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ABSTRACT The potential utilization of extremophiles as a robust chassis for meta-
bolic engineering applications has prompted interest in the use of Deinococcus ra-
diodurans for bioremediation efforts, but current applications are limited by the lack
of availability of genetic tools, such as promoters. In this study, we used a combined
computational and experimental approach to identify and screen 30 predicted pro-
moters for expression in D. radiodurans using a fluorescent reporter assay. The top
eight candidates were further characterized, compared to currently available promoters,
and optimized for engineering through minimization for use in D. radiodurans. Of
these top eight, two promoter regions, PDR_1261 and PrpmB, were stronger and
more consistent than the most widely used promoter sequence in D. radiodurans,
PgroES. Furthermore, half of the top eight promoters could be minimized by at least
20% (to obtain final sequences that are approximately 24 to 177 bp), and several of
the putative promoters either showed activity in Escherichia coli or were D. radio-
durans specific, broadening the use of the promoters for various applications. Over-
all, this work introduces a suite of novel, well-characterized promoters for protein
production and metabolic engineering in D. radiodurans.

IMPORTANCE The tolerance of the extremophile, Deinococcus radiodurans, to nu-
merous oxidative stresses makes it ideal for bioremediation applications, but many
of the tools necessary for metabolic engineering are lacking in this organism com-
pared to model bacteria. Although native and engineered promoters have been
used to drive gene expression for protein production in D. radiodurans, very few
have been well characterized. Informed by bioinformatics, this study expands the
repertoire of well-characterized promoters for D. radiodurans via thorough character-
ization of eight putative promoters with various strengths. These results will help fa-
cilitate tunable gene expression, since these promoters demonstrate strong and con-
sistent performance compared to the current standard, PgroES. This study also provides
a methodology for high-throughput promoter identification and characterization using
fluorescence in D. radiodurans. The promoters identified in this study will facilitate
metabolic engineering of D. radiodurans and enable its use in biotechnological ap-
plications ranging from bioremediation to synthesis of commodity chemicals.

KEYWORDS Deinococcus radiodurans, promoter engineering, biotechnology,
extremophile, regulatory systems

ecent work regarding the biological engineering of extremophiles has increased

interest in their use as a robust chassis for metabolic engineering. The appeal of
using extremophiles in various applications is largely due to their ability to survive
conditions toxic to traditional engineering strains. One extremophile considered attrac-
tive is Deinococcus radiodurans, a Gram-positive bacteria known for its tolerance to
ionizing radiation, heavy metal exposure, desiccation, UV radiation, oxidizing agents,
and electrophilic mutagens (1-3). In the context of its applications in bioremediation,
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multiple efforts have been made to overexpress heterologous proteins in D. radio-
durans, resulting in the reduction of mercury(ll), toluene, chlorobenzene, 3,4-dichloro-
1-butene, indole, and uranium under chronic irradiation levels similar to those experi-
enced at radionuclide-contaminated bioremediation sites (2, 4-6). Efforts have also
focused on tuning expression levels of natively occurring regulatory RNAs to construct
more robust strains (7). Despite the promise for genetically engineered D. radiodurans
in applications, its complex biology and the lack of available genetic tools, such as
promoters, have hindered the ability to engineer industrial strains (5, 8-11).

Promoters used in D. radiodurans have traditionally been identified by their prox-
imity to downstream genes of interest or by their anticipated response to stress and
then characterized by their ability to drive expression of a reporter gene, such as
B-galactosidase. Examples include the putative promoter regions of recA, lexA, mutL,
and recQ (12-15). Further optimization and characterization has been performed for the
constitutive promoter of groES by minimization, resulting in more consistent gene
expression across a range of conditions compared to the full-length promoter, as well
as biological insight into 5’ regulation of gene expression in D. radiodurans (15). The
minimized 236-bp groES promoter is now routinely used in D. radiodurans for funda-
mental characterization of metabolic pathways, biological responses to radiation and
desiccation, and regulatory pathways including sRNA interactions (2, 10, 16-20). Addi-
tional investigations attempting to characterize genetic elements in D. radiodurans
have led to identification of three other strong constitutive promoters (PresU, PtufA, and
PtufB) and incorporation of Pspac, a strong inducible promoter originating from Bacillus
subtilis (12). The Pspac promoter has since been used in D. radiodurans for inducible
gene expression and has led to progress in the identification of gene function (12, 19,
21-24).

To incorporate multiple genes and pathways into D. radiodurans for effective
metabolic engineering applications, it is desirable to develop a suite of well-characterized
promoters of various strengths (25). Although the examples described above have been
utilized to drive gene expression, most remain poorly characterized relative to each
other and possess a limited range of strength compared to promoters developed for
expression in model species such as Escherichia coli and Bacillus subtilis. Recent ad-
vances in cloning technologies have increased the feasibility of utilizing nonmodel
organisms with expanded stress tolerance for biotechnological applications. However,
plasmids designed for nonmodel organisms are generally shuttled through model
organisms, such as E. coli, for plasmid construction or amplification before being
transformed into their target species. Shuttling the promoter into another system could
result in unintended expression and elicit toxicity, potentially reducing cloning effi-
ciency. Conversely, promoters functional in two organisms (i.e., D. radiodurans and E.
coli) could be utilized for expression in multiple species, reducing the need to tailor
every construct to a specific host organism.

