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ABSTRACT Thiamine (vitamin B1) is a precursor of thiamine pyrophosphate (TPP), an
essential coenzyme in the central metabolism of all living organisms. Bacterial thia-
mine biosynthesis and salvage genes are controlled at the RNA level by TPP-
responsive riboswitches. In Archaea, TPP riboswitches are restricted to the Thermo-
plasmatales order. Mechanisms of transcriptional control of thiamine genes in other
archaeal lineages remain unknown. Using the comparative genomics approach, we
identified a novel family of transcriptional regulators (named ThiR) controlling thia-
mine biosynthesis and transport genes in diverse lineages in the Crenarchaeota phy-
lum as well as in the Halobacteria and Thermococci classes of the Euryarchaeota. ThiR
regulators are composed of an N-terminal DNA-binding domain and a C-terminal
ligand-binding domain, which is similar to the archaeal thiamine phosphate synthase
ThiN. By using comparative genomics, we predicted ThiR-binding DNA motifs and
reconstructed ThiR regulons in 67 genomes representing all above-mentioned lin-
eages. The predicted ThiR-binding motifs are characterized by palindromic symmetry
with several distinct lineage-specific consensus sequences. In addition to thiamine
biosynthesis genes, the reconstructed ThiR regulons include various transporters for
thiamine and its precursors. Bioinformatics predictions were experimentally validated
by in vitro DNA-binding assays with the recombinant ThiR protein from the hyper-
thermophilic archaeon Metallosphaera yellowstonensis MK1. Thiamine phosphate and,
to some extent, TPP and hydroxyethylthiazole phosphate were required for the
binding of ThiR to its DNA targets, suggesting that ThiR is derepressed by limitation
of thiamine phosphates. The thiamine phosphate-binding residues previously identi-
fied in ThiN are highly conserved in ThiR regulators, suggesting a conserved mecha-
nism for effector recognition.

IMPORTANCE Thiamine pyrophosphate is a cofactor for many essential enzymes for
glucose and energy metabolism. Thiamine or vitamin B1 biosynthesis and its tran-
scriptional regulation in Archaea are poorly understood. We applied the comparative
genomics approach to identify a novel family of regulators for the transcriptional
control of thiamine metabolism genes in Archaea and reconstructed the respective
regulons. The predicted ThiR regulons in archaeal genomes control the majority of
thiamine biosynthesis genes. The reconstructed regulon content suggests that nu-
merous uptake transporters for thiamine and/or its precursors are encoded in ar-
chaeal genomes. The ThiR regulon was experimentally validated by DNA-binding as-
says with Metallosphaera spp. These discoveries contribute to our understanding of
metabolic and regulatory networks involved in vitamin homeostasis in diverse lin-
eages of Archaea.
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Vitamins of the B group are key precursors in the biosynthesis of indispensable
enzyme cofactors driving numerous metabolic processes in all forms of life. Vitamin

B1 (thiamine) in its active form, thiamine pyrophosphate (TPP), is an essential cofactor
for several anabolic and catabolic reactions in the central metabolism (1). Archaeal
vitamin biosynthesis pathways contain several unique enzymes that lack homology to
those of Bacteria (Fig. 1 and Table 1). The thiamine biosynthesis pathway (TBP) utilizes
a set of committed enzymes catalyzing the independent synthesis of 4-amino-5-
hydroxy-2-methylpyrimidine (HMP) and 4-methyl-5-�-hydroxyethylthiazole (HET) moi-
eties and their subsequent phosphorylation and coupling into a single molecule of
thiamine phosphate, which is finally phosphorylated to TPP by the ThiL kinase (2). The
pyrimidine moiety of thiamine, HMP pyrophosphate (HMP-PP), is synthesized from
aminoimidazole ribotide (AIR), an intermediate of the purine biosynthesis pathway, by
using HMP phosphate (HMP-P) synthase (ThiC) and HMP-P kinase (ThiD) (3). The
HMP-PP synthesis pathway is conserved between Bacteria and Archaea; however, the
synthesis of the thiazole moiety of thiamine, HET phosphate (HET-P), is catalyzed by two
different biochemical routes (4). In Bacteria, HET-P is synthesized from 1-deoxy-xylulose
phosphate, glycine (or tyrosine), and cysteine by using the thiS, thiF, thiH (or thiO), thiI,
iscS, and thiG gene products (5). In contrast, the Thi4 family proteins catalyze the
single-step synthesis of HET-P in eukaryotes and archaea (4, 6, 7). Thiamine phosphate
synthase catalyzes the coupling of HMP-PP and HET-P moieties to yield thiamine
phosphate and pyrophosphate. Bacteria and Archaea utilize analogous thiamine phos-
phate synthases from different protein families, ThiE and ThiN, respectively (4, 8–10).
Thiamine phosphate is finally phosphorylated to TPP by the ThiL kinase in both Bacteria
and Archaea (11, 12).

