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Bacteria contain multiple type II toxins that selectively degrade
mRNAs bound to the ribosome to regulate translation and growth
and facilitate survival during the stringent response. Ribosome-
dependent toxins recognize a variety of three-nucleotide codons
within the aminoacyl (A) site, but how these endonucleases achieve
substrate specificity remains poorly understood. Here, we identify
the critical features for how the host inhibition of growth B (HigB)
toxin recognizes each of the three A-site nucleotides for cleavage.
X-ray crystal structures of HigB bound to two different codons on
the ribosome illustrate how HigB uses a microbial RNase-like nucle-
otide recognition loop to recognize either cytosine or adenosine at
the second A-site position. Strikingly, a single HigB residue and 16S
rRNA residue C1054 form an adenosine-specific pocket at the third
A-site nucleotide, in contrast to how tRNAs decode mRNA. Our
results demonstrate that the most important determinant for mRNA
cleavage by ribosome-dependent toxins is interaction with the third
A-site nucleotide.
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Bacteria live in dynamic environments and as a consequence
have developed robust stress responses to survive harsh

conditions including temperature fluctuations, nutrient depriva-
tion, and oxidative stress (1, 2). Lack of nutrients activates the
stringent response and the synthesis of the “magic spot” alarmone,
guanosine penta/tetraphosphate [(p)ppGpp]. (p)ppGpp serves as
a global signaling molecule and facilitates transcription of pro-
survival genes and activation of downstream proteolysis of select
substrates that inhibit replication and translation (1, 3, 4). This
rapid inhibitory switch suppresses metabolite consumption and
temporarily halts cell growth to promote bacterial survival until
nutrients are readily available. Among the prosurvival genes regu-
lated by (p)ppGpp production are toxin–antitoxin modules, which
have additional roles in antibiotic resistance and tolerance, biofilm
and persister cell formation, and niche-specific colonization (5–
11). The critical roles toxin–antitoxin pairs play in bacterial physi-
ology underscore the importance of understanding their molecular
targets and modes of action.
There are five different classes (I to V) of toxin–antitoxin sys-

tems defined by how the antitoxin represses toxin function (1).
Type II toxin–antitoxin pairs form protein–protein complexes
during exponential growth that serve two purposes: inhibition of
toxin activity by antitoxin binding and transcriptional autorepression
to limit toxin expression (12). Antitoxins are proteolytically degraded
after (p)ppGpp accumulation, leading to derepression at the
toxin–antitoxin promoter (8, 12). Liberated toxin proteins inhibit
the replication or translation machinery by targeting DNA gyrase,
initiator tRNAfMet, glutamyl-tRNA synthetase, EF-Tu, free mRNA,
ribosome-bound mRNA, and the ribosome itself (13–20).
Ribosome-dependent toxins cleave mRNAs on the ribosome

between the second and third nucleotides of the aminoacyl
(A)-site codon (21–23). Although collectively Escherichia coli
ribosome-dependent toxins target a diverse range of codons, each
individual toxin appears to have a strong codon preference and
cleaves at defined positions along the mRNA (24–26). RelE cleaves
at UAG stop codons and the CAG sense codon (all codons

denoted in the 5′–3′ direction); YoeB cleaves at codons follow-
ing a translational AUG start site and at the UAA stop codon;
and YafQ cleaves a single AAA sense codon (16, 24, 27–29). In
contrast, Proteus vulgaris host inhibition of growth B (HigB) toxin
degrades multiple codons encoding for different amino acids,
with the defining codon signature being a single adenosine (30).
Furthermore, recent studies have suggested that a number of
toxins cleave a spectrum of codons irrespective of codon family
(i.e., codons coding for the same amino acid) (16, 25, 27). This
loose specificity exhibited by HigB and other toxins strongly
suggests that canonical codon identity may play little to no role in
defining a toxin mRNA substrate and, as an extension of this,
that toxins recognize A-site codons in a manner distinct from
tRNAs and release factors. However, because all ribosome-
dependent toxins adopt a conserved microbial RNase fold (31–34)
and cleave the mRNA using the same mechanism of in-line attack
on the scissile phosphate (21–23), the structural features of each
toxin that define different nucleotide preferences in the context of
the ribosome remain elusive.
Here, we elucidate the molecular basis for translation inhibition

