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A B S T R A C T

Transcriptional regulation is key in bacteria for providing an adequate response in time and space to changing
environmental conditions. However, despite decades of research, the binding sites and therefore the target genes
and the function of most transcription factors (TFs) remain unknown. Filling this gap in knowledge through con-
ventional methods represents a colossal task which we demonstrate here can be significantly facilitated by a
widespread feature in transcriptional control: the autoregulation of TFs implying that the yet unknown transcrip-
tion factor binding site (TFBS) is neighboring the TF itself. In this work, we describe the “AURTHO” methodology
(AUtoregulation of oRTHOlogous transcription factors), consisting of analyzing upstream regions of orthologous
TFs in order to uncover their associated TFBSs. AURTHO enabled the de novo identification of novel TFBSs with
an unprecedented improvement in terms of quantity and reliability. DNA-protein interaction studies on a selec-
tion of candidate cis-acting elements yielded an >90 % success rate, demonstrating the efficacy of AURTHO at
highlighting true TF-TFBS couples and confirming the identification in a near future of a plethora of TFBSs across
all bacterial species.

1. Introduction

In the prokaryotic world, subtle changes in the environment can
have limited or instead widespread effects on the expression of genes,
permitting an efficient response to new conditions. This modulation of
gene expression is mediated by different mechanisms, the best-known
of which involves transcription factors (TF) that, through binding of
specific DNA sequences will activate or inhibit the transcription of tar-
get genes. Regulators often control the expression of multiple genes by
binding to similar transcription factor binding sites (TFBS) upstream of
each of its targeted genes or transcription units [1–4]. Despite having
been in the spotlight the longest among all regulation mechanisms, a
great deal of mystery still pertains to transcriptional networks even in
well-studied microorganisms like Escherichia coli [5,6]. Actually, in
most bacteria, only a handful of TFs have been studied, revealing just
an inkling of the regulatory networks they use to control cellular
processes and adapt to their environment rapidly and efficiently.

Using a wet lab approach, unveiling novel TF-TFBS couples and
their regulatory network can take years, but high throughput ap-
proaches such as RNA-seq, ChIP-Seq, and DAP-seq have been game
changers in regulation data acquisition [5,7–11]. These approaches
largely facilitate the assessment of the transcriptional output in re-
sponse to a specific set of signals. However, researchers are often lim-
ited and biased when testing a set of laboratory culture conditions,
which rarely reflect the bacteria's natural environment. Indeed, the
transcriptional response, and therefore the binding of TFs, is also a dy-
namic process that highly varies in time and space according to the
state of growth or the step of the life cycle for bacteria that undergo ex-
tensive physiological and morphological differentiations [12]. There-
fore, the fraction of TFs which are only expressed and needed in very
specific conditions are unlikely to be highlighted via these studies.

Completely different approaches starting from in silico analyses have
also been used. Usually, these approaches first acquire the knowledge
of the TFBS, from which the regulon can be inferred, after which its
function can be deduced through the analysis of the target genes' func-
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tions [4,13–17]. With the advent of genome sequencing technologies,
researchers have been working to exploit these data to uncover con-
served regulatory elements and link them to a TF. As early as 2002, the
genomes of three model micro-organisms; E. coli, Bacillus subtilis, and
Streptomyces coelicolor, had been studied with the aim to uncover over-
represented dyad-type motifs in intergenic regions of the genome,
where cis-acting elements are expected to be found [18–20]. During
that same period, we used an in silico-based approach to show that re-
fining the classification of TFs into sub-families beyond the sequence of
their helix-turn-helix motif facilitates the discovery of their binding
sites. In addition, this work demonstrated that using the autoregulatory
property of bacterial regulators in an in silico approach was an effective
way to assign a discovered TFBS to its cognate TF [15,21]. Now that the
number of available genomes has significantly grown, approaches
based on comparative genomics and more specifically on phylogenetic
footprinting, have become possible [16,22,23]. Phylogenetic footprint-
ing is a method that aims at discovering conserved regulatory se-
quences in orthologous UTRs (UnTranslated Region) in different
genomes, as it is believed that functional features are encoded in evolu-
tionarily conserved DNA sequences. Thus, the traits that are targeted
are regulatory DNA sequences (TFBSs) and their associated TF. The re-
search group of Prof. Rodionov has indeed shown through their “regu-
lon propagation and reconstruction” approach that certain orthologous
TFs and their cognate TFBSs are conserved across an extensive variety
of taxa [16,24–28].

We predict that this type of approach, when used on a more closely
related taxonomic group, will prove to be even more prolific in terms of
the quantity of discovered cis-trans relationships. Indeed, numerous TF-
TFBS couples are only conserved between closely related species, and
this focused approach will likely point out taxon-specific regulatory in-
teractions. With this in mind, we developed a de novo approach and as-
sessed the extent to which it could accelerate the discovery of DNA se-
quences recognized by TFs. In contrast to previously used comparative
genomics in silico approaches, our methodology draws on a widespread
property of TFs, i.e., they often control their own expression, which im-
poses that the location of the searched TFBS is in the close vicinity of
the TF gene itself. Combined with the conservation of the TFBS between
orthologous TFs, this guided the development of the AURTHO method-
ology (AUtoregulation of oRTHOlogous transcription factors), consist-
ing of analyzing upstream regions of orthologous TFs in order to un-
cover their associated TFBSs.

