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Abstract

The discovery of the archaeal domain of life is tightly connected to an in-depth analysis of the prokaryotic RNA
world. In addition to Carl Woese's approach to use the sequence of the 16S rRNA gene as phylogenetic
marker, the finding of Karl Stetter and Wolfram Zillig that archaeal RNA polymerases (RNAPs) were nothing
like the bacterial RNAP but are more complex enzymes that resemble the eukaryotic RNAPII was one of the
key findings supporting the idea that archaea constitute the third major branch on the tree of life. This
breakthrough in transcriptional research 40 years ago paved the way for in-depth studies of the transcription
machinery in archaea. However, although the archaeal RNAP and the basal transcription factors that fine-tune
the activity of the RNAP during the transcription cycle are long known, we still lack information concerning the
architecture and dynamics of archaeal transcription complexes. In this context, single-molecule measure-
ments were instrumental as they provided crucial insights into the process of transcription initiation, the
architecture of the initiation complex and the dynamics of mobile elements of the RNAP. In this review, we
discuss single-molecule approaches suitable to examine molecular mechanisms of transcription and highlight
findings that shaped our understanding of the archaeal transcription apparatus. We furthermore explore the
possibilities and challenges of next-generation single-molecule techniques, for example, super-resolution
microscopy and single-molecule tracking, and ask whether these approaches will ultimately allow us to
investigate archaeal transcription in vivo.

© 2019 Elsevier Ltd. All rights reserved.
Introduction

Studies by Stetter and Zillig in the late 1980s
showed that the subunit composition of archaeal
RNA polymerases (RNAPs) differs significantly from
the bacterial subunit composition and is more akin to
its eukaryotic RNAP II counterpart [1]. Not only the
number of subunits but also the amino acid
sequence of the archaeal RNAP shows clear
homology to the respective RNAP II subunits
(Table 1). RNAPs from all three domains of life
feature a conserved three-dimensional architecture
(for a comprehensive review of the conserved
r Ltd. All rights reserved.
structureefunction relationship of multi-subunit
RNAPs, see, e.g., Refs. [1e3]). Bacterial RNAPs
consist of subunits a, b, b0 and u and homologous
subunits (Rpo/Rpb 1, 2, 3, 6 and 11) are found in
Archaea and Eukaryotes. The largest subunits (b, b0
and Rpo/Rpb1,2) form a “crab-claw”-like structure
and contact the downstream DNA. Moreover, the
catalytic site of multi-subunit RNAPs is found at the
interface of the largest subunits. Many structural
elements are conserved among multi-subunit
RNAPs, for example, the bridge helix that connects
the large subunits and the conformational flexible
clamp domain that is formed by the largest subunit. A
Journal of Molecular Biology (2019) 431, 4116–4131



Table 1. Evolutionary conservation of RNAP subunits in the three domains of life. Summary of bacterial,
archaeal and eukaryotic RNAP I, II and III subunits. Rows represent homologous subunits. The molecular
functions are indicated in the right column. *Rpo1 and/or Rpo2 are split into two separate subunits in some
archaeal species. **Only present in some species of the archaeal TACK (Thaumarchaeota,
Aigaarchaeota, Crenarchaeota and Korarchaeota) and ASGARD superphyla.
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prominent feature that distinguishes archaeale
eukaryotic RNAPs from bacterial RNAPs is the so-
called “stalk” domain formed by subunits 4 and 7.
RNAPs and transcriptional complexes were con-

sistently interrogated at the single-molecule level
ever since single-molecule measurements could be
carried out under physiological conditions [4e9].
However, Archaea arrived late in the single-mole-
cule field as archaeal transcription systems that can
be manipulated and equipped with fluorescent
probes are sparse. The fully recombinant transcrip-
tion system from the hyperthermophilic archaeon
Methanocaldococcus jannaschii, however, provided
the possibility to site-specifically engineer fluores-
cent probes rendering the system suitable for
smFRET measurements [10]. In the absence of
structural information about the archaeal initiation
(IC) or elongation complex (EC), these single-
molecule data provided crucial information about
the architecture and dynamics of transcription
complexes over the last 10 years.
Here, we will discuss the mechanistic and struc-

tural insights into the archaeal transcription machin-
ery gained by single-molecule measurements. In
addition, we will briefly discuss the opportunities that
the single-molecule localization microscopy (SMLM)
and single-molecule tracking (SMT) revolution offer
to expand our understanding of transcription in the
cellular context and will highlight the challenges to
implement SMLM and SMT imaging in the archaeal
world.
Mechanisms and Dynamics of
Transcription Initiation

TBP-induced promoter DNA bending

smFRET is an excellent tool to observe dynamic
biomolecular processes in a time-resolved manner.
As many transcription factors not only bind but also
bend DNA in a sequence-specific fashion, smFRET
can be exploited to monitor the DNA bending
process [11,12]. In the context of transcription, the
DNA is bent at the promoter region during transcrip-
tion initiation. Archaeal promoter architecture is
highly conserved [3,13] and cis-regulatory elements



