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ABSTRACT

YoeB–YefM, the widespread type II toxin–antitoxin
(TA) module, binds to its own promoter to autoregu-
late its transcription: repress or induce transcription
under normal or stress conditions, respectively. It
remains unclear how YoeB–YefM regulates its tran-
scription depending on the YoeB to YefM TA ra-
tio. We find that YoeB–YefM complex from S.aureus
exists as two distinct oligomeric assemblies: het-
erotetramer (YoeB–YefM2–YoeB) and heterohexamer
(YoeB–YefM2–YefM2–YoeB) with low and high DNA-
binding affinities, respectively. Structures of the het-
erotetramer alone and heterohexamer bound to pro-
moter DNA reveals that YefM C-terminal domain un-
dergoes disorder to order transition upon YoeB bind-
ing, which allosterically affects the conformation of
N-terminal DNA-binding domain. At TA ratio of 1:2,
unsaturated binding of YoeB to the C-terminal re-
gions of YefM dimer forms an optimal heterohex-
amer for DNA binding, and two YefM dimers with
N-terminal domains dock into the adjacent major
grooves of DNA to specifically recognize the 5′-
TTGTACAN6AGTACAA-3′ palindromic sequence, re-
sulting in transcriptional repression. In contrast,
at TA ratio of 1:1, binding of two additional YoeB
molecules onto the heterohexamer induces the com-
pletely ordered conformation of YefM and disassem-
bles the heterohexamer into two heterotetramers,
which are unable to bind the promoter DNA optimally
due to steric clashes, hence derepresses TA operon
transcription.

INTRODUCTION

Toxin–antitoxin (TA) systems, the widespread genetic mod-
ules in bacterial genomes and plasmids, are emerging as
key players in stress responses (1–4). TA gene loci were
originally found on plasmids that provided growth ad-
vantage for bacteria with TA-containing plasmids and
killed plasmid-free bacteria via a mechanism called post-
segregation killing (PSK) (5,6). Since then, TA operons were
been found not only in plasmids, but also on the chromo-
somes of most free-living bacteria to facilitate bacteria cell
survival under various stress conditions (7). TA system con-
sists of a gene pair encoding a stable toxin that impedes
the cell growth by interfering with the vital cellular pro-
cesses such as transcription, translation, DNA replication
and membrane homeostasis, and an unstable antitoxin that
counteracts the toxin activity (8,9). Currently, six classes of
TA system have been reported on the basis of mechanism
for neutralizing the biological effect of toxins (10,11).

Type II TA system is the most widely studied module
found in most of the free-living bacteria (12–15). In the type
II TA systems, toxins are made of proteins which inhibit
replication by disrupting DNA gyrase or translation by
cleaving mRNA, tRNA and rRNA, inactivating ribosome
elongation factors and glutamyl-tRNA synthetase (GltX)
(10,16). Most of the type II toxins are endoribonucleases
that adopt microbial RNase fold (17). Antitoxins are regu-
latory proteins that are typically comprised of two domains,
i.e. N-terminal DNA binding domain and C-terminal toxin
neutralizing domain that is intrinsically disordered (10,18).
The DNA binding domain binds their own operator to reg-
ulate transcription of the TA operon. Some of type II TA
modules are subject to transcriptional autoregulation to en-
sure that toxins are repressed transcriptionally under nor-
mal growth condition, and are induced only when cells are
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under stress (16,19,20). The most prevalent mode of tran-
scriptional autoregulation, termed ‘conditional cooperativ-
ity’, has been found in a number of type II systems including
phd/doc, ccdAB and relBE. The core concept of conditional
cooperativity is that the level of TA operon transcription is
controlled by the ratio of toxin to antitoxin, and toxin acts
as a co-repressor or de-repressor for the antitoxin at lower
or higher molar ratio to either suppress or derepress tran-
scription (10,21–23). Although some of type II TA modules
have conditional cooperativity as a general mechanism to
regulate transcription, the underlying molecular/structural
mechanism differs significantly among individual type II
TA modules (4,10).

YoeB–YefM TA complex is the widespread type II
TA system among archaea and bacteria including major
pathogens such as Streptococcus pneumoniae, Mycobac-
terium tuberculosis and Staphylococcus aureus (24–26). Pre-
vious research demonstrated that the YoeB–YefM com-
plex plays a key role in processes such as biofilm forma-
tion and response to oxidative stress (27). YoeB–YefM from
Escherichia coli was first identified as a homolog of axe-
txe from Enterococcus faecium (28). The toxin YoeB, an
atypical microbial ribonuclease (RNase), belongs to the su-
perfamily ParE/RelE that could bind the ribosome at A-
site, followed by cleaving the mRNA and inhibiting the
translation (24,29). The antitoxin YefM is a structural ho-
molog of Phd antitoxin and neutralizes the YoeB toxic-
ity (30). Kamada and Hanaoka determined the structure
of YoeB–YefM complex from E. coli as the heterohexamer
in the asymmetric unit, i.e. asymmetric disordered-ordered
C-terminal region of YefM dimer bound YoeB monomer
forms heterotrimer (YefM2–YoeB1), followed by interaction
of two heterotrimers to establish heterohexamer (31). In ad-
dition, the structure of YoeB in complex with 30S and 70S
ribosomes shed light to its mechanism of mRNA cleaving
recently (24,29). Like other type II systems, the YoeB–YefM
complex binds to its own promoter to autoregulate tran-
scription (32). However, the underlying structural mecha-
nism remains elusive: i.e. it is unclear how the YoeB–YefM
complex with different toxin to antitoxin ratio affects its
oligomeric state, promoter DNA binding, and ultimately
TA gene transcription.

