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Abstract

Transcription activation is a crucial step of regulation during transcription initiation and a classic check point in response to different stimuli and
stress factors. The Escherichia coli NarlL is a nitrate-responsive global transcription factor that controls the expression of nearly 100 genes.
However, the molecular mechanism of Narl-mediated transcription activation is not well defined. Here we present a cryo-EM structure of Narl-
dependent transcription activation complex (TAC) assembled on the yeaR promoter at 3.2 A resolution. Our structure shows that the NarlL dimer
binds at the —43.5 site of the promoter DNA with its C-terminal domain (CTD) not only binding to the DNA but also making interactions with
RNA polymerase subunit alpha CTD («CTD). The key role of these Narl-mediated interactions in transcription activation was further confirmed
by in vivo and in vitro transcription assays. Additionally, the NarL dimer binds DNA in a different plane from that observed in the structure of class
Il TACs. Unlike the canonical class Il activation mechanism, NarL does not interact with o4, while RNAP «CTD is bound to DNA on the opposite
side of NarL. Our findings provide a structural basis for detailed mechanistic understanding of Narl-dependent transcription activation on yeaR
promoter and reveal a potentially novel mechanism of transcription activation.
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Introduction

Transcription is the first and essential step of gene expression
and regulation within cells. It is initiated in response to dif-
ferent stimuli and stresses (1,2). In bacteria, transcription is
controlled by a diverse network of transcription factors (TFs)
and being precisely activated or repressed in response to differ-
ent external signals (1,3,4). During simple transcription initia-
tion, RNA polymerase (RNAP) holoenzyme (33’ wo) binds
to the conservative promoter elements (=35 element and —
10 element) to form a closed promoter complex (RPc) and
then isomerize to an open promoter complex (RPo) for start-
ing RNA synthesis (5-9). Transcription from promoters con-
trolled under specific conditions or where DNA lacks opti-
mal recognition elements or could not accommodate optimal
RNAP recognition by itself, is initiated with the help of spe-
cific TFs named activators and the entire process is called
transcription activation (2,10-13). It has been well known
that canonical transcription activation could be completed
mainly in two ways: (i) Recruitment mechanism, in which the
activator guides RNAP holoenzyme to the promoter region
and/or assists the RPc or RPo formation (10-12,14,15); (ii)
Promoter twisting mechanism, in which the activator bends
and twists the DNA to facilitate correct recognition by RNAP
holoenzyme (16-18). Canonical recruitment mechanisms dur-
ing bacterial transcription activation have been reported on
the classic example, catabolite activator protein (CAP), and
involve different sets of protein/protein and protein/DNA in-
teractions depending on the specific context of the promoter
(10-12,14,15,19,20). In the canonical class I activation mode,
CAP dimer binds DNA at the —61.5 site of the lac promoter
and interacts with the C-terminal domain of alpha subunit
(xCTD) to recruit RNAP holoenzyme (11,14,19-24), while in
the canonical class II activation mode, CAP dimer binds at the
—41.5 site of the gal promoter DNA, which overlaps the —35
element (12,15,19,20,23,25). In the latter activation mode,
CAP simultaneously interacts with DNA, «NTD, aCTD, the
B flap, and domain 4 of ¢7° subunit (04) to create a diverse in-
teraction network, allowing the recruitment of the RNAP and
remodeling and stabilization of RPc (10,12,15,19,20,23,26).
The transcription activation mechanisms for the promoters
where TF binding site is located in a non-canonical posi-
tion that differs from the canonical class I (—61.5) and class
IT (—41.5) begin to be revealed by recent cryo-EM studies
(21,22,26,27), however, transcription activation by many TFs
binding at such positions, including NarL, are still lacking
structural understanding.

The Escherichia coli global transcription regulator NarL
controls transcription of a large set of genes involved in ni-
trate respiration during anaerobiosis and regulates gene ex-
pression in response to nitrate and nitrite ions (28). While
transcription of the majority of NarL-activated genes also re-
quires the oxygen-responsive transcription activator Fnr for
full activation (29), previous studies identified two promot-
ers, yeaR and ogt, that can be fully activated solely by NarL
(30-32). Ogt promoter controls the expression of an O°-
alkylguanine-DNA-alkyltransferase, an important DNA re-
pair enzyme, and yeaR controls the expression of proteins
of unknown function or possibly involved in tellurite resis-
tance (30,33,34). NarL is a typical response-regulator of the
two-component signal transduction system (33-35). Two in-
ner membrane-bound sensor kinases, NarX and NarQ, are
activated by nitrate or nitrite ions (36-38) and phosphory-
late NarL at the residue D59 (34). This phosphorylation leads
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to a structural rearrangement and dimerization of NarL with
subsequent DNA binding and promoter activation. NarL be-
longs to the FixJ/NarL family, in which members are defined
by a similar fold of N-terminal signal receiver domain (39-42),
dimerization pattern, and a LuxR-like DNA-binding domain
(43-45). NarL consists of two domains, N-terminal receiver
domain (RD) and C-terminal effector DNA binding domain
(DBD), which are joined by a linker (34,46,47). DNA bind-
ing is regulated by the phosphorylation state of the RD. In
the nonphosphorylated state, RD blocks the access of DNA to
DBD (48), while phosphorylation disrupts the RD-DBD inter-
domain interface, allowing the binding of DNA to DBD (46).

