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Unspliced cytoplasmic retroviral RNA in chronically infected cells either is encapsidated by Gag proteins in 
the manufacture of virus or is used to direct synthesis of Gag proteins. Several models have been suggested to 
exvlain the sortine of viral RNA for these two vurvoses. Here we vresent evidence suvvortine a simvle 
hia;chemical mechanism that accounts for the rouiing'of retnniral RY;\. Our results indiciie that ribosumes 
compete \rith the Gae vn,teiss tu delerminr the fate nf nascent rrtnniral RUA. .Uth~~ueh the intcrritv uf thr 
e k e  Rous sarcoma-hrus leader sequence is important for retmviral packaging andiranslatiod the RNA 
structure amund the third small oven readine frame. which neighbors the IIr site rewired for packaging of the 
RNA, is particularly critical for maintenanceif the balance between translation and packaging. ~h&e;esnlts 
s u v ~ o r t  the hvvothesis that Gae vmteins autoeenouslv rermlate their svnthesis and encapsidation of retroviral 
RU;\ and thai 11n rquilihrium &s hrlwern &A dcrtinCd for transl&n and yacknxi& that is hased on the 
inlracrllular lrvrls of Gae prutcins and ribosomrr. To tc$t the modrl, nlRY4s with natural or nmtalcd 5' lradrr - - 
sequences from Rous sarcoma virus were expressed in avian cells in the presence and absence of PflPg. We 
demonstrate that PRVaS acts as a translational repressor of these mRNAs in a dose-dependent manner, 
supporting the hypothesis that P R P  can sort retroviral RNA for translation and encapsidation. 

- 

Unspliced retroviral RNA is used either for synthesis of Gag 
proteins or for encapsidation to form infectious retrovirus. In 
avian sarcoma and leukosis viruses (ASLVs), ribosomes nego- 
tiate the RNA leader sequence to synthesize the precursor 
proteins pr7ffag and Pr18ffag'p0', which in turn bind to the viral 
RNA, presumably at the encapsidation region designated ly 
which is contained within the leader (3, 14, 25-27, 32, 33, 35, 
44). A balanced regulation of these two processes, mediated by 
the leader RNA sequence, is necessary for efficient viral prop- 
agation (8, 11, 12, 39). 

Gag proteins serve two distinct functions in the propagation 
of retrovimses. They aid in the infection of host cells, and they 
direct assembly of viral particles in the infected cell. For as- 
sembly of infectious viral particles, Gag precursor must recog- 
nize and encapsidate two copies of nnspliced viral RNA. Mu- 
tational studies of Gag polyproteins from murine leukemia 
virus, human immunodeficiency virus type 1 (HIV-1) and 
ASLVs have shown that a sinele seauence motif. comnosed of " . , 
a cpteinr. arrdy vithin the SC dumain 01 thc Gag polyprotcin, 
is csscnti;rl for recoenilion oiviral RNA, Jurinv .iswmhlv 13.4. , ~ .  . 
7a, 13, 17, 37, 38, &, 51). The NC protein ha$been shown to 
bind in a specific manner to its RNA in HIV (3, 4, 7a, 14, 36, 
50) and form particle-like structures with its cognate RNA (6). 

In addition to requiring the NC domain of the Gag precur- 
sor for packaging, cis-acting signals on the viral RNA must be 
presented for recognition by Gag. One required encapsidation 
signal is ly, located within the 5' leader sequences of all 
genomic retroviral RNAs (25,33). The leader RNAs of ASLVs 
have a highly conserved RNA secondary structure, and both 
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reolication and uackaeine utilize the conserved structural mo- 
tifs within the leader fi8y The tRNA primer binding loop and 
a stem- loo^ structure 103) imnortant for encansidatiou of the 
viral RN& contained'wi<hin ihe 'Z' region o i  Rous sarcoma 
virus (RSV), have been partially confirmed by genetic and 
physical analyses, respectively (7, 27). In addition to conserva- 
tion of secondary structure, the leaders of ASLV RNA contain 
the additional complexity of three open reading frames 
(ORFl, ORF2, and ORF3) which are phylogenetically con- 
semed in size and position (18). The conservation of secondary 
structure and upstream ORFs within the ASLV leaders sug- 
gests that these elements are important in the life cycle of the 
virus (19). 

Ribosome binding (9, 45-47) and translational studies in 
vitro (19, 23, 53) and in vivo (11, 12, 41, 42, 47) indicate that 
leader ORFl, O R E ,  and possibly 0RF3  are translated and 
that ribosomes move linearly from the cap site to the gag 
initiation codon. The effects of mutations in the ORFs on 
downstream translation were relativelv minor in com~arison 
wirh the cffccts on prop:8@tion of the rcrrovirus (JI, 12), wg- 
sestinc th:d tmn$lation ot m e  or more ot the ORFs I$ neces- - 
sary f& propagation of RSV. Specifically, mutations of the 
highly conserved sequence within 0RF3 attenuate viral activ- 
ities by altering the sequence andlor formation of the ly struc- 
ture recognized for encapsidation of the RNA (9, 10, 33). 