In this work, we took advantage of the increasing availability of bioinformatics data,
such as genomic and transcriptomic sequencing data, to enable an informed approach
for the identification of novel candidate promoter sequences in D. radiodurans (26, 27).
Specifically, we used a combined bioinformatics and experimental approach to predict
and assess 30 candidate promoter sequences for their ability to promote gene expres-
sion in D. radiodurans as measured by a fluorescence-based assay. Of these 30 candi-
dates, 8 functional and strong promoters were biochemically characterized and
compared to others previously used in the literature. The putative promoters drove
gene expression to reporter levels ranging from 2- to 15-fold greater than the
background (as measured by an empty vector control). Several promoter candidates
showed consistent performance regardless of growth phase. We also demonstrated
minimization of four of the promoters to sizes between 24 and 177 bp and found
that while some promoters were functional in both E. coli and D. radiodurans and
could be conveniently used in shuttle vector systems, many were only expressed in
D. radiodurans.
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FIG 1 Bioinformatic and experimental pipeline used in this study for the identification and characterization of novel promoters.

Transcriptomic and genomic data sets were used to identify intergenic regions potentially containi

ng promoter regions in D.

radiodurans. Regions were then filtered and cloned into a GFP reporter construct. Plasmids containing candidate promoters were
transformed into E. coli, isolated by miniprep, and transformed into D. radiodurans. Regions driving reporter expression were further
investigated by minimization, growth curves, cytometry, microscopy, and assessment by current bioinformatic prediction programs

toward their identification.

RESULTS AND DISCUSSION

Selection of promoter candidates. We identified promoter candidates by tran-
scriptomic analysis of gene sequences based on their transcripts per million (TPM) and
then filtered by the length of the upstream intergenic region potentially containing the
candidate promoter (see Data Set S1 in the supplemental material). A schematic of the
screening method used to select all promoter candidates is depicted in Fig. 1. Promoter
candidates were selected across a range of TPM values in an attempt to characterize
promoters of various strengths. Primers used to amplify the candidate promoter
regions can be found in Table 1. For brevity, putative promoter construct labels are
represented by their downstream gene names in figures and in the table.

Preliminary screen of putative promoters in D. radiodurans and E. coli. To
identify novel promoters in D. radiodurans, we assessed the exponential-phase perfor-
mance of 30 strains, each carrying a single bioinformatically identified candidate
promoter relative to PgroES (positive control) and pRadGro (empty vector negative control
[EV]). We used the average median fluorescence to compare activity across candidate
strains after normalization to EV, as seen in Fig. 2A. Eleven of the thirty candidate strains
exhibited a significantly higher normalized average fluorescence than did EV, suggesting
that the screen was able to discern true promoters from nonfunctional sequences. Inter-
estingly, the strain carrying the promoter of DR_1261 exhibited significantly higher fluo-
rescence than the strain carrying PgrokES, the most frequently used promoter for constitu-
tive protein expression in D. radiodurans. Strains harboring three other promoters, PromB,
PdnaK, and PDR_1348, show expression levels comparable to that of the PgroES control
strain. In addition to these strong promoters, seven other putative promoters were iden-
tified, with strengths ranging from approximately 2- to 5-fold greater than that of EV. It is
also worth noting that the measured range of fluorescent signal driven by these promoters
was between 2- and 15-fold stronger than that of EV, demonstrating the synthetic utility of
these newly characterized promoters. Of these candidate promoter regions, we selected
the top eight candidates (25%) based on fluorescence signal for further characterization,
since these were most likely to contain true promoter regions.

In addition to identifying promoter candidates in D. radiodurans, we evaluated the
full panel of 30 candidate promoter sequences for their ability to drive green fluores-
cent protein (GFP) expression in E. coli to characterize the potential use of these
promoters for applications in other organisms (Fig. 2B). Some promoters, such as PdnakK
and PgroEL, demonstrated high reporter signal in both E. coli and D. radiodurans,
suggesting that they could be used as potential shuttle promoters in both organisms.
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TABLE 1 Primers used in this study?
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Primer sequence (5'-3')

