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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 III (Pol III), 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 III – 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 III,
thus committing the enzyme to termination and transporting it to the nearest RNA secondary
structure, which facilitates release. Similarity between termination mechanisms of Pol III and
bacterial RNA polymerase suggests that hairpin-dependent termination may date back to the
common ancestor of multi-subunit RNA polymerases.
One Sentence Summary: Formation of the secondary structure of the transcript facilitates
termination of transcription by RNA polymerase III
Main Text:
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 III 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 III from the template, are not
known.

We investigated this problem by using assembled elongation complexes, a technique
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. cerevisiae Pol III. As seen from Fig. 1A, at poly-T
signals longer than 5 nucleotides, transcripts finishing at the end the poly-T signal were
formed. On long poly-T signals (12T), transcription was stopping predominantly after 6th-10th
T (T12 template in Fig. 1B, lane 10). No stopping was observed on homopolymeric tracts
other than poly-T (Fig. S1).
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 signal (12). Most of the transcripts remained in the complex even after prolonged
(30 minutes) incubation. The inability of Pol III 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). These results indicate that Pol III pauses rather than terminates at
the poly-T signal.
We analyzed transcription of the full length 5S and tRNATyr (SUP4) genes. Given the
length of this gene, as a template, 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 scheme in Fig. 2A and (12)). As
expected, transcription ended in the poly-T signal, however the full length 5S and tRNATyr
RNAs 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
Pol III, 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 III 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 tRNATyr genes to eliminate formation of RNA secondary structures

close to poly-U stretch of the transcript (5S-HP and tRNATyr-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 III termination in
the presence of transcription factors, we analyzed transcription in more native conditions by
using S. cerevisiae nuclear lysates and promoter containing DNA templates. Given that any
alterations to the secondary structure of tRNATyr destroy the internal promoter of Pol III, an
unstructured spacer was introduced between the body of the tRNA Tyr and poly-U stretch. In
full agreement with the results obtained with purified Pol III, 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 III, we changed the
sequence of template T12, 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/T12 template
in Fig. 2C). This indeed led to the release of the transcript ending in the poly-T signal, i.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. S4) the poly-U stretch, which mimics
a termination 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 also constructed a template, which coded for helix I of the 5S gene,
positioned upstream of the poly-T signal (HP5S/T12 template in Fig. 2C). Note that this helix is
formed by the most proximal 5’ and 3’ parts of the full-length 5S RNA (scheme in Fig. 2A).

The shoulders of helix I 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 has to be
immediately upstream the poly-U stretch (1, 17). Consistently, a hairpin immediately
upstream the poly-U tract also causes termination by Pol III (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. S4). 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 elongation
complexes carrying 8U (EC8U) and 10U (EC10U) tracts on the 3’ ends of their hairpin-less
transcripts. Pure EC8U and EC10U were formed on T8 and T10 templates (12), respectively, by
transcription in the presence of UTP with subsequent washing away of unincorporated
substrates and Mg2+. To map the position of Pol III active center, we used the ability of RNAP
active center to immobilize Fe2+ ion (instead of the native Mg2+), which, by generating
hydroxyl radicals, induces cleavage of the transcript in the vicinity of the active center (18).
As seen from Fig. 3A, transcripts in EC8U and EC10U were cleaved in the 5’ proximal part of the
poly-U tract (lanes 4, 9), indicating that the active center of Pol III has shifted backwards

from the 3’ end of RNA. Protection from RNase A (a single-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 EC8U and EC10U
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 Us in EC10U were exposed to
RNase A, while all Us of the 8U tract of EC8U were protected (Fig. 3A, lanes 2, 7, Fig. S5).
Backtracking of the termination complex thus explains a loose (anywhere within ~12 nt)
requirement for the positioning of the termination hairpin/stem upstream of the poly-T
signal.
The backtracked conformation of the ECpolyU 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 is unusual because the highly efficient hydrolytic activity of Pol III 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). As follows 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 III are not affected (Fig. 3B, lanes 11-15; Fig. S6).
The distance between the Pol III 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 III
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
templates is to pause Pol III at ~7 nucleotides from the nearest secondary structure