The TBP genes in bacteria are controlled by cis-regulatory RNAs (the so-called THI
elements) that were first discovered by comparative genomics (4) and then attributed
to a class of TPP-sensing riboswitches that control gene expression through the
formation of alternative leader mRNA structures (13, 14). TPP riboswitches provide a
negative-feedback loop for the control of TBP genes that are often clustered into one
or several thi operons in bacterial genomes. In addition to the TBP genes, the recon-
structed TPP riboswitch regulons in many proteobacteria and several bacteria from
other phyla include the thiBPQ operon, encoding the known ABC transporter for
thiamine, thiamine phosphate, and TPP (4, 15). Analysis of the distribution of TPP

FIG 1 Overview of thiamine biosynthesis and salvage pathways in Archaea. Biosynthetic and salvage
enzymes (solid lines) are in boldface type and underlined, respectively. The dashed line with a question
mark indicates as-yet-uncharacterized ADP-thiazole hydrolase and thiamine kinases activities. Uptake
transporters (dotted lines) are listed along with their predicted substrates. The asterisk denotes trans-
porters with predicted substrate specificity. Detailed functional roles, including Enzyme Commission (EC)
numbers and transporter protein families, are listed in Table 1. All included enzymes and transporters
(except ThiT) have representatives in both Archaea and Bacteria; however, Thi4 and ThiN are ubiquitous
in Archaea, while ThiE is present mostly in Bacteria. Abbreviations: TPP, thiamine pyrophosphate; HMP,
4-amino-5-hydroxy-2-methylpyrimidine; HET, 4-methyl-5-�-hydroxyethylthiazole; AIR, aminoimidazole
ribotide; ADT, ADP-thiazole; SAM, S-adenosylmethionine.
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riboswitches in bacterial genomes combined with subsystem-based metabolic recon-
struction revealed other families of putative uptake transporters for thiamine, HET, and
HMP (4). The predicted functions of some of these transporters, including the energy-
coupling factor (ECF) family transporters YuaJ/ThiT, YkoEDC, and ThiW and the ABC
family transporter ThiXYZ, have been experimentally validated (16–18). Interestingly,
the TPP riboswitches were also identified in a single taxonomic group of Archaea, the
Thermoplasmatales, including Thermoplasma, Ferroplasma, and Picrophilus spp., where
they coregulate two predicted thiamine transporters, ThiT1 and ThiT2, of the major
facilitator superfamily (MFS) (4). However, TPP riboswitches were not found in all other
lineages of Archaea, and the mechanism of transcriptional regulation of TBP genes in
Archaea was not known before this study.

Comparative analysis of multiple closely related genomes is a powerful approach for
the identification and reconstruction of novel transcriptional regulons in Bacteria (19),
and it is also applicable to archaeal genomes (20, 21). In this study, we combined
comparative genomics to map genes for the thiamine biosynthesis and uptake path-
ways and discovered putative thiamine regulons in archaeal genomes. We found a
novel transcriptional regulator for the thiamine metabolism genes, termed ThiR, which
represents a fusion of an N-terminal DNA-binding domain and a C-terminal domain that
is similar to the archaeal thiamine phosphate synthase ThiN. Evidence from comparative
genomics suggests that ThiR is a thiamine phosphate-responsive repressor, which is
conserved in diverse lineages of Archaea. The reconstructed ThiR regulons in 67 archaeal
genomes include the TBP genes and/or various genes encoding transporters for thiamine
and its metabolic precursors. To evaluate the accuracy of the genomic reconstruction, we
performed experimental testing of the ThiR regulon in Metallosphaera yellowstonensis MK-1,
a thermoacidophilic species of the Crenarchaeota phylum that was isolated in Yellowstone
National Park (22). In vitro-binding assays with the purified ThiR regulator confirmed its
predicted DNA sites and revealed thiamine phosphates as molecular effectors that are
required for ThiR-DNA binding. A putative mechanism for the ThiR-dependent negative
regulation of the TBP and/or thiamine uptake genes was proposed.

RESULTS AND DISCUSSION
Genomic identification and reconstruction of thiamine regulons. We began this

study by performing a bioinformatics survey of candidate genes for transcriptional

TABLE 1 Thiamine and TPP biosynthesis enzymes and transporters identified in archaeal genomes

Protein Functional role (EC no.)a

No. of genes in the ThiR
regulonb (no. of respective
genes in 67 studied
genomes) Reference(s)

ThiC Phosphomethylpyrimidine synthase (EC 4.1.99.17) 37 (44) 3
Thi4 Thiamine thiazole synthase, archaeal/eukaryotic 55 (59) 6, 7
ThiM Hydroxyethylthiazole kinase (EC 2.7.1.50) 12 (23) 51
ThiE Thiamine phosphate synthase (EC 2.5.1.3), bacterial 12 (27) 10
ThiD HMP/phosphomethylpyrimidine kinase (EC 2.7.1.49, EC 2.7.4.7) 1 (6) 52, 53
ThiN Bifunctional thiamine phosphate synthase ThiN (EC 2.5.1.3)/HMP/phosphomethylpyrimidine

kinase (EC 2.7.1.49, EC 2.7.4.7), archaeal
26 (55) 8, 9

YjbQ Low-activity thiamine phosphate synthase YjbQ (EC 2.5.1.3), bacterial 7 (15) 8, 9, 11, 26
TenA Aminopyrimidine aminohydrolase (EC 3.5.99.2) 46 (72) 54, 55
ThiL Thiamine monophosphate kinase (EC 2.7.4.16) 0 (67) 12, 56
ThiR Transcriptional regulator of thiamine metabolism 12 (67) This work
ThiBPQ Thiamine transporter, ABC family, bacterial 26 (30) 57
YkoEDC Predicted thiamine/HMP moiety transporter, ECF family 12 (12) 58, 59
ThiT Predicted thiamine/HMP transporter, MFS 18 (23)
ThiW Predicted thiazole moiety transporter, ECF family 2 (2)
CytX Predicted HMP moiety transporter, NCS1 family 10 (10)
ThiV Predicted HMP moiety transporter, SSS family 6 (7)
aPredicted functional roles of thiamine-related transporters determined by using comparative genomics analysis of TPP riboswitch regulons were previously
proposed (4). NCS1, nucleobase:cation symporter 1; SSS, solute:sodium symporter.

