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ABSTRACT

Bacteria encode multiple type Il toxin—antitoxin mod-
ules that cleave ribosome-bound mRNAs in response
to stress. All ribosome-dependent toxin family mem-
bers structurally characterized to date adopt simi-
lar microbial RNase architectures despite possess-
ing low sequence identities. Therefore, determining
which residues are catalytically important in this
specialized RNase family has been a challenge in
the field. Structural studies of RelE and YoeB tox-
ins bound to the ribosome provided significant in-
sights but biochemical experiments with RelE were
required to clearly demonstrate which residues are
critical for acid-base catalysis of mMRNA cleavage.
Here, we solved an X-ray crystal structure of the
wild-type, ribosome-dependent toxin HigB bound to
the ribosome revealing potential catalytic residues
proximal to the mRNA substrate. Using cell-based
and biochemical assays, we further determined that
HigB residues His54, Asp90, Tyr91 and His92 are
critical for activity in vivo, while HigB H54A and
Y91A variants have the largest effect on mRNA cleav-
age in vitro. Comparison of X-ray crystal structures
of two catalytically inactive HigB variants with 70S-
HigB bound structures reveal that HigB active site
residues undergo conformational rearrangements
likely required for recognition of its mRNA sub-
strate. These data support the emerging concept that
ribosome-dependent toxins have diverse modes of
mRNA recognition.

INTRODUCTION

Toxin—antitoxin complexes regulate bacterial physiology
in response to changing environmental conditions. These
gene pairs are organized into five classes depending on
the mode of toxin inhibition by the antitoxin (1). During
non-stress conditions, the type II toxin—antitoxin protein—
protein complexes are tightly associated and the antitoxin

functions as a transcriptional repressor by binding at up-
stream DNA operator sites to sterically block RNA poly-
merase access to the promoter region. Different types
of stress cause antitoxin degradation, releasing the toxin
which, in turn, inhibits essential growth processes including
replication, ribosome assembly, protein synthesis and cell
wall synthesis or affects mRNA, tRNA and cytoskeletal sta-
bility (2-8). As part of the bacterial stress response, type I1
toxins are beneficial to the bacterial host as these proteins
are critical for survival and are therefore not intrinsically
‘toxic’ (9). For example, type II toxins have recently been
shown to promote the transition to an antibiotic-tolerant
state known as persistence (9-14). Therefore, understand-
ing the molecular mechanism of action of toxin—antitoxin
complexes is critical to exploit the potential of these novel
antimicrobial targets.

A majority of type I toxins are R Nases that inhibit trans-
lation but others include modification enzymes (e.g. HipA
or Doc) or proteins that inhibit growth by direct binding
of replication machinery such as DNA gyrase (e.g. CcdB)
(2,15-17). Toxins predominantly inhibit protein synthesis
by cleaving mRNAs in the aminoacyl (A) site of the ri-
bosome (4,18-20), where tRNAs bind to decode mRNA.
Other mechanisms by which toxins inhibit translation in-
clude cleavage of ribosomal RNA at functionally important
sites (21-23), cleavage at the anticodons of tRNAs (5,24)
and modification of glutamyl-tRNA synthase (17) or elon-
gation factor Tu (15,16). While initially thought to inhibit
protein synthesis during stress to illicit a global response, it
may be that toxin activation leads to specific changes in ex-
pression required for survival and that each activated toxin
is tuned to the particular stress encountered by the bac-
terium.

X-ray crystal structures of Escherichia coli RelE and
YoeB, and Proteus vulgaris HigB toxins bound to the
70S ribosome revealed a number of potential catalytic
residues that surround the mRNA substrate and which
may be important for mRNA cleavage activity (18-20).
These ribosome-dependent toxins resemble small, micro-
bial RNases like Sa and T1 that have concave active sites
where RNA substrates bind (25,26). Ribosome-dependent
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toxins also use a similar mechanism of acid-base catalysis to
cleave the mRNA phosphodiester backbone (18,19). Such
reactions are characterized by deprotonation of the 2’-OH
of the nucleotide preceding the scissile phosphate (27). This
deprotonation promotes attack by the 2’ oxygen at the scis-
sile phosphate forming a trigonal bipyramidal intermedi-
ate with the accumulating negative charge on the 5’ oxyan-
ion leaving group stabilized by the donation of proton. De-
spite the significant insights provided by structures of tox-
ins bound to the ribosome, which toxin residues play active
and essential roles in catalysis remains unclear. One reason
for this ambiguity is the low sequence identity among active
site residues of ribosome-dependent toxins and with their
homologs RNase Sa and T1. Another confounding factor
is the large number of toxin residues that are proximal to
the active site that could potentially participate in mRNA
cleavage. For example, although RelE residue Tyr87 is the
closest residue to the 2’-OH of the mRNA substrate (~3.8
A), suggesting a role as the general base (18), more recent
kinetic analyses revealed that instead RelE residue Lys52 or
Lys54 is the general base (28,29). RelE Arg81 is adjacent
to the 5'-oxyanion leaving group and likely donates a pro-
ton during the reaction (28-30). Since ribosome-dependent
toxins YoeB, YafQ and HigB lack analogous lysine or argi-
nine residues to those found in RelE, this suggests that al-
ternative mechanisms of mRNA substrate recognition and
cleavage may exist for different bacterial toxins.