(Supplementary Text, Fig. S8). However, some transcripts synthesized by Pol III 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 poly-T signal of these genes is required to
bring Pol III 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 TψC arm of tRNA) could
also cause termination should the 3’ proximal hairpin fail to fold (Fig. S8).
Backtracking on the poly-T signal results in a strong (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 III 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 III 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 Pol III.
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Fig. 1. Pol III pauses on the poly-T signal but does not terminate. A. Scheme of assembled
elongation complexes is 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 lengths in 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.

Fig. 2. Termination by Pol III is facilitated by the secondary structure of the transcript. A, B.
Termination by Pol III on full-length genes and their mutant variants lacking secondary
structure before poly-U of the transcripts (5S-HP and tRNATyr-HP, tRNATyr+UN) (12). Release
was analyzed after 1 min of transcription. A. Transcription was initiated by purified Pol III 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 tRNATyr
transcript could not be altered as in panel A, because it would destroy the internal promoter
of Pol III. 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 I of 5S RNA (lanes 10-12; see also scheme in 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 I) (12). See also Fig. S4.

Fig. 3. 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 Fe2+ bound in the Pol III active center (scheme below the gels). Lanes 5 and 10
(without DTT) are controls for hydrolysis caused by Fe2+. 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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Supplementary Materials:
Materials and Methods:

Elongation complexes assembly. Pol III was purified from S. cerevisiae strain NZ16 (23) as
described (24). Artificial elongation complexes were assembled with DNA and RNA
oligonucleotides (IDT) in transcription buffer lacking Mg 2+, TB (20 mM Tris-HCl pH 7.9, 40
mM NaCl, 0.1 mM EDTA). Briefly, 1 pmole of Pol III was added to 5 pmole of template DNA
and 10 pmole of RNA in 10 µL of TB followed by addition of 50 pmole of 5’-biotinylated nontemplate DNA. Complexes were immobilized on streptavidin beads (5 µL; GE Healthcare)
and washed 5 times with 1mL of TB.
Long double-stranded tRNATyr and 5S templates with single-stranded overhangs of
the template strands were obtained by restriction of PCR fragments (carrying biotin on the
5’ end of template strand; below) with TspRI restriction enzyme (New England Biolabs),
which leaves a 9 nt-long overhang at the 3’ strand. The restricted fragments were purified
from agarose gel. Elongation complexes on these templates were assembled in 10 µL of TB
by mixing 1 pmole of the template with 2 pmole of RNA complementary to the overhang
and 2 pmole of Pol III. Complexes were immobilized on streptavidin beads and washed as
above.
RNA labeling. RNA was radiolabeled after assembly of elongation complexes by addition of
α-[32P]GTP (Hartmann Analytic) and 10 mM MgCl2 for 1 min at 30°C. This resulted in removal
of two GMPs from the 3’ end of RNA by Pol III intrinsic hydrolytic activity with subsequent
incorporation of two α-[32P]GMPs in their place. The labeling was stopped by washing
complexes with TB. For RNase A footprinting, in Fig. S6, RNA was 32P labeled at the 5’ end
with T4 polynucleotide kinase (New England Biolabs) prior to elongation complex assembly
(9).
Transcription on assembled complexes. All reactions were performed at 30°C. Transcription
was initiated by addition of 10 mM MgCl2 and 1 mM NTPs and allowed to proceed for times
indicated in figures before addition of equal volume of formamide containing stoppage
buffer. To monitor the release of transcription products, before addition of stoppage buffer,
reaction supernatant was separated from the beads, and beads were washed with TB to
stop the reaction in immobilized complexes and remove the traces of released products.
After that, beads and supernatant fractions were adjusted to 30 µL with stoppage buffer.
Isolated ECpolyU, ECpolyA, ECpolyC and ECpolyG complexes were obtained by transcription
in the presence of 1 mM UTP, ATP, CTP or GTP+CTP, respectively, with subsequent washing
of the complexes with TB. Intrinsic hydrolysis and synthesis in these elongation complexes
were initiated by addition of 10 mM MgCl2 or 10 mM MgCl2+1mM NTPs, respectively.
Transcription in yeast lysate. Lysates with ~20 mg/mL of total protein were prepared from
isolated nuclei after treatment of cells with zymolase (25). Initiation complexes were

