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Upstream Sequences Other than AAUAAA Are Required
for Efficient Messenger RNA 3’-End Formation in Plants

Bradley D. Mogen, Margaret H. MacDonald, Robert Graybosch,' and Arthur G. Hunt?

Plant Physiology/Biochemistry/Molecular Biology Program, Department of Agronomy, University of Kentucky,
Lexington, Kentucky 40546-0091

We have characterized the upstream nucleotide sequences involved in mRNA 3’-end formation in the 3’ regions of
the caulifiower mosaic virus (CaMV) 19S/35S transcription unit and a pea gene encoding ribulose-1,5-bisphosphate
carboxylase small subunit (rbcS). Sequences between 57 bases and 181 bases upstream from the CaMV polyade-
nylation site were required for efficient polyadenylation at this site. In addition, an AAUAAA sequence located 13
bases to 18 bases upstream from this site was also important for efficient mRNA 3’-end formation. An element
located between 60 bases and 137 bases upstream from the poly(A) addition sites in a pea rbcS gene was needed
for functioning of these sites. The CaMV —181/-57 and rbcS —137/-60 elements were different in location and
sequence composition from upstream sequences needed for polyadenylation in mammalian genes, but resembled
the signals that direct mRNA 3’-end formation in yeast. However, the role of the AAUAAA motif in 3'-end formation
in the CaMV 3’ region was reminiscent of mRNA polyadenylation in animals. We suggest that multiple elements are
involved in mRNA 3’-end formation in plants, and that interactions of different components of the plant polyadenyl-
ation apparatus with their respective sequence elements and with each other are needed for efficient mMRNA 3’-end

formation.

INTRODUCTION

The polyadenylation of mRNAs is an essential step in the
course of the expression of genes in eukaryotes. In animal
cells, RNAs are polyadenylated in a process that is distinct
from transcription termination; nascent RNAs are cleaved
and a tract of polyadenylate is added to the 3’ end of the
cleaved RNA (Birnsteil et al., 1985; Platt, 1986). This
process appears to be limited to RNA polymerase Il tran-
scripts (Sisodia et al., 1987). These events occur shortly
after the site of polyadenylation is transcribed and take
place in the nucleus. Polyadenylation is directed by two
RNA sequence signals: the sequence AAUAAA, located
between 15 nucleotides (nt) and 40 nt upstream from
polyadenylation sites, and less well characterized se-
quences located downstream from such sites (Birnsteil et
al., 1985; Platt, 1986). In vitro, polyadenylation requires a
poly(A) polymerase and several other chromatographically
distinguishable components (Christofori and Keller, 1988,
1989; Gilmartin et al., 1988; McDevitt et al., 1988; Taka-
gaki et al, 1988, 1989). These other factors confer
AAUAAA specificity upon the poly(A) polymerase and carry
out the endonucleolytic cleavage needed for proper poly-
adenylation. There are indications that polyadenylation is
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necessary for termination of RNA polymerase Il transcrip-
tion (Whitelaw and Proudfoot, 1986; Logan et al., 1987;
Connelly and Manley, 1988). Thus, although polyadenyla-
tion is an RNA processing event and not a transcription
termination event, it may be a necessary requisite for
transcription termination by polymerase 1.

In contrast to the situation in animal cells, polyadenyla-
tion and transcription termination in yeast cells seem to be
more tightly coupled (Birnsteil et al., 1985; Platt, 1986;
Russo and Sherman, 1989). In addition, the 3’ ends of
several yeast mRNAs can be generated in vitro by proc-
essing and modification of a precursor RNA (Butler and
Platt, 1988; Butler et al., 1990). The RNA sequences that
direct polyadenylation in yeast differ in both composition
and position from those that have been defined in animals.
In particular, there does not seem to be a strict consensus
sequence analogous to the AAUAAA element in animal
genes. In at least two yeast genes, the functional elements
involved in mRNA 3’-end formation share spatial features
with those that direct rho-dependent transcription termi-
nation in Escherichia coli (Osborne and Guarente, 1989),
suggesting mechanistic analogies between yeast and
bacteria.

The process of MRNA 3’-end formation in plants ap-
pears to be somewhat different from the same process in
other higher eukaryotes. For exampte, the animal poly(A)
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signal AAUAAA does not occur in a number of plant genes;
related sequences are seen in many plant genes but at
widely varying distances from sites of polyadenylation
(Messing et al., 1983; Hunt et al.,, 1987; Joshi, 1987).
RNAs arising from single plant transcription units generally
are heterogeneous at their 3’ ends because of the occur-
rence of muitiple sites of polyadenylation (Dean et al.,
1986). These and other studies (Hunt and MacDonald,
1989) suggest that mRNA 3’-end formation in plants may
be more analogous to the same process in yeast than that
in mammals. This suggestion would imply a role for up-
stream sequences other than AAUAAA in 3”-end formation
in plants. Here, we present studies that indicate that
upstream sequences other than AAUAAA are indeed
needed for efficient mRNA 3’-end formation in plants.
Moreover, we show that the canonical AAUAAA motif
present in the cauliflower mosaic virus (CaMV) 3’ region
is required for efficient mRNA 3’-end formation in this
region. We suggest that mRNA 3’-end formation in plants
requires the interaction of at least two components that
recognize distinct sequence elements upstream from pol-
yadenylation sites.

RESULTS

Assembly of Chimeric Genes Carrying Different
Portions of the 3° Regions of Two Plant Genes and
Description of Experimental Strategy

The region of the CaMV genome studied here is shown in
Figure 1A. This region encompasses nucleotides 7226
through 7983 of the CaMV genome (Guilley et al., 1982).
In this region are the 35S promoter, the 181-nt terminal
redundancy that is characteristic of the 35S RNA, the
polyadenylation site for the 19S and 35S transcripts, and
369 nt of sequence downstream from this site. This region
thus carries bases —389 to +369 with respect to the
polyadenylation site.