In some studies, the processes of translation and packaging 
appear to be functionally linked (11, 12, 41) in either of two 
ways, which we have named the direct coupling model and the 
indirect coupling model (Fig. 1A). In the direct coupling 
model, translation of O W 3  is required to shift the RNA sec- 
ondary structure to a form recognizable for packaging (11). In 
the indirect coupling model, ORE3 encodes a peptide cofactor 
required for packaging (12). Both the direct and the indirect 
coupling models predict that an increase in the relative trans- 
lational initiation strength at the initiation codon of ORF3, 
AUG3, will presumably increase the rate of ly formation and 
the availability of high-ahity binding sites for Gag to the viral 
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We took two approaches to determine the validity of these 
models of translation and nackaeine of RSV RNA. First. we 

u - 
te tcd  the p4ckgmg m d  trm4n1ion oi modcl RS.Z< c o n t n l n -  
inr altcrcd KS\' 1caJ.x \caucncc%. Our r : d r  indtcte [hat 
tr&lation and packaging are not always functionally linked 
and that the sequence and/or structure of the entire RSV 
leader is important for optimal packaging and translation. Sec- 
ond, we tested one of the predictions of the competition 
model, that Gag protein is a repressor of translation of 
mRNAs containing Ur regions in their leaders. The results from 
all of our experiments sipport the competition model for reg- 

DIRECT COUPLING MODEL INDIRECTCOUPLING MODEL WMPETITION MODEL 
Translation of ORB Translation of O R F ~  rranslstion of O R F ~  dati0n of packaging and translation of retroviral RNA. More- 

=item RNA c ~ n f ~ r m a t ~ r n  producers cotactor IS not rwu~red over, our findings suggest that the leader sequence of ASLV 
for packaging for packaging for packsglng RNA is conse~ved to maintain a balance between translation 

and packaging of unspliced RNA and that decreasing either of 

B 
these two processes by more than about 75% results in failure 
to produce virus. 

MATERlAIS AND METHODS 
Cloning and mutagenesis. All plasmids were engineered by using standard 

techniques (52). Restriction enzymes, DNA-modifying enzymos, and DNA link- 

- 
in a Perkin~Elmcr thermocycler. Mutagenesis was performed an uracil-rich sin- 
gle~stranded DNA isolated from Escherichia coil UZ36 (dut ung E') (15). All 
plasmids were propagated in E COIL ToplOF' (Invitrogen) in the presence of 50 
us of amoicillin oer ml. Plasmid inteeritv was verified bv dideoxv seauencine. , "  " ,  , ~ " 
Plasmids used for ribornobe svnthesis and transfection assays were purified with 
ion-exchange wlumn; (~iag;n). All RSV cDNA war d e k d  from the SR-A 

FIG. 1. Models for translation and packaging of RSV RNA. (A) The three 
models tested in this study. The models are described fully in the t m .  The three 
short ORFs in the 5' leader sequence are shown by boxes. ORF3 is a part of the 
YI region that is required for packaging of retroviral RNA. In the direct coupling 
model and the competition model, the RNA structure around 0RF3  and the YI 
region is represented as being able to adopt more than one conformation. The 
ma i l  arrow at the bottom of the competition model reoresents release of the 
ribosome (represented as shaded ovais) from RNAs bound by Gae (stippled 

- ,  .. 
RNA emerging from the nud& is most likely bourid by ribanomalsubunits 
(shaded ovais)whichscan the leader, translate the smallle~der ORFs, and go on 
tu cran~.L:c ihc Cil-clilron 13 plod r:e I'r-O-''< :nJ P r l r P J "  .\: lh$h :o;ccn. 
IrJlD3nr 3i G a r  pr wm, l!wre I ,  d huh  pronh,l#t) that Cia,! mdrcu..r will hlrJ 
I<  Y'D.'ior. *c.;n?1.1., iuhu78: J I I . \ ~ ~ ! - , ( J R F ~ .  !hr.:;h\ #l:#tn:#nr ~cl :m?#.  31 

the viral RNA for encapsidaion. The ribasomai subunit, unableto continue 
scanning, is released either before or after translation of O m .  

RNA. An alternative model is that which we call the comne- 
tition rnodcl (1.1p. IAI ,  in uhlch pdckapiig and irnnslation .are 
in cc~mnerition for n ; i s x n t  ttndiced \ :ral K\A. In this modcl, 
packaghg is mediated by binding of Gag or Gag-Pol 
to the 'P site on RNA leader sequences that have not been 
traversed by scanning subunits, \;hereas translation depends 
on scanning of the leader RNA sequence by 40s ribosomal 
subunits, uihampered by hound ~ag~rote ins-(Fig .  1B); alter- 
native structures in the Ur region may form as a result of either 
rihosomc piissage or Gag binding ritz;halttin~ sint~lar to the 
compctirion mudd has hwn dernonstratcd fdr human hepatltls 
B v i ~ s  and yeast LA virus, wherein modulation of ribosome 
movement through the packaging structure of pregenomic 
mRNAs regulates encapsidation (10, 24,43,48). The compe- 
tition model is consistent with the results of early studies with 
murine leukemia virus, which indicated that the division of 
unspliced viral RNA into either a translational pool or a pack- 
aging pool occurred early after its synthesis (20) and that once 
RNA is associated with polysomes, it cannot be packaged (30, 
31). The RNA sorting mechanisms have not been investigated 
for other retroviruses. 

(SF) strain: 
Cloning of pRL series plasmids. The mutant RSV 5' leader sequences were 

cloned into the eukaryotic enpressionvector pGLZB (Promega), which contained 
the following features: (i) the entire pramoteriU3 region from the S R ~ A  (SF) 
strain of RSV, (ii) the RSV leader distal to the gog AUG, (iii) the first three 
amino acids of RSV gag fused to the fourth amino acid of the luciferase gene 
(luc), and (iv) the simian virus 40 (early) introll and poly(A) processing signal 
(Fig. 2A). To facilitate the fusion between the RSV gag leader and iuc (RL), 
mutations were introduced into their respective coding regions by site~specific 
mutagenesis. First, pLTR~Rl  (47) and pUC118 were digested with Hind111 and 
BamHI. Tne 1,146-nudeotide (nt) RSV iong terminal repeat fragment fmm 
pLT&RI was ligated into the linearized phagemid to make pTLTR8. Mutagenesis 
was performed on pTLTR8 and p G U B  with the primen 5'-GCATGGAAGACGT 
CAITAAGG-3' and 5'-GGCCTITCmATGTTTiTGACGCGEITCG3', respeo 
:n;I), nhcr: the irJerlln:J hr.e m x % r c i  r h i  .m:lror~:: :hm?: ~n : s h  .-- 
q .c! r i  lo rrrsle Auill 1c<tw:l80~ ~ C I  TI,? I C ~ ~ I ? !  I ~I ; ITIIII I~. ,  [TI l R h m  dn;l 

