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Abstract

Transcription is enabled by RNA polymerase and general factors that allow its progress through the
transcription cycle by facilitating initiation, elongation and termination. The transitions between specific stages
of the transcription cycle provide opportunities for the global and gene-specific regulation of gene expression.
The exact mechanisms and the extent to which the different steps of transcription are exploited for regulation
vary between the domains of life, individual species and transcription units. However, a surprising degree of
conservation is apparent. Similar key steps in the transcription cycle can be targeted by homologous or
unrelated factors providing insights into the mechanisms of RNAP and the evolution of the transcription
machinery. Archaea are bona fide prokaryotes but employ a eukaryote-like transcription system to express
the information of bacteria-like genomes. Thus, archaea provide the means not only to study transcription
mechanisms of interesting model systems but also to test key concepts of regulation in this arena. In this
review, we discuss key principles of archaeal transcription, new questions that still await experimental
investigation, and how novel integrative approaches hold great promise to fill this gap in our knowledge.

© 2019 Elsevier Ltd. All rights reserved.
Introduction

Advanced phylogenetic analyses suggest that life
on earth is divided into two primary domains,
bacteria and archaea, and that a primordial
archaeon closely related to the extant Asgård
phylum was the likely ancestor of all eukaryotes
[1,2]. In this vein, the molecular machinery carrying
out processing of biological information (i.e., replica-
tion, transcription and translation) in eukaryotes is
closely related to the cognate systems in archaea
[3]. All archaeal and eukaryotic RNA polymerases
(RNAPs) share a conserved core architecture in
terms of subunit composition, structure and mole-
cular mechanisms of nucleotide translocation, phos-
phodiester bond formation and cleavage [4]. In
addition, they share a core set of basal transcription
initiation (i.e., TBP, TFB and TFE) and elongation
factors (including TFS, Spt4/5, Elf1) distinct from
those used by bacteria with the sole exception of
Spt5 that is homologous to bacterial elongation
r Ltd. All rights reserved.
factor NusG [5e7]. Many archaea use histones to
form a chromatinized template for transcription [8,9].
Archaeal cells are prokaryotic, and thus, the two key
processes of gene expression, transcription and
translation, are likely to be functionally coupled
[10e12]. The transcription unit (TU) organization
and mRNAs of archaea and bacteria share important
basic features: (i) many genes are organized in
polycistronic operons, (ii) mRNAs are cap-less and
intron-less, and (iii) translation initiation is reliant on a
ShineeDalgarno-dependent ribosome-binding
mechanism or a leaderless mechanism with start
codons located proximal to the mRNA 50-terminus
[13]. Archaeal genomes are relatively small (1.5e7
Mbp) and compact with very short intergenic regions,
which limits the space for regulatory transcription
factor binding sites compared to eukaryotic gen-
omes. In essence, archaea run a gene expression
program using a eukaryote-like transcription machin-
ery on a bacterial-like genome. This unorthodox
situation provides a unique opportunity to investigate
Journal of Molecular Biology (2019) 431, 4184–4201



Fig. 1. Molecular mechanisms of the archaeal transcription cycle. (A) Transcription of a gene is initiated at the promoter,
proceeds through the gene body and comes to completion at the terminator. RNAP makes repeatedly use of the template
by progressing repeatedly through the cycle, and specific subsets of initiation, elongation and possibly termination factors
assist RNAP during this process. These mechanisms are described in detail in the text. Atomic-resolution structural
information on the RNAP transcription pre-initiation complexes (PIC) and RNAP transcription elongation complexes (TEC)
has greatly contributed to our understanding of RNAP function. The structural model of the archaeal PIC (DNA-TBP-TFB-
RNAP-TFEalpha) is derived from Ref. [13]. The structural model of the archaeal TEC (DNA/RNA-RNAP-Spt4/5-Elf1) was
generated using Chimera. The Sulfolobus shibatae RNAP (PDB: 2WAQ) was aligned to RNAP II of the eukaryotic TEC
(PDB: 5XOG, 5XON) [54,170,171].
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(i) the molecular mechanisms of transcription in a
highly tractable model system (see below), (ii) the
evolution of transcription systems in archaea and
eukaryotes, and (iii) the fundamental principles
guiding the regulation of gene expression in prokar-
yotes and by inference eukaryotes.
Themost common and well-studied archaeal model
organisms for transcription exhibit an extremophilic
lifestyle, including thermophiles such as Sulfolobus,
Thermococcus, Pyrococcus, and Methanocaldococ-
cus as well as the highly genetically tractable
halophiles including Halobacterium and Haloferax
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species. The thermophilic lifestyle of these archaea
often translates into a high biochemical tractability of
theirproteins,whichhasmade themfavored targets for
structure determination by crystallography [14e17]
and has facilitated the in vitro reconstitution of RNAPs
from their 12 individual recombinant subunits [18,19], a
feat that has not been successful for any eukaryotic
RNAP. Reconstituted recombinant RNAPs have
allowed a rigorous molecular genetics analysis of
archaealRNAPsunconstrainedbycell viability, aswell
as the site-specific incorporation of molecular probes
including fluorescent dyes and nitroxide spin labels
into RNAP subunits. These derivatized RNAPs have
been applied in a broad range of functional and
biophysical studies that have furthered our under-
standing of RNAPmechanisms [19e25]. The extreme
physical and chemical conditions including high
temperature and low pH require special adaptations
of biochemical assays and often rule out the use of
conventional selective agents includingantibiotics and
chemical drugs, which rapidly degrade in the growth
medium or reaction buffers. In addition, the archaeal
RNAP appears insensitive to alpha-amanitin and
rifampicin that are widely used as inhibitors of
eukaryotic RNAPII and bacterial RNAP, respectively
[26,27]. Many archaeal proteins are modified by
phosphorylation and methylation, but to date, there is
no direct evidence that components of the archaeal
transcription machinery, including histones, are regu-
lated by post-translational modifications [28e32]. In
comparison, post-translational modifications play a
major role in the regulation of RNAPII, including the
extensive phosphorylation of the largest RNAPII
subunit C-terminal domain that is not conserved in
archaea [28,33].
Archaeal model systems have provided many

insights into the fundamental mechanisms of transcrip-
tion.Thekeystrategy tounlock the remainingmysteries
is to integrate (i) mechanistic hypotheses derived from
molecular structures and in vitro transcription experi-
ments, (ii) classical genetics and (iii) information
provided by genome-wide mapping techniques, a
field that has been rapidly developing in recent years.
While current reviews have described recent progress
in the field [6,34], this manuscript focuses on some of
the big questions that remain unanswered.
Mechanisms of TranscriptiondLessons
Learned in Vitro

