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Functional polyadenylation [poly(A)] sites consist of two sequence elements, the AAUAAA and G/U box
signals, that closely flank the site of mRNA 3’-end formation. In agreement with previous results, random
sequence insertions between the AAUAAA and G/U box signals were observed to inhibit poly(A) site
function. However, sequence insertions of similar size that were predicted to form RNA stem-loop structures
were found to have little effect on the efficiency of polyadenylation and instead induced a 3’ shift in the site
of polyadenylation that was equal to the length of the inserted stem~loop. The in vivo utilization of a poly(A)
site bearing an internal RNA stem-loop structure was inhibited by mutations that destabilized the predicted
stem but was restored by compensatory mutations. These results strongly support the hypothesis that the
appropriate spacing of the AAUAAA and G/U box signals is critical for poly{A) site function. Sequence
insertions that are able to form RNA secondary structures that maintain the correct spacing of these two RNA
target sequences are well tolerated, whereas sequence insertions that disturb this spacing inhibit poly(A) site

recognition. It is proposed that the effect of sequence insertions on poly{A) site function may be sufficiently
predictable to allow the development of an assay for in vivo RNA secondary structure that uses poly(A) site

selection as a readout.
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An essential step in the generation of mature eukaryotic
mRNAEs is the formation of a defined 3’ terminus. In the
vast majority of mRNAs, this processing step involves a
sequence-specific endonucleolytic cleavage followed by
the stepwise addition of <250 adenylate residues to the
newly formed 3’ end (for review, see Birnstiel et al. 1985;
Wickens 1990). Although the purpose of this polyadeny-
lation event remains to be fully defined, current data
suggest a role for the poly|A) tail in enhancing transcript
stability and translation {for review, see Jackson and
Standart 1990). Many genes encode multiple distinct
polyadenylation [poly(A}] sites, and in some cases, alter-
native site selection has been shown to regulate the syn-
thesis of distinct protein products from the same initial
gene transcript (Birnstiel et al. 1985). The process of
poly(A) site selection, therefore, represents an interest-
ing example of gene regulation at the level of RNA se-
quence recognition.

The primary cis-acting target signal for polyadenyla-
tion is a highly conserved “AAUAAA" hexanucleotide
found 10-30 nucleotides 5’ to the poly{A) site (Proudfoot
and Brownlee 1976; Fitzgerald and Shenk 1981). Almost
all mutations of the AAUAAA signal have been shown
to inhibit poly(A} site function (Wickens 1990). Re-
cently, it has become clear that a second signal, termed
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the G/U box, is also required for efficient polyadenyla-
tion (McDevitt et el. 1986; Gil and Proudfoot 1987;
Proudfoot 1991). Although the G/U box has no clearly
defined consensus sequence or size, the presence of a
G/U-rich sequence 3’ to the site of polyadenylation is
nevertheless critical for efficient poly(A] site utilization.
Of particular importance is the proximity of the
AAUAAA signal to the G/U box. If this distance is in-
creased to >40 nucleotides, poly(A} site usage is essen-
tially lost {(McDevitt et al. 1986; Gil and Proudfoot 1987).

An interesting exception to this rule occurs in the case
of transcripts derived from the human T-cell leukemia
virus type I (HTLV-]). In this virus, polyadenylation has
been shown to occur >250 nucleotides 3’ to the only
evident AAUAAA signal (Seiki et al. 1983). The se-
quences located between the AAUAAA and the poly(A)
sites of HTLV-I are predicted to form a highly stable
RNA stem-loop structure, and it was therefore sug-
gested that this RNA structure could function to approx-
imate the AAUAAA and G/U box signals in such a way
that mRNA polyadenylation can occur {Seiki et al. 1983;
Hanly et al. 1989). Recently, the existence of this RNA
secondary structure has been substantiated (Ahmed et al.
1990; Toyoshima et al. 1990), and the critical role of this
structure in mediating efficient polyadenylation of
HTLV-I transcripts has been confirmed (Ahmed et al.
1991). Overall, it then appears that the HTLV-I poly{A)
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site is used efficiently despite or, rather, because of the
presence of a large RNA secondary structure located be-
tween the AAUAAA and G/U box signals.

