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ABSTRACT

Under stress conditions, such as nutrient starvation,
deacylated tRNAs bound within the ribosomal A-site
are recognized by the stringent factor RelA, which
converts ATP and GTP/GDP to (p)ppGpp- The sig-
naling molecules (p)ppGpp globally rewire the cellu-
lar transcriptional program and general metabolism,
leading to stress adaptation. Despite the additional
importance of the stringent response for regula-
tion of bacterial virulence, antibiotic resistance and
persistence, structural insight into how the ribo-
some and deacylated-tRNA stimulate RelA-mediated
(p)ppGpp has been lacking. Here, we present a cryo-
EM structure of RelA in complex with the Escherichia
coli 70S ribosome with an average resolution of 3.7
A and local resolution of 4 to >10 A for RelA. The
structure reveals that RelA adopts a unique ‘open’
conformation, where the C-terminal domain (CTD) is
intertwined around an A/T-like tRNA within the in-
tersubunit cavity of the ribosome and the N-terminal
domain (NTD) extends into the solvent. We propose
that the open conformation of RelA on the ribosome
relieves the autoinhibitory effect of the CTD on the
NTD, thus leading to stimulation of (p)ppGpp synthe-
sis by RelA.

INTRODUCTION

The stringent response (SR) is a central bacterial adap-
tation mechanism. In response to various environmental

stimuli, the RelA/SpoT Homologue (RSH) proteins mod-
ulate the intracellular concentration of the alarmone nu-
cleotides guanosine tetraphosphate (ppGpp) and guano-
sine pentaphosphate (pppGpp), commonly referred to as
(p)ppGpp (1-3). Production of (p)ppGpp mediates global
rewiring of the cellular transcriptional program and general
metabolism, leading to stress adaptation. The SR has been
shown to play an important role in regulation of bacterial
virulence (4), survival during host invasion (5), as well as
antibiotic resistance (6) and persistence (7). Together with
the absence of a cytoplasmic (p)ppGpp-mediated SR sys-
tem in eukaryotes, this makes the RSH enzymes involved in
(p)ppGpp metabolism promising new targets for drug de-
velopment (3,8,9).

Historically, investigations of the SR were focused on the
y-proteobacterium Escherichia coli. In E. coli, the SR is or-
chestrated by two multi-domain long form RSH enzymes:
RelA (10) and SpoT (11). The activity of the two proteins
is regulated by different sets of stress signals. SpoT has a
strong (p)ppGpp hydrolytic activity and a weak (p)ppGpp
synthesis activity (12-14). By contrast, RelA has no hy-
drolytic activity, but possesses a strong ribosome-dependent
(p)ppGpp synthetic activity that is activated by amino acid
starvation via sensing of deacylated tRNA in the riboso-
mal A-site (15-17). It has also been shown that there is an-
other activator of RelA, namely its product ppGpp (18).
There are conflicting models for the mechanism of action of
RelA. Biochemical studies suggested that (p)ppGpp synthe-
sis causes RelA to ‘hop’ between ribosomes to sample the
translational status of the cell (16). Subsequent live cell sin-
gle molecule tracking experiments suggested that while acti-
vation of RelA by starved ribosomes induces RelA dissoci-
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ation, RelA can perform multiple rounds of catalysis off the
ribosome (19). This is hard to reconcile with recent live cell
single molecule tracking experiments suggesting that under
starvation conditions RelA remains bound to the ribosome
and synthesis multiple rounds of (p)ppGpp synthesis (20).

Sequence analysis (2) and biochemical studies (21-23)
suggest that RelA has a two domain architecture: An N-
terminal domain (NTD) bearing hydrolase (HD) and syn-
thetase (SYNTH) subdomains, the structure of which is
available from the Gram-positive bacterium Streptococcus
dysgalactiae subsp. equisimilis Rel protein (24). To date,
there is no atomic structure of the RelA C-terminal domain
(CTD), however, sequence homology suggests the presence
of a TGS (Thr-RS, GTPase and SpoT) motif followed by a
helical linker region connected to the C-terminal conserved
cysteine (CC) and Aspartokinase, Chorismate mutase and
TyrA (ACT) subdomains (2). Although the precise function
of these subdomains is unclear, the CTD is critical for ri-
bosome binding (25) as well as autoinhibition of the syn-
thetase activity of RelA in the absence of the ribosome (21—
23,26). Structural insights into the RSH interaction with
the ribosome come from a cryo-electron microscopy (EM)
structure of E. coli RelA bound to the Thermus thermophilus
70S ribosome programmed with tRNA Mt in the P-site and
tRNAPP in the A-site (25). The structure reveals that on the
ribosome RelA interacts with a distorted A/T-tRNA (25),
similar but distinct from the A/T-tRNA observed on the ri-
bosome in the presence of EF-Tu (27-29). The limited res-
olution (~11 A) and conformation flexibility of the bound
RelA, however, precluded assignment of the NTD and CTD
(25).

