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ABSTRACT D-block metal cations are essential for most biological processes; however,
excessive metal exposure can be deleterious to the survival of microorganisms. To
tightly control heavy metal regulation, prokaryotic organisms have developed several
mechanisms to sense and adapt to changes in intracellular and extracellular metal con-
centrations. The ferric uptake regulator superfamily of transcription factors associates
with DNA when complexed with a regulatory metal cofactor and often represses the
transcription of genes involved in metal transport, thus providing a genomic response
to an environmental stressor. Although extensively studied in mesothermic organisms,
there is little information describing ferric uptake regulator homologs in thermophiles.
In this study, we biochemically characterize the ferric uptake regulator homolog
TTHA1292 in the extreme thermophile Thermus thermophilus HB8. We identify the pre-
ferred DNA-binding sequence of TTHA1292 using the combinatorial approach, restriction
endonuclease, protection, selection, and amplification (REPSA). We map this sequence
to the Thermus thermophilus HB8 genome and identify the TTHA1292 transcription regu-
latory network, which includes the zinc ABC transporter subunit genes TTHA0596 and
TTHA0453/4. We formally implicate TTHA1292 as a zinc uptake regulator and show that
zinc coordination is critical for the multimerization of TTHA1292 dimers on DNA in vitro
and transcription repression in vivo.

IMPORTANCE Discovering how organisms sense and adapt to their environments is
paramount to understanding biology. Thermophilic organisms have adapted to survive
at elevated temperatures (>50°C); however, our understanding of how these organ-
isms adapt to changes in their environment is limited. In this study, we identify a zinc
uptake regulator in the extreme thermophile Thermus thermophilus HB8 that provides
a genomic response to fluctuations in zinc availability. These results provide insights
into thermophile biology, as well as the zinc uptake regulator family of proteins.

KEYWORDS metalloregulation, Thermus thermophilus, transcriptional regulation, zinc
uptake regulator

or prokaryotic organisms, regulation of protein expression occurs predominantly at

the level of transcription initiation. In order to tightly control the genome, organisms
rely on the activity of transcription regulatory proteins, also referred to as transcription
factors, to facilitate RNA polymerase initiation or repression. Single-celled organisms can
have hundreds of transcription factor proteins, many of which have never been studied.
Discovering the transcription regulatory networks for these unknown transcription fac-
tors can provide valuable insight into the biology of their host organism.

Many transcription regulatory proteins transmit environmental cues to a genomic
response through interactions with cofactors. A classic example of this regulatory mech-
anism is the ferric uptake regulator (FUR) family. Traditional FUR proteins bind intracellu-
lar d-block metal cations, as the d-orbitals are critical for metal-protein coordination. The
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T. thermophilus TTHA1292 Is a Zinc Uptake Regulator

coordinated amino acids (typically histidine and cysteine), as well as surrounding amino
acids, help dictate metal specificity (1). Metal coordination by FUR proteins results in a
conformational change and subsequent increase in DNA-binding affinity (2). DNA-bound
FUR proteins often repress the expression of genes involved in the transport of their reg-
ulatory metal, although there are several examples of FUR-mediated transcription activa-
tion (3-5). The regulation of these genes under metal-saturated conditions, as well as their
deregulation under metal-deficient conditions, allows organisms to adapt and respond to
changes in their environment.

FUR family members are commonly named based on the regulatory heavy metal
they bind, such as iron (Fur), zinc (Zur), manganese (Mur), or nickel (Nur) (6). They can
also be named after the genes they regulate, such as the iron-binding peroxidase
stress regulator, PerR. Structurally, FUR proteins are identified by a highly conserved
histidine-rich patch preceding a CxxC domain, with some family members having a
second CxxC domain at their C terminus (7). These domains are important in coordinat-
ing metal binding as well as protein dimerization. A winged-helix DNA-binding domain
is often found at the N terminus of this protein family, and FUR members usually bind
DNA as a homodimer or multimer of homodimers (8). The preferred DNA-binding
sequence for FUR proteins varies between organisms, but most contain a 15- to 20-bp,
A/T-rich, pseudopalindromic region, as exemplified by the Escherichia coli Fur consen-
sus DNA-binding sequence: GATAATGATAATCATTATC (9).

The extreme thermophile Thermus thermophilus HB8 has been used extensively as a
model organism in scientific laboratories and has sparked considerable interest in indus-
trial biotechnology. This organism is also the model for RIKEN's Structural-Biological Whole
Cell Project, which aims to understand all cellular biology at the atomic level through pro-
tein structure analysis. Although heavy metal regulation is well documented in mesother-
mic organisms, there are few data detailing how Thermus thermophilus senses and
responds to environmental metals (10). Indeed, there are limited biochemical studies avail-
able for FUR homologs from any thermophilic organism (11, 12) or Deinococcota bacte-
rium (13). Notably, Thermus thermophilus HB8 contains three FUR homologs, encoded by
TTHA0255, TTHA0344, and TTHA1292. Currently, the proteins encoded by these three genes
do not have any structural data available and only limited biological studies (12).
Identifying the transcription regulatory networks of these proteins will broaden our under-
standing of how thermophilic organisms respond to environmental stressors.

In this study, we discover the preferred DNA-binding sequences for the Thermus
thermophilus HB8 FUR homolog, TTHA1292, using the nonbiased, iterative selection
approach restriction endonuclease, protection, selection and amplification (REPSA). We
characterize the TTHA1292 consensus DNA-binding motif, TGAKAWYNNRWTMTCA,
map this sequence to the Thermus thermophilus HB8 genome, and validate TTHA1292-
binding to candidate gene promoters in vitro. We further uncover the transcription
regulatory network for TTHA1292 in vivo and establish TTHA1292 as a zinc uptake
regulator.

