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The adenovirus type 2 (Ad-2) *‘i”’ leader is an RNA segment which is preserved
in some mRNA species from the Ad-2 late transcription unit. It maps between the
second and third segments of the standard tripartite leader. We located the
boundaries of the i leader in genomic Ad-2 DNA and determined its nucleotide
sequence. The leader contains an ATG initiator near its 5’ boundary, followed by
a reading frame which is open for translation. We suggest that the i leader
constitutes an Ad-2 coding sequence whose novel position within the leader of
major late transcription unit messengers allows it to be translated in preference to
coding sequences in mRNA main bodies. The i leader potentially contributes to
the coding sequences of a family of proteins. Also, a Northern blot analysis of late
mRNAs containing the i leader suggests that it may be retained in the leaders of
many different late transcription unit mRNAs. We compare the i leader to the

simian virus 40 agnogene.

The adenovirus type 2 (Ad-2) major late tran-
scription unit (T.U.) employs a novel arrange-
ment of genes and RNA processing signals to
express upwards of 15 different viral proteins
from transcripts initiated at a single promoter
(for a review, see reference 21). Transcripts are
initiated at the major late promoter at 16.45 map
units (m.u.) (22) and at late times extend essen-
tially to the far end of the genome at 100 m.u.
(8). Five polyadenylic acid [poly(A)] sites for
late mRNA lie within the late T.U. (6). The 3’
ends of late T.U. mRNAs are formed by endo-
nucleolytic cleavage of primary transcripts at
one of these sites, followed by 3’ poly(A) addi-
tion (15). For RNAs with a 3’ end at any given
poly(A) site, a number of different spliced ar-
rangements is possible. Most frequently, the
RNAs contain a 5' tripartite late leader which is
transferred by splicing to one of several alterna-
tive splice acceptor sequences in the mRNA
main body. Messengers differing in the spliced
position of the leader, but sharing a common
poly(A) end, form a 3’-coterminal family (23).
The late T.U. is also active at early times, but
only the family with the first poly(A) site is
expressed (3, 17).

In most cases, the different members of a 3'-
coterminal family have different protein transla-
tion products. The translational differences re-
flect the ribosome mechanism for selecting the
translation start site. Most often, translation
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initiates at the first AUG triplet downsteam from
the cap. The ribosome binds to the cap and
scans the RNA from 5’ to 3’ until it encounters
an AUG, whereupon it initiates translation (see
reference 13 for a review). Because the tripartite
leader lacks an AUG, it is noncoding (1, 20). The
AUG initiation triplet therefore lies beyond the
tripartite leader, and in those cases investigated
thus far, the start codon lies in the main body of
the mRNA (1, 20). Because the alternative splice
arrangements juxtapose the leader (and the
scanning ribosome) adjacent to different AUGs,
each member of a coterminal family has a sepa-
rate translation product.

Using the electron microscope heteroduplex
method, Chow et al. (3) have identified alterna-
tive forms of the late leader. Each form contains
an extra segment called the *‘i’’ leader encoded
between m.u. 22 and 23.5, between the standard
second and third segments of the tripartite lead-
er. The 3' boundary and exonic sequences of
this leader may, however, vary to include differ-
ent RNA segments up to and including the third
segment (3).

Our initial interest in the i leader was to
identify the steps in the RNA splicing pathway
that determined whether the i leader RNA is
retained or excluded from late T.U. messengers.
With the ultimate objective of analyzing splicing
pathways, we determined the genomic nucleo-
tide sequence which encodes the i leader and the
positions of the acceptor and donor splice
boundaries. We find that the major form of the i
leader contains an AUG initiation triplet fol-
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lowed by an in-phase reading frame. We discuss
the coding potential of this open frame with
respect to late mRNA main body coding se-
quences and the multiple i leader forms de-
scribed by Chow et al. (3) and compare these
findings with ‘‘agnogene’” sequences in simian
virus 40.

MATERIALS AND METHODS

Cell culture, virus infection, and RNA isolation. Ad-2
was grown in Spinner-cultured HeLa cells. Late-
infection polyadenylated [poly(A)*] cytoplasmic RNA
was isolated as described by Fraser and Ziff (6) and
Fraser et al. (7). Early RNA was similarly isolated but
at 18 h postinfection in the presence of a 25-ug/ml
cytosine arabinoside block of DNA replication.