Fig. 1. Common promoter architecture in bacteria, archaea and eukaryotes. (a) Schematic representation of a bacterial
(s70 dependent) promoter: the �35, extended �10, �10 motif and discriminator element are recognized by the s4, s3,
s2 and s1.2 domains of the s70 initiation factor. The RNAP contacts the core recognition element (CRE) surrounding the
transcription start site (þ1). (b) Schematic representation of an archaeal promoter. The TATA-box and BRE are
recognized by TBP and TFB. (c) Schematic representation of a eukaryotic (human) RNAP II promoter: The TATA-box and
upstream/downstream (u/d) BRE are recognized by TBP and the transcription factor IIB (TFIIB). Archaeal and eukaryotic
promoters feature the initiator (Inr) element surrounding the transcription start site. RNAPII promoters contain in addition a
downstream promoter element (DPE). The sequence position relative to the transcription start site is indicated by dashed
lines. Adapted from Ref. [3].
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like the TATA-box and the B recognition element
(BRE) upstream of the transcription start site are
shared between Archaea and Eukaryotes (Fig. 1).
During transcription initiation, the highly conserved
eukaryoticearchaeal transcription initiation factor
Fig. 2. Single-molecule FRET assays developed to stu
resonance energy transfer (indicated by yellow arrows) betwe
used to probe the structural dynamics of transcription comple
DNA can be monitored with FRET and can reveal the conforma
box of the promoter. (b) Contact quenching of fluorescent dye
changes or subpopulation with low occurrence rate. The open
Distance changes of proteins in relation to other component
movement, for example, scrunching of downstream DNA by b
single-molecule level via a complementary donor/acceptor-la
relevant protein/NTP concentrations.
TATA-binding protein (TBP) recognizes the TATA-
box element in the promoter DNA and bends the
DNA upon binding [14,15]. In Archaea, transcription
initiation factor TFB (transcription factor B) binds
additionally to the BRE upstream of the TATA-box
dy the molecular mechanisms of transcription. F€orster
en a donor (green) and acceptor (red) fluorophore can be
xes. (a) Intramolecular distance changes of the promoter
tional change of the DNA upon binding of TBP to the TATA-
s (qFRET) can be exploited to track small conformational
ing of the transcription bubble was monitor via qFRET. (c)
of higher order complexes give information on directional
acterial RNAP. (d) The detection of RNA transcripts at the
beled probe reveals transcription kinetics at biologically



Fig. 3. Structural organization of the archaeal open PIC. Structural superposition of the promoter DNA (archaeal DNA in
blue/cyan, eukaryotic DNA in purple/pink) and the initiation factors TFB/TF(II)B (color-coded in green), TFE (color-coded in
brown) and TBP (color-coded in yellow) from the archaeon M. jannaschii (model from Ref. [40]) and Homo sapiens (PDB:
5IYB [41]).
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[16e18]. Association of TFB stabilizes the
TBPeDNA complex and allows the recruitment of
the RNAP via TFB's C-terminal domain [19,20],
thereby placing the RNAP in the correct orientation
on the promoter. In order to follow the bending of
DNA by TBP, a donoreacceptor FRET pair has to be
incorporated into the promoter DNA flanking the
Fig. 4. The NPS utilizes FRET-derived distances as basis fo
E (TFE; blue) on the surface of the RNAP can be calculated from
known position on the polymerase (red) and two labeled positio
were determined with single-molecule FRET experiments. (b) S
(green) RNAP jaw domain. In archaea, the jaw domain is p
stabilization via a patch of positively charged amino acids (red
due to sterical clashes with the Rpb9 subunit (purple), which i
TATA-box at a distance that results in a low
efficiency energy transfer signal (low FRET). DNA
binding and bending by TBP reduces the distance
between donor and acceptor, which results in a
higher FRET efficiency (high FRET) signal (Fig. 2a).
Hence, FRET provides a very sensitive readout to
determine the degree of DNA-bending and to follow
r structural modeling. (a) The position of transcription factor
a network of distance constraints. The distances between

n in the zinc ribbon and winged helix domain of TFE (green)
tructural superposition of the archaeal (yellow) and human
ositioned closer to the downstream DNA, which allows
). A similar positioning is prevented in the human enzyme
s not present in most archaea.