The mechanisms of transcription initiation in
archaea have been thoroughly characterized in
vitro. Initiation proceeds via the stepwise assembly
of a pre-initiation complex (PIC) that is directly
comparable to the eukaryotic RNAPII PIC [35]. PIC
formation is nucleated by the binding of the TATA-
binding protein (TBP) and transcription factor B
(TFB; TFIIB in eukaryotes) to the promoter, followed
by the recruitment of RNAP and transcription factor
E (TFE; TFIIE in eukaryotes) (Fig. 1AB). TBP and
TFB recognize two promoter elements in a
sequence-specific fashion, the TATA box and the
B-recognition element (BRE), respectively. The
binding of TBP distorts the promoter topology by
inducing a ~90� bend in the DNA [14,36]. TFB
enhances the stability of the TBPeDNA complex
[36], provides the correct orientation [37] and recruits
the RNAP via multiple interactions with the RNAP
dock domain and RNAP active site cleft [38,39]. TFE
facilitates the conversion of the PIC from the closed
complex (CC) to the open complex (OC). During the
conversion to the OC, the DNA strands are locally
separated upstream of the transcription start site
(TSS) and the template strand is inserted into the
active site of RNAP. The Initiator (Inr) promoter
element is a dinucleotide motif that is important for
the precise choice of TSS [40]. Transcription starts
with the synthesis of very short (3e9 nt) “abortive”
transcripts, during which the PIC converts into the
initially transcribing complex (ITC) that remains
bound to the promoter via TBP and TFB. During
initial transcription archaeal RNAP remains bound to
the initiation factors upstream while downstream
DNA is railed in. This likely results in DNA scrunch-
ing as has been observed for bacterial RNAP [41]. In
order to productively synthesize RNA transcripts, the
RNAP has to be released from TBP and TFB. The
underlying molecular mechanisms are complex and
likely involve a concerted displacement of TFB
domains by conformational changes in the RNAP
and by the growing RNA chain similar to eukaryotic
RNAPII [20,38,42]. During initiation, DNA melting
and template strand loading can occur in the
absence of TFE, since TBP and TFB are sufficient
to initiate RNAP transcription in a TSS-specific
fashion in vitro [18,43]. To what extent transcription
initiation depends on TFE in vivo remains to be
determined. The essential nature of tfeA, the gene
encoding the TFE alpha subunit, emphasizes the
importance of TFE [44e46]. In most archaeal
species, TFE is a heterodimer consisting of alpha
and beta subunits, while several euryarchaeal
lineages have lost the tfeB gene and use a
monomeric TFE alpha variant with complete TFE
functionality [19,21,39,47]. The haloarchaea lineage
within euryarchaea maintained the tfeB gene, but in
at least inHaloferax volcanii tfeB is not essential [44].
In contrast, tfeB is strictly conserved within cre-
narchaea and the gene is essential in Sulfolobus
acidocaldarius [46,48].
Transcription elongation is a discontinuous pro-

cess that is frequently interrupted by pausing or
arrest caused by the sequence context (e.g., poly-A
tracts), DNA-associated proteins that present a road
block to elongating RNAPs (including histone-based
chromatin), or chemical DNA adducts (e.g., pyrimi-
dine dimers) typical for radiation damage. A
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spectrum of elongation factors assists RNAP in
overcoming these impediments, including the tran-
script cleavage factor TFS, the processivity factors
Spt4/5 and Elf1 (Fig. 1A), and the termination factor
Eta [21,49,50]. TFS is homologous to TFIIS in the
eukaryotic RNAPII system, and both factors stimu-
late the intrinsic transcript cleavage activity of RNAP
to resolve stalled and backtracked TECs [49,51].
Spt4/5 is the only RNAP-associated factor that is
universally conserved throughout all domains of life
[52]. Spt4/5 binds to the RNAP clamp and across the
active site cleft forming a tunnel through which the
template DNA is threaded towards the catalytic site
[15,50,53] (Fig. 1C). The smaller Spt4 subunit,
specific to archaea and eukaryotes, is entirely
comprised of a compact zinc-ribbon domain. Spt4
in conjunction with the C-terminal KOW domain of
Spt5 binds close to the reannealed upstream DNA in
the RNAP transcription elongation complex (TEC)
[15,53,54]. The incorporation of Spt4/5 stabilizes the
TEC and improves the processivity [22,52]. Spt4/5
and TFS both facilitate transcription elongation
through naked as well as chromatinized and
histone-bound DNA [22,55]. Based on in vitro
studies, TFE and Spt4/5 interact with RNAP in the
context of transcription initiation and elongation,
respectively. The binding of TFE and Spt4/5 to
RNAP is mutually exclusive, and hence TFE and
Spt4/5 have to be swapped during the transition from
initiation to elongation (ITC to TEC) [21]. Whether
Spt4/5 actively displaces TFE during promoter
escape, or whether the release of TFE unmasks
the binding site of Spt4/5 and that triggers its
recruitment remains to be determined. Well aligned
with the factor swapping hypothesis, the interference
with Spt4/5 (aka DSIF) recruitment to RNAPII using
cdk7 inhibitors leads to the retention of TFIIE in early
elongation complexes [56].
Can Mechanisms Determined in Vitro Be
Extrapolated to Live Cells?

