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Abstract

The fitness and survival of prokaryotic microorganisms depends on their ability to adequately respond to
environmental changes, sudden stress conditions and metabolic shifts. An important mechanism underlying
this response is the regulation of gene expression mediated by transcription factors that are responsive to
small-molecule ligands or other intracellular signals. Despite constituting a distinct domain of life from bacteria
and harboring a eukaryotic-like basal transcription apparatus, it is well established that archaea have similar
transcription factors pointing to the existence of shared ancestral proteins and to the occurrence of inter-
domain horizontal gene transfer events. However, while global structural features of bacterial and archaeal
transcription factors are indeed similar, other characteristics imply that archaeal regulators have undergone
independent evolution. Here, we discuss the characteristics of Lrp/AsnC, MarR, ArsR/SmtB and TrmB
families of transcription factors, which are the dominant families that constitute the transcription factor
repertoire in archaea. We exemplify the evolutionary expansion of these families in archaeal lineages by
emphasizing homologies and differences with bacterial counterparts in terms of ligand or signal response,
physiological functions and mechanistic principles of regulation. As such, we aim to define future research
approaches that enable further characterization of the functions and mechanisms of archaeal transcription

factors.

© 2019 Elsevier Ltd. All rights reserved.

Introduction

A wide diversity of prokaryotic microbial species
can be classified within the archaea, constituting a
monophyletic group distinct from bacteria. The
archaeal domain of life encompasses the most
extreme extremophiles and poly-extremophiles liv-
ing in specialized habitats such as hydrothermal
vents or high-salt lakes, but also species with
specialized metabolisms such as ammonia oxidizers
thriving in ocean or soil ecosystems and methano-
gens in human or rumen gut microbiomes. Most of
these habitats are characterized by fluctuating
environmental conditions, requiring the archaeal
microorganisms to precisely tune gene expression
levels in response to these changes. Archaea
perform gene regulation at different levels, including
transcriptional regulation, for which gene-specific
transcription regulators, also named transcription

0022-2836/© 2019 Elsevier Ltd. All rights reserved.

factors (TFs), play crucial roles for an adequate
adaptation to environmental and nutritional changes
in order to preserve the survival and fitness of the
organism. Archaeal TFs structurally resemble typical
bacterial TFs [1], with common DNA-binding folds
and classification into similar families, pointing to a
shared evolutionary ancestry and widespread occur-
rence of horizontal gene transfer events [1,2].

In contrast to the observed global similarities
between their regulatory TFs, archaea and bacteria
have fundamentally different basal transcription
machineries, with which TFs interact during their
mechanistic actions. The archaeal basal transcrip-
tion machinery is a simplified version of the
eukaryotic one with initiation of transcription being
mediated by orthologs of the eukaryotic TATA-
binding protein (TBP) and transcription factor [IB
(TFIB) [3]. These general TFs, TBP and transcrip-
tion factor B (TFB), first form a complex assembled
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at the promotor region by binding of TBP to the TATA
box, an AT-rich sequence approximately 25 base
pairs (bps) upstream of the transcriptional start site,
followed by TFB binding to the B recognition element
(BRE), a purine-rich sequence just upstream of the
TATA box. This complex then recruits the RNA
polymerase (RNAP) to the promotor region by
forming a closed preinitiation complex (PIC). The
unique archaeal RNAP is related to the eukaryotic
RNAP Il and consists of 12—14 subunits [4—6]. In
addition, also a homolog of the a-subunit of the
eukaryotic basal transcription factor E (TFIIE) has
been identified in archaea and, although not
essential, plays a role in both the stabilization of
the PIC and regulation of RNAP activity [7].

Early studies on archaeal TFs largely focused on
unraveling the molecular mechanisms with which
these bacterial-like proteins interact with the multiple
components of a eukaryotic-like basal machinery,
which represents an intriguing hybrid situation as
compared to the well-understood regulatory
mechanisms observed in eukaryotes and bacteria
[8]. In this review, we aim to extend the comparison
between archaeal and bacterial TFs beyond regula-
tory mechanisms by investigating the question if and
to what extent archaeal TFs, despite sharing a
common evolutionary origin with bacterial TFs, have
undergone independent evolution. We discuss the
classification of TFs in families, molecular mechan-
isms of the regulation of transcription initiation, the
occurrence of one-component (OCS) versus two-
component systems (TCS) and modes of signal
transduction in archaea, with a focus on protein
phosphorylation. By unraveling crucial homologies
and differences between bacterial TFs, of which the
function is well understood in several model species,
and their less well-understood archaeal counter-
parts, we aim to define future research approaches
that maximally aid in reaching similar levels of
understanding of how TFs govern hierarchical
transcriptional regulatory networks in archaea as in
bacteria.

General Characteristics of Archaeal TFs

The majority of prokaryotic TFs are OCSs, of
which some only consist of a single domain with a
DNA-binding function and others have two domains:
a DNA-binding domain (DBD) and a sensing
domain, often called ligand-binding domain (LBD),
that interacts directly with intracellular signals such
as metabolites or redox signals. Compared to
bacteria, archaeal species harbor a considerable
higher number of single-domain TFs [9]. This is also
reflected in the observation that archaeal TFs are on
average smaller in size than bacterial ones (average
size of 179 amino acids versus 236 amino acids,
respectively). In addition, archaeal TFs tend to be

significantly smaller as compared to the average
protein size in its overall proteome, which is not the
case in bacterial model systems such as Escherichia
coli [9].

TFs interact with DNA when performing their
regulatory function, typically by establishing
sequence-specific interactions between the DBDs
and base groups in the major grooves of the DNA.
Structural diversity in DBDs is limited with the most
prominent structural fold found in archaeal TFs
being the helix—turn—helix (HTH) motif. This motif
consists of three a-helices with the third, C-terminal
a-helix, also termed recognition helix, establishing
contacts with the major groove of the DNA [10].
Such interactions were demonstrated by structural
analysis of an Lrp/AsnC-type TF from Pyrococcus
sp. OT3 in complex with DNA [11]. Besides
interactions mediated by the recognition helix, this
protein—DNA complex is characterized by addi-
tional sequence-specific interactions between the
second a-helix of the HTH motif and the major
groove of the DNA. The dominance of HTH motifs
among archaeal TFs is demonstrated by the
observation that up to 84% of DBDs in OCSs harbor
this fold [12,13]. A majority of these represent a
winged HTH (wHTH) motif, a derivative of the HTH
motif that contains a C-terminal B-hairpin, called the
wing, in addition to the core three-helix bundle. This
wing typically has a stabilizing role by interacting
non-specifically with the minor groove in addition to
sequence-specific interactions between the recog-
nition helix and major groove. Exceptions are
observed on this theme: for example, a wHTH-
containing MarR-type TF in Sulfolobus tokodaii
interacts in the major groove by its wing rather than
by its recognition helix [14]. As an illustration for the
widespread occurrence of wHTH folds, 73% of all
TFs in the Euryarchaeon Pyrococcus furiosus are
predicted to harbor a wHTH motif [15]. Also in
bacteria, it is observed that most TFs harbora HTH
or wHTH motif [10]. For example, 36% of the TF
repertoire in E. coli is predicted to harbor a wHTH
motif [16]. The structural homology in DBDs
between archaeal and bacterial TFs supports the
notion of a shared ancestry of these proteins [1,10].

A minority of archaeal TFs harbor alternative
structural folds in DBDs, such as the rib-
bon—helix—helix (RHH) motif or the typical eukar-
yotic-like motifs Zn-finger or leucine zipper [1]. The
RHH maoitif differs from the HTH motif by having an
N-terminal B-strand instead of an a-helix, which
establishes extensive contacts with the DNA given
its curved nature [1,10]. Despite being present in a
minor fraction of archaeal TFs, RHH motifs are
detected in a variety of phylogenetic archaeal
lineages and are often present in toxin-antitoxin
modules [1]. Moreover, the RHH motif is abundant
among TFs encoded by archaea-specific
viruses [17].
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The LBD, the second domain in two-domain
OCSs, is responsible for sensing environmental or
metabolic changes, often by interacting with small-
molecule ligands such as exogenous compounds
taken up from the environment, for example, metal
ions or aromatic compounds, or metabolites such as
sugars and amino acids. Ligand binding allosterically
induces conformational changes in the TF structure
that typically affect the DNA-binding properties,
either by causing a dissociation from the DNA or
by stimulating DNA-binding affinity. In contrast to the
DBD, the LBD of two-domain OCSs shows a large
structural variability among TFs, both in bacteria and
archaea [1]. This variability is demonstrated by the
existence of unique archaeal sensing domains, such
as the redox-sensing domain found in ArsR-type
MsvR TFs in methanogenic archaea [18,19] (see
below, “ArsR/SmtB family”).