DNA fragment pareparation. Ad-2 DNA clones in
pBR322 propagated with Escherichia coli HB101 host
were used for nucleotide sequence analysis and prepa-
ration of nick-translated probes. Plasmids were
pHindIII-B (17 to 31.5 m.u., HindllI fragment B at the
pBR322 HindllI site); pBam-D (29 to 41 m.u., BamHI
fragment D at the pBR322 BamHI site); pHindIlI-1
(31.5 to 37.3 m.u., HindlII fragment I cloned at the
pBR322 HindllI site); and pSma-B (18.5 to 35.4 m.u.,
Smal fragment B cloned at the pBR322 PsiI site by
guanine-cytosine tailing). The former two plasmids
were the gift of M. Mathews, the next was from
J. Nevins, and the latter was from U. Pettersson.
Restriction enzymes were from New England Biolabs
or Bethesda Research Laboratories and were used
according to the manufacturer’s instructions.

DNA nucleotide sequencing and S1 nuclease mapping
of the i leader boundary. DNA sequencing was by the
method of Maxam and Gilbert (14). DNA was 5’
labeled by the polynucleotide kinase method. The
Xhol site at 22 m.u. was 3’ labeled by incorporating a-
32p.triphosphates through repair synthesis catalyzed
by the Klenow fragment of DNA polymerase I. The i
leader splice boundaries were mapped by a modifica-
tion of the S1 nuclease hybridization procedure of
Berk and Sharp (2). Plasmid pSmal-B (18.5 to 35.4
m.u.) was restricted with Hincll, and 5'-phosphates
were removed with bacterial alkaline phosphatase.
The 5’ termini were 32PO, labeled by the polynucleo-
tide kinase method, and fragments were resolved by
agarose gel electrophoresis. One fragment, approxi-
mately 930 nucleotides long, which overlapped the 5’
boundary of the i leader, was eluted and rerestricted
with Alul. One labeled band, approximately 240 nucle-
otides long, overlapped the 5’ boundary of the leader
and was eluted for S1 hybridization to poly(A)* cyto-
plasmic RNA from late infected cells under the condi-
tions of Berk and Sharp (2). Hybrids of DNA 3’
labeled at the 22-m.u. Xhol site were also prepared.
An Xhol digest of pHindIII-B was 3’ labeled by repair
synthesis catalyzed by the Klenow fragment of DNA
polymerase I and utilizing o-32P-triphosphate. The
22.0- to 28.1-m.u. Xhol fragment was then isolated.
This was rerestricted with Kpnl at 23.5 m.u., and the
fragment labeled at 22.0 m.u. was employed for S1
mapping. DNA-RNA hybrids were S1 nuclease digest-
ed to remove single-stranded regions and electropho-
resed on thin acrylamide sequencing gels. The neigh-
boring lanes contained Maxam-Gilbert digests of the
same labeled fragment for nucleotide sequence analy-
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sis. The S1 nuclease bands migrated near the bands in
the sequencing lane corresponding to the i leader 5’ or
3’ splice boundaries.

Northern blot analysis of nuclear and cytoplasmic
poly(A)* RNA. RNA was electrophoresed in agarose
gels with running buffer (0.02 M morpholinepropane-
sulfonic acid, 0.005 M sodium acetate, 0.001 M EDTA
[pH 7.0]) and 1.1 M formaldehyde. Before being
loaded, RNA was heated to 60°C in 50% formamide-
3% formaldehyde plus running buffer and then applied
to the gel. After electrophoresis, RNA was transferred
to nitrocellulose sheets by the Southern blotting tech-
nique. RNA bands were located by hybridization for
12 h to a-3?P-labeled nick-translated probes at 42°C
with hybridization buffer (50% formamide, 0.05 M
Tris-hydrochloride [pH 7.4], 0.1% sodium dodecyl
sulfate, 10x Denhardt solution, 1 M NaCl, 50 pg of
denatured salmon sperm DNA per ml). After being
washed, blots were visualized by autoradiography
employing intensifying screens.