The widely reported view on archaeal transcription
as summarized above is mainly the outcome of in
vitro experimentation following a reductionist
approach using reconstituted transcription systems
and thus ignoring the potential diversity of transcrip-
tion mechanisms that occur in vivo. Moreover, these
studies were often limited to a relatively small
number of strong model promoters controlling viral
genes (SSV-T6), stable RNAs (tRNA and ribosomal
RNA) or promoters of highly expressed metabolic
genes with excellent signal-to-noise ratios. To truly
appreciate the complexities of transcription in living
cells and to advance our understanding of specific
processes including RNAP recruitment, promoter
escape, transcription pausing and processivity, it is
useful to characterize the genome-wide occupancy
of RNAP and basal transcription factors and the
dynamic changes thereof in response to the envir-
onment, for example, during different growth phases
and stresses. The most widely used technique to this
end is Chromatin Immunoprecipitation followed by
next generation sequencing (ChIP-seq). For proteins
that translocate along the DNA such as RNAP and
elongation factors, the genomic occupancy is a
function of the initiation rate, the elongation rate, and
processivity. This makes the interpretation of their
occupancy profiles more complicated than the
localized or even DNA sequence-specific binding
of transcription initiation factors including TBP, TFB
and TFE [57]. Complementary mapping approaches
make use of the RNA signal to map RNAP
distribution. Techniques such as Nascent Elongating
Transcript (NET)-seq [58], GRO- [59] and PRO-seq
[60] all essentially determine the position of the
nascent RNA 30-ends within the TEC with nucleo-
tide- or near-nucleotide resolution. This allows to
infer the genome-wide distribution of RNAP at high
resolution and with strand specificity. Importantly,
these methods are able to provide insights into the
dynamic aspects of actively transcribing RNAP.
Additional sequencing methods such as ChIP-exo
[61] and PIP-seq [62] can increase the spatial
resolution by mapping proteineDNA complex
boundaries and the single-stranded regions of the
transcription bubble at near-nucleotide resolution,
respectively.
Genome-wide mapping methods have been

extensively applied to the basal transcription machi-
neries of eukaryotes, and comprehensive studies
have been published for some bacterial species in
Escherichia coli and Bacillus subtilis [63e65].
Archaea have remained much less explored
[40,66]. Recently, a pioneering multi-omics
approach was reported on the global TSS map;
genome-wide occupancy profiles of TBP, TFB, Spt4/
5 and RNAP; and a transcriptome analysis in the
euryarchaeon Methanocaldococcus jannaschii [40].
The overarching results were encouraging, in as
much as many mechanisms based on in vitro
studies using a few model promoters were indeed
highly relevant for promoters systems-wide, and in
vivo. First, the combination of TATA and BRE
elements were confirmed to be the principal promo-
ter elements in archaea [40,67e69]. Second, the
similarity of the promoter to the TATA/BRE con-
sensus was only weakly correlated to TBP/TFB
occupancy at these promoters, which suggest that
gene-specific regulators (e.g., Ptr2 [70e72]) and
chromatin [9] likely influence TBP/TFB recruitment
and thereby contribute to core promoter strength.
Third, the study identified Spt4/5 as a general
elongation factor that correlated very strongly with
RNAP on protein-encoding as well as non-coding
RNA TUs. While archaeal and eukaryotic Spt4/5 are
recruited to the RNAP proximal to the promoter, the
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recruitment of its homolog NusG in bacteria occurs
later in a stochastic fashion throughout the gene
body [63]. In contrast to NusG, its paralogue RfaH in
E. coli is recruited promoter-proximal via a specific
sequence motif termed ops [73].
The reason for this discrepancy concerning their

recruitment of NusG and Spt4/5 is not understood,
but it is tempting to speculate that the Spt4
subunitdwhich is not conserved in bacter-
iadenhances the binding of Spt4/5 to the TEC and
ensures its early recruitment, possibly by interacting
physically with the upstream duplex DNA [54]. The
early recruitment of archaeal Spt4/5 on the vast
majority of TUs supports the notion of a mechanism
by which the swapping between TFE and Spt4/5
operates genome-wide. A specific subset of promo-
ters enriched in noncoding RNA genes revealed a
delayed Spt4/5 recruitment indicative of an alter-
native modus operandi of escape on some TUs [40].
The study also uncovered potential gene-internal
and antisense promoters, which reflects the complex
picture of transcription provided by RNA-seq data.
In summary, global mapping analyses have the

power to test whether mechanisms based on reduc-
tionist in vitroexperimentationapplyonawider scale in
vivo as well as to identify exceptions that serve as
generators of hypotheses that can be rigorously tested
in vitro. However, methods relying on immunoprecipi-
tation of targets are limited to components that are
known to the investigator, and leave us with the urgent
need to identify regulatory factors de novo.
Identification and Characterization of
Novel Archaeal Transcription Factors

To date, all functionally characterized general
transcription factors in archaea were identified
based on sequence homology with their eukaryotic
and bacterial counterparts, including TBP and TFB
[74e78], TFE alpha and beta [48,77e84], Spt4/5
[22,83], and TFS [49,51,84]. Sequence searches
have identified two further candidates that await
experimental vetting and characterization, archaeal
homologs of the RNAPII elongation factor Elf1 [85]
and the bacterial elongation factor NusA [6]. Struc-
tures of RNAPII TECs show that eukaryotic Elf1
binds proximal to the NGN domain of Spt5, which in
conjunction seal the downstream region of the DNA-
binding channel (Fig. 1C). In vitro transcription
experiments suggest that yeast Elf1 can negatively
or positively influence transcription, dependent
whether the DNA is naked, or nucleosome-bound,
respectively [54,86]. Whole-genome occupancy pro-
files demonstrate that Elf1 follows RNAPII through
the genome in similar manner to Spt4/5 [87]. In
Archaea, homologs of Elf1 were identified in
members of TACK and ASGARD superphyla, but
its role during transcription remains to be character-
ized [6,85]. Bacterial NusA modulates transcription
elongation by interacting with RNAP, the nascent
RNA and other Nus factors including NusB, E and G,
as well as bacteriophage-encoded proteins including
Q and N, which gave the Nus factors their name (N-
utilization substances). Bacterial NusA contains an
N-terminal RNAP-binding domain and at least three
RNA-binding domains, one S1 (OB fold) and two KH
domains, while the archaeal variant encompasses
only the two KH domains. Interestingly, the “miss-
ing” NusA N-terminal domain and S1 domains bear
a limited sequence and structural similarity to Rpo7/
RPB7, a conserved RNAP subunit that is stably
associated with all archaeal and eukaryotic RNAPs
[88]. Rpo7 and RPB7 interact with the nascent RNA
during elongation, and increase transcription pro-
cessivity [23,89]. Similar to its bacterial homolog,
archaeal NusA binds tightly to RNA in vitro [90].
Bioinformatic analysis of the first available

