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Abstract

In bacteria, principal o factors (¢7° or o) transcribe housekeeping genes required for cell viability. Although most principal o genes are transcribed
by the RNA polymerase (RNAP) holoenzyme containing the principal o factor itself, an extracytoplasmic function (ECF) o factor (o°"°A) governs
transcription of the principal o factor gene (hrdB) in two model Streptomycetes. Here, we employed a combination of cryo-electron microscopy
(cryo-EM) and bioinformatics to decipher how o>"™A-RNAP holoenzymes govern the transcription of hrdB genes in Streptomyces. A cryo-EM
structure of Streptomyces coelicolor oSMPA-RNAP-promoter open (RPo) complex was solved at 2.97 A resolution. In combination with in vitro
transcription assays, we demonstrate the unique structural features used by the " to recognize the hrdB promoter and form a transcription
bubble. All Streptomyces genomes (603) tagged as ‘reference’ were retrieved from NCBI Datasets. The conserved protein sequences and
genomic neighborhoods, as well as the promoter consensus sequences of o> and "™ homologs, support that the principal o™ being

governed by the ECF 65" is a common feature in Streptomyces. Overall, these results provide detailed molecular insights into the transcription

of the principal o*'™8
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Introduction

The RNA polymerase (RNAP) holoenzyme, which consists of
an RNAP core enzyme and a dissociable o factor, is the tran-
scription machine of bacteria [1, 2]. The core enzyme com-
posed of five subunits (x;BB’w) is responsible for binding
to template DNA to synthesize RNA, while the ¢ factor rec-
ognizes the promoter sequence to initiate promoter-specific
transcription [3]. Most bacteria contain a principal o factor
(7% in Escherichia coli and o® in other bacteria) to gov-
ern transcription that is essential for cell viability [4], as well
as a variety of alternative o factors to initiate transcription-
specific genes involved in diverse functions under particular
conditions, such as stress responses, morphogenesis, etc [5].
The 07°-type factors are classified into four groups based on
their conserved regions [6]. Group I o factors (or principal

gene and pave the way for globally modulating Streptomyces cell viability.

HrdB
CE

Y

: > Promoter motif in Streptomyces

[&wﬁgLCm OAHUVG CATCM%
C S

o factors) contain all conserved regions (0R1.1, 0R1.2, 0R2,
oR3, and 0R4) and an additional nonconserved region (NCR)
(Supplementary Fig. S1). Groups II o factors are closely re-
lated to group I but lack oR1.1. Groups III ¢ factors contain
oR2, 0R3, and oR4 while group IV o factors, which are also
referred to as “extracytoplasmic o factors” (ECF o factors),
only contain 0R2 and oR4 [6, 7].

The oR2 interacts with the —10 element while the oR4
binds to the —35 element of the promoter. The consensus se-
quences are very diverse for the promoter —10 element and
—35 element. For example, E. coli principal ¢’ recognizes
promoters with “TATAAT” (—10 element) and “TTGACA”
(—35 element) consensus sequences while Clostridium ther-
mocellum ECF ¢! recognizes promoters with CGWA (—10 el-
ement) and A-tract (—35 element) consensus sequences [8, 9].
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Although structures of RNAP in complex with a variety of
principal (67° and ¢*) and ECF (o', o', oF and o) o factors
have been reported [8, 10-17], mechanisms by which bacterial
o factors specifically recognize promoters to initiate transcrip-
tion remains incompletely understood.

Streptomycetes are important industrial microorganisms
capable of producing numerous antibiotics and other bioac-
tive natural products with important applications in medicine
and agriculture [18]. They are multicellular bacteria with com-
plex developmental cycles. A large number of o factors are
encoded in streptomycetes genomes [19]. For example, Strep-
tomyces coelicolor and Streptomyces griseus have 64 and 52
o factors, respectively [20, 21]. Most of these o factors belong
to the ECF group. A few of them have been characterized in
S. coelicolor, including oF responding to cell envelope stress
[22], o® responding to thiol-perturbing signals [23], and o®!4N
involved in aerial mycelium formation [24]. o%, a group Il o
factor, directly regulates lincomycin biosynthesis in Strepto-
myces lincolnensis [25]. Streptomyces o118 is a functional ho-
molog of E. coli 67, governing the expression of housekeep-
ing genes whose products are essential for cell viability [26].
For many bacteria, the principal o factor gene is transcribed
by RNAP holoenzyme containing the principal o factor it-
self [27-30]. However, an alternative o factor (") is the
major determinant of transcription of the o™'® gene (hrdB)
in 8. coelicolor and S. griseus [20, 31]. hrdB promoter se-
quences (CGTAAC-N14-CGATGA) of these two species have
little similarity to the consensus sequence [Y][S][W][M][S]-
Nig-18-[YJANNNT (w = o/T; M= A/C;S = C/G; Y = /T R = A/G) Of
oHrdB_dependent promoters, especially the —10 element [20,
32]. Besides hrdB gene, shbA gene itself is the only other target
of o3"A identified by RIViT-seq in S. coelicolor [31]. Control
of the principal 0""4® by the alternative ECF oM is proposed
to enable Streptomyces to control mycelial growth more sen-
sitively in response to environmental changes.

Despite the importance of ¢ in controlling the prin-
cipal o"'B how the 0" specifically recognizes the hrdB
promoters and efficiently initiates transcription is still un-
known. Here, we solved the cryo-electron microscopy (cryo-
EM) structures of S. coelicolor RNAP-promoter open com-
plex comprising o°hPA (gShPA_RPo). The interactions between
RNAP holoenzyme and promoter DNA observed in the RPo
structure reveal the molecular basis for the promoter speci-
ficity of oS"PA, Bioinformatic analysis of Streptomyces refer-
ence genomes in the NCBI Datasets suggests that the principal

oMb s ooverned by the oMPA in all these Streptomyces.

