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ABSTRACT

Chromosomally-encoded toxin-antitoxin complexes
are ubiquitous in bacteria and regulate growth
through the release of the toxin component typi-
cally in a stress-dependent manner. Type II ribosome-
dependent toxins adopt a RelE-family RNase fold and
inhibit translation by degrading mRNAs while bound
to the ribosome. Here, we present biochemical and
structural studies of the Escherichia coli YoeB toxin
interacting with both a UAA stop and an AAU sense
codon in pre- and post-mRNA cleavage states to pro-
vide insights into possible mRNA substrate selec-
tion. Both mRNAs undergo minimal changes during
the cleavage event in contrast to type II ribosome-
dependent RelE toxin. Further, the 16S rRNA de-
coding site nucleotides that monitor the mRNA in
the aminoacyl(A) site adopt different orientations de-
pending upon which toxin is present. Although YoeB
is a RelE family member, it is the sole ribosome-
dependent toxin that is dimeric. We show that en-
gineered monomeric YoeB is active against mRNAs
bound to both the small and large subunit. However,
the stability of monomeric YoeB is reduced ∼20◦C,
consistent with potential YoeB activation during heat
shock in E. coli as previously demonstrated. These
data provide a molecular basis for the ability of YoeB
to function in response to thermal stress.

INTRODUCTION

Regulation of gene expression through the activation of the
SOS, stringent, and heat shock responses during changing
environmental conditions is critical for bacterial survival
(1–3). These responses generally result in an overall inhi-
bition of cell growth. During the stringent response, inhibi-
tion of cell growth occurs by halting gene expression (4). Al-

though originally identified for their role in plasmid mainte-
nance (5–7), toxin-antitoxin complexes are chromosomally
encoded and also inhibit growth in response to stress in-
cluding DNA damage, nutrient starvation, reactive chem-
ical species, heat shock and can aid in the transition to
an antibiotic-tolerant or persistent state (8–12). In the past
decade, toxin-antitoxin loci have been found to be ubiqui-
tous throughout bacteria and archaea (13). Understanding
the regulation and function of toxin-antitoxin complexes in
gene expression will unravel their roles in stress responses
and thus, antibiotic tolerance.

Toxin–antitoxin pairs are organized into six classes de-
fined by the molecular composition of the toxin and anti-
toxin components, and how they interact with each other.
Type II complexes, in which both the toxin and the anti-
toxin are proteins, are the best-studied and most abundant
systems (reviewed in (12)). During nutrient-rich growth,
the expression of toxin–antitoxin pairs is regulated via a
negative feedback loop where the DNA-binding antitoxin
binds at operator regions that overlap with its promoter
region. Toxin and antitoxin proteins form tightly associat-
ing complexes and, in some cases, different toxin and anti-
toxin stoichiometric levels can regulate optimal transcrip-
tional repression (14–16). Stress causes antitoxin proteol-
ysis by cellular proteases, releasing its cognate toxin to in-
hibit downstream cellular targets. Although two type II tox-
ins inactivate DNA gyrase (17,18), the majority inhibit pro-
tein synthesis and RNA metabolism by degrading messen-
ger RNAs, transfer RNAs, ribosomal RNA, or by modifi-
cation of tRNAs, aminoacyl synthetases or elongation fac-
tors (19–30). It is not clear why type II toxins predominately
target protein synthesis. However, given the enormous cellu-
lar resources devoted to translational regulation in bacteria,
one hypothesis is that inhibition of translation may repre-
sent a facile mechanism to respond quickly to environmen-
tal changes (4).

A subclass of type II toxins that disrupt translation
are ribosome-dependent RNases (for review see (12,31)).
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Ribosome-dependent toxins are small proteins (∼8–13
kDa) that adopt a conserved microbial RNase-fold con-
taining a concave active site and are members of the RelE
superfamily including Escherichia coli RelE, YafQ, YoeB,
and Proteus vulgaris HigB (32–36). These RNases degrade
mRNAs actively undergoing translation on the ribosome,
specifically within the aminoacyl (A) site, the same site
where tRNA binds to the ribosome to interact with mRNA
codons for decoding. To date, most of these toxins only tar-
get the coding regions of mRNAs and can recognize both
sense and stop codons but not AUG start codons (20,37–
39). HigB and YafQ toxins primarily target codons that are
commonly found after the AUG start codon suggesting they
may interfere with the initiation phase of translation (38,40–
42). Although ribosome-dependent toxins share a com-
mon RNase fold representing the larger RelE superfam-
ily, their sequence identities are extremely low, which makes
them difficult to identify. Specifically, active site residues are
highly variable which may give rise to markedly different
substrate preferences and thus, by extension, may allow the
degradation of different mRNA codons. The structure of
RelE bound to the 70S along with in vitro functional as-
says suggest a substrate preference of the CAG glutamine
codon and stop codons (preference of UAG > UAA >
UGA) (20,33) (all codons shown in the 5′-3′ direction). Ad-
ditional studies suggest a wider range of mRNAs targeted
by RelE with a N–R–R codon preference, where N and R in-
dicate any nucleotide and purines, respectively (43). In con-
trast, HigB prefers an adenosine at the third nucleotide po-
sition in the codon while YafQ seems to only recognize an
AAA lysine codon (37,40,41). Similar to the broad codon
specificity of RelE, YoeB cleaves UAA stop and AAA lysine
codons (39,44), but can also recognize AAU asparagine,
CUG leucine, GCG alanine, and GCU alanine codons (45).
In the 70S-YoeB structure solved with a UAA stop codon
in a pre-cleavage state, the preference for N-R-R codons
was rationalized by how YoeB interacts with its mRNA
substrate (46), although this contradicts the wide range of
codons YoeB can cleave (39,45). During our structural com-
parison of the HigB toxin bound to the 70S ribosome with
the 70S-RelE and 70S-YoeB structures, we identified that
the mRNA was incorrectly modeled in the 70S-YoeB struc-
ture potentially obscuring key details about YoeB codon
recognition (46). We remodeled the mRNA in unbiased
electron density to better understand how YoeB recognizes
the UAA codon (41). While the remodeling of mRNA pro-
vided some insights into the comparison of YoeB with other
ribosome-dependent toxins, outstanding questions remain
including how YoeB recognizes sense codons and whether
YoeB influences the mRNA position after cleavage.

