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Abstract

Archaea are major contributors to biogeochemical cycles, possess unique
metabolic capabilities, and resist extreme stress. To regulate the expression
of genes encoding these unique programs, archaeal cells use gene regulatory
networks (GRNs) composed of transcription factor proteins and their tar-
get genes. Recent developments in genetics, genomics, and computational
methods used with archaeal model organisms have enabled the mapping
and prediction of global GRN structures. Experimental tests of these pre-
dictions have revealed the dynamical function of GRNs in response to en-
vironmental variation. Here, we review recent progress made in this area,
from investigating the mechanisms of transcriptional regulation of individ-
ual genes to small-scale subnetworks and genome-wide global networks. At
each level, archaeal GRNs consist of a hybrid of bacterial, eukaryotic, and
uniquely archaeal mechanisms. We discuss this theme from the perspective
of the role of individual transcription factors in genome-wide regulation,
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Gene regulatory
network (GRN):
consists of
transcription factors
and target genes and
the interactions
between them

Transcription factor
(TF): a protein that
binds to cis sequences
of target genes,
activating or
repressing
transcription

Target gene: genes
in gene regulatory
networks whose
transcriptional activity
is regulated by the
binding of a
transcription factor

Topology: the
architecture of a gene
regulatory network;
describes the structure
of how edges wire the
nodes together

Transcriptomics: an
experimental method
that measures the
expression of all genes
in the genome
simultaneously using
microarray technology
or next-generation
sequencing (RNA
sequencing)
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how these proteins interact to compile GRN topological structures, and how these topologies
lead to emergent, high-level GRN functions. We conclude by discussing how systems biology
approaches are a fruitful avenue for addressing remaining challenges, such as discovering gene
function and the evolution of GRNE.

1. INTRODUCTION

Gene regulatory networks (GRNGs) are defined as groups of interacting regulatory transcription
factors (TFs) and their target genes. In response to environmental stimuli, TFs interact within
the GRN to promote or inhibit RNA polymerase (RNAP) to differentially regulate the expres-
sion of genes encoding proteins that alter physiology (141). Hence, GRNSs are central to the
process of maintaining dynamic, physiological responses to a variable environment (20). Microor-
ganisms of the domain Archaea thrive during environmental variation. They resist stress under
conditions at the limits of sustainable life (161), enabled by efficient stress-repair systems (82,
88) and unique metabolic capabilities (35, 122). With this unique metabolic capacity, archaea
make major contributions to balance in biogeochemical cycles (120) and produce key chemicals
and stress-tolerant enzymes of interest to industry (29, 203). Recent phylogenetic work places
archaea as the evolutionary progenitors of eukaryotes on the tree of life (143, 169, 201). GRN
studies in archaea, therefore, provide a unique window into understanding how GRN function
in environmental response is conserved across the tree of life. In particular, mapping how TFs
and their target genes are connected within GRNs (here referred to as GRN topology) across
archaeal species enables us to understand (#) how GRNs function to adjust physiology dur-
ing wide fluctuations in environmental conditions, (b)) how particular GRN structures produce
different patterns of dynamic gene expression, and (¢) how strong environmental forces shape
regulatory networks over evolutionary timescales. However, knowledge of archaeal transcrip-
tional regulatory mechanisms has historically lagged behind that of bacterial and eukaryotic model
organisms.

Since the first archaeal genome was sequenced more than two decades ago (26), key milestones
have accelerated progress toward building and understanding whole-genome GRNSs for several
archaeal model organisms across phylogenetic lineages (Figure 1). Several genetically tractable
model archaeal species are available (48, 93); improved genetic tool kits for established genetic
model organisms have been developed (2); and established systems have been adapted to enable
genetic tractability across closely related species (85, 100). Completion of whole-genome se-
quences and subsequent comparative genomics studies have revealed a wide diversity of metabolic
and stress-response capabilities (54, 90, 94, 107). Systems biology experimental and computa-
tional pipelines have been developed for archaea (36), with methods including transcriptomics
(47, 145, 146, 163, 184, among others) and analysis of growth phenotypes in TF knockout strains
(178), chromatin immunoprecipitation sequencing (ChIP-seq) and ChIP—chip identification of
TF binding sites (47, 118, 144, 157, 166, 167, 179, 192), and de novo identification of TF binding
cis sequences (157, 162) (Figure 1). Integrating these methods has enabled the mapping of en-
tire regulons under the direct control of TFs of interest, and GRIN computational inference has
predicted how multiple TFs interact to function within the global GRIN.

Thus, systems biology approaches have revolutionized the investigation of archaeal transcrip-
tion regulation, rapidly increasing the understanding of how responses to unique environmental
challenges are regulated at the genome-wide level in this important yet understudied domain of
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Time line of key milestones in progress investigating genome-wide gene regulatory networks in archaeal model organisms. For brevity,
only studies on the most intensively studied, genetically tractable organisms (48, 93) are included. For each species, each colored dot
represents the first report of a type of milestone: orange, genome sequence completed (31, 40, 53, 54, 64, 68, 108, 116, 164); yellow,
first microarray transcriptomic study (8, 58, 77, 97, 104, 159, 184, 196, 200); brown, transcriptome structure mapped (start sites, 5
untranslated regions, etc.) using whole-genome microarray or RNA sequencing (4, 6, 33, 76, 86, 195, 197); light green, direct and
indirect regulons of a transcription factor (TF) mapped by transcriptomics in TF knockout strains (77, 146, 157, 186, 189, 204); dark
green, direct regulon of a TF mapped (117, 144, 157, 167, 179, 192); dark blue, subnetwork of two or more TFs mapped (47, 118, 145,
155, 188); cyan, dynamic time-series analysis of a TF exposed to stress (163, 177, 179); and purple, global gene regulatory network (20,
24,82, 134, 198).
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life. Recent reviews have comprehensively discussed the underlying mechanisms of the entire tran-

the components of networks (nodes) interact (edges) to initiate transcription at individual genes,
(b) how subnetworks composed of a few TFs and their target genes function in the dynamic
regulation of cellular processes, and (¢) how global GRNs function in physiological adaptation.
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cis sequence:
regulatory consensus
sequence element to
which a transcription
factor (TF) binds to
regulate transcription

Regulon: the
complete set of genes
regulated by one
transcription factor

Global gene
regulatory network
(global GRN):

a GRN comprising all
transcription factors,
their binding sites, and
target genes encoded
in a given genome

