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A high density of cis-information terminates RNA Polymerase III on a 2-rail track
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ABSTRACT
Transcription termination delineates the 30 ends of transcripts, prevents otherwise runaway RNA
polymerase (RNAP) from intruding into downstream genes and regulatory elements, and enables release
of the RNAP for recycling. While other eukaryotic RNAPs require complex cis-signals and/or accessory
factors to achieve these activities, RNAP III does so autonomously with high efficiency and precision at a
simple oligo(dT) stretch of 5–6 bp. A basis for this high density cis-information is that both template and
nontemplate strands of the RNAP III terminator carry distinct signals for different stages of termination.
High-density cis-information is a feature of the RNAP III system that is also reflected by dual functionalities
of the tRNA promoters as both DNA and RNA elements. We review emerging developments in RNAP III
termination and single strand nontemplate DNA use by other RNAPs. Use of nontemplate signals by
RNAPs and associated transcription factors may be prevalent in gene regulation.
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Background and context

All of the multisubunit RNAPs are evolutionarily related,
comprised of 5 (bacterial), 12 (Archaeal RNAP and RNAP
II), 14 (RNAP I) or 17 (RNAP III) subunits.1 After
initiation and promoter clearance, RNAPs form very stable
elongation complexes (ECs) which promote synthesis of
long RNAs and prevent costly premature or spontaneous
termination.2 Accordingly, programmed termination of
transcription by RNAPs proceed through graded mechanical
adjustments that slow and destabilize the elongating enzyme
and ultimately release it from the DNA template and the
nascent RNA.3 Bacterial RNAP requires a 2-part cis-acting
termination recognition signal comprised of an A-rich tract
in the template DNA strand closely preceded by a GCC-
rich inverted dyad repeat (Fig. 1A) that forms a hairpin in
the nascent transcript, and a compound mechanism by the
polymerase that serves to destabilize the EC at multiple
contact points, for intrinsic, i.e., factor-independent, termi-
nation.3 Although key details of the molecular mechanisms
involved in this process as well as for factor-dependent ter-
mination by bacterial RNAP remain uncertain, an excellent
review is available.3 Briefly, the RNAP pauses upon incor-
poration of a run of U’s corresponding to the A-rich tract,
and concurrent sensing of formation of the upstream RNA
hairpin in the RNA exit channel of the RNAP causes
alterations that contribute to disruption of the oligo(rU:dA).
Factor-mediated termination by bacterial RNAP uses
Rho-helicase, a RNA-binding protein that associates with a
C-rich region of the nascent transcript and then tracks

along the transcript like a torpedo until it contacts the elon-
gating polymerase and mediates effects that destabilizes the
EC that has stopped at a pause site and thereby promotes
termination.3

In eukaryotes, the 3 major classes of genes that produce,
large rRNA, mRNA and tRNA are transcribed by RNAPs I, II
and III respectively.4,5 RNAPs I and II also use multipartite
cis-termination signals, RNA-binding factors and 50–30 exonu-
cleases that track the polymerases according to the torpedo
model.2,4 Moreover, depending on the type of RNAP II-tran-
scribed gene, poly(A)-associated or small ncRNA (Fig. 1A), dif-
ferent classes of cis-elements trigger termination (for extensive
review see ref 2). Briefly, RNAP II termination of poly(A) pre-
mRNA involves multiple ancillary factors, and the termination
mechanism is tightly linked to cleavage of the nascent RNA
»50 nucleosides downstream of the AATAAA poly(A) addi-
tion site (Fig. 1A).2 Note that by this mechanism the actual ter-
mination site at which the RNAP releases from the template
can be variable distances downstream from the poly(A) site
(Fig. 1A).2 The small ncRNA RNAP II termination pathway
utilizes different cis-signals as well as the Nrd1 and Nab3
trans-acting factors (Fig. 1A, for extensive review see ref 2). By
comparison to the other RNAPs, RNAP III has a most simple
cis-termination signal, a short oligo(T) stretch4 that functions
without need for an upstream hairpin6 (Fig. 1A), and the mech-
anism provides for decisive, precise and efficient termination.

Similar to bacteria, the archaea also contain a single RNAP
that must transcribe all gene classes although with 12 subunits
its composition is much more like RNAP II.1 Archaeal RNAP
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and RNAP III share a similar feature of termination, the cis-ele-
ment of an oligo(T) stretch, although their mechanisms of ter-
mination differ in certain other regards.7 Significantly unlike
RNAP III, termination by Archaeal RNAP is confounded by
the fact that it must suppress termination at the large number
of oligo(T) stretches found within Archaeal genes.7 Among
other possibilities this suggests that additional cis-information
can modulate the termination function of oligo(T) sequences
in Archaea, although the mechanisms involved remain
unknown.8 We are left with the conclusion that of all the multi-
subunit RNAPs, RNAP III indeed appears to have the most
simple and direct link between its cis-termination signal and its
termination mechanism.