Here, we present a cryo-EM structure of E. coli RelA
in complex with a translating ribosome stalled with a
deacylated-tRNA in the A-site, with an average resolution
of 3.7 A and local resolution of 4 to >10 A for RelA. The
structure reveals that the HD and SYNTH domains within
the NTD of RelA are highly flexible and protrude into the
solvent where no contact with the ribosome is apparent. In
contrast, the CTD of RelA adopts an open conformation
on the ribosome that stabilizes an A/T-like conformation
of the deacylated tRNA in the A-site, which we term the
A/R-tRNA state. The TGS domain of RelA interacts with
the CCA-end, suggesting its involvement in discriminat-
ing deacylated- from aminoacylated-tRNAs. A long helical
linker region extends from the TGS domain, wraps around
the A/R-tRNA and positions the CC and ACT domains
deeper within the intersubunit cavity, where they interact
with H38 of the 23S rRNA. Overall, the structure enables
a model to be proposed for how the open conformation of
the CTD of RelA on the ribosome leads to stimulation of
the (p)ppGpp activity of the NTD.

MATERIALS AND METHODS
Generation and purification of ErmCL_S10K-SRC

The RelA-stalled ribosomal complex (SRC) was generated
based on the disome approach (Figure 1A-D), aspreviously
described (30). The 2XermCL construct was modified
by mutation of codon 10 AGC (Ser) to AAG (Lys) and
synthesized (Eurofins, Martinsried, Germany) such that it
contained a T7 promoter followed by a strong ribosome

binding site (RBS) spaced by 7 nucleotides (nts) to the
ATG start codon of the first ermCL_SI0K cistron. A
linker of 22 nts separated the stop codon of the first
ermCL_S10K cistron and the start codon of the second
ermCL_S10K cistron. The linker also comprised the strong
RBS 7 nts upstream of the ATG start codon of the second
ermCL_S10K cistron, enabling initiation of translation
independent from the first ermCL_S10K cistron. With the
exception of the S1I0K mutation, each ermCL_S10K cistron
encoded amino acids 1-19 corresponding to the ErmCL
leader peptide (Genbank accession number V01278)
present on the macrolide resistance plasmid pE194 (31,32).
The complete sequence of 2XermCL_SI0K construct is:
S-TAATACGACTCACTATAGGGAGTTTTATAAG
GAGGAAAAAATATGGGCATTTTTAGTATTTTTGT
AATCAAGACAGTTCATTATCAACCAAACAAAA
AATAAAGTTTTATAAGGAGGAAAAAATATGGG
CATTTTTAGTATTTTTGTAATCAAGACAGTTCAT
TATCAACCAAACAAAAAATAA-3’ (T7 promoter, ital-
ics; RBS, bold; ErmCL ORF, underlined with ATC codon
in P-site of stalled ribosome shown in bold; Annealing
site for complementary DNA oligonucleotide, underlined).
In vitro translation of the ermCL_SIOK construct was
performed using the Rapid Translation System RTS 100
E. coli HY Kit (SPRIME). Translation reactions were
analyzed on sucrose density gradients (10%-55% sucrose
in buffer A, containing 50 mM HEPES-KOH, pH 7.4, 100
mM KOAc, 25 mM Mg(OAc),, 6 mM B-mercaptoethanol,
10 wM erythromycin and 1x Complete EDTA-free Protease
Inhibitor cocktail (Roche)) by centrifugation at 154 693
x g (SW-40 Ti, Beckman Coulter) for 3 h at 4°C. For
ErmCL_S10K-SRC purification, disome fractions were
collected using a Gradient Station (Biocomp) with an
Econo UV Monitor (Biorad) and a FC203B Fraction
Collector (Gilson). Purified ErmCL_S10K-SRC disomes
were concentrated by centrifugation at 88 760 x g for 4
h at 4°C (TLA120.2 rotor, Beckman Coulter). To obtain
monosomes of the ErmCL_S10K-SRC, a short DNA
oligonucleotide (5'-ttcctecttataaaact-3', Metabion) was
annealed to the linker between the ermCL_S10K cistrons,
generating a DNA-RNA hybrid that could be cleaved by
RNase H (NEB) treatment in buffer A at 25°C for 1 h. After
cleavage of the disomes, ErmCL_S10K-SRC monosomes
were again purified and concentrated by centrifugation
at 88 760 x g for 4 h at 4°C (TLA120.2 rotor, Beckman
Coulter).

