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ABSTRACT

Extra-cytoplasmic function (ECF) o-factors are
widespread in bacteria, linking environmental stim-
uli with changes in gene expression. These tran-
scription factors span several phylogenetically dis-
tinct groups and are remarkably diverse in their ac-
tivation and regulatory mechanisms. Here, we de-
scribe the structural and biochemical features of a
Mycobacterium tuberculosis ECF factor ¢ that sug-
gests that the Snoal 2 domain at the C-terminus can
modulate the activity of this initiation factor in the
absence of a cognate regulatory anti-o factor. M. tu-
berculosis oY can bind promoter DNA in vitro; this
interaction is substantially impaired by the removal
of the SnoaL_2 domain. This finding is consistent
with assays to evaluate o*-mediated gene expres-
sion. Structural similarity of the SnoaL_2 domain with
epoxide hydrolases also suggests a novel functional
role for this domain. The conserved sequence fea-
tures between M. tuberculosis ¢’ and other mem-
bers of the ECF41 family of o-factors suggest that
the regulatory mechanism involving the C-terminal
Snoal _2 domain is likely to be retained in this family
of proteins. These studies suggest that the ECF41
family of o-factors incorporate features of both—the
o0 family and bacterial one—component systems
thereby providing a direct mechanism to implement
environment-mediated transcription changes.

INTRODUCTION

Regulation of gene expression in prokaryotes occurs pri-
marily at the transcription initiation step. o factors, the
specificity defining subunit of RNA polymerase (RNAP),
govern gene expression by their reversible association with
the RNAP (1). Of the two broad families of o factors, mem-
bers of the the ¢° family are more diverse due to variations
in their activation and regulatory mechanisms. Most char-

acterized o’ members rely on protein—protein interactions
to enable DNA promoter binding—a key distinction from
the o> class of ¢ factors that can form tight DNA com-
plexes but require adenosine triphosphate hydrolysis for
open promoter complex formation (2,3). o’® members have
been further classified into groups based on domain archi-
tecture (4,5). While the housekeeping o factor contains an
N-terminal polypeptide segment (region 1.1) and four DNA
binding domains and governs basal expression of genes,
the extra-cytoplasmic function (ECF) ¢ factors are much
smaller with only two DNA binding domains (referred to as
0, and 04) and govern transcription under stress or starva-
tion conditions (6). ECF o factors are the largest and most
divergent group in ¢’° o factors and govern transcription in
response to various stresses and starvation conditions. The
activity of most ECF ¢ factors (and a few members of other
o factor families) is regulated by interaction with a protein
antagonist also referred to as an anti-o factor (7). The anti-
o factor can be either cytoplasmic or membrane bound.
The release of a o factor from these o /anti-o complexes
is brought about by diverse mechanisms including pro-
teolysis, phosphorylation and redox-dependent conforma-
tional changes (8-10). More recently, ECF group members
were classified into 43 sub-groups based on sequence ar-
chitecture (11). Another study utilizing under-represented
genomes extended these subgroups to more than 50 (12).
Four of the ECF groups viz ECF41, ECF42, ECF44 and
ECF01-Gob contain an additional domain at the carboxyl-
terminus. Of these, the ECF44 sub-group o factors which
contain a conserved carboxyl-terminal cysteine rich domain
(CRD) have been better characterized (13—15). The activity
of two ECF44 ¢ factors, Myxococcus xanthus corEl and
corE2 is directly regulated by metal ions. While corEl re-
sponds to Cu, corE2 binds Cd and Zn and mutation of key
cysteine residues in the CRD affects metal ion binding. In-
deed, deletion of the ECF44-specific Cysteine-X-Cysteine
(CXC) motif from o; results in loss of activity (14,15).

The ECF41 o factor sub-group, that contains nearly
400 annotated members distributed across 10 phyla, is
poorly understood. All ECF41 group members possess a
distinct domain organization with o,, 04 and an additional
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carboxy-terminal domain (11,16). ECF41 members lack an
apparent anti-o factor and the regulation of ECF41 o fac-
tor activity remains unclear. In the absence of an antagonist
(anti-o factor), the domain at the C-terminal has been sug-
gested to play a role similar to an anti-o factor. A recent
study of two ECF41 group o factors from Bacillus licheni-
formis and Rhodobacter sphaeroides suggested a regulatory
role for this additional domain at the Carboxy-terminus.
These studies, performed using deletion analysis and inter-
action assays, proposed the additional domain to be a fused
anti-o-factor-like domain with a potential role in promoter
activation as well as interaction with the RNAP. (16). An
interesting observation is that of genomic context—ECF41
genes are often next to those of carboxy muconolactone de-
carboxylases, oxidoreductases or epimerases (referred to as
COE) (11,16). This genomic proximity suggested a possible
role for this o factor in maintaining redox homeostasis.