4120 A Single-Molecule View of Archaeal Transcription
the TBP association and dissociation process in
real-time [21e24]. This approach was exploited to
gain a mechanistic understanding of the archaeal
transcription initiation mechanism [21,25]. Compar-
ing the initiation process of the (hyper-)thermophillic
archaeal organisms M. jannaschii (optimal growth
temperature 85 �C) and Sulfolobus acidocaldarius
(optimal growth temperature 75 �C), a striking
difference was detected: M. jannaschii TBP alone
is sufficient to bend DNA, while promoter DNA
bending in S. acidocaldarius strictly requires TBP
and TFB. The DNAeTBP complex lifetime in
M. jannaschii is very short (0.2 s). Interestingly,
addition of TFB does not increase the complex
l i fet ime. The DNAeTBPeTFB complex of
S. acidocaldarius is an order of magnitude more
stable with a lifetime of 2.5 s. In both cases, the
lifetime of the bent state is unaffected by tempera-
ture showing similar lifetimes at 22 �C and at 60 �C
[21]. Overall, these experiments revealed that TBP-
induced bending of the promoter is more dynamic in
Archaea as compared to the eukaryotic RNAP II
system from yeast. Here, DNAeTBP complexes are
stable for minutes to hours and DNA bending follows
a linear three state transition [21,24,26e28]. The first
transition from the unbent to intermediate bent state
most likely corresponds to the first set of phenyla-
lanines inserting between the bases in the TATA-box
sequence. The fully bent state has a similar 80�
bending angle [29] as observed for the archaeal
TBPeDNA complexes. An intermediate state was
not observed in the archaeal systems. Interestingly,
a single-step bending mechanism was also
observed for the interaction of eukaryotic TBP with
the U6 snRNA promoter that is transcribed by the
eukaryotic RNAP III [30].
The advent of new nanotechnological devices

based on the DNA origami technique extended the
technical possibilities to ascertain how molecular
forces affect the binding of transcription factors to
DNA [31] or the forces between nucleosomes [32].
The recently developed nanoscopic DNA origami
force clamp makes use of the smFRET assay that
monitors TBP-induced bending as described above
but exploits the entropic spring behavior of single-
stranded DNA to exert a force in the 2- to 20-pN
range on the DNA. M. jannaschii TBP-induced
bending of the promoter is highly force-dependent
and gradually decreases as the force on the
promoter DNA increases. Interestingly, the bending
angle is independent of the force applied as all
experiments showed the same high FRET popula-
tion of the bent state [31].
These results suggest that an additional layer of

transcriptional regulation might exist in Archaea as
some archaeal organisms encode histone proteins
that can form extended chromatin-like structures
termed “hyper-nucleosomes” [33e35]. In this sce-
nario, histone proteins block access of TBP to the
DNA and the strain exerted on the DNA in the
context of (hyper-)nucleosomes might affect TBP-
binding efficiencies.

Promoter DNA opening and initial transcription

The multistep process of transcription initiation was
first studied in detail in bacterial transcription systems
and provided extraordinary insights into the intricate
mechanismsgoverning the initiationphaseofbacterial
transcription [36]. As smFRET is one of the few tools to
study DNA melting in real-time, DNA opening during
transcription initiation could be studied exploiting the
fact that some fluorophores (e.g.,Cy3BandAtto647N)
are quenched when located in extreme proximity
(< 2 nm/~3e4 nt distance) [37] (Fig. 2b). Further
experiments aimed to dissect promoter opening in
more detail [38]. In one study, donor and acceptor
fluorophores were positioned in the DNA upstream
and downstream of the transcription bubble, respec-
tively, to observe promoter opening upon association
of the RNAP holoenzyme with the DNA. In this study,
significant conformational heterogeneity among the
ICs was detected and three DNA conformations were
identified. However, an assignment of these confor-
mations to structural states on the pathway to the fully
opened transcriptional bubble was only possible for
the high FRET state, which most likely corresponds to
the open IC. However, dynamic switching between
these states could be observed and the transcription
bubble exhibits global conformational dynamics
between the closed and fully opened complex at the
100-ms timescale [38]. The conformational fluctua-
tions of the bubble only occur after complex formation
with the RNAP holoenzyme. Based on these data, it
seems plausible that DNA unwinding only occurs after
the double-stranded promoter DNA has been loaded
and secured into the DNA binding channel of the
RNAP (the so-called “bend-load-open model” for
open complex formation [39]) [38].
In the bacterial system, however, no TBP-like