In S. aureus, a major human pathogen that causes
a wide range of clinical infections, two chromosoma-
lly encoded yefM-yoeB paralogs (YefMSa1–YoeBSa1 and
YefMSa2–YoeBSa2) have been identified. The first paralogue
YefMSa1 and YoeBSa1 share high sequence identity with
YefM (42%) and YoeB (51%) from E. coli, therefore here-
after termed as YoeB–YefM for simplicity. In the present
work, we find S. aureus YoeB–YefM complex exists in two
different oligomeric states: heterotetramer and heterohex-
amer in solution. Biochemical analysis reflected hetero-
hexamer as the higher affinity DNA-binding state (∼200-
fold) than heterotetramer. We further determined the crys-
tal structures of heterotetramer (YoeB–YefM2–YoeB) alone
and heterohexamer (YoeB–YefM2–YefM2–YoeB) bound to
its promoter DNA at 2.40 and 2.35 Å resolutions to un-
derstand the structural mechanism of transcriptional au-
toregulation. Interestingly, the structures clearly show YoeB
toxin binding induced the intrinsic disordered to ordered
transition of YefM C-terminal domain. Moreover, struc-

tural analysis explained why the heterohexamer state can
optimally bind to the promoter DNA whereas the heterote-
tramer cannot. Our work provides detail molecular insights
into understanding YoeB–YefM complex mediated tran-
scriptional autoregulation, which will help target this type
II TA system to overcome antibiotics resistance in S. aureus
and other pathogenic bacteria.

MATERIALS AND METHODS

Plasmid constructions

The genes encoding antitoxin yefM (SAOUHSC 02692)
and toxin yoeB (SAOUHSC 02691) were amplified from
the S. aureus (NCTC8325 strain) genomic DNA, and
cloned into pET28a and pET22b vectors (Novagen) to
create pET28a-yefM, pET28a-yoeB, pET22b-yefM and
pET22b-yoeB expression constructs. Mutant plasmids were
derived from the corresponding plasmids via site-directed
mutagenesis. All plasmids used in this study are listed in the
Supplementary Table S3.

Protein expression and purification

The plasmid containing the full-length yefM was trans-
formed into E. coli BL21 (DE3) for expression of the recom-
binant YefM protein. Different combination of plasmids
were co-transformed into E. coli BL21 (DE3) to express
the YoeB–YefM complex as list in Supplementary Table S3.
The heterohexamer complex was obtained by co-expression
of pET22b-yefM (no tag) and pET28a-yoeB (N-terminal
6xHis-tag); while the heterotetrameric protein complex was
achieved by co-expression of pET28a-yefM (N-terminal
6xHis tag) and pET22b-yoeB (no tag). The same strat-
egy was also applied for the expression of site-mutation
heterohexameric complex. Co-expression of pET28a-yefM
(D23A and D44A) and pET22b-yoeB (K29A and R63A)
plasmids gained the heterotrimer. The transformants were
grown in LB medium at 37◦C until the OD600 reached
approximately 0.8, followed by induction with 0.5 mM
isopropyl-�-D-thiogalactopyranoside (IPTG) at 16◦C for
18 h. Cell was harvested by centrifugation at 8000 rpm
during 6 min and frozen at −80◦C. The cell pellets were
resuspended in buffer A (50 mM Tris–HCl pH 8.0, 500
mM NaCl), followed by lysis on ice via the ultrasonicator
(Qsonica, USA). After centrifugation (12 000 rpm for 30
min at 4◦C), supernatant was poured onto the Ni2+ affinity
chromatographic column (GE Healthcare, USA), followed
by further purification with size-exclusion chromatography
(Superdex 16/200; GE Healthcare, USA).

Due to the YoeB cytotoxicity for E. coli, recombinant
YoeB protein was purified by refolding method (33). Briefly,
the purified protein of heterohexamer was used to denature
in buffer B (20 mM Tris–HCl pH 8.0, 7 M Guanidine-HCl),
and the His-YoeB protein was purified with Ni2+ affinity
chromatography, followed by refolding with buffer C (20
mM Tris–HCl pH 8.0, 500 mM NaCl, 5% glycerol) at 16◦C
utilizing gradient dialysis method. The refolded YoeB pro-
tein was further purified using size-exclusion chromatogra-
phy.
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Crystallization and structure determination

Crystallization was performed using sitting-drop vapor dif-
fusion method at 16◦C by mixing equal volume (1 �l) of
protein (∼12 mg/ml) and reservoir solution. The crystals of
heterotetramer were grown in the condition containing 16%
(w/v) polyethylene glycol 3350, 0.07 M citric acid and 0.03
M Bis-Tris propane, pH 3.4. To obtain the crystals of YoeB–
YefM complex with promoter DNA, the heterohexameric
complex was incubated with 26-bp duplex promoter DNA
(5′-TTATTGTACAGATATTTGTACAATTG-3′) at 1:1.2
molar ratio for 2 h at 4◦C, followed by mixing equal vol-
ume of complex and reservoir solution. Optimized crystals
were obtained in 10% (w/v) polyethylene glycol 8000, 8%
(v/v) ethylene glycol and 0.1 M HEPES pH 7.5. The crystal
of YoeB-dimer was obtained in the condition of 25% (w/v)
polyethylene glycol 3350, 0.1 M citric acid pH 3.5, with 1/5
volume additive of 20% 1.0 M ammonium sulfate.

The crystals were cryoprotected in 25% glycerol and
flash-cooled in liquid nitrogen. All diffraction data were
collected at the Shanghai Synchrotron Radiation Facil-
ity (SSRF) at the beamlines BL17U1 and BL18U1 and
processed with the XDS package (34). Molecular replace-
ment method was used to determine the initial phase
with Phenix.phaser (35). The structure of heterotetramer
(YoeB2–YefM2) was solved with the dimer (YoeB1–YefM1)
from E. coli (PDB: 2A6Q) (31) as a search model. The
segment (YoeB and YefM (residues of 40–83)) of heterote-
tramer was used as search model to solve the structure
of heterohexamer-DNA, and the model was further com-
pleted after several iterations of automatic and manual
building with Phenix.autobuild and Coot (36), respectively.
The YoeB monomer from heterotetramer was used to solve
the structure of YoeB-dimer. Refinement was performed by
combining Phenix.refine and manual building with coot.
The data collection and structure refinement statistics are
summarized in Supplementary Table S1.

Small-angle X-ray scattering (SAXS) measurement

Solution SAXS data were collected at the Shanghai
Synchrotron Radiation Facility (SSRF) at the beamline
BL19U2. The samples were prepared as three gradient con-
centrations (1, 3 and 5 mg/ml) in buffer C (20 mM Tris–
HCl pH 8.0, 500 mM NaCl, 5% glycerol). For each mea-
surement, 20 consecutive frames of 1 s exposure time were
recorded. Similarly, the background data were recorded in
the same buffer and were subtracted from the protein pat-
terns. Data were processed using ATSAS software suites
(37), the primusqt program was used for data average, sub-
traction and comparison with the theoretical scattering
curves from the structural models using the program crysol.