Expression and purification of RelA

RelA (Gene ID: 947244) was cloned into pET46LIC vec-
tor with an N-terminal hexahistidine tag (Hisg) for pu-
rification and detection purposes. An enterokinase cleav-
age site (bold) connects the Hisq tag (underlined) to the
RelA (MAHHHHHHVDDDDKM). The RelA plasmid
was chemically transformed into E. coli BL21 (DE3) com-
petent cells. A volume of 4L LB medium was inoculated
at a 1:100 dilution with an overnight culture. RelA expres-
sion was induced by addition of 1 mM Isopropyl B-D-1-
thiogalactopyranoside (IPTG) at ODgy = 0.5 for 1 h at
30°C. Cells were harvested by centrifugation at 5000 x g
for 10 min at 4°C (Sorvall, SLC 6000 rotor) and the cell
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pellet was re-suspended using lysis buffer (300 mM NacCl,
50 mM NaH,POy4, 5 mM imidazole and 1 mM PMSEF, pH
8.0). Cells were lysed using the microfluidizer (Microflu-
idics), followed by centrifugation at 38 724 x g for 30 min
at 4°C to remove cellular debris (Sorvall, SS-34 rotor). The
cleared lysate was then incubated at 4°C for 20 min with
1.6 ml of Ni-NTA slurry pre-equilibrated with lysis buffer.
The lysate—Ni-NTA mixture was centrifuged at 500 x g for
1 min after which the beads were washed four times with
10 ml of washing buffer (300 mM NaCl, 50 mM NaH,PO,
and 10 mM imidazole, pHS8.0). Elution of RelA was car-
ried out using 1 ml of elution buffer (300 mM NaCl, 50
mM NaH,POy, 250 mM imidazole and 1 mM PMSF, pH
8.0). Eluted RelA was further purified by gel-filtration (Su-
perdex 200 10/300 GL; pre-equilibrated in buffer B (50 mM
HEPES, 100 mM KCI, 200 mM NacCl, 10 mM MgCl,, 5
mM B-mercaptoethanol, 2% glycerol and 1 mM PMSEF, pH
7.8). Subsequently, purified RelA protein was concentrated
via centrifugation through Amicon Ultra-0.5 ml centrifugal
filters (30K, Merck Millipore). The activity of the RelA pro-
tein was confirmed using the ribosome-dependent ppGpp
synthesis assay (Supplementary Figure S1) pasting.

ppGpp synthesis assay

The assays were performed as described in (18) with mi-
nor modifications. Ribosomal complexes were formed
using heat activated vacant E. coli 70S ribosomes
(0.5 wM) programmed with synthetic MF-mRNA 5-
GGCAAGGAGGUAAAAAUGUUCAAA-3¥ (Sigma
Aldrich) (1 wM), 0.3 mM *H-GDP, I mM ATP, deacylated
tRNAMet and tRNAPP (Chemical Block Ltd.) (1.5 pM
each) (25 mM HEPES-KOH pH 7.5, 15 mM Mg(OAc),, 95
mM KCI, 5 mM NH4CI, 0.5 mM CaCl,, 8 mM putrescine
and 1 mM spermidine) (33). *H-ppGpp was separated
from 3H-GDP on TLC (PEI cellulose, Macherey-Nagel) in
0.5 M KH,PO4 pH 3.5. UV shadowing of TLC with non-
radioactive nucleotides was used to identify the *H-GDP
and 3H-ppGpp spots, the TLC plate was cut and *H-GDP
and *H-ppGpp fragments of the plate were subjected to
scintillation counting individually (Supplementary Figure
S1).

Generation of the RelA-SRC using the ErmCL_S10K-SRC

The RelA-SRC complex was assembled using a final con-
centration of 0.125 pM ErmCL_S10K-SRC, 0.625 pM
RelA, 0.625 pM tRNAD* (Sigma-Aldrich), 500 uM «, B-
methylene-ATP (Sigma-Aldrich), 500 .M GDP and 10 pM
erythromycin. All components were pre-dissolved in buffer
A (as mentioned before but excluding Ery and 1x Complete
EDTA-free Protease Inhibitor cocktail). The binding reac-
tion (RelA-SRC sample) was incubated at 37°C for 20 min.

Negative-stain electron microscopy

Ribosomal particles were diluted in buffer A to a final con-
centration of 0.5 A260/ml. One drop of each sample was
deposited on a carbon-coated grid. After 30 s, grids were
washed with distilled water and then stained with 2% aque-
ous uranyl acetate for 15 s. The remaining liquid was re-
moved by touching the grid with filter paper. Micrographs
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were taken using a Morgagni transmission electron micro-
scope (FEI), 80 kV, wide angle 1K CCD at direct magnifi-
cations of 72K.

Cryo-electron microscopy and single particle reconstruction

A total of 4 Ajg/ml monosomes of the RelA-SRC sam-
ple were applied to 2 nm pre-coated Quantifoil R3/3 ho-
ley carbon supported grids and vitrified using a Vitrobot
Mark IV (FEI Company). Data collection was performed
using EM-TOOLS (TVIPS GmbH) on a Titan Krios trans-
mission electron microscope equipped with a Falcon II di-
rect electron detector (FEI Company) at 300 kV at a pixel
size of 1.084 A and a defocus range of 0.7-2.2 um. Ten
frames (dose per frame of 2.5 e~ /A?) were aligned using
Motion Correction software (34) and then processed us-
ing a frequency-limited refinement protocol that helps pre-
vent overfitting (35), specifically by truncation of high fre-
quencies (in this case, at 8 A). As reported and expected
(35), we find that using this processing regime the 0.143
FSC value provides a good indicator for the true average
resolution of the map. Additionally, the local resolution of
the map was calculated using ResMap (36). Power-spectra,
defocus values, astigmatism and estimation of micrograph
resolution were determined using the CTFFIND4 software
(37). Micrographs showing Thon rings beyond 3.5 A reso-
lution were further manually inspected for good areas and
power-spectra quality. Data were processed using the SPI-
DER software package (38), in combination with an auto-
mated workflow as described previously (39). After initial,
automated particle selection based on the program SIGNA-
TURE (40), initial alignment was performed with 197 090
particles using E. coli 70S ribosome as a reference struc-
ture (41). The data set could be sorted into four homoge-
neous subpopulations using an incremental K-means-like
method of unsupervised 3D sorting (42) (Supplementary
Figure S2): The ligand-bound subpopulation (24 749 par-
ticles; 13%) was defined by the presence of stoichiometric
densities for P-tRNA, A/R-tRNA and RelA and could be
refined to an average resolution of 3.7 A (0.143 FSC) and a
local resolution extending to 3.5 A for the core of the 30S
and 50S subunit as computed using ResMap (36) (Supple-
mentary Figure S3). The final map of the RelA-SRC was
Butterworth-filtered to 4 A resolution.

