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The spliced form of MuSVtsllO viral RNA is approximately 20-fold more abundant at growth temperatures
of 33°C or lower than at 37 to 41°C. This difference is due to changes in the efficiency of MuSVtsllO RNA
splicing rather than selective thermolability of the spliced species at 37 to 41°C or general thermosensitivity of
RNA splicing in MuSVtsllO-infected cells. Moreover, RNA transcribed from MuSVtsllO DNA introduced into
a variety of cell lines is spliced in a temperature-sensitive fashion, suggesting that the structure of the viral RNA
controls the efficiency of the event. We exploited this novel splicing event to study the cleavage and ligation
events during splicing in vivo. No spliced viral mRNA or splicing intermediates were observed in MuSVtsllO-
infected cells (6m2 cells) at 39°C. However, after a short (about 30-min) lag following a shift to 33°C, viral
pre-mRNA cleaved at the 5' splice site began to accumulate. Ligated exons were not detected until about 60 min
following the initial detection of cleavage at the 5' splice site, suggesting that these two splicing reactions did
not occur concurrentiy. Splicing of viral RNA in the MuSVtsllO revertant 54-5A4, which lacks the sequence

-AG/TGT- at the usual 3' splice site, was studied. Cleavage at the 5' splice site in the revertant viral RNA
proceeded in a temperature-sensitive fashion. No novel cryptic 3' splice sites were activated; however, splicing
at an alternate upstream 3' splice site used at low efficiency in normal MuSVts110 RNA was increased to a level
close to that of 5'-splice-site cleavage in the revertant viral RNA. Increased splicing at this site in 54-5A4 viral
RNA is probably driven by the unavailabilit of the usual 3' splice site for exon ligation. The thermosensitivit
of this alternate splice event suggests that the sequences governing the thermodependence of MuSVtsllO RNA
splicing do not involve any particular 3' splice site or branch point sequence, but rather lie near the 5' end of
the intron.

Previous studies from this laboratory have determined
the basis for the temperature-sensitive phenotype displayed
by NRK cells infected with the mutant MuSVtsllO retrovi-
rus (6m2 cells). MuSVtsllO originated from wild-type mu-
rine sarcoma virus (MuSV) as the result of a 1,487-base
central deletion between nucleotides 2404 in the 3' end of
the p30 region and 3892 in the 5' end of the v-mos gene (22,
23). (Previous reports [22] erroneously indicated that the
deletion in MuSVtsllO DNA relative to wild-type MuSV-124
was 1,488 bases in length.) The junction of the gag and mos
genes is out of frame and contains two in-frame translational
terminators just downstream of the junction point (22, 23).
Thus, the 3.8-kilobase (kb) MuSVtsllO transcript can be
translated into a truncated gag gene precursor, P58gag, only
(11). (In a number of previous studies [5, 8, 11, 22, 23, 32],
the MuSVtsllO RNAs were estimated to be 4.0 and 3.5 kb in
size. Precise definition of the deletion boundaries and splice
sites [23] indicates that the unspliced and spliced MuSVtsllO
RNAs are actually 3.8 and 3.3 kb in size, respectively.) At
39°C, this 3.8-kb RNA is not spliced and 6m2 cells appear
morphologically normal (4, 11). However, at growth temper-
atures of 33°C or lower, a 431-base intron surrounding the
gag-mos junction can be removed (22). The reorganized viral
transcript, 3.3 kb in length, contains the gag and mos genes
in a continuous open reading frame that is translated to yield
P85gag-mos, a serine kinase capable of transforming cells (15,
16).
Our objectives in the current work were to define the basis

for the accumulation of the spliced transcript at low growth
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temperatures and to exploit, if possible, the novel splicing
event to study the molecular events occurring during splicing
of this RNA in vivo. We found that the amount of spliced
viral RNA produced was determined by splicing efficiency
rather than by any selective instability of the spliced RNA at
higher growth temperatures or any general thermosensitivity
ofRNA splicing in MuSVtsllO-infected cells. Moreover, we
determined by transfection of a MuSVtsllO DNA into a

variety of cell lines that the structure of the viral transcript
was the primary determinant governing the splice event.
The kinetics of the cleavage and ligation events occurring

during the splicing of the MuSVtsllO transcript were also
determined. In HeLa cell nuclear extracts, splicing of
presynthesized mRNA precursors occurs through an orderly
series of cleavage and ligation events. A series of recent
studies have established that the first step after spliceosome
formation is cleavage at the 5' splice site and the concurrent
formation of a branched intermediate. In the second step,
the exons are ligated and the branch-point-containing intron
is released (reviewed in references 7, 20, and 25). Analyses
of steady-state levels of beta-globin RNA splicing interme-
diates in cells have confirmed this model (35), but in only one
case has a mammalian pre-mRNA been observed through
the splicing process in vivo (36). Following a shift to a

growth temperature permissive for splicing in MuSVtsllO-
infected cells, it was possible to monitor the kinetics of 5'
splice site cleavage and exon ligation.

In MuSVtsllO revertant viral RNA lacking the AG dinu-
cleotide at the usual 3' splice site, the 5' splice site was

spliced to an alternate 3' splice site used inefficiently in
normal MuSVtsllO transcripts. No cryptic sites near the
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usual 3' splice site were recruited. Moreover, this alternate
splicing of the revertant RNA occurred only at growth
temperatures normally permissive for splicing of the authen-
tic MuSVtsllO RNA, suggesting that temperature-sensitive
splicing was determined by sequences at the 5' end of the
MuSVtsllO and was independent of the particular 3' splice
site or branch point used.

MATERIALS AND METHODS

Cell lines. NRK cells infected with MuSVtsllO (6m2 cells)
characteristically appear morphologically transformed at
33°C and normal at 39°C. Additionally, 6m2 cells readily
form colonies in soft agar at 33°C but not at 39°C (3). The
revertant 54-5A4 cell line was derived from a clone of
parental MuSVtsllO-nonproducer 6m2 cells that spontane-
ously acquired the ability to grow in soft agar at both 39 and
33°C. This cell line was maintained at 37°C in McCoy
medium containing 10o fetal calf serum. The 6m2 cell line
was maintained in the same medium at 33°C. NIH 3T3 cells
were maintained in Dulbecco high-glucose medium supple-
mented with 10% fetal calf serum.
For temperature shift experiments, 6m2 cells were grown

at 33°C and then incubated at 39°C overnight. Rapid shifts
from 39 to 33°C were done by replacing the 39°C medium in
a culture with fresh medium equilibrated at 33°C and imme-
diately immersing the culture in a 33°C water bath. Shifts
from 33 to 39°C were done in exactly the same manner with
the medium and water bath at 39°C.
DNA probes used in S1 analyses. The DNA probes used in

Si analyses were originally described by Nash et al. (23) and
are briefly described here for clarity.

(i) pBA.36. pBA.36 is a 356-base-pair fragment of MuSV-
124 DNA (34) that extends from a BglII site at nucleotide
3698 across both the gagimos junction point and the 3' splice
site in MuSVtsllO RNA to an AvaI site at nucleotide 4056
(Fig. 1). The unspliced MuSVtsllO viral RNA will protect
175 bases of this DNA from Si nuclease, whereas the spliced
3.3-kb RNA will protect only 122 bases.