archaeal genomes discovered one more candidate
for a basal transcription factor in archaea. Mbf1 is the
only eukaryotic transcription regulator with a homo-
log in archaea where it is highly conserved
[81,91,92]. However, yeast Mbf1 is also associated
with the small ribosomal subunit and directly
involved in reading-frame maintenance during trans-
lation [93e95]. Congruently, the archaeal Mbf1
homolog from Sulfolobus solfataricus binds to the
small ribosomal subunit and translating ribosomes
[96]. Thus, Mbf1 might not function as a transcription
factor in archaea after all.
Besides the bioinformatics approach, relatively

little work has been undertaken to isolate transcrip-
tion factors directly from archaeal biomass and
unbiased by sequence similarity to eukaryotic or
bacterial factors. The sequence homology-based
identification of TFB and TBP occurred in parallel
with their partial purification from cell lysates,
experiments in which they originally were referred
to as aTFA and aTFB, respectively [97,98]. Addi-
tional factors affecting transcription fidelity, termina-
tion, pausing or release require activity assays that
might be far more challenging to establish. A shining
example of this approach is Eta (Euryarchaeal
termination activity), which was purified from Ther-
mococcus kodakarensis biomass by incubating
fractionated cell lysates with stalled TECs and
screening for fractions that inhibited the TEC from
resuming transcription. Eta was identified using
mass spectrometry, and in contrast to all the proteins
discussed above, Eta is not homologous to any
eukaryotic or bacterial factors. Eta is a unidirectional
(50 / 30) ATP-dependent DEAD-box helicase with
the unique capability of releasing stalled TECs from
the template DNA [99]. As such, Eta is a bona fide
transcription termination factor that likely plays a
specialized role in DNA damage response.
In conclusion, our knowledge of regulatory factors

in archaea with auxiliary roles in transcriptiondand
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without apparent homology to other well-character-
ized factorsdleaves great room for improvement.

Transcriptome Levels: RNAP Output versus
RNA Degradation

With the cost of high throughput sequencing
becoming more affordable, an increasing number
of RNA-seq studies have been published recently.
These have provided genome-wide TSS maps and
promoter consensus motifs for a range of archaeal
species, and insights into cellular adaptions to
changes in growth conditions and environmental
stresses. While RNA-seq (and previously microar-
ray) data report on the regulation of gene expres-
sion, they do not only reflect the RNAP output. The
steady-state level of a given RNA transcript reflects a
balance of its synthesis and decay. RNA decay in
archaea is mediated by the archaeal exosome and a
complement of RNases including beta-CASP
enzymes [100,101] and affected by features such
as the phosphorylation state of the RNA 50-end,
polyadenylation, and RNA binding proteins
[102,103]. Rigorous bioinformatics approaches
have to be applied for the stringent characterization
of global transcriptome responses, in particular
concerning data normalization and statistical verifi-
cation of significance. The common assumption that
whole RNA levels remain largely constant during
differential gene expression analysis is not met when
a substantial fraction of the RNA population is
perturbed. For example, during stresses like oxida-
tive or heat shock, normalization to total RNA can
lead to gross over- or under-estimations of changes
in gene expression of specific targets [104]. In the
absence of any specific inhibitors of the archaeal
RNAP, the more pleiotropic reagent actinomycin D
has been used to assess archaeal RNA stability.
Actinomycin D is a potent DNA intercalator that
preferentially binds to GpC sequences in the minor
groove of the DNA template trapping elongating
RNAP and thereby blocking RNA synthesis [105]. A
combination of actinomycin D treatment and micro-
array transcriptome analysis has been applied to
calculate mRNA decay rates in Sulfolobus and
Halobacterium species [106e108]. Archaeal
mRNA half-lives varied substantially but are on
average within the order of 5e18min, similar to
bacterial mRNA turnover. The differences of mRNA
half-lives clearly emphasizes that steady-state level
transcriptome analysis only in part reflects RNAP
output; this is in addition to general technical
limitations inherent in the RNA-sequencing techni-
ques including sequence bias during amplification
and linker ligation. Methods such as transient
transcriptome sequencing (TT-seq) provide a direct
approach to study the output of the transcription
machinery independent of RNA degradation. TT-seq
is a pulse labeling technique that makes use of the
incorporation of uridine analogues into RNA and
subsequent isolation of derivatized transcripts,
followed by sequencing [109]. The recent publication
of in vivo thio-uraci l label ing of RNA in
S. acidocaldarius and H. volcanii is a step toward
establishing this type of transient transcriptome
labeling in archaea [110].
Transcription in Context of Translation,
DNA Repair and Replication

Transcription is inherently connected to the pro-
cessing of biological information via both its DNA
template and RNA product. The dynamics of
transcription elongationdpausing and processivi-
tyddirectly influence the folding of RNAs [111]. For
example, the vectorial nature of transcription is
essential for the co-transcriptional assembly of
ribosomal proteins and factors in a specific and
predetermined order, and this so-called assembly
gradient is thought to be a universal feature of
ribosome assembly in all domains of life [112,113].
Transcription of not only structural RNAs but also
mRNAs is coordinated with downstream processes.

