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Abstract 

Contact-dependent growth inhibition (CDI) is a bacterial competition mechanism, wherein the C-terminal toxin domain of CdiA protein (CdiA-CT) 
is transferred from one bacterium to another, impeding the growth of the toxin recipient. In uropathogenic Esc heric hia coli 536, CdiA-CT (CdiA- 
CT EC536 ) is a tRNA anticodon endonuclease that requires a cysteine biogenesis f actor, Cy sK, f or its activity. Ho w e v er, the mechanism underlying 
tRNA recognition and clea v age b y CdiA-CT EC536 remains unresolv ed. Here, w e present the cryo-EM str uct ure of the C ysK:CdiA-CT EC536 :tRNA 

ternary comple x. T he interaction betw een CdiA-CT EC536 and Cy sK stabiliz es the CdiA-CT EC536 str uct ure and facilitates tRNA binding and the 
formation of the CdiA-CT EC536 catalytic core str uct ure. The bottom-half of the tRNA interacts exclusively with CdiA-CT EC536 and the α-helices of 
CdiA-CT EC536 engage with the minor and major groo v es of the bottom-half of tRNA, positioning the tRNA anticodon loop at the CdiA-CT EC536 

catalytic site for tRNA cleavage. Thus, CysK serves as a platform facilitating the recognition and cleavage of substrate tRNAs by CdiA-CT EC536 . 
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ntroduction 

ontact-dependent growth inhibition (CDI) is a bacterial
ompetition mechanism widely observed in Gram-negative
acteria, and particularly in pathogenic proteobacteria ( 1–
 ). CDI proceeds through direct cell-to-cell contact between
losely related bacteria, followed by transfer of toxic proteins
rom one bacterium to another. The toxin protein transfer
eads to the growth inhibition of the neighboring bacterium
hat received the toxin protein. The genes of the CDI system
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are cdiB, cdiA and cdiI , forming the cdiBAI gene cluster ( 1 ).
CdiB is an outer membrane protein that facilitates the secre-
tion of the CdiA exoprotein. After CdiA binding to specific re-
ceptors on the surfaces of neighboring bacteria, the C-terminal
toxin domain of CdiA (CdiA-CT) is cleaved from CdiA, and
CdiA-CT translocates into them ( 4 ,6–8 ). CdiI is an immunity
protein that neutralizes the toxicity of CdiA-CT. Thus, CdiA-
CT inhibits the growth of non-isogenic neighboring bacte-
ria that lack the cognate cdiI gene and do not express CdiI.
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Isogenic bacteria that have the same cdiB, cdiA and cdiI gene
cluster express a cognate CdiI against the CdiA-CT, thereby
preventing self-intoxication / inhibition ( 9 ,10 ). 

The modes of action of CdiA-CTs are polymorphic, and
include DNase, RNase, and pore-forming activities that sup-
press bacterial growth ( 2 ). CdiA-CTs with RNase activity tar-
get rRNA and tRNA in cells and inhibit protein synthesis.
Some CdiA-CTs are tRNases that cleave the acceptor stem of
tRNAs, while others cleave the anticodon loop of tRNAs ( 11 ).
Although some CdiA-CTs exhibit intrinsic tRNase activity,
others require an additional factor(s) for their tRNase activi-
ties ( 12–18 ). The CdiA-CTs in enterohemorrhagic Esc heric hia
coli EC869, NC101, and Klebsiella pneumoniae , which cleave
the 3 

′ acceptor regions of tRNAs, require the translation elon-
gation factors EF-Tu, EF-Ts, and GTP for their activities ( 16–
19 ). The CdiA-CT from EC869 (CdiA-CT 

EC869 ) reportedly
forms a quaternary complex with Tu:GTP:Ts, which increases
the affinity of CdiA-CT 

EC869 for substrate tRNAs and induces
structural changes in them for efficient cleavage by CdiA-
CT 

EC869 ( 20 ). Thus, the Tu:GTP:Ts complex could serve as
a reaction scaffold for tRNA cleavage by CdiA-CTs, beyond
its established function in protein synthesis. In uropathogenic
E. coli EC536, CdiA-CT (CdiA-CT 

EC536 ), which cleaves the
tRNA anticodon loop, requires the cysteine biogenesis fac-
tor O -acetylserine sulfhydrylase A (CysK) for its activity, and
CdiA-CT 

EC536 interacts with CysK ( 12 , 14 , 15 ). The canonical
function of CysK is to synthesize cysteine from O -acetylserine
and hydrogen sulfide. The interaction between CdiA-CT 

EC536

and CysK may stabilize the interaction between CdiA-CT 

EC536

and CdiI EC536 ( 14 ). In addition, the CysK:CdiA-CT 

EC536 inter-
action may reinforce the CdiA-CT 

EC536 structure and increase
the affinity of the complex for the tRNA substrate ( 13 ). How-
ever, the precise mechanism underlying the recognition and
cleavage of tRNAs by the CysK:CdiA-CT 

EC536 complex re-
mains unresolved. 

Here, we present the cryo-EM structure of the CysK:CdiA-
CT 

EC536 :tRNA ternary complex. The structure revealed that
CysK serves as a platform that facilitates the recognition and
cleavage of substrate tRNAs by CdiA-CT 

EC536 in the CDI bac-
terial competition system. 

Materials and methods 

Plasmid construction 

Synthetic DNAs encoding the cdi A-CT- cdi I module from
uropathogenic Esc heric hia coli 536 ( cdi A-CT 

EC536 - cdi I, acces-
sion number WP_000554175.1) and the catalytically inactive
cdi A-CT ( cdi A-CT 

EC536 _H178A) were purchased from Eu-
rofins, Japan. The nucleotide sequences of cdi A-CT 

EC536 - cdi I
and cdi A-CT 

EC536 _H178A are provided in Supplementary 
Table 1 . For cysteine synthase A (CysK, accession number
WP_000 034 402) overexpression in E. coli, the cysK gene
was PCR amplified from E. coli MG1655 (NIG, Japan) ge-
nomic DNA and cloned between the Nde I and Xho I sites of
pET22b (Novagen-Merck Millipore), yielding pET22-CysK.
To generate plasmids for the expression of the catalyti-
cally inactive CdiA-CT 

EC536 _H178A mutant protein, syn-
thetic DNA encoding cdi A-CT 

EC536 _H178A was PCR ampli-
fied and cloned between the Nde I and Xho I sites of pET22b
(Novagen-Merck Millipore), yielding the plasmid pET22-
CdiA-CT 

EC536 _H178A. pET22-CdiA-CT 

EC536 variants with
deletions of the C-terminal region of the CdiA-CT 

EC536 cod-
ing region were prepared by PCR. For co-expression of CdiA- 
CT 

EC536 and CdiI, the cdi A-CT 

EC536 - cdi I module was cloned 

between the Nde I and Xho I sites of pET22b (Novagen- 
Merck Millipore), yielding pET22-CdiA-CT 

EC536 -CdiI. For 
co-expression of CysK and CdiA-CT 

EC536 _H178A, the cysK 

gene was PCR amplified and first cloned between the Nco I and 

EcoRI sites of pETDuet-1 (Novagen-Merck Millipore), yield- 
ing pETDuet-CysK. Then, cdi A-CT 

EC536 _H178A was cloned 

between the Nde I and Xho I sites of pETDuet-CysK, yield- 
ing the plasmid pETDuet-CysK-CdiA-CT 

EC536 _H178A. The 
DNA fragment encoding CdiA-CT 

EC536 lacking the termi- 
nal Ile227, CdiA-CT 

EC536 _ �I227, was PCR amplified and 

cloned between the Nde I and Hin dIII sites of the modified 

pBAD33.1 vector (ATCC87402) ( 20 ), yielding pBAD_CdiA- 
CT 

EC536 _ �I227. Wild-type CdiA-CT 

EC536 cloned into modi- 
fied pBAD33.1 was not obtained, due to the toxicity of CdiA- 
CT 

EC536 . Thus, CdiA-CT 

EC536 _ �I227 was used as the ‘wild- 
type’ and the relative toxicities of CdiA-CT 

EC536 variants to 

the ‘wild-type’ were evaluated in this study (Figure 3 and Fig- 
ure 5 ). pBAD33_CdiA-CT 

EC536 variants with a mutation in 

the Cdi A-CT 

EC536 coding region were prepared by PCR, using 
pBAD_CdiA-CT 

EC536 _ �I227 as the template. The oligonu- 
cleotide primers used for the PCR cloning and mutations are 
listed in Supplementary Table 2 . 