Gene Forward Reverse Size (bp)
DR_1261 ataCCGCGGTTTCAGCATggaagttaccctaagtcc ataCTCGAGgacctgccctgggag 116
1261-12-F ataCTCGAGccacgcaccatc DR_1261-R 101
1261-22-F ataCTCGAGccatctctaacgacgcc DR _1261-R 94
1261-32-F ataCTCGAGcgacgccttgatgttg DR_1261-R 84
1261-41-F ataCTCGAGatgttgctatcacgccg DR_1261-R 74
recA aaaCTCGAGgccggttgccgtaaa 2aaCCGCGGTTTCAGCATaacaacctcaccg 528
romB aatCCGCGGTTTCAGCATgttggtactctecttgtttg aatCTCGAGcggccacatgacgac 284
katA aggCTCGAGcctgcegccttcttcttg ataCCGCGGTTTCAGCATacactctccttegecte 211
tufB aatCCGCGGTTTCAGCATgagtctttcctcctgg ttaCTCGAGgcgagttcgagtctcgtt 265
dnaK tttCCGCGGTTTCAGCATgtgttgactccttgggaaaga attCTCGAGgcttttcttgatgttgccage 168
groEsS ttttCTCGAGgtattgtcgccctacatatatacgtt tttCCGCGGTTTCAGCATgtggggtc 256
DR_1348 ataCCGCGGTTTCAGCATggacttatcgtgcgc ataCTCGAGttgcttgagcgccg 110
rplL ataCCGCGGTTTCAGCATgtgtatgtcctccagaagtg gatCTCGAGcagcgagagcgcctaa 106
rplL-11F aatCTCGAGgcctaaagcgeccg rplL-R 96
rplL-20F tttCTCGAGcccgcttctecttcce rplL-R 86
rplIL-30F cttCTCGAGccttccctgcatttctettt rplL-R 77
rplL-40F CTCGAGatttctctttccctaaaatccact rplL-R 64
rplL-45F 2aaCTCGAGtctttccctaaaatccacttctg rplL-R 62
rplL-50F aaaCTCGAGccctaaaatccacttctggag rplL-R 57
rplL-55F aaaCTCGAGaaatccacttctggaggaca rplL-R 52
rplL-60F 2aaCTCGAGcacttctggaggacatacacat rplL-R 47
groEL atttCTCGAGggctccgagtcaggttct taaCCGCGGTTTCAGCATtgtgattgctccttgaaaagt 102
groEL-10-F tacgccaagctcgcgaggcCTCGAGeaggttctgagectgttcg groEL-R 107
groEL-20-F tacgccaagctcgcgaggcCTCGAGgcctgttegtttectgttt groEL-R 97
groEL-30-F tacgccaagctcgcgaggcCTCGAGttectgtttttcttectcattte groEL-R 87
groEL-40-F tacgccaagctcgcgaggcCTCGAGtcttcctcatttcacttttcaag groEL-R 77
DR_1473 aaaCTCGAGgaggaggagtctgacttgct 2aaCCGCGGTTTCAGCATggtggtgcctecttac 359
DR_2508 attatCCGCGGTTTCAGCATacgtcctccgtgagce atGAGCTCgaggtaattctggattggcc 463
DR_2068 aatCCGCGGTTTCAGCATgctcgtgtgcctec cccCTCGAGcecgecggctgctac 97
DR _0325 attCCGCGGTTTCAGCATgggtatccctcctgaggatgg atCTCGAGgctttttctagcatcctggecc 212
DR 1114 cccCTCGAGgtcataaaacttgacatggat 2aaCCGCGGTTTCAGCATgtagtcctatattaaaacttgagtgc 74
AmyE aaaCTCGAGcaccagaaggcgacgat ataCCGCGGTTTCAGCATgggggagatgctag 217
DR_1105 aaaCTCGAGagcatttgacaaaaagatgg 2aaCCGCGGTTTCAGCATtctctgttctgctccg 118
recQ aatCCGCGGTTTCAGCATctccccaggatageg aaaCTCGAGgaagcctccagatcaaagg 211
DR_1994 ataCCGCGGTTTCAGCATgccttcaatacgcg ataCTCGAGctcagggcggc 77
rspR attttCTCGAGtgcaggccctggggg atttCCGCGGTTTCAGCATgttgggtgtccttggtgtgg 86
uvrA attCCGCGGTTTCAGCATgaagctccttttggctgtect atCTCGAGgggtgatcgaggttgaacatcg 228
DR_2635 attCCGCGGTTTCAGCATagggtctccagaacaagcttt attttCTCGAGtaaagccccgcectteecg 141
DR _1927 ataCCGCGGTTTCAGCATctgctcagcctaaccg ataCTCGAGgcgctttttccccttca 233
DR_2263 cgatCCGCGGTTTCAGCATgaacgcaccctacgecg attCTCGAGagaaaatggctatgggcgcc 77
DR_0911 attCCGCGGTTTCAGCATtcaggctcctgtggaatggag atttttCTCGAGtgcggcactgccaacc 162
DR _2330 ataCTCGAGagcatttgacaaaatgatg ataCCGCGGTTTCAGCATctcacccatcgetge 125
DR_1654 atttCTCGAGcgcctgctctctacgec atttCCGCGGTTTCAGCATtctgcaccccgaaactgac 134
DR_1689 atttCCGCGGTTTCAGCATtgcactttcccgtcagactg aCTCGAGccttgcggaaaagttcagacttg 206
mutL aaaCTCGAGcgtatttgccgggat ataCCGCGGTTTCAGCATtctgttgtgagcatatcag 452
DR_1263 ataCCGCGGTTTCAGCATgttgtgtgtcgtcctca ataCTCGAGgagcaaaatatccaaggcga 159
DR_2439 ataCCGCGGTTTCAGCATaggaatttatgttctcctcgg ataCTCGAGgctaataggcgagtcagcec 102
LexA 2atCCGCGGTTTCAGCATgggtcaagcggcg agaCTCGAGgagcgctacgccttcat 211
DR_0781 aaaCTCGAGcctagectgggegct attCCGCGGTTTCAGCATgcgatgcccttcaaag 188
DR_2588 ataCTCGAGcgtccggggctatactcc ataCCGCGGTTTCAGCATaaatgagaggggcagcg 143
clpB aaaCTCGAGtatgccgtcacctggc ataCCGCGGTTTCAGCATgtttattgaggctttaggaaagtgg 423
DR_1910 aaaCTCGAGatcatcgtcggctgage 2aaCCGCGGTTTCAGCATcacgacgatgtgcc 270
roml attCCGCGGTTTCAGCATggagagccctccttcgta atttttCTCGAGcggcggctgacccc 204
DR_0907 attttCTCGAGgaaggcccgcttccca ataCCGCGGTTTCAGCATatttggccggcegctt 135
pRad-BB attcCCGCGGatgagcaag attaCTCGAGgcctcgcg 7,507
pRad-BB for GA gacgtcatatggatccgattc ctcgaggcctcgeg 6,752
GFP colony atggtcgacatgaccatgattacgcca cagatgaacttcagggtcag Variable