(ii) DD.29. DD.29 is a 290-base-pair fragment of the
pMLV-1 gag gene (31) that extends from a DdeI site at
nucleotide 1481 across the 5' splice site utilized in
MuSVtsllO to a DdeI site at nucleotide 1771 (Fig. 1),
corresponding to nucleotides 1902 to 2192 in the MuSV-124
sequence (34). Unspliced MuSVtsllO RNA will protect all
290 bases of DD.29 from S1 nuclease; the spliced viral
transcript will protect only 120 bases.

(iii) SX1.1. SX1.1 was constructed from the MuSVtsllO
equivalent DNA (see Fig. 5) and extends from an XmnI site
137 bases downstream of the 3' splice site to an XhoI site 35
bases upstream of the 5' splice site (Fig. 1). Unspliced
MuSVtsllO RNA will protect 602 bases of the probe; the
spliced RNA will protect only 137 bases.

(iv) pXX.441. pXX.441 is a 441-base-pair fragment of
murine leukemia virus (MuLV) DNA extending from an
XbaI site at nucleotide 5326 to another XbaI site at nucleo-
tide 5767 (31) subcloned into the pT7/T3-18 vector (Bethesda
Research Laboratories, Inc.). Full-length MuLV RNA will
protect all 441 bases of the insert from S1 nuclease; spliced
MuLV env RNA will protect either 276 or 290 bases of
pXX.441, depending on which of the reported 3' splice sites
(19, 21) are used.

(v) BB.220. BB.220 is a 220-base DNA fragment obtained
from the MuSVtsllO equivalent DNA (see Fig. 5), which
extends from a BstNI site at nucleotide 2220 to another
BstNI site at nucleotide 2421, 26 bases upstream of the

MuSVtsllO 3' splice site. Unspliced MuSVtsllO RNA will
protect all 220 bases of 5'-end-labeled BB.220 from Si
nuclease. Viral RNA spliced at the MuSVtsllO 5' and 3'
splice sites will fail to protect any of this probe, since it lies
entirely within the intron. Revertant 54-5A4 viral DNA
mutated at the 3' splice site will also protect all of BB.220.

(vi) XN.369. XN.369 is a 369-base DNA fragment obtained
from the MuSVtsllO equivalent DNA (see Fig. 6), which
extends from the XhoI site at nucleotide 1982 across the 5'
splice site to an NciI site at nucleotide 2351. Unspliced
MuSVtsllO RNA will protect all 369 bases of 5'-end-labeled
XN.369. Spliced viral RNA will not protect any of 5'-end-
labeled XN.369. Revertant 54-5A4 viral RNA cleaved at the
5' splice site will protect 334 bases of XN.369.

Construction of an equivalent of MuSVtsllO DNA. To test
the role of the 1,487 bases deleted from wild-type MuSV-349
(MuSV-124) DNA (nucleotides 2405 to 3891) (22) in gener-
ating the novel properties displayed by MuSVtsllO, we
constructed an equivalent of MuSytsllO DNA by combining
wild-type MuSV-124 DNA fragments from nucleotides 1 to
2351 and 3909 to 5833 with a synthetic junction oligonucle-
otide composed of nucleotides 2352 to 2404 joined to nucle-
otides 3892 to 3908 (see Fig. 5) (M. de Mars, P. E. Cizdziel,
and E. C. Murphy, Jr., J. Virol., in press).

Purification of plasmid DNA. The various inserts and
fragments described in the previous section were excised by
digestion with the appropriate restriction enzyme(s), size
fractionated on an 0.8% agarose gel, and stained with
ethidium bromide. DNA was purified from the agarose by
electroelution in TE buffer (10 mM Tris [pH 8], 10 mM
EDTA). Electroeluted DNA fragments were further purified
by chromatography on a NACS column (Bethesda Research
Laboratories) as specified by the supplier.

In cases when small DNA fragments were purified from
polyacrylamide gels, gel slices were crushed to a paste in 10
ml ofTNE buffer (10 mM Tris [pH 8], 100 mM NaCl, 10 mM
EDTA) and agitated overnight at 37°C. Acrylamide granules
were removed by centrifugation, and DNA was purified from
the supernatants by chromatography on a NACS column
(Bethesda Research Laboratories).
RNA isolation. Total cellular RNA was isolated by guani-

dine thiocyanate extraction. Confluent monolayers of cells
were first rinsed in A3 buffer (20 mM Tris [pH 7.5], 130 mM
KCl, 5 mM magnesium acetate) and then directly lysed with
8 ml of prechilled 4 M guanidine thiocyanate-0.5% sodium
sarcosyl-25 mM sodium citrate (pH 7.0)-0.1 mM 2-mercap-
toethanol per T-150 flask. The suspension was subjected to
Dounce homogenization, layered over a 5.7 M CsCl cushion
containing 100 mM EDTA [pH 7.0], and centrifuged in a
Beckman SW41 rotor at 39,000 rpm at 18°C for 12 to 18 h.
The supernatant was removed by aspiration, and the pellet

5' 3' 5 3'

29MD.2900.29-175 ~ ~ Dm2
pBA.3612pU3
SX1.1 1SX1.1

FIG. 1. Probes used for S1 nuclease analysis. The structures of
the 3.8-kb unspliced (left) and 3.5-kb spliced (right) MuSVtsllO
RNAs are shown diagramatically. Underneath the 5' and 3' splice
sites are shown the probes used for S1 nuclease analysis (DD.29,
pBA.36, and SX1.1). The extent (in bases) to which each probe is
protected by the viral RNA from S1 nuclease digestion is indicated.
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was dried and dissolved in 3.0 ml of TE buffer. The solution
was extracted with an equal volume of phenol-chloroform
(1:1, vol/vol) and then with chloroform only; it was then
precipitated with 0.1 volume of 4 M lithium acetate plus 2.5
volumes of 95% ethanol. The RNA was pelleted, dissolved
in TE buffer, and stored at -70°C.

S1 nuclease analysis. DNA probes for S1 nuclease analysis
were either 3' or 5' end-labeled as described previously (22,
23). Hybridization of cellular RNA with these probes and
determination of viral gene expression by S1 nuclease anal-
ysis were performed as described previously (22, 23).

Quantitation of splicing intermediates. Unspliced RNA,
splicing intermediates, and spliced RNA were quantitated by
scanning the S1 nuclease gel profiles on a Beckman DU-8
spectrophotometer equipped with a scanner.
Measurement of viral RNA half-lives. 6m2 cells were

seeded in T-25 flasks and grown to approximately 75%
confluence at 33°C. Where indicated, actinomycin D (act D)
(Sigma Chemical Co.) was added to 10 ,ug/ml, and the cells
were further incubated at either 33 or 39°C for up to 24 h.
RNA was prepared as described above from individual
cultures at times indicated below, and all of the RNA from
each culture was hybridized to 5'-end-labeled pBA.36 DNA
and subjected to S1 analysis. The S1 gel profiles were
scanned by using a Beckman DU-8 spectrophotometer, and
the results are plotted as the log2 of the amount of the total
viral RNA represented by each RNA species at the various
time points.