prepared by incubation of 1 µL of lysate with 1 pmole of biotinylated DNA template carrying
wild-type or mutant tRNATyr gene with its own promoter in 20 µL of TB for 10 minutes at
30°C. 5 µL of streptavidin beads were added to the reaction. To synchronize polymerases in
the reaction, 17 mer elongation complex (4) was obtained by addition of α-[32P]UTP and 1
mM ATP and CTP and for 5 min at 30°C. 17 mer complexes were chased by addition of 1 mM
ATP, CTP, GTP and UTP. The release was analyzed after 1 min as described above.
Footprinting. RNase A probing was done with 10U of RNase A (Fermentas) for 2 mins with
subsequent washing of complexes with TB to stop the reaction and remove traces of RNase
A, which may continue cleavage even after addition of stoppage buffer. Before hydroxyl
radical probing the complexes were intensively washed with TB to remove the catalytic Mg 2+
and then with TB lacking EDTA. Probing was initiated by addition of 100 μM Fe(NH4)2(SO4)2
with or without 10 mM DTT for 15 min. RNase H probing (Fig. S5) was performed by addition
of 10U of RNase H (New England Biolabs) prior to the start of reactions. For single-strand
DNA specific probing, 10 mM KMnO4 was added to the complexes or naked DNA 32P-labeled
at the 5’ end of the template strand for 5 minutes with further steps according (8).
Products of all reactions were resolved in 6-24% denaturing polyacrylamide gels,
visualized by phosphorimaging using Typhoon Trio+ (GE Healthcare) and analyzed using
ImageQuant software (GE Healthcare) (26) . All reactions were performed at least four
times.

Sequences of nucleic acids used for assembly of elongation complexes. RNA is red,
template strand is black and non-template strand is blue. Termination signal is marked in
yellow on the template strand; hairpins, helices and RNA oligonucleotides (complementary
to corresponding parts of transcript) are color-coded as in figures of the main text.

Unstructured transcripts:
5’- AAU A

T5

AU CGA GAG G

5’-Bio ACT TAC AGC CAT CGA GAG GTT TTT GCC TTC CGA ACA CGG CGA ATA GCC A-3’
3’-TGA ATG TCG GTA GCT CTC CAA AAA CGG AAG GCT TGT GCC GCT TAT CGG T-5’

5’- AAU A

T6

AU CGA GAG G

5’-Bio ACT TAC AGC CAT CGA GAG GTT TTT TGC CTT CCG AAC ACG GCG AAT AGC CA-3’
3’-TGA ATG TCG GTA GCT CTC CAA AAA ACG GAA GGC TTG TGC CGC TTA TCG GT-5’

5’- AAU A

T7

AU CGA GAG G

5’-Bio ACT TAC AGC CAT CGA GAG GTT TTT TTG CCT TCC GAA CAC GGC GAA TAG CCA-3’
3’-TGA ATG TCG GTA GCT CTC CAA AAA AAC GGA AGG CTT GTG CCG CTT ATC GGT-5’

5’- AAU A

T8

AU CGA GAG G

5’-Bio ACT TAC AGC CAT CGA GAG GTT TTT TTT GCC TTC CGA ACA CGG CGA ATA GCC A-3’
3’-TGA ATG TCG GTA GCT CTC CAA AAA AAA CGG AAG GCT TGT GCC GCT TAT CGG T-5’