Electrophoretic mobility shift assay

Interaction of protein with DNA was validated with the
Chemiluminescence EMSA kit (Beyotime Biotechnology,
China), as per manufacturers instruction. Briefly, the DNA
fragments containing the promoter region were generated
by annealing two complementary oligonucleotides labeled
with biotin at the 5′ end of forward strand (5′-TTATTG
TACAGATATTTGTACAATTG-3′). The constant (2 nM)

biotin-labeled DNA fragment was incubated with the in-
creasing amount (2 nM - 400 nM) of purified protein at
25◦C for 20 min. Samples were then loaded onto 6.5% na-
tive polyacrylamide gel in 0.5× TBE buffer at 80 V for 80
min. The DNA was transferred to a nylon membrane and
subsequently UV-cross-linked at 302 nm for 15 min. Chemi-
luminescence was detected by conjugation of Streptavidin-
HRP according to the manufacturer’s instructions. The im-
ages were obtained using ImageQuant LAS 4000 mini (GE,
Piscataway, NJ, USA).

Size exclusion chromatography/multi-angle light scattering

The molecular weight in solution of samples was mea-
sured using size exclusion chromatography coupled with
multi-angle light scattering (SEC-MALS). Protein samples
(2 mg/ml, 100 �l) in buffer A (50 mM Tris–HCl pH 8.0,
500 mM NaCl) were injected into the analytical Superdex
200 Increase 10/300 GL column separating and detecting
by the AKTA Purifier System (GE Healthcare, USA) cou-
pled with MALS instrument (DAWN HELEOS 8; Wyatt
Technologies, USA) with 0.5 ml/min flow ratio. ASTRA
7 software suite was used to calculate the average weight
molecular mass from the intercept of the Debye plot using
Zimm’s model as implemented in Wyatt’s ASTRA software.

Isothermal titration calorimetry (ITC) assays

ITC experiments were performed at 10◦C using Microcal
PEAQ-ITC equipment (MicroCal Inc. USA). Duplex DNA
(600–1200 �M) was dissolved in the reaction buffer A (50
mM Tris–HCl pH 8.0, 500 mM NaCl) and titrated against
protein sample (50–100 �M) in the same buffer. The first in-
jection (0.5 �l) was followed by 19 injections of 2 �l with the
stirring rate of 750 r.p.m. Data were fitted to one-site bind-
ing model via the MicroCal PEAQ-ITC analysis software
(MicroCal Inc. USA).

RESULTS

YoeB–YefM complex possess two oligomeric states in solu-
tion

The YoeB–YefM complex co-expressed in E. coli
BL21 (DE3) was eluted at two different elution vol-
umes via size-exclusion chromatography. It suggested that
the samples may present in different oligomeric states
in solution. To evaluate the molecular weight and stoi-
chiometry of the corresponding samples, size-exclusion
chromatography coupled with multi-angle light scattering
(SEC-MALS) experiments were performed. The apparent
molecular weight of YefM, YoeB and two different YoeB–
YefM complexes were approximately 18, 22, 36 and 56 kDa,
respectively (Figure 1A). Given the theoretical molecular
weight of YoeB toxin (10.4 kDa) and YefM antitoxin (9.4
kDa), we conclude that YefM and YoeB exist as a dimer
in solution. In addition, the 36 kDa complex peak could
be heterotetramers (YoeB2–YefM2, 39.6 kDa) consisting
of two YoeB and two YefM molecules while the 56 kDa
sample peak could be heterohexamers (YoeB2–YefM4, 60.4
kDa) comprised of two YoeB and four YefM molecules.
Small-angle X-ray scattering (SAXS) experiment also
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Figure 1. Different oligomeric states and DNA-binding affinity of YoeB–YefM complex. (A) Size-exclusion chromatography coupled with multiangle
light scattering (SEC-MALS) analysis of heterohexamer (red), heterotetramer (blue), YefM (black) and YoeB (magenta). Elution profiles and the calcu-
lated molar masses are represented by the corresponding lines. (B) Comparison of the experimental small-angle X-ray scattering (SAXS) curves with the
theoretical scattering curves calculated from the structures of heterohexamer (red line) and heterotetramer (blue line). (C) and (D) Electrophoretic mobility
shift assay (EMSA) of heterotetramer and heterohexamer with the promoter DNA. The increasing amount (2–400 nM) of proteins was incubated with the
constant biotin labeled 26-bp DNA duplex (2 nM). Blue and black arrows denote positions of unbound oligonucleotide and protein-DNA complex. (E and
F) Measurement of binding affinities of complexes against the promoter DNA utilizing ITC. (E) Promoter DNA (1.2 mM) titrated against heterotetramer
(50 �M) and; (F) DNA (0.6 mM) against heterohexamer (50 �M).
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calculated molecular weights of 56 and 35 kDa for the two
YoeB–YefM protein complexes, which is consistent with
the SEC/MALS results (Figure 1B). Taken together, these
results supported that YoeB–YefM complex exists as two
different oligomeric states in solution: i.e. heterotetramer
(YoeB2–YefM2) and heterohexamer (YoeB2–YefM4).

The heterotetramer and heterohexamer complexes have dif-
ferent promoter DNA-binding affinities

In Staphylococcus aureus, the promoter of yefM-yoeB con-
stitutes 8-bp palindromic sequence with 6-bp spacer dis-
tance (5′-TTATTGTACAGATATTTGTACAATTG-3′) lo-
cated at –35 and –10 regions. To examine the specific bind-
ing of DNA fragment with YefM and the two oligomeric
states of YoeB–YefM, we performed electrophoretic mo-
bility shift assays (EMSA) using 26-bp duplex DNA la-
beled with 5′ biotin label. The results showed that both het-
erohexamer and heterotetramer are able to bind the pro-
moter DNA (Figure 1C and D). However, heterohexamer
has much higher promoter binding affinity than heterote-
tramer. In contrast, YefM dimer failed to bind the pro-
moter DNA sequence in this setting (Supplementary Fig-
ures S1A and B). In order to obtain the quantitative values
for DNA binding affinity, isothermal titration calorimetry
(ITC) was employed. The interaction of protein complexes
with the DNA is an endothermic reaction, resulting in an
entropy-driven binding interaction. The equilibrium disso-
ciation constant (KD) value for heterohexamer (0.242 ± 0.01
�M) was ∼200-fold higher than heterotetramer (49.4 ± 5.75
�M) (Figure 1E and F, Supplementary Table S2).

