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Angiogenin, an RNase-A-family protein, promotes angiogenesis and has been
implicated in cancer, neurodegenerative diseases and epigenetic inheritance' ™,
After activation during cellular stress, angiogenin cleaves tRNAs at the anticodon
loop, resulting in translation repression' ™, However, the catalytic activity of

isolated angiogeninis very low, and the mechanisms of the enzyme activation and
tRNA specificity have remained a puzzle*'* 2, Here we identify these mechanisms
using biochemical assays and cryogenic electron microscopy (cryo-EM). Our
study reveals that the cytosolic ribosome is the activator of angiogenin. A cryo-EM
structure features angiogenin bound in the A site of the 80S ribosome. The
C-terminal tail of angiogenin is rearranged by interactions with the ribosome

to activate the RNase catalytic centre, making the enzyme several orders of
magnitude more efficient in tRNA cleavage. Additional 80S-angiogenin structures
capture how tRNA substrate is directed by the ribosome into angiogenin’s active
site, demonstrating that the ribosome acts as the specificity factor. Our findings
therefore suggest that angiogenin is activated by ribosomes with a vacant A site,
the abundance of which increases during cellular stress**?. These results may
facilitate the development of therapeutics to treat cancer and neurodegenerative

diseases.

Angiogenin was discovered as an angiogenesis factor required for
vascularization? and, more recently, was found to have roles in other
biological processes (reviewed previously’; see below). Angiogenin
isupregulated in cancers, in keeping with the dependence of tumori-
genesis on neovascularization®”. By contrast, missense mutations in
angiogenin are correlated with the development of neurodegenera-
tive diseases such as amyotrophic lateral sclerosis (ALS), Parkinson’s
disease and Alzheimer’s disease, highlighting the protein’s key role in
neuroprotection®°,

Angiogenin is a 14 kDa RNase-A-family ribonuclease, of which the
RNase activity isrequired for angiogenesis, and is characterized by unu-
sual properties**. First, despiteits structural and sequence homology
with the highly efficient RNase-A-like nucleases, purified angiogeninis
atleast10,000-fold less active (k.,./K,,) than RNase A***?2, The large dif-
ference between the catalytic activities of angiogenin and RNase A was
proposed to correlate with the conformations of the C-terminal tails
in protein structures'®'**, The C terminus of catalytically competent
RNase A adopts a f3-sheet conformation that forms a substrate-binding
surface containing the catalytic histidine corresponding to His114
in angiogenin®, By contrast, the C-terminal tail of free angiogenin
(residues 116-123) folds into a short a-helix that partially occludes
the substrate-binding site, consistent with the weak enzymatic activ-
ity of purified angiogenin'*?2. Mutations of the C-terminal region that
destabilize the a-helical fold increase the enzymatic activity of mutant
angiogenin by 4-30-fold (refs.17-19,29,30) and increase its angiogenic
activity”.

Second, angiogenin contrasts with the omnipotent RNase A in its
high specificity toward tRNAs™ ™. Angiogenin cleaves tRNAs in the
anticodon stemloop, generating detectable 30- to 40-nucleotide-long
tRNA fragments (also known as tRNA halves, tiRNAs and tsRNAs) and
leading to potentinhibition of translation >*'** and other downstream
effects*. The tRNA-cleaving function of angiogeninis also implicated in
transgenerational inheritance*, stem cell maintenance® and astroglial
supportof motor neurons®. How angiogenin achieves high specificity
towards tRNA in cells has been the subject of intense investigation.
The catalytic activity of angiogenin substantially increases in cells
and cell extracts?®?. Activation of angiogenin during cellular stress
coincides with its colocalization with the translational machinery®
and correlates with translation perturbation®, These observations
suggest that the catalytic function of angiogenin may depend on the
translational machinery.

To understand the mechanisms of angiogenesis activation and
specificity, we studied how angiogenin interacts with the transla-
tion system. We found that the ribonuclease activity of angiogenin is
potently activated by the mammalian 80S ribosome. Cryo-EM struc-
tures reveal the structural rearrangement of 80S-bound angiogenin
into the RNase-A-like conformation, consistent with the enzyme’s
catalytic activation. Ribosomal positioning of the angiogenin active
site next to newly delivered tRNAs underlies the angiogenin’s specific-
ity for the cleavage of tRNA anticodon stem loops. Thus, our research
identifies the 80S ribosome as the activator and specificity factor
for angiogenin.
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Fig.1|Angiogenininhibits translationby binding to 80S ribosomes.

a, Angiogenin (Ang) inhibits translationin RRL in a concentration-dependent
manner. Inhibitionis relieved by RNasin (RNase inhibitor). The apparent
translation rate is shown (relative light units (RLU) s ). Dataare mean = s.e.m.
n=2or3independent experiments, asshown.b, Incubation of RRL with
angiogenin for 15 minleads to the accumulation of tRNA fragments; fragment
accumulationisinhibited by RNasin.n=2independent experiments. nt,
nucleotides. ¢, Angiogenin co-pellets with the ribosome fraction from RRL,
exceptinthe presence of RNasin.n =2independentexperiments.d, Cryo-EM
analysis of RRLwith1pM angiogeninreveals that over 30% of 80S ribosomes
have anovel density inthe Asite. e, Rigid-body fit of human angiogenin (PDB:
5EOP)% into the 3.4 A cryo-EM map of angiogenin-bound ribosomesinRRL. f, A
3.0 Acryo-EM map of in vitro assembled 80S-angiogenin complex. The 60S
subunitis coloured cyan; 40S subunitis coloured yellow; P-site tRNAis coloured