Materials and methods

Purification of Sc RNAP core enzyme, ¢, rbpA,
and CarD

The Sc RNAP core enzyme, ¢"*%®, RbpA and CarD were pu-
rified using previously established methods [33, 34]. For the
purification of RNAP core, E. coli BL21(DE3) cells harboring
the pET28a-RNAP core plasmid were grown at 37°C until
reaching an ODggo of ~0.6, followed by induction with 0.3
mM isopropyl-p-D-thiogalactopyranoside (IPTG) at 16°C for
16 h. The cells were harvested, washed, resuspended in buffer
A [50 mM Tris (pH 8.0), 500 mM NaCl, 5 mM MgCl,, and
10% glycerol], then lysed via sonication. The supernatant was
loaded onto a Ni-NTA agarose column, washed with buffer A
supplemented with 20 mM imidazole, and eluted with buffer

B [20 mM Tris (pH 8.0), 300 mM NaCl, 5 mM MgCl,, 10%
glycerol (v/v), and 250 mM imidazole]. The eluted fractions
were pooled and applied to a HiTrap Heparin HP column pre-
equilibrated with buffer C (20 mM Tris, pH 8.0, 5 mM MgCl,,
10% glycerol). The proteins were eluted using a linear gra-
dient of buffer D (20 mM Tris, pH 8.0, 1 M NaCl, 5 mM
MgCl,, 10% glycerol) from 0% to 100% over 20 ml, with
buffer C as the starting buffer. RNAP core enzyme fractions
were concentrated and polished by gel filtration on a Superose
6 column equilibrated with buffer E [20 mM Tris (pH 8.0),
150 mM NaCl, 5§ mM MgCl,, 3 mM dithiothreitol (DTT),
and 10% glycerol]. Purity was confirmed by sodium dode-
cyl sulfate—polyacrylamide gel electrophoresis (SDS-PAGE)
(Supplementary Fig. S2A), and the RNAP core was concen-
trated to 8 mg/ml.

For o'"¥® purification, a similar protocol was followed,
with the exception that a Superdex 200 gel filtration col-
umn was used for final polishing (Supplementary Fig. S2B),
and the protein was concentrated to 5 mg/ml. RbpA and
CarD were purified using a procedure analogous to o™"dP
(Supplementary Fig. S2C and D), omitting the HiTrap Hep-
arin step, and both were concentrated to 5 mg/ml. All purified
proteins were stored at —80°C.

ShbA
ShbA

Purification of o and its mutants

The S. coelicolor o gene was amplified from strain M 145
and cloned into pET28a vector n using primer pairs ShbA
F and ShbA R. Expression was carried out in E. coli strain
BL21(DE3). Transformed cells were grown in 1L LB broth
supplemented with 100 pg/ml kanamycin at 37°C until reach-
ing an ODg of 0.6. Protein expression was induced with 0.3
mM IPTG, followed by overnight incubation at 16°C. Cells
were harvested by centrifugation (5000 x g; 7 min at 4°C),
resuspended in 50 ml of buffer A, and lysed. The supernatant
was obtained by centrifugation (10 500 x g; 40 min at 4°C)
and loaded onto a 5 ml Ni-NTA agarose column. The column
was washed by 25 ml buffer A with 20 mM imidazole, fol-
lowed by elution with 4 ml of buffer B. The eluted o°"P* frac-
tions were loaded onto a Superose 6 column equilibrated with
buffer E. The purified 6> were concentrated to S mg/ml and
stored at —80°C (Supplementary Fig. S2E).

A truncated variant, 05" ,z4 (M1 ~ L142) was cloned
from S. coelicolor M145 genomic DNA and inserted into the
pET28a using primers ShbA g4 F and ShbAar4 R. Purifica-
tion of the truncated variant followed the same protocol as
that for the wild-type protein (Supplementary Fig. S3).

Site-directed mutagenesis of o°"*A was performed using a
modified protocol based on the GeneTailor™ Site-Directed
Mutagenesis System. Briefly, the pET28a-0""A plasmid was
used as a template for inverse PCR with overlapping primers,
one of which contained the desired mutation. The reaction
products were digested with Dp#zl to remove the template
DNA and transformed into E. coli. Plasmids carrying the de-
sired mutation were isolated and verified by sequencing. Both
the forward and reverse primers were approximately 35 nu-
cleotides in length, with a 16-18 nucleotide overlap at their
5" ends to facilitate efficient joining of the mutagenized prod-
uct. The mutation site was located downstream of the over-
lapping region in the forward primer. The mutagenic primers
included at least 15 nucleotides downstream of the mutation
site to ensure efficient annealing. The primers used are listed
in Supplementary Table S1. Purification of the ¢>"® mutants
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followed the same protocol as that for the wild-type protein
(Supplementary Fig. S3).

Assembly of the o"'"¥B-RNAP and oS"PA-RNAP
holoenzyme

oMrdB_RNAP was assembled as previously described [33].
In brief, S. coelicolor RNAP core and o™® were incu-
bated at room temperature for 30 min in a 1:4 ratio. The
fractions containing the S. coelicolor ¢""¥B-RNAP holoen-
zyme were purified using a Superose 6 gel filtration column
with buffer E. The peak fraction containing the o™ ¥B-.RNAP
holoenzyme complex was collected and concentrated to 5
mg/ml (Supplementary Fig. S4A). Assembly of o°"PA-RNAP
followed the same protocol and concentrated to 10 mg/ml
(Supplementary Fig. S4B).

In vitro transcription

Transcription templates containing the hrdB, shbA, and
SCO1145 promoter sequences, along with the MangollI se-
quence were synthesized by PCR amplification and purified
using the SanPrep Column PCR Product Purification Kit (San-
gon Biotech). The hrdBp1, shbAp1, shbAp2, and SCO1145p
promoter regions was inserted between the EcoRI and BamHI
sites of the pUC19 vector, respectively, and the 47 bp Mangolll
sequence was inserted between the BamHI and HindIII sites.
Using the resulting plasmids, transcription templates and mu-
tations of the promoters were generated by PCR amplification
using corresponding primers (Supplementary Table S1).