bNumbers of thiamine metabolism genes that are preceded by a candidate ThiR-binding site. The total numbers of the respective genes (including paralogs) found in
67 studied genomes possessing the ThiR regulon are given in parentheses.
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regulators of thiamine metabolism in 41 available archaeal genomes of the Crenar-
chaeota phylum (the Thermoprotei class) that do not contain TPP riboswitches. Priori-
tization of candidate thiamine regulatory genes was performed based on an analysis of
their domain structure and genome context evidence, including chromosomal gene
clustering with thiamine metabolism genes. As a primary candidate for the thiamine
regulator, we identified a family of archaeal thiamine phosphate synthase (ThiN)
paralogs fused to an N-terminal DNA-binding domain resembling a helix-turn-helix
(HTH) motif, which is characteristic of many prokaryotic transcription factors (TFs).
Below we summarize major observations that support the proposed functional role for
members of the predicted family of thiamine regulators, which was named ThiR.

Orthologs of the thiR genes were identified in 35 out of 41 analyzed genomes of the
Crenarchaeota phylum (see Fig. S1 in the supplemental material). The only species that
apparently had lost thiR genes among the Crenarchaeota are two Aeropyrum spp.,
Ignicoccus hospitalis, Pyrolobus fumarii, Acidilobus saccharovorans, and Caldisphaera
lagunensis. In addition, thiR orthologs are present in all available genomes of the
Halobacteria (17 genomes) and Thermococci (15 genomes) classes of the Euryarchaeota
phylum. Overall, the putative thiR thiamine regulatory genes were found in 67 genomes
that belong to three major classes of Archaea. Other classes of Archaea do not have thiR
orthologs.

The thiR genes are present in a single copy in most genomes, with the exception of
Halobacteria (10 genomes), where we have identified two thiR paralogs. The phyloge-
netic tree of the ThiR proteins largely coincides with the taxonomic species tree of
Archaea, with the single exception of the Thermofilum branch, which is not clustered
with other Thermoproteales (see Fig. S2 in the supplemental material). ThiR1 and ThiR2
paralogs in Halobacteria form two distinct branches (average sequence identity, 40%),
suggesting their possible appearance by an ancient lineage-specific duplication.

In order to reconstruct putative ThiR regulons, we first identified the repertoire of
known and putative genes involved in thiamine biosynthesis, salvage, and uptake in 73
genomes of Archaea from the above-mentioned three taxonomic ranks (Table 1; see
also Table S1 in the supplemental material). In the group of 4 Thermofilum spp., the thiR
gene is colocalized and divergently transcribed with the predicted thiamine transporter
operon ykoEDC. In Fervidicoccus fontis, thiR is also colocalized with the ykoDCE transport
locus, but their relative orientation is convergent (Fig. 2). In contrast, thiR orthologs in
other analyzed genomes are not clustered on the chromosome with TBP or thiamine
transport genes. We have analyzed the predicted prototrophy/auxotrophy phenotypes
and the distribution of ThiR regulators across three studied classes of Archaea (see Fig.
S1 in the supplemental material). Among 67 ThiR-encoding archaea, 43 species possess
the complete sets of TBP genes (B1 prototrophs), while the remaining 24 species lack
at least one essential TBP gene (B1 or HMP auxotrophs). HMP auxotrophs (14 species)
are not able to synthesize the HMP precursor of thiamine due to a lack of ThiC, while
the HET biosynthesis pathway is intact in these species. The remaining B1 auxotrophs
could be further classified into two subgroups. Three species lack the HMP and HET
synthesis pathways but possess the salvage pathways for both precursors (ThiM, ThiD,
and ThiE/N), whereas seven species lack both de novo biosynthesis and salvage
pathways for B1 precursors.