aForward and reverse primers were used to amplify promoter inserts from D. radiodurans genomic DNA (NC_001263). pRadBB forward and reverse primers were used
to amplify the backbone for promoter cloning. GFP colony forward and reverse primers were used to assess insertion of the promoter sequence into the backbone.
Capital letters indicate cut sequences for Xhol or Sacll with the codons for the first three amino acids of groES (Met-Leu-Lys coded by TACGACTTT, followed by Sacll).
The expected sizes of the PCR products are indicated.
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FIG 2 Normalized average median fluorescence of promoter candidates. Data were collected in biological triplicates for exponential-phase cultures grown to
an ODg,, of 0.3 to 0.8 and assessed by flow cytometry. Fluorescence values, measured in arbitrary units, were normalized by EV, and error bars represent
propagated standard deviations. Candidates are arranged by their strength in D. radiodurans. (A) Fluorescence data for candidate promoters in D. radiodurans.
Statistical significance is denoted by asterisks (**, P < 0.01), as determined by Student’s t test. (B) Fluorescence data for candidate promoters in E. coli.

The downstream regions of both of these promoter candidates encode known chap-
erone proteins, so conservation of this functional role could explain why these se-
quences are active in both species. Other promoter candidates, such as PrpsR and
PDR_1105, show relatively low expression in D. radiodurans and moderate expression in
E. coli. Most applicable are those with high expression in D. radiodurans and low
expression in E. coli, such as PDR_1261 and PDR_2508, since these could serve for
efficient protein expression in D. radiodurans. That is, these promoters could be
expected to be inactive or show low activity while being shuttled though E. coli and
high activity once incorporated into D. radiodurans.

Characterization of the top eight promoters. To gain a better understanding of
how the selected putative promoters perform relative to promoters previously utilized
to drive protein expression in D. radiodurans, we compared the strengths of the top
candidates to nine previously published promoters selected from the literature (PrecA,
PamyE, PtufB, PkatA, PlexA, PmutL, PrecQ, PclpB, and the positive-control, PgroES). Similar
to the construction of the putative promoters described in Materials and Methods, we
amplified promoter regions from the genome using target loci described in their
original publications (Table 1), cloned them into the reporter construct, and assessed
the fluorescence (Fig. 3A). Three of the benchmark promoters fell into the range of the
top eight promoters selected from the initial screen. It is worth noting that two
promoters, PDR_1261 and PrpomB, were stronger than or comparable to strains harbor-
ing the four benchmark promoters exhibiting the highest fluorescent signals, PgroES,
PecA, PkatA, and PtufB.

DR_1261 is currently annotated as a hypothetical protein and predicted by
STRINGdDb to have interactions with the rsr protein, which contributes to UV resistance
by binding to small RNAs in D. radiodurans (28). The fluorescence driven by the
promoter of DR_1261 was comparable to levels driven by PrecA and PkatA, proteins
involved in stress response. If PDR_1261 does interact with regulatory proteins, as
predicted by STRINGdDb, it could potentially play a regulatory role in D. radiodurans.
Known stress response genes or ribosomal proteins were also annotated downstream
of six of the top eight promoters and may help to maintain homeostasis of D.
radiodurans under a wide variety of conditions, potentially explaining why they ap-
peared to drive high expression under the conditions tested.
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FIG 3 Characterization and benchmarking of the top eight promoters. (A) Normalized average fluorescence data for the top eight promoters and nine
benchmarks previously used in the literature performed in exponential phase with biological triplicates. Error bars indicate standard deviations. Statistical
significance is denoted by asterisks (**, P < 0.01), as determined by Student’s t test. (B) Fluorescence microscopy images of promoter strains imaged at X630
show cell-to-cell heterogeneity in fluorescence that varies across promoter strains. Scale bar, 20 um. (C) Growth curves of top eight promoter strains, PgroES,
and EV determined in triplicate. Cells were diluted to an OD,, of 0.1 and grown at 32°C with shaking in fresh TGY. The absorbance at 600 nm was measured
hourly by a plate reader. (D) Normalized average fluorescence of top eight promoters, top three benchmarks, and PgroES in D. radiodurans in the exponential
and stationary phases determined in biological triplicates. Error bars represent standard deviations. Statistical significance is denoted by asterisks (*, P < 0.05),

as determined by Student’s t test.