factor is encoded and DNA bending is invoked by the
s factoreRNAP complex only. Nevertheless, DNA
bending is a universal mechanism that stimulates
DNA opening by destabilization of the DNA duplex
upon bending. Opening of the DNA in the archaeal
IC is furthermore supported by torsional strain and
two initiation factors not present in the bacterial
system, the transcription initiation factors B and E
(TFB and TFE). A structural model of the archaeal
open IC (see the Structural Model of the Archaeal
Pre-initiation complex section) revealed that the
TBPeTFB module is located closer to the surface
of the RNAP as compared to the highly homologs
RNAP II IC [40] (Fig. 3). The overall closer proximity
of TBP and TFB to the RNAP surface and stabiliza-
tion of downstream DNA by the jaw domain (a part of
the RNAP at the tip of one of the “crab claws” that
contacts the downstream DNA) likely induces
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torsional strain in the DNA, which enables DNA
melting without the need for a DNA helicase
(Fig. 4b). Further experiments showed that TFE
stimulates promoter-directed transcription by stabili-
zation of the IC [19,42e46]. The structural model of
the archaeal IC showed that the winged helix domain
of TFE is located in close proximity to the upstream
edge of the transcription bubble, thereby stabilizing
the open IC via its interaction with the non-template
strand (NTS) (Fig. 4a). The contribution of TFE to the
stabilization of the open complex could be further
analyzed by smFRET experiments that monitored
the conformational state of the RNAP clamp domain
(see The Conformational Landscape of the RNAP
Clamp section). The mobile RNAP clamp exists in an
equilibrium between an open and closed stated in
the IC corresponding to an opened and closed state
of the DNA, respectively. In the presence of TFE, this
equilibrium is shifted toward the open clamp and the
opened DNA [47]. The TFB linker domain lines the
inner side of the clamp and was found to interact with
the NTS thereby preventing re-annealing of the
opened DNA [40,48]. smFRET measurements
showed that the TFB linker also adopts two
conformational states in the IC mirroring the open
and closed state of the clamp [49]. This observation
led to the conclusion that the TFB linker moves
concomitantly with the clamp upon addition of TFE.
Hence, TFE not only exerts its stabilizing effect by
the stabilization of the transcription bubble via direct
interactions with the DNA but by a structural re-
arrangement of mobile elements of the RNAP and
TFB, which ultimately ensures stable open complex
formation.
After recruitment to the promoter and melting of the

DNA duplex, the RNAP often engages in repetitive
synthesis of short (3e9 nt) RNAsda phenomena
coined abortive initiation [50e52]. Single-molecule
experiments revealed that during bacterial abortive
initiation, the downstream DNA is reeled into the
RNAP in a mechanism called “scrunching” [53,54]
that results in stressed RNAPeDNA complexes. The
stressed intermediate can release the stored kinetic
energy either by releasing the RNAP or by breaking
the stabilizing interactions with initiation factors and
proceed into productive elongation [53]. Similarly,
the stable complex formed by TBP, TFB, TFE,
RNAP and the DNA during the initiation phase of
archaeal transcription needs to be disrupted upon
progression to the elongation phase. However, there
are no data available so far that reveal whether
scrunching occurs in the archaeal system and
whether this provides energy to destabilize the IC.
Despite the possibility that DNA scrunching plays a
role, the topological transition of TFB domains (e.g.,
the TFB reader) are also decisive steps in the
transition from the initiation to elongation phase in
Archaea [49]. The clash of the B-reader helix with the
advancing RNA is thought to initiate the release of
the TFB helix at position þ9/þ10 [48]. Further RNA
synthesis results in the full release of TFB at
position þ15 as the RNA finally clashes with the
TFB zinc ribbon domain [49]. In addition, the
displacement of TFE by the elongation factor Spt4/
5 supports the transition into the elongation phase of
transcription [13,42,55]. SmFRET experiments that
mapped the interaction sites of the TFE winged helix
and zinc ribbon domain laid also the basis for the
postulation of the so-called “factor exchange
mechanism.” In this model, the TFE winged helix
interacts with the RNAP clamp coiled coil domain as
does Spt4/5 [40,42,56]. Hence, binding to the RNAP
is mutually exclusive and a displacement of TFE
from this binding site is required to allow association
of Spt4/5. Global Chip-Seq studies supported this
view showing that Spt4/5 association occurs only in
the gene body and not at the promoter [13].
Other phenomena described for bacterial RNAPs

based on single-molecule data are pausing and
backtracking during the initiation process [57e59].
Duchi et al. [59] demonstrated that initial transcrip-
tion is interrupted by a long pause (termed “initiation
pause”) on the path to productive elongation. This
pause occurs after transcription of the first six
nucleotides. At this stage, the 50-end is colliding
with the sigma 3.2 region that accommodates the
RNA exit channel. Transition into elongation requires
the displacement of the sigma 3.2 domain and the
“initiation pause” state might reflect a situation in
which the RNA contacts sigma 3.2. This might
induce a structural rearrangement of sigma 3.2.
Another study made use of a fluorescence-based
single-molecule assay that is based on the detection
of the released RNA transcript via a doubly labeled
detection DNA oligonucleotide complementary to
the RNA transcript (Fig. 2d [57]). The detection
oligonucleotide exhibits a high FRET due to the
random folding of the DNA in the absence of the
complementary RNA. Progression of the RNAP into
the elongation phase leads to the release of the
nascent transcript [in this case 20 nt (poly A) in
length]. Hybridization of the RNA transcript to the
detection oligonucleotide leads to a low FRET signal
as the donor and acceptor dye are getting separated
by the ordered RNA/DNA duplex. The respective
change from a high to low FRET signal allows the
measurement of the kinetics of run-off transcript
production. Recording the transcription kinetics from
ICs that differ in the length of the initially transcribed
RNA (either 2, 4, 6 or 7 nt), it could be demonstrated
that further elongation of the initial transcribed
sequence is delayed if the initial transcribed
sequence is longer than 2 nt and shorter than
11 nt. Additional magnetic tweezer experiments
demonstrated that this delay is due to a long-lived
backtracked state [57]. This backtracked state,
however, is an off-pathway state that does not
directly lead to productive transcription elongation