The distinct DNA-binding affinity of different oligomeric
states clearly indicated that the heterohexamer with lower
ratio of YoeB to YefM (1:2) has much stronger binding
affinity for promoter DNA whereas the heterotetramer with
equal amount of YoeB and YefM has neglectable DNA
binding affinity. These biochemical results are compatible
with the notion that YoeB–YefM complex with different TA
ratio autoregulate transcription through differential DNA
binding activities.

Structure of the heterotetramer (YoeB–YefM2–YoeB) com-
plex

To obtain the structural information for different
oligomeric states of YoeB–YefM, both protein com-
plexes were subjected to crystallization experiments but
only crystals for heterotetramer were obtained. The struc-
ture was determined at the resolution of 2.40 Å and refined
to Rwork/Rfree of 18.97%/22.34% (Supplementary Table
S1). The crystal belongs to space group P61 and contains
two copies of heterotetramer per asymmetric unit. Each
heterotetramer is composed of two YoeB and two YefM
molecules, which is consistent with the heterotetramer
state in solution. The final model covers all residues of
YoeB (residues 2–88 of 88) and YefM (residues 2–83
of 83) molecules except the first Met and His-tag are
disordered.

The overall structure of heterotetramer assembles into
inverted T-shaped architecture and has internal non-
crystallographic 2-fold symmetry along the YefM dimeric

interface (Figure 2A). The two N-terminal domains
(residues 1–40) of YefM form a compact homodimer com-
prising of central six-stranded � sheets (�1↑, �2↑, �3↓,
�3′↑, �2′↓, �1′↓) and four � helices (�1, �2, �1′, �2′). The
dimerization is mediated by hydrogen bond between �3 and
�3′ as well as hydrophobic packing interactions through
Leu13, Leu16, Val20, Val27 and Val29 from each monomer.
Additionally, the two �3 helices (residues 41–57) from each
monomer also contribute to the dimerization via hydropho-
bic contacts. The interface of the homodimer buried ∼1288
Å2 accessible surface area as determined by PDB PISA
server (38). Both C-terminal domains (residues 41–81) of
YefM are well-folded with two �-helices (�3–�4) and one
�-strand (�4), which is significantly different with the struc-
ture from E.coli where two C-terminal domain is intrinsi-
cally disordered (31). Moreover, the C-terminal domain of
YefM forms U-shaped structure tightly wrapped around the
YoeB monomer burying the accessible surface area of 1650
Å2. Each YoeB monomer adopts a microbial RNase fold
(31). The catalytic core is located at the surface of �-sheet
consisted of �1, �4, �3 and �2 strands, and is completely
blocked by the C-terminal domain of YefM.

Structure of the heterohexamer (YoeB–YefM2–YefM2–
YoeB) in complex with its promoter DNA

Since EMSA and ITC experiments showed higher affinity
of heterohexamer for promoter DNA binding, we tried to
co-crystallize the heterohexamer complex with the 26-bp
duplex DNA to stabilize the heterohexamer complex and
promote crystal formation. We succeeded in obtaining the
heterohexamer–DNA complex crystals. The crystal belongs
to space group P43212 and contains two heterohexamers
bound promoter DNA complexes (heterohexamer-DNA)
in the asymmetric unit. Each heterohexamer comprises of
four YefM and two YoeB molecules, which is in agreement
with its heterohexameric state in solution. The structure
was refined to Rwork/Rfree of 19.71%/22.25% at 2.35 Å res-
olution (Supplementary Table S1). In the final model, two
YoeB (residues 2–88 of 88) and two YefM (residues 1–83)
molecules were completely modeled. However, the electron
density maps for the C-terminal domain (residues 58–83)
of other two YefM molecules are disordered. The DNA
molecules were modelled with core 22–23 bp fragments.

The structure of heterohexamer-DNA complex has an in-
ternal pseudo-dyad axis which intersects the DNA at cen-
ter and is perpendicular to the DNA double helix. The het-
erohexamer forms a unique YoeB–YefM2–YefM2–YoeB ar-
rangement (Figure 2B). Four YefM molecules form two ho-
modimers in which the N-terminal domains (residues 1–40)
constitute two positively charged surface docked into the
major grooves of the DNA with the total buried surface
area of ∼1955 Å2. Two YoeB molecules individually interact
with the two intact YefM C-terminal domains (residues 40–
83), while the other two YefM C-terminal domains (residues
55–83) are structurally disordered in the absence of YoeB
binding.

The heterohexamer structure in the complex can be di-
vided into two heterotrimeric structures (YoeB–YefM2),
the architecture of which is similar to the previously de-
termined DNA-free YoeB–YefM complex structure from
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Figure 2. Structures of heterotetramer and heterohexamer-DNA complex. (A) Overall structure (left) and orientations rotated by 90◦ (right) of the het-
erotetramer (YoeB–YefM2-YoeB) complex are illustrated in cartoon, YefM are shown in cyan and yellow while YoeB in magenta and green. (B) Overall
structure of the heterohexamer–DNA (YoeB–YefM2–YefM2–YoeB–DNA) complex lateral (left) and top view (right). Two intact YefM molecules are
shown in cyan/teal and while other two disordered YefM in yellow/brown. Two YoeB molecules are illustrated by magenta/salmon. DNA is shown in
orange. The 2Fo – Fc electron density map is displayed at the level of 1.0� around DNA molecule.