>hl..'litn urr, J # L ? . S ~ J  w h  1 1 ~  Ill1 .,?J .l.ull lh,  W 1.t .,>.I<r i -w~.m 
?ram p ~ ~ ~ 8 m  &s ligated into pGLZBm to make pRLWT (WT, wil& 
RSV leader). pRLWT was subsequently used for the construction of all RSV 
?a .:r 11 J ~ . ~ t  .I. (I,., XTINW I ORF r f  t# ' . . '#w , F I ~  ?,\I For ?xiw:,le ' 7  n 

' r l ,  11, \UG, !I u . .AT ITIU rK1-\\'I pLIK-.Wt;3 ,nd pKL-\ \  I uc:, 
d c e w d  e l l >  Hmdlll and WI. m d  ih: m u m 1  RS\' 1:ld:t f t u m r n l  lrotr [he 
foymer was replaced into the ~ R L W T  vector backbone. This Gasmid was des- 
ignated pRLA3. A total of 11 ORF mutant leader constructs were cloned by 
using plasmid pRL7 (53). 

Two primers were used to amplify DNA from plasmid pRL~WT to create a 
partial dcletion of the 0 3  stem~laop structural clement in the RSV leader 
sequence, 5'-TGTATCTTATGGTACTGTAACTG-3' and 5'-CTAAGCCGC 
AGCCCCCTCC9' .The amplified region spanned the entire RSV long terminal 
repeat and 5' leader sequence proximal to the ORF3 lerminution. This PCR 
fragment was cloned into plasmid pRLWT after digestion with Ssrl, treatment 
with mung bean nuclease, and digestion with HindllI. Far construction of pRL- 
SL, pLTR-AUG1 was digestedwithHindlI1 andSall, which eleavesat thesiteof 
the AUGl mutation. This partial iong terminal repeat fragment was filled inwith 
Klenow enzvme. and the blunt ends were lieated into the SmaI-linearized 
pGLZB. To E~onk the 5' hairpin (S'HP) elemen; into the pRL series plasmids, 
pRLWT was digestcd m two different reactions with Cia1 and SstI and with ClnI 
andEcoRI. From these reactions, 1,482-nt fragments corresponding to  the 3' end 
of the RSV leader fused to luc and the vector backbone fragment were isolated. 
pEHS-0.35 (47) was digested with Hind111 to release a U3 fragment that was 
flush ended by using Klenaw enzyme. The linear plarmid was digested with 
EcoRI, and a 51-nt fragment was isolated, pRSV-5'HP (23) was digested with 
Sfcl to  release a 347-nt HP  element, flush ended by using Klenaw enzyme, and 
digested with SstI. The HP fragment was ligated to the other three fragments in 
a single reaction. 

Cloning of pRCG series plasmids. A series of RSVgog sequences were doned 
into the eukaryotic expression plasmid pRCiCMV (Invitrogen) (Fig. ZB). These 
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qSV Leadw Cassettes - SV40 lntron & 

* * *  * * * *  
El Wild Type & mm ORF Mutants 

MYI-RSV 
Short Leader 

uq-cs 

5' HP 

pRL Plasmids 

MA CA NC PR POL 

neo H PO~Y(A) 

gag Expression Plasrnids 
FIG. 2. Construction of pRL series plasmids and Gag expression vecton. (A) Schematic diagram of RSV leader-lur expression plasmidr (pRL series) is shown at 

the top. The asterisk represents the mutation crcated to fuse the gag and iuc coding sequences. The arrows laboled pRLPl and pRLP2 represent antisense RNA 
fragments. The arrowhead represents the RSV S R ~ A l  promoter. The simian virus 40 (SV40) RNA mocessine, signals axe shown us filled bores. The line between the 
R.%J promoter and luc coding sequence represents the RSV 5' leader cassette, which iskxpnded to ;how the s&p&ces immediately upstream of luc in each construct. 
The four types of leader sequences are labeled to the right of each map. Single lines represent RSV leader sequence, and double lines are nan-RSV-derived sequences. 
Break in the leader sequence lines represent deletions of sequence. The boxes an the black line represent ORR.  Distances are marked in nucleotides hom the start 
of transcriotian, r .  sites of mutaeenesis to create mutations in either the ORFs or the RSV ieader. (BI Too. mao of the me sene The reeions of mmmRNA orotected 

plasmids (pRCG) were constructed to express high levels of Pr7V"n in trans to 
the RSV leader. pRCG plasmids contain the following features: (i) enhancer- 
promoter sequences from the immediate-early gene of human cytomegalovirus 
(CMV), (ii) a poiylinker distal to the CMV promoter far insertion of RSV gag, 
(iii) poiyadenylation signal and transcription termination sequences from the 
bovine growth hormone gene, and (iv) the neo gene, whose expression is regu- 
lated by the simian virus 40 promoter and poly(A) regions (Fig. ZB). A 2,470-bp 
fragment containing the RSV gag gene was cleaved from the infectious viral 
clone pSRA-1LTR (47) with SsrI and H p I  and was cloned into pUC11Y. The 
plasmid, pYBH,was mutagmized, to introduce anNhe1 site 13 bp proximal to the 

