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ABSTRACT

Canonical bacterial transcription activators bind to
their cognate cis elements at the upstream of tran-
scription start site (TSS) in a form of dimer. Caulobac-
ter crescentus GcrA, a non-canonical transcription
activator, can activate transcription from promoters
harboring its cis element at the upstream or down-
stream of TSS in a form of monomer. We determined
two cryo-EM structures of C. crescentus GcrA-bound
transcription activation complexes, GcrA TACU and
GcrA TACD, which comprise GcrA, RNAP, �70 and
promoter DNA with GcrA cis elements at either the
upstream or downstream of TSS at 3.6 and 3.8 Å, re-
spectively. In the GcrA-TACU structure, GcrA makes
bipartite interactions with both �70 domain 2 (�70

2)
and its cis element, while in the GcrA-TACD structure,
GcrA retains interaction with �70

2 but loses the inter-
action with its cis element. Our results suggest that
GcrA likely forms a functionally specialized GcrA-
RNAP-�A holoenzyme, in which GcrA first locates
its cis element and then facilitates RNAP to load on
core promoter at its proximal region. The sequence-
specific interaction of GcrA and DNA is disrupted
either at the stage of RPo formation or promoter es-
cape depending on the location of GcrA cis elements
relative to TSS.

INTRODUCTION

In bacteria, gene transcription is performed by a single
RNA polymerase (RNAP) but tightly regulated by tran-
scription factors, small molecules and sequences embedded
in genomic DNA (1–5). During transcription initiation, an
array of bacterial RNAP holoenzymes, which are composed
of RNAP core enzyme and distinct initiation � factors, rec-

ognize their respective promoter DNA and turn on tran-
scription of the downstream genes (6–8). The transcription
output of a specific gene is further tuned by transcription
factors that bind their cognate cis elements at the proximal
region of promoter DNA (3,4).

Most transcription factors function at the transcription
initiation stage. They alter the preference of RNAP holoen-
zyme over promoters and fine-tune RNAP holoenzyme
activity by increasing or lowering energetic barriers that
RNAP must overcome during the complicated process of
transcription initiation (9–21). Decades of genetic, bio-
chemical, and structural studies suggested that, in order to
augment transcription output, a canonical Class I/II tran-
scription activator functions as a dimer, binds its cis ele-
ment at the upstream of core promoter region, and estab-
lishes interactions with RNAP surface patches (RNAP-�
subunit, �R4, etc.) (22–25). The bipartite interaction of
transcription factors with promoter DNA and RNAP teth-
ers RNAP and promoter together and also accelerates un-
winding of promoter DNA (3). Considering that canoni-
cal bacterial transcription factors are typically composed
of DNA-binding and signal-sensing domains with limited
freedom of inter-domain movement, and that the bipartite
interaction in a transcription activation complex involves
sequence-specific recognition of promoter DNA as well as
surface patch-specific recognition of RNAP, the cis element
of a transcription activator typically locates at regularly
fixed locations of the upstream of the transcription start
site (TSS) to allow optimal interactions among RNAP, pro-
moter DNA and the transcription activator (4,18,22,23).

However, GcrA in �-proteobacteria activates transcrip-
tion through a mechanism distinct from the canonical
transcription factors (26,27). GcrA is a master regula-
tor of cell cycle progression (26,28,29). It controls 140
transcription units comprising more than 200 genes in
Caulobacter crescentus involving in nucleotide synthesis,
DNA repair, chromosome organization and segregation,
and cell division (26,28,30–32). The small GcrA protein
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(173 residues) comprises a N-terminal DNA binding do-
main (GcrA DBD) that recognizes a subset of N6-adenine
methylated (m6A) GANTC sites (YGAKTCG), and a C-
terminal �70-interacting domain (GcrA SID) that makes
interaction with domain 2 of the principal � factor, �70

(26,27,31) (Figure 1A). The two domains are connected by
an unstructured linker of ∼60 residues. Intriguingly, in con-
trast to the regularly fixed locations of cis elements at the
upstream of TSS for canonical bacterial transcription acti-
vators, GcrA cis elements are distributed in varied locations
either at the proximal upstream (mostly centered at –20 ± 1
and –30 ± 2 positions in the spacer region between the –35
and –10 elements) or immediate downstream of TSS of its
activated genes (ranging from +5 to +30) (26,27).