Fig. 5. Conformational landscape of the RNAP clamp. (a) The distance between a donor (green) and acceptor (red)
fluorophore engineered into the clamp and protrusion domain of the RNAP was measured using single-molecule FRET
experiments. (b) The conformational state of the mobile clamp can be influenced by a variety of factors in the different
stages of the transcription cycle. The RNAP fluctuates between an open and closed conformation. In the PIC, binding of
transcription factor E (TFE) promotes DNA melting and transition from a closed to open clamp. The transcription EC (TEC)
exists in two states distinguishable by the conformational state of the clamp that either adopts a closed or open form that
correspond a processive or non-processive complex, respectively. The processive form is strongly favored in the presence
of the NTS, nucleotide triphosphates (NTPs) and the elongation factor Spt4/5.

4122 A Single-Molecule View of Archaeal Transcription
but requires cleavage of the backtracked RNA to
resume transcription, or alternatively, the RNA is
released from the IC (abortive transcription). Further
insights into transcriptional pausing and backtrack-
ing were gained by a study by Dulin et al. [58]. This
study showed that a significant fraction of ICs do not
enter the processive transcription pathway after the
initiation pause at nucleotide six but enter a repetitive
DNA scrunching/unscrunching cycle that keeps the
bacterial RNAP in an inactive state (e.g., at limiting
NTP concentrations in the cell). The authors suggest
that this inactive RNAP either can return to the
productive pathway (once normal cellular NTP
concentrations are restored) or enters the back-
tracked state that leads to abortive transcription.
These measurements and other smFRET assays

established for bacterial transcription systems are
not easily applicable to investigate comparable
research question in the archaeal transcription
machinery as transcriptional model systems are
mainly derived from (hyper-)thermophilic archaeal
organisms with an optimal reaction temperature for
RNA synthesis above 60 �C. These conditions are
mostly not compatible with single-molecule mea-
surements because (i) the objective of microscopes
cannot withstand such high temperatures, (ii) the
fluorescent dyes used as reporters for smFRET
become unstable at high temperatures or (iii) the
thermal fluctuations cause too much noise in
magnetic or optical tweezer experiments. However,
in some instances, these obstacles were overcome.
For example, sample heating devices that enabled
single-molecule measurements up to 60 �C were
developed that allowed to monitor TBP-induced
DNA bending in real-time [21]. Here, the sample
was heated via the prism that contacts the sample
chamber and has not contact to the objective rather
than the objective itself thereby avoiding damage of
the objective. In another example, the high stability
of archaeal transcription complexes once they are
formed was exploited. In order to investigate the
conformational state of the mobile RNAP clamp
throughout the transcription cycle (see The Con-
formational Landscape of the RNAP Clamp section),
smFRET measurements were performed at room
temperature after complex formation occurred at
suitable high temperatures [47].
Structural Model of the Archaeal Pre-
initiation complex

While crystal structures of archaeal RNAPs have
been solved [60e62], no structural information of the
complete archaeal pre-initiation complex (PIC) and
EC is available. Here, smFRET measurements were
vital to gain insights into the structural organization of
the archaeal PIC [40,42]. Due to the high sensitivity
of the FRET signal to distance changes on the
nanometer scale, smFRET is a valuable tool to
obtain structural information. Using a network of
distance constraints determined by smFRET experi-
ments, the structure of entire multiprotein complexes
can be calculated [40,63,64]. A great advantage of
using this method is that even highly dynamic and
flexible structures can be resolved that cannot be
captured by x-ray crystallography or cryo-electron
microscopy [65,66]. A method that uses probabilistic
data analysis to combine single-molecule measure-
ments with x-ray crystallography datadcalled the
nano-positioning system (NPS)dcan determine the
most likely position of a fluorescent dye molecule
attached to a structurally unknown part of a macro-
molecular complex [64]. This information can



