
ratio in the lower plume is high. Because of 
the higher pressure beneath the sea floor, 
we suspect that the 3He in the dike is not 
released immediately but rather is parti- 
tioned into the liquid remaining in the dike 
interior. Upon solidification and continued 
hydrothermal cooling, 3He from the dike 
may be transported to the lower plume. In 
the absence of additional magma, however, 
the 3He/heat ratio there will gradually re- 
turn to a lower level. 
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Diverse Effects of the Guanine Nucleotide 
Exchange Factor RCCl on RNA Transport 

Yan Cheng, James E. Dahlberg, Elsebet Lund* 

Transport of RNAs within nuclei and through nuclear pore complexes (NPCs) are essential, 
but poorly understood, steps in gene expression. In experiments with mammalian cells, 
RCC1, the abundant nuclear guanine nucleotide exchange factor for the guanosine 
triphosphatase Ran/TC4, was shown to be required for nucleocytoplasmic transport of 
precursors of spliceosomal small nuclear RNAs (snRNAs), intranuclear transport of U3 
snRNA, and processing of ribosomal RNAs, but not for export of transfer RNAs. It is 
proposed that guanosine triphosphate (GTP)-bound Ran/TC4 associates with ribonu- 
cleoprotein particles (RNPs) during intranuclear movement, and that GTP hydrolysis 
promotes deposition of RNPs at targeted sites such as NPCs or nucleoli. 

Eukaryotic RNAs are generally processed 
in cell compartments different from those 
in which they function, making transport a 
crucial phase in their metabolism (1 ). Much 
remains to be learned about the mecha- 
nisms of transport of RNAs and RNPs (2) 
to and through NPCs (3). 

An intriguing protein that appears to 
function in the export of mRNAs is the 
product of the RCCl gene in mammalian 
cells (4) and the homologous gene in yeast, 
PRP20 ( 5 ) ,  also known as MTR1 (6); inac- 
tivation of RCCl or Prp2O proteins results in 
accumulation of polyadenylated [poly (A)  +I 
RNAs within nuclei (5, 6). The RCCl pro- 
tein, originally identified in tsBN2 mutant 
hamster cells as a regulator of chromosome 
condensation ( 4 ) ,  is required for many pro- 
cesses of mammalian cells, including initia- 
tion of DNA synthesis and progression of the 
cell cycle (7). This nuclear protein functions 
as a guanine nucleotide exchange factor 
(GEF) for the Ras-like guanosine triphos- 
phatase (GTPase) RanPC4 (8). Although a 
small but significant fraction of RanlTC4 is 
present in the cytoplasm where it functions 
in protein import (9, lo) ,  the role of RCCl 
in this process has not been established. 
Overproduction of the yeast homolog of 
Ran/TC4 can suppress certain prp20/mtrl 
mutations (6, 1 I) ,  and GTP hydrolysis by 
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this protein is needed for export of poly(A)+ 
RNAs from nuclei (12); by analogy, nuclear 
RCCl and RanlTC4 may collaborate in 
RNA transport in higher organisms. 

To investigate the role of RCCl protein 
in nuclear RNA transport, we analyzed the 
metabolism and intracellular distribution of 
several other classes of RNAs synthesized in 
tsBN2 cells depleted of this protein (4). We 
show here that RCCl participates in the 
transport of some but not all RNAs within 
nuclei and propose that it does so by pro- 
moting the generation of GTP-bound Ran/ 
TC4 [(GTP)-Ran/TC4], which complexes 
with RNPs and allows their movement 
through the nucleoplasm to specific sites. 
The accumulation of poly(A)+ or other 
RNAs in nuclei depleted of RCCl would 
result from inefficient delivery of the RNAs 
to NPCs in the absence of (GTP)-Ran/TC4. 

Precursors of most spliceosomal small 
nuclear RNAs (pre-snRNAs) undergo mat- 
uration only after they have been exported 
to the cytoplasm and have bound a complex 
of proteins, the Sm antigens (13). The 5' 
m7G-caps of pre-snRNAs are then convert- 
ed to hypermethylated m2~2~7G-caps and 
several nucleotides are trimmed off the 3' 
ends before the mature snRNAs are trans- 
ported back into the nucleus as snRNPs. 
Because small RNAs leak out of nuclei 
during cell fractionation (14)- we used these " . , 

cytoplasmic modifications as indicators of 
whether the RNAs had been exported from 
the nuclei of intact cells. 