and nucleotide selectivity by the HigB toxin. We demonstrate that
HigB recognizes each A-site nucleotide position distinctly. Be-
cause ribosome-dependent toxins contain a conserved protein
architecture, these results provide a molecular framework for
rationalizing the specificity of this enzyme family. Our structures
reveal that HigB recognizes mRNA using hydrogen-bonding
capability to select for the second A-site nucleotide, whereas an
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adenosine-specific binding pocket is formed by both HigB and
16S rRNA residues to confer specificity at the third A-site po-
sition. Lastly, a single HigB residue modulates adenosine selec-
tively at this third A-site position by a mode that is distinct from
other ribosome-dependent toxins (21, 22). Because toxin proteins
play prominent roles in persister cell formation and represent
novel antimicrobial targets (8, 11, 35, 36), determining the mo-
lecular basis of mRNA substrate specificity may provide insights to
subvert toxin activity.

Results and Discussion
Structural Determination of Ribosome–HigB Complexes. To de-
termine the molecular basis for substrate recognition by HigB,
we solved three X-ray crystal structures of HigB bound to the
Thermus thermophilus (Tth) 70S containing either an AAA or
ACA codon in the A site in pre- or postcleavage states and a
high-resolution structure of HigB (Tables S1 and S2). The first
precleavage state 70S structure was trapped by using a catalyti-
cally inactive HigB variant (ΔH92) (30) and mRNA containing a
2′-OCH3 modification at all three A-site nucleotides (AmAmAm
Lys codon). This structure was determined to 3.4 Å (I/σ = 1.8)
(Fig. 1 A and B, Fig. S1A, and Table S1). The second structure is a
postcleavage state that contains wild-type HigB bound to unmod-
ified mRNA and was solved to 3.3-Å resolution (I/σ = 1.8)
(Fig. 1C, Fig. S1B, and Table S1). Additionally, a 70S-HigB
ΔH92 precleavage state bound to an AmCmAm codon was
solved to 3.1-Å resolution (I/σ = 1.9) (Fig. S1C and Table S1).
In all three structures, Fo-Fc difference electron density maps
allowed unambiguous placement of P-site tRNAfMet, mRNA, and
A site-bound HigB (Fig. S1 A–C). Lastly, a 1.25-Å X-ray structure
of HigB was used as a starting model to confidently build HigB
into lower-resolution (3.1–3.4 Å) 70S electron density maps
(Table S2).
The 1.25-Å structure of free HigB reveals that it adopts a mi-

crobial RNase fold consisting of a three-stranded, β-sheet appended
by two N-terminal α-helices (Fig. S2A). Comparison of this
structure, HigB from the HigBA complex (33), and HigB in the 70S
bound structures (discussed in the next section) shows a similar
overall HigB fold and concave cleft, the likely location of the

active site (rmsd of 0.4–1.0 Å for residues 1–92) (Fig. S2). Al-
though other toxins are proposed to undergo allosteric regula-
tion after release from the antitoxin (32, 37, 38), our data suggest
that HigB has a preformed tertiary structure primed for in-
teraction with the ribosome.

Recognition of the A Site by HigB Involves Distortion of the mRNA.
HigB binds the A site between the head and body of the small
subunit, similar to where tRNA interacts with mRNA (Fig. 1A)
(39). The selection of correct tRNAs results from the ribosome
monitoring the Watson–Crick base pairing between the tRNA
anticodon stem loop and the A-site codon; 16S rRNA nucleo-
tides A1492/A1493 flip from an internal loop of helix 44 (h44),
whereas G530 changes from a syn to an anti conformation to
inspect the minor groove of the codon–anticodon interaction
(39). In the two 70S-HigB precleavage state structures, A1492
remains within h44, whereas A1493 adopts an intermediate state
between its fully extended flipped position, seen when a cognate
mRNA-tRNA pair is present in the A site and its position inside
of h44 (Fig. S3A). In the postcleavage state structure, both A1492
and A1493 occupy an intermediate state, with A1493 close to
23S rRNA nucleotide A1913 (Helix 69) and HigB residues
L53 and H54 (Fig. S3 A and B). In all structures, G530 adopts
a syn conformation, resembling an empty A-site 70S complex (40)
(Fig. S3C).
In both the pre- and postcleavage state 70S structures, HigB