Fig. 6. Spatial organization of bacterial transcription. (a) LacY expression triggers chromosomal repositioning of the
native lac locus (labeled with a tetO array) upon induction in an E. coli cell. Image and quantification of the distances
between the chromosomal loci (green, YFP) and the membrane (red, FM4e64). Adapted from Ref. [92]. (b) MalI
localization dynamics in single cells. The consensus cell cycle (left) is computed from all single-cell captures. Adapted from
[93]. (c) The spatial organization of RNAPs under fast growth (LB medium) conditions in an E. coli cell (upper panel) is
analyzed by DBScan clustering (lower panel). Adapted from Ref. [94]. (d) The E. coli transcriptome is spatially organized:
inner-membrane-protein mRNAs (labeled by smFISH probes) have been found enriched at the membrane (left), whereas
cytoplasmic protein mRNA was found distributed throughout the cell. Adapted from Ref. [95].
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ultimately be used to build a structural model of a
macromolecular complex. This approach was
exploited to determine the interaction sites of the
winged helix and zinc ribbon domain of TFE with the
archaeal RNAP [42] (Fig. 4a). A few years later,
based on smFRET and NPS data, a structural model
of the complete open IC could be built combining
over 70 distance constraints to map the position of
the transcription factors TBP, TFB and TFE relative
to the RNAP (Fig. 3). Moreover, the position of the
highly flexible NTS was also unveiled [40]. Overall,
the position of initiation factors TBP and TFB is
shifted toward the stalk domain leading to a steeper
entry-angle of the upstream DNA into the cleft
(Fig. 3). The position of TBP is 4.5 nm apart from
the eukaryotic OC. On the basis of this structural
model, an interaction of the NTS with the TFB-linker-
domain and the Rpo10 rudder (a part of the largest
RNAP subunit that contacts the RNAeDNA hybrid,
thereby maintaining the melted upstream edge of the
transcription bubble [67]) could be deduced. The
structure also shows a stabilization of the down-
stream duplex by a lysine patch of the jaw domain.
This interaction is not possible in Pol II due to steric
clashes with Rpb9 and the N-terminus of Rpb5, both
do not exist in most Archaea (Fig. 4b).
The Conformational Landscape of the
RNAP Clamp

Structural data of the archaeal apo RNAP showed
that one of the main mobile elements found in all
multi-subunit RNAPs, the so-called RNAP clamp,
can adopt an open and closed state [60e62]. Similar
observations were made for RNAP II. Here, the
clamp adopts an open state in the 10-subunit RNAP
lacking subunits Rpb4/7 [68]. A closed state was
found for the 12-subunit RNAP II [69,70]. The
implementation of site-specific fluorescent labeling
of the recombinant archaeal transcription system
from M. jannaschii paved the way for smFRET
measurements that specifically allow the observa-
tion of the conformational state of the RNAP clamp
[10]. To this end, a fluorescent donor dye was
engineered into the tip of the clamp coiled coil and an
acceptor fluorophore was positioned in the protru-
sion domain that is forming one of the “crab claws” of
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the RNAP thereby providing readout of the distance
changes across the DNA binding channel (Fig. 5a).
The recombinant transcription system furthermore
provided the opportunity to mimic each step of the
transcription cycle in vitro and to vary the composi-
tion of the transcription complexes by adding or
omitting transcription factors or RNAP subunits [47].
In the absence of transcription factors, the clamp
was found in two conformations at each stage of the
transcription cycle (apo RNAP, IC and EC, Fig. 5b).
Addition of transcription factors TFE or Spt4/5, which
both bind to the clamp coiled coil but do not reach
into the active site of the RNAP, shifted the
equilibrium toward one of the conformations sug-
gesting that these factors not only determine the
conformational state of the clamp but stimulate the
activity of the enzyme via an allosteric mechanism.
Furthermore, these experiments showed that in the
archaeal system, the clamp undergoes a closed-
open-closed transition when the RNAP progresses
from the apo enzyme to the IC and EC (Fig. 5b). TFE
supports the opening of the clamp, which most likely
also enables opening of the DNA. Coupled to the
movement of the clamp upon TFE-stabilized pro-
moter opening is a conformational change of the
TFB linker, suggesting that the coordinated con-
formational changes in TFE, TFB and the RNAP
eventually result in promoter opening [49]. In the
elongation phase, Spt4/5 fixes the clamp in a closed
conformation, thereby ensuring that the RNAP has a
strong hold on the template DNA, which leads to
highly processive RNA synthesis in the so-called
“processive EC.” A second conformation found in
the EC most likely corresponds to a backtracked or
paused state in which the clamp adopts a more open
state as compared to the processive EC. The RNAP
can be trapped in this state either artificially by
omitting the NTS or when the correct nucleotide is
not loaded into the active site. Possibly, this state
reflects a paused state in which the DNAeRNA
hybrid is tilted and which has been structurally
described for bacterial as well as eukaryotic ECs.
However, in these complexes, pausing factors like
NusA (bacteria) or DSIIF/NELF were present, which
stabilize the paused state [71,72]. Hence, it is not
known whether this state can be adopted in the
absence of an additional transcription factor in the
archaeal EC.
Notably, not only endogenous transcription factors