A shift of tsBN2 cells to the nonper- 
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missive temperature (40°C) resulted in a 
dramatic reduction in the accumulation 
of m2.2.7G-capped mature spliceosomal 
snRNAs U1, U2, U4, and U5 in tsBN2 
cells (15) (Fig. 1, compare lanes 1 and 2). 
This change was not observed in wild-type 
baby hamster kidney (BHK21) cells (Fig. 
1, lanes 3 and 4), indicating that it was 
due to loss of RCC1. The levels of m7G- 
capped, untrimmed pre-U1 and pre-U2 
RNAs increased concomitantly in the mu- 
tant cells depleted of RCCl but not in 
wild-type cells (lanes 5 and 7) (16). 

The block in maturation was not general 
to all pre-snRNAs synthesized by RNA 
polymerase 11, as shown by analysis of the 
newly made U3 RNA. Unlike the spliceo- 
somal snRNAs, pre-U3 RNA is not trans- 
ported to the cytoplasm but is matured in 
the nucleus (17). Both 5' cap hypermethyl- 
ation and 3' end trimming of U3 RNA 
proceeded normally in the absence of 
RCCl (Fig. 1, lane I), although the level of 
accumulated RNA was slightly reduced, 
perhaps because of changes in the location 
of U3 RNA within the nucleus (see below). 
Thus, RCCl function is required for matu- 
ration of only those pre-snRNAs that must 
first exit the nucleus. 

Hypermethylation of the 5' caps of 
spliceosomal pre-snRNAs, but not of pre- 
U3 RNA, requires association of the 
RNAs with Sm proteins (13). The spliceo- 
somal pre-snRNAs that accumulated after 
RCCl depletion were not complexed with 
Sm proteins (Fig. 2A) (18), explaining 
why the RNAs were not modified. These 

m2.2.7~ m7G 

RCCl wt RCCl wt 

$0 33' 140 331 33-40 33' OC 
v -%s 5 - - .  

pre-U3- 
u3- -- 

1 2 3 4 5 6 7 8  

Fig. 1. Synthesis and processing of snRNAs in the 
absence of RCCl protein. Temperature-sensitive 
tsBN2 (RCC1) and wild-type BHK21 (wt) cells 
were pulse-labeled for 2 hours with pliluridine 
(1 50 bCi/ml) (Amersharn) after 5 hours of incuba- 
tion at the permissive (33°C) or nonpermissive 
(40°C) temperature to deplete RCCl from tsBN2 
cells (4). The mature, m2.2.7G-capped and precur- 
sor, m7G-capped forms of snRNAs were analyzed 
in an 8% polyacylamide gel and visualized by flu- 

complexes may not have formed either 
because the RNAs were sequestered in the 
nucleus or because the Sm proteins were 
not available in the cytoplasm. The latter 
possibility is unlikely, as Sm proteins con- 
tinued to be synthesized in mutant cells 
for several hours after the processing of 
precursor snRNAs had ceased (Fig. 2B). 
Furthermore, the Sm proteins present in 
cytoplasmic extracts of tsBN2 cells deplet- 
ed of RCCl were functional, as demon- 
strated by their ability to assemble with in 
vitrc-made U1 RNA into snRNPs precip- 
itable with antibodies to Sm protein (Fig. 
2C). Thus, the absence of 5' cap hyper- 
methylation is best explained by blockage 
of transport of pre-snRNAs to the cyto- 
plasm, and we conclude that RCCl is 
required for this process. 

The absence of maturation of spliceoso- 
ma1 pre-snRNAs in tsBN2 cells is one of 
the earliest changes observed after inactiva- 
tion of RCC1. Within 60 min of the shift to 
the nonpermissive temperature, the pre-U2 
RNA accumulated as a faster migrating 
form (1 9) (Fig. 3, bottom). A higher steady- 

RCCl wt 
nn 
P S P S  

state level of accumulated pre-U2 RNA was 
reached within 2 hours of temperature shift 
and persisted for several hours (Fig. 3, top). 
The time course of these transport-related 
changes closely paralleled that of RCCl 
disappearance (4) ,  indicating that the loss 
of RCCl has an immediate effect on the 
transport of this RNA. 