To facilitate the comparative genomics analysis, all analyzed genomes were subdi-
vided into individual taxonomic groups according to the phylogenetic tree of ThiR
proteins. By applying the DNA motif recognition procedure to a training set of
upstream regions of TBP and/or thiamine transporter genes, we identified putative
ThiR-binding site motifs in each taxonomic group. The identified putative ThiR-binding
site motifs were refined by the construction of multiple alignments of orthologous
upstream regions (see Fig. S3 in the supplemental material). Based on the obtained
lineage-specific profiles, we searched for additional sites in archaeal genomes and
identified additional candidate members of ThiR regulons such as the putative thiamine
transporter thiT in the Sulfolobales and Thermoproteales (see Table S2 in the supple-
mental material).
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FIG 2 Distribution of thiamine biosynthesis and uptake genes and reconstructed ThiR regulons in representative genomes of Thermoprotei (A), Thermococcales
(B), and Halobacteria (C). Detailed information for each analyzed genome is provided in Table S1 in the supplemental material. Total numbers of analyzed
species in selected genera of Thermoprotei are shown in parentheses. Genes are shown by arrows, and the same functional roles are marked by matching colors.
Candidate ThiR-binding sites are shown as pink or red circles. Five different types of DNA motifs identified in Thermoprotei are marked with roman numerals
inside the circle. Sequence logos representing the consensus binding site motifs were built by using all candidate sites in the respective groups of genomes.
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The predicted ThiR motifs and the respective sets of coregulated operons in all
studied lineages are illustrated in Fig. 2. ThiR motifs in the Thermoprotei class share a
13-bp palindrome symmetry and a conserved core with a consensus ATAA-N5-TTAT
sequence; however, the Sulfolobales-specific motif has a 6-bp spacer between the
half-sites. ThiR motifs in the Thermococci and Halobacteria classes as well as in Ther-
mofilum species share a consensus sequence (ANNAC-N3-GTNNT), which is partially
similar to the above-mentioned consensus sequence in the Thermoprotei. Despite these
lineage-specific variations in the consensus sequences of palindromic half-sites and the
central spacer lengths, the common consensus signals of the predicted ThiR-binding
half-sites can be deduced as ATAA and TTAT, respectively (see Fig. S2 in the supple-
mental material).

Interestingly, candidate ThiR boxes occur in tandem in 63 and 76% of regulatory
gene regions in the Thermococci and Halobacteria genomes, as the distance between
the centers of palindromes equals an integer number of DNA turns (21 bp and 12 bp,
respectively) (see Table S2 in the supplemental material). The presence of multiple
regulatory sites at a specific distance ensures cooperative binding of ThiR dimers to
DNA. Within the Thermoprotei class, the majority of predicted ThiR-regulated genes in
Fervidicoccus, Staphylothermus, Thermofilum, and Thermogladius spp. and �30% of the
candidate ThiR targets in Pyrobaculum spp. are preceded by two or three palindromic
ThiR sites, suggesting cooperative binding of two or more ThiR dimers to DNA. In
contrast, the candidate ThiR operators in the Sulfolobales order contain a single
palindromic ThiR site.

We analyzed the relative positions of the identified ThiR-binding sites and known
transcription start sites (TSSs) from previously reported transcriptomes of Sulfolobus
solfataricus, Pyrococcus furiosus, and Haloferax volcanii (23, 24) (see Table S2 in the
supplemental material). The transcription start sites coincide with the translation start
sites of the thi4, thiT, and tenA genes in S. solfataricus (23) and the thi4 and thiC genes
in H. volcanii (25), as the predicted ThiR-binding sites overlap TATA-like conserved core
promoter motifs across all related genomes (see Fig. S3 in the supplemental material).
The TSS of thi4 in P. furiosus is located �7 nucleotides (nt) upstream of the translation
start site, and its respective TATA-like core promoter motif is inserted between tandem
ThiR sites. The TSS of thiB in P. furiosus is located in the middle of the proximal site of
the tandem ThiR operator. Thus, all of the known promoters of ThiR-regulated genes
overlapped predicted ThiR sites, making it possible to predict that ThiR acts as a
repressor of transcription.

The content of reconstructed ThiR regulons is quite uniform in the representatives
of all three classes of Archaea, although individual genomes may have between one
and five target operons (Fig. 2). The core regulon group includes the de novo TBP genes
thi4, thiC, and thiDN as well as the thiEM and tenA genes involved in the salvage of
thiamine precursors (Table 1). The thiR genes are preceded by candidate ThiR boxes in
4 Thermofilum and 7 Thermococcus species as well as in F. fontis, suggesting potential
autoregulation of ThiR. The predicted ThiR regulons in Thermococcus spp. also include
the YjbQ family proteins (encoded by a putative operon with thiR) that were previously
characterized for their low thiamine phosphate synthase activity (26).

Among the taxon-specific members of predicted ThiR regulons are various genes
presumably involved in the transport of thiamine and/or its metabolic precursors HET
and HMP (Table 1). These members include a novel group of MFS-type transporters in
the Sulfolobales and Thermoproteales that are orthologous to the TPP riboswitch-
regulated transporter ThiT from the Thermoplasmatales order of Archaea (4). Other
predicted ThiR-regulated transporters in Archaea (thiBPQ, ykoEDC, thiV, cytX, and thiW)
are shared with Bacteria, where they are commonly regulated by TPP riboswitches (18).
An integrated genomic approach combining the identification of ThiR regulons with
subsystem-based metabolic reconstruction allowed us to predict likely specificities for
thiamine-regulated transporters (Fig. 1). The CytX transporters of the nucleoside trans-
porter family of the Thermococci and two Desulfurococcales species as well as the
sodium-dependent ThiV transporters in the Halobacteria are presumably involved in
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the uptake of pyrimidine precursors of thiamine (HMP or amino-HMP). The ECF family
transporter ThiW found in two Thermococcus spp. is likely involved in HET salvage. The
novel group of MFS ThiT transporters in the Sulfolobales and Thermoproteales as well as
the ECF family YkoEDC system in the Desulfurococcales, Thermofilum, and Fervidicoccus
are likely involved in the uptake of thiamine and/or the HMP precursors, as they are
present in both B1 prototrophs and auxotrophs. The ABC family transporter ThiBPQ
found in the reconstructed ThiR regulons of the Thermococci and Halobacteria is
presumably involved in the salvage of thiamine.