The P. vulgaris ribosome-dependent toxin HigB prefer-
entially cleaves at adenosine-rich codons (31). The require-
ment for a single adenosine in the three-nucleotide codon
suggested a different mode of mRNA recognition on the
ribosome compared to how tRNAs decode mRNA. To un-
derstand how HigB recognizes mRNA, we previously re-
ported X-ray crystal structures of a catalytically inactive
HigB bound to both the AAA and ACA codons in the A
site of the 70S (20). These studies showed that upon HigB
binding to the ribosome, HigB residues and 16S rRNA
nucleotides form an adenosine-specific pocket around the
third nucleotide of the codon, providing a rationale for the
preference of an adenosine nucleotide at this position. Ad-
ditionally, we determined that HigB residue Asn71, which
forms an integral part of the pocket surrounding the third
adenosine of the codon, is critical for this adenosine speci-
ficity. These data began to provide a mechanistic frame-
work for how ribosome-dependent toxins like HigB recog-
nize and cleave mRNA transcripts in response to stress.

To trap precleavage state structures on the ribosome in
previous structures, we used a catalytically inactive HigB
variant that is deficient in mRNA cleavage but which still as-
sociates with the ribosome (31) in combination with mRNA
modified to also prevent cleavage (20). A number of HigB
active site residues that could potentially function in acid-
base catalysis were identified but their roles were not directly
tested. We also wondered if the use of the HigB catalytic
variant compromised its active site architecture and, thus,
obscured the identification of HigB residues critical for ac-
tivity. Therefore, to reconcile this possible discrepancy, we
report here the X-ray crystal structure of wild-type HigB
bound to the 70S containing an A-site AAA lysine codon
with 2’-O-methyl modifications on each ribose to prevent
cleavage. We additionally performed biochemical and cel-
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lular assays to comprehensively test which HigB residues
are critical for function. Our cell-based and kinetic assays
reveal that HigB residues His54, Asp90, Tyr91 and His92
are critical for activity. Furthermore, high resolution X-ray
crystal structures of HigB variants that have defects in catal-
ysis provide insights into the organization of the active site
residues before and after recognition of ribosome-bound
mRNA.

MATERIALS AND METHODS
Strains and plasmids

E. coli BW25113 cells [A(araD-araB)567 A(rhaD-rhaB)568
AlacZ4787 (::rrnB-3) hsdR514 rph-1] (32) were transformed
with pBAD24-HigB, pBAD-Myc-HisA-HigB(His)s or
HigB mutants plasmids, kind gifts from Prof. Nancy
A. Woychik (Rutgers University). HigB mutations were
introduced by site-directed mutagenesis followed by DNA
sequencing (Genewiz) (Supplementary Table S1).

Wild-type HigB and HigB variant expression and purification

HigB and HigB variants were overexpressed and purified
essentially as wild-type HigB (20) with the exception that
Ni>* affinity purification of the HigB variants was man-
ually performed with Ni** Sepharose High Performance
Resin (GE Healthcare). BW25113 cells transformed with
the pPBAD-Myc-HisA-HigB(His)s wild-type or HigB vari-
ants were grown at 37°C overnight in M9 minimal medium
(48 mM Na,HPOy, 22 mM KH,PO4, 8.6 mM NH4Cl, 18.7
mM NaCl, 1 mM MgSOy, 0.1 mM CaCl, and 0.2% (w/v)
casamino acids) supplemented with 0.2% (w/v) glucose to
minimize leaky expression. An expression culture was in-
oculated (1:100) and grown at 37°C in minimal medium
supplemented with 0.21% (w/v) glycerol. Protein expression
was induced with 0.04% (w/v) arabinose at an optical den-
sity of 0.7 at 600 nM. After 3 h, cultures were pelleted by
centrifugation and pellets were frozen at —20°C. Cells were
disrupted by sonication and debris was separated by cen-
trifugation. Cell lysate was applied to Ni>* Sepharose resin
(GE Healthcare) and fractions containing HigB were fur-
ther purified on a S75 10/300 size exclusion column (GE
Healthcare). For the 70S crystal structure and mRNA cleav-
age assays, the hexa-histidine tag was not removed. For the
crystallization of the free HigB protein, the hexa-histidine
tag and a portion of the linker were removed by trypsin
proteolysis prior to crystallization leaving seven C-terminal
linker residues.

