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Adenoviral RNA sequences synthesized in nuclei isolated during the late phase
of productive infection comprise, besides virus-associated, VA, RNA, five major
species, ranging in size from approximately 13S to 55S. The latter RNA species
is of the length predicted if the major transcriptional unit expressed during the
late phase were completely copied in vitro. Some 30% of the RNA sequences
labeled in vitro are polyadenylated, and about one-third of the polyadenylated
RNA is virus specific. Hybridization analysis of the sequences immediately
adjacent to polyadenylic acid in late RNA labeled in isolated nuclei suggests that
polyadenylation in vitro occurs at the same sites recognized within the cell. The
polyadenylic acid-containing viral RNA sequences made in isolated nuclei are
found in three major species of RNA, sedimenting at approximately 28S, 18S,
and 13S. These sizes are remarkably similar to those reported for late mRNA
species, suggesting that additional processing steps can occur in isolated nuclei.
Hybridization of RNA to Xhol fragments of adenovirus type 2 DNA transferred
to nitrocellulose filters reveals that sequences complementary to the region from
22.0 to 26.5 units present in 555 RNA are absent from all smaller species,
suggesting that the smaller RNA species labeled in isolated nuclei are generated
by splicing. The splicing events necessary to generate the 5 leader segment
common to the majority of late adenoviral mRNA species are shown to be

performed correctly in isolated nuclei.

The expression of adenoviral genetic infor-
mation during productive infection of human
cells is an orderly process, mediated by mecha-
nisms analogous to those operating in normal,
uninfected cells (see reference 14 for a review).
A great deal is now known about the number,
location within the adenoviral genome, and
structure of viral mRNA species synthesized
during different phases of the productive cycle
(3,4,8,9, 20, 25, 26). In addition, a late transcrip-
tion unit from which the precursor to most of
the late adenoviral mRNA species is synthesized
has been well characterized and is illustrated in
Fig.1 (1, 40, 44). In many ways, then, adenovirus-
infected cells, especially those harvested after
initiation of viral DNA synthesis, seem to con-
stitute an ideal source from which to isolate
subcellular systems that retain transcriptional
activity in vitro. By the late phase, infected cells
contain very large amounts of viral DNA, which
is transcribed so actively that about half the
newly made, non-nucleolar RNA is adenovirus
specific (2). Their main advantage, however,
comes from the opportunity, provided by our
detailed knowledge of adenoviral gene expres-
sion, to assess the fidelity of transcription in
vitro.
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Nuclei isolated from adenovirus-infected cells
have been reported to retain the capacity to
synthesize, apparently correctly, the small virus-
associated, VA, RNA species (18, 36, 37, 42),
whose genes are transcribed by RNA polymer-
ase form III. RNA sequences corresponding to
those present in late mRNA species and their
precursor can also be transcribed by form II
RNA polymerase in isolated nuclei (18, 40, 41).
Here we describe characterization of adenoviral
RNA species that are complementary to the late
transcriptional unit made in isolated nuclei and
show that they are generated by in vitro poly-
adenylation and splicing.

MATERIALS AND METHODS

Cells and virus. HeLa cells were maintained at
densities of 2 X 10° to 5 X 10° cells per ml in suspension
cultures in RPMI 1640 medium (GIBCO) supple-
mented with 5% fetal bovine serum (Flow Labs). In-
fections with adenovirus type 2 (Ad2) were performed
at a multiplicity of 40 PFU/cell, and virus preparations
were titrated on HeLa cells as described by Williams
(43).