Genomic Occurrence of TF-Encoding
Genes

The number of TF-encoding genes present in a
given genome determines the regulatory potential of
this organism. In prokaryotes, both in bacteria and
archaea, this number displays a linear correlation with
genome size [13]. In archaea, this ranges from as little
as eight predicted TFs in Nanoarchaeum equitans, the
archaeon with the smallest genome sequenced thus
far, to 158 TFs in Methanosarcina acetivorans [9,20].
These predictions can be explained by the complexity
of the organism's life style, with species living in
specific niches, such as the symbiont N. equitans,
harboring a smaller genome and in agreement less
genes encoding TFs as compared to organisms living
in complex habitats such as the metabolically versatile
M. acetivorans. Notably, while the increment rate of
enzyme-encoding genes is negative with increasing
genome size leading to a loss of enzymatic diversity, it
is positive for TF-encoding genes [21]. This increase is
necessary to coordinate regulated expression of
genes inthe context of regulatory interaction networks,
which become more complex in organism with larger
genomes.

Inarchaea, less than 5% of the open reading frames
in a genome code for TFs, a fraction that s significantly
lower than the fraction observed in bacterial species
with a similar total number of open reading frames
(8%—10%) [9]. Upon comparing the two best-char-
acterized archaeal phylogenetic lineages, it becomes
apparent that Crenarchaeota tend to have fewer TFs
than Euryarchaeota [22]. A lower fraction of TF-
encoding genes might be explained by the higher
number of characterized archaeal species living in
very specific habitats, such as extremophiles. Niche
specialization is especially the case for Crenarch-
aeota that harbor many (hyper-)thermophiles. Further-
more, there are indications that cross-interactions

between paralogous TFs occur in archaea [23],
thereby extending the regulatory capacity of species
with a limited TF repertoire in a combinatorial manner.
This has been demonstrated for TFs belonging to the
Lrp/AsnC family in Sulfolobus spp. and Halobacterium
salinarum. Within the same species, several Lrp/AsnC
paralogs have extensive overlapping regulons, either
caused by binding to neighboring binding sites and
controlling the same genes [24—26], by binding to
identical binding sites but having differing ligand
specificities [25] or by forming hetero-oligomers
enabling a combined response to multiple ligands
and resulting in genomic co-association of different
paralogs [11,27,28]. Similar strategies are less appar-
ent for Lrp/AsnC-type TFs in bacteria, which are also
well described. For example, the Lrp and AsnC TFs in
E. coli have clearly distinct functions, suggesting that
combinatorial interactions are more commonly occur-
ring in archaea. Another possible explanation for
compensating the underrepresentation of TF-encod-
ing genes in archaeal genomes is the existence of
extensive additional layers of regulation on post-
transcriptional or post-translational levels, which are
still largely unexplored.

Classification of TFs into Families

Prokaryotic TFs are classified in different TF
families based on their structural similarity, rather
than sequence similarity. Given the homology in
DBDs, this classification is done based on the
structural characteristics of the LBDs. Upon compar-
ing the occurrence of different families in bacteria
and archaea, it is apparent that not only the genomic
abundance of TF-encoding families is lower in
archaea, but also the diversity of TF families
(Fig. 1) [29]. Archaea and bacteria share 18 TF
families, for which it is suggested that the most
abundant of these families are derived from common
ancestral proteins [30]. In addition, up to 33 bacteria-
specific TF families originated in bacteria that are not
or rarely found in archaea, including the widespread
LysR-type family (Fig. 1). In contrast, prominent
archaeal TF families are little represented (e.g., Lrp/
AsnC family) or even absent in bacteria (e.g., TrmB
family) [9,29]. Overall, the most abundant families in
archaea are Lrp/AsnC, MarR, ArsR and TrmB with
on average 9.6, 8.3, 4.6 and 4.3 members per
genome, respectively (Fig. 1) [29]. This is exempli-
fied by the prediction that the most represented TF
families in the Euryarchaeon P. furiosus are indeed
the Lrp/AsnC, MarR and TrmB families [15]. In
bacteria, these families are indeed underrepre-
sented accounting for only 4.1%, 7% and 0.5% of
the total number of bacterial TFs, respectively. On
the other hand, the most common bacterial TF
families, TetR and LysR (14.8% and 14.4%),
represent a smaller proportion of all TFs in archaea
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Archaea

B Lrp/AsnC (26.00%)
= MarR (22.50%)
B ArsR/SmtB (12.50%)
= TrmB (11.60%)
SinR (7.90%)
IcR (5.50%)
. TetR (5.00%)
Crp (2.20%)
mu Other TFs (6.70%)

Bacteria

. TetR (14.80%)
B LysR (14.40%)
B AraC/Xyls (8.50%)
B GntR (8.20%)
B GerE (7.50%)
SinR (7.10%)
= MarR (7.00%)
m PhoB (6.20%)
| Fis (5.10%)
GalR/Lacl (4.30%)
B Lip/AsnC (4.10%)
B ArsR/SmtB (3.60%)
B Crp (2.70%)
= Other TFs (6.20%)

Euryarchaeota

B Lrp/AsnC (23.02%)
™ MarR (21.09%)
Bl ArsR/SmtB (14.16%)
m TrmB (10.97%)
SinR (9.26%)
IcIR (5.89%)
. TetR (6.34%)
W Crp (2.47%)
BN BirA (2.16%)
El GntR (0.99%)
Fur (0.63%)
mm Other TFs (3.01%)

Crenarchaeota

B Lrp/AsnC (33.99%)
= MarR (27.06%)
B ArsR/SMB (7.45%)
B TrmB (13.20%)
SinR (4.31%)
IcIR (4.44%)
. TetR (1.44%)
Crp (1.44%)
 BirA (0.65%)
B GniR (2.09%)
Fur (2.61%)
mm Other TFs (1.31%)

Fig. 1. TF families in archaea. Representation of the fraction of TFs families in archaeal and bacterial genomes, and for

Eury- and Crenarchaeota separately [29].

(5% and 1%) (Fig. 1) [29]. It is clear that an
evolutionary expansion occurred of distinct TF
families after divergence of the two domain lineages,
enabling archaeal species to build their own TF
repertoire distinct from that of bacterial species.

Upon comparing Crenarchaeota and Euryarch-
aeota, the occurrence and abundance of different TF
families is homogenously distributed (Fig. 1), which
is a surprising observation as these clades are
phylogenetically distant with representatives occu-
pying widely differing habitats with a presumed
minimal occurrence of horizontal gene transfer
events. This suggests that differentiation of TFs in
archaea has occurred early in evolution, short after
divergence of the bacterial and archaeal domains.
Nevertheless, expansion of individual families can
be observed in distinct species as part of the
evolutionary rewiring of transcriptional regulatory
networks, in which paralogs of the same family
arise through gene duplication events and evolve
into functionally distinct TFs enabling the organism
to occupy environmentally different niches [12,31].
Such an evolutionary expansion is nicely demon-
strated for the Lrp/AsnC family in H. salinarum, for
which eight different Lrp/AsnC paralogs were shown
to have undergone neo- or sub-functionalization
[25](see below, “Lrp/AsnC family™).

While most characterized archaeal TFs have a
restricted regulon and a specific and dedicated
regulation function, in some instances, members of
the classical TF families have a more global
regulatory function and/or a chromatin-structuring
function. This has been demonstrated for proteins
belonging to the Lrp/AsnC and TrmB families
[25,32]. In addition, the archaea-specific Lrs14

family appears to consist solely of global regulators
with the biofilm and motility AbfR1 regulator in
Sulfolobus acidocaldarius as a key example [33].
As with bacterial counterparts, it is sometimes
difficult to unambiguously classify a protein either
as a TF or as a chromatin-associated protein.

Typically, archaeal TFs form homodimers or
higher oligomers with N-terminal wHTH or HTH
motifs as a common element albeit with a variable
relative orientation depending on the family (Fig. 2).
Furthermore, sizes and structural properties of the
C-terminal LBDs are distinct for each of the families,
some being all-helical domains and others also
having B-strands that form p-sheets. Besides the
sensing function, often through interaction with a
small-molecule ligand, the LBD is also responsible
for oligomerization of the protein (Fig. 2a).

