, Malvern, PA] follow-
ing standard protocols). The Sepharose was isolated and washed at least
six times with 1 ml TB (20 mM Hepes, pH 7.5, 110 mM KOAC, 2 mM
MgCl

 

2

 

, 0.1% Tween 20), before elution with acid (0.5% HOAc, 150 mM
NaCl) or MgCl

 

2

 

 (various concentrations in 20 mM Hepes, pH 7.5, 0.05%
Tween 20). Protein samples were concentrated by the method of Wessel
and Flugge (1984). Proteins were identified using a combination of
MALDI-TOF mass spectrometry and Edman sequencing (Fernandez et al.,
1994; Gharahdaghi et al., 1996). Peptide masses were compared with sev-
eral databases (http://prospector.ucsf.edu or http://prowl.rockefeller.edu/
cgi-bin/ProFound).

For the purification of hsLa–GFP from 

 

E. coli

 

, BL21(DE3) cells har-
boring pEThLa–GFP were grown in 30 ml 2

 

3

 

 YT at 37

 

8

 

C to an OD

 

600

 

 of
0.7. This starter culture was then diluted 1:20 in fresh 2

 

3 

 

YT and grown to
an OD

 

600

 

 of 0.7 at 37

 

8

 

C. Recombinant protein expression was induced by
addition of isopropyl B-

 

p

 

-thiogalactopyranoside to 0.5 mM. Cells were al-
lowed to grow for an additional 3 h at 30

 

8

 

C. Cells were harvested, resus-
pended in 30 ml of 50 mM KH

 

2

 

PO

 

4

 

, 300 mM NaCl, 30 mM beta-mercapto-
ethanol, pH 8.0, and lysed by passing twice through a French pressure cell
at 900 pounds per square inch. After sedimentation of cell debris, the fu-
sion protein was purified by virtue of the plasmid-derived hexahistidine
sequence using 1.5 ml Talon resin (Clontech) following the protocols sup-
plied by the manufacturer.

 

Sequence Analysis

 

Sequences were aligned using ClustalW 1.6 (Megalign Program; DNAS-
tar, Inc., Madison, WI). Phylogenetic analysis was performed using Phylip
(PHYLIP v 3.5c; distributed by J. Felsenstein, University of Washington,
Seattle, WA). Both programs were used with standard settings.

 

Fluorescence Microscopy

 

GFP was visualized in live yeast after overnight growth in selective me-
dium or on selective agar. 4 

 

m

 

l of culture or one colony resuspended in 4 

 

m

 

l
of water was placed on a slide. All micrographs were taken using a 63

 

3

 

 oil
objective on an Axiophot microscope (Carl Zeiss, Thornwood, NY) and
Zeiss filter set number 9 (excitation, 450–490 nm; beamsplitter, 510 nm;
emission, long-pass 520 nm) with coincident differential interference con-
trast (Nomarski) optics. Images were transferred directly to Adobe Photo-
shop 3.0.5m (Adobe Systems, San Jose, CA) using a Sony DKS-5000 digi-
tal photo camera (Tokyo, Japan).

 

Nuclear Import Assay

 

Import assays were performed in digitonin-permeabilized HeLa cells es-
sentially as described (Moore and Blobel, 1992). Each assay contained 1 mM
GTP and a combination of the following factors: 0.5 

 

m

 

g of Kap

 

a

 

2, 0.5 

 

m

 

g
of Kap

 

b

 

1, 4 

 

m

 

g of Ran, 60 ng of p10, 1 

 

m

 

g of human La-GFP, and 500 

 

m

 

g
of HeLa S-100 cytosol.

 

Results

 

Kap108p Directly Binds both Lhp1p and rpL11p

 

Previously, we demonstrated that Kap108p could be iso-
lated from yeast cytosol in a complex whose main compo-
nents were Lhp1p and rpL11p (Rosenblum et al., 1997)
(rpL11p was previously known as Rpl16p, for new 

 

S. cere-
visiae

 

 ribosomal protein nomenclature see Mager et al.,
1997). At the time we could not differentiate between two
coexisting, dimeric complexes of Kap108p and a single tri-
meric complex of all three members. To address this issue,
we generated a yeast strain that contained a genomically
expressed fusion between protein A and Kap108p (Kap108–
PrA) but was deleted for 

 

LHP1

 

. We then isolated
Kap108–PrA by virtue of the affinity for IgG-Sepharose of
protein A. The results are shown in Fig. 1 

 

a

 

. In the first
lane, for comparison, cytosolic Kap108–PrA was purified
from cells wild type for 

 

LHP1

 

 and the bound proteins
were eluted with acid. The second panel of Fig. 1 

 

a

 

 shows
the result of a similar experiment done in parallel with cy-
tosol from the 

 

LHP1

 

-deletion strain. rpL11p eluted from
Kap108–PrA in the 

 

LHP1

 

 deletion strain at the same con-
centrations of MgCl

 

2

 

 that dissociate this complex isolated
from a strain containing Lhp1p. As such, it is evident that
Lhp1p does not mediate the rpL11p/Kap108p interaction.
We have also detected other, smaller ribosomal proteins in
complex with Kap108p (Rosenblum et al., 1997). In Fig. 1

 

a

 

, 

 

right

 

, these smaller ribosomal proteins, between 

 

z

 

11
and 17 kD, appear to elute from the column earlier than
rpL11p, peaking in the 100 mM MgCl

 

2

 

 fraction. Therefore,
we cannot exclude the possibility that these ribosomal pro-
teins bind to Kap108p via rpL11p.