Mycobacterium tuberculosis o factors play a critical role
in the virulence of this human pathogen (17). M. tubercu-
losis has two ECF41 ¢ factors ¢! and o (11). The cellular
level of o’ is upregulated in late stationary phase (18). The
only known gene under M. tuberculosis o regulation is that
encoding o' (19). Although the M. tuberculosis sigJ gene is
not flanked by any of the COE genes, the target sig/ gene has
a putative proline dehydrogenase in the proximity. Interest-
ingly, M. tuberculosis ECF41 o factor o’ has been reported
to influence resistance to hydrogen peroxide-mediated ox-
idative stress (20). Another study on M. marinum o factors
under different stress conditions suggests the possible in-
volvement of o’ in heat stress (21). The lack of an appar-
ent anti-o factor that is a receptor for redox stimuli made
it interesting to explore whether the additional domain in
o’ plays a role akin to an anti-o factor. The C-terminal do-
main in ¢’ was predicted to be a Snoal._2 domain that is
classified under the nuclear transport factor 2 (NTF2-like)
superfamily (22). These proteins do not contain any specific
conserved sequence motifs but share a common structural
fold (23,24). The NTF-2 like fold is a cone shaped struc-
ture with an internal cavity. Proteins with this fold are in-
volved in a wide range of functions—both enzymatic and
non-enzymatic. The catalytically active members include
SnoaL polyketide cyclases, limonene-1,2-epoxide hydrolase
and delta-5-3-ketosteroid isomerases (25-28). In the case
of a characterized non-catalytic role, the NTF2 domain of
the calcium/calmodulin-dependent protein kinase II is in-
volved in oligomerization (29).

Here, we describe the crystal structure of M. tuberculo-
sis o’ and biochemical studies to understand the role of
the SnoalL_2 domain in this protein. These studies reveal a
structural role for this C-terminal domain in enabling pro-
moter binding. The rigidity conferred to o’ by the Snoal._2
domain was evaluated by Molecular dynamics (MD) simu-
lations. These observations reveal an interesting variation
in ¢’° proteins wherein a pre-formed promoter recogniz-
ing conformation can be modulated by a receptor domain
that can facilitate protein—protein or protein-ligand inter-
actions. This feature, which is likely to be conserved across
ECF41 members, blurs the distinction between o factors as
dissociable subunits of the RNAP and one-component sys-
tems that couple cellular or extra-cellular stimuli with tran-
scription.
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MATERIALS AND METHODS
Expression and purification of recombinant proteins

The details of expression constructs used to express and pu-
rify o' (Rv3328c) are summarized in Supplementary Ta-
ble S1. All the proteins used in crystallization and inter-
action assays were purified using the same protocol unless
otherwise mentioned. Clones were confirmed using single
primer based sequencing (Amnion Biosciences Pvt. Ltd.).
In each case, the plasmid with the gene of interest was trans-
formed into Escherichia coli BL21(DE3) strain (Novagen
Inc.). A single colony was inoculated in Luria—Bertani
medium or minimal medium (for seleno-methionine (Se-
Met) derivative) containing an appropriate antibiotic. Cul-
tures were allowed to grow up to ODgyonm of 0.5-0.6 at
37°C prior to induction with 0.2 mM Isopropyl B-D-1-
thiogalactopyranoside (IPTG). For the Se-Met derivative,
amino acid supplements and Se-Met were added at an
ODgponm of 0.4. Post-induction, cultures were grown for
12 h at 18°C. Cells were then spun at 7000 g for 15 min.
The pellet was re-suspended in buffer A (50 mM Tris—HCI
pHS8.0, 300 mM NacCl) containing 2 mM phenylmethane-
sulfonyl fluoride (PMSF) and ethylenediaminetetraacetic
acid (EDTA)-free protease inhibitor tablets (Roche). Cells
were lysed by sonication and the cell debris were removed
by centrifugation at 30 000 g for 45 min at 4°C. The
supernatant was incubated with Ni-NTA resin (Sigma-—
Aldrich) for 1 h. The protein was then eluted using buffer
A with a gradient of imidazole (10-200 mM). The pro-
tein was further purified by size-exclusion chromatography
using Sephacryl S200 Hi-Prep 16/60 column (GE Health-
care, Inc.). The fractions containing the purified protein
were concentrated to ca 10 mg/ml for crystallization trials.
The purity and molecular mass of the protein was further
verified using sodium dodecyl sulphate-polyacrylamide gel
electrophoresis (SDS-PAGE) and liquid chromatography—
electrospray ionization mass spectrometry (LCESI-MS)
(Bruker Daltonics, Inc.). Se-Met labeled protein was pu-
rified similarly with the exception that 1 mM Tris-(2- car-
boxyethyl)phosphine or 2 mM dithiothreitol (DTT) was in-
cluded during the purification.