In this report we have examined whether this unique
phenomenon could be generalized to other poly(A] sites
and RNA secondary structures. We demonstrate that a
consensus synthetic poly(A] site continues to be utilized
efficiently after insertion of any one of several RNA
stem~loop structures between the AAUAAA and the site
of cleavage but was no longer recognized when unstruc-
tured sequences of the same length were tested. Muta-
tions designed to destabilize an introduced RNA second-
ary structure were shown to result in reduced poly(A)
site usage, whereas compensatory mutations were ob-
served to restore function. These results shed light on
the process of poly{A) site selection and suggest a possi-
ble in vivo assay for the validation of computer-predicted
RNA secondary structures.

Results

To assay the effect of sequence insertions on polyadeny-
lation efficiency, we constructed an expression vector
bearing two functional poly|A) sites (Fig. 1, top). The 3
poly(A) site remained invariant in all expression con-
structs, whereas the 5’ poly(A) site served as the sub-
strate for insertion mutagenesis. Relative in vivo utili-
zation of the experimental site, termed PA1, and the in-
variant site, termed PA2, was assayed by transfection
into COS cells followed by quantitative S1 nuclease pro-
tection analysis of cytoplasmic RNA.

The invariant PA2 site present in the psPA vector is a
natural poly(A) site derived from the genomic rat prepro-
insulin 1I gene (Lomedico et al. 1979; Béhnlein et al.
1989). In contrast, the experimental PAl site, is a syn-
thetic poly(A) site closely modeled on the consensus
poly(A] site described by Levitt et al. {1989). This syn-
thetic site contains consensus AAUAAA and G/U box
motifs spaced at the appropriate distance apart (Fig. 1,
bottom). Endonucleolytic cleavage is predicted to occur

Figure 1. Experimental strategy. (Top)
Structure of the psPA vector. The psPA
vector contains a 5' synthetic poly(A) site
separated by 204 nucleotides from a natu-
ral 3’ poly(A] site derived from the genomic
rat preproinsulin II gene. The psPA vector
also contains the highly active cytomega-
lovirus immediate early (CMV-IE] pro-
moter. Transcribed sequences located be-
tween the CMV-IE promoter and the syn-
thetic poly(A) site are primarily derived
from the U3 region of the HIV-1 LTR. The

—_—

PA SIGNAL

at the indicated CA dinucleotide sequence. The syn-
thetic site also includes several convenient unique re-
striction sites, including a Tthlll site suitable for inser-
tion of test sequences. The minimally palindromic
TthlllI site {5-GACNNNGTC-3’}, as well as the overall
sequence context of this poly(A) site, was designed to
minimize the propagation of introduced RNA secondary
structures. A derivative of the psPA vector, termed
pAPA, is identical to psPA except that the AAUAAA
signal has been modified to AAGAAG (Fig. 1, bottom).
This mutation is predicted to inactivate the synthetic
poly(A] site; therefore, pAPA serves as a negative control.

The in vivo pattern of RNA 3’-end formation, dis-
played by mRNAs transcribed from the psPA and pAPA
vectors in transfected COS cell cultures, was quantitated
by S1 nuclease analysis (Fig. 2A). RNA transcripts de-
rived from the psPA vector were observed to rescue a
single probe fragment of the size predicted to result from
utilization of the PA1 poly(A) site {Fig. 2A, lane 4). In
contrast, transcripts derived from pAPA exclusively res-
cued the larger probe fragment predicted to result from
utilization of the PA2 poly(A) site (Fig. 2A, lane 2). Cul-
tures transfected with a negative control vector gave no
specific protected probe fragments (Fig. 2A, lanes 1 and
3). Overall, the results presented in Figure 2A indicate
that both poly[A) sites present in the psPA vector are
fully functional and also demonstrate that the 3' PA2
polylA] site can be activated by introduction of a delete-
rious mutation into the 5’ PA1 poly{A) site.

The effect of RNA sequence insertions on poly(A) site
selection is determined by secondary structure

The target sequence {TAR) for the HIV-1 Tat trans-acti-
vator, a 59-nucleotide RNA stem—loop structure located
at the 5’ end of all HIV-1 transcripts (for review, see
Cullen 1990}, was chosen as the first sequence to be in-
serted into the PA1 poly(A) site, to give the psPA/TAR
vector (Fig. 2B). A second construct, termed psPA59, was
derived by insertion into the PALI site of a 59-nucleotide