In a similar fashion, we determined whether the Kap108p/
Lhp1p interaction might be mediated by rpL11p. To do
so, we purified Lhp1p, by virtue of an Lhp1p–protein A
fusion protein, from strains with and without Kap108p. As
shown in Fig. 1 

 

b

 

, the profile of proteins associated with
Lhp1p is quite different from that of proteins associated
with Kap108p. The profiles of proteins bound to Lhp1–
PrA are identical between strains with (Fig. 1 

 

b

 

, 

 

left

 

) and
without (Fig. 1 

 

b

 

, 

 

right

 

) Kap108p with the exception of
a prominent band of 

 

z

 

105 kD. As expected, more
Lhp1–PrA and associated factors are present in the cyto-
sol of the 

 

KAP108

 

-deficient strain. We identified two
Lhp1p-associated proteins. The 50-kD protein eluting
mostly at 100 mM MgCl

 

2

 

 was identified by sequencing
three peptides, xxxANLIAAGAxxL, xLLCGAAIGT-
IDAD, and xxxAQLEGxV (Fernandez et al., 1994). The
peptides uniquely identified Pur5p, inosine monophos-
phate dehydrogenase, the enzyme that catalyzes the first
dedicated step of GMP biosynthesis. The 105-kD protein
eluting mostly in the 250 mM MgCl

 

2

 

 fraction and pre-
sent only in strains containing Kap108p was analyzed by
mass spectrometry (Gharahdaghi et al., 1996). A database
search was performed using the observed masses of eleven
tryptic peptides generated from this protein (from 964.1 to
2,132 D), and a mass tolerance of 0.5 D. This search
uniquely identified this protein as Kap108p, with the pep-
tides covering 14% of the Kap108p sequence. That the
interaction between Lhp1–PrA and Kap108p is direct
is strongly suggested by the final two lanes of Fig. 1 

 

b

 

,

 

 left

 

.
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In these two lanes, the only predominant proteins remain-
ing on the column were Lhp1–PrA and Kap108p. Further
evidence that the Lhp1–PrA/Kap108p interaction is not
bridged by rpL11p is suggested by the absence of a dis-

tinct band at 22 kD eluting with or after Kap108p from
Lhp1–PrA.

As both Lhp1p and rpL11p could bind directly to
Kap108p, we determined whether these two substrates

Figure 1. Kap108p binds di-
rectly to both Lhp1p and
rpL11p. The binding sites
of Lhp1p and rpL11p on
Kap108p overlap. (a) Ge-
nomically expressed Kap108–
PrA was isolated from cyto-
sol of a wild-type strain (left)
and an lhp1-deletion strain
(right). After incubation with
IgG-Sepharose, unbound pro-
teins were removed and
bound proteins were eluted
with acid (left) and a MgCl2
gradient (right). After sepa-
ration on 4–20% SDS-PAGE
gels, proteins were visual-
ized with Coomassie blue R.
(b) Genomically expressed
Lhp1–PrA was isolated from
cytosol of a wild-type strain
(left) and a KAP108-dele-
tion strain (right). Purified
cytosol from each strain was
incubated with IgG-Seph-
arose, washed and eluted
with a MgCl2 step gradient.
After separation on 4–20%
SDS-PAGE gels, proteins
were visualized with Coo-
massie blue R. Asterisk,
Lhp1–PrA-associated pro-
teins. (c) Cytosolic Kap108–
PrA was isolated from cyto-
sol of a strain without (left
lane), and with (right lane), a
plasmid expressing an Lhp1–
GFP fusion protein. After
isolation of Kap108–PrA,
bound proteins were eluted
with acid. After separation
on a 10–20% SDS-PAGE
gel, proteins were visualized
with Coomassie blue R.
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bind to independent sites on Kap108p or if their binding
sites functionally overlap. This experiment was done in the
cellular milieu to avoid nonspecific interactions between
these three highly charged proteins. To do so, we con-
structed a plasmid to overexpress an Lhp1–GFP fusion
protein in S. cerevisiae. When Kap108–PrA was purified
from a strain harboring this plasmid, a large quantity of
Lhp1–GFP copurified, but no endogenous Lhp1p or
rpL11p could be seen by Coomassie blue staining (Fig. 1 c).
Since Lhp1–GFP could compete with both Lhp1p and
rpL11p for binding to Kap108–PrA, it is evident that the
binding sites for Lhp1p and rpL11p on Kap108p overlap
functionally. This functional overlap could be due to iden-
tical or overlapping binding sites or to steric interactions
between the ligands.