5’- AAU A

T10

AU CGA GAG G

5’-Bio ACT TAC AGC CAT CGA GAG GTT TTT TTT TTG CCT TCC GAA CAC GGC GAA TAG CCA-3’
3’-TGA ATG TCG GTA GCT CTC CAA AAA AAA AAC GGA AGG CTT GTG CCG CTT ATC GGT-5’

Unstructured transcript with 5S termination signal + complementary oligonucleotides
(red):
5’- A AUA

T12

AUC GAG AGG

5’- Bio ACT TAG CTA CAC ATC GAG AGG TTA AAC GAC ACG AAG CAA TTT TTT TTT TTT CCG CGC
3’-TGA ATC GAT GTG TAG CTC TCC AAT TTG CTG TGC TTC GTT AAA AAA AAA AAA GGC GCG
3’- U UAU UAG CUC

3’- UG CUG UGC UUC GUU

Complementary RNA oligos
GCA AGC ACG TTG CCG-3’
CGT TCG TGC AAC GGC-5’

Introduction of hairpin (red) in the unstructured transcript (above):
5’- A AUA

HP/T12

AUC GAG AGG

5’-Bio ACT TAG CTA CAC ATC GAG AGG TTG CTT CGT GCG AAA GCA CGA AGC AAT TTT TTT TTT TTC CGC
3’-TGA ATC GAT GTG TAG CTC TCC AAC GAA GCA CGC TTT CGT GCT TCG TTA AAA AAA AAA AAG GCG

GCG CAA GCA CGT TGC CG - 3’
CGC GTT CGT GCA ACG GC - 5’

5S helix I as a hairpin (cyan) preceding termination signal:
HP5S/T12
5’- A AUA
AUC GAG AGG
5’-Bio ACT TAG CTA CAC ATC GAG AGG TTA AAG GTT GCG GCT TTC TGC TGC AAT CTT TTT TTT TTT TCC

3’-TGA ATC GAT GTG TAG CTC TCC AAT TTC CAA CGC CGA AAG ACG ACG TTA GAA AAA AAA AAA AGG

GCG CGC AAG CAC GTT GCC G - 3’
CGC GCG TTC GTG CAA CGG C - 5’

Unstructured spacers between hairpin (5S helix I; cyan) and termination signal:

HP5S/T12 with 12 nt spacers
5’- A AUA
AUC GAG AGG
5’- Bio ACT TAG CTA CAC ATC GAG AGG AAA GGT TGC GGC TTC GGC TGC AAT CGA CAC GAA GCA ATT TTT
3’-TGA ATC GAT GTG TAG CTC TCC TTT CCA ACG CCG AAG CCG ACG TTA GCT GTG CTT CGT TAA AAA

TTT TTT TCC GCG CGC AAG CAC GTT GCC- 3’
AAA AAA AGG CGC GCG TTC GTG CAA CGG- 5’

HP5S/T12 with 15 nt spacers
5’- A AUA
AUC GAG AGG
5’- Bio ACT TAG CTA CAC ATC GAG AGG AAA GGT TGC GGC TTC GGC TGC AAT CAA CGA CAC GAA GCA ATT
3’- TGA ATC GAT GTG TAG CTC TCC TTT CCA ACG CCG AAG CCG ACG TTA GTT GCT GTG CTT CGT TAA

TTT TTT TTT TCC GCG CGC AAG CAC GTT GC - 3’
AAA AAA AAA AGG CGC GCG TTC GTG CAA CG - 5’

HP5S/T12 with 18 nt spacers
5’- A AUA
AUC GAG AGG
5’- Bio TAG CTA CAC ATC GAG AGG AAA GGT TGC GGC TTC GGC TGC AAT CGC AAA CGA CAC GAA GCA
3’-ATC GAT GTG TAG CTC TCC TTT CCA ACG CCG AAG CCG ACG TTA GCG TTT GCT GTG CTT CGT

ATT TTT TTT TTT TCC GCG CGC AAG CAC GTT

- 3’

TAA AAA AAA AAA AGG CGC GCG TTC GTG CAA

- 5’