Experimental validation of the ThiR regulon in M. yellowstonensis. In order to
validate the computationally predicted DNA-binding motif of ThiR in the Sulfolobales,
we heterologously expressed and purified the ThiR protein from M. yellowstonensis
MK1. This extremophile is a dominant community member in acidic thermophilic
Fe(II)-oxidizing microbial mats of Yellowstone National Park (22). Our genomic recon-
struction suggests that M. yellowstonensis is the only B1 auxotroph within the Sulfolo-
bales order, which is unable to synthesize the HMP precursor of thiamine (see Fig. S1
in the supplemental material). Three synthetic fluorescence-labeled 46-bp DNA frag-
ments containing the predicted ThiR-binding sites upstream of the thiT, thi4, and tenA
genes in M. yellowstonensis were assessed for their specific interaction with the purified
ThiR protein. Each synthetic DNA fragment contained a 20-bp ThiR site located in the
middle of the 35-bp natural DNA fragment of the promoter region (see Fig. S3 in
the supplemental material) and flanked by polycytosine stretches on each side. In the
presence of excess thiamine phosphate (0.5 mM), ThiR specifically binds to the syn-
thetic DNA fragments containing ThiR-binding sites at all three predicted target genes
in M. yellowstonensis, as determine by a fluorescence polarization assay (Fig. 3A). The
apparent affinity, estimated as 50% effective concentrations (EC50), for the ThiR protein
interacting with the tested DNA fragments was in the range of 25 to 60 nM. The
exclusion of thiamine phosphate from the incubation mixture led to the disruption of
ThiR-DNA binding. Titration of the thiamine phosphate effect at a fixed concentration
of the ThiR protein (600 nM) and the thi4 DNA fragment determined an EC50 for the
effector in the range of 0.3 to 0.4 mM (Fig. 3B). TPP and HET-P (0.5 mM) also stimulated
the binding of ThiR with the thi4 DNA fragment, although the effect of these metab-
olites was weaker than the effect of thiamine phosphate (Fig. 3C). In contrast, thiamine,
HET, and HMP (up to 1 mM) had no effect on the binding of ThiR to the target DNA.
Physiological concentrations of thiamine phosphates in the cell and the EC50 for TPP of
TPP-sensing riboswitches in bacteria are at least 2 orders of magnitude lower than the
determined EC50 for thiamine phosphates in the ThiR-DNA binding assays (11, 12, 27).
Nonphysiologically high concentrations of thiamine phosphates required for ThiR-DNA
binding could be explained by nonoptimized conditions of the fluorescence polariza-
tion assay, such as moderate temperatures and neutral pH, while physiological condi-
tions for M. yellowstonensis include extremely low pH and high temperatures (28).
Overall, this analysis of the M. yellowstonensis ThiR protein provided sufficient experi-
mental confirmation of the target ThiR-binding sites and ThiR-regulated genes tenta-
tively identified in the Sulfolobales lineage by comparative genomics, while many
aspects of the proposed mechanism are yet to be investigated. Experimental validation
of candidate DNA-binding motifs for ThiR orthologs in other lineages of Archaea was
beyond the scope of this mostly bioinformatics-based study.

Proposed ThiR regulatory mechanism. Based on the in vitro effector screening
results and the positional analysis of candidate ThiR sites relative to experimentally
determined TSSs/promoter elements (see above), we propose the following regulatory
mechanism for ThiR. In the presence of an excessive amount of thiamine phosphates
in the cell, ThiR binds its DNA target sites and represses the expression of genes
involved in the biosynthesis and/or salvage of vitamin B1. When levels of thiamine
phosphates become limiting in the cell, ThiR dissociates from DNA, resulting in the
derepression of ThiR-regulated genes. Thus, thiamine phosphates act as a corepressor
of ThiR. The proposed regulatory mechanism for ThiR in Archaea partially resembles the
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known mechanism for the transcriptional/translational control of thiamine metabolism
genes in Bacteria, involving a metabolite-sensing riboswitch, which binds TPP as a
corepressor and thus promotes the repressive conformation of 5= untranslated leader
mRNA (14).

The concentration of thiamine phosphates in the cell is linked to the activity of the
de novo biosynthesis pathway and/or the uptake and phosphorylation of exogenous
vitamin B1. Despite genomic identification of candidate thiamine-related transporters,
kinases responsible for the further phosphorylation of thiamine for TPP production are
largely unknown in Archaea. Recent biochemical studies with Pyrobaculum caldifontis
cell extracts suggest that the phosphorylation of thiamine does not take place in this
hyperthermophilic archaeon (11). The ThiL kinase in this species is strictly specific for
thiamine phosphate and cannot phosphorylate thiamine (11). P. calidifontis is an HMP
auxotroph possessing the thiDN and thi4 biosynthetic genes and the predicted HMP/
thiamine transporter thiT. Since the salvaged thiamine is readily hydrolyzed into HMP
and HET in hyperthermophilic environments, it was suggested that P. calidifontis can
reutilize the HMP moiety. The thiL kinases are ubiquitous in Archaea, but they do not
belong to the ThiR regulons. Thus, the above-described hypothesis for P. calidifontis is
not applicable to several B1-auxotrophic Thermofilum and Thermococcus species pos-
sessing only a candidate thiamine transporter (ykoEDC or thiBPQ) and the thiL kinase. It
is plausible that either some ThiL orthologs may have a broader substrate specificity