RNA synthesis in isolated nuclei. Nuclei were -
prepared from infected cells swollen in hypotonic
buffer similar to that described by Vennstrom and
Philipson (37), with dithiothreitol replaced by 8-mer-
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F1G. 1. Synthesis of type 2 adenoviral mRNA spe-
cies. The adenoviral genome is represented by the
solid horizontal line, 0 to 100 units, at the top of the
figure. During the late phase of infection, the r strand
is transcribed from 16.4 units (44) to the right hand
end of the viral genome (15a) to produce the large
transcript shown (1, 40). Poly(A) is added at five sites
within this transcript (16, 25, 26), and the three seg-
ments that constitute the 5'-terminal segment common
to all the major late mRNA species (3, 8, 12, 21) are
spliced to each other and to the body of each mRNA,
as shown. Polyadenylation is believed to precede
splicing (27).

captoethanol. Nuclei were resuspended at concentra-
tions of 3 X 107 to 6 X 107 nuclei per ml in 0.03 M Tris-
hydrochloride (pH 7.9) containing 0.06 M (NH,).SO,,
5 mM MgCl;, 1 mM MnCl;, 10 mM B-mercaptoetha-
nol, and 25% glycerol. Incubation was at 30 to 37°C
for 0.5 to 1.0 h in the presence of 1 mM ATP and 0.25
mM each CTP, GTP, and UTP. Also present were
either PHJUTP (35 Ci/mmol; New England Nuclear
Corp.) or [a-¥PJUTP (290 Ci/mmol, New England
Nuclear Corp.). In some reactions, 1 part in 4 or 5 of
the CTP was replaced with Hg-CTP (PL Biochemi-
cals).

Isolation and purification of RNA. At the end of
the transcription reaction, RNA was isolated as de-
scribed by Seeburg et al. (32). Nuclei were lysed by
homogenization in 0.01 M Tris-hydrochloride (pH 7.4)
containing 1 mM EDTA and 7 M guanidine hydro-
chloride. After addition of 0.5 g of CsCl per ml and
heating at 68°C for 5 min, the mixture was layered
over a 3-ml cushion of 5.7 M CsCl in cellulose nitrate
SW41 tubes and centrifuged at 50,000 X g for 20 h at
4°C. The RNA pellet was dissolved in 0.01 M Tris-
hydrochloride (pH 7.4) containing 1 mM EDTA, an
equal volume of 0.02 M Tris-hydrochloride (pH 7.4)
containing 7 M urea, 0.3 M NaCl, 2 mM EDTA, and
2% sodium dodecyl sulfate was added, and the mixture
was extracted twice with phenol-CHCL; (1:1, vol/vol).
The RNA was then precipitated with 2 volumes of
ethanol and stored at —20°C. I some experiments
mercurated RNA was selected by chromatography on
sulfhydryl-agarose columns as described in detail else-
where (Yang and Flint, submitted for publication).

Sucrose gradient sedimentation. Sedimentation
was performed in 15 to 30% (wt/vol) sucrose gradients
containing 80% formamide as described in the legend
to Fig. 2. .

Hybridization conditions. Solution hybridization
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between RNA, labeled in isolated nuclei, and either
Ad2 or restriction endonuclease fragments of **P-la-
beled Ad2 DNA prepared as described previously (15)
was performed in 0.10 M PIPES [piperazine-N,N’-
bis(2-ethanesulfonic acid)] buffer (pH 6.4) containing
80% formamide and 0.4 M NaCl (7) at 59.5 to 61°C. In
experiments to locate viral RNA species among gra-
dient fractions and in saturation hybridization experi-
ments, the hybridization mixture was diluted 10-fold
with cold 2x SSC (SSC is 0.15 M NaCl, 0.013 M
sodium citrate) and digested with 10 ug of RNase A,
1U of RNase T, and 1 U of RNase U; per ml. Material
resistant to RNase digestion was precipitated with
10% trichloroacetic acid and collected on glass-fiber
filters, which were dried and counted in Econofluor.
The procedures followed for the S1 assay of Berk and
Sharp (4) are described in the legend to Fig. 5.