Crystal structure determination

Crystallization trials for o have been described earlier (30).
The native and selenium SAD and MAD datasets were
collected at the BM-14 beamline of the European Syn-
chrotron Radiation Facility at 100 K. The structure was
solved using SAD diffraction data. The SAD diffraction
data were collected at an oscillation set at 0.25° per im-

age at 0.978A wavelength. The diffraction data were pro-
cessed using iMosflm (31) and scaled using SCALA (32) in
the CCP4 suite (33). Analysis of diffraction data revealed
pseudo-merohedral twinning. Initially, the crystal symme-
try appeared to be 1422 due to significant twinning (twin
fraction = 0.478). The space group was later determined
to be 1222 (Supplementary Table S3). An initial model of
the structure was obtained using the Autosol module in
Phenix (34,35). The model was further built with the Au-
tobuild module of Phenix and Arp/Warp (36). Subsequent
model building and refinement was performed using COOT
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(37) and phenix.refine (34) using the twin operator (-h, -1,
-k). The fit of the model to the electron density was eval-
uated using COOT. The final structures were validated us-
ing MOLPROBITY (38). The interface areas were analyzed
using PDBePISA server (39). All the structure figures were
generated using UCSF Chimera (40).

Sequence and structural analysis

The sequences of ECF41 o factors were selected from a
compilation published earlier (16). Sequences shorter than
280 residues and longer than 340 residues were removed
from subsequent analysis. Sequences were clustered at 90%
sequence identity using BLASTClust (41). The resulting
323 sequences and the crystal structure of o’ were sub-
mitted to the PROMALS3D server (42). The alignment
generated from PROMALS3D was submitted to the Con-
Surf server (43-47) to estimate evolutionary conservation of
amino acid residues. ConSurf estimates evolutionary rates
using evolutionary relatedness of protein sequences with
consideration to the similarity between amino acid residues.
The conservation scores are projected onto the structure or
sequence alignments. To obtain an insight into the func-
tional role and potential ligands for Snoal 2 domain, a
DALI database search was performed using the structure
of ¢’57°aL-2 domain (48). All the unique PDB outputs with
Z-score > 4 were manually analyzed to search for potential
ligands of o'5"°2L-2 domain.

Spectroscopic studies of o’ interaction with Limonene-1,2-
epoxide

The Apax of Limonene-1,2-epoxide and Limonene-1,2-diol
was determined spectroscopically. The purified o’ pro-
tein was incubated with Limonene-1,2-epoxide for different
time intervals. A UV-visible spectrum of the samples from
240 to 340 nm was recorded and analyzed.

Molecular dynamics simulations

Classical MD simulations were performed on o' and
gIaSnoal2 4 evaluate the influence of the Snoal._2 domain
on the dynamics of ¢’ and ¢’4 domains. The initial atomic
coordinates were obtained from the crystal structure of .
All the missing loop residues in ¢’ were modeled using
ModLoop (49,50). The system was neutralized using mini-
mal concentration of counter ions (Na* and CI~ ions). Wa-
ter molecules were added to solvate the system according to
TIP3P model (51). This system was subjected to 3000 steps
of steepest descent followed by a 1500 step conjugate gradi-
ent minimization by keeping the positions of ions and solute
heavy atoms fixed using a restraint of 300 kcal/mol-cAz. In
the next stage, a reduced restraint of 100 kcal/mol-A? was
retained only on solute heavy atoms and 4000 steps of steep-
est descent and 2000 steps of conjugate gradient minimiza-
tion were performed for each system. Finally, full system
minimization was performed involving 8000 steps of steep-
est descent followed by 4000 steps of conjugate gradient.
Subsequently, each system was heated progressively from 0
to 300 K in 60 ps (52). Equilibration phase of 1 ns was car-
ried out under NpT conditions. Production runs were done

with an integration time step of 2 fs. The non-bonded pair
list was updated every 10 steps. The SHAKE algorithm was
applied to constrain all bonds involving hydrogen atoms
(53). Coordinates were retained at 1 ps time intervals. The
production run was performed for 500 ns of total simula-
tion time for both o’ and ¢’45m°2L-2 " All trajectories were
analyzed using cpptraj module of AMBER and structures
were visualized in VMD and Chimera (40,54,55).

Electrophoretic mobility shift assays

For electrophoretic mobility shift assay (EMSA), o’ or
gI28n0al2 \wag incubated with 0.5 nM 3?P-labeled sigl-
promoter (siglp) ds DNA on ice for 20 min (Supplemen-
tary Figure S6 and Supplementary Table S4). The final vol-
ume of the binding mixture was adjusted to 20 wl by adding
the DNA-binding buffer (25 mM Tris—HCI pH 7.5, | mM
DTT, 100 pg/pl bovine serum albumin, S mM MgCl,, 6%
Glycerol). The DNA-protein complex was then run on a
8% non-denaturing polyacrylamide gel in 0.5x tris—borate—
EDTA (TBE) buffer at 4°C. Finally, the gel was dried and
analyzed on a Typhoon FLA9000 phosphorimager.