Molecular modeling and map-docking procedures

The molecular model of the RelA-SRC was based on the
ErmCL-TetM-SRC structure (PDB3J9Y, (43)), which was
in turn based on an E. coli ribosome model from (29). The
L11 stalk, 30S head domain, H38 and the L1 stalk were fit-
ted as individual rigid bodies into the RelA-SRC map and
subsequently manually adjusted and refined in Coot (44).
Homology models of the RelA domains TGS (PDB2EKI)
and ACT (PDB2KO1) were generated using HHPred (45)
and Modeller (46) and could be unambiguously rigid body-
fitted into the RelA-SRC cryo-EM density (Supplemen-
tary Figure S3). The homology model for the RelA HD-
SYNTH domain was based on PDB1VJ7 (24) and fitted
into the 12 A filtered density. In order to yield the best fit,
the HD was rotated slightly with respect to the SYNTH.

#202 Iudy g uo 3senb Aq G09.572/L L¥9/E LIy e1ole/1eu/wod dnoolwsepese//:sdiy woly papeojumoq



6474 Nucleic Acids Research, 2016, Vol. 44, No. 13

ermCL_S10K —— = ermCL_S10K

sD SD SD

E D C

RelA-SRC ErmCL_S10K-SRC

4 {
RelAsGDP+a,B-CH,-ATP @ 7

b

B

€

f=

3

antisense ol e <
DNA T2 f :
e e i i

SD A Sucrose

RNase H cleavage

Disomes

A254 nm

Sucrose

Figure 1. Generation of a RelA-stalled ribosome complex. (A) The bicistronic 2XermCL_S10K mRNA was translated in the presence of 10 wM ery-
thromycin (ERY) in order to generate (B) ErmCL-S10K_SRC disomes. (C) ErmCL_S10K-SRC disomes were converted to monosomes by antisense DNA-
mediated RNase H cleavage, as shown by sucrose density gradient centrifugation and negative stain electron microscopy (EM). (D) A-tRNA deficient
ErmCL_S10K-SRCs were used as substrate for (E) RelA binding in the presence of deacylated tRNALYS, GDP and «, B-methylene-ATP.

The molecular model for the A/R-tRNA was based on the
A/T tRNA of a crystal structure of EF-Tu-bound ribo-
somes (PDB2WRN, (27)), which was rigid body-fitted into
the density. The CCA-end of the A/R-tRNA was tenta-
tively adjusted in Coot (44) to illustrate its rough position-
ing within the TGS domain of RelA. Alignment of the EF-
Tu structure (PDB5SAFI) was performed in Chimera on the
basis of the 23S rRNA, and has an rmsd of 0.64 with the
23S rRNA of the RelA structure.

Figure preparation

All figures showing electron densities and atomic models
were generated using UCSF Chimera (47).

RESULTS
Generation of a RelA-stalled ribosome complex

The RelA-ribosome complex was generated in vitro by ad-
dition of purified RelA protein to SRCs. As in our pre-
vious studies (30,41,43), the SRCs were obtained using
a dicistronic 2Xerm-mRNA encoding two identical Erm-
stalling leader peptides (Figure 1A). In vitro translation of
the 2Xerm mRNA in the presence of the macrolide an-
tibiotic erythromycin generates disomes, where two ribo-
somes are stalled on the same mRNA (Figure 1B). The
disomes were then separated from non-translating 70S ri-
bosomes using sucrose gradients (Figure 1B). For struc-
tural analysis, the disomes were converted back to mono-
somes by annealing of an antisense DNA oligonucleotide
to the linker region between the two erm cistrons (Figure
1C). We first used this disome approach to determine cryo-
EM structures of ErmBL-SRCs, revealing that the sample
contained a large population of ribosomes bearing A- and
P-tRNAs (30) and was thus unsuitable for binding of lig-
ands to the A-site. In contrast, our more recent structure