The Lhp1p NLS Includes an RNP Consensus
Domain and Does Not Correspond to the NLS
of the Human La

To further characterize the nuclear import of Lhp1p via
Kap108p we next delimited a subdomain of Lhp1p that
was capable of conferring nuclear localization via Kap108p.
To do so, we constructed plasmids for the in vivo expres-
sion of Lhp1p and three fragments of Lhp1p, each fused to
GFP. A schematic of these constructs is shown in Fig. 2 a.
These fragments overlap by at least 25 amino acids to min-
imize the likelihood that an NLS would be missed because
it had been split between two fragments. That these frag-
ments were properly expressed as full-length products was
confirmed by Western blotting with anti-GFP antibodies
(Fig. 2 b). Consistent with our previous observations with
Lhp1–PrA, in wild-type cells, Lhp1–GFP is restricted to
the nucleus, whereas in the KAP108 deletion, Lhp1–GFP
is unable to target the nucleus (Fig. 2 c, first row) (Rosen-
blum et al., 1997). As such, the GFP tag, like the PrA tag
we have previously used, did not affect the nuclear target-
ing of Lhp1p. Fragment 1, aa 1–136, contains the La do-
main which is highly conserved throughout the La family
(Van Horn et al., 1997). As a GFP fusion, fragment 1 was
unable to accumulate in nuclei of wild-type cells (Fig. 2 c,
second row). Fragment 2 spans aa 112–224, whereas the
RRM spans aa 124–209. This fragment, which was not as
highly expressed as the other fragments (Fig. 2 b), did ac-
cumulate in nuclei of wild-type cells (Fig. 2 c, third row). In
contrast, when fragment 2 was expressed in cells deleted
for KAP108, no accumulation of GFP was seen in nuclei
(Fig. 2 c, third row). Fragment 3 is composed of the
COOH terminus of Lhp1p, aa 188–275. This fragment is
composed of just under 50% of charged residues, and en-
compasses a region that corresponds to the NLS of human
La that has recently been defined by microinjection of in
vitro translated hsLa mutants into Xenopus laevis oocytes
followed by dissection (Simons et al., 1996). Interestingly,
this region was also able to direct nuclear accumulation,
yet this accumulation was insensitive to the presence of
Kap108p (Fig. 2 c, fourth row). That fragments 2 and 3
contained discrete NLSs was suggested by their different
dependence on Kap108p for nuclear localization. To dem-
onstrate that each fragment had its own NLS, a construct
was made that encoded the portion of fragment 3 that did
not overlap with fragment 2. This shorter fragment dem-

onstrated localization identical to that of fragment 3, in
both wild-type and KAP108-deleted cells (data not shown).
As full-length Lhp1p is unable to accumulate in the nu-
cleus in the absence of Kap108p (Fig. 2 c, first row), it ap-
pears that fragment 3 contains not the endogenous NLS of
Lhp1p, but a secondary NLS unmasked by its expression
out of context of Lhp1p.

In an attempt to further analyze the fragment 2-type
NLS, we first selected a 20-aa portion of this fragment that
appeared similar to a stretch of rpL11p. This portion, from
lysine 152 to phenylalanine 171 of Lhp1p was highly
charged, with 10 charged amino acids, eight of them basic.
However, this portion, when fused to GFP, was unable to
target the nucleus (data not shown). Next, two proteins
were identified that appeared to have significant homol-
ogy to fragment 2, Snp1p, and the unknown open reading
frame YOL041c. Although both of these proteins were nu-
clear as GFP fusions in wild-type cells, neither lost this lo-
calization when expressed in Dkap108 cells, suggesting
that they are not substrates of Kap108p (data not shown).

It should be noted that although fragment 2 was the only
construct examined that was able to confer Kap108p-
dependent nuclear import, it did not contain as strong of a
signal for nuclear import as full-length Lhp1p. Whereas no
Lhp1–GFP could be seen in the cytoplasm of wild-type
cells, fragment 2–GFP was observable in the cytoplasm of
wild-type cells. This is the case even though fragment 2
overlapped the Kap108p-independent fragments by 25
NH2-terminal and 37 COOH-terminal amino acids. The
most likely explanation for the inefficient import of frag-
ment 2–GFP is that fragment 2, although 113-aa long, does
not contain complete structural information for interac-
tion with Kap108p. Another possibility is that fragment 2
is actively exported from the nucleus, perhaps by virtue of
binding to RNA.

Heterologous La Proteins, When Expressed
in S. cerevisiae, Are Nuclear Even in the Absence
of Kap108p