RESULTS

Growth-temperature-dependent accumulation of the spliced
MuSVtsllO 3.3-kb RNA. We have previously shown that
6m2 cells contain a single integrated copy of MuSVtsllO
DNA (5, 23), suggesting that both the 3.8- and 3.3-kb
MuSVtsllO RNAs are the products of a single gene and that
the restriction of 3.3-kb RNA production to lower growth
temperatures must reflect some posttranscriptional event. In
addition, sequence analysis of these RNAs has shown that
they are identical, except for a 431-base intron found in the
larger RNA (22), making it very likely that the 3.3-kb RNA
is a product of a thermosensitive RNA splicing event (13,
22).
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FIG. 2. Accumulation of the spliced MuSVtsllO RNA as a
function of growth temperature. Total cellular RNA (10 ,ug) from
6m2 cells grown at 28, 33, 35, 37, 39, and 41'C was hybridized to the
5'-end-labeled pBA.36 probe (Fig. 1). The hybrids were digested
with S1 nuclease, and the protected fragments were analyzed on a
5% acrylamide gel containing 8 M urea. Lanes: 1 to 6, protection of
pBA.36 by 6m2 RNA isolated from cells at 41 to 28'C, respectively;
7, pBA.36 probe-only control; 8, 5'-end-labeled pBR322 DNA-Hinfl
digest.

TABLE 1. Steady-state levels of MuSVtsl10 RNAs as
a function of growth temperature

TempCM) Total amt of Amt (%) of Amt (%) ofTemp ('C) viral RNA' 3.8-kb RNAa 3.3-kb RNAa

28 18.5 8.0 (43) 10.5 (56)
33 10.6 8.0 (75) 2.6 (25)
35 11.5 9.4 (81) 2.1 (18)
37 6.3 5.9 (93.5) 0.4 (6.5)
39 3.1 3.0 (97.5) 0.08 (2.6)
41 1.2 1.1 (96.8) 0.04 (3.2)

a RNA quantities (expressed in arbitrary units) were estimated by scanning
the S1 nuclease gel profile in Fig. 2. The amount of 3.8- and 3.3-kb RNAs
present at each growth temperature was inferred from the levels of the pBA.36
175- and 122-base protection fragments, respectively.

Our previous data favored the interpretation that the
MuSVtsll0 3.8-kb RNA is transcribed at all growth temper-
atures but can be spliced only at 33°C or lower. However, it
was possible that efficient splicing occurred at all growth
temperatures and that the absence of the 3.3-kb RNA at 39°C
might reflect a high degree of instability at this temperature
rather than a failure to be produced. Additionally, it was
considered possible, although unlikely, that thermosensitiv-
ity was a general feature of pre-mRNA splicing in 6m2 cells.
To explore these possibilities, we examined the splicing and
stability of MuSVtsll0 RNA at various growth temperatures
and tested the specificity of the thermosensitive splicing
event.
To measure the growth temperature dependence of

MuSVts1lO RNA accumulation, RNA from 6m2 cells grown
at 33°C and then shifted to a variety of temperatures between
28 and 41°C was analyzed for 3.8- and 3.3-kb viral RNA
production by S1 nuclease analysis with the 3'-splice-site-
specific probe pBA.36 (Fig. 1). The S1 nuclease results were
quantitated by scanning the gel profiles. As estimated by the
protection of the 175-base fragment of pBA.36, the
MuSVtsll0 3.8-kb RNA was transcribed to various extents
at all growth temperatures (Fig. 2, lanes 1 to 6; Table 1).
Steady-state levels of the 3.8-kb RNA were highest at 28 to
37°C (Fig. 2, lanes 3 to 6; Table 1) and were reduced two- to
threefold at 39 to 41°C (Fig. 2, lanes 1 and 2; Table 1). The
proportion of spliced 3.3-kb MuSVts11O RNA, as estimated
from the 122-base protection fragment, was high (56%) at
28°C, substantial (18 to 25%) at 33 to 35°C, and barely
detectable (2 to 3%) at 39 to 41'C (Fig. 2, lanes 1 to 6; Table
1). At the extremes of the temperature range (28 and 39°C),
there was an approximately 20-fold difference in the produc-
tion of spliced MuSVtsllO RNA (Table 1).

Specificity of thermosensitive MuSVtsllO RNA splicing. To
test whether other pre-mRNAs in 6m2 cells might also
exhibit restricted splicing, we measured the efficiency of
MuLV envelope mRNA splicing in superinfected 6m2 cells
as a function of growth temperature. Splicing of the MuLV
env mRNA was measured by S1 nuclease analysis with a
probe (pXX.441) that extended across both of the potential
env gene 3' splice sites (Fig. 3A). Unspliced MuLV RNA
was expected to protect 441 bases of pXX.441; spliced env
mRNA should protect either 276 or 290 bases depending on
which env gene 3' splice site (19, 21) was used. As estimated
from the protection of a nearly constant level of a 290-base
fragment across the entire temperature range tested (Fig. 3B,
lanes 1 to 6), splicing of the MuLV env mRNA was judged to
be temperature independent. A quantitative estimate (not
shown) of MuLV transcription and splicing efficiency was
obtained by scanning the gel profiles shown in Fig. 3B. Using
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FIG. 3. Splicing of MuLV env mRNA as a function of growth
temperature. RNA was obtained from MuLV-superinfected 6m2
cells grown at 33°C and shifted to 28, 35, 37, 39, or 41°C overnight.
(A) Each RNA preparation (10 p.g) was hybridized to the 3'-end-
labeled MuLV env gene 3' splice site probe pXX.441. The hybrids
were digested with S1 nuclease, and the protected fragments were
analyzed on a 5% polyacrylamide gel containing 8 M urea. (B)
Protection of pXX.441 by RNA from superinfected 6m2 cells grown
at 28°C (lane 1), 33°C (lane 2), 35°C (lane 3), 37°C (lane 4), 39°C (lane
5), and 41°C (lane 6).

the extremes of the temperature range tested (28 and 41°C)
as an example, quantitation showed that although total
MuLV RNA levels decreased by 32% from 28 to 410C, the
percentage of MuLV RNA spliced remained relatively con-
stant (27% at 28°C and 32% at 41°C). From these results, the
thermosensitivity of the accumulation of MuSVtsllO spliced
RNA seems to be specific to that particular mRNA and not
a general feature of the accumulation of spliced RNA species
in 6m2 cells.