RESULTS

Figure 1 shows the arrangement of i leader
RNA sequences in late T.U. mRNAs as report-
ed by Chow et al. (3). The cap site and first
leader of late mRNA map at coordinate 16.4.
The second and third leader segments map at
19.6 and 26.5 m.u., respectively. Heteroduplex
mapping of early RNA from the late T.U. by
Chow et al. (3) placed the major i leader species
(Fig. 1) between m.u. 22 and 23.5, approximate-
ly 900 residues from the second leader segment,
l,. From contour lengths measured by Chow et
al. (3), this form of the i leader was expected to
be approximately 400 nucleotides long.

Figure 2a shows the location of the i leader in
greater detail. To map the position of the i
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FIG. 1. mRNA species containing the Ad-2 i lead-
er. Species a, b, and ¢ are mRNAs containing the i
leader or variants of this leader. Species a is the form
analyzed in this report. Species’d has the standard
tripartite leader with leader segments 1, 2, and 3. This
figure is redrawn from Chow et al. (3).
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FIG. 2. Structural analysis of the i leader. (a) i
leader region of Ad-2 DNA and the location of Xhol
(X), Kpnl (K), and Hincll (H) restriction enzyme
cleavage sites. Only those Hincll sites employed in
these studies are shown. The positions of the leader 2
and leader 3 genomic sequences with respect to the i
leader are given. (b) Regions of i leader DNA analyzed
by specific Maxam-Gilbert DNA sequencing gels. The
arrows correspond to the sequence analyzed in indi-
vidual gels. The solid circles represent DNA labeled at
the 5’ termini, and the solid triangles are DNA labeled
at the 3’ termini, all as described in the text. (c) DNA
fragments employed for S1 nuclease analysis of RNA-
DNA hybrids as described in the text. One fragment
labeled in the 5’ terminus (solid circle) extended from a
Hincll site to an Alul site and was used to map the 5’
boundary to the i leader. The other fragment labeled at
the 3’ terminus (solid triangle) extended from the Xhol
site to a Kpnl site (a) and was used to map the 3’
boundary of the i leader.

leader, we determined the nucleotide sequence
of the i leader region by the method of Maxam
and Gilbert (14; Fig. 2b). We next prepared
restriction fragments with one labeled endpoint
mapping within the predicted sequence of the i
leader. For each fragment, this endpoint was
labeled either at the 5’ end by the polynucleotide
kinase method or, when possible, at the 3’ end
by the repair of single-stranded tails using a-*2P-
deoxytriphosphates and the Klenow fragment of
DNA polymerase 1. DNA fragments overlapping
the 5’ boundary of the i leader were 5’ labeled,
and those overlapping the 3’ boundary were 3’
labeled, both in the i leader template strand.
These are shown in Fig. 2c. Both types of
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labeled fragments were reannealed with unla-
beled poly(A)* mRNA isolated from late-stage
Ad-2-infected cells. Hybridization was under the
R loop conditions described by Berk and Sharp
(2). Hybrids were then treated with S1 nuclease
to digest single-stranded regions and yield end-
labeled DNA stretching from a defined labeled
position within the i leader genomic sequence to
one or the other splice boundary. The DNA
fragments employed for S1 analysis were the
very same fragments sequenced by the method
of Maxam and Gilbert (14). Fragments obtained
from the S1 digestions were electrophoresed on
thin polyacrylamide gels. The Maxam-Gilbert
sequencing reactions were fractionated in adja-
cent gel lanes for comparison. Bands from the
S1 digest extending from the labeling point to the
splice point comigrated with the band in the
sequencing ladder corresponding to the splice
junction.

An autoradiogram of the gel fractionation of
the S1 hybrids is shown in Fig. 3. Figure 3A
gives the pattern with a 5'-labeled HincII-Alul
DNA fragment that defines the 5’ boundary, and
Fig. 3B shows the trimmed hybrids of a 3'-
labeled Xhol-Kpnl DNA fragment, giving the 3’
boundary. Note that these hybrids have some
fraying of the terminus resulting from S1 cleav-
age, and thus the splice boundary is localized
only to a region of approximately five nucleo-
tides. In Fig. 3, specific bands in the sequencing
ladders which migrate near the S1 hybrids are
marked and correlated with the DNA sequence
as described in the legend to Fig. 3.