Full length 5S gene (helix I – cyan, helices II and III – grey, helices IV and V - magenta).
TspR1 restriction of PCR fragment is shown as a break in the sequences:

5S

5’- UU
AUC AGU GAG G

5’–CGC ATC ATC AGT GAG
3’-CGC TAG

GTT GCG GCC ATA TCT ACC AGA AAG CAC CGT TT
TAG TCA CTC CAA CGC CGG TAT AGA TGG TCT TTC GTG GCA AA

TspRI cleavage site
CCC GTC CGA TCA ACT GTA GTT AAG CTG GTA AGA GCC TGA CCG AGT AGT GTA GTG
GGG CAG GCT AGT TGA CAT CAA TTC GAC CAT TCT CGG ACT GGC TCA TCA CAT CAC

GGT GAC CAT ACG CGA AAC TCA GGT GCT GCA ATC TTT TTT TTT TTT CCG CGC CGT
CCA CTG GTA TGC GCT TTG AGT CCA CGA CGT TAG AAA AAA AAA AAA GGC GCG GCA

GTG CAA GCA CGT TAC CC-3’
CAC GTT CGT GCA ATG GG Bio-5’

5S gene with secondary structure (helices I, IV and V) preceding termination signal
destroyed. The mutations were introduced so that no alternative secondary structures, as
predicted by Mfold, were formed. In particular we had to “lock” the initiating oligo into the
5’ proximal hairpin (underlined), since it always participated in or caused stable alternative
structures downstream:

5S-HP

5’- UU
AUC AGU GAG G

5’–CGC ATC ATC AGT GAG
3’-CGC TAG

GCT TCG GCC TCG CTG ATA CTA CCA GAA AGC
TAG TCA CTC CGA AGC CGG AGC GAC TAT GAT GGT CTT TCG

TspRI cleavage site

ACA GTT GAT CCC GTC CGA TCA ACT GTA GTT AAG CTG GTA ACC AGC CTG ATT
TGT CAA CTA GGG CAG GCT AGT TGA CAT CAA TTC GAC CAT TGG TCG GAC TAA

CTC AGG CTG GAT TAA TCA TAA CAC ACG ACA GGG CAA TTT TTT TTT TTT CCG CGC CGT
GAG TCC GAC CTA ATT AGT ATT GTG TGC TGT CCC GTT AAA AAA AAA AAA GGC GCG GCA

GTG CAA GCA CGT TAC CC-3’
CAC GTT CGT GCA ATG GG–Bio-5’

Full length SUP4 tRNATyr gene (acceptor stem – green, TψC arm – purple, anticodon arm –
brown, D arm - yellow). TspR1 restriction of PCR fragment is shown as a break in the
sequences:

tRNATyr
5’- UU
AUC AGU GAG G
5’–CGC ATC ATC AGT GAG
3’-CGC TAG

GCT CTC GGT AGC CAA GTT GGT TTA AGG CGC AAG
TAG TCA CTC CGA GAG CCA TCG GTT CAA CCA AAT TCC GCG TTC

TspRI cleavage site
ACT GTA ATT TAT CAC TAC GAA ATC TTG AGA TCG GGC GTT CGA CTC GCC CCC GGG
TGA CAT TAA ATA GTG ATG CTT TAG AAC TCT AGC CCG CAA GCT GAG CGG GGG CCC

AGA TTT TTT TGT TTT TTA TGT CTC CGT GTG CAA GCA CGT TAC CC – 3’
TCT AAA AAA ACA AAA AAT ACA GAG GCA CAC GTT CGT GCA ATG GG Bio – 5’

SUP4 tRNATyr gene with secondary structure (acceptor stem and TψC arm) preceding
termination signal destroyed. The mutations were introduced so that no alternative
secondary structures, as predicted by Mfold, were formed. In particular we had to “lock” the
initiating oligo into the 5’ proximal hairpin (underlined), since it always participated in or
caused stable alternative structures downstream:
tRNATyr–HP
5’- UU
AUC AGU GAG G