NarL binding sites are organized as a palindromic repeats,
where two 7-base pair (bp) elements are separated by 2 bp,
known as the ‘7-2-7" sequence (34). The yeaR promoter con-
tains one ‘7-2-7” sequence located just upstream of the pro-
moter —35 element (centered at -43.5 site) and its full acti-
vation requires the binding of only one NarL dimer (30). By
contrast, ogt promoter contains two ‘7-2-7’ sequences (posi-
tioned at —44.5 and —77.5 sites, respectively) and requires
tandem binding of NarL to both sites for full activation (31).
Although the genetics of the NarX/NarL system has been ex-
tensively characterized (28,30-32,36,43,49) and the crystal
structures of unphosphorylated NarL (34) or NarL. DBD in
complex with DNA (46-48) have been reported, the molec-
ular mechanism of NarL-dependent transcription activation
remains unclear and necessities a high-resolution structure of
the intact NarL-dependent transcription activation complex
(TAC).

To this end, we assembled NarL-TAC on a yeaR promoter
and determined its structure using cryo-EM at 3.2 A reso-
lution. In this structure, we observed extensive interactions
between NarL DBD/promoter DNA, and «CTD/promoter
DNA, less extensive interactions between NarL/«CTD, but no
TF or «CTD/04 interactions, which are different from those
shown in the canonical class II activation mechanism. In addi-
tion, mutagenesis analysis combined with i vivo and in vitro
DNA binding and transcription assays revealed the role of two
NarL residues, Lys174 and Arg178, at the NarL/«CTD inter-
face in transcription activation. In summary, our study pro-
vides the structural basis to understand the detailed molecule
mechanism of Narl-dependent transcription activation and
suggests a mode of noncanonical class-II transcription
activation.

Materials and methods

Preparation of protein samples

E. coli RNAP and ¢7° were prepared as previously (11,50—
52). The «CTD deleted RNAP was expressed using recom-
binant pVS10 constructed by deleting the region coding for
amino acids 248-330 of the « subunit. The DNA fragment en-
coding NarL was synthesized using the standard colony PCR
approach, using the K12 E. coli strain as a source of tem-
plate DNA. Specifically designed DNA primers, flanked with
the Ndel and Xhol restriction sites, were ordered from Inte-
grated DNA technologies (Supplementary Table S1). The PCR
product was gel purified, digested with Ndel and Xhol restric-
tion enzymes and cloned into pET21a vector. Mutations in
the NarL coding region were introduced by Quickchange site-
directed mutagenesis kit (Stratagene). Hisg-tagged NarL pro-
tein was overexpressed in E. coli BL21 (DE3) (ThermoFisher
Scientific) at 37°C for 6 h. Induction was performed at ODg(g
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in a range between 0.6 and 0.8 using 1 mM final concentra-
tion of Isopropyl B-p-1-thiogalactopyranoside (IPTG). Cells
were collected, flash frozen, and stored at —80°C until needed.
For His-tag affinity purification cell pellet was resuspended
in lysis buffer (20 mM Tris HCI pH 8.0, 150 mM NaCl, 5
mM Imidazole with Protease Inhibitor Cocktail (cOmplete™))
sonicated for 40 cycles: 30 second pulse, 1 min rest on ice
at 60% power output. Lysate was centrifuged twice at 14K
RPM for 20 and 15 min respectively and supernatant was
further filtered through 0.22 uM filter (VWR International).
Protein-containing solution was applied onto the Sml HP His-
Trap column (Cytiva) preequilibrated with Buffer A (20mM
Tris—=HCI pH 8.0, 150 mM NaCl, 5 mM Imidazole). Protein
was eluted over the 100 ml Imidazole gradient (5-500 mM).
Peak fractions were analyzed with SDS-PAGE. Target frac-
tions were pulled together and diluted with Buffer B (20 mM
Tris-HCI pH 8.0) up to 150 ml to reduce Imidazole and NaCl
concentration to the minimum due to the next purification
step. Diluted fractions were applied to 5 ml Q HP column
(Cytiva) preequilibrated in buffer B, to further purify NarL.
Protein was eluted over the 100 ml NaCl gradient (0-1 M).
Protein-containing fractions were pulled together and con-
centrated using centrifugal filter unit (MilliporeSigma™ Am-
icon™ Ultra-15 MWCO 10 kDa) to 12 mg/ml and 260/280
ratio 0.67. Concentrated protein was aliquoted, flash frozen,
and stored at —80°C.

NarL phosphorylation

To achieve the active form, NarL protein was phosphorylated
using acetyl phosphate (Lithium potassium acetyl phosphate,
Sigma Aldrich) by following the procedure described earlier
(38). In brief, reaction was performed in 30 ul volume. Acetyl
phosphate and NarL were mixed in the reaction buffer (5 mM
Tris—=HCI pH 7.5, and 10 mM MgCl,) to the final concentra-
tion of 10 mM and 80 uM, respectively. Reaction was incu-
bated at 37°C for 45 min.