70S purification, complex formation and 70S-HigB structure
determination

Thermus  thermophilus  70S  ribosomes were pu-
rified and crystallized as previously described
(20,33). 70S ribosomes were incubated with CC-

Puromycin to bind at the 50S A site, mRNA (IDT;
5-GGCAAGGAGGUAAAAAUGAMAMAmMmUAGU-3,

where the ‘m’ indicates A-site 2’-O methyl modifications to
prevent mRNA cleavage) and P-site tRNA™et (Chemical
Block). Crystals grew to dimensions of 70 x 70 x 400 pM
in one week in a final concentration of 0.1 M Tris-HCI,
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pH 7.0, 0.2 M KSCN, 3.75-4.5% PEG 20K and 3.75-4.5%
PEG 550 MME. Both PEG concentrations were raised
to 7% (w/v) and crystals were incubated with HigB (100
wM) for 1.5 h. Crystals were cryoprotected in a step-wise
manner to a final concentration of 30% PEG 550 MME
before plunging in liquid nitrogen. X-ray diffraction data
were collected at the Northeast Collaborative Access Team
(NE-CAT) ID24-C beamline at the Advanced Photon
Source (Argonne, IL, USA) and processed with the XDS
software (34) (Supplementary Table S2). The structure was
solved using a 70S-HigB AH92 precleavage state model
lacking HigB and A-site mRNA as a start model (PDB
code 4YZV) (20). HigB residues 1-90 were placed into
unbiased electron difference density and manual model
building was performed in Coot (35) followed by iterative
rounds of refinement in PHENIX (36). mRNA was visible
for the E-site, P-site and A-site codons and one nucleotide
3’ of the A-site AAA codon. The positions of 16S rRNA,
23S rRNA, mRNA and tRNAs were refined using the in-
dividual site refinement procedure with base-pair restraints
in PHENIX, while HigB was refined individually with
secondary structure restraints.

Bacterial growth or toxicity assays

Bacterial growth assays were performed in E. coli BW25113
as previously described (31). Wild-type HigB and HigB
variants were expressed from the pBAD24-HigB plasmid by
induction with 0.2% arabinose and bacterial growth mon-
itored every hour for 6 h after induction. In this assay,
growth indicates that the corresponding amino acid substi-
tution has inactivated HigB. The average ODyg values and
associated standard error of the mean (SEM) were plotted
in GraphPad Prism 5. For HigB variants that had robust
growth, we performed Western blot analysis to confirm the
presence of soluble HigB protein as previously described

31).

Single-turnover kinetic measurements

E. coli 70S ribosomes were purified as previ-
ously described (37). 70S (1.2 M) were pro-
grammed with 5-P-labeled mRNA (0.6 pM; 5-
GGCAAGGAGGUAAAAAUGAAAUAGU-3- (IDT;
Shine-Dalgarno sequence is italicized and the AUG start
codon is underlined)) for 6 min at 37°C to ensure all
mRNA was ribosome bound. E. coli tRNA™et (3 W M;
Chemical Block) was next incubated for 30 min to allow
for binding at the P site. Wild-type or variant HigB (10
wM) was added to the 70S mixture and incubated at 37°C
for 120 min. Aliquots were taken at 0.5 (wild-type only), 1,
3, 10, 30, 60 and 120 min, diluted 2-fold in formamide dye,
heated to 70°C for 2 min to halt the reaction and stored on
ice or at —20°C. Samples were analyzed on a preheated, 8
M urea, 1X TBE, 18% polyacrylamide sequencing gel for
1 h and the gel was fixed, dried and exposed to a phosphor
storage screen. The intensities of the 3*P-labeled mRNA
were measured by Typhoon FLA 7000 (GE Healthcare)
and quantified by the program Image Quant. The pmols
of mRNA cleaved was calculated for each time point using
the following formula: 12 pmol x (intensity of cleaved

band)/(intensity of cleaved band + intensity of uncleaved
band). The product progression curves were fit by non-
linear regression using the software GraphPad PRISM 5
(GraphPad Software Inc.): [Product] = Pmax (1 —e= ),
where P« 1s the product plateau level, k is the observed
rate constant and t is the reaction time (Table S3). For
wild-type HigB and HigB R73A, the calculated plateau
was unrestrained and yielded ~11 pmol cleaved. For the
remainder of the HigB variants, which did not reach 11
pmol cleaved, the maximum plateau was restrained to 11
pmol.