RESULTS

Identification of preferred DNA-binding sequences for TTHA1292. To identify
DNA-binding sequences for the TTHA7292 gene product, we expressed and purified
TTHA1292 from E. coli (see Fig. S1 in the supplemental material). Using a random,
24-bp-long selection template (14), we performed several rounds of REPSA with 20 nM
TTHA1292 (Fig. 1A). In the initial round of REPSA, TTHA1292 was incubated with ran-
dom DNA sequences and then treated with the type IIS restriction endonuclease
(IISRE), Bpml. TTHA1292-bound DNA sequences were protected from Bpml cleavage,
amplified by PCR, and subsequently used for the next round (Fig. S2). After 4 rounds of
REPSA, we observed a population of DNA species that exhibited noticeable cleavage
protection (Fig. 1A). The presence of a protected DNA species suggests the selection of
TTHA1292-specific DNA-binding sequences. To verify binding of TTHA1292 to these
REPSA-selected DNA sequences, we performed an electromobility shift assay (EMSA)

Month YYYY Volume XX Issue XX

Journal of Bacteriology

10.1128/jb.00303-22

2

Downloaded from https:/journals.asm.org/journal/jb on 26 October 2022 by 130.218.6.182.


https://journals.asm.org/journal/jb
https://doi.org/10.1128/jb.00303-22

T. thermophilus TTHA1292 Is a Zinc Uptake Regulator

Journal of Bacteriology

A REPSA
-[- 4/ +/+ /- +/- +/+

- -/- - -~ - +[+ -~ - +[+ ofe

Round 1 Round 2 Round 3 Round 4 Ro

B INPUT Round 5

+/- +/+ Bpml/TTHA1292

uc

und 5

/I /| [TTHA1292]

2-

JEA

21 T 24
Ao, 110 T

orwn‘?mohwoa ™
s s

B

Palindromic

wlr?eom

B W

. - Py
T
-

10|’

o
L]

‘];T

A

FIG 1 TTHA1292 REPSA selection. (A) Selection templates (73-bp long) containing a random stretch of 24 nucleotides were incubated with TTHA1292 or
buffer control and challenged with the type IIS restriction endonuclease Bpml. Samples from reactions containing both TTHA1292 and Bpml were amplified
by PCR and used as the input for the next round of REPSA. Uncut (UC) and cut (C) DNA bands are denoted. (B) Selection templates (input) or DNAs
amplified after round 5 of REPSA were incubated with 0, 1.25, 6.25, 20, or 80 nM TTHA1292. DNA complexes were separated by native PAGE and visualized
using a LI-COR Odyssey imager. Free (F) and TTHA1292-bound (B) DNA complexes are denoted. (C and D) Sequencing reads of round 5 DNAs from REPSA

were input into MEME software without (C) or with (D) a palindrome restriction. The position weight matrix for the most significant motif is presented.

with our selection template containing a 24-bp randomized cassette (input) and round
5 DNAs. We observed TTHA1292-dependent shifts in round 5 DNAs and little to no
shifts in input DNAs (Fig. 1B). This result confirms that TTHA1292 specifically associates
with our REPSA-selected DNA sequences.

To identify TTHA1292 DNA-binding sequences, DNAs from round 5 of REPSA (Fig. 1A)
were sequenced using an lon PGM semiconductor sequencer yielding 3,109,998 bases with
an incorrect base-calling quality score, =Q20, of 2,546,700 and 63,117 reads of 49 bp average
length. Sequencingljava refinement (14) reduced this to 13,041 sequences. Total and
refined sequence data sets are available upon request. The resulting sequences were entered
into Multiple Em for Motif Elicitation (MEME) software to identify significant DNA motifs (15).
MEME analysis was conducted for nonpalindromic and palindromic sequences, and
sequence logos of each position weighted matrix are presented in Fig. 1C and D. Both
sequences share a similar 15-nucleotide motif, with the palindromic motif containing one
extra nucleotide. The nonpalindromic sequence motif (Fig. 1C) had a statistical significance
of 9.3E-469 and was present in 74% of input sequences. The palindromic sequence motif
(Fig. 1D) had a statistical significance of 7.8E-338 and was present in 46% of input sequences.

Experimental validation and mutational analysis of TTHA1292 consensus sequence.
Since FUR homologs often bind palindromic regions, we derived the consensus
sequence TGATAATGCATTATCA from the palindromic MEME motif presented in Fig.
1D. This consensus sequence can be described as two 7-bp inverted repeats separated
by 2 nucleotides (Fig. 2A). To analyze the binding of TTHA1292 to our consensus
sequence, we performed an EMSA with increasing concentrations of TTHA1292
(Fig. 2B). We observed substantial shifts of our consensus sequence (shown in red) in
the presence of TTHA1292, while a control DNA sequence (shown in green) was
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FIG 2 Identification and validation of TTHA1292 consensus DNA-binding motif. (A) Wild-type TTHA1292 consensus DNA-binding sequence derived
from the palindromic MEME output (position weighted matrix presented below). (B) DNAs containing the TTHA1292 consensus sequence in panel
A (5" IRDye-700 labeled; red) and control DNAs containing a sequence with no homology (5’ IRDye-800 labeled; green) were incubated with 0, 5,
20, or 80 nM TTHA1292. DNA complexes were separated by native PAGE and visualized using a LI-COR Odyssey imager. Free DNA and TTHA1292-
DNA complexes are denoted. The total length of consensus sequence DNA is 65 bp, while the total length of the control DNA is 80 bp. (C)
Nucleotide sequences of point mutations within the TTHA1292 consensus sequence. (D) DNAs containing the sequences depicted in panel C (5’
IRDye-700 labeled; red) and control DNAs containing a sequence with no homology (5’ IRDye-800 labeled; green) were incubated with 80 nM
TTHA1292. DNA complexes were separated by native PAGE and visualized using a LI-COR Odyssey imager.

unaffected. We saw two distinct shifted species in the presence of TTHA1292 (Fig. 2B,
lanes 2 to 4), suggesting that TTHA1292 can multimerize when binding to its consen-
sus sequence (4, 9). Based on an adaptation of a Ferguson plot (16), we estimated the
faster-mobility species observed by EMSA to be approximately 67 kDa and the slower-
mobility species to be approximately 93 kDa (Fig. S3). These values are consistent with
the predicted molecular weights of dimeric (~65 kDa, denoted as TTHA1292,) and tet-
rameric [~92 kDa, denoted as (TTHA1292,),] TTHA1292 complexes with DNA. Collectively,
these results highlight REPSA as a useful approach in determining preferred DNA-binding
sequences and show that TTHA1292 can bind its consensus sequence as a multimerization
of homodimers.