Angiogenin rearranges after 80S binding

Toinvestigate how angiogenininhibits translation, we tested the effect
of angiogenin on a mammalian translation system. Consistent with
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orange; mRNAis coloured green; angiogeninis coloured magenta. g, Angiogenin
inthe A-site of theribosome with the secondary structure labelled. h, Cryo-EM
density showing well-resolved interactions of angiogenin with P-tRNA and 18S
rRNA; the three catalytic residues are shownin red. C-terminal residues of
angiogenin (118 to123) and h30 have been omitted to show P-tRNA interactions.
The mesh shows a2.8 A cryo-EM map with B-factor sharpening of -50 A2,

i, Sequencealignment of human angiogenin with human RNase; the secondary
structureisindicated for angiogeninin the ribosome complex, including
B-strand Sjoining B-strand 6 (5/6) and B-strand 7. The underlined red letters
indicate catalytic residues'®?*. The blue letters indicate angiogenin residues
adjacentto28SrRNA. The gold residues are adjacentto 18S rRNA. The green
residues are adjacentto mRNA. The orange residues are adjacent to P-site tRNA.
Residues with mutations associated with ALS and Parkinson’s disease are
indicated by circles®'°. H.s., Homo sapiens.

previous reports'**, translation in different preparations of rabbit
reticulocyte lysates (RRL) was inhibited by 20-70 nM human angio-
genin (Fig. 1a). Addition of angiogenin to RRL resulted in the deple-
tion of full-length tRNA and the appearance of 30-40-nucleotide


https://doi.org/10.2210/pdb5EOP/pdb

RNA fragments, consistent with tRNA cleavage (Fig. 1b) as previously
reported™™™, Inhibition of angiogenin by RNasin*, a commercial
version of the protein human ribonuclease/angiogenin inhibitor 1,
restored translation and prevented the accumulation of tRNA frag-
ments (Fig. 1a,b), indicating that RNasin may block the interaction of
angiogenin with its activating molecule and/or substrate.

We next tested whether angiogenin interacts with the lighter (such as
individual proteins or RNA) or heavier (such as ribosomes) components
ofthetranslationsystem. Sucrose-cushion ultracentrifugationrevealed
thatangiogeninis presentintheribosome fraction (Fig.1c). Addition of
RNasin prevents association with the heavier fraction, suggesting that
angiogenin function may depend onitsinteraction withthe ribosome.

To visualize possible interaction(s) between angiogenin and the
ribosome in the context of an active translation system, we collected
acryo-EM dataset of an RRL reaction with angiogenin (Fig. 1d). Owing
to the high macromolecular content of the lysate, the micrographs
were noisy and had low contrast. Nevertheless, distinguishable 80S
ribosomes in the best images (Methods and Extended Data Fig. 1a,b)
could be computationally classified, yielding six cryo-EM maps with
aresolution of approximately 4 A, representing the dominant ribo-
some states in the RRL reaction (Fig. 1d and Extended Data Table 1).
Notably, two classes representing around 30% of 80S particles had
anovel density in the ribosomal decoding centre (40S A site); one
of the maps contained additional density representing the eEF1A-
tRNA complex near the A site. The local resolution was low, probably
due to the compositional heterogeneity of ribosome complexes (for
example, different tRNAs and mRNA positions) of the ribosomes.
Nevertheless, rigid-body fitting shows that the novel density is con-
sistent with human angiogenin bound to the ribosome (Fig. 1e and
Extended DataFig. 2a).

Toimprovethecompositionalhomogeneity ofthecomplexandtheres-
olutionofthemaps, wereconstituted the 80S-mRNA-tRNA-angiogenin
complex using available, purified components and performed cryo-EM
analysis. Relying on the high conservation of translation machinery, our
ribosome complex contained rabbit 40S and 60S ribosomal subunits,
asynthetic leaderless mMRNA encoding AUG positioned in the P site
and UUC in the A site, bacterial initiator tRNA™* efficiently binding
to the mammalian ribosomal P site*® and recombinantly expressed
humanangiogenin (Methods). Cryo-EM dataclassification revealed that
more than 50% of ribosomes bound to angiogenin. A 3.0-A-resolution
cryo-EM map shows a well-resolved angiogenin bound to the A site
of the small (40S) subunit of the ribosome (Fig. 1f, Extended Data
Fig.1c,d and Extended Data Table 1). Maximum-likelihood classifica-
tion of cryo-EM data revealed that, among numerous ribosomal and
tRNA conformations reflecting distinct functional states, angiogenin
is bound only with the elongation-like ribosomes containing P-site
tRNA (Extended Data Fig. 1c), echoing the finding in the RRL dataset.
Approximately 2,200 A2 (around 30%) of angiogenin’s solvent acces-
sible surface area interacts with the ribosome, indicating strong and
specificbinding®. Angiogenin interacts through polar and hydrophobic
groups with all elements of the decoding centre, including 28S rRNA,
18SrRNA, mRNA and the adjacent P-tRNA (Fig. 1g,h).

Helices aland a3 of angiogenin bind to the central helix 69 (H69) of
28S rRNA, which docks into the decoding centre of the small subunit
(Fig.1g). The positively charged patch of a3, composed of Lys50, Arg51
and Lys54 binds to the phosphodiester backbone of H69 (Extended
DataFig. 1e). These residues are specific to angiogenin (for example,
human RNase I, also known as pancreatic RNase or RNase A, features
short uncharged side chains), in keeping with their role in ribosome
binding (Fig. 1i; see also the next section). Interactions with 18S rRNA
are predominately formed by strands 34 and 35/6 and their connecting
loop (amino acids 76-101) (Extended Data Fig. 1f). Trp89 stacks onto
18Snucleotide U627 (U531in Escherichia coli), akey element of the ribo-
somal decoding centre near the mRNA-binding tunnel (Extended Data
Fig.1f). Arg33 of a2 bridges the two ribosomal subunits by reaching into