FIG 3 Experimental validation of the ThiR regulon in M. yellowstonensis via a fluorescence polarization (FP) DNA-binding assay. (A)
Increasing concentrations of the recombinant ThiR protein were mixed with 46-bp fluorescence-labeled DNA fragments containing
predicted ThiR sites upstream of the thiT, thi4, and tenA genes of M. yellowstonensis in the presence of thiamine phosphate (0.5 mM).
The tested DNA fragments containing candidate ThiR sites (capitalized) and their apparent EC50 for the ThiR protein are listed. The
locations of tested DNA fragments within the promoter gene regions are shown in Fig. S3 in the supplemental material. As a negative
control (black line), a 28-bp DNA fragment of the M. yellowstonensis trxA gene from the autotrophic regulon HhcR was used (21). The
values are means from three measurements, and the standard deviations are shown. (B) Titration of thiamine phosphate that has a
positive effect on the interaction between ThiR (600 nM) and the thi4 DNA fragment. (C) Testing of the influence of other potential
effectors, including HET, HET phosphate, HMP, thiamine, and TPP (0.5 mM), on protein-DNA binding. Increasing concentrations of ThiR
and the thi4 DNA fragment were used in a fluorescence polarization assay.
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toward thiamine or there are alternative, as-yet-unknown thiamine kinases. Further
investigation of thiamine salvage pathways in diverse archaeal lineages may help to
resolve these puzzles in the future.

Domain analysis of ThiR proteins and comparison with ThiN enzymes. The
archaeal ThiR proteins represent a fusion of the N-terminal HTH DNA-binding domain
(COG2522 [XRE family]) and the C-terminal ThiN-like domain (COG1992, arCOG0002, or
Pfam10120). Multiple alignments of ThiR proteins showed a significant conservation of
both domains across various archaeal lineages (see Fig. S4 in the supplemental mate-
rial). We then compared the sequences of ThiN-like domains in regulators with the
thiamine phosphate synthase ThiN domain of the bifunctional ThiDN protein from P.
furiosus with an available tertiary structure (PDB accession no. 2PB9). The structure
reported under PDB accession no. 2PB9 contains a phosphoric acid molecule bound to
Asn298, Arg320, and residues 339 to 341 (Ser-Asp-His-Ile). The amino acid sequence
alignment showed a high level of conservation of the corresponding residues in ThiR
proteins (see Fig. S4 in the supplemental material). Asn298 and Ser339 are absolutely
invariant in all ThiR proteins. Arg320 is conserved in all ThiR proteins except for a single
protein in Hyperthermus butylicus. His341 is present in ThiR orthologs from most
archaeal lineages except for the Thermoproteus, Pyrobaculum, and Thermococcus gen-
era, where it is replaced with phenylalanine. Thus, we propose that the above-
mentioned four residues are involved in the interaction with thiamine phosphate in
ThiR regulators. A previously proposed structure model of the enzyme-product com-
plex of ThiN of Pyrobaculum calidifontis followed by site-directed mutagenesis con-
firmed the importance of the Arg320 and His341 residues for thiamine phosphate
synthase activity (8). Thus, we propose that the ThiN-like domains in regulators are
involved in the binding of thiamine phosphate as a corepressor.

It is yet to be assessed experimentally whether ThiR regulators are able to catalyze
the thiamine phosphate synthase reaction, although this possibility seems to us rather
unlikely. The genomic distribution of the thiDN genes, encoding a fusion between the
HMP/HMP-P kinase (ThiD) and thiamine phosphate synthase (ThiN) domains, suggests
that this essential thiamine biosynthetic enzyme is present in the majority of B1

prototrophs, with only a few exceptions in the Halobacteria genomes that possess the
ThiE-type thiamine phosphate synthase (thiE) and stand-alone HMP/HMP-P kinase
(thiD) genes. The thiDN and/or thiE gene was also found in B1 auxotrophs, where it is
presumably involved in the salvage of the thiamine precursors HMP and HET. Genomes
of the Thermofilum genus and two Thermococcus species are the only archaeal ge-
nomes that lack both types of thiamine phosphate synthases; these genomes lack any
thiamine biosynthesis gene except for the thiL kinase gene. The predicted ThiR regu-
lons in these B1-auxotrophic species contain only putative vitamin B1 transporters.
Thus, the genomics-based reconstruction of B1 synthesis pathways in archaeal ge-
nomes suggests that ThiR regulators may have lost the thiamine phosphate synthase
activity and use the ThiN-like domains exclusively for effector sensing.