Structure determination of P. vulgaris HigB variants

Crystals of trypsinized HigB Y91A and HigB AH92 were
grown in the same condition as wild-type HigB (30-40%
w/v PEG 2000 MME and 0.15 M KBr) (20). Crystals
were cryoprotected in a stepwise manner to a final cry-
oprotectant solution of 10% w/v PEG 2000 MME and
30% v/v ethylene glycol. X-ray crystallography data sets
were collected at the Southeast Regional Collaborative Ac-
cess Team (SER-CAT) 22-ID beamline at the APS. X-ray
data were processed with the XDS software (34) (Y91A)
or HKL2000 (38) (AH92) (Supplementary Table S4). All
structures were solved by molecular replacement using a
polyalanine model of HigB (PDB code 4PXS8) in the Au-
toMR program in PHENIX (36). Although all HigB vari-
ants crystallized in the C2 spacegroup, HigB Y91A crys-
tallized with eight copies per asymmetric unit while the
HigB AHis92 asymmetric unit only contained one HigB
molecule. An initial round of automated model building
was performed in PHENIX with the autobuild program,
followed by iterative rounds of manual model building in
Coot (35) and refinement in PHENIX (36). The x,y,z co-
ordinates, occupancies and anisotropic B-factors were re-
fined. For the HigB Y91A structure at 1.55 A, water B-
factors were refined isotropically. In both the HigB Y91A
and HigB AHO92 structures, all HigB residues were built (1-
92 and 1-91, respectively) along with the seven C-terminal
linker residues that remained after proteolysis.

RESULTS
Structure determination of the 70S - wild-type HigB complex

We previously solved three X-ray crystal structures of the
Thermus thermophilus 70S bound to the HigB toxin in both
a precleavage or a postcleavage state (20). The precleav-
age states contained a HigB variant lacking His92 (AH92)
bound to A-site AAA lysine and ACA threonine codons
modified with a 2’-O methyl modification to prevent cleav-
age (20). We selected this HigB variant because previous
studies demonstrated the importance of His92 whereby the
H92Q substitution inactivated HigB function yet still al-
lowed for association with ribosomes (31). This structure
provided significant insights into how HigB interacts with
the mRNA substrate in the A site and which HigB residues
may be catalytic. However, as His92 is clearly important
for mRNA cleavage, the deletion of His92 may inactivate
HigB by interfering with active site organization thus mak-
ing the identification of potentially critical residues difficult.
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70S-HigB precleavage state structure
HigB free structure

70S-WT HigB
70S-HigB AH92

Figure 1. Recognition of the ribosomal A site by endonuclease HigB. (A) 3.6-A X-ray crystal structure of HigB bound to a AAA lysine codon containing
2'-O-methyl modifications to prevent cleavage. The side view shows the A site in the forefront with the P-site tRNA (red) behind. (B) A 90° rotation of
(A) and zoomed view reveals how HigB engages the AAA mRNA substrate. The mRNA is numbered from the P-site AUG codon (starting with +1) with
A4, AS and A6 nucleotides residing in the A site. The panel emphasizes how HigB residues K57 and H54 form hydrogen bonding interactions with the
A5 nucleotide, with HigB residue R73 interacting with the scissile phosphate. (C) A 90° rotation of (B) to highlight that Y91 is the closest residue to the 5’
leaving group (6.1 A; shaded circle) with H92 proximal to Y91 (3.1 A). (D) Alignment of the free HigB structure (PDB code 4PXS8; blue) to 70S- wild-type
HigB (this study; green) in a precleavage state structure (AmAmAm codon; magenta). HigB residue Y91 reorganizes to prevent clashing with the scissile
phosphate when recognizing the ribosomal A site. (E) The same comparison as in (D) except focuses on HigB residue H92 that repositions upon binding
to the ribosomal A site to avoid a steric clash with the nucleobase of A6. (F) Comparison of 70S-wild-type HigB (this study) and 70S-HigB AHis92 (PDB
code 4YPB) both in precleavage states. These structures were least-square fit aligned in Coot (35) using the body domain of the 30S subunit (16S rRNA
residues 560-912). For the 70S- wild-type HigB precleavage structure, HigB is depicted in green, mRNA in magenta and 16S rRNA in tan. All components

of the 70S-HigB AHis92 structure are shown in light purple.

To gain further insight into the mechanism of mRNA cleav-
age by HigB, here we solved the X-ray crystal structure of
wild-type HigB bound to the 70S with a preferred AAA
codon in the A site (Figure 1; Supplementary Table S2).
The complex was trapped in the precleavage state by includ-
ing 2'-O methyl modifications at all three A-site nucleotides.
The 70S-HigB structure was determined to 3.6 A (I/o =
1.8) and clear F,—F, difference electron density maps al-
lowed unambiguous placement of P-site tRNA™et mRNA
and A-site bound HigB (Supplementary Figure S1).