Stability of the spliced MuSVtsllO RNA. To examine the
possibility that the MuSVtsllO 3.3-kb RNA is constitutively
produced but rapidly degraded at higher growth tempera-
tures, thus explaining its nearly complete absence from 6m2
cells at 37 to 41°C, we compared its turnover at 33 and 390C.
Individual 6m2 cultures, grown initially at 330C, were treated
with 10 ,ug of actinomycin D (act D) per ml or left untreated
and shifted to 33 or 390C for up to 24 h. RNA prepared at
various time points was subjected to S1 nuclease analysis
with the pBA.36 probe (Fig. 4A). At 33°C in the presence of
act D (Fig. 4A, top panel), the 3.3-kb viral RNA decayed
with a half-life of 9.7 h, whereas the 3.8-kb RNA turned over
more slowly, with a half-life of 19 h (compare Fig. 4B, upper
and lower panels). Under these conditions, no new 3.8-kb
RNA could be transcribed, but splicing was presumed to
occur. Thus, the half-life calculated for the 3.8-kb RNA was
probably an underestimate, and that of the 3.3-kb RNA was
probably an overestimate. At 39°C in the presence of act D
(Fig. 4A, middle panel), the decay rates for both viral RNAs
were about twice as rapid as those observed at 33°C. Under
these conditions, in which no transcription or splicing was
expected to occur, the half-lives of the 3.3- and 3.8-kb RNAs
were estimated to be 4 and 10 h, respectively (compare Fig.
4B, upper and lower panels). S1 nuclease analysis of 3.3-kb

RNA decay at 39°C in the absence of act D (Fig. 4A, bottom
panel) gave an estimated half-life of 3.5 h (Fig. 4B, upper
panel), essentially identical to the 4-h half-life observed in
the presence of the drug. We interpret these data as arguing
that the 3.3-kb MuSVtsllO RNA is not selectively thermo-
labile at 39°C. At 39°C, the half-life of the 3.3-kb RNA was
decreased from about 10 to 4 h, whereas the half-life of the
3.8-kb RNA was similarly shortened from 19 to 10 h. Thus,
the increased decay of the 3.3-kb RNA at 39°C is not
selective, and hence the 10- to 20-fold reduction in the ratio
of 3.3-kb to 3.8-kb viral RNA at 39°C over that observed at
permissive temperatures (Table 1) cannot be explained by
accelerated decay.

cis-Acting nature of the MuSVtsllO splicing defect. To ask
whether the thermal defect in MuSVtsllO RNA splicing was
virus or cell specific, we constructed an MuSVtsllO equiv-
alent DNA from wild-type MuSV-124 DNA fragments and a
synthetic oligonucleotide representing the gag gene-mos
genejunction in MuSVtsllO (Fig. 5; de Mars et al., in press).
This construct contains the identical 1,487-base deletion
found in MuSVtsllO relative to wild-type MuSV-124. The
equivalent MuSVtsllO DNA (termed ts32 DNA) was trans-
fected into Psi-2 and NIH 3T3 cells. In addition, NRK cells
were infected with virus released from Psi-2/ts32 transfec-
tants. In each case, these cells displayed a temperature-
sensitive phenotype and produced a P85rar-ms kinase (de
Mars et al., in press). Most importantly, viral RNA splicing
in these cells was restricted to lower growth temperatures.
As was the case with MuSVtsllO RNA splicing in 6m2 cells
(Fig. 6, lanes 3 to 6), splicing of the viral transcript in NIH
3T3 cells transfected with the ts32 DNA was readily ob-
served at 28 and 33°C (lanes 7 and 8), but was reduced to
trace levels at 37 to 41°C (lanes 9 and 10). A quantitative
estimate of the relative levels of the ts32 transcripts was
obtained by scanning the gel profile shown in Fig. 6. The
spliced transcript was produced sixfold more efficiently at
33°C (lane 8) than at 41°C (lane 10). These data suggest
strongly that thermosensitive splicing of the viral transcript
is not governed by any altered component of the cellular
splicing apparatus, but rather is specified by the structure of
the RNA itself.

Cleavage and ligation events in MuSVtsllO RNA splicing in
vivo. To determine the kinetics of MusVtsllO splicing in
vivo, we depleted the 6m2 cells of all viral splicing interme-
diates and products by an overnight incubation at 41°C (22,
23). The cells were then shifted to 33°C, and cellular RNA
was prepared at 20- to 30-min intervals over 6 h. The kinetics
of 5'-splice-site cleavage and exon ligation were then mea-
sured by using a series of specific Si nuclease reagents.

(i) 5'-Splice-site cleavage. In RNA from 6m2 cells shifted to
33°C for various times, cleavage at the 5' splice site, as
estimated by the appearance of the 120-base protection
fragment of the DD.29 probe (Fig. 1), was first detected
visually at approximately 60 min following the shift (Fig. 7,
lane 4). The cleavage products and ligated exons accumu-
lated over the next several hours (Fig. 7, lanes 5 to 9).

(ii) Exon ligation. To determine the kinetics of the appear-
ance of ligated exons relative to cleavage at the 5' splice site,
two 3'-splice-site-specific probes, pBA.36 and SX1.1 (Fig.
1), were used to analyze the same RNA fractions. Protection
of the 122-base fragment of pBA.36, characteristic of the
ligated exons, was first detected visually at about 90 min
following the shift to 33°C, approximately 30 min after
cleavage at the 5' splice site was first noted (Fig. 8A, lane 5).
Similarly, the 137-base protection fragment of SX1.1 was
first observed at 100 min following the shift (Fig. 8B, 100-min
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FIG. 4. MuSVtsllO RNA half-life. Total cellular RNA was isolated from T-25 cultures of 6m2 cells grown at 33°C, treated with 10 ,ug of
act D per ml or left untreated, and then grown at 33 or 39°C for various periods up to 24 h. A pBA.36 Si nuclease assay was performed on
the individual RNA preparations (all of the RNA isolated from a T-25 flask) to measure the extent of exon ligation. The 175- and 122-base
protection fragments were quantitated by scanning the Si nuclease gel profiles. (A) S1 nuclease analysis of RNA from 6m2 cells treated with
act D and incubated at 33°C for 0, 2, 4, 8, 12, 16, or 24 h (top panel), treated with act D and incubated at 39°C for 0 to 24 h (middle panel),
or not treated with act D and incubated at 39°C for 0 to 24 h (bottom panel). (B) Estimates of MuSVtsll0 RNA half-lives. The quantities of
protection fragments seen in panel A were converted to log2 and plotted as log2 RNA versus time. The upper graph shows the half-life of the
3.3-kb MuSVtsllO RNA at 33 and 39°C in the presence of act D and at 39°C in the absence of act D; the lower graph shows the half-life of
the 3.8-kb MuSVtsllO RNA at 33 and 39°C in the presence of act D.