RelE superfamily members are typically monomeric pro-
teins whether in the apo form, bound to its cognate anti-
toxin, or when bound to the ribosome (33,35,36,41). How-
ever, YoeB binds to the 70S ribosome as a dimer but the bi-
ological relevance of this oligomeric state remained unclear
(46). Additionally, how YoeB recognizes different codons
and whether significant conformational changes occur post
cleavage is unknown. Here, we examine YoeB bound to both
the UAA stop codon and asparagine AAU sense codon
in pre- and post-cleavage states on the ribosome. Our re-
sults indicate that YoeB has loose overall codon specificity

but makes specific interactions with the mRNA codon pos-
sibly for optimal mRNA cleavage. Furthermore, to test
the requirements of the YoeB dimer, we engineer a YoeB
monomer and test for activity either with mRNA posi-
tioned on the 30S subunit or the 70S. We demonstrate that
the YoeB monomer retains activity confirming the YoeB
dimer is not required for function. Interestingly, we find that
the engineered monomeric YoeB is ∼20◦C less stable than
the wild-type YoeB dimer, consistent with YoeB being the
only type II toxin activated during thermal stress, thus pro-
viding a molecular basis for its action (47).

MATERIALS AND METHODS

Strains and plasmids

The E. coli strains BL21 Gold (DE3) pLysS (F– ompT
hsdS(rB

– mB
–) dcm+ Tetr gal �(DE3) endA Hte [pLysS

Camr]) (Agilent/Stratagene) was used for the purification
of YefM, YoeB and YoeB variant proteins. Plasmids used
in this study are listed in Supplementary Table S1. The
pET21c-yefM-yoeB was a generous gift from Professor
Masayori Inouye (Robert Wood Johnson Medical School,
NJ, USA).

Purification of YefM, YoeB and YoeB variants

BL21 Gold (DE3) pLysS cells containing pET21c-yefM-
yoeB were grown in lysogeny broth (LB) medium supple-
mented with 200 �g/ml ampicillin at 37◦C to an OD600
of 0.5–0.7 and induced with 0.4 mM IPTG. Cultures were
grown for 3 h before harvesting cells by centrifugation at
3500 × g for 30 min. Cell pellets were resuspended in ly-
sis buffer containing 20 mM Tris–HCl pH 7.5, 250 mM
KCl, 0.1% Triton X-100, 5 mM �-mercaptoethanol, 0.1
mM phenylmethylsulfonyl fluoride and 0.1 mM benzami-
dine. Cells were lysed by sonication and centrifuged at 20
000 × g for 30 min to obtain the supernatant containing
the YefM–YoeB(His)6 complex. Cleared lysate was applied
to a HisTrap FF CrudeTM Ni2+-Sepharose column (GE
Healthcare) pre-equilibrated with binding buffer containing
40 mM Tris–HCl pH 7.5, 250 mM KCl, 20 mM imidazole,
5 mM MgCl2, 10% glycerol and 5 mM �-mercaptoethanol.
After the lysate was loaded, the column was washed for an
additional 20 column volumes with the same buffer.

For wild-type YoeB and YefM purification, denaturing
buffer containing binding buffer plus 6 M guanidine-HCl
was applied for 15 column volumes to denature the bound
YoeB–YefM complex to elute YefM. Elution fractions con-
taining denatured YefM were combined, shock refolded by
rapid dilution into binding buffer followed by filtration us-
ing 0.45 �m steriflip (Millipore). YefM was applied to a Su-
perdex 75 SEC column (GE Healthcare) in a buffer contain-
ing 40 mM Tris–HCl pH 7.5, 250 mM KCl, 5 mM MgCl2
and 5 mM �-mercaptoethanol. Denatured YoeB(His)6 was
refolded on the Ni2+column by slowly removing guanidine-
HCl in 20 column volumes and >8 hrs. YoeB(His)6 was
eluted in a buffer containing 300 mM imidazole. Fractions
containing YoeB(His)6 were combined and applied to Su-
perdex 75 SEC column in the same buffer as YefM.

For monomer YoeB W5A and W5A/W10A variants pu-
rifications, cleared lysate was applied to a HisTrap FF



10402 Nucleic Acids Research, 2019, Vol. 47, No. 19

CrudeTM Ni2+ sepharose column (GE Healthcare) and
washed as described above, however, reduced guanidine–
HCl (2 M) was applied to partially disrupt the YefM–YoeB
complex, followed by gradual removal of guanidine-HCl
from the column. Bound proteins (YefM-YoeB and free
YoeB mix) were then eluted from the column by apply-
ing elution buffer containing 300 mM imidazole. The later
fractions containing mostly free YoeB mutant, judged by
SDS-PAGE, were applied to Superdex 75 SEC column (GE
Healthcare) to further purify the monomeric YoeB.

The purity of all proteins was determined to be >95%
by SDS-PAGE analysis and their concentrations were de-
termined by the Bradford assay (Biorad). Purified proteins
were divided into ∼10 �l aliquots, flash froze in liquid ni-
trogen, and stored at −80◦C until further use.

In vitro mRNA cleavage assays

Escherichia coli 30S and 70S were purified from MRE600
cells as previously described (40,42). Purified E. coli
30S or 70S (1.2 �M) were programmed with 5′- [32P]-
labeled mRNA (0.6 �M; 5′-GCCAAGGAGGUAAA
AAUGAAUCAGA-3′ or 5′-GCCAAGGAGGUAAAAA
UGUAACAGA-3′) at 37◦C for 6 min in 50 mM KCl, 10
mM NH4Cl, 10 mM Mg(OAc)2 and 5 mM HEPES, pH 7.5.
E. coli tRNAfMet (3 �M; Chemical Block) was incubated for
30 min while YoeB (0.6 �M) was incubated for 10 min at
37◦C, followed by incubation at room temperature for ad-
ditional 20 min. The reaction was stopped by the addition
of formamide loading dye and incubation at 65◦C for 2 min.
Reactions were resolved on a 18% polyacrylamide-8M Urea
gel, the gel dried and exposed to a phosphoimager. Cleav-
age activities were quantified with ImageQuant TL™ (GE
Healthcare) using the 1D gel analysis function to compare
the cleavage band intensities across all lanes. Two technical
replicates of the in vitro cleavage assays were performed.

Thermus thermophilus 30S complex formation and crystal-
lization

30S subunits were purified, crystallized, and cryoprotected
as has been previously described (48). The mRNAs were
chemically synthesized (ThermoFisher, Dharmacon) with
the sequence 5′-AAU AAA-3′ with AAU representing the
A-site codon (Supplementary Table S2). After cryoprotec-
tion, 100 �M mRNA and 220 �M YoeB were soaked into
empty 30S crystals for at least 12 hrs. Crystals were flash
cooled by plunging into liquid nitrogen and stored for data
collection.

