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Abstract

Gene expression in organisms involves many factors and is tightly controlled. Although much is
known about the initial phase of transcription by RNA polymerase 111 (Pal I11), the enzyme that
synthesizes the majority of RNA molecules in eukaryotic cells, termination is poorly understood.
Here, we show that the extensive structure of Pol 111 — synthesized transcripts dictates the release
of elongation complexes at the end of genes. The poly-T termination signal, while not causing
termination in itself, causes catalytic inactivation and backtracking of Pol I11, thus committing the
enzyme to termination and transporting it to the nearest RNA secondary structure, which
facilitates release. Similarity between termination mechanisms of Pol 111 and bacterial RNA
polymerase suggests that hairpin-dependent termination may date back to the common ancestor of
multi-subunit RNA polymerases.

Termination of transcription is an obligatory step following synthesis of the transcript,
which leads to dissociation of RNA polymerase (RNAP) and the transcript from the
template DNA. However, apparently different mechanisms are utilized by evolutionary
conserved multi-subunit RNAPs from bacteria, archaea, and three eukaryotic RNAPs to
terminate transcription (1-3). Pol 111 terminates after synthesis of a poly-U stretch (4, 5), and
most studies have focused on the efficiency of recognition of the poly-T (on the non-
template strand) termination signal (6). Both upstream and downstream sequences were
shown to influence efficiency of recognition (7). However, the events leading to termination
on the poly-T signal, i.e. dissociation of Pol 111 from the template, are not known.

We investigated this problem by using assembled elongation complexes, atechnique
successfully used to investigate various RNAPS (8-11). These complexes, assembled with
purified RNAP, synthetic complementary template and non-template DNA strands and
RNA, allow skipping the step of initiation and, therefore, excluding any accessory factors
from the reaction. Complexes were immobilized on streptavidin beads via biotin on the 5
end of the non-template strand (scheme in Fig. 1A). The RNA in complexes was
radioactively labeled by incorporation of radioactive NMP (12). First, we analyzed
transcription through poly-T signals of various lengths by purified S cerevisiaePol 111. As
seen from Fig. 1A, at poly-T signals longer than 5 nuclectides, transcripts finishing at the
end the poly-T signal were formed. On long poly-T signals (12T), transcription was stopping
predominantly after 61-101 T (T4, templatein Fig. 1B, lane 10). No stopping was observed
on homopolymeric tracts other than poly-T (Fig. S1).
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We tested, if transcripts ending with a poly-U stretch were released from the template as a
result of termination. This can be done by analysis of transcripts in the supernatant and
immobilized fractions of the reaction (“super” and “beads” fractions, respectively, in scheme
of Fig. 1B). As seen from Fig. 1B, while RNAs resulting from transcription to the end of
template (Run off products) were released in the supernatant, transcripts ending at the poly-
T signal were not released and remained part of the elongation complex, independently of
the length of the transcript or sequences surrounding the poly-T signa (12). Most of the
transcripts remained in the complex even after prolonged (30 minutes) incubation. The
inability of Pol 111 and RNA to leave DNA was not due to the deficiency in the upstream
DNA duplex restoration or to formation of an extended RNA-DNA hybrid (13) (Fig. S2A,
B). Theseresultsindicate that Pol 111 pauses rather than terminates at the poly-T signal.

We analyzed transcription of the full length 5S and tRNATY" (SUP4) genes. Given the length
of this gene, as atemplate, we used streptavidin-beads-immobilized double-stranded PCR
products with a single-stranded extrusion at the 3" end of the template strand and an RNA
primer complementary to this extrusion (14) (see schemein Fig. 2A and (12)). As expected,
transcription ended in the poly-T signal, however the full length 5S and tRNATY" RNASs
were readily released from the template (Fig. 2A, lanes 1-3 and 7-9, respectively). After just
one minute of transcription almost all full length RNAs were found in the supernatant. Note
that biotin for immobilization of these complexes was on the 5 end of template strand,
which slowed down release of the Run off products.

Transcript release during bacterial transcription termination is facilitated by an RNA hairpin
that forms behind the poly-U tract (15). We noted that all transcripts synthesized by Pal 111,
as per their functions (structural or transfer RNAS), have very extensive secondary
structures, so that the poly-U tract is always preceded by RNA hairpins and/or stems (Fig.
S3 and Table S1). In contrast, the templates used above (Fig. 1 A, B) do not code for stable
secondary structures. We therefore hypothesized that, as in the case of bacterial termination,
termination by Pol 111 may also be facilitated by an RNA hairpin/stem, in this case, provided
by the structure of RNA itself. To test this hypothesis, we changed the sequence of the 5S
and tRNATY" genes to eliminate formation of RNA secondary structures close to poly-U
stretch of the transcript (5S-HP and tRNATY'-HP templates). As seen from Fig. 2A (lanes
4-6 and 10-12), the release of the transcripts ending in the poly-U signals of the mutant
genes was indeed abolished.