the decoding centre toward universally conserved nucleotides A3760
atthetip of H69 (corresponding to A1913in E. coli23S rRNA) and A1825
of the small-subunit helix 44 (h44; A1493in £. coli16S rRNA) (Extended
Data Fig. 1g). a2 is adjacent to the A-site mRNA codon, where Arg24
stacks on the first nucleotide of the codon (Extended Data Fig. 1h,j).
Lastly, angiogenin contacts the backbone of P-site tRNA by the stack-
ing of Phel00 onto the ribose of the tRNA’s nucleotide 28, while GIn77
reaches the phosphate group of this nucleotide (Fig. 1h and Extended
DataFigs. 1iand 2a). Backbone interactions at this position of P-tRNA
are probably insensitive to tRNA identity and indeed are also seen in
the cryo-EM map directly from RRL (Extended Data Fig. 2a). Extensive
interactions with the ribosomal decoding centre, mRNA and P-site
tRNA suggest that angiogenin specifically binds to elongating ribo-
somes of which the A site is vacant (that is, not occupied by tRNA or
another ligand), which may accumulate due to ribosome stalling or
cellular stress***. The ribosome-binding activity of angiogenin may
explainloss-of-function mutations that were not previously explained
by angiogenin’s cell-receptor binding*, nuclear localization®* or RNase
activity or other processes***. For example, many ribosome interac-
tions involve angiogenin’s surface residues of which mutations are
associated with ALS and Parkinson’s disease® ' (Fig. 1i).

Angiogenin’s conformationis altered by ribosome binding, suggest-
ingamechanism for the catalyticactivation of the enzyme (Fig.2). The
activity of free angiogenin is several orders of magnitude lower than
that of RNase A**?(Fig. 2c (left)), and the a-helical conformation of the
C-terminal tail of angiogenin was proposed to be inhibitory because it
occludes substrate binding”*** (Fig. 2c (middle)). In the 80S-angio-
genin ribosome complex, the C terminus of angiogenin is shifted by
more than 15 A and rearranged to extend B-strand 7 (Fig. 2c (right)),
similar to thatin free RNase A (Fig. 2c (left)). In this conformation, the
C terminus is stabilized by interactions with the minor groove of 18S
rRNA helix 30 (h30) and the neighbouring 3-strands 5and 6, which are
reorganized into asingle longer stand that we term 35/6 (Fig. 2c). Here,
Phel20 of angiogenin packs between A1522 of h30 and Argl01 of 35/6
docked at the phosphate group of C1237, while the neighbouring lle119
binds near the C terminus of uS19 (Fig. 2d and Extended Data Fig. 2a).
In this rearranged angiogenin conformation, the substrate-binding
site is open and catalytic residues His13 and His114 are positioned to
catalyse substrate cleavage as in RNase A (Fig. 2c). The active site is
exposed in the intersubunit space and is fully accessible to tRNA sub-
strates (Fig. 2a), as seenin the cryo-EM maps from RRLin which ternary
complex places the tRNA’s anticodon next to angiogenin’s active site
(Extended DataFig. 2a).

Ribosome activates angiogenin’s nuclease

To test whether the ribosome directly activates angiogenin’s RNase
activity, we compared the ability of angiogenin alone or together with
various ribosome complexes to cleave tRNA. We first tested in vitro
transcribed yeast tRNA*?, of which the anticodon loop is identical to
that of human tRNA*?, which is known to generate inhibitory tRNA
fragments™ (Fig. 2e—-g). We used a low concentration (10 nM) of angio-
genin commensurate with the affinities of bona fide translation fac-
tors, suchas eRF1-eRF3 and eEF2, that bind to the ribosomal A site***.
Withangiogenin alone, no tRNA*? cleavage was detected after 100 min
(Fig. 2f,g (Iane 3)), consistent with previous reports of poor activity of
isolated angiogenin>*, By contrast, within 1 min of adding tRNA*“to a
reaction containing 10 nM angiogeninand 20 nM 80S elongation ribo-
some complex, ~35-nucleotide tRNA fragments began to accumulate
and, after 100 min, we detected more than 100-fold accumulation of
cleavage products (Fig. 2f,g (lanes 7 and 9)).

Similarly, in the presence of the 80S complex, angiogenin potently
cleaved endogenous mammalian tRNAs purified from RRL (Extended
Data Fig. 2b). Northern blotting identified the fragments of tRNA™P,
tRNA®Y and tRNA"* (Extended Data Fig. 2b), which were shown to be
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Fig.2|Angiogenin’s RNaseis activated after ribosomebinding.a, The g, Theratio of signals of tRNA fragments to full-length tRNAs. Dataare
catalyticresidues (red spheres) of angiogenin face the tRNA-delivery path, mean ts.d.n=3independent experiments. h, The production of tRNA
comprising the tRNA-binding P-stalk and SRL of the 60S subunit. b, Interaction fragments by ribosome-bound angiogeninis further stimulated by eEF1A ternary
between angiogenin and theribosomeisincompatible with angiogenin’s complexwith GTP (T) or GDPCP (C) and Ala-tRNA*", i, The ratio of signals from
interaction with the RNase/Ang inhibitor 1(grey) due tosteric clash. Structural tRNA fragments to full-length tRNA. Dataare mean +s.d.n =3 independent
alignment compares ribosome-bound angiogenin with angiogenin bound to experiments.j, WT and H13A, but not K54E, angiogenin co-pellets with ribosomes
human RNase/Ang inhibitor 1(PDB:1A4Y)*. ¢, Catalytically active RNase A from RRL supplemented with1puM of each angiogenin.n=2independent
containsa C-terminal B-strand (left; PDB: 5SRSA)*, whereasisolated angiogenin ~ experiments. Westernblot analysis of the supernatant and ribosome pellet is
hasaninhibited a-helical C terminus (middle; PDB:5EOP)®.. Ribosome-bound shown. OD, optical density unitsat260 nm.k, The concentration dependence
angiogenin features ap-strand C terminus (right; this study) like RNase A.d, The  oftranslationinhibitionin RRLby WT, H13A or K54E angiogenin. ICs, values are
C-terminal B-strand of angiogeninis stabilized by ribosomal h30 of 18S rRNA, shown.n=2independent experiments.l, Comparison of ribosome-stimulated
uS19 and the $5/6 strand. e, Schematic of the measurement 80S-stimulated tRNA cleavage (inaternary complex of eEFIA-GDPCP-Ala-tRNA*"?) by R&D
tRNA cleavage by angiogenin, showing the order of addition of components angiogenin and refolded WT, H13A or K54E angiogenin. NA, not applicable.
fromlefttoright.f, Urea-PAGE gel showing that the production of tRNA Dataarethe meanofn=2independent experiments.