5’–CGC ATC ATC AGT GAG
3’-CGC TAG

GTT TCC TCG CTG ATA GGC CCC GTT GGT TCG GGG
TAG TCA CTC CAA AGG AGC GAC TAT CCG GGG CAA CCA AGC CCC

TspRI cleavage site
CGC CCG GCT GTA ATT TAT CAC TAC GAA ACC GGG AAG AAG ATC TAA TCA TAA CAC AGG GCA
GCG GGC CGA CAT TAA ATA GTG ATG CTT TGG CCC TTC TTC TAG ATT AGT ATT GTG TCC CGT

ATT TTT TTG TTT TTT ATG TCT CCG TGT GCA AGC ACG TTA CCC – 3’
TAA AAA AAC AAA AAA TAC AGA GGC ACA CGT TCG TGC AAT GGG Bio – 5’

Templates for promoter-borne transcription (non-template sequence). TATA box, BoxA and
Box B box are grey, green and cyan, respectively. Start site is dark blue. Unstructured spacer
is magenta.
Full length SUP4 tRNATyr gene:
5’ATT
TCG
TTG
TTT

CTC
AAA
ATA
TTT
CAA

TTT
TAC
CGA
TTT
GCT

TTC
TCT
AAT
ATG
CTT

AAT
CGG
CTT
TCT
AAG

TGT
TAG
GAG
CCA
CGG

ATA
CCA
ATC
TTC
CCG

TGT
AGT
GGG
ACT
C –

GTT
TGG
CGT
TCC
3’

ATG
TTT
TCG
CAG

TAG
AAG
ACT
ACT

TAT
GCG
CGC
TGC

ACT
CAA
CCC
AAG

CTT
GAC
CGG
TTG

TCT
TGT
GAG
AAA

TCA
AAT
ATT
TAT

ACA
TTA
TTT
TTC

TAT
GCG
CGC
CAC
TTA
CTC

ACT
CAA
CCC
TAA
TGT
TTA

CTT
GAC
CGG
CAC
CTC
AGC

TCT
TGT
GAG
CAA
CAT
GGC

TCA
AAT
AAA
CAC
TCA
CGC

ACA
TTA
ATA
CCA
CTT
– 3’

Full length SUP4 tRNATyr gene with unstructured spacer:
5’ATT
TCG
CAT
CAA
CCC

CTC
AAA
ATA
ACT
CAT
AGA

TTT
TAC
CGA
ATA
ACA
CTT

TTC
TCT
AAT
CAC
TAC
GCA

AAT
CGG
CTT
TCC
ACA
AGT

TGT
TAG
GAG
ATA
CAT
TGA

ATA
CCA
ATC
ACA
ACC
AAT

TGT
AGT
GGG
CTA
TTT
ATT

GTT
TGG
CGT
GAC
TTT
TCT

ATG
TTT
TCG
CAA
TGT
TTC

TAG
AAG
ACT
CCA
TTT
AAG

Complexes with poly-C, -A and –G tracts:

5’- AAU A

C7

AU CGA GAG G

5’-Bio ACT TAC AGC CAT CGA GAG GCC CCC CCG GCC TTC CGA ACA CGG CGA ATA GCC A-3’
3’-TGA ATG TCG GTA GCT CTC CGG GGG GGC CGG AAG GCT TGT GCC GCT TAT CGG T- 5’

5’- AAU A

A7

AU CGA GAG G

5’-Bio ACT TAC AGC CAT CGA GAG GAA AAA AAG GCC TTC CGA ACA CGG CGA ATA GCC A-3’
3’-TGA ATG TCG GTA GCT CTC CTT TTT TTC CGG AAG GCT TGT GCC GCT TAT CGG T-5’