lane). Thereafter, ligated exons accumulated at an approxi-
mately linear rate (Fig. 8A, lanes 5 to 9; to Fig. 8B, 120-min
to 6-h lanes).
A quantitative estimate of the kinetics of the accumulation

of MuSVtsllO RNA splicing intermediates was obtained by
scanning the gel profiles shown in Fig. 7 and 8. For each time
point, the amount of viral RNA cleaved at the 5' splice site
or the amount of ligated exons was expressed as a fraction of
the total MuSVtsllO RNA detected (Fig. 9). The levels of
the 120-base DD.29 protection fragment characteristic of
5'-splice-site cleavage represented well below 1% of the total
viral RNA detected during the first 30 min after the shift from
39 to 33°C. Between 30 and 60 min after the shift there was
an increase in the 120-base protection fragment to about
4.5% of the total viral RNA, after which the proportion of
this fragment increased with nearly linear kinetics through 8
h. The proportion of ligated exons, as estimated by the levels
of the 122-base pBA.36 or 137-base SX1.1 protection frag-
ments, remained low and constant for the first 80 min after
the shift, representing about 2% of the total viral RNA. After
the 80-min time point, however, ligated exons appeared and
then accumulated at approximately the same rate as cleaved
5' splice sites.
Analyzed in this way, our results indicated that there was

a somewhat greater than 30-min lag period after a shift to
splicing-permissive conditions before the first splicing reac-

tions could be detected. Cleavage at the 5' splice site was
first detected between 30 and 60 min after a shift to 33°C
(Fig. 9, compare the 30- and 60-min time points). Regression
analysis of the kinetics of accumulation of cleaved interme-
diates, however, suggested a shorter lag period, in the
neighborhood of 6 min, prior to the initiation of 5'-splice-site
cleavage (Fig. 9, inset). Thus, a precise estimate of the time
required to initiate cleavage reactions in vivo after a shift to
permissive conditions was not possible. The discrepancy
between the 6-min and 30- to 60-min estimates, however,
may reflect the time between which 5'-splice-site cleavage
first occurs and the time at which sufficient levels of cleaved
intermediates have accumulated to be detected. A similar
rationale can be used to explain the discrepancy in times
reported for the onset of exon ligation. Although regression
analysis predicted the onset of exon ligation to occur about
67 min after a shift to 33°C (Fig. 9, inset), the MuSVtsllO
spliced RNA species could not be detected by Si nuclease
analysis until 80 to 100 min following the shift (Fig. 9, 80- to
100-min time points). Although it is not possible to determine
the absolute times after a shift at which 5'-splice-site cleav-
age and exon ligation occurred, both analyses agreed that
ligated exons were initially detected about 60 min after
5'-splice-site cleavage. Thus, although the time required to
initiate splicing after a shift to 33°C cannot be exactly defined
from our data, it seems very probable that 5'-splice-site
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FIG. 5. Construction of MuSVts1lO equivalent DNA. With wild-type MuSV-124 DNA as starting material, a 5'-splice-site fragment (XhoI
[x] to NciI [n]) and a 3'-splice-site fragment (BstNI [b] to HindIII (h]) were ligated to a 70-base synthetic oligonucleotide (designated "link")
composed of the sequence between the NciI and BstNI sites (2351 and 2421) in the MuSVts11O DNA. This fragment was subcloned andjoined
to wild-type viral DNA from which the original XhoI-to-HindIII fragment had been removed.

cleavage and exon ligation do not necessarily occur simul-
taneously during splicing of an individual pre-mRNA.

Analysis of abortive viral RNA splicing in a MuSVtsllO
revertant lacking part of the 3' splice site. In 6m2 cultures,
revertants to the transformed state arise spontaneously at
39°C (2, 3). Two revertant cell lines, designated 54-5A4 and
204-3, have been studied (3, 32). We recently established
that there is a 5-base deletion (-AGTGT-) at the usual 3'
splice site in the MuSVtsllO viral DNA in 54-5A4 cells (5).
This deletion prevents splicing at this site but aligns the gag
and mos genes into a continuous open reading frame, allow-
ing the translation of transforming PlO0gag-mos from the
unspliced RNA at any growth temperature (5, 32). To

6m2 TS32
28° 330 370 41° 28° 33- 37°40

I V-. P
W ~~~~~~~~~~~~~. .; ...i
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FIG. 6. Splicing ofRNA transcribed from the MuSVts11O equiv-
alent DNA. NIH 3T3 cells were cotransfected with the MuSVtsllO
equivalent DNA (designated pts32 DNA) and pSV2neo DNA.
G-418-resistant colonies (here designated pTS32) were selected.
RNA was prepared from 3T3/ts32 and control 6m2 cells grown at 28
to 41°C and subjected to S1 nuclease analysis with the pBA.36 probe
as described in the legend to Fig. 2. Lanes 3 to 10 show protection
of pBA.36 by RNA from control 6m2 or 3T3/ts32 cells, respectively,
grown at 28°C (lanes 3 and 7), 33°C (lanes 4 and 8), 37°C (lanes 5 and
9), and 41°C (lanes 6 and 10). Lane 1, pBR322-Hinfl standard; lane
2, probe-only control.

investigate the effect that loss of the AG dinucleotide might
have on splicing reactions in vivo other than accurate exon
ligation at the usual 3' splice site, we examined 5'-splice-site
cleavage of viral RNA in 54-5A4 cells grown at various
temperatures. We found that 5'-splice-site cleavage could be
observed, but only at growth temperatures that normally
would be permissive for MuSVtsllO splicing (i.e., 33°C and
lower) (Fig. 10). Substantial cleavage at the 5' splice site (25
to 30% of the viral transcripts) was observed at 28 and 33°C
(Fig. 10, lanes 3 and 4; Table 2), but was markedly dimin-
ished (1 to 5%) at 35 to 41°C (Fig. 10, lanes 5 to 8; Table 2).
In other pre-mRNAs in which the AG dinucleotide at the
usual 3' splice site is altered, cryptic 3' splice sites are
frequently activated in vivo (1). However, novel 3' splice
sites were not activated by the mutation in the 54-5A4 viral
RNA, although there is evidence for increased efficiency of
an alternate splice event. Si analysis of 54-5A4 RNA with

6m2 (41-33°)
I1 1=_

O ir 1i/2 2 2%4 3 gkr

291 -220.*^ ~~~~~~~~~120
1 2 3 4 5 6 7 8 9 10

FIG. 7. Kinetics of 5'-splice-site cleavage in MuSVts1lO viral
RNA. Total 6m2 cellular RNA was isolated at various time intervals
after a temperature shift from 41 to 33'C. RNA (10 ,ug) was
subjected to S1 nuclease analysis with the 3'-end-labeled DD.29
probe (Fig. 1). The digestion products were analyzed on a 5%
polyacrylamide gel containing 8 M urea. Lanes: 1, DD.29 probe; 2 to
9, protection of DD.29 by 6m2 cellular RNA isolated at 0, 30, 60, 90,
120, 150, 180, and 480 min, respectively, after the shift to 33'C; 10,
pBR322 DNA-Hinfl standard.
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FIG. 8. Accumulation of ligated MuSVtsllO exons. Total 6m2
cellular RNA was isolated at various time points after a temperature
shift from 41 to 33°C and subjected to Si nuclease analysis with the
5'-end-labeled pBA.36 (panel A) or 5'-end-labeled SX1.1 (panel B)
probe. (A) lanes: 1, probe-only digest; 2 to 8, protection of pBA.36
by 6m2 RNA isolated at 0, 30, 60, 90, 120, 180, and 360 min,
respectively, after a shift to 33°C; 9, 5'-end-labeled pBR322 DNA-
Hinfl standard. (B) Protection of SX1.1 by 6m2 RNA isolated at 0,
20, 40, 60, 80, 100, 120, 140, 160, 180, 240, and 360 min after the shift
to 33°C (lanes 3 to 14, respectively). Lane 2 shows the probe-only
control. Lanes 1 and 15 show pBR322-Hinfl standards.

