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A Cellular Cofactor for the Constitutive 
Transport Element of Type D Retrovirus 
Hengli Tang, Guido M. Gaietta, Wolfgang H. Fischer, 

Mark H. Ellisman, Flossie Wong-Staal* 

A human nuclear protein that specifically interacts with the constitutive transport element 
(CTE) of simian retrovirus was identified as adenosine 5'-triphosphate-dependent RNA 
helicase A. This protein could bind to functional CTE but not to inactive CTE mutants. 
The interaction of helicase A with CTE was distinct from previously described helicase 
activity of this protein. Helicase A shuttled from the nucleus to the cytoplasm in the 
presence of a transcription inhibitor or in cells transiently overexpressing CTE-containing 
RNA. In vivo colocalization of helicase A and CTE was observed in experiments that 
combined in situ hybridization and immunostaining. These results suggest that helicase 
A plays a role in the nuclear export of CTE-containing RNA. 

N o r i n a ~  cellular tnRNAs are exported from 
the nucleus as fully spliced RNA. However, 
retroviruses need to export partially spliced 
or unspliced RNA to the cytoplastn, both as 
templates for protein synthesis and as 
genomic RNA to be packaged in progeny 
virions. The complex retroviruses, includ- 
ing the human pathogenic retroviruses hu- 
man T cell leukemia virus and human im- 
munodeficiency virus (HIV),  mediate this 
process through trans-acting proteins (Rex 
and Rev, respectively) that bind to their 
cognate R N A  targets (RxRE and RRE, re- 
spectively). The simple retroviruses do not 
encode such trans-acting proteins but rath- 
er use cis-acting sequences that presumably 
interact directly with cellular nuclear ex- 
port proteins. One example is the CTE of 
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G. Gaietta and M. H. Ell~sman, Department of Neuro- 
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type D retroviruses, which is able to func- 
tionally replace Rev or RRE in suhgenomic 
constructs and infectious HIV clones ( 1 ,  2). 
Here we report the identification and char- 
acterization of a candidate for the cellular 
cofactor of CTE. 

Wild-type and a nonfunctional mutant 
CTE (ACTE) were biotinylated and used in 
RNA selection experiments (3,  4). A 140- 
kD protein was reproducibly selected by 
wild-type hut not by mutant CTE (Fig. lA, 
lanes 1 and 2) .  Use of a panel of CTE 
deletion mutants revealed a complete cor- 
relation of CTE function [as determined in 
a chloramphenicol acetyltransferase (CAT)  
reporter assay (4)] and the ability to select 
the 140-kD protein (Table 1). We separat- 
ed the 140-kD protein from other cellular 
proteins by SDS-polyacrylamide gel elec- 
trophoresis (SDS-PAGE) and excised it 
from a polyvinylidene difluoride (PVDF) 
membrane after blotting. We subjected 
tryptic peptides to microsequencing as de- 
scribed (5). Three inde~endentlv sequenced 
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DEAH-box subfamily (6). We confirmed 
the identity of the 140-kD protein by im- 
munoblotting with specific antibodies 
against human helicase A (Fig. lA, lane 3). 
Direct interaction between CTE and heli- 
case A was further shown by gel-shift ex- 
periments with purified protein. Complexes 
were formed between helicase A protein 
and CTE in the sense but not in the anti- 
sense orientation (Fig. lB, lanes 1 to 4). 
There were two apparent complexes, sug- 
gesting that the protein might have oligo- 

merized. Helicase A associates with and 
translocates along single-stranded tails of 
double-stranded RNA templates in vitro in 
the presence of ATP (7). We carried out 
RNA-protein interaction assays under the 
conditions used by Lee and Hurwitz (7). 
CTE remained bound to helicase A in the 
presence of ATP, suggesting that this inter- 
action is not associated with the helicase 
activity of the protein (Fig. lB, lanes 5 to 
7). 

The exact mechanism of CTE-mediated 

Table 1. Specificity of interaction between CTE and helicase A. SRV, simian retrovirus; MPMV, 
Mason-Pfizer monkey virus. 

CTE CTE fragment Ability to promote Interaction with 
unspliced RNA export* helicase A t  

SRV CTE SRV(7620-7859) + + 
MPMV CTE MPMV(8005-8240) + + 

ACTE MPMV CTE(8128-8130) (AAA/TTT) - - 
MI9 MPMV(8005-8190) + + 
MI4 MPMV(8005-8140) - - 
M21 MPMV(8031-8240) - - 

CTE antisense MPMV(8240-8005) - - 

'Functional data were from a previous study; CTE function was assayed in the pDM138 system (4). tAssayed by 
RNA-selection experiments. 