Edges: connections
between nodes in the
gene regulatory
network

Subnetwork: a subset
of the global gene
regulatory network
that responds to a
particular set of
environmental
conditions

2. TRANSCRIPTIONAL REGULATION OF INDIVIDUAL GENES

Generally speaking, the archaeal proteins required for initiating basal transcription resemble those
of eukaryotes at the level of amino acid sequence and function (14). In contrast, the proteins
that modulate transcription beyond the basal level (e.g., activator and repressor TFs) typically
resemble those of bacteria (128). The combinatorial code of extensive protein—protein inter-
actions between these two classes of proteins binding to DNA at each gene ultimately results
in the promotion or blockage of transcription initiation. In this section we describe archaeal
initiation mechanisms briefly as a prerequisite for the subsequent discussion of GRNs. Tran-
scription initiation can be divided into basal and regulated mechanisms, which are discussed in
turn.

2.1. Basal Transcription

Basal transcription initiation minimally requires transcription factor B (TFB), the homolog of eu-
karyotic TFIIB, and a TATA-binding protein (T'BP) to recruit the eukaryote-like RNAP II-like
polymerase (Figure 2) (39, 190). These eukaryotic-like TFs are referred to here and elsewhere
(47) as general transcription factors (GTFs). Each GTF binds to a specific DNA element in
the promoter region (Figure 2) (166). TBP first recognizes and binds to the TATA box (14,
62). TFB then binds to the B recognition element (BRE), stabilizing the TBP-TATA box in-
teraction (128, 166). Formation of the TBP-TFB-DNA complex, also called the preinitiation
complex (PIC), is required for the recruitment of RNAP (114). The TBP-TFB complex orients
the direction of transcription (99). Unlike in eukaryotes, separation of the DNA strands does
not require energy in archaea (114). TFE protein assists with open complex formation (18), de-
pending on the promoter and organism (158, 166). The mechanisms that enable the transition
to transcriptional elongation remain to be fully characterized (56), although factors important in
this process have recently been elucidated (158, 166). Initiation at weak promoters is facilitated
by the additional promoter proximal DNA element (PPE), located between the TATA box and
the transcription start site, which likely binds TFB (130, 149). The initiator element, located
1 bp downstream of the transcription start site, can also provide additional promoter selectivity

(166).

Figure 2

Initiation of basal transcription. DNA is depicted by the gray strand. The transcription start site is
represented by the bent arrow. Blue, red, and yellow segments of the strand correspond to several DNA
element consensus sequences conserved between Halobacterium salinarum and Pyrococcus furiosus (149, 162)
and their positions relative to the transcription start site (41). Abbreviations: BRE, B recognition element; n,
any nucleotide; PPE, promoter proximal element; RNAP, RNA polymerase; s, G or C; TBP, TATA-
binding protein; TFB, transcription factor B; w, A or T.
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2.2. Regulated Transcription

The regulatory functions of nearly 60 bacterial-like TFs across a wide variety of species and
protein families have been studied experimentally using in vitro biochemistry, genetics, and, more
recently, genome-wide approaches (Figure 3) (79, 127, 128). According to genome-wide analyses
across as many as 52 archaeal genome sequences, the majority of these TF families include helix-
turn-helix (HTH), winged HTH, and ribbon-helix-helix domains (30, 132). Eukaryote-like DNA
binding domains (e.g., zinc finger) have been detected, although these are present in a smaller
proportion (132). Larger genomes tend to encode more TFs, although the overall number of TFs
per archaeal genome is lower than that in bacteria (30, 132).

Many archaeal TFs, like those of bacteria, directly sense environmental cues by binding to
small-molecule ligands (Figure 3) (79, 127). Typically, such chemical signals either release or
stimulate TF-DNA binding interactions (101, 157). For example, structural analyses suggest that
ligand binding by the leucine-responsive protein (Lrp) family of TFs regulates DNA binding, as
well as the oligomeric state of the TF and wrapping of DNA (101, 121, 127). Some TFs can bind
multiple effectors with differential effects on DNA binding. For example, the same Lrp protein
can bind different sets of amino acids (127). TrmB in Thermococcus kodakaraensis binds various
substrates (maltose, sucrose, maltotriose, maltodextrin, or trehalose) with different affinities to
bind different promoters, to give differential specificity for the same promoter, or both (91). In
contrast, the TrmB ligand response in Halobacterium salinarum is more binary. TrmB binds to
DNA in the absence of glucose, promoting the expression of genes involved in gluconeogenesis
and repressing those in glycolysis (157, 177). TrmB dissociates from DNA when glucose is high,
which rapidly deactivates gluconeogenic genes and derepresses glycolytic genes (177).

Interestingly, several recent studies have discovered unique classes of archaeal-specific regu-
lators that respond to cellular redox status to regulate diverse pathways, from the oxidative stress
response to anaerobic respiration (Figure 3) (65, 74, 78, 85). A few of these TFs possess the unique
V4R domain that contains multiple redox-active cysteine residues that respond differentially to
oxidant. For example, MsvR in Methanothermobacter thermoautotrophicus regulates transcription
of the oxidative stress response fpaA-rip-rub operon under both oxidizing and reducing condi-
tions (78); however, MsvR in Methanosarcina acetivorans undergoes conformational rearrangements
that allow DNA binding of targets involved in oxidative stress only under reducing conditions
(74).

Extensive in vitro biochemical studies have established the mechanisms by which bacterial-like
TFs interact directly with the basal transcription apparatus, the cis-regulatory sequence, or both,
to activate or repress transcription (128). Transcription is blocked when a TF binds its ¢is sequence
overlapping the BRE by inhibiting binding of the PIC to the DNA (16) or RNAP recruitment
(15). In contrast, initiation is typically stimulated by facilitating RNAP, TBP, or TFB recruitment
(124, 125). These mechanisms of activation and repression of individual genes appear to be general
across several species of archaea (14).