Protein expression and purification 

For the expression of the CysK:CdiA-CT(H178A) complex 

and the CdiA-CT:CdiI complex, E. coli BL21(DE3) (Novagen- 
Merck Millipore) was transformed with pETDuet-CysK- 
CdiA-CT 

EC536 _H178A and pET22-CdiA-CT 

EC536 -CdiI, re- 
spectively, and cultures were incubated until the OD 660 

reached 0.8. Protein expression was induced by the addition of 
0.1 mM isopropyl- β- d -thiogalactopyranoside (IPTG), and the 
culture was continued for 16 hours at 20 

◦C. For the expres- 
sion of CysK and CdiA-CT(H178A), E. coli BL21(DE3) and 

Rosetta (DE3) (Novagen-Merck Millipore) were transformed 

with pET22-CysK and pET15-CdiA-CT 

EC536 _H178A, re- 
spectively. Protein expression was induced as described above.

The harvested cells, expressing CysK:CdiA-CT(H178A),
CdiA-CT:CdiI, CysK or CdiA-CT(H178A), were lysed in 

buffer A (50 mM Tris–Cl, pH 7.0, 500 mM NaCl, 10% (v / v) 
glycerol, 20 mM imidazole, and 5 mM β-mercaptoethanol) 
supplemented with 0.1 mM PMSF (phenylmethylsulfonyl flu- 
oride) and 50 μg / mL lysozyme. The lysates were cleared by 
centrifugation at 30 000 × g and 4 

◦C for 45 min, and the 
supernatants were applied to a Ni-NTA column (QIAGEN,
Japan). The column was washed with buffer A, and the pro- 
teins were eluted with buffer B (50 mM Tris–Cl, pH 7.0, 500 

mM NaCl, 10% (v / v) glycerol, 500 mM imidazole, 5 mM 

β-mercaptoethanol). The proteins were then applied to a Hi- 
Trap Heparin (or Hi-Trap Q) column (GE Healthcare, Japan).
Finally, the proteins were purified on a Hi-Load 16 / 60 Su- 
perdex 200 column (GE Healthcare, Japan), equilibrated with 

buffer containing 25 mM Tris–Cl, pH 7.0, 150 mM NaCl, and 

10 mM β-mercaptoethanol, and concentrated. 
For the purification of wild-type CdiA-CT, we used the 

CdiA-CT:CdiI complex partially purified on the Hi-Trap Q 

column after the Ni-NTA column, as described. The fractions 
containing CdiA-CT and CdiI were pooled, and the proteins 
were loaded onto the Ni-NTA column. After washing the col- 
umn with buffer A, the column was washed with buffer con- 
taining 20 mM Tris–Cl, pH 8.0, 500 mM NaCl and 8 M urea,

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae735#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae735#supplementary-data


Nucleic Acids Research , 2024 3 

a  

f  

l  

m  

C  

u  

u  

1

t

E  

S  

b  

(  

t  

p  

5  

w  

1  

s  

t  

M  

t  

t  

t  

a  

t  

w  

d

I

T  

a  

p  

C  

e  

s  

q  

g  

(  

x  

p  

c  

t  

w

M

T  

s  

f  

w  

g  

w  

e  

k  

P  

t  

d  

d  

t  

g  

d  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/advance-article/doi/10.1093/nar/gkae735/7748943 by guest on 04 Septem

ber 2024
nd wild-type CdiA-CT was separated from CdiI and eluted
rom the column. Subsequently, wild-type CdiA-CT was dia-
yzed against buffer containing 20 mM Tris–Cl, pH 7.0, 85
M NaCl and 10 mM β-mercaptoethanol. Finally, wild-type
diA-CT was purified on a Hi-Load 16 / 60 Superdex 200 col-
mn. The CdiI protein partially purified on the Hi-TrapQ col-
mn, as described above, was further purified on a Hi-Load
6 / 60 Superdex 200 column. 

RNA preparation 

. coli tRNA 

Ile GAU was overexpressed in E. coli using the pB-
TNAV3 plasmid encoding the tRNA 

Ile GAU (Accession num-
er: NC_000913.3) precursor gene, and purified as described
 21–23 ). The E. coli JM101Tr strain was transformed with
he pBSTNAV3 plasmid ( 24 ,25 ) containing the tRNA 

Ile GAU
recursor gene and cultured in 2 × YT medium containing
0 μg / ml ampicillin at 37 

◦C for at least 24 h. Total RNAs
ere prepared as described ( 26 ), and then loaded on a HiLoad
6 / 10 Q-Sepharose HP column (GE Healthcare, Japan) and
eparated by a linear NaCl gradient (0.2–1.0 M) in buffer con-
aining 20 mM Tris–Cl, pH 7.4, 0.1 mM EDTA and 8 mM

g(OAc) 2 . The fractions enriched with the overexpressed
RNA 

Ile GAU were detected by an aminoacylation assay, using
he cognate aminoacyl-tRNA synthetases. The fractions con-
aining overexpressed tRNA 

Ile GAU were further separated on
 reverse phase DELTA-PAK C4 column (Waters, Japan), and
he tRNA was detected by aminoacylation. The tRNA 

Ile GAU
as ethanol-precipitated, rinsed with 70% (v / v) ethanol, and
ried. 

n vitro tRNA cleavage assay 

he standard tRNA cleavage activity assay was conducted
t 37 

◦C, in a reaction mixture containing 20 mM Tris–Cl,
H 7.4 150 mM NaCl,1 mM MgCl 2 , 1 μM tRNA, 0.1 μM
ysK and 0.1 μM CdiA-CT 

EC536 . The specific conditions for
ach assay of tRNA cleavage by CdiA-CT 

EC536 are clearly de-
cribed in either the text or figure legends. Reactions were
uenched by the addition of an equal volume of formamide
el-loading buffer, containing 95% (v / v) formamide, 0.02%
w / v) SDS, 0.02% (w / v) bromophenol blue and 0.01% (w / v)
ylene cyanol, and the tRNAs were separated by 10% (w / v)
olyacrylamide gel electrophoresis (PAGE) under denaturing
onditions. The gels were stained with ethidium bromide, and
RNA band intensities were quantified by the Image Lab soft-
are (Bio-Rad, version 3.0). 

apping of tRNA cleavage site 

he 5 

′ -phosphate of E. coli tRNA 

Ile GAU, purified as de-
cribed above, was dephosphorylated by alkaline phosphatase
rom E. coli C75 (TAKARA, Japan), and then extracted
ith phenol-chloroform-isoamyl alcohol (25:24:1) (Nippon-

ene, Japan). The tRNA was ethanol-precipitated, rinsed
ith 70% (v / v) ethanol, and dried. Subsequently, the 5 

′ -
nd of tRNA 

Ile GAU was 32 P-labeled by T4 polynucleotide
inase (TAKARA, Japan) using γ- 32 P-ATP (3000 Ci / mmol,
erkinElmer, Japan), phenol-chloroform-isoamyl alcohol ex-
racted, ethanol-precipitated, rinsed with 70% ethanol, and
ried. 32 P-labeled tRNA 

Ile GAU was separated by PAGE un-
er denaturing conditions. The band containing 32 P-labeled
RNA 

Ile GAU was excised, and the tRNA was eluted from the
el, ethanol-precipitated, rinsed with 70% (v / v) ethanol and
ried. The 32 P-tRNA 

Ile GAU (5 000 cpm) was cleaved in a re-
action mixture, containing 20 mM Tris-Cl, pH 7.4, 150 mM
NaCl, 1 mM MgCl 2 , 1 μM unlabeled tRNA 

Ile GAU, 0.1 μM
CysK and 0.1 μM CdiA-CT 

EC536 , at 37 

◦C for 5 min. The
RNase T1 (Invitrogen, Japan) cleavage and alkaline hydrol-
ysis cleavage sequence ladders of 32 P-labeled tRNA 

Ile GAU
were used as references to determine the site cleaved by CdiA-
CT 

EC536 . The gel was exposed to an imaging plate and ana-
lyzed using a BAS-2000 imager (FujiFilm, Japan). 