To test the requirement for the RNA secondary structure during Pol |11 termination in the
presence of transcription factors, we analyzed transcription in more native conditions by
using S cerevisiaenuclear lysates and promoter containing DNA templates. Given that any
alterations to the secondary structure of tRNATY" destroy the internal promoter of Pol 111, an
unstructured spacer was introduced between the body of the tRNATY" and poly-U stretch. In
full agreement with the results obtained with purified Pol I11, the secondary structure
preceding the poly-U tract was essential for termination (Fig. 2B).

To directly test the role of an RNA hairpin in termination by Pol 111, we changed the
seguence of template T4, which did not allow for release (Fig. 2C, lanes 1-3), so, that the
synthesized transcript formed a 9 bp long hairpin before the poly-U stretch (HP/T, template
in Fig. 2C). Thisindeed led to the release of the transcript ending in the poly-T signal, /.e to
termination (Fig. 2C, lanes 4-6). Addition of a short RNA complementary to the hairpin-less
transcripts upstream of (but not far away from; see Fig. $4) the poly-U stretch, which
mimics atermination hairpin (16), also resulted in efficient termination (Fig. 2C, lanes 7-9).
These results also confirmed that transcript release was caused by RNA secondary structure
close to the poly-U of the transcript, rather than the sequence of nucleic acids upstream of
the poly-T signal. We aso constructed atemplate, which coded for helix | of the 5S gene,
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positioned upstream of the poly-T signal (HPsg/T12 template in Fig. 2C). Note that this helix
isformed by the most proximal 5" and 3" parts of the full-length 5S RNA (schemein Fig.
2A). The shoulders of helix | were connected by a short loop. This hairpin also caused
efficient termination in the poly-T signal (Fig. 2C, lanes 10-12).

For efficient termination by bacterial RNAP, the termination RNA hairpin hasto be
immediately upstream the poly-U stretch (1, 17). Consistently, a hairpin immediately
upstream the poly-U tract also causes termination by Pol 111 (Fig. 2C). To test the
requirements for the distance between hairpin and poly-U tract, we introduced unstructured
spacers of different length between them (Fig. 2D). Surprisingly, we found that distance as
large as ~12 base pairs between the poly-U stretch and the hairpin still allows for efficient
termination (Fig. 2D, lanes 1-3). Longer spacers result in diminished termination (Fig. 2D,
lanes 4-9; see also Fig. $4). These results suggest that an RNA hairpin formed within ~12 nt
upstream of the poly-U stretch is sufficient for termination of the poly-T-paused complex.

The ability of the termination hairpin to act on the paused complex at a distance of ~20 nt
from the 3" end of the transcript, suggests that the paused complex should slide backwards
to approach the hairpin. We analyzed the geometry of the paused el ongation complexes
carrying 8U (EC8Y) and 10U (EC19Y) tracts on the 3" ends of their hairpin-less transcripts.
Pure EC8Y and EC10U were formed on Tg and T4 templates (12), respectively, by
transcription in the presence of UTP with subsequent washing away of unincorporated
substrates and Mg?*. To map the position of Pol 111 active center, we used the ability of
RNAP active center to immobilize Fe2* ion (instead of the native Mg?*), which, by
generating hydroxy! radicals, induces cleavage of the transcript in the vicinity of the active
center (18). As seen from Fig. 3A, transcriptsin EC8Y and EC10Y were cleaved in the 5’
proximal part of the poly-U tract (lanes 4, 9), indicating that the active center of Pol |11 has
shifted backwards from the 3" end of RNA. Protection from RNase A (asingle-strand
specific ribonuclease, which cleaves phosphodiester bonds after pyrimidines) was also
consistent with a backtracked conformation, as bodies and poly-U tracts of the transcripts of
EC8Y and EC1Y were mostly protected from RNase A (Fig. 3A, lanes 2 and 7, Fig. S5). In
agreement with the length of the secondary channel (19), the very 3’ end proximal Usin
EC0U ere exposed to RNase A, while all Us of the 8U tract of EC8Y were protected (Fig.
3A, lanes 2, 7, Fig. S5). Backtracking of the termination complex thus explains aloose
(anywhere within ~12 nt) requirement for the positioning of the termination hairpin/stem
upstream of the poly-T signal.

The backtracked conformation of the ECPOYY is consistent with the inability of the complex
to extend the transcript (Fig. 3B, lanes 4, 5 and 9, 10). Note, however that this backtracking
isunusual because the highly efficient hydrolytic activity of Pol |11 active center (14), that
can rescue backtracked complex, is switched off (Fig. 3B, lanes 2, 3 and 7, 8; compare to
lanes 12, 13 and Fig. S6B). Asfollows from our results, upon backtracking for long
distances this activity is diminished ensuring the formation of a*“dead-end” complex, whose
only fate would be to terminate. On other sequences polymerizing and hydrolytic activities
of Pol 111 are not affected (Fig. 3B, lanes 11-15; Fig. S6).