Lrp/AsnC family

The Lrp/AsnC family is the most abundant and
widespread TF family in archaea [9,29] (Fig. 1). They
are represented in all characterized archaea with an
average of five members per genome, including in
N. equitans that is predicted to only possess eight TFs
in total [25]. The Lrp/AsnC monomer consists of a
wHTH-harboring DBD and a LBD that is also called
Regulation of Amino acid Metabolism (RAM) domain
[41,42] (Fig. 2a, Table 1). Amino acids are the typical
ligands of the majority of characterized Lrp/AsnC-type
TFs. While some regulators harbor a broad amino acid
specificity range, others only interact with a single
amino acid [41]. In contrast to bacterial Lrp/AsnC-type
regulators for which only a-amino acids have been
identified as ligand molecules, there are strong
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TetR

[l Archaeal MarR TF

[l Bacterial MarR TF

[l Archaeal FadR TF
[l Bacterial FadR TF

Fig. 2. Structural properties of prokaryotic TFs. (a) Ribbon structures of representatives of the four most abundant
archaeal TF families and the most abundant bacterial one. Lrp/AsnC: Grp from S. tokodaii (PDB: 2E7W) [34]; MarR:
MTH313 from Methanobacterium thermoautothrophicum (PDB: 3BPV) [35]; ArsR: PH1932 from Pyrococcus horikoshii
OT3 (PDB: 1ULY) [36]. TrmB: TrmB from P. furiosus (PDB: 3QPH) [37]. TetR: FadR from S. acidocaldarius (PDB: 6EL2)
[38]. (b) Ligand binding in bacterial and archaeal counterparts. Left panel: superposition of the MarR structure of
M. thermoautothrophicum in complex with two salicylate molecules (PDB: 3BPX) and the MarR structure of S. epidermis
in complex with eight salicylate molecules (PDB: 3KP6) [35,39]. Right panel: superposition of the TetR-like FadR structure
of S. acidocaldarius in complex with a single lauroyl-CoA molecule (PDB: 5MWR) and the FadR structure of B. subtilis in
complex with a single lauroyl-CoA molecule (PDB: 3WHB) [38,40]. Ligands are displayed in space-filling symbols.

indications that in archaea some Lrp/AsnC-like pro-
teins interact with other small molecules as ligands
[41]. For example, BarR from S. acidocaldarius inter-
acts with the f-amino acid -alanine [48]; Ss-LrpB from
Sulfolobus solfataricus, LrpA from P. furiosus and Ptr2
from Methanocaldococcus jannaschii do not bind any
of the 20 a-amino acids [49—51]. This is corroborated
by the observation that a stand-alone RAM domain
protein in Pyrococcus spp. interacts with 2-oxoacids
instead of with amino acids [52].

Although bacterial and archaeal Lrp/AsnC-like TFs
have similar structures and employ comparable
molecular mechanisms for DNA binding, ligand
binding and regulation, the archaeal subfamily is
more abundant and involved in the regulation of
more diverse metabolic and physiological condi-
tions. Indeed, while the function of bacterial Lrp/
AsnC-type regulators is restricted to the regulation of
amino acid metabolism and transport, in some cases
linked to central metabolism in a feast-or-famine
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Table 1. Summary of general structural characteristics of major archaeal TF families

TF family

Structure of ligand-binding dimerization
domain

Overall protein structure

Ligand-binding characteristics

Lrp/AsnC

op-Sandwich RAM domain consisting of
four B-strands “sandwiched” between two
a-helices [42]

Dimer formed by interaction between
different B-strands arising from the RAM
domains [11]

Ligand-binding pocket formed by
B-sheets and loop formation in the
RAM domains [11]

MarR

Predominantly helical domain [35]

Pyramidal shape dimer with pseudo-2-
fold symmetry [35]

Porous structure with several
distributed cavities for ligand
binding [39]

ArsR/SmtB

Domain composed of four a-helices and
one 34¢-helix (ArsR) [36] or two a-helices
(SmtB) [43].

Hat-shaped helix bundle upon
dimerization [36]

Acidic cavity accommodating
ligand binding (ArsR) [39] or
ligand interaction with the C-
terminal a-helix [43,44]

TrmB

Extensive, structurally complex C-terminal
domain composed of two subdomains: an
eight-stranded B-sheet flanked by multiple
large o-helices and an irregular flattened
seven-stranded B-barrel [37,45]

Large W-shaped structure with long a-
helices that link N- and C-terminal
domains, each arising from a
monomeric subunit, forming a coiled-coil
domain mediating dimerization [45,46]

Ligand-binding pocket formed by a
cleft in the connection between the
different C-terminal subdomains
[37,45]

TetR

All-helical domain [47]

Typical Q-shaped structure [47]

Ligand-binding pocket formed in
between C-terminal a-helices [47]

All TF families are characterized by a (winged) HTH DNA-terminal domain. The structural properties described in this table are relevant for

all family members, and notable differences between bacterial and archaeal members are mentioned in the text.

mode, archaeal Lrp/AsnC-family regulators are also
involved in the direct regulation of central and energy
metabolism, and even of cellular maintenance
processes such as translation and DNA repair
[24,25,41,51,53]. The evolutionary success of Lrp/
AsnC-type regulators in archaea, with a functional
expansion beyond amino acid metabolism, is exem-
plified by H. salinarum: in this Euryarchaeon, eight
Lrp/AsnC paralogs are shown to have regulatory
roles in response to a variety of physiological
conditions such as oxidative stress, growth phase
and even circadian rhythm phase [25].

MarR family

In addition to Lrp/AsnC, the MarR family is another
widespread and prominent prokaryotic TF family, with
the occurrence of on average eight genes encoding
putative MarR-like TFs per genome in archaea and
bacteria [29]. Given the lower total occurrence of TF-
encoding genes in archaeal genomes, MarR-like TFs
are predicted to make up an abundant 22.5% of all
archaeal TFs, which is significantly higher than in
bacteria (7%) [29] (Fig. 1). Despite their abundance,
only a handful of archaeal MarR-type TFs are
described thus far. The best characterized ones are
BdIR and BdIR2 in S. solfataricus, which are involved
in the detoxification of aromatic compounds [54,55].
Structural studies revealed that archaeal MarR-like
TFs behave as homodimers with a pyramidal shape
[14,35,54,56,57] (Fig. 2a, Table 1). Again, structural
similarities unify this family across bacteria and
archaea [54,58]. Furthermore, in both domains of
life, characterized MarR members were shown to be
involved in conferring resistance to antibiotics,

phenolic compounds and organic solvents
[54,58—60].

The large functional and structural similarities
between archaeal and bacterial MarR-type TFs
suggest the presence of ancestral MarR TFs in the
last universal common ancestor (LUCA). This state-
ment is reinforced by comparing ligand binding in
archaea and bacteria. BIdR and Bldr2 from
S. solfataricus interact with the aromatic compounds
salicylate and benzaldehyde [54,55]. Most of the
residues involved in salicylate binding in the
archaeal BdIR are conserved in the bacterial
homologs in E. coli and Staphylococcus epidermis
[39,54]. A superposition of the MarR-ligand structure
from Methanobacterium thermoautotrophicum with
a bacterial one highlights a conserved binding
pocket [14,58] (Fig. 2b). Furthermore, the bacterial
MarR is known to have a porous structure with
several cavities for additional potential ligand binding
events [39].

ArsR/SmtB family

The ArsR/SmtB family of TFs is another abundant
family in archaea, representing 12.5% of the TF
repertoire, but despite its abundance, very little
research has been performed on archaeal ArsR
regulators [29] [9]. Only a single crystal structure of
an archaeal ArsR-like TF with unknown function has
been reported so far [36]. Upon dimerization, this TF
forms a “hat-shaped” structure creating an acidic
cavity that might accommodate ligand binding
(Fig. 2a, Table 1). Comparing this archaeal ArsR-
like crystal structure with its closest bacterial
neighbor, Synechococcus spp. SmtB, reveals a
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clear difference in the C-terminal domain as it is
much smaller in the bacterial variant [43,44].

Bacterial ArsR/SmtB TFs are metalloregulatory
transcriptional repressors of operons linked to stress-
inducing concentrations of heavy metal ions [44].
Several of the limited sets of characterized archaeal
ArsR-family regulators are also involved in metallor-
egulatory processes [61—63]. In contrast to bacterial
ArsR-like TFs, for which all characterized ArsR-like
TFs are shown to interact with metal ions, archaea
have also evolved ArsR-like TFs with different
physiological roles and signal responses. This is
exemplified by the ArsR-like regulator of Methanother-
mobacter thermautothrophicus, MsvR, which regu-
lates the expression of an operon involved in oxidative
stress response [18]. Oxidized and reduced forms of
the regulator, mediated by the oxidation and reduction
of cysteine residues in the C-terminal domain,
influence its protein—DNA interactions, indicating
that MsvR plays a role in detecting the cellular redox
state and regulating the expression of genes involved
in oxidative stress response and respiratory pathways
[18,19]. Likewise, SurR from Thermococcales is a
redox-responsive ArsR-like TF [64,65].

Similar to the Lrp/AsnC and MarR families, the
archaeal ArsR/SmtB family is in terms of physiological
function partly similar to its bacterial counterpart family
but became more prominent and successful in
archaea, leading to an extended repertoire of func-
tions. In addition, archaeal ArsR-like TFs display
significant structural differences compared to the
bacterial ones. This raises the question whether
ArsR TFs have arisen from a common ancestor as is
postulated for the Lrp/AsnC and MarR families, or
whether they originated through functional convergent
evolution with respect to bacterial regulators. Further
insights in ligand-binding mechanisms and signaling
response need to be obtained through the study of
more archaeal members of the ArsR/SmtB family to
clarify this issue.