A 
W 

B 
W 

l.u I- w I- +- 0 I- u CTE antisense 
kD a 0 Q RNA CTE RNA CTE RNA 
203 -'- 
TOG - -140-Cllm HelA mm ATP -1 

HelA . r + 

3Cornplexes 

Free probe - 
Free a 

nuclear export of unspliced mRNA is not 
clear, but because it can substitute for Rev 
or RRE function, the two pathways are 
likely to use a similar underlying mecha- 
nism. Rev shuttles between the nucleus and 
cytoplasm and contains a nuclear export 
signal in its activation domain (8, 9). Rev 
also appears in the cytoplasm with the over- 
expression of RRE-containing viral RNA 
(10). However, helicase A has not been 
observed previously to be a shuttling pro- 
tein. We confirmed that the normal local- 
ization of helicase A is predominantly nu- 
clear (Fig. 2A, a). In cells transiently trans- 
fected with pDM138CTE, a reporter con- 
struct in which CTE promotes CAT gene 
expression by exporting uns~liced RNA 
containing the CAT sequences in an in- 
tron, the distribution of helicase A changed 
markedly, allowing detection of the protein 
at all stages of nuclear-cytoplasmic traffick- 
ing (Fig. 2A, b to e). In contrast, cells 
transfected with pDM128, which contains 
RRE instead of CTE in the intron (Fig. 2A, 
f); pDM138, which lacks CTE; and 
pDM138ACTE, which contains a nonfunc- 
tional CTE, all retained helicase A predom- 
inantly in the nuclei (1 1 ). The cytoplasmic 
enrichment of helicase A in the presence of 
CTE is not likely due to a block of nuclear 
import of newly synthesized protein because 
treatment with the translation inhibitor cy- 
clohexamide had no effect on cytoplasmic 
accumulation. Several other constructs that 
express CTE in different contexts (Fig. 2B) 
also induced cytoplasmic accumulation of 
helicase A (1 2), suggesting that CTE acts as 
a constitutive, position-independent signal 
that triggers nuclear export of helicase A. 
' Because not all the cells were transfected 

1 2  3 4 1 2  3 4  5 6 7  in the transient assay system used, we in- 
vestigated whether cytoplasmic distribution 

Fig. 1. In vitro interaction between CTE and human helicase A (23). (A) A 140-kD nuclear protein was 
specifically selected by wild-type (lane 1) but not mutant (lane 2) CTE. The protein was specifically A in the same ex- 

recognized by a polyclonal antibody to human ATP-dependent RNA helicase A (lane 3). (B) Gel-shift pressing CTE. labeling the RNA 
assay of CTE with purified helicase A protein. Helicase Aformed complexes with CTE but not with CTE and protein in m-transfected cells was 
antisense probe (lanes 1 to 4). Hydrolysis of ATP did not result in dissociation of the protein (lanes 5 to carried out by in situ hybridization and 
7). The ATP chase experiments were done as described by Lee and Hurwitz (7). immunostaining, and their subcellular lo- 

Fig. 2. Helicase A shuttles A B 
between the cytoplasm and 
the nucleus in the presence 
of CTE-containing RNA (24). 
(A) (a) Helicase A concentrat- 
ed in the nucleus in normal 
cells. @ to e) In cells trans- 
fected with pDM138CTE, 
helicase A was detected at 
all stages of nuclear-cyto- 
plasmic trafficking. (0 Trans- 
fection of pDM128 did not 
change the normal nuclear 
distribution of the protein. (B) 
Three constructs were used 
in this studv that expressed 

SD S A 

pDMl38C 

SV40-P 
CTE 

HIV 3' LTR 

SD SA - pDMCTE 
SV40-P HIV 3' LTR 

0 pDCTE 

CMV-P SV40 p(A) 