N T N T~~~ PROBE

AB SYNTHETIC INSULIN
W PA SITE PA SITE E
PAY PA2
INSERTION CLEAVAGE
SITE SITE
G/U BOX

GAGCTC GCTTGACTGTGTCTCAGATC[TGTGTGTTGGTTTTTTGTGTGT|CTAGA

Aval (A) and BspMII (B) sites used in the  S2¢I ‘ Hind I
preparation of Sl probes are located 217

and 203 nucleotides 5’ to the predicted

Tth 101 Byl T Xba I

PA1 poly(A] site, respectively. (Bottom) Sequence of the synthetic poly(A} site introduced into the psPA vector. The AAUAAA and
G/U box signals are boxed, and relevant restriction enzyme sites are underlined. Test sequences were inserted at the indicated TthllI
site. The predicted poly(A) cleavage site is also indicated. The pAPA vector is identical to psPA except for the indicated mutation of

the AAUAAA signal sequence.
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Figure 2. Effect of introduced RNA secondary structure on
822— poly[A) site selection. (A) The indicated constructs were intro-
- - - e o ] : .
Sefs & duced into COS cells by transfection (Cullen 1987). Total cyto-
l - - . PAD plasmic RNA was harvested at 70 hr post-transfection (Malim et
al. 1988), and the utilization of the various available poly(A) sites
309— was quantitated by S1 nuclease protection analysis (Bohnlein et al.
1989). Each of the indicated constructs differed in primary se-
240 - ""__:1‘,:}'2:; quence, thus necessitating the preparation of individual matched
= - end-labeled S1 nuclease protection probes. Therefore, a control S1
5010 nuclease analysis (odd lanes) was run for each probe using cyto-

plasmic RNA derived from cells transfected with the negative
control vector pBCI2/CMV. All probes used were end labeled at
Aval (see Fig. 1B). Predicted sizes of the input (I} and rescued probe
fragments are indicated and are as follows: (Lanes 1—4) Input probe was 732 nucleotides in length; RNA polyadenylated at the PA2 site
is predicted to rescue a 422-nucleotide fragment; RNA polyadenylated at PA1 should rescue a 217-nucleotide fragment. (Lanes 5-10)
Input probe, 791 nucleotides; PA2 site usage, 481-nucleatide probe fragment; P1’ site usage, 276-nucleotide probe fragment; P1 site
usage, 217-nucleotide probe fragment. (Lanes 11 and 12} Input probe, 769 nucleotides; PA2 site usage, 459-nucleotide probe fragment;
P1’ site usage, 276-nucleotide probe fragment; P1 site usage, 217-nucleotide probe fragment. Size markers (left) were obtained by
end-labeling Mspl-digested pBR322 DNA. (B} Primary RNA sequence and predicted secondary structures of the sequences introduced
into the synthetic poly(A] site of the psPA and pAPA vectors (see Fig. 1B). Inserted sequences are in uppercase letters; vector sequences
are in lowercase letters. The predicted site of mRNA 3’-end formation in the psPA/TAR vector (P1'} is indicated. This site is identical
to that used in the parental psPA vector {Fig. 1) but is shifted 59 nucleotides 3’ because of the inserted mRNA stem-—loop structure.
(C) Analysis of poly(A] site selection in transcripts derived from the indicated vectors was performed as described in Fig. 2A. Even-
numbered lanes are experimental RNA samples; odd-numbered lanes represent control RNA samples. The probes used were end-
labeled at BspMII (see Fig. 1B). Predicted sizes of the input (I} and rescued probe fragments are indicated and are as follows: (Lanes 1
and 2} Input probe, 586 nucleotides; PA2 site usage, 467-nucleotide probe fragment; P1’ (TAR) site usage, 262-nucleotide probe
fragment; P1 site usage, 203-nucleotide probe fragment. (Lanes 3-8) Input probe, 570 nucleotides; PA2 site usage, 451 nucleotides; P1’
(IRE) site usage, 246 nucleotides; P1 site usage, 203 nucleotides. Size markers (left) were obtained by end-labeling Mspl-digested
pBR322 DNA.

sequence predicted to lack secondary structure (Fig. 2B).
Three possible effects were predicted to result from the
insertion of these sequences into the functional PAl
poly{A) site: {1) The PALI site could be rendered nonfunc-
tional, thereby activating cleavage at the 3’ PA2 poly(A)
site. (2) Polyadenylation might continue to occur ~15
nucleotides 3’ to the PA1 AAUAAA signal and within
the introduced RNA sequence (cleavage site P1). (3] The

site of polyadenylation might be shifted 3’ by the length
of the inserted RNA sequence, that is, by ~59 nucle-
otides (cleavage site P1’; Fig. 2B).