Position weighted matrices derived from MEME provide information on the likeli-
hood of a nucleotide being at a certain position based on input sequences. However,
this output does not formally address the relative importance of each nucleotide in
promoting a protein-DNA interaction. To experimentally test this, we introduced sin-
gle-point mutations within our consensus sequence (Fig. 2C) and assayed binding by
EMSA (Fig. 2D). We assayed mutants within one inverted repeat (mutant 1 [mt1] to
mt7), as well as deletion and insertion mutants within the region separating the
inverted repeats (mt8 and mt9, respectively). Mutants within the inverted repeat
region were created using the least common nucleotide at that position found in the
MEME motif. Surprisingly, mutating single nucleotides within an inverted repeat region
did not dramatically affect the ability of TTHA1292 to form multimeric complexes on
DNA (Fig. 2D, lanes 3 to 9). Conversely, adding or removing a nucleotide in the region
between the inverted repeats resulted in a clear reduction in (TTHA1292,), binding
(Fig. 2D, lanes 10 to 11). However, we still observed dimeric TTHA1292 binding with
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TABLE 1 Potential genomic TTHA1292-binding sites identified by FIMO?
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Chromosome Start End P value Qvalue Sequence Distance to TSS (bp) Gene name Op
1 562950 562965 2.95e-10 0.000624 TGATATTGGATTATCA -9 TTHA0596 S
—66 TTHA0597 S
1 183117 183132 5.31e-08 0.0562 TAAGATCTTTTTATCA —-92 TTHA0185 1/2
=1 TTHA0186 S
pTT27 113443 113458 8.57e-07 0.314 TGACTAATAATGATCA —134 TTHB125 1/2
1 1000549 1000564 1.04e-06 0.314 TGAGCATTTTTACTCA -6 TTHA1055
—95 TTHAT1056 S
1 1233778 1233793 1.26e-06 0.334 TGAAAACGCGTTATCG -35 TTHA1292 S
1 39655 39670 1.47e-06 0.345 TGAGATTTCCCTTTCA +1 TTHA0038 2/2
1 425230 425245 3.84e-06 0.813 TGAAAATGCGCTATCG -9 TTHA0453 1/2
pTT27 72914 72929 4.78e-06 0.920 TAAGAAAGCGCTTTCA +5 TTHB082 1/2
pTT27 173876 173891 7.03e-06 1 AGAGTAGGTTTTATCA —6 TTHB180 2/2

aP value, the probability of a random sequence of similar length matching the input motif with an as good as or better score; g value, false-discovery rate if the identified
sequence is accepted as significant; TSS, translation start site; Op, gene position within the operon (operons were predicted using the MicrobesOnline Operon Predictions

database); S, single transcription unit.

these mutants, suggesting that the spacing between the 7- bp inverted repeat regions
of our consensus sequence is critical for coordinating the multimerization of TTHA1292
homodimers on DNA. Further binding analyses with sequences containing only one
inverted repeat resulted in little to no binding of TTHA1292, showing that both inverted
repeat regions are critical for the DNA recognition of TTHA1292 (Fig. S4). Notably, we only
observed TTHA1292, and (TTHA1292,), species for all DNAs and TTHA1292 concentrations
tested by EMSA, consistent with only the homodimer species having DNA-binding activity
(7). Moreover, the identification of DNAs that lack (TTHA1292,), binding suggests that
TTHA1292 homodimers form tetrameric species on DNA rather than in solution.

Identification and in vitro validation of genomic TTHA1292-binding sequences.
To identify potential TTHA1292-binding sequences in the Thermus thermophilus HB8 ge-
nome, we input the position weighted matrix of the palindromic consensus motif identified
by MEME (Fig. 1D) into Find Individual Motif Occurrences (FIMO) software (17). The com-
plete output of this search is presented in Data Set S1. To identify potential TTHA1292-
regulated genes, we determined FIMO-identified sequences with a P value of <1 x 10E-5
that were found within —200/+10 bp of a translation start site, the most common region
to find prokaryotic transcription factors. These sequences, along with the gene(s) whose
promoters they are found in, are presented in Table 1. Some sequences were found within
promoters of divergent genes, for which both genes are annotated.

To test whether TTHA1292 binds to FIMO-identified sequences, we created DNA frag-
ments containing each genomic sequence shown in Table 1 and analyzed TTHA1292-binding
by EMSA (Fig. 3A and B). We found several promoter sequences that showed clear evidence
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FIG 3 Binding analysis of promoter sequences from potential TTHA1292-regulated genes. (A) DNAs containing FIMO-identified sequences within the promoters of
the specified genes (5’ IRDye-700 labeled; red) and control DNAs containing a sequence with no homology (5’ IRDye-800 labeled; green) were incubated with
80 nM TTHA1292. DNA complexes were separated by native PAGE and visualized using a LI-COR Odyssey imager. (B) The intensity of the (TTHA1292,),-complexed
DNA band in panel A was quantified and normalized to total 5’ IRDye-700 labeled DNAs within each reaction sample. Error bars represent +1 standard deviation

between independent experiments (n = 2).
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TABLE 2 Gene functions of in vitro validated TTHA1292-binding sequences®