CTE in diffbent contexts. pDMCTE is the same as pDM138CTE except that the CAT gene is deleted, leaving CTE alone in the intron; pDCTE is a construct in 
which the DNA fragment for CTE was cloned into pCDNA3; and CTE is now expressed as exon RNA. 
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calization was visualized by confocal mi- 
croscopy. All cells that were negative for 
CTE staining also had no significant stain- 
ing of helicase A in the cytoplasm, suggest- 
ing that the observed cytoplasmic accumu- 
lation of helicase A was a direct result of 
CTE overexpression. On the other hand, in 
cells expressing high levels of CTE in the 
cytoplasm, helicase A had relocated into 
the cytoplasm and associated with CTE 
(Fig. 3). The in vivo colocalization of CTE 
and helicase A was observed at various 
times after transfection and with different 
detection modules used to visualize RNA 
and protein in the cells (13). There were, 
however. some cells that ex~ressed CTE in 
the cytoplasm while helicase A was still 
enriched in the nuclei, suggesting a dynam- 
ic process of RNA and protein shuttling in 
the transfected cells. 

Rev and heterogeneous ribonucleopro- 
tein (hnRNP) A1 are two well-character- 
ized RNA-binding proteins involved in 
RNA transport. They accumulate in the 
cytoplasm with inhibition of transcription 
(8, 14), suggesting that ongoing transcrip- 
tion is required for the rapid shuttling of 
these proteins back to the nuclei. To deter- 
mine whether helicase A has intrinsic shut- 
tling capability, we treated HeLa cells for 3 
hours with various transcriptional inhibi- 
tors and stained the cells with antibodies to 
helicase A. Redistribution of helicase A to 
the cytoplasm was observed when the cells 
were treated with actinomycin D (5 p,g/ml) 
and kept at 37°C (Fig. 4A, lower right). 
Nuclear localization of the protein was re- 
tained in untreated cells or in treated cells 
kept at 4°C after addition of actinomycin D 
(Fig. 4A, upper), suggesting that nuclear 

Fig. 3. Helicase A colo- 
calizes with CTE in vivo. 
HeLa cells were fixed 20 
hours after transfection. 
CTE and helicase A were 
detected by combining 
in situ hybridization (CTE) 
and immunostaining (he- 
licase A) techniques. (A) 
Transmitted liaht imaae. 
(B) lmmunod&ection-of 
helicase A. (C) Detection 
of CTE-containing RNA 
by in situ hybridization 
with digoxigenin-labeled 
antisense RNA probe. 
Both positively trans- 
fected and untrans- 
fected cells are shown. 
(D) Double labeling reveals colocalization of helicase A and CTE in the transfected cells. 

Act. D (0.04 ~grnl) 
+ 100pM DRB Act. D (5 udrnl) 

export of the protein is energy-dependent. 
Treatment with actinomvcin D did not 
make the nuclei generally leaky because the 
distribution of another nuclear protein, 
splicing factor SC35, was not altered (Fig. 
4B). Again, treatment of the cells with 
cyclohexamide (50 p,g/ml) had no effect on 
the cytoplasmic distribution of helicase A 
in the presence of actinomycin D, suggest- 
ing that the cytoplasmic staining was a 
result of export of preexisting protein. 5,6- 
Dichlorobenzimidazole riboside (DRB; 100 
p,M), which inhibited RNA polymerase I1 
(Pol 11) and promoted cytoplasmic accumu- 
lation of Rev and hnRNP A1 in the cyto- 
plasm (8, 13, 15), did not alter nuclear 
localization of helicase A. In addition, ac- 
tinomycin D (0.04 p,g/ml) alone, which is 
sufficient to inhibit RNA Pol I transcrip- 
tion (16), or in combination with 100 p,M 
DRB, also had no effect (17) (Fig. 4A, 
lower left). Thus, these data in combination 
with the observation that actinomycin D (5 
p,g/ml) inhibits transcription by all three 
RNA polymerases suggest that inhibition of 
Pol I11 transcription is necessary for cyto- 
plasmic accumulation of helicase A. 

In summarv. we have identified RNA 
8 ,  

helicase A as an inherent shuttling protein 
that interacts with CTE in vitro and asso- 
ciates with CTE in its trafficking from the 
nucleus to the cvto~lasm in vivo. The fact , . 
that there was perfect correlation between 
CTE function and helicase A binding for a 
number of CTE mutants strongly suggests 
that helicase A plays a role in CTE function 
(Table 1). The minimal functional CTE has 
been mapped to a 173-nucleotide fragment 
and is composed of two essential loops that 
'are predicted to be the binding sites of the 
cellular cofactors (1 8). Two of our nonfunc- 
tional mutants ( ~ 2 1  and M14) contain 
deletions that destroy formation of loop 'A 
without affecting loop B (Table I), whereas 
ACTE contains mutations that are predict- 
ed by computer analysis to unravel the stem 
structure between the loops and thus affect 
formation of both loops. The failure of he- 
licase A to bind to all three mutants sug- 
gests that loop A of CTE is required for the 
interaction and, as in the case for CTE 
function, loop B alone is not sufficient for 
binding to helicase A even though loops A 
and B have identical sequences (19). We 
have previously identified two additional 
nuclear proteins that bind to wild-type CTE 
but not to ACTE (4). Therefore, other pro- 
teins may be involved in CTE-mediated 
gene expression. 