As the Kap108p-dependent NLS of Lhp1p did not coin-
cide with the NLS of human La mapped using the Xeno-
pus assay, we undertook an analysis of intracellular target-
ing of heterologous La proteins in S. cerevisiae. In the
course of evolution, four major branches of La proteins
have arisen (Fig. 3 a). The clearest diversion in primary
structure among these branches occurs between branches
I and II and branches III and IV. In diverging from
branches I and II, the branch III and IV proteins grew in
primary sequence by z30%. For example, spLa is 298-aa
long whereas dmLa is 390-aa long. The added sequence is
most apparent in the COOH-terminal half of the larger
proteins. scLa and spLa are 36% identical, spLa and dmLa
are 28% identical, and dmLa and hsLa are 34% identical.
GFP fusion constructs were generated for each of these
proteins. Each construct was transformed into wild-type
cells and cells deleted for KAP108. As shown in Fig. 3 b
(left column), human, Drosophila, and S. pombe La pro-
teins were targeted to the nucleus when expressed in S.
cerevisiae as fusions with GFP. Significantly, all of the fu-
sion proteins were entirely restricted to the nucleus in
wild-type cells, indicating that they were substrates of an
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S. cerevisiae Kap. Surprisingly, this Kap is Kap108p only
for Lhp1p, the endogenous S. cerevisiae La protein (Fig. 3
b, right column). Even Sla1, the S. pombe La protein that
is 36% identical to Lhp1p, is targeted to the nucleus in the
absence of Kap108p. This targeting of Sla1 occurs even
though it, like Lhp1p, diverges markedly from the COOH-
terminal domain shared by the La proteins of higher eu-
karyotes (Van Horn et al., 1997). The NLS of the human
La resides in precisely this COOH-terminal domain (Si-
mons et al., 1996).

Human La, Expressed in Yeast, Interacts
with Kap95p/Kap60p

Two sequences similar to the consensus bipartite NLS rec-
ognized by Kapa/Kapb1 have been identified in hsLa and
termed box A and box B (Simons et al., 1996). Box A per-
fectly corresponds to the consensus, with 2 NH2-terminal
basic residues, a 10-aa spacer, and a COOH-terminal clus-
ter of three basic residues, whereas box B does not, having
a 12-aa spacer and only two basic residues on the COOH-

Figure 2. The Kap108p-dependent NLS of Lhp1p overlaps with
the RNA recognition motif of Lhp1p. (a) A diagram of the con-
structs localized by virtue of fusion with GFP. Three relevant fea-
tures of Lhp1p, the location of the La domain, RRM, and corre-
sponding region of the human La NLS are noted above the bar
representing full-length Lhp1p. (b) Approximately equal amounts
of total protein from cells expressing the reporter constructs were
separated on a 7.5% SDS-PAGE gel and transferred to nitrocel-
lulose. Polyclonal anti-GFP antibodies were used to visualize the
fusion proteins. (c) GFP fusion proteins were visualized in live
wild-type and Dkap108 cells. Coincident fluorescence and Nomar-
ski optics were used to localize GFP relative to the cell periphery.
Fusion proteins were considered nuclear (Nuc) if they were able
to concentrate in the nucleus, otherwise they were considered cy-
toplasmic (Cyt).
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terminal side. Interestingly, box A was shown to be unable
to confer nuclear localization on hsLa whereas box B was
shown to be the hsLa NLS (Simons et al., 1996). Although
we were initially drawn to the differences between box B
and the consensus, the ability of human La to localize to
the nucleus in the absence of Kap108p led us to consider
that human La is brought to the nucleus in an a-Kap–
dependent manner. We tested for this biochemically in
yeast by introducing our hsLa–GFP plasmid into a strain
that carried a genomic protein A fusion with the S. cerevi-
siae Kapb1, Kap95p (Kap95–PrA). We then purified cyto-
solic Kap95p–PrA from this strain by immunoaffinity
chromatography. As shown in Fig. 4 a, Kap60p, the S. cer-
evisiae Kapa, copurifies with Kap95–PrA from an untrans-
formed strain. As Kap95p/Kap60p appears to be the major
route to the nucleus, transporting perhaps hundreds of
proteins, individual import substrates cannot generally be
visualized by Coomassie blue staining (Aitchison et al.,
1996; Makkerh et al., 1996). This inability to clearly see
substrates most likely results from the stoichiometry of the
interaction—each substrate is probably two to three or-
ders of magnitude less abundant than the isolated Kap60p/

Kap95p dimer. Surprisingly, when Kap95–PrA is isolated
from cytosol of a strain carrying the human La–GFP fu-
sion, a clear band corresponding to the fusion can be seen
by Coomassie blue staining. The ability to visualize hsLa–
GFP by Coomassie staining most likely results from the
high expression of this construct, making the fusion pro-
tein one of the main substrates of this pathway. That the
fusion product is observable is even more remarkable
when the trimeric nature of the isolated complex is taken
into account; purified Kap95–PrA is bound to Kap60p,
which in turn is bound to human La–GFP. The identity of
the hsLa–GFP band was confirmed by Western blot analy-
sis with anti-GFP antibodies (Fig. 4 b). Significantly, in a
separate experiment performed in parallel, no hsLa–GFP
copurified with Kap108–PrA (Fig. 4 b).