of the ErmCL-SRC contained a single homogenous popu-
lation of ribosomes with the ErmCL-peptidyl-tRNA (with
codon 9 of the mRNA) in the P-site and a free A-site (41)
(Figure 1D), which is thus suitable for determination of
ErmCL-SRC structures with A-site bound ligands, as ex-
emplified by the ribosome protection protein TetM (43).
In the case of the RelA-SRC, we used a variant form of
the ErmCL-SRC, termed ErmCL_S10K, where the A-site
codon was mutated from AGC (Ser) to AAG (Lys) (Fig-
ure 1A). In agreement with previous studies (48,49), muta-
tion of the Ser10 codon, which would be in the A-site of
an erythromycin-stalled ErmCL-SRC (41,49), did not no-
ticeably affect the stalling efficiency, and resulted in dis-
ome formation in the presence of erythromycin (Figure 1B).
The reason for using the ErmCL_S10K construct rather
than the wild type ErmCL was simply that, unlike deacy-
lated tRNAS®" deacylated tRNAMS is commercially avail-
able. RelA-SRCs were therefore formed by incubating the
ErmCL_S10K-SRC with deacylated tRNAMS and purified
recombinant E. coli RelA protein (that was shown to be ac-
tive in ppGpp synthesis, Supplementary Figure S1). Syn-
thesis of ppGpp by RelA has been proposed to lead to dis-
sociation of RelA from the ribosome (16), thus we gener-
ated the RelA-SRCs in the presence of GDP and the non-
hydrolysable ATP analogue «, B-methylene-ATP (Figure
1E).

Cryo-EM structure of the RelA-SRC

Cryo-EM data were collected on a Titan Krios transmis-
sion electron microscope with a Falcon II direct electron
detector. From a total of 197 090 ribosomal particles, in
silico sorting revealed a large mixture of ribosome popu-
lations containing either P-tRNA only (11%), A- and P-
tRNAs without an E-tRNA (18%), or fully accommodated
A-, P- and E-tRNAs (58%). Despite this heterogeneity, we
were able to sort for a small population (24 749 particles,
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Figure 2. Novel binding site for RelA on the ribosome. (A and B) Overview of the cryo-EM reconstruction of the RelA-SRC filtered to (A) 4 A and B) 12
A resolution showing 30S subunit (yellow), 50S subunit (grey), P-tRNA (cyan), A/R-tRNA (blue) and RelA (red). (C) Overview of EF-Tu-bound E. coli
708 ribosomes with P-tRNA (cyan), A/T-tRNA (green) and EF-Tu (orange) (29). (D) Isolated cryo-electron density with fitted model for the A/R-tRNA
(blue). (E and F) Comparison of (E) H43 and H44 of the 23S rRNA and (F) A/R-tRNA of RelA-SRC (blue) and A/T-tRNA of EF-Tu-70S (green) (29).

13%) that contained a P-tRNA, but also the presence of tions of ribosomes bearing A/T-like tRNA conformations
A/R-tRNA and RelA bound within the ribosomal A-site in the absence of RelA but rather only fully accommodated
(Supplementary Figure S2). The large heterogeneity of the A-tRNAs (Supplementary Figure S2), we reason that this
data set was similar to that observed previously for the com- state requires RelA for stabilization and therefore we refer
plex of E. coli RelA with the T thermophilus 70S ribosome, to this binding state of the deacylated tRNA as the A/R-
where the RelA-containing ribosomes represented 15% of tRNA conformation. Within the limits of the resolution,
the total population (25). The RelA-containing ribosomes, the anticodon stem loop of the A/R-tRNA in the RelA-
which we term the RelA-SRC (Figure 1E), could be further SRC appears to be similar to that observed during decod-
refined to final average resolution of 3.7 A (Fourier shell ing with EF-Tu (29) (Figure 2D-F). Interaction of the an-
correlation (FSC) cut-off of 0.143, Supplementary Figure ticodon stem-loop of the A/R-tRNA with the codon of the
S3A). Although the average and local resolution calcula- mRNA is not unexpected in the RelA-SRC, since the stim-
tions indicate that the majority of the core of the ribosome ulation of ribosome-dependent RelA-mediated (p)ppGpp
is4.0 A or better, the resolution of the A/R-tRNA and RelA synthesis requires the deacylated tRNA to be cognate to the
ranged from 4 A to >10 A (Supplementary Figure S3B and codon in the A-site (15). In contrast, the most prominent
(), indicating high flexibility of the A/R-tRNA and RelA differences between the A/R-tRNA and A/T-tRNA states
within the ribosomal binding site, as observed previously are in the placement of the elbow and acceptor arm of the
(25). tRNA, including the CCA-end, which are shifted by ~10 A
with respect to one another (Figure 2E and F). Accordingly,
the stalk base (H43/H44 of the 23S rRNA) is also shifted
by ~4-6 A between the RelA and EF-Tu structures (Figure
In the RelA-SRC, RelA is bound in the A-site of the ri- 2E).

bosome and interacts with a tRNA that has adopted an Stabilization of an A/R-tRNA state by RelA was also ob-
A/T-tRNA-like conformation (Figure 2A and B), similar served in the previous cryo-EM reconstruction of the RelA-
but distinct to that observed during decoding when the EF- 70S complex (25). In this reconstruction, density assigned
Tu delivers the aminoacyl-tRNA to the A-site of the ribo- to RelA was observed to interact with A/R-tRNA using
some (27-29) (Figure 2C). Since we observed no subpopula- the external surface of the acceptor arm, whereas no den-