Preparation of yeaR promoter DNA scaffold

The design of the template DNA (tDNA) and nontemplate
DNA (ntDNA) strands was modified based on the sequence
published earlier (30) to accommodate discriminator region
within the transcription bubble to help to form the stable
open promoter complex (Figure 1A, Supplementary Table S1).
DNA fragments were ordered from Integrated DNA technol-
ogy and resuspended to the final concentration of ITmM. Stock
solutions of both ntDNA and tDNA were mixed at 1:1 mo-
lar ratio, heated to 100°C and annealed together through the
temperature gradient (100-12°C) using a thermocycler.

NarL-TAC assembly and purification

NarL-TAC was assembled as follows: Core RNAP (o, 33’ w)
was mixed with the annealed yeaR promoted DNA scaffold
and free NTPs (GTP and ATP), then incubated at 37°C for 1
min. Obtained complex was mixed with ¢’ and further in-
cubated at 37°C for 1 min. Lastly, phosphorylated NarL was
added to the mixture and incubated at 37°C for 8 minutes.
Complex components were mixed at the final 1:2:2.4 molar
ratio of RNAP holoenzyme/promoter DNA/Phosphorylated
NarL respectively. Free NTPs for the de novo RNA synthe-
sis were added to the final concentration of 0.2 mM. As-
sembly reaction was performed in the 500 pul volume, loaded
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onto Superose® 6 Increase 10/300 GL size exclusion column
(Cytiva). Elution fractions were analyzed using SDS-PAGE
(Supplementary Figure S1A). Fractions containing all complex
components and having a 260/280 ratio of 1.4 and higher are
pulled together and concentrated to ~30 uM and used for the
cryo-EM grids preparation.

NarL-TAC negative staining

To confirm sample quality and absence of aggregation, neg-
ative staining EM was performed to examine the sample
(Supplementary Figure S1B). 3 ul of nonconcentrated fraction
were applied onto freshly glow-discharged 200-mesh carbon-
coated copper grids (EM Science), incubated for 1 min with
following blotting of liquid excess. Grids were washed with
water 3 times and then stained with 0.75% uranyl formate so-
lution for 15 s. Excess liquid is blotted, and grids are air dried.
Imaging is performed using Biotwin Tecnai Spirit 120 kV
LaBé6 electron microscope (ThermoFisher Scientific) with 4K
Gatan CCD at 68K magnification.

Cryo-EM grid preparation and data acquisition

The purified NarL-TAC complex (4 ul at ~30 puM), sup-
plemented with 8 mM CHAPSO immediately before grid
preparation, was applied to freshly glow-discharged Quan-
tifoil R1.2/1.3 300-mesh copper grids (EM Sciences) and then
blotted for 4 s at 22°C under 100% chamber humidity and
plunge-frozen in liquid ethane using a Vitrobot Mark IV (FEI).
Data were collected at the Hormel Institute, University of
Minnesota using Latitude-S (Gatan) on a Titan Krios elec-
tron microscope (ThermoFisher Scientific) equipped with a
K3 direct electron detector with a Biocontinuum energy filter
(Gatan) in CDS mode. The movies were collected at a nomi-
nal magnification of 130 000x (corresponding to 0.664 A per
pixel), slit width of 20 eV, a dose rate of 21 e—/A2 /s, and a to-
tal dose of 42 e— /A2 for K3 detector. The statistics of cryo-EM
data collection are summarized in Supplementary Table S2.

Image processing

Cryo-EM data were processed using cryoSPARC v4.0.3 (53),
and the procedure is outlined in (Supplementary Figure S2). In
brief, dose-fractionated movies were subjected to Patch mo-
tion correction with MotionCor2 (54) and Patch CTF estima-
tion with CTFFIND-4.1.13 (55). Particles were picked using
both Blob picker and Template picker accompanied by remov-
ing duplicate particles. Multiple rounds of 2D classifications
were applied to remove junk particles. Particles extracted from
the good 2D classes were used for Ab-initio reconstruction of
four maps and then for the heterogeneous refinements, fol-
lowed by further homogeneous, non-uniform, and CTF re-
finements to generate the 3.16 A map. Particles in the good
3D class (247,809) were then imported into RELION-4.0 (56)
using the csparc2star.py module (57) and subjected to signal
subtraction to keep only the NarL dimer binding region in
RELION-4.0, followed by masked 3D classification. Particles
in the good classes (104,500) were selected to perform fur-
ther local refinements with signal subtraction in cryoSPARC
v4.0.3 to generate a 4.37 A map for improving the densities of
the NarL N-terminal domain (NTD). In the meantime, these
particles were also reverted to original particles and subjected
to non-uniform refinement that resulted in a 3.23 A map of
the whole NarL-TAC complex. The star2bild.py module (57)
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Figure 1. The cryo-EM structures of E. coli Narl-TAC. (A) Schematic representation of yeaR promoter scaffold: forest green, non-template DNA (ntDNA);
yellow, template DNA (tDNA); red, de novo RNA transcript. Transcription start site (TSS), discriminator region, —35 and —10 promoter elements, and
NarL binding site are highlighted in white, magenta, red and blue, respectively. (B) Overview of cryo-EM reconstruction map and model of the E. coli
Narl=TAC at overall resolution 3.2 A. Individual subunits are labeled with different colors. (C) The docked NarL/DNA binding site with the locally refined
map at resolution 4.4 A. NarL is colored in light sea green. Narl-TAC, Narl-dependent transcription activation complex; «NTD, amino-terminal domain of

the alpha subunit; «CTD, carboxyl-terminal domain of the alpha subunit.

was performed to generate an angular distribution diagram,
suggesting no preferred orientation issue. Map resolutions
were determined by gold-standard Fourier shell correlation
(FSC) at 0.143 between the two half-maps. Local resolu-
tion variation was estimated from the two half-maps in
cryoSPARC v4.0.3.