Thermus thermophilus 70S complex formation, crystalliza-
tion and structure determination

70S ribosomes were purified as previously described (49).
Complex formation was performed as described for the
mRNA cleavage assay. Four x-ray datasets were collected
at the Northeastern Collaborative Access Team (NE-CAT)
24-ID-C facility at the Advanced Photon Source at Ar-
gonne National Laboratory (Argonne, IL). These datasets
included the 3.7 Å-structure of the 30S bound to YoeB,

the 3.2 Å-structure of the 70S bound to YoeB with a non-
cleavable mRNA (pre-cleavage state with an A-site AAU
codon), the 3.1 Å-structure of the 70S bound to YoeB with
mRNA (post-cleavage state with an A-site AAU codon),
and the 3.5 Å-structure of the 70S bound to YoeB with
mRNA (post-cleavage state with an A-site UAA codon).
The post-cleavage state structures were obtained by incu-
bating 70S-YoeB complexes with a 25-nucleotide mRNA
similar to the in vitro cleavage assays. The mRNA is cleaved
during the crystallization trials as seen previously for the
70S-RelE and 70S-HigB structures (33,41). A total of 45◦ of
data with 0.2◦ oscillations (30S-YoeB) and 90◦ of data with
0.15◦ oscillations (70S-YoeB) were collected on a PILATUS
pixel 6M-F detector (DECTRIS Ltd., Switzerland) using
0.972 or 0.9795 Å radiation, respectively (Supplementary
Table S3). Data were integrated and scaled using the pro-
gram XDS (50) and molecular replacement was performed
using the PHENIX software suite (51). Iterative rounds of
refinement in PHENIX and model building were performed
using the program Coot (52).

For the 30S-YoeB dataset, the structure was solved by
molecular replacement using PDB code 1J5E as the search
model (53). An initial round of refinement was performed
with each ribosomal subunit defined as a rigid group, fol-
lowed by coordinate and grouped ADP refinement (per
residue) with ten rigid groups determined by TLS server
(54). Fo – Fc electron density maps indicated that the YoeB
dimer was positioned in the A site (Supplementary Fig-
ure S1). Each monomer of the YoeB dimer model from the
PDB code 4V8X (46) was rigid docked. Individual refine-
ment of the RNA coordinates was performed with tight re-
straints. Final refinement of the structures including YoeB
gave crystallographic Rwork/Rfree = 20.6/22.4%. Residues
1–84 of the YoeB in direct contact with the decoding center
(denoted as YoeBa) and residues 1–84 on the second YoeB
(YoeBb) were built.

The 70S structures were solved by molecular replacement
using PDB code 4V6F as the search model with mRNA and
tRNA ligands removed (55). In each 70S-YoeB structure,
Fo-Fc electron density maps show an unambiguous signal
for mRNA, P-site tRNAfMet and the YoeB dimer in the A
site. YoeB was initially docked in the A site using the pre-
vious YoeB structure solved in the absence of the ribosome
to avoid any bias in the modeling (PDB code 2A6S) (32). In
particular, YoeB residues that interact with mRNA (Glu46,
Arg59, Glu62, Arg65, His83 and His84) were extensively re-
modeled to fit the Fo – Fc difference density. Iterative rounds
of refinement in PHENIX and model building in Coot were
performed (51,52). These unbiased maps allowed modeling
of both mRNA and YoeB. The final YoeB model was built
for residues 1–84 for both YoeB monomers (Supplementary
Figure S1).

Site-directed mutagenesis

The plasmid pBAD33-yoeB and pET21c-yefM-yoeB were
kind gifts from Professor Masayori Inouye (Robert Wood
Johnson Medical School, NJ, USA) and served as templates
for site-directed mutagenesis using the QuikChange Light-
ning Kit (Agilent). Primers are shown in Supplementary Ta-
ble S4.
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Differential scanning fluorimetry

Purified wild-type YoeB, YoeB W5A or YoeB W5A/W10A
variants (5 �M) were used in the DSF experiments. SYPRO
Orange dye (Invitrogen) was added at a 1:1000 dilution.
Reactions were heated at a rate of 0.5◦C per min, using a
StepOne Plus Real Time PCR system (ThermoFisher) and
fluorescence was recorded using the ROX filter (602 nm).
Data were analyzed by normalizing fluorescence and then
fitting the curves using the Boltzmann equation to deter-
mine the melting temperature (Tm) (GraphPad Prism, ver-
sion 8.0.2). Non-linear regression fitting to a Boltzmann sig-
moidal curve was performed to determine the Tm of each
sample. A one-way ANOVA was performed with Dunnett
post-hoc analysis (n = 2, F = 1234, df = 5, P ≤ 0.0001). The
Tm of wild-type YoeB is significantly different as compared
to the YoeB W5A and YoeB W5A/W10A variants (mean
difference of 20.6◦C and 21.1◦C respectively, adjusted P =
<0.0001). Experiments were performed in triplicate with
two independent replicates for each variant.

RESULTS

YoeB cleaves mRNA bound to both the 30S subunit and the
70S

YoeB cleaves both sense and stop codons (39,45) and has
been shown to associate with free 50S and 70S albeit in the
absence of mRNA (39,45). Given that mRNA is located on
the 30S subunit in the mRNA path, it is currently unclear
how the toxin interacts with the large subunit. Indeed, al-
though the P. vulgaris HigB also appears to bind to the 50S
in polysome profiles (38), HigB can cleave mRNA bound to
only the small subunit (42). Considering that YoeB cleaves
sense codons (39,44,45), we reasoned that YoeB may also
recognize a 30S initiation-like complex. To test this possi-
bility, we performed in vitro mRNA cleavage assays where
we incubated purified wild-type YoeB with the E. coli 30S
or 70S ribosome programmed with a 25-nucleotide mRNA
and E. coli tRNAfMet in the peptidyl(P) site of the ribo-
some. When YoeB binds to the 70S, both an asparagine
AAU sense and a UAA stop codon are cleaved to form a
product that runs on a denaturing gel at ∼19 nucleotides as
compared to standards (Figure 1A). RNAs containing a 3′
phosphate typically run 1–2 nucleotides faster than 3′ de-
phosphorylated RNAs (56). Since YoeB-mediated cleavage
resulted in mRNA containing a 3′ phosphate (46), we hy-
pothesize that our cleavage product means YoeB cleaves the
phosphodiester backbone between the second and third nu-
cleotide of the A-site codon (between nucleotides 20 and 21
in our mRNA) consistent with previous results (39). We also
found that YoeB cleaves mRNA bound to the 30S (Figure
1A). However, YoeB is unable to cleave the mRNA to com-
pletion on the 30S subunit similar to HigB toxin mRNA
cleavage on the 30S (42). In addition, another mRNA prod-
uct is observed indicating that YoeB can cleave the mRNA
at two different locations when bound to the 30S. Possibil-
ities for this include that the mRNA moves in the context
of the 30S or that in the absence of the 50S, both YoeB
monomers are needed for its optimal positioning to cleave
the mRNA codon.