HigB is a small globular protein (10.7 kDa) that adopts
a microbial ribonuclease fold similar to RNases Sa, U2 and
T1 and contains a distinctive cleft of active site residues
that interacts with the A-site mRNA substrate (Figure 1B
and C) (39-41). HigB is a member of the RelE/YoeB family
of bacterial toxins that also includes E. coli YafQ (42-46).
The tertiary fold of this family is characterized by a sin-
gle B-sheet surrounded by 2-4 surface-exposed, a-helices
that mediate interactions with the negatively charged 16S
rRNA backbone. Upon binding the ribosomal A site, HigB
pulls the mRNA ~9 A from the normal mRNA path into
its concave active site to interact with each of the three nu-
cleotides of the mRNA codon in distinct ways (20). This

displacement also causes the mRNA to adopt a distorted
conformation likely required to properly orient the mRNA
substrate for in-line or SN2 attack at the scissile phosphate
that is located between the second and third A-site nu-
cleotides. Adjacent to the peptidyl (P) site, the first adeno-
sine of the A-site codon (A4, where the mRNA number-
ing begins with the P-site AUG start codon as +1, +2 and
+3) is sandwiched between HigB residue Lys57 and the P-
site tRNA™et byt its nucleobase makes no direct hydro-
gen bonding or electrostatic interactions with HigB. HigB
more closely monitors the second A-site adenosine (AS) by
forming hydrogen bonds with the backbone carbonyl and
amino groups of HigB residue Lys57 with the A5 Hoog-
steen face while the side chain of His54 forms a hydrogen
bond with the 2'-OH of AS (Figure 1B). The scissile phos-
phate is contacted by Arg73 and the closest residue to the
5’-oxyanion leaving group is Tyr91 (Figure 1C). Although
His92 was shown to be important for function (47), it is ad-
jacent to Tyr91. The third A-site adenosine is splayed from
its normal position allowing its Hoogsteen face to hydrogen
bond with the Watson—Crick face of 16S rRNA nucleotide
C1054. This structure provides insights into potential cat-
alytic HigB residues.
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Figure 2. Identification of essential HigB residues. (A) P. vulgaris HigB sequence labeled with its secondary structure. Residues essential for function in
bacterial growth assays are highlighted in red and non-essential residues highlighted in green. (B) Western blot analysis of the soluble fraction from the
bacterial growth assays that permit growth (panels C-F) at 4 h postinduction using polyclonal antibodies against the HigBA toxin—antitoxin complex.
Overexpression of wild-type HigB results in an inhibition of protein synthesis with no detectable HigB protein in the immunoblot (lane 3). (C) Bacterial
growth assays where wild-type HigB and HigB variants are overexpressed. HigB residues that cluster around the mRNA were substituted with alanine
and their effect on E. coli growth was monitored at 600 nm for 6 h after protein induction. HigB aromatic residues proximal to the scissile phosphate were
changed to alanine. Uninduced HigB H54A is shown in the black dotted line. HigB charged and acidic residues proximal to the (D) HigB active site and
(E) HigB basic residues that interact with or are proximal to the mRNA phosphate backbone were substituted with alanine and their effect on bacterial
growth was monitored. (F) HigB aromatic residues whose functional side chains were mutated to neutral phenylalanine to retain its aromatic stacking
ability. Error bars display standard error of the mean from at least three experiments.

Previously, we solved a high-resolution X-ray structure
of the wild-type HigB toxin and upon comparison with the
70S-HigB structure (this study), HigB active residues Tyr91
and His92 both undergo ~5 A movements upon binding
mRNA on the ribosome (Figure 1D and E). This movement
appears critical as the side chains of Tyr91 and His92 of the
free HigB would sterically clash with the scissile phosphate
and nucleobase of A6, respectively. In the context of the
70S-wild-type HigB complex structure, the side chain hy-
droxyl group of Tyr91 is located ~6.1 A from the 5 oxygen
leaving group of A6. The side chain amine group of His92 is
located ~3.1 A from the hydroxyl side chain of Tyr91 form-
ing a hydrogen bonding network.