RESULTS

The population of RNA molecules transcribed
in nuclei isolated from HeLa cells 18 tc 20 h
after Ad2 infection includes sequences comple-
mentary to the r strand of the Ad2 genome from
15 to 17 units to a point to the right of 97.3 units
(Yang and Flint, manuscript in preparation).
These viral RNA sequences correspond to those
of the major, late transcriptional unit depicted
in Fig. 1. The rate of incorporation of labeled
ribonucleoside monophosphates into RNA de-
clines after about 45 min of incubation (Yang
and Flint, in preparation), and we therefore an-
ticipated that the major product of transcription
of adenoviral DNA in such isolated nuclei would
be the very large RNA molecule whose synthesis
is initiated at 16.4 units in the r strand (44) and
terminated near the right-hand end (15a), as
shown in Fig. 1. However, when RNA, %P-la-
beled in nuclei isolated 20 h after Ad2 infection,
was analyzed in sucrose gradients containing
80% formamide, at least six major species of
adenoviral RNA were detected (Fig. 2A); these
range in size from 5 to 6S to approximately 55S.
Synthesis of the smallest viral RNA species ob-
served, which sediments slightly faster than 4S
marker RNA, is resistant to low concentrations
(1 pg/ml) of a-amanitin, but is prevented by an
inhibitor concentration of 100 ug/ml (Yang and
Flint, in preparation). This viral RNA species,
then, must be transcribed by RNA polymerase
form III and probably represents the VA-RNAs
(34, 42). On the other hand, the larger viral RNA
species observed must be the products of tran-
scription of Ad2 DNA by form II RNA polym-
erase, because their synthesis is inhibited by low
concentrations of a-amanitin (19, 28).

The discrete nature of the RNA products and
the reproducibility with which we have observed
them (in at least 10 different experiments) argue
against the possibilities that the viral RNA spe-
cies intermediate between 5 to 6S and 55S result
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Fic. 2. Sedimentation of RNA **P-labeled in iso-
lated nuclei in sucrose gradients containing 80%
formamide. RNA was labeled with [a-PJUTP in
nuclei isolated 20 h after Ad2 infection and purified
as described in the text. Fractions containing and
lacking poly(A) were separated as described in the
legend to Table 1. Ethanol-precipitated RNA was
collected, denatured, and centrifuged in 15 to 30%
sucrose gradients containing 80% formamide, 0.04 M
PIPES buffer (pH 7.4), and 1 mM EDTA. Centrifu-
gation was done in a Beckman SW41 rotor at 24°C,
39,000 rpm, for 24 h. Fractions of 0.18 ml were col-
lected from each gradient, and samples were counted
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from degradation during RNA isolation or ran-
dom premature chain termination in vitro. Thus
it seemed possible that isolated nuclei retain the
ability to perform posttranscriptional processing
events. We have, therefore, investigated their
capacity both to add polyadenylic acid [poly(A)]
to late adenoviral RNA sequences transcribed in
vitro and to perform the splicing events that
generate mature, late adenoviral mRNA species
(3, 8, 12, 21).

Polyadenylation of RNA transcribed in
vitro. To investigate whether any of the RNA
sequences made in nuclei isolated at late times
during Ad2 infection were polyadenylated, RNA
2p.labeled in vitro was subjected to chromatog-
raphy on oligodeoxythymidylic acid [oligo(dT)]
-cellulose. Under conditions in which no nucleo-
lar, but 100% of newly made late, adenoviral
mRNA is bound to oligo(dT)-cellulose (2), about
30% of the in vitro-labeled RNA is selected as
poly(A) containing (Table 1). When such
poly(A)-containing RNA is hybridized with sat-
urating amounts of unlabeled Ad2 DNA, some
30% of the RNA enters hybrid (Table 1). These
estimates of the fraction of the RNA made in
vitro that contains poly(A) (2, 29) and the frac-
tion of polyadenylated RNA that is adenovirus
specific (2) are close to those obtained with
nuclear RNA newly synthesized in the cell. Sed-
imentation analysis of the viral RNA species
present in the separated poly(A)-containing and
-lacking fractions reveals that the two popula-
tions are quite different (Fig. 2B and C). It is,
for example, clear that 5-6S viral RNA is found
exclusively in the fraction lacking poly(A), as
would be expected were it VA-RNA. Most of the
55S RNA is also recovered in the fraction lacking
poly(A) (see Fig. 2C), whereas the major
poly(A)-containing RNA species sediment as
molecules of 28S or smaller (in fact, very similar
in size to late mRNA species complementary to
the r strand of Ad2 DNA [16, 25, 26]). This
difference between the two populations of in
vitro-labeled RNA suggests that polyadenyla-
tion of viral RNA made in isolated nuclei does
not occur at random sites; the mRNA-like pat-
tern of the polyadenylated, adenoviral RNA spe-
cies is also consistent with this notion. The spec-