What characteristics distinguish the RNAP III system
toward such relative efficiency and apparent simplicity of
its termination mechanism? One clue is that it is the only
eukaryotic RNAP that exclusively synthesizes short RNAs.
As the hundreds of tRNA genes that occupy most eukary-
otic genomes are its most abundant substrates, its major
products are limited to about 100 nt in length, and the
small number of longer substrate RNAs are no more than a

few hundred nt. One feature of a short length RNA that
allows a simple oligo(dT) motif to serve as a cis-element for
termination, is avoidance of that sequence motif in the
body of the transcript, as is the case for the tRNAs and
other RNAP III products (this becomes less likely as tran-
script length and complexity increases). Thus, one can
imagine that as part of the evolutionary specialization of
RNAP III for short transcripts, the risk of premature trun-
cation was low relative to the benefit of a facile termination
mechanism, especially if this can be linked to an efficient
recycling or reinitiation mechanism, as is the case for
RNAP III.9 The tRNAs are required in high levels to fuel
protein synthesis in rapidly growing cells. An estimation
from tRNA levels in yeast indicates that RNAP III generates
»2 transcripts per gene per second, making it the most effi-
cient transcription reinitiation machine.10 The strategies
used by RNAP III for such high efficiency appear to have
included great stability of DNA-bound transcription factors
to sustain innumerable rounds of transcription reinitiation
(reviewed in 9) and acquisition of integral RNAP subunits
that perform functions carried out by dissociable

Figure 1. Cis-acting transcription termination signals for different multisubunit RNA polymerases. (A) Cis-termination signals in DNA for the different RNA polymerases
indicated on the left are shown. Characteristics of the elements are labeled. Those shown as blue boxes function as RNA, as sequence-specific protein binding sites or as
secondary structure elements. For descriptions of trans-acting factors, Nrd1 and Nab3, and TTF-1, see Porrua and Libri2 and Richard and Manley.4 In general, for the T
stretches indicated as such, they are the transcript release sites; the others are less well defined and indicated as gray rectangles and can be spread over some distance.
(B) Different components of the RNAP III oligo(dT) terminator and the sequence-specific signals and determinants referred to in the text are indicated.
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transcription factors for other RNAPs.11,12 Although these
are some of features that streamline the RNAP III transcrip-
tion cycle for high efficiency (reviewed in 9), it seems likely
that others, including specialization of the active center (see
below), remain to be elucidated.

The high density of cis-information in the RNAP III system
is not only found in the terminator but also extends to the
tRNA gene promoter elements. Most notably, these A and B
box elements are gene-internal13 (Fig. 2A) and as such mini-
mize the size of the transcription unit as compared to genes
transcribed by other RNAPs whose control regions typically
extend far upstream. Second, as internal sequence motifs they
are of dual use, both as DNA elements to which different subu-
nits of transcription factor IIIC bind14 (Fig. 2B), and as con-
served structural elements of the tRNAs themselves, the D loop
and T loop (green and yellow respectively in Figs. 2A-C). Of
somewhat similar duality is the oligo(dT) terminator which
demarcates the 30 border of the TFIIIC complex in chromatin15

and produces the nascent RNA 30 oligo(U) ends (blue color
circles in Fig. 2C) to which the UUU 30-OH-sequence-specific
binding protein known as La binds and serves as chaperone
during RNA processing.16

However, recent data indicate that the cis-information
density of the RNAP III terminator is greater than expected
and perhaps more so than for any other RNAP system, as
its template and nontemplate strands contain distinct sig-
nals to direct termination.17 Below we focus on recent anal-
yses that show that the oligo(dT) terminator contains 3
signals to direct RNAP III termination; while the template
strand oligo(dA) acts as a principal destabilizing signal, spe-
cific nontemplate strand dT residues direct 2 phases of

termination, pausing of a metastable pretermination com-
plex (PTC), and transcript release. First however, we will
briefly review some principles of transcription termination
that have been learned mostly from studies of bacterial
RNAP (see 3).