The region of the pea rbcS-E9 gene that is the subject
of this study is illustrated in Figure 1B. This region directs
polyadenylation at a series of sites [noted in Figure 1B as
normal poly(A) sites] either as part of the native rbcS-E9
gene or in the context of chimeric genes (Coruzzi et al.,
1984; Nagy et al., 1985; Hunt, 1988).

. To localize the sequence elements in the CaMV and
rbcS-E9 3’ regions responsible for efficient mRNA 3’-end
formation, the wild-type 3’ regions and a number of dele-
tions derived by nuclease Bal31, restriction endonuclease
digestion, or oligonucleotide-directed mutagenesis were
assembled into chloramphenicol acetyltransferase (cat)-
3’-region chimeric genes in a Ti plasmid-associated binary
plasmid and introduced into Agrobacterium tumefaciens,
and the engineered Agrobacterium strains were used to
transform tobacco. In addition, a mutant in which 3 nt of
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Figure 1. Structures of the 3’ Regions Characterized in This
Study.

(A) The region of the CaMV genome analyzed in this study. The
positions of the various CaMV genes, the gaps, and the large
intergenic region are represented on the circular CaMV genome.
Above this is a diagram of that part of gene Vi and the large
intergenic region that is present in clone CaMV 32-1, the wild-
type CaMV poly(A) signal in our studies. Shown in this diagram
are the restriction enzyme sites used to subclone this region, the
extent of the gene VI coding region present in this construction
(N), and the positions of the first base of the 358 RNA (35S
transcription start site), AATAAA motif, and polyadenylation site
(arrow below AAAAAAAA. . ). The numbers represent the posi-
tions relative to the polyadenylation site; negative numbers denote
upstream sequences, positive numbers denote downstream
sequences.

(B) The region of the pea rbcS-E9Q gene analyzed in this study.
The top line represents the complete rbcS-E9 gene (adapted from
Coruzzi et al., 1984) and shows the relative location and restriction
enzyme sites used to subclone the polyadenylation signal. The
bottom line shows the extent of rbcS coding region present in the
IDK8 (), the positions of the four polyadenylation sites normally
seen in RNAs from this gene [vertical lines designated normal
poly(A) sites], the location of the principal cryptic poly(A) site
located downstream from the normal sites (|), and the relative
position of a potential AAUAAA-like motif located upstream from
the normal sites (small box labeled AATGAA). The numbers
represent the positions relative to the polyadenylation site; nega-
tive numbers denote upstream sequences, positive numbers de-
note downstream sequences.



the AATAAA motif in the CaMV 3’ region were changed
to yield the sequence TAGAAT was assembled into the
same expression system. The general structure of the
micro-T-DNAs introduced into plants in this study is shown
in Figure 2. These T-DNAs carry the cat-3’-region chimeric
genes and a gene that confers kanamycin resistance upon
transformed cells and plants, all flanked by T-DNA borders.
Two different promoters were used to drive expression of
the cat-3’-region genes in our studies. One was the CaMV
35S promoter and the other a derivative of the 35S pro-
moter in which bases —416 to —90 with respect to the
transcription initiation site were duplicated (noted here as
the 3552 promoter). The orientation of these genes is such
that the 3’ ends of each are adjacent to each other so that
transcription of each gene begins near the respective
border. This orientation places the 3’ region of interest
some 2 kb from any possible host-derived sequence in
transformed plants, thus minimizing potential interference
of host sequences with 3’ end choice and/or efficiency in
our studies. Transformed plant lines that were kanamycin
resistant and carried high levels of chloramphenicol ace-
tyltransferase activity, and thus had no gross re-
arrangements in the micro-T-DNA, were selected for fur-
ther analyses.

Preliminary studies with plant cell lines carrying various
mutants indicated that there were no appreciable differ-
ences in chloramphenicol acetyltransferase activity be-
tween any of these lines (data not shown), indicating that
chloramphenicol acetyltransferase activity is a poor indi-
cator of poly(A) site function. This was consistent with
results reported by Hernandez et al. (1989) and our own
earlier studies that showed that a chimeric 35S-cat gene
with no functional polyadenylation signal, when introduced
into tobacco in the context of the binary plasmid p3-1, was
still able to produce stable, translatable cat-containing
RNAs (Hunt and MacDonald, 1989; R. Graybosch and
A.G. Hunt, unpublished observations). In addition, prelimi-
nary experiments revealed no consistent differences in the
total levels of cat-containing RNAs in plants carrying dif-
ferent constructions (B.D. Mogen, M.H. MacDonald, R.
Graybosch, and A.G. Hunt, unpublished observations).
These observations indicated that poly(A) site choice and
efficiency could not be reliably judged by measurements
of chloramphenicol acetyltransferase activity or of com-
parisons of levels of cat-containing RNAs in different trans-
formed plant lines. Also, comparisons of RNA gel blot and
S1 nuclease analyses showed the latter procedure to be
more suitable than the former for our studies because this
technique permitted both the evaluation of each of the
sites present in one of the 3’ regions studied here (the
rbcS 3’ region) and the detection of RNAs with 3’ ends
beyond the region of interest (see below).

For these reasons, we adopted a strategy for the as-
sessment of poly(A) site choice and efficiency that did not
rely upon quantitative comparisons of RNA abundance in
different transgenic plants lines. RNA from plant lines
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carrying each construction was analyzed by S1 nuclease
protection using probes designed to permit the determi-
nation of 3° ends of RNAs that ended in the region of
interest and the detection of RNAs with 3’ ends located in
downstream vector sequences. Our expectation was that
fully functional and efficient poly(A) sites would yield only
RNAs with 3’ ends at previously described, expected sites
(termed here as normal sites), whereas poly(A) sites with
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Figure 2. Schematic Depiction of the S1 Nuclease Protection
Analyses Described in Methods and in Figures 3, 4, and 5.