The distance between the Pol 111 active center and the RNA secondary structure required for
termination is 7 nucleotides (Fig. S7, Supplementary Text), which notably resembles
bacterial termination. Like the genes used in our study, most of the Pol 111 transcripts contain
no or very short spacer between the poly-U signal and the nearest secondary structure (Table
S1). Therefore the sole function of poly-T signal on these templatesisto pause Pol 111 at ~7
nucleotides from the nearest secondary structure (Supplementary Text, Fig. S8). However,
some transcripts synthesized by Pol 111 contain longer spacers between the poly-U tract and
the nearest RNA duplex (Fig. S3 and Table S1) suggesting that the deep backtracking on the
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poly-T signal of these genesis required to bring Pol 111 closer to the nearest secondary
structure (Fig. S8). Note also that, in the case of short spacers, the 3" penultimate RNA
duplex (e.g. helix IV of 5S and Ty C arm of tRNA) could also cause termination should the
3" proximal hairpin fail to fold (Fig. S8).

Backtracking on the poly-T signal resultsin astrong (G, C rich) RNA/DNA hybrid within
the termination complex, which however does not influence termination. Efficient hairpin-
dependent termination can also be achieved on poly-G track (Fig. S7). Therefore,
termination by Pol 111 does not require weak RNA-DNA hybrid as was postulated earlier
(15), and the formation of an RNA hairpin/stem is sufficient to dislodge the paused
elongation complex from the template. Backtracking and the presence of a non-
homopolymeric RNA/DNA hybrid within the backtracked termination complex also
excludes a possibilities of RNA/DNA hybrid shearing (20) or forward translocation (21).
The results are consistent with the recently proposed “allosteric” mechanism of termination
(22), when the RNA hairpin allosterically “opens’ RNAP and leads to its dissociation from
the template, though we cannot exclude the possibility that hairpin-dependent destruction of
the Pol 111 elongation complex takes place via a different route.

The above results argue that the poly-T signal itself may not be sufficient for elongation
complex dissolution. In our preliminary results (SUN and NZ, unpublished), we observed
archaeal RNAP, which was proposed to terminate on the poly-T signal without involvement
of additional factors (3), also fails to dissociate on the poly-T signal, while RNA hairpin
preceding the poly-U tract is sufficient to cause termination. This suggests that archaeal
RNAP may also utilize RNA-duplex-dependent termination, the mechanism which thus may
date back to Last Universal Common Ancestor (LUCA) of the three kingdoms of life.
Termination caused by structures embedded in the functional body of the transcript provide
a simple factor-independent mechanism for dissolution of the elongation complex and may
serve as a checkpoint for proper folding of RNA, which has been essential for the ribozymes
of the LUCA, and remains essential for structural and transfer RNAs synthesized by Pal 111.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Pol 111 pauses on the poly-T signal but does not terminate. A. Scheme of assembled
elongation complexesis shown at the top. RNA was radiolabelled at the 3" end GMPs (bold)
(12). Complexes were immobilized on beads via biotin on the 5" end of the non-template
strand. Transcription for 10 min on templates with poly-T signals of different lengthsin the
presence of 1 mM either UTP or all NTPs. Here and after black lines separate parts of one
gel that were brought together. B. After 10 min transcription on the templates depicted
above gels (12), released transcripts (“super”) were separated from transcripts that remained
in the immobilized complexes (“beads’) (scheme in the frame above the gels). Length of
RNA preceding poly-U tract is depicted above the gels.
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Termination by Pol 111 isfacilitated by the secondary structure of the transcript. A, B.
Termination by Pol 111 on full-length genes and their mutant variants lacking secondary
structure before poly-U of the transcripts (5S-HP and tRNATY-HP, tRNATY"+UN) (12).
Release was analyzed after 1 min of transcription. A. Transcription was initiated by purified
Pol 111 on the construct with the single-stranded overhang (scheme above the gels). B.
Transcription was performed in yeast cell lysate on templates carrying promoter (promoter
elements and transcription factors schematically shown above the gels). Secondary structure
of tRNATY" transcript could not be altered asin panel A, because it would destroy the
internal promoter of Pol 111. C. Absence of release of transcript without hairpin (lanes 1-3),
and release of transcripts containing arbitrary hairpin (lanes 4-6), duplex formed by
externally added RNA oligonucleotide (lanes 7-9) or helix | of 5S RNA (lanes 10-12; see
also schemein panel A) before the poly-U tract (12). Release was analyzed after 1 min of
transcription. D. Termination of transcripts (after 1 min of transcription) bearing spacers of
different length between poly-U and termination hairpin (5S helix 1) (12). See also Fig. $4.
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Complex paused on termination signal undergoes deep backtracking. A. Probing of paused
complexes containing 8U and 10 U tracts at the 3" ends of transcripts with RNase A and
hydroxyl radicals generated by Fe?* bound in the Pol 111 active center (scheme below the
gels). Lanes 5 and 10 (without DTT) are controls for hydrolysis caused by Fe?*. Radiolabels
in transcripts are shown in red. Cleaved positions are shown with arrows. The identity of

positions cleaved by RNase A was confirmed with 5" end labeled RNA (Fig. S6).
Interpretation of the probing results is shown schematically below the gels. B. RNA

extension and hydrolysis in paused complexes containing 8U,10U and 8A tracks at the 3’

end of RNA (see also Fig. S6). Radiolabels in transcripts are shown in red.
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