probes (SX1.1, BB.220, and XN.369) that map the sequence
to the right and left of the mutated 3' splice site (Fig. 11A)
yielded no evidence for activation of cryptic splicing within
several hundred bases of the usual 3' splice site. RNA from
54-5A4 cells grown at either 28 or 41°C protects primarily a
137-base fragment of SX1.1 that maps to the position of the
mutated 3' splice site (Fig. liB, lanes 3 and 4). No smaller
protection fragments, indicative of recruitment of down-
stream cryptic 3' splice sites within the v-mos sequence,
were detected. Using other probes, we have since shown
that no cryptic splicing occurs within 444 bases downstream
of the mutated 3' splice site in 54-5A4 viral RNA (S. M.
Chiocca and E. C. Murphy, Jr., unpublished observations).
However, an approximately 360-base fragment of SX1.1 was
protected by 54-5A4 RNA at 28°C (Fig. 11B, lane 3). The

FIG. 9. Quantitation of splicing intermediates. Quantitative esti-
mates of the levels of cleaved 5' splice sites (x) and ligated exons
(0) as a function of time after a shift to 33°C were obtained by
scanning each of the gel lanes shown in Fig. 7, 8A, and 8B. The
levels of Si nuclease protection fragments representing these RNA
species were plotted as a percentage of the total viral RNA at each
time point. The inset shows regression analysis of the 30- to 180-min
time points in Fig. 7 (lanes 3 to 8) (x) and the 80- to 180-min time
points in Fig. 8B (0).

same fragment was protected by the normal viral RNA in
6m2 cells at 33°C but not at 39°C (Fig. 8B), suggesting an
alternate thermodependent splicing event occurring in both
the mutated and normal viral RNAs.

Protection of this SX1.1 fragment by both normal and
mutated MuSVtsllO viral RNA at 33°C argues that the
alternate splice site was not activated by the lost AG
dinucleotide at the 3' splice site. However, it seemed possi-

TABLE 2. Cleavage of the 5' splice site in 54-5A4 viral RNA
as a function of growth temperature

Amt of unspliced Amt (% of cleavedTemp (°C) 3.8-kb RNAs 3.8-kb RNAa

28 15.4 7.3 (32)
33 20.7 6.7 (24)
35 19.7 2.7 (12)
37 14.2 0.8 (5.5)
39 10.9 0.6 (5.0)
41 12.7 0.1 (1.0)

a The degree of 5'-splice-site cleavage was estimated by scanning the gel
profile shown in Fig. 11. The proportions of unspliced and cleaved 3.8-kb
RNA were estimated from the levels of 290-base and 120-base DD.29
protection fragments, respectively, and expressed in arbitrary units.
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FIG. 10. Cleavage of the 5' splice site in viral RNA in
54-5A4 cells. Total cellular RNA (10 ,ug) from 54-5A4 cells
28 to 41°C was hybridized to the 3'-end-labeled DD.29 pr
hybrids were digested with Si nuclease, and the fragme
analyzed on a 5% polyacrylamide gel containing 8 M urea.
DD.29 probe-only control; 2, DD.29 probe plus yeast tRN
to 8, protection of DD.29 by 54-5A4 RNA isolated at 28, 3
39, and 41°C, respectively; 9, pBR322 DNA-Hinfl standai

ble that the alternate splicing might be increased in e
in mutated 54-5A4 viral RNA. Thus, we used tv
probes (BB.220 and XN.369 [Fig. 11A]) to map this
other alternate splice sites within the MuSVtsllC
Since there are no AG dinucleotides in the 26 bases
the downstream terminus of BB.220 and the MuSX
splice site, we were confident that this probe could 1

activation of splice sites within the intron. RNA fr
54-5A4 and control 6m2 cells grown at 39°C prote
expected 220- and 369-base fragments of BB.
XN.369, respectively, indicative of unspliced Mu
RNA (Fig. 11C and D, all lanes). RNA from these
cells grown at 28°C, however, protected significant
both a 110-base XN.369 fragment (Fig. liC, lane
175-base BB.220 fragment (Fig. liD, lane 3), mal
either nucleotide 2239 or nucleotide 2240 of the Mu
sequence, respectively. There is a good 3' splice
sensus sequence in this region at nucleotide 2241
CATTTGGCAG/TCT-). Splicing between this site
MuSVtsllO 5' splice site, however, would place a 1
two TAA termination codons in the new frame bet
and 100 bases downstream of the 3' splice site. 1
mos-containing protein could be translated fro
mRNA.

Quantitative estimates of the efficiency with w
alternate 3' splice site is used in 6m2 versus 54-5
were made (Table 3). In 6m2 cells at 33°C, the altc
splice site was used at about one-fourth the efficien4
usual 3' splice site (8% versus 28%; data taken fro
titation of the Fig. 8B gel profile). In 54-5A4 cells, tI
a significantly increased splicing at this site (to
mately 30%) that was presumably driven by a high
tration of 5'-cleaved splicing intermediates unable
at the usual 3' splice site. Taken together, these data
that under conditions in which 54-5A4 viral RNA is
at the 5' splice site, no new cryptic 3' splices are a
within 206 bases upstream and 137 bases downstrea
mutated 3' splice site. However, our data indicate
alternate 3' splice site near nucleotide 2242, normal

ciently used in 6m2 viral RNA, is used with increased
efficiency.

DISCUSSION

The development of nuclear extracts capable of accurate
-290 pre-mRNA splicing in vitro has allowed several steps in this

process to be outlined. Nascent pre-mRNAs first enter a
-220 multicomponent splicing complex and then undergo a series

of cleavage and ligation reactions. In the first of these

-157 reactions, cleavage at the 5' splice site and formation of a

branched splicing intermediate occur virtually simulta-
neously. In the second step, the exons are ligated and a

-120 branched form of the intron is released (for reviews, see
references 7 and 25). Analyses of the accuracy and efficiency

I of splicing of mutated pre-mRNAs with defined deletions
and base substitutions have been of great utility in defining
the critical sequences and interactions involved in the splic-

revertant ing process (1, 18, 24, 33, 37). In the work described in this
grown at report, we exploited the conditionally defective MuSVtsllO
robe. The retrovirus to study splicing events as they occur in vivo. As
*nts were outlined, MuSVtsllO is a novel mutant in which expression
Lanes: 1, of the v-mos gene is governed by a conditional defect in viral
[A only; 3 RNA splicing (10, 11, 22, 23) that is in some way specified by
3, 35 37 the structure of the viral transcript. The potential to control
rd. the splicing of the MuSVts1l0 transcript by growth temper-

ature shifts affords us a tractable system with which to study
fficiency RNA splicing in vivo.
vo other As we have shown here and elsewhere (2, 22, 23), accu-
and any mulation of the spliced MuSVtsllO 3.3-kb RNA is restricted
intron. to growth temperatures of 33°C or lower. This restriction

between appears to be MuSVtsllO RNA specific, since splicing of
Its110 3' helper MuLV RNA in the same cells is not growth temper-
map any ature restricted. MuLV RNA was chosen as a control
*om both because we expected it to be processed similarly to
cted the MuSVtsllO RNA. (The transcriptional start sites and poly-
220 and adenylation signals are identical, and the RNAs are virtually
2SVtsa0 colinear through nucleotide 2404 and after nucleotide 3512 of
> 54-SA4 the MuSVtsll0 sequence.) Consideration was also given to
levels Of the fact that retroviral RNAs are differentially spliced,
5) and a although the mechanism is poorly understood. Sufficient
pping to full-length viral RNA must be produced to serve as mRNA
SVts10o for the gag and pol gene products and to be packaged into
site con- virions, and sufficient splicing must occur to produce mRNA
-TCTTT- for the env gene products. Furthermore, 387 bases (nucleo-
and the
rAG and TABLE 3. Alternate splicing of MuSVtsllO RNA

ween 60 mutated at the 3' splice site
rhus, no
)m such

hich the
A4 cells
ernate 3'
cy of the
om quan-
here was
approxi-
concen-
to splice
i suggest
cleaved
ictivated
m of the
that an

