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Identification of hSRPla as a Functional 
Receptor for Nuclear Localization Sequences 

Karsten Weis, lain W. Mattaj, Angus I. 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, hSRPlcu, 
bound in vitro specifically and directly to substrates containing either a simple or 
bipartite NLS motif. hSRPlcu promoted docking of import substrates to the nuclear 
envelope and together with recombinant human Ran reconstituted complete nuclear 
protein import. Thus, hSRPlcu 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 ( I ). 
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 sitnple 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- 
chetnical 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 
pp15 (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 SRPl (sup- 
pressor of RNA polymerase 1) (1 @). 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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1 GCCACACGGT CTTGAGCTG AGTCGAGGTG GACCCTFEA ACGCAGTCGC CCTACAGCCG 

61 CTGAPICCCC CCGCATCGCC TCCCGTGGAA GCCCAGGCCC GCTTCGCAGC TFXTCCCTT 
1 M S T  N E N  A N T P  A A R  L H R  

121 TGTCTCATAA CCATGTCCAC CAACGAGAAT GCTAATACAC CAGCTGCCCG TCTTCACAGA 
N 

1 7 F K N K  G K D  S T E  M R R R  R I E  V N V  
181 TTCAAGAACA AUiCAAAAGA CAGTACAGAA ATGAGGCGTC GCAGAATAGA GGTCAATGE 
3 7 E L R K  A K K  D D Q  M L K R  R N V  S S F  

241 GAGCTGAGGA AAGCTAAGAA GGATGACCAG ATGCTGAAGA GGAGAAATGT AAGCTCAm 

5 7 P D D A  T S P  L Q E  N R N N  Q G T  V N Y  
301 CCTGATGATG CTACTTCTCC GCECAGGAA AACCGCAACA ACCAGGGCAC TGTAAATTGG 
7 7 S V D D  I V K  G I N  S S N V  E N Q  L Q A  
361 TCTGTTGATG ACAlTGTCAA AGGCATAAAT AGCAGCAATG TGGRAARTCA GCTCCAAGCT 

9 7 T Q A A  R K L  L S R  E K Q P  P I D  N I I  
421 ACTCAAGCTG CCAGGAAACT ACmCCAGA G W C A G C  CCCCCATAGA CAACATAATC 
1 1 7 R A G L  I P K  F V S  F L G R  T D C  S P I  
481 CGGGCTGGTT 'TGATTCCGAA ATlTGTGTCC TPC?TGGGCA GAACTGATE TAGTCCCATT 
1 3 7 Q ~ ~ s  A W A  L - N  I A S G  T S E  Q T X  
541 CAGTTTGPAT CIGCTTCGGC ACTCACTAAC ATPiCTTCTG GGACATCAGA ACAAACCMG 
1 5 7 A v v ~  G G A  I P A  F I S L  L A S  P X A  
601 GCEXGTAG AIGGAGGTGC CATCCCAGCA TPCATTTCTC ETTCGCATC TCCCCATGCT 1 0~F11~3~~0~ E A K ~ S ~ ~ S  V ~ L ~ K ~ A ~ A ~ A  v P D M s 219 

1 7 7 H I s - E  Q A V  W A L  G N I A  G D G  S V F  
11 D C G A I P A P I S L L A S P E A H I ~ B Q A V W A L G N I A G D G S I \ F R D L  I K R G A I D P L L I L L A V F D L E  219 

661 CACATCAGP; AACPAGCTGT CTWjGCTCTA GGAAACATE CAGGTGATCG CTCAGETPC 
III D G  A I P A P I S L I S S P ~ L B I S E P A V W A L G N : A G D G P L Y R D A L I N N V I P  L L A L V N P Q T - -  211  
N E N A V P E P  A L L Q S K S M N L A E P A V W A L G N I A G D G A L A R D I V I H H N V I D G I L P L N N E T - -  2 1 0  