Effect of HigB variants on growth suppression

To understand which HigB residues are important for func-
tion, we generated HigB variants of proposed active site
residues and tested their function in bacterial growth assays
(Figure 2A). Overexpression of wild-type HigB halts bac-
terial growth (31,48). Therefore, in this assay, upon specific
amino acid substitution, restoration of growth is interpreted
as the loss of HigB activity, implicating the residue as essen-
tial for HigB function. Aromatic HigB residues Tyr84 and
Tyr88 are proximal to the HigB active site but substitution
of either residue to alanine has no effect on growth sup-
pression as compared to wild-type HigB suggesting these
residues are not critical for mRNA cleavage (Figure 2C).
Polar and acidic HigB residues Asn47, Asn71, Asn80 and
Glu89 may influence the pKa of active site residues similar



to the role proposed for Asp61 or Asp67 in YafQ (37). Our
bacterial growth assays reveal no change on HigB-mediated
growth suppression upon substitution to alanine for any
of these residues (Figure 2D). RelE toxin mediates mRNA
cleavage using two basic residues (either Lys52 or Lys54,
and Arg81) (28,29). We therefore made substitutions of a
number of basic HigB residues close to the mRNA path in-
cluding Argd8, Lys52, Lys57, Arg60 and Arg73 but again,
we found that no single residue was essential, although the
HigB R73A variant had a modest impact on HigB toxic-
ity (Figure 2E). HigB residue His54 is close to the 2’-OH
of nucleotide A5, the position that becomes deprotonated
to initiate the reaction, while Asp90, Tyr91 or His92 are
adjacent to the scissile phosphate (Figure 1B). Cell growth
is completely restored when HigB residues His54, Asp90,
Tyr91 or His92 are mutated to alanine demonstrating their
functional importance (Figure 2C, D and E). To determine
if either Tyr91 or His92 is critical for structurally orient-
ing the mRNA substrate or if either directly participates in
mRNA catalysis, we changed each to phenylalanine and ob-
served the impact on bacterial growth. Substitution of HigB
residue His92 with phenylalanine removes the ability of the
histidine side chain amide to interact with the hydroxyl of
Tyr91 but would allow preservation of interactions such as
stacking between the two aromatic residues (Figure 1C). In
the case of HigB residue Tyr91 substitution with phenylala-
nine, the variant would be solely deficient in catalysis due
to the loss of the hydroxyl side chain which is located ~6 A
from the 5 leaving group of the mRNA substrate. In both
cases, HigB Y91F and H92F variants reverse the HigB tox-
icity and allow for normal bacterial growth (Figure 2F).
These results strongly suggest that residues Tyr91 and His92
play critical roles in mRNA cleavage rather than contribut-
ing to base stacking. Consistent with what we observe in the
growth assays, all HigB variants that restore growth are ex-
pressed and soluble, and therefore, the reversal in the growth
phenotype can be attributed to disruption of HigB function
(Figure 2B).

Collectively, these assays identified four HigB residues
(His54, Asp90, Tyr91 and His92) as important for activity in
vivo. Moreover, these results suggest that basic residues are
not critical for HigB-mediated mRNA cleavage, in contrast
to RelE (28,29). Instead, HigB functions more similarly to
ribosome-dependent toxins that utilize histidine and gluta-
mate residues (YoeB, Glu46 and His83; YafQ, His50 and
His87) (19,37).

HigB residues His54, Asp90, Tyr91 and His92 are critical for
mRNA cleavage

To determine whether each of the four HigB residues iden-
tified in the growth assays directly affects mRNA cleav-
age, we performed in vitro single turnover mRNA cleav-
age assays. We incubated 5'-*’P-labeled mRNA containing
a Shine-Dalgarno upstream of an AUG start codon po-
sitioned in the P site and an AAA lysine codon in the A
site with a two-molar excess of E. coli 70S. We next pro-
grammed with tRNA™¢t in the P site and added a saturat-
ing 17-fold molar excess of wild-type HigB and monitored
mRNA cleavage over 120 min (Figure 3A and B; Supple-
mentary Figure S2 and Supplementary Table S3). The YafQ
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toxin binds to an identical E. coli 70S programmed com-
plex with an affinity (~360 nM) that is within the same or-
der of magnitude as A-site binding tRNAs (20-500 nM)
and initiation factors 1 and 3 (600 and 440 nM, respec-
tively) (37,49,50). In this assay, the concentration of HigB
(10 wM) is well above its predicted binding constant to
the 70S ribosome. Therefore, the results from this assay are
likely informing on the catalysis of the reaction and not on
the differences in binding of the different HigB variants,
but this possibility cannot be excluded. Wild-type HigB
cleaved mRNA with a rate constant of 0.46 & 0.026 min~!
whereas HigB variants showed between 11- to 215-fold re-
ductions in mRNA cleavage. Consistent with not fully ab-
lating HigB toxicity in vivo, HigB R73A shows an 11-fold
reduction in the rate constant of mRNA cleavage and the
H54A variant exhibits a 52-fold reduction in the cleavage
rate. HigB C-terminal residues Asp90, Tyr91 and His92 are
highly conserved among HigB homologs and their substi-
tutions with alanine caused the largest effect on the mRNA
cleavage rate constants. HigB variants D90A, Y91A, H92A
and AHis92 reduced the cleavage rate constant by 77-, 215-
, 184- and 190-fold, respectively. These data confirm that
HigB residues His54, Asp90, Tyr91 and His92 are critical
for mRNA cleavage.