binding causes a distortion of the mRNA backbone with the
position of the A6 nucleotide changing the most dramatically
(5- and 9-Å movement of the C1′ and phosphate atoms, re-
spectively) (Fig. 1D). The structures of HigB bound to the 70S
reveal that HigB interacts with each of the three A-site nucleo-
tides in distinct ways. Although a potential hydrogen bond be-
tween the nucleobase of A4 with the 2′-OH of the adjacent P-site
tRNA nucleotide 35 may be present, no other direct interactions
between HigB and the A4 nucleotide are observed, indicating
any nucleotide would be recognized by HigB at this position
(Fig. 2A). In contrast, HigB residues H54, K57, A70, N71, R73,
Y91, and H92 flank the +5 and +6 mRNA positions (Figs. 1 B
and C). HigB loop residues H54 and K57 (located between

A B

C D

Fig. 1. Structural basis for HigB recognition of mRNA
on the 70S ribosome. (A) Overview of the structure of
the 70S-HigB toxin complex containing A-site HigB
showing the 30S and 50S subunits, P-site tRNAfMet,
E-site tRNAfMet, and an A-site AAA lysine codon. The
X-ray crystal structures of the precleavage (B) and post-
cleavage (C) states reveal how HigB recognizes an AAA
A-site lysine codon (precleavage state A-site codon
contains 2′-OCH3 modifications to prevent mRNA cleav-
age). (D) Comparison of the mRNA path in the A-site
when bound to HigB (mRNA is in magenta), tRNA [Pro-
tein Data Bank (PDB) ID code 4V51; yellow] or an empty
A site (PDB ID code 4V6G; blue), emphasizing the large
mRNA movement once HigB binds. P-site mRNA nu-
cleotides (+2 and +3), A-site mRNA nucleotides (+4, +5
and +6), and the location of the scissile phosphate during
HigB cleavage are shown.
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α2 and β1) directly interact with the +5 position; the Hoogsteen
face of the A5 nucleotide forms two hydrogen bonds with the
backbone of HigB lysine residue (K57) (Fig. 2B). The only other
nucleotide that can fulfill this same hydrogen-bonding pattern is
cytosine in an anti conformation (Fig. S4). An additional contact
includes the nitrogen e2 atom of the imidazole side chain of
H54 with the 2′-OH of A5 (a 2′-OCH3 in the precleavage
structure) (Fig. 2B).
Surprisingly, C-terminal HigB residues A70, N71, R73, and

Y91 and 16S rRNA residues surround the nucleotide of A6,
forming a nucleotide-specific pocket (Fig. 2C). HigB R73 in-
teracts with the A6 phosphate (the scissile phosphate), and HigB
residues A70 and N71 flank one face of the nucleobase of A6
whereas 16S rRNA residues G530 and C1054 frame the opposite
side. HigB residue N71 stacks with 16S rRNA nucleotide C1054,
orienting the Watson–Crick face of C1054 for interaction with
the Hoogsteen edge of A6. The interaction of A6 with the
conserved C1054 provides one mechanism by which HigB selects
for adenosines at the +6 position. HigB recognition of the +6
nucleotide is most similar to how release factors 1 or 2 (RF1/2)
recognize stop codons, with one significant difference being the
+6 nucleotide base stacks with decoding center nucleotide G530
upon RF binding, an interaction absent in HigB-mRNA recog-
nition (41, 42).