TrmB family

The TrmB family was initially considered as a
archaea-specific TF family as it was first discovered
in the archaeon Thermococcus litoralis [66] and occurs
abundantly in both Eury- and Crenarchaeota, although
it is also present in Thaum-, Kor- and Nanoarchaeota
[29] (Fig. 1). Only later on, it was found that TrmB-like
regulators are also represented in some but not all
gram-negative and gram-positive bacteria, although
with a very low abundance (on average 0.6 members
per species) [9,32,46]. TrmB-like TFs have, besides an
N-terminal wHTH motif, an extensive and structurally
complex C-terminal domain consisting of two subdo-
mains [37,45] (Fig. 2a, Table 1).

Archaeal TrmB-like TFs play important roles in the
transcriptional regulation of diverse metabolisms,
often sugar metabolism through interaction with

sugar metabolites such as maltose and sucrose
[46,67]. The latter has been shown for TrmB
homologs in euryarchaeal Thermococcales and
H. salinarum, but also in the crenarchaeon
S. acidocaldarius [46,67—73]. Besides the regulation
of sugar metabolism, euryarchaeal TrmB-like reg-
ulators have also been described as global regula-
tors of different methanogenic pathways or as
chromatin-organizing proteins [66,67,73].

The widespread occurrence of TrmB-like TFs in
archaea, in contrast to the less prominent occurrence
in bacteria, suggests that this OCS family originated
from an archaeal ancestor early in the evolutionary
history of the archaeal domain of life and dispersed to
bacterial species through horizontal gene transfer
events. Although initially postulated that TrmB-like
proteins originated from an euryarchaeal ancestor and
were acquired by Crenarchaeota through horizontal
gene transfer as well [32], this view is challenged by
recent bioinformatic predictions that point out an
almost ubiquitous and abundant presence of TrmB-
like TFs in Crenarchaeota as well (with on average 3.8
members per genome versus 4.5 in euryarchaeal
genomes) [29] (Fig. 1).

TetR family

A last TF family that is placed in the spotlight in this
review is the TetR family. While this family is a prime
example of a widespread and abundant family in
bacterial species, particularly in species exposed to
frequent environmental fluctuations [29,47], it is less
common in archaea, representing 5% of the total
population of TFs (Fig. 1). Bacterial TetR TFs are
generally repressors involved in diverse metabo-
lisms such as multidrug resistance, antibiotic bio-
synthesis, osmotic stress and catabolic pathways
[47]. They are characterized by a typical Q2-shaped
structure constituting of an N-terminal wHTH motif
and a C-terminal LBD that interacts with different
small molecule ligands depending on the physiolo-
gical function of the TF (Fig. 2a, Table 1).

Thus far, only a single archaeal TetR-like TF has
been described, which is the acyl-CoA-responsive
FadR from S. acidocaldarius involved in the regulation
of fatty acid and lipid metabolism [38]. Despite low
sequence similarities with bacterial TetR-like TFs,
especially in the C-terminal domain, the structure of
S. acidocaldarius FadR is very similar to acyl-CoA-
responsive FadR TFs of the bacteria Thermus
thermophilus and Bacillus spp. [38,40,74,75]. Never-
theless, a closer look into the position of the ligand-
binding pocket in the protein structures demonstrates
that the acyl-CoA ligand interacts in a different manner
with the archaeal and bacterial proteins (Fig. 2b).
These findings suggest that the archaeal TetR-like TF
has most likely arisen through functional convergent
evolution rather than by sharing a common ancestor or
through a recent horizontal gene transfer event [38].
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Molecular Regulatory Mechanisms

At the core of a TF's function is its capability to
interact with the transcription machinery in order to
negatively or positively influence the transcription
process. Despite divergent evolution of TFs in
archaeal lineages, as explained above, and the
profound distinct nature of the archaeal basal
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transcription machinery with respect to the bacterial
one, the global regulatory principles of archaeal TFs
are similar to those observed for bacterial TFs
[76,77] (Fig. 3). Typically, specific TF—DNA interac-
tions are established close to the promoter, enabling
the TF to affect the formation of the PIC through
direct interference or interaction and to influence the
transcription initiation process [8]. The regulatory
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Fig. 3. Direct transcriptional regulatory mechanisms of archaeal TFs. Schematic representation of the most commonly
observed molecular mechanisms of regulation with (a) general assembly of the pre-initiation complex, (b) overview of
direct repression or activation mechanisms through interaction with PIC components, (c) representation of location-
dependent dual regulation and (d) representation of concentration-dependent dual regulation as observed for the Lrp/

AsnC-like Ss-LrpB in S. solfataricus [8].
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role of a TF is partly dictated by its binding location:
activators generally bind upstream of the TATA box
and BRE promoter elements while repressors tend
to bind downstream or overlapping the promoter
elements [8].

Two types of repression mechanisms are observed
(Fig. 3b): when the TF interacts with a binding site
overlapping the TATA box and/or BRE element, the
binding of TBP and/or TFB is sterically prevented,
thereby interfering with the initial steps of PIC
formation. A promoter occlusion mechanism, which
is also typically observed for bacterial repressors, is
exemplified by TrmB in P. furiosus [78]. On the other
hand, upon binding downstream of the TATA box
region at the level of the transcriptional start site,
simultaneous binding occurs of the TF and the basal
factors TBP and TFB, but the recruitment of RNAP is
blocked. Such a repression mechanism has been
observed for MDR1 from Archaeoglobus fulgidus,
LrpA and Phr from P. furiosus [79—81]. Itis postulated
that the latter mechanism enables a faster respon-
siveness of derepression [79]. Activators typically
stimulate recruitment of TBP and/or TFB to the
promoter by binding directly upstream of the BRE
and TATA box elements and by stabilizing the nascent
PIC through the established protein—protein interac-
tions [8] (Fig. 3b). For example, the Lrp/AsnC-type Ptr2
from M. jannaschiiis a specific TBP-interacting TF [82].
Activators often act on weak promoters in which the
TATA box or BRE elements display deviations from
their respective consensus sequences. This is nicely
demonstrated for the P. furiosus TFB-RF1 factor,
which regulates genes preceded by promoters with
weak BRE elements through the establishment of
specific protein—protein interactions with TFB [83]. In
other cases, the TF is able to interact with both TBP
and TFB, as demonstrated for the gas vesicle
regulator GvpE in H. salinarum [84].

Although TFs, or even entire TF families, are
typically classified as being either repressors or
activators, a dual regulatory function is often
observed for a single TF, thereby overruling such a
classification. Dual regulatory functions have been
observed for archaeal TFs belonging to the MarR,
Lrp/AsnC and TrmB families [8]. In most cases, a TF
acts as a repressor on specific promoters and as an
activator on others, depending on the location of the
binding site relative to the promoter elements
(Fig. 3c). For example, SurR and TrmBL1 from
P. furiosus exert different regulatory effects depend-
ing on the binding site location [69,85]. On the other
hand, the regulatory role of a TF could also be
determined by its concentration level (Fig. 3d), as
shown for the Lrp/AsnC-like Ss-LrpB from
S. solfataricus [8]. While at low TF concentrations,
binding at one or two binding sites causes transcrip-
tional activation, occupation of all three binding sites
induces a DNA-wrapping event, thereby repressing
transcription [8].

Phosphorylation of TFs as a Signal
Transduction Mechanism

Besides OCS, prokaryotes also harbor TCSs that
are composed of a membrane-bound sensor kinase
(SK) and a response regulator (RR) enabling the
microorganism to sense extracellular signals [86].
Upon sensing a specific signal, the sensor domainin a
SK transmits the signal to the intracellular histidine
kinase domain through auto-phosphorylation, fol-
lowed by a transduction of the signal to the cytoplasmic
RR by transferring the phosphoryl group to a specific
aspartate residue in its receiver domain. In response,
the RR regulates transcription or metabolism to elicit a
relevant cellular response [87]. Transcriptionally,
acting RRs are similar to OCS TFs and typically
contain a HTH motif in their output domain.