bind and modulate the clamp. A recent study
showed that the small viral RNAP-inhibitor ORF145
targets the DNA binding channel. SmFRET mea-
surements revealed that ORF145 arrests the clamp
thereby denying access of the DNA to the RNAP
[73].
A different picture of clamp dynamics, however,

emerged for the bacterial RNAP. SmFRET mea-
surements that probed the clamp conformation of
Escherichia coli RNAP revealed that the bacterial
clamp is mainly open in the apo enzyme and closes
during s70-dependent initiation [74]. Recent cryo-
EM studies showed that the Mycobacterium tuber-
culosis RNAP clamp is closed in open ICs as well
[75]. Further studies suggest that loading of the
template strand into the RNAP active site might
require transient clamp opening [76]. The clamp is
found in a closed state in ECs [74]. Single-molecule
measurements on immobilized molecules further-
more revealed that the clamp of the bacterial
holoenzyme fluctuates dynamically between three
states termed open, partly closed and closed [38].
Clamp dynamics are a conserved theme in all

multi-subunit RNAPs and recent structural studies of
eukaryotic RNAP I and III showed that contraction of
the DNA binding cleft upon transition into the
elongation phase occurs also in eukaryotic RNAPs
[77e81]. However, the extent to which the clamp
moves over the DNA binding channel varies with
RNAP III showing extreme cleft contraction. Inter-
estingly, RNAP I exhibits a wide range of clamp
conformations in the different complexes analyzed
(summarized in Ref. [82]).
Taken together, with classical structural methods

failing to capture the archaeal RNAP in the different
stages of transcription, smFRET measurements
were crucial to reach a better understanding of the
conformational dynamics of the archaeal transcrip-
tion machinery, especially the RNAP clamp
movements.
Utilizing Single-Molecule Methods to
Study Transcription in Vivo

With the help of SMLM and SMT techniques, we
can measure the spatial organization and dynamics
of single molecules in live microbial cells at high
specificity, sensitivity and spatiotemporal resolution
[83e86]. This complements our knowledge of the
behavior of individual molecules in the very con-
trolled environment of in vitro single-molecule
assays. It enables us to measure the same
molecules in the complex, heterogeneous cellular
environment where we can directly observe their
interaction with other components of the cellular
machinery.
As of today, the archaeal transcription machinery

has not been studied with the help of SMLM and
SMT as these methods are faced with a number of
experimental challenges when applied in the
extreme conditions that ensure optimal growth of
archaeal organisms. On the other hand, they have
been used extensively to study bacterial transcrip-
tion (see recent detailed reviews [87e90]). Before
discussing the technical challenges to apply single-
molecule imaging to archaeal cells and which
developments are required to initiate comparable
studies, we would like to discuss examples from
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studies on bacterial systems that illustrate the
possibilities of in vivo single-molecule studies to
enhance the understanding of transcriptional pro-
cesses. In brief, studies that focused on bacterial
transcription on an individual cell level have demon-
strated a highly organized but dynamic intracellular
organization of the components involved, namely,
the transcribed genes, the RNAP and the transcrip-
tion factors as well as the mRNA formed. Here, some
transcribed genes were found at the periphery of the
nucleoid [91,92], whereas others were found within
[92] (Fig. 6a). Other studies focused on transcription
factors, investigating their binding dynamics with the
help of SMT [96] and using structural studies to
explore their chromosomal distributions within the
cells [93,97e101] (Fig. 6b). By dual-color imaging or
correlated chromosome capture approaches, some
transcription factors were confirmed to mediate DNA
looping in situ [99,102]. Moreover, rapid gene
regulation was observed [101]: RNAP was found
either in distinct clusters or spread-out throughout
the cell, depending on growth conditions or environ-
mental cues [103e111] (Fig. 6c). Similarly, mRNA
was either found scattered uniformly throughout the
cell, close to the membrane or in defined loci
[95,101,112,113] (Fig. 6d). Altogether, most data
on prokaryotic transcription are still on a descriptive
level and/or exploring only one component at a time.
It therefore remains the task of future studies to
establish whether the observed spatial molecular
organizations are relevant for a specific biological
function. To explore the interplay between the
observed spatiotemporal arrangements of transcrip-
tion and other possible influences (e.g., expression
levels and DNA-binding behavior of transcription
factors, the three-dimensional architecture and local
domains of the nucleoid or co-occurring replication
and translation), advanced multi-color SMLM ima-
ging and co-tracking schemes for living cells are
needed. However, the development of these techni-
ques is still in its infancy [86]. With these at hand, it
will be possible to verify current hypotheses and
models, for example, that observed spatial patterns
might form due to co-regulated genes and/or in
respect to varying transcriptional activities. This
could, for example, answer the question if the
RNAP clusters forming under fast growth conditions
are engaged in rRNA synthesis as suggested by the
high transcription levels of ribosomal RNA under
these conditions [114]. In this case, it still remains to
be experimentally shown that the rRNA operons co-
localize with the RNAP clusters in vivo, a hypothesis
that is currently subject of considerable debate [115].
Likewise, correlative techniques, for example,