Surface plasmon resonance measurements

Interaction of ¢’ and ¢’257°L2 with siglp was examined
using surface plasmon resonance (SPR) (BIACORE 2000;
GE Healthcare) (Supplementary Figure S6 and Table S4).
Biotinylated siglp (5') was immobilized on a streptavidin
(SA) sensor chip (BIACORE; GE Healthcare) at a surface
density of (300+100RU) ng/mm?. The first flow cell of the
SA chip was used as control. The experiments were per-
formed in a buffer containing 20 mM Tris—Cl (pH 7.5) and
50 mM NaCl. o’ and o'25m92L2 proteins were used as an-
alytes in this study. The interaction kinetics was evaluated
using BIA-evaluation software.

B-galactosidase based reporter assays in Escherichia coli

To study the role of ¢’5%°L-2 in transcription regulation,

a B-galactosidase activity based assay was designed using
LacZ fusion constructs of sigl-promoter in the pJEM13
vector (56). A modified pPBAD33 vector (pBAD33m) was
used for overexpression of o’ and o'25m°2L2 ynder the con-
trol of an araBAD promoter (Figure 5A). The expres-
sion from the araBAD promoter can be regulated by L-
arabinose thus allowing controlled expression of o proteins.
The target plasmid containing sig/-promoter-lacZ fusion
and donor plasmid containing o proteins were transformed
in the E. coli LMG194 strain. Single colonies were inocu-
lated in Luria Bertani media and were subsequently induced
using 13 mM L-arabinose. Cultures were removed 3 h post
induction and B-galactosidase assays were performed. A list
of the constructs, plasmids and strains used in this study
are summarized in Supplementary Table S5. Following the
B-galactosidase assay, the Miller units were calculated and
normalized to convert into relative B-galactosidase activity
(56).

Limited proteolysis to evaluate conformational flexibility

Limited proteolysis assays were performed with trypsin.
Briefly, 60 g of purified proteins were incubated with 1 pg



of trypsin on ice. Samples were taken out at 10, 20, 30 and 60
min time intervals, mixed with sample dye, heated at 95°C
and loaded on 15% SDS-PAGE for analysis.

RESULTS

Overall structure of M. tuberculosis o’

The crystallization and diffraction data statistics of o’ was
reported earlier (30). These crystals appeared in ca two
weeks but could not be reproduced easily. While different
variations in the expression constructs and additives in crys-
tallization conditions were examined, addition of a trace
of thrombin to the crystallization drop led to easily repro-
ducible crystals (Supplementary Tables S1 and 2). LCESI-
MS analysis of the crystals suggested a ca 3 kDa difference
in mass when compared to the full-length protein. In sil-
ico analysis using the ExPASy peptide cutter (57) suggested
two thrombin sites in ¢’ - one from vector (pET-15b; No-
vagen, Inc.) and one in the protein that removed eight amino
acid residues from C-terminus (Supplementary Figure S1).
The data collection, refinement and model statistics are pre-
sented in Table 1. The structure was solved by the Single
wavelength Anomalous Dispersion method (58). o’ crys-
tals are nearly perfectly twinned (pseudo merohedral twin-
ning; twin fraction a = 0.478) with an apparent higher crys-
tal symmetry (1422 instead of 1222; Supplementary Table
S3). The structure of o’ was solved in the 1222 space group.
There are two molecules of ¢’ in the asymmetric unit. The
two monomers of o’ superpose well with a RMSD of 1.2
A over 278 C, atoms (Supplementary Figure S2). The crys-
tal structure of o' revealed two DNA binding domains- ¢”,
0’4 and the Snoal._2 domain arranged in a compact manner
(Figure 1A and B; Supplementary Figure S3). The struc-
ture reveals substantial interactions between both o’5 and
o'y (buried surface area (BSA) of ~1100A?) and ¢’4 and
SnoaL_2 domain (BSA of ~800 A?). Interaction between
o', and SnoaL_2 involves the polypeptide linker connect-
ing o', with ¢4 (Table 2). This interaction appears impor-
tant in tethering o' domains in a compact conformation.
While o7, and o'4 are o helical bundles, the Snoal._2 do-
main adopts a a+f architecture consisting of five a-helices
and B-strands with a aaBaaBBRPa arrangement. The B-
strands are arranged in an anti-parallel fashion to form the
B-sheet surface which stacks against o’» and o4 (Figure 1A
and B).

Structural insights onto promoter recognition

The o4 domain that interacts with the —35 element of the
promoter DNA consists of a helix-turn-helix motif and
is better conserved amongst ¢’ members (59). Indeed,
qj4 aligns well with other o4 domains (RMSD of 1.2-1.6
A; Supplementary Figure S4a). The o, domain has four
helices al-a4 connected by three loops L1-L3. The L3
loop—between the third and fourth helices of o,—initiates
promoter melting by flipping the DNA base at the —10 pro-
moter element in ECF o-dependent promoters (60). The L3
loop also determines the specificity of ECF o factors for
the —10' base of promoter DNA. ¢ differs from other o5
structures as it lacks the first helix a1l usually present in o,
domains (Supplementary Figure S4b and c). This helix is
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positioned just behind the L3 loop. Also, the second helix
a2 is both short and rigid in comparison to the longer and
bent helix a2 in other o, domains (Supplementary Figure
S4b and c). These variations in a’5 could potentially alter
the DNA melting properties of o’.