To understand the unique interaction mode of GcrA with
RNAP and its cis element, we have previously determined
a crystal structure of GcrA SID-�70

2 binary complex and
a crystal structure of GcrA DBD–DNA binary complex.
The structures show that GcrA SID contacts a large hy-
drophobic surface patch on �70

2, explaining its tight inter-
action with RNAP, and show that GcrA DBD recognizes
its methylated cis element through its methyl group- and
base-specific interactions. The previous results provide the
atomic details of interactions required for the transcription
activation by GcrA(27), but it remains unclear how GcrA
activates transcription from promoters containing its cis el-
ement at various locations, especially promoters containing
its cis elements at either upstream or downstream of TSS. In
this study, we report two cryo-EM structures of GcrA tran-
scription activation complexes (GcrA TACs), GcrA TACU
and TACD. The GcrA-TACU structure shows that GcrA
forms a bipartite interaction with �70 and promoter DNA
with GcrA cis element at the upstream of TSS at the stage
of RPo, while the GcrA-TACD structure shows GcrA re-
tains interaction with �70

2 but loses interaction with its cis
DNA element at the downstream of TSS at the stage of RPo.
We propose that GcrA anchors RNAP through GcrA SID
and scans its cis elements through its flexible GcrA DBD.
The interaction of GcrA with its cis element at the prox-
imal region of TSS initially helps engagement of RNAP
on core promoter region. The GcrA- cis element interac-
tion is subsequently disrupted at different stages of tran-
scription initiation according to the locations of GcrA cis
elements.

MATERIALS AND METHODS

Plasmids

The plasmid information is summarized in Table S2.
pET28a-TEV-gcrA (1–173) was constructed by liga-
tion of a Nco1-gcrA-EcoR1 DNA fragment (amplified
from pET28b-His6-gcrA with primer listed in Table S3)
into pET28a using T4 ligase (New England Biolabs).
pCOLADuet-rpoB-rpoC-His6 was constructed by incor-
porating into pCOLADuet the Nco1-rpoB-HindIII and
Nde1-rpoC-His10-Kpn1 fragments using a homogenous
recombination method. pACYCDuet-rpoA-rpoZ was
constructed by incorporating into pACYCDuet the Nco1-
rpoA-HindIII and Nde1-rpoZ-Kpn1 fragments using a
homogenous recombination method (NovoRec Plus One

Step PCR Cloning kit; Novoprotein). pEASY-PcsM was
constructed by ligating the csM promoter region (–150
to +100) with pEASY-blunt vector (TransGen Biotech).
pEASY-PmipZ was constructed by ligating the mipZ
promoter region (–50 to +50) and a tR2 terminator (31
nt) with pEASY-blunt vector. The GcrA boxes (GANTC)
were replaced by TTTTT in pEASY-PcsM (–20M) and
pEASY-PmipZ (+4M/+12M).

Caulobacter crescentus RNAP core enzyme

The C. crescentus RNAP core enzyme was purified from Es-
cherichia coli strain BL21(DE3) (Novo protein, Inc.) carry-
ing pCOLA-CcrpoB-CcrpoC-His10 and pACYC-CcrpoA-
CcrpoZ. The protein expression was induced at OD600 0.6
with 0.3 mM IPTG at 18◦C for overnight. Cells were har-
vested and resuspended in lysis buffer [40 mM Tris–HCl
pH 7.7, 200 mM NaCl, 5% glycerol, 2 mM EDTA, 2 mM
DTT, 0.1 mM phenylmethylsulfonyl fluoride (PMSF) and
protease inhibitor cocktail (APExBIO, Inc.)] and then lysed
using an Avestin EmulsiFlex- C3 cell disrupter (Avestin,
Inc.). The supernatant was precipitated by dropwise addi-
tion of 10% polyethylenimine (PEI) to a final concentra-
tion of 0.25% at 4◦C. The pellet was washed with 150 ml
of 10 mM Tris–HCl pH 7.7, 200 mM NaCl, 5% glycerol,
1 mM DTT for three times and then dissolved with 300
ml of 10 mM Tris–HCl pH 7.7, 1 M NaCl, 5% glycerol, 1
mM DTT. The supernatant was precipitated again by am-
monium sulfate (final concentration; 30 g/100 ml) and re-
trieved in 150 ml NTA-binding buffer (10 mM Tris–HCl pH
7.7, 500 mM NaCl, 5% glycerol, 5 mM �-mercaptoethanol).
The sample was applied onto a Ni-NTA column (SMART,
Inc.), washed, and eluted with Ni-NTA buffer containing
300 mM imidazole. The eluted fractions were diluted and
loaded onto a Mono Q column (Mono Q 10/100 GL, Cy-
tiva) followed by a salt gradient of buffer A (10 mM Tris–
HCl pH 7.7, 150 mM NaCl, 5% (v/v) glycerol, 1 mM DTT,
0.1 mM EDTA) and buffer B (10 mM Tris–HCl, pH 7.7, 500
mM NaCl, 5% (v/v) glycerol, 1 mM DTT, 0.1 mM EDTA).
The RNAP fractions were concentrated to 10 mg/ml and
stored at −80◦C.

Caulobacter crescentus �70 and GcrA

C. crescentus �70 and GcrA was overexpressed in E. coli
BL21 (DE3) cells carrying pET28a-TEV-gcrA (1–173) or
pET28b-His6-rpoD and purified as described in (27).

Caulobacter crescentus RNAP holoenzyme

C. crescentus RNAP holoenzyme was reconstituted with
C. crescentus RNAP core enzyme and �70 in a 1:4 molar
ratio and then purified with a Superose 6 10/300 GL col-
umn (Cytiva) as described in (27).