E.coli (PDB: 2A6Q) (RMSD of 1.26 Å for 217 C�) (31).
However, the relative positions of two N-terminal DNA-
binding domains (DBDs) of YefM are significantly different
between two structures with 5.9◦ deviation that is likely in-
duced by DNA binding (Supplementary Figures S2A and
B). It suggested that the relative positions of two DBDs
are further adjusted upon DNA binding. In addition, the
theoretical scattering curve calculated from the heterohex-
amer (it was isolated from the heterohexamer-DNA) fits the
SAXS experimental data poorly, i.e. � 2 value of 11.8 (Figure
1B). The reasons behind this might be different conforma-
tions of apo and DNA-bound states, and the model lacked
of the two intrinsically disordered C-terminal regions of
YefM in the heterohexamer structure.

Interactions between YoeB and YefM

YoeB uses a large and highly complementary interface to
recognize the YefM disordered region. The � sheet con-
sisted of �1, �4, �3 and �2 of YoeB creates a concave
surface, in which exposed hydrophobic residues (Leu52,
Leu56, Tyr59, Val71, Ala82 and Tyr86) make extensive
hydrophobic interactions with the hydrophobic residues
(Thr51, Tyr53, Leu54, Leu64, Ile68 and Leu71) at �3, �4
helices in YefM (Figure 3A). Moreover, the hydrogen bond
network facilitates the specific interactions of YefM and
YoeB. The highly conserved residues Glu50 of YefM and
Arg69 of YoeB form a salt bridge interaction. Polar residues
(Ser47, Glu50, Thr51, Tyr53, Gln55, Asn57, Asn59, Asn60,
His63, Gln66 and Ser67) of YefM form hydrogen bonds
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Figure 3. Interactions between YoeB and YefM. (A and B) The hydrophobic interaction between YoeB and YefM. The hydrophobic surface of YoeB are
presented in white, while the hydrophobic residues of YefM are shown as sticks. (C–E) The detailed hydrogen-bonds interaction of YoeB (green) and YefM
(yellow) (�3 (C), �4 (D) and �4 (E)) are presented as blank dashed lines.

with the YoeB adjacent residues at either backbone or
sidechain (Figure 3C and D).

The functional oligomer state of YoeB is homodimer that
bind at A-site of ribosome to cleave RNA (39,40), while
it exists as monomer in the YefM-YoeB complex. Com-
pared with YoeB dimer structure, the last three residues and
first �1 strand of YoeB exhibit significant conformational
rearrangement (Supplementary Figure S3). The last three
residues (Tyr86, His87 and Tyr88) of YoeB adopt a flexi-
ble conformation in the apo structure, but are stabilized by
the residues located on helices �3 and �4 of YefM via hy-
drogen bonds in the complex structure. The tyrosyl group
of Tyr86 of YoeB forms hydrogen bond with the backbone
oxygen of Tyr53 from YefM (Figure 3C). The residues His87
of YoeB stacks pairs with the imidazole ring of the His63
of the YefM (Figure 3D). The hydroxyl group in tyrosyl of
Tyr88 forms hydrogen bond with the Tyr53 of YefM and the
carboxyl terminal is stabilized by the side chain of Asn57
and Asn59 of YefM via two pair of hydrogen bonds (Fig-
ure 3D). The first �1-strand (residues 2–8) of YoeB and the

�4-strand (residues 77–83) of YefM fold into an antipar-
allel �-sheet (Figure 3E). The hydrophobic residues (Ile77,
Ile81 and Val83) at �4 of YefM are oriented towards the hy-
drophobic cavity and interact hydrophobically with Leu4,
Ile6, Phe13, Leu34, Ile79 and Ile81 of YoeB (Figure 3B).
Compared with the dimeric structure of YoeB, the interac-
tions between YefM and YoeB likely impede YoeB homod-
imerization: i.e. the interactions between �4 of YefM and
�1 of YoeB extended and twisted towards the dimeric inter-
face of YoeB (Figure 3D and Supplementary Figures S3A
and S3B). Therefore, YefM suppress the toxicity of YoeB
via preventing its dimerization and blocking the active site.

Structural basis of promoter DNA binding and recognition by
heterohexamer

The duplex promoter DNA in heterohexamer-DNA com-
plex adopts an overall B-DNA like conformation. However,
the DNA molecule has undergone noticeable bending of 40◦
toward the heterohexamer protein (Figure 2B). Analysis of
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the DNA conformation with w3DNA server (41) revealed
the angles of propeller twist and roll exhibit much greater
than B-form DNA at the major groove of sequence of 5′-
GTAC-3′ region while reduce at the AT-rich minor groove,
the helical twist angle (∼30◦) at the major groove deviates
from the value of ideal B-form DNA (36.0◦ ± 1.01) (Sup-
plementary Figures S4B-S4D). These local deviations result
major and minor groove widths are significantly distorted:
AT-rich minor groove is compressed to 8.7 Å (compared to
12.5 Å for B-DNA) while the major groove, is expanded to
22.2 Å compared to 16.6 Å for B-DNA (Supplementary
Figure S4A).

The heterohexamer recognizes palindromic sequence of
the promoter DNA at adjacent major grooves using two
symmetrical DNA-binding domains, each comprised of
residues coming from a dimer of YefM. The main interac-
tions with major groove of DNA are mediated by the an-
tiparallel HTH (�1-turn-�2) motifs inserted into the ma-
jor groove of DNA to recognize 5′-TTGTACA-3′ sequence,
and the winged loops between �2 and �3 provide addi-
tional minor groove contacts. Sequence-specific base inter-
actions are mediated by highly conserved residue Arg10
at the antiparallel HTH motif with the guanine bases of
5′-TTGTACA-3′ palindromic sequence. The residue Gln11
forms hydrogen bond interaction with the adenine of the
3′- TAACATGT -5′ sequence (Figure 4A-E). Thus, the
Arg10-Gln11 pair specifically recognizes the core GTAC
box (5′-ATTGTACA-3′) of palindromic sequence. Indeed,
mutation of the core sequence 5′-ATTGTACA-3′ to 5′-
ATTTTAAA-3′ completely abolished the protein-DNA in-
teraction (Supplementary Figure S1C). In addition, the
thymine bases flanked in the core GTAC box are also impor-
tant for protein-DNA interaction, that contact the residues
of Tyr6 and Ser7 as Van der Waals interactions. Substitu-
tion of 5′-ATTGTACA-3′ to 5′-AGCGTACG-3′ resulted in
the loss of interaction (Supplementary Figure S1D). In ad-
dition to the base-specific interactions, the residues (Asn5,
Ser7, Lys14 and Thr32) participate in hydrogen bond inter-
actions with the phosphate backbone of DNA (Figure 4A-
E). Furthermore, the mutational studies were performed
to confirm the interaction, the results showed that various
mutants of residues in YefM (R10A, Q11A, R10A/Q11A,
Y6A, S7A, Y6A/S7A and N5A/K14A/T32A) decreased
and abolished the binding affinity to the promoter DNA.
(Supplementary Figure S8).