correlative in vivo single-molecule fluorescence
and electron microscopy studies, might play an
essential role in the future. Here, electron micro-
scopy yields detailed, high-resolution images of
subcellular ultrastructure but misses the specific
contrast of fluorescence microscopy, which on the
other hand can provide details about the organiza-
tion and cellular dynamics of specific, single mole-
cules with nanometer resolution. Such correlative
studies are not established for Archaea, yet but a few
studies were undertaken in Bacteria [116e118].
Thus, which are the methodological improvements

needed when addressing similar questions in
Archaea? Prokaryotes in general are more challen-
ging to address by advanced microscopic techni-
ques than most common mammalian cells as they
are comparatively small. Moreover, prokaryotic cells
are compact single-cell organisms protected by
robust cell hulls with rather low protein abundances
and fast growth rates [86]. Archaeal cells are even
more challenging as they typically live in extreme
habitats, for example, at high or very low tempera-
ture or in high saline, acidic, alkaline or anaerobe
environments, and in many cases, the exact condi-
tions for their cultivation remain unknown. Further-
more, many Archaea produce colorful pigments, for
example, rhodopsins or carotenoids, which cause
strong autofluorescence. In addition, for many
Archaea, no adequate set of genetic tools exists
[119]. This severely constraints the choice of
suitable fluorescent reporters and labeling
approaches, which are already limited to a special
group of SMLM-suitable photoswitching fluoro-
phores and inert, highly specific labels [86,120]:
First, the autofluorescence blocks large spectral
ranges. To counteract this, several options can be
explored, for example, in case of halophiles, choos-
ing/developing fluorescent proteins that exhibit
higher solubility or are red-shifted [121e123]. Also,
pigment-free mutants might be a good option, like,
for example, a colorless Haloferax volcanii strain
developed by interrupting the carotenoid synthesis
pathway [124]. Second, most fluorophores and
SMLM-photoswitching mechanisms are very sensi-
tive to the surrounding conditions. This needs to be
taken into account when choosing fluorescent tags
for a given Archaeon. For instance, fluorescent
proteins cannot mature under anaerobic conditions
[125], fluorophore brightness at a specific pH
depends on the chromophores pKa value (which
therefore should be rather low for acidic pH environ-
ments [126]) and most organic dyes need a neutral
pH for proper photoswitching [127]. A third, funda-
mental choice is whether to use intrinsic or extrinsic
labeling strategies: Intrinsic strategies (using
enzyme, peptide or fluorescent protein tags) depend
on genetic engineering tools, which are currently not
established for most Archaea but offer a high
specificity. Even for frequently studied archaeal
families, most available genetic tools are rather
recent developments, like, for example, selection
strains and plasmid systems for halophiles [128], a
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heat-stable protein tag [129] and strains that allow
the incorporation of nucleoside analogs during DNA
replication [130] for hyperthermophiles. Further-
more, intrinsic tags might not fold properly when
expressed in non-native intracellular environments
[123] and might need codon optimization [131].
Extrinsic labels on the other hand need to pass cell
barriers like cell walls and membranes to reach their
target. This can be achieved, for example, by
utilizing small and membrane-permeable stains
[121,129,132], fixing and permeabilizing the cells
for immunofluorescence [130,133e135] or by
actively using the dye's non-permeability as a
feature to stain the cell wall [136]. Extracellular
tags should also be checked for their ability to
function under the conditions at hand, for example, in
a high-salt environment [132]. Notably, established
protocols for the fixation of archaea are still rather
scarce and Archaea are enveloped by the S-layer,
which differs significantly from the bacterial cell wall.
On the other hand, recent developments in fabricat-
ing customized microfluidics and temperature-isolat-
ing stages allow to grow Archaea in their preferred
extreme environments on the microscope [137].
Finally, when aiming at measuring single-molecule
dynamics, intracellular charges become important.
For instance, for H. volcanii, effects of differently
charged fluorescent protein surfaces alter the
observed diffusion coefficient: Positively charged
proteins were found to diffuse significantly slower
than negatively charged and neutral proteins [131].
Nevertheless, even with all these technical obsta-

cles, studying the archaeal world by SMLM and SMT
technologies is not completely out-of-sight. With the
help of optimizations in current methodologies and
possibly improvements of fluorophores and labeling
systems, we expect the first observations of single
molecules in living Archaea to occur rather sooner
than later. This will open the large and exciting field
of accessing the archaeal biology at a single-
molecule level in vivo, especially their unique
transcription machinery.
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