More complex mechanisms of regulation have also been discovered. For example, Sulfolobus
solfataricus Ss-LrpB can either activate or repress its own promoter, depending on which com-
bination of the three binding sites is bound (129). Each of these sites binds LrpB with a dif-
ferent affinity. In Methanosarcina mazei, transcription inhibition of the nitrogen response gene
gmK1 requires both Nprl and Nprll transcriptional corepressors, which form a complex that
blocks RNAP recruitment (187). Nprl binds DNA downstream of TATA, and Nprll serves
as a bridge, making protein—protein contacts with the PIC and Nprl. 2-Oxoglutarate releases
the NprI-Nprll complex, allowing rapid RNAP recruitment during nitrogen starvation (187).
Across several species, transcriptome mapping and TF—-DNA binding studies have detected many
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Figure 3

An expanding constellation of archaeal transcription factors (TFs) whose DNA binding is regulated by redox activity or ligand binding.
Shown are TF families, TFs, the conditions that regulate TF-DNA binding, and the pathways regulated, along with node colors and
shapes as defined in the key. The size of the gray TF family nodes corresponds to the number of experimentally characterized TFs

belonging to that family. Helix-turn-helix (HTH) and winged HTH (wHTH) families possess a bacterial-type DNA binding domain
fused to poorly understood, archaeal-specific catalytic domains. The two (or three) letters following the TF name denote the organism.
Evidence for inducing conditions and pathways regulated by each TF are detailed in References 14, 57, 79, 127, and 128, and as
follows: AsnC-Hs, CopR-Hs (also termed VNG1179C), Trh2-Hs, Trh3-Hs, Trh6-Hs, and VNG1237C-Hs, Reference 138; BarR-Sa,
Reference 101; Bat-Hs, Reference 11; BIdR-Ss, Reference 51; CorQR-To, Reference 85; Csa3a-Si, Reference 102; DhcR-My and
HhcR-My, Reference 95; DmsR-Hs, Reference 113; DmsR-Hv, Reference 142; EarA-Mma, Reference 41; HrsM-Myv, Reference 172;
MalR-Sa, Reference 185; NarO-Hv, Reference 65; RbkR-My, Reference 151; and ThiR-Hv, Reference 72. Abbreviations: Af,
Archaeoglobus fulgidus; Hs, Halobacterium salinarums; Hv, Haloferax volcanii; Ma, Methanosarcina acetivorans; Mm, Methanosarcina mazei;
Muma, Methanococcus maripaludis; Mt, Methanothermobacter thermoautotrophicus; My, Metallosphaera yellowstonensis; Pf, Pyrococcus furiosus;
Sa, Sulfolobus acidocaldarius; Si, Sulfolobus islandicus; Ss, Sulfolobus solfataricus; Tk, Thermococcus kodakaraensis; 'T'l, Thermococcus litoralis; To,
Thermococcus onnurineus.
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alternative and condition-dependent transcription start sites within operons and gene coding se-
quences (86, 179, 197). Together, these complexities in transcriptional regulation could afford
regulatory flexibility during environmental variation.

A general strategy for adjusting cellular physiology in response to a given TF is to activate
or repress the transcription of a large subset of genes, known as a regulon. Of the TFs whose
regulons have been characterized by global TF-DNA binding combined with gene expression in
TF knockout strains, nearly all are bifunctional, activating some genes but repressing others (155,
157, 163, 179). Hence, we refer here to transcriptional regulatory proteins collectively as tran-
scription factors (TFs) rather than using the specific terms repressors or activators. Cis-regulatory
TF binding sequences identified thus far resemble either gapped, inverted repeat palindromes,
like those of bacteria (128), or 8-mers, like those of eukaryotes (13). It is unclear which type of cis
sequence structures are most widely conserved across TFs and species. Nonetheless, a common
hypothesis is emerging that the relative positioning of the TF’s cis sequence and promoter elements
(Figure 2) predicts the activation or repression of the nearby gene (77, 92, 128, 144, 179).

This hypothesis was tested directly in H. salinarum by measuring genome-wide binding loca-
tions and the resultant effects of such binding on gene expression, both for GTFs (47, 162) and TFs
(157,163, 179). The integration of such data sets enables a genome-wide view of relative binding
positions. For example, for genes regulated by the H. salinarum RosR TF in response to oxidative
stress, a significant association was detected among the time-dependent binding activity of RosR,
resultant gene expression dynamics, and the relative location of RosR binding and PIC binding
locations (179). On average, RosR binding occurred within 75 bp of a GTF binding site (upstream
in the case of activated genes, overlapping or downstream in the case of repressed genes). A similar
significant binding location relationship was observed for TrmB in H. sa/inarum (157). Whether
TFs are endowed with both activator and repressor functions through more complex mechanisms
[e.g., protein—protein interactions with another TF (187)], or whether the TF alone is sufficient
for either function, requires further studies that combine in vitro biochemical approaches, in vivo
measurement of genome-wide binding of TFs and GTFs, and transcriptomics in TF knockouts.
Taken together, the expanding constellation of archaeal TFs demonstrates a great diversity of
mechanisms and gene regulatory functions across species.

3. TRANSCRIPTION SUBNETWORKS AND ENVIRONMENTAL
RESPONSE

Free-living microbes, such as the model species of archaea, respond to interrelated environmental
regimes that can cause similar types of cellular damage (25, 37). To ensure appropriate adaptation
to environmental change, subnetworks composed of multiple TFs and their regulons respond
to certain sets of conditions. Studies that map the structure and function of these subnetworks
shed light on the regulation of higher order cellular functions. In this section, we illustrate these
principles using recent subnetwork case studies.