Most ECF o factors are held in an inactive conformation
by anti-o factors that inhibit DNA and/or RNAP binding
by either physical occlusion or conformational rearrange-
ment of the DNA binding domains. Even otherwise, free o
factors (of the ¢7° family) are usually unable to bind pro-
moter DNA in the absence of RNAP as the DNA binding
surfaces are occluded by inter-domain interactions. These
aspects prompted a comparison of the orientation of o,
and o4 domains in o’ and accessibility of DNA binding
surface in ¢’, and o4 domains vis-a-vis other structures
of o factors (Figure 1B) (61,62). This analysis showed that
the orientation of o5 and o4 is similar to that of the o»
and o4 domains in CnrH/CnrY (PDB ID: 4CXF) (61).
In this orientation, both the DNA binding surfaces of the
o0, domain and o4 are exposed. To evaluate the feasibil-
ity of DNA binding in this conformation, we superposed
the structure of o’ on a previously described o5 /—10 DNA
complex (PDB ID: 4LUP) (60) and a o4/—35DNA com-
plex (PDB ID: 2H27) (63) (Figure 2A—C). While the —35
promoter DNA element could be docked without any steric
hindrance, binding of the —10 promoter DNA element also
appeared feasible, albeit with a few minor clashes. These
observations suggest that o’ is unlikely to rely on confor-
mational changes induced by RNAP interactions to bind
promoter DNA and that the C-terminal Snoal_2 domain is
unlikely to be inhibitory.

In vitro binding of o’ and /25212 to promoter DNA

o’ recognizes the promoter of another ECF41 o factor, o,
thereby controlling the expression of this o factor (19). We
used EMSA and SPR techniques to study interactions of
different o’ constructs with the siglp DNA (Supplemen-
tary Table S4). The DNA binding studies using EMSA re-
vealed that full-length ¢’ can bind DNA whereas deletion
of the Snoal. 2 domain resulted in substantially reduced
DNA binding ability (Figure 2E and F). This result is con-
sistent with observations on ECF41 o factor based pro-
moter activation reported earlier (16). The dissociation con-
stant kp determined using EMSA studies was 4.96 + 0.94
wM. To assess whether Snoal._2 domain can bind DNA by
itself, EMSA was carried out with purified Snoal_2 domain
(gI8m0al-2y The ¢?870aL-2 protein did not show any binding
to promoter DNA under the experimental conditions (Sup-
plementary Figure S9). The DNA binding studies were also
performed using SPR (Figure 2G and H). ¢’ bound well to
immobilized siglp DNA whereas the o?25794L-2 showed sig-
nificantly reduced DNA binding ability. The K, and Ko
reaction constants calculated using SPR sensograms for ¢’
were 1.14 + 0.08 x 10° M~!s~! and 5.69 + 0.53 x 1073
s~! respectively. EMSA and SPR experiments were also per-
formed with a mutant DNA probe (Supplementary Table
S4). These experiments provide an estimate of the specificity
in DNA recognition suggesting that these specificity deter-
minants serve to discriminate between cognate promoter
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Figure 1. Conformational features of Mycobacterium tuberculosis o . (A) o contains a structured carboxyl terminal domain that is absent in other ECF
o factors. A structure-based sequence alignment of o with other ECF o factors reveals that of the two DNA binding domains, o4 is more conserved
than o5. 5 lacks helix al present in other o factors and has a shorter helix 2. This variation could alter Pribnow box recognition. (B) Comparison
of the orientation and accessibility of DNA binding surfaces of o5 and o4 domains in o’ with other o /anti-o complexes. While o /anti-o interactions
usually bury DNA binding surfaces of o factors, in case of o these surfaces are exposed (Mtb 0¥ /RskA-4NQW; Cme o™ /CnrY-4CXF) (61,62). The
abbreviations in this illustration are—Mtb: Mycobacterium tuberculosis; Eco: Escherichia coli; Cme: Cupriavidus metallidurans.