Sequence alignment of YefM depicted that the DNA in-
teraction residues (Tyr6Ser7, Arg10Gln11) are relatively con-
served in diverse range of bacteria. In addition, their pro-
moter region contains the GATC core box with 8 bp spacer
while different flanking region sequences (most harbor with
T/A bases) (Supplementary Figure S5). Hence, this interac-
tion fashion between YefM and DNA might be conserved
among diverse bacteria.

Structural basis of differential DNA binding affinities be-
tween heterotetramer and heterohexamer complexes

To understand why the heterohexamer possess higher
DNA-binding affinity than heterotetramer and how these
two oligomeric states differ, structural comparison was per-
formed. When the heterotetrametric structure is superposed

onto the structure of heterohexamer-DNA using the com-
mon YoeB molecules, the C-terminal region (residues 57–
83, �4�4) of YefM completely overlap whereas the N-
terminal regions (residues 1–56, �1�1�2�2�3�3) of het-
erotetramer swing away from the major groove of DNA
about 10 Å measured by the displacement of C� of Arg10
(Figure 5A and Supplementary Figure S6A and S6C). The
helix �3 of YefM act as a hinge between the N- and C-
terminal domain, and is crucial for this conformational
change. The two helices �3 from each monomer of YefM
dimer cross at different angles of 42◦ and 52◦ in heterote-
tramer and heterohexamer, respectively (Figure 5B). In
heterotetramer, saturated binding of YefM molecules with
YoeB enables C-terminal domain to form ordered confor-
mation (�3�4�4). To accommodate two ordered �4 helices,
the two �4 arrange in a parallel manner to avoid colli-
sion (Supplementary Figure S6D). Consequently, the he-
lix �3 of YefM in heterotetramer rotates about 10◦ com-
pared with heterohexamer, resulting in the rotation of whole
N-terminal domain at ∼10 Å away from the DNA major
groove (Supplementary Figure S6B). Both ordered confor-
mation of C-terminal domains of YefM dimer upon bind-
ing of YoeB constrains the movement of N-terminal DNA-
binding domain, which is less optimal for DNA binding.
In contrast, the asymmetric disorder-order conformation of
YefM dimer in the heterohexamer results in more flexible N-
terminal DNA-binding domains to accommodate optimal
DNA binding.

In the structure of heterohexamer-DNA complex, the N-
terminal DNA-binding domains of YefM dimer insert into
adjacent major grooves of promoter DNA. If the two het-
erotetramer structures are superimposed with the hetero-
hexamer structure using the N-terminal DNA-binding do-
mains, severe steric clashes would occur at the C-terminal
regions of YefM and YoeB molecule as illustrated in Figure
5C. This analysis is consistent with the ITC data that the
heterotetramer bind DNA at a stoichiometry of 1:1 (N =
0.909). Therefore, two heterotetramers are unable to bind
the promoter DNA simultaneously. Taken together, these
results supported that heterohexamer is the optimal state
to bind the promoter DNA, whereas heterotetramer binds
promoter DNA with much weaker affinity due to the steric
clashes, that prevent two heterotetramers to form an oc-
tamer complex. Therefore, the comparative structural anal-
ysis explained why the heterotetramer has a low affinity for
promoter DNA-binding than heterohexamer.

Although, upon binding the additional YoeB makes the
conformational change in N- and C-terminal domain of
YefM, most residues in YefM keep the same orientation in
the heterohexamer and heterotetramer. However, only the
Glu50 and Tyr53 residues undergo slight rotation (Supple-
mentary Figure S6E). Interestingly, the YefM disordered
conformation begins at Tyr53 residue, suggesting Tyr53 of
YefM might be important for initial recognition by the ad-
ditional YoeB molecule.

The heterohexamer is the optimal oligomeric state for pro-
moter DNA-binding

YoeB–YefM complex from Staphylococcus aureus could
adopt heterohexameric state both in solution and crys-

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/advance-article/doi/10.1093/nar/gkaa706/5897335 by guest on 03 Septem

ber 2020



Nucleic Acids Research, 2020 9

Figure 4. DNA recognition and binding. (A) Schematic overview of the interactions between heterohexamer and DNA. Solid and dashed lines depict
the interactions of hydrogen bond and Van der Waals interaction interactions, respectively. Red and purple boxes presented the core GTAC box and
palindromic sequence, respectively. (B–E) Interactions of YefM with promoter DNA. The hydrogen bonds and Van der Waals interactions are presented
as blank and red dashed lines, respectively. The chain number of YefM and DNA are presented in parentheses.
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Figure 5. Structural comparison of heterotetramer and heterohexamer-DNA complex. (A) Superposed the structures of heterotetramer (blue) and
heterohexamer-DNA (red) based on the mutual YoeB molecule. The C-terminal regions (residues 57–83, �4�4) of YefM completely overlap, while the
N-terminal domain of YefM has a shift (10 Å) presented by the yellow arrows. (B) Two helices (�3-�3′) from each monomer of YefM dimer cross at
different angles of 42◦ and 52◦ in heterotetramer and heterohexamer, respectively. (C) Structural model for binding of two heterotetramers to DNA simul-
taneously. The crosses in red presented steric clashes in the C-terminal region of YefM and YoeB molecules.

tal structure. Analysis of the heterohexameric struc-
ture (YoeB–YefM2–YefM2–YoeB) revealed that two het-
erotrimers (YoeB–YefM2/YoeB′–YefM′