Molecular recognition of the 30S subunit by the YoeB dimer

Our biochemical results above indicate that YoeB can cleave
mRNA bound to the 30S in contrast to polysome profiles
that showed YoeB did not bind the 30S subunit (39,45). To
understand the molecular basis of the interaction of YoeB
with 30S and mRNA, we next solved a 3.8-Å X-ray crystal
structure of the complex (Supplementary Table S1 and Fig-
ure 1B). Thermus thermophilus 30S subunits were purified
and crystallized as previously described (48) and a short six
nucleotide mRNA and purified wild-type YoeB were soaked
into preformed 30S crystals. The mRNA contains an A-site
AAU asparagine codon containing 2′-O-methyl (2′-OMe)
modifications at all three A-site positions to prevent cleav-
age. 2Fo – Fc electron density maps clearly show that YoeB
interacts with the 30S subunit as a dimer (Figure 1B and
Supplementary Figure S1A). Unfortunately, the mRNA is
not visible which is similar to the 30S-HigB structure we
previously solved (42). One possible reason for this is that
in the 30S crystal lattice, the 3′ end of the 16S rRNA and
the 16S rRNA spur from an adjacent molecule in the asym-
metric unit mimic a P-site codon and anticodon stem–loop,
respectively. As we previously suggested, the absence of the
P-site tRNA and mRNA codon may prevent the binding of
the small mRNA in the A site (42). Nonetheless, this struc-
ture provides insights into how the dimeric YoeB toxin rec-
ognizes the small subunit.

Monomeric E. coli YoeB is a 10.2 kDa protein and forms
a compact globular structure consisting of a five-stranded
�-sheet and two �-helices (32). Consistent with the way the
70S-YoeB structure was previously described (46), the YoeB
monomer closest to the mRNA path is referred to as YoeBa

and the more distant monomer as YoeBb. In general, the
YoeB dimer occupies the A site between the 30S head and
the body domains (Figure 1B). The binding site of YoeBa

overlaps completely with that of the anticodon stem-loop
of the tRNA and YoeBa also interacts with the shoulder
domain of the 30S subunit (Figures 1B and 2). The position
of YoeBb does not overlap with where tRNA binds and in-
stead packs against the 30S head domain, contacting 16S
rRNA helix 31 (h31) (Figure 1B and D). The overall YoeB
dimer arrangement on the 30S is similar to when bound to
the 70S (46) with a root mean-square deviation (r.m.s.d.)
of 1.2 Å, for 168 equivalent C� atoms (84 residues in each
YoeB chain). Additionally, YoeB, in the context of the 30S-
YoeB structure, is similar to the structure of YoeB in the
YefM2-YoeB toxin-antitoxin complex as well as to the pre-
viously determined 70S-YoeB structure (r.m.s.d. = 1.5–1.6
Å) (32).

Although �-helix 2 (�2) in each YoeB monomer is en-
riched with basic residues that theoretically could interact
with the negatively charged backbone of 16S rRNA, only
YoeBa makes extensive interactions with the ribosome (Fig-
ure 1C). YoeBa contacts the 30S head and body domains via
16S rRNA helix 18 (h18) and helix 44 (h44), respectively.
Residue Arg22 is within hydrogen bonding distance to the
phosphate backbone oxygens of nucleotide U531 in h18.
Weak electrostatic interactions are formed between YoeBa

residues Lys26 and Gly43 with the phosphate backbone
oxygens of C519 while Lys42 contacts the 2′-OH of C519
(Figure 1C). In contrast, YoeBb makes weak interactions
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Figure 1. E. coli YoeB recognizes the 30S A site. (A) In vitro cleavage assays of 32P-5′-labeled mRNA bound to either a 70S or 30S programmed with P-site
tRNAfMet. The mRNA sequence contains a ribosome binding site (rbs) and E-, P- and A-site codons are shown above the mRNA sequence (tick lines
are shown for every 10 nucleotides). The A-site codons contained either an AAU asparagine or UAA stop codon. Ribosome complexes were formed as
described in the Methods section. YoeB was incubated for 10 mins and reactions were quenched and monitored by denaturing PAGE. Both codons are
cleaved by YoeB when bound to a 30S and 70S complex (lanes 10–13). Cleavage on the 30S occurs to a lesser extent and an extra band is observed (lanes
11 and 13). Full length mRNA is denoted by a closed arrowhead, cleavage product by an open arrowhead and the extra mRNA band by a gray arrowhead.
Neither codon is cleaved in the absence of YoeB (lanes 6–9). 19-, 20- and 25-nucleotide mRNA standards and AAU and UAA containing mRNAs are
shown for comparison (lanes 1–5). (B) A 3.7 Å-structure of Thermus thermophilus 30S-YoeB where YoeB binds in the A site as a dimer between the head,
body and shoulder domains. The YoeB monomer closest to the mRNA path is shown in green (YoeBa) while the distal YoeB monomer is shown in pink
(YoeBb). 16S rRNA helices (h18, h31, h34, and h44) and proteins (S12, S19) that YoeB interacts with are indicated in dark gray and blue, respectively. (C)
YoeBa interactions with 16S rRNA h18 and S12 of the 30S. (D) YoeBb makes weak electrostatic interactions with 16S rRNA h34 and h31.

with the 16S rRNA located in the 30S head domain (Figure
1D). YoeBb residues Lys21, Arg22 and Lys25 are adjacent
to the backbone of 16S rRNA h34 but likely only form weak
electrostatic interactions (>3.5 Å). Additional weak electro-
static interactions are made between YoeB residues Lys32,
Arg35 and Arg36 with helix 31 (h31) of the head domain of
the 30S. Although ribosomal S12 residues Glu40 and Lys44
interact with YoeB bound to the 70S (46), in the context of
the 30S, YoeB slightly shifts away from S12 thus ablating
these interactions.

Molecular mechanism of YoeB recognition of a UAA stop
codon

YoeB cleaves AAA lysine, AAU asparagine, UAA stop,
CUG leucine and GCG alanine codons on the ribosome
in the A site (39). As previously described, a structure of
the 70S with YoeB bound to an A-site UAA stop codon
in a pre-cleavage state contained an incorrect modeling
of the mRNA (46). To directly compare how ribosome-
dependent toxins RelE, HigB and YoeB interact with their
mRNA substrates on the ribosome, we rebuilt and refined
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Figure 2 YoeB binds in the A site normally occupied by A-site tRNA. (A) View of the Thermus thermophilus 70S ribosome with dimeric YoeB bound in
a UAA post-cleavage state. 50S and 30S subunits are shown as background and A-, P- and E-site tRNAs are shown in red, blue and purple, respectively.
The YoeB monomer closest to the mRNA path is shown in green (YoeBa). The YoeB dimer overlaps with the position of A-tRNAPhe (PDB code 4V5l).
(B) tRNAPhe interaction with its cognate mRNA codon in the A site. (C) The mRNA (black) is re-positioned for cleavage by YoeBa as compared to the
normal anticodon stem loop and mRNA pairing from (B) shown in outline.