3.1. Hierarchical Subnetworks Adjust Metabolism During Nutrient Shifts

TrmB family proteins include a diversity of global metabolic regulators. TrmB and TrmBLI in,
respectively, halophiles and thermophiles, directly regulate genes that encode enzymes in central
carbon metabolism (e.g., glycolysis and gluconeogenesis) (84, 92, 144, 157, 177). However, outside
of central metabolism, targets of TrmB and TrmBL1 differ. Schmid and colleagues (157) showed
by ChIP—chip and transcriptomic analysis in knockout strains that TrmB in H. sa/inarum regulates
genes involved in peripheral pathways in amino acid, vitamin, and purine biosynthesis, in addition
to central carbon metabolism. In contrast, recent ChIP-seq experiments expanded the TrmBL1
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regulon in Pyrococcus furiosus to include genes that encode functions such as pyruvate-ferredoxin
oxidoreductase, proteolysis, and uncharacterized pathways (144). MreA from Methanosarcina ace-
tivorans is a divergent TrmB family member lacking the C-terminal sugar binding domain. MreA
direct and indirect regulons include more than 280 genes involved in acetate metabolism (146).
The global regulatory purview of TrmB in many species includes other TFs. TrmB homologs
regulate four other TFs in H. salinarum (157), one in T. kodakaraensis (77), two in P. furiosus (144),
and nine, directly and indirectly by MreA, in Methanosarcina acetivorans (146). Although the func-
tion of these other TFs remains unknown, the TrmB subnetwork structure is consistent with a hier-
archical topology observed in other domains of life in which a few master regulators control a large
number of genes (199). Such topological simplicity suggests that the nutritional acquisition net-
work could be rapidly rewired during the course of evolution by point mutations in the TrmB ligand
binding site (89) or its cis-regulatory target sequences (92, 157). The former is a common means of
changing regulatory network specificity in bacteria (43, 131), whereas the latter is frequently ob-
served in eukaryotes (96, 168, 194). How archaeal networks are rewired remains to be determined.
For example, the sequence motif at the promoter of genes regulated by TrmB in H. salinarum
TACT-N(7-8)-GAGTA (157) is slightly different than that of the P. furiosus TrmBL1 (TATCAC-
N5-GTGATA) (144, 182) despite homology between these TF protein homologs. Taken to-
gether, the hierarchical TrmB metabolic subnetworks studied so far suggest a flexible strategy by
which a single, conserved TF can respond to a diversity of nutrient substrates in various species.

3.2. Combinatorial Control of Gene Expression by Transcription
Factor Paralogs

Recent studies of archaeal GRN subnetworks using genome-wide approaches have reported that
paralogous TFs within a given species tend to control overlapping regulons. Within such sub-
networks, also known as partner networks in the theoretical literature (17), two or more TFs
coordinately regulate partially overlapping regulons. Each TF can also regulate its own target
genes independently. Frequently, these partner TFs are paralogs. In archaea, partner subnet-
works comprising bacterial-like TFs, eukaryote-like TFs, or a combination of both, have been
documented. In the ensuing section, we describe examples of each of these types.

3.2.1. Eukaryote-like general transcription factor partner networks. Recent work is consis-
tent with the hypothesis that within a given species, GTF paralogs function together in partner
networks. Approximately 70% of archaeal genomes encode two or more copies of TFB and/or
TBP family proteins (Figure 4) (132, 180). TFB family expansion events likely occur through
duplication and divergence (10). The number of GTFs encoded in archaeal genomes appears to
differ by lineage. Of the genomes sequenced so far, expansion is detectable specifically in the
Hulobacteriaceae family of the Euryarchaeota phylum, as well as across the Thaumarchaeota phylum
(Figure 4). Genes encoding the TBP (PF00352) (50) and TFE (PF02002) families have under-
gone modest expansion within both eukaryotes and archaea (Figure 44,b). However, a larger
proportion of sequenced archaeal genomes than eukaryotic genomes harbor more than six genes
encoding TFBs (PF00382) (Figure 4c,d).

For example, in H. salinarum, seven TFBs and six TBPs are encoded, enabling 42 possible
combinations for PIC assembly and RNAP recruitment at promoters (10). At least seven of these
combinations appear to be active under standard growth conditions (47). Additional combinations
may be functional under stress conditions; for example, in vitro studies have implicated TFBb
in gene regulation under heat shock (103). Some promoters rely on one TFB-TBP pair for
transcriptional activation. For instance, TFBf is the exclusive TFB regulator of genes encoding
ribosome biogenesis functions (47). In contrast, multiple TFB-TBP pairs bind overlapping sets
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Figure 4

Quantification of the expansion of general transcription factor family proteins in eukaryotic and archaeal genomes. In panels 4,
Eukaryota are shown in dark blue and Archaea are shown in light blue. (#) The number of genes encoding TATA-binding protein
(TBP) is shown on the x axis and the number of genomes on the y axis. (5) Expansion of Transcription factor E (TFE)-encoding genes.
(¢) Transcription factor B (TFB) expansion. The inset illustrates that a larger fraction of archaeal than eukaryotic genomes encodes
more than six #f} genes. (d) Detailed depiction of how TFB family expansion is distributed among archaeal lineages. The innermost
rings show the phylum level, with each concentric ring moving outward depicting successively more specific levels. The second ring
from the outside is the species level. Colors represent phylum-level designations: blue, Euryarchaeota; light red, Crenarchaeota; yellow,
Thaumarchaeota; green, Nanoarchaeota; purple, Parvarchaeota; orange, Nanohaloarchaeota; cyan, uncategorized archaea; magenta,
Korarchaeota. In the outermost ring, the TFB copy number is represented by colors: bright red, 1 copy; bright green, 20 copies.
Gradations of red and green represent intermediate numbers. Data were accessed from the Pfam database (European Molecular Biology
Laboratory, http://pfam.xfam.org) (50), and the diagram was drawn using the Aquerium web tool (http://aquerium.utk.edu) (1).
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of target genes for approximately one-third of genes throughout the genome (47). Computational
analysis of GTF-binding sites revealed that slight differences in base composition at individual
positions of the BRE and PPE consensus sequences specify which of the seven TFB proteins will
bind to which promoters (162).

Genetic knockout studies have demonstrated that each TFB-TBP pair is required for growth
under a specific subset of environmental conditions (180); however, some GTF-coding genes
are not amenable to knockout, given their essential functions in growth (e.g., TFB-f and -g, and
TBP-a, -c, -d) (47). Although some discrepancies exist in the literature regarding which GTFs of
H. salinarum are essential (34), this perhaps points to conditional essentiality and the sensitivity of
such genetic tests to differences in culturing conditions.

In Methanosarcina acetivorans, TBP1 appears to be essential, whereas TBPs 2 and 3 are required
for growth under low-acetate conditions (145). Transcriptomic analysis revealed that TBP2 and
TBP3 regulate an overlapping set of 28 genes, but each also independently regulates approximately
50 genes involved in a range of cellular processes (145).

Together, these studies are consistent with previous arguments that posited archaeal GTFs as
the functional analog of bacterial o factors (10, 47), regulating partially overlapping regulons in
response to different conditions (61, 67). However, differentially associating pairs of TFB-TBP
proteins, as opposed to a single o factor, may afford extended combinatorial possibilities for gene
regulation during transcription initiation.