directly in Aquasol (New England Nuclear Corp.)
(O). Portions of each fraction were also hybridized
with 1 pg of Ad2 DNA, and the amount of hybridizing
RNA was determined as described in the text (®). In
all experiments, marker *H-labeled nucleolar and
ribosomal RNA preparations were centrifuged in
parallel gradients. Results were obtained with (A)
unfractionated RNA, (B) poly(A)-containing RNA,
and (C) poly(A)-lacking RNA.
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TABLE 1. Analysis of RNA labeled in nuclei
isolated 20 h after Ad2 infection for poly(A)-
containing sequences and adenoviral RNA

sequences
["PJUMP % labeled "c"oﬁgﬁf"‘
Exot incorpo-  RNA bound ol b"%
xp rated® to oligo(dT)- {14 wy A‘;2'
(pmol) cellulose' DNA®
1 40 32,0 33.3
2 36 28.9 31.2

“ Nuclei isolated from 6 X 107 infected HeLa cells
were incubated under the conditions described in the
text in the presence of 200 uCi of [a-**P]JUTP.

® RNA extracted from isolated nuclei was subjected
to two cycles of chromatography on oligo(dT)-cellu-
lose as described elsewhere (12).

“ These data are taken from saturation hybridiza-
tion curves in which the poly(A)-containing labeled
RNA was hybridized with increasing amounts of Ad2
DNA under the conditions described in the text.

ificity of polyadenylation in vitro has been in-
vestigated in greater detail, taking advantage of
the fact that poly(A) is added to late nuclear
RNA sequences at only the five sites whose
locations are shown in Fig. 1 (16, 25, 26).
Poly(A)-containing RNA, into which [a-
2PJUMP had been incorporated in nuclei iso-
lated 20 h after Ad2 infection, was selected on
oligo(dT)-cellulose columns and subjected to
mild alkaline hydrolysis (39) to generate RNA
chains of 200 to 400 nucleotides in length. A
second cycle of chromatography on oligo(dT)-
cellulose was performed to reselect short RNA
pieces that contain poly(A). This RNA popula-
tion, which contains only those sequences adja-
cent to the sites of poly(A) addition, was then
hybridized to restriction endonuclease frag-
ments of Ad2 DNA generated by digestion with
HindIIl and Kpnl immobilized on nitrocellulose
filters (35). Figure 3 shows the result obtained
with Kpnl digests of Ad2 DNA. Unfractionated
RNA labeled in vitro hybridizes to all Kpnl
fragments A to I, except Kpnl fragment G, which
comprises the region 0 to 6.5 units in Ad2 DNA
(see Fig. 3). On the other hand, fragmented,
poly(A)-containing RNA segments hybridize to
Kpnl fragments A, C, D, and E, which constitute
the regions 71.4 to 93.5 units, 23.5 to 39.6 units,
47.4 to 61.3 units, and 61.7 to 71.4 units, respec-
tively, in the Ad2 genome. Thus, these fragments
contain the five sites of poly(A) addition de-
picted in Fig. 1. Similarly, hybridization of this
RNA fraction is restricted to HindIII fragments
A (50.1 to 73.6 units), D (41.0 to 50.1 units), F
(89.5 to 97.3 units), I (31.5 to 37.3, units), and L
(79.9 to 81.0 units) (data not shown)—again