the mRNA into unbiased electron density (41). We found
that YoeB induces a similar conformation of the A-site
codon as compared to the RelE and HigB toxin (33,41).
The rebuilt mRNA indicates that YoeB conserved residues
Glu46, Lys49 and Asn51 interact with the first (U4) and
the second (A5) nucleotides of the mRNA within the A site
(Figure 3A) (mRNA numbering starts with +1 in the P site
with A-site nucleotides numbered 4–6). Although this struc-
ture provided insights into how the YoeB dimer interacted
with the 70S in a pre-cleavage state, how YoeB interacted
with a UAA stop codon after mRNA cleavage was neces-
sary to determine which YoeB residues are important for
activity. For example, HigB residues move considerably af-
ter mRNA cleavage and pre- and post-cleavage structures
provided significant insights into its mechanism (41). There-
fore, we solved a 3.5-Å x-ray crystal structure of 70S bound
to YoeB and mRNA containing an A-site UAA stop codon
that undergoes cleavage during the crystallization process
(Figure 3, Supplementary Figure S1D and Supplementary
Table S1). The post-cleavage state was solved using unmod-
ified 25-mer mRNA and cleavage was indicated by a lack of
electron density for the third nucleotide (A6) of the A-site
codon (Supplementary Figure S2). In both pre- and post-
cleavage states of YoeB bound to an UAA stop codon, YoeB
adopts an almost identical conformation with an r.m.s.d.
of 1.2 Å for equivalent 168 C� atoms (84 residues in each
YoeB chain). Although the YoeB dimer appeared to colo-
calize with both the 70S or 50S subunit in polysome profile
assays (39) but not the 30S subunit, there are no interac-
tions between YoeB and the 50S subunit in this structure
(Supplementary Figure S3).

When bacterial toxins bind to the A site of the ribosome
to cleave the mRNA phosphodiester backbone, the mRNA
is dramatically pulled into the toxin active site (33,41) (Sup-
plementary Figure S4). Upon YoeB binding to the A-site
codon, we find that the mRNA is similarly pulled into the
YoeB active site in slight contrast to what was previously
published (41,46). In the pre-cleavage state, the side chain
amine group of YoeBa residue Asn51 forms a �-� stacking

interaction with the nucleobase of first nucleotide of the A-
site codon U4 (Figure 3A). Given the nonspecific nature of
this interaction, it appears that any nucleotide could be ac-
commodated at this position consistent with primer exten-
sion analysis of mRNAs cleaved by YoeB (45). In contrast
to the absence of interactions with the first nucleotide posi-
tion of the codon, YoeBa surrounds the second and third
A-site nucleotides (Figure 3A). In the incorrect build of
A5 (46), it appears there are base-specific interactions with
the sidechains of highly conserved YoeBa residues Arg59,
Arg65 and Tyr84. However, in our rebuild, Arg65 and Tyr84
are too distant to interact with A5, however, Arg65 inter-
acts with the scissile phosphate and the O4′ of the ribose of
A6 (Figure 3A). Interactions with the second A5 nucleotide
not observed in the previous 70S-YoeB structure include the
interaction of Glu46 with the 2′-OH and the base-specific
interaction of Lys49 (Figure 3A). The sidechain of Glu46
forms a hydrogen bond with the 2′-OH of A5 and the back-
bone oxygen and amine groups of Lys49 form hydrogen
bonds with the Hoogsteen face of A5 that adopts a syn con-
formation. Only cytosine in an anti confirmation can ful-
fill this hydrogen bonding pattern (Supplementary Figure
S5). At the third nucleotide position of the A-site codon
(A6), YoeBa residues Glu63 and His83 (�4) stack with the
A6 nucleobase. A6 undergoes a 180◦ rotation around its
phosphate backbone as compared to when tRNA is present,
where its nucleobase forms stabilizing stacking interactions
with His83 and Glu63 (Figure 3B).

Upon mRNA cleavage by YoeB, the position of U4 and
A5 minimally changes however, YoeBa moves slightly away
from the mRNA path. This movement results in an ablation
of the stacking and the hydrogen bonding interactions be-
tween Asn51 and U4 and Glu46 with the 2′-OH of A5 (Fig-
ure 3B). The formation of the 3′-phosphate positions YoeBa

residues Arg59, Arg65, and Tyr84 within hydrogen bonding
distance (Figure 3B and C). Together, these two structures
indicate that while any nucleotide can be accommodated in
the first position, the hydrogen bonding network formed be-
tween the second position (A5) and stacking interactions at
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Figure 3. The influence of YoeB on the mRNA path when bound to an UAA stop codon. (A) Our remodel of the interactions between the A-site UAA stop
codon and YoeB in a pre-cleavage state (PDB code 4V8X, remodeled). The scissile phosphate is highlighted in orange. (B) In a post-cleavage state (PDB
code 6OXI, this study), interactions between the A-site UAA stop codon and YoeB. The position of the cleaved A6 is shown in outline for comparison.
(C) Upon cleavage, Arg59, Arg65 and Tyr84 interact with the 3′-phosphate.

the third position (A6) with YoeB residues seem to impose
some constraints on which nucleotides would be a good
YoeB substrate.

Molecular mechanism of YoeB recognition of a AAU as-
paragine sense codon

YoeB also cleaves the AAU sense codon in addition to the
UAA stop codon (39,45). Given that YoeBa appears to se-
lect for the UAA stop codon by extensive interactions with
the third nucleotide (Figure 3A), and these two codons dif-
fer at this third position, we solved x-ray crystal structures
of 70S-YoeB bound to a 25-mer mRNA containing an A-
site AAU codon in a pre- and post-cleavage states to 3.2 and
3.1 Å, respectively (Figure 4, Supplementary Figure S1C,
S1D, and Supplementary Table S1). In these structures with
the AAU codon, the first nucleotide in the codon is posi-
tioned closer to the P-site tRNA enabling interactions be-
tween the ribose O4′ atom of nucleotide 36 and the N6 atom
of U4 but the stacking interaction between Asn51 and U4
is no longer observed (Figures 3A and 4A). In both UAA
and AAU codons, there is an adenosine at the second nu-
cleotide position. In the two 70S-YoeB structures, there is
conservation in how YoeB interacts with A5 suggesting that
differences in the codon do not change how YoeB recog-
nizes the nucleotide at the second position. At the third po-
sition, substitution of an adenine with an uridine still causes
a reorientation of the nucleobase towards the mRNA path,
however, U6 does not stack between Glu63 and His83 (Fig-
ure 4A and Supplementary Figure S6). In the post-cleavage
state, YoeBa residues Arg59 and Tyr84 move towards the
mRNA to hydrogen bond with the newly formed 3′ phos-
phate while Arg65 maintains interactions with the phos-
phate (Figure 4B and C). These interactions were previously
observed (46). Together, these structures suggest that while
purines stack more efficiently with the third nucleotide of
the A-site codon upon YoeB binding, this interaction is not
essential considering that YoeB still cleaves codons contain-
ing pyrimidines at the third position.