A-Site Nucleotide Requirements for HigB Cleavage. Primer-extension
analysis of five transcripts cleaved upon HigB overexpression

identified a preference for adenosine-rich codons (codons cleaved
in the preference of AAA > GAA > CAA > AAC) but also co-
dons containing a single adenosine (e.g., GCA >CCA >CAU) (30).
We confirmed in vitro that HigB efficiently cleaves an AAA codon
in a ribosome-dependent manner (Fig. 3A). Our structures reveal
that HigB interacts with each of the three A-site nucleotides in
distinct ways providing initial evidence that toxins may not have a
strict three-nucleotide codon requirement. To further test this hy-
pothesis, we performed in vitro cleavage assays in which each A-site
nucleotide position was varied in the context of the preferred AAA
codon. Similar results were seen when an adenosine, guanosine, or
cytosine was located at the +4 position [observed rate constants
(kobs) of 0.57, 0.25, and 0.69 min−1, respectively], whereas an
uridine substitution was cleaved less efficiently (0.088 min−1)
(Fig. 3B and Fig. S5A). Together, these data strongly suggest that
there is no strong nucleotide preference at the +4 position.
Our structures of HigB bound to the ribosome reveal A5

makes specific interactions with the HigB backbone, with cyto-
sine being the only other nucleotide capable of forming similar
interactions (Fig. S4). We tested the nucleotide preference at the
+5 position, and our results demonstrate similar observed cleav-
age rates for AAA and ACA codons (kobs = 0.57 and 0.89 min−1,
respectively), whereas AGA and AUA codons were cleaved 7- and
27-fold less efficiently (0.077 and 0.021 min−1, respectively; Fig. 3C
and Fig. S5B), further supporting our predictions based upon our
structural work.
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To directly test the possibility that an ACA codon forms a
similar hydrogen-bonding network as the AAA codon, we solved
a 3.1-Å X-ray crystal structure of 70S-HigB ΔH92 bound to the
AmCmAm codon in a precleavage state (Table S1). The first and
third A-site nucleotides (A4 and A6) are in identical positions as
previously seen in our 70S-HigB bound to the AAA A-site codon
structure (Fig. 4 A and B and Fig. S1). Although C5 occupies a
similar local position as A5, it adopts an anti conformation to
form an analogous hydrogen-bonding pattern between A5 and
the HigB backbone (Fig. 4 A and B). Specifically, the N3 amine
and the N4 amino groups of C5 form hydrogen bonds with the
backbone amino and carbonyl groups of K57, respectively. Ad-
ditionally, the nitrogen e2 atom of the imidazole side chain of
H54 is within ∼3 Å from the 2′-OH of C5 (Fig. 4B). The require-
ment of an adenosine or cytosine at the +5 position suggests that
HigB catalytic efficiency is controlled by hydrogen-bonding com-
plementarity for proton abstraction and in-line attack on the
scissile phosphate.
Next, we tested the nucleotide requirements of HigB at the +6

position. Our results show AAG/C/U codons were cleaved 9- to
10-fold less efficiently than the optimal AAA codon (0.051,
0.051, and 0.047 min−1, respectively; Fig. 3D and Fig. S5C),
demonstrating a clear preference for an adenosine. Taken to-
gether, these data support a model where HigB nucleotide
specificity increases 5′ to 3′ of the A-site codon, with the identity
of the +4 nucleotide playing little to no role in HigB specificity.
Conversely, tRNAs and RFs have vastly different recognition
requirements. During tRNA selection, nucleotide identity and
specifically a Watson–Crick interaction between the anticodon
and codon is essential at the +4 and +5 positions, whereas var-
iation at the +6 or wobble position allows for degeneracy in
genetic code. During termination by RFs, the identify of all three
A-site nucleotides is important. The differential recognition

patterns of the three A-site nucleotides by HigB is surprising
given what is known about tRNA and RF A-site recognition
of mRNA.
Microbial endonucleases RNases T1 and U2 contain a rec-