Figure 4 shows the nucleotide sequence of the
i leader region DNA deduced from the gels
described in Fig. 2b. Scanning the positions in
this sequence corresponding to the bands ob-
tained from the S1 nuclease hybrid experiment
of Fig. 3 reveals sequence homologies to con-
sensus sequences at donor and acceptor splice
points. Although the S1 hybrid of Fig. 3 defining
the 5’ side of the i leader gave a band spread
resulting from 3’ fraying of the hybrid, the DNA
sequence specified by this spread in Fig. 3A
contains the sequence TCGTAG (seen as its
complement on the sequencing gel), which cor-
responds, at four of six specified positions, to
the splicing homology YYNCAG (Y = pyrimi-
dine, N = any) reviewed by Sharp (16).

Likewise, on the 3’ boundary, the sequence
AGGTCAG (also seen as its complement in the
sequencing gel) appears adjacent to the S1 hy-
brid bands of Fig. 3B, corresponding at six of the
seven specified positions to the consensus se-
quence AGGTRAG (R = purine). Although our
S1 digests do not precisely determine the splice
boundaries, they are sufficient to unambiguously
locate the consensus sequences, which in turn
give a precise boundary.



188 FALVEY AND ZIFF J. ViroL.

A B

$1 s1

G AGACCT C

FIG. 3. Mapping the i leader boundaries by S1 nuclease analysis of RNA-DNA heteroduplexes. Poly(A)*
cytoplasmic RNA from late-infected cells was hybridized in (A) to the 5'-labeled Hincll-Alul fragment of Fig. 2¢c
and in (B) to the 3’-labeled Xhol-Kpnl fragment of Fig. 2c. Hybrids were treated with S1 nuclease and
electrophoresed on thin gels as described in the text. Maxam-Gilbert sequence analyses of the same fragments
were electrophoresed in adjacent lanes. Standard C, C-T, A-C, A-G, and G chemistries were employed as noted.
The boundaries of the i leader were identified as described in the text. First, Maxam-Gilbert bands comigrating
with S1 bands in Fig. 5 were noted. Then, the equivalent Maxam-Gilbert bands were located in the primary
sequencing gels described in Fig. 2. Specifically, in (A), the triangle in the S1 lane identifies the S1-resistant
hybrid mapping the i leader 5’ boundary. The triangles in the C and G lanes mark bands flanking the sequence
CTACGATG (bands are read in an upward direction because DNA is 5’ labeled). The complement CATCGTAG
appears in the i leader genomic sequence at the 5’ boundary (Fig. 4). In (B), the two open triangles in the C lane
mark CC doublets which flank the sequence CCTGACC (read down the gel because DNA is 3’ labeled), whose

complement GGTCAGG appears in the i leader genomic sequence at the 3’ boundary (Fig. 4).

Inspection of the DNA sequence of the i
leader reveals an ATG triplet 26 nucleotides
from the 5’ boundary. The presence of this ATG
distinguishes the i leader from the tripartite
version of the late leader, which lacks any ATG
sequence.

Figure 4 also shows the amino acid sequence
of a hypothetical translation product commenc-
ing at the ATG. Although nine termination co-
dons are present in the i leader, they are con-
fined to the two reading frames out of phase with
the ATG. The frame specified by the ATG is
open for translation. In fact, no terminator is
encountered in the i leader itself, and the transla-
tion product predicted by the DNA must termi-
nate outside the i leader in a different RNA
segment.

These results suggest that the i leader consti-
tutes the 5’-terminal segment of an Ad-2 gene.

We next assayed for i leader sequences in
viral mRNA present during the late stage of
infection. Poly(A)" cytoplasmic RNA was iso-
lated from Ad-2-infected cells either 18 h postin-
fection with a cytosine arabinoside block of
DNA replication to maintain the early state or 24
h postinfection, electrophoresed on formalde-
hyde denaturing agarose gels, and then blotted
onto nitrocellulose. The i leader was first detect-
ed by Chow et al. (3) in mRNA from the first, L-

1, 3'-coterminal family of late T.U. mRNAs.
Figure 5, lanes A and B, show Northern blot
analyses of mRNA from this family at early and
late times. The probe was pBam-D, which con-
tains 29- to 41-m.u. DNA and is specific for the
L-1 family. At early times (Fig. 5, lane B), a
single predominant mRNA band was seen, but
at late times (Fig. 5, lane A), two additional
shorter mRNAs were also seen. This change in
splicing patterns (early versus late) has been
observed for several messengers of Ad-2 (3, 21).