IN VITRO PROCESSING OF ADENOVIRAL RNA 397

those fragments predicted from the scheme of
polyadenylation depicted in Fig. 1. From these
two sets of data, the sequences adjacent to
poly(A) can be located within the regions 31.5
to 37.3 units, 47.4 to 50.1 units, 61.7 to 71.4 units,
79.9 to 81.0 units, and 89.3 to 93.5 units. These
results, then, provide strong circumstantial evi-
dence that, in isolated nuclei, poly(A) is added
to the five sites in the late precursor RNA shown
in Fig. 1. However, as seen from Fig. 3, hybridi-
zation of fragmented and poly(A)-selected RNA
to Kpnl fragment C is highly efficient as com-
pared to that of the other fragments. This seems
to indicate that the nuclear system may favor
polyadenylation of the mRNA'’s that have their
3’ ends closest to the promotor.

Splicing of RNA transcribed in vitro. It is
clear from the model of synthesis of late adeno-
viral mRNA depicted in Fig. 1 that, in the ab-
sence of additional processing events, the small-
est poly(A)-containing RNA generated would
extend from 16.4 to near 38 units in the r strand,
some 8 kilobases in length. However, as shown
in Fig. 2B, the population of polyadenylated
viral RNA molecules transcribed in vitro in-
cludes species as small as 11-13S. The inference
from these observations, that RNA transcribed
in vitro is processed by mechanisms additional
to polyadenylation in isolated nuclei, has been
tested by two complementary approaches.

The first of these relies upon the separation of
RNA chains elongated or completely synthe-
sized in vitro from those present in the nuclei at
the time of cell harvesting through the incorpo-
ration of mercurated analogs of ribonucleoside
triphosphates, Hg-UTP or Hg-CTP (10, 11).
Partial substitution of Hg-CTP for CTP up to
ratios of 1:3 has only minimal effects on the
properties of, requirements for, and optimal
transcriptional activity in nuclei isolated at late
times during productive infection (Yang and
Flint, submitted for publication). As it has been
reported that significant aggregation of mercu-
rated and nonmercurated RNA can occur under
certain conditions (22), we have tested various
procedures by which mercurated RNA mole-
cules can be selected by chromatography on
sulfhydryl agarose columns and developed one
that permits the complete separation of RNA
chains mercurated in vitro from endogenous nu-
cleic acids (Yang and Flint, submitted for pub-
lication). This involves the use of high concen-
trations of dimethyl sulfoxide during chromatog-
raphy on sulfhydryl agarose (22).

Once the RNA transcribed in isolated nuclei
can be separated from that present in infected
cells at the moment of harvesting, it becomes
possible to employ the nuclease S1 assay (4) to
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determine whether adenoviral RNA molecules
transcribed in vitro are spliced. Mercurated
RNA, transcribed in nuclei isolated 20 h after
Ad2 infection and selected under the stringent
conditions described in the previous paragraph,
was therefore hybridized to BamHI fragment B,
0 to 29.0 units, of 3?P-labeled Ad2 DNA under
conditions that permit only DNA:RNA anneal-
ing (7). The resulting hybrids were digested with
nuclease S1, and the S1-resistant, labeled DNA
was subjected to electrophoresis in alkaline aga-
rose gels (4, 24). Spliced RNA molecules can be
diagnosed by the presence of a discrete series of
labeled DNA bands after autoradiography (4).
When this assay was applied to late nuclear
RNA isolated directly from Ad2-infected HeLa
cells, the pattern shown in Fig. 4, track c, was
observed; the largest DNA band seen, about 13.0
units in length, corressgonds to that expected
from hybridization of *’P-labeled BamHI frag-
ment B to an unspliced RN A molecule extending
from 16.4 to the end of the DNA probe, 29.0
units. The single-stranded DNA products of this
reaction also include the fragments of approxi-
mately 10 units and 3 units in length predicted
from the model of synthesis of the segmented
leader sequence common to the major late ad-
enoviral mRNA species depicted in Fig. 1. How-
ever, a whole host of additional products, rang-
ing in size from less than 1 unit to 11.5 units in
length, are also seen (Fig. 4, track c). Similar
products have been described by Berget and
Sharp (3a) and may be intermediates in the
splicing process (3a) or possibly prematurely
terminated RNA molecules (13). Be that as it
may, it is clear that the pattern observed with
late nuclear RNA is quite distinct from that
observed when late cytoplasmic RNA was as-
sayed in similar fashion (Fig. 4, track d), but is
essentially identical to that obtained with mer-
curated RNA made in nuclei isolated 20 h after
Ad2 infection (Fig. 4, track b). The result shown
in Fig. 4, track b, has been observed with several
different preparations of mercurated RNA. In
addition, when probes such as HindIII fragment
A, 50.1 to 73.6 units, and BamHI fragment C,
42.0 to 59.5 units, were hybridized with mercur-
ated RNA made in vitro, the DNA fragments
resolved in alkaline agarose gels were those ex-
pected if leader-to-body splicing had occurred in
vitro (Yang and Flint, in preparation). Thus,
these results suggest that the viral RNA se-
quences into which Hg-CMP is incorporated in
isolated nuclei are indeed spliced to generate a
set of RNA products indistinguishable from
those made in the Ad2-infected cell.