fragments by 10 nM angiogenin (R&D) is stimulated by the 80S ribosome.

angiogenin substrates in previous studies'***, RNasin prevented  tRNA, are occluded in the complex of angiogenin with human ribonu-
tRNA cleavage in the presence of the 80S complex (Fig. 2f,g (lane13)  clease/angiogenin inhibitor1(RNase/Anginhibitor1)®. Furthermore,
and Extended Data Fig. 2b), consistent with RNasin’s ability to block  the angiogenin—-RNase/Ang inhibitor 1 complex is incompatible with
angiogenin’s binding to the ribosome (Fig. 1c). Indeed, angiogenin’s  ribosome binding due to a severe clash of RNase/Ang inhibitor 1 with
helices al and a3, which interact with the ribosomal H69 and P-site  the 40S subunit (Fig.2b). Thus, the 80S ribosome potently stimulates
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tRNA cleavage into-35-nucleotide fragments by angiogenin, consistent
with the cryo-EM structure described above.

We next examined whether the translation elongation factor eEF1A,
which delivers aminoacyl-tRNA to the ribosome during translation
elongation in cells, efficiently presents tRNA to the 80S-angiogenin
complex for cleavage. The tRNA cleavage assay revealed that eEF1A
further stimulates tRNA cleavage of amino-acylated tRNA*? by
ribosome-bound angiogenin, resulting in faster accumulation of tRNA
fragments than that without eEF1A (compare the 1 min timepoints,
at which a10- to 100-fold higher accumulation of tRNA fragments
occurs; Fig. 2h,i (lane 8) versus Fig. 2f,g (lane 10)). By contrast, eEF1A
did not stimulate deacyl-tRNA cleavage, consistent with the inability
of eEF1A to bind to deacyl-tRNA*® (Fig. 2h,i (lane 5)). Although GTP
hydrolysis on eEF1A is required for elongation*s, eEF1A stimulated
amino-acylated tRNA cleavage similarly in the presence of either GTP
orthenon-hydrolysable GTP analogue GDPCP (Fig. 2h,i (lane 8 versus
lane 11)). These results suggest that eEF1A binding to the ribosome
results in optimal presentation of tRNA to the angiogenin catalytic
site, but hydrolysis of GTP by eEF1Ais not required for tRNA cleavage.

We tested whether perturbations of angiogenin’s catalytic activity
and ribosome binding would reduce tRNA cleavage and translation
inhibition. We characterized a catalytically compromised angio-
genin mutant HI3A?** and a disease-associated mutation K54E**,
which is predicted to disrupt angiogenin’s interaction with the ribo-
somal H69 (Methods and Extended Data Figs. 1e and 3a,e-g). Indeed,
sucrose-cushion ultracentrifugation of translating RRL or stalled
ribosomes with angiogenin shows that wild-type (WT) angiogenin
and angiogenin(H13A) associate with the ribosome fraction, whereas
angiogenin(K54E) association with ribosomes is much weaker (Fig. 2j
and Extended Data Fig. 3b). Accordingly, the catalytically inactive
angiogenin(H13A) (half-maximum inhibitory concentration (IC,) of
820 +350 nM) and the ribosome-binding deficient angiogenin(K54E)
(IC5, of 440 + 210 nM) mutants inhibit translation at concentrations
anorder of magnitude higher thanthe WT enzyme (IC;, 0f 33 £ 13 nM)
(Fig. 2k and Extended Data Fig. 3¢,i,j). This is consistent with the inef-
ficient tRNA cleavage by these mutant proteins in the presence of the
ribosome (Fig. 2land Extended Data Fig. 3d,h). Lastly, we find that that
therelated and highly active pancreatic RNase A***2 does not associate
with the ribosome fraction (Extended DataFig. 3b), consistent with the
divergence of ribosome-interacting residues on the surfaces of RNase
Aand angiogenin (Fig. 1i). This further emphasizes the unique depend-
ence of angiogenin on ribosome binding for its catalytic activation.