~ ~ ~ R D L v  I K Y  G A V  D P L L  A L L  A V P  v A G A V P I P I E L L S S B P B D V Q E Q A V W A L G N I A G D  T W C R D Y V L N Z I I ~ P P L L Q L P S K Q N R L  2 2 6  
721 CGAGACTRX TTATTAAGTA CGGTGCAGTP GACCCACTGT TGGCTCTCCT TGCAGTTCCT vr d l  A Y P L P I  L L Y  G S V B O K  A I I I A L G S V A  D S T D Y R D Y V L P C B A l l  P L G L P N S - N K P  2 2 9  

2 1 7 D M S S  L A C  G Y L  R N L T  W T L  S N L  
781 GATATGTCAT CTPTAGCATG TGGCTACTTA CGTAATCTTA CCTGGACACT TTCTAATCTT 

11 I T L A C G Y L R N L T Y T L S N L C R N K N  S" c G ; $ ~ T ~ A ~ D  A P F L D A  E I L P T L V R ' L A H N D P E V L A D S C W A I S Y L T  2 7 9  BK K D [ P ~ T ~ ~ I @  

~ ~ ~ C R N X  N T A  ? P I  D A V E  Q I L  P T L  
841 TGCCGCAACA AGAATCCTGC ACCCCCGATA GATGCTGTTG AGCAGATTCT TCCTACCTPA ITI . - P L G Y L R N I T W I L S N L C R N K U P Y P P  S A  L I L P V L T P ' : ~ H H D D K D I L Q D T C W A M S Y L T  2 7 2  

N - - P L S  R N I V  L M S N L C R  K P S P  F D P V K R L L P V L S Q L L L S Q D I  V L A D A C W A L S Y V T  268 
~ ~ ~ V R L L  H H D  D P E  ' / L A D  T C W  A I S  Y ~ ~ : : : : I . R N A V U A L S N L C R G K S P P P E P A K V S P C L N V L S W L L F V S D T D V L A D A C U A L S Y L S  2 8 2  
901 GTTCGGCTCC TGCATCATGA TGATCCAGAA GTGTPAGCAG ATACCTGCTG GGCTATPXC VI I T A T N T L ~ N L C R G K S P Q P D Y ~ V V S I I D A L P T L A K L I Y S L I D T E  v A u I 
~ ~ ~ Y L T D  G P N  E R I  G M V V  K T G  V V P  
961 TACCTTACTG ATGGTCCAAA TGPACGAATT GGCATGGTGG TGAAAACAGG AGTIGTGCCC 
~ ~ ~ Q L V K  L L G  A S E  L P I V  T P A  L R A  
1021 CAACTTGTGA AGCTTCTAGG A G C T T C W  TIGCCPATP; TGACXCTGC CCTAAGAGCC 
3 1 7 1 ~ ~ 1  V T G  T D E  Q T Q V  V I D  A G A  
1081 ATAGGGAATA TTGTCACTGG TACAGATGAA CAGACTCACG TTGTGATIGA TGCAGGAGCR 

3 3 7 L ~ v ~  P S L  L T N  P K T N  I Q K  E A T  
1141 CTCGCCGXT TTCCCAGCCT GCTCACCPAC CCCRAARCTA ACATTCAGPA GGPAGCTACG 

3 5 7 W T M S  N I T  A G R  Q D Q I  Q Q V  V N H  
1201 rP;rGACAATGT CAAACATCAC AGCCGGCCGC CAGGACCAGA TACAGCAAGT TGTGAATCAT 
3 7 7 G L V P  F L V  S ' I L  S K A D  ? K T  Q K E  
1261 GGATTAGTCC CATTCCTIGT CAGTGTTCTC TCTAACGCAG ATTTTAAGAC ACRAARGGPA 
~ ~ ~ A V H A  V + N  Y T S  G G T V  E Q I  V Y L  

1321 GCTGTGTGGG CCGTGACCPA CTATACCAGT GGTGGPACAG TTGPACAGAT TGTGTACCTT 
~ I ~ V H C G  I I E  P L M  N L L T  A K D  T K I  
1381 GTTCACTGTG GCATAATAGA ACCGTIGATG AACCTCTTAA C T G C W G A  TACCAAGATT 