3.2.2. Bacterial-like transcription factors control overlapping regulons. Paralogous
bacterial-like TFs also coordinately regulate overlapping sets of genes to integrate multiple envi-
ronmental signals. For example, in S. so/fataricus, the metabolic Lrp family regulators LrpB and
LysM bind together to 29 promoters throughout the genome (118). LysM alone regulates approx-
imately 40 genes involved in the synthesis and transport of several amino acids (23, 167). Interest-
ingly, the shared LysM-LrpB targets appear to be regulated through protein—protein interactions,
with only LysM binding DNA (118), an observation concordant with the observation that LrpB
alone regulates fewer than 10 genes (117, 118, 126). In H. salinarum, genome-wide binding-site
location analyses for the eight Lrp paralogs encoded in the genome and transcriptomics analyses
for subsets of Lrps demonstrated that overlapping regulons encode essential cellular functions,
whereas independent regulons are responsive to specific stressors (138, 160). Computational anal-
ysis suggested that different effector molecule specificities, divergence in DNA binding domains,
and differences in the expression levels of /7p genes may have contributed to divergence in regulon
functions among these paralogous TFs (138).

In H. salinarum, two paralogous DtxR TFs, Idrl and Idr2, directly regulate approximately
20 common targets encoding putative metal binding proteins in response to iron availability
(155). These shared target genes also include a third DexR TF, SirR, which Idrl activates during
iron sufficiency, but Idr2 represses during iron starvation (155). SirR was previously described
as a repressor of manganese transport genes (81), but regulation of si7R expression during iron
imbalance suggests additional roles for SirR in iron homeostasis (81, 111). For example, SirR
represses the expression of a gene encoding a fourth iron-dependent TF, TroR, under iron replete
conditions (111). In addition to these shared targets, Idrl and Idr2 each independently regulate
different iron uptake systems, such that the overall iron-responsive regulon contains nearly 200
genes (155). Such overlap in regulons is reminiscent of the paralogous iron TFs in yeast Aftlp and
Aft2p, which regulate partially overlapping regulons in response to iron starvation (152).

3.2.3. Hybrid partner networks confer stress resistance. Many archaeal species are ex-
tremophiles that thrive at the extremes of temperature (28, 80), pH (22), salinity (123), or radiation
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(88, 173), among other factors endemic to extreme environments. Therefore, intensive efforts to
understand transcriptional regulation in archaea have been targeted toward understanding the
TFs, GRNs, and inducible damage-repair pathways that extremophiles use to regulate stress re-
sponses (8, 81, 103, 191, 193). Many of these conditions, especially radiation, produce oxidative
radicals through radiolysis of water (27, 73), and so archaea have evolved unique GRNs to deal
with reactive oxygen species (ROS). For example, H. salinarum is nearly an order of magnitude
more resistant to oxidative stress than mesophilic bacteria (163). A central regulator in a GRN
subnetwork specific to hypersaline-adapted archaea, RosR, binds and directly regulates the expres-
sion of genes encoding 19 other bacterial-type TFs, TFBb, and oxidative stress repair (163, 179).
In turn, under optimum growth conditions, TFBb regulates the gene encoding RosR combinato-
rially with TFBf, TFBg, and TFBd (47, 162, 179). The regulons for these GTFs also overlap with
that of RosR. Resistance to oxidative stress is impaired in deletion strains of H. sa/inarum lacking
bacterial-like TFs thatare combinatorially regulated by RosR and TFBs (37, 179). Together, these
results suggest that extensive inter-TF feedback regulation and a high degree of connectivity in
the network is important for surviving extremely high levels of oxidative stress. Intriguingly, in
this oxidative stress subnetwork, a unique hybrid of eukaryote-like GTF and bacterial-type TFs
interact to control each other and the oxidative stress response.

3.2.4. Partner gene regulatory network structures may be universally conserved. Inbacteria
and eukaryotes, overlapping regulons have been reported to endow GRNs with the ability to
regulate gene expression in response to multiple environmental signals (43, 183). This appears
to hold true for archaeal subnetworks as well. For example, because hypersaline environments
are quite limited in iron (42), the expanded Idr1-Idr2 regulon controlled by the more complex
partner network in H. salinarum, in addition to transcriptional feedback between TFs themselves,
may be an important mechanism enabling the observed resistance to iron starvation (70, 111,
155). Partner networks can expand the regulatory repertoire of TFs (17) and innovate new TF-
target gene connections over evolutionary time (96, 168, 194). For example, in H. salinarum,
slight functional differences in paralogous Lrp proteins with extensively overlapping regulons
may provide fine-tuning of gene regulation in a variable environment (138). Taken together, the
studies described in this section suggest that partial redundancy of gene regulation appears to be
a general theme across the tree of life (17, 43, 96, 152).

4. GLOBAL NETWORKS AND EMERGENT PROPERTIES
4.1. Computational Inference of Global Gene Regulatory Networks in Archaea

Global GRNs include all TFs encoded in the genome, and their ¢is sequences, target genes, and
the interactions among them (Figure 5). Bayesian statistical methods have been used to generate
predictive, global GRN models from gene expression and genome sequencing data for H. salinarum
(20, 21, 24, 82) and Methanococcus maripaludis (198). Although both archaeal global GRN models
were constructed using the same computational protocol, many other methods to address the
GRN inference challenge have been developed for eukaryotes and bacteria. The literature on the
statistical inference of global GRNSs is large and is not the focus of this review (38, 110). Rather,
in this section we describe the predictive computational GRN models that exist for archaea and
the biological insights gained from them.