In tandem to the flow cytometry analysis, we visually inspected cultures for cell-to-
cell variation in fluorescence by microscopy. This constitutes an important analysis
since heterogeneous performance in engineered strains could result in suboptimal
efficiency in biotechnological applications. Microscopy images of cells containing the
top eight promoters, the top three benchmark promoters (PrecA, PkatA, and PtufB), and
PgroES are shown in Fig. 3B. While general fluorescence patterns observed via micros-
copy reflected the relative fluorescent trends found by flow cytometry, the heteroge-
neity seen by microscopy indicated a large range of cell-to-cell variation in expression
driven by the selected promoters in D. radiodurans. The microscopy images for the
strains carrying promoters PDR_1261 and PrpmB showed that a majority of the cells
were highly fluorescent, while the PDR_2508 and PDR_1473 strains showed only a few
highly fluorescing cells, with the majority of cells displaying background levels of
fluorescence. It is also worth noting that while the benchmark promoter sequences of
katA, recA, and groES drove high fluorescence, these strains also showed more cell-to-
cell variability relative to constructs driven by PDR_1261 and PrpmB, the top promoters
identified through this study. Similar trends in the cell-to-cell variation in expression
driven by the promoters described above was also observed in saturated cultures (Fig.
S1). Thus, these novel putative promoters are both strong and robust relative to other
available promoters for D. radiodurans. The heterogeneity of these constructs also
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highlights the difference between assessing promoter strength on an individual basis
through cytometry compared to culture-based assessments of protein expression
traditionally used, such as B-galactosidase assays, which may be influenced by strong
outliers. Since these are native promoters, the biological mechanisms for the hetero-
geneity seen in this study may have involved complex interactions with native factors.

Native promoters used in their host organisms may retain the ability to interact with
host systems, potentially interfering with the host’s ability to perform normal metabolic
processes. An impairment in metabolic function that influences cell fitness would
greatly hinder the use of these promoters in industrial or biosensing applications. To
investigate whether the top eight promoters in D. radiodurans would compromise
cellular metabolism, changes in the growth rates of these strains were assessed (Fig.
30). As seen in Fig. 3C, no significant differences were found in growth rates between
cells expressing GFP from the top eight promoters and cells expressing GFP from the
groES promoter, the promoter most commonly used in constitutive protein production
in D. radiodurans.

It has been previously established that biological processes can be affected by key
factors such as pH, temperature, acidity, and growth stage, which could be influenced
by promoter activity levels (29). Therefore, we measured GFP fluorescence driven by
PgroES, PrecA, PkatA, PtufB, and the top eight promoters in both exponential and
stationary-phase culture conditions (Fig. 3D). For nearly all of the tested promoters, no
significant difference was found between the fluorescence of exponential-phase and
stationary-phase cultures. Encouragingly, PDR_1261 and PrpmB, the two strongest
promoters, were also the strongest regardless of condition, further indicating their
potential use as strong, robust promoters that could be reliable in bioengineering
applications. Cells containing the promoter regions from DR_1348 and DR_1261 were
the only two to exhibit increased fluorescence in saturated cultures, demonstrating
their potential use in applications utilizing saturated cultures such as the production of
secondary metabolites. PDR_1261 and PDR_1348 are currently annotated as hypothet-
ical proteins and therefore their potential regulatory effects and biological relevance in
the native system remain uncharacterized.

Minimization of putative promoters. Although any novel promoter characterized
for a nonmodel organism can be an enabling technology in and of itself, optimization
through minimization can reduce promoter size for easier cloning (i.e., by Gibson
assembly) and has resulted in the identification of important regulatory elements such
as UTR elements, enhancer regions, or sigma factors (15, 29, 30). We used the two
strongest promoter candidates, PDR_1261 and PrpmB, a relatively small promoter with
moderate activity, PrplL, and the smallest novel promoter, PgroEL, for minimization.
Truncations from the 5’ end of the putative promoter region were generated by PCR,
and cells harboring the truncated promoters were assessed for loss of fluorescence
relative to those containing the full-length candidate (Fig. 4).