Novel binding site for RelA on the ribosome
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Figure 3. RelA adopts an extended conformation on the ribosome. (A) Schematic showing the domain organization of E. coli RelA with HD (magenta),
SYNTH (pink), TGS (green), HELICAL (blue), CC (yellow) and ACT (orange) subdomains. (B) Overview of RelA-SRC with subdomains colored ac-
cording to (A) and A/R-tRNA (light blue). (C and D) Complementary views showing isolated electron density of RelA with fitted homology models for
TGS (green, PDB2EKI) and ACT (orange, PDB2KO1) subdomains, as well as model poly-Alanine helices fitted to the helical linker region (blue) and
density for CC colored in yellow. (E-G) As (B-D) with 12 A filtered maps and additional fitted homology models for HD (magenta) and SYNTH (pink)

based on PDB1VIJ7 (24).

sity was reported to extend into the intersubunit region of
the ribosome (25). In contrast, at higher resolution addi-
tional density is observed in the RelA-SRC for RelA that
extends from the CCA-end of the A/R-tRNA into the in-
tersubunit region, namely, passing between the small sub-
unit and acceptor arm of the tRNA toward the large ribo-
somal subunit and occupying the space between the elbow
of the A/R-tRNA and the intersubunit bridge contact be-
tween the head (hd) of the small subunit and central pro-
tuberance (cp) of the large subunit (Figure 2A). When the
cryo-EM map for the RelA-SRC was filtered to 12 A, addi-
tionally density for RelA was also observed extending out
of the A-site of the ribosome into the solvent (Figure 2B),
indicating the extreme flexibility of this region of RelA. To
our knowledge, the extended binding site for RelA observed
within the A-site intersubunit crevice of the RelA-SRC is
distinct from any other translation factor binding sites so
far visualized on the ribosome.

RelA adopts an extended conformation on the ribosome

Although de novo model building for RelA was not possible,
and despite the absence of a crystal structure for the CTD
of RelA, the resolution and density features of the RelA-
SRC map enabled homology models for distinct parts of the
E. coli RelA to be fitted unambiguously (Figure 3A-D). In
particular, homology models were generated and fitted for
the TGS and ACT domains located in the CTD of RelA
based on nuclear magnetic resonance (NMR) spectroscopy
structures of Homo sapiens GTP-binding proteinl TGS do-
main (PDB2EKI) and of the ACT domain from the Chloro-
bium tepidum GTP pyrophosphokinase (PDB2KOI1), re-
spectively (Figure 3B-D and Supplementary Figure S3D—

G). Additionally, we could identify five tubular densities
that we assigned to the five predicted a-helices (Supplemen-
tary Figure S4) present in the helical linker region that con-
nects the TGS with the CC/ACT subdomains (Figure 3B—
D). The poor density for the connections between the he-
lices does not allow us to unambiguously assign the order
of the helices, nor the directionality, and therefore polyala-
nine helices were fitted as placeholders. Moreover, it was
not possible to generate a suitable homology model for the
CC domain and therefore this domain was left unmodelled
(Figure 3B-D). Our model for the CTD of RelA reveals that
the TGS domain interacts with the CCA-end of the A/R-
tRNA, whereas the helical linker wraps around the accep-
tor arm, positioning the ACT domain to interact with the
elbow region of the A/R-tRNA (Figure 3B-D).
Additionally, a homology model could be generated for
the HD and SYNTH domains comprising the NTD of RelA
based on the X-ray structure of the S. dysgalactiae Rel pro-
tein (24). Despite the low resolution of the NTD in the
RelA-SRC, the distinct features of the density allowed an
good fit (cross-correlation coefficient of 0.82) of the helical
bundle of HD domain and the long extended helices within
the SYNTH domain (Figure 3E-G). Moreover, only this
orientation allows the C-terminal end of the SYNTH do-
main to be oriented toward the TGS domain of the CTD of
RelA. Overall, our model for RelA suggests that the NTD
of RelA does not form any stable interactions with the ribo-
some, with the SYNTH domain extending toward but not
contacting the spur (helix 6 of the 16S rRNA) of the small
subunit (Figure 3E), whereas in contrast the CTD of RelA
snakes through the intersubunit space establishing, in ad-
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R-sheet

His432

Phe409

Thr410

Figure 4. Interactions of RelA with the ribosome and A/R-tRNA. (A) Cryo-electron density of the CC subdomain of RelA (yellow) suggests interaction
with the B-sheet of r-protein S19 (blue) and the minor groove of H38 in the 23S rRNA (grey). (B) Interaction of the C-terminal RelA ACT domain with
Arg59 of r-protein L16 (blue) as well as 23S rRNA residues A896 of H38 and the tip of H43. (C) The B4-strand of the TGS domain of RelA (green)
approaches the minor groove of h5 of the 16S rRNA, where residues in the vicinity of [1e448 (light green) appear to interact with the base-pair formed by
nucleotides AS5 and U368 (yellow), which are flipped-out of helices hS and h15, respectively. (D) Tentative placement of the A/R-tRNA CCA-end (blue)
shows vicinity of C74 of the A/R-tRNA with His432 located at the kink in a-helix al, whereas C75 and A76 enter into a pocket formed by the B1-32

hairpin and B5-strand of TGS (green).

dition to the A/R-tRNA, interactions with both the small
and large ribosomal subunits (Figure 3B).