Nucleic-acid scaffold for cryo-EM structure determination

Nucleic-acid scaffolds for C. crescentus GcrA TACU
were prepared as follows: the nontemplate-strand DNA
(5′-AAAAAAAGAGTTGACACCCGGGCG(m6A)AT
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Figure 1. GcrA activates transcription from promoters with GcrA box at either side of TSS. (A) The schematic presentation of GcrA domains. The
DNA-binding domain (DBD), unstructured linker region (linker), � factor-interacting domain (SID) and the basic patch region (BP) are labeled. (B) The
sequence of C. crescentus csM and mipZ promoter DNA used for multiple-round in vitro transcription reactions. Yellow, the –35 and –10 elements; blue,
the GcrA boxes; red, transcription start site (TSS). (C) GcrA increases RNA output from PcsM and PmipZ. Mutation of GcrA cis element abolishes the
activity of GcrA. The run-off transcripts were quantified. Data are presented as mean ± SD, n = 3 independent experiments. **P < 0.01, ***P < 0.001,
****P < 0.0001 from two-tailed unpair t-tests.

CCCTGCTATAATGGGAGCTGTCACGGATGC-3′),
template-strand DNA (5′-GCATCCGTGAGTCGAGG
GTAATAAGCAGGG(m6A)TTCGCCCGGGTGTCAA
CTCTTTTTTT-3′) and RNA (5′-CUCGA-3′) in annealing
buffer (5 mM Tris–HCl, pH 8.0, 200 mM NaCl and 10 mM
MgCl2) were heated for 5 min at 95◦C and cooled to 22◦C
in 2◦C steps with 30 s per step using a thermal cycler.

Nucleic-acid scaffolds for C. crescentus GcrA TACD were
prepared as follows:

nontemplate-strand DNA (5′-CTGTGGATTGAGGCC
CTTAGCCCCTTGACAGGCGGGAAACATCGTGT
TAACCTTCGATTAAG(m6A)GTCGCTG(m6A)GTCG
CGACGCAGAAGGATC-3′), template-strand DNA (5′-
GATCCTTCTGCGTCGCG(m6A)CTCAGCG(m6A)CT
CTTAATCGAAGGTTAACACGATGTTTCCCGCC
TGTCAAGGGGCTAAGGGCCTCAATCCACAG-3′)
in annealing buffer (5 mM Tris–HCl, pH 8.0, 200 mM
NaCl and 10 mM MgCl2) were heated for 5 min at 95◦C
and cooled to 22◦C in 2◦C steps with 30 s per step using a
thermal cycler.

Cryo-EM sample preparation: C. crescentus GcrA TACU and
GcrA TACD

The C. crescentus GcrA-TACU complex was reconstituted
by mixing C. crescentus RNAP holoenzyme, GcrA, and
the nucleic-acid scaffold in a 1:4:1.3 molar ratio. The
mixture was applied to a Superose 6 10/300 GL col-
umn (Cytiva) equilibrated in 10 mM HEPES, pH 7.5,
150 mM KCl, 5 mM MgCl2 and 5 mM DTT. Frac-
tions containing C. crescentus GcrA TACU were col-
lected and concentrated to ∼12 mg/ml. The freshly pu-
rified C. crescentus GcrA-TACU at 12 mg/ml was in-
cubated with 3-([3-cholamidopropyl] dimethylammonio)-
2-hydroxy-1-propanesulfonate (CHAPSO, 8 mM final;
Hampton Research) before grid preparation. About 3 �l
of C. crescentus GcrA TACU was applied on a glow-
discharged C-flat CF-1.2/1.3 400 mesh holey carbon grid
(Protochips), blotted with Vitrobot Mark IV (FEI), and
plunge-frozen into liquid ethane with 95% chamber humid-
ity at 9.5◦C. To prepare C. crescentus GcrA TACD com-
plex, the nucleic-acid scaffold was incubated with RNAP
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for 25s and the mixture was immediately applied on a glow-
discharged C-flat CF-1.2/1.3 400 mesh holey carbon grid
(Protochips), blotted with Vitrobot Mark IV (FEI), and
plunge-frozen into liquid ethane with 95% chamber humid-
ity at 9.5◦C.