[ly ineffi-

6m2 viral RNA 54-5A4 viral RNA
roe TempProbe (OC) 3.8-kb + Alt"a 38-kb Alta

3.3-kb (% Alt) 3 (% Alt)

SX1.1 33 92.3 7.4 (8.0) ND ND
39 NDb ND ND ND

BB.220 33 0.16 -C 0.29 0.20 (40)
39 0.13 _ 0.50 0.06 (12)

XN.369 33 0.30 - 0.79 0.43 (35)
39 0.33 - 0.67 -

a The efficiency of alternate splicing (Alt) between the MuSVtsllO 5' splice
site at nucleotide 2017 and an alternate 3' splice site near nucleotide 2242 was
estimated by quantitation of the gel profiles shown in Fig. 8B (for 6m2 RNA
with the SXl.1 probe) and in Figs. llC and D. Amounts are expressed in
arbitrary units.

b ND, Not done.
c -, Not measurable by scanning.
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FIG. 11. S1 analysis of the MuSVts110 3' splice site in 54-5A4 cells. (A) Total 54-5A4 cellular RNA was analyzed by S1 nuclease analysis

with the 5'-end-labeled SX1.1, BB.220 and XN.369 probes. (B) Protection of SX1.1 DNA by RNA from 54-5A4 cells grown at 28°C (lane 3),
(41°C) lane 4; lanes 1 and 2 represent SX1.1 probe alone and protection of SX1.1 by yeast tRNA, respectively. (C) Protection of XN.369 DNA
by RNA from 54-5A4 cells grown at 28°C (lane 5) or 41°C (lane 6) and by RNA from 6m2 cells grown at 28°C (lane 3) or 41°C (lane 4). Lanes
1 and 2 represent protection of XN.369 by yeast tRNA and NRK RNA, respectively. (D) Protection of BB.220 by RNA from 54-5A4 cells
grown at 28°C (lane 3) or 41°C (lane 4) and by RNA from 6m2 cells grown at 28°C (lane 1) or 41°C (lane 2).

tides 2017 to 2404) of the 431-base MuSVtsll0 intron encom-
passes a gag gene region that, if removed from MuLV,
significantly inhibits env mRNA splicing (12). Given this
level of complexity, we believed that the best control for
specificity would be to monitor the splicing of another
retroviral RNA at various growth temperatures. Since the
splicing ofMuLV RNA in 6m2 cells did not vary appreciably
with growth temperature, the thermosensitive accumulation
of the spliced MuSVtsllO RNA was considered to be spe-
cific.
To address the possibility that splicing of MuSVtsllO

RNA occurs at all growth temperatures, but that the absence
of the spliced RNA at 39°C reflects thermally driven selec-
tive degradation of RNA rather than inefficient splicing, we
estimated the half-lives of both the unspliced and spliced
viral RNAs at both 33 and 39°C. Our data showed that
turnover of the spliced 3.3-kb RNA was doubled at 39°C
(T1/2, 4 h) over the 33°C rate (T1/2, 9.7 h). However, this
increase in turnover was not selective, since the turnover of
the unspliced 3.8-kb RNA was also twice as fast under the
same conditions (T1/2 at 33°C, 18 h; T1/2 at 39°C, 10 h). Thus,

at 39°C the relative stabilities of the 3.8- and 3.3-kb RNAs
were unchanged over those observed at 33°C, arguing that
selective degradation of the 3.3-kb RNA at 39°C cannot
explain the 10-fold difference in the relative levels of the
spliced and unspliced RNAs (at 33°C the 3.3-kb/3.8-kb ratio
was 0.24; at 39°C it was 0.026).

Further evidence of the heat stability of the 3.3-kb RNA
can be inferred from previous studies on chronically super-
infected 6m2 cells. In these cells, a viral RNA identical to the
spliced 3.3-kb RNA and a P85gag-ms polypeptide are both
observed at 39°C (8, 11). As might be predicted, these
superinfected cells appear transformed at 39°C. Moreover,
they contain a novel 3.35-kb MuSVtsllO-related viral DNA
containing a deletion that maps in essentially the same place
as the MuSVtsllO intron (22), suggesting that aDNA copy of
the spliced 3.3-kb MuSVtsllO RNA was made by the reverse
transcriptase of the helper MuLV and that this DNA can
become integrated and transcribed. The constitutive tran-
scription of the 3.3-kb RNA and expression of P85gag-mos at
39°C in these superinfected 6m2 cells strongly suggests that
the 3.3-kb RNA is not intrinsically heat labile.
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In 6m2 cells, temperature-sensitive viral RNA splicing
seems to be an inherent property of the structure of the viral
RNA. This was originally proposed as a result of experi-
ments in which thermosensitive RNA splicing was retained
in NRK cells infected with rescued MuSVtsllO virions (10).
In the current work, we have shown that transcripts derived
from a MuSVtsllO equivalent DNA introduced into NIH
3T3, Psi-2, or NRK cells can be spliced only at low growth
temperatures. Thus, it seems plausible that the structure of
the intron governs whether this RNA can successfully enter
the splicing pathway. The arguments that support this rea-
soning are as follows. First, the wild-type parent of
MuSVtsllO, MuSV-124, contains the same 5' and 3' splice
sites used in MuSVtsl1O. In MuSV-124, these splice sites are
1,919 bases apart and have never been observed to be
spliced (E. C. Murphy, Jr., unpublished observations). Sec-
ond, the MuSVtsllO equivalent DNA contains only one
change relative to wild-type MuSV-124: a 1,487-base dele-
tion within the region between the cryptic splice sites. This
deletion creates a 431-base intron that can be spliced at 33°C
or lower. The deleted region is almost certainly composed
exclusively of nonconserved intron sequences, since the
sequence removed starts at 387 bases downstream of the 5'
splice site and ends 44 bases upstream of the 3' splice site.
However, since the branch point used in MuSVtsllO RNA
splicing has not yet been identified, we cannot exclude the
possibility that the 1,487-base deletion activated a previously
cryptic branch point. A clear inference from these observa-
tions is that the splice sites and probable branch point
sequence in wild-type MuSV-124 are potentially competent
but cryptic owing to some structural feature of the interven-
ing sequence. Third, at least two other deletions between the
cryptic splice sites in MuSV-124, one of 662 bases and
another of 1,103 bases, will activate the viral transcript for
temperature-sensitive splicing (M. de Mars, P. E. Cizdziel,
and E. C. Murphy, Jr., manuscript in preparation). Taken
together, these data strongly argue that the structural fea-
tures of sequences intervening between competent splice
sites can be crucial in determining splicing efficiency.