Human Kapa2, Kapb1, p10, and Ran Reconstitute 
Import of Human La

The foregoing experiments strongly suggested that human
La is targeted to the S. cerevisiae nucleus via the Kap60p/
Kap95p pathway. To address the targeting of La in human

Figure 3. La proteins localize to the nucleus in S. cerevisiae, but only Lhp1p, the endogenous S. cerevisiae La, needs Kap108p to do so.
(a) A phylogenetic tree of the ten cloned La proteins is shown, branches I–IV are indicated. The phylogenetic tree was generated by
aligning the NH2-terminal 250 aa of each La protein using ClustalW 1.6 followed by phylogenetic analysis using Phylip (the aligned se-
quences are available at http://129.85.13.212/LAS.aln). This region contains the La domain and an RRM for each protein. Species abbre-
viations and references for cDNA sequencing are as follows: Mm, Mus musculus (Topfer et al., 1993); Rn, Rattus norvegicus (Semsei et
al., 1993); Bs, Bos taurus (Chan et al., 1989); Hs, Homo sapiens (Chambers et al., 1988); Xla and Xlb, Xenopus laevis (Scherly et al.,
1993); Dm, Drosophila melanogaster (Bai et al., 1994); Aa, Aedes albopictus (Pardigon and Strauss, 1996); Sp, Schizosaccharomyces
pombe (Van Horn et al., 1997); Sc, Saccharomyces cerevisiae (Yoo and Wolin, 1994). (b) La proteins from the four main branches of the
phylogenetic tree in Fig. 3 a were expressed as GFP fusions in S. cerevisiae. Each protein (rows) was expressed in both wild-type (left
column) and Dkap108 (right column) cells. Fusion proteins were visualized as described above.
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cells, we subjected recombinant hsLa–GFP to the perme-
abilized HeLa cell assay in the presence of recombinant
human factors. As shown in Fig. 5 (first panel), the fusion
protein, when added alone to permeabilized HeLa cells,
did not localize to the nucleus. In the presence of HeLa cy-
tosol, however, hsLa–GFP was rapidly and efficiently tar-
geted to the nuclei of HeLa cells (Fig. 5, second panel). In
the presence of Kapa2 and Kapb1, a portion of hsLa–GFP
could be seen to accumulate around the nuclear rim (Fig.
5, third panel). Furthermore, with the addition of Kapa2,
Kapb1, Ran and p10, the efficient nuclear import of HeLa
cytosol was completely reconstituted (Fig. 5, bottom
panel). As is the case with other Kapa/Kapb1 substrates,
hsLa–GFP, in the presence of either Kapa2 or Kapb1,
with or without Ran and p10, did not localize to the nu-
cleus (data not shown). The ability to reconstitute hsLa–
GFP nuclear import with human Kapa/Kapb1 and the
similarity of the previously mapped hsLa NLS to the con-
sensus bipartite NLS, combined with our experiments in S.
cerevisiae (Figs. 2 and 3) provide firm evidence that La is
targeted to the nucleus via the Kapa/Kapb1 pathway in
human cells.

Appearance of a Kapa/Kapb1 NLS in the La Family

As we had detected a division in the route to the nucleus
taken by La proteins of different species, we sought a pos-
sible evolutionary explanation. We had mapped the Lhp1p
NLS to the central region, overlapping its RRM, whereas
the human La NLS resides at the COOH terminus. In Fig.
6 a, we have listed the COOH-terminal 35 amino acids of
each of the La proteins cloned to date, highlighting basic
residues which are critical for the interaction with Kapa
(Conti et al., 1998). Although this stretch from each pro-
tein contains several basic residues, scLa and spLa only
have one basic residue on the COOH-terminal end of this
region, whereas bipartite NLSs generally have three basic
residues in their COOH-terminal cluster (Makkerh et al.,

1996; Conti et al., 1998). The La proteins from the mul-
ticellular eukaryotes have clear bipartite NLSs at their
COOH termini and are z100 amino acids larger than
those from the yeasts (Fig. 6 a, right column). To asses the
ability of this region to act as an NLS in the branch II and
branch III proteins, we constructed reporter constructs of
the last 35 aa of both spLa and dmLa. When expressed in
S. cerevisiae, the last 35 aa of dmLa concentrated in the
nucleus, with no observable GFP signal in the cyto-
plasm (Fig. 6 b). This suggests that the last 35 aa of dmLa
can mediate its nuclear import, presumably by Kap60p/
Kap95p in S. cerevisiae as a bipartite consensus region be-
gins at Lys-358, 35 aa from the COOH terminus of dmLa.
In contrast, the last 35 aa of spLa did not concentrate in
the nucleus, possibly due to the insufficiency of the single
COOH-terminal basic residue (Fig. 6 b). However, a
larger COOH-terminal construct of Sla1, beginning with
Met-232 could concentrate in the nucleus (data not shown).
This region of Sla1 contains a putative bipartite NLS be-
ginning at Lys-255, which is 44 aa from the COOH ter-
minus.

Discussion

A Karyopherin That Interacts Directly with a 
Multifunctional, Conserved RNA-binding Protein and 
at Least One Ribosomal Protein

We have previously described Kap108p as a protein essen-
tial for the nuclear localization of Lhp1p (Rosenblum et al.,
1997). By the experiments described above (Fig. 1) we
have now extended this finding to indicate that Kap108p
imports Lhp1p without an adapter protein. It appears that
of the entire karyopherin superfamily, only Kapb1, or
Kap95p in S. cerevisiae, needs an adapter. Significantly,
rpL11p and Lhp1p seem to compete for binding to Kap108p
in vivo.