5’- AAU A

G7

AU CGA GAG G

5’-Bio ACT TAC AGC CAT CGA GAG GCC GGG GGG GTT GGC CTT CCG AAC ACG GCG AAT AGC CA - 3’
3’-TGA ATG TCG GTA GCT CTC CGG CCC CCC CAA CCG GAA GGC TTG TGC CGC TTA TCG GT- 5’

Supplementary Text
Relation between backtracking, hairpin formation and complex destruction
In order to measure the distance from the Pol III active center to the RNA secondary
structure sufficient for termination we use EC7G (having 7Gs in the 3’ end of RNA) which is
stabilized in 1 bp backtracked state as judged by phosphodiester bond hydrolysis (slow
hydrolysis by Fe2+ ions in Fig. S6A, lane 3). To this complex we added RNA oligos
complementary to upstream part of the transcript. The complex underwent efficient
termination when the RNA duplex was 7 nucleotides from the Pol III active center (9 from
the 3’ end of RNA; Fig. S7). An RNA duplex forming 8 nucleotides from the active center of
EC7G was already not causing termination. The distance of 7 nucleotides between the
terminating RNA duplex and the Pol III active center is close (1 base pair shorter) to the
length of the RNA-DNA hybrid in the elongation complex (27). This means that the
elongation complex paused at no farther than 7 nucleotides from the hairpin can be
destroyed without backtracking. This also means that complexes paused further than that,
must undergo backtracking to bring Pol III active center at a distance no longer than 7
nucleotides from the hairpin, which happens efficiently on the poly-T signal. Consistently, as
seen from Fig. 2C and S2A, complexes paused at the distance >7 nucleotides from the
hairpin terminate efficiently because they undergo deep backtracking on poly-T signal,
which brings Pol III active center within 7 nucleotides of the RNA duplex. Note, that
complexes paused <7 nucleotides from the hairpin are not destroyed efficiently (also
similar to bacterial termination), suggesting that the hairpin struggles to fold at such
distance from the active center of Pol III and that this distance is minimal for efficient
termination.
The complexes paused on poly-T signal are prone to backtracking, which, in the
absence of an RNA secondary structure, causes deep backtracking of Pol III elongation
complex (Fig. 3). However, the release of poly-U complexes stalled 7 nucleotides from the
hairpin suggests that the backtracking was blocked by the hairpin before the complexes
were destroyed. Consistently, some stronger read-through of the poly-U pause is observed
with the hairpin immediately preceding the poly-U tract as compared to the situation when
the hairpin is at some distance from the poly-U tract (compare C and D in Fig. 2). Note
however that in some instances the latter effect can be attributed to the differences in the
sequences surrounding the poly-T signal, which are known to strongly affect the efficiency of
pause recognition (see Introduction).
Note that termination process does not require poly-U tract in RNA (Fig. S7; see also
Main Text). This result indicates that Poly-T signal serves either solely to pause the complex
near the RNA secondary structure, or to also bring it close enough to the nearest RNA
secondary structure for termination to take place.

Fig. S1. Pol III pauses after synthesis of poly-U tract but not any other homopolymeric tracts (12).
Note pausing after poly-C and poly-G tracts, which apparently can be explained by thermodynamics
of nucleic acids of the elongation complex: strong upstream RNA-DNA hybrid causes pausing.

Fig. S2. A. Pausing and termination on poly-T signal do not involve formation of extended RNA/DNA
hybrid. Transcription on templates depicted above gels (12) were performed in the absence or
presence of RNase H. B. KMnO4 probing of the template strand of EC8U. Template strand is 32P
labeled at the 5’ end. Single-stranded (ss) template strand and template annealed to non-template
(ds) are used as controls.

Fig. S3. Secondary structures of some of the transcripts synthesized by Pol III. Secondary structures
preceding the poly-U tract of unprocessed transcripts are shown in blue, next to the structures.

Fig. S4. Addition of an RNA oligonucleotide complementary to a part of hairpin-less transcript distant
(21 nts away) from the poly-U tract does not influence the absence of the release of poly-T paused
complexes.