YoeB-induced conformational changes of the decoding center

When tRNA binds to the 70S A site, the mRNA-tRNA pair
is monitored by 16S rRNA nucleotides and ribosomal pro-
tein S12 in the decoding center (57). During this decoding
process, 16S rRNA nucleotides G530, A1492 and A1493
monitor the codon-anticodon interaction to determine if
the interaction is cognate. A1492 and A1493 flip from an
internal loop in 16S rRNA h44 to probe for Watson-Crick
base-pairing at the first and second positions of the codon–
anticodon interaction. At the same time, G530 moves in-
ward to form a single hydrogen bond with A1492 and flips
from a syn to an anti conformation to interact with the sec-
ond and third codon positions. Additionally, the entire 30S
shoulder domain moves inward towards the intersubunit
space of the A site and these conformational changes collec-
tively contribute to tRNA selection (58,59). YoeB binding
also induces similar conformational rearrangements of 16S
rRNA nucleotides however, there are slight differences as
compared to the process of tRNA selection. In the struc-
ture of the pre-cleavage 70S bound to a UAA stop codon,
binding of YoeB causes A1492 and A1493 to flip out of h44
to interact with mRNA and YoeB residues Glu46, Pro47
and Lys49, as previously seen (46). Although A1913 of 23S
rRNA Helix 69 (H69) moves during tRNA decoding to
interact with A1492, upon YoeB binding, the position of
A1913 remains constant because YoeBa binding occupies
this space (Figure 5B). However, in the post-cleavage state,
A1492 rotates ∼150◦ back into h44 (Figure 5C). This move-
ment places A1492 adjacent to A1913 where it partially
stacks with A1913 ablating interactions with YoeBa. In both
pre and post-cleavage states, YoeB binding inserts Lys44
(of the �2–�2 loop) and Arg59 (�2) residues between G530
and A1492 thus preventing interactions between these two
nucleotides that are usually required for correct tRNA se-
lection (Supplementary Figure S7). These interactions with
the decoding nucleotides are preserved in the 70S structures
bound to the AAU sense codon.
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Figure 4. The influence of YoeB on the mRNA path when bound to an AAU sense codon. (A) Interactions between YoeB residues and the A-site AAU
asparagine codon in a pre-cleavage state. The scissile phosphate is highlighted in orange (PDB code 6OXA). (B) In a post-cleavage state (PDB code
6OTR), interactions between YoeB residues and the A-site asparagine codon. The position of the cleaved U6 is shown in outline for comparison. (C) Upon
YoeB-mediated cleavage, Arg59, Arg65 and Tyr84 interact with the phosphate.

Figure 5. The influence of YoeB on the mRNA path when bound to a UAA stop codon. (A) Structure of dimeric YoeB bound to the Thermus thermophilus
70S ribosome. Color scheme is the same as in Figure 1. YoeBa interacts with 16S rRNA helices h18 and h44 (gray) and 23S rRNA helix H69 (gold)
adjacent to the mRNA path (black). P- and E-site tRNAs are shown as blue and purple, respectively. (B) YoeBa interacts with the A-site decoding center
when bound to a UAA stop codon in a pre-cleavage state (by the inclusion of 2′-OCH3 at all three A-site nucleotides) solved by Feng et al. (46). All
three A-site nucleotides (U4, A5, A6) are shown in black, and are monitored by 16S rRNA nucleotides A1492, A1493, and G530 of h44 (gray) and 23S
rRNA A1913 (gold). We rebuilt the mRNA as previously published (41). The P-site mRNA codon (black) and anticodon nucleotide (blue) are shown for
perspective. (C) A 70S-YoeB post-cleavage state where the �2-�2 loop of YoeB prevents A1492 forming hydrogen bonds with G530.

Monomeric YoeB retains ribosome-dependent ribonuclease
activity yet is thermally unstable

Our data presented here and the previous YoeB structure
bound to the ribosome demonstrate that YoeB binds to
both the 30S and 70S as a dimer (46). The YoeB dimer
interface is formed by hydrophobic surfaces of �1 and �2
from each YoeB monomer and a hydrogen bonding net-
work between residues Glu7, Tyr13, Gln17, Asn28 and
Arg35 (Figure 6A and Supplementary Figure S8). Two
tryptophan residues, Trp5 and Trp10, form a hydrophobic
pocket and are also involved in the formation of the YefM-
YoeB toxin-antitoxin complex via interactions with C-
terminal residues of YoeB (32). Since all known ribosome-
dependent toxins are monomers including RelE, YafQ and
HigB (33,36,40,41,60), it is unclear why YoeB adopts a
dimeric form. To test whether a YoeB monomer retains
RNase activity, we introduced alanine mutations of W5A

and W5A/W10A in an attempt to disrupt the tryptophan
cluster and thus engineer a YoeB monomer. Wild-type YoeB
dimer elutes as a compact dimer at ∼16 kDa as determined
by size exclusion chromatography (SEC) while the appar-
ent molecular weight of both purified YoeB W5A and YoeB
W5A/W10A is ∼11 kDa indicating that YoeB is a monomer
(Figure 6B).

We next tested whether YoeB W5A and YoeB
W5A/W10A variants cleave mRNA in the context of
30S and 70S ribosomes using the in vitro cleavage assay
previously described. Both YoeB variants cleave AAU and
UAA codons on the 70S to near completion similar to
wild-type YoeB (Figure 6C and Supplementary Figure
S9). In the context of the 30S subunit, the YoeB W5A and
YoeB W5A/W10A variants cleave AAU and UAA codons
on mRNA to ∼55 and 65% completion, respectively as
compared to ∼80% on the 70S ribosome (Figures 1A and
6C). However, YoeB variants do not produce an additional
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Figure 6. Monomeric YoeB is active but is less thermal stable. (A) YoeB
residues W5 and W10 of each YoeB monomer comprise the dimer inter-
face and were selected for mutagenesis experiments to create a monomeric
YoeB. (B) Size exclusion chromatography of purified YoeB, YefM-YoeB,

cleavage band on the 30S in contrast to wild-type YoeB
cleavage on the 30S subunit (Figures 1A and 6C). It is not
clear the exact reason for the disappearance of this extra
band when YoeB is monomeric but it may indicate that
YoeBb affects the position of YoeBa and this somehow
prevents the movement of mRNA that produces an extra
mRNA cleavage band (Figure 1A). These data indicate that
an engineered YoeB monomer can cleave ribosome-bound
mRNA and somehow this oligomeric state influences the
position of the mRNA in the context of the 30S only.

YoeB is activated during thermal stress (47) and therefore
we wondered whether one role of a YoeB dimer is for ther-
mal stability. To test this, we performed differential scanning
fluorescence (DSF) experiments of wild-type YoeB, YoeB
W5A and YoeB W5A/W10A proteins. Wild-type YoeB has
a melting temperature (Tm) of 63.3◦C while the YoeB W5A
and YoeB W5A/W10A variants are ∼20◦C less stable (Fig-
ure 6D). These data suggest that the YoeB dimer is stabilized
and active during thermal stress consistent with data from
the Hayes group (47).