We tested how angiogenin activation depends on the ribosomal
subunit, tRNA and mRNA occupancies. 40S ribosomal subunits did not
activate angiogenin cleavage (Extended Data Fig. 4a,b (lane 6)). 60S
subunits showed very weak stimulatory activity possibly due to 80S
contamination; consistent with thisidea, our examination of individual
60S subunitsin cryo-EM data did not reveal angiogenin binding (Meth-
odsand Extended Data Fig.4a,b (lane 10)). These observations indicate
that the 80S ribosome is required for angiogenin activation and fast
tRNA cleavage, in agreement with cryo-EM structures showing angio-
genininteracting withboth subunits (Fig.1g). The absence of mRNA or
cognate P-site tRNA (Extended Data Fig. 4f (lanes 3-5and 7-9)) slowed
tRNA cleavage relative to the elongation-like 80S complex (Extended
DataFig. 4f (lanes11-13)), in keeping with the structure of the activated
angiogenin interacting with both the mRNA and P-tRNA (Fig.1g). The
identity of the codoninthe A site had a mild effect on cleavage activity
in experimentsincluding four model mRNAs (Extended Data Fig. 4f).
We tested all-pyrimidine (UUC), all-purine (AAA), mixed (UAA) and
truncated (U) A-site mRNA compositions. 80S with the mRNA used in
the cryo-EM complex (Fig. 1f-h), encoding phenylalanine (UUC), and
withan mRNA encodingastop codon (UAA) yielded similarly fast tRNA
cleavage (Extended Data Fig. 4f (lanes 11-13 and 18-20)). A lysine codon
(AAA)—which, incontrast to UUC and UAA, contains a purine at the first
position—showed less cleavage at the 1 min timepoint but reached a

similar end point, indicating amoderately slower reaction (Extended
DataFig. 4f (lanes 22-24)). Truncated mRNA containing asingle uridine
residue in the A site also allowed for tRNA cleavage (Extended Data
Fig. 4f (lanes 26-28)). Thus, activation of angiogenin occurs on 80S
ribosome complexes and can moderately depend on mRNA codon
identity, consistent with the high fraction of 80S ribosomes (-30%)
bound by angiogeninin cell lysates (Fig. 1d).

Ribosome directs tRNA to angiogenin

To understand how tRNA is delivered and positioned for cleavage by
ribosome-bound angiogenin, we used cryo-EMto analyse the reconsti-
tuted 80S-angiogenin complex supplemented with eEFIA-Ala-tRNAA?-
GDPCP ternary complex. Maximum-likelihood classification of the
cryo-EM dataset revealed three types of ribosome complexes bound to
angiogenin (Extended Data Figs. 5a,b and 6 and Extended Data Table 1):
(1) 80S-angiogenin, as described above, atanimproved average resolu-
tion of 2.8 A (Fig. 1h; aminor fraction of partially rotated ribosomes with
P-site tRNA is described inthe Methods); (2) 80S-angiogeninwith eEF1A
and Ala-tRNA*? at 3.7 A average resolution (Fig. 3a and Extended Data
Fig. 6); and (3) 80S-angiogenin with tRNA**at 3.1 A average resolution
(Fig. 3b and Extended Data Fig. 6). The tRNA-bound ribosome parti-
clesrepresent only afraction (<20%) of angiogenin-bound ribosomes,
consistent with transientinteractions between theincoming tRNA and
activated enzymein the multiple-turnover reaction. In both complexes
containing tRNA*? the anticodon loop was unresolved, suggesting that
the maps contain the products of fast tRNA cleavage (Extended Data
Fig. 6d,e,g,h). Indeed, PAGE analysis of the cryo-EM reaction shows
that tRNA*?js cleaved (Extended Data Fig. 5e).

In the structure with eEF1A and Ala-tRNA*?, the ternary complex
is placed around 22 A farther from the A site than during decoding
(as measured at U47 of Ala-tRNA*? to equivalent U48 of tRNA" of the
mammalian decoding complex; Protein Data Bank (PDB): 5LZS)%,
because the A site is occupied with angiogenin (Fig. 3c,d). The phos-
phate of thelast modelled tRNA nucleotide of the anticodon stem (U38)
is placed near the active site of angiogenin, consistent with catalytic
cleavage near this position (Fig. 3c). Indeed, based on the preference
of angiogenin to cleave between a pyrimidine and an adenosine resi-
due®, the anticodon loop of tRNA*? ((2UUAGCAU®) may be cleaved
after positions 33 and 36 (Extended Data Fig. 4c—e). The canonical
L-shaped structure of tRNA s present (Extended Data Fig. 6j) except for
the anticodonloop (Extended DataFig. 6d,g), indicating that cleavage
doesnotdisrupt the overall fold of tRNA. Two major contacts hold the
tRNAin place: the elbow interacts with the 28S rRNA of the dynamic P
stalk (at nucleotide G19 of tRNA*?* and A2009 of 28S rRNA), similarly
to the interaction observed during mRNA decoding®; and the accep-
tor arm of tRNA binds to eEF1A, whichis docked on the 40S ribosomal
subunit around 10 A away from the sarcin-ricin loop (SRL) of the large
subunit (Fig.3c,e). This placement of eEF1A away from the SRL—the site
of GTPase activation in mRNA-decoding complexes®**—agrees with
our observationthat GTP hydrolysis is not required for tRNA cleavage
by ribosome-bound angiogenin.

Incomparisonto eEF1A-bound tRNA, deacyl-tRNA in the 80S-angio-
genin-tRNA*?structure shifts outward by more than 4 A (Fig. 3e). The
cleaved tRNA s placed slightly differently thaninthe eEF1A-containing
map (Fig. 3e and Extended Data Fig. 6). While the anticodon stem of
tRNA is placed near angiogenin, the elbow is held further out by the
P stalk. Subclassification of the cryo-EM density corresponding to
this complex suggests several positions of the P stalk and the tRNA,
differing by up to 8 A at the tip of the acceptor arm (Fig. 3e and Sup-
plementary Videos1and2). Theflexible tethering of tRNA by the P stalk
may allow access of different nucleotides within the anticodon loop
to angiogenin’s active site, accounting for cleavage of various or pos-
sibly all tRNA species with consensus nucleotide sequences®>>*%, The
flexible tethering contributes to the lower resolution of the cryo-EM
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Fig.3|Cryo-EMstructures of 80S-angiogenin complexes formed with
eEF1A-GDPCPand tRNA. a, A 3.7 A cryo-EM map of 80S-angiogenin bound to
eEF1A-Ala-tRNA*?, coloured as in Fig. 1 with the addition of green for Ala-tRNAA®
and dark blue for eEF1A. b, A3.1 A cryo-EM map of 80S-angiogenin bound to
tRNA*?, ¢, The anticodon stem of Ala-tRNA*? (green) in the ternary complex is
next to the angiogenin active site (red spheres), but the anticodon loopis not
resolved due to cleavage and/or mobility (dashed greenline).d, The anticodon