Operon Gene Role

S TTHA0596 Zinc transport system substrate-binding protein

S TTHA0597 Conserved hypothetical protein

1 TTHA0185 Pyruvate dehydrogenase E1 component

2 TTHA0184 Pyruvate dehydrogenase E2 component

S TTHA0186 LysR family transcriptional regulator

1 TTHB125 Chromosome partitioning ATPase, ParA family

2 TTHB124 Chromosome partitioning protein, ParB family

S TTHA1292 Fur family transcriptional regulator

2 TTHA0038 Hypothetical protein

1 TTHA0453 Zinc transport system ATP-binding protein

2 TTHA0454 Zinc transport system permease protein

1 TTHB082 Multiple sugar transport system substrate-binding protein
2 TTHBO83 Multiple sugar transport system permease protein

a0peron, gene position within the operon (operons were predicted using the MicrobesOnline Operon
Predictions database); S, single transcription unit; role, functional role of the encoded protein predicted by
GenBank.

of tetrameric TTHA1292-binding (TTHA0596/7, TTHA0185/6, TTHA1292, TTHA0453), others that
showed some evidence of tetramerization (TTHB125, TTHA0038, TTHB082), and others that
showed little evidence of TTHA1292 binding (TTHA1055/6 and TTHB180). Collectively, these
results validate the binding of TTHA1292 to several genomic sequences identified by FIMO
and suggest that TTHA1292 regulates the expression of these genes.

To understand the biological function of each potential TTHA1292-regulated gene,
we identified the proposed role of each gene product, as well as the role of any down-
stream gene products if the potential TTHA1292-regulated gene is within an operon
(18, 19) (Table 2). The identified gene roles varied in biological function, including tran-
scriptional regulators, transport systems, chromosome partitioning proteins, and pro-
teins of unknown function. We identified TTHA7292 as a potential TTHA1292-regulated
gene, and autoregulation is common among other FUR homologs (20). Notably, sev-
eral potential TTHA1292-regulated genes were involved in zinc uptake (TTHA0596 and
TTHA0453/4), consistent with traditional FUR proteins that regulate genes involved in
heavy metal transport. The specificity to genes involved in zinc regulation suggests
that TTHA1292 is a zinc uptake regulator (Zur).

DNA-binding activity of TTHA1292 is regulated by zinc. FUR homologs classically
bind heavy metal cations to localize to DNA. To determine if the DNA-binding activity of
TTHA1292 is affected by heavy metals, we performed REPSA in the presence of MnCl,,
which is often used as a surrogate for Fe2* (12, 21). We observed cleavage-resistant spe-
cies by round 4 that specifically interacted with TTHA1292 even in the absence of MnCl,
(Fig. S5A and B). Round 4 DNAs were sequenced, and motif identification by MEME
resulted in similar motifs as REPSA when performed without MnCl, (Fig. S5C and D). This
result suggests that our E. coli-purified TTHA1292 does not need additional metal cofac-
tors to bind DNA. However, our purified TTHA1292 protein could already be bound to a
regulatory metal. To test this, we performed an EMSA with TTHA1292 and its consensus
DNA-binding sequence in the presence of the metal chelator, EDTA. As seen in Fig. 4A,
increasing amounts of EDTA led to a dramatic decrease in tetrameric TTHA1292-bound
DNA. However, the addition of EDTA did not appear to affect the formation of dimeric
TTHA1292-bound DNA complexes. Interestingly, when titrating the concentration of
TTHA1292, we saw that the tetrameric TTHA1292-bound DNA species was specifically
affected by EDTA, rather than the dimeric TTHA1292-bound DNA species or free DNA
bands (Fig. 4B). The addition of EDTA will compete for regulatory metals bound to FUR
homodimers; however, homodimers will retain structural zinc ions that are required for
dimerization even in the presence of EDTA (22, 23). This result suggests that TTHA1292
can bind DNA in the absence of a regulatory metal and that a regulatory metal is critical
for multimerization of TTHA1292 dimers on DNA. To analyze this phenomenon further,
we performed biolayer interferometry using the TTHA1292 consensus DNA-binding
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FIG 4 The DNA-binding activity of TTHA1292 is regulated by zinc. (A) DNAs containing the TTHA1292 consensus sequence (5’ IRDye-700 labeled; red) and
control DNAs containing a sequence with no homology (5’ IRDye-800 labeled; green) were incubated with 60 nM TTHA1292 and 0, 0.75, 1.5, or 3 mM
EDTA. DNA complexes were separated by native PAGE and visualized using a LI-COR Odyssey imager. (B) DNAs containing the TTHA1292 consensus
sequence (5’ IRDye-700 labeled; red) and control DNAs containing a sequence with no homology (5’ IRDye-800 labeled; green) were incubated with 0, 5,
20, or 80 nM TTHA1292 in the presence of 3 mM EDTA or buffer control. DNA complexes were separated by native PAGE and visualized using a LI-COR
Odyssey imager. (C) Representative graph showing the association (time 0 to 300 s) and dissociation (time 300 to 900 s) steps of biolayer interferometry.
Reactions were conducted with the TTHA1292 consensus sequence (blue and red traces) or a control sequence with no homology (green) in the presence
of 100 nM TTHA1292. Where indicated, reactions were supplemented with 3 mM EDTA. (D) DNAs containing the TTHA1292 consensus sequence (5’ IRDye-
700 labeled; red) and control DNAs containing a sequence with no homology (5’ IRDye-800 labeled; green) were incubated with either 80 nM TTHA1292,
3 mM EDTA, 100 uM of the indicated metal cation or a buffer control. DNA complexes were separated by native PAGE and visualized using a LI-COR
Odyssey imager. (E) The intensity of the (TTHA1292,),-complexed DNA band in panel D was quantified and normalized to total 5’ IRDye-700 labeled DNAs
within each reaction sample. Error bars represent +1 standard deviation between independent experiments (n = 2). Student’s two-tailed t test; *, P < 0.05.

