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Identification of hSRP1« as a Functional
Receptor for Nuclear Localization Sequences

Karsten Weis, lain W. Mattaj, Angus |. Lamond*

Import of proteins into the nucleus is a two-step process, involving nuclear localization
sequence (NLS)-dependent docking of the substrate at the nuclear envelope followed
by translocation through the nuclear pore. A recombinant human protein, hSRP1a,
bound in vitro specifically and directly to substrates containing either a simple or
bipartite NLS motif. hSRP1a promoted docking of import substrates to the nuclear
envelope and together with recombinant human Ran reconstituted complete nuclear
protein import. Thus, hSRP1a has the properties of a cytosolic receptor for both simple

and bipartite NLS motifs.

Import of proteins into the nucleus is an
active process consisting of at least two
steps: first, the energy-independent docking
of the substrate to the nuclear envelope, and
second, translocation through the nuclear
pore complex, which requires energy (1).
The presence of a specific NLS in the im-
ported protein is a prerequisite for both
steps. In most cases the NLS consists either
of a short domain of basic amino acids—for
example, the simple NLS of SV40 T antigen
(PKKKRKV)—or of two stretches of basic
residues separated by a spacer of about 10
amino acids, the bipartite NLS motif (2).
A variety of biochemical and genetic ap-
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proaches have been used to search for factors
involved in nuclear protein import (3). Bio-
chemical fractionation of import activities,
by means of an in vitro transport assay (4),
has shown that the two steps of nuclear
protein import can be mimicked by two cy-
tosolic fractions, A and B (5). Fraction B
mediates the translocation step and consists
of two protein components, Ran/TC4 and
ppl5 (6—8). Recently, importin has been
identified as a Xenopus factor required for the
first step of nuclear import (9). Importin is
homologous to the yeast protein SRP1 (sup-
pressor of RNA polymerase 1) (10). Factors
that bind to the NLS motif in vitro are likely
to play an important role in the import
reaction. Such NLS-binding factors could
either be free cytosolic proteins or could be
associated with the nuclear envelope. Sever-
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aligned. Alignment was performed with PILEUP (37). hSRP1« is 44.8% iden-
tical to yeast SRP1 and 63% identical to Xenopus importin, which itself shows
43.6% identity to yeast SRP1. The second human homolog, hSRP1 (76), is
only 44.8% identical to hSRP1a and 43.3% identical to Xenopus importin,
althoughiitis 50.2% identical to yeast SRP1. Single-letter abbreviations for the
amino acid residues are as follows: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G,
Gly; H, His; 1, 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.

Fig. 1. (A) Nucleotide and deduced amino acid sequence of hSRP1a. The
full-length cDNA sequence was deduced from the overlap of four independent
cDNA clones (30). The hSRP1a protein has a predicted molecular size of
57,861 daltons and a predicted isoelectric point (pl) of 5.15. (B) Amino acid
sequence alignment of SRP1 homologs. The sequences of (I) h\SRP1a [this
study and (75)], (Il) mouse pendulin (EMBL database accession number
U12270), (lll) Xenopus importin (9), (IV) Drosophila pendulin (EMBL database
accession number U12269), (V) hSRP1 (76), and (VI) yeast SRP1 (70) were

al proteins have been identified that bind to
the NLS in vitro, but no cloned factor has
been reported that fulfills the criteria of an
NLS receptor (3).

We have carried out a yeast two-hybrid
screen (I11) with a Hela complementary
DNA (cDNA) library using the human nu-
clear protein p80 coilin (12) as the bait
(13). Ninety positive clones were identified
for further analysis. Seven clones encoded
the same protein, which showed over 44%
identity to yeast SRP1 (10). Full-length
cDNAs were isolated that encoded a pro-
tein of 57.8 kD, hSRP1a (Fig. 1A). It con-
tained eight repeats of the “arm motif” first
identified in the Drosophila armadillo gene
(14). The same human gene, and a second
human SRP1 homolog, have also been
identified on the basis of their interaction
with recombination activating gene 1
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(RAGI1) in the two-hybrid system (15, 16).
The hSRPla protein is also related to Xe-
nopus importin, and a database search has
revealed additional homologs in other or-
ganisms (Fig. 1B). Despite their obvious
sequence similarity, the two human pro-
teins are no more related to each other than
they are to the yeast SRP1. Thus, SRP1-like
proteins belong to a complex multigene
family that may have similar or distinct
functions. The SRP1 gene is essential in
yeast, but its function has been unclear
because of the pleiotropic nature of SRP1
mutant phenotypes (10, 17, 18). We found
that hSRP1a could not complement a de-
letion in the yeast SRP1 gene (19).
Because p80 coilin and RAGI, which
both interact with hSRPla in the two-
hybrid assay, are nuclear proteins, we tested
whether hSRPla might interact directly
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with nuclear localization sequences (2).
Antibodies were raised against hRSRP1a and
the resulting antisera reacted with a single
band of ~60 kD in a Hela cytoplasmic
extract (Fig. 2A). Immunoprecipitation
with antiserum to hSRPla (anti-hSRP1la)
resulted in efficient coprecipitation of at
least one other protein of ~90 kD as well as
weaker recovery of several additional pro-
teins (Fig. 2A). A number of proteins of
~30 kD were recovered with variable effi-
ciency in different experiments. Only the
60-kD protein reacted with anti-hSRP1a in
protein immunoblots (19). Chromatogra-
phy on a Mono{QQ Sepharose column con-
firmed the association of the 60-kD
(hSRP1la) and 90-kD proteins (Fig. 2A).
The immunopurified complex was incubat-
ed in vitro with digoxigenin-labeled protein
conjugates consisting of bovine serum albu-