density for tRNA*?as compared to angiogenin, necessitating the use of
low-pass-filtered maps for the fitting of eEF1A-bound and deacylated
tRNA models (Extended Data Fig. 6g-I). The 3’-CCA end is close to or
docked at 18S rRNA helix 5 (h5) near residue Ala50 (Extended Data
Fig. 6k and Supplementary Video 2). This interaction is sterically
incompatible with binding of eEF1A, suggesting that this structure
may represent a deacylated tRNA that initially bound the ribosome
without eEF1A. Thus, the cryo-EM structures with tRNA*? show how
ribosome-bound angiogenin can bind to and cleave tRNAs, whether
or not they are delivered by eEF1A, consistent with our biochemical
observations (Fig. 2f-i).

We next characterized the catalytically compromised
angiogenin(H13A) mutant®* (Fig. 2j,1, Extended Data Fig. 3 and
Extended Data Table 1) to test whether it binds to the ribosome simi-
larly to WT protein and how anincoming tRNA interacts with the active
site before cleavage. In the 2.8 A cryo-EM map of the 80S complex
(Fig. 3f), the fold and active site of the angiogenin(H13A) variant is
nearly identical to WT angiogenin except for the expected difference
intheangiogenin(H13A) side chain (Extended Data Fig. 6¢). Density for
the tRNA’s anticodon stem-loop near the active siteis more continuous
thanthatinthe WT angiogenin complex (Extended DataFig. 6f,i), con-
sistent with the uncleaved tRNA substrate observed in the PAGE analysis
of the cryo-EM sample (Extended DataFig. 5f). Asinthe WT angiogenin
complex, the overall resolution of the tRNA is lower than that of the rest
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stem of tRNA decoding mRNA (grey; from PDB: 5LZS)* clashes with angiogenin
(clashing residues are black), highlighting that angiogenin bindingis
incompatible with mRNA decoding. e, Different positions for tRNA*?among
five different cryo-EM maps suggest tRNA mobility near angiogenin. The

60S P-stalk (shades of cyan) and tRNA (shades of green) exhibit different
positions between classes indicative of -8 A movement. f, A cryo-EM map of
80S-angiogenin(H13A) bound with tRNA®,

of structure, suggesting that the substrate attached to the mobile Pstalk
is also conformationally dynamic. In summary, experiments with the
angiogenin(H13A) mutant underscore that tRNA cleavage occursonthe
ribosome-bound angiogenin with tRNA presented to the active site by
the P-stalk and that tRNA cleavage is required for translation inhibition
by angiogenin (Fig. 2k and Extended Data Fig. 3c,i,j).

To test whether the overall tRNA fold and tRNA interactions with
theribosome are important for angiogenin’s substrate specificity, we
tested the cleavage of (1) a short 17-nucleotide hairpin representing
the anticodon stem-loop of tRNA*? and (2) a 30-nucleotide hairpin,
similarinlength to the tRNA anticodon domain including the D stem,
which therefore might contact the P stalk if bound to the ribosome
(Extended Data Fig. 2c). Neither of these hairpins could be cleaved
by angiogenin in a complex with the ribosome, indicating that the
overall tRNA structure and ribosomal interactions are required for
theefficient cleavage by ribosome-bound angiogenin. These findings
further emphasize that the exquisite substrate specificity of angiogenin
is provided by the ribosome.

Conclusions

Elucidating the function and therapeutic potential of angiogenin
requires an understanding of the molecular mechanism of angio-
genin activation. Our work shows that angiogenin is activated by 80S
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Fig.4|Schematic of angiogenin activationand specificity toward tRNA
induced by the 80S ribosome. a, Under normal conditions, angiogeninis
inhibited by RNase/Anginhibitor1, and active translation keeps the 80S
ribosomal Asites mostly occupied. b, Cellular stress, intercellular signalling or
diseases such as cancer canlead to degradation of RNase/Anginhibitor1and/
oranincrease of free, inactive angiogenin, but the RNase activity of angiogenin
isstill limited by its inactive C terminus. Cell stress or disease can also cause the
accumulation of 80S ribosomes with vacant A-sites, allowing angiogenin to

cytoplasmic ribosomes with a vacant A site (Fig. 4). Such ribosome
species accumulate during cellular stresses**? (Supplementary Dis-
cussion). In cells, the interaction between angiogenin and ribosomes
must occur after the stress-induced degradation® or downregulation®
of RNase/Ang inhibitor 1, the gene product of RNVHI (Fig. 4b), which
normally prevents the catalytic activity of angiogenin by occluding
the angiogenin active site® and by sterically blocking angiogenin
from ribosome binding (Fig. 2b). Ribosome binding is required for
efficient tRNA cleavage and translation inhibition, as emphasized by
the disease-associated mutation K54E disrupting ribosome binding
and angiogenin activation (Fig. 2j-1). Interaction between angiogenin
and the ribosome stabilizes angiogenin’s C terminus in a catalytically
active RNase-A-like conformation (Fig. 2c), consistent with previous
mutational and structural analyses that suggested that C-terminal rear-
rangement is required for catalysis'®***°, The active site of angiogenin
isdirected toward incoming tRNA substrates (Fig.3).In cells,tRNAs are
commonly bound within the eEF1A ternary complex with GTP (and are
aminoacylated) or are deacylated. We show that both aminoacylated
and deacylated tRNAs are substrates for ribosome-bound angiogenin
(Fig. 2). Incoming tRNAs are flexibly held by the ribosomal P-stalk,
with the anticodonloop presented at the angiogenin active site result-
inginthe rapid cleavage of tRNA (Fig. 3e). This structural mechanism
accounts not only for the activation of angiogenin, but also for the
substrate specificity provided by the ribosome, of which the P stalk is
tuned for tRNA delivery. Angiogenin was proposed to also cleave the
3’ CCA ends of tRNA%; however, recent genetic and tRNA sequencing
analyses argue that angiogenin does not have the CCA-cleaving activity
and that another RNase could be responsible for the 3’ cleavage®. In
our structures, the CCA ends of tRNA bind more than 70 A away from
angiogenin’s active site (Fig. 3), in keeping with angiogenin’s selective
cleavage of the anticodon loops.