sequence and a control sequence with no homology. As expected, we observed little to
no interaction with TTHA1292 and the control DNA sequence (Fig. 4C, green trace). In the
absence of EDTA, we see a clear association of TTHA1292 and its consensus sequence
(Fig. 4C, blue trace). The association curve mimics a biphasic interaction, with a high rate
of association within the first ~50 s followed by a slower rate of association between 100
and 300 s. We hypothesize that the faster rate of association depicts dimeric TTHA1292-
binding, which is followed by de novo formation of tetrameric TTHA1292 complexes on
DNA (slower rate). Consistent with this interpretation, the presence of EDTA specifically
affects the slower association step (Fig. 4C, red trace). Furthermore, we saw a higher rate
of dissociation (initiated at time [T] = 300 s) in the presence of EDTA, suggesting that the
EDTA-treated dimeric complex has a weaker affinity to DNA than the tetrameric complex
observed in reactions not containing EDTA.

To determine which regulatory metal TTHA1292 uses to tetramerize on DNA, we per-
formed an EMSA in the presence of EDTA and several different metal cations. As with
previous experiments, we observed a substantial decrease in (TTHA1292,), in the pres-
ence of EDTA (Fig. 4D, compare lanes 2 and 3). Notably, we observed a nearly complete
rescue of tetrameric TTHA1292-bound DNA by supplementing reactions with zinc, while
all other metals tested resulted in little to no effect on tetrameric TTHA1292-binding.
(Fig. 4D and E). We observe a slight reduction in (TTHA1292,), with the addition of Cu?*
and Fe3* cations, which may be attributed to these ions’ ability to bind DNA (24, 25).
These results show that TTHA1292 utilizes zinc to promote tetrameric protein complexes
on DNA and further implicates TTHA1292 as a bona fide Zur protein.

In vivo and in vitro validation of the TTHA1292 transcription regulatory network.
To understand where our FIMO-identified TTHA1292-binding sites are located within
the promoters of the genes identified in Table 2, we mapped the TTHA1292-binding
sequence as well as the predicted —10 and —35 elements of each gene in Fig. S6.
Regulatory sequences of each promoter were predicted using BPROM (26). In several
gene promoters, the predicted TTHA1292-binding sequence overlapped —10 elements
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FIG 5 Validation of TTHA1292-mediated gene regulation in vivo and in vitro. (A) RNA was isolated from wild-type and TTHA1292-disrupted (ATTHA1292)
Thermus thermophilus HB8 strains during log-phase growth. Gene expression was quantified by reverse transcriptase quantitative PCR (RT-gPCR) and normalized
to 16S rRNA expression. Values relative to wild-type expression are presented. Error bars represent =1 standard deviation between independent experiments
(n = 3). Student’s two-tailed t test; *, P < 0.05; **, P < 0.005; n.s., not significant. (B) At the indicated time points, samples were taken from in vitro transcription
reactions containing 80 nM RNAP/sigma, 40 nM the respective promoter templates, and 1 ©M TTHA1292 or buffer control. Samples were treated with DNase |
and separated by native PAGE. RNA was visualized by SYBR gold staining. (C) The intensities of the RNA bands in panel B were quantified and normalized to
the peak intensity observed for each promoter template. Error bars represent +1 standard deviation between independent experiments (n = 2). (D) RNA was
isolated from Thermus thermophilus HB8 cultures treated with 20 M TPEN or buffer control for 30 min. Gene expression was quantified by RT-qPCR and
normalized to 16S rRNA expression. Values relative to wild-type expression are presented. Error bars represent *1 standard deviation between independent

experiments (n = 3). Student’s two-tailed t test; *, P value < 0.05; **, P value < 0.005.

(TTHA0596, TTHA0185, TTHA0186, TTHA0038, and TTHA0453), while others had the
TTHA1292-binding sequence overlapping the —35 element (TTHB125 and TTHA1292).

To test which genes TTHA1292 controls the expression of in vivo, we developed mutant
strains of Thermus thermophilus HB8 that had a disrupted TTHA1292 gene (27). We then
compared the expression levels of our potential TTHA1292-regulated genes in wild-type
and TTHAT1292-deleted (ATTHA1292) strains. Notably, since Thermus thermophilus HB8 is a
polyploid bacterium, it is possible that a portion of the genomic TTHA1292 copies persists
within our ATTHA1292 strains. However, the clear reduction in TTHA7292 expression in
these strains compared to the wild-type strain (Fig. 5A) suggests that a majority of
TTHA1292 is disrupted. Expression of the two transcription units involved in zinc transport
(TTHA0596 and TTHA0453/4) was significantly elevated in the ATTHA7292 strain, suggesting
TTHA1292 represses these genes in vivo (Fig. 5A). Surprisingly, the remaining FIMO-identi-
fied genes had little to no change in expression between the wild-type and ATTHA1292
strains. This result shows that although TTHA1292 can bind to the promoter of these
genes in vitro (Fig. 3), loss of TTHA1292 may not be sufficient to regulate the expression of
these genes under the tested growth conditions.

Since ATTHA1292 strains lack the TTHA1292 sequence, we sought an alternative to
determine if TTHA1292 regulates its own promoter activity. To do so, we developed an
in vitro transcription assay using purified Thermus thermophilus HB8 RNA polymerase
(RNAP) core enzyme and sigma factor, RpoD (Fig. S7). We analyzed RNA production
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from DNA templates containing the promoter regions of either TTHA1292 or the 23S
rRNA gene in the presence or absence of recombinant TTHA1292 protein (Fig. 5B). RNA
levels from the 23S template were unaffected by the addition of TTHA1292; however,
expression from the TTHA1292 template exhibited a substantial decline in the presence
of TTHA1292 (Fig. 5B and Q). This result implicates TTHA1292 as a negative regulator of
its own promoter. Consistent with these findings, the addition of the zinc-specific che-
lator, TPEN (N,N,N',N’-tetrakis(2-pyridinylmethyl)-1,2-ethanediamine), promoted a sig-
nificant increase in TTHA1292 expression in vivo (Fig. 5D). The expressions of TTHA0596,
TTHA0453, and TTHA0454 were also significantly increased in the presence of TPEN, simi-
lar to the expression changes observed in ATTHA1292 strains (compare Fig. 5A and D).
Collectively, these results reveal novel members of the TTHA1292 transcription regulatory
network (TTHA1292, TTHA0596, and TTHA0453/4) and suggest that TTHA1292 regulates
these genes in a zinc-dependent mechanism.