Cryo-EM model building and refinement

Initial model building of the NarL-TAC complex was per-
formed in Coot-0.8.9 (58) using PDB IDs: 6B6H, 3K4G,
1ZGS or 1A04 as starting models. The E. coli holoenzyme and
the corresponding bound DNA template were docked using
the cryo-EM structure of E. coli class I TAC (PDB ID:6B6H)
in Chimera v1.15 (59) and rebuilt in Coot-0.8.9 (58) using
the 3.2 A whole NarL-TAC map. Then several rounds of re-
finement in Phenix-1.16 (60) and manual building in Coot-
0.8.9 were performed until the final reliable models were ob-
tained. The de novo RNA transcript (GAA) is clearly shown
on the map and unambiguously built. The density of par-
tial DNA bubble region is poor due to DNA scrunch but re-
mained for an intact model representation. NarL DBD dimer
and its bound DNA were modeled using the structure of

NarL-DNA complex (PDB ID:1ZGS5). The a-CTD was mod-
eled using the structure of E. coli «-CTD (PDB ID:3K4G).
The NarL dimer region was also docked using the 4.4 A lo-
cal refinement map with the model of the apo NarL struc-
ture (PDB ID:1A04) for the better density of NarL NTD.
The final models have good stereochemistry by evaluation
in MolProbity (61). The statistics of cryo-EM data collec-
tion, 3D reconstruction, and model refinement were shown in
Supplementary Table S2. Figures were generated using UCSF
Chimera X v0.93 (62).

Contact area analysis

The contact area between 04 domain (residues 535-612) and
-35 promoter region was analyzed using the command: ‘mea-
sure buriedarea objl with obj2’ in UCSF ChimeraX v0.93
(62).

Sequence alignment analysis

Sequence alignments were performed using online tools,
Clustal Omega, https://www.ebi.ac.uk/Tools/msa/clustalo/
(63) and ESPript 3.0 https://espript.ibcp.fr/ESPript/ESPript/
index.php (64).
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In vitro transcription assay

In vitro transcription assays were performed as previously
described (65). Briefly, different concentration of phospho-
rylated NarL protein was incubated with assembled RNAP
holoenzyme (100 nM RNAP core with 300 nM ¢7%) in § ul
TB buffer (20 mM Tris-HCI, pH 7.9, 50 mM NaCl, 10 mM
KCl, 5mM MgSOy4, 1mM DTT, 0.1 mM EDTA, 5% glyc-
erol) for 10 min at 37°C. A 123-bp fluorescein labeled yeaR
promoter fragment was amplified from E. coli genomic DNA
and added into the RNAP mixture at 15 nM for another 10
min incubation. Transcription was initiated by the addition
of 250 uM CTP, GTP and ATP, 15 uM UTP and 1 pCi of [a-
32PJUTP. The reactions were carried out at 37°C for 10 min
and stopped by 1 volume of 95% formamide solution. RNA
products were incubated at 70 °C for 5 min and analyzed on
denaturing 16% polyacrylamide gels. Gels were scanned by
Amersham Typhoon scanner (GE Healthcare).

DNA-binding analysis

The electrophoretic mobility shift assays (EMSA) using phos-
phorylated NarL were performed as previously described
(66) with slight modification. Briefly, different amounts of
NarL protein were incubated with fluorescein labeled yeaR
promoter fragment in TB buffer. After incubation at 37°C
for 30 min, samples were loaded on 6% native 0.5x TBE-
PAGE. Gels were scanned by Amersham Typhoon scanner (GE
Healthcare).

In vivo test of Narl-yeaR regulation

To confirm the regulation of NarL to yeaR transcription,
we constructed strains expressing K174A or R178A mu-
tated NarL based on a K12 MG165S5 strain with deletion
of lacZ gene (67) using a CRISPR-Cas9 system (68). After
that, we constructed a lacZ reporter plasmid in fusion with
yeaR promoter using the ClonExpress II One Step Cloning
Kit (Vazyme) as described previously (66). For determining (3-
galactosidase the yeaRp::lacZ plasmid was transformed into
relevant strains, which were then grown overnight aerobically
at 37 °C with and without 1% KNOj3 in M9 minimal medium
supplemented with 0.5% glucose, 0.5% casamino acids, 0.1
mM Na2MoO4, 0.1 mM NasSeO3, and 50 pg/ml kanamycin
(69), B-galactosidase activities were measured to indicate the
activities of yeaR promoter in different strains (66). RNA of
strains under the same conditions was extracted using TRI-
zol reagent as described in the manufacturer’s protocol (In-
vitrogen, USA). Reverse transcription-quantitative PCR (RT-
qPCR) (65) was performed to quantify the mRNA levels of
yeaR gene and 16S rRNA in these strains (primers were listed
in Supplementary Table S1). The copy number of 16S rRNA
in each strain was used for normalizing the relative mRNA
level of yeaR gene, and the relative mRNA level of yeaR gene
in E. coli wild-type strain was then normalized to 1. Three bi-
ological repetitions were performed, and each repetition con-
tains two technical replicates. The raw data for RT-qPCR as-
say were summarized in Supplementary Table S3.