Cryo-EM data collection and processing: C. crescentus GcrA
TACU

The C. crescentus GcrA-TACU dataset was collected on
a FEI Titan Krios equipped at 300 keV with a K2 Sum-
mit direct electron detector (Gatan). The images were
recorded using Serial EM software at a nominal magnifi-
cation of 22 500 (1.014 Å/pixel) in counting mode. Each
image movie of 32 frames was collected by exposure of
8.0 s to give a total electron exposure of 62.4 electrons/Å2
(flux: 8 electrons/pixel/s). The 3626 images were collected
with defocus range from −1.2 to −2.2 �m. Frames of
individual movies were aligned using MotionCor2, and
contrast-transfer-function estimations were performed us-
ing CTFFIND4. Image processing was performed with RE-
LION 3.0. A total of 481 494 particles were auto picked
and extracted from the dataset by using the 2D classified
templates generated from previous E. coli RNA polymerase
elongation complex. The particles were subjected to 2D
classification (N = 50, iterations 25) and the good 2D classes
were subjected to 3D classification (N = 4, iterations = 25)
using a 40 Å low-pass-filtered cryo-EM structure of E. coli
RNA polymerase elongation complex as the initial model.
The 3D class, which contains 309 114 particles and shows
clear feature of C. crescentus RNA polymerase, GcrA and
promoter DNA were selected and refined to 4.16 Å. The
particles (309 114) were further subjected to focused 3D
classification (N = 2, iterations = 25, without alignment)
by subtracting signal outside the black mask. The 287 227
particles from the best-resolved class were reverted and sub-
jected to auto refinement, CTF refinement, particle pol-
ishing, a second round of auto refinement, and postpro-
cess, resulting in the final map. The Gold-standard Fourier-
shell-correlation analysis indicated a nominal resolution of
3.62 Å at 0.143 FSC cutoff.

The crystal structures of GcrA-SID/�70
2 (PDB: 5YIX)

and GcrA-DBD/DNA (PDB: 5YIV) and cryo-EM struc-
ture of E. coli RPo (PDB:7MKL) were fit into the cryo-
EM map (27,33). The iterative cycles of model building
in Coot (Ramachandran, trans peptide, planar peptide re-
straints applied) and refinement in Phenix were performed.

Cryo-EM data collection and processing: C. crescentus GcrA
TACD

The C. crescentus GcrA-TACD dataset was collected on
a FEI Titan Krios equipped at 300 keV with a K2 Sum-
mit direct electron detector (Gatan). The images were
recorded using Serial EM software at a nominal magni-
fication of 22 500 (1.0 Å/ pixel) in counting mode. Each
image movie of 32 frames was collected by exposure of
7.6 s to give a total electron exposure of 60.8 electrons/Å2

(flux: 8 electrons/pixel/s). The 1886 images were collected
with defocus range from −1.2 to −2.2 �m. Frames of
individual movies were aligned using MotionCor2, and

contrast-transfer-function estimations were performed us-
ing CTFFIND4. Image processing was performed with RE-
LION 3.0. A total of 865 129 particles were auto picked and
extracted from the dataset by using the 2D classified tem-
plates generated from previous C. crescentus GcrA TACU.
The particles were subjected to 2D classification (N = 50,
iterations 25) and the good 2D classes were subjected to 3D
classification (N = 4, iterations = 25) using a 40 Å low-pass-
filtered cryo-EM structure of C. crescentus GcrA TACU as
the initial model. The 3D class, which contains 109 869 par-
ticles and shows clear feature of C. crescentus RNA poly-
merase, GcrA and promoter DNA were selected and sub-
jected to auto refinement, CTF refinement, particle polish-
ing, a second round of auto refinement, and postprocess,
resulting in the final map. The Gold-standard Fourier-shell-
correlation analysis indicated a nominal resolution of 3.79
Å at 0.143 FSC cutoff.

The structure of C. crescentus GcrA TACU was fit into
the cryo-EM map. The iterative cycles of model building
in Coot (Ramachandran, trans peptide, planar peptide re-
straints applied) and refinement in Phenix were performed.

In vitro transcription assays

Template DNAs for in vitro transcription assay were ampli-
fied by PCR using plasmids pEASY-PcsM, pEASY-PcsM
(−20M), pEASY-PmipZ or pEASY-PmipZ (+4M/+12M)
as templates. Reactions were performed in transcription
buffer (40 mM Tris–HCl pH 8.0, 75 mM NaCl, 5 mM
MgCl2, 2.5 mM DTT, 12.5% glycerol, 50 �g/ml BSA).
The reaction mixtures (20 �l) containing 40 nM C. cres-
centus RNAP holoenzyme, 640 nM (final concentrations)
GcrA or GcrA (�BP) were incubated at 37 ◦C for 5 min.
The reactions were initiated by addition of 1.2 �l NTP-
promoter mixture containing 100 �M ATP, 100 �M UTP,
100 �M GTP, 100 �M CTP, 0.165 �M [�-32P] UTP and
40 nM promoter DNA (final concentrations) and allowed
to proceed for 20 min at 37 ◦C, and then stopped by ad-
dition of 5 �l stop buffer (8 M urea, 20 mM EDTA,
0.025% xylene cyanol and 0.025% bromophenol blue).
The sample were boiled at 95◦C for 5 min, immediately
cooled in ice for 5 min, and electrophoresed on 15% (19:1
acrylamide/bisacrylamide) urea–polyacrylamide slab gels.
The radiograph was obtained by storage-phosphor scan-
ning (Typhoon; GE Healthcare Inc.).