The top line shows the basic structure of the micro-T-DNAs that
were introduced into plants, with emphasis placed on the features
of the cat-3’-region gene used to assess poly(A) site function.
The arrows show the directions of transcription of the poly(A) site
test gene and the kanamycin-resistance (Km’) gene. S1 probes
are prepared from the construction being analyzed, meaning that
each mutant is analyzed with a different probe. Probes are pre-
pared by labeling at either the EcoRl or Ncol sites in the cat gene
(noted as E or N, respectively, below the structure of the chimeric
gene). After hybridizing RNA with the denatured probe, S1 nu-
clease protection, and electrophoretic analysis, protected frag-
ments (if any) are identified and characterized by comparison with
DNA size standards. Shown are the positions of hypothetical
protected fragments that represent the end of the cat gene, mRNA
3’ ends mapping to normal (normal 3’ ends) and cryptic sites, a
band corresponding to RNAs that share homology with the probe
through the entire extent of the chimeric gene (read through), and
reannealed probe (which is larger than the read-through band
because of the presence of 197 bp of pUC sequence in the probe
that is absent from the gene introduced into plants).
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less-than-optimal properties would yield RNAs with a sig-
nificant portion ending downstream from the expected
sites (read-through RNAs). These read-through RNAs
could have 3’ ends at cryptic sites in the regions of interest
(as is seen in the two regions here), or in the kanamycin-
resistance gene that flanks the poly(A) test genes (see
Figure 2). In the latter instance, the RNAs will protect all
but 197 nt of the S1 probes. Mutations that have affected
the efficiency of utilization of a polyadenylation site would
thus be identified by assessing the amount of read-through
RNAs produced by the respective constructions. Those
constructions that yielded no read-through RNAs would
define a normally functional site, whereas those construc-
tions that gave rise to appreciable levels of read-through
transcripts would define a mutant site. Such a strategy
has been used in several characterizations of mammalian,
yeast, and plant polyadenylation signals (see, as examples,
McDevitt et al., 1984; Gil and Proudfoot, 1987; Hunt and
MacDonald, 1989; Osborne and Guarente, 1989; Sanfa-
¢on and Hohn, 1990). We would note, however, that the
ratio of read-through to normal 3" ends would not be a
true quantitative estimate of poly(A) site efficiency because
this parameter will vary significantly with the type of down-
stream sequence used to recover read-through tran-
scripts. In other words, a ratio of 1:1 would not define a
mutant poly(A) signal that is 50% as active as the wild-
type signal but only a mutant signal that is now utilized as
frequently as those downstream sites used to recover
read-through RNAs (the normal site being utilized much
more frequently than the downstream alternate sites in the
wild type).

For these analyses, total [and in some cases poly(A)-
enriched or poly(A)-depleted] RNA from pooled popula-
tions of the various transformed plant lines (at least six
individual independent transformants for each construc-
tion) were prepared and the RNA 3’ ends of cat-containing
transcripts determined by S1 nuclease protection analysis.
RNAs from pooled populations were prepared to minimize
sample-to-sample variations in cat-containing RNA abun-
dance. These strategies and analyses have been described
in detail elsewhere (Hunt, 1988; Hunt and MacDonald,
1989) and are represented in Figure 2.

Analysis of CaMV Mutants

When the wild-type CaMV 3’ region (defined here as bases
—389 to +369, e.g., clone CaMV 32-1) was assessed for
ability to direct mRNA 3’-end formation in our system, the
only RNA species seen had 3’ ends identical to those
reported for the 19S and 35S RNAs in CaMV-infected
turnip (Guilley et al., 1982), as indicated by CaMV 32-1 in
Figure 3. Therefore, the CaMV polyadenylation signal ap-
pears to function in tobacco as it does in virus-infected
turnip. A mutant (CaMV-1) in which the AAUAAA motif
present at bases —13 to —18 was replaced with the

sequence UAGAAU was also tested in the above manner
(CaMV-1 in Figure 3). CaMV-1 was able to direct mRNA
3’-end formation at the normal CaMV polyadenylation site,
but also yielded RNAs with 3’ ends at a cryptic polyade-
nylation site in the CaMV genome (roughly 300 nt down-
stream from the normal CaMV site) and at uncharacterized
sites in flanking vector sequences. (These RNAs yielded
the S1 nuclease-resistant fragments that end at the end
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Figure 3. Alteration of an AAUAAA Motif Decreases the Efficiency
of Polyadenylation in the CaMV 3’ Region.

The profiles of 3" ends directed by a mutant carrying nucleotides
—389 to +369 (CaMV 32-1) were compared with those directed
by a mutant (CaMV-1) carrying the same region, but with the
sequence TAGAAT at positions —13 to —18 instead of the
AATAAA sequence that is present in CaMV 32-1. Twenty micro-
grams of total RNA from plants carrying the CaMV 32-1 or the
CaMV-1 construction was annealed with end-labeled probe pre-
pared from the corresponding mutant and processed as described
in Methods. The positions of the normal polyadenylation site
(normal 3" end), an uncharacterized cryptic polyadenylation site
located at roughly +300 (cryptic site), and the end of homology
between the gene introduced into plants and the S1 probe (read
through) are noted with arrows. (No detectable utilization of the
cryptic site or read-through RNAs could be detected in the CaMV
32-1 sample; the expected positions of the corresponding pro-
tected fragments are shown for comparison with the CaMV-1
mutant.) The structures of the CaMV 3’ regions present in the
chimeric genes are shown above the autoradiograms.



of homology of the probes used here and the gene intro-
duced into plants.) With the CaMV-1 mutant, fewer than
50% of the cat-containing RNAs ended at the normal
CaMV polyadenylation site, whereas virtually all of the
cat-containing RNAs from the CaMV 32-1 ended at the
CaMV polyadenylation site. The alteration of the AAUAAA
motif did not affect the general stability of the cat-CaMV
3’-region RNAs because the total steady-state levels of
the cat-containing RNAs from the two different mutants
were similar (data not shown). Rather, removal of this
region affected the efficiency of mMRNA 3’-end formation
at the normal CaMV polyadenylation site; thus, with the
CaMV-1 mutant, a significant portion of the transcripts
arising from the test gene did not end at the normal site
but, instead, at sites downstream from the normal site.
This is best explained by reasoning that read-through
RNAs are either more abundant or more efficiently proc-
essed with respect to normal RNAs in the CaMV-1 mutant;
in either case, this suggests a decreased efficiency of 3’-
end formation at the normal site in this mutant. Therefore,
the AAUAAA motif at nucleotides —13 to —18 is needed
for efficient polyadenylation at the normal site.