Notably, the resulting nicked tRNA is held together by nucleotide
stacking interactions at tRNA stems and retains the overall tertiary
structure of tRNA (Fig. 3 and Extended Data Fig. 6j-1), as opposed to
separated single-stranded tRNA ‘fragments’ that are oftenimplicated

Active
Ribosome stalling Ang

S I3

Ternary tRNA
—_ complex tRNA
Nlcked tRNA / ligation

%

Translation |nh|b|t|on/reprogramming
Regulation of apoptosis
Angiogenesis
Neuroprotection

tRNA cleavage

bind and become activated by the refolding of C-terminal residues. Free or
eEF1A-bound tRNAs, which are presented by the ribosome to angiogenin’s
activesite, are efficiently cleaved at the anticodon loop. This cleavage inhibits
translation. Nicked tRNAs may affect other downstream processes or be
unwound into tRNA halves or fragments to carry out their many roles in
translationinhibition, apoptosis, angiogenesis and neuroprotection. Nicked
tRNAs may also be returned to the tRNA pool, for example, by the RNA ligase
RtcB.

in downstream functions®. Thus, angiogenin-mediated tRNA cleav-
age couldinhibit translation by depleting functional tRNAs and/or by
producing non-productive stalled complexes of nicked tRNAs with
tRNA-interacting molecules, such as ribosomes and tRNA-binding
enzymes (Fig.4).Indeed, the accumulation of nicked tRNAs may occur
under stress conditions without strand separation®**” and is coun-
teracted by the repair enzyme RtcB, which ligates nicked tRNA"8,
Alternatively, nicked tRNAs can be processed or unwound by helicases
to form tRNA fragments®. The nicking or fragmentation of tRNA by
angiogenin is implicated in many processes, including global trans-
lation inhibition?, apoptosis repression®®, stem cell maintenance®,
transgenerational inheritance*, astroglial support of motor neurons*
and otherrolesin the central nervous system®°. The molecular targets
of fragmented/nicked tRNAs in these processes remain to be fully eluci-
dated, but ourand others’ datashow that translation is amajorinhibited
pathway™'?%, Indeed, angiogenin-catalysed tRNA cleavage inhibits
translation, whereas the catalytically inactive angiogenin(H13A)
mutant, which retains ribosome binding, does not affect translation
under similar conditions (Fig. 2k). Future research will continue to
investigate the downstream effects of the tRNA-like cleavage products
and will explore therapeutic routes to targeting the ribosome-driven
activation of angiogenin.
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Methods

Sequence alignment

Sequences of human RNase I (UniProt: P07998) and angiogenin
(UniProt: P03950) were trimmed of their signal sequences, then aligned
using ClustalOmega in the EMBL-EBI web app®>®*. Angiogenin number-
ingthroughoutis for the123 amino acid human protein, excluding the
24 amino acid signal peptide asin ref. 64.

Preparation of angiogenin

Recombinant human angiogenin (265-AN/CF) was purchased from
R&D Systems, a Bio-Techne Company. The lyophilized stock was resus-
pended asrecommended by the manufacturer in phosphate-buffered
salineat1 mg ml™or 0.1 mg mI™. The molar concentrations were derived
fromabsorbance at 280 nm (4,5,) measurements using the calculated
extinction coefficient from https://web.expasy.org/protparam/. Ali-
quots were flash-frozenin liquid nitrogen and stored at —80 °C. Three
independent lots were used in biochemical and cryo-EM experiments,
and gave similar results (DK0420031, DK0421061, DK0418081).

Soluble WT and H13A angiogenin were also recombinantly produced
using periplasmic expression with acleavable OmpA signal sequence,
almost as previously described®. A pET11b vector encoding OmpA
signal sequence in frame with the 123 amino acid human angiogenin
sequence (codon optimized for E. coli) was produced by Genscript.
The H13A point mutation was introduced using the Q5 Site-Directed
Mutagenesis Kit (New England Bio Labs) and was sequence verified by
Sanger sequencing (Azenta Life Sciences). The plasmids were trans-
formed into chemically competent BLR (DE3) cells (EMD Millipore),
cultured and purified as described previously®. While the yields of
angiogenin were low (30 pg per 100 ml culture), both the WT and H13A
mutant yielded bands on SDS-PAGE gels and western blots like the
product from R&D Systems, and the WT protein cleaved tRNA in an
80S-stimulated manner (Extended DataFig. 3e-h). The concentration
of WT angiogenin was assessed using the molar extinction coefficient
and confirmed by Coomassie-stained gel against the R&D Systems
angiogenin. The concentration of angiogenin(H13A) was titrated to
matchthe R&D Systems angiogenin using Coomassie gel staining and
western blotting due to low yield and the presence of a contaminant.
The soluble angiogenin(H13A) was used for the cryo-EM dataset and
revealed the fold of angiogenin, the H13A site mutation (Extended
DataFig. 6¢) and no extra density at the N terminus of angiogenin for
the OmpA signal sequence.