DISCUSSION

In this study, we used REPSA to identify a consensus DNA binding motif for the thermo-
philic FUR homolog TTHA1292 (Fig. 1). Although DNA-binding consensus sequences for
FUR proteins have been characterized based on putative binding sequences within target
gene promoters, we provide the first utilization of an iterative selection method to identify
preferred DNA-binding sequences for a member of the FUR superfamily. The discovered
TTHA1292 DNA-binding motif was used to identify genomic DNA sequences (Table 1), and
binding to these sequences was validated in vitro (Fig. 3). Then, we confirmed members of
the TTHA1292 regulon by analyzing expression levels in TTHA1292-mutant Thermus thermo-
philus HB8 in vivo (Fig. 5). This workflow promotes directed identification of transcription
regulatory networks that is not muddled by confounding effects on gene expression
observed in mutant bacterial strains.

We biochemically characterized TTHA1292 as a zinc uptake regulator (Fig. 4), pro-
viding the first such data for a thermophilic organism. The amino acid make-up of
TTHA1292 also provides evidence that this protein is a bona fide Zur. Using position-
specific iterative BLAST (PSI-BLAST) to search for homology within the Protein Data
Bank (PDB) (28), we found that TTHA1292 most closely resembled other Zur proteins
(Fig. S8A). When aligning the TTHA1292 amino acid sequence to related Zur proteins,
we found that several amino acids experimentally determined to be involved in zinc
coordination were conserved in TTHA1292 (Fig. S8B).

Classic Zur proteins repress the transcription of the znuABC operon, which encodes
an ABC transporter that regulates zinc uptake (29). In Thermus thermophilus HB8, the
znuA homolog, which encodes a zinc transport system substrate-binding protein, is a
single transcription unit (TTHA0596). The znuB/C homologs, which encode a zinc trans-
port system permease protein and ATP-binding protein, respectively, are in an operon
(TTHA0453/4). Genetic separation of znuA and znuB/C is common in several other bac-
teria (30, 31), and several organisms contain the zur gene within the znuB/C operon,
allowing for single regulation of both sets of genes (32, 33). In Thermus thermophilus
HB8, we identified the zur gene (TTHA1292) as a single transcription unit separated
from each znu homolog. We provide in vitro and in vivo data showing that TTHA1292
represses the transcription of each of these transcription units (TTHA0596, TTHA0453/4,
and TTHAT1292), thus presenting TTHA1292 as a major regulator of zinc uptake in
Thermus thermophilus HB8. Although zinc levels are bound to fluctuate in different
environments, a hot spring containing Thermus thermophilus was found to contain
~0.2 mg/L zinc, suggesting that zinc is relatively abundant in natural Thermus thermo-
philus habitats (34). Indeed, Thermus thermophilus growth medium (ATCC medium 697)
promoted sufficient repression of znuABC genes (Fig. 5A), suggesting that zinc is not a
limiting factor under ideal growth conditions. We also identified several other genes
with no relation to zinc uptake whose promoters may be occupied by TTHA1292
(Table 2; Fig. 3) but were not affected by disrupting TTHA1292. The biological
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importance of TTHA1292's affinity to sequences within these genes’ promoters may be
more complex and warrants further investigation.

Our TTHA1292 DNA-binding sequence has similarities to and differences from
established Zur consensus sequences (i.e., Zur boxes). Most Zur boxes are made up of
an A/T-rich sequence containing two inverted repeat regions separated by a defined
region (35). Our TTHA1292 consensus sequence matches this description; however, the
7-2-7 motif we have identified for TTHA1292 (Fig. 1D) is unique compared to estab-
lished Zur boxes (35). A previous report suggested that E. coli Zur binds DNA as a tet-
ramer by recognizing an RNNNYRNNRYNNYRNNNY motif (R, purine; Y, pyrimidine) (22).
TTHA1292 appears to not utilize the same DNA-binding specificity, since mutations
within a single inverted repeat did not disrupt tetrameric binding (Fig. 2D). Notably,
we show that TTHA1292 can bind as a dimeric species to the 7-1-7 and 7-3-7 motifs
(Fig. 2D); however, whether this binding is relevant to its transcription regulation activ-
ity is yet to be determined.

Our results suggest that TTHA1292 can bind DNA even in the absence of a regulatory
metal (Fig. 4A and B). However, we observed that zinc is critical for the stability of a
TTHA1292-DNA interaction (Fig. 4C) and multimerization of TTHA1292 homodimers on
DNA (Fig. 4D and E). Both of these factors are likely necessary for TTHA1292's transcrip-
tion regulatory function (Fig. 5D). This observation is similar to studies conducted with
Streptomyces coelicolor Zur, where the authors showed zinc-dependent formation of di-
meric and tetrameric Zur complexes on DNA (4). Zur proteins contain a structural zinc
ion that is retained even in the presence of EDTA and is necessary for protein dimeriza-
tion (22, 23). Some Zurs contain two additional regulatory zinc-binding sites, while
others contain only one regulatory zinc site (22, 36-38). When we align TTHA1292 to
homology-related Zurs with experimentally determined crystal structures (including the
aforementioned Streptomyces coelicolor Zur), we find that the amino acids required for
coordinating the structural zinc, as well as one regulatory zinc, are completely conserved
(Fig. S8B). However, a second regulatory zinc-binding site has only two of four amino
acids conserved. Further studies will be needed to determine if TTHA1292 contains a sec-
ond regulatory zinc-binding site, and if so, how TTHA1292 coordinates this second regu-
latory zinc ion. Furthermore, identifying the role of each regulatory zinc site in promoting
a protein-DNA interaction may provide insight into the TTHA1292-binding dynamics
observed in this study.