Nucleic Acids Research, 2017, Vol. 45, No. 16 9765

A
(o
E F
6 uM [ GJASnoaL_Z ] 64 M
[¢]
0
Lb e A A = u
[ T —
G H
300 =
+ 25nMo’ 20 o 500nM GASnoal. 2
250 3 * 50 Mo’ L 5uM oSl 2
/ % . J x
£ 2001 . % 100 nM o *..=': 20 X T 20 uM gAsneal 2
=} H . J - N
2 150l 4 200 nM o 2
- 2 : ;
8 1004 2 104
-2 * ~ &
s 7 y—/
0 50 100 150 200 250 300 0 50 100 150 200 250
Time (s) Time (s)

Figure 2. Exposed DNA binding surfaces suggest that o’ adopts a conformation that can readily interact with the promoter. (A and B) Mapping of the
—10 and —35 promoter DNA on ¢’, and o4 by superposition with previously determined structures of the —10 promoter/a; (PDB ID: 4LUP) and
—35 promoter/o4 (PDB ID: 2H27) complexes (60,63). (C) A schematic representation of DNA binding to ¢'. (D) The exposed DNA binding surfaces of
0’5 and o4 reveals that the Snoal 2 domain tethers the two DNA binding domains in this conformation but is unlikely to interact with the DNA. (E)
Radiolabeled sigl-promoter DNA was incubated with (E) o (0-6 M) or (F) ¢?25702L-2 (0_64 ,M) and separated on a non-denaturing PAGE. DNA
binding is significantly reduced in ¢?7457°2L-2 The wedge at the top of each panel depicts the gradient of protein concentration. The concentrations of o
from left to right are 0, 1, 1.5, 1.75, 2, 2.25, 2.5, 2.75, 3, 3.5, 4, 5 and 6 wM respectively. Similarly, the concentration of /257412 from left to right are 0,
1,2,4,8, 16,32 and 64 WM respectively. The right-most lane in panel (F) is loaded with 5 wM o as a binding control. (G) In surface plasmon resonance
experiments varying concentrations of (G) ¢ and (H) 7251212 were passed on a chip with an immobilized sigl-promoter. Put together, these experiments

reveal that deletion of SnoaL_2 significantly impairs o’—promoter DNA interaction.
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Table 1. Diffraction data, phasing and refinement statistics

PDB ID SXE7
Data collection SelMet SAD
Space group 1222
Cell dimensions
a,b, c(A) a=74.46,b=133.60,c=133.50
Wavelength (A) 0.978
Resolution (A) 66.80-2.16 (2.28-2.16)*
Rsym Or Rierge 0.072 (0.574)
I1/o(D) 25.1(5.9)
CC(1/2) 0.99 (0.94)
Completeness (%) 99.9 (99.8)
Redundancy 22.1(21.2)
No. mol. Jasymm. unit 2
Refinement
Resolution (A) 66.80-2.16 (2.20-2.16)

Total no. reflections
Unique reflections
Ryork/ Riree

No. atoms

Protein

Ligand/ion

Water
Average B-factors (A?)

Protein

Water
rm.s d. )

Bond lengths (A)

Bond angles (°)
Ramachandran favoured (%)
Ramachandran allowed (%)
Ramachandran outliers (%)
Twin operator
Twin fraction
F,, F. correlation

795951 (109 453)
35959 (5166)
0.26/0.27

3805
0
180

50.2
42.8

0.004
0.852
91.7

*Values in parentheses are for highest-resolution shell.

Table 2. Interfaces between o’ domains

Domains Surface area (A?) Interface area (A2)
o'y and o'y 5908 1140

o’y and SnoaL 2 6410 354

o4 and SnoalL 2 6293 790

segments from other DNA sequences (supplementary Fig-
ures S7 and 8).

3-galactosidase-based reporter assays

A recent study of the M. tuberculosis o factor network
demonstrated the successful use of an E. coli model to study
M. tuberculosis o factor activity (56). This strategy was uti-
lized to understand o’ activity. Target plasmids encoding
the sigl-promoter-lacZ fusion protein and donor plasmids
containing ¢’ and o’257°2L-2 were transformed in E. coli
LMG194 strain (Figure 5). It was envisaged that differences
between o’- and o'25%°L-2_driven transcription initiation
would translate into variations in -galactosidase activity.
We note that the B-galactosidase activity of the carboxy ter-
minal deletion construct o’257°3L-2 was lower when com-
pared to full-length o’ (Figure 5). These results suggest the
opposite of an anti-o like role for the SnoalL 2 domain.
The Snoal._2 domain at the C-terminus is thus more likely
to adopt the role of a modulator or positive regulator of

transcription by conformational re-arrangement of the two
DNA binding domains in o”.