Transcription activities were evaluated using the MangollI-
based transcription assay, as previously described [33]. Tran-
scription reactions were carried out with 100 nM of ¢°hbA-
RNAP (or ¢""¥8_.RNAP) and 1 mM of NTPs (0.25 mM each)
in a transcription buffer consisting of 20 mM Tris—=HCI (pH
8.0), 100 mM KCl, 5 mM MgCl,, 1 mM DTT, 4 U RNaseln,
1 um TO1-PEG-biotin, and 5% glycerol. Reactions were in-
cubated at 30°C for 10 min and terminated by adding heparin
to a final concentration of 0.5 ng/ul. A control reaction with-
out RNAP was included. Fluorescence intensities were mea-
sured using a Tecan Spark multi-detection microplate reader
with excitation at 510 nm and emission at 535 nm. Statis-
tical analysis was performed using a two-tailed unpaired -
test assuming Gaussian data distribution in GraphPad Prism
8. The test statistic was calculated using the formula t= ;‘/:/*%,
where x is the sample mean; p is the hypothesized population
mean; s is the sample standard deviation; and 7 is the sample
size. The corresponding P-value was determined based on the
t-distribution with 7-1 degrees of freedom. Differences were
considered significant at P-value was <.035. Significance levels
are indicated as follows: *P < .05, **P < .01, ***P < .001,
and ****P < .0001, while nonsignificant results (P > .05) are
labeled as “ns”.

Assembly of the 05"PA-RPo complex

Synthetic oligos (hrdBp1-NT-6 bubble/hrdBp1-T-6 bub-
ble and shbAp1-NT-6 bubble/shbAp1-T-6 bubble, listed in
Supplementary Table S1) were annealed to prepare double-
stranded nucleic acid scaffolds for the cryo-EM study of the
o%"PA_RPo complexes. The annealing process involved heat-
ing the DNA at 95°C for 5 min, followed by a slow cooling to
room temperature in an annealing buffer containing 20 mM
Tris—=HCI, pH 8.0, 200 mM NaCl, and 10 mM MgCl,.

Transcription of principal o factor in Streptomyces 3

For cryo-EM sample preparation, the purified S. coeli-
color oS"PA_RNAP holoenzyme was mixed with the annealed
nucleic-acid scaffold (hrdBp1 or shbAp1) at a 1:1.4 molar ra-
tio and incubated at 4°C overnight. The reconstituted oPP*-
RPo complex was further purified using a Superose 6 column
equilibrated with buffer F (20 mM Tris-HCI, pH 8.0, and 75
mM NaCl, 5 mM MgCl,, 1% glycerol, 3 mM DTT). The peak
fraction of the oS"P*-RPo complex was collected at a concen-
tration of 0.8 mg/ml for cryo-EM sample preparation. The
composition of the RPo complex was verified by SDS-PAGE
(Supplementary Fig. S4C and D).

Cryo-EM data acquisition and processing

The o°"A-RPo complex was applied to freshly glow-
discharged Quantifoil R1.2/1.3 Au 300 mesh grids and
plunge-frozen in liquid ethane using a Vitrobot (FEI) at 16°C
with 100% chamber humidity and 2 s blotting time. Imaging
was performed on a Titan Krios 300 kV microscopes equipped
with a K3 detector. Data were collected at a defocus range of
—0.8 to —1.4 um, a magnification of x 130 000 in counting
mode, and a total dose of 40 " /A2, with 32 frames per movie.
Data processing was carried out using CryoSPARC suite
v4.2.1 [35]. The workflow included motion correction, patch
CTF estimation, manual exposure curation, and template
picking based on selected 2D classes from blob picking, fol-
lowed by 2D classification. Particles from well-defined 2D
classes were subjected to ab-initio reconstruction, and the best
3D class was selected for further refinement to generate the fi-
nal map. For the o0®"®A-RPo-hrdBpl, a total of 5793 movies
were collected. The best 3D class (335 850 particles, 42%)
was selected for local resolution estimation and filtering to
produce the final map (Supplementary Fig. S5). For the oS"PA-
RPo-shbApl, a total of 3 172 movies were collected at a defo-
cus range of —1.0 to —1.6 um. The best 3D class (85 184 par-
ticles, 36 %) was selected for local resolution estimation and
filtering to produce the final map (Supplementary Fig. S6).

Cryo-EM model building and refinement

Initial models for the S. coelicolor RNAP core enzyme were
derived from the previous structure (PDB:8HVR) [34]. The
o%hbA atomic model was predicted using AlphaFold 3 [36],
while the promoter DNA model was manually constructed
in Coot [37]. These models were integrated into the cryo-
EM density maps utilizing ChimeraX [38]. Refinement of the
models was performed in Coot and Phenix, applying sec-
ondary structure, rotamer, and Ramachandran restraints [39].
Validation was executed using MolProbity [40]. The Fourier
Shell Correlation between the map and model was gener-
ated by Phenix. Comprehensive statistics on the cryo-EM data
processing and refinement are provided in Supplementary

Table S2.