Fluorescence polarization

GcrA was labeled with fluorescein on an exogenous cys-
teine at the N-terminus of GcrA. The labeling reaction mix-
ture (2 ml) containing GcrA (0.07 mM) and fluorescein-5-
maleimide (0.7 mM; ThermoFisher Scientific, Inc.) in 10
mM Tris–HCl, pH 7.7, 100 mM NaCl, 1% glycerol was in-
cubated overnight at 4◦C. The reaction was terminated by
addition of 2 �l DTT (1 M; stock concentration), and the
reaction mixture was loaded onto a 10 ml PD-10 desalting
column (GE healthcare, Inc.). The fractions containing la-
beled protein was pooled and concentrated to 3 mg/ml.

Cy5-labeled PmipZ fragment was amplified
from pEASY-PmipZ with a pair of primers 5′-
Cy5-GATCCTTCTGCGTCGCGACT-3′ and
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5′-CTGTGGATTGAGGCCCTTAGCC-3′, and then
methylated and purified as described in (26).

To measure the binding affinity of GcrA to RNAP, the
fluorescein-labeled GcrA (8 nM) was incubated with Cc
RNAP holoenzyme (8, 16, 32, 64, 128, 256, 512 or 1024
nM). To measure the binding affinity of GcrA to promoter
DNA, the cy5-labeled DNA (4 nM) was incubated with
GcrA (1, 2, 4, 8, 16, 32, 64 or128 �M). To measure the bind-
ing affinity of RNAP to promoter DNA, the cy5-labeled
DNA (4 nM) was incubated with Cc RNAP holoenzyme
(4, 8, 16, 32, 64, 128, 256 or 512 nM). The reaction mix-
tures were incubated in 100 �l FP buffer (10 mM Tris–HCl,
pH 7.7, 100 mM NaCl,1 mM DTT, 1% glycerol and 0.025%
Tween-20) in a 96-well plate (Corning, Inc) for 5 min at
room temperature. The fluorescence polarization (FP) sig-
nals were measured using a plate reader (SPARK, TECAN
Inc.; excitation and emission filters of 485/20 and 520/20
nm, respectively for fluorescein; excitation and emission fil-
ters of 635/35 and 665/8 nm, respectively for Cy5). The data
were plotted in GraphPad Prism version 8.4.0 (GraphPad
software, Inc.) and the dissociation constant Kd were esti-
mated by fitting the data to the following equation,

F = B [S] / (Kd+ [S]) +F0

where F is the FP signal at a given concentration of RNAP,
F0 is the FP signal in the absence of RNAP, [S] is the con-
centration of RNAP, and B is an unconstrained constant.

RESULTS

GcrA activates transcription of RNAP from two types of pro-
moter DNA

To verify that GcrA can activate transcription of RNAP
from promoter DNA with GcrA cis element (GcrA box) at
either the upstream or downstream of TSS, we measured
the effect of GcrA on RNAP transcription from two repre-
sentative promoter DNAs (26), PcsM containing one pre-
dicted GcrA box at the upstream of TSS centered at −20
position, and PmipZ containing two predicted GcrA boxes
at the downstream of TSS centered at positions +4 and +12
(Figure 1B). Our in vitro transcription results show that
GcrA substantially increases RNA outputs from both pro-
moter DNAs (Figure 1C), confirming that GcrA can acti-
vate transcription of promoters with its cis element at either
the upstream or downstream of TSS. Moreover, mutating
the GcrA boxes in either PcsM or PmipZ abolishes GcrA
activity (Figure 1C), suggesting the critical role of GcrA-
cis DNA interaction in the transcription activation activity
of GcrA. Most GcrA-activated promoters contain only one
GcrA box (26). We suspect that only one of the two boxes
in PmipZ plays a major role, most likely the one centered
at +12 position (TGAGTCG), as its sequence is closer to
the consensus sequence (YGAKTCG) of GcrA-recognized
motif. In short, our results provide direct evidence to sup-
port the notion that GcrA can activate promoters with its
cis elements at either upstream or downstream of TSS (26).

The cryo-EM structure of C.crescentus GcrA TACU

To understand the structural basis underlying the transcrip-
tion activation of GcrA on both types of promoters, we

sought to determine transcription activation complexes of
GcrA comprising C. crescentus RNAP holoenzyme, GcrA,
and two promoter DNAs (PcsM for GcrA TACU; PmipZ
for GcrA TACD). Our previous work indicates that GcrA
likely retains interactions with RNAP and promoter DNA
during the process of RPo formation if GcrA cis element
is in the spacer region between the −35 and −10 elements
(27). Therefore, we assembled GcrA-TACU complex using
C. crescentus GcrA, RNAP-�70 holoenzyme, and a pre-
melted derivative of PcsM (Figures S1A and B) that com-
prises an upstream DNA duplex (−45 to −12, respective
to TSS) with a methylated GcrA cis element (Gm6AATC,
-22 to -18) and the consensus UP and -35 elements, a pre-
melted transcription bubble (−11 to +2) with the consen-
sus −10 and discriminator elements, a 5-nt RNA primer
complementary to template DNA (−4 to +1), and a down-
stream DNA duplex (+3 to +12) (Figure 2A). The complex
structure was determined through a cryo-EM method (Ta-
ble S1).