Molecular dynamics simulations

To study the effect of the Snoal._2 domain on the structure
of o, MD simulations were performed on ¢’ and g/4Sn0al.-2
for 500 ns of simulation time. o’ stabilized within 20 ns and
shows less variation in the C,-backbone afterward whereas
the o’28m°aL2 model showed significant variations in C,-
backbone RMSD even after 200 ns of simulation time (Sup-
plementary Figure S5). To evaluate these differences, a his-
togram of RMSD was plotted against number of conform-
ers for o and ¢'4574L2 (Figure 4). The RMSD-values for
o’ varies from ~2.5 to 4 A whereas RMSD for g/ASnoal-2
extended beyond 5 A. This analysis suggests that removal
of the Snoal._2 domain leads to substantial conformational
heterogeneity. These results were also supported by analyt-
ical size exclusion chromatography experiments which sug-
gest 251022 can adopt an extended conformation (Figure
4). The elution profile of a?28m°2L-2 sy goested a significantly
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drolase (LEH). The core region of LEH aligned well with o/57°2L-2 with an RMSD of 1.13A over 44 atom pairs (LEH: PDB ID: INWW) (27). (B) LEH
catalyzes conversion of Limonene-1,2-epoxide (Amax = 294 nm) into Limonene-1,2-diol (Amax = 273 nm). (C) Spectroscopic differences upon the incubation
of Limonene-1,2-epoxide with ¢’ In this figure, S represents the substrate (Limonene-1,2-epoxide) while P refers to the product (Limonene-1,2-diol).

higher mass than that of a monomer (ca 28 kDa instead
of 19 kDa) in a size exclusion chromatography experiment
performed on a Superdex-200 analytical column. This find-
ing that the Snoal 2 domain confers structural compact-
ness to o was further evaluated by a limited proteolysis ex-
periment. This experiment, correlating proteolytic suscep-
tibility with conformational flexibility, was performed us-
ing trypsin (1:60 mass ratio). A comparison between the
proteolytic susceptibility of o’ and o'25m%2L-2 revealed that
gIASmoal2 s sionificantly more proteolytically labile when
compared to full length o’ (Figure 4C).

The Snoal 2 domain in ¢’

A search on the DALI database for proteins that were
structurally similar to the Snoal._2 domain of ¢’ revealed
several potential matches (48). After pruning for redun-
dancy, a total of ca 300 different structures were col-
lated. This list included limonene-1, 2-epoxide hydrolases
(LEH), polyketide cyclases, ketosteroid isomerases, epox-
ide hydrolases/cyclases, Ca**/calmodulin-dependent pro-
tein kinase subunits and the nuclear transport factor 2
(NTF2). Of these, the limonene epoxide hydrolases were the
closest experimentally characterized proteins (Table 3).
The crystal structure of the Snoal_2 domain revealed sub-
stantial structural similarity with the Rhodococcus erythro-
polis Limonene-1,2-Epoxide Hydrolase (LEH) (27) (DALI
Z-score of 10.8; PDB ID: INWW; RMSD of 1.13 A over

44 atom pairs; Figure 3A). LEH catalyses the conversion of
Limonene-1,2-Epoxide (Apax = 294nm) into Limonene-1,2-
diol (A\pax = 273nm) (Figure 3B). In an effort to evaluate if
o’ could perform a similar role, freshly purified o’ was in-
cubated with Limonene-1,2-Epoxide. We note that incuba-
tion of Limonene-1,2-Epoxide with o results in differences
in the UV-visible spectra (Figure 3C). While this suggests
a potential enzymatic role for the Snoal 2 domain of ¢,
Limonene-1,2-Epoxide appears unlikely to be a physiologi-
cally relevant substrate. This observation, however, suggests
a role for the Snoal 2 domain in ligand binding potentially
incorporating the role of a receptor modulating o’ activity.

DISCUSSION

The activity of ECF o factors has been demonstrated to
be governed at the transcriptional, post-transcriptional and
post-translational levels (64,65). This multilayered regula-
tion ensures an appropriate cellular concentration of an
ECF o factor that can compete for RNAP binding and
consequently, the expression of the cognate regulon. The
ECF41 family of ECF o factors suggests a variation to
this theme. ECF41 o factors do not have a cognate an-
tagonist protein (anti-o factor). Indeed, the C-terminal
polypeptide was inferred to perform this regulatory func-
tion. This hypothesis, however, could not be validated in
the absence of structural data on this family of o fac-
tors. Three key findings emerge from the crystal structure
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binding and potentially influences o'~ RNAP interaction (16). These interactions could be modulated by the binding of small molecules to the SnoaL 2
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Table 3. Functional features of proteins similar to o-/Snoal-2

PDB ID Z-score Function (ligand/substrate/inhibitor) Organism (source)

INWW 10.8 Limonene-1, 2-epoxide hydrolase Rhodococcus eryhtropolis

3B4P 8.5 Phenazine biosynthesis protein [2-(cyclohexyl amino) benzoic acid] Burkholderia cepacia

2A15 10.1 Rv0760 (Estradiol-17beta-hemisuccinate) Mpycobacterium tuberculosis

4CDL 10.1 Retro-aldolase (inhibitor: 1-(6-methoxy-2-naphthalenyl)-1,3-butanedione) Pseudomonas putida

1BUQ 8.7 Delta-5-3-ketosteroid isomerase (Steroid Comamonas testosteroni
19-nortestosterone-hemisuccinate)