Fig. 4. lnhibition of transcription accumulates helicase A in the cytoplasm. Cyclohexamide (50 pg/ml) 
Several DEAH-box RNA helicases par- was added to all cell cultures 3.5 hours before the cells were fixed. Helicase A was detected by indirect 

immunofluorescence labeling (20). (A) Inhibitors of RNA synthesis by various RNA polymerases had ticbate in mRNA A 144-kD hu- 
different effects on the subcellular distribution of helicase A. lnhibition of Pol I and Pol I I  transcription man helicase-like protein* human RNA he- 
[actinomycin D (0.04 pg/ml) and 100 pM DRB] did not cause significant change of nuclear localization licase 1, facilitated export of cellular 
of the protein, whereas actinomycin D (5 pg/ml) accumulated helicase A in the cytoplasm at 37°C. (B) mRNA by releasing the RNA from the 
Actinomycin D (5 kg/ml) treatment did not alter nuclear localization of splicing factor SC35. spliceosome after splicing was completed 
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(20). A yeast gene capable of encoding a were treated with r~bonuclease to remove RNA probes eating In SDS-PAGE buffer at 65°C for 5 min and then 

120-kD putative RNA helicase protein res- that did not hybrid~ze to the target RNA. Detection of the run on a 6% polyacryamlde gel. Protelns were ether 
hybr~dzed RNA probes was performed wlth an ant- v~suazed by Coomass~e blue staln~ng, transhlp; 

cued the mutant phenotype of a conditional body to digoxigenin F(ab) coupled to alkane phospha- &.5qhferred onto a PVDF membrane and stained wlth 
yeast mutant defective in export of polyad- tase (Boehrnger Mannheim) followed by a color~metrlc 0 1 % am~do black IOB, or detected by ant~bodies. 

engate RNA (21 ), G~~~~ the R N A - ~ ~ ~ ~ -  reactlon wlth n~troblue tetrazolium and 5-bromo-4- For prote~n Internal sequence determnation, the pro- 
chloro-3-indoly phosphate, or by hybr~dzat~on with a tein band was excised from the PVDF membrane and 

ing and shuttling ability of helicase A,  it is b~ot~nylated secondary ant~body and detect~on wlth subjected to trypsin dgestion, peptides were purified 
conceivable that it participates in certain streptavidin Cy5 conjugate. The proten was detected by h~gh-performance hquid chromatography, and 

cellular RNA export pathways, simian ret- wth a rabbt poyconal antibody to human hellcase A. three well-separated fract~ons were selected for ml- 
The polyclonal antbody was then ~mmunodetected wlth crosequencng RNA used In gel-shft assays was a -  

roviruses have likely this path- a donkey antbody to rabbt immunoglobul~n G coupled beed with [32P]UTP and purlfed from polyacr)lam~de 
way and use helicase A as a cofactor in to Cy5 (detecton of RNA probe wlth akal~ne phospha- gel. Pur~fied human hellcase A (100 to 200 ng) was 

nuclear export of C T E - ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  RNA by tase) or to fluoresce~n soth~ocyanate (FITC) (RNA indi- then Incubated wlth RNA probe ( I  X 1 O5 cprn) for 15 
rectly labeled wlth Cy5). The samples were v~ewed wlth min at room temperature. The reaction m~xiure was means of a 'pecific RNA-protein interac- a Bio-Rad MRC 1024 laser-scann~ng confocal system then m~xed wlth RNA oad~ng buffer (10% glycerol, 

tion. It will be interesting to determine coupled to a Zeiss Axiovert 35M microscope with a 0 01 % bromophenol blue, 0.01 % xyene cyanol) and 
whether helicase A also plays a role in the planapochromat~c object~ve ( x40  1.3 numer~cal aper- run on a 4% polyacr)lam~de gel (acrylam~de:b~sacryl- 

ture, o ~ l  immers~on). amde = 60 : l ) .  The gel was subsequently dr~ed and qf Other retroviruses, in- 14, s, pifiol.~oma and G, D ~ ~ ~ ~ ~ ~ ,  kiataiure 355, 730 subjected to autoradography. 
cluding complex retroviruses such as HIV. (1 992). 24. HeLa cells were grown In slide chambers. Transfec- 