Figure 4. Human La inter-
acts with yeast Kap60p/
Kap95p. (a) Proteins associ-
ated with Kap95–PrA were
isolated from cytosol of
strains without (left) and with
(right) a plasmid expressing
human La as a GFP fusion
(hsLa–GFP). Extracts were
passed over an IgG-Seph-
arose column, which was then
washed. Bound proteins were
eluted with acid and sub-
jected to SDS-PAGE on a
10–20% gel. Proteins were
stained with Coomassie blue
R. (b) Proteins associated
with Kap95–PrA, (left) and
Kap108–PrA, (right), were
isolated from cytosol. In both

cases, the strains harbored a plasmid expressing hsLa–GFP. In this case, bound proteins were eluted with a MgCl2 gradient, separated
by SDS-PAGE, and then transferred to nitrocellulose. The GFP moiety was detected by immunoblotting with anti-GFP antibodies.
Only the relevant part of the blot is shown.
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We have looked for mislocalization of rpL11p–GFP fu-
sions in KAP108-deletion strains, but such fusions were
only mislocalized in KAP123-deletion strains (data not
shown). As nuclear import of ribosomal proteins appears
to be a distributed, overlapping cellular task, we cannot
rule out the possibility that Kap108p plays a role in the im-
port of rpL11p (Rout et al., 1997). In addition, our obser-
vations, particularly with regard to the in vivo competition
between Lhp1p and rpL11p, are also consistent with a reg-
ulatory role for the interaction between rpL11p and
Kap108p. Not only is RPL11 one of the most highly tran-
scribed genes in S. cerevisiae, its expression is also highly
regulated (Neuman-Silberberg et al., 1995; Velculescu et al.,
1997). There could, therefore, be feedback between ex-
pression of rpL11p and nuclear import of Lhp1p.

An S. cerevisiae-specific Nuclear Import Pathway

The beta karyopherin superfamily in S. cerevisiae likely
contains as many as 14 members. Since S. cerevisiae is the
only eukaryote whose genome has been sequenced so far,
the number of karyopherins in other organisms is cur-
rently unknown. Direct homologues of Kap95p, Cse1p,
Kap104p, Kap121p, Crm1p, and Los1p have been identi-

fied in higher eukaryotes and expressed sequence tags for
homologues of other yeast Kaps have been detected
(Pemberton et al., 1998; Wozniak et al., 1998). In addition,
splicing variants of the human homologues of Kap104p
have been identified (Siomi et al., 1997) (Bonifaci, N., and
G. Blobel, unpublished data). As such, it is possible that
humans have many more than 14 Kaps. No direct homo-
logues of Kap108p have been identified, and our finding
that Kapa/Kapb1 can import hsLa into human cells sug-
gests that no new Kaps for the import of La proteins will
be needed. However, two Kaps, Xenopus RanBP7 and
human RanBP8, appear to be equally related to both
Kap108p and Nmd5p (Kap119p), a protein that we have
recently shown to be a Kap (Albertini et al., 1998). The
functional relevance of this homology between RanBP7/
RanBP8 and Kap108p/Nmd5p (Kap119p) is not known,
since import substrates for RanBP7 and RanBP8 have not
been determined. Also, Kap108p and Nmd5p (Kap119p),
although the most similar pair of all the yeast Kaps (26%
identical) appear to have no obvious functional overlap
(Albertini et al., 1998).

The maintenance of the Kap108p import pathway in S.
cerevisiae may have more to do with the early stage of evo-
lution of Lhp1p than with a need for a specific pathway for
this protein. Lhp1p is clearly a structural and functional
homologue of human La (Yoo and Wolin, 1994; Van Horn
et al., 1997; Fan et al., 1998). Even so, we have shown here
that the nuclear import of La proteins in yeast and humans
are not mediated by directly homologous Kaps. Import of
spLa, dmLa, and hsLa in S. cerevisiae takes place even in
the absence of Kap108p. In addition, we have been unable

Figure 5. Recombinant human Kapa2, Kapb1, Ran, and p10 re-
constitute nuclear import of human La. A bacterially expressed,
human La–GFP fusion protein was subjected to the nuclear im-
port assay in permeabilized HeLa cells in the presence of: (first
panel) no added factors, (second panel) whole HeLa cytosol,
(third panel) Kapa2 and Kapb1, or (fourth panel) Kapa2, Kapb1,
Ran, and p10.