U3 RNA, which is matured by enzymes 
in the nucleoplasm (17), participates in 
ribosomal RNA (rRNA) processing in the 
nucleolus (20). Upon cell fractionation, 
U3 RNA normally is found in the nuclear 
rather than the cytoplasmic fraction (Fig. 
4A, lanes 3 to 8), presumably because it is 
sequestered in nucleoli (21). However, 
when extracts were prepared from tsBN2 
cells incubated at 40°C, over half of the 
newly made, m2.2,7G-capped U3 RNA was 
released into the cytoplasmic fraction 
(Fig. 4A, lanes 1 and 2), indicating that 
this U3 RNA was not in nucleoli. This 
aberrant fiactionation did not result from 
a general disintegration of nucleoli, be- 
cause previously synthesized U3 RNA re- 
mained in the nuclear fraction (Fig. 4B) 

5 RCCl wt wt 
nnn 

Anti-Sm 21- C 

14- 9 c3r D,D' Antl-Sm IgG 

Fig. 2. Restricted access of pre-snRNAs to cytoplasmic Sm proteins in RCC1-deficient cells. (A) 
Absence of complex formation between pre-U2 RNA and Sm proteins. The snRNAs complexed with Sm 
proteins were precipitated with Y12 anti-Sm monoclonal antibodies (28). Pre-U2 RNA in the precipitate 
(P) and supernatant (S) fractions was separated from mature U2 RNA and detected by RNA blot analysis 
with a 32P-labeled antisense U2 RNA probe. (B) Synthesis of Sm proteins after 4 hours of preincubation 
at 40°C as monitored by labeling with IJ5Slmethionine (28). Molecular size markers (in kilodaltons) are 
noted on the left. (C) In vitro assembly of U1 snRNPs. 32P-labeled, m7G-capped U1 RNA made by in vitro 
transcription with SP6 RNA polymerase (17) was reconstituted into U1 snRNPs by incubation with 
cytoplasmic extracts of tsBN2 or wild-type cells (29). The efficiency of snRNP assembly was determined 
by immunoprecipitation with Y12 antibodies. Nonspecific immunoglobulin G (IgG) was used as a control. 

RCCl wt Fig. 3. Kinetics of accumulation of pre-U2 
I 1 RNA upon loss of the RCCl protein. Total 

hour 0  2 5  8  0 2 5 8  RNA was isolated after tsBN2 and wild- 
type BHK21 cells were incubated at 40°C 
for the indicated periods. The immunopre- 
cipitated m7G-capped pre-U2 RNA (15) 

I -. -. 
\ 

from 2.5 x lo5 cell equivalents of total 
I \ 

\ 
\ 

RNAs was separated by electrophoresis in 
I \ 

I L 
a high-resolution gel and analyzed by RNA 

\ . blot hybridization as in Fig. 2A. 
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orography (15). The differential accumulation of m7G-pre-u2 t5 
precursors reflects the stabilities of individual 
types of RNAs (161. 
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and the nucleolar structure appeared to be 
essentially unaltered, as visualized by 
staining with antibodies to fibrillarin (Fig. 
4C, a-Fib) and by electron microscopy 
(22). Because it is unlikely that RCCl is 
required for nucleolar retention of the 
newly made but not the preexisting U3 
RNA, our data are best explained by a 
model in which intranuclear transport of 
the RNA to the nucleolus requires RCCl 
function. 

Also apparent was a redistribution of 
m2.2.7G-capped spliceosomal snRNAs to 
larger speckles (Fig. 4C, a-TMG), consis- 
tent with the results of others who have 
shown changes in the location of splicing 
components such as Sm and SC-35 proteins 
(22) and of nuclear poly(A)+ RNA (6). 
Thus, the intranuclear trafficking of several 
nuclear RNPs appears to be disrupted upon 
depletion of RCC1. 

The defect in intranuclear transport of 
U3 RNA observed in the absence of 
RCCl (Fig. 4A) prompted us to ask if 
nucleolar function was also affected. Strik- 
ingly, the accumulation of 18S, 28S, and 
5.8s rRNAs, all of which are processed in 
the nucleolus from a single 45s rRNA 
precursor, was severely curtailed (Fig. 5, A 
and B), as has also been observed in yeast 
(6). Very little, if any, mature 18s and 
28s rRNA was exported to the cytoplasm 
(Fig. 5A, lane 3) and processing of large 
RNAs appeared to be incomplete (Fig. 5, 
lane 2). This disruption of ribosome mat- 
uration and export could occur if transport 
of labile factors or ribosomal proteins to 
the nucleolus were impaired, although a 
direct role of RCCl in the formation of 
rRNA processing structures cannot be 
ruled out. 