Interactions of the RelA CTD with the ribosome and A/R-
tRNA

The most extensive interactions between RelA and the ri-
bosome are between the ACT and CC subdomains (Fig-
ure 4A and B). The electron density for the CC domain in-
dicates that it contacts components of both the small and
large ribosomal subunit, namely, via interaction with the
minor groove near the tip of H38 and by contacting the 3-
sheet of ribosomal protein S19 (Figure 4A). In contrast, the
ACT domain contacts only components of the large sub-
unit; specifically, the proximal end of a-helix a2 contacts the
tip of H43 of the 23S rRNA, whereas the B-sheet of the ACT
domain clearly interacts with A896, which is flipped out of
H38 (Figure 4B), as it is in the unbound and vacant 70S
structures. Interaction is also observed between the vicinity
of Arg59 of ribosomal protein L16 and the terminal end of
the B-sheet of the ACT domain (Figure 4B). In addition,

a-helix al of the ACT domain contacts the elbow region of
the A/R-tRNA and a-helix H5 of the helical linker of RelA.

The TGS domain of RelA contains one a-helix al and
four B-strands B1-B4 (Supplementary Figure S4). The p4-
strand of the TGS domain of RelA approaches the minor
groove of helix 5 (h5 of the 16S rRNA) of the small subunit,
where residues in the vicinity of Ile448 appear to interact
with the base-pair formed by nucleotides AS55 and U368,
which are flipped-out of helices h5 and h15, respectively
(Figure 4C), as they are in the unbound and vacant 70S
structures. The other contacts of the TGS domain are with
the CCA-end of the A/R-tRNA (Figure 4D), which adopts
a distinct conformation from the A/T-tRNA (Figure 2E
and F). Unfortunately, the density does not allow the nu-
cleotides to be unambiguously modelled and therefore only
a general description of the interactions can be provided:
C74 of the A/R-tRNA is in the vicinity of His432 located
at the kink in a-helix al, whereas C75 and A76 enter into
a pocket formed by the B1-B2 hairpin and B5-strand (Fig-
ure 4D). This interaction area of the CCA-end encompasses
one of the most highly conserved regions of RelA, including
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Figure 5. Model for RelA action during the stringent response. (A and B) Under optimal conditions, aminoacyl-tRNAs (aa-tRNAs) are delivered by
EF-Tu (orange) to the A-site of the ribosome (green pathway). (C—G) Under starvation conditions (yellow pathway), the interaction of RelA (red) with
deacylated A/R-tRNA at the A-site of the ribosome leads to the conversion of RelA from a ‘closed’ to an ‘open’ conformation and thereby stimulating

high levels of (p)ppGpp synthesis. For more details, please refer to the text.

His432 in a-helix a1, Phe409-Pro411 in the B1-B2 hairpin
and Val461-11e463 in the B5-strand (Supplementary Figure
S5). Although higher resolution will be required to ascer-
tain exactly how these highly conserved amino acids dis-
criminate between deacylated and aminoacylated tRNAs,
our structure provides evidence indicating that the TGS do-
main of RelA is directly involved in this monitoring activity.

DISCUSSION

Based on our structural results, together with the available
biochemical results from the literature, we present a model
for the ribosome-dependent stimulation of RelA-mediated
(p)ppGpp synthesis (Figure SA—G): Under optimal growth
conditions, aminoacylated tRNAs are delivered to the ri-
bosome in a ternary complex with EF-Tu and GTP (Fig-
ure 5A and B). In contrast, under environmental conditions
that evoke the stringent response, such as amino acid star-
vation, the levels of aminoacylated-tRNAs decrease leading
to a concomitant accumulation of deacylated or uncharged
tRNAs (50). The absence of aminoacylated tRNAs for the
codon displayed in the A-site leads to ribosome stalling dur-
ing translation elongation (Figure 5C). Although the deacy-
lated tRNAs are not bound by EF-Tu or delivered by EF-Tu
to the ribosome, it is possible for deacylated tRNAs to bind
non-enzymatically to the A-site of the ribosome (Figure
5C). RelA has been proposed to recognize the deacylated
tRNA bound in the A-site and catalyze (p)ppGpp synthesis
(15-17). However, given the complex intertwined nature of

the interaction between RelA and A/R-tRNA observed in
our RelA-SRC structure, as well as the apparent lack of the
A/R-tRNA conformation of the deacylated tRNA in the
absence of RelA, we favor an alternative hypothesis whereby
RelA and deacylated tRNA bind to the ribosome as a pre-
formed complex (Figure 5D and E). Indeed, RelA has been
shown to interact with deacylated tRNA (but not aminoa-
cylated tRNA) in the absence of the ribosome (26,51,52)
(Figure SE).