In vivo toxicity assay 

The E. coli MG1655 strain was transformed with
pBAD_CdiA-CT 

EC536 _ �I227 or its variants, inoculated
in LB containing 50 μg / mL chloramphenicol and 1% (w / v)
glucose, and cultured overnight at 37 

◦C. The overnight
culture was diluted serially, and aliquots (3 μl) were spotted
onto LB plates containing 50 μg / mL chloramphenicol and
0.2% (w / v) arabinose or 1% (w / v) glucose, and the plates
were incubated overnight at 37 

◦C. Since the pBAD33 vector
encoding wild-type CdiA-CT 

EC536 was not obtained due to
the wild-type CdiA-CT 

EC536 toxicity, CdiA-CT 

EC536 with the
C-terminal I227 deletion was used as the ‘wild-type’, and
each mutant is derived from wild ( �_I227) in Figures 3 and 5 .

Nor thern blot ting 

E. coli strain MG1655 was transformed by pBAD33_CdiA-
CT 

EC536 or its variants, inoculated in LB containing 30 μg / ml
chloramphenicol and 1% (w / v) glucose, and cultured at 37 

◦C
overnight. The overnight cultures were diluted into fresh liq-
uid LB (4 ml) containing 30 μg / ml chloramphenicol to an
OD 660 of 0.02 and incubated at 37 

◦C until the OD 660 reached
∼0.2. Then, 0.2% (w / v) arabinose was added and after the
culture was continued for 1 h at 37 

◦C, the cells were har-
vested. Total RNAs were prepared using ISOGEN II (Nippon-
gene, Japan), and the RNAs were separated by 10% (w / v)
PAGE under denaturing conditions. RNAs were transferred
to a Hybond-N + membrane (GE Healthcare, Japan). Hy-
bridization was performed overnight at 60 

◦C in PerfectHyb
Hybridization Solution (Toyobo, Japan), using 5 

′ - 32 P-labeled
oligonucleotide probes specific to each tRNA ( 20 ). After hy-
bridization, the membrane was washed with buffer contain-
ing 2 × saline sodium citrate (SSC) and 0.1% (w / v) SDS
for 5 min (three times), and then washed with buffer con-
taining 0.1 × SSC and 0.1% (w / v) SDS for 10 min at 60 

◦C
(twice). The membranes were exposed to the imaging plate
and analyzed using a BAS-2000 imager (FujiFilm, Japan). The
oligonucleotide sequences used as specific probes for tRNAs
are listed in Supplementary Table 2 , and the nucleotide se-
quences of tRNAs are listed in Supplementary Table 3 . 

Pull-down assay 

E. coli strain BL21(DE3) was transformed by pETDuet-CysK-
CdiA-CT 

EC536 _H178A or its variants with C-terminal amino
acid deletions, and cultured until the OD 660 reached ∼0.8.
Protein expression was induced by adding 0.1 mM IPTG, and
the culture was continued for 4 h at 37 

◦C. The harvested cells
were sonicated in buffer A supplemented with 0.1 mM PMSF
and 50 μg / ml lysozyme, and the lysates were centrifuged. The
supernatants were loaded onto a Ni-NTA agarose column,
which was washed with buffer A, and the proteins were eluted
from the column with buffer B. The eluted proteins were sep-
arated on a 12.5% SuperSep gel (Wako, Japan) and stained
with Coomassie Brilliant Blue (CBB). 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae735#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae735#supplementary-data
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Table 1. Cryo-EM data collection, refinement and validation statistics 

#1 CysK:CdiA-CT 

EC536 :tRNA 

complex-A (EMDB-60561) 
(PDB 8ZYC) 

Data collection and processing 
Magnification 105 000 
Voltage (kV) 300 
Electron exposure (e –/ Å2 ) 50 
Defocus range ( μm) −0.8 to −1.8 
Pixel size (Å) 0.83 
Symmetry imposed C1 
Initial particle images (no.) 4 707 496 
Final particle images (no.) 115 994 
Map resolution (Å) 2.99 

FSC threshold 0.143 
Refinement 
Initial model used (PDB code) 5J43 
Model resolution (Å) 3.1 

FSC threshold 0.5 
Map sharpening B factor (Å2 ) −89 
Model composition 

Non-hydrogen atoms 7058 
Protein residues 728 
RNA residues 72 
Magnesium ion 2 

B factors (Å2 ) 
Protein 51.25 
RNA 116.57 
Magnesium ion 72.80 

R.m.s. deviations 
Bond lengths (Å) 0.008 
Bond angles ( ◦) 0.835 

Validation 
MolProbity score 1.44 
Clashscore 4.45 
Poor rotamers (%) 0.35 

Ramachandran plot 
Favored (%) 96.65 
Allowed (%) 3.35 
Disallowed (%) 0.00 
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Grid preparation. 

The CysK:CdiA-CT 

EC536 _H178A complex (6 μM), purified
as described above, was mixed with E. coli tRNA 

Ile GAU (6.6
μM) in buffer containing 25 mM Tris-HCl, pH 7.0, 50 mM
NaCl, 2 mM MgCl 2 and 10 mM β-mercaptoethanol. The mix-
ture was incubated at 37 

◦C for 20 min and then placed on
ice for 10 min prior to grid preparation. A Quantifoil Cu
R1.2 / 1.3 200 mesh grid (Quantifoil) was glow-discharged at
8 mA for 30 s, using a PIB-10 Plasma Ion Bombarder (Vacuum
Device). The sample (0.4 mg / ml) was applied onto the grid at
100% humidity at 4 

◦C with a blot force of 10 for 4 s, and
then the grid was plunge frozen in liquid ethane using a Mark
IV Vitrobot (ThermoFisher Scientific). Cryo-EM movies were
collected on a Thermo Scientific™ Titan Krios G3i transmis-
sion electron microscope equipped with a K3 direct electron
detector (Gatan, Inc.) operated at 300 kV. In total, 7044 mi-
crographs were collected with a pixel size of 0.83 Å and a total
dose of 50 electrons / Å2 . 

Cryo-EM image processing 

Cryo-EM workflows are shown in Supplementary Figures 
1 and 2 . Cryo-EM image processing was performed in
CryoSPARC (ver. 4.3.1) ( 27 ). Movie stacks were motion cor-
rected ( 28 ) and contrast-transfer functions (CTFs) were esti-
mated. Particles were blob-based autopicked. Several rounds
of reference-free two-dimensional (2D) classification were
performed and particles were manually separated into two
classes: with and without nucleic acid-like features. Clean par-
ticle stacks were 3D reconstructed using non-uniform refine-
ment ( 29 ) and polished by local contrast transfer function
(CTF) refinement ( 30 ) to a resolution of 2.83 Å. Two confor-
mations were identified by 3D classification (complex-A and
-B). The final reconstructions for the two conformations were
performed by non-uniform refinement. The generated maps
were polished by DeepEMhancer (ver. 0.14) ( 31 ) and the fi-
nal resolutions for complex-A and -B were 2.99 and 3.04 Å,
respectively (Table 1 , Supplementary Table 4 ). 