Fig. S5. RNase A footprinting of EC8U and EC10U (compare to Fig. 3A). RNA was kinased with γ-[32P]ATP. Sites of cleavage by RNase A are shown with arrows. The cleavage products released (super)
after cleavage by RNase A were separated from those that remained in the elongation complex
(beads). The interpretation of footprinting is schematically shown below the gels.

Fig. S6. Complexes with homopolymeric sequences other than poly-T at the 3’ ends of transcripts do
not undergo stable backtracking (compare to Fig. 3A, B). A. Probing of stalled complex containing 7G
at the 3’ end of the transcript with hydroxyl radicals generated by Fe2+ bound in the Pol III active
center. Lane 5 (without DTT) is a control for hydrolysis caused by Fe2+. Radiolabels in the transcript
are shown in red. Cleaved positions are shown with arrows. Interpretation of probing patterns is
shown schematically below the gels. Note that upstream cleavage is likely to proceed from
complexes truncated by downstream cleavage (see scheme below the gel), as revealed by kinetics of
cleavage (not shown) and slow cleavage by Fe2+ ions (lane 3). B. Kinetics of RNA extension and
nucleolytic cleavage of RNA in paused complex containing 7G at the 3’ end of RNA. Radiolabels in
transcript are shown in red.

Fig. S7. Evolutionary conservation of RNA hairpin-dependent mechanism of termination. A. The
distance of the active center of Pol III from the terminating hairpin is similar to that during bacterial
termination. To measure the distance between the active center and termination RNA-duplex,
termination was analysed in EC7G complex (in the absence of poly-U signal), which is backtracked by

1 base pair (Fig. S6A), in the presence of RNA oligos complementary to the transcript upstream of
the poly-G sequence. B. Archaeal RNAP on the termination poly-T signal behaves similarly to Pol III.
Transcription in complexes (non-template sequences shown on the sides of corresponding gels)
coding or not coding for RNA hairpin behind poly-T signal was performed with RNAP from T.
kodakarensis, purified as described (3). Conditions of transcription were exactly as for Pol III, with
exception that reactions were performed at 60 °C.

Fig. S8. Sequence of events during termination by Pol III. A. Pol III reaches termination poly-T signal.
B and B’. Pol III synthesizes poly-U tract. C. In the case of an RNA stem of the transcript immediately
preceding the poly-T tract, hairpin formation inhibits backtracking, and Pol III is displaced form the
template. C’. On templates with unstructured trailers (up to 12 bp long) between poly-T signal and
nearest RNA secondary structure, or in the case an RNA stem immediately preceding poly-T does not
manage (or is not strong enough) to fold before it is accommodated in the RNA/DNA hybrid, Pol III
backtracks, which is accompanied by catalytic inactivation, until it reaches an RNA stem. D. RNA
secondary structure leads to destruction of the elongation complex, i.e. to termination.

Length of spacer
between 3’ RNAduplex and poly-U

Number of genes

0

64

1

79

2

46 (47)

3

17

4

12

5

20

6

10

7

11(13)

8

7(8)

9

3(4)

10

4 (1)

11

2 (1)

12

3 (2)

longer

0

Table S1. Distribution of the distances (spacers) between poly-U tract and the nearest secondary
structure of the transcript in S. cerevisiae Pol III transcripts (including 275 tRNAs and transcripts
shown in Figure S3). ~200 copies of 5S in the genome are represented by 6 different 5S genes, each
counted only once in the Table. All tRNA genes were counted in the table. Some tRNA spacers
contain a separate hairpin distinct from the structural body of tRNA. In many cases, the spacer forms
RNA duplex with the leader of the transcript (e.g. continuation of the acceptor stem of tRNA). For 4
pairs of tRNAs that are likely transcribed as polycistrons only the distance from the 3’ proximal
molecule to poly-U is counted in the table. Note that in many cases a 3’ penultimate secondary
structure (e.g. TψC arm of tRNA) is close enough to the poly-U signal to also be able to support
termination, should the closest to poly-U secondary structure fail to fold.