Quantification and statistical analysis

RNAs from in vitro transcription assays were quantified by
ImageQuant-TL software. RNA bands shown in each figure
quantified together. Data are shown as mean 4 SD from three
experiments. The B-galactosidase activity data were obtained
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from three colonies performed in duplicates for each strain
and data are shown as mean + SD. Statistical analyses were
performed using the unpaired Student’s #-test (two-tailed) be-
tween each of two groups.

Results

Overall structure of NarL-TAC

The cryo-EM structure of the intact E. coli NarL-TAC consist-
ing of a NarL dimer, 6’°>-RNAP holoenzyme, and a complete
NarL-specific promoter yeaR with a de novo synthesized RNA
transcript (GAA) was determined at an overall resolution of
3.2 A. The complex was reconstituted on a synthetic DNA
scaffold that contains a region (—59 to + 1) corresponding to
the original yeaR promoter (30), a pre-opened discriminator
region (—6 to —1) to facilitate formation of stable open com-
plex, and a designed downstream region (+2 to +16) to further
stabilize the TAC (Supplementary Table S1) (11,16,65,66,70).
The yeaR promoter regulation region contains the —335 ele-
ment, —10 element, and the NarL-binding site corresponding
to the ‘7-2-7 site’ (TAACCAATAAATGGTA) centered at posi-
tion —43.5 (Figure 1A). The 3.2 A cryo-EM map shows well-
defined density for all major components of the NarL-TAC
excluding NarL NTD and supports reliable model building
(Figure 1B and Supplementary Figure S3). The density for the
NarL NTD was further improved by local refinement of the
NarL binding region and was sufficient for the docking of the
NarL dimer (Figure 1C). Apparently, the NarL NTD is far
from RNAP B and o subunits (22 and 40 A distance, respec-
tively) (Supplementary Figure S4). The following structural
analyses will focus on the structure built on the NarL-TAC
map excluding NarL NTD.

A comparison of our NarL-TAC structure with class II
CAP TAC (PDB ID: 6PB4) (12) and class Il TAP TAC (PDB
ID: 512D) (10) demonstrated transcription activation on yeaR
promoter by NarL belongs to class II activation mechanism.
However, the position of the NarL DBD is rotated by ~55°
in relation to the position of canonical class I CAP or TAP
DBDs (Figure 2) that places it in a different plane in relation to
RNAP holoenzyme, allowing the formation of «CTD/DNA
interactions similar to those present in class I TAC (11) (see
below), but not observed in class Il TAC. Moreover, while the
activator-c4 interaction is important for class II activation,
NarL does not interact with the 04 domain although they are
spatially close to each other. All these structural observations
suggest that NarL-dependent transcription activation on yeaR
promoter adopts a noncanonical class II activation mode.

NarL/DNA interactions

Our observations are in good agreement with the previous
crystal structure of NarL-DBD/DNA complex where NarL
primarily interacts with DNA major grooves via a specific ‘7-
2-7 sequence. Using the crystal structure of NarL DBD/DNA
complex (PDB ID: 1ZGS5) (46) as a reference, we modeled
this region to resolve NarL DBD/DNA interaction around
—43.5 site and confirmed that NarL utilizes the same con-
served DNA-binding mechanism shared by other members of
the NarL/Fix] family (39,43). Helices 7, 8,9 and 10 («7-«10)
form a luxR-type DNA-binding HTH domain with «9 insert-
ing into the major groove of DNA and forming extensive base-
specific interactions with the DNA through Lys188, Val189,
and Lys192 (Figure 3i). Sequence alignment with two other
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although it is spatially close to o4. The subunit color codes are the same as shown in Figure 1B except for CAP dimer in light sea green and others are

colored in gray and transparent.

members of NarL family, TraR and RcsB, reveals that the DBD
is generally conserved but has a significant sequence variation
within «9 that is involved in sequence-specific DNA recog-
nition (Supplementary Figure S5A and B). Structural align-
ment of NarL-TAC, NarL DBD/DNA (PDB ID: 1Z2G5) (46),
TraR/DNA (PDB ID: 1HOM) (44), and RcsB/DNA (PDB ID:
5W43) (45) suggests the high structural similarity of the DBD
domains and conservation of the DNA binding mechanism
within the family (Supplementary Figure S5C and D).