We next analyzed a Northern blot of late
mRNA with an i leader probe to estimate the
number of late mRNA species which contain the
i leader. Figure 5, lane C, shows the autoradio-
gram of late mRNA probed with the i leader-
specific DNA. The probe was the Hincll frag-
ment which overlaps the i leader 5’ boundary
(Fig. 2a). The positions of migration of late L-1
family mRNAs are noted alongside the blot
pattern. At least three size classes of mRNA
containing the i leader must be present in at least
several different late mRNAs. Also, late mRNA
with the i leader can be seen in Fig. 5, lane C, to
migrate more rapidly than the early L-1 mRNA
of Fig. S, lane B. Thus, the i leader cannot, at
late times, be confined to the L-1 species noted
at early times by Chow et al. (3). Finally, the
band pattern of late mRNAs containing the i
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FIG. 4. DNA nucleotide sequence and coding potential of the i leader region. The nucleotide sequence was
deduced from gels indicated in Fig. 2b. The positions of 5’ and 3’ splice boundaries are deduced from the
experiments of Fig. 3. The splice consensus homologies at these boundaries are given, with Y = pyrimidine, R =
purine, and N = any nucleotide. The predicted amino acid sequence of the translation product of an open reading
frame commencing with ATG at nucleotide 27 of the leader is given. A terminator appears just beyond the 3’
boundary of the leader. The coding capacity of this sequence in the mRNAs of Fig. 1 is discussed in the text.

leader appears to be more complex than that of
the late L-1 family mRNAs shown in Fig. 5, lane
A.

DISCUSSION

The data presented in this report identify the
5" and 3’ boundaries of the major form of the i
leader and describe the genomic DNA nucleo-
tide sequence of the leader and flanking resi-
dues. We found that the leader contains an AUG
initiation triplet 26 residues within its 5’ bound-
ary, followed by an in-phase reading frame which
continues 11 codons beyond the 3’ splice junc-
tion. After the completion of these experiments,
we became aware of a similar study by Virtanen

et al. (18), who have also identified the open
reading frame in the i leader.

As discussed above, the major late T.U. of
Ad-2 expresses upwards of 15 different proteins
by forming mRNAs with the tripartite leader
juxtaposed to the mRNA coding sequence. Be-
cause the tripartite late leader of Ad-2 mRNA
lacks an AUG initiator, translation starts within
the main body. Thus, the diversity of the transla-
tion products (see reference 21 for a review)
relies upon the diversity of splice acceptor posi-
tions for the tripartite leader. The presence of an
AUG in the i leader suggests that this translation
start may be employed by any mRNA bearing
the i leader segment. Because this AUG lies to
the 5' side of main bodies, translation from the
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FIG. 5. Northern blot analysis of mRNAs. The L-1
family mRNAs at late times (lane A) and early times
(lane B) were analyzed with a pBam-D probe as
described in the text. mRNA from late infected cells
containing the i leader was analyzed in lane C by
probing with the Hincll fragment overlapping the i
leader 5’ boundary (Fig. 2a). In lane C, the three
arrowheads mark the position of the migration of the
L-1 family bands seen in lane A.

main body start would be preempted by the i
leader start. Virtanen et al. (18) have identified a
16-kilodalton polypeptide translation product
from mRNAs enriched for i leader sequences.
These workers have further sequenced cDNA
copies of late T.U. mRNA and shown that the i
leader reading frame terminates within leader 3,
yielding a peptide close to the size of the ob-
served product. Thus, it is likely that the i leader
is, in fact, a coding sequence.