1GY7 8.8 NTF2 (Transport/Nuclear protein) Saccharomyces cereviviae

SIG3 8.8 Ca(2+)/calmodulin-dependent protein kinase II, o hub Homo sapiens
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and in vitro and ex vivo characterization of M. tuberculo-
sis o'—(i) exposed DNA binding surfaces in o’ enable this
initiation factor to bind DNA (independent of cognate pro-
moter recognition)—other o factors rely on conformational
changes induced by RNAP binding for DNA interactions;
(i) Interactions between the o’,—o'4 loop and the SnoaL_2
domain keeps o structure in a compact conformation and
removal of the SnoalL_2 domain leads to a flexible arrange-
ment with substantially impaired DNA binding; (iii) Struc-
tural similarities suggest a possible role for the Snoal._2 do-
main in protein-ligand interactions potentially modulating
o’ activity. Furthermore, the structures of the DNA binding
domains in o’ themselves suggest functional adaptation.
While the o4 domain is well conserved, the o, domain has
differences when compared to other structures. These vari-
ations in o',—absence of the a1 helix which is present just
behind the specificity determining L3 loop and a shorter
and rigid a2 helix could potentially alter the DNA melting
properties of a”.

The compact arrangement of the o5, 04 and Snoal._2 do-
main is likely to be conserved across ECF41 proteins. Most
of the conserved residues in the Snoal._2 domain are posi-
tioned in the first two helices (Supplementary Figure S10).
Residues in the o’,—0'4 loop which stack against the B-
sheet surface of o572k are also conserved. In a related
observation, analytical size exclusion chromatography sug-
gested that although both ¢’ and o'25m°2L-2 are monomers
in solution, the observed molar mass of a?25m°4L-2 is higher
than expected. MD simulations also revealed significant dif-
ferences in the RMSD profile of ¢’25%4L-2 compared to
o’. The root-mean-square fluctuations revealed increased
flexibility in the o’,—0'4 linker, o' 4—o’57°2L-2 Jinker and the
L3 loop (between a2—a3 helices in ¢’5) in the absence of
the Snoal_2 domain. The o7,—a”4 linker interacts with the
B-sheet surface of o’5"°2L-2 and constrains ¢’ to a com-
pact conformation. Together, this suggests that ¢’ is con-
formationally more rigid than o'257°L-2_ &) binds the sigl-
promoter DNA in vitro. While DNA binding was signifi-
cantly reduced upon deletion of the SnoalL_2 domain, the
Snoal._2 domain alone did not show any DNA binding.
Transcription experiments in E. coli revealed that o’ could
initiate transcription of reporter genes fused to the sigl-
promoter. Deletion of the Snoal._2 domain resulted in a
significant decrease in o’ activity. This suggests that the
Snoal._2 domain is not an antagonist (as an anti-o factor)
but is actively involved in transcription initiation. Although
o', another ECF41 ¢ factor, is the only experimentally val-
idated gene under o’ regulation so far, o’-driven expres-
sion of other genes under different environmental condi-
tions cannot be excluded.

ECF o factors represent the third most abundant mech-
anism of signal transduction after one component system
(OCS) and two component systems (TCS) (11,66,67). While
TCS have a separate sensor and effector, OCS possess a sim-
pler design, wherein both the sensor and effector domains
are fused together in a single polypeptide chain (66,68,69).
ECF o factors differ from OCS and TCS as they form
part of the RNAP holo-enzyme complex. Environment-
mediated regulation of ECF ¢ factors is primarily gov-
erned by anti-o factors that employ diverse mechanisms in-
volving phosphorylation, redox-dependent conformational

changes and proteolysis. Thus, the anti-o factors and other
regulatory proteases/kinases together serve as the sensors
for environmental stimuli while the DNA binding domains
of an ECF o factor perform the effector function. While
we could not trap or identify interacting proteins with the
Snoal 2 domain, transiently interacting protein partners
cannot be excluded. Nonetheless, we note that the Snoal._2
domain is likely to interact with ligands or indeed sub-
strates, suggesting a possible role of ligand-mediated regula-
tion of o’ activity. Indeed, the possibility of an anti-o func-
tion for the Snoal_2 domain is likely if and when activated
by a signal in the presence of a specific, as yet unidentified
ligand.

Put together, the structural and biochemical data suggest
that the Snoal._2 domain in o is unlikely to play the role
of an antagonist for o’-mediated transcription. Rather, the
ability of this domain to confer a DNA-binding conforma-
tion to o’ points to a role as modulator of activity. The
Snoal 2 domain by itself cannot bind DNA, thus exclud-
ing the possibility of this domain to influence transcription
bubble formation directly. It thus appears likely that lig-
and and/or protein-based interactions could alter the con-
formation of o’ providing a regulatory mechanism based
on inter-domain conformational rearrangement. ECF41 o
factors thus seem to blur the distinction between the tradi-
tional definition of a o factor as a unit of the RNAP and
a one-component system with a defined role of a context-
dependent transcriptional regulator.
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