NarL/«CTD interactions

NarL directly interacts with «CTD through the NarL «8 and
the 287 determinant of «CTD (E. coli residues 285-289, 3135,
317, 318) (19,20,71,72). This kind of TF-«CTD interaction
is normally observed from canonical class I TACs (11,21,22),
nevertheless TFs in class I TACs could potentially interact with
the second «CTD through its 265 determinant (21). TFs in
class IT TACs could interact with either 265 determinant (E.
coli residues 265, 268, 294,296,298, 299, 302) or 287 deter-
minant of single «CTD copy (10,12,21,22.26). NarLL Arg178
side chain forms three hydrogen bonds with the side chain of
Glu273 and the main chains of Lys291 and Glu288 of «CTD.

In addition, positively charged side chain of NarL Lys174
is hydrogen bonded with the main chain oxygens of «CTD
Leu290, Thr292 and Leu293, likely contributing to stabiliz-
ing the loop involving «CTD/DNA interactions (Figure 3).
While Arg179 in the NarL «8 was previously suggested to be
involved in the NarL-«CTD interaction on the ogt promoter
(32,43), such interaction is not observed in our structure.
Previous studies showed that mutation of either Argl178 or
Arg179 compromises the ability of NarL to activate modified
promoter ogt1052. Moreover, it was assumed that Arg178 di-
rectly interacts with the backbone of Glu273 but not with
the side chain (32). In our study with the yeaR promoter,
while Arg178 forms contacts with three «CTD residues, par-
tially confirming and extending the results presented earlier
(32), Argl179 side chain is facing the opposite direction and
is too far to interact with «CTD (Figure 3ii). This difference
in Arg179 orientations could be resulted from different pro-
moters used in the assemblies. Also, it is worth noting that
other residues such as Pro172 and Met175 that are located
on the NarL/xCTD interface could potentially contribute hy-
drophobic interactions. The distance between two prolines:
NarL Pro172 and aCTD Pro293 (~ 4.1 A) could be consid-
ered close for interactions, but spatial orientation of the side
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Figure 3. NarL CTD-xCTD-DNA interactions within the E. coli Narl-TAC. Cartoon view of the NarL CTD binding region with specific residues depicted
as sticks. The color scheme is the same as Figure 1. (i) Zoom view of NarL/DNA interface. NarL/DNA and o4/DNA regions are encircled. A typical HTH
domain of NarL where Lys188, Val189, and Lys192 of &9 contact the base of the major groove and His190 interacts with a DNA backbone. NarlL does
not interact with o4 and affects 04/DNA interactions. (ii) Zoom view of NarL/«xCTD interface. NarL Lys174 forms hydrogen bonds with «CTD Leu290,
Tre292 and Leu295, stabilizing the loop involving «CTD/DNA interactions. NarL Arg178 forms hydrogen bonds with «CTD Glu273, Lys291 and Glu288.
NarL Arg179 is highlighted with a red circle. (iii) Zoom view of «CTD-04 interface. The closest side chain distance is around 5.9 A, suggesting no direct

interaction between them.

chains does not resemble common hydrophobic interactions
as m-stacking or T-shaped 7t-stacking (73). The distance be-
tween NarL Met175 side chain and «CTD Pro293 side chain
is around 4.5 A suggesting possible interactions, but an ear-
lier study showed that mutation of this residue doesn’t signif-
icantly affect transcription activation (43).

To confirm the roles of NarL-RNAP interaction in NarL-
dependent transcription, we purified Lys174 or Argl178 mu-
tated NarL protein and performed in vitro transcription as-
say on yeaR promoter. As expected, comparing with wild
type NarL protein, mutation of either Arg178 or Lys174 ob-
viously decreased the activation rates of NarL protein (Fig-
ure 4). Furthermore, we also constructed E. coli strain with
a point mutation of Argl78 or Lys174 in narL coding re-
gion, and the yeaR promoter-lacZ reporter plasmid to test
the in vivo influences of these two residues. Both the lacZ
reporter and the yeaR mRNA quantification assays showed
that mutation of Lys174 obviously decreased the activation of
NarL to yeaR transcription in the presence of the signal factor
KNOj3, and mutation of Arg178 showed relatively less influ-
ence that could be neglected (Figure 4). The observed mod-
est role of Argl178 in NarL-dependent transcription activa-

tion may explain the variance of Argl78-associated interac-
tions. Both these two residues are not close to the DNA bind-
ing region (Figure 3ii). Consistently, either of these mutations
influenced the DNA binding of NarL protein in EMSA as-
say (Supplementary Figure S6). These data suggest that the
interaction between NarL and RNAP is important for NarL-
activated transcription. Consistently, deletion of the «CTD in
RNAP obviously reduced the NarL-activated transcription on
yeaR promoter (Figure 4), highlighting its importance for the
activation.