Surprisingly, depletion of the RCCl 
protein appeared to have little effect on 
the accumulation and the nucleocytoplas- 
mic distribution of tRNAs (Fig. 5B, lanes 
2 to 5). To distinguish between bona fide 
nuclear export of tRNAs in intact cells 
and leakage of tRNAs from nuclei during 
cell fractionation, we determined if newly 
made tRNAs in the cytoplasmic fractions 
cosedimented with polyribosomes. Trans- 
fer RNAs that had been exported would 
have the opportunity to be recruited onto 
polyribosomes, whereas those that had 
leaked from nuclei during cell fraction- 
ation would not. Radioactively labeled 
tRNAs made in the absence of RCCl were 
present in the polyribosome fraction (23) 
(Fig. 5C, lane I),  demonstrating that ex- 
port of tRNA to the cytoplasm was inde- 
pendent of RCCl function. Moreover, the 
ratios of labeled tRNA to either 5s  or 5.8s 
rRNAs was much higher in tsBN2 cells 
than in wild-type cells (compare lanes 1 
and 2), as would be expected if loss of 
RCCl disrupted the processing and export 

RCC1 wl RCCl wl 
I--- 

1 2  3 4 5 6 7 8  

Fig. 4. Effect of depletion of RCCI r: RCCl 

isolated by immunoprecipitation with 
antibodies to m2,2,7G-cap (75). (6) 
Normal distribution of the preexisting 
U3 RNA. Total RNAs from nuclear a-TMG 

and cytoplasmic fractions in (A) were 
analyzed by polyacrylamide gel elec- 
troohoresis and ethidium bromide - - ~- - -  - -  

sta8ining. (C) Integrity of nucleolar 
structure in the absence of RCCl 
protein. The tsBN2 and wild-type DAP~ 
cells were incubated at 40°C for 4 
hours before they were analyzed by 
indirect immunofluorescence mi- 
croscopy with antibodies specific for 
the nucleolar ant~gen f~br~llarln (a-Fib) (30) or the m G-ceo s t r~~c tu re  (CY-TMGI (751 Also shown are the 
nucle~ of the same cells sta~ned w~th the DNA-spec~f~c dye 4.6-diam1no-2-phenyl1ndole (DAPI) 
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Fig. 5. Synthesis and distribution of ribosomal and transfer RNAs made in the absence of RCCl protein. 
The newly made RNAs from nuclear (N) and cytoplasmic (C) fractions (28) were separated on a 1% 
agarose-formaldehyde denaturing gel (A) or an 8% polyacrylamide gel (B) and visualized by fluorography. 
In (A), twice as much total RNA was loaded in lanes 2 and 3 to compensate for the reduction in synthesis 
of rRNA in tsBN2 cells at the nonpermissive temperature. (C) Association of newly made tRNAs with 
polyribosomes. The tsBN2 or wild-type BHK21 cells were preincubated for 4 hours at 40°C and labeled 
with [HTuridine (100 pCiiml) for 6 hours. The newly made transfer and ribosomal (5s and 5.8s) RNAs in 
the ribosome pellet and cytosolic supematant (S130) fractions were analyzed by electrophoresis in an 8% 
polyacrylamide gel (23). 
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of rRNAs and ribosomal subunits (Fig. 5, 
A and B) but not of tRNA. Thus, in 
contrast to  pre-snRNAs, tRNAs do not 
require R C C l  function for transport 
through the NPCs. 

The diverse effects of RCCl  on  RNA 
transport could be accounted for by ~ t s  abil- 
ity to regenerate the GTP-associated form 
of RanlTC4 (8). Both R C C l  and Ran/TC4 
are predominantly nuclear proteins (4, 8)  
and the yeast homolog of Ran/TC4 has 
been directly implicated in the export of 
poly(A)+ RNAs (12). The speed with 
which nuclear export of pre-snRNAs is in- 
hibited (Fig. 3) indicates a close coupling of 
RNA transport and R C C l  function. How- 
ever, transit of RNAs through the NPCs 
can occur in the absence of RCC1, as 
tRNAs made in RCC1-depleted cells accu- 
mulated in the cytoplasm (Fig. 5, B and C).  
Therefore, we propose that R C C l  functions 
in a step that is a prerequisite for the export 
of pre-snRNAs and poly(A)+ RNAs, that 
is, transport to-rather than through-the 
NPCs. Similarly, R C C l  may be required for 
intranuclear transport to the nucleolus of 
components that are essential for rRNA 
processing or for ribosome assembly and 
transport to the cytoplasm. Export of 
tRNAs in the absence of R C C l  (Flg. 5C) 
may be facilitated by their small size and the 
localization of some tRNA processing en- 
zymes near the nuclear envelope (24). 