Bioinformatics analysis

603 Streptomyces genomes tagged as ‘reference’ were down-
loaded from NCBI Datasets (https://www.ncbi.nlm.nih.gov/
datasets/genome/) in May 2024. The ‘reference’ subset was
specifically chosen to minimize bias towards overrepresented
species. A total of 604 genomes, including S. coelicolor, were
included in the bioinformatics analysis. To identify o' and
o8 homologs across Streptomyces genomes, we used Biopy-
thon [41]. Specifically, the “SeqlO” module was used to input
the fasta-formatted S. coelicolor 5™ (UniProt entry Q9L0IS)
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or o8 (UniProt entry P18183), along with genome data
in gbff format. PairwiseAligner, a class within the Bio.Align
module, was used for global and local alignments. This tool
leverages the Needleman—Wunsch, Smith—-Waterman, Gotoh
(three-state), Waterman-Smith—Beyer global and local pair-
wise alignment algorithms, and the Fast Optimal Global
Alignment Algorithm (FOGSAA) [42]. The protein with the
highest sequence identity to 05" or ¢"1"4B in each genome was
identified as the respective homolog (Supplementary Tables S3
and S4). Multiple-sequence alignments were prepared using
ClustalX.

To investigate functional domains within the identi-
fied proteins, we utilized InterPro (https:/www.ebi.ac.uk/
interpro/search/) and HMMERScan (https://www.ebi.ac.uk/
Tools/hmmer/search/hmmscan). Additionally, sequence simi-
larity calculations were performed using a local EMBOSS Wa-
ter tool (Supplementary Tables S3 and S4).

For genomic context analysis, the upstream and down-
stream regions of shbA homologs and hrdB homologs were
examined (excluding 2 and 5 incomplete genomic sequences,
respectively). Promoter regions (300 nucleotides upstream of
the start codons) were extracted for hrdB and shbA genes and
analyzed using the MEME motif discovery tool within the
MEME Suite [43]. The MEME analysis parameters were set
as follows: distribution (zero or one), width (3~60, allowing
identification of either the complete promoter or a segment
of the bipartite target promoter), and an optional parameter
(searching the given strand only).

Results

Transcription activity of oS"?A on hrdB and shbA
promoters in vitro

To evaluate the transcription activity of S. coelicolor o
RNAP in vitro, the RNAP core enzyme was expressed and pu-
rified as described previously (Supplementary Fig. S2A) [33].
The gene encoding 05"** was cloned into the pET28a and ex-
pressed in E. coli (Supplementary Fig. S2E). The oS"PA-RNAP
holoenzyme was prepared by mixing RNAP core enzyme with
oShbA 3t a1:4 molar ratio, and excess 0" was removed
by size exclusion chromatography (SEC) (Supplementary Fig.
S4B). The hrdB gene in S. coelicolor has two promoters: p1,
the primary promoter, and p2, which is transcribed by the o®
factor under oxidative stress (Supplementary Fig. S7) [23]. As
shown in Fig. 1A, the o""*-RNAP holo-enzyme transcribes
hrdBp1 more efficiently than the ¢H*¥®-RNAP holo-enzyme,
which preferentially transcribes the SCO1145 promoter, a
member of the /"B regulon [32]. ECF ¢ factors usually au-
toregulate their own transcription [44]. In vitro transcription-
sequencing (RIViT-seq) confirms that the shbA promoter is a
target of of oA in S. coelicolor [31]. Additionally, S. coeli-
color dRNA-seq data show that shbA has two promoters,
with p1 being the primary promoter (Supplementary Fig. S8)
[21]. Similarly, in S. griseus, shbA is shown to possess two
promoters based on S1 nuclease mapping [20]. Our in vitro
assays demonstrate that the o>""-RNAP holo-enzyme tran-
scribes shbAp1 more efficiently than shbAp2 (Supplementary
Fig. S9).

ShbA _

Overall structure of S. coelicolor ¢5"PA-RPo

We synthesized a 56-bp DNA scaffold derived from S. coeli-
color hrdBpl promoter, comprising a 35-bp (—41 to —7)

upstream double-stranded DNA (dsDNA), a 6-bp (—6 to
—1) noncomplementary bubble and a 15-bp (+1 to + 15)
downstream ds-DNA (Fig. 1B). The o5"**-RPo-hrdBp1 com-
plex was prepared by mixing the 0" -RNAP holo-enzyme
with the DNA scaffold, followed by purification using
SEC (Supplementary Fig. S4C). The structure of oShPA-
RPo-hrdBpl was determined by single-particle cryo-EM
(Supplementary Fig. S5). A total of 335 850 single particles
were selected to reconstruct the cryo-EM map, which was re-
fined to a nominal resolution of 2.97 A, with a resolution of
approximately 2.7 A at the center of RNAP and 5.5 A at the
peripheral regions.

The primary channel formed by B and B’ subunits adopts a
narrow conformation in o°"A-RPo-brdBp1 (Supplementary
Fig. $10), resembling previously reported S. coelicolor o™i~
RPo and other bacterial RNAP structures [33, 34, 45]. The
RNAP core enzyme was resolved unambiguously in the cryo-
EM map, except for the w subunit, which was invisible (Fig.
1C and D). Notably, the purified 0°"®A-RPo-hrdBp1 contains
the w subunit (Supplementary Fig. S4C). In ¢""4¥-RPo struc-
tures [33, 46], the last 13 residues of the B’ subunit fold
into a B strand and an « helix to stabilize the w subunit
(Supplementary Fig. S11). The disorder of these residues in
the o%"PA-RPo-hrdBp1 structure likely explains the absence
of the w subunit in the cryo-EM map. The oR2, the linker
connecting 0R2 and oR4, and the —23 to + 13 of the DNA
scaffolds were reliably modeled (Fig. 2A,B), whereas the cR4
and the corresponding —335 element of the DNA scaffolds can-
not be traced in the cryo-EM map, suggesting that they are
highly flexible in the 0°"*-RPo-hrdBp1 complex. Compared
to the wild-type o>"®A-RNAP, the RNAP holoenzyme assem-
bled from a truncated protein lacking o*"®AR4 showed no
significant difference when transcribing the hrdBp1 in vitro
(Supplementary Fig. S12A).