A construction that carried bases —181 to +369 (CaMV
35STS) yielded only RNAs with 3’ ends at the normal
CaMV polyadenylation site, shown as CaMV 35STS in
Figure 4. This indicated that sequences upstream from the
transcription initiation site in the 35S transcription unit
(nucleotide —181, with respect to the polyadenylation site)
are not needed for efficient use of the CaMV polyadenyl-
ation signal. A mutant that carried bases —57 to +369
(CaMV —389/57) also was able to direct mMRNA 3’-end
formation at the normal site (CaMV —389/57 in Figure 4).
However, a significant population of read-through RNAs
was also seen with the latter mutant. For the reasons
stated above, we concluded that sequences between 57
nt and 181 nt upstream from the CaMV polyadenylation
site are needed for efficient MRNA 3’-end formation at this
site.

Analysis of rbcS Mutants

To determine whether the requirement for upstream se-
quences relatively far from polyadenylation sites is a com-
mon feature of plant polyadenylation signals, we extended
previous studies of the pea rbcS-E9 polyadenylation signal
(Hunt and MacDonald, 1989). We have previously reported
that sequences between —6 and —137 were needed for
polyadenylation in the rbcS-E9 3’ region (Hunt and
MacDonald, 1989). To dissect this region further, a mutant
carrying bases —60 to +410 (Q2) was compared with a
wild-type rbcS-E9 3’ region (IDK8) and two other mutants
that have been described before (C2-3 and C6; Hunt and
MacDonald, 1989). In contrast to IDK8 and the C2-3
mutant shown in Figure 5B, lanes 1 and 2 through 4,
respectively, the Q2 mutant did not direct mRNA 3’-end
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formation at the normal sites in the rbcS-E9 3’ region
(Figure 5B, lanes 5 through 7). However, it also did not
yield the expected 3’ ends at the downstream cryptic
sites, as was seen with the C6 mutant (Figure 5B, lane 8).
Instead, a population of nonpolyadenylated RNAs with 3’
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Figure 4. Sequences between —181 and —57 Are Required for
Efficient Utilization of the CaMV Polyadenylation Signal.

The profiles of 3" ends directed by a mutant carrying nucleotides
—181 to +369 (CaMV 35STS) were compared with those directed
by a mutant carrying nucleotides —57 to +369 (CaMV —389/57).
Twenty micrograms of total RNA from plants carrying the CaMV
35STS or the CaMV —389/57 construction was annealed with
end-labeled probe prepared from the corresponding mutant and
processed as described in Methods. The positions of the normal
polyadenylation site (normal 3" end), an uncharacterized cryptic
polyadenylation site located at roughly +300 (cryptic site), and
the end of homology between the gene introduced into plants and
the S1 probe (read through) are noted with arrows. (No detectable
utilization of the cryptic site or read-through RNAs could be
detected in the CaMV 35STS sample; the expected positions of
the corresponding protected fragments are shown for comparison
with the CaMV —389/57 mutant.) The structures of the CaMV 3’
regions included in the chimeric genes are shown above the
autoradiograms.
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Figure 5. Sequences between —137 and —6 Affect the 3’-End
Profile in the rbcS-E9 3" Region.

(A) The structures of chimeric genes carrying the various
rbcS-E9 3’ regions are shown. Portions of the rbeS region that
were removed by deletion are represented with thin lines. A
schematic representation of the Tn9 portion of these genes,
including the locations of cat coding and noncoding regions, are
shown. This region is derived from pSV2CAT (Gorman et al.,
1982). The coordinates of the rbcS regions carried by each
construction, defined with respect to one of the four polyadenyl-
ation sites in this gene (Coruzzi et al., 1984), are given beneath
each construction. The positions of the 3" ends of RNAs arising
from each of these genes, as determined in Figure 5B, are denoted
as n (the normal polyadenylation sites), ¢ (the previously charac-
terized cryptic site; Hunt, 1988), and * (the positions of the 3’
ends of the nonpolyadenylated RNAs noted below and in the
text). The designation of each mutant is given to the left of each
construction.

(B) The profiles of 3" ends directed by mutants carrying nucleo-
tides —235 to +410 of the rbcS-E9 3’ region (IDK8; lane 1), —137
to +410 (C2-3; lanes 2 through 4), —60 to +410 (Q2; lanes 5
through 7), and —6 to +410 (C6; lane 8) were compared. Twenty
micrograms of total RNA (lanes 1, 4, 7, and 8), 20 ug of poly(A)-
depleted RNA (lanes 2 and 5), or 1 ug of poly(A)-enriched RNA
(lanes 3 and 6), isolated from plants carrying the respective
construction, was annealed with end-labeled probe prepared from
the corresponding mutant and processed as described in Meth-
ods. In the case of lanes 3 and 6, 20 ug of total RNA from control
(untransformed) plants was included to better approximate the

ends in the Tn9 portion of the chimeric gene, but down-
stream from the cat coding region, was seen (these RNAs
are noted with an asterisk in Figure 5B). This behavior was
not seen with IDK8 (Figure 5B, lane 1) nor with a more
extensive deletion that directs polyadenyiation at the cryp-
tic sites present downstream from the normal sites (C6;
Figure 5B, lane 8). However, the C2-3 mutant also yielded
some RNAs with similar 3" ends in addition to the normal
3’ ends (Figure 5B, lanes 2 through 4). These results
indicated that the deletion in Q2 did not affect transcription
of the chimeric gene. They also suggested that sequences
upstream from —60 are needed for polyadenylation at the
normal sites. However, the possibility that the Q2 deletion
is predisposed toward an alternative mode of 3’-end for-
mation and that the normal poly(A) sites in this construction
are functional cannot be ruled out.