The global GRN model for H. salinarum has been continually refined through iterative
rounds of experimentation and computation (20, 24, 82). The original model used more than
300 transcriptome data sets to predict how 72 of the 130 putative TFs influence the expression of
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approximately 80% of the 2,400 genes in the genome in response to a wide variety of envi-
ronmental conditions (20). This network, called the environmental gene regulatory influence
network (EGRIN) (20), was inferred using a two-step statistical inference procedure (Figure 5).
First, genes were grouped into coregulated sets called biclusters using the cMonkey algorithm
(147, 148). These groups were optimized according to coexpression under subsets of conditions,
prediction of shared TF binding sites, and gene functional annotations (Figure 5b,¢) (19, 116). In
the second step, TFs and environmental factors that control these biclusters were inferred using
a statistical Bayesian regression-based algorithm called the Inferelator (21, 59). The Inferelator
uses TFs and environmental factors as priors to predict the posterior distribution of the mean
expression profile for each bicluster. The Inferelator also incorporates time-series and stress-dose
information to infer how the regulation of genes by certain TFs (i.e., activation or repression edges)
changes in response to stress over time (Figure 5b-d). When gene expression profiles predicted
from the GRN model are compared with data collected under new environmental conditions, the
correlation is 0.8, meaning that the model can predict transcriptome behavior with reasonable ac-
curacy (20). These predictions are consistent with known TF functions. For instance, the EGRIN
model of H. salinarum accurately predicted the coregulation of genes involved in phototrophy,
the TF controlling them (Bat), and the known Bat-binding site (9, 20). Follow-up modeling stud-
ies have refined these original predictions by integrating new experimental data that query the
transcriptional response to individual stressors, such as oxidative damage (82), ionizing radiation
(191), fluctuations in oxygen (156), nutrient deprivation (157), and other conditions relevant to
the salt flat environment (155). These studies have increased the number of experiments in the
H. salinarum transcriptome database to nearly 1,500. Modeling these new data sets refined the
predictions of the original EGRIN (24, 82, 148).

The Methanococcus maripaludis EGRIN network was constructed by using a similar modeling
framework, and it predicts how 46 of the 57 TFs encoded in the genome influence the regulation
of 1,661 genes in response to changes in macronutrients (198). This GRIN was more accurate
than that of H. salinarum, most likely due to the inclusion of chemostats rather than standard
culture flasks to more closely control experimental conditions. In both EGRIN models, important
factors in maintaining high predictive accuracy included using (#) transcriptome measurements
from a common reference control condition for normalization across genetic and environmental
perturbations, (b)) common procedures across experiments within each species, and (¢) expression

data from TF knockouts (20, 198).

Figure 5

Computational inference of the global gene regulatory network (GRN): the environmental gene regulatory
influence network (EGRIN) of Halobacterium salinarum and an example transcription factor (TF) functional
prediction. (#) The network graph for the global GRN is depicted. Node circles represent TFs; triangles,
combinatorial logic gates; and rectangles, biclusters of coregulated genes. Edge arrows represent activation;
bars represent repression. The yellow box indicates the inset in panel 4. The network is shown in a spring-
embedded layout in which dense regions represent highly interconnected nodes. The network diagram was
generated using the Cytoscape program (32). (b)) Example function for the CspD1 TF. Each bicluster is
numbered, corresponding to details given at http://db.systemsbiology.net:8080/biclusterviewer.

(c) Example data that fueled the prediction for bicluster 66. The graph depicts the expression of all 34 genes
(colored lines) and the mean expression of those genes (black line) over 154 conditions in bicluster 66. This
bicluster is significantly enriched for functions in ribosome biogenesis [hypergeometric test on archaeal
clusters of orthologous genes categories (109), p < 3.63 x 102°]. Panel ¢ adapted from Reference 20.

(d) Expression of the gene encoding CspD1 (Bayesian prior; blue) compared with genes in bicluster 66
(posterior prediction; gray) during oxygen fluctuation over time ( go/d dashed line).
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Progress toward a global GRN model has been made by collating published experimental
data for Methanosarcina acetivorans (134). Specifically, the direct TF-DNA interaction network
was compiled from known binding interactions (e.g., in vitro mobility shift and footprinting
assays), as well as from inferred direct interactions, by searching the genome for known TF cis
sequences. A total of 10 TFs and 248 edges were included (134). An expanded indirect network
also counted TF—target gene interactions based on correlated expression profiles from genome-
wide expression data sets (e.g., 134, 145, 146, among others). These GRNs were constructed for
the purpose of building an ordinary differential equation-based kinetic model that incorporated
several other data types (protein—protein interactions, enzyme kinetics, and others). This model
accurately predicted the rate of consumption of methanogenic substrates (e.g., acetate); however,
the growth rate predictions on these substrates require further refinements (134). In the context
of this model, the TF MreA was confirmed as a key regulator of the switch between different
methanogenic growth substrates (134, 146).

4.2. Discovering the Regulatory Hubs of Gene Regulatory Networks

By studying all components of global GRNs and their interactions as a whole, dynamical and/or
phenomenological emergent properties—that is, higher-order functions—of the GRN may be
deduced. For instance, research in bacterial and eukaryotic model organisms has established that
a surprisingly small set of TFs function as hubs in the global GRN (5, 55, 199), eliciting global,
coordinated gene expression response to a wide variety of stimuli [e.g., o® in Bacillus subtilis (66),
oS in Escherichia coli (12)]. These TF hubs are themselves extensively regulated at the levels of
transcription, protein stability, and DNA binding activity (12, 49, 66). Despite the successes of the
first few global GRN modeling efforts in archaea, experimental tests of model predictions are still
required to verify these TF hubs. Such experiments differentiate between the direct and indirect
gene targets of each TF, identify inter-TF regulatory loops, and determine how TF hubs are
regulated. The use of experimental and computational systems biology pipelines specially adapted
for archaea (Figure 1) (36) has led to the mapping of the regulons of many TFs (Figure 3).
For example, in H. salinarum such pipelines have enabled the discovery of TF hubs such as
TrmB, which coordinates central metabolism with cofactor biosynthesis (157, 175-177; see also
Section 3.1), and RosR, which regulates many other TFs to resist oxidative stress (163, 179; see
also Section 3.2.3). TFs that control essential cellular processes, such as ribosome biogenesis, in
response to a wide range of environmental cues have also been discovered (Figure 5b-d; 37).
In Methanococcus maripaludis, transcriptomics experiments in knockout strains were used to test
EGRIN predictions. These tests revealed the surprising coordinate regulation of genes encoding
essential methanogenesis enzymes by the novel TFs MMP0719 and MMP1100 (TrmB family
homologs) in response to a phosphate signal (198). In summary, using genome-wide methods to
test global GRN predictions can reveal key TFs that function as network hubs, rapidly elucidate
complete sets of target genes, and delineate the relationships among TF regulons.