Translation

As in bacteria, RNAP and the first translating
ribosome are physically coupled in archaea (Fig. 2)
[12], and the identification of polarity in gene
expression underlines the functional relevance of
transcription-translation coupling in archaea [114].
The first translating ribosomes that are trailing TECs
are thought to prevent RNAP backtracking and
thereby ensure high levels of processivity. In
E. coli, the coupling of transcription and translation
is reflected in the correlation of RNAP and ribosome
velocities. Interestingly, this phenomenon applies in
both directions in as much as lowered RNAP
elongation rates slow down trailing ribosomes,
while antibiotics against or mutations that lower
ribosome translation elongation rates also lower
transcription elongation rates [115]. E. coli NusG has
been shown to physically connect RNAPs and
ribosomes by binding simultaneously to the RNAP
clamp module with its N-terminal NGN domain and
to ribosomal protein S10 (aka NusE) via its C-
terminal KOW domain [116,117]. However, struc-
tural studies of the RNAPeribosome combination,
the so-called expressome, show the ribosome, in an
orientation relative to RNAP that is not compatible
with an adaptor role of NusG [10,118]. An alternative
structure of E. coli RNAP with the 30S ribosomal
subunit shows the 30S ribosomal subunit in an
orientation that would facilitate recognition of the
ShineeDalgarno sequence during translation initia-
tion, but incompatible with the adaptor role of NusG
[119]. Coupling could be multistep process where



Fig. 2. Archaeal transcription in context. The properties of RNAP transcription is influenced by several additional
processes that handle biological information in the cell. Transcription and translation are coupled in archaea, and the
RNAP and the first translating ribosome are possibly coupled by Spt4/5. The archaeal genome is chromatinized by
histones and other nucleoid associated proteins (NAPs); elongation factors like Spt4/5 and TFS enhance transcription of
archaeal RNAP through chromatin. Pervasive and antisense transcriptions have the potential to interfere with transcription
by RNAP collisions between convergent TECs.
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NusG initially assists the recruitment of the ribosome
to the RNAP and the RNAPeribosome complex
subsequently undergoes a conformational transition
to the processive form. Such model would partially
explain the apparent discrepancies between these
studies [119]. Archaeal Spt4/5 could play a similar
role as NusG in the coupling of transcription and
translation in archaea. The recruitment of
M. jannaschii Spt4/5 to RNAP does not to vary with
or correlate with the distance between the TSS and
the start codon, that is, the length of the 50-UTR, as
one may predict from a mechanism where Spt4/5
recruitment depends on translation initiation [40].
Detailed insights into the mechanisms of coupled
transcription and translation in archaea are important
to address questions about the fundamental princi-
ples of gene expression, but this remains uncharted
territory. Other processes including DNA repair and
replication may experience more rare and stochastic
encounters with the transcription machinery.

DNA repair

RNAPs are efficient sensors of DNA damage and
trigger recruitment of the DNA repair machinery in
bacteria and eukaryotes during transcription-
coupled repair (TCR) [120]. Due to their extremo-
philic lifestyle, many archaea inevitably experience
high rates of DNA damage [121]. It appears there-
fore likely that archaea utilize TCR, but decisive
experimental evidence is still sparse. While Thermo-
coccus RNAP appears to be an efficient DNA-
damage sensor [122], the components mediating
TCR in bacteria and eukaryotes, MfD/UvrD and
CSA/B, respectively, do not to have obvious homo-
logs in archaea. A hallmark feature of transcription
coupled-repair is the efficient discrimination between
the transcribed and the non-transcribed strand that is
reflected in different rates of repair. A recent study
into UV-damage repair in haloarchaea indicated the
type of strand specificity [123], while two studies in
S. solfataricus did not find such differences
[124,125].

Replication

Elongating RNAPs will encounter replication forks
during DNA replication, and while direct evidence is
lacking, collisions are likely to have detrimental
effects on genome stability in archaea, similar to
bacteria and eukaryotes [126]. Interestingly, highly
transcribed genes tend to cluster around the three
origins of replication in Sulfolobus species [127]. In
contrast to E. coli, the biased chromosomal localisa-
tion of highly transcribed genes in Sulfolobus is
unlikely to be related to an increased gene dosage,
since the S-phase in the Sulfolobus cell cycle is not
characterized by multiple replication fork pairs and
genome equivalents larger than two, as typical for
rapidly dividing E. coli cells.
Paucity of Archaeal Promoter Elements

To date, three archaeal promoter elements have
been identified with defined roles in transcription
initiation, the TATA-, BRE- and the (Inr) initiator
elements (Fig. 3). This compares to a range of sigma



Fig. 3. Promoter consensus elements in the three domains. The paucity and uniformity of archaeal DNA elements
seems in contrast to both bacterial and eukaryotic RNAPII promoters. Archaeal promoter elements comprise the BRE and
TATA box as well as the initiator (Inr). The initially melted region (IMR) is enriched in A and T residues but does not have a
bona fide sequence motif. RNAPII core promoter elements comprise in addition to BRE and TATA, the downstream
promoter element (DPE), two distinct BREmotifs upstream and downstream of the TATA-box (BREu and BREd) as well as
a range of other more varied and gene-specific elements (reviewed in Ref. [128]). Bacterial promoters include, in addition
to the canonical �35/�10 elements, UP elements, extended �1� element (Ext), the discriminator (Dis) and the core
recognition element (C). Examples for the ”mix and match” solution of promoter architecture of RNAPII and bacterial
RNAP (Sigma70) are depicted below for a subset of promoter element shown in full color (ignoring IMR, Dis and C
presence/absence).
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factor-specific �10, extended �10, and�35 motifs;
UP-, discriminator- and core recognition- (CRE)
elements in bacteria; and a complement of eukar-
yotic RNAPII promoter elements including two
discrete TFIIB recognition elements, called BREu
and BREd, TATA, Inr, motif ten element (MTE), and
distal promoter elements (DPE) as well as several
others [128]. Both eukaryotic and bacterial promo-
ters use a “mix and match” solution [128,129].
Generally, not one promoter contains all elements,
and indeed a large fraction of metazoan promoters
do not include a readily identifiable TATA box [130].
This is in sharp contrast to archaeal promoters. One
reason for the diversity in eukaryotes are the 13e14
TBP-associated factors (TAFs), not conserved in
archaea, which make direct physical contact with the
additional promoter elements [131e133].
Notably, the promoter elements BREd (eukar-

yotes) [134] and CRE (bacteria) [135] evolved
around proteinenucleic acid interactions that appear
to be conserved in the archaeal transcription PIC.
The existence of additional promoter elements has
been discussed in the literature, including a study
about an AT-rich region termed the promoter-
proximal element (PPE) [136]. The PPE is located
within the initially melted region (IMR) of DNA that is
formed within the OC. Unlike the BRE, TATA and Inr,
the IMR does not show any specific DNA motifs
beyond an above genome average AT-content that
is thought to enhance DNA melting during OC
formation [40,48] similar to RNAPII promoters
[137]. However, a direct correlation between AT-
content and promoter strength could not be
observed [48].
The combination of RNA-seq, TSS mapping data

and genome-wide occupancy of the basal transcrip-
tion machinery provides the means to identify promo-
ters that challenge our understanding of what
constitutes a strong archaeal promoter. For example,
theM. jannaschii rrnA promoter is arguable one of the
strongest promoters but does not showany detectable
TATA-box motif and no peak in TBP/TFB occupancy
according toChIP-seq analyses [40]. Furthermore, the
promoter is inactive in in vitro transcription reactions