To understand better the behavior of the Q2 mutant, we
removed the portion of the Tn9 region to where the 3’
ends of the nonpolyadenylated RNAs mapped and flanked
this truncated gene with the bases —60 to +410 (Q2CC)
and —137 to +410 (C2-3CC). When RNAs from the re-
sulting chimeric genes were analyzed by S1 nuclease
protection analysis, 3’ ends that mapped in the rbcS-E9
3’ region were seen, as shown in Figure 6. With C2-3CC,
the RNAs produced ended at the normal sites (C2-3CC in
Figure 6), indicating that the alteration in the cat gene had
no effect on the function of these sites. With Q2CC, the
resulting RNAs ended at the downstream cryptic sites
(compare Figure 5B, lane 8, with Q2CC in Figure 6),
suggesting that the normal sites present in this construc-
tion were no longer functional. Therefore, sequences be-
tween —60 and —137 are indeed needed for polyadenyla-
tion at the normal polyadenylation sites; when this region
is removed, the resulting RNAs are recovered by the
downstream cryptic sites.

DISCUSSION
Properties of the CaMV Polyadenylation Signal

We have identified two sequence elements in the CaMV
19S5/35S 3’ region that can affect the efficiency of mRNA

conditions used for the other samples. The positions of the normal
polyadenylation sites in this gene (n), a cryptic polyadenylation
site located at +89 (c), the site in the Tn9 region at which
nonpolyadenylated RNAs end (*; see text), the end of homology
between the gene introduced into plants and the S1 probe (rt),
and the S1 probe (probe) are noted with arrows. Nonpolyadeny-
lated RNA was not seen with the IDK8 mutant; the expected
position of the corresponding protected fragment is shown for
comparison with the C2-3 mutant. Likewise, no utilization of the
cryptic site or read-through RNA could be detected with the Q2
mutant; the expected position of the bands is shown for compar-
ison with the C6 mutant.
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Figure 6. Sequences between —137 and —60 Are Essential for
Polyadenylation at the Normal rbcS-E9 Sites.

(A) The structures of the C2-3CC and Q2CC constructions are
shown, as are the parental Tn9 constructions used to assemble
these test genes. The portion of the rbcS region in Q2CC that
was removed by deletion is represented with a thin line. The
coordinates of the rbcS regions carried by each construction are
given beneath each construction. The positions of the 3’ ends of
RNAs arising from each of these genes, as determined in Figure
6B, are denoted as n (the normal polyadenylation sites), and ¢
(the previously characterized cryptic site). The designation of each
mutant is given to the left of each construction.

(B) The profiles of 3’ ends directed by C2-3CC and Q2CC. Twenty
micrograms of total RNA from plants carrying the C2-3CC or the
Q2CC construction was annealed with end-labeled probe pre-
pared from the corresponding mutant and processed as described
in Methods. The positions of the normal polyadenylation sites in
these genes (normal sites), the cryptic polyadenylation site (prin-
cipal cryptic site), the end of homology between the gene intro-
duced into plants and the S1 probe (rt), and the S1 probe (probe)
are noted. No utilization of the cryptic site or read-through RNA
could be detected with the C2-3CC mutant; the expected posi-
tions of the corresponding bands are shown for comparison with
the Q2CC mutant. Likewise, the expected positions of bands
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3’-end formation at the CaMV polyadenylation site: a far-
upstream region denoted by the end points of the CaMV
35STS and CaMV —389/57 end points (e.g., nucleotides
—57 and —181) and a near-upstream region that may be
analogous to the mammalian AAUAAA polyadenylation
signal. Alteration of either of these elements reduces the
efficiency of polyadenylation at the normal site, with con-
comitant production of RNAs with 3" ends at alternate
sites.

The far-upstream element located between 181 bases
and 57 bases upstream from the CaMV polyadenyla-
tion site is similar in position to the —137 to —60
upstream element needed for polyadenylation in the
rbcS-E9 gene (see below). In addition, it has two
small sequences (CAUGUGUUG, at bases —69 to —77,
and GGGUUUCGCU, at bases —78 to —87) that are sim-
ilar to sequences present in the rbcS-E9 —137/—60
element (CAUUUGUUG, at bases —101 to —109, and
GGUUUUCGCU, at bases —65 to —74), as shown in Figure
7. However, exact, or aimost (one or two mismatches)
exact, matches for these sequences cannot be found in
many plant gene 3’ regions. There are no obvious potential
secondary structures involving these elements, or any
other part of this region, that might explain their roles in
mRNA 3’-end formation. More extensive sequence com-
parisons and directed mutagenesis are needed to deter-
mine the roles, if any, of these sequences in MRNA 3’-end
formation in plants.