ognition loop that interacts with the purine nucleobase 5′ of the
scissile phosphate in a similar manner as toxins probe the iden-
tity of the +5 nucleotide (this is also the nucleotide 5′ of the
scissile phosphate) (Fig. 4 C and D) (43, 44). Moreover, RNase
T1 and U2 binding forces the preceding purine to adopt a syn
conformation similar to what we observe with A5 in the 70S-
HigB structures. This syn purine conformation allows for rec-
ognition of the Hoogsteen face of the nucleobase by the peptide
backbone and recognition of the Watson–Crick face by a con-
served glutamate residue. A conserved histidine in both RNase
T1 and U2 is within hydrogen-bonding distance to the 2′-OH.
This histidine likely functions as a general base to initiate the in-
line attack reaction, similar to a possible role of HigB residue
H54 adjacent to the 2′-OH. One key difference between mi-
crobial RNases and HigB is that HigB does not interact with the
Watson-Crick face of the nucleotide preceding the scissile
phosphate (i.e., +5 position) (Fig. 4A). One possible reason for
this lack of inspection is that the HigB recognition loop is
shortened as compared to either RNase T1 or U2 (8 or 11 res-
idues, respectively). One consequence of this is that HigB, and
possibly other ribosome-dependent toxins, discriminates irrespec-
tive of base size but, rather, by complementary surfaces between
the mRNA and toxin.

Cross-Talk Between A-Site Nucleotides Drives Efficient HigB Recognition
of mRNA. To more completely define HigB sequence recognition
requirements, we next varied more than one nucleotide position in
the preferred AAA codon to test the combinatorial effects of adding
together two single substitutions that are either cleaved efficiently or
inefficiently. A CCA codon should, in theory, be efficiently cleaved
by HigB because of C5 and A6. Compared with the CAA and ACA
codons, a CCA codon is less efficiently cleaved (six- to sevenfold
reduction, respectively; 0.12 min−1) (Fig. 3E and Fig. S5D). Con-
sistent with the importance of a codon containing an adenosine at
the +6 position, a CCC codon is cleaved by HigB with extremely low
efficiency (Fig. 3E). To define the effects of combining two substi-
tutions that are cleaved inefficiently (AUA and AAU, which each
results in a ∼27- and 10-fold reduction of mRNA cleavage compared
with AAA, respectively), we tested HigB cleavage of the AUU codon
(Fig. 3E). Uridines at the +5 and +6 positions (AUU) completely
ablated HigB activity. These data imply that HigB cleavage is context-
dependent with communication occuring between the +5 and +6
nucleotides.
These cleavage assays define the codon signatures recognized

by HigB and demonstrate that HigB selects for a spectrum of
A-site codons containing specific nucleotides at the +5 and +6
nucleotide positions. Based on these studies, we propose that
upon entering the A site, HigB probes the nucleotide sequence
at the +5 and +6 positions via hydrogen-bonding with the +5
nucleobase while also confirming an adenosine at the +6 posi-
tion. If both requirements are met, the mRNA is optimally po-
sitioned for efficient HigB cleavage. Moreover, although we
found the identity at the +4 position plays little role in HigB
recognition when adenosines are present at the +5 and +6 A-site
positions, we determined that the +4 and +5 nucleotides have a
combinatorial effect on HigB activity (Fig. 3E). Although the
codon specificities of only RelE and HigB have been quantitated
with defined in vitro assays, we predict YafQ and YoeB are also
likely to cleave a spectrum of codons as observed for HigB and
RelE (24, 27, 28).