As a case study to test the AURTHO methodology, we focused our
attention on one family of TFs, the LacI family, and selected a closely
related taxon, the Streptomyces genus, as the latter has been shown to
encode large numbers of TFs (12.3 % of the model species' genome is
dedicated to encoding regulatory genes) [29]. The AURTHO strategy
revealed to be extremely efficient at providing reliable candidate TFBSs
as the presented work not only confirmed the TFBS of the five LacI-TFs
already studied in streptomycetes but also proposed a cognate TFBS for
90 additional and yet uncharacterized LacI-TFs thereby largely filling
the gap in knowledge about cis-acting elements. As autoregulation is a
feature of many different TF families, our results suggest that the appli-
cation of the AURTHO approach across all bacterial species will highly
facilitate the discovery of novel TF-TFBS couples.

2. Results and discussion

2.1. Starting hypotheses and the AURTHO methodology

The de novo approach used to unveil the TFBSs of LacI-family TFs is
based on three main assumptions: (i) orthologous TFs bind to identical
motifs on DNA, (ii) LacI TFs often (70 % according to Ravcheev et al.,
2014) regulate their own expression (autoregulation), meaning their
binding site can be found in the upstream region of the gene encoding
them, and (iii) its primary target gene(s) is (are) usually found adjacent

to or in the same transcriptional unit as that of the TF, reinforcing the
probability of finding its binding site in close vicinity to the TF gene.
Additionally, for members of the LacI-family of TFs (used in this work
as a case study) the binding sites are easily spotted as they are usually
characterized by palindromic sequences of even length which contain a
typical CG-pair at the centre of the motif [28]. Nonetheless, some atypi-
cal binding sites have been identified, showcasing uneven lengths, the
absence of a CG-pair in the centre [30], directed repeats [31] and/or a
stretch of less conserved nucleotides of variable length between the two
inverted repeats (though for a single TF and its orthologs, the length is
usually conserved) [28].

The methodology that guided our approach is detailed in the flow-
chart presented in Fig. 1. First, genomes from the genus Streptomyces
were downloaded from the NCBI database and filtered to retrieve only
the ones annotated as “Complete” in their assembly status
(assembly.info on GitHub). Proteinortho [32] was used to create clus-
ters of orthologous genes (COGs) by performing diamond blast in an all-
versus-all manner, and clustering genes using a reciprocal best align-
ment heuristic (RBAH). Simultaneously, an hmmscan using HMMER3
was performed on all genomes against the Pfam-A profile database
[33–35], and TF genes were classified into families through signature
domain combinations, as described in the P2TF database [36]. For the
LacI-family of TFs, the signature domain combination consists of a LacI
DNA-binding domain (PF0356) and a periplasmic binding protein do-
main (PF0532, PF13377 or PF13407) [28]. However, according to the
P2TF database, the presence of a LacI-HTH motif inside the DNA-
binding domain is a sufficient predictor of a protein belonging to this
family of TFs [36]. For every gene identified as a LacI TF, we extracted
the COG they belonged to, and “manually” checked for functional co-
herence inside the COG based on the gene annotations. Only COGs in
which most annotations were coherent with a regulatory function were
conserved for further analysis. For each of them, the upstream se-
quences of the LacI-TF genes were extracted, the length of which is vari-
able as the extraction halted as soon as the translational start/stop
codon of an upstream gene was encountered. Different maximum
lengths of search regions were tested (500 bp, 300 bp, 100 bp with an
additional 50 bp inside the coding region). For each LacI-COG, these se-
quences were aligned with the MEME software [37] using two different
search parameters termed ZOOPS (Zero or One Occurrence Per Se-
quence) and ANR (Any Number of Repetitions), and three different
search lengths (small = 10 nucleotides (nt), medium = 20 nt, and
long = 30 nt). MEME produced four motifs per search, and the results
for each combination of parameters were manually curated to identify
sites that were most consistent with characteristics of known LacI bind-
ing sites, namely the palindromic property of the site and the central
CG-pair [28]. Finally, the FASTA-format matrices of putative binding
sites were used to create sequence logos with WebLogo [38] and to de-
sign Cy5-marked DNA probes containing the consensus binding site for
each LacI-COG. A series of LacI-family TFs were selected to experimen-
tally validate the predicted DNA-protein interaction through Elec-
trophoretic Mobility Shift Assays (EMSAs). Finally, an additional round
of manual inspection was performed in COGs' cases which required
manual inspection of the gene locus organization in order to extract the
proper gene's upstream region (see step 8 in Figs. 1 and 2).