1 3 7 1 ~ ~ 1  L D A  I S N  I F Q A  A E K  L G E  
liil ATTCTGGTTA TCCTGGATGC CA'iTTCAAAT ATCTPTCAGG CTGCTGAGAA ACTAGGTGAA 
i 5 7 T E K L  S I M  I E E  C G G L  D K I  E A L  
1501 ACK-AGAAAC TTAGTATAAT GATIGAAGAA TGTUiAGGCT TAGACRAART TGAAGCTCTA 

~ ~ ~ Q N H E  N E S  V Y K  A S L S  L I E  K Y F  I I ;D~n~u~r$rl~ A ~ S ~ K ~ -  [E E ~ Q  N v V[E T 510 1561 C W C C A T G  ARPATGAGTC TGTGTATPAG GCTTCGTTPA GCTTAATIGA GAAGTATITC W I E E C G G L D K l E A L Q R E E N E S V Y K A S L N L I B K Y P S - V E E E E D Q N V V F E T  $10 
1 9 7 s ~ ~ ~  E E D  Q N V  V P E T  T S E  G Y T  111 Q E K L C L - - - - - L V E E L G G L E K I E A L Q T H D N H  V Y E A A L A L I B K Y F S - G E E A D O I A L E P E K  5 0 3  

1621 TCTGTAGAGG AAGAGGAAGA T C W C G T P  GTACCAGAAA CTACCTCTGA AGGCTACACT 
T E N L C L - - - - - I V E E ~ G G L D K ~ E T L Q Q E E N E E ~ Y ~ K A Y A I I D T Y P ~ N G D D E A E Q E L A P Q E  5 0 1  

v E N 0  G I R P Y C A L I E  A G L D K I E P L Q B A E U  E I Y Q K A F D L I E H Y P G T E D E - - D S S I A P Q V  5 1 7  
5 1 7 F Q V Q  D G A  P G T  F N F  VI A R ~ ~ N I N B N A D P I E K A G O ~ E K I P N C  O N E N D K I Y E K A Y K  I B T Y F G B E E D A V D E T N A P Q -  5 2 3  
1681 TPCCPAGTTC AGGATGGGGC TCCTGGGACC TPTAACTTIT AGATCATGTA GCTGAGACAT 

1711 AAATTTGTIG TGTACTACGT WGGTATTIT GTCTPATPGT TTTCTACTA AGAACTCPTT 529  
1801 CTTAAATGTG GTFIGTTACT GTAGCACTTT TTACACTGAA ACTATACTTG AACAGTTCCA 5 2 9  

1861 ACTGTACATA CATACTGTAT GAAGCTTGTC CTCTGACTAG GPITCTAATT TCTATGTGGA 5 2 2  

1921 ATTTCCTATC TTGCAGCATC CTGTAAATAA ACATTCPAGT CCACCCTTAA RARARA 
522 
5 3 8  
5 4 2  

Fig. 1. (A) Nucleotide and deduced amino acid sequence of hSRPla. The aligned. Alignment was performed with PILEUP (31). hSRPla is 44.8% iden- 
full-length cDNA sequence was deduced from the overlap of four independent tical to yeast SRPl and 63% identical toxenopus irnportin, which itself shows 
cDNA clones (30). The hSRPl a protein has a predicted molecular size of 43.6% identity to yeast SRPl. The second human homolog, hSRP1 (16), is 
57,861 daltons and a predicted isoelectric point (pl) of 5.15. (B) Amino acid only 44.8% identical to hSRPla and 43.3% identical to Xenopus irnportin, 
sequence alignment of SRPl homologs. The sequences of (I) hSRPl a [this although it is 50.2% identical to yeast SRPl . Single-letter abbreviations for the 
study and (15)], (11) mouse pendulin (EMBL database accession number amino acid residues are as follows: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, 
U122701, (Ill) Xenopus importin (91, (IV) Drosophila pendulin (EMBL database Gly; H, His; I, Ile; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, Gln; R, Arg; S, Ser; 
accession number U12269), (V) hSRPl (161, and (Vl) yeast SRPl (10) were T, Thr; V, Val; W, Trp; and Y, Tyr. 

a1 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 recemor (3). 