In bacteria, TCSs are widespread and abundant
among all phyla with the exception of certain
pathogens and endosymbionts with reduced gen-
omes. In contrast to bacteria, TCSs are only present
in about 50% of archaeal genomes [86]. While their
occurrence is reported for the Eury- and Thaumarch-
aeota, they are completely absent in Cren-, Kor- and
Nanoarchaeota [86,88,89]. Studied examples of
archaeal TCSs include the temperature-responsive
LtrK/LtrR from the psychrophilic archaeon Methano-
coccoides burtonii [90] and the Fill/FilR1/FilR2 TCS
from Methanosaeta harundinacea involved in acet-
oclastic methanogenesis [91]. The observation that
TCSs are more prevalent in bacteria led to the
suggestion that archaea obtained TCSs by horizon-
tal gene transfer from bacteria [88]. This hypothesis
is supported by the higher abundance of these
systems in mesophilic archaea, particularly metha-
nogens and halophiles, that co-exist with diverse
bacterial populations [88]. A phylogenomic analysis
of archaeal TCS-encoding genes demonstrated that
the number of SK-encoding genes exceeds that of
RR-encoding genes, in contrast to the situation in
bacteria in which the SK/RR ratio typically
approaches one [89]. This suggests that archaeal
TCSs do not function as strict pairs as in bacteria.
Furthermore, only 6% of the archaeal RR output
domains are predicted to harbor HTH DNA-binding
motifs, indicating that TCS signaling occurs more
often through protein—protein interactions rather
than through transcriptional regulation [89]. As
such, it can be concluded that TCSs rarely contribute
to the transcriptional regulatory potential in archaea.

In contrast to the limited occurrence of transcription-
ally acting TCSs, protein phosphorylation is a wide-
spread phenomenon in archaea [92].
Phosphoproteomic studies have been performed for
the archaeal model organisms H. salinarum,
S. acidocaldarius and S. solfataricus [93—95], which
revealed high numbers of phosphoproteins and
-peptides with respect to bacteria such as E. coli and
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Bacillus subtilis [96,97] (Fig. 4a). Protein phosphoryla-
tion is especially abundant in the Crenarchaeota
S. acidocaldarius and S. solfataricus [94,95] and it
has been postulated that this might have arisen
throughout evolution to compensate for the absence
of TCSs [95]. These phosphoproteomic studies
furthermore revealed the widespread occurrence of
direct phosphorylation of OCS TFs on serine, threo-
nine and tyrosine residues (Fig. 4a) [92,94,95].
Phosphorylation of OCS TFs can affect their
function by different mechanisms depending on the
site of the phosphorylation and the conformational
change that it induces [99]. For example, phosphor-
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ylation occurring in the HTH motif can directly affect
protein—DNA interactions by conferring a negative
charge on the recognition helix of thus inhibiting the
establishment of electrostatic interactions with the
DNA backbone. Other phosphorylation events occur
in the LBD, affecting oligomerization of the protein,
ligand interactions or inducing a conformational
change that alters the relative position of the
DBDs, thereby indirectly affecting DNA binding
[99]. In S. acidocaldarius and S. solfataricus, respec-
tively, 72% and 41% were phosphorylated in the
HTH motif indicating a direct effect on their DNA-
binding function (Fig. 4a) [94,95].
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Fig. 4. Phosphorylation of OCS TFs in archaea. (a) A comparison between the phosphoproteomes of the archaea
S. acidocaldarius [95] and S. solfataricus [94] and the bacteria E. coli [97] and B. subtilis [96]. Subpanel |: percentages of
total phosphorylated proteins. Subpanel II: percentages of total phosphorylated TFs. Subpanel lll: percentages of TFs
phosphorylated in the HTH DNA-binding motif. (b) Schematic representation of a section of the archaellum network in
S. acidocaldarius as an example for phosphorylation-orchestrated transcription regulation. This scheme is based on
Ref. [98]. (c) Schematic representation of secondary structures of selected TFs from S. acidocaldarius and S. solfataricus
with indication of the locations of phosphorylation sites observed in phosphoproteomic studies [94,95]. HTH DNA-binding

motifs are indicated by red rectangles.
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Only a limited number of studies have been
performed on direct phosphorylation of OCS TFs
as a signal transduction mechanism in archaea, with
the best-known example being the phosphorylation-
controlled transcriptional regulatory network of
archaellum synthesis in S. acidocaldarius (Fig. 4b)
[33,98,100—103]. Multiple activators and repressors
regulate transcription of archaellum-encoding
genes, each being controlled through reversible
phosphorylation involving different kinases. For
example, in nutritionally favorable conditions, the
repressors ArnA and ArnB are phosphorylated and
interact to repress the expression from the flaB
promoter [95]. When nutrients are scarce, the AbfR1
TF activates the expression of the operon [33]. This
regulatory action is directly controlled by phosphor-
ylation of AbfR1. Indeed, when phosphorylated on a
serine and a tyrosine residue in the wing of its WHTH
motif, the DNA-binding ability of AbfR1 is abolished
leading to a diminished cellular motility, and addi-
tionally to a stimulation of biofilm formation [102].

A survey of the phosphoproteomic data sets
[94,95] indicates that the above-described example
of direct phosphorylation of TFs in the context of the
archaellum regulatory network likely represents
only a subnetwork and that phosphorylation-
mediated signal transduction is a widespread
phenomenon in Crenarchaeota that contributes to
expanding the regulatory capacity of the transcrip-
tional regulatory networks in these organisms.
Indeed, representatives of each of the dominant
TF families have been found to be phosphorylated
in S. acidocaldarius and/or S. solfataricus, often on
multiple positions (Fig. 4c) [94,95], although the
exact functions and mechanisms are unclear. The
postulated importance of phosphorylation for TF
functioning is supported by the observation that the
expression of several TF-encoding genes is highly
regulated upon the deletion of a phosphatase in
S. acidocaldarius [95].

Conclusions and Perspectives

In conclusion, archaea harbor less diverse OCS
TFs as compared to bacteria. The Lrp/AsnC, MarR,
ArsR/SmtB and TrmB families of TFs are the most
represented families in archaeal genomes and it can
be postulated that gene duplication events underlie
evolutionary expansion resulting in sub- or neofunc-
tionalization of different paralogs. Although these
families are also present in bacterial species,
mechanistic details of functional properties such as
ligand binding are not always conserved minimizing
the cases that share an ancestral bacterial/archaeal
TF or that emerged via recent horizontal gene
transfer events. Furthermore, this underscores the
need for future research efforts, as the extensive
knowledge of bacterial TFs cannot easily be

projected on archaeal counterparts. Thus far, only
about 60 TFs have been characterized in total in
archaea [23] in contrast to many more in bacteria.
Ideally, systems-level approaches such as chroma-
tin immunoprecipitation in combination with high-
throughput sequencing (ChIP-seq), RNA-sequen-
cing (RNA-seq) of TF knockout strains or “systema-
tic evolution of ligands by exponential enrichment”
(SELEX) are combined with reductionistic genetic
and biochemical approaches in an effort to system-
atically characterize the TF repertoire of a variety of
archaeal species.

Archaea are predicted to harbor fewer TFs and
only a limited number of TCSs with respect to
bacteria. This limited repertoire raises the question
as to how these microorganisms perform an efficient
regulation of transcription comparable to the gene
regulatory capacity in bacteria. Initial indications
exist that archaeal TFs employ more complicated
regulatory principles, such as combinatorial interac-
tions among different TFs or the existence of
extensive additional layers of regulatory systems
that are interlinked with the TF network. Post-
translational modifications such as protein phos-
phorylation are a prime example and might play a
more important role than previously anticipated.

Acknowledgments

Research in the laboratory of E.P. is supported by
the Research Council of the Vrije Universiteit
Brussel and by Research Foundation Flanders
(FWO-Vlaanderen) (research project G021118 and
research grant 1526418N).

Received 15 February 2019;
Received in revised form 8 May 2019;
Available online 11 June 2019

Keywords:

archaea;

transcription regulators;
DNA binding;
evolution;
phosphorylation

iThese authors contributed equally.

Abbreviations used:

TF, transcription factor; TBP, TATA-binding protein; BRE,
B recognition element; RNAP, RNA polymerase; PIC,
preinitiation complex; one-component system, OCS; two-
component system, TCS; DBD, DNA-binding domain;
LBD, ligand-binding domain; HTH, helix—turn—helix;
RHH, ribbon—helix—helix; RAM, Regulation of Amino acid
Metabolism; SK, sensor kinase; RR, response regulator.



Transcription Regulators in Archaea

4143

References

[1] L. Aravind, E.V. Koonin, DNA-binding proteins and evolu-
tion of transcription regulation in the archaea, Nucleic Acids
Res. 27 (1999) 4658—4670.

[2] S.D. Bell, S.P. Jackson, Mechanism and regulation of
transcription in archaea, Curr. Opin. Microbiol. 4 (2001)
208—213.

[38] W. Hausner, M. Thomm, Events during initiation of archaeal
transcription: open complex formation and DNA-protein
interactions, J. Bacteriol. 183 (2001) 3025—3031.

[4] H.P. Gohl, B. Grondahl, M. Thomm, Promoter recognition in

archaea is mediated by transcription factors: identification of

transcription factor aTFB from Methanococcus thermolitho-
trophicus as archaeal TATA-binding protein, Nucleic Acids

Res. 23 (1995) 3837—3841.