Fig. 2. (A) Detection and purification of native hSRP1a with specific antisera. Rabbit polyclonal antisera
were raised against both recombinant hNSRP1a and against a peptide corresponding to the COOH-terminal
18 amino acids of hSRP1a (32). The antipeptide antibody specifically reacted with a single band of ~60 kD
in a Hel.a cytoplasmic extract (lane 1). This antiserum was coupled to protein A-Sepharose beads and used
to immunopurify native hSRP1a (33). As revealed by silver staining of a 10% SDS-PAGE gel, two major
bands of 60 and 90 kD were immunopurified (lane 3). Neither of these proteins was recovered from
Sepharose beads coupled to the preimmune serum (lane 2). Protein immunoblotting of the immunopre-
cipitate with anti-nSRP1a detected only the 60-kD protein (79). Both the 60- and 90-kD proteins copurified
upon subsequent chromatography of the immunopurified complex on a MonoQ Sepharose column (34), as
revealed by silver staining (lane 4). (B) Coprecipitation of digoxigenin-labeled BSA-NLS conjugate with
native hSRP1a by anti-hSRP1a. Five hundred nanograms of either digoxigenin-labeled BSA-NLS or
BSA-REV were incubated for 2 hours with ~100 ng of immunopurified native hSRP1a and then immuno-
precipitated with anti-hSRP1a (29). The resulting immunoprecipitates were separated by 10% SDS-PAGE,
blotted onto nitrocellulose, and probed with anti-digoxigenin coupled to alkaline phosphatase (lanes 1 to 3).
The BSA-NLS conjugate is coprecipitated (lane 1) but the BSA-REV conjugate is not (lane 2). BSA-NLS is
not coprecipitated by preimmune serum (lane 3) or by anti-hSRP1a in the absence of hSRP1a (79).
Molecular sizes are indicated in kilodaltons.
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NLS peptide prevented coprecipitation
of BSA-NLS by recombinant hSRPla,
whereas an equivalent molar excess of free
REV peptide did not (Fig. 3C).

We then asked whether hSRPla could
also bind specifically to bipartite NLS (Fig.
3D). The human Cap-binding protein
CBP80 (21) contains a bipartite NLS (22).
When CBP80 was incubated with recombi-
nant hSRP1la and immunoprecipitated with
anti-hSRPla, coprecipitation was observed
(Fig. 3D). However, a transport-defective
CBP80 mutant, which has a two—amino acid
alteration within the bipartite NLS (22), was
not coprecipitated (Fig. 3D). No precipita-
tion of wild-type CBP80 was observed with
preimmune serum or in the absence of re-
combinant hSRP1a (Fig. 3D). Using a sim-
ilar assay, we observed a specific interaction
between hSRPla and recombinant nucleo-

plasmin (23), which also contains a bipartite
NLS (19).

(lane 1) but the BSA-REV

conjugate was not (lane 2).