Figure 6. The extreme COOH termini of La proteins are key ele-
ments of their evolution. (a) The final 35 amino acids of ten La
proteins (for abbreviations see Fig. 3 legend). White on black
background, basic residues; gray on shaded background, acidic
residues; gray, other residues. (b) The final 35 amino acids of
S. pombe and D. melanogaster were each expressed as fusions
with GFP in S. cerevisiae. The fusion constructs were visualized as
previously described.
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to observe an interaction between hsLa and Kap108p (Fig.
4 b). As such it appears that S. pombe, Drosophila, and hu-
mans should not need a Kap108p homologue for La im-
port. Although we have been able to directly assess the
Kap requirement in human cells, we have not yet done so
in S. pombe or Drosophila, so it remains possible that ad-
ditional Kaps mediate La import in these organisms. Al-
though La seems to use different Kaps for import in S. cere-
visiae and S. pombe, it is possible that other proteins will
be identified that diverge differently. For this reason, al-
though we believe our results indicate that spLa and dmLa
are transported to the nucleus by an a-Kap–dependent
pathway, it remains possible that other mechanisms exist
for the transport of these proteins in S. pombe and Dro-
sophila. It is clear that this is not the case for humans, as
the hsLa NLS has been thoroughly characterized and
shown to be similar to the consensus bipartite NLS (Si-
mons et al., 1996). Three scenarios exist for the conserva-
tion of nuclear import pathways: (a) directly homologous
Kaps can transport directly homologous substrates; (b) di-
rectly homologous Kaps can transport nonhomologous
substrates, as is the case for the yeast Kap104p and the hu-
man Kapb2 (Siomi et al., 1998); and (c) nonhomologous
Kaps can transport directly homologous substrates, as we
have described here. It remains to be seen how many ex-
amples of each of these scenarios will be found.

Divergence of a Nuclear Import Pathway and
Evolution of La

La proteins have been cloned from nine divergent species
and are highly conserved (Fig. 3 a). In addition to their se-
quence conservation, functional conservation of La’s role
in tRNA processing has been rigorously demonstrated
(Van Horn et al., 1997; Fan et al., 1998). However, La pro-
teins in higher eukaryotes have been shown to have many
functions other than facilitating tRNA processing. These
functions occur in both the nucleoplasm and cytoplasm.
Other nucleoplasmic functions of La proteins include fa-
cilitating initiation, termination, and recycling of RNA
polymerase III transcripts (Gottlieb and Steitz, 1989a,b;
Fan et al., 1997; Lin-Marq and Clarkson, 1998). Although
human La, like homologous La proteins, is nuclear (or nu-
cleolar depending on cell cycle stage [Deng et al., 1981]) at
steady state, potentially cytoplasmic functions have been
described for this protein. These include: stimulating cap-
independent IRES-dependent translation for a variety of
viruses (Svitkin et al., 1994; Ali and Siddiqui, 1997); un-
winding double-stranded RNA and RNA/DNA duplexes
(Bachmann et al., 1990; Huhn et al., 1997) and protecting
the highly regulated and structurally unusual histone
mRNA from cell cycle–dependent degradation (McLaren
et al., 1997). It remains to be seen whether the S. cerevisiae
La protein has any of these functions. It has been shown
that the inability to translate certain IRES-dependent
viral transcripts in S. cerevisiae extracts is not due to inac-
tivity of Lhp1p. Instead, a small RNA inhibitor of this func-
tion of La has been identified in S. cerevisiae (Das et al.,
1994, 1996).

The evolution of La, a multidomain, multifunctional
protein most likely occurred through a number of discrete
steps. It is possible that evolution of a Kapa/Kapb1-depen-

dent NLS allowed La to attain additional functionality,
perhaps by decreasing the mass of La used as a signal for
nuclear localization (see Fig. 7 for a schematic representa-
tion of the four La proteins studied here). As shown
above, even a large, 113-aa domain encompassing a
Kap108p-dependent NLS only weakly concentrated frag-
ment 2 in the nucleus (Fig. 2). NLSs for a-Kap–indepen-
dent b-Kaps appear to be larger than NLSs recognized by
Kapa. The NLS of Nab2p for Kap104p-mediated import
has been mapped to a region 50- or 110-aa long, and the
hnRNP A1 NLS for Kapb2-mediated import is at least 38-
aa long (Siomi and Dreyfuss, 1995; Siomi et al., 1998; Tru-
ant et al., 1998). In addition, Kap111p/Mtr10p, which im-
ports Npl3p, uses an NLS on the order of 130-aa long
(Pemberton et al., 1997; Senger et al., 1998). In contrast, a
27-aa domain of human La (Simons et al., 1996) and a 35-
aa domain of Drosophila La (Fig. 6 b) strongly concen-
trate fusion proteins to the nucleus via a-Kap–dependent
pathways. In fact, a-Kap–dependent NLSs are often
shorter than 12 aa and can even be as short as 5 aa (Ding-
wall and Laskey, 1991). In addition, the Kap108p-depen-
dent NLS of Lhp1p includes the RNA-binding domain,
and it is therefore possible that RNA binding and Kap108p
binding of Lhp1p are mutually exclusive (many NLSs of
DNA- or RNA-binding proteins have been mapped to
sites overlapping or adjacent to DNA- or RNA-binding
domains; LaCasse and Lefebvre, 1995). An example of
this exclusivity of binding La has been described for the
human protein. A monoclonal antibody, mAb SW3, which
binds within the RRM of hsLa, is unable to bind to RNA-
associated La (Pruijn et al., 1995). It could be envisioned
that directionality for Lhp1p import could be conveyed in
this manner. Newly synthesized, cytoplasmic Lhp1p could
be recognized in the cytoplasm by Kap108p. Kap108p
could then direct Lhp1p through the NPC by virtue of its
interaction with nucleoporins (Rosenblum et al., 1997).
Once in the nucleus, the Kap108p/Lhp1p complex could
be dissembled in the presence of a high concentration of
oligouridylate-containing RNA polymerase III transcripts
in the nucleus (Senger et al., 1998). The overlap between
the Lhp1p NLS and its RNA recognition motif may also
affect cytoplasmic functions of La proteins. As shown in
Fig. 1 b, a large proportion of cytoplasmic Lhp1p is stably
bound to Kap108p. Given that this binding appears to be