The cryo-EM map of GcrA TACU reconstructed to a res-
olution of 3.6 Å (Figures S1C–G) shows clear signals for
C. crescentus RNAP holoenzyme and promoter DNA (−45
to + 12). The map also shows clear signals for a monomeric
GcrA SID (residues 105−155) associated with �70

2 and a
monomeric GcrA DBD (residues 1 to 45) associated with
its cis element at the −35/−10 spacer of promoter DNA
(Figures 2B, C and 3A), confirming that GcrA functions
as a monomer (27). Intriguingly, the cryo-EM map shows
additional signals for part of the GcrA linker region that
travels underneath �70

NCR following the minor groove of
the promoter DNA (Figure 2B). In summary, the structure
suggests that GcrA functions as a monomer, SID and DBD
of GcrA interact with �70

2 and promoter DNA respectively
and independently, and the linker travels on the front face
of RNAP to connect GcrA DBD and SID (Figures 2B and
C).

The GcrA-TACU structure is superimposable on the crys-
tal structure of GcrA-DBD/DNA as well as the crys-
tal structure of GcrA-SID/�70

2 (Figures 3B and C) (27).
Notably, the cryo-EM map of GcrA-TACU structure re-
veals additional interactions made by the C-terminal basic
patch of GcrA SID with the non-template single-stranded
DNA of the transcription bubble. The weak but contin-
uous map, which extends from the C terminus of the
crystal structure model of GcrA SID, could be assigned
to 4 residues (157–160) of the GcrA C-terminal basic
patch. Three conserved positively charged arginine residues
(K157, K158 and K159) in the basic batch are in close prox-
imity to and could make potential interactions with the
phosphate backbones of discriminator nucleotides (−7 to
−4) of the non-template strand (Figures 2D, 3A and D).
The interactions are expected to restrain the non-template
ssDNA of the transcription bubble in the main cleft and
thus increase RPo stability (Figures 2D and 3D). In agree-
ment with the structure, removal of the basic patch reduced
the transcription activation activity of GcrA in an in vitro
transcription assay (Figure 3E). Notably, GcrA (�BP) re-
mains partial activation activity likely due to the interaction
between DNA and GcrA DBD (Figure 3E). The interac-
tion between GcrA basic patch and discriminator element
also explains the residual activation activity of a DBD-
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Figure 2. The cryo-EM structure of C. crescentus GcrA TACU. (A) The nucleic-acid scaffold used for structure determination of C. crescentus GcrA TACU.
Red, the nontemplate DNA; pink, template DNA; gray, RNA; red arrow, TSS. (B) The side and top views of the cryo-EM map of C. crescentus GcrA TACU.
(C) The side and top views of the overall structure of C. crescentus GcrA TACU. RNAP subunits, GcrA and nucleic-acid scaffold are colored as the color
scheme. (D) The cryo-EM map and structure model of the nucleic-acid scaffold (blue mesh) and GcrA (green mesh). (E) The structure superimposition of
C. crescentus GcrA TACU and E. coli RPo (PDB: 6CA0).

truncated GcrA derivative (27). In short, we show that the
C-terminal basic patch of GcrA makes interaction with the
non-template ssDNA and the interaction might stabilize
RPo.

It is worth noting that the �70
NCR in the GcrA-TACU

structure adopts a different conformation compared to that
of our previously reported crystal structure of C. crescentus
�70

2/GcrA SID (Figures 4A and B). In the cryo-EM struc-
ture of GcrA TACU, �70

NCR sits on top of the upstream ds-
DNA and is loosely sandwiched between GcrA DBD and
GcrA SID (Figure 3A). However, in our previous crystal
structure of �70

2/GcrA SID, the �70
NCR rotates ∼20◦ in

anti-clockwise direction along an axis perpendicular to the
coiled-coil plane compared with that in the GcrA-TACU
structure. Superimposition of the two structures shows that
�70

NCR prevents dsDNA binding in the crystal structure of
�70

2/GcrA SID, suggesting it is in an inactive conformation
(Figure 4C). We infer that such inactive conformation of
�70

NCR might also exist in the context of RNAP-�70 holoen-

zyme to prevent non-specific dsDNA binding and to al-
low engagement of genuine promoters. Intriguingly, E. coli
�70

NCR adopts another conformation in recently reported
cryo-EM structures of E. coli transcription initiation com-
plexes, in which �70

NCR rotates in clockwise direction along
the axis of the coiled-coil to a position, where �70

NCR con-
tacts �’ clamp head domain to facilitate either ejection of
�70

1.1 or promoter escape (13,17). Our structure and pre-
vious results together highlight conformational flexibility
of �70

NCR accounting for its multiple function in different
stages of transcription initiation.