BSA-NLS was not copre- 1 2 3 4 12 3
cipitated by preimmune se-

rum (lane 3) or by anti-hSRP1a in the absence of recombinant hNSRP1« (lane 4). (C) Coprecipitation of
digoxigenin-labeled BSA-NLS conjugate competed with peptides. Digoxigenin-labeled BSA-NLS
(500 ng) was incubated for 2 hours with ~2 ug of recombinant hSRP1a either in the absence of
peptides (lane 1) or in the presence of a 50-fold molar excess of a peptide corresponding to the SV40
T antigen NLS (lane 2) or a 50-fold molar excess of the REV peptide (lane 3). All samples were
immunoprecipitated with anti-nSRP1a and analyzed as in (B). (D) Coprecipitation of in vitro translated
353-labeled CBP80 with recombinant hNSRP1a by anti-hSRP1a. The same amount of either wild-type
(lane 1) or a transport-defective mutant of CBP80 (lane 2) was incubated for 2 hours with ~2 ng of
recombinant hSRP1a and then immunoprecipitated with anti-hSRP1a (36). Control reactions were
performed by incubation of wild-type CBP80 and hSRP1a with preimmune serum (lane 3) and
incubation of wild-type type CBP80 without hSRP1a followed by immunoprecipitation with anti-
hSRP1a (lane 4). The resulting immunoprecipitates were separated by 10% SDS-PAGE and analyzed
with a Phosphorimager (Molecular Dynamics). (E) Coprecipitation of in vitro translated 35S-labeled
CBP80 and recombinant hSRP1a competed with peptides. Wild-type CBP80 was incubated for 2
hours with ~2 pg of recombinant hSRP1a either in the absence of peptides (lane 1) or in the presence
of a 50-fold molar excess of a peptide corresponding to the SV40 T NLS (lane 2) or a 50-fold molar
excess of the REV peptide (lane 3). All samples were immunoprecipitated with anti-hSRP1a and
analyzed as in (D). Quantitation by the Phosphorimager indicated that the SV40 NLS peptide reduced
coprecipitation by over 95% whereas the REV peptide had no inhibitory effect. Molecular sizes are
indicated in kilodaltons.
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Next, we tested whether hSRP1a bind-
ing to the bipartite NLS could be competed
by free SV40-NLS peptide (Fig. 3E). A
50-fold molar excess of SV40 NLS peptide
inhibited coprecipitation of CBP80 with
hSRPla by more than 95%, whereas an
equivalent amount of the REV peptide had
no effect (Fig. 3E). Thus, either the same
binding site on hSRPla interacted with
both classes of NLS or two separate binding
sites exist, both of which could not be
occupied at the same time. Previous studies
suggest that the nuclear import of proteins
with both classes of NLS involve common
pathways (24, 25). Our data suggest that
recognition of NLS motifs by hSRPla is
likely to be a common step.

Xenopus importin is an essential nuclear
import factor and, as discussed above, is 64%
identical to hSRP1a (Fig. 1B) (9). Because
the SRP1-like proteins belong to a complex

.
Fig. 4. In vitro nuclear protein import assays. Im-
port of fluorescein-coupled BSA-NLS conjugate
into nuclei of digitonin-permeabilized HelLa cells
(37) was assayed in the presence of either Xeno-
pus egg extract (10 mg/ml final concentration) (A
and B), no extract (C), recombinant hSRP1a
alone (200 pg/ml final concentration) (D), recom-
binant human Ran alone (200 p.g/ml final concen-
tration) (E), and both recombinant hSRP1a and
Ran together (F). Pictures were recorded with a
confocal fluorescence microscope. ATP, GTP,
creatine phosphate, and creatine kinase were in-
cluded in the assays shownin (A) and (C) and in (D)
through (F). Similar results to those shown in (D)
were obtained also in the absence of the NTPs
and creatine phosphate and kinase (79). As pre-
viously observed, nucleolar staining was frequent-
ly present in the import assays (5, 9). In the assay
shown in (B), no NTPs or creatine phosphate or

creatine kinase were added and hexokinase was
included to deplete endogenous NTPs.
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multigene family, it was essential to assay
whether hSRP1a, like importin, promoted
the first step in nuclear protein import (that
is, docking of substrate to the nuclear enve-
lope) (Fig. 4). Xenopus egg extract promoted
full import of a BSA-NLS conjugate in the
presence of adenosine triphosphate (ATP)
and an energy regeneration system (Fig. 4A)
(4, 5). In the absence of ATP only the
docking of BSA-NLS to the nuclear enve-
lope was observed (Fig. 4B). No docking or
import was observed in the absence of ex-
tract or in the presence of recombinant Ran
alone (Fig. 4, C and E). Addition of recom-
binant hSRP1a instead of Xenopus extract
promoted docking, but not import, of
BSA-NLS (Fig. 4D). The hSRPla-medi-
ated docking depended on the presence of
a functional NLS in the import substrate,
but was independent of ATP and an en-
ergy regeneration system (19). Addition of
both recombinant hSRP1la and recombi-
nant Ran mediated complete import of
BSA-NLS into the nucleus (Fig. 4F).
Thus, two recombinant human proteins
are sufficient to reconstitute nuclear pro-
tein import in this in vitro assay system.
Because the efficiency of import was lower
with the two purified components than
with the total extract, other factors or
protein modifications, or both, might also
be involved in protein import. Candidate
factors would include the 90-kD protein
associated with endogenous hSRP1la, and
ppl5, which together with Ran constitutes
import fraction B (8).