Analysis of the pattern of in vivo mRNA 3'-end for-
mation in transcripts derived from the psPA/TAR vector
revealed that polyadenylation occurred predominantly
~74 nucleotides 3’ to the AAUAAA signal at the P1’
site, that is, well beyond the normally predicted distance
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(Fig. 2A, lane 6). In fact, no polyadenylation at the nor-
mal distance from the AAUAAA motif, at the predicted
P1 cleavage site, was detected in this assay. However,
~40% of the transcripts derived from the psPA/TAR
vector were found to be polyadenylated at the 3’ PA2
poly(A) site (Fig. 2A, lane 6). As the PA2 site was not
used in the parental psPA vector (Fig. 2A, lane 4), this
suggests that insertion of the TAR RNA stem—loop did
somewhat inhibit functional recognition of the PAl
poly(A) signal. However, the insertion of a nonstructured
sequence of identical size, in psPA59, resulted in a far
more drastic effect on PAL1 site usage in vivo. The small
amount of 3'-end formation detected at the psPA59 PA1
poly{A) signal, ~5% of normal, was exclusively at the
predicted P1 cleavage site, ~15 nucleotides 3’ to the
AAUAAA motif and within the inserted nucleotide se-
quence (Fig. 2A, lane 8). Mutation of the AAUAAA
poly(A) signal of psPA/TAR, in pAPA/TAR, or deletion
of the G/U box, in psPA/TARAGU, resulted in the com-
plete loss of polyadenylation at the PA1 site of psPA/
TAR (Fig. 2A, lanes 10 and 12). It is therefore evident
that utilization of the P1’ poly(A) site in psPA/TAR is
dependent on the functional recognition of both the
AAUAAA and G/U box sequences and is not signaled by
the TAR sequence itself.

The size of the introduced RNA stem-loop determines
the site of polyadenylation

The results presented in Figure 2A confirm the predic-
tion that insertion of a random, 59-nucleotide sequence
between the AAUAAA and G/U box signals would
markedly inhibit the in vivo utilization of the PAl
poly(A) site. However, a 59-nucleotide sequence pre-
dicted to form an RNA stem-loop only modestly re-
duced the in vivo recognition of the PA1 poly(A) site and
instead shifted the site of polyadenylation ~59 nucle-
otides 3’ of the site predicted by the location of the
AAUAAA signal. Therefore, we then asked whether
other structured RNA sequence elements could also
shift the site of polyadenylation by a distance equal to
the size of the inserted RNA stem-loop. The second se-
quence chosen for insertion, the iron responsive element
(IRE) derived from the transferrin receptor gene {(Rouault
et al. 1989}, is predicted to form a 43-nucleotide RNA
stem~-loop structure (Fig. 2B). The IRE sequence was in-
serted into the PA1 poly(A) site of psPA in both the sense
orientation (psPA/IRE) and in an inverted orientation
(pSPA/ERI). A 43-nucleotide sequence predicted to lack
structure was again inserted into the psPA vector as a
control (psPA43) (Fig. 2B). Both psPA/IRE and psPA/ERI
gave rise primarily to transcripts polyadenylated at the
predicted P1’ (IRE) site, that is, 43 nucleotides 3’ to the
site predicted by the PA1 AAUAAA signal and ~16 nu-
cleotides 5’ to the poly(A) site [P1’ (TAR)] used by tran-
scripts derived from the psPA/TAR vector (Fig. 2C, lanes
2, 4, and 6). Although both psPA/IRE and psPA/ERI also
gave rise to readily detectable levels of transcripts poly-
adenylated at the PA2 site (~30% of total), the PA2 site
was used exclusively by transcripts derived from the
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control psPA43 vector. We therefore conclude that in-
sertion of the IRE RNA stem-loop resulted in a shift in
the site of polyadenylation within the PA1 sequence and
note that the size of this shift was predicted by the size
of the inserted IRE RNA stem-loop.

Mutations that destabilize an introduced RNA
stem-loop structure inhibit poly(A) site recognition

The results presented in Figure 2 demonstrate that the
utilization of a poly(A) site that bears a sequence inser-
tion between the AAUAAA and G/U box signals is
dependent on the formation of an RNA stem-loop struc-
ture that correctly approximates these two RNA se-
quence elements. It is therefore predicted that poly-
adenylation would be reduced by mutations that desta-
bilize an introduced RNA stem—loop structure and could
then be reactivated by compensatory mutations. The pa-
rental plasmid used to test this hypothesis, termed
psPA/MO, is essentially identical to psPA/TAR (Fig. 3A).
The psPA/MI construct was derived from psPA/MO by
the introduction of a 4-nucleotide mutation near the
apex of the predicted 59-nucleotide RNA stem-loop. The
psPA/M12 vector bears an additional 14-nucleotide mu-
tation predicted to essentially fully destabilize this
stem—loop structure (Fig. 3A). Finally, psPA/M123 con-
tains a compensatory 18-nucleotide mutation that is de-
signed to again permit the formation of an alternate 59-
nucleotide RNA stem—loop structure (Fig. 3B). All four
vectors were transfected into COS cells, and the pattern
of RNA 3’-end formation was analyzed by S1 nuclease
protection analysis (Fig. 3D).