A Single HigB Residue Modulates Codon Selectivity.HigB selects for
an adenosine at the +6 position through a trans Watson–Crick-
Hoogsteen interaction with 16S rRNA C1054, and additionally
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Fig. 4. Structural basis for toxin specificity at the +5 nucleotide position and
similarities to general RNases. (A and B) The 3.4-Å X-ray crystal structure of
the 70S-HigB ΔH92 precleavage state (AmAmAm A-site codon) compared
with the 3.1-Å X-ray crystal structure of the 70S-HigB ΔH92 precleavage state
(AmCmAm A-site codon). Despite the differences at the +5 positions, similar
hydrogen bonds are formed between A5 and the HigB backbone and C5 and
the HigB backbone. Structures of the nucleotide recognition loop of RNase
U2 (PDB ID code 3AGN) (C), RNase T1 (PDB ID code 1RGA) (D), and ribosome-
dependent toxins YoeB (PDB ID code 4V8X) (E) and YafQ (PDB ID code 4ML2)
(F) highlight the similarities for recognition of the nucleobase preceding the
scissile phosphate. The side chains of RNase U2 and T1 residues Y43 and Y42,
respectively, stack with the −1 position but were removed for clarity. The
70S-YoeB mRNA was rebuilt using structure factors from the PDB (Fig. S6).
The backbone carbonyl and amino groups of YoeB K49 and YafQ Q53 are
proposed to interact with A5 similar to HigB K57. The YafQ toxin structure
was solved in the absence of the 70S ribosome, and its interactions with A5
are based upon modeling in the ribosomal A site (denoted by a star).
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N71 stacks with C1054 (Fig. 5A). Asparagine 71 is highly con-
served in HigB homologs (>87% sequence identity), and to test
the effect of N71 substitution, we assayed the HigB N71A variant
for its ability to cleave +6 nucleotide substitutions in the context
of the AAA lysine codon. Our results show that HigB N71A
cleaves the AAA codon ∼10-fold less efficiently than wild-type
HigB, but, surprisingly, HigB N71A cleaves AAG/C/U codons
only ∼twofold less efficiently than wild-type HigB (Fig. 5D and
Fig. S5E). These results strongly suggest that the N71A variant
corrupts the A6-binding pocket, allowing for nucleotide pro-
miscuity. The productive interaction between HigB N71 and
C1054 likely promotes efficient cleavage of codons containing
adenosines at the +6 positions, rather than discriminating against
other nucleotides. In support of this, all codons tested for HigB
N71A cleavage show similar low levels of mRNA degradation,
demonstrating that HigB specificity is conferred by a single
amino acid.

Conclusions
We report a comprehensive molecular analysis of the bacterial
toxin HigB, a type II ribosome-dependent mRNA endonuclease.
The X-ray structures of HigB and HigB bound in a pre- and
postcleavage states reveal insights into mRNA specificity by
toxins. Recent studies demonstrate that type II toxins play im-
portant roles in bacteria, such as in persister cell formation (8,
11, 36). Therefore, determining the molecular basis for mRNA
degradation provides significant insights into toxin function.
Because many bacterial genomes encode for multiple ribosome-
dependent toxins that upon overexpression inhibit translation
and cell growth, whether all ribosome-dependent toxins function
similarly during stress to simply impair translation, or whether
each has a defined role in response to stress, is an unresolved,
fundamental question.
Comparison of ribosome-dependent toxins reveals similarities

in how each defines a spectrum of codons for degradation but
also reveals a number of striking distinctions. HigB, YoeB, and
YafQ all contain a 4-amino acid motif (H/E-P-L-X) in the rec-
ognition loop that directly contacts the +5 position of the A-site
mRNA (Fig. 4 A, E, and F). The HigB recognition loop specifies
an A or a C at the +5 nucleotide position, with YoeB similarly
recognizing an A5 in a syn conformation (22). Based on our
biochemical assays of HigB and the structural analyses of other
toxins bound to the 70S (21, 22), we predict that YafQ and YoeB
toxins may efficiently cleave codons containing +5 cytosines,
along with their well-characterized ability to cleave +5 adeno-
sines (24, 27–29). In contrast, RelE preferentially recognizes an