L . .  
We have carried out a yeast two-hybrid 

screen (1 1)  with a HeLa complementary 
DNA (cDNA) library using the human nu- 
clear protein p80 coilin (12) as the bait 
(1 3). Ninety positive clones were identified 
for further analysis. Seven clones encoded 
the same protein, which showed over 44% 
identity to yeast SRPl (10). Full-length 
cDNAs were isolated that encoded a pro- 
tein of 57.8 kD, hSRPla  (Fig. IA) .  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 SRPl homolog, have also been 
identified on the basis of their interaction 
with recombination activating gene 1 

(RAGl )  in the two-hybrid system (1 5,  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, SRPl-like 
proteins belong to a complex multigene 
family that may have similar or distinct 
functions. The SRPl gene is essential in 
yeast, but its function has been unclear 
because of the pleiotropic nature of SRPl 
mutant phenotypes (10, 17, 18). We  found 
that hSRPla  could not complement a de- 
letion in the yeast SRPl gene (19). 

Because p80 coilin and RAGl ,  which 
both interact with hSRPla  in the two- 
hybrid assay, are nuclear proteins, we tested 
whether hSRPla  might interact directly 

with nuclear localization sequences (2). 
Antibodies were raised against hSRPla  and " 

the resulting antisera reacted with a single 
band of -60 kD in a HeLa cvtoulasmic , L 

extract (Fig. 2A). Immunoprecipitation 
with antiserum to hSRPla  (anti-hSRPla) 
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 orotein reacted with anti-hSRPla in 
protein immunoblots (19). Chromatogra- 
phy on a MonoQ Sepharose column con- 
firmed the association of the 60-kD 
(hSRPla)  and 90-kD proteins (Fig. 2A). 
The immunopurified complex was incubat- 
ed in vitro with digoxigenin-labeled protein 
conjugates consisting of bovine serum albu- 
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Fig. 2. (A) Detection and purification of native hSRPla with specific antisera. Rabbit polyclonal antisera A B 
were raised against both recombinant hSRPl a and against a peptide corresponding to the COOH-terminal ,, 
18 amino acids of hSRPl a (32). The antipeptide antibody specifically reacted with a single band of -60 kD 5 
in a HeLa cytoplasmic extract (lane 1). This antiserum was coupled to protein A-Sepharose beads and used 7 8 Y Z g  
to immunopurify native hSRPla (33). As revealed by silver staining of a 10% SDS-PAGE gel, two major - E .- c 2 4 ~  

z 
a %  s 3 2 ' s  bands of 60 and 90 kD were immunopurified (lane 3). Neither of these proteins was recovered from m m a  

Sepharose beads coupled to the preimmune serum (lane 2). Protein immunoblotting of the immunopre- 208.1 - 
cipitate with anti-hSRPl a detected only the 60-kD protein (19). Both the 60- and 90-kD proteins copurified ,- lol - 
upon subsequent chromatography of the immunopurified complex on a MonoQ Sepharose column (34), as -+ 101 - 
revealed by silver staining (lane 4). (B) Coprecipitation of digoxigenin-labeled BSA-NLS conjugate with '71.2- 

-, 71.2- native hSRPla by anti-hSRPla. Five hundred nanograms of either digoxigenin-labeled BSA-NLS or w 
BSA-REV were incubated for 2 hours with -100 ng of immmopurified native hSRPl a and then immuno- -43.5- - * ._ I 
precipitated with anti-hSRP1 a (29). The resulting immunoprecipitates were separated by 10% SDS-PAGE, 1.5. . 4s 

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 -29.6- - 
not coprecipitated by preimmune serum (lane 3) or by anti-hSRPla in the absence of hSRPla (19). 1.6. 