The psPA/MO construct, as with the essentially iden-
tical psPA/TAR vector, gave rise to transcripts able to
rescue probe fragments consistent with predominant
polyadenylation (~70%) at the predicted P1’ (TAR| site
and significant polyadenylation {~30%) at the PA2 site
(Fig. 3D, lane 2). Although no cleavage was detected at
the predicted P1 site in RNA derived from this vector,
we did observe a minor probe fragment that was ~10
nucleotides larger than the fragment rescued by RNA
polyadenylated at the P1’ (TAR| site. Similar levels of
this minor band were detected after S1 nuclease analysis
of RNA samples derived from cultures transfected with
any vector based on the psPA/MO construct (Fig. 3D).
We therefore believe that this band is likely to be non-
specific.

Introduction of the M1 mutation into the 59-nucle-
otide TAR-like structure present in psPA/MO had mul-
tiple effects. The first was a marked reduction in the
level of polyadenylation detected at the predicted P1’
[TAR) site ({Fig. 3D, lane 4); the second was the appear-
ance of a novel, minor rescued probe band ~13 nucle-
otides smaller than the fragment rescued by the P1’
(TAR) cleavage; the third was a slight increase in the
relative utilization of the PA2 poly{A) site (Fig. 3D, lane
4). Introduction of the extensive M12 mutation into the
predicted TAR-like RNA stem-loop present in psPA/
MO enhanced all three of these effects. S1 nuclease anal-
ysis of transcripts derived from cells transfected with
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psPA/M12 revealed that utilization of the P1’ {TAR) site
was essentially lost (Fig. 3D, lane 6). In contrast, the
level of a smaller rescued probe fragment, apparently
similar to the fragment rescued at low level by tran-
scripts derived from the psPA/M1 vector, increased sig-
nificantly (Fig. 3D, cf. lanes 4 and 6). Finally, relative
utilization of the invariant PA2 poly(A) site was again
enhanced so that ~75% of the transcripts derived from
the psPA/M12 vector appeared to be polyadenylated at
this site.

The final construct, psPA/M123, bears an additional
18-nucleotide mutation, designed to compensate for the
introduced M12 mutation and thereby restore the forma-
tion of a 59-nucleotide RNA stem—loop structure within
the PA1 poly(A) site. As predicted, transcripts derived
from this latter construct gave a pattern of probe rescue
that was very similar to that observed with the initial
psPA/MO vector (Fig. 3D, cf. lanes 2 and 8). In particular,
we observed restoration of efficient polyadenylation at
the site, here termed P1’' {TAR), predicted by the inser-

RNA secondary structure and polyadenylation

Figure 3. Mutations that destabilize introduced RNA struc-
ture affect poly(A) site selection. (A) Primary sequence of the
59-nucleotide stem—loop structure introduced into the syn-
thetic poly{A) site present in the psPA/MO vector. The se-
quences of the cumulatively introduced M1, M12, and M123
mutations are also indicated. The psPA/MO construct is iden-
tical to the psPA/TAR vector except for three nucleotide
changes within the TAR-like RNA stem-loop, indicated by
lowercase letters. Flanking sequences derived from the psPA
vector, including the AAUAAA signal, are also in lowercase
letters. (B and C) Predicted secondary structures formed at the
PA1 poly{A] site after insertion of the M123 or M12 mutations
into psPA/MO. The predicted RNA secondary structure formed
in the psPA/M12 construct not only involves inserted se-
quences (uppercase letters) but also flanking sequences drawn
from the vector {lowercase letters). (D) The sites of 3'-end for-
mation in transcripts derived from the psPA/MO, M1, M12, and
M13 vectors were determined using S1 nuclease protection
analysis, as described in Fig. 2A. Even-numbered lanes represent
experimental RNA samples; odd-numbered lanes represent neg-
ative control RNA samples. The probes used were end-labeled
at BspMII (sece Fig. 1B). Predicted sizes of the input (I) and res-
cued probe are indicated and are as follows: Input probe, 586
nucleotides; PA2 site usage, 467-nucleotide probe fragment; P1’
(TAR| site usage, 262-nucleotide probe fragment; P1 site usage,
203-nucleotide probe fragment. Size markers (lane M) were ob-
tained by end-labeling Mspl-digested pBR322 DNA.