initiation codon for P r7Pn ,  with the primer 5'-TGGTCGGCAT GCGGATCA 
A G C J '  . This done, pYBHS'N, was digested with SstI and EmRI,  and the 
2,057-hp fragment was coligated with a 1,060-bp &pol gene fragment from 
EcoRI to X h I  into the Sstl and &I sites of pUC118. The resultant clone, 
p700G. was digested with NheI to release a 2,692-bp fragment, which was filled 
in with Klenaw enzyme, and Hind111 linkers were ligated onto the blunt ends. 
The linkerligation reaction was digestedwith HindIII, and the2,374-bp fragment 
was ligated into pRC1CMV's Hind111 polylitkr site; the resulting construct was 
named pRCG3. Far clone pRCG4, a BgiIl restriction site mutation (Asp- 
614-Arg) was introduced into the protease (PR) domain of gag (44). pRC@-gal 
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FIG. 3. Strategy far examining packagmg and translation af RSV leader 
modei RNAs 1, RSV leader-iuc constructs are transfected into quail cells for 
analysis of transient expression; 2, the upper pathway represents assays of cel- 
lular extracts to determine translational efficiencies and cellular levels of stcady- 
state mRNAs; 3, the lower vertical arrow represents the collection of media and 
isolation of virions from transfected QZbn-4D cells; 4, the lower horizontal 
pathway represents assays to determine efficiencies of RNA packaging. 

quence upstream of the luc AUG. This RNA contained neither 
the RSV ORES nor the RSV T element in its leader. T- 
RNAs contained a deletion which removed the seanences in- 
v n l \ c d  in iurni.lrlcm ui  r h ~  3' ,i<.ni p n r t t o n  of r h r  01 s i ruc t i l r a :  
r.l:iivcr in W ( l h .  3 7 1 .  Th? o t h e r  R S Z q  uer :  e n z s n d d r c J  d l  
intermediate l&els.   he amount of SL mRNA was'about 40% 
below that of WT mRNA in the cell. sueeestine a raoid turn- . -- 
over (Fig. 4B), while 5'HP mRNA was exceptl'onal :n that it 
was present in high amounts in both virions and cells, indicat- 
ing that it more stabile than WT mRNA. The intracellular 
levels of the other RL mRNAs were relatively constant and 
varied less than twofold from the WT RNA level between 
assavs. Virion vrotein levels were determined bv Western anal- 
ysis <Fig. 4C), ind  the values obtained were used to control for 
differences in virions between samvles as described below for 
calculation of packaging efficiency: These results showed that 
RL RNAs were differentially translated and packaged, while 
\ . ln l r  pnrri-le p r o r l i ~ c : m n  a3; .r i lrle.  

I h t s  c ~ m i l  ir ro tho-;. S I I O U I I  In I'le 4 wire us:~l i u  .;1!.111dl,, 
the following four parameters forkach mRNA 1 cellular 
mRNA levels, calculated as "P cpm of iuc m R N d 2 P  cpm of 
p-actin mRNA; (ii) translational efficiency, calculated as Luc 
enzymatic activity (relative light units)/(microgram of cellular 
proteinicellular mRNA level); (iii) packaging efficiency, calcu- 
lated as "P cpm of luc virion RNA/'251 cpm of virion protein 
CA; and (iv) selectivity of packaging, calculated as packaging 
efficiencyicellular mRNA level, where the latter three values 
for each mutant RL mRNA were normalized to the value for 
RSV WT RNA. For example, for 5'HP mRNA, translational 
efficiencv (5'HPI eauals translational efficiencv (5'HPVtrans- 
lational .efficiency (WT), packaging efficiency.(5'J4~)'eqnals 
packaging efficiency (5'HP)ipackaging efficiency (WT), and se- 
lectivity of packaging (5'HP) equals selectivily of packaging 
(5'HP)lselectivity of packaging (WT). Each of the parameters 
was determined a minimum of four times in each cell line 
unless indicated othenvise. 

Decoupling of translation and packaging. The translational 
and packaging efficiencies of RNAs expressed from plasmids 
nRLSL. oRLV-. and nRG5'HP were measured to deter- , A 
kine if the of RSV leader translation and packaging 
wuld be dissociated (Fig. 5A). SL and Tyr mRNAs had slightly 
enhanced translational efficiencies in comparison with WT 
mRNA. whereas oackaeine of these RNAs was about an order 
of magnitude loier  th& $at of WT RNAs, equivalent to the 

FIG. 4. Analysis of virion and cellular RNAs and proteins by RNase protec- 
tion and Western assays. RNA analysis by RNase protection assay of virion (A) 
and cellular (B) RLmRNAs. Hybridizations and digestions were done as stated 
in Materials and Methods. (A) RNase~dieested samoles were electroohoresed ~, u 

through 5% polyaciylamide-urea gels far resalution of protected bands. The 
RNA leader rypes are indicated above the lanes; designations represent ORF 
mutations (e.g., A i  is a mutation in the AUG codon of ORFi, and TCi is a 
mutation of the termination codon of ORFI). Virions were haivested at 12, a, 
36, and 48 h fram Q2bn-4D cells transfenedwith 5 pg of pRL plasmid and 5 pg 
of carrier DNA. A 4 0 ~ ~ 1  fraction of each isolate was hybridized to the 546-nt 
pRLPZ antisense rihoprobe. The 540~nt protected fragment corresponds to se- 
quences within luc. Mack, RNA assayed from virions isolated from QZbn~4D 
cells transfected with carrier plasmid DNA; pa .  (probe alone), a sample of probe 
hvbridiied and dieested without cell extract. (B) Samule lanes reuresent ane- 
eighth equivalent" of extract fram a 60-m&-diamet& plate of transfected 

determine CA levels in virions harvested from extracellular media of transfected 
QZBn-4D cells. Lanes arc marked as ia panels A and 9. CA was detected as 
described in Materials and Methods. Protein standards are labeled for amount of 
total viral protein loaded per lane an both sides of the gel. 