Figure 7. A representation of important domains for four evolu-
tionarily distinct La proteins. Bars proportional to the length of
the human, Drosophila, S. pombe, and S. cerevisiae La proteins
are shown. Black lines, RRMs; two-headed arrows, proteins
NLSs. The ATP-binding domain of human La is indicated.
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mediated by a large region that includes the RNA-binding
domain of Lhp1p, it appears unlikely that this domain
would be accessible for cytoplasmic functions in S. cerevi-
siae. As such, there may have been an evolutionary advan-
tage to have the NLS of the more complex La proteins in a
region not involved in direct RNA binding.

It is possible that using different domains for an NLS
would require different modes of regulation for nuclear
import/export. One possible mode for regulation of hsLa
is by phosphorylation. Phosphorylation of the major ca-
sein kinase II site of La, serine 366, has recently been
shown to impair the RNA pol III transcription factor ac-
tivity of La in vitro (Fan et al., 1997). As a corollary to this
observation, it would be expected that the unphosphory-
lated form of La would be present in the nucleus where it
performs its transcription-related functions. Our observa-
tion that bacterially expressed, and therefore unphos-
phorylated, hsLa–GFP is actively transported into HeLa
cell nuclei is consistent with this expectation. Further, the
proximity of Ser-366 to the NLS of La (aa 382–408) raises
the possibility that La activity may be coupled to its local-
ization. Such feedback would appear to be particularly im-
portant for proteins like La that have nuclear and cyto-
plasmic functions.

A scheme for the evolution of La can be generated, tak-
ing into account known domains of La and our results re-
garding the divergence of its nuclear targeting (see Fig. 7
for a schematic of relevant domains of representative La
proteins). In such a scheme, the common ancestor of the
modern La proteins (Fig. 3 a) was imported via an a-Kap–
independent b-Kap. The progenitor Kap recognized the
progenitor La via a large, complex domain. Branch II di-
verged from branch I in part by acquiring a strong a-Kap–
dependent NLS in the COOH-terminal domain of the pro-
tein. In the case of the S. pombe La, the NLS probably
begins 44 aa from the COOH terminus. The second major
evolutionary divergence (between branch II and branch
III) occurred with the acquisition of an even more COOH-
terminal NLS, the dmLa NLS, for example, begins within
35 aa of the COOH terminus. This second divergence co-
incided with a 30% increase in the size of La. Further spe-
cialization of the central domain, which was no longer
required for nuclear import, led to the addition of an atyp-
ical RRM and an ATP-binding motif in the proteins of
branch IV (Birney et al., 1993). In the case of human La,
the NLS is contained within 27 aa of its COOH terminus
(Simons et al., 1996).

Lhp1p also appears to have a weak Kap108p-indepen-
dent NLS that can be unmasked by removing the first 187
amino acids of the protein. This NLS does not appear to
function in the context of full-length Lhp1p (Fig. 2 c, top
right panel), but is likely to be relevant evolutionarily, as a
corresponding domain of Sla1 does appear to be responsi-
ble for nuclear import.

Evolution of the Karyopherin Superfamily

Recently a molecular phylogenetic analysis of the karyo-
pherin superfamily was used to suggest an evolutionary
framework for this class of proteins (Malik et al., 1997).
This analysis demonstrated that the Arm motifs of a-Kaps
and the HEAT motifs of b-Kaps are related. As a result, it

is likely that an a-Kap–independent progenitor gave rise
to both the a-Kaps and the b-Kaps. The b-Kaps that re-
sulted consisted of both a-Kap–dependent and –indepen-
dent types (Malik et al., 1997). If this were indeed the case,
it might be predicted that such an evolutionary divide
might be observed in comparing nuclear transport path-
ways used for a conserved protein in divergent organisms.
It is possible that we have uncovered such a division. An
additional possibility is that the evolution of nuclear trans-
port mechanisms of La proteins was intimately related to
the specialization of a-Kaps. S. cerevisiae only has one a-Kap
whereas humans have at least six a-Kaps, each with a
unique substrate specificity and expression pattern (Pem-
berton et al., 1998). In this light it is possible that the de-
velopment of additional a-Kaps, which occurred after the
divergence of S. cerevisiae from humans (Malik et al.,
1997), was a key element in the development of a-Kap–
dependent NLSs in La proteins. Given the difference in
size between NLSs of a-Kap–dependent and –indepen-
dent pathways, it would be surprising if other classes of
proteins did not recapitulate similar evolutionary strate-
gies. Whether Kap108p-like proteins evolved to specialize
a role involving ribosomal proteins will be determined
with the continued characterization of this function in S.
cerevisiae and the cloning and characterization of Kaps in
higher eukaryotes.
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