tion of a 59-nucleotide RNA stem-loop structure in the
PA1 poly(A] site. Relative utilization of the PA2 poly(A)
site was also reduced to the level observed with psPA/
MO. However, one difference between transcripts de-
rived from the psPA/MO and psPA/M123 vectors was
the detection, in the latter case, of a low level of RNA
polyadenylated ~15 nucleotides 3' to the PA1 AAUAAA
signal at the predicted P1 cleavage site. The significance
of this latter observation, as well as the possible origin of
the novel probe fragment rescued by transcripts derived
from the psPA/M1 and psPA/M12 vectors, will be dis-
cussed below.

In a final experiment, we examined the effect that in-
creasingly large stem truncations would have on the
ability of an inserted stem—loop to influence poly{A) site
sclection. These nested deletions, shown schematically
in Figure 4A, were designed to shorten the TAR RNA
stem—loop past the point (indicated by 3'B) at which sig-
nificant loss of TAR structural integrity is believed to
occur based on phenotypic analysis in vivo (Hauber and
Cullen 1988; Marciniak et al. 1990). These results, pre-
sented in Figure 4B, demonstrate that none of the intro-
duced truncations are sufficient to fully prevent TAR
stem—loop formation in this RNA context. Notably,
each predicted TAR stem-loop derivative was observed
to give rise to a readily detectable level of polyadenyla-
tion at the P1’ site predicted by the increasingly shorter
introduced RNA stem (Fig. 4B). However, the A4 muta-
tion did result in reduced utilization (about threefold) of
the P1’ site and in a modest activation of the P1 site
present in the psPAA4 vector (Fig. 4B, cf. lanes 5 and 6).
It therefore appears likely that the residual TAR RNA
stem-loop present in transcripts derived from the
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Figure 4. Effect of stem truncations on the ability of an in-
serted TAR RNA stem~loop to affect poly{A] site selection. (A)
The parental construct, psPA/TAR, contains the full-length 59-
nucleotide TAR element (Fig. 2B). The psPAAl-psPAA4 plas-
mids contain a nested set of TAR deletions in which this RNA
stem-loop is progressively reduced in size because of the loss of
the indicated, boxed nucleotides, that is, psPAA2 lacks the nu-
cleotides indicated in both Al and A2 boxes. (3'B) The 3’ border
of the TAR element, as determined by mutational analysis in
vivo (Hauber and Cullen 1988; Marciniak et al. 1990). (B)
Poly(A] site utilization in transcripts derived from the indicated
plasmids was quantitated by S1 nuclease analysis, as described
in Fig. 2A. The probes used were end-labeled at BspMII (Fig. 1B).
Predicted sizes of the input {I) and rescued probe fragments are
indicated and are as follows: {Lanes 1 and 2) I, 586 nucleotides;
PA2, 467 nucleotides; P1’, 262 nucleotides. (Lane 3} I, 571 nu-
cleotides; PA2, 452 nucleotides; P1’, 247 nucleotides. {Lane 4} I,
565 nucleotides; PA2, 446 nucleotides; P1’, 241 nucleotides.
(Lane 5} I, 557 nucleotides; PA2, 438 nucleotides; P1’, 233 nu-
cleotides. (Lane 6) I, 552 nucleotides; PA2, 433 nucleotides; P1’,
228 nucleotides. (Lane 7) I, 531 nucleotides; PA2, 412 nucle-
otides. RNAs polyadenylated at the P1 site are predicted to res-
cue a 203-nucleotide probe fragment in every lane. (Neg) Neg-
ative control culture.

psPAA4 plasmid forms with significantly reduced effi-
ciency.