2.2. De novo identification of binding sites of LacI-family TFs in
streptomycetes

2.2.1. LacI-family transcription factor identification
LacI-family TFs were identified by the presence of a typical LacI he-

lix-turn-helix motif (PF0356) in the N-terminal DNA-binding domain of
the protein sequence. As expected for the Streptomyces genus, in which
sugar catabolism regulation is essential for adaptation to diverse envi-
ronments [39,40], LacI TFs were identified in all 182 studied complete
genomes (Supplementary Fig. S1). However, there was a great disparity
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Fig. 1. Flowchart illustrating the different steps of the AURTHO approach. The “eye” icon indicates the different steps that required manual inspection of the soft-
ware/algorithm output before proceeding to the following step(s) of the methodology and/or to improve/increase the quality/quantity of the data generated. Step 1.
Downloading complete genomes of interest from de NCBI database, identifying the LacI regulators through hmmscan, and clustering genes into orthologous groups;
Step 2. Selecting the COGs that contain at least one LacI TF (identified by hmmscan); Step 3. Verification that the functional annotation of the genes in these COGs
are coherent with a regulatory role; Step 4. For LacI-COGs, extraction of the upstream region of TF genes; Step 5. Alignment using the MEME software of the sets of
upstream regions for each COG; Step 6. Manual curation of MEME results to identify over-represented motifs also containing typical characteristics of LacI-family TF-
BSs; Step 7. Selection of predicted motifs for experimental validation through EMSAs; Step 8. Improvement round for COGs with no proposed motif, involving the vi-
sualization of the gene locus organization and extraction of the region upstream of the first gene of the transcription unit that contain the TF of interest.

in the number of LacI regulators identified. Streptomyces bingchenggensis
(BCW-1) possesses 69 LacI TFs, while Streptomyces olivoreticuli (subsp.
olivoreticuli strain = ATCC 31159) only encodes 6 LacI genes (Fig. S1).
This goes far beyond any explanation related to their genomes' size, as
there is no correlation between the length of the chromosome and the
relative abundance of LacI TFs (11.9 Mb/9692 genes and 8.8 Mb/7102
genes for S. bingchenggensis and S. olivoreticuli, respectively).

In total, in 182 Streptomyces strains, 4403 LacI TFs were identified,
grouped into 167 COGs. Among these, only 5 (~3 % of all LacI TFs)
have been subject to studies in Streptomyces species, i.e., i) the galactom
annan/mannobiose/mannose utilization repressor ManR (LacI003 in
Table 1, conserved in 177/182 species) [41], (ii) the maltose/maltodex-
trin catabolism pathway regulator MalR (LacI005 in Table 1, conserved
in 176/182 species) [31,42–45], iii) the cellulose/cello-oligosaccharide
utilization regulator CebR (LacI006 in Table 1, conserved in 153/182
species) [46–50], iv) the xylan/xylo-oligosaccharide utilization repres-
sor BxlR (LacI015 in Table 1, conserved in 88/182 species) [30,51,52],
and v) the agar-utilization regulator DagR (LacI139 in Table 1) [53],
the latter being one of the rarest LacI TF, only conserved in two Strepto-
myces species. Strikingly, the function of the two most conserved LacI

TFs (LacI001 and LacI002 in Table 1) is unknown, further illustrating
the lack of knowledge about transcriptional regulation in this well-
studied bacterial genus. Remarkably, 25 LacI TFs were only present in
one single species, meaning they were part of “orphan” COGs contain-
ing only that single gene. In these cases, it is inherently impossible to
perform a comparative genomics approach, which requires the compar-
ison of two or more sequences.

2.2.2. Identification of TF binding sites
For each the 167 LacI-family COGs, a set of upstream regions was

extracted with varying lengths as described in the Methodology section.
This resulted in 138 sets of two or more upstream regions. Indeed, in
the remaining cases, the COG was either orphan (one gene), or there
was either only one, or no gene in the COG for which an upstream re-
gion was present. This happens when the TF is co-transcribed with
other genes in its transcription unit. As explained above, three maxi-
mum lengths of upstream sequences were tested for the MEME analysis,
but overall, a maximum length of 300 bp (halted whenever an up-
stream coding region was encountered) yielded the best results in terms
of number of discovered motifs and their resolution (Supplementary
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Fig. 2. Inspection of the length of the TF upstream region and the gene locus organization. (A) Average length of upstream regions for each COG. The height of the
bars is relative to the number of members in each COG, and the color indicates the mean length of extracted upstream regions. The right part of the barplot shows the
TF COGs for which a cognate TFBS was predicted, while the left part corresponds to those that yielded no potential motif. Based on these data, we selected COGs (red
asterisks) for which the average length of UPS region was low and analyzed the operon organization for each member of the COG. (B) Operon organization of COGs
that displayed a low average upstream region length, for which we did or not find a putative binding site. The node cluster next to the operon organization represents
the corresponding COG, where each node is a gene of the COG, and the color indicates the length of the upstream region of that particular gene. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. S2). This was supported by the previous observation of Ravcheev et
al. [28] that LacI binding sites are rarely found beyond 300 nucleotides
upstream of the target gene, or after the beginning of the coding region.

In order to first assess the reliability of our de novo approach, we sin-
gled out the studied LacI regulators (ManR, MalR, CebR, BxlR, and
DagR), and checked if the motifs we generated using our in-silico ap-
proach correspond to their experimentally determined cis-acting se-
quences. As presented in Table 1, for ManR (LacI003), CebR (LacI006),
and BxlR (LacI015), the de novo identified motifs were identical to their
experimentally identified consensus sequences, i.e., GACAACGTTGTC
[41], TGGGAGCGCTCCCA [50], and CGAA-Nx-TTCG [30,51,52], re-
spectively. For MalR (LacI005), the two binding sites deduced by DNase
footprinting assays [31] were also found (see Table 1), further confirm-
ing that our approach is appropriate for deducing over-represented mo-
tifs that closely relate to the ones that were experimentally identified.