A. Hirata, T. Kanai, T.J. Santangelo, M. Tajiri, K. Manabe,

J.N. Reeve, et al., Archaeal RNA polymerase subunits E

and F are not required for transcription in vitro, but a

Thermococcus kodakarensis mutant lacking subunit F is

temperature-sensitive, Mol. Microbiol. 70 (2008) 623—633.

[6] F. Werner, Structural evolution of multisubunit RNA poly-
merases, Trends Microbiol. 16 (2008) 247—250.

[7] F. Blombach, K.L. Smollett, D. Grohmann, F. Werner,
Molecular mechanisms of transcription initiation—structure,
function, and evolution of TFE/TFIIE-like factors and open
complex formation, J. Mol. Biol. 428 (2016) 2592—2606.

[8] E. Peeters, N. Peixeiro, G. Sezonov, Cis-regulatory logic in
archaeal transcription, Biochem. Soc. Trans. 41 (2013)
326—331.

[9] E. Pérez-Rueda, S.C. Janga, ldentification and genomic
analysis of transcription factors in archaeal genomes
exemplifies their functional architecture and evolutionary
origin, Mol. Biol. Evol. 27 (2010) 1449—1459.

[10] L. Aravind, V. Anantharaman, S. Balaji, M.M. Babu,
L.M. lyer, The many faces of the helix—turn—helix domain:
transcription regulation and beyond, FEMS Microbiol. Rev.
29 (2005) 231—-262.

[11] K. Yokoyama, S.A. lIshijima, H. Koike, C. Kurihara,
A. Shimowasa, M. Kabasawa, et al., Feast/famine regula-
tion by transcription factor FL11 for the survival of the
hyperthermophilic archaeon Pyrococcus OTS3, Structure.
15 (2007) 1542—1554.

[12] S.A. Teichmann, M.M. Babu, Gene regulatory network
growth by duplication, Nat. Genet. 36 (2004) 492—496.

[13] V. Charoensawan, D. Wilson, S.A. Teichmann, Genomic
repertoires of DNA-binding transcription factors across the
tree of life, Nucleic Acids Res. 38 (2010) 7364—7377.

[14] T. Kumarevel, T. Tanaka, T. Umehara, S. Yokoyama,
ST1710-DNA complex crystal structure reveals the DNA
binding mechanism of the MarR family of regulators,
Nucleic Acids Res. 37 (2009) 4723—4735.

[15] A. Denis, M.A. Martinez-Nunez, S. Tenorio-Salgado,
E. Pérez-Rueda, Dissecting the repertoire of DNA-binding
transcription factors of the archaeon Pyrococcus furiosus
DSM 3638, Life 8 (2018) 40-14.

[16] E. Pérez-Rueda, S. Tenorio-Salgado, A. Huerta-Saquero,
Y.l. Balderas-Martinez, G. Moreno-Hagelsieb, The func-
tional landscape bound to the transcription factors of
Escherichia coli K-12, Comput. Biol. Chem. 58 (2015)
93—-108.

[17] C. Sheppard, F. Werner, Structure and mechanisms of viral
transcription factors in archaea, Extremophiles. 21 (2017)
829—-838.

5

—_

[18] E.A. Karr, The methanogen-specific transcription factor
MsvR regulates the fpaA-rlp-rub oxidative stress operon
adjacent to msvR in Methanothermobacter thermautotro-
phicus, J. Bacteriol. 192 (2010) 5914—5922.

[19] C.E. Isom, J.L. Turner, D.J. Lessner, E.A. Karr, Redox-
sensitive DNA binding by homodimeric Methanosarcina
acetivorans MsvR is modulated by cysteine residues, BMC
Microbiol. 13 (2013) 163.

[20] E. Pérez-Rueda, J. Collado-Vides, L. Segovia, Phyloge-
netic distribution of DNA-binding transcription factors in
bacteria and archaea, Comput. Biol. Chem. 28 (2004)
341-350.

[21] M.A. Martinez-Nunez, A.C. Poot-Hernandez, K. Rodriguez-
Vazquez, E. Pérez-Rueda, Increments and duplication
events of enzymes and transcription factors influence
metabolic and regulatory diversity in prokaryotes, PLoS
One 8 (2013), e69707.

[22] R.M. Coulson, N. Touboul, C.A. Ouzounis, Lineage-specific
partitions in archaeal transcription, Archaea. 2 (2009)
117—125.

[23] M. Martinez-Pastor, P.D. Tonner, C.L. Darnell,
A.K. Schmid, Transcriptional regulation in archaea: from
individual genes to global regulatory networks, Annu. Rev.
Genet. 51 (2017) 143—-170.

[24] R. Schwaiger, C. Schwarz, K. Furtwangler, V. Tarasov,
A. Wende, D. Oesterhelt, Transcriptional control by two
leucine-responsive regulatory proteins in Halobacterium
salinarum R1, BMC Mol. Biol. 11 (2010) 40.

[25] C.L. Plaisier, F.-Y. Lo, J. Ashworth, A.N. Brooks, K.D. Beer,
A. Kaur, et al., Evolution of context dependent regulation by
expansion of feast/famine regulatory proteins, BMC Syst.
Biol. 8 (2014) 544-14.

[26] H. Liu, K. Wang, A.-C. Lindas, E. Peeters, The genome-
scale DNA-binding profile of BarR, a B-alanine responsive
transcription factor in the archaeon Sulfolobus acidocaldar-
ius, BMC Genomics 17 (2016) 569.

[27] H. Okamura, K. Yokoyama, H. Koike, M. Yamada,
A. Shimowasa, M. Kabasawa, et al., A structural code for
discriminating between transcription signals revealed by
the feast/famine regulatory protein DM1 in complex with
ligands, Structure. 15 (2007) 1325—1338.

[28] T. Nguyen-Duc, L. van Oeffelen, N. Song, G. Hassanzadeh-
Ghassabeh, S. Muyldermans, D. Charlier, etal., The genome-
wide binding profile of the Sulfolobus solfataricus
transcription factor Ss-LrpB shows binding events beyond
direct transcription regulation, BMC Genomics 14 (2013) 828.

[29] E. Pérez-Rueda, R. Hernandez-Guerrero, M.A. Martinez-
Nunez, D. Armenta-Medina, |. Sanchez, J.A. Ibarra, Abun-
dance, diversity and domain architecture variability in
prokaryotic DNA-binding transcription factors, PLoS One
13 (2018), e0195332.

[30] Y. Minezaki, K. Homma, K. Nishikawa, Genome-wide
survey of transcription factors in prokaryotes reveals many
bacteria-specific families not found in archaea, DNA Res.
12 (2005) 269—280.

[81] L.N. Singh, S. Hannenhalli, Functional diversification of
paralogous transcription factors via divergence in DNA
binding site motif and in expression, PLoS One 3 (2008),
€2345.

[32] H. Maruyama, M. Shin, T. Oda, R. Matsumi, R.L. Ohniwa,
T. ltoh, et al., Histone and TK0471/TrmBL2 form a novel
heterogeneous genome architecture in the hyperthermo-
philic archaeon Thermococcus kodakarensis, Mol. Biol.
Cell 22 (2011) 386—398.



4144

Transcription Regulators in Archaea

[33] A. Orell, E. Peeters, V. Vassen, S. Jachlewski, S. Schalles,
B. Siebers, et al., Lrs14 transcriptional regulators influence
biofilm formation and cell motility of Crenarchaea, ISME J. 7
(2013) 1886—1898.

[34] T. Kumarevel, N. Nakano, K. Ponnuraj, S.C.B. Gopinath,
K. Sakamoto, A. Shinkai, et al., Crystal structure of
glutamine receptor protein from Sulfolobus tokodaii strain
7 in complex with its effector L-glutamine: implications of
effector binding in molecular association and DNA binding,
Nucleic Acids Res. 36 (2008) 4808—4820.

[35] V. Saridakis, D. Shahinas, X. Xu, D. Christendat, Structural
insight on the mechanism of regulation of the MarR family
of proteins: high-resolution crystal structure of a transcrip-
tional repressor from Methanobacterium thermoautotrophi-
cum, J. Mol. Biol. 377 (2008) 655—667.

[36] H. Itou, M. Yao, N. Watanabe, |. Tanaka, Crystal structure
of the PH1932 protein, a unique archaeal ArsR type
winged-HTH transcription factor from Pyrococcus horikoshii
OT3, Proteins. 70 (2008) 1631—1634.

[37] M. Krug, S.-J. Lee, W. Boos, K. Diederichs, W. Welte, The
three-dimensional structure of TrmB, a transcriptional
regulator of dual function in the hyperthermophilic archaeon
Pyrococcus furiosus in complex with sucrose, Protein Sci.
22 (2013) 800—808.

[38] K.Wang, D. Sybers, H.R. Maklad, L. Lemmens, C. Lewyllie, et
al.,, A TetR-family transcription factor regulates fatty acid
metabolism in the archaeal model organism Sulfolobus
acidocaldarius, Nat. Commun. 10 (2019) 1542.