The promoter region of DR_1261 was truncated in 10 bp increments, with a signif-
icant and abrupt decrease in activity observed between —20 and —30 bp, suggesting
that this region is critical for transcription initiation; we were thus able to reduce the
putative promoter size from 89 to 67 bp (Fig. 4A). The promoter region of groEL was
truncated in 10 bp increments as well, but no significant decrease in fluorescence was
observed, even after removal of 40 bp from the 74-bp full-length promoter, resulting in
construction of a 34-bp promoter (Fig. 4B). Interestingly, removal of 40 bp actually
resulted in a significant increase in promoter activity. An advantage of this minimal
design is that the 34-bp PgroEL promoter is short enough to incorporate by Gibson
assembly upstream of a gene of interest; therefore, we did not perform any further
minimization on this promoter. The PrpIL promoter was another one of the smallest
original promoters that we investigated, with an initial size of 79bp. To further
minimalize this promoter, we first truncated its sequence by 10-bp intervals until a total
deletion of 60 bp was removed and a significant reduction in fluorescence was
observed. The 40-bp truncation was unable to be constructed. This effort reduced the
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FIG 4 Normalized average fluorescence for promoter constructs where truncations were generated in regularly spaced intervals from the 5’ terminus until a
loss in fluorescence was observed relative to the full-length promoter. Strains were assessed in exponential phase in triplicates, and error bars indicate the
standard deviations. Statistical significance is denoted by asterisks (*, P < 0.05; **, P < 0.01), as determined by Student's t test. (A) Fluorescence data and
schematic for the promoter of DR_1261 and its truncations. (B) Fluorescence data and schematic for the promoter of groEL and its truncations. (C) Fluorescence
data and schematic for the promoter of rpiL and its truncations. (D) Fluorescence data and schematic for the promoter of rpmB and its truncations.

putative rplL promoter from 79 to 29 bp, resulting in an approximately 60% reduction
in size (Fig. 4Q). Lastly, the romB promoter was the longest of the four promoters we
used for minimization, with an initial size of 257 bp (Fig. 4D). The effort resulted in a
significant reduction in fluorescence between deletions of 80 and 120 bp, suggesting
that an enhancing region or the transcription start site may be found within this region.

November 2019 Volume 85 Issue 21 e01356-19 aem.asm.org 8


https://aem.asm.org

Characterization of Native D. radiodurans Promoters

To identify whether the truncations influenced the cellular heterogeneity of protein
production, fluorescence microscopy was performed on strains carrying PgroES, EV, and
each minimized promoter and its full-length counterpart (Fig. S2). Similar to the
assessment of the full-length promoters, the minimized promoters displayed a large
range of cell-to-cell variation in fluorescence within cultures.

Computational assessment of characterized promoter regions of D. radio-
durans. To identify potential bacterial promoter patterns that could be used as the
basis for biological or evolutionary insight on D. radiodurans gene regulation, we
assessed selected promoter strains using computational web tools. We first performed
a BLAST analysis on the nucleotide sequence of the intergenic regions. Regions from
the promoters of DR_2508, groEL, and katA showed similarity to genomic regions from
Deinococcus wulumugiensis. Intergenic regions upstream of tufB and DR_1473 con-
tained tRNA sequences that showed conservation across several bacterial species, but
regions outside the tRNA were unique to D. radiodurans. The remainder of the inter-
genic regions for the newly characterized promoters were unique to D. radiodurans. We
then used several promoter prediction/analysis tools (BPROM, The Neural Network
Promoter Predictor, and bTSSfinder) to investigate whether the selected promoters
displayed any known promoter consensus regions. Several of the top candidate re-
gions, such as PrpmB and PtufB, have predicted —10 and —35 sites by BPROM, but no
promoter regions were predicted for PDR_1261 or PkatA (Table S1). Complementing
these results, the Neural Network Promoter Predictor identified four potential promoter
sites, including two from PdnaK and one each from PDR_2508 and PromB (Table S2).
Lastly, we used bTSSfinder to identify potential sigma factor binding sites in the top
eight candidates. The resulting output (Table S3) showed several predicted sigma factor
binding sites in PDR_2508, two in PDR_1473, and one in PrpmB, indicating promoter
activity. It is interesting that all of these tools identified PrpmB, which was one of the
strongest promoters identified in this study, supporting the experimental results. While
the prediction tools used in this study were able to identify some of the experimentally
validated regions for promoter activity, none of the computational tools were able to
accurately identify them all. Other promoters, such as PDR_1261, the strongest identi-
fied in the screen, were not predicted by any of the web tools. These results highlight
the need for better genetic characterization in D. radiodurans and advances in com-
putational tools to accurately make predictions in nonmodel organisms.

Conclusion. While the current suite of available promoters has been sufficient for
single gene product expression, the introduction of pathways, such as those required
for effective bioremediation of toxic compounds, into D. radiodurans will require an
array of well-characterized promoters and regulatory elements for synthetic biology
activities such as sensors, kill switches, and potentially tunable regulators (31-33). This
study outlines the identification, screening, and characterization of a suite of novel
promoters relative to a panel of previously published sequences for use in metabolic
engineering applications with D. radiodurans. Through these characterization studies,
two promoters—PDR_1261 and PrpomB—displayed higher gene expression and homo-
geneity relative to any of the other promoters screened. Additional characterization
revealed that gene expression driven by the majority of the putative promoter regions
was relatively consistent across growth phase, making them more versatile for appli-
cations involving extended growth periods or transitions between growth phases. Four
of the top eight promoters identified in this study were truncated to create minimal
promoters and assessed via flow cytometry and microscopy. These minimized promot-
ers of PDR_1261, PrpmB, PgroEL, and PrplL were at least 20% smaller than their
full-length counterparts but still retained comparable levels of fluorescence and het-
erogeneity. Computational assessment of putative promoter regions demonstrated
varied success in identifying promoter motifs among the characterized promoters,
highlighting the need for experimental approaches and improvements in computa-
tional tools. Overall, this work expands the repertoire of promoters available for
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D. radiodurans, resulting in a panel of robust promoters of various strengths and
attributes that could be useful for a wide range of applications.