In the case of DagR, its DNA-binding site was not identified during our
first manual inspection of MEME-generated motifs. Indeed, this TF is
only present in two strains (S. coelicolor and S. bingchenggensis), mean-
ing there were only two upstream regions to align. In this case, MEME is
often not able to distinguish motifs found by chance from potentially bi-
ologically significant ones, causing proposed motifs to have very high
E-values. Hence, it was only upon re-examination of the four motifs pro-
posed by MEME that we identified the one that corresponded to one of
the validated binding sites of DagR (LacI139), AACCGGTT [53].

Of the 133 unstudied LacI-COGs for which two or more upstream se-
quences could be extracted, one or two putative binding site(s) in their
upstream region was found for 82 (~62 %) of them (Table 1). In addi-
tion, 9 motifs were further identified (6) or improved (3) by extracting
the upstream region of the first gene of a transcriptional unit (operon)
that contains the TF gene (see below in the next section), bringing the
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Table 1
LacI COGs and their AURTHO predicted binding sites.
LacI COG (repr. memb.) Predicted TFBS (WebLogo) Occur. (%) LacI COG (repr. memb.) Predicted TFBS (WebLogo) Occur. (%)

001 (B)
(SCO3943)

181 (99.5) 052 (A)
(T261_RS40815)

21 (11.5)

002 (B)
(SCO4158)

181 (99.5) 053 (A)
(SGR_RS04505)

20 (11)

003, manR
(SCO1078)

177 (97.3) 054 (A*)
(SGR_RS05550)

20 (11)

004 (A)
(SCO1642)

176 (96.7) 055 (B)
(NI25_RS02935)

17 (9.3)

005, malR
(SCO2232)

176 (96.7) 056 (B*)
(SBI_RS10855)

17 (9.3)

006, cebR
(SCO2794)

153 (84.1) 057 (B)
(SBI_RS36280)

17 (9.3)

007 (A)
(SCO6713)

152 (83.5) 058 (A)
(SBI_RS03995)

16 (8.8)

008 (A)
(SCO2753)

148 (81.3) 059 (A)
(SBI_RS36130)

16 (8.8)

009 (A)
(SCO0886)

135 (74.2) 060 (A)
(SFLA_RS18915)

16 (8.8)

010 (A)
(SCO2745)

133 (73.1) 061 (A)
(T261_RS24440)

16 (8.8)

011§ (C)
(SCO7014)

112 (61.5) 062 (B)
(SCO6349)

15 (8.2)

012 (A, A*)
(SCO0806)

101 (55.5) 064 (B)
(SBI_RS03795)

14 (7.7)

014 (A)
(SCO5692)

88 (48.4) 065 (A)
(XNR_RS03065)

14 (7.7)

015, bxlR1
(SCO7027)

88 (48.4) 066 (A)
(SBI_RS46800)

13 (7.1)

016 (A)
(SCO0953)

87 (47.8) 069 (C)
(SBI_RS10490)

12 (6.6)

017 (A)
(SCO6598)

83 (45.6) 070 (C)
(SBI_RS48025)

12 (6.6)

018 (A)
(SCO1956)

80 (44) 071 (A)
(SCAB_RS41390)

12 (6.6)

019 (C)
(SCO1376)

76 (41.8) 072 (A)
(STRVI_RS24580)

12 (6.6)

020 (B)
(SBI_RS40970)

62 (34.1) 073 (A)
(SVTN_RS35145)

12 (6.6)

021 (C)
(SCO6986)

60 (33) 074 (A)
(SVTN_RS32805)

11 (6)

022 (A*)
(SBI_RS07975)

58 (31.9) 076 (A)
(SBI_RS02810)

10 (5.5)

023 (A)
(SBI_RS45370)

57 (31.3) 077 (A)
(SBI_RS06345)

10 (5.5)

024 (A)
(SCO7411)

50 (27.5) 078 (C)
(SBI_RS08340)

10 (5.5)

(continued on next page)
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Table 1 (continued)
LacI COG (repr. memb.) Predicted TFBS (WebLogo) Occur. (%) LacI COG (repr. memb.) Predicted TFBS (WebLogo) Occur. (%)

025 (A)
(SCO7502)

50 (27.5) 079 (A)
(SBI_RS42795)

10 (5.5)

026 (A)
(SBI_RS08050)

48 (26.4) 080 (A)
(AVL59_RS26565)

9 (4.9)

027 (A)
(SCO1066)

48 (26.4) 083 (A)
(SFLA_RS00305)

8 (4.4)

028 (A)
(SCO7554)

48 (26.4) 084 (A)
(SHJGH_RS07625)

8 (4.4)

029 (A*)
(SCO6233)

45 (24.7) 085 (A)
(A4E84_RS39220)

7 (3.8)

031 (A)
(SGR_RS11925)

38 (20.9) 086 (A)
(AA958_RS04325)

7 (3.8)

032 (A)
(SCO0629)

36 (19.8) 090 (A)
(SCAB_RS08895)

7 (3.8)

033 (A)
SBI_RS48885

34 (18.7) 091 (B)
(SCAB_RS37085)

7 (3.8)

034 (A)
(SCAB_RS41450)

33 (18.1) 093 (A)
(SXIM_RS01320)

7 (3.8)

035 (C)
(SCO0289)