Conclusions. The identification of a novel family of DNA-binding regulators for
thiamine metabolism allowed us to fill a substantial gap in the knowledge of the
transcriptional regulation of key metabolic pathways in Archaea. The ThiR regulator
represents a unique type of metabolite-sensing TF emerging via fusion between
DNA-binding and enzymatic domains. A few other prokaryotic TFs with similar domain
architecture principles include the bifunctional biotin repressor/ligase BirA (29), the
trifunctional NAD repressor/nicotinamide ribose kinase/adenylyltransferase NadR (30),
and the proline utilization repressor/dehydrogenase PutA (31). Using the comparative
genomics approach, we identified palindromic ThiR-binding DNA motifs and recon-
structed the respective transcriptional regulons in available ThiR-encoding genomes.
The core of the reconstructed ThiR regulons includes the thiamine biosynthesis and
salvage enzymes as well as known and predicted uptake transporters for thiamine and
its precursors. We chose one representative ThiR regulator to experimentally assess its
specific DNA-binding properties and to test possible small-molecule effectors. Thiamine
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phosphate was most effective in stimulating the in vitro binding of ThiR to its DNA
fragments. The obtained genomics and experimental data are generally supportive of
a role of ThiR-effector interactions in the proposed mechanism of repression of ThiR
regulon genes.

MATERIALS AND METHODS
Bioinformatics tools and databases. The 73 analyzed archaeal genomes were downloaded from

GenBank (32). These genomes include 41 complete genomes from the Thermoprotei class (the Crenar-
chaeota phylum) that were available in GenBank at the time of analysis (July 2015). In addition, ThiR
orthologs were identified in all available genomes of the Halobacteria and Thermococci classes in the
Euryarchaeota phylum, which included 17 and 15 genomes, respectively. The phylogenetic tree of the 73
analyzed archaeal species was constructed with PhyML, using the multiple alignments of concatenated
sequences of universal ribosomal proteins extracted from each genome (33). Orthologs were identified
as bidirectional best hits by using protein BLAST and the ortholog search tool in Genome Explorer
software (34) and additionally confirmed via the construction of phylogenetic trees by using PhyML with
100 bootstrap replicates. To perform reconstruction of the thiamine biosynthesis pathways in archaeal
genomes, we utilized the subsystem-based comparative genomics approach (35) and a set of experi-
mentally characterized and previously predicted enzymes and transporters of Bacteria and Archaea
(Table 1). A gene neighborhood analysis was performed by using the IMG ER, PubSEED, and Microbe-
sOnline databases (36–38). Closely related gene orthologs with experimentally determined function were
identified via BLAST searches of the UniProtKB/Swiss-Prot database (39). Protein domain architecture was
determined by using the COG (40), arCOG (41), and Pfam (42) databases. Transporters were classified
according to the TCDB database (43). Computational searches of TPP riboswitches were performed by
using covariance models uploaded from the Rfam database (44; recently reviewed in reference 45).
Sequence logos for DNA motifs were drawn by using the WebLogo package (46).

For the identification of candidate ThiR-binding site motifs and regulon reconstruction, we used a
previously established comparative genomics approach (19) implemented in GenomeExplorer software
(34) and the RegPredict Web server (47). We started regulon reconstruction from a collection of initial
training sets of known genes involved in the TBP (thiC, thi4, thiMED, and thiDN) and/or thiamine salvage
and transport (tenA, thiBPQ, ykoEDC, thiV, cytX, and thiW) in each archaeal lineage containing a ThiR
ortholog (see Table S1 in the supplemental material). For each training set of genes, we determined
orthologs in related genomes, analyzed the potential operon structure of their loci, and collected their
upstream DNA regions up to 200 nucleotides upstream of the translation start site (excluding the coding
regions of any upstream gene if the intergenic region was less than 200 nt). The prepared training sets
for each ThiR-containing archaeal lineage, including the Sulfolobales, Thermoproteales, Desulfurococcales,
Fervidicoccales, Thermococcales, and Halobacteria, were used for a search of lineage-specific conserved
DNA motifs.

The Discover Profile tool in RegPredict uses expectation maximization methods and the palindromic
or direct-repeat symmetry of motifs, a feature that is typical of many prokaryotic TFs that interact with
their TF-binding sites (TFBSs) as symmetric dimers (19). The algorithm identifies all weak palindromes
(direct repeats) in an input group of sequences, iteratively clusters them to convergence, and outputs
several putative motifs ranked by their average positional information content. A search for palindromic
DNA motifs of 13 to 20 bp of both odd and even lengths was carried out by using the following
parameters: minimum number of GC pairs of 0, number of palindromic positions of 4, and size of the
training set of 50. Motifs were further validated by the construction of multiple alignments of ortholo-
gous DNA fragments using MUSCLE (48). Conservative palindromic sites were selected as potential
binding sites for ThiR and used for the construction of positional weight matrices (PWMs), which describe
the probability of each possible letter at each position in the pattern. Positional nucleotide weights in
PWMs and site scores were defined as previously described (49).

Further PWM-based searches for additional sites identified a second copy of the putative ThiR site in
the majority of DNA upstream regions from the initial training set in the Thermococcales, Halobacteria,
and Fervidicoccales lineages as well as in Thermofilum and Staphylothermus spp. The tandem ThiR sites
were added to the final training sets used for PWM construction.

The constructed PWMs were used to search for additional TFBSs and regulon members in the
analyzed genomes by using GenomeExplorer. The genome scan parameters were set up to reduce the
chance of nonfunctioning sequences being detected. Specifically, positions of candidate regulatory sites
were set between 200 nt upstream and 25 nt downstream of a gene start codon. The score thresholds
for site searches were selected as the lowest site score in the training set (see Table S2 in the
supplemental material). Weaker sites (with scores 15% lower than the threshold) were also taken into
account if their positions were similar to the positions of stronger sites upstream of orthologous genes.
False-positive TFBS predictions were eliminated by using the consistency check approach (19). New
candidate members were attributed to the regulon if they were preceded by candidate TFBSs in more
than 50% of genomes in each taxonomic group. The reconstructed regulons were extended to include
all genes in putative operons. Genes were considered to belong to an operon if they were transcribed
in the same direction and had intergenic distances not exceeding 50 nt. All reconstructed regulons,
including predicted sites, regulators, and regulated genes, are available in Tables S1 and S2 in the
supplemental material.