Model building and refinements 

The starting model was assembled from the CysK:CdiA-
CT 

EC536 structure (PDB ID: 5J43)(13) and E. coli tRNA 

Ile

GAU (PDB ID: 1QU2). These models were body fitted into
each cryo-EM density map using ChimeraX (ver. 1.6.1) ( 32 )
and the structure was refined using phenix.real_space_refine
( 33 ,34 ), and then manually corrected with Coot (ver. 0.9) ( 35 ).

Results 

CdiA-CT 

EC536 cleaves tRNA between nucleotides 32 

and 33 

Wild-type CdiA-CT 

EC536 was co-expressed with the CdiI EC536

immunity protein and the CdiA-CT 

EC536 :CdiI EC536 complex
was first purified, since the expression of wild-type CdiA-
CT 

EC536 alone is toxic to E. coli . After denaturing the CdiA-
CT 

EC536 :CdiI EC536 complex and separating CdiA-CT 

EC536

from CdiI EC536 , CdiA-CT 

EC536 was refolded and further pu-
rified as described in the Methods. 

While tRNA (tRNA 

Ile GAU purified from E. coli ) is not
cleaved in the presence of CdiA-CT 

EC536 alone, it is cleaved
in the presence of both CdiA-CT 

EC536 and CysK (Figure 1 A).
tRNA cleavage in the presence of CysK and CdiA-CT 

EC536

was blocked by the addition of CdiI EC536 to the reaction
(Figure 1 B). Thus, tRNA cleavage is caused by CdiA-CT 

EC536 

and activated by CysK, in agreement with the previous report 
( 13 ,15 ). 

To clarify the site in tRNA 

Ile GAU that is cleaved by CdiA- 
CT 

EC536 in the presence of CysK, 5 

′ - 32 P-labeled tRNA 

Ile GAU 

was cleaved by CdiA-CT 

EC536 in the presence of CysK, and the 
cleavage site was mapped by referring to the limited alkaline 
ladder and RNase T1 digests of 5 

′ - 32 P-labeled tRNA 

Ile GAU 

separated by PAGE (Figure 1 C). The result showed that 
tRNA 

Ile GAU was cleaved between the nucleotides at positions 
32 (C32) and 33 (U33) (Figure 1 C). The 5 

′ terminus of the 3 

′ - 
half of tRNA 

Ile GAU was 5 

′ - 32 P-labeled by T4 polynucleotide 
kinase without prior dephosphorylation by alkaline phos- 
phatase (Figure 1 D). Thus, the 5 

′ -terminus of the 3 

′ -half is a 
hydroxyl group. The 3 

′ terminus of the 5 

′ -half of tRNA 

Ile GAU 

would be a 2 

′ ,3 

′ -cyclic phosphate. CdiA-CT 

EC536 is thus a 
typical ribonuclease generating a 2 

′ ,3 

′ -cyclic phosphate and a 
5 

′ -hydroxyl group at the 3 

′ -end of the 5 

′ -half and the 5 

′ -end 

of the 3 

′ -half, respectively. 

Structural analysis of the CysK:CdiA-CT 

EC536 :tRNA 

complex 

To clarify the mechanism of tRNA recognition and 

cleavage by CdiA-CT 

EC536 in the presence of CysK, the 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae735#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae735#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae735#supplementary-data
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Figure 1. CdiA-CT EC536 clea v es tRNA betw een nucleotides 32 and 33 in the presence of Cy sK. ( A ) tRNA clea v age b y CdiA-CT EC536 requires Cy sK. 1.0 μM 

tRNA 

Ile GCU was incubated with 0.01 μM CdiA-CT EC536 in either the absence or presence of 0.01 μM CysK at 37 ◦C, in buffer containing 20 mM Tris–Cl, 
pH 7.4, 150 mM NaCl, 1 mM MgCl 2 . ( B ) tRNA clea v age b y CdiA-CT EC536 in the presence of Cy sK w as suppressed b y adding CdiI immunity protein. 1.0 
μM tRNA 

Ile GCU was incubated with 0.1 μM CdiA-CT EC536 , 0.1 μM CysK and increasing amounts (0.2, 0.5, 1.0 and 2.0 μM) of CdiI at 37 ◦C for 30 min in 
the same buffer as in (A). ( C ) CdiA-CT EC536 clea v es tRNA 

Ile GCU between the nucleotides at positions 32 and 33. 5 ′ - 32 P labeled tRNA 

Ile GCU was cleaved 
b y CdiA-CT EC536 :Cy sK. OH and RNaseT1 indicate samples digested with alkali and RNase T1, respectiv ely. T he arro w indicates the clea v age site in 
tRNA 

Ile GCU and the numbering system of tRNA conforms to the proposal by Sprinzel et al. ( 55 ) ( D ) The 5 ′ -end of the 3 ′ -half fragment has a h y dro xyl 
group. The 5 ′ -end of the 3 ′ -half of tRNA is phosphorylated by PNK without prior dephosphorylation by alkaline phosphatase. The 3 ′ -end of the 5 ′ -half 
would be a 2 ′ ,3 ′ -cyclic phosphate. 

c  

C  

t  

C  

c  

o  

n  

C  

 

 

 

 

 

 

 

 

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/advance-article/doi/10.1093/nar/gkae735/7748943 by guest on 04 Septem

ber 2024
atalytically inert H178A mutant CdiA-CT 

EC536 (CdiA-
T 

EC536 _H178A) and CysK were co-expressed and
he CysK:CdiA-CT 

EC536 _H178A (hereafter referred as
ysK:CdiA-CT 

EC536 for simplicity, unless otherwise stated)
omplex was purified. Our extensive crystallization trial
f the CysK:CdiA-CT 

EC536 :tRNA ternary complex was
ot successful. A previous crystallographic analysis of the
ysK:CdiA-CT 

EC536 complex (PDB ID: 5J43) ( 13 ) showed
that two CdiA-CT 

EC536 molecules bind to a CysK dimer,
forming a 2:2 CysK:CdiA-CT 

EC536 complex. Thus, we ex-
pected that two tRNA molecules would bind to the 2:2
CysK:CdiA-CT 

EC536 complex, forming the 2:2:2 CysK:CdiA-
CT 

EC536 :tRNA ternary complex, and the size of the complex
would be amenable for cryo-EM single particle analysis.
Since a stable CysK:CdiA-CT 

EC536 :tRNA complex was not
observed in the size-exclusion chromatography (SEC) anal-
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ysis, the purified CysK:CdiA-CT 

EC536 complex was mixed
with tRNA (tRNA 

Ile GAU isolated from E. coli ) and the grid
was prepared. 

While the processing of cryo-EM micrographs and parti-
cle images showed one class exhibiting stoichiometries of a
2:1:1 CysK:CdiA-CT 

EC536 :tRNA ternary complex, the 2:2:2
CysK:CdiA-CT 

EC536 :tRNA complex was barely observed
( Supplementary Figure 1 ). This could be due to the prepa-
ration of CysK:CdiA-CT 

EC536 complexes, which might have
included two classes, 2:2 and 2:1 CysK:CdiA-CT 

EC536 com-
plexes, and / or CdiA-CT 

EC536 may have dissociated from the
CysK dimer. As a result, the 2:1:1 CysK:CdiA-CT 

EC536 :tRNA
complex was predominantly observed. 3D classification of
the 2:1:1 CysK:CdiA-CT 

EC536 :tRNA complex resulted in two
complexes (complexes A and B) ( Supplementary Figure 1 ).
The orientation of tRNA binding to CdiA-CT 

EC536 differs be-
tween the two complexes, and in complex-A the anticodon
region of tRNA is closer to the active site of CdiA-CT 

EC536 ,
as described below ( Supplementary Figure 3 ). Therefore, to
model the CysK:CdiA-CT 

EC536 :tRNA complex, we focused on
the 2:1:1 CysK:CdiA-CT 

EC536 :tRNA complex-A (Figure 2 A,
Table 1 ). In addition to the 2:1:1 CysK:CdiA-CT 

EC536 :tRNA
ternary complexes, processing of cryo-EM micrographs
and particle images showed the 2:2 and 2:1 CysK:CdiA-
CT 

EC536 binary complexes as well ( Supplementary Figure 2 ,
Supplementary Table 4 ). 