Since MuSVtsllO pre-mRNA can be synchronized with
respect to splicing, we were able to characterize some of the
cleavage and ligation events in this process as they occur in
vivo. Following a shift to 33°C, there was a short delay
before cleavage at the 5' splice site could be detected. The
duration of this lag period is uncertain; intermediates
cleaved at the 5' splice site could first be detected between
30 and 60 min following the shift. However, analysis of the
kinetics of the accumulation of these cleaved intermediates
suggested that the first cleavage reactions could have oc-
curred at about 6 min following the shift. Although the time
taken for the cells to equilibrate to 33°C is an important but
unknown variable in determining the actual length of the lag
period, we favor the interpretation that the discrepancy
between the 6-min and 30- to 60-min estimates for the lag
period is a reflection of the time between the probable
occurrence of the first cleavage events and the time at which
intermediates cleaved at the 5' splice site had accumulated
sufficiently to be detected. A lag period of similar duration
(about 15 to 45 min) (25) is also characteristic of splicing in
vitro; during this time the pre-mRNA and various compo-
nents of the splicing apparatus (e.g., small nuclear ribonu-
cleoproteins [UsnRNPs]) are assembled into spliceosomes
(18, 24).

Current evidence suggests strongly that branched RNA
species containing the 5'-terminal guanosine of the cleaved
intron linked 2'-5' to an adenosine within 50 nucleotides of

the 3' splice site are intermediates in the splicing of eucary-
otic pre-mRNAs (6, 14, 17, 18, 25, 29). These branch points
present effective blockades to cDNA extension (29). How-
ever, we have not been able to identify the branch point
nucleotide used in vivo in MuSVtsllO-infected cells shifted
to 33°C. With primers complementary to sequences down-
stream of the 5' and 3' splice sites, as well as a primer that
bridged the spliced exons, the only blockades to primer
extension found mapped in either the intron or gag exon at
all growth temperatures (P. E. Cizdziel and E. C. Murphy,
Jr., unpublished results). No novel blockades to primer
extension have yet been identified in the intron at tempera-
tures permissive for splicing. It is apparent that the branched
intermediate will have to be identified by the analysis of
MuSVtsllO RNA splicing in vitro.
Although there is evidence that 5'-splice-site cleavage and

branch point formation may be individual aspects of a
coupled reaction (26, 29), it is likely that exon ligation, the
second step in the splicing process, is not necessarily cou-
pled to 5'-splice-site cleavage. Our kinetic data indicate that
exon ligation in individual MuSVtsllO pre-mRNAs may be
completed as late as 60 min after cleavage at the 5' splice
site.

Studies on splicing of viral RNA in the revertant 54-5A4
cell line in which the MuSVts2110 DNA lacks the sequence
-AG/TGT- at the 3' splice site have yielded some interesting
results. Cleavage at the 5' splice site can occur in the
revertant viral RNA transcript without recruitment of a
cryptic 3' splice site within several hundred nucleotides of
the usual 3' splice site. However, an alternate 3' splice site
located at about the midpoint of the MuSVtsllO intron and
active in both 54-5A4 and 6m2 viral RNA at low tempera-
tures was identified. In 6m2 cells, this splice site was used at
about one-quarter the frequency of the usual 3' splice site. In
54-5A4 cells, however, this alternate 3' splice site appeared
to be used much more efficiently; increased utilization is
presumably driven by a high concentration of cleaved intron-
exon 2 intermediates that cannot complete ligation at the
usual 3' splice site. Previous reports on the effect of alter-
ations of the AG dinucleotide at the 3' splice suggest that in
in vitro splicing extracts, mutations of this kind allow
cleavage at the 5' splice site without the activation of cryptic
3' splice sites, arguing that 5'-splice-site cleavage and exon
ligation can be uncoupled (27, 28, 30). In vivo, however,
there is good evidence that mutations in the AG dinucleotide
lead to the activation of cryptic 3' splice sites, frequently at
the closest downstream AG dinucleotide (1). In the
MuSVtsll0 revertants mutated at the 3' splice site, this
pattern of cryptic splice-site activation does not occur.
There are eight AG dinucleotides between the mutated 3'
splice site and the 5' end of the SX1.1 probe. None of these
possible sites, however, were activated for splicing. Instead,
there appeared to be an increased utilization of an alternate
3' splice site, already being used at low efficiency in normal
MuSVtsll0 transcripts and relatively far upstream (206
nucleotides) of the usual 3' splice site. It seems very likely
that an increased utilization of an alternate 3' splice site in a
pre-mRNA mutated at the usual 3' site is a plausible alter-
native to activation of a cryptic site.
At 39°C in 6m2 cells no splicing intermediates can be

detected, although it has been shown that MuSVtsllO 3.8-kb
RNA can associate with some spliceosome components at
this temperature, as evidenced by its immunoprecipitation
with anti-Sm and anti-(U1) ribonucleoprotein sera (9). It is
not known whether these viral RNA-spliceosome compo-
nent complexes are inactive because they are incomplete or
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whether the structure assumed by the MuSVtsllO tran-
scripts prevents the initiation of splicing. However, there is
a delay of no more than 30 to 60 min duration between the
shift to 33°C and the first appearance of MuSVtsllO tran-
scripts cleaved at the 5' splice site. Since this lag period is
very similar to that observed after the addition of presynthe-
sized pre-mRNA to in vitro splicing extracts, our data
suggest that the inactive MuSVtsllO RNA-containing com-
plexes can become active after a shift to 33°C. However,
since not all of the MuSVtsllO pre-mRNA in cells at 39°C is
associated with spliceosome components (9), the possibility
cannot be excluded that these inactive complexes remain
inactive and only newly synthesized viral RNA and any
preexisting viral RNA not in association with spliceosome
components at 39°C are the source of spliced viral RNA.
As yet, the biochemical basis for the temperature sensi-

tivity of the splicing event is not known. However, since
viral mutants exhibiting temperature-sensitive splicing can
be generated from the splicing-inactive MuSV-124 virus by a
variety of deletions corresponding to nonconserved intron
sequences between the 5' and 3' splice sites used in the
MuSVtsllO mutant (de Mars et al., in preparation), it seems
most likely that this splice event is specified by intron
sequences. Moreover, alternate viral RNA splicing in the
revertant 54-5A4 cell line provides another clue. In the
revertant 54-5A4 cell line, splicing of the alternate 225-base
intron (extending between nucleotides 2017 and 2242 and
corresponding to the 5' half of the 431-base MuSVtsllO
intron) occurred only at growth temperatures that would be
permissive for splicing of the normal MuSVtsllO RNA (i.e.,
containing an intact 3' splice site at nucleotide 2448). Ther-
mosensitive splicing of this alternate intron suggests that
sequences at the 5' end of the usual MuSVtsllO intron may
specify temperature-sensitive splicing.
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