Fig. 4. Transcription termination in archaea in the era of term-seq. (A) Schematic illustrations of intrinsic and factor-
dependent transcription termination. (B) DNA sequence logo of the primary terminator context in S. acidocaldarius based
on the terminators with highest signal for each TU [153]. The logo was created with WebLogo 3 [172] and corrected for the
genomic background nucleotide frequencies. (C) The term-seq data correlate with RNA expression levels in
S. acidocaldarius [173]. The RNA-seq coverage of the last genes encoded in multicistronic TUs with identified terminators
(n¼ 964) [153] is higher than for TUs without identified terminators (n¼ 499) (Wilcoxon rank sum test, p< 0.001). (D)
Term-seq has identified that many archaeal TUs encodemultiple terminators. Terminator U-content and U-stretch length is
higher for the last terminator compared to the upstream terminators, suggesting that they function as a backstop. Plots
depicting the (cumulative) percentage of terminators as a function of a given minimum number of U residues within the last
(terminal) eight nucleotides (top panel), or a given minimum length of consecutive U residues (bottom panel). (E) The
distance distribution between stop codons and TTSs in S. acidocaldarius [153] shows avoidance of distances <20 nt. This
limit is considerably shorter than that for B. subtilis [174] and E. coli [157], which likely reflects the absence of hairpin RNA
secondary structures in archaeal terminators, or possible differences in the topology of the RNAPeribosome complexes
between bacteria and archaea.
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containing recombinant RNAP, TBP, TFB and TFE
[40]. It is likely that an unknown transcription factor
enables the high levels of transcription by the rrnA
promoter possibly in an unorthodox manner and
independently of strong consensus promoter ele-
ments including the TATA box.
Taken together, it currently appears that archaeal
promoters are less complex and more uniform
compared to their bacterial and eukaryotic counter-
parts. Future studies, in particular genome-wide
mapping techniques, will be required to reveal the
full diversity of archaeal promoters.
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Mechanism(s) of transcription
termination

Transcription termination can proceed via factor-
dependent or factor-independentdalso referred to
as intrinsicdmechanisms (Fig. 4A). Intrinsic termi-
nation relies on terminator sequences consisting of a
poly-U stretch, often preceded by a short RNA
hairpin in the case of bacteria. Typically, intrinsic
termination requires transcription pausing caused by
a weakened RNAeDNA hybrid. The relative instabil-
ity of rUU-dAA pairs compared to rAA-dTT as well as
their DNAeDNA and RNAeRNA counterparts [138]
might have contributed to the fact that poly-U
stretches evolved independently as termination
signals for different cellular multisubunit RNAPs as
well as for phage-like single subunit RNAPs like T7
[139]. Following pausing of RNAP on the poly-U
stretch of the terminator, the terminator hairpin
invades the DNA cleft of RNAP, which leads to a
partial opening of the RNAP clamp and subsequent
dissociation of the TEC [140]. Factor-dependent
transcription termination relies on ATP-dependent
helicases including Rho in bacteria and Sen1 in
eukaryotes, or riboexonucleases such as Rat1/Xrn2
in eukaryotes [140e145]. ChIP-seq analyses in
E. coli have shown that Rho is recruited to RNAP
during early elongation and proximal to the promoter
but only interacts with and translocates along the
RNA later on before terminating transcription by
inducing conformational changes in the RNAP [146].
Interestingly, Rho-dependent termination likely
involves allosteric mechanisms that are closely
related to intrinsic termination [140e146]. It is
unclear to which extent factor-dependent termination
is DNA-sequence specific, but Rho has a bias for rut
(rho utilization) sites enriched in poly-C stretches
that are located 10e100 bp upstream of rho termina-
tion sites [147]. In contrast, transcription termination
has not been extensively studied in archaea. In early
in vitro studies, intrinsic termination of transcription
was observed to occur at uridine-rich sequences
downstream of TUs in several archaea [148,149].
Additional studies confirmed that motifs containing
5e8 U residues were sufficient to efficiently mediate
transcription termination in vitro and in vivo
[23,150,151]. While bacterial intrinsic terminators
rely on RNA secondary structures, archaeal RNAPs
are able to terminate in vitro in their absence
[151,152]. However, it is unlikely that RNA poly-U
motifs are the sole explanation for genome-wide
transcription termination in archaea, since only a
fraction of TUs in the T. kodakarensis genome
contains six or more T residues at their 30-ends,
while these motifs do also occur sometimes within
the coding region [150]. This would suggest that (i)
additional factors enable termination, including less
obvious sequence signatures, undiscovered termi-
nation factors or even the DNA topology, keeping in
mind that genomes of hyperthermophilic archaea
are positively supercoiled, and that (ii) coupled
transcriptionetranslation might suppress transcrip-
tion termination. Lastly, it is not inconceivable that
PICs bound to promoters located downstream of
TUs contribute to the transcription termination of TU
upstream of the promoter by providing a roadblock.
In order to obtain a genome-wide and unbiased

overview of transcription termination sites (TTSs) in
archaea, a high-throughput sequencing method
called term-seq has been used to map the RNA 30-
ends inMethanosarcina mazei and S. acidocaldarius
at single-base pair resolution. TTSs sites were
identified for 25% and 53% of all TUs, respectively
[153]. Three important questions arise from the term-
seq data: (i) Are the 30-termini bona fide TTSs, or
were they generated by RNA processing? (ii) Are the
identified terminator motifs compatible with the
current model of intrinsic termination on poly-U
stretches? (iii) Is the lack of identifiable terminators
for a large fraction of TUs due to technical limitations
or because of an alternative, possibly factor-depen-
dent termination mechanisms?
Term-seq itself maps all RNA 30 ends irrespective