Although these observations can be taken to
indicate that nuclei isolated from adenovirus-
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infected cells can perform splicing reactions in
vitro, it remains possible that the splicing in fact
occurred in the cell with nascent viral RNA
chains as substrates. These spliced molecules
would then be isolated after completion of tran-
scription in vitro in the presence of Hg-CTP.
Although this scenario seems unlikely (27, 44),
the possibility can be addressed directly by an
analysis of the RNA sequences labeled during
incubation in vitro. The largest viral RNA mol-
ecules made should contain all sequences com-
plementary to the r strand of the Ad2 genome
from 16.4 units to the extreme right-hand end;
any spliced RNA molecule, however, would lack
sequences between about 16.45 and 19.5 units
and about 19.6 to 26.8 units (see Fig. 1). This
prediction was tested by hybridizing RNA spe-
cies of various sizes, labeled in isolated nuclei
and fractionated in gradients like those shown
in Fig. 2, to unlabeled fragments of Ad2 DNA
generated by cleavage with Xhol transferred to
nitrocellulose filters (35). The smallest DNA
fragment generated by Xhol digestion comprises
the region from 22.0 to 26.5 units in Ad2 DNA
(M. H. Binger, J. Stédler, and S. J. Flint, unpub-
lished data) and is therefore a suitable probe
with which to assay for splicing at the 5’ ends of
viral RNA molecules transcribed in vitro. As can
be seen in Fig. 5, only the largest RNA species,
about 55S, contains sequences that hybridize to
the 22.0 to 26.5-unit Xhol fragment of Ad2
DNA; none of the smaller viral RNA species
contains detectable sequences complementary
to this probe. Because the label was incorpo-

‘rated during transcription in vitro, this result

confirms that the late RNA sequences made can
also be spliced in isolated nuclei. Moreover, the
identity between the splicing patterns observed
with late adenoviral RNA made in the intact
cell and in isolated nuclei (Fig. 4) indicates that
the in vitro splicing reaction is a faithful rendi-
tion of the events that occur in the intact cell.