CdiA-CT 

EC536 is composed of two domains. The N-
terminal domain of CdiA-CT 

EC536 reportedly controls the
transport of the toxin into target bacteria, while the C-
terminal domain is responsible for the toxicity and tRNase ac-
tivity of CdiA-CT 

EC536 ( 36 ). After CdiA-CT 

EC536 is delivered
into the periplasm, the N-terminal domain binds to specific in-
ner membrane components for subsequent translocation into
the cytoplasm. 

In the 2:1:1 CysK:CdiA-CT 

EC536 :tRNA complexes and the
2:2 and 2:1 CysK:CdiA-CT 

EC536 complexes, the maps corre-
sponding to the N-terminal region (residues 1 − 126) of CdiA-
CT 

EC536 were not observed ( Supplementary Figures 1 and 2 ),
as in the crystallographic analysis of 2:2 CysK:CdiA-CT 

EC536

complex (PDB ID 5J43) ( 13 ), suggesting the movement of the
N-terminal region of CdiA-CT 

EC536 , even in the complex with
tRNA. 

Overall structure of the CysK:CdiA-CT 

EC536 :tRNA 

ternary complex 

In the 2:1:1 CysK:CdiA-CT 

EC536 :tRNA complex, CdiA-
CT 

EC536 interacts with one subunit of the CysK dimer (CysKa)
and tRNA exclusively interacts with CdiA-CT 

EC536 , while
there is no interaction between tRNA and CysK (Figure 2 A,
Supplementary Figure 4 A). 

The tRNA binding area on CdiA-CT 

EC536 overlaps with the
CdiI EC536 binding area on CdiA-CT 

EC536 (PDB ID 5J5V) ( 13 )
(Figure 2 B). Thus, the immunity protein CdiI EC536 functions
to block tRNA binding to CdiA-CT 

EC536 , thereby inhibit-
ing tRNA cleavage by CdiA-CT 

EC536 . A comparison of the
structures of CdiA-CT 

EC536 in the CysK:CdiA-CT 

EC536 :tRNA
ternary complex and CysK:CdiA-CT 

EC536 binary complex
(PDB ID 5J43) ( 13 ) showed that the loop between α2 and α3
of CdiA-CT 

EC536 is pushed toward CysK upon tRNA bind-
ing to CdiA-CT 

EC536 (Figure 2 C). The similar loop move-
ment was also observed in the CysK:CdiA-CT 

EC536 :CdiI
ternary complex ( 13 ). Thus, the movement of the loop upon
tRNA binding to CdiA-CT 

EC536 is facilitated by the tight 
interaction between CdiA-CT 

EC536 and CysK, as described 

below. 
The C-terminal region, including the C-tail (residues 

224 −227) followed by α4 of CdiA-CT 

EC536 , interacts with 

CysK via hydrophobic interactions (Figure 3 A), as observed 

in the crystal structure of the CysK:CdiA-CT 

EC536 complex 

( 13 ). The C-terminal I227 residue stacks with the PLP ( N 

′ - 
pyridoxyl-lysine-5 

′ -monophosphate) and is surrounded by hy- 
drophobic residues, F144 and F234, and the main chain of 
the C-tail interacts with M120 through hydrophobic interac- 
tions (Figure 3 A). The I157 in α2 of CdiA-CT 

EC536 interacts 
with T95 in CysK through hydrophobic interaction. The Y225 

residue is stacked with L160 in α2 of CdiA-CT 

EC536 and the 
OH group of Y225 hydrogen-bonds with D164, located at the 
C-end of α2 in CdiA-CT 

EC536 , bridging the α2 and α4 helices.
Y225 also hydrogen-bonds with T95 in CysK. K166, in the 
loop between α2 and α3 of CdiA-CT 

EC536 , hydrogen-bonds 
with S97 and S308 in CysK, and Q183 in α3 of CdiA-CT 

EC536 

hydrogen-bonds with D207 in CysK (Figure 3 B). 
The interaction between CdiA-CT 

EC536 and CysK would 

assist in bundling the α-helices of the C-terminal domain 

( α2, α3 and α4) of CdiA-CT 

EC536 , thus stabilizing its struc- 
ture. A previous study analyzed the thermal stability of CdiA- 
CT 

EC536 in the presence and absence of CysK using circu- 
lar dichroism (CD) spectroscopy and differential scanning 
fluorimetry (DSF). The results showed that the CysK:CdiA- 
CT 

EC536 complex is more stable than the individual compo- 
nents, suggesting that CdiA-CT 

EC536 is intrinsically less sta- 
ble and gains thermostability when bound to CysK. The in- 
teractions between CdiA-CT 

EC536 and CysK also provide a 
stable foundation for the formation of catalytic sites in CdiA- 
CT 

EC536 (Figures 2 C and 3 A, B). 
Since the structure of apo CdiA-CT 

EC536 is not available,
the apo CdiA-CT 

EC536 (amino acid residues 127–227) was 
modeled using AlphaFold2 ( 37 ). AlphaFold predicted possible 
alternative structures of apo CdiA-CT 

EC536 ( Supplementary 
Figure 5 ). Comparison of the AlphaFold-models of apo CdiA- 
CT 

EC536 suggests that the N-terminal alpha helical region 

(amino acids 134 – 163) could adopt the alternative con- 
formations. One has an extended long helix (A1), and the 
others have a bent conformation with two helices ( α1 and 

α2). The N-terminal region of CdiA-CT 

EC536 structure in the 
CysK:CdiA-CT 

EC536 :tRNA ternary complex adopts the bent 
conformation with the two helices. Thus, CdiA-CT 

EC536 bind- 
ing to CysK would transit and fix the N-terminal region of 
CdiA-CT 

EC536 conformation to the bent conformation (Figure 
3 C) and the interactions between α2, α3 and α4 are strength- 
ened, stabilizing the CdiA-CT 

EC536 structure (Figure 3 A,B).
The Mg 2+ -coordinating D155, which is required for activity 
as described below, is located between α1 and α2. Thus, the 
binding of CdiA-CT 

EC536 to CysK facilitates the formation of 
the catalytic active site, consisting of α2 and the loop between 

α2 and α3, in CdiA-CT 

EC536 , thereby promotes the catalysis 
upon tRNA binding to CdiA-CT 

EC536 for tRNA cleavage (Fig- 
ures 2 C and 3 D). Altogether, CysK provides the platform for 
CdiA-CT 

EC536 to cleave substrate tRNAs. 