«CTD/DNA interactions

The oCTD binds to the minor groove around -43.5 site be-
tween the two NarL monomers. However, in the canonical
class II activation models (10,12,26), TFs mainly bind at the
major groove at —41.5 site, and also occupy the nearby mi-
nor groove for the potential «CTD binding as observed in
our NarL-TAC structure. Structural comparison of xCTD-
associated complexes suggests that «CTD/DNA interaction
is highly conserved and is mediated through its 265 de-
terminant (Supplementary Figure S7A) (19,20,23,74). As a
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Figure 4. Roles of key residues of NarL involved in interacting with RNAP in transcription activation. (A) Roles of Narl=RNAP interaction in Narl-activated
transcription. /n vitro transcription using purified E. coli RNAP with wild-type (WT) or mutated NarL protein on yeaR promoter was applied. The Lys174
residue was mutated to alanine and named as K174A. The Arg178 residue was mutated to alanine and named as R178A. The «CTD deleted RNAP

(RNAP-A «CTD) was also purified and applied in this assay. RNA products wer

e quantified from three experiments and are shown as mean 4 SD in the

bottom panel. (B) Activities of yeaRp in E. coli strain expressing WT or mutated NarL protein. The yeaRp was fused with /lacZ reporter gene and the

expression of lacZ was measured by [3-galactosidase test. Bacteria were grow
Individual values of biological replicates (n = 6) are shown as dots, and the me
Transcriptional level of yeaR gene in E. coli strain expressing wild type or muta

n to late logarithmic growth phase at 37°C with or without 1% KNO3.
an £ SD values are displayed as error bars. ** P < 0.01.* P < 0.05. (C)
ted NarL protein under the same conditions as in panel B. The

transcriptional levels were analyzed by RT-gPCR assay. The mRNA levels of 16S rRNA in each strain was used for normalization, and the relative level of

yeaR mRNA in E. coli WT strain without KNOjz induction was normalized to 1. |

n panels B and C, the activation fold by WT or mutated NarL to yeaRp

activity in the presence of 1% KNO3; compared with WT strain without KNO3 was indicated in each column.

result, «CTD binds to DNA through interactions between the
positively charged elements of Arg265, Asn294, Gly296 and
Lys298 and the negatively charged backbones of tDNA bases
A —44,T -43 and T —42 (Supplementary Figure S7B).

The relative orientation among NarlL, 04, and xCTD
In the canonical class II activation mode, CAP interacts with
the 596 determinant of o4 (E. coli residues 593-603), but
«CTD does not contact 04 (12,15,19-22). In this structure,
due to the ~55° rotation of DNA binding position, NarL does
not interact with o4 (Figures 2 and 3). Interestingly, in the
canonical class I activation mode, «CTD makes contact with
the 596 determinant of 04 through its 261 determinant (E.
coli residues 257-259, 261) (11,19,20,24,72). In the present
structure, although the position of «CTD 261 determinant is
in the correct place and orientation facing to the o4, the dis-
tances between His600 of 04 and Asp258 of «CTD are longer
than 5 A and should not be considered direct interaction
(Figure 3iii).

NarL activation by phosphorylation

Since NarL is a representative of two component signal trans-
duction system it requires phosphorylation to drive transcrip-
tion activation (34,37,38,46). Superimposition of the phos-
phorylated NarL in this structure with the apo unphospho-
rylated NarL (PDB ID: 1A04) based on their CTDs demon-
strates that NarL NTD makes a significant turn of around
180° after phosphorylation to expose the dimerization helix
10 and main DNA binding helix 9 (Supplementary Figure
S8), confirming the previous NMR and EPR Spectroscopy
studies (75,76). In the apo NarL structure, &9 and «10 are
blocked by its NTD. Similarly, helix «8, which is buried in the
interdomain interface within unphosphorylated NarL (75),
is involved in the NarL/ouCTD interaction in this structure
(Supplementary Figure S8A and B). Based on our observa-
tion and the previous studies (75,76), it is likely that phos-
phorylation of the conserved Asp59 would affect the struc-
tural elements around it (loops 2), then triggering further
changes within the loops 1 on the NarL interdomain surface,
and finally leading to a rotation of the NTD that disrupts
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Figure 5. Proposed models of Narl-dependent transcription activation. (A) Activation mode on yeaR promoter. yeaR promoter is a Narl-dependent
promoter, on which transcription is activated by an ‘unusual’ class Il mechanism. NarL is phosphorylated by sensor kinase NarX with major repositioning
of its NTD, binds DNA with help in recruiting RNAP and thereby facilitates transcription initiation. (B) Activation mode on ogt promoter. NarL adopts a
cooperative mode. NarL is phosphorylated by sensor kinase NarX and binds at positions —44.5 and —775 to activate transcription on the ogt promoter.
(C) Activation mode on nir promoter. NarL utilizes a cooperative anti-repression mechanism. NarL is phosphorylated by sensor kinase NarX to bind
promoter DNA at position —69.5, interferes with the binding site of IHF |, and removes Fis repression, allowing FNR to activate transcription.

interdomain interactions and exposes important interaction
determinants (Supplementary Figure S8C).