DISCUSSION

It has been known for some time that form II
RNA polymerase will transcribe adenoviral
DNA in nuclei isolated from productively in-
fected human cells (30, 38), with from 18 to 30%
of the in vitro RNA product being virus specific
(30, 37, 38, 41). Such adenoviral RNA sequences
have also been described to be heterogeneous in
size (30, 37) and to be transcribed from the
major, r-strand transcriptional unit shown in
Fig. 1 with characteristics similar to those ob-
served for RNA pulse-labeled in the cell (37, 40,
41). The results presented in Table 1, Fig. 2, and
our detailed hybridization analysis of late RNA
made in isolated nuclei (Yang and Flint, in prep-
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F16. 4. Alkaline gel electrophoresis of nuclease S1-
digested hybrids formed between *:P-labeled BamHI
fragment B and late adenoviral RNA made in vivo
and in vitro. Mercurated RNA, synthesized in nuclei
isolated 20 h after Ad2 infection and selected as
described in the text, was hybridized with *:P-labeled
DNA of BamHI fragment B, 0 to 29.0 units of Ad2,
after demercuration by incubation in 0.15 M B-mer-
captoethanol at 0°C for 8 h (Yang and Flint, in
preparation). This hybridization, and those using
nuclear and cytoplasmic, poly(A)-containing RNA
isolated directly from infected cells 20 h after infec-
tion, were performed under the conditions described
by Casey and Davidson (7) at 59.5°C. After hybridi-
zation for 12 h, samples were diluted 10-fold with 0.03
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aration) are in agreement with these earlier re-
ports. However, by contrast to some other work-
ers (37, 40), we have analyzed the adenoviral
RNA species labeled during relatively long pe-
riods of incubation in vitro and, as shown in Fig.
2A, find a discrete set of adenoviral RNA species,
an observation that led us to question whether
RNA sequences made in vitro were subject to
processing.

The data presented in Table 1 show that
about 30% of the RNA **P-labeled in vitro is
recovered by chromatography on oligo(dT)-cel-
lulose columns under the conditions described.
This value is somewhat higher than that re-
ported by Vennstrom and Philipson (37), but
this may reflect the different labeling conditions
we used. The results presented in Fig. 3 and
obtained from similar experiments discussed in
the text provide strong support for the notion
that polyadenylation of the RNA made in vitro
occurs at the same five sites recognized in nas-
cent RNA in the cell. Direct sequence analysis
of the in vitro RNA lying immediately adjacent
to poly(A) chains is underway to prove this point
conclusively. In view of recent evidence that
polyadenylation of late adenoviral RNA takes
place before transcription of the unit depicted in
Fig. 1is complete (27), that is, that nascent RNA
chains are the substrates for polyadenylation, it
is not too surprising that this activity is retained
in isolated nuclei. What is more striking is the
correspondence between the sizes of the poly-
adenylated in vitro RNA products shown in Fig.-
2B and those reported for late mRNA species
(see Fig. 1). This size distribution and the ab-
sence from the poly(A)-containing fraction of
molecules of the sizes predicted for intermedi-
ates in which polyadenylation but no 5 end
processing or splicing had occurred (Fig. 2B)
suggested that splicing might indeed occur in
isolated nuclei. A recent observation made by
Zimmer et al. (45), that discrete sizes of RNA
can be synthesized in isolated nuclei, supports
this notion.

M sodium acetate (pH 4.3) containing 1 mM ZnSO,
and 5% glycerol and digested with 2 to 10 U of
nuclease S1 (Sigma). After ethanol precipitation, the
samples were analyzed in 1.4% agarose gels cast in
0.03 M NaCl-1 mM EDTA which were electropho-
resed in 0.03 M NaOH-1 mM EDTA. After electro-
phoresis, gels were dried and autoradiographed as
described in the legend to Fig. 3. Molecular weight
markers of *:P-labeled Ad2 DNA digested with
HindIII are shown in tracks a and e. Tracks b, ¢, and
d show the results of hybridization with () RNA
synthesized in vitro as described, (c) late nuclear
RNA, and (d) late, poly(A)-containing, cytoplasmic
RNA.
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FiG. 5. Hybridization of fractionated, **P-labeled RNA synthesized in isolated nuclei to Xhol fragments of
Ad2 DNA. RNA was synthesized, in nuclei isolated 20 h after Ad2 infection, in the presence of **P-labeled
UTP and fractioned in denaturing sucrose gradients as described in the legend to Fig. 2. Samples of each
fraction were then hybridized to Ad2 DNA as described in the same legend to locate the major species of viral
RNA. Appropriate gradient fractions, corresponding to the RNA species whose approximate S values are
indicated in the figure, were pooled, and the RNA was hybridized to strips of nitrocellulose to which 1 pg of
Ad2 DNA digested with Xhol had been transferred (35). Hybridizations were performed in sealed freezer
bags (Sears, Roebuck and Co.) at 68°C under the conditions described by Botchan et al. (6). Washing,
processing of the nitrocellulose filters, and autoradiography were performed as described in the legend to Fig.
3. At the left of the figure is shown a photograph of the 1.0% agarose gel in which the Xhol fragments were

resolved, stained with ethidium bromide (33).