DISCUSSION

In this study, we focus on understanding the mechanism of
action of the type II toxin, YoeB. YoeB is an endonucle-
ase that cleaves mRNA bound to the ribosome but only in
the A site, the site where tRNAs are brought to the ribo-
some for decoding of the mRNA codon. We find that YoeB
is capable of cleaving mRNA codons on both the 30S and
70S ribosomes suggesting that interactions with the 50S are
not required for YoeB activity. We further solved an x-ray
crystal structure of YoeB bound to the 30S, revealing exten-
sive interactions of YoeBa with the decoding center while
YoeBb minimally interacts with the 30S. Given that YoeB
can cleave codons immediately downstream of the AUG
start codon in a subset of mRNA tested (39), our results
indicate that YoeB targets mRNAs even during the initia-
tion phase of translation before recruitment of the 50S. Al-
though YoeB is active as a dimer, our experiments show that
a dimeric oligomeric state is not essential for cleavage of the
mRNA by YoeB. Instead, YoeB likely forms a dimer to per-
sist during thermal stress in which it is upregulated (47).

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
and YoeB variants indicating that the W5A and W5A/W10A variants are
monomeric. The number above each peak denotes the molecular weight
in kDa. Approximate molecular weights of YefM, YefM-YoeB, and YoeB
are 27.9 kDa, 59.6 kDa, and 22.4 kDa, respectively. YoeB variants W5A
and W5A/W10A elute at ∼11 kDa. (C) In vitro cleavage assays of 32P-
5′-labeled mRNA bound to either a 70S or 30S programmed with P-site
tRNAfMet. The mRNA sequence used in these assays is the same as in Fig-
ure 1A. Both mRNAs are cleaved by YoeB when bound to a 30S and 70S
complex. YoeB variants W5A and W5A/W10A are both active in cleaving
mRNA bound to either the 30S or 70S as compared to wild-type YoeB.
Full length mRNA is denoted by a closed arrowhead, cleavage product by
an open arrowhead and the extra mRNA band by a gray arrowhead.19-,
20- and 25-mer mRNA standards and AAU and UAA containing mRNAs
are shown for comparison (lanes 1–5). The line separating the gels indicates
each region of the figure were taken from different parts of a single gel.
(D) DSF assays demonstrate that wild-type YoeB (green, Tm = 63.3◦C)
is more thermostable than YoeB variants W5A (orange, Tm = 42.3◦C) or
W5A/W10A (black, Tm = 41.6◦C). Fluorescence values were normalized
to the highest tested temperature and the boundary of each line represents
the mean ± SD of values of three independent experiments.
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Traditional RNases, including type II ribosome-
dependent toxins, display a wide range of substrate
specificity. As with other type II toxins, YoeB cleaves
between the second and third nucleotide of the mRNA
codon presented in the A site and appears to target a
range of codons most commonly at the beginning of the
coding region or at stop codons (39,46). The previously
reported structure of YoeB bound to a 70S containing
an A-site UAA stop codon in a pre-cleavage state sug-
gested that any nucleotide could be accommodated at
the first nucleotide position of the codon due to a lack
of base-specific interactions (46). Although this structure
provided insights into potential YoeB mRNA specificity,
the mRNA was incorrectly modeled as we previously
discussed upon comparison with type II HigB toxin bound
to the 70S ribosome (41). This prompted us to rebuild
the mRNA and examine how YoeB interacts with its
mRNA substrate. Here, we further extend these studies
to determine how YoeB residues change after mRNA
cleavage of the UAA stop codon and additionally how
YoeB cleaves the sense UAA codon. In the rebuild, YoeBa

Lys49 makes nucleobase-specific interactions that define
which nucleotide is allowed at the second position of the
codon while Glu46 stabilizes the nucleotide by interactions
with its 2′-OH (Figure 3A). It is clear that cytosine can
make similar interactions as adenosine if it adopts an anti
conformation, which is similar to how HigB recognizes A
and C codons at this second position (41). YoeBa residues
Arg65 and His83 interact with the scissile phosphate while
Glu63 and His83 stack with A6 or the third nucleotide
of the codon (Figure 3). A post-cleavage state reveals
that Arg65 maintains interactions with the 3′-phosphate
and Arg59 moves towards the 3′-phosphate, both events
likely important in stabilizing the transition state of the
reaction. These structures begin to provide insights into
the mechanism of YoeB cleavage of mRNA.

To extend our understanding of potential codon speci-
ficity by YoeB, we also solved structures in both the pre-and
post-cleavage states bound to an AAU sense codon. Inter-
estingly, A4 contacts the P-site tRNA at nucleotide 36 un-
like when an uridine is present at this first position (Figure
4A and B). Regardless, clearly this is not an important in-
teraction as all four nucleotides are found at the first po-
sition in codons cleaved by YoeB (39,44). Interactions of
YoeBa residue Lys49 with A5 are preserved in both UAA
and AAU codons bound to the 70S providing evidence that
the identity of surrounding nucleotides, that is, the first and
third nucleotides in the codon, do not alter how the sec-
ond nucleotide is pulled from the mRNA path to present the
scissile phosphate for cleavage (Figures 3 and 4). Modeling
of other nucleotides at the second position indicates that
while a cytosine may be accommodated, either a guano-
sine or uridine would not maintain this hydrogen-binding
pattern (Supplementary Figure S5), consistent with in vivo
cleavage assays (32,39,44). At the third nucleotide position,
although A6 in the UAA structure is clearly stabilized by
stacking interactions with Glu63 and His83, this stacking
is ablated when A6 is substituted with U6. YoeB mediated
mRNA cleavage assays indicate YoeB can cleave codons
containing a guanine at this position, suggesting there may
be subtle nucleotide specificity at this third position (45)

(Figures 3A, 4A, and Supplementary Figure S6). This is
consistent with previous observations that the majority of
nucleobases recognized by YoeB in the third position are
purines (32,39,44,45). Overall, these data provide accumu-
lating evidence that YoeB has loose codon specificity.