Discussion

A functional poly(A) site normally consists of two RNA
sequence elements, the AAUAAA and G/U box signals
that closely flank the site of mRNA 3’-end formation
{Birnstiel et al. 1985; Proudfoot 1991). Formation of a
polyadenylation complex is believed to involve the co-
operative binding of cellular factors to both these RNA
target sequences (Gilmartin and Nevins 1989; Takagaki
et al. 1989). Random sequence insertions that increase
the distance between the AAUAAA and G/U box signals
to >40 nucleotides have been reported to inhibit effec-
tively the functional recognition of poly{A) sites, pre-
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sumably by inhibiting this cooperative binding event
(McDevitt et al. 1986; Gil and Proudfoot 1987). How-
ever, in the case of HTLV-I, polyadenylation occurs
~250 nucleotides 3’ to the only available AAUAAA sig-
nal (Seiki et al. 1983; Hanly et al. 1989). To explain this
unique phenomenon, it was proposed that these inter-
vening RNA sequences might fold into an RNA stem—
loop structure that positions the AAUAAA and G/U box
signals appropriately for polyadenylation factor binding
(Ahmed et al. 1990; Toyoshima et al. 1990}, and this
hypothesis has recently been confirmed (Ahmed et al.
1991]. In this discussion we have examined whether the
apparent tolerance of this viral poly(A) site for large in-
serted RNA secondary structures represents a highly se-
lected peculiarity of this particular virus or whether this
tolerance could instead be generalized to other, unre-
lated poly{A) sites and RNA stem-loop structures.

Although the insertion of nonstructured sequences be-
tween the AAUAAA and G/U box signals was observed
to inhibit dramatically poly{A) site utilization, sequence
insertions of the same size that were predicted to form
stable RNA stem-loop structures were found to have
little effect on the efficiency of polyadenylation. Instead,
and as predicted from the precedent set by polyadenyla-
tion in HTLV-I, such structured sequence insertions
were observed to shift the site of polyadenylation 3’ by a
distance equal to the length of the inserted RNA stem—
loop structure (Figs. 2C and 4B). The biological recogni-
tion of a poly({A]} site bearing an inserted RNA stem-loop
structure was reduced by the introduction of mutations
that destabilized the inserted RNA secondary structure
but was restored by mutations that were compensatory
(Fig. 3D). These results, in total, argue that poly(A) sites
are capable of tolerating sequence insertions if the in-
serted sequences are able to form RNA secondary struc-
tures that correctly approximate the AAUAAA and G/U
box elements. These results therefore support the hy-
pothesis (Gilmartin and Nevins 1989) that formation of a
polyadenylation complex involves the spatially con-
strained cooperative interaction of protein factors with
the AAUAAA and G/U box signals.

Polyadenylation as an assay for RNA secondary
structure

The results presented in this discussion demonstrate
that poly(A} sites are tolerant of RNA sequence inser-
tions between the AAUAAA and G/U box signals, but
only if these sequences are able to form an RNA stem—
loop that correctly restores the spacing of these two sig-
nals. Therefore, it appears possible that polyadenylation
could be used as a novel way of assaying the ability of a
particular sequence to form an RNA stem-loop structure
in vivo. In addition, the polyadenylation assay described
here might also be used to confirm the approximate size
of an RNA stem—loop structure. This conclusion derives
from the observation that the inserted RNA stem-loops
shift the site of polyadenylation 3’ of the normal site by
a distance equal to the size of these predicted RNA struc-
tures (Figs. 2C and 4B}.
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In all of the cases examined in this discussion, inser-
tion of a structured RNA sequence into the experimental
PA1 poly(A) site resulted in at least some activation of
the 3’ PA2 site. Two explanations exist for this observa-
tion. The first is that the predicted RNA stem-loops
form efficiently but that these structures then reduce the
ability of cellular factors to recognize the PA1 poly(A)
site. The second explanation is that some transcripts fail
to form the predicted RNA stem—loop and are thus struc-
turally equivalent to RNAs bearing random sequence in-
sertions into the PA1 poly(A) site. In the latter case, it is
predicted that polyadenylation would occur at the
3" PA2 site or, perhaps, if the sequence insertion was
G/U rich, at the appropriate distance 3’ to the PA1l
AAUAAA signal within the inserted RNA sequence
{e.g., psPA59; Fig. 2A, lane 8). In the case of the psPA/
M123 vector, we detected a modest level of polyadeny-
lation within the introduced sequence at a site that is
predicted to form part of an RNA stem (Fig. 3D, lane 8).
This latter result therefore suggests that a significant
percentage of the transcripts derived from the psPA/
M123 vector was probably polyadenylated before the
formation of the predicted RNA stem-loop structure
(Fig. 3B).