The proposal that R C C l  1s required for 
intranuclear trafficking introduces a mech- 
anlsm for specificity of R N A  movement 
that is compatible with a channeled diffu- 
sion model (25). A model for the role of 
Ran/TC4 in translocation of proteins and 
RNAs through NPCs was proposed (1 0); by 
analogy, we suggest that (GTP)-RanlTC4, 
generated by the chromatin-associated 
RCC1, forms complexes with newly made 
RNPs, promoting their diffusion through 
the nucleoplasm. Interaction of such com- 
plexes with a n  RNP-specific GTPase-acti- 
vating protein (GAP) at  a target site would 
result In G T P  hydrolysis by Ran/TC4, lead- 
ing to deposition of the RNP. Thus, the 
locations of G A P  proteins would Impose a 
net direction of movement of RNAs, result- 
ing in high local concentrations of RNAs at 
certain sites such as the NPC or nucleolus. 
Several GAPS specific for RanlTC4 have 
been identified in nuclei (26), but their 
preclse locations and substrate specificities 
remain to  be established. 

Finally, we note that loss of R C C l  
affects the maturation of pre-snRNAs in a 
manner closely resembling changes in  host 
snRNA metabolism that occur in cells 
infected by vesicular stomatitis virus (27) .  
We hypothesize that this cytoplasmic vi- 
rus could inactivate the RCC1-RanlTC4 
system through production of a specific 
gene product(s). 

REFERENCES AND NOTES 

1. Rev~ewed n L. E. Maquat, Curr. Opin. Cell Biol. 3, 
1004 (1 991); E. zaurralde and I .  W. Mattaj, Sem. Cell 
Biol. 3, 279 (1992); D. J. Ellott, F. Stutz, A. Lescure, 
M. Rosbash, Curr. Opln Genet. Dev. 4, 305 (1994). 

2. S. I .  Dworetzky and C. M. Fedherr, J. CeliBiol. 106, 
575 (1988); H. Mehlln, B. Daneholt, U. Skoglund, Cell 
69, 605 (1992); M. Rosbash and R. H. Singer, ibid. 
75, 399 (1 993). 

3. D. J. Forbes, Annu. Rev. Cell Bioi. 8, 495 (1992); N. 
Pante and U. Aeb~, J. Cell Bloi 122, 977 (1 993). 

4. T. Nshmoto, E. Eilen, C. Basiico, Ceii15,475 (1978); 
M. Ohtsubo, H. Okazak~, T. Nishmoto, J Cell Bioi. 
109, 1389 (1 989). At 40°C the RCCl prote~n 1s lost in 
tsBN2 cells, whereas it is stable in wild-type BHK21 
cells [H. N~shitan eta/., EMBO J. 10, 1555 (1991)]. 

5. M. Aebi, M. W. Clark, U. Vijayraghavan, J. Abeson, 
Mol. Gen. Genet. 224, 72 (1990); W. Forrester, F. 
Stutz, M. Rosbash, M. Wickens, GenesDev. 6,1914 
(1 992). 

6. T. Kadowak, D. Godfarb, L. M. Spitz, A. M. Tarta- 
koff, M. Ohno, EMBO J. 12, 2929 (1993): D. C. 
Amberg, M. Fleschmann, I. Staglar, C. N. Cole, M. 
Aeb, ibld., p. 233. 

7. M. Dasso, Trends Biochem. Sci. 18, 96 (1 993). 
8. G. T. Dr~vas, A. Sh~h, E. Coutavas, M. G. Rush, P. 

D'Eustachio, Mol. Cell. Bioi. 10, 1793 (1990); F. R. 
Bischoff and H. Ponstingl, Nature 354, 80 (1991). 

9. M. S. Moore and G. Blobel, Nature 365, 661 (1993); 
F. Melchior, 8. Paschal, J. Evans, L. Gerace, J. Cell 
Biol. 123, 1649 (1 993). 