The oR4 is known to form hydrophobic interactions with
the flap-tip helix (3FTH) of the B subunit in many bacterial
RNAP structures [47]. The disorder of oS"P R4 may explain
the ~45° rotation of BFTH in the 0°"*-RPo-hrdBp1 structure
compared to the 0™"¥¥-RPo (Supplementary Fig. S13A). Ad-
ditionally, the duplex DNA upstream of —10 element moves
away from the B’ clamp domain in the o*""A-RPo-hrdBpl
structure (Supplementary Fig. S13B), likely due to the disor-
der of the o°"AR4. Similar to o"BR2, ¢°hPAR2 folds into
three helices («2-x4) (Fig. 2B). Helix «3 binds to the B’ sub-
unit coiled-coil region (B’CC) at the RNAP clamp domain
(Supplementary Fig. S14A). Residues D60 and E64 form elec-
trostatic interactions with R350, R353, and R356 of 3’CC,
while Q63 forms a H-bond with E370 of 3’CC. These residues
are conserved in 0™"®_ consistent with the similar binding of
the two o factors to 3’CC (Supplementary Fig. S14B and C).
The linker connecting o"AR2 and oh"AR4 adopts an ex-
tended conformation, interacting with template-strand single-
stranded DNA (ssDNA) and the RNA-exit channel, similar to
o""¥BR3.2 (Supplementary Fig. S15A-C).

To further investigate the interactions between o
and different promoters, we assembled o°"PA-RPo-shbApl
(Supplementary Fig. S16A). The cryo-EM map was refined
to a resolution of 3.61 A (Supplementary Fig. $6). Similar to
the o"PA-RPo-hrdBp1 structure, the density of o>"PAR4, the
w subunit, and the upstream double-stranded DNA (dsDNA)
was invisible (Supplementary Fig. S16B). Additionally, the
density of BFTH was weak in the o"PA-RPo-shbAp1 struc-
ture. The resolution of 0"P*R2 and the —10 element DNA of

ShbA
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the shbAp1 promoter was approximately 6 A (Supplementary
Fig. S16C). The structure of o5" and promoter DNA in
the oSPPA-RPo-shbAp1 complex closely resembles that in the
o%hPA_RPo-hrdBpl complex (Supplementary Fig. S17). Con-
sequently, subsequent analysis of the o5"®A-RPo structure fo-
cused on the higher-quality map of the o*""A-RPo-hrdBpl
complex.

Interactions between ¢S"*?AR2 and —10 element

o%PAR2 binds within the DNA major groove via helices «2
and o4, engaging the —10 element and the transcriptional

bubble (Fig. 2C). Helix a1l o"*AR2 structurally resembles
the second helix of ¢™BR1.2, occupying a surface pocket
o%"PAR2 (Fig. 2D). Helices a1 and «2 of o™ AR2 are sig-
nificantly shorter than their counterparts in o"BR2 (Fig.
2D). In o"4BR2, the NCR between 01.2 and 02 forms ad-
ditional helices that serve as a docking platform for RbpA,
a transcription activator critical in Actinobacteria [48, 49].
NCR is missing in ECF o factors, consistent with the observa-
tion that RbpA has a negligible effect on in vitro transcrip-
tion of o*"A-RNAP (Supplementary Fig. S12B). CarD, an-
other transcription activator of principal o factors that inter-
act with the B subunit and upstream double-stranded/single-
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stranded (ds/ss) junction of the transcription bubble [50, 51],
also has no obvious effect on the transcription of ¢S""A-RNAP
(Supplementary Fig. S12B), further highlighting the intrinsic
difference between o°"PA and principal o factors in transcrip-
tion.

In the o°"PA-RPo structure, 0°"PAR2 unwinds the —10 ele-
ment DNA duplex to form a 12 bp transcription buble (from
—11 to + 1), which including the pre-melted 6-bp region (Fig.
2C and E). The bubble size is consistent with other ECF o fac-
tors (12 bp) [14], but differs from principal o factors, which
typically form larger bubbles (13-15 bp) [33]. The conserva-
tion of the —10 element is structurally explained by specific in-
teractions between o®"®AR2 and the promoter. Helix «4 and
the specificity loop connecting «3 and o4 pri marily recog-
nize the six nucleotides of the —10 element (Fig. 2C). Specifi-
cally, the —12 C:G pair forms interactions with D97 (Fig. 3A).
HI3 serves as a wedge to disrupt the —11 G:C pair, initiating
bubble formation (Fig. 3C). Consequently, the base moiety of
G_11(nt) is displaced from the DNA major groove into a shal-
low pocket formed by F86,190,H93, and K94 (Fig. 3A and C).
The base moiety of A_1p(nt) remains in the DNA major groove
(Fig. 3C), forming a hydrogen bond with the sugar moiety of
C_12(t) and Van der Waal interactions with H93 (Fig. 3A).
The next three nucleotides (—9 to —7) are flipped out and po-
sitioned in a surface pocket of o (Fig. 3B). T_o(nt) inter-
acs with T79, G80, and R81 located at the C-terminal of the
“specificity loop”. A 7(nt) forms interactions with E84, A85,
and F88 (Fig. 3A). G_g(nt) stacks between A_7(nt) and A8S5.
Moreover, extensive electrostatic interactions are formed be-
tween backbone phosphate groups of the —10 element and
the “specificity loop” residues of o4, including R75 and
R81(Fig. 3F). Helix «2 contacts C_4(nt), C_s(nt) via its R41
and R44 while R55 of helix «3 makes contacts with C_s(nt)
and T_4(nt) of the “Core recognition element” (CRE) DNA
sequence (Fig. 3A).

o%"PAR2 directs the template ssDNA into the RNAP ac-
tive center cleft, which is formed by § and B’ subunits (Fig.
3D). Residues Q99, R100, and M103 create a pocket to ac-
commodates the base of C_11(t) and T_q9(t) (Fig. 3E). R100
also form hydrogen bonds with G_14(t) and T_15(t) in the up-
stream double-stranded DNA. A_o(t) engages in stacking in-
teractions with P51 of o5"*A and R381 of the  subunit (Fig.
3E). C_g(t) and T_7(t) form extensive contacts with the 3 sub-
unit and R334 of the B’ subunit. Alanine substitution of these
o°hbA residues contacting —10-element nucleotides resulted in
modest or severe activity loss (Fig. 3G), confirming the func-
tional significance of the observed interactions.