To investigate possible splicing steps in iso-
lated nuclei and their fidelity, we have taken
advantage of the separation of RNA made in
vitro from that present in nuclei at their time of
isolation through the incorporation of mercur-
ated ribonucleoside triphosphates (10, 11). It
must be pointed out, however, that several ob-
stacles have to be surmounted if the results
obtained by this approach are to be interpreted
correctly. Although the reactions we have per-
formed in the presence of Hg-CTP in vitro do
not appear to suffer from the premature chain

termination described by Schifer (31), perhaps
because of our use of relatively low amounts of
mercurated substrate analogs, it is clear that
extreme care must be taken to achieve complete
partition of nonmercurated and mercurated
RNA. As Konkel and Ingram (22) reported pre-
viously, we find that it is essential to denature
the RNA and use stringent washing procedures
to ensure such a separation. All RNA prepara-
tions we used were, therefore, isolated under the
stringent conditions described in detail else-
where (Yang and Flint, submitted for publica-
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tion). We have also noted that the presence of
mercurated bases in an RNA chain, even at the
relatively low ratios used here, has a strongly
denaturing effect. To avoid this complication,
we have chosen to demercurate the selected
RNA by exposure to 8-mercaptoethanol under
conditions that do not lead to RNA chain break-
age (Yang and Flint, submitted for publication).
Despite the rather tedious nature of this RNA
preparation, it does have the overwhelming ad-
vantage of permitting a relatively fine assess-
ment of the in vitro RNA products.

The S1 analysis of selected in vitro RNA
shown in Fig. 4 and the hybridization analysis of
labeled RNA species of different size presented
in Fig. 5 indicate that splicing can indeed occur
in isolated nuclei. It also seems clear that splicing
of sequences from near 16.4, 19.6, and 26.8 units
to form the 5 leader segment common to the
major late mRNA species complementary to the
r strand is accurate under these conditions (see
Fig. 4). As might be inferred from the sizes of
the poly(A)-containing viral RNA species made
in isolated nuclei, leader-to-body joining also
takes place in vitro (Yang and Flint, in prepa-
ration). Recently, Blanchard et al. (5) have de-
scribed processing of an early adenoviral RNA
labeled in vivo when isolated nuclei are incu-
bated in the presence of cytoplasmic extracts. In
these experiments, however, we have examined
RNA that is not only processed, but also tran-
scribed in vitro. Moreover, the in vitro splicing
described here is independent of the addition of
cytoplasmic extracts. This difference cannot be
rationalized in any simple way at the present
time; the method of isolation of nuclei used here
is, for example, very similar to that employed by
Blanchard et al. (5). On the other hand, it should
be pointed out that our understanding of the
requirements of splicing enzymes present in eu-
caryotic cells is poor. In this context, it may be
significant that nuclei subjected to sedimenta-
tion through sucrose apparently retain relatively
little splicing activity (23); similarly, nuclei iso-
lated by nonaqueous methods are unable to
process rRNA and tRNA precursors (17).

In summary, then, we have demonstrated that
nuclei isolated during the late phase of produc-
tive adenovirus infection of human cells retain
active and faithful splicing systems. This activity
can be detected under conditions of incubation
optimized for transcriptional activity, but its ex-
plicit requirements have not been determined.
Preliminary experiments suggest that at least
some activity is retained when nuclei are dis-
rupted (S. J. Flint and S. M. Berget, unpublished
data), providing some encouragement towards
the goal of purifying the mammalian enzyme(s)
that splices mRNA precursors.
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