The 30S decoding center undergoes conformational re-
arrangements regardless of when tRNAs or translation
factors bind and this includes when type II toxins RelE,
HigB and YoeB bind (33,41,46). Surprisingly, ribosome-
dependent toxins induce slightly different conformational
changes of the decoding center that may be reflective of
how such stalled ribosome complexes are recycled after
toxin departure (Figure 7). During decoding, 16S rRNA nu-
cleotides A1492, A1493 and G530 along with S12 residues
monitor mRNA-tRNA interactions and concurrently, the
30S adopts a closed state resulting in the shoulder domain
moving towards the A site. Comparison of pre- and post-
cleavage states induced by RelE reveals that the decod-
ing center changes very little (Figure 7C and D) (33). 16S
rRNA nucleotide A1492 is pulled from h44, G530 moves to
a syn conformation, however, A1493 remains stacked with
A1913. The absence of A1493 movement towards G530 in-
dicates that this is not a fully closed state. Toxin HigB also
induces an incomplete closing of the A site but there are dif-
ferences between pre- and post-cleavage states (Figure 7E
and F) (41). For example, upon HigB binding but before
mRNA cleavage has occurred, A1492 rather than A1493,
partially stacks with A1913. After cleavage by HigB, A1492
moves ∼45◦ away from A1913. Interestingly, YoeB induces
changes that are distinct from changes induced by either
RelE or HigB (Figures 5, 7A and B). In the pre-cleavage
state with YoeB bound, both A1492 and A1493 are flipped
from h44 and G530 adopts a syn conformation, all changes
that reflect a closed state (Figure 7A). After cleavage, A1492
flips back into h44 however, it does not stack with A1913
(Figure 7B). In all 70S structures containing the three tox-
ins, A1492 is prevented from interacting with G530 by a
toxin loop that functions as a physical barrier to prevent
the ribosome adopting fully closed states. The differences
that toxins exert upon the A-site may be due to their physi-
cal size and surrounding electrostatic interactions (Supple-
mentary Figure S10). RelE and HigB proteins are slightly
smaller than the monomeric YoeB, but more importantly,
YoeB occupies more space in the A site to more fully inter-
act with A1492, A1493 and A1913 (Supplementary Figure
S10D). Additionally, this extended position of YoeB may be
aided by the surrounding negative electrostatic surface of
the 50S in relation to the distal YoeBb monomer (Supple-
mentary Figure S10E). For example, there is only one point
of opposing charges between the 50S and YoeBb that could
potentially result in repelling YoeBb from the 50S surface to-
wards the A site (Supplementary Figure S4 and S10E). This
repelling may result in YoeBb somehow influencing the po-
sition of YoeBa important for interactions with the codon.
Support for this includes the additional mRNA cleavage
band in cleavage assays with only the 30S that then is ab-
lated when engineered monomeric YoeB is tested. Thus, the
dimeric state of YoeB may account for the more closed state
of the A site as compared to RelE and HigB (Figure 7).

What are the consequences of the binding of toxin
that induce different conformations of A-site decoding nu-
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Figure 7. Comparison of the influence of YoeB, RelE and HigB toxins on the mRNA path. (A) Interaction of YoeB with the A-site decoding center bound
to a UAA stop codon in a pre-cleavage state is shown (PDB code 4V8X, remodeled). All three A-site nucleotides (U4, A5, A6) are monitored by 16S rRNA
A1492, A1493, and G530, and 23S rRNA A1913. (B) Interaction of YoeB with the A-site decoding center bound to a UAA stop codon in a post-cleavage
state is shown (PDB code 6OXI, this study). Reorientation of A1492 post-cleavage results in a clash with A1913 of H69. (C) Interaction of RelE with the
A-site decoding center bound to a UAG stop codon in a pre-cleavage state is shown (33). All three A-site nucleotides (U4, A5, G6; black) are monitored
by 16S rRNA A1492, A1493, and G530 and 23S rRNA A1913. (D) Interaction of RelE with the A-site decoding center bound to a UAG stop codon in a
post-cleavage state is shown (33). There is little to no significant conformational changes between the two states. In both cases, the RelE �2-�2 loop prevents
A1492 from forming hydrogen bonds with G530. (E) Interaction of HigB with the A-site decoding center bound to a AAA lysine codon in a pre-cleavage
state is shown (41). All three A-site nucleotides (A4, A5, A6) are monitored by 16S rRNA A1492, A1493, and G530, and 23S rRNA A1913. In this state,
A1492 only partially interacts with A1913. (F) Interactions of HigB with the A-site decoding center bound to a AAA lysine codon in a post-cleavage state
is shown (41). In this state, A1492 moves away from and no longer stacks with A1913. In both cases, the HigB �2-�2 loop prevents A1492 from forming
hydrogen bonds with G530.
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cleotides? One possibility is that variations of open and
closed states could influence toxin release after cleavage. For
example, toxins that remain bound to the ribosomes post
cleavage could, in addition to the inhibition of translation,
also protect ribosomes that are queued on mRNAs from
other toxins that cleave rRNA such as E. coli MazF, M. tu-
berculosis MazF-mt6 and MazF-mt9 (61–64). In addition
to protection, toxin-bound ribosomes would also prevent ri-
bosome recycling. Conversely, other toxins that rapidly dis-
sociate from the ribosome would have the opportunity to
cleave many mRNAs thus inhibiting translation to a larger
extent. In line with this argument, toxins such as RelE and
YoeB that appear to have loose specificity may help com-
bat nutritional deficiencies arising from stress by targeting
the majority of transcripts to promote recycling of nascent
chains to help replenish nutrients such as amino acids. Fu-
ture studies aimed at understanding the steps after toxin
RNase activity would provide important insights into these
downstream events.

The question of why YoeB is a dimer while all other
structurally-homologous, ribosome-dependent toxins are
monomers motivated us to test whether the dimeric form
is related to its activity. Engineered monomeric YoeB ap-
pears to be as active as the wild-type YoeB dimer indicating
the dimeric state is not a requirement for function. Recent
studies by the Hayes group demonstrate YoeB is the sole
ribosome-dependent toxin that cleaves mRNA during ele-
vated temperatures in E. coli (47). These cleaved mRNAs
are then recognized by tmRNA-SmpB, ArfA, or ArfB for
the release of the nascent chain required for the recycling
of ribosomes. Consistent with these data, the YoeB dimer
is more thermal stable than the YoeB monomer rationaliz-
ing why YoeB has evolved to be dimeric during heat shock
(Figure 6D).

Expression of type II toxin-antitoxin systems is typically
regulated via a negative feedback loop where stress atten-
uates antitoxin proteolysis leading to transcriptional de-
repression. Whether specific stresses activate different tox-
ins is unknown, however, it has been shown that nutritional
stress causes rapid activation of E. coli RelBE, MazEF, Hi-
cAB, YafNO, YgiNM, and YgiUT toxin-antitoxin com-
plexes (23) while other systems may be regulated by the SOS
response (E. coli YafQ-DinJ) (37), antibiotics (P. vulgaris
HigB) (65) and more recently, thermal stress (E. coli YoeB-
YefM) (47). While traditional RNases monitor whether
mRNAs are functional, these toxins serve more as a stress-
specific mechanism of translational inhibition. Many out-
standing questions remain regarding the activation, regula-
tion and downstream effects of toxins on bacterial physi-
ology, however, our mechanistic insights into YoeB activity
expands our understanding of ribosome-dependent toxins
activated during thermal stress.
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