Molecular sizes are indicated in kilodaltons. 
1 2 3  4 1 2 3  

min  (BSA) coupled either to the functional 
SV40 NLS peptide (BSA-NLS) or to the 
reverse peptide (BSA-REV), which does 
not  promote nuclear import (20), and im- 
munoprecipitated wi th anti-hSRPla (Fig. 
2B). Efficient immunoprecipitation of 
BSA-NLS, but not  BSA-REV, was ob- 
served (Fig. 2B). N o  BSA-NLS was recov- 
ered wi th either preimmune serum or in the 
absence of the hSRPla fraction (Fig. 2B) 
( 19). Thus, the hSRPla-90-kD complex 
could bind specifically to the simple form of 
NLS  motif. 

We  tested whether hSRPla  alone 
could bind directly to  NLS motifs. Recom- 
binant hSRPla  was expressed in Esche- 
richia coli and purified to  near homogene- 
i ty  (Fig. 3A). I t  coimmunoprecipitated 
w i th  BSA-NLS, but no t  w i th  BSA-REV 
(Fig. 3B). N o  BSA-NLS was recovered 
without hSRPla  or when preimmune se- 
rum was used instead o f  anti-hSRPla (Fig. 
3B). The specificity of the interaction was 
further demonstrated by competition ex- 
periments w i th  free SV40 NLS or REV 
peptides. A 50-fold molar excess of SV40 
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 hSRPla and immunoprecipitated with 
anti-hSRPla, coprecipitation was observed 
(Fig. 3D). However, a transport-defective 
CBP80 mutant, which has a twc-amino acid 
alteration within the bipartite NLS (22), was 
not coprecipitated (Fig. 3D). N o  precipita- 
t ion of wild-type CBP80 was observed with 
preimmune serum or in the absence of re- 
combinant hSRPla (Fig. 3D). Using a sim- 
ilar assay, we observed a specific interaction 
between hSRPlcl and recombinant nucleo- 
plasmin (23), which also contains a bipartite 
NLS (19). 

Fig. 3. (A) Expression and 
purification of recombinant 
hSRPl a. Histidine-tagged 
hSRPla was expressed in 
E. coli, purified over Ni-NTA 
agarose (35), and its purity 
checked by Coomassie 
staining after separation on 
10% SDS-PAGE. (B) CO- 
precipitation of digoxige- 
nin-labeled BSA-NLS con- 
jugate with recombinant 
hSRPla by anti-hSRPla. 
Five hundred nanograms of 
either digoxigenin-labeled 
BSA-NLS or BSA-REV 
were incubated with -2 pg 
of recombinant hSRPl a 
and then immunoprecipi- 
tated with anti-hSRPl a 
(34). The resulting immuno- 
precipitates were separat- 
ed by 10% SDS-PAGE, 
blotted onto nitrocellulose, 
and probed with anti- 
digoxigenin coupled to al- 
kaline phosphatase (lanes l 
to 3). The BSA-NLS coniu- 
gate was coprecipitaied 
(lane 1) but the BSA-REV 

29.6- 

conjugate was not (lane 2). 
BSA-NLS was not copre- 1 2 3 4  1 2 3  
cipitated by preimmune se- 
rum (lane 3) or by anti-hSRPla in the absence of recombinant hSRPl a (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 pg of recombinant hSRPla 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-hSRP1 a and analyzed as in (B). (D) Coprecipitation of in vitro translated 
35S-labeled CBP80 with recombinant hSRPl a by anti-hSRPl a. 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 pg of 
recombinant hSRPl a and then immunoprecipitated with anti-hSRPl a (36). Control reactions were 
performed by incubation of wild-type CBP80 and hSRPla with preimmune serum (lane 3) and 
incubation of wild-type type CBP80 without hSRPla followed by immunoprecipitation with anti- 
hSRPla (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 hSRPl a competed with peptides. Wild-type CBP80 was incubated for 2 
hours with -2 pg of recombinant hSRPla 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-hSRPla 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. 