Discussion

NarL «8 and its role in the NarL/«xCTD interaction

The NarL/xCTD interface shown in this NarL-TAC on the
yeaR promoter displays that «8 in one of the NarL subunits is
the main region that interacts with RNAP (Figure 3). Previous
study on the ogt promoter, in which NarL binds at the —44.5
site, revealed that mutations of residues Arg178 and Argl79
on «8 slightly impair transcription, suggesting their modest
roles in transcription activation on the ogf promoter (32). By
contrast, our study shows that while Arg178, which inter-
acts with Glu273 side chain and the main chains of Lys291
and Glu288, also participates in the NarL/«CTD interaction,
Arg179 is facing a different direction and is not involved in the
NarL/«CTD interaction. Instead, another residue in NarL «8,
Lys174, significantly contributes to the NarL/xCTD interface

by interacting with the main chains of Leu290, Thr292 and
Leu295. Further mutational study demonstrated that Arg178
has only modest effect on the transcription activation simi-
lar to the previously reported (32), but mutation of Lys174
almost abolishes activation. Thus, we speculate that residues
in «8 could potentially form multiple patterns of interactions
with «CTD, with the specificity of these interactions being
defined by the binding position on the promoter. It is also
plausible that the potential rotation of the binding position
around the DNA axis and the presence of «8 as a main in-
teraction partner for «CTD make NarL a very versatile TF
that can utilize different activation mechanisms. This kind of a
small TF/xCTD interface where limited residues are involved
in RNAP recruitment and transcription activation is differ-
ent from the extensive contact in the canonical class II CAP-
TAC (12), Interestingly, it is similar to the one observed from
the previous RamA TAC structure (PDB: 7BEG), in which the
small TF/«CTD interface emphasizing RamA residue H31 is
critical for recruiting RNAP and activating transcription (22).
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Proposed models for transcription activation
involving NarL

As a global transcription regulator, NarL is involved in the
activation of a large set of genes. Due to the different posi-
tions of NarL binding on the promoters and cooperative ac-
tivation modes on certain promoters, NarL could potentially
utilize at least three distinct mechanisms of transcription acti-
vation (Figure 5). During transcription activation on the yeaR
promoter (Figure SA), NarX senses nitrate ions and phospho-
rylates NarL. Upon phosphorylation, NarL undergoes signif-
icant conformational changes, with its NTD repositioned to
the opposite side of its CTD, to expose its dimerization inter-
face and DNA binding sites for promoter binding. NarL dimer
binds at —43.5 site (30,31) and recruits RNAP through the
interactions with «CTD. The NarL/«xCTD interaction likely
stabilizes xCTD/DNA binding. The unique feature of NarL-
mediated transcription activation mechanism, namely the ab-
sence of NarL-o04 interaction, distinguishes it from the canon-
ical class II activation mode, which is characterized by TF-04
interaction.

In addition to recruiting RNAP, NarL may also apply other
mechanisms for activating transcription. In the absence of
NarL/«CTD interaction, we also observed a certain degree of
transcription activation by high concentration of NarL (Fig-
ure 4), suggesting the presence of another element within the
transcription activation. The comparison of 04/DNA contact
area of NarL-TAC and two canonical CAP-TACs shows that
the buried surface area between 04 (residues 535-612) and
-35 element of this NarL-TAC (636 A2) is significantly larger
than that in class I CAP-TAC (PDB: 6PB4, 297 A2), but sim-
ilar to the one of class I CAP-TAC (PDB: 6b6h, 661 A2).
Therefore, the enhancement of recognition of the intrinsically
weak =35 element of the yeaR promoter facilitated by changes
within DNA topology upon NarL binding may play an auxil-
iary role in this regulatory process.

Previous DNase I footprinting and mutational analysis sug-
gested that phosphorylated NarL dimers bind to the tandem
repeat sites at —77.5 and —44.5 positions and presumably uti-
lize both class I and class II modes to cooperatively activate
transcription on the ogt promoter (32) (Figure 5B), although
further structural evidences are needed to confirm this model.
In addition, it was also shown that modification of the og?
promoter region to possess a closer to consensus NarL bind-
ing site sequence or reposition it to a different place allowed
full promoter activation by only a single NarL dimer (32,77).
This finding suggests a potentially universal and novel acti-
vation mechanism by NarL at different promoters and bind-
ing sites and has important implications for synthetic biology
applications.

Similarly, those DNase I footprinting and mutational anal-
ysis also indicated that NarL potentially utilizes a completely
different mechanism when activating transcription on the nir
promoter (78). NarL has its binding site at position —69.5,
which clashes with the IHF (integration host factor) bind-
ing site at—88 position. Phosphorylated NarL dimer displaces
IHF and potentially affects DNA conformation, leading to the
removal of Fis (factor for inversion stimulation) inhibition and
transcription activation by FNR on this promoter (Figure 5C).
This regulation mechanism involves four different transcrip-
tion factors and could be classified as cooperative activation
by anti-repression. On yeaR promoter, the Lys174 mutated
NarL showed no activation iz vitro but still slightly activated
transcription i vivo (Figure 4), suggesting some other factors
in E. coli may also be involved in the NarL-yeaR regulatory
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process. The structural bases of this highly cooperative acti-
vation mode, which may involve not only anti-repression role
of NarL, could significantly improve the mechanistic under-
standing of the entire transcription regulation network.

In summary, we determined a 3.2 A resolution of NarL-
dependent TAC on a yeaR promoter and proposed the molec-
ular mechanism of transcription activation. The NarL dimer
binds to—43.5 site, which is also recognized by «CTD, and
recruits RNAP via interaction with a«CTD. Such activation
mode is distinct from the canonical class II activation mecha-
nism. NarL-dependent transcription activation is also an im-
portant target for further structural studies due to the involve-
ment of different modes on the gene expression activation
from different promoters and high biotechnological signifi-
cance due to its regulation by inorganic nitrate ions (77).
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