CysK:CdiA-CT 

EC536 interaction and CdiA-CT 

EC536 

activity 

To assess the involvement of the C-terminal tail of CdiA- 
CT 

EC536 (Figure 3 A) in its activity and toxicity, CdiA-CT 

EC536 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae735#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae735#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae735#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae735#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae735#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae735#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae735#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae735#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae735#supplementary-data
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Figure 2. Overall str uct ure of CysK:CdiA-CT EC536 :tRNA complex. ( A ) Overall str uct ure of the 2:1:1 CysK:CdiA-CT EC536 :tRNA complex-A. CdiA-CT EC536 

(green), CysK (blue and red) and tRNA (gray) are shown. ( B ) The CdiI EC536 immunity protein binding site on CdiA-CT EC536 o v erlaps with the tRNA 

anticodon stem-loop binding site on CdiA-CT EC536 . The subunits of CysK:CdiA-CT EC536 :tRNA are colored as in (A). The subunits of CysK:CdiA-CT EC536 :CdiI 
(PDB ID 5J5V) ( 13 ) are colored magenta, cyan, and orange, respectively. ( C ) Conformational change of the loop between α2 and α3 upon tRNA binding 
to CdiA-CT EC536 . CdiA-CT EC536 in CysK:CdiA-CT EC536 (PDB ID 5J43) and CysK:CdiA-CT EC536 :tRNA are colored cyan and green, respectively. 
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utants were expressed in E. coli and their toxicity was
valuated. While the mutant CdiA-CT 

EC536 _GYG- ( �1), with
he C-terminal I227 deletion, is toxic in E. coli , the other
-terminal tail deletion mutants, CdiA-CT 

EC536 _GY– ( �2),
diA-CT 

EC536 _G– ( �3) and CdiA-CT 

EC536 – ( �4), showed
ttenuated toxicity as compared with CdiA-CT 

EC536 _GYG-
 �1) (Figure 4 A). Consistent with the lower toxicity of
diA-CT 

EC536 mutants with serial deletions of the C-terminal
esidues, tRNA fragmentation in E. coli upon expression of
hese mutants decreased (Figure 4 B), and tRNA cleavage was
ot observed when CdiA-CT 

EC536 —- ( �4) was expressed.
Thus, the toxicity of CdiA-CT 

EC536 and the tRNA cleavage
in E. coli are correlated in vivo . To assess the involvement of
the C-tail of CdiA-CT 

EC536 for complex formation with CysK
in vivo , the interactions between CysK and the CdiA-CT 

EC536

mutants with C-terminal tail deletions were evaluated by pull-
down assays, using cell extracts from E. coli expressing both
CysK and N-terminal histidine-tagged CdiA-CT 

EC536 _H178A
variants (Figure 4 C). While CdiA-CT 

EC536 _H178A with the
GYGI tail was co-purified with CysK even under stringent
conditions (high salt buffer containing 500 mM NaCl), CdiA-
CT 

EC356 _H178A with deletions of C-terminal tail residues,
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Figure 3. Interaction between CysK and CdiA-CT EC536 . ( A, B ) Interactions between CdiA-CT EC536 (green) and CysK (blue). PLP 
(N 

′ -p yrido xyl-ly sine-5 ′ -monophosphate) is shown as a yellow stick model. ( C ) An AlphaFold model of apo CdiA-CT EC536 (amino acid residues 127–227; 
magenta) with a bent conformation was superimposed onto the CdiA-CT EC536 (green) in the CysK:CdiA-CT EC536 ternary complex. CysKs are colored red 
and blue, and tRNA is colored gray. ( D ) Comparison of apo CdiA-CT EC536 (left, magenta) and its complex (right, green) with CysK. Mg 2+ ion (colored 
y ello w) is coordinated to D155 in CdiA-CT EC536 in complex with CysK. 
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the CdiA-CT 

EC536 variants ( �1 −�4), did not co-purify with
CysK (Figure 4 C). In addition to the interactions between
CysK and the C-tail of CdiA-CT 

EC536 (Figure 3 A), others
between CdiA-CT 

EC536 and CysK (Figure 3 B) contribute to
the toxicity and tRNA cleavage activity of CdiA-CT 

EC536 in
vivo . Mutations of the residues that interact with CysK
and bridge the α-helices of CdiA-CT 

EC536 , I157A, L160A,
K161A, D164A, K166A, Q183A and Y225A, attenuated the
toxicity in viv o (Figure 4 D). The I157A, L160A, K161A,
D164A and Y225A mutations reduced the tRNA fragmen-
tation significantly, while K166A and Q183A reduced it to
a lesser extent when the mutants were expressed in E. coli
(Figure 4 E). Altogether, CysK:CdiA-CT 

EC536 complex for-
mation is required for the tRNA cleavage and toxicity of
CdiA-CT 

EC536 . 

tRNA recognition by CdiA-CT 

EC536 

As described above, in the CysK:CdiA-CT 

EC536 :tRNA com-
plex, the tRNA exclusively interacts with CdiA-CT 

EC536 and
does not interact with CysK (Figures 2 A and 5 A). 

The bottom half of the tRNA – D-stem-loop and anticodon
stem-loop interact with CdiA-CT 

EC536 (Figure 5 A–C), while
the top half of the tRNA (acceptor and T �C stem-loop) does

EC536 
not. The α1 helix of CdiA-CT interacts with the heli- 
cal structure of the bottom half of the tRNA (Figure 5 A, B,
Supplementary Figure 4 B, C), engaging with the minor and 

major grooves. Thus, CdiA-CT 

EC536 recognizes the structures 
of the D stem-loop and anticodon stem-loop of tRNA. As a re- 
sult, the anticodon loop of tRNA is placed in the active pocket 
of CdiA-CT 

EC536 , which is formed by α2 and the loop between 

α2 and α3 of CdiA-CT 

EC536 (Figures 2 C and 3 D). 
The side chain of Q134 protrudes into the minor groove 

of the D-stem and hydrogen-bonds with the 2-NH 2 group of 
G22 of tRNA (Figure 5 A–C). The N133 residue hydrogen- 
bonds with the 6-O atom of G16, and K135 interacts with 

the phosphate of G22. The side chain of K142 protrudes to- 
ward the major groove between the D-stem and anticodon 

stem and interacts with the phosphate backbones of G24 and 

G41 (Figure 5 A, C), while S138 also hydrogen-bonds with the 
phosphate of G24. The C-terminal half of α1 and α3 interact 
with the minor groove of the anticodon stem region of tRNA.
N145 on α1 interacts with the phosphate backbone of G40,
and N149 hydrogen-bonds with the ribose 4 atom of G39 

(Figure 5 D). Q180 and R187 on α3 form hydrogen bonds 
with the 2 

′ -OH groups of the C30 ribose and G41 ribose,
respectively, and N191 hydrogen-bonds with the phosphate 
of U42 (Figure 5 D). The nucleotides around the tRNA cleav- 
age site are proximal to the loop between α2 and α3 of CdiA- 
CT 

EC536 . One Mg 2+ ion is coordinated by D155 and is close to 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae735#supplementary-data
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Figure 4. CysK:CdiA-CT EC536 interaction facilitates tRNA cleavage and toxicity in vivo . ( A ) The deletion of the C-terminal tail attenuated the toxicity of 
CdiA-CT EC536 in vivo . Overnight cultures of E. coli MG1655 transformed with pBAD33, pBAD_CdiA-CT EC536 _GYG- ( �1), pBAD_CdiA-CT EC536 _GY– ( �2), 
pBAD_CdiA-CT EC536 _G— ( �3) and pBAD_CdiA-CT EC536 _—- ( �4) were serially diluted, and aliquots were spotted on LB plates containing 50 μg / mL 
chloramphenicol supplemented with either 1% (w / v) glucose (upper panel) or 0.2% (w / v) arabinose (lo w er panel). The plates were incubated at 37 ◦C 

o v ernight. ( B ) tRNA clea v age is attenuated as the C-terminal tail is deleted in vivo . The expression of the C-terminal deletion mutants of CdiA-CT EC536 in 
(A) was induced in MG1655 by adding 0.2% (w / v) arabinose for 1 h at 37 ◦C. RNAs were prepared and separated by 10% (w / v) PAGE under denaturing 
conditions, and the gel was stained with ethidium bromide. ( C ) Pull-down of CysK and CdiA-CT EC536 _H178A and its variants ( �1–�4). CysK and 
N-terminally histidine-tagged CdiA-CT EC536 _H178A or its variants were co-expressed in E. coli BE21(DE3) and the lysates were applied to a Ni-NTA 

column. The column was washed, and the histidine tagged CdiA-CT EC536 _H178A or its variants was eluted from the column. ‘S’ and ‘Ni’ represent the 
supernatant of the cell lysates and the eluted proteins from the Ni-NTA column, respectively. ( D ) Mutations of the CysK interacting residues in 
CdiA-CT EC536 attenuated the toxicity of CdiA-CT EC536 in vivo. ( E ) tRNA cleavage is attenuated by the presence of mutant of CdiA-CT EC536 in (D) in vivo . 
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he 2 