ShbA HrdB

Conserved genomic context of o and ¢
HrdB ;

To investigate if the principal 07"® is governed by ¢>"** across
Streptomyces species, we analyzed 603 reference genomes
from the NCBI Datasets (Supplementary Table $3). 0°"PA ho-
mologs were identified with an average length of 196 aa
(median: 195 aa) (Supplementary Figs S18A and S19A), ex-
hibiting 70%-100% sequence identity and 88%-100% se-
quence similarity (Supplementary Table S3). Pfam profile anal-
ysis confirmed that all belong to ECF o factors, containing
oR2 and oR4 (Fig. 4A), with average flanking lengths of 32
aa (N-terminal) and 4 aa (C-terminal). ECF o factors are re-
cently expanded and re-classified, resulting in 157 phyloge-
netic ECF groups [52]. According to the ECF classification
process, these proteins belong to subgroup 2 of the ECF40

ShbA

group (ECF40s2). Interestingly, all members of ECF40 are
from Actinobacteria. Genomic context analysis didn’t iden-
tify putative anti-o factors (Supplementary Table S5). Instead,
92% of shbA genes are genomically associated with a LysR
family transcriptional regulator, a WhiB family transcrip-
tional regulator (WhiD in S. coelicolor), a two-component
response regulator with N-terminal NarL-like receiver and
C-terminal luxR_HTH domains (BIdM in S. coelicolor), an
IMP dehydrogenase and an IMP dehydrogenase-associated
GuaB3 family protein (Fig. 4C and Supplementary Fig. S19B).
In S. coelicolor, WhiD (SCO4767) have been shown to in-
teract with o"¥¥R4 [53]; BldM (SCO4768) is essential for
aerial mycelium formation [54]; and the IMP dehydroge-
nase (SCO4770) is a member of o"® regulon [32]. Using
Operon-mapper, an online tool that predicts operons in bacte-
rial genomes based on intergenic distances and functional con-
nections between genes [55], we analyzed these adjacent genes
in S. coelicolor and found that none of them shares an operon
with gShbA,

Next, we identified 6M"9® homologs from the genome data,
exhibiting sequence identities ranging from 57.6% to 100%
and similarities from 64.5% to 100% (Supplementary Fig.
S18B and Supplementary Table S4). These proteins have an
average length of 516 amino acids (aa), with a median of
514 aa (Supplementary Fig. S19A). Using Hmmscan to an-
alyze Pfam profiles, we confirmed the presence of all con-
served regions, including oR1.1, 0R1.2, 0R2, 0R3, and oR4
(Fig. 4B). The average lengths before the 0R1.1 (N-terminal)
and after the oR4 (C-terminal) are 72 aa and 14 aa, respec-
tively. Genomic context analysis revealed that over 95% of
hrdB genes are associated with a FadR/GntR family transcrip-
tional regulator (WhiH in S. coelicolor), a serine protease, a
DNA topoisomerase IV subunit B (ParE in S. coelicolor), and
an integral membrane protein (Fig. 4D, Supplementary Fig.
S19B, and Supplementary Table S6). WhiH (SCO5819) is in-
volved in spore formation, cell differentiation, segregation,
and secondary metabolite production [56], while ParE is es-
sential for proper chromosome segregation in Streptomyces
[57]. Operon-mapper analysis of S. coelicolor confirmed that
none of these adjacent genes reside in the same operon as hrdB
[55].

HrdB ShbA

Consensus sequences of o and o promoters

To identify the 0""® and ¢°h*A promoters, we extracted 300
nt regions upstream of hrdB (Supplementary Table S7) and
shbA homologs (Supplementary Table S8) and screened them
for over-represented sequence motifs using MEME [43]. ECF
o factors typically autoregulate their own transcription [44],
and in S. coelicolor, shbA has been experimentally confirmed
as a target of o™ [31]. We identified p1 and p2 promoters
for both hrdB and shbA homologs. In the hrdBp1 regions, an
enriched motif, CGTAAC-N14-CGATGA, was detected (Fig.
5A), which bears little resemblance to the consensus sequence
of oMdB_dependent promoters [32]. In vitro transcriptional
assays confirmed that S. coelicolor hrdBp1 is o°"PA-dependent
(Fig. 1A), and this motif is also present in the experimen-
tally identified S. griseus hrdBp1 (Supplementary Fig. S7). For
hrdBp2, a oR-dependent sequence, GGGAAT-N3-GCTGT,
was identified (Supplementary Fig. S20A) [23]. In shbApl
regions, an over-represented motif, CTGCTC-N4-CGCATC,
was found (Fig. 5B). In vitro assays demonstrated that the
oS"PA_RNAP holoenzyme transcribes S. coelicolor shbApl
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Figure 3. Structural basis of o>"*R2 recognizing the —10 DNA element. (A) Detailed interactions of o>"*R2 with the nontemplate strand at positions

“_99" 40 "

—4" o°"PAR2 is shown in purple, nontemplate DNA (NT) in green, and template DNA (T) in yellow. Hydrogen bonds are shown as dashed

lines. (B) Surface representation of o5"®R2-DNA interactions. (C) Ribbon representation of o°"*R2-DNA interactions. (D) Interactions of 0°"*R2 with

template DNA in the RNAP active center cleft formed by R and R’ subunits. (E) Interactions with the template strand (“—14" to

—7" positions). (F) The

residues R75 and R81 in the 0°"* specificity loop interact with the DNA phosphate backbone. (G) /n vitro transcriptional analysis showed that mutations
of interacting residues affect 0" transcriptional activity. Mean fold-change values were compared using Student’s t-test. The error bars represent the
mean =+ SD of three independent experiments. **** indicates P < .0001, *** indicates P < .001. The I90A mutation displayed no significant difference,

suggesting that this site may not be crucial for the activity of oS"°A.