backeround level of this assav. These results suvoort the idea 
that ;he T region, which inclides portions of the'63 stem-loop 
structure, is required for efficient vackaeinr of viral RNA. 
pRG5'HP was constructed to test ihe efficts of inhibition of 
ribosome movement through the RSV leader on translation 
and packaging. The translational efficiency of 5'HP mRNA 
was reduced 10- to 20-fold, a repression that is nearly equal to 
that found in vitro (23, 53). In contrast, the packaging effi- 
ciency of 5'HP RNA was only 25% below that of WT RNA, 
which demonstrates that the ly element was able to initiate 
packaging in the absence of normal ribosome movement 
through the RSV leader. However. because the cellular levels 
of ~ ' E P  mRNA were also higher than that of WT RNA (Fig. 
4B). there was actuallv a two- to threefold decrease in the 
selkctivity of packagingof 5'HP RNA (Fig. 5A). The results of 
assavs usine V- and 5'HP mRNAs clearlv contradict the direct 
:lad uui::;r w c p l ~ r  mu . l~d , .  w h i ~ h  h v p o t l ~ e j i ~ ?  t h 3 i  11110m11~ 
m u \ , t n i e n t  t h r t ) u r h  ih: RI\'  'I' rr.ris11 1s 1eau1re.i  i o ~  cnmvil- 
dation of RSV KNA. - 
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Tanslatianal Packaging 
Efficiency 

FIG. 5. InUuence of the RSV ieader on translation and packaging of model 
W. Each construct is shown on the left, using the same symbols as in Fig. 1. 
The valuer to the right rcpreaent the translational eficiency and RNA packaging 
activity of each RL RNA normalized to WI RNA levels and are mean values 

Mutations in ORF3 repress encapsidation. Previous studies 
of RSV leader ORE1 and ORE2 demonstrated that alteration 
of their AUGs delayed viral spread, suggesting that the leader 
sequence is important for both translation and packaging of 
viral RNAs (11, 12, 41, 42, 47). Accordingly, we examined the 
association between nackaeine and translation in four ORF 
mutants with deletidns or-extensions of ORFl and 0RF2  
which had delayed viral phenotypes (41, 47). We found there 
was a correlation of translational efficiencies with packaging 
efficiencies (53), indicating that these regions are important for 
hoth processes. In contrast, previous phenotypic analyses of 
0RF3  mutants demonstrated that efficient urouapation of . . -  
RSV was sensitive to changes in the initiation context and 
length of 0 R F 3  (11,12,41). These ohsewations suggested that 
an increase in ribosome movement through 0 R F 3  and the T 
region abrogated packaging. Alternatively, mutations within 
0RF3  might have affected the ability of the 0 3  RNA structural 
motif to form andlor be recognized by Pr76pag (or Pr180garipo1) 
for packaging (for example, see reference 41). We tested eight 
ORF3 mutations in this study to distinguish between the two 
possibilities (Fig. 4 and 5). The results presented in Fig. 5B 
show that alteration of the initiation codou of O R B  (A3) 
enhanced the translational efficiency of A3 mRNA in both Qt6 
and Q2bn-4D cells, although the efficiencies were slightly re- 

duced in the presence of viral proteins. The packaging effi- 
ciency of the A3 RNA was approximately seven- to eightfold 
lower than that of WT RNA, similar to the packaging efficiency 
of the SL and 'T RNAs (Fig. 4A and Fig. 5A). Thus, the 
translational efficiency of A3 RNA was more than an order of 
maenitude meater than its oackaeine efficiencv. These results 
agGe with tlhe hypothesis elther tlha~ribosom~l recognition of 
AUG3 is necessam for encaosidation (direct and indirect cou- 
pling models) or that the Lutation of the 0 3  stem-loop per- 
turbs the formation of an RNA structure and its recognition by 
Gag proteins required to initiate packaging (competition mod- 
el). 

To distinguish between the models, other mutations in 
ORF3 which change the AUG3 initiation context and/or 
ORF3 length were tested for translation and packaging. 
Changing the +4 nt of AUG3 from an A to a G, to put the 
AUG codon in an optimal context (A3+), slightly reduced 
downstream translation of luc but repressed RNA packaging 
efficiencies fourfold (Fig. 4A and 5A). The effects on transla- 
tion and packaging of A3+ RNA were not correlated, suggest- 
ing that the reduced packaging of the A3 RNA is a result of 
alteration of the 0 3  structure, in agreement with the compe- 
tition model. The TC3S and FS3TC3 mutations each elongate 
ORF3 from 9 to 26 amino acids by a frameshift mutation, hut 
the FS3TC3 mutant retains the same AUG codon initiation 
context as the AUG3+ mutant. In Q2bn-4D cells, translational 
reoression was reduced for FS3TC3 mRNA. while the trans- 
lational efficiency of the TC3S mRNA was 30% greater than 
that of WT mRNA. This result sueeests that the mutations in 
TC3S facilitate ribosome movement downstream to the gag 
initiation codon in the nresence of viral orotein. The nackaeine 
efficiency and selectivky of TC3S RN.k was repressed 46 to 
50%. while oackagine of FS3TC3 RNA was reoressed to near 
ba~k~round ' level~  - 