Biochemical and genetic evidence suggests that in the
absence of the ribosome and deacylated tRNA, RelA ex-
ists in an autoinhibited state that produces only low levels
of (p)ppGpp (1,3). Specifically, it has been shown that the
CTD of RelA is responsible for the observed autoinhibition
(21-23,26), leading to the hypothesis that the autoinhibition
results from direct interaction between the CTD and NTD
of RelA (23), which we term here the ‘closed’ conformation
(Figure 5F). While interaction of deacylated tRNA with
the CTD of RelA in the absence of the ribosome promotes
a slight increase in (p)ppGpp synthesis activity (26,51,52)
(Figure SE), full activity requires the additional presence of
the ribosome (15-17,53,54) (Figure 5D).

The structure of RelA-SRC provides a rationale for this
increased activity, namely, that the ribosome and A/R-
tRNA stabilize an ‘open’ conformation of RelA, which re-
lieves the inhibitory interaction that the CTD imparts on
the NTD, and thereby allows the uninhibited NTD to effi-
ciently catalyze the synthesis of (p)ppGpp from GTP/GDP
and ATP (Figure 5D). This model is consistent with the
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observation that deletion of the CTD of RelA prevents in-
teraction of RelA with the ribosome (25) and allows the
NTD to synthesize (p)ppGpp in a ribosome-independent
manner (21,26,55). Moreover, the RelA-SRC structure in-
dicates that the TGS domain of RelA directly contacts the
3’-end of the deacylated tRNA (Figure 4D), explaining how
RelA can monitor and distinguish the aminoacylation state
of the A-tRNA (56). It should be noted that ppGpp it-
self dramatically stimulates the ribosome-dependent RelA-
mediated synthesis of itself (18), presumably by acting al-
losterically through a second, as yet undetermined, bind-
ing site on the factor, similar to the allosteric regulation
of pppGpp observed recently for the small alarmone syn-
thetase 1 (SAS1) RelQ from Bacillus subtilis (57) and Ente-
rococcus faecalis (58).

While it is easy in our model to envisage how multiple
rounds of (p)ppGpp synthesis by RelA could occur on the
ribosome, as reported recently (20), we cannot exclude al-
ternative models where (p)ppGpp synthesis leads to disso-
ciation of RelA from the ribosome (16,19). Moreover, it re-
mains unclear as to the order and timing of release of RelA
and deacylated-tRNA from the ribosome following synthe-
sis of (p)ppGpp (59), with one report suggested (p)ppGpp
synthesis leads to release of deacylated-tRNA but not RelA,
whereas another observed release of RelA, but not deacy-
lated tRNA upon (p)ppGpp synthesis (16). From a struc-
tural viewpoint, it is hard to envisage how the intertwined
CTD of RelA could dissociate from the ribosome without
prior or concomitant dissociation of the deacylated A/R-
tRNA. As mentioned, RelA has been shown to interact
with deacylated tRNA in the absence of the ribosome and
that this interaction occurs with the CTD and promotes
a slight increase in (p)ppGpp synthesis activity (26,51,52).
Consistently, fluorescence resonance energy transfer exper-
iments indicate that the distance between the NTD and
CTD of RelA increases upon binding of deacylated tRINA
(60). This suggests to us that following dissociation from
the ribosome, but still in the presence of deacylated tRNA,
RelA can adopt a ‘semi-open’ conformation that can re-
tain (p)ppGpp synthesis activity for an extended period of
time (Figure 5G), consistent with the interpretation of sin-
gle molecule experiments examining RelA action in living
cells (19). Nevertheless, RelA has low affinity for deacy-
lated tRNA in the absence of the ribosome (51), suggest-
ing that either the RelA-tRNA complex becomes stabilized
by rebinding to the ribosome and stimulating higher levels
of (p)ppGpp synthesis, or the RelA-tRNA complex disas-
sembles, allowing RelA to adopt the less active closed con-
formation (Figure 5F). It seems probable that the former
pathway of rebinding would be favoured under conditions
of starvation where a high ratio of deacylated tRNAs over
aminoacylated tRNAs exists in the cell. In contrast, the lat-
ter pathway of disassembly would be favored as the nutri-
ent deprivation is alleviated and the ratio is reversed, such
that the increased intracellular levels of charged aminoacyl-
tRNA promote A-site binding and thereby allows transla-
tion to resume (Figure 5B).
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ACCESSION NUMBERS

The coordinates and cryo-EM map for the RelA-SRC have
been deposited in the Protein Data Bank and EM Data-
Bank under accession codes SL3P and EMD-4001, respec-
tively.

NOTE ADDED IN PROOF

During production of our work, a cryo-EMreconstruction
of a E. coli RelA-70S complex was published by Ramakrish-
nan and coworkers (61). Our findings are in perfect agree-
ment with their results and lead to the same conclusion: The
ribosome and A/R-tRNA stabilize an ‘open’ conformation
of RelA, which relieves the inhibitory interaction that the
CTD imparts on the NTD, and thereby allows the uninhib-
ited NTD to efficiently catalyze the synthesis of (p)ppGpp
from GTP/GDP and ATP.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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