4.3. Novel Transcription Factor Discovery by Phylogenetic Profiling

An orthogonal computational method known as phylogenetic profiling harnesses comparative
genomics to predict TF functions, their target regulons, and cis-regulatory binding sequences
(94, 95, 151). For example, a recent study used phylogenetic profiling to reconstruct regulons
for the DtxR family TFs across archaea (94). By comparing more than 100 DtxR family proteins
from available genomes across four phyla, nearly 600 candidate binding sites for DtxR TFs were
inferred de novo by searching for conserved palindromic sequences in upstream regions of genes
(94). As expected, these motifs were typically located upstream of genes with putative functions
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in metal homeostasis. A similar approach has been used to computationally predict the regulons
of novel TFs involved in autotrophic metabolism (95) and vitamin biosynthesis (150, 151).

Experimental tests of these predictions demonstrate that such profiling approaches are suc-
cessful in discovering novel TFs and their regulons. For example, the DtxR family TF SirR was
predicted to perform dual roles in manganese homeostasis and iron regulation (94). Transcrip-
tomics data from varying metal conditions and the sirR knockout strain of H. salinarum validated
this prediction (81, 94, 111, 155). In addition, the TrmB family homolog HhcR bound in vitro to
target genes encoding enzymes in unusual carbon dioxide fixation pathways (95). In another strik-
ing example, phylogenetic profiling predicted that, unlike posttranscriptional control of riboflavin
biosynthesis genes by riboswitches such as occurs in bacteria, the archaeal pathway is under the
transcriptional control of the novel TF RbkR (151). This prediction was confirmed by in vitro
binding experiments in which RbkR bound CTP to specify DNA binding to promoters of genes
encoding riboflavin biosynthesis and uptake functions (151). These studies demonstrate the power
of comparative genome-wide computational approaches to accurately predict novel mechanisms
for the regulation and function of unknown genes.

4.4. Recurrent Subnetwork Topologies Within Global Gene Regulatory
Networks Predict Gene Expression Dynamics

In bacteria and eukaryotes, the computational deconstruction of global GRNs has been a fruit-
ful approach for discovering how TFs function together in subnetworks. For instance, in the
model organisms E. coli and Saccharomyces cerevisiae, statistical comparisons of the experimentally
characterized global GRN with randomized GRNs revealed that certain subnetwork structures
occur significantly more often than others (105, 112, 165). The topology and dynamical proper-
ties of such overrepresented subnetworks, termed network motifs (112, 165), have been reviewed
elsewhere (3, 106); however, we describe these briefly for the sake of comparison with archaeal
network motifs.

The same subnetwork types recur in the networks of both bacteria and yeast (112): feedforward
loops (FFLs), bifans, and single-input modules (SIMs) (Figure 6) (165). Given a certain structure,
or topology, of a subnetwork, mathematical theory from the fields of physics and engineering
predicts the dynamic effect of the subnetwork on downstream gene expression (3). FFLs allow
for noise filtering such that the regulated gene is induced or repressed only in the presence of a
persistent stimulus (3). SIMs allow for precise temporal ordering of gene induction by the same
TE. Such ordering depends upon the threshold concentration of the TF (i.e., the binding affinity
of the TF for the cis sequence) required to activate or repress each promoter in the SIM (3). Bifans
serve as signal integrators from dual stimuli and ensure appropriate gene expression output. The
prediction of dynamics from topology is powerful in focusing experiments to enable understanding
of the transcriptional regulation of complex cellular behaviors.

Although a comprehensive analysis of statistically overrepresented motifs has not yet been con-
ducted for the known global GRNS in archaea, the exemplar subnetworks discussed in Section 3
reveal striking similarities to the recurrent GRN motifs from other domains of life. For instance,
TrmB is a master regulator of an extensive SIM in H. salinarum (Figure 6) (177). This topology
was deduced from microarray transcriptomics and genome-wide TrmB-DNA binding in the pres-
ence and absence of glucose (157). The dynamical properties of the SIM were further tested by
measuring TrmB-DNA binding and RNA abundance over time in response to a bolus of glucose
delivered to cultures during gluconeogenic growth on amino acids (177). Switch-like dynamics
in expression were observed within 2 minutes of the glucose addition (Figure 6). The phos-
phoenolpyruvate synthase—encoding gene is shown in Figure 6 as an example of the expression
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Figure 6

Subnetwork motifs that are overrepresented in bacterial and eukaryotic global gene regulatory networks have
also been identified in archaea. (Lef?) Subnetwork types with example topologies. Node VNGO0156C was
computationally predicted to participate in the feedforward loop with TrmB (177). (Right) Gene expression
predictions (red /ines) for target genes and experimental data (gray and black lines). Abbreviation: Glu, glucose.

dynamics of all gluconeogenic enzyme—coding genes (177). Ordinary differential equation models
accurately predicted these gene expression dynamics directly from TrmB-DNA binding time-
course data, suggesting that TrmB alone is sufficient to regulate genes in the SIM (177). Surpris-
ingly, a transient wave of expression following glucose addition was observed in genes involved in
peripheral metabolic pathways (Figure 6) (177). Logic models (3) predicted that such pulses of
gene expression may be regulated by an FFL subnetwork in which TrmB represses another TF
and, together, these TFs generate pulses of expression (Figure 6) (177). Clues to the identity of the
other TFs were provided by the EGRIN model (20) and global TrmB-DNA binding data (157).

Multiple bifan motifs are possible within each of the subnetworks coordinately regulated
by LrpB and LysM in S. solfataricus (118) and by Idrl and Idr2 in H. salinarum (Figure 6;
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Section 3.2.2) (155). The eight Lrp family TFs in H. salinarum also regulate extensively over-
lapping regulons, providing significant combinatorial potential for different dynamical responses
to environmental cues (138, 160). How these bifan motifs affect the dynamic expression of the
target genes requires further experimentation. Nevertheless, taking together the studies discussed
in this section, subnetwork motifs appear to be shared across global GRNs of bacteria, eukaryotes,
and archaea (55, 63, 112, 165).

5. FUTURE CHALLENGES

5.1. Gene Functions Remain to Be Discovered in Archaea

GRN studies enable TF discovery based on the predicted function of genes directly regulated
by the TF of interest (36). However, in some archaeal genomes, the functions encoded by up to
60% of genes remain unknown (19, 26, 116). Traditional methods such as the phenotypic analysis
of gene knockout strains and biochemical characterization of purified enzymes are powerful for
discovery and in-depth study of the function of gene products. However, such methods investigate
only one gene at a time and require significant time and financial investment. Therefore, the need
for improved methods to conduct simultaneous functional discovery for thousands of unknown
genes remains a major bottleneck in archaeal genomics. Computational methods—such as de
novo protein structure prediction and the subsequent construction of a gene functional association
network—enabled a substantial improvement in gene functional knowledge in H. salinarum (19).
The archaeal clusters of orthologous genes (arCOG) functional classification for archaea has also
vastly improved gene function annotations by including uniquely archaeal enzymes, processes,
and pathways (109). The arCOG classification has advanced understanding of the function of TF
regulons by enabling statistical analyses of gene functional enrichment in lists of differentially
expressed genes from genomics studies (36).