SCIENCE VOL. 268 19 MAY 1995 1051 



Next, we tested whether hSRPla bind- multigene family, it was essential to assay 
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. 

Xenopw importin is an essential nuclear 
import factor and, as discussed above, is 64% 
identical to hSRPla (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 HeLa 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 hSRPla 
alone (200 pg/ml final concentration) (D), recom- 
binant human Ran alone (200 pg/ml final concen- 
tration) (E), and both recombinant hSRPla 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 shown in (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 (19). 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. 

whether ~ s R P ~ & ,  like importin, promoted 
the first step in nuclear protein import (that 
is, docking of substrate to the nuclear enve- 
lope) (Fig. 4). Xenopw 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 hSRPla 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 (1 9). Addition of 
both recombinant hSRPla 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 hSRPla, and 
pp15, 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 SRPl 
protein in the nuclear import of proteins 
could account for the complexity of its mu- 
tant phenotypes (1 0,  17). Both genetic and 
immunofluorescence data in yeast indicate 
that SRPl 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 SRPl 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- 
ceptor~ 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 
rnesopic vision. 

T h e  photocurrent signals of photoreceptor 
cells priinarily reflect light-activated bio- 
chemical processes that occur in the outer 
segment. The membrane potential, howe\,er, 
also can be shaped by voltage-dependent 
conductances and synaptic interactions ( I  ). 
This stitdv 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 svnantic transmission. , 

Photo\,oltage 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 inonkey 
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Macaca fascictiln~is, were placed in a record- 
ing chamber and superfused with physiolog- 
ical saline (3). .A 180- or 400-pn-diameter 
spot of plane-polarized light, incident on 
the ganglion cell side of the retina, was 
focused onto the photoreceptors. The rate 
of nhotoisomeriiation was estimated from 
the product of the light intensity and the 
collecting area, A,, of the photoreceptor 
(4). 

The dark resting notential 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 fiui~ction (Fig. 1C).  This filnction is less 
steep than the exponential saturation func- 
tion that describes the intensity depen- 
dence of the photocurrent in macaque and 

Time (s) 

Fig. 1. Dependence of photovoltage on flash 
strength in macaque rods. Change In membrane 
potential In one rod IS plotted In (A) and (6). on two 
time scales as a functon of time after the m d d e  
of a 10-ms flash. Traces are average responses to 
1 to 18 flashes. Dark restlng membrane potential 
is -43 mV. Response bandwdth, DC to 30 Hz. 
Flash monitor is below voltage traces. Flash pho- 
ton densities ranged from 5 photons *m-' to 
2300 photons pr ' ,  at 500 nm. (C) Peak hyper- 
polar~zation of flve rods IS plotted as a functon of 
flash strength on normallzed axes. Each symbol 
represents a different cell; r, peak hyperpolarlza- 
ton;  r,,.,,, maxlmal hyperpoarzat~on to a saturat- 
ing Ilght; I, flash photon denslty; I,, the photon 
density that elicited a peak response of %r,,,,,. For 
the cells plotted, r,,,,, varled between 13 mV and 
35 mV (mean 22 mV) and i, ranged from 17 pho- 
tons *m-'to 130 photons *m-? The continuous 
cunle is the Mchaells functlon rlr,,,, = i/(i + I,), 
the dashed curve IS an exponentla saturation 
functlon, r/r,,, = 1 - exp (-i/l,). 
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eliciteii a response of half-maximal ampli- 
tude was 75 i 40 photons (mean i 
SD, n = I@) ,  or about 75 photoisomeriia- 
tions. Input resi?tance was 1.2 t 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 i n -  
tial transient that decayed to a plateau of 
intermediate \ d u e .  These kinetic features 
are not present in the photoci~rrent (5); 
differences of this kind between photocur- 
rent and \,oltage have been obser\,ed pre1.i- 
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