When the AAUAAA motif located at bases —13 to —18
was changed, we found a significant reduction in the
efficiency of utilization of the CaMV polyadenylation site.
Although we have not systematically altered other parts of
the region between —1 and —57, our data suggest that
this motif has a role in mRNA 3’-end formation in the
CaMV 19S/35S transcription unit. Sanfagon and Hohn
(1990) have reported similar results. Working with genes
that carried the CaMV and nopaline synthase (nos) poly(A)
signals in tandem, they found that virtually all RNAs end
at the CaMV poly(A) site when an unaltered CaMV site is
used, whereas no RNAs with 3’ ends at this site could be
seen when the AAUAAA at positions —13 to —18 from the
CaMV polyadenylation signal was removed; in the latter
case, the detected RNAs ended in the downstream nos 3’
region. These findings are somewhat surprising because
AAUAAA-like elements do not occur within 60 bases or so
of roughly 30% of other plant polyadenylation sites (A.G.
Hunt, manuscript in preparation). Nevertheless, it is pos-
sible that part of the recognition process that takes place
during polyadenylation in plants can involve AAUAAA-like
elements. This may be one factor that influences both the
number and efficiencies of individual polyadenylation sites

corresponding to the normal polyadenylation sites are shown for
the Q2CC mutant for comparison with the C2-3CC mutant.
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151 CaMV

ACRCGCTGAR ATCACCAGTC TCTCTCTACA AATCTATCTC

TCTCTATAAT AATGTGTGAG TAGTTCCCAG ATAAGGGAAT

TAGGGTTCTT ATNGGGTTTC GCTEATGTGT TGRGCATATA AGAA
a b -58

rbcS-E9

137 b

GGCATTGGGA AAACTGTTIT TCTTGTAQCA TTTGTTJIGC
TTGTAATTTA CTGTGTTTTT TATTCGGTTT TCGCTRA

a -61

Figure 7. Sequences of the Far-Upstream Elements Needed for
Efficient Polyadenylation in the CaMV and rbcS-E9 3’ Regions.

Numbers indicate the positions relative to the respective polyad-
enylation sites. Regions of sequence homology noted in the text
are boxed. a, the GGUUUUCGCU motif; b, the CAUUUGUUG motif.

in a transcription unit as well as the relative contributions
of the various sequence elements to efficiency of mMRNA
3’-end formation.

The CaMV 35S RNA has a 181-nt terminal redundancy;
for this RNA to be produced, the polyadenylation site
present in the first 200 nt of this transcript is not utilized,
but the identical site present some 8000 nt farther down-
stream is recognized. One possible hypothesis that ex-
plains how the terminally redundant 35S RNA is made
postulates that sequences upstream from —181 (and,
therefore, absent from the 5’ end of the 358 RNA but not
the 3’ end) are needed for polyadenylation at the CaMV
polyadenylation site. We see that sequences upstream
from —181 [with respect to the polyadenylation site; this
corresponds to the previously reported transcription initi-
ation site (Guilley et al., 1982)] are not needed for efficient
polyadenylation at the CaMV polyadenylation site (Figure
3). Therefore, this hypothesis can be ruled out. A more
likely explanation is that offered by Sanfagon and Hohn
(1990): that proximity to the site of transcription initiation
interferes with mRNA 3’-end formation.

Properties of the rbcS-E9 Polyadenylation Signal

We have found that a region between 60 bases and 137
bases upstream from one of the rbcS-E9 polyadenylation
sites is needed for functioning of the sites normally utilized
by this gene. Thus, when this region is removed, alternative
RNA 3’ ends are produced (with Q2 and Q2CC). This
region does not function to stabilize RNAs because stable,
translatable RNAs that lack this region but not downstream
portions of the rbcS-E9 3’ region can be produced (with
C6, for example). Instead, the Q2CC-C2-3CC comparison

(Figure 6) indicated that this region has a specific role in
the formation of mMRNA 3’ ends in the rbcS-E9 gene.

The region between —60 and —137 has no motifs similar
to the AAUAAA consensus that is necessary for polyade-
nylation in mammalian systems. In addition to the sim-
ilarities with the CaMV —181/—57 element noted above,
this region has two UG motifs (UUUGUUGUG and
UGUGUUUUU) that are similar to motifs that have been
noted in the 3’-untranslated regions of several plant
genes (Dunsmuir et al., 1983; Joshi, 1987). Similar se-
quence elements have been suggested to be required for
mRNA 3’-end formation in two other plant genes (An
et al., 1989; Ingelbrecht et al., 1989). However, the
ubiquity and degree of conservation of these sequences
in the 3’ regions of plant genes remain to be established.
Further work is needed to clarify the functions, if any, of
these sequences.

We have found that two of the mutants analyzed here
(C2-3 and Q2) direct the production of stable, nonpoly-
adenylated RNAs that end in the Tn9 region of the appro-
priate chimeric gene. The means by which these RNAs are
made are not known, but their properties suggest a num-
ber of interesting possibilities. These RNAs could arise
from 3’ to 5’ exonucleolytic activities that are halted by a
fortuitous block in the Tn9 sequences. However, the fact
that removal of the proposed nuclease block (in the Q2CC
mutant) results not in the abolition of stable cat RNA
production but rather in the production of RNAs that end
at poly(A) sites in the rbcS-E9 region suggests that nu-
clease action is not the mechanism by which these 3’
ends arise. Instead, the nonpolyadenylated RNAs probably
represent the products of alternative processing or tran-
scription termination at sites in the Tn9 sequences. Inter-
estingly, this alternative mode of 3’-end formation predom-
inates over polyadenylation at the downstream poly(A)
sites in the Q2 mutant because removal of the site of
alternative 3’-end formation is needed for utilization of the
sites in the rbcS portion of this gene.

The rbcS-E9 3’ region has two elements that modulate
3’-end formation in the Tn9 region: one element, between
—235 and —60 (probably sequences near —137, consid-
ering the distribution of 3" ends seen in the C2-3 mutant),
prevents RNA 3’-end formation at these sites; the other
element, between —60 and —6, is needed for 3'-end
formation at these sites, provided that the —235 to —137
element is absent. At present, the roles of these two
elements in the formation of these nonpolyadenylated
RNAs cannot be defined. In any case, however, it is clear
that the regions between —235 and —137 and between
—60 and —6 can affect the production of stable mRNAs in
the context described here.