32 (17.6) 094 (A)
(SXIM_RS22465)

7 (3.8)

036 (A)
(SBI_RS46210)

31 (17) 096 (B)
(SBI_RS08910)

6 (3.3)

037 (A, B*)
(SCO0456)

31 (17) 097 (A)
(SBI_RS31600)

6 (3.3)

038 (A, A*)
(SCAB_RS26610)

30 (16.5) 101 (A)
(STRVI_RS14955)

6 (3.3)

039 (A)
(SGR_RS17280)

30 (16.5) 102 (A)
(SVTN_RS01870)

6 (3.3)

042 (A*)
(SCAB_RS02460)

26 (14.3) 103 (A)
(SVTN_RS03670)

6 (3.3)

043 (A*)
(SCO0062)

26 (14.3) 106 (B)
(SCAB_RS42505)

5 (2.7)

044 (A)
(SBI_RS01965)

25 (13.7) 107 (B)
(SCO0360)

5 (2.7)

046 (A)
(SBI_RS48670)

24 (13.2) 110 (A)
(AS200_RS41850)

4 (2.2)

047 (C)
(STRVI_RS12305)

24 (13.2) 112 (A)
(CFP59_RS47970)

4 (2.2)

048 (C)
SBI_RS03890

23 (12.6) 114 (A)
(SBI_RS10425)

4 (2.2)

049 (A)
(SCAB_RS03420)

23 (12.6) 117 (A)
(SCAB_RS06320)

4 (2.2)

050 (A)
(WQO_RS32820)

23 (12.6) 139, dagR†
(SCO3485)

2 (1.1)

051 (B)
(SBI_RS21665)

22 (12.1)
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The COGs are numbered from 1 to 142, by decreasing number of strains represented in the COG. Orphan do not figure in this table. The locus tag under the COG num-
ber is that of the representative gene (the gene belonging to the most studied species possessing a gene belonging to this COG). The letter associated with each COG
indicates the “reliability group” for the predicted motif, i.e. A) highly reliable (palindrome sequence with a central CG pair), B) reliable but with either incomplete
palindromic sequence or missing the central CG pair, and C) atypical LacI sites (CG pair not conserved and no inverted repeat). The occurrence represents the number
of different strains that are represented in each COG (182 strains were studied). Symbols: §, indicates that the motifs have been found more than once and could thus
be part of a direct repeat; *, indicates that the motif was identified by the manual inspection of the TF gene locus organization (step 8 in the flowchart of Fig. 1). †, in-
dicates the motif did not pass the threshold but was found by manual inspection based on the known binding site retrieved from the literature survey (work on DagR
[53]).

◀

total number of COGs with a predicted TFBS to 88 (~66 %). Based on
the previously defined characteristics of LacI TFBSs (central CG pair
and inverted repeat sequence), we defined different “reliability groups”
for the predicted motifs (categories A, B, and C in Table 1) we think re-
flect the probability of the site being bound by its cognate TF. For exam-
ple, the TGTGACCGGTCACA conserved motif found upstream of
LacI059 orthologs presents of 14 bp perfect inverted repeat centred on
a CG pair. For over 70 % of LacI-COGs, the predicted motif is consid-
ered to be highly reliable (assigned A in Table 1), as they possess both
characteristics. TF-TFBS couples have a lower predicted reliability if
one of these two characteristics is missing, which was the case for 11
LacI-COGs (assigned B in Table 1). This is for instance the case of the
predicted motif of LacI 001 and LacI 002, the first of which, although
containing an inverted repeat (GAGCC-N8-GGCTC), lacks the typical
central CG-pair, and the second on the other hand possessing the cen-
tral CG pair but for which the left part of the motif does not at all reflect
any kind of symmetry with the right part. For the remaining 9 LacI-
COGs, the best motif does not possess either of these two sequence fea-
tures and, consequently, they have a much lower confidence score (mo-
tifs assigned C in Table 1).

2.3. Improvement round by inspection of TF genetic locus organization

Around 40 % of LacI-COGs did not yield any potential binding site
using our approach (see Fig. 2A). In most cases (LacI120–LacI142 in
Fig. 2A) the size of the COG was so small (2 or 3 members in the COG)
that, as demonstrated with the DagR example discussed above, MEME
likely could not distinguish motifs occurring by chance from biologi-
cally significant ones. Indeed, usually, when the number of representa-
tives of one COG is too small, the entire region upstream of the TF is
conserved which prevents the identification of the functional conserved
cis-acting elements. Nonetheless, there is a number of COGs for which
we unexpectedly did not find an over-represented motif. Although this
could simply be due to the lack of autoregulation for these COGs, fur-
ther investigation revealed that in some cases, the average length of the
region upstream of these COGs was smaller than for COGs for which we
could find a conserved motif (Fig. 2A). Indeed, LacI-TFs are typically
encoded in the divergent direction of the genes of the operon they regu-
late, and through binding to the cis-acting element in the intergenic re-
gion between its own gene and the upstream gene, it can control both
transcription units in concert. However, the genetic organization is not
always as such, and the TF can sometimes be found in between other
genes belonging to the same transcription unit or even in the last posi-
tion of the latter. Fig. 2B illustrates the LacI COGs where the operon or-
ganization clearly prevented the identification of a binding site in the
upstream region of the TF encoding gene. In these cases, the TF is still
likely to bind to the region upstream of the sets of genes that constitute
the whole transcription unit to which the TF encoding gene belongs to.
Therefore, the correct search region is not in the upstream region of the
TF gene, but in the transcription unit's upstream region.