Collectively, these data support a model in which dimer coordination dictated by
DNA sequence and intracellular zinc is critical for multimerization of TTHA1292 homo-
dimers on DNA and subsequent transcription repression. These results provide new
insight into the biology of the FUR superfamily and further our understanding of how
thermophilic organisms sense and adapt to heavy metals in their environment.

MATERIALS AND METHODS

Oligonucleotides. All oligonucleotides and primers used in this study were purchased from
Integrated DNA Technologies (IDT) and are presented in Table S1. Each oligonucleotide contains identi-
cal flanking regions (denoted as ST2L and ST2R) used for PCR amplification. The only exception to this is
for EMSA reactions where the control DNA sequence was amplified using ST2R and 5" IRDye-800-labeled
ControlL primers. Where indicated, the ST2R primer was conjugated with 5’ IRDye-700 or 5’ biotin. All
PCRs were conducted with New England Biolabs (NEB) Tag DNA polymerase with standard Taq buffer
under reaction conditions specified by the manufacturer.

Expression and purification of TTHA1292. A TTHA1292 expression vector (TEx11D07) was pur-
chased from RIKEN BioResource Research Center (39). E. coli strain Rosetta (DE3) competent cells were
transformed with the TTHA1292 expression vector. Successfully transformed cells were grown at 37°C and
250 rpm to an optical density (OD) of ~0.5 and induced with T mM isopropyl-3-p-thiogalactopyranoside
(IPTG) for 4 h. Cells were then pelleted and resuspended in 2x bacterial extract buffer (40 mM Tris-Cl [pH
7.5], 200 mM NaCl, 0.2 mM EDTA, 2 mM dithiothreitol [DTT], and 1 mM phenylmethylsulfonyl fluoride
[PMSF]). Next, 10 ng/ulL lysozyme was added at 0.02x the total volume and incubated on ice for 10 min.
The cell mixture was then sonicated at 3 W, 10 s on/50 s off, for 5 cycles, and then pelleted. Chromatin-
bound proteins were extracted from the pellet with 2x bacterial extract buffer containing 1 M NaCl. After
centrifugation, the resulting supernatant was collected and heat-treated at 70°C for 15 min, resulting in
the denaturation of endogenous E. coli proteins. Samples were then centrifuged, and the supernatant was
collected, diluted to 50% glycerol, and stored at —20°C. The resulting sample was found to be over 95%
pure by SDS-PAGE and Coomassie staining (Fig. S1).
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Restriction endonuclease protection, selection, and amplification (REPSA). REPSA was performed
with a 24-nucleotide, random selection template as described previously (“ST2R24” in Table S1) (14).
To create an input library for REPSA, the 24-nucleotide, random selection template was subjected to 5
rounds of PCR using 5’ IRDye 700-labeled primers and purified using the DNA Clean and Concentrator-5
kit (Zymo Research). Then, 20-uL reactions were performed in 1x Cutsmart buffer (NEB) supplemented
with 1 mM DTT containing 2 ng of the selection template and 20 nM TTHA1292. Reactions were incubated
at 55°C for 20 min and then incubated at 37°C for 5 min prior to Bpml digestion. 0.4 units of Bpml| were
used for each digestion. Bpml treatment occurred for 5 min at 37°C, and reactions were stopped by imme-
diately placing the mixture on ice. Reactions containing TTHA1292 and Bpml were subject to PCR using 5’
IRDye 700-labeled primers, purified using the DNA Clean and Concentrator-5 kit (Zymo Research), and
used in the subsequent round of REPSA. Samples from reactions containing DNA only, DNA and Bpml, and
DNA, Bpml, and TTHA1292 were separated by 10% native PAGE and visualized using a LI-COR Odyssey
imager.

DNA sequencing and bioinformatics. REPSA-selected DNAs were sequenced using a Thermo
Fisher lon Personal Genome Machine (PGM) essentially as previously described (14). lon amplicon libra-
ries were prepared by fusion-cloning REPSA-selected DNAs using the appropriate barcoded primers.
These were affixed to individual sequencing particles using lon PGM Hi-Q reagents and multiplex-
sequenced on an lon PGM using an lon 314 chip. Sequencing data were initially processed with an lon
Torrent server and output as individual fastq files for each barcoded library. These were further proc-
essed by our Sequencing1.java script to remove flanking regions from our sequencing reads, resulting in
a library of 24-nucleotide long sequences. Consensus sequences were determined by inputting our
refined sequencing libraries into Multiple Em for Motif Elicitation (15) (MEME; https://meme-suite.org/
meme/tools/meme; accessed 1 October 2021) v 5.4.1 using default parameters, except for a palindromic
filter where indicated. The position weighted matrix of the most significant consensus motif was then
scanned to the Thermus thermophilus HB8 genome using Find Individual Motif Occurrences (17) (FIMO;
https://meme-suite.org/meme/tools/fimo; accessed 1 October 2021) v 5.4.1 using default parameters.
Sequences that fell within —200/+ 10 nucleotides of a gene were identified using the Kyoto Encyclopedia
of Genes and Genomes (KEGG) T. thermophilus HB8 database (40) (https://www.genome.jp/kegg-bin/show
_organism?org=T00220). Predicted biological functions of Thermus thermophilus HB8 genes were identi-
fied using GenBank (19), and operon predictions were identified using MicrobesOnline (18) (http://www
.microbesonline.org/operons/gnc300852.html). Regulatory elements in the promoter regions of candidate
TTHA1292-regulated genes were predicted by Softberry BPROM (26) (http://www.softberry.com/berry.
phtmli?t\opic=bprom&group=programs&subgroup=gfindb).