Messenger RNA 3’-End Formation in Plants

We have identified RNA sequences responsible for efficient
mRNA 3’-end formation in two plant genes (CaMV —57/



—181 sequence and the rbcS-E9 —60/—137 element) that
are located unusually far from their respective polyadenyl-
ation sites when compared with upstream sequences that
are responsible for polyadenylation in mammalian genes;
in the latter, the AAUAAA signal is generally the only
upstream signal needed for efficient polyadenylation (Birn-
steil et al., 1985; Platt, 1986). There seems to be no highly
conserved sequence that may serve as a signal in the
CaMV and rbcS-E9 far-upstream elements, although some
similarities (noted above) may represent motifs needed for
efficient 3’-end formation. However, because we do not
know whether the far-upstream elements mapped in the
CaMV and rbcS-E9 3’ regions are functionally equivalent,
or whether they represent different classes of signals, we
may not be able to identify a consensus sequence signal.

Yeast polyadenylation/termination signals apparently
have no highly conserved consensus signal (Birnsteil et
al., 1985; Osborne and Guarente, 1989). Moreover, yeast
signals are situated at locations similar to the upstream
elements we have mapped in the CaMV and rbcS-E9 3’
regions. These shared characteristics suggest that the
process of mMRNA 3’-end formation in plants and yeast
may have mechanistic similarity, perhaps including a close
link between transcription termination and mRNA poly-
adenylation in plants. We are currently exploring these
possibilities.

We have also found that an AAUAAA motif is involved
in efficient utilization of the CaMV polyadenylation signal.
Sanfagon and Hohn (1990) have reported similar results.
In their studies, deletion of these nucleotides apparently
abolished functioning of the CaMV polyadenylation signal.
These observations suggest that mRNA 3’-end formation
in plants may share features with the analogous process
in mammalian cells. However, AAUAAA-like sequences
cannot be absolutely required for polyadenylation of
mRNAs in plants because such motifs are absent in many
plant genes. There are two possible mechanistic explana-
tions for these observations. AAUAAA-like elements may
serve as auxiliary cis elements for polyadenylation in
plants; in certain sequence contexts, or perhaps in concert
with other elements, they would enhance cleavage and
polyadenylation of pre-mRNAs. Alternatively, the putative
plant AAUAAA-recognizing factor may be able to recognize
sequences other than AAUAAA, or it may be one of a
family of factors, other members of which would have
sequence specificities other than AAUAAA. This would
imply that sequences within 40 bases of plant polyadenyl-
ation sites in general would contain important determinants
of poly(A) site choice and efficiency. However, efficient 3'-
end formation would also require interactions with the
factor that recognizes the upstream element noted above
and perhaps with components that recognize sequences
downstream from polyadenylation sites.

Plants have been found to recognize animal gene poly-
adenylation signals with reduced efficiency and at some-
what different sites (Hunt et al., 1987). This is probably
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due to the absence in animal gene polyadenylation signals
of upstream elements corresponding to the CaMV —57/
—181 sequence or the rbcS-E9 —60/—137 element. In-
deed, the low efficiency with which mammalian polyade-
nylation signals are utilized in plants is qualitatively similar
to the efficiency with which the CaMV —389/57 mutant is
recognized. The observation that plants polyadenylate an-
imal pre-mRNAs at sites different from those seen in animal
cells would indicate that the spatial relationship between
the proposed specificity factor that recognizes AAUAAA
and the endonucleolytic cleavage site is different in plants
from the analogous relationship in animals.

Although we can now draw certain analogies with other
systems with regard to mRNA 3’-end formation in plants,
there are still features of plant polyadenylation signals that
are not understood. An example presented in this study is
the ability of certain rbcS-E9 deletions to direct the pro-
duction of nonpolyadenylated RNAs with 3’ ends within
prokaryotic portions of our chimeric genes. We cannot
explain this behavior, although it may reflect a link between
3’-end formation and transcription termination. However,
these observations clearly indicate the complexity of the
process of mRNA 3’-end formation in plants and magnify
the importance of a clear understanding of this process. A
necessary requisite for genetic engineering of plants is the
ability to predict accurately the 3’ ends of engineered
genes. This may not be as routine as normally assumed
because sequences relatively far from polyadenylation
sites can have dramatic effects on 3’-end formation, and
changes distant from polyadenylation sites can yield RNAs
with 3’ ends at unpredicted, and perhaps undesirable,
locations.

METHODS

Recombinant DNA Manipulations

Our strategy for the mutational analysis of plant polyadenylation
signals has been described in detail elsewhere (Hunt, 1988; Hunt
and MacDonald, 1989). Basically, different portions of the 3’
region of interest are tested for their ability to direct polyadenyla-
tion of cat-containing RNAs in transgenic plants.

The construction of the IDK8, C2-3, and C6 rbcS-E9 clones
has been described previously (Hunt, 1988, Hunt and MacDonald,
1989). The Q2 mutant was obtained by subcloning a Taqgl frag-
ment carrying bases—60 to +410 into Accl-digested pUC18 and
selecting recombinants with the orientation BamHI-rbcS-Pstl. The
rbeS region was then moved into the 3’ end of the cat gene in
pAH10 (Hunt, 1988) as a BamHI-Pstl fragment and the resulting
cat-Q2 cassette moved into the expression/binary shuttle vector
p3-1 (Hunt, 1988) as a Hindlll fragment.

To remove the alternative processing site in the 3’-untranslated
part of the Tn9 sequences present in our constructions (see
Figure 5), pAH10 was partially digested with Scal and completely
digested with Smal, and the appropriate fragment was gel purified
and ligated. These manipulations remove the last 26 nt of the
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chloramphenicol acetyltransferase coding region and all of the
noncoding part of the Tn9 sequences, including the alternative
processing site. The C2-3 and Q2 mutants were moved into this
construction (pPAH10CC) as BamHI-Pstl fragments and the result-
ing abbreviated cat-rbcS cassettes moved into p3-1 as Hindlll
fragments and recombinants with the proper orientations identified
by restriction enzyme analysis of miniprep DNA.