It is of interest to consider the coding potential
of the i leader in terms of the sequence arrange-
ment of the leaders identified by Chow et al. (3),
given Fig. 1. All i leader sequences contain
identical 5’ boundaries, but differ in the se-
quence arrangement on the 3’ side. The major
leader structures of the late T.U. mRNA are
tripartite and noncoding and correspond to the
mRNA of Fig. 1d. The major i leader form
identified by Chow et al. (3) and analyzed in this
report is species a of Fig. 1. With this form of the
i leader, translation terminates within the third
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leader segment (18). Note that the terminator is
joined to the i leader by a splice event.

Chow et al. (3) describe two additional forms
of late leader containing the i leader sequences.
In one, species ¢ of Fig. 1, the entirety of the
RNA sequences between the i leader and the
third leader is retained. With this arrangement,
the i leader open reading frame translation
would continue across the i leader 3’ boundary
for 11 codons, where it would encounter the
UAG terminator shown in Fig. 4. Thus, the
species c¢ translation product would be a peptide
149 amino acids long, which is amino coterminal
with the 16-kilodalton polypeptide reported by
Virtanen et al. (18), but which differed in the
carboxy terminus. With species b of Fig. 1, a
short intron follows the i leader, but other se-
quences on the 5’ side of the third leader are
retained. With this splicing pattern, the termina-
tion codon employed by species a would be
spliced out, but translation would be restored in
sequences upstream from leader 3, to yield an
additional form of the i leader translation prod-
uct. Again, this would be amino coterminal with
the Fig. 1 species a and c translation products,
but would have a third structure at or near the
carboxy terminus.

The alternative 3’ boundaries of the i leader
reported by Chow et al. (3) are similar to the
splicing difference between region Ia mRNAs
also reported by these workers. As is possible
for the i leader translation products, peptides
from the early Ia mRNAs are amino coterminal
and differ in internal or carboxy-terminal se-
quences.

Simian virus 40 late mRNA for the viral coat
protein VPI contains a coding sequence up-
stream from the VPI AUG initiator which en-
codes an agnogene polypeptide (4, 11, 12). The
agnoprotein is evidently translated from the very
same mRNA as VPI, making this mRNA poly-
cistronic. The secondary structure of the mRNA
is proposed to determine whether the agnogene
AUG is, in fact, available to the ribosome (9,
10). Further, the agnogene polypeptide has been
proposed to act as a regulator of the transcrip-
tion termination of simian virus 40 late tran-
scripts, thus controlling the level of VPI mRNA
(10). It is not known whether downstream main
body sequences can be translated from mRNA
containing the i leader. However, attenuation or
transcription termination of late promoter RNA
has been reported (5), although only a small
proportion of this attenuated RNA may reach
the i leader genomic sequences.

The different spliced versions of the early Ia
mRNAE s shift their steady-state proportions dur-
ing infection (19). It is not known whether the
frequency of presence of the i leader or the
proportion of the different i leader forms detect-
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ed by Chow et al. (3) changes in a similar
manner. Splice alterations for the L-1 mRNAs
are known, and this change is seen in Fig. 5,
lanes A and B. It was reasonable that the i leader
is confined to L-1 mRNAs early in infection
because these are the only late T.U. species
made early (17). It remained possible that at late
times the i leader might be either absent or
confined to a simple subset of L-1 mRNAs or
present on all L-1 forms. Finally, its production
might be unrelated to the final main body splic-
ing events, in which case it would be present on
all or any late T.U. species. To distinguish these
possibilities, we determined the complexity of
mRNAs containing the i leader (Fig. 5, lane C).
The observed pattern has a complexity greater
than the L-1 family of late mRNA, suggesting
that the i leader can be present in other late T.U.
family mRNAs and possibly all late T.U.
mRNAs.

What could be the selective advantage for the
virus to position a gene or gene family such that
its coding sequences could appear in many
mRNAs of the late T.U? Such a gene could be
expressed in proportion to the level of synthesis
of late T.U. transcripts. As the rate of mRNA
synthesis initiated at the late promoter changed,
for example, during the early-late shift when a
1,000-fold increase per cell occurs (17), the level
of mRNA for the i leader gene could also in-
crease in proportion. This form of control would
be advantageous if the i leader gene product
participated in the expression of late T.U. mes-
sengers. Thus, it will be interesting to determine
whether the i leader translation products func-
tion in the synthesis or translation of late T.U.
mRNAs.
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