(Supplementary Fig. S9), which contains both the —35 (CT-
GCTC) and —10 (CGCATC) elements. In contrast, S. griseus
shbAp1 retains only the conserved —10 element (CGCATC)
(Supplementary Fig. S7). In shbAp2 regions, the predicted tar-
get promoter motif contains TGCC in —35 element and CAC-
CAT in —10 element (Supplementary Fig. S20B). Both hrdBp1
and shbAp1 promoters share a conserved C_1,G_11 motif in

their —10 elements (Fig. SA and B). Additionally, hrdBp1 pro-
moters feature a conserved G.i3 in their extended —10 ele-
ment, while shbAp1 promoters have a conserved T_15G_14.
The extended —10 element compensates for the absence of a
conserved —33 element [58], a common feature of ECF o fac-
tors, where the —10 element primarily determines promoter
specificity [59]. Downstream of the —35 elements in shbAp1
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Figure 5. |dentification of o5"PA-regulated promoters. (A) Promoter motifs in hrdBp1 regions predicted by MEME in the ‘reference’ Streptomyces. The
300 nt upstream of the start codons from 599 hrdB homologs were analyzed. An enriched motif, CGTAAC-N1-CGATGA (97.8%) was identified. The
putative —10 and —35 elements are displayed on a green and pink background, respectively. The nucleotide sequence of S. coelicolor hrdBp1 is shown
at the bottom. All promoter sequences are in Supplementary Table S7. (B) Promoter motifs in shbAp1 regions predicted by MEME in the ‘reference’
Streptomyces. The 300 nt upstream of the start codons from 602 shbA homologs were analyzed. An enriched motif, CTGCTC-N15-CGCATC sequence

motif (49.3%) was identified in shbAp1 regions. The nucleotide sequence o

f S. coelicolor shbAp1 is shown at the bottom. All promoter sequences are in

Supplementary Table S8. Position weight matrices illustrate the sequence conservation of the promoter motifs. (C) /n vitro transcription assays
validating the conservation of the promoter recognized by o°"™” (—13 to —5 region). Blue bars represent transcriptions of the wild-type hrdBp1
promoter. Mean fold-change values were compared using Student’s t-test. Error bars indicate mean + SD of three experiments. **** represents P <

.0001; *** represents P < .001; ** represents P < .01; * represents P < .0

promoters, a conserved T-tract motif was observed (Fig. 5B),
which alters DNA curvature and facilitates holoenzyme bind-
ing [60].

The structure of 03"A-RPo details the interactions between
the 0" and the —10 element. Bioinformatics-derived se-
quence preferences were validated through comprehensive

5.

mutagenesis studies, examining all possible single-base pair
mutations at positions —13 to —5 within the S. coelicolor
hrdBp1 promoter (Fig. 5C). Substitutions at positions “—127,
“—117,and “—7” significantly reduced activity by 30%-70%,
30%-50%, and 60%-80%, respectively, confirming the criti-
cal role of these positions in sequence preference. Mutations at
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“—9”and “—10” had a minor impact, while G/A was favored
at position “—8.” These findings indicate that 05" preferen-
tially recognizes a —10 element with the sequence C_1,-G_11-
N_19-N.o-G/A_g-A_7. Notably, S. coelicolor shbAp1 features
a C_7 instead of A_7 (Fig. 5B). Additionally, G is strongly pre-
ferred at position —13 in the extended —10 element, align-
ing with bioinformatic predictions, although S. coelicolor
hrdBp1 contains an A_q3 (Fig. 5B and C). While previous
studies have shown that G_4 and G_s in the promoter dis-
criminator influence transcription by the E. coli c’°-RNAP
holoenzyme [61-63], these positions have only a minor ef-
fect on o%"*A-dependent transcription of the hrdBp1 promoter
(Fig. 5C).

Discussion

In many bacteria, principal o factors transcribe housekeep-
ing genes, including the gene encoding the principal o fac-
tor itself [27]. However, an alternative ECF o' governs
the principal o factors in two model Streptomycetes, S. coeli-
color and S. griseus [20]. In this study, the cryo-EM struc-
tures of S. coelicolor o>"A-RPo demonstrates the molecular
basis of the 05" recognizing the hrdB promoter. The spe-
cific interactions of bases primarily occur at positions —12,
—11, and —7 within the —10 element, and these contacts fur-
ther corroborate the sequence preferences observed in bioin-
formatics and biochemical experiments. All Streptomyces ref-
erence genomes in the NCBI Datasets were analyzed. Both
protein sequences and genomic neighborhoods of o™ and
0B homologs are highly conserved (Fig. 4C and D, and
Supplementary Fig. S19B). Additionally, MEME identified
similar over-represented sequence motifs in the promoter re-
gions upstream of 05"P* and o™4® genes (Fig. SA and B). These
results suggest that the principal o™*9® genes of all these Strep-
tomyces are controlled by the ECF 0" factors.