The cryo-EM structure of C. crescentus GcrA TACD

To understand how GcrA activates promoter DNA with
GcrA cis element at the proximal downstream of TSS, we
incubated the GcrA-bound RNAP with a PmipZ derivative
for 25 seconds and vitrified the reaction mixture (Figures
5A, S2A and B). The sample was subject to data collection
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Figure 3. Both GcrA DBD and GcrA SID contribute to the transcription activation activity of GcrA. (A) The interaction among GcrA, �70
, nucleic-acid

scaffold and RNAP. colors are as above. (B) Structure superimposition of GcrA TACU (colored as above) and the crystal structure of GcrA-DBD/DNA
(gray). (C) Structure superimposition of GcrA TACU (colored as above) and the crystal structure of GcrA-SID/�70

2 (PDB: 5YIX; gray). (D) The potential
interaction between residues of GcrA BP and the backbone phosphates of the discriminator element nucleotides. The insert shows the consensus sequence
of GcrA BP. (E) Deletion of GcrA BP impairs transcription activation activity of GcrA on both PcsM and PmipZ. GcrA (�BP), a GcrA derivative
with deleted basic patch (residues 157–163). The run-off transcripts were quantified. Data are presented as mean ± SD, n = 3 independent experiments.
**P < 0.01, ***P < 0.001, ****P < 0.0001 from two-tailed unpair t-tests.

on a Krios 300 kV transmission electron microscopy. Itera-
tive cycles of 3D classification of single particles resulted in
only one major group, from which a cryo-EM map was re-
constructed to a resolution of 3.8 Å (Figures S2C–G and
Table S1). The map shows that ∼12 bp of the promoter
were unwound and the template ssDNA was loaded into the
active-site cleft, suggesting we have obtained an RPo com-
plex (Figure 5D). The map also shows clear signal for GcrA
SID associating with �70

2 (Figure 5B). We thereby named
the complex as GcrA TACD. Structure superimposition of
GcrA TACU and TACD shows GcrA SID makes the same
interactions with �70 (Figure 5E).

In the structure of GcrA TACD, the downstream pro-
moter DNA is loaded into the downstream DNA chan-
nel and fully protected by RNAP (Figure 5D). The two
GcrA cis elements (centered at +4 and +12, respectively) are
buried inside the RNAP main cleft (Figure 5D), explain-
ing the absence of signals for GcrA DBD in the cryo-EM
map of GcrA TACD. The structure indicates that the GcrA-
DNA interaction is disrupted during the progress of RPo
formation. The structure also predicts that GcrA DBD–
DNA interaction should be weak enough so that limited
hindrance is posed in the progress of promoter unwinding.
To test the hypothesis, we measured the binding affinity of

RNAP and GcrA towards promoter DNA PmipZ. The re-
sult shows that GcrA binds to PmipZ with a Kd value of
48 �M, four orders of magnitude lower than the affinity
between RNAP and promoter DNA (5.3 nM; Figure 5F),
supporting the hypothesis. Moreover, GcrA binds RNAP
with a Kd value of 60 nM, three orders of magnitude lower
than that of GcrA and promoter DNA (Figure 5F), consis-
tent with the GcrA-TACD structure showing that GcrA SID
remains tightly associated with RNAP while GcrA DBD
has been displaced and dissociated from the promoter DNA
(Figure 5B and C).

DISCUSSION

In summary, we have determined cryo-EM structures of C.
crescentus GcrA transcription activation complexes (GcrA
TACU and TACD) that comprise two types of promoter
DNA with GcrA cis element at either the upstream or
downstream of TSS. The two cryo-EM structures pro-
vide direct evidence that support three unique features
of transcription activation by GcrA. First, the structures
show that GcrA functions as a monomer and interacts
with RNAP in a 1:1 stoichiometric ratio, unlike canoni-
cal bacterial transcription activators forming homodimers
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Figure 4. The conformational flexibility of �NCR. (A) The �NCR conformation in C. crescentus GcrA TACU. (B) The �NCR conformation in C. crescentus
GcrA-SID/�70

2 (PDB:5YIX). (C) The structure superimposition of GcrA TACU and GcrA-SID/�70
2 (PDB:5YIX) shows potential clash between �NCR

and the promoter DNA.
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B D
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Figure 5. The cryo-EM structure of C. crescentus GcrA TACD. (A) the nucleic-acid scaffold used for C. crescentus GcrA TACD. (B) The front and top
views of cryo-EM map of C. crescentus GcrA TACD. (C) The front and top views of the overall structure of C. crescentus GcrA TACD. RNAP subunits,
GcrA and nucleic-acid scaffold are colored as the color scheme. (D) The cryo-EM map and structure model of the nucleic-acid scaffold (blue mesh) and
GcrA (green mesh). (E) The structure superimposition of DNA between C. crescentus GcrA TACU and GcrA TACD. (F) The binding affinity among
RNAP, GcrA, and the promoter, PmipZ. Data are presented as mean ± SD, n = 3 independent experiments.
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Figure 6. The model of transcription activation by GcrA. RNAP forms a stable complex with GcrA. The long flexible inter-domain linker of GcrA assists
the RNAP-GcrA complex to locate the GcrA regulated promoters that comprise GcrA cis elements at either the upstream or downstream of TSS. GcrA
DBD is either displaced during RPo formation as observed in GcrA TACD or retained as observed in GcrA TACU. The retained GcrA DBD is likely
displaced during promoter escape.