10. M S. Moore and G. Blobel, Trends Biochem. SCI. 
19, 21 1 (1 994) 

11 . P. Behumeur et ai., Moi. Cell. Biol. 13, 21 52 (1 993). 
12. G. Schenstedt, C. Saavedra, J. D. Loeb, C. N. Cole, 

P. A. Silver, Proc. Natl. Acad. Sci. U.S.A. 92, 225 
(1995); A. Tartakoff, personal communcaton. 

13. I. W. Mattaj, In Structure and Function of Major and 
Minor Srnali Nuclear Ribonucieoprotein Paiticles , M . 
L. Birnstiel, Ed. (Springer-Verlag, New York, 1988), 
pp. 100-1 14; G. W. Zieve and R. A. Sauterer, CRC 
Crit. Rev. Biochem. Moi. Biol. 25, 1 (1990). 

14. The m7G-capped forms of pre-snRNAs are primary 
in the nucleus [T. Gurney Jr, and G. L. Eliceri, J. Cell 
Biol. 87, 398 (1980); H. E. Neuman de Vegvar and J. 
E. Dahlberg, Mol. Ceil. Biol. 10, 3365 (1990)], but 
upon aqueous fractionation of both mutant and wild- 
type BHK cells, these precursors and s~gnificant 
amounts of mature snRNAs are found in the cyto- 
plasmic fraction (18), consistent with previous re- 
ports of nuclear leakage [G W. Zieve, J. Ceil. Phys. 
131, 247 (1 987)l. 

15. The tsBN2 and wild-type BHK21 cells were grown to 
90% confluency at 33°C in Dulbecco's mlnlmum 
essential medium (DMEM) supplemented wlth 10% 
fetal bovine serum (FBS) (Glbco/BRL), and total 
RNAs were prepared by the urea ys~s  method [J. 
Ross, J. Moi. Biol. 106, 403 (1 97611. The mature or 
precursor forms of snRNAs from approximately 6 x 
l o 5  cells were mmunoprecipitated w~th antbodes 
spec~fic for the m2,2,7G-caps [P. Bringmann, J. 
Rinke, B. Appel, R. Reuter, R. Lahrmann, EMBO J. 
2, 1 129 (1 983)j or the m7G-caps [T. W. Munns, M. K. 
Liszewski, J. T. Telam, H. F. Sims, R E. Rhoads, 
Biochemistry 21, 2922 (198211, respectively. Tr~m- 
ming of the 3' ends was detected by changes in 
electrophoretic mobl~ties. 

16. Precursors of snRNAs do not accumulate to the 
same extent in tsBN2 cells (Fig. 1, lane 5) as do 
mature snRNAs In wild-type cells (Fig. 1, lane 3) 
because the precursors t~ l rn  over rapidly - 30 
min for pre-U2 RNA and t,,, i 10 min for pre-U1 
RNA (18)l. 

17. M. P. Terns and J. E. Dahlberg, Science 264, 959 
(1994); M. P. Terns, C. Grimm, J. E. Dahlberg, un- 
published results 

18. Y. Cheng, E. Lund, J. E. Dahlberg, unpublished re- 
sults. 

19. Th!s faster rnlgrating form of pre-U2 RNA still con- 
tans about 10 extra nuceot~des at t s  3' end and is 
d~st~nct from the mature length U2 RNA that has 
undergonecytoplasmic 3' end trimming [A. M. Kle~n- 
Schmidt and T. Pederson, Mol Ceil. Biol. 7, 3131 
(1 987)] 