The differences between the hrdB and shbA promoter re-
gions likely reflect their distinct roles in Streptomyces. As the
principal o factor, "B is required by all housekeeping genes.
Therefore, the hrdB promoters are strong in Streptomyces
[64]. Consistent with the —10 element of C_15-G_1{-N_qo-
N.o.G/A_g-A_7 preferred by oA, the hrdBp1 promoter has
an A_5. In contrast, 05" is specifically required for the tran-
scription of hrdB and shbA genes. Previous transcriptional
analysis of S. griseus shbA by S1 nuclease mapping reveals
a low abundance of shbA transcripts [20], suggesting that the
shbA promoters are relatively weak. According to a dynamic
transcriptional landscape of S. coelicolor, p1 is the primary
promoter of shbA gene [21]. This may be the reason that
shbAp1 has a C_7 rather than an A_5. In vitro transcription
of hrdBp1 by o"PA-RNAP holo-enzyme is slightly more effi-
cient than that of shbAp1 (Supplementary Fig. S9). In vivo,
other unknown factors may further enhance transcription of
hrdBp1.

The deletion of 05" R4 has little effect on the transcrip-
tional activity of hrdBp1 (Supplementary Fig. S12A), based
on which we hypothesize that the transcriptional activity of
o%PA mainly relies on oS"PAR2. Studies on E. coli 7% show
that the deletion of region 4.2 does not affect transcription
initiation from promoters containing extended —10 element
[58]. Regions 1.2-3.1 of Thermus aquaticus o contain all the
essential elements required for the core functions of o factor
to guide the RNAP holoenzyme to specific DNA sequences, to
melt the double-stranded DNA around the transcription start
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site, and to initiate RNA synthesis [65]. Furthermore, regions
2 and 3 of ¢7%, along with the N terminus of the 3’ subunit
(amino acids 1-314), melt a promoter with an extended —10
element in a reaction similar to that of an intact RNAP holoen-
zyme [66].

The —10 element recognition mechanism of o™ differs
from other known ¢’ family members (Supplementary Fig.
S21). Principal o factors use a conserved W-dyad of princi-
pal o factors (W332/W333 of S. coelicolor ¢"4®) to main-
tains ds/ss DNA junctions at the upstream edge of the —10
element (Supplementary Fig. S21A), and a conserved pocket
in 0, to capture the flipped bases of A_1(nt) [33]. The pro-
moter recognized by oM is AT-rich at the —12 and —11 po-
sitions [32], which triggers the separation of the DNA double-
strand, whereas 05" requires two G-C base pairs to effi-
ciently initiate transcription. This difference in base content
helps to increase the specificity of promoter recognition by
oA and reduces the functional overlap of promoters. In
oShbA_RPo, due to the lack of the W-dyad, the conserved H93
functions as a wedge to open the transcription bubble at po-
sition —11 (Supplementary Fig. S21B). Research on protein—
DNA interactions has indicated that residues H and R have
a strong preference for interacting with base G [67, 68]. This
further validates the contacts between G_1; and residues H93
and R75 in our structural model. The base of T_g (nt) flips
out from the DNA minor groove and interact with the speci-
ficity loop (Fig. 3B and F), although substitutions at posi-
tion “—9” only have slight effect on i1 vitro transcription of
o*"PA_RNAP (Fig. 5C). Several RNAP structures comprising
ECF o factors are reported, demonstrating the molecular basis
that 0, mediate —10 element melting and specifically recog-
nize the ssDNA. In M. tuberculosis o', N88 opens the tran-
scription bubble at position —12, and the base of T_1; (nt)
flips out from the DNA minor groove and is recognized by
the specificity loop (Supplementary Fig. S21C). In M. tuber-
culosis 0%, W68 opens the transcription bubble at the —11
position (Supplementary Fig. $21D). In E. coli ¢°-RPo, tran-
scription bubbles are turned on at positions —11, and Q63
specifically recognizes A_11(nt) (Supplementary Fig. S21E).
The DXXR motif serves to recognize the CG sequence within
the —10 element of o®. However, 05?** recognizes promot-
ers with CG in the upstream boundary of the —10 element
associated with the Ho3R94XXDgy> motif. In C. thermocel-
lum o', an arginine (R101 in Sigl1) functions similarly to
H93 of 05" opening the transcription bubble at position
—12 (Supplementary Fig. S21F). The A_1,(nt) is trapped in a
pocket formed by «3 and o4, while the bases from —11 to
—7 are flipped and accommodated by the specificity loop and
a1(8). These results demonstrate the unique structural feature
adopted by each ECF o factor to recognize the corresponding
promoters.

According to the recent ECF grouping, Streptomyces o
belongs to the ECF40 group, whose members are all from the
phylum Actinobacteria. All c>">* homologs contain conserved
oR2 and oR4 but do not have extended N-terminal or C-
terminal structural domains that affect the activity of o factor
transfer in group ECF41 [69]. Two well-studied ECF40 mem-
bers [70, 71], Mycobacterium tuberculosis c° and Corynebac-
terium glutamicum o, shared 48% and 45.6% sequence
identity with S. coelicolor 6" respectively (Supplementary
Fig. S22A). CHIP microarray analysis reveals that they recog-
nize promoters with a 5'-GTAAC-N;7.13-CGAT-3’ consensus
sequence [20], which is similar to that of Streptomyces o°"P4

ShbA
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factors (Fig. 5A,B). However, multiple sequence alignments of
the ECF40 o factors reveal that the 05" residues (P51, T79,
E84, and Q99) interacting with the promoter —10 element
are the least conserved region in other ECF40 members, sug-
gesting the specificity of 3" in recognizing the correspond-
ing —10 element (Supplementary Fig. S22B). The function
of M. tuberculosis o is regulated by an anti-sigma factor
RsdA [70]. However, an anti-sigma factor is absent in the ge-
nomic context of 05", Consequently, the residues involved
in oP-RsdA interactions are not conserved in o°"* homologs
(Supplementary Fig. S22A).

In summary, we provide detailed structural and bioinfor-
matic evidence supporting the unique mechanism of the ECF
o%hbA governing the housekeeping o'¥® factor in Strepto-
myces, extending the previous model that bacterial house-
keeping o factors are primarily self-regulated.
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