15. F. B. SehgaI' J. E. Darnell' 1. Tamm, Ceii 9, 473 tions were done by conventonal c a c u m  phosphate 
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pept~de 2, VTQVGPDHNR (matching ammo acids Ser; T' Thr' " Val' W' Trp; and Y' Tyr' human hecase A. R. Moy helped wlth the construc- 
200 to 209 of hellcase A); peptlde 3, LAQFEPSQRF 23. Large amounts of biotnyated RNA were made w~ th  

(matchng amlno acds 31 5 to 323 of helcase A) (22); the Megashortscr~pt ~n v~tro transcrpton k ~ t  (Ambion) tlons Of and pDCTE' M' Park performed the 
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Protein Expansin 
13. The senseand antsense RNA probes were prepared by 

~n vitro transcr~pt~on, with 2'-deoxyur1d1ne-5'-tr1phos- Andrew J. Fleming,* Simon McQueen-Mason, Therese Mandel, 
phate coupled to digox~genin (d~goxigenin-1 1 -dUTP) 
(Boehrnger Mannheim) as a label. HeLa cells were at- 

Cris Kuhlemeier-1 
tached to glass cover s p s  (Fisher) coated with poly-D- 
ysine (Sigma). Sideen, 20, and 26 hoursaftertheaddl- Expansins are extracellular proteins that increase plant cell wall extensibility in vitro. 

Of preciptate' were washed in Beads loaded with purified expansin induced bulging on the leaf-generating organ, the 
phosphate-buffered saline (PBS) until no precipitate 
was vlslble and then fixed with 4% paraformaldehyde apical meristem, of tomato plants. Some of these bulges underwent morphogenesis to 
for 30 mn .  The folowng steps were performed to f ac -  produce leaflike structures, resulting in a reversal of the direction of phyllotaxis. Thus, 
Itate accessibilty Of CTE and to reduce nonspecific expansin can induce tissue expansion in vivo, and localized control of tissue expansion 
bndng of the RNA probe 2 m n  in 0.5% Triton X-I00 (in 
PBS), min 0,5 HCl, min In acetylation buffer may be sufficient to induce leaf formation. These results suggest a role for biophysical 
(583 PI of tr~ethanolam~ne and 125 FI of acetc anhy- forces in the regulation of plant development. 
dride In 50 m of dethyl pyrocarbonatetreated water) 
Each step was followed by rwo br~ef washes in PBS, 
and then 30 PI of prehybrdization solution [containing 
50% formamlde, 5 x  standard sane citrate (SSC), 5 x  Leaves form by reiterative organogenesis (3). Recently, a family of cell wall proteins, 
Denhardt's reagent, single-stranded DNA (50 kglml), from a specialized organ, the shoot apical expansins, that modulate cell wall extension 
tRNA(25 lacking the was applied to each meristern (1  ). Although spatial domains of in vitro has been characterized, although the sample Samples were prehybr~dized at 42% for 1 hour 
n a humd chamber. At the end of the prehybrdlzaton transcription factor activity can dictate ability of these proteins to induce cell expan- 
step, samples were rinsed in 5 x  SSC and prepared for where and when a leaf is initiated, the sion in vivo was not demonstrated (4). We 
the hybridization step: 30 k1 Of prehybridZaton  solution^ mechanism by which this information is now show that the localized application of 
containing a 1 : 100 dilution of the digoxigen~n-labeled 
RNA probes (prevlousy denatured at 65°C for 10 mln) transduced into morphogenesis is un- expansin to the apical meristem induces ex- 
was applled to each cover slip, covered w~th a glass known (2) .  One  model predicts that the pansion in living tissue and that the result- 
coverslp wlthrubbercement Hybridization regulation of epidermal cell wall extensi- ant bulging is sufficient to induce primordi- 
was carried out overnight at 42°C in a hum~d chamber. 
The posrhybridization washes were performed in SSC bility controls tissue expansion and thus um formation. 
wash buffer at high stringency (2x  to 0 I x ) .  Samples the initial steps of primordium formation In the tomato plant, leaves are initiated 
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