2) manly interact
with each other through hydrogen bonds. The side chain of
Asp23 and Asp44 residues of YefM forms hydrogen bonds
with the backbone amide atoms of Gly47 and His66 from
YoeB′. The side chain of Lys29 and Arg63 of YoeB′ par-
ticipates in the hydrogen bond interactions with the back-
bone carbonyl group of Asn21 and Ser24 of YefM, respec-
tively (Figures 6C). The similar interactions are also found
in the YoeB–YefM structure (PDB code: 2A6Q) from E. coli
(Supplementary Figures S7). These key residues might me-

diate the formation of heterohexamer assembly. These four
residues (Asp23 and Asp44 of YefM, Lys29 and Arg63 of
YoeB) corresponding to the binding site for the heterohex-
amer formation were abbreviated as D23D44K29R63 binding
site for simplicity. Consistent with the structure, mutation of
these residues to alanine essentially abolished the formation
of heterohexamer as demonstrated by SEC-MALS assays:
the average molecular mass of the mutant is about 26 kDa,
which represents the heterotrimeric state (Figure 6A). Addi-
tionally, results from EMSA and ITC assays showed signifi-
cant reduction (KD = 11.5±0.67 �M, ∼47-fold decrease) in
the DNA binding affinity of D23D44K29R63 mutant as com-
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Figure 6. The heterohexamer is the optimum state for promoter DNA-binding. (A) SEC-MALS characterization of the heterohexamer after mutation.
Data analysis indicated the molecular mass of complex (26 kDa) consistent with the mass of heterotrimeric state. (B) EMSA analysis of the promoter
DNA with the heterotrimer (after mutation of heterohexamer). The increasing concentration (2 nM - 400 nM) of protein incubated with 2 nM DNA. Blue
and black arrows denote positions of unbound oligonucleotide and protein–DNA complex. (C) Detail interactions at the D23D44K29R63 site. Dash lines
indicated the hydrogen bond between YefM and YoeB. (D) Measurement of binding affinity for promoter DNA (1.2 mM) and heterotrimer (100 �M)
utilizing ITC. The dissociation constant (KD) and the binding stoichiometry (N) are shown.

pared with the wild type heterohexameric complex (Figure
6B and D). Therefore, these results demonstrated that the
D23D44K29R63 site is critical for the heterohexameric state
formation and optimal DNA-binding affinity.

DISCUSSION

Bacterial TA systems play a key role in adaption to stress
conditions. A hallmark of TA operons is autoregulation
of its transcription through a mechanism known as condi-
tional cooperativity. In the present study, we used YoeB–
YefM TA complexes from S. aureus as a model system
to study the underlying molecular mechanism. The YefM
dimer on its own is unable to bind the DNA, whereas
the YoeB–YefM complexes have differential DNA-binding
affinities depending on the TA molecular ratio. Biochem-

ical data supported that the ratios of YoeB and YefM are
determinant in fine-tune its own transcription. We found
that YoeB–YefM can form two different oligomeric states
including heterotetramer (YoeB2–YefM2) and heterohex-
amer (YoeB2–YefM4) in solution and exhibit distinct pro-
moter DNA binding affinities. In the meantime, the same
tetrameric structure (PDB:7BWF) from Staphylococcus au-
reus was reported (42), which is agree with our observa-
tions in this study. This suggests that YoeB–YefM forms dis-
tinct oligomeric complexes at different TA molecular ratio
to regulate TA transcription. At TA ratio of 1:2, heterohex-
amer complex binds to promoter DNA with high affinity to
repress TA transcription under normal growth conditions.
Under stress conditions, the SOS response induces Lon pro-
tease, which preferentially cleaves unstable antitoxin YefM
(43). This will cause an increase in the TA molar ratio.
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Indeed at the TA ratio of 1:1, heterotetramer complex is
formed, which binds to promoter DNA with neglectable
affinity and causes derepression of TA operon transcrip-
tion. Hence, the TA ratio alteration is linked to the changes
in the TA oligomeric state to regulate gene transcription.
Different oligomeric states exist in many TA systems cov-
ered various toxins with diverse activities and folds, and an-
titoxins belong to different classes, such as Phd/Doc (21),
relBE (23), AtaR-AtaT (44,45), CcdAB (22,46) and VapBC
(47,48). In contrast, some TA systems formed only single
oligomeric state, such as DinJ/YafQ (49,50) and MqsRA
(51), which might achieve the transcription autoregulation
through different mechanisms.

What is the underlying structural mechanism for differ-
ent oligomeric states to regulate TA gene transcription? So
far, no crystal structures of repressed states bound opera-
tor DNA and derepressed state alone complexes were de-
termined, simultaneously. Through detailed structural anal-
ysis, we now understand that the YoeB–YefM operon is
regulated by YoeB–YefM complexes at two different levels.
The first level is regulated by conformational change and
allostery through the molecular switch YefM protein. The
unstable antitoxin YefM uses its unstructured C-terminal
domain as a sensor to recognize the toxin YoeB and al-
losterically regulate the conformation of N-terminal DNA-
binding domain. YefM shows significant structural differ-
ences in the absence and presence of toxin YoeB. Binding
of YoeB makes the YefM C-terminal intrinsic disorder re-
gion form structurally ordered conformation and this al-
losteric effect extends to the N-terminal domain to affect
the DNA binding affinity. This allosteric coupling might
be due to the small hydrophobic core shielded by the aro-
matic side chains of the helix �3 of YefM, which was also
described in the other Phd/doc TA system (21). Therefore,
the C-terminal intrinsic disorder region of YefM is a funda-
mental structural element of antitoxin coupling toxin bind-
ing to DNA recognition through helix �3. The second level
is through forming different oligomeric states to further reg-
ulate DNA binding: i.e. each heterotrimer (YoeB–YefM2) is
a DNA recognition unit recognizing promoter DNA with
an affinity of ∼11.5 �M. Heterohexamer formation brings
two such units together with optimal spacing to bind si-
multaneously to the promoter DNA, which increases DNA
binding affinity to 0.242 �M through avidity effect. Mu-
tation of D23D44K29R63 residues at the heterohexamer in-
terface reduced the hexamer into two trimers. Consistent
with the avidity effect, this results in ∼47-fold decrease in
the DNA-binding affinity as compared to heterohexamer
(11.5 �M versus 0.242 �M). More or less the same binding
site (Low affinity, L site) was also found in CcdAB (46) and
Phd/Doc (21) systems. Binding of two additional molecules
of YoeB to the heterohexamer disrupts DNA binding also
at two levels: triggering conformational changes within the
YefM dimer to affect N-terminal DNA binding domain
allosterically; dissembling the hexamer into two tetramers
with much lower DNA binding affinity (∼49.4 �M) due to
the steric clashes.