A5 nucleotide that adopts an anti conformation. This unique
mode of binding suggests RelE uses a different mechanism for
recognition of a purine at the +5 position (16, 21).
The most striking difference in the mechanism of mRNA se-

lection by ribosome-dependent toxins is in how the +6 nucleotide
is engaged by each toxin. Our results clearly show a strict HigB
requirement for an adenosine at the +6 position, where A6
forms a trans Watson–Crick-Hoogsteen interaction with C1054
(Fig. 5A). However, in the 70S-RelE structure, the nucleobase
edge of G6 does not interact with C1054 to enforce specificity,
but, rather, G6 and C1054 stack consistent with a RelE prefer-
ence for a purine at this position (Fig. 5B) (16, 21). In the 70S-
YoeB structure, the only contact with A6 is with YoeB itself
(Fig. 5C) (22). These differences in how ribosome-dependent
toxins interact with the +6 nucleotide define the spectrum of
different codons selected.
In a complementary set of experiments, we identified HigB

residue N71 as an important determinant of mRNA selection,
suggesting a mechanism by which specificity for an adenosine is
enforced at the +6 position. Our characterization of the HigB
N71A variant reveals that the mutant protein is functional in our
cleavage assays but, surprisingly, has an altered nucleotide se-
lectivity and exhibits enzyme promiscuity. The identification of a
single HigB residue that controls mRNA specificity implies that
sequence-specific targeting has an adaptive advantage for HigB,
and other ribosome-dependent toxins may be similarly manipu-
lated. Although N71 is highly conserved among HigB homologs
(87%), in some cases, a glutamine or proline substitutes (4% and
5%, respectively). In these cases, it is likely that either residue
could similarly form a +6 adenosine-specific pocket by main-
taining stacking interactions with C1054. In the other diverse
HigB homologs that do not contain an asparagine, glutamine or
proline amino acid at position 71 (∼4%), we predict altered
mRNA selectivity. Future experiments to determine the codon
specificity of YafQ and YoeB will be important to identify the
degree of functional overlap among toxin family members.
What is the biological consequence of multiple ribosome-

dependent toxins that degrade a spectrum of codons? One possi-
bility is that the codon substrate and catalytic rate may be used to
tune the global cellular rate of translation where mRNA cleav-
age is dependent on enzyme rate and codon frequencies that vary
among different bacteria. An interesting additional possibility is
that ribosome-dependent toxins active during translation elon-
gation will have a higher probability of degrading the most highly
translated mRNA, that is, mRNA with the highest ribosome
occupancy. It remains unclear why some toxins target the translation

A B C D

Fig. 5. A single conserved HigB residue drives sequence specificity at the +6 position. Structural comparison of how ribosome-dependent toxins and 16S
rRNA residues select for nucleotides at the +6 mRNA position by the formation of stacking and electrostatic interactions. (A) A transWatson–Crick-Hoogsteen
interaction with A6 is formed by 16S rRNA C1054, whereas HigB residue N71 stacks with C1054. (B) In contrast, a continuous stack between RelE residue E82,
G6, and C1054 (PDB ID code 4V7J) forms. (C) YoeB residues H83 and E63 stack around A6 with C1054, playing little to no role in nucleotide selection (PDB ID
code 4V8X). All precleavage state structures of 70S bound to ribosome-dependent toxins were solved using uncleavable mRNA. (D) HigB N71A mRNA kobs
values were determined upon substitution at the +6 nucleotide position. Wild-type HigB cleavage assays were described in Fig. 3 and Fig. S5. HigB N71A
cleavage assays were performed with two biological replicates with the mean values ± SEM reported.
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initiation and translation termination steps. These steps are the
slowest during protein synthesis, perhaps allowing more time for
toxins to efficiently recognize their preferred codons. Alterna-
tively, differential degradation of mRNA could lead to a selec-
tive translational program, as seen for the ribosome-independent
toxin MazF (14). Lastly, toxins may have a role in halting trans-
lation via ribosomal stalling to protect the translational machinery
during the stringent response that would allow for rapid resump-
tion of translation upon removal of the stress. We hypothesize that
functional distinctions among ribosome-dependent toxins impact
bacterial physiology by fine-tuning translation to modulate key
cellular pathways.

Materials and Methods
See SI Materials and Methods for strains and plasmids and detailed de-
scriptions of experimental conditions, sequence and structural alignments,

structural determination of HigB and 70S-HigB complexes, and mRNA
cleavage assays.
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