(18–20,22,23,34–36). Second, the structures show that
GcrA uses two independent units (SID and DBD of GcrA)
to recognize the major subtype of cellular RNAP holoen-
zyme (RNAP-�70 holoenzyme) and promoters containing
GcrA cis elements. The two units of GcrA are connected
by a long flexible linker and do not communicate with each
other, different from canonical bacterial transcription fac-
tors that usually transmit signals from the effector domain
to the DNA-binding domain (1,18–20,22,23,35,36). Third,
the long linker connecting the two independent units con-
fers GcrA large flexibility and allows GcrA DBD to estab-
lish interaction with its cis elements at a broad range of lo-
cations around TSS.

GcrA exhibits high affinity with �70 through a large
hydrophobic interface. It is likely the GcrA forms a sta-
ble complex with a sub-population of �70. The GcrA-�70

binary complex forms a functionally specialized RNAP-
�70 holoenzyme selectively responsible for transcription of
>200 genes directly regulated by GcrA (26). Due to the high
affinity between GcrA and �70, the GcrA-�70 binary com-
plex likely also functions as a unit in the process of tran-
scription initiation, i.e. promoter recognition, promoter un-
winding, and promoter escape (Figure 6).

GcrA exhibits significant different affinities towards
RNAP and promoter DNA. We propose that such affin-
ity difference accounts for the ability of GcrA to activate
transcription from promoters with its cis element at ei-
ther upstream or downstream of TSS. In both structures of
GcrA TACs, GcrA SID remains attached on �70, consis-
tent with the high affinity between GcrA and RNAP-�70

holoenzyme. GcrA makes much weaker interaction with
promoter DNA compared with that with RNAP. The inter-
action is likely sufficient for enriching GcrA-bound RNAP
on GcrA-regulated promoters and ensures GcrA DBD is
displaced from promoter DNA without significant ener-
getic barrier either during RPo formation as shown in the

cryo-EM structure of GcrA TACD or during promoter es-
cape as in the case of GcrA TACU.

Our model of GcrA activation also explains the unique
locations of GcrA cis elements on its-activated promoters
(26). The GcrA-TACU structure shows that GcrA DBD
resides in the major groove of its cis DNA element lo-
cated between the −35 and −10 elements. Such interac-
tion can only be established when GcrA DBD and RNAP
core enzyme locate at the opposite sides of promoter ds-
DNA to avoid steric hinderance, explaining that GcrA cis
elements are centered at –20 ± 1 and –30 ± 2 positions
when they are present at the upstream of TSS (26). The
GcrA-TACD structure predicts GcrA DBD makes inter-
actions with its cis element through the stage of RPc, in
which the downstream dsDNA remains outside of the DNA
main cleft of RNAP and thereby poses little hinderance for
GcrA binding, in agreement with the findings that GcrA
cis elements locate at a broad region downstream of TSS
ranging from +5 to +30 (26). The absence of GcrA cis
element further upstream and downstream is likely due
to fixed length of the GcrA DBD/SID linker. The major-
ity of GcrA-activated promoters contain only one GcrA cis
element (26), consistent with the working model of GcrA.
However, the presence of two nearby GcrA boxes might fa-
cilitate GcrA activation, because GcrA-RNAP-�70 holoen-
zyme might have higher affinity with and thus better chance
to locate the promoters with two GcrA cis elements than the
promoters with a single GcrA box in a three-dimensional
diffusion model of promoter search (37–39).

It is worth noting that the strategy that GcrA-RNAP-�70

holoenzyme employs to recognize downstream promoter
DNA (PmipZ as an example) in bacteria resembles the strat-
egy that TFIID-Pol II employs to recognize a subset pro-
moter DNA in human. TFIID employs mobile units on
TAF1/7 subunits to recognize the Inr and DPE elements
located at the TSS downstream region of promoter DNA.
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The interactions are initially established at the stage of pro-
moter recognition but are disrupted upon assembly of the
transcription pre-initiation complex (40). GcrA-RNAP-�70

holoenzyme uses GcrA DBD to recognize its cis element lo-
cated at the TSS downstream region of promoter DNA. The
interactions are also initially established at the state of RPc
but are disrupted upon RPo formation (Figure 6).

In summary, we have provided the detailed structural ev-
idence supporting the unique characteristic of the bacte-
rial transcription factor GcrA. Our work expands the cur-
rent models of bacterial transcription activation. Our work
also provides another example that transcription factors in
prokaryotes and eukaryotes employ similar mechanism to
regulate transcription at the transcription initiation stage.
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