[39] Y.-M. Chang, W.-Y. Jeng, T.-P. Ko, Y.-J. Yeh, C.K.-M.
Chen, A.H.-J. Wang, Structural study of TcaR and its
complexes with multiple antibiotics from Staphylococcus
epidermidis, Proc. Natl. Acad. Sci. U.S.A. 107 (2010)
8617—8622.

[40] M. Fujihashi, T. Nakatani, K. Hirooka, H. Matsuoka, Y. Fuijita,
K. Miki, Structural characterization of a ligand-bound form of
Bacillus subtilis FadR involved in the regulation of fatty acid
degradation, Proteins. 82 (2014) 1301—1310.

[41] E. Peeters, D. Charlier, The Lrp family of transcription
regulators in archaea, Archaea. 2010 (2010) 750457-10.

[42] T.J.G. Ettema, A.B. Brinkman, T.H. Tani, J.B. Rafferty,
J. van der Oost, A novel ligand-binding domain involved in
regulation of amino acid metabolism in prokaryotes, J. Biol.
Chem. 277 (2002) 37464—37468.

[43] W.J. Cook, S.R. Kar, K.B. Taylor, L.M. Hall, Crystal
structure of the cyanobacterial metallothionein repressor
SmtB: a model for metalloregulatory proteins, J. Mol. Biol.
275 (1998) 337—346.

[44] L.S. Busenlehner, M.A. Pennella, D.P. Giedroc, The SmtB/
ArsR family of metalloregulatory transcriptional repressors:
structural insights into prokaryotic metal resistance, FEMS
Microbiol. Rev. 27 (2003) 131—143.

[45] M. Krug, S.-J. Lee, K. Diederichs, W. Boos, W. Welte,
Crystal structure of the sugar binding domain of the
archaeal transcriptional regulator TrmB, J. Biol. Chem.
281 (2006) 10976—10982.

[46] M. Kim, S. Park, S.-J. Lee, Global transcriptional regulator
TrmB family members in prokaryotes, J. Microbiol. 54
(2016) 639—645.

[47] J.L. Ramos, M. Martinez-Bueno, A.J. Molina-Henares,
W. Teran, K. Watanabe, X. Zhang, et al., The TetR family
of transcriptional repressors, Microbiol. Mol. Biol. Rev. 69
(2005) 326—356.

[48] H. Liu, A. Orell, D. Maes, M. van Wolferen, A.-C. Lindas,
R. Bernander, et al., BarR, an Lrp-type transcription factor

in Sulfolobus acidocaldarius, regulates an aminotransfer-
ase gene in a f-alanine responsive manner, Mol. Microbiol.
92 (2014) 625—639.

[49] P.M. Leonard, S.H. Smits, S.E. Sedelnikova, A.B. Brinkman,
W.M. de Vos, J. van der Oost, et al., Crystal structure of the
Lrp-like transcriptional regulator from the archaeon Pyrococ-
cus furiosus, EMBO J. 20 (2001) 990—997.

[50] T. Kawashima, H. Aramaki, T. Oyamada, K. Makino,
M. Yamada, H. Okamura, et al., Transcription regulation
by feast/famine regulatory proteins, FFRPs, in archaea and
eubacteria, Biol. Pharm. Bull. 31 (2008) 173—186.

[51] E. Peeters, S.-V. Albers, A. Vassart, A.J.M. Driessen,
D. Charlier, Ss-LrpB, a transcriptional regulator from
Sulfolobus solfataricus, regulates a gene cluster with a
pyruvate ferredoxin oxidoreductase-encoding operon and
permease genes, Mol. Microbiol. 71 (2009) 972—988.

[562] K. Yokoyama, S.A. Ishijima, L. Clowney, H. Koike,
H. Aramaki, C. Tanaka, et al., Feast/famine regulatory
proteins (FFRPs): Escherichia coli Lrp, AsnC and related
archaeal transcription factors, FEMS Microbiol. Rev. 30
(2006) 89—108.

[53] M. Ouhammouch, E.P. Geiduschek, A thermostable platform
for transcriptional regulation: the DNA-binding properties of
two Lrp homologs from the hyperthermophilic archaeon
Methanococcus jannaschii, EMBO J. 20 (2001) 146—156.

[54] A. Di Fiore, G. Fiorentino, R.M. Vitale, R. Ronca,
P. Amodeo, C. Pedone, et al., Structural analysis of BIdR
from Sulfolobus solfataricus provides insights into the
molecular basis of transcriptional activation in Archaea by
MarR family proteins, J. Mol. Biol. 388 (2009) 559—569.

[55] G. Fiorentino, I. Del Giudice, S. Bartolucci, L. Durante,
L. Martino, P. Del Vecchio, Identification and physicochem-
ical characterization of BIdR2 from Sulfolobus solfataricus,
a novel archaeal member of the MarR transcription factor
family, Biochemistry. 50 (2011) 6607—6621.

[56] U. Okada, N. Sakai, M. Yao, N. Watanabe, |. Tanaka,
Structural analysis of the transcriptional regulator homolog
protein from Pyrococcus horikoshii OT3, Proteins. 63
(2006) 1084—1086.

[57] K.-Il. Miyazono, M. Tsujimura, Y. Kawarabayasi, M. Tanokura,
Crystal structure of an archaeal homologue of multidrug
resistance repressor protein, EmrR, from hyperthermophilic
archaea Sulfolobus tokodaii strain 7, Proteins. 67 (2007)
1138—1146.

[58] D.K.Deochand, A. Grove, MarR family transcription factors:
dynamic variations on a common scaffold, Crit. Rev.
Biochem. Mol. Biol. 52 (2017) 595—613, https://doi.org/
10.1080/10409238.2017.1344612.

[59] M.N. Alekshun, S.B. Levy, The Mar regulon: multiple
resistance to antibiotics and other toxic chemicals, Trends
Microbiol. 7 (1999) 410—413.

[60] M.N. Alekshun, S.B. Levy, Molecular mechanisms of anti-
bacterial multidrug resistance, Cell. 128 (2007) 1037—1050.

[61] G. Wang, S.P. Kennedy, S. Fasiludeen, C. Rensing, S.
DasSarma, Arsenic resistance in Halobacterium sp. strain
NRC-1 examined by using an improved gene knockout
system, J. Bacteriol. 186 (2004) 3187—3194.

[62] J. Schelert, M. Drozda, V. Dixit, A. Dillman, P. Blum,
Regulation of mercury resistance in the crenarchaeote
Sulfolobus solfataricus, J. Bacteriol. 188 (2006) 7141—7150.

[63] C. Baker-Austin, M. Dopson, M. Wexler, R.G. Sawers,
A. Stemmler, B.P. Rosen, et al., Extreme arsenic resistance
by the acidophilic archaeon “Ferroplasma acidarmanus”
Fer1, Extremophiles. 11 (2007) 425—434.



Transcription Regulators in Archaea

4145

[64] H. Yang, G.L. Lipscomb, A.M. Keese, G.J. Schut, M. Thomm,
M.W. Adams, B.C. Wang, R.A. Scott, SurR regulates
hydrogen production in Pyrococcus by a sulfur-dependent
redox switch, Mol. Microbiol. 77 (2010) 1111—1122.

[65] R. Hidese, K. Yamashita, K. Kawazuma, T. Kanai,
H. Atomi, T. Imanaka, et al., Gene regulation of two
ferredoxin:NADP + oxidoreductases by the redox-respon-
sive regulator SurR in Thermococcus kodakarensis,
Extremophiles. 21 (2017) 903—917.

[66] S.-J. Lee, A. Engelmann, R. Horlacher, Q. Qu, G. Vierke,
C. Hebbeln, et al., TrmB, a sugar-specific transcriptional
regulator of the trehalose/maltose ABC transporter from the
hyperthermophilic archaeon Thermococcus litoralis, J. Biol.
Chem. 278 (2003) 983—990.

[67] A. Gindner, W. Hausner, M. Thomm, The TrmB family: a

versatile group of transcriptional regulators in Archaea,

Extremophiles. 18 (2014) 925—936.

S.-J. Lee, M. Surma, S. Seitz, W. Hausner, M. Thomm,

W. Boos, Differential signal transduction via TrmB, a sugar

sensing transcriptional repressor of Pyrococcus furiosus,

Mol. Microbiol. 64 (2007) 1499—1505.

S.-J. Lee, M. Surma, W. Hausner, M. Thomm, W. Boos,

The role of TrmB and TrmB-like transcriptional regulators

for sugar transport and metabolism in the hyperthermophilic

archaeon Pyrococcus furiosus, Arch. Microbiol. 190 (2008)

247—-256.