With this in mind, we selected the COG that is mostly present in the
first position of the transcription unit in order to repeat the upstream re-
gion extraction and the MEME analysis. The selected examples where
this additional round allowed the identification of a conserved motif or
to modify the motif originally found are presented in Fig. 2B. Notably,

for six of the selected examples, this additional round of manual inspec-
tion allowed to identify 5 class A motifs (022, 029, 042, 043, and 054)
and one class B motif (056) (Fig. 2B and Table 1). The remaining three
examples involve COGs for which a motif was discovered through the
direct extraction of the TF gene upstream region (012, 037 and 038).
However, this additional round enabled the improvement of two of the
motifs (for 012 and 038), and the identification of a second, binding site
for LacI 037 which, although it contains a well-conserved CG-pair in the
centre, the left part of the palindrome can only be guessed from the se-
quence logo, classifying this motif in the B category. In this case, the ad-
ditional round brought more ambiguity to the predicted TFBS, and
which one is the true binding site for LacI 037 remains to be deter-
mined. For LacI 012 and LacI 038, the motifs that MEME proposed were
very similar to the ones uncovered the first time. Hence, this further
strengthens our confidence in the palindromic sequence that was ini-
tially found. Finally, among the other COGs that were selected, LacI
013 represents a very peculiar case as it is part of the malEFG operon di-
vergently transcribed from the gene encoding MalR (belonging to the
COG LacI 005). As a consequence, the examination of this operon's reg-
ulatory region only highlighted the MalR binding site again, with LacI
013 possibly competing for the same site or targeting a site residing
elsewhere in the chromosome. Nonetheless, this additional manual
check remains essential in cases where the operon's organization devi-
ates from the “typical” topology. This enabled us to predict 7 additional
binding sites for LacI TFs, and to strengthen our confidence in two of
the previously identified binding sites.

2.4. Experimental validation of new TF-TBS couples

In total 41 LacI-TFs were selected for protein-DNA interaction study
by EMSAs. Proteins were assessed for their production levels in differ-
ent cultures conditions (temperature, incubation time post induction)
in order to choose one where a majority of them were produced. Their
solubility, purification degree, and their stability as pure proteins after
mid- or long-term storage at −20 °C were also assessed, after purifica-
tion. According to these criteria, 16 6His-tagged LacI-TFs were retained
for EMSAs (Fig. 3). DNA probes containing the MEME predicted bind-
ing site and tagged with Cy5 were incubated with increasing concentra-
tions of their respective purified LacI-TFs as described previously [47,
54]. DNA-protein interactions were observed using an ImageQuant™
LAS 4000, by detecting the fluorescence emission of the Cy5-tag using a
670 nm detection filter. ManR (LacI 003, Fig. 3 second panel) was used
as a positive control for the EMSA method, as its cognate palindromic
motif GACAACGTTGTC has been recently confirmed experimentally
[41]. Interestingly, no retardation could be observed for LacI 001
(panel 1 in Fig. 3), whose binding site is classified in the B category be-
cause of the lack of a central CG-pair. For the remaining 14 tested TF-
TFBS couples a retardation band could be observed. The high success
rate of the DNA-protein interaction assays demonstrates that the AU-
RTHO approach is an appropriate way of discovering highly reliable
TFBSs for unstudied TFs.
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Fig. 3. Experimental validation of a selection of LacI TF-TFBS couples by EMSAs. Arrows above the WebLogos indicate the position of the inverted repeat. The arrow
in the gels points to the first condition where a retarded band was observed. The ManR probe was used as positive control for a TF-TFBS couple previously already
validated experimentally [41] Note the absence of retardation for LacI001 which does not possess the central CG pair, nor presents a symmetrical dyad. We used
two-fold serial dilutions in order to create a range of concentrations of the pure protein for the EMSAs.

3. Conclusions and perspectives

Identifying the DNA sequence bound by a TF is key to unveiling
novel regulatory pathways and attributing novel biological functions to
genes/proteins that belong to a regulon. In this work, we assessed to
which extent a de novo methodology based on the assumption that a
large proportion of TFs control their own expression would be able to
provide a reliable candidate TFBS for a TF with unknown function. The
AURTHO approach drastically narrows down the searched regions for
TFBSs in the bacterial chromosome, mainly focusing the DNA motif en-
richment analysis within the upstream region of the TF of interest. Us-
ing TFs member of the LacI family in the Streptomyces genus as a case
study, we identified 88 highly reliable TFBSs that possess the hallmarks
of most LacI family regulator binding sites, i.e., a CG pair centred in a
symmetric dyad. All the DNA probes tested containing a motif with
these sequence characteristics showed positive and specific interaction
through EMSAs with their associated pure LacI TF, thereby demonstrat-
ing the high reliability of the predicted TFBSs. Hence, our approach
showcases a very high potential at revealing the DNA sequences bound
by a transcriptional regulator, as before our work, about four decades of
study managed to reveal the TFBS of only 5 LacI-family TFs in Strepto-
myces species. This represents a potential improvement of 18-fold com-
pared to the current state of knowledge. The main limitation resides on