Electromobility shift assay (EMSA). Reactions consisted of the indicated concentration of
TTHA1292, 1x Cutsmart buffer (NEB), 5 to 10 nM 5’ IRDye 800 or 5" IRDye 700-labeled DNAs, and 1 mM
DTT. Each reaction was incubated at 55°C for 20 min and then diluted with 1x EMSA loading dye
(3.3 mM Tris-HCI [pH 7.5], 3.3% glucose, 0.15% Orange G). Samples were then separated by 10% native
PAGE and visualized using a LI-COR Odyssey imager.

Biolayer interferometry (BLI). BLI was performed and analyzed essentially as described previously
(41). DNA probes utilized for BLI analysis were amplified using 5’ biotin-labeled primers. BLI was per-
formed in the following buffer: 20 mM Tris-Cl (pH 7.5), 300 mM NaCl, 0.01% Tween 20, and 1 mM DTT.
Where indicated, reactions were supplemented with 3 mM EDTA. BLI was conducted using the Forte Bio
OctetRED96e system and set up as followed: 100 s startup, 900 s biosensor loading, 100 s baseline, 300 s
association, and 600 s dissociation. The optical wavelength was recorded every 0.2 s. Representative
graphs show the association and dissociation steps.

Thermus thermophilus HB8 disruption mutants. To create ATTHA1292 strains, a TTHA1292-disrup-
tion plasmid (TDs07G02) was purchased from RIKEN BioResource Research Center (39). Thermus thermo-
philus HB8 (ATCC 27634, described as wild-type for this study) was grown overnight at 70°C and 180 rpm
in TT medium (0.8% polypeptone peptone, 0.4% yeast extract, 0.2% NaCl) supplemented with 0.4 mM
MgCl, and 0.4 mM CaCl,. The overnight culture was diluted 50-fold in the same medium and grown at
70°C and 180 RPM for 2 h. Then, 500 ng of the TTHA1292-disruption plasmid was added to the culture and
grown for another 2 h. The culture was then plated onto TT plates (TT medium, 1.5% gellan gum, 1.5 mM
MgCl,, and 1.5 mM CaCl,) containing 500 ug/mL kanamycin and incubated at 70°C overnight. Successful
ATTHA1292 clones were grown in kanamycin-containing medium and checked by genomic PCR.

Thermus thermophilus HB8 RNA isolation and quantitative PCR (qPCR). Wild-type or ATTHA1292
Thermus thermophilus HB8 strains were streaked onto TT plates. Colonies were picked and grown over-
night in TT medium supplemented with 0.4 mM MgCl, and 0.4 mM CaCl, at 70°C and 180 rpm.
Overnight cultures were seeded into 30-mL cultures and grown until log phase growth (OD, ~0.5) was
reached. Where indicated, cultures were treated with 20 «M TPEN (Cayman Chemical Company) or vehi-
cle control for 30 min. Samples were pelleted at 10,000 x g for 1 min, and RNA was isolated using the
Quick-RNA fungal/bacterial miniprep kit (Zymo Research) following the manufacturer’s protocol. RNA
samples were treated with 5 units DNase | (Zymo Research) and further purified using the RNA Clean
and Concentrator kit (Zymo Research). cDNA libraries were generated using the First Strand cDNA syn-
thesis kit (ApexBio), and gene expression was quantified by gPCR using the “qPCR” primers in Table S1.
Expression levels for each gene were normalized to the expression of the 16S rRNA gene.

In vitro transcription. A plasmid that allows the coexpression of the four subunits of T. thermophilus
HB8 RNA polymerase (his-tagged B', B, @, w) was the generous gift of Konstantin Severinov. This plas-
mid was transformed into the E. coli Rosetta 2 (DE3) strain and grown in LB medium with kanamycin
and chloramphenicol for 18 h at 37°C to allow the maximal expression of assembled T. thermophilus HB8
core RNA polymerase in a soluble form. Bacterial extract preparation and initial purification by heat
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treatment were conducted as previously described (42). Further purification was performed by immobilized
metal affinity chromatography using Ni?*-charged Cytiva His SpinTrap columns following manufacturer’s
instructions. A TTHA0532 (Sigma; RpoD) expression vector (TEx09B07) was purchased from RIKEN BioResource
Research Center (39) and expressed as described previously (42).
In vitro transcription reactions, as well as any protein dilutions needed for the reaction, were performed
in 1x Cutsmart buffer (NEB) supplemented with 1 mM DTT. DNA templates containing ~200 nucleotides
(nt) of the promoter region, as well as ~200 nt downstream of the transcription start site for each gene,
were amplified from the Thermus thermophilus HB8 genome using the “clone” primers in Table S1 and
purified using a DNA Clean and Concentrator kit (Zymo Research). Then, 40 nM DNA templates were incu-
bated with either 1 M TTHA1292 or a buffer control for 5 min at 65°C. Thermus thermophilus HB8 RNAP
core and RpoD were preincubated in a 1:1 molar ratio for 10 min at 65°C and then added to the reaction
at a final concentration of 80 nM. The DNA/RNAP mixture was incubated further for 5 min at 65°C, and
then 3 mM ribonucleoside triphosphate (rNTP) was added, denoting the start of the reaction. Reactions
continued to be incubated at 65°C, and samples were taken at the indicated time points. Samples were
treated with 1 unit of DNase | (Zymo Research) for 10 min at room temperature, diluted with 1x orange
gel loading dye (NEB) containing 0.2% SDS, and loaded onto a 6% native PAGE gel. RNA was visualized by
SYBR gold staining (Molecular Probes).
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