MATERIALS AND METHODS

Candidate selection. Candidate promoter sequences were identified through a bioinformatics analysis
of previously published transcriptomics data (NCBI SRA accession no. GSM1584931: Sham_irradiated; D.
radiodurans R1; ncRNA-Seq) (11). Transcriptomics data were collected in accordance with previously
published protocols (34). Data were mapped to the genome sequence of D. radiodurans retrieved from
the NCBI genome database (NC_001263) with Bowtie2 (35, 36). Read counts across each gene were then
calculated with HT-Seq (37).

To identify potential promoter regions, candidate sequences were filtered by biological and technical
parameters. Genes with read counts of <1% of the maximum number of reads per gene were removed
from consideration for candidate selection to reduce the influence of low counts on candidate selection.
In addition, the length of the upstream intergenic region was filtered to include only sequences between
45 and 500 bp. This lower limit was selected to reduce the number of false positives due to multiple
genes encoded on operons, since the majority of operon intergenic regions are less than 40 bp in length
in E. coli, and bioinformatics analyses suggest that most are under 50 bp in other bacterial species
(38-40). The upper limit of intergenic length was set to 500 bp to identify putative promoters with sizes
amenable for cloning into a plasmid. Transcripts per million (TPM) were calculated for each gene to
normalize the number of read counts by the downstream gene length. The resulting data set was sorted
by TPM and candidate promoter sequences were selected across a range of predicted strengths for
experimental assessment (see Data Set S1 in the supplemental material).

Post hoc assessment of promoter candidates with selected promoter prediction software. After
primary assessment and selection of the top 25% (eight) candidates, the intergenic regions containing
putative promoters were assessed by prediction software to search for features potentially indicative of
efficient gene expression in D. radiodurans. The motif-finding tool, MEME, and promoter prediction
software such as BPROM (Softberry), bTSSfinder (E. coli type setting), and Neural Network Promoter
Prediction (prokaryote setting, minimum promoter score 0.8) were used to search for motifs indicative
of promoter regions within the selected candidate promoters (41-43). Putative promoter regions were
also assessed by BLAST to search for conservation across other taxa.

Strain development. The plasmid pRadGroGFP, which has been previously used to assess gene
expression levels, was cut with restriction sites Xhol and BamHI (17). A gblock (IDT) was then used to
replace the Apal site with a Sacll site. The pRadGro construct was chosen for promoter screening in D.
radiodurans because it has been previously characterized to have a plasmid copy number approximately
equal to the genome copy number (44). The resulting plasmid was either digested with Xhol and Sacll
or PCR amplified with primers pRadBB-F and pRadBB-R (listed in Table 1), digested with Dpnl at 37°C for
1 h, purified with a Zippy DNA clean and concentrate kit, and then digested with Xhol and Sacll at 37°C
for 2 h. The backbone was then gel extracted for cloning of candidate promoter regions using an Illustra
GFX PCR DNA and gel band purification kit (GE Healthcare).

Inserts were PCR amplified with primers (Table 1) designed to target intergenic regions between two
cis-oriented adjacent genes identified by the bioinformatics analysis. These primers were used to amplify
candidate promoter regions from D. radiodurans R1 genomic DNA template. Amplification by these
primers incorporated a 5’ Xhol site, the first three amino acids of groES (Met-Leu-Lys), and Sacll site on
the 3’ end. Addition of the first three amino acids was found to improve the signal of the reporter
protein. The PCR products were cut with Xhol and Sacll at 37°C for 2 h and column purified. T4 DNA ligase
(NEB) was used to perform 10-ul ligations with 100 ng of DNA at insert/vector ratios of 3:1 or 6:1,
followed by incubation at 16°C overnight. The following day, ligations were desalted and transformed
into DH5« or DH10p electrocompetent cells (NEB) and recovered with 1 ml of super optimal broth. Cells
were recovered at 37°C for 1 h with shaking, then plated on Luria-Bertani (LB) agar plates containing
50 pg/ml carbenicillin and grown overnight at 37°C. Colonies were assessed by colony PCR using Taq
DNA polymerase (Invitrogen) and GFP colony forward and reverse primers (Table 1). Colonies resulting
in successful amplification were grown overnight in LB medium. Plasmids were isolated according to the
manufacturer’s instructions (Zippy Miniprep kit) and then submitted for Sanger sequence verification at
the University of Texas at Austin Genome Sequencing and Analysis Facility (GSAF) with the reverse GFP
colony PCR primer. Once confirmed, 1 ug of plasmid DNA was chemically transformed into D. radio-
durans, as described previously (45). Cells were plated on tryptone-glucose-yeast extract (TGY) agar
containing 0.34 ug/ml chloramphenicol at 32°C for 3 days to allow the growth of transformed colonies.