[70] T. Kanai, J. Akerboom, S. Takedomi, H.J.G. van de
Werken, F. Blombach, J. van der Oost, et al., A global
transcriptional regulator in Thermococcus kodakaraensis
controls the expression levels of both glycolytic and
gluconeogenic enzyme-encoding genes, J. Biol. Chem.
282 (2007) 33659—33670.

[71] AK. Schmid, D.J. Reiss, M. Pan, T. Koide, N.S. Baliga,
A single transcription factor regulates evolutionarily diverse
but functionally linked metabolic pathways in response to
nutrient availability, Mol. Syst. Biol. 5 (2009) 282.

[72] M. Wagner, A. Wagner, X. Ma, J.C. Kort, A. Ghosh,
B. Rauch, et al., Investigation of the malE promoter and
MalR, a positive regulator of the maltose regulon, for an
improved expression system in Sulfolobus acidocaldarius,
Appl. Environ. Microbiol. 80 (2014) 1072—1081.

[73] R. Reichelt, A. Gindner, M. Thomm, W. Hausner, Genome-
wide binding analysis of the transcriptional regulator
TrmBL1 in Pyrococcus furiosus, BMC Genomics 17
(2016) 40.

[74] Y. Agari, K. Agari, K. Sakamoto, S. Kuramitsu, A. Shinkai,
TetR-family transcriptional repressor Thermus thermophilus
FadR controls fatty acid degradation, Microbiology. 157
(2011) 1589—1601.

[75] H.K. Yeo, Y.W. Park, J.Y. Lee, Structural basis of operator
sites recognition and effector binding in the TetR family
transcription regulator FadR, Nucleic Acids Res. 45 (2017)
4244—4254.

[76] S.D. Bell, Archaeal transcriptional regulation—variation on
a bacterial theme? Trends Microbiol. 13 (2005) 262—265.

[77] S.A.F.T. van Hijum, M.H. Medema, O.P. Kuipers, Mechan-
isms and evolution of control logic in prokaryotic transcrip-
tional regulation, Microbiol. Mol. Biol. Rev. 73 (2009)
481-509.

[78] S.-J. Lee, C. Moulakakis, S.M. Koning, W. Hausner,
M. Thomm, W. Boos, TrmB, a sugar sensing regulator of
ABC transporter genes in Pyrococcus furiosus exhibits dual
promoter specificity and is controlled by different inducers,
Mol. Microbiol. 57 (2005) 1797—1807.

[68

[69

[79] S.D. Bell, S.P. Jackson, Mechanism of autoregulation by an
archaeal transcriptional repressor, J. Biol. Chem. 275
(2000) 31624—31629.

[80] I. Dahlke, M. Thomm, A Pyrococcus homolog of the
leucine-responsive regulatory protein, LrpA, inhibits tran-
scription by abrogating RNA polymerase recruitment, Nucl.
Acids. Res. 30 (2002) 701—-710.

[81] G. Vierke, A. Engelmann, C. Hebbeln, M. Thomm, A novel
archaeal transcriptional regulator of heat shock response,
J. Biol. Chem. 278 (2003) 18—26.

[82] M. Ouhammouch, G.E. Langham, W. Hausner, A.J. Simpson,
N.M.A. El-Sayed, E.P. Geiduschek, Promoter architecture
and response to a positive regulator of archaeal transcription,
Mol. Microbiol. 56 (2005) 625—637.

[83] S.M. Ochs, S. Thumann, R. Richau, M.T. Weirauch,
T.M. Lowe, M. Thomm, et al., Activation of archaeal
transcription mediated by recruitment of transcription factor
B, J. Biol. Chem. 287 (2012) 18863—18871.

[84] K. Teufel, F. Pfeifer, Interaction of transcription activator
GvpE with TATA-box-binding proteins of Halobacterium
salinarum, Arch. Microbiol. 192 (2010) 143—149.

[85] G.L. Lipscomb, A.M. Keese, D.M. Cowart, G.J. Schut,
M. Thomm, M.\W.W. Adams, et al., SurR: a transcriptional
activator and repressor controlling hydrogen and elemental
sulphur metabolism in Pyrococcus furiosus, Mol. Microbiol.
71 (2009) 332—349.

[86] K. Wuichet, B.J. Cantwell, I.B. Zhulin, Evolution and
phyletic distribution of two-component signal transduction
systems, Curr. Opin. Microbiol. 13 (2010) 219—225.

[87] A.M. Stock, V.L. Robinson, P.N. Goudreau, Two-compo-
nent signal transduction, Annu. Rev. Biochem. 69 (2000)
183—215.

[88] M.K. Ashby, Distribution, structure and diversity of “bacter-
ial” genes encoding two-component proteins in the
Euryarchaeota, Archaea. 2 (2006) 11—30.

[89] M.Y. Galperin, K.S. Makarova, Y.l. Wolf, E.V. Koonin,
Phyletic distribution and lineage-specific domain architec-
tures of archaeal two-component signal transduction
systems, J. Bacteriol. 200 (2018) 552.

[90] T. Najnin, K.S. Siddiqui, T. Taha, N. Elkaid, G. Kornfeld, P.M.
Curmi, et al., Characterization of a temperature-responsive
two component regulatory system from the Antarctic archae-
on, Methanococcoides burtonii, Sci. Rep. (2016) 1—15.

[91] J. Li, X. Zheng, X. Guo, L. Qi, X. Dong, Characterization of
an archaeal two-component system that regulates metha-
nogenesis in Methanosaeta harundinacea, PLoS One 9
(2014), e95502.

[92] D. Esser, L. Hoffmann, T.K. Pham, C. Brasen, W. Qiu,
P.C. Wright, et al., Protein phosphorylation and its role in
archaeal signal transduction, FEMS Microbiol. Rev. 40
(2016) 625—647.

[93] M. Aivaliotis, B. Macek, F. Gnad, P. Reichelt, M. Mann,
D. Oesterhelt, Ser/Thr/Tyr protein phosphorylation in the
archaeon Halobacterium salinarum—a representative of
the third domain of life, PLoS One 4 (2009), e4777.

[94] D. Esser, T.K. Pham, J. Reimann, S.V. Albers, B. Siebers,
P.C. Wright, Change of carbon source causes dramatic
effects in the phospho-proteome of the archaeon Sulfolo-
bus solfataricus, J. Proteome Res. 11 (2012) 4823—4833.

[95] J. Reimann, D. Esser, A. Orell, F. Amman, T.K. Pham,
J. Noirel, et al., Archaeal signal transduction: impact of
protein phosphatase deletions on cell size, motility, and
energy metabolism in Sulfolobus acidocaldarius, Mol. Cell.
Proteomics 12 (2013) 3908—3923.



4146

Transcription Regulators in Archaea

[96]

[97]

(98]

[99]

B. Macek, |. Mijakovic, J.V. Olsen, F. Gnad, C. Kumar,
P.R. Jensen, et al., The serine/threonine/tyrosine phospho-
proteome of the model bacterium Bacillus subtilis, Mol. Cell.
Proteomics 6 (2007) 697—707.

B. Macek, F. Gnad, B. Soufi, C. Kumar, J.V. Olsen, I.
Mijakovic, et al., Phosphoproteome analysis of E. coli
reveals evolutionary conservation of bacterial Ser/Thr/Tyr
phosphorylation, Mol. Cell Proteomics. 7 (2008) 299—307.
L. Hoffmann, A. Schummer, J. Reimann, M.F. Haurat, A.J.
Wilson, M. Beeby, et al., Expanding the archaellum
regulatory network—the eukaryotic protein kinases ArnC
and ArnD influence motility of Sulfolobus acidocaldarius,
Microbiologyopen. 6 (2017).

T. Hunter, M. Karin, The regulation of transcription by
phosphorylation, Cell. 70 (1992) 375—387.

[100] J. Reimann, K. Lassak, S. Khadouma, T.J.G. Ettema,

N. Yang, A.J.M. Driessen, et al., Regulation of archaella

[101

[102]

[103]

expression by the FHA and von Willebrand domain-
containing proteins ArnA and ArnB in Sulfolobus acidocal-
darius, Mol. Microbiol. 86 (2012) 24—36.

K. Lassak, E. Peeters, S. Wrdbel, S.-V. Albers, The one-
component system ArnR: a membrane-bound activator of
the crenarchaeal archaellum, Mol. Microbiol. 88 (2013)
125—-139.

L. Li, A. Banerjee, L.F. Bischof, H.R. Maklad, L. Hoffmann,
A.-L. Henche, et al., Wing phosphorylation is a major
functional determinant of the Lrs14-type biofilm and motility
regulator AbfR1 in Sulfolobus acidocaldarius, Mol. Micro-
biol. 105 (2017) 777—793.

M.F. Haurat, A.S. Figueiredo, L. Hoffmann, L. Li, K. Herr,
A.J. Wilson, et al., ArnS, a kinase involved in starvation-
induced archaellum expression, Mol. Microbiol. 103 (2017)
181—-194.