It is likely that hSRPla is part of a larger
complex in vivo because it is associated with
at least one other protein of 90 kD. Al-
though its function is unknown, the 90-kD
protein might modulate the binding of
hSRPla to NLS motifs, mediate interac-
tions with other components of the transport
machinery, or both. Two bovine factors, cor-
responding to previously identified NLS-
binding components of 54 and 56 kD (26),
and a factor of ~97 kD combine to promote
the first step in nuclear import in vitro (27).
Similarly, a second labile subunit of Xenopus
importin can be detected, consistent with its
activity as part of a larger complex in vivo
9).

A putative function for the yeast SRP1
protein in the nuclear import of proteins
could account for the complexity of its mu-
tant phenotypes (10, 17). Both genetic and
immunofluorescence data in yeast indicate
that SRPI interacts with nuclear pore com-
ponents (10, 18). At least one other class of
NLS receptor is believed to mediate import
of small nuclear ribonucleoprotein particles
(snRNPs) (24, 28). Perhaps other members
of the SRP1 gene family might bind this
class of nuclear import substrate or bind to
proteins with different forms of the NLS
motif.
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Photovoltage of Rods and Cones
in the Macaque Retina

David M. Schneeweis and Julie L. Schnapf*

The kinetics, gain, and reliability of light responses of rod and cone photoreceptors are
important determinants of overall visual sensitivity. In voltage recordings from photore-
ceptors in an intact primate retina, rods were found to be functionally isolated from each
other, unlike the tightly coupled rods of cold-blooded vertebrates. Cones were observed
to receive excitatory input from rods, which indicates that the cone pathway also pro-
cesses rod signals. This input might be expected to degrade the spatial resolution of

mesopic vision.

The photocurrent signals of photoreceptor
cells primarily reflect light-activated bio-
chemical processes that occur in the outer
segment. The membrane potential, however,
also can be shaped by voltage-dependent
conductances and synaptic interactions (1).
This study demonstrates a role for these lat-
ter processes in primate photoreceptors.
These processes are of particular importance
because the photovoltage, not the photocur-
rent, modulates synaptic transmission.
Photovoltage responses of 16 rods and
23 cones (14 green and 9 red) from 13
monkeys were measured with the perforat-
ed-patch technique (2). Dark-adapted reti-
nas, obtained primarily from the monkey
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Macaca fascicularis, were placed in a record-
ing chamber and superfused with physiolog-
ical saline (3). A 180- or 400-pm-diameter
spot of plane-polarized light, incident on
the ganglion cell side of the retina, was
focused onto the photoreceptors. The rate
of photoisomerization was estimated from
the product of the light intensity and the
collecting area, A_, of the photoreceptor

(4)

)

The dark resting potential of rods was,
on average, —37 mV, and light evoked
hyperpolarizing responses that increased
with flash strength (Fig. 1, A and B). The
relation between peak hyperpolarization
and photon density was fitted by a Michael-
is function (Fig. 1C). This function is less
steep than the exponential saturation func-
tion that describes the intensity depen-
dence of the photocurrent in macaque and
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Fig. 1. Dependence of photovoltage on flash
strength in macaque rods. Change in membrane
potential in one rod is plotted in (A) and (B), on two
time scales, as a function of time after the middle
of a 10-ms flash. Traces are average responses to
1 to 18 flashes. Dark resting membrane potential
is =43 mV. Response bandwidth, DC to 30 Hz.
Flash monitor is below voltage traces. Flash pho-
ton densities ranged from 5 photons pm=2 to
2300 photons wm~2, at 500 nm. (C) Peak hyper-
polarization of five rods is plotted as a function of
flash strength on normalized axes. Each symbol
represents a different cell; r, peak hyperpolariza-
tion; 1,4 Maximal hyperpolarization to a saturat-
ing light; /, flash photon density; /,, the photon
density that elicited a peak response of Var, . For
the cells plotted, r..,, varied between 13 mV and
35 mV (mean 22 mV) and i, ranged from 17 pho-
tons wm~2to 130 photons wm~2. The continuous
curve is the Michaelis function, r/r,.. = i/ + iy);
the dashed curve is an exponential saturation
function, r/r, ., = 1 — exp (=i/ig).

human rods (5, 6). The photon density that
elicited a response of half-maximal ampli-
tude was 75 * 40 photons wm~? (mean *
SD, n = 10), or about 75 photoisomeriza-
tions. Input resistance was 1.2 = 0.5 gig-
ohms (mean = SD, n = 6) (7).

The time to the peak of the response to
the flash decreased with increasing flash
strength from 200 ms to less than 35 ms
(Fig. 1, A and B). In response to bright
flashes, the photovoltage displayed an ini-
tial transient that decayed to a plateau of
intermediate value. These kinetic features
are not present in the photocurrent (5);
differences of this kind between photocur-
rent and voltage have been observed previ-
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