The CaMV sequences were derived from a 758-bp Haelli-Taq|
fragment of the CaMV genome that carries sequences extending
from 389 bases upstream from the normal CaMV poly(A) site
(Guilley et al., 1982) to 369 bases downstream from this site. The
clone CaMV 32-1 carries this entire region and is considered to
be our wild-type control. All CaMV mutants were generated by
oligonucleotide-directed mutagenesis (Kunkel, 1985). Mutants
were obtained by producing uracil-containing single-stranded
CaMV 32-1 DNA in Escherichia coli BD 2399 and using the
following oligonucleotides for the mutagenesis reactions: 5’'-
ATCCTCTAGAGTCGACACGCTGAAATCACC-3’ was used to re-
move all sequences 5’ to the normal 35S transcription start site
at —181 (clone CaMV 35STS); 5'-ATCCTCTAGAGTCGACCCT-
TAGTATGTATT-3’ was used to remove all sequences upstream
from position —57 including those of gene VI (clone CaMV —389/
57); and 5 -TAAAATACTTCTATCTAGAATATTTCTAATTC-
CTAA-3' was used to mutate specifically the AAUAAA site to
TAGAAT (clone CaMV-1). All mutations were verified through
restriction mapping and sequence analysis.

Each mutant was subcloned into pAH10 as a BamHI-Pstl

fragment so that the cat gene in pAH10 was flanked with the

sequence of interest in the proper orientation. The resulting cat-
rbeS cassettes were then inserted as Hindlll fragments behind
the CaMV 35S promoter in p3-1, a Ti plasmid-associated expres-
sion/shuttle vector, or, for the experiments in Figures 3 and 4,
behind a derivative of p3-1 (p3-1:355?) in which the CaMV 35S
promoter was replaced with a 35S promoter containing a dupli-
cation of bases —416 to ~90 with respect to the transcription
initiation site; this duplication is similar to one reported by Kay et
al. (1987) and yields greater levels of expression of foreign genes
in transgenic plants. We have found in other studies that polyad-
enylation signals function identically regardless of which of these
promoters is used to drive expression of the cat-3’-region genes.
Recombinants with the proper orientation were identified by se-
lection on 4 g/mL chloramphenicol as described previously (Hunt,
1988; Hunt and MacDonald, 1989).

Transformation of Tobacco

The bacterial strains, tobacco cultivars, and procedures for Agro-
bacterium-mediated transformation of these cultivars used in this
study have been described in detail previously (Schardl et al.,
1987; Hunt, 1988; Hunt and MacDonald, 1989).

Transcript Mapping

RNA was isolated from pooled populations of transformants (six
or more independent plants or cell lines), in some instances
enriched for polyadenylated RNAs using oligo(dT)-cellulose, and
hybridized with double-stranded DNA probes labeled (with Kle-

now) at the Ncol site in the cat gene in the various constructions
as described previously (Hunt, 1988; Hunt and MacDonald, 1989).
Probes were prepared by digesting the appropriate pAH10 deriv-
ative with Ncol, repairing the unpaired ends with Klenow in the
presence of a->*P-labeled deoxyribonucleotide triphosphates, ex-
cising the probe from the pAH10 derivative with Pvull, and puri-
fying the probe from agarose gels. These probes carry, in order
from the site of labeling, 230 bp of the cat gene, the 3’ region of
interest, and 197 bp of the lac operon of pUC19 that serve to
distinguish undigested probe from that portion of the probe pro-
tected by RNAs that extend through the rbcS region. For RNA-
DNA hybridizations, RNA [20 xg to 30 pg of total or poly(A)-
depleted RNA, or 1 ug to 2 ug of poly(A)-enriched RNA} and
probe (20,000 cpm to 100,000 cpm, depending on the specific
activity of the probe; this corresponds to roughly 20 fmol to 100
fmol of double-stranded probe) were dissolved in 10 uL of hybrid-
ization buffer (80% formamide + 0.04 M Pipes, pH 6.4, 0.4 M
NaCl, 1 mM EDTA), incubated at 85°C to 90°C for 5 min, and
then at 52°C (or 47°C for the analysis of the C6 mutant) for 12
hr to 18 hr. These temperatures and formamide concentrations
were empirically determined to optimize hybrid formation and
minimize probe renaturation. After 12 hr to 16 hr at the appropriate
temperature, the hybridization mixtures were diluted into 10 vol-
umes of S1 digestion buffer (0.28 M NaCl, 0.05 M sodium acetate,
4.5 mM ZnS0,) containing 100 units of S1 nuclease and incubated
for 40 min at 30°C, and the protected fragments were recovered
by ethanol precipitation. After dissolving and reprecipitating, each
sample was analyzed on 6% polyacrylamide sequencing gels.
Each sequencing gel was calibrated with DNA size standards
ranging from 110 nt to more than 1300 nt; from these standards,
the expected positions of bands that could not be detected were
inferred and the identities of protected fragments confirmed. Each
different probe was also tested with RNA prepared from untrans-
formed tobacco; in all cases, no protected bands were seen,
indicating that the data presented here describe transcripts arising
from the 35S-cat-3’-region constructions described in detail in the
text.

Steady-state levels of cat-containing RNAs from different mu-
tants were compared by analyzing equal amounts (20 ug) of total
RNA with a probe prepared from a heterologous mutant (e.g.,
CaMV mutants were analyzed with an rbcS probe and vice versa)
as described above. In the resulting hybrids, the RNA from each
sample would protect the probe only through the end of the Tn9
region of the probe (yielding a protected fragment of 244 nt).
Because the same probe was used for each hybrid, and each
hybrid has the same length, it is possible to compare directly the
steady-state levels of alf cat-containing RNAs that arise from the
poly(A) test genes.
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