′ -OH of the C32 ribose ( Supplementary Figure 4 C), and
176 in the loop interacts with the phosphate of C32 (Figure

 D). E181 hydrogen-bonds with the 2 

′ -OH of the C31 ribose.
he Mg 2+ ion coordinated to D155, and the loop between α2
nd α3 participate in the tRNA cleavage reaction, as described
elow. 
To assess the involvement of the tRNA interacting amino

cid residues in CdiA-CT 

EC536 in its toxicity, CdiA-CT 

EC536 

utants were expressed in E. coli and their toxicities were
valuated (Figure 6 A). Mutations of the residues that interact
ith the D stem-loop and anticodon stem of tRNA, N133A,
134A, S138A, K142A, N145A, N149A, Q180A and
187A, attenuated the toxicity in vivo . Furthermore, muta-

ions of the residues in the loop between α2 and α3, K170A,
176A, H178A, D155A and E181, also reduced the toxicity

n vivo (Figure 6 A). Consistent with the weaker toxicities of
he CdiA-CT 

EC536 mutants when expressed in E. coli , tRNA
ragmentation was decreased or abolished (Figure 6 B). 
 

Catalytic mechanism of tRNA cleavage 

CdiA-CT 

EC536 reportedly required metal ions for its activity
( 13 ) (Figure 7 A). Thus, it is likely that the Mg 2+ ion coordi-
nated by D155 is involved in the catalysis. As described above,
the D155A mutation of CdiA-CT 

EC536 attenuated its tRNA
cleavage activity and toxicity in vivo (Figure 6 A, B). Further-
more, the loop mutations, W176A, H178A and K170A, also
decreased the tRNA cleavage activity and toxicity in vivo
(Figure 6 A, B). The structure we determined is that of the
catalytically inactive H178A mutant, CdiA-CT 

EC536 _H178A,
in complex with CysK and tRNA. We modeled the H178
residue in the present structure of CysK:CdiA-CT 

EC536 :tRNA
(Figure 7 B). In the model, H178 is adjacent to the C32 ri-
bose, while in the structure, Mg 2+ , coordinated by D155
( Supplementary Figure 4 C), is proximal to the 2 

′ -OH group
of the C32 ribose. This proximity suggests that Mg 2+ would
facilitate the abstraction of a proton from the 2 

′ -OH group
of the C32 ribose, enabling the 2 

′ -oxygen of the 2 

′ -OH to

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae735#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae735#supplementary-data
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Figure 5. tRNA recognition by CdiA-CT EC536 . ( A ) CdiA-CT EC536 interacts with only the bottom half of tRNA. For simplicity, only the tRNA (stick model) and 
CdiA-CT EC536 (green) in the CysK:CdiA-CT EC536 :tRNA complex are shown. Acceptor-stem, D stem-loop, anticodon stem-loop, variable loop and T �C 

stem-loop of tRNA are colored green, magenta, cyan, orange, and yellow, respectively. ( B ) E. coli tRNA 

Ile GCU nucleotide sequence in a clover-form 

str uct ure, with the Acceptor-stem, D stem-loop, anticodon stem-loop, variable loop and T �C stem-loop colored as in (A). The site in tRNA cleaved by 
CdiA-CT EC536 is depicted by a black arrow. ( C ) Close-up view of the interactions between CdiA-CT EC536 (green) and the D stem-loop (magenta sticks) of 
tRNA. ( D ) Close-up view of the interactions between CdiA-CT EC536 and the anticodon stem-loop (cyan sticks) of tRNA. 
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Figure 6. Correlation between CdiA-CT EC536 toxicity and tRNA cleavage in vivo . ( A ) Mutations of the residues involved in the interaction with tRNA or 
catalysis attenuated the toxicity of CdiA-CT EC536 when expressed in E. coli . The experimental procedures are the same as described in Figure 4 A. ( B ) 
tRNA clea v age b y CdiA-CT EC536 and its v ariants in (A) e xpressed in E. coli. T he e xperimental procedures are the same as described in Figure 4 B. 
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ucleophilically attack the phosphorus atom between C32
nd U33 (Figure 7 C). The transition state, featuring a pen-
avalent phosphate, is stabilized by the interaction with the N ε

tom of W176. Following this transition state, H178 would
rotonate the 5 

′ -oxygen of the U33 ribose, leading to the for-
ation of the 2 

′ ,3 

′ -cyclic phosphate at the C32 ribose and the
 

′ -hydroxyl group at the 5 

′ -terminus of C33. 

iscussion 

revious reports showed that CdiA-CT 

EC536 binding to CysK
tabilizes the CdiA-CT 

EC536 :CdiI complex ( 14 ), and that
diA-CT 

EC536 binding to CysK stabilizes the CdiA-CT 

EC536 

tructure and enhances tRNA binding to CysK:CdiA-CT 

EC536 

 13 ). However, the mechanism of tRNA recognition and
leavage by the CysK:CdiA-CT 

EC536 complex has remained
lusive. In this study, we present the cryo-EM structure of
he CysK:CdiA-CT 

EC536 :tRNA ternary complex (Figure 2 ,
upplementary Figure 4 ). The tRNA does not contact CysK,
nd the bottom-half of the tRNA is recognized by and inter-
cts with only CdiA-CT 

EC536 in the CysK:CdiA-CT 

EC536 com-
lex (Figures 2 and 5 ). The α-helices of CdiA-CT 

EC536 clamp
he minor and major grooves of the D-stem and anticodon
tem of tRNA (Figure 5 A), positioning the anticodon loop in
he active site of CdiA-CT 

EC536 for tRNA cleavage. The inter-
ction between CysK and CdiA-CT 

EC536 facilitates the stabi-
lization of CdiA-CT 

EC536 and the formation of the catalytic
site, consisting of α2 and the loop between α2 and α3 (Fig-
ures 2 C, 3 D and 7 B), for tRNA cleavage. AlphaFold predicted
that the N-terminal alpha helical region of apo CdiA-CT 

EC536

might have alternative conformations: an extended long helix
(A1) or a bent form with two helices ( α1 and α 2) (Figure 3 D,
Supplementary Figure 5 ). In the CysK:CdiA-CT 

EC536 ternary
complex, the N-terminal region of CdiA-CT 

EC536 adopts the
bent conformation, stabilized by interactions between α2, α3,
and α4. Thus, CysK provides a platform for CdiA-CT 

EC536 to
recognize and cleave the tRNA substrates. 