Mutant RSV leader sequences FS3, FS3R, and TC3 extend 
0 R F 3  from 9 to 64 amino acids, thereby causing ORF3 to 
overlap the luc coding sequence by 22 nt. FS3 RNA was re- 
press& about fourford ii hoth trklational  and packaging 
efficiency compared with WT RNAs. The RNAs that were 
mutated only by extension of ORF3 (FS3R and TC3) were 
repressed about 20 to 40% in translational efficiency and about 
30 to 40% in packaging efficiency. The packaging of RL 
mRNAs A3+, FS3TC3, and FS3 RNAs, all of which have an 
AUG codon context that increases initiation of translation at 
AUG3 (531, was low, which is inconsistent with the direct 
wupl~n? rnodc. tur tran,l:tl~on and p;rckagmg. I'he Jat:r are 
iun\islznt nilh tllr hvpotllrsis that nlutation of lhc -4 n t  of 
OKI'? rcprcqw c n c a p r ~ d n t ~ o ~ ~  of thc KN.4 either h? alrerat~m 
c>f t h u  0 3  jtrrl~uurc in W c>r  hy incrcd,lng tr;~nsl;ttiun;tl initla- 
tton .it AllG3. which tn turn neytlvel) re$i~e\ packaging. 
Thu mriahlc Icvcls of p3ck.tgmp tor R%\s n ~ r h  alrercd ORF.3 
scutlencci cuntt:rdicr rh: i n J ~ r x t  mmlinr mudel. in \\ htch rhr. 
encoded peptide plays a role. In con&as<the pa;allel changes 
in translation and oackaging are consistent with a comuetition 
between translation ancpackaging that is dependenion the 
integrity of the 0 3  substructure of T, which is influenced bv .. . 
\ o m  hut nor ;dl mutariuns in ORF3. For itnknoun rra\@n,, thr 
rraohtton ctlictmctcs ot 211 df thc O N 3  mutant 1uRN.4s ncre 
greater in Q2bn-4D cells than in Qt6 cells. 

Qtg cells expressing P r 7 F  repress translation of model 
RNAs with an RSV leader sequence. If the competition model 
is correct, then Gag should he a translational repressor and 
increasing the ratio of Gag protein to RL mRNAs with intact 
T elements should lower the translational efficiencies of the 
mRNAs. We used two strategies to determine whether P r 7 P  
could autoregulate downstream translation of model RNA 
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corresponding to the lowest level of transfected pRLWT, the 
translational efficiency was reduced 70 to 80%. Increased con- 
centrations of transfected pRL-WT resulted in a reduction in 
the inhibition of luc translation. Inhibition was almost com- 
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pletely relieved when 50 ng or more of pRL-WT was trans- 
fected. Kinetically, the reaction of RL mRNA with either Gag 
or ribosomes can be modeled. Assuming that the RL mRNAs 
are in competition with other cellular mRNAs for ribosomes 
and/or translational initiation factors, the translational effi- 
ciency of RGmRNA can be describedas follows: translational 
efficiency,, ,,,, = K[pRGWT]/([pRLWT] + C), where C 
and K are association constants of Gag and ribosomes to RL 
mRNA and the cellular concentrations of ribosomes and Gag 
protein, respectively. None of these values are known, hut they 
should be about the same in Qtg 37.2 and 37.5 cells lines since 
the Gag protein concentrations in these cell lines were about 
the same. As shown in Fig. 7, the data could be fitted to the 
equation after the values for K and C were derived by substi- 
tuting experimental values into the equation and solving for 
the two constants. In this equation, which describes the situa- 
tion wherein the Gag protein concentration is constant hut the 
input RL mRNA concentration varies, the value of K is the 
highest attainable translational efficiency. In our particular ex- 
periments, the best solution resulted in ; Kvalue-of about 0.9, 
indicating that at high DRGWT input (>5 ng), when most of 
the mod;[ mRNA translated, ri6osohe bgding dominates 
over Gag binding, presumably because of the relatively low 
level of Gag protein in the Qtg cells. More detailed biochem- 
ical measurements are required to determine precise associa- 
tion constants of Gag with the RL mRNAs. Althou~h the data - - 
do not prove that Gag operates as a simple repressor of trans- 
lation, they are consistent with this hypothesis. More imoor- . . 
tantly, these results demonstrate thai'the effect of ~ a g  on 
translation of RL mRNAs is dose dependent. 

Translational efficiencies of RSV-luc RNA in avian cells 
cotransfected withgag expression plasmids. To circumvent the 
problem of low Gag output by the Qtg cell lines, we used the 
second strategy shown in Fig. 6 to measure translational effi- 
ciencies over a wider concentration range of Pr7ffw. In these 
experiments, we cotransfected normaiquail Qt6 cells with 
DRLWT olus either oRCG3 (which encodes Pr7ffag) and 
R C G ~  (which encddes a protease-deficient m u t a t  of 
Pr7Fgr). The translational efficiencies for the RL mRNAs 
wcre dercrm~ned in the ,:,ni; ninnncr .>, the rran\fuct~ons intu 
t1ic O:e cell liries. The results s l ~ a u ~ i  i t i  TIC S :l:tliwdrdtc t l i n t  
as the molar ratio of either pRCG plasmidto pRLWTplasmid 
DNA was increased, the translational efficiency of RL mRNA 
decreased. The reduction in translational efficiencies of RL 
mRNAs saturated at a gag DNA-to-RL DNA molar ratio of 
about 20,000:l; 80% repression of translation was obtained in 
the presence of WT P r 7 P .  Although both WT and PR- 
forms of Gag acted as translational inhibitors, for unknown 
reasons there was a slight difference in repressive effects be- 
tween the two types of Pr7ffCg at high Gag levels. 