of how they were generated, but the nucleotide-
enrichmentdi.e., sequence signaturedshows
stronger biases upstream of the transcript 30 end
compared to the downstream positions in the
genome (Fig. 4B), compatible with the idea that
these sites reflect transcription termination. The
technical bias inherent in the term-seq methodology
is currently unknown, but one obvious factor that is
expected to limit terminator identification is mRNA
abundance. S. acidocaldarius genes that are asso-
ciated with terminators identified by term-seq have
significantly higher mRNA levels than genes for
which no terminator could be identified (Fig. 4C). The
alignment of the sequences upstream of M. mazei
and S. acidocaldarius TTSs reveals enrichment in U-
residues in a window that stretches 16 or 22 nt,
respectively (Fig. 4B). All sequences in the small set
of archaeal terminators that were characterized in
vivo or in vitro included a stretch of at least four
consecutive U residues within the terminal 7e8 nt
[150e152]. However, only 30% for S. acidocaldarius
and 56% of M. mazei terminators identified by term-
seq have at least four consecutive U residues
(Fig. 4D and data not shown). Furthermore, the
size of the termination motifs (16 or 22 bp) identified
by term-seq is considerably longer than the
RNAeDNA hybrid (~8e9 bp) in the RNAP hybrid-
binding compartment [153,154]. The underlying
molecular mechanism explaining this discrepancy
is unknown, but could involve RNAP slowing down
gradually on the upstream segment of the motif,
before coming to a halt, pausing and eventually
terminating transcription on the last U-residue.
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Another striking feature of both M. mazei and
S. acidocaldarius term-seq data is the use of multiple
terminators, which points to a potential regulatory
function of 30-UTR length. In cases of TUs with
multiple terminators, the last terminators show
generally a higher U-content with longer poly-U
stretches as compared to the upstream terminators,
suggesting that they might act as a backstop for
sloppy transcription termination (Fig. 4D).
In E. coli, efficient transcription termination

requires a minimum distance of 30 bp between the
stop codon and the intrinsic TTSs [155], a distance
that is likely defined by the terminator sequence and
the architecture of the RNAPeribosome complex
[10,156]. Term-seq data for E. coli show a similar
minimum distance (Fig. 4E) [157]. S. acidocaldarius
has a 30-UTR length distribution roughly comparable
to E. coli, but interestingly, the apparent minimal
distance between stop codon and TTS is signifi-
cantly shorter (~20 bp, Fig. 4E), possibly due to the
lack of a requirement for hairpin structures in
archaeal terminators [153]. In conclusion, the two
available archaeal term-seq data sets challenge our
view on transcription termination in archaea, in
particular questioning the nature of the terminator
motifs and the conservation of termination across
different archaeal species. Ultimately, the integration
with high-resolution occupancy profiling reflecting
active transcription will provide additional clues to
corroborate the term-seq data to further dissect and
distinguish distinct mechanisms of transcription
termination.
Is Anti-sense Transcription Shaping the
Archaeal Transcriptome?

A consistent feature of all archaeal transcriptomes
is the widespread antisense transcription, while its
role in the regulation of transcription and beyond is
only poorly understood. RNA-seq data from
M. jannaschii cells did not reveal any significant
correlation between sense and antisense transcrip-
tion, and moreover, the vast majority of antisense
transcripts were not associated with a defined RNA-
50 in the global TSS map [40]. The fact that most
short noncoding RNA in archaea is antisense RNA
produced in cis makes it unlikely that its primary role
is on the level of mRNA turnover. Rather, antisense
transcription is likely to negatively interfere with
sense transcription by creating head-to-head colli-
sions of TECs. Antisense transcription could be
involved in the chromatin organization of the
genome (Fig. 2), or as part of pervasive transcription
contributing to genome surveillance by TCR, as
proposed for bacteria [158]. Lastly, antisense tran-
scription might be initiated from cryptic promoters
without any apparent physiological role due to the
high inherent AT-content of the many archaeal
genomes, including M. jannaschii and Sulfolobus
species. Cryptic transcription occurs abundantly on
AT-rich foreign DNA in E. coli and is generally
consider more harmful than beneficial for the host
[159].
Mechanisms of Global Regulation

The functional boundaries between components
of the basal transcription machinery and gene-
specific regulators are not sharp. Bacteria and
eukaryotes partition their transcription space by
using either alternative sigma factor (sigma-70,
sigma-54, ECF etc) holo-RNAP enzymes, or distinct
types of RNAPs with their cognate basal transcrip-
tion factors (e.g., RNAPI, II, III), respectively.
Archaea use a single type of RNAP to transcribe
all genes, noncoding as well as protein coding.
Some archaeal species, but not all, encode a
plethora of TBP and TFB paralogues, similar to the
bacterial sigma paradigm for the transcription
regulation of subsets of genes [160]. A detailed
study of TFB paralogs in archaea has demonstrated
that their gene duplication occurred independently
multiple times and distinct TFB clades differ in terms
of evolutionary rates in different archaeal species
[161]. Typically, TFB orthologs belonging to one
clade, exhibiting a slower rate of evolution, support
“house-keeping” gene transcription, while other TFB
variants, belonging to faster evolving clades, have
speciated to acquire specialized functions. This is
similar to sigma factor evolution in bacteria. In
haloarchaea, however, all TFB paralogs show
generally higher rates of evolution. Genome-wide
mapping and genetic knockout analyses of TFB
paralogues in Halobacterium have demonstrated
widely overlapping occupancy profiles indicative of
promiscuous promoter utilization, with only a weak
BRE sequence preference [67,68]. Certain TFB
paralogues have a truncated domain architecture,
which suggests that they depend on additional
accessory factors to enable DNA binding. Sulfolo-
bus TFB3, which is induced by UV irradiation and is
predicted to be part of the DNA damage response,
lacks the C-terminal cyclin fold. TFB3 cannot replace
the canonical TFB homolog in a reconstituted
transcription system. However, it stimulates tran-
scription in trans strictly dependent on the presence
of the canonical TFB1 variant [162]. The TFB3
regulon has been mapped using tfb3 deletion strains
combined with RNA-seq, and TUs that are regulated
by TFB3 include gene products involved in Ups pili
formation and the Ced DNA importer [163,164].
However, the promoter sequence determinants for
TFB3 activity as well as molecular mechanism by
which TFB3 stimulates transcription remain opaque.
Following RNAP recruitment and PIC formation,