the number of members within a COG which directly affects the num-
ber of upstream regions to align for finding a conserved motif. When we
initiated this work in 2018, 90 Streptomyces complete genomes were
available and from these data, 53 motifs were predicted from 172 COGs
(orphan COGs included). Little more than a year later (October 2019),
the number of complete genomes from this genus had roughly doubled
(182 genomes, this work), and the AURTHO methodology yielded 90
motifs for 167 COGs (orphan COGs included). As the number of COGs
negligibly changed (~3 %) between both analyses while the number of
motifs found almost doubled, this considerable improvement has to be
imputed to the substantial portion of COGs that were not orphan any-
more which allowed our methodology to be applicable. This reflects
that the successive rounds of the AURTHO approach will become more
and more successful at predicting putative cis-elements as the number
of available genomes of one taxon increases.

One crucial question when applying phylogenetic footprinting, is
the choice of the phylogenetic distance between the taxa selected for
analysis. Indeed, the analyzed species can be neither too closely related
(too much conservation in the regulatory region, alignment uninforma-
tive), nor too distant (the regulatory element will not be conserved). We
show that, when a study is focused on a specific bacterial genus, the AU-
RTHO approach is very potent at highlighting taxon-specific regulatory
interactions, compared to the ones available in the RegPrecise data-
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base. In the latter, only 11 LacI TFs in the Streptomyces genus have been
highlighted through regulon reconstruction and propagation, all of
which are highly conserved and probably have orthologs in other gen-
era. As shown in Fig. 4, for 10 of them, the motifs proposed by both ap-
proaches were either identical or highly similar. The remarkable excep-
tion relates to the second most conserved Streptomyces LacI-COG (002,
with SCO4158 as the representative member). Indeed, the RegPrecise
motif for this regulator is a palindromic and CG centred sequence (TC-
TACGCGCGTAGA), while our predicted motif (CGCGTAGACT) par-
tially corresponds to the half right part of the palindrome, the other half
being degenerated and not conserved (Fig. 4). The possible lack of au-
toregulation of LacI002 raises the question of whether this regulator is a
global one (high number of target genes whose functions pertain to dif-
ferent cellular processes), as it has been suggested that global LacI TFs
are less likely (~50 %) to use an autoregulatory mechanism, compared
to local regulators (~75 %) [28]. And indeed, preliminary regulon
identification revealed that the scope of the regulatory action of
SCO4158 is extensive. Therefore, identifying the TFBS of global regula-
tors via an analysis of their upstream region could be relatively less suc-
cessful at providing reliable candidate motifs. This result suggests that
both “AURTHO” and “regulon propagation and reconstruction” ap-
proaches are complementary, the latter being more adequate when fo-
cusing on global regulators with conserved regulatory interactions
across a more phylogenetically diverse group.

Past studies on the conservation of TF-TFBS couples in distant bacte-
rial groups suggest that the AURTHO approach will also generate a sim-
ilar rate of success/reliability when applied to orthologs that do not be-
long to a same/unique genus [55,56]. Additionally, autoregulation has
also been frequently observed for TF belonging to other families, such
as GntR, MerR, MarR, IclR, among many others. Some binding sites

from these families have also been characterized, hence using the hall-
marks of these TFBSs combined with the AURTHO approach will surely
increase the discovery rate of novel conserved motifs in these families
as well. Overall, the results presented in this work suggest that the AU-
RTHO approach will greatly facilitate the discovery of a plethora of cis-
acting elements in all bacterial genus.

4. Materials and methods

4.1. Bioinformatics

Genome assemblies belonging to the genus Streptomyces were down-
loaded from the NCBI database and filtered based on the “Complete
Genome” (assembly_level) and “latest” (version_status) tags in the as-
sembly summary file. Proteinortho (v6.0.8) was used to compare all
protein sequences and cluster them into orthologous groups (COGs).
This version uses diamond (v0.9.36) as a default sequence aligner, and
clusters groups based on the reciprocal best alignment heuristic (RBAH)
[32]. HMMER3 was used to perform hmmscan on all proteins and iden-
tify protein domains by comparing them to the domain profiles in the
Pfam-A database [33–35]. The P2TF database was used as a guide for
TF identification based on the proteins' domain combinations [36]. The
MEME software (Multiple Em for Motif Elicitation, v5.1.0) was used to
align upstream regions of identified LacI TF genes and identify putative
transcription factor binding sites [37,57]. Based on the previously de-
scribed LacI TFBS hallmarks, the most probable motif(s) were selected
and downloaded in FASTA format, and a sequence logo was created
with WebLogo3 (WebLogo v3.5.0) [38]. Position Weight Matrices
(PWM) were calculated on R using the Biostrings package (https://
bioconductor.org/packages/Biostrings) and expressed as a log-

Fig. 4. TFBSs predicted by the AURTHO methodology and comparison with TFBSs available in the RegPrecise database. The height of the bars represents the num-
ber of genes contained in each COG. Bars colored in blue indicate the motif for the COG was predicted using the AURTHO approach, while bars colored in grey indi-
cate COGs for which no motif could be predicted. For 11 COGs, an additional box is linked to the COG, containing the motif predicted by RegPrecise (yellow circle)
and the motif predicted by AURTHO (blue circle). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)

9

https://bioconductor.org/packages/Biostrings
https://bioconductor.org/packages/Biostrings


CO
RR

EC
TE

D
PR

OO
F

S. Anderssen et al. BBA - Gene Regulatory Mechanisms xxx (xxxx) 194847

likelihood [23]. The PWMs calculated with different background nu-
cleotide probabilities (reflecting either a 50 % or a 71.3 % GC content,
the latter being the average GC content in the Streptomyces genus) are
available in Supplementary files (pwm50.tar.gz and pwm71.tar.gz).