Fluorescence assessment. After 3 days of growth, single colonies of transformed D. radiodurans
were inoculated in triplicate into liquid TGY containing 0.34 ng/ml chloramphenicol and grown over-
night at 32°C. The following day, cells were diluted 1:20 and grown to an optical density at 600 nm
(ODgpp) Of 0.3 to 0.8. Next, 50 ul of culture was transferred into 1 ml of 1X PBS and assessed for
fluorescence by cytometry using a FACSCalibur or FACSAria Fusion (Becton Dickinson) with a 15-mW
488-nm argon-ion laser and a 515- to 545-nm emission filter. The top eight candidates from the
preliminary screen were selected for further characterization via cytometry relative to empty vector (EV)
control and alongside a suite of previously published promoters to enable standardization against
promoters currently available for use in D. radiodurans (12-15, 19, 46-48).

Influence of growth phase on promoter activity. Transformed D. radiodurans harboring promoter
candidates selected from the preliminary screen were inoculated in triplicate into liquid TGY containing
0.34 ug/ml chloramphenicol and grown overnight at 32°C. The following day, saturated cultures were
diluted 1:20 and grown to an ODg, of 0.3 to 0.8. Then, 50 ul of either saturated or exponential culture
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was transferred into 1 ml of 1X PBS and assessed for fluorescence by cytometry using a FACSCalibur at
488 nm.

Sequence verification of transformed D. radiodurans. To validate that the selected D. radiodurans
were successfully transformed with the plasmid, a 5-ml culture of each candidate strain was grown
overnight at 32°C. The following day, the cell pellet was isolated by centrifugation (10 min at 4,000 X g)
and resuspended in 1 ml of nuclease-free H,0. Cells were lysed via mini-Beadbeater (100 s X 2; Biospec
Products), and cell components were removed by centrifugation at 13,000 X g for 2 min. Then, 600 ul of
the supernatant was processed to retrieve plasmids from D. radiodurans according to the Zippy miniprep
protocol. Plasmids were then transformed into E. coli strain DH5« and plated on LB containing 50 ug/ml
carbenicillin. Transformants were cultured and grown overnight in LB medium at 37°C. The following day,
the plasmids were isolated by miniprep, and the sequence was confirmed by the GSAF.

Microscopy. Microscopy was performed on selected D. radiodurans strains containing putative
promoter-bearing plasmids from the primary screen. A single colony of transformed cells was inoculated
into 5 ml of TGY liquid containing 0.34 ug/ml chloramphenicol. The following day, the culture was
diluted 1:20 with TGY containing chloramphenicol and grown at 32°C to an ODg,, of 0.4 to 0.6. Cells were
isolated from 500 wl of cell culture by centrifugation (2 min at 5,000 X g) and resuspended in 200 ul of
1X PBS for assessment by fluorescence microscopy (Zeiss Axiovert 200M fluorescence microscope) at the
University of Texas at Austin’s Microscopy and Imaging Facility, with exposure times of 340 ms for
fluorescent images and 34 ms for bright-field imaging with a 63X lens objective. The same procedure
and analysis were also repeated for saturated cultures.

Growth curve analysis. The promoters considered in this study are native to D. radiodurans and
could influence cellular metabolism due to interactions with endogenous regulatory systems. To assess
the impact of the promoters on the growth rate, growth curves were generated for the selected strains
to ensure that introduction of the putative promoter did not impact the growth rate of the strain. To
construct the growth curve, single colonies of transformed D. radiodurans cells were inoculated in
triplicate into 5 ml of TGY liquid containing 0.34 ug/ml chloramphenicol and grown overnight at 32°C.
The following day, the cultures were diluted 1:20 in 5 ml with TGY containing chloramphenicol and
grown for 2 h at 32°C. The ODy,, was measured and cultures were diluted to an ODg, of 0.1 in 20 ml.
After dilution, cultures were grown at 32°C with shaking, and 200-ul aliquots were used to measure the
ODgq, hourly with a plate reader (Bio-Tek) until the stationary phase was reached.

Promoter minimization. Promoter regions of four genes were chosen for minimization because of
their sizes and/or strengths: DR_1261, rpmB, rplL, and groEL. Primers were designed to systematically
reduce the size of the promoter PCR product from the 5’ terminus (Table 1). Cloning was performed as
described previously with cut sites Xhol and Sacll into the pRadGroGFP construct containing Sacll. In the
case of rpmB, gblocks (IDT) were used rather than PCR products due to difficulties in PCR amplification,
so rpmB was assessed with truncations of 80, 120, and 150 bp. gblocks containing the promoter region
and GFP were cloned using Gibson Assembly into the backbone generated by amplification of
pRadGroGFP with pRad-BBforGA forward and reverse primers (Table 1). Fluorescence was assessed by
cytometry, as described above, to determine the influence of the deletion on promoter activity. D.
radiodurans cultures containing the minimized promoters were then assessed by microscopy to deter-
mine whether minimization influenced expression heterogeneity.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/AEM
.01356-19.

SUPPLEMENTAL FILE 1, PDF file, 0.8 MB.
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