Recently, it was shown that angiogenin (ANG), a se-
creted small RNaseA-type (125 amino acids) ribonuclease that
cleaves the tRNA anticodon loop and promotes blood ves-
sel formation ( 38–43 ), is activated by the ribosome ( 44 ). Al-
though ANG reportedly cleaves the tRNA anticodon loop, en-
zymatic kinetic studies demonstrated that the tRNA cleavage
efficiency is very low ( 38 , 45 , 46 ). In the recent study, it was
shown that ANG binds to the ribosome A-site and changes its
structure to an active form. Elongation factor eEF-1A delivers
aminoacyl-tRNA (aa-tRNA) to the A-site, thereby allowing
the tRNA anticodon loop to be cleaved by activated ANG in
the ribosome A-site. Thus, the ribosome provides the platform
for ANG to cleave the tRNA anticodon efficiently. The func-
tion of CysK in tRNA anticodon cleavage by the CysK:CdiA-
CT 

EC536 complex is analogous to that of the ribosome in

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae735#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae735#supplementary-data
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Figure 7. Possible metal-ion assisted catalytic mechanism of CdiA-CT EC536 . ( A ) tRNA clea v age b y Cy sK:CdiA-CT EC536 is Mg 2+ -dependent. E. coli 
tRNA 

Ile GCU (1 μM) was incubated with 0.5 μM CysK:CdiA-CT EC536 in either the presence of 1 mM MgCl 2 or 5 mM EDTA at 37 ◦C for 20 min. ( B ) 
Close-up view of the catalytic site of CdiA-CT EC536 in complex with tRNA. The anticodon stem-loop of tRNA is represented by a cyan stick model. 
Nucleotides at positions 32 and 33 are colored blue. CdiA-CT EC536 is colored green and the Mg 2+ ion is y ello w. H178A was replaced with H178 (*) in the 
CdiA-CT EC536 str uct ure. ( C ) Possible metal-assisted catalytic mechanism of tRNA clea v age b y CdiA-CT EC536 . 
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tRNA cleavage by ANG on ribosomes (Figure 8 ). CysK ac-
tivates CdiA-CT 

EC536 , which then interacts with the bottom-
half of the tRNA, recognizes the structures of the D stem-loop
and anticodon stem-loop, thereby cleaves tRNA anticodon. In
vivo , under normal physiological conditions, most tRNAs ex-
ist as aa-tRNAs ( 47 ), which form complexes with the trans-
lation elongation factors EF-Tu and −Ts. EF-Tu:GTP (PDB
ID 1OB2) ( 48 ) or ET-Tu:GTP:Ts (PDB ID 4PC7) ( 49 ) binding
to aa-tRNA and CdiA-CT 

EC536 in CysK:CdiA-CT 

EC536 bind-
ing to aa-tRNA are not mutually exclusive ( Supplementary 
Figure 6 ). Thus, like ANG, CdiA-CT 

EC536 targets aa-tRNAs
and / or their complexes with translational elongation factors,
rather than uncharged-tRNAs, in vivo . Other bacterial tR-
Nase toxins, such as colicin E and colicin D, have intrinsic
tRNase activities that cleave the anticodon loops of specific
groups of tRNAs ( 50 ,51 ). For two decades, the exact mecha-
nisms of tRNA recognition and cleavage by these toxins have
not been well understood. Like CdiA-CT 

EC536 and ANG, these
toxins might also require some additional factors that act as
platforms for tRNA recognition and cleavage by these toxins.

Analyses of tRNA cleavage upon expression of CdiA-
CT 

EC536 in E. coli showed that most tRNAs were cleaved
to various extents by the action of CdiA-CT in vivo
( Supplementary Figure 7 ). The anticodon-loop modifi-
cations of tRNAs would affect their cleavage by the
CysK:CdiA-CT 

EC536 complex. Under the conditions tested,
tRNAs such as tRNA 

Lys UUU, tRNAf Met C AU, tRNA 

Leu C AG,
tRNA 

Tyr GU A, tRNA 

Trp CC A and tRNA 

Gln CUG were not sig- 
nificantly cleaved in vivo . tRNAf Met C AU, tRNA 

Trp CC A, and 

tRNA 

Gln CUG have either 2 

′ - O -methyl cytidine (Cm) or uri- 
dine (Um) at position 32. The presence of Cm / Um at po- 
sition 32 explains why these tRNAs cannot be cleaved by 
CdiA-CT 

EC536 , considering the possible catalytic mechanism 

(Figure 7 C). The slight cleavage of tRNA 

Gln CUG might be 
due to the hypomodification of U32 to Um32. tRNA 

Lys UUU 

has mnm 

5 S 2 U at the anticodon’s first position. The modifica- 
tion would affect the structure of the anticodon loop and re- 
duce the cleavage efficiency by CdiA-CT 

EC536 ( Supplementary 
Figure 7 ). In addition to modifications in the anticodon loop 

region, the structure of the variable loop (V-loop) would also 

affect tRNA cleavage by CdiA-CT 

EC536 . tRNA 

Leu CAG and 

tRNA 

Tyr GUA, together with tRNA 

Ser GCU, are class-II tRNAs 
with longer V-loops. The D-loop structure of the class-II tR- 
NAs would be different from that of class-I tRNAs, since the 
V-loop interacts with the D-loop. The longer variable loop 

might lead to the reduced affinity of class-II tRNAs toward 

CdiA-CT 

EC536 , thus reducing the efficiency of class-II tRNA 

cleavage by CdiA-CT 

EC536 . 
CdiA-CT 

EC536 utilizes a metal-ion-assisted mechanism for 
tRNA cleavage (Figure 7 A). In the proposed catalytic model 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae735#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae735#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae735#supplementary-data
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Figure 8. CysK activates CdiA-CT EC536 . The function of CysK in tRNA anticodon cleavage by the CysK:CdiA-CT EC536 complex is analogous to that of the 
ribosome in tRNA clea v age b y angiogenin (ANG) on ribosomes. ( A ) A ctiv ation of ANG on the A-site of ribosomes. eEF-1A deliv ers aminoacyl-tRNA 

(aa-tRNA) to the A-site, thereby allowing the tRNA anticodon loop to be cleaved by activated ANG within the ribosome A-site. ( B ) Activation of 
CdiA-CT EC536 on CysK. Activated CdiA-CT EC536 on CysK interacts with the bottom-half of aa-tRNA or EF-Tu (GTP):aa-tRNA, recognizing the str uct ures of 
the D stem-loop and anticodon stem-loop, thereby cleaving tRNA anticodon loop. 

(  

o  

t  

d  

g  

(  

t  

i  

H  

d  

A
 

t  

c  

t  

h  

i  

C  

c  

t  

o  

t  

u  

e

D

T  

C  

P  

t  

r
a  

i  

E  

C  

c

S

S

 

 

 

 

 

 

 

 

 

 

 

 

3754–3765.

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/advance-article/doi/10.1093/nar/gkae735/7748943 by guest on 04 Septem

ber 2024
Figure 7 B,C), the hydroxide ion of a hydrated Mg 2+ ion, co-
rdinated to D155, acts as a general base and deprotonates
he 2 

′ -hydroxyl group of the C32 ribose. The metal-assisted
eprotonation of the 2 

′ -hydroxyl group was previously sug-
ested in RNA cleavage reactions by hammerhead ribozymes
 52 ,53 ). H178 acts as a general acid and donates a proton to
he 5 

′ -leaving oxygen of C33. The functions of the hydrox-
de ion of a hydrated Mg 2+ ion, coordinated to D155, and
178 in CdiA-CT 

EC536 correspond to those of the two histi-
ine residues functioning as a general acid and base in RNase
 ( 54 ). 
In conclusion, the present study reveals the cryo-EM struc-

ure of the CysK:CdiA-CT 

EC536 :tRNA ternary complex, elu-
idating the tRNA recognition and cleavage mechanisms. The
RNA interacts solely with CdiA-CT 

EC536 , which uses its α-
elices to clamp the D-stem and anticodon stem, thus position-
ng the anticodon loop in the active site. CysK stabilizes the
diA-CT 

EC536 structure, forming the catalytic site for tRNA
leavage upon tRNA binding to CdiA-CT 

EC536 , and thus ac-
ivating CdiA-CT 

EC536 . This mechanism is conceptually anal-
gous to the quite recently identified ribosome-mediated ac-
ivation of the anticodon tRNase ANG ( 44 ), highlighting the
tilization of other proteins as reaction platforms to facilitate
fficient tRNA cleavage in the bacterial CDI system. 
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