4.2. Heterologous production and purification of His-tagged proteins

The 41 LacI-TF genes selected for DNA-protein interaction studies
are listed in Table S1. 40 of them were ordered at Twist Biosciences for
codon-optimized sequence cloned in the NdeI and XhoI restriction sites
of pET-28a for heterologous production in E. coli BL21(DE3). In addi-
tion, we used pSIN002 in which the original sequence of SCO1078 was
cloned into the pET-22b (between NdeI and HindIII restriction sites)
and was heterologously produced in the BL21 Rosetta™ (DE3) strain of
E. coli. All proteins were 6His-tagged on their C-terminal extremity, en-
abling Immobilised Metal Affinity Chromatography (IMAC) purifica-
tion on an Ni-NTA column from Cytiva (HisTrap™ HP). Transformed E.
coli strains were inoculated in TB (Terrific Broth) supplemented with
the appropriate antibiotics for plasmid selection (kanamycin for pET-
28a, ampicillin and chloramphenicol for pET-22b and pLysS-containing
E. coli Rosetta™ strains). The production was induced with 1 mM of
IPTG when the culture attained an optical density of 0.8 (at 600 nm),
and the culture was left overnight at 37 °C. The next day, pelleted cells
(10.000 rpm, 30 min, 4 °C) were resuspended in 50 mL of Equilibration
buffer (see below for composition) and lysed using a high-pressure ho-
mogeniser (Avestin Emulsiflex C3). After another round of centrifuga-
tion (18.000 rpm, 30 min, 4 °C), the supernatant, corresponding to the
soluble intracellular fraction of the lysis mixture was filtered (0.22 μM)
before IMAC purification. Buffers used for the protein purification
process were of the following composition: (i) equilibration buffer
(50 mM Phosphate Buffer, 20 mM imidazole, 1 M NaCl, pH 7.5), (ii)
wash buffer, (50 mM Phosphate Buffer, 20 mM imidazole, 2 M NaCl,
pH 7.5), (iii) elution buffer (50 mM Phosphate Buffer, 500 mM imida-
zole, 150 mM NaCl, pH 7.5). The protein purification was performed on
the NGC Quest 10 Chromatography and the NGC Quest 100 Chromatog-
raphy (Bio-Rad) at the Protein Factory platform (InBioS-CIP, ULiège).
Selected fractions based on the absorbance at 280 nm of the elution
profile were deposited on SDS-PAGE gels (Mini-PROTEAN® TGX™ Pre-
cast Gels, Bio-Rad) gels to assess their purity, and the most concen-
trated ones were desalted using a HiPrep™ 26/10 desalting column
(packed with Sephadex® G-25 Fine) from Cytiva. The resulting de-
salted fractions in EMSA buffer (Tris 10 mM pH 7.5, KCl 50 mM, DTT
1 mM, glycerol 2 %, CaCl2 0.25 mM, MgCl2 0.5 mM), were analyzed on
SDS-PAGE gel (Mini-PROTEAN® TGX™ Precast Gels, Bio-Rad) for pu-
rity, and only the most concentrated and pure fractions were collected
and used for DNA-protein interaction studies.

4.3. Electrophoretic mobility shift assays

DNA probes were designed using the predicted binding sites for
each of the selected LacI COGs. For each COG, a matrix of possible bind-
ing sites (in FASTA format) was downloaded from MEME, and then
used to create a WebLogo based on which we deduced the consensus se-
quence for designing the probe. In cases where a nucleotide was not
overrepresented at a specific position, we chose the nucleotide comple-
mentary to the nucleotide conserved in the other part of the motif in or-
der to make it closer to a dyad symmetry. The primers (Eurogentec,
Seraing, Belgium) used to generate the DNA probes are listed in Supple-
mentary Table S2. The interaction reactions between pure 6His-tagged
proteins and their Cy5-labelled DNA probe containing their predicted
binding site were performed in EMSA buffer (Tris 10 mM pH 7.5, KCl
50 mM, DTT 1 mM, glycerol 2 %, CaCl2 0.25 mM, MgCl2 0.5 mM), as
described previously [47,54]. The final EMSA samples which were in-
cubated at room temperature for 15 min contained 12.5 nM of hy-

bridized probe, 1.5 mM of non-specific protein (Bovine Serum Albu-
min, BSA), 10 mg of non-specific DNA (sheared Salmon Sperm DNA, In-
vitrogen™), representing a 400-fold excess compared to the probe, and
increasing concentrations of protein (obtained by performing two-fold
serial dilutions of the fraction with the highest concentration of pro-
tein). After migration into a 1 % agarose gel, the visualization of the
free and retarded bands was monitored using the fluorescence imager
(GE Healthcare), detecting the Cy5-tagged DNA probes at a wavelength
of 670 nm.
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