the closed initiation complex (CC) is converted into



Fig. 5. Putative mechanisms of global transcription regulation in archaea. This figure highlights how distinct steps in the
progression of RNAP through the transcription cycle are leveraged to regulate transcription on a global and gene-specific
level. Promoter-specific binding of combinations of multiple TBP and TFB paralogues may confer gene-specific regulation
similar to the sigma paradigm in bacteria. TFE stimulates OC formation, and the depletion of TFE during environmental
stresses [48] may globally reduce transcription output while the magnitude of this effect differs between promoters.
Pausing or slow elongation during [169] the early elongation phase can indirectly reduce the promoter firing rate by
negatively interfering with the next round of transcription initiation. Premature transcription termination can reduce the
amount of RNA synthesized. Both processes could be influenced by elongation factors such as Spt4/5, Elf1 and TFS.
Lastly, RNAP engaged in transcription initiation and elongation complexes can be removed entirely from the transcription
cycle by global RNAP inhibitors encoded by viruses (e.g., ATV-RIP) or the host (e.g., TFS4) [49,175].
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the open complex (OC), which involves conforma-
tional rearrangements of RNAP and basal factors as
well as DNA-strand separation of the IMR promoter
region [13]. Several independent mechanisms have
evolved that catalyze and regulate the CC-to-OC
transition in bacteria including stringent response in
E. coli, which involves the OC destabilization
dependent on the discriminator promotor motif, the
nucleotide analogue alarmone ppGpp and the
secondary channel binding factor DksA [165].
Notably, such mechanisms do not simply reduce or
enhance transcriptional output in a uniform manner.
Promoter-specific features such as the stability of
intermediates in OC formation [166] can turn a
regulator of OC formation into a bona fide global
transcription regulator. In archaea, OC formation
occurs in the minimal PIC consisting of TBP, TFB
and RNAP, but the action of TFE greatly enhances
the CC to OC transition and thereby stimulates
transcription. TFE might be involved in global
transcription regulation in S. solfataricus (Fig. 5)
[13]. Key to this hypothesis is the labile [4Fe4S]
cluster in the C-terminal domain of the TFEbeta
subunit that readily undergoes oxidative damage. As
a result, the TFEbeta levels are depleted during
stress conditions including hydrogen peroxide treat-
ment [48]. The magnitude of stimulation by
S. solfataricus TFE in vitro is dependent on the
promoter context and critically depends on TFEbeta
[48].
While regulatory factors can directly influence the

rate of initiation by modulating RNAP recruitment,
OC formation, and the escape of RNAP from the
promoter, transcription output can also be regulated
during the initial elongation phase. Slow rates of
early elongation of RNAP proximal to the promoter
may indirectly influence the rate of initiation, as well
as make the RNAP more prone to pausing and
premature termination (Fig. 5). All latter mechanisms
alter the dynamics of RNAP transcription and result
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phenotypically in increased RNAP occupancy at the
promoter as compared to intragenic regions in ChIP-
seq analyses. However, these data alone cannot
distinguish between the different molecular mechan-
isms [57]. The early elongation phase of transcription
might be more sensitive to pausing and termination
caused by a number of factors that counteract
backtracking, which includes transcription-transla-
tion coupling. Different transcription factors interact
with the RNAP secondary channel including tran-
script cleavage factors like Gre in bacteria and TFS
in archaea. Transcript cleavage factors modulate
RNAP processivity and dynamics by reactivating
backtracked and arrested complexes, which is
considered to resolve RNAP traff ic jams
[167e169]. In archaea, the cleavage factor TFS
plays a similar role during elongation, and the
S. solfataricus TFS factor can be incorporated into
the PIC [49] and therefore may have a possible role
in regulating promoter-proximal RNAP dynamics.
GreA and DksA, a structural homolog of Gre factors,
both influence promoter-proximal RNAP occupan-
cies in B. subtilis and E. coli, respectively [65,169].
Notably, many archaea encode multiple TFS para-

logues [49] and at least one of them, TFS4, has
undergone a dramatic functional specialization into a
potent global inhibitor of RNAP [49]. The domain
architecture of TFS4 and the binding to RNAP through
the secondary channel is identical to the canonical
TFS cleavage factor. In contrast, the catalytic residues
have undergone a charge reversal (DE in TFS to KKK
in TFS4). As a result, TFS4 has gained the property to
both lower the affinity of RNAP for substrate NTPs and
to strip RNAPs from their nucleic acids interaction
partners in PICs and TECs and thereby efficiently
inhibiting transcription in a promoter-independent and
thus global fashion (Fig. 5) [49]. TFS4 expression is
induced by viral infection and in all likelihood the global
transcriptome suppression is part of the antiviral
response of the infected cell; however, the precise
impact on the host transcriptome has not been
elucidated yet. Like bacterial and eukaryotic cells,
archaea are likely to respond to their environment by
adapting their global geneexpressionprofiles,and that
applies a broad range of processes from nutrient shifts
to viral infection.

Concluding Remarks

While we have gathered a detailed view on the
molecular mechanisms of individual parts of the
basal archaeal transcription machinery, many key
principles of archaeal transcription remain poorly
understood. These big questions include the role of
pervasive and antisense transcription, the mechan-
isms underlying the global responses to environ-
mental changes and stresses, and the functional-
and physical coupling of RNAP and transcription to
other processes including DNA replication, repair
and translation. Integrating structural and molecular
biology with multiomics approaches will be crucial to
unravel these mysteries in a truly multiscalar
fashiondfrom the molecular to the systems level.
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