If polyadenylation is to have general utility as an in
vivo assay for RNA secondary structure, it must not only
be able to confirm but to predict the existence of RNA
stem~loop structures. We believe the results presented
in Figure 3D may have at least partly achieved this aim.
The purpose of this experiment was to show that utili-
zation of the site of polyadenylation predicted by the
inserted 59-nucleotide TAR-like stem-loop structure
present in the psPA/MO vector would be inhibited by a
mutation (M12) that destabilizes this structure and re-
stored by a compensatory mutation (M123). This was
precisely the observed result. However, the M12 muta-
tion also led to the utilization of a novel site of mRNA
3’-end formation located ~13 nucleotides 5’ to the P1’
(TAR| site {Fig. 3D, lanes 4 and 6). As this site is still ~60
nucleotides 3’ to the AAUAAA signal, that is, beyond
the normally permitted distance, we concluded that this
was likely to represent a novel poly[A] site activated by
an RNA stem-loop structure of ~46 nucleotides in size.
Computer analysis of the psPA/M12 poly(A] site pre-
dicted the existence of a stable 46-nucleotide RNA sec-
ondary structure involving the inserted M12 sequences,
as well as flanking nucleotides derived from the PA1l
poly(A) site itself {Fig 3C). The results presented in Fig-
ure 3D, therefore, were able to predict the existence of an
RNA stem-loop structure that was not intended by the
experimental design.

A number of questions will need to be addressed before
a polyadenylation-based assay for RNA secondary struc-
ture can be considered of general value. In particular,
these must include the consideration of sequence con-
text effects and the question of whether RNA structures
more complex than simple RNA stem-loops can be ac-
commodated within a functional poly(A] site. However,
the results presented in this discussion do suggest that
this assay approach may eventually have significant use-

RNA secondary structure and polyadenylation

fulness in testing the in vivo existence of computer-pre-
dicted RNA stem-loop structures.

Materials and methods
Construction of molecular clones

The psPA and pAPA vectors were both derived from the previ-
ously described pU3R+1 construct (Bohnlein et al. 1989).
pU3R+1 contains the CMV-IE promoter 5’ to sequences de-
rived from the 3’ end of the HIV-1 genome that primarily con-
sists of the HIV-1 LTR U3 and R regions. The pU3R + 1 vector
also contains additional 3’ sequences derived from the rat pre-
proinsulin II gene that include the genomic rat insulin gene
poly(A] site (Lomedico et al. 1979). The HIV-1 LTR poly(A) sig-
nal was removed from the pU3R+1 vector by excision of a
61-bp Sacl-Xbal fragment. The synthetic poly(A) site, described
in Figure 1, or a negative mutant thereof, was then inserted
between the Sacl and Xbal sites to give the psPA and pAPA
vectors, respectively. Synthetic oligonucleotides, as described
in the text, were introduced into the HindlIll, Tthllll, and/or
Xbal sites of the psPA or pAPA vector using standard tech-
niques. The psPA/TARAGU plasmid is identical to psPA/TAR
except that the G/U sequence, boxed in Figure 1, has been ex-
cised.

The CMV-IE promoter cap site in the psPA vector is located
951 nucleotides 5’ to the predicted cleavage site present within
the synthetic PA1 poly(A) site. These transcribed sequences are
derived from the CMV-IE leader (79 nucleotides), the 3’ end of
the HIV-1 genome (845 nucleotides), and the synthetic poly(A)
site itself {27 nucleotides).

Cell culture and transfection

COS cells were maintained as described previously (Cullen
1986). COS cell cultures {100-mm dishes) were transfected us-
ing DEAE~dextran and chloroquin {Cullen 1987).

S1 nuclease analysis

Total cytoplasmic RNA was harvested (Malim et al. 1988) at
~70 hr after transfection, and equal aliquots were used for quan-
titation of S1 nuclease-protected probe fragments (Cullen 1986;
Bohnlein et al. 1989). The probe strategy used to quantitate the
relative level of 3’-end formation at each of the two poly(A) sites
present in the psPA vector series has been described previously
(Bohnlein et al. 1989). Double-stranded DNA probes were end
labeled, using Klenow DNA polymerase, at either an Aval site
or at an adjacent BspMII site located within the HIV-1 LTR U3
region 5’ to the PA1 poly{A] site {Fig. 1B). The unlabeled end of
the probe was generated by subsequent cleavage with either Sspl
(Fig. 2A) or EcoRI (Figs. 2C and 3D).

RNA secondary structure analysis

The predicted RNA secondary structures of the HIV-1 TAR and
transferrin receptor IRE sequences are taken from the literature
and have been validated experimentally (Rouault et al. 1989;
Marciniak et al. 1990). The RNA secondary structures formed
by the sequence insertions present in the psPA/M12 and psPA/
M123 constructs were predicted, using the University of Wis-
consin Fold program {Devereux et al. 1984) run on a Vax com-
puter.
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