20. M. J Fourner and E. S. Maxwell, Trends Biochem 

Sci. 18, 131 (1 993); W. F~lpow~cz and T. Kiss, Moi. 
Biol. Rep. 18, 149 (1 993). 
R. Reddy and H. Busch, In Structure and Function of 
Major and Minor Smali Nuclear Ribonucieoprotein 
Paiticles, M. L. Blrnstie, Ed. (Springer-Verag, New 
York, 1988), pp. 1-37. 
S. Huang and D. L. Spector, personal commu- 
n~caton. 
[H3]-ur~dne labeled cells (4 x 1 07) were homoge- 
n~zed In 2 ml of 0 1 % Tr~ton-X100, 10 mM tr~s- 
acetate (pH 7.6), 1 mM potassum acetate, 2 mM 
magneslum acetate, 2 mM d~th~othreito (DTT). 
Polyr~bosomes were pelleted from the homoge- 
nates by sedimentaton through a 30% sucrose 
cushion at 130,000g (37), and RNAs were pre- 
pared from the r~bosome pellet and S130 superna- 
tant fractions. The overall rate of proteln synthesis 
in tsBN2 cells at 40°C declined by a factor of 5 
within 10 hours after temperature shlft (4, 181, 
probably because of lower levels of cytoplasmic 
mRNAs. To compensate for the reduction In pro- 
ten synthesis and active polyribosomes, we ex- 
posed the autoradiograph of lane 1 in F I ~ .  5C five 
tmes longer than that of other lanes. This normal- 
zation shows that comparable levels of newly 
made tRNAs were present In the pools of functional 
cytoplasm~c tRNAs In both cell types (compare 
lanes 1 and 2). In other experiments (78) it was 
shown that the labeled tRNAs cosedimented with 
polyribosomes in a sucrose gradient and were re- 
leased by treatment with EDTA. Furthermore, a -  
beled tRNAs added to unlabeled cytoplasmic ex- 
tracts did not associate with poyrbosomes during 
cell fractionation 
M. W. Clark and J. Abeson, J. Cell Biol. 105, 151 5 
(1 987). 
Z.Zachar, J. Kramer, I. P Mms, P. M Bingham,ibid 
121, 729 (1 993). 
E. Coutavas, M. Ren, J. D. Oppenheim, P. 
D'Eustacho, M. G. Rush, Nature 366, 585 (1993); F. 
R. Bischoff, C. Klebe, J. Kretschmer, A. W~ttnghofer, 
H. Ponstingl, Proc. Natl. Acad, Sci. U.S.A. 91, 2587 
(1 994). 
L. D. Fresco, M. G. Kur~lla, J. D. Keene, Mol. Ceil. 
Bioi. 7, 11 48 (1 987); D. E. Crone and J. D. Keene, J. 
Viroi 63, 41 72 (1 989). 
Nuclear and cytoplasmc fractions were prepared 
from tsBN2 or wid-type BHK21 cells that had been 
incubated at 40°C for 5 hours. Cells were lysed on 
ice by treatment w ~ t h  0.5% NP-40 in TD buffer [25 
mM tr~s-HCl (pH 7.61, 136 mM NaCl, 5 mM KCI, 
and 0.37 mM Na,HPO,] containing 0.5 unlt/Fl 
RNasn, 2 mM dthothreitol, and 2 pg/ml of apro- 
t~nin, leupepsn, and pepstatin. Nuclei were isoat- 
ed by pelleting at 1000g, at 4°C. The supernatant, 
which contained cytoplasmic RNAs plus those 
snRNAs that had leaked from the nuclei dur~ng 
preparation (74), was taken as the cytoplasmic ex- 
tract. SnRNPs In cytoplasmc extracts were Immu- 
noprecipitated with they1 2 anti-Sm antibody [E. A. 
Lerner, C. A. Janeway Jr., J. A. Steitz, Proc. Nati. 
Acad. Sci. U.S.A. 78, 2737 (1981)l. For analysis of 
Sm proteins, cells were labeled with [35S]rnethi- 
onne (83 pCi/ml) for 3 hours at 40°C and cytopas- 
mic extracts were prepared. The immunoprec~p~- 
tated Sm proteins were separated by electrophore- 
sis In a 12% SDS-poyacryamide gel and visual~zed 
by fluorography. 
J. R. Patton, R. J. Patterson, T. Pederson, Moi. Ceil. 
Bioi. 7, 4030 (1 987). 
G. Reimer et a/., Aithii'tis Rheum. 30, 793 (1987). 
G. Brewer and J. Ross, Methods Enzymoi. 181,202 
(1 990). 
We thank M. P. Terns for valuable discussions and 
technical advce; C. Grimm and M. P Wickens for 
comments on the manuscrpt; J. Loijens for help 
with microscopy; T. Nshimoto and D. A. Compton 
for the tsBN2 cells; and R. Luhrmann and T. Munns 
for antibodes specific for m2 ','G- and m7G-caps, 
respectvely. Supported by grants from N H  (GM 
30220, to J.E.D.) and the Markey Foundation (to 
Y.C.) 

30 September 1994; accepted 26 January 1995 

SCIENCE VOL. 267 24 A4ARCH 1995 