Structures of free HigB Y91A and HigB AH92

To understand the impact these variants have on the in-
tegrity of the HigB active site, we next solved X-ray crystal
structures of the HigB variants Y91A and AHis92 to 1.55
A and 1.1 A, respectively (Supplementary Figure S3; Sup-
plementary Table S4). We attempted to solve structure of
HigB H54A and H92A variants but were unable to grow
diffracting crystals. Comparison of the HigB Y91A and
AHis92 structures with the wild-type HigB structure (20)
(PDB code 4PX8) reveals a similar Ca backbone trace (root
mean square deviations (rmsd) = 0.28 and 0.41 A, respec-
tively) and the only structural changes are located in the ac-
tive site.

Both Tyr91 and His92 undergo large conformational
changes of 5.4 A and 5.6 A, respectively, upon binding
mRNA on the ribosome (Figure 1D and E). These con-
formational changes are required otherwise both HigB
residues would clash with the mRNA substrate. Our bio-
chemical assays argue that both residues play a role in catal-
ysis as mutation to alanine renders HigB inactive (Figures
2C and 3). However, one other reason could be that the sub-
stitution interferes with the optimal rearrangement required
for mRNA recognition. Our structure of HigB Y91A re-
veals that the active site residues His54, Arg73, Asp90 and
His92 are minimally perturbed as compared to free, wild-
type HigB (Supplementary Figure S3B) suggesting that the
substitution likely mainly impacts catalysis. In contrast, the
1.1-A structure of the HigB AHis92 reveals a dramatic re-
organization of the active site residues (Supplementary Fig-
ure S3C). Arg73 and Tyr91 move ~6 and 9 A changes, re-
spectively while Asp90 and Tyr91 exist in alternative con-
formations. The deletion of His92 causes the backbone and
sidechain of Tyr91 to rotate ~65° away from His54 while
the sidechain of Arg73 is shifted ~180° toward the new po-
sition of Tyr91 (Supplementary Figure S3C, bottom). One
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programmed E. coli 70S-mRNA complexes and the amount of mRNA cleaved was monitored under single-turnover conditions. (B) kops values for wild-
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Figure 4. Proposed mechanism of HigB-mediated mRNA degradation on
the ribosome. View of the HigB active site with proposed catalytic residues
His54, Arg73, Asp90, Tyr91 and His92 shown surrounding the mRNA
substrate. His54 likely functions as a general base to deprotonate the 2'-
proton of the 2’-OH of the A5 nucleotide of the mRNA, Arg73 stabilizes
the bipyramidal transition state and Tyr91 possibly stabilizes the 5'- leav-
ing group as a general acid while simultaneously interacting with His92.
Both Asp90 and His92 (not shown) may play structural roles to properly
orient Tyr91 to donate a proton or may aid by donating a proton to the
Tyr91 oxyanion form.

possibility for this dramatic movement could be the result
of the deletion, however, in all cases, there are an additional
seven C-terminal residues resulting from proteolytic cleav-
age of the hexa-histidine purification tag (20). Therefore,
instead of a true truncation, this HigB variant contains a
lysine residue at position 92. His92 in the wild-type HigB
structure is adjacent to Asn71 and Asp90 however in the
HigB AHO92 structure, the side chain of ‘Lys92’ does not
interact with Asn71 or Asp90 and instead extends into a
solvent channel. We propose that by removing His92 and

thus changing the location of residue 92, the C-terminus of
HigB is reorganized which in turn, impacts the orientation
of Tyr91.