Basics of transcription termination

Transcription elongation complexes are highly dynamic yet
stable as they move along the DNA adding nucleotides at a
fast rate (e.g., »50 nt/second), and very resistant to prema-
ture release of the transcripts or the template DNA. Several
features enable this: grip on the downstream DNA in a cleft
of the RNAP by its mobile clamp domain, interaction
between the growing RNA and amino acid side chains in
the RNA exit channel of the RNAP, and a grasp on the 8–
9 bp RNA:DNA hybrid that is maintained in the active cen-
ter of the RNAP.18,19 However, very important to the stabil-
ity of the complex is the collective thermodynamic strength
of the base pairs of the RNA:DNA hybrid itself.3 Upon
encountering oligo(dT), i.e., oligo(dA) on the template
strand, an elongating RNAP forms an oligo(rU:dA) hybrid
in the active center (e.g., see Fig. 1B). Since dT-rich or
oligo(dT) sequences comprise bacterial RNAP and RNAP
III terminators, it was suggested that the unique thermody-
namic instability of the oligo(rU:dA) hybrid, which far
exceeds that of any other sequence combination, would be
an important determinant of termination,20 consistent with
current models for termination by RNAP III and other
RNAPs.

Figure 2. High-density of cis-information in the RNAP III transcription promoter and terminator control system; dual functions as tRNA elements. (A) Typical tRNA gene
with internal A and B box promoter and terminator control elements, color-coded to match B & C, is shown.13 (B) Highly schematic representation of transcription factors
(TF) IIIB, TFIIIC and RNAP III bound to a tRNA gene (for more high resolution see14). RNAP III is depicted as terminating transcription at the oligo(dT) stretch, with the termi-
nation subcomplex (C53/C37/C11) portrayed in darker color. (C) Schematic representation of unprocessed nascent precursor-tRNA with control elements color-coded as in
A; orange circles represent the anticodon (see text).
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RNAP III is hypersensitive to termination

The core subunits of the multisubunit RNAPs that com-
prise their active centers (the 2 largest subunits) that are
sensitive to termination share sequence and structural
homology with RNAP III (reviewed in 5). These RNAPs
also share similar mechanisms of transcription initia-
tion.11 While this suggests that similar principles should
apply to RNAP III termination as have been elucidated
for bacterial RNAP, the data on RNAP III suggests that it
has been sensitized for facile and efficient termination,
including an active center structure that is less binding
and more sensitive to the oligo(rU:dA) hybrid than the
other RNAPs.5,21 In addition, the C37 subunit contributes
to termination apparently by recognizing the terminator
sequence element (below).22

Termination by RNAP III

Biochemical studies revealed 2 distinct mechanisms of RNAP
III termination: core and holo-enzyme mechanisms.22 The dis-
tinguishing features of these are the dependence or not on 2
components, the 3 subunit RPC53/RPC37/RPC11 (C53/37/11)
“termination-reinitiation” subcomplex and the length of the
oligo(dT) stretch. The 17-subunit RNAP III holoenzyme can
terminate on as few as 5 or 6Ts; while a 14 subunit core version
of RNAP III that lacks these 3 subunits (previously referred to
as pol IIID)23 that can be isolated from a rpc11-mutant yeast,
requires 9Ts for efficient termination.22 Even on a 9T tract,
RNAP III-holoenzyme terminates almost exclusively in its
proximal region and RNAP III-core terminates almost exclu-
sively in its distal region.22 As more than 80% of tRNA gene
terminators in S. cerevisiae have a 6 or 7T terminator,24,25 the
holo-enzyme mechanism would appear to be essential for
RNAP III function.

This distinction in dT length suggests that the core mecha-
nism reflects sensitivity of the RNAP III core to the thermody-
namic instability of the oligo(rU:dA) hybrid, independent of
the C53/37/11 subcomplex. Accordingly, because the holoen-
zyme mechanism differs in that it can terminate on a shorter
oligo(rU:dA) hybrid and requires C53/37/11, it might be
hypothesized that these subunits increase the destabilizing
effects of a short oligo(rU:dA) hybrid. Although this is attrac-
tive as a simple hypothesis, the data suggest a more complex
mechanism of action.17 Earlier biochemical analysis indicated
that the C53/37/11 subcomplex reduces the elongation rate of
RNAP III,23 increasing residence time on the terminator and
thereby increasing the opportunity for the kinetic coupling
model of termination.26 Recent experiments indicate a more
intricate mechanism than simple reduction in elongation rate.