The kinetics of inhibition in Fig. 7 and 8 are expected to 
differ; in Fig. 8, the concentration of RL mRNA was essentially 
constant and the Gag concentration varied, whereas in Fig. 7, 
the RL mRNA concentration varied and the Gag concentra- 
tion was constant. If the Qt6 cells took up the same ratio ofgag 
and RL DNAs as were provided for transfection, then the 
following equation should be valid: translational efficiency,, 
m ~ ~ a  = 1/(1 + Q[Gag]), where Q is proportional to the asso- 
ciation constant of Gag to RL mRNA and the relative trans- 
fectional efficiencies of the input plasmids. In Fig. 8, where 
[Gag] is expressed in terms of the input ratio of pRCG to 

0.0 - ,coo lW00 l o r n  
Input [Gag-DNAIIIRL-DNA] 

FIG. 8. Translational analysis of RL RNA coexpressed with gag. Cellular 
extracts from Qt6 cells cotransfected with gag expression plasmids and plasmid 
pRL-WT were assayed far Luc activity, CAT activity, and total protein Trans- 
lational efficiencies were calculated as described in Results. The translational 
efficiencies of -Gag sampler were assayed from mracfs cotiansfectcd with 
pRCP-gal. The average values ham three or more independent experiments 
were determined and plotted against the ratio of CMV-gog to pRL-WT plasmid 
transfected. Filled circles, pRCG3 (WT Gag): open circles, pRCG4 ( P R  Gag). 
The theoretical curve, with a best-fit value when Q equals 1.5 X is shown 
by the line through the small points: translational efficiency, ,,,, = ll(l+ 
1.5 x 10-~[cag]). 

pRL-WT, a best fit for the equation occurs with Q equal to 
1.5 x 

Even in these experiments in which we could control the 
ratio of Gag to RL mRNA, two constraints prohibited us from 
achieving complete repression of RL mRNA translation. First, 
the large number of ribosomes (estimated to he about 5 X lo6 
per cell in tissue culture) ensures that some RL mRNA will he 
bound bv ribosomes. Second. some cells will be transfected 
only by RL DNA without ac&mpanying gag DNA; these cells 
will translate RL mRNA in an unrestricted manner. Reeard- 

mhihitq tr..tnslstton of RI. ~ I I R S . ~  in  a dowdependent manner- 
Our moJ:l r ~ r c r l i x  that lhc ~ C I X : % I . I ~  .)f iranAmon should 

result from Gag binding to the p;tative Gag-binding W region 
in the RSV RNA leader sequence. Accordingly, we evaluated 
the ability of Gag to repre& translation ofu&o mutant RL 
mRNAs, W-, which has a deletion of most of the 'P sequence, 
and SL, which lacks nearly all of RSV leader sequence, includ- 
ing the W element (Fig. 2A). These RNAs are packaged about 
10-fold less efficiently than Wl-luc RNAs (Fig. 5A). In con- 
trast to the inhibition of translation of WT RNA, translation of 
Y- mRNA was not repressed even at high levels of Gag. SL 
mRNA was resistant as expected at intermediate levels of Gag 
(53). These results demonstrate that translation of RL mRNAs 
fhai contain the W sequence are repressed by Gag proteins in 
a dose-deoendent manner. whereas those that lack a W reeion " 
are not. 

DISCUSSION 

In this study, we used model RL RNAs to examine the 
relationship between translation of the ORFs in the 5' leader 
sequence of RSV and packaging of RSV leader RNA. As 
shown most dramatically in Fig. 5A, packaging of RL RNAs 
was not dependent on translation of the RSV 5' leader RNA. 
5'HP RNA, whose leader contained a functional RSV W. ele- 
ment accompanied bv a translational block near the 5' car, site, 
was packagid at approximately 75% of the rate of WT'RG 
(Fig. 4A and 5). The packaging efficieucv of 5'HP RNA 
Htringly suggeststhat ridosomem&ement through the leader 
is not necessaly for packaging of the RNA, thereby supporting 
the competition model but not the coupling models (Fig. 1). 
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Our results are in accord with previous findings with murine 
leukemia virus that suggested RNA that was routed to either a 
pool for translation or a pool for packaging and that RNA 
bound by ribosomes could not be packaged (30, 31). The ne- 
cessity of the 0 3  stem-loop structure for packaging of RSV 
RNAs was demonstrated by the T and SL mutant RNAs. 
These two RNAs were not able to form the functional 0 3  
structural element of the UI element and, as predicted by the 
competition model, were packaged at minimal rates. 

The role of the ORFs in packaging of RSV RNA has been 
exhaustivelv examined bv us and others. and different conclu- 
sions have been suggested. Reconciliation of the translational 
differences between our model RNAs shown here and those of 
Don26 et al. (11, 12) is a bit difficult because of variations in 
seauence alterations that uerturh RNA secoudarv structure. 
thd methods used to quaniify packaging and tranilation, and 
the use of two different strains of RSV. The most important 
difference in our results centers around the role of ORF3. We 
suggest that the ORF is translated minimally and that its trans- 
lation is of minor consequence to encapsidation, whereas 
Dome et al. concluded that translation of 0RF3  is important 
to encapsidation. A presumably important experiment was to 
measure the translation of 0 R F 3  by insertion of the luc gene 
behind ORF3. However, 0RF3  is in a particularly unstable 
region of RNA secondarv structure (18) such that insertion of 
the gene alters local RNA secondary btructure, which could 
alter translational initiation at AUG3. Thus, the use of luc as a 
reporter for ORE activity by us (53) and others (11,12) cannot 
fully resolve the extent to which an ORF is translationally 
active. In any case, the key to interpreting all of the available 
data is to separate mutations in 0 R F 3  that affect the ORF as 
a distinct entity from those that affect the folding of the RNA 
in the 0RF3  and T regions. When this is done, all of the 
oublished data can be consistentlv interoreted as sunnortine 
:he hypothesis that RNA secondary strGture is more'impo; 
tant for uackaeine than for translation of the RNA seauence 
around $. F; example, if either ribosome stalling (i2) or 
0RF3  translation (11) enhances encaosidation of RSV leader 
RNA, then the ~ 3 '  RNA should pack'age more efficiently than 
WT RNA. Our results show that it does not. The uackaeine 
results for A3+ RNA parallel those of 5'HP d (Fig:$ 
suggesting that perturbations of the 0 3  stem-loop motif in V 
have effects on packaging that depend on the sites of the 
mutations (41). Alteration of the AUG codon and the bases 
that immediately follow it in ORF3 can affect the structure of 
the 0 3  stem-loop (54). Tbe importance of these specific bases 
is supported by phylogenetic analysis which demonstrates the 
consemation of RNA structure rather than sequence among all 
examined strains of ASLV (18). 