The crystal structure of heterohexamer-DNA com-
plex revealed that four N-terminal domains of YefM
form two DNA-binding units that insert into two ad-
jacent major grooves of promoter DNA. The promoter

of yefM-YoeB constitutes 8-bp palindromic sequence
(5′-TTATTGTACAGATATTTGTACAATTG-3′). The core
palindromic sequence (5′-GTAC(N)8GTAC-3′) was also
found for the yefM-yoeB promoter region among the
diverse microbial species such as Escherichia coli K12,
Shigella boydii and Streptococcus agalactiae (32) (Supple-
mentary Figure S5B). Based on the DNA structural anal-
ysis and biochemical assay, the conserved residues (Arg10–
Glu11) on the antiparallel HTH motif of YefM specifically
recognize the guanine and adenine bases of the core palin-
dromic sequence (5′-GTAC(N)8GTAC-3′). In addition, the
flanking sequence are crucial for specific recognition via
the hydrophobic interaction. Two YefM–YoeB paralogs
from S. aureus (YefMSa1–YoeBSa1 and YefMSa2–YoeBSa2)
do not cross-talk with each other and are transcription-
ally autoregulated by their own cognate antitoxin (52). The
YefMSa1 and YefMSa2 paralogs share conserved residue
(Arg10) and sequence identity of 26.4%. The promoter
for both paralogs harbors the same 5′-GTAC(N)8GTAC-3′
DNA core sequence but different flanking sequences (Sup-
plementary Figure S5B). Further comparative structural
work is necessary to fully understand their DNA binding
specificity, which is likely controlled by specific interaction
with the flanking DNA sequence. Moreover, the space be-
tween the core sequence may be correlated with the DNA
bending angle: i.e. more bending angle with the increase
in DNA spacing. Comparative analysis of YefM-YoeB and
Phd/Doc systems, which have distance of 8- and 9-bp be-
tween core GTAC box, showed that binding of the YefM-
YoeB or Phd/Doc complexes to the duplex DNA caused
DNA to bend about 40◦ and 60◦, respectively (53). These
results indicated that the DNA bending angle depends on
the distance between the core DNA sequence.

The main objective of this study was to explore the molec-
ular mechanism of conditional cooperativity of YefM-YoeB
system. Combined with our structural and corresponding
biochemical data in this study and others, we proposed a
model for YoeB–YefM transcriptional autoregulation (Fig-
ure 7). Under normal growth condition, the transcription
of the TA operon is strictly repressed. This repression is
achieved through a complex of YoeB and YefM where YoeB
toxin acts as a corepressor with a TA ratio of 1:2. Each YoeB
molecule interacts with one of asymmetric YefM dimer
through the C-terminal intrinsic disordered region to form
trimeric YoeB–YefM2 complex. Two trimeric complexes
are closely associated with each other via D23D44K29R63

to form heterohexamer with greater DNA binding affin-
ity through avidity effect and strongly bind promoter DNA
to repress TA operon. During the stress conditions, pref-
erential proteolytic degradation of YefM in DNA-loaded
heterohexamer by Lon protease releases more YoeB tox-
ins (43,54), which leads to partial activation of transcrip-
tion. YefM is rapidly degraded by the protease, resulting the
accumulation of YoeB, which further bind to the two un-
occupied YefM molecules in the heterohexamer complex.
Binding of two extra YoeB molecules changes the confor-
mation of YefM dimer in the heterohexamer, which dis-
sembles heterohexamer into two heterotetramers with much
lower DNA binding affinity (∼49 �M). This results in the
transcriptional derepression of TA operon. Consequently,
the un-neutralized YoeB toxin is able to inhibit the transla-
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Figure 7. The model for transcriptional autoregulation of YoeB–YefM TA system. Under normal growth conditions, the transcription of the operon is
strictly repressed. (A) The YefM antitoxin and YoeB toxin are transcribed as bicistronic operons by an autoregulated promoter. (B) Since YefM antitoxin
appear to be more efficiently translated than YoeB toxin, they tend to form heterohexamer (YoeB–YefM2–YefM2–YoeB) for binding of the promoter at
low ratio of YoeB:YefM, resulting in repression of the transcription. During stress condition, the operon is activated by the protease and excess YoeB. (C)
The proteolytic degradation of YefM in DNA-loaded heterohexamer induces partial activation of transcription and release YoeB molecules. (D) The excess
YoeB molecules can act as a derepressor to bind the remaining two free C termini of YefM in the heterohexamer complex. (E) Binding of two extra YoeB
molecules changes the conformation of YefM dimer in the heterohexamer, which dissembles heterohexamer into two heterotetramers (YoeB–YefM2–YoeB)
with much lower DNA binding affinity, resulting in the transcriptional derepression of the operon.

tional initiation and cellular growth by its own ribosome-
dependent RNase activity. In conclusion, variation in the
ratio of YoeB to YefM is manifested as different oligomeric
states of YoeB–YefM complex which dynamically regulates
its own transcription to adjust the environmental cues.

The knowledge generated from the current study provides
clue for strategies of disrupting conditional cooperativity in
YoeB–YefM type II TA systems to overcome antibiotic re-
sistance. TA system is used as a weapon to promote bacte-
rial survival under stress conditions: i.e. subpopulation of
persister bacteria can survive the stress condition and re-
grow the whole population when stress is relieved. It is con-
ceivable that selective disruption of YefM antitoxin trans-
lation by CRISPR gene editing may cause deregulation of
YoeB–YefM TA system. In this case both YoeB and YefM
can be transcribed into mRNA but YefM cannot be trans-
lated into a functional protein so that YoeB will be consti-
tutively expressed to suppress bacterial growth as a suicide
mechanism. Such CRISPR enzyme can be delivered into
antibiotic resistant bacteria through bacteriophage vehicles.
Alternatively, small molecule modulators of the YoeB toxin,
which selectively disrupt its interaction with YefM (cause
derepression of YoeB–YefM TA system) but not affect its

ribosome-dependent RNase activity can also be used as
drugs to target YoeB–YefM TA system to overcome antibi-
otic resistance.
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