New experimental methods also show promise for rapid discovery of gene functions. For in-
stance, transposon mutagenesis libraries have been constructed for genetically amenable model
archaeal organisms (83, 154). Coupling such mutagenesis to sequencing (known as Tn-seq) in
Methanococcus maripaludis enabled the genome-wide discovery of essential genes, more than 100
of which are unique to methanogens (154). Tools using targeted CRISPR (clustered regularly
interspaced short palindromic repeat)-mediated gene silencing have been employed to character-
ize the function of an essential gene in halophiles (170). CRISPR technology was also used to
knock down p-galactosidase activity in Sulfolobus (202). These CRISPR methods are extensible to
genome-wide studies, which have been conducted recently in bacteria (133). Genome-wide tran-
scriptome start site mapping (Figure 1) (6, 76, 86, 195, 197) and quantitative proteomics (156,
174, 181, 196) have improved genome annotations, enabling the discovery of new open reading
frames, the correction of start codons, and improvements in databases (86, 136, 181). Therefore,
genome sequence annotations can be viewed as incomplete and constantly improving data sets,
even for the most well-understood model organisms.

5.2. How Do Posttranscriptional Mechanisms Contribute to the Function
of Gene Regulatory Networks?

"This review has focused exclusively on the transcriptional regulation of gene expression. However,
additional layers of regulation undoubtedly play important parts in GRN function. For instance,
a surprisingly high number of small, untranslated antisense RINA transcripts, on the order of 50-
500 bp, have been detected in RINA-seq studies across numerous species (7). Many small RNAs
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(sRNAs) in bacteria regulate the expression of global TFs at the posttranscriptional level (171) and,
therefore, have central roles in the dynamical properties of GRNs (119). Genetic analyses have
revealed thatarchaeal sSRINAs are required for survival across a variety of environmental conditions
(7, 45, 69). In Methanosarcina mazei, SRNA;s4 is regulated in response to nitrogen starvation
by the TF NprR (45). sRNA;s4 can posttranscriptionally either activate or repress expression
of nitrogen-responsive pathways (139). Two other sRNAs, including sSRNA4,, target multiple
mRNAs, repressing translation during nutrient shifts (75). However, the regulatory function is
unknown for the majority of recently identified sSRNAs.

Recent evidence has also revealed that the stability of many archaeal proteins, including
TFB homologs (52), is regulated by a ubiquitin-like pathway in which small archaeal-specific
modifier proteins (SAMPs) are covalently conjugated to protein substrates (71). SAMPylated
proteins are then often targeted for degradation by the eukaryote-like proteasome. In the fu-
ture, systems biology approaches could reveal the topology and function of composite transcrip-
tional/posttranscriptional GRNS.

5.3. How Do Archaeal Gene Regulatory Networks Evolve?

Archaeal genomes are profoundly dynamic. Insertion sequence (IS) and repeat elements are en-
riched in archaeal genomes [e.g., 91 in H. salinarum (116)]. Differential GC-content bias between
megaplasmids and the main chromosome has also been observed (116). These features provide
evidence of past viral infections and horizontal gene transfer (87). Through recombination, IS
and repeats lead to high rates of amplification, deletion, and rearrangement events. For example,
these rates are as high as 1 x 10~ for spontaneous gas vesicle mutants in H. salinarum (137, 153),
and different strains of P. furiosus spontaneously lost t#77B during in-lab cultivation (144). When
exposed to stress, IS element mobility is enhanced (135). Genomic dynamism is exacerbated in
haloarchaea during fusion between cells of different species, which exchange hundreds of kilobase
pairs of DNA to generate interspecific hybrid strains (115).

What is the effect of such extensive genomic plasticity on the topology, function, and evolu-
tion of GRNs in archaea? Through rapid gene gain and loss, horizontal gene transfer provides
a constant source of potentially novel regulatory features (87, 140), such as co-option of a newly
acquired TF for regulating the response to a new environment (43). Extensive functional redun-
dancy in the GRN can increase the regulatory repertoire and enable colonization of new niches
(180). Because many model archaeal species thrive in extreme environments, genomic plasticity
may be a mechanism for innovating new stress-response strategies, forcing rapid network rewiring
and regulation during environmental fluctuation. In these environments, organisms are faced with
simultaneous, chemically interrelated stressors. One study suggested that the relative evolutionary
rate for microbial communities residing in extreme environments is higher than that for mesophilic
environments (98). Recent studies in bacteria have posited that correlated signals may shape the
GRN such that different TFs sense different stressors but regulate overlapping regulons (44),
perhaps enabling anticipation of future stress (43). Future work to test whether these phenomena
hold for archaeal GRN is of great interest.

SUMMARY POINTS

1. In Archaea, proteins of eukaryotic and bacterial ancestry interact to regulate the initiation
of transcription at the promoters of individual genes.
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2. Subnetworks composed of three to four transcription factors (TFs) work together to reg-
ulate gene expression in response to fluctuating environments. The different topologies
of these subnetworks produce characteristic dynamical patterns of gene expression.

3. In archaea, subnetworks have been observed that are composed of bacterial-like TFs,
eukaryote-like TFs, or a hybrid of the two.

4. Experimental validation of predicted global gene regulatory networks (GRNs) has en-
abled the discovery of emergent network properties and novel TF functions.

FUTURE ISSUES
1. Systems biology approaches hold promise for understanding the structure and function
of gene regulatory networks (GRNs) across archaea.

2. Which subnetwork motifs and resultant dynamics of gene expression are overrepresented
in global archaeal GRNs?

3. The discovery of the function of unknown genes through genome-wide analyses will
enable future understanding of GRN function.

4. How do additional layers of gene regulation at the posttranscriptional level contribute
to GRN function?

5. How do network structure and function change over evolutionary timescales in response
to extreme stress?

6. What are the mechanisms by which archaeal genome dynamics affect GRN function and
evolution?
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