Mechanistic aspects of translational regulation by Pr7ffas. 
Our results show that translation of RL mRNAs which con- 
tained the wild-type RSV 5' leader sequence was repressed by 
Pr76p"p in a dose-deoendent manner. This translational reores- 
sion by apapp'ears to saturate at a molar ratio o f ' ~ a g  
protein to RSV RNA of at least 2,000:l when the appropriate 
packaging motifs are contained within the RSV 5' leader 
RNA. Althoueh the amount of Gae urotein in the Otz cell 
lines was low, b e  translational efficie%es of RL ~RNA~-were  
remessed. When T, a reeion eeneticallv imolicated in oackae- . 
ing, was absent from the R L ~ R N A  &ad&, translation was 
not reuressed in a dose-deuendent manner. These results are 
consisient with an autoreg;latory mechanism in which P r 7 P  
routes viral RNA into oools for translation and uackaeine. 

The foregoing results strongly suggest that ~ a g  should bind 
to 9'. However, we have been unable to show a direct physical 
interaction between P r 7 P  and the RSV leader RNA (53). 

Though disappointing, our inability to show a direct interac- 
tion between Pr7Wa8 and RSV 5' leader was not surprising 
because although many groups have tried to detect Gag biud- 
ing to retroviral T regions, in the type C retroviruses, only 
HIV-1 Gag precursor has been shown to bind its own RNA 
specifically (3, 14, 35, 36). The lack of Gag binding to limited 
regions of the RSV RNA leader harboring UI (sequences less 
than 200 nt) suggests that T is necessary, but not sufficient, for 
stable association of Gag molecules to the RNA (53). 

Our results do not address specifically the type of Gag-RNA 
interaction that inhibits translation. We envision that the in- 
teraction could be of two sorts. Either P r 7 P  hinds to the 
RNA and stericallv interferes with ribosome scannine or 
Pr76pW binds to the RNA to form a ribonucleoprotein coGplex 
that precludes ribosome binding to the 5' end of the RNA. If 
the T element is a nucleation site of Pr7Weg binding to RNA, 
a single Pr7Wq-RSV RNA complex may not be sufficient to 
inhibit downstream translation. Studies done on translational 
redat ion of ferritin mRNAs show that a sinele urotein-RNA 
biiding complex inhibits downstream translkdn only when 
placed within 40 nt of the 5' cap of the mRNA (16); the 5' 
boundary of the T structural element is 159 nt from the cap 
(25). The data in Fie. 7 and 8 are not sufficientlv nrecise to , . 
prehict the number of Gag proteins required for repression. 
However. we surmise that in the chronicallv infected cell. co- 

Once encapsidated, the nascent core particle containing 2,000 
to 3,000 Gag proteins is exported from the cell (56), thereby 
raising the chances that nascent RSV RNA will be recognized 
by ribosomes before being bound by Gag protein. 

The balance between translation and packaging of retrovi- 
ral RNA is critical for virus spread. Obviously the ability of a 
retrovirus to replicate requires both translation and encapsi- 
dation of the viral RNA, but to what degree can these two 
urocesses be unbalanced vet sunnort viral reolication? To ad- 
hress this question, we & translatioh and packaging 
properties of the model RSV RNAs as a function of the cor- 
responding effects that the mutations have on viral replication 
(Fig. 9) as determined in previous experiments (41, 42). Min- 
imal efficiencies of packaging and translation needed for ret- 
roviral orooaeation can be inferred from the dots  in Fie. 9. . . -  
Mutations which are outside the T region retard the rates of 
vims spread (Fig. 9A). The slowing of propagation of the 
mutant viruses correlates with the reductions in translational 
and packaging efficiencies of their RNAs. For example, A1 
RNA is slightly inhibited in translation and packaging (41,42), 
and the onset of viral propagation is delayed a few days (47), 
while the double mutants, A1A2 and TClTC2, have reduced 
packaging and translation, and their replication is delayed 
twice as long as that of the A1 virus (41). 

Mutations which lie within sequences of the 0 3  structural 
element in T result in either wild-type or attenuated pheno- 
types (Fig. 9B). AU of the live viruses (FS3R, TC3, and TC3S) 
have mutations in O W 3  that are not in the AUG codon or 
codon context region (41, 53). The levels of repression of 
translational efficiencies vary in these mutant RNAs, but all 
package at a rate 50% of that of WT RNA. In contrast, mu- 
tations that abolish the AUG3 codon (A3) or improve its 
translational context (A3+, FS3, and FS3TC3) lower packaging 
rates below 25% of the WT RNA rate and prevent spread of 
the virus in our assay system (47). These obsemations suggest 
that a threshold level of vackagine, avuroximatelv 25% of the - -. .. 
WT RNA level, is neces&y for propagation of RSV. In addi- 
tion, viral protein translation must be maintained above 30% 
to maintain RSV propagation (41). 
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ORFl & 2 Leader Mutants hypothesize that the different retroviruses encode proteins that 
recoenize soecific RNA motifs. not all of which are refractorv " 
to scanning by ribosomal subunits. This conclusion suggests 
that the sorting mechanism mediated by Gag proteins de- 
scribed here is universal for all retroviruses whether they have 
5' leader ORFs or not. 
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