DISCUSSION

The structure of the HigB toxin in a precleavage state bound
to the 70S provided significant insights into the possible cat-
alytic roles of residues surrounding the scissile phosphate
of the mRNA (20). However, because a HigB variant was
used to trap the toxin on the ribosome, it was unclear if the
substitution alters the positions of HigB active site residues.
Here, we solved an X-ray crystal structure of wild-type
HigB bound to the 70S in a precleavage state trapped by
mRNA modifications that prevent cleavage. Our structure
reveals that HigB residue His54 is within hydrogen bond-
ing distance of the 2’-OH of the second nucleotide of the
A-site codon; Arg73 forms a hydrogen bond with the scis-
sile phosphate before and after mRNA cleavage (20); and
Tyr91 is the closest residue to the 5'-oxygen of the leaving
group at the third A-site nucleotide and is potentially sup-
ported in a catalytic role by the proximal Asp90 and His92
residues (20). Based on structural studies, bacterial growth
and single turnover kinetic assays presented in this study,
we propose that His54 initiates deprotonation of the 2’-OH
of A5, a step required for attack at the scissile phosphate
(Figure 4). The basic nature of Arg73 likely helps stabi-
lize the negative charge of the transition state, an impor-
tant but clearly not critical role in catalysis. Although aro-
matic residues such as Tyr87 in RelE and Phe91 in YafQ
stack with the mRNA nucleobase of AS to optimally po-
sition the substrate (30,37), when we substitute Tyr91 with
phenylalanine, HigB is no longer active in our growth as-
says suggesting stacking is not its primary role (Figure 2F).
Based upon these studies, Tyr91 may play a more direct cat-
alytic role in HigB-mediated cleavage. The pKa of tyrosine
is typically >>7 and therefore to function as a proton donor
in a neutral pH environment, the pKa would need to be
perturbed. One possibility is that the local microenviron-
ment of the HigB active site alters the pKa of Tyr91 making
this residue more suitable as a proton donor. Precedence for
this includes the protein Ketosteroid Isomerase where the
pKa of its active site tyrosine is perturbed to 6.3 (51,52).
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Another consideration is that the pKa of the 5 oxyanion
leaving group is likely much higher than the tyrosine side
chain (~13 as compared to ~11). The accumulating nega-
tive charge on the 5’ oxyanion could be satisfied by donation
of the proton from a tyrosine in this case. However, addi-
tional biochemical studies are required to fully answer this
question. Based on the impact of similar substitutions of
HigB residues Asp90 and His92, we propose these residues
likely serve supporting roles in promoting the correct ori-
entation of Tyr91 and/or participation in catalysis through
donation of a proton to Tyr91.

Ribosome-dependent toxins only cleave mRNA posi-
tioned in the ribosomal A site representing a novel mecha-
nism to regulate translation in response to diverse environ-
mental stress (1,53,54). These toxins facilitate mRNA cleav-
age at the phosphodiester backbone using acid-base cataly-
sis to leave a 2’-3' cyclic phosphate (30,37) or a 3’-phosphate
product (19). Bacterial genomes contain multiple toxin—
antitoxin genes but identifying new toxin—antitoxin mod-
ules is one of the challenges in the field because of their

low sequence identities even among proposed active site
residues (Figure 5A). Although these toxins adopt a micro-
bial RNase fold, each is appended with a diverse set of ac-
tive site residues. RelE lacks a histidine and charged residue
pair typical of canonical RNases (55) and instead, contains
basic residues that interact directly with the mRNA sub-
strate and are important for catalysis (Figure 5B) (28-30).
In contrast, YoeB contains a histidine-glutamate pair (45),
YafQ contains a histidine-histidine pair (37) and HigB uses
a histidine—tyrosine pair for catalysis (Figure 5B). These
data suggest that RelE is the outlier of ribosome-dependent
toxins and the significance of this is unknown.

Although ribosome-dependent toxins contain diverse ac-
tive site residues, structures of toxins bound to the 70S in
combination with steady-state kinetic analyses are begin-
ning to define both some emerging common themes and
specific mechanistic differences (20,28-30,37). RelE, HigB
and YoeB all form a selective pocket around the splayed
third A-site nucleotide of the mRNA, however, contribu-
tions from the ribosome are different (19,20,30) (Figure
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5C). For example, RelE and HigB form this pocket with
help from 16S rRNA nucleotide C1054 while YoeB residues
alone forms the nucleotide-binding pocket (19,20,30). HigB
binding to the A site flips the third nucleotide from the
mRNA path that positions its Hoogsteen edge to inter-
act directly with the Watson—Crick face of 16S rRNA nu-
cleotide C1054 likely contributing significantly to the se-
lection of an adenosine at this third A-site position (Fig-
ure 5C). Superpositioning of RelE- or YoeB-bound mRNA
in place of the HigB-bound mRNA reveals that HigB ac-
tive site residues Asn71 and Tyr91 would significantly clash
with either G6 (RelE) or A6 (YoeB) nucleotides located in
the selective pocket (Figure 5C). These data suggest that
although the local position of the general acid for each
ribosome-dependent toxin (RelE Arg81, YoeB His83 and
YafQ His87) is similar (Figure 5B), each toxin has a differ-
ent residue that donates a proton to the 5’ oxyanion leaving
group that, in turn, engages the nucleotide at the +6 posi-
tion in different manners. Thus, the general acid and recog-
nition of the third A-site nucleotide appear to be coupled.
In summary, these studies contribute to our understand-
ing of the rules that govern toxin selectivity for different
mRNA transcripts however, the biological consequence for
this exquisite mRINA specificity during bacterial stress still
remains an open question.
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