Gene cloning and protein purification. The thiR gene (GenBank accession no. EHP68530.1; locus
tag MetMK1_29690) from M. yellowstonensis MK1 was synthesized by GenScript Inc. with optimized
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codons for expression in Escherichia coli. The synthesized gene fragments were cloned into the pSMT3
expression vector under the control of the T7 promoter (50). The obtained vector encodes a fusion
between the target protein and an N-terminally hexahistidine-tagged Smt3 polypeptide (a yeast SUMO
ortholog), which enhances protein solubility. The resulting constructs were transformed into E. coli
BL21(DE3) cells. Cells were grown in LB medium (1 liter) at 37°C to an optical density at 600 nm (OD600)
of �0.8, protein expression was induced with 0.2 mM isopropyl-�-D-thiogalactopyranoside (IPTG), and
cells were harvested after shaking at 20°C overnight or at 37°C during 4 h. The recombinant ThiR protein
was purified to homogeneity by using Ni2� chelation chromatography. The harvested cells were
resuspended in 20 mM HEPES buffer (pH 7) containing 100 mM NaCl, 0.03% Brij 35, 2 mM
�-mercaptoethanol, and 2 mM phenylmethylsulfonyl fluoride (Sigma-Aldrich). Cells were lysed by
incubation with lysozyme (1 mg/ml) for 30 min at 4°C, followed by a freeze-thaw cycle and sonication.
For purification of the soluble fraction after centrifugation, Tris-HCl buffer (pH 8) was added to the
supernatant (50 mM), which was loaded onto a Ni-nitrilotriacetic acid-agarose minicolumn (0.3 ml)
(Qiagen Inc.). After washing with starting buffer containing 1 M NaCl and 0.3% Brij 35, the bound proteins
were eluted with 0.3 ml of the same buffer supplemented with 250 mM imidazole. The purified protein
was controlled by gel filtration with a fast protein liquid chromatography system. The protein concen-
tration was determined by using a Quick Start Bradford protein assay kit (Bio-Rad). The ThiR protein was
obtained with high purity (�90%, as determined by SDS-PAGE).

DNA-binding assays. The interaction between the purified recombinant regulatory proteins and
their cognate DNA binding sites in M. yellowstonensis MK1 was assessed by using a fluorescence
polarization DNA-binding assay. The His6-Smt3 tag was cleaved from the purified ThiR protein by
digestion with Ulp1 protease at 4°C overnight. The synthetic DNA oligonucleotides containing the
predicted binding sites were synthesized by Integrated DNA Technology. One strand of the oligonucle-
otide was 3= labeled by a fluorescence label, 6-carboxyfluorescein. The double-stranded labeled DNA
fragments were obtained by annealing the labeled oligonucleotides with unlabeled complementary
oligonucleotides at a 1:10 ratio. ThiR was tested with three 46-bp DNA fragments containing binding
sites upstream of the thiT (MetMK1_19590), thi4 (MetMK1_23630), and tenA (MetMK1_24350) genes (see
Table S3 in the supplemental material). Another 28-bp DNA fragment containing a binding site for HhcR
at the trxA (MetMK1_12900) gene in M. yellowstonensis (21) was used as a negative control. The obtained
fluorescence-labeled double-stranded DNA fragments (10 nM) were incubated with increasing concen-
trations of the ThiR protein (0.12 to 1 �M) in a 100-�l reaction mixture in 96-well black plates (VWR,
Radnor, PA) for 20 min. The binding buffer contained 0.2� phosphate-buffered saline (PBS) (pH 6.5), 0.5
mM EDTA, 7 mM MgCl2, 100 mM KCl, and 5 mM phosphate, and the incubation temperature was 50°C.
Herring sperm DNA (1 �g) was added to the reaction mixture as a nonspecific competitor DNA to
suppress nonspecific binding. The fluorescence-labeled DNA was detected with the FLA-5100 fluores-
cence image analyzer. The effects of thiamine, thiamine phosphate, TPP, HET, HMP, and HET-P (0 to 500
�M) on ThiR binding to DNA were tested by adding them to the incubation mixture.

ADDENDUM

Since this work was submitted, an independent study and manuscript kindly shared
with us by J. Maupin-Furlow from the University of Florida identified and characterized
the ThiR regulator and its regulon in Haloferax volcanii. Based on the detailed charac-
terization of ThiR using in vivo genetic techniques, the researchers came to the
conclusion that ThiR is a repressor of the thiamine biosynthesis genes in the presence
of thiamine or thiazole that lacks thiamine phosphate synthase activity in vivo. We note
that the ThiR-binding DNA motif proposed in our work coincides with the ThiR operator
that was identified in H. volcanii by using genetic techniques and reporter assays.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/
JB.00743-16.

TEXT S1, PDF file, 0.8 MB.
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