Biochemical analysis of the kinetics of the RNAP III
holoenzyme mechanism of termination revealed that the
transition from elongation to termination occurs via a
metastable but catalytically active intermediate.17 The data
suggest that C37 is the key facilitator of this transformation,
while C11 and C53 are required during other phases of the
termination process or contribute supporting roles, respec-
tively.17 Dissection of the mechanism revealed 2 steps: for-
mation of a metastable pretermination complex (PTC)

followed by transcript release. In further support of this,
deletion of 5 amino acids from a C-terminal region of C37
that were previously found as hotspots in decreased termi-
nation mutants in vivo,27 uncoupled these steps in the bio-
chemical assays.17 Surprisingly however, although the model
that C53/37/11 may increase oligo(rU:dA) hybrid instability
might predict interaction between these 2 components, the
data instead suggested that the target of C37 (Rpc37) action
in the RNAP III termination pathway is the nontemplate,
i.e., oligo(dT) strand of the terminator (Fig. 1B).17

Terminating RNAP III on a 2-rail track: The template and
nontemplate strands

Termination can occur by either RNAP III-holo or RNAP
III-core on single-stranded oligo(dA) in the absence of a
nontemplate strand.17 On the other hand, if the template
strand does not have an oligo(dA) stretch, no termination
occurs even if oligo(dT) exists in the nontemplate strand of
the heteroduplex (17, unpublished). These observations
argue that a principal signal for RNAP III termination
derives from the oligo(dA) stretch of the template strand.
However, total absence of a nontemplate strand or changes
in its base identity of specific Ts altered termination quali-
tatively as well as quantitatively17 indicating that the non-
template strand plays an active role in transcription
termination (also see 28).

Though the nontemplate strand of the terminator under
study was a 9T stretch, substitutions of individual nucleotides
revealed specific effects on different stages of termination.17

Substitution of the 3rd and 4th Ts impaired slowing of the
complex and formation of the PTC while substitution of the
5th T produced a distinct effect, deficiency for transcript release
by the PTC. The results suggest that C37 recognizes the non-
template strand in a sequence-specific manner, and can distin-
guish nucleotide positions at different phases of
termination (also see 28 for insightful discussion).

The nontemplate strand in the transcription bubble:
exposed for regulatory factors

During transcription, the template strand is buried within
the catalytic center and is otherwise not accessible.29 On the
other hand, DNA-protein cross linking as well as crystal
structures of elongation complexes formed with RNAP II
reveal that the path of the nontemplate strand of the tran-
scription bubble is along the lobe and protrusion of the
Rpb2 subunit, exposed at the surface of the complex.30,31

This accessibility of the nontemplate strand may indicate it
as an active player in modulation of RNAP activity during
different stages of transcription.

The heterodimer RNAP III subunits C53/37 share homology
with RNAP II transcription initiation factor subunits TFIIF and
RNAP I integral subunits RPA49/RPA34.5.12 Given that all 3 of
these homologous complexes occupy analogous positions on
their respective RNAPs,32,33 it should be suspected that they
may interact with the nontemplate strand albeit possibly to aid
different outcomes.
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The nontemplate strand as a target of regulatory factors

The bacterial initiation factor s binds to the nontemplate
strand of the ¡10 promoter element in a sequence specific
manner during transcription initiation34 and stabilizes initial
promoter opening.35 Moreover, the b subunit of RNAP exhibits
sequence specific interaction with the dG nucleotide at C2 of
the nontemplate strand.36 Crystal structures of backtrack-
arrested RNAP II suggests that such a binding pocket for a C2
nucleotide of the nontemplate strand may also exist for eukary-
otic RNAPs.36,37 Sequence specific preference for nontemplate
C2 dG residue modulates elongation of transcription as it
counteracts pausing by stabilizing the post-translocated state.38

A universally conserved family of transcription elongation
factors binds the nontemplate strand of the transcription bub-
ble.39 NusG binds to the bacterial RNAP elongation complex
after the dissociation of s factor and interacts with the T rich,
single stranded nontemplate DNA.40,41 NusG paralog RfaH is
recruited to the elongation complex by the sequence specific
binding to the ops sequence on single stranded nontemplate
strand of the transcription bubble.42 Interestingly, the eukary-
otic member of the NusG family of factors, Spt5, also localized
in close proximity to the nontemplate strand of transcription
bubble of RNAP II.43,28 All of these observations suggest that
the role of the nontemplate strand as a sequence-specific regu-
lator of transcription initiation, elongation and/or termination
are more widespread than previously thought.

Finally, apart from transcription bubbles, more extended R
loops also expose single stranded DNA as potential targets of
regulatory mechanisms. Displacemet of single stranded DNA
at tRNA loci has been documented on a genome-wide scale.44

Another example is the DNA methylation-resistant CG island-
containing promoters that are characterized by R loops.45

These suggest that the individual single strands of the DNA
may play definitive roles in regulation of gene expression.
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