Refolded WT, H13A and K54E angiogenin were also recombinantly
produced using overexpression toinclusion bodies, solubilization and
refolding, and purification using modification of previously described
protocols®®®’. The pET11b-proOmpA-Angiogenin vector described
above was altered using the QS5 Site-Directed Mutagenesis Kit (New
England Bio Labs) to remove the OmpA signal sequence, leaving astart
codon followed by the 123 nucleotide sequence of angiogenin without
any tags. Plasmids with H13A and K54E mutations were also gener-
ated using the same mutagenesis kit and all were verified by Sanger
sequencing (Azenta Life Sciences). The plasmids were transformed
into chemically competent BLR (DE3) cells (EMD Millipore); the cells
were cultured, induced and collected; and the inclusion bodies were
purified and protein refolded as described previously®. The refolded
proteins were purified using CM-sepharose and heparin chroma-
tography similarly to the soluble angiogenin preparation described
above. The proteins were concentrated using 10,000 MWCO Ami-
confilters (MilliporeSigma), exchanged to a buffer compatible with
mammalian translation assays (20 mM Tris-Acetate pH 7.0,100 mM
KOACc) and aliquots were flash-frozen in liquid nitrogen for future
use. The yields of angiogenin were more than 10 times higher using
the refolding protocol (>300 pg per 100 ml culture), and bands on
SDS-PAGE gels were at the same position as the product from R&D
Systems and the soluble angiogenin preparations. The concentration

of refolded angiogenins was assessed using the molar extinction
coefficient at 280 nm.

Preparation of tRNAA"?
Yeast tRNA*"? (anticodon AGC) was produced by in vitro transcrip-
tion as follows: the gene encoding tRNA*"? (anticodon AGC) and
preceded by the T7 RNA polymerase promoter was synthesized and
clonedinto pUC57 between the EcoRland BamHI sites by GeneScript.
The T7 promoter and tRNA*?-encoding region was then PCR ampli-
fied using primers (Integrated DNA Technologies) encoding the T7
promoter (5-GAATTCTAATACGACTCACTATAGGGCGTG) and the 3’
end of the tRNA including the non-templated CCA of mature tRNA
(- TGGTGGACGAGTCCGG-3’). The PCR product was used as atemplate
for run-offin vitro transcription using T7 polymerase as previously
described®®. The in vitro transcribed tRNA (IVT tRNA) was folded by
heating to 65 °C and slowly cooling to room temperature for 30 min
inrefolding buffer (20 mM KOAc pH 7.5, 20 mM MgCl,). tRNA purity
was confirmed by PAGE and concentration was determined using the
absorbance at 260 nm (1,800 pmol mI™ per A,¢, (1 cm)). The stock solu-
tion was stored at —80 °C.

tRNAM was charged with alanine using yeast S100 extract from
the protease-deficient strain BJ2168. To prepare S100 extract, 6 | of
BJ2168 cells was grown until an optical density at 600 nm (ODy,) of 1.5
in YPD, pelleted and then flash-frozen. The frozen cells were ground
in a ball-mill grinder (Retsch) and resuspended in 20 ml of S100 lysis
buffer (10 MM KHPO, pH 7.5,1x Mini protease inhibitor cocktail tablet
(Roche)) for1 h. Thisand all of the subsequent steps took place at 4 °C.
The lysate was clarified by centrifugation at 20,000g for 0.5 h (Beck-
man Coulter). The ribosomes were pelleted from the clarified lysate
by ultracentrifugationinaTi-70 rotor at100,000g for 3 h. The top 80%
of the post-ribosomal supernatant was collected and incubated with
DEAE cellulose resin (2.5 g dry weight before washing; Sigma-Aldrich)
prewashed with S100 lysis buffer for 0.5 h. The resin was recovered
and washed twice with 10 column volumes (CV) of S100 lysis buffer
on a gravity-flow column (Bio-Rad Laboratories). The S100 extract
was eluted from DEAE resin with 5 ml of S100 elution buffer (250 mM
KHPO, (pH 6.5), 1x Mini protease inhibitor cocktail tablet (Roche))
and aliquoted and flash-frozen in liquid nitrogen. Folded IVT tRNAA?
(77 pM) was incubated with 1 mM L-alanine and 20% Saccharomyces
cerevisiaeS100 extractin 1x charging buffer (50 mM HEPES-KOHpH 7.5,
10 mMKCI, 50 mM MgCl,, 30 pM ZnCl,, 12 mMATP,1 mMDTT) at 25 °C
for 20 h. The charged tRNA (Ala-tRNA*?) was phenol extracted twice,
chloroform:isoamyl (24:1) extracted twice, and then ethanol precipi-
tatedin the presence of NaOAc pH 5.2. The resulting pellet was washed
with cold, 70% ethanol. The precipitated Ala-tRNA*?was resuspended
in2 mM NaOAc pH 5.2. Aminoacylated-tRNA was further separated
from excess ATP by passing through a Sephadex G-25 columnin2 mM
NaOAc pH 5.2. The concentration of sample was determined using
the absorbance at 260 nm (1,800 pmol ml™ per A,, (1 cm) unit) and
the extent of aminoacylation was determined by acidic PAGE®® and
was >90%. The Ala-tRNA*? solution was stored at 80 °C before use.

Purification of eEF1A

Yeast eEF1A was purified from S. cerevisiae BJ2168 with some modifica-
tion’. Yeast eEF1is >80% sequence identical to rabbit eEF1A and can
fully substitute the function of mammalian eEF1A in a mammalian
translation system’’. To obtain endogenous eEF1A, 6.5 ml of flash-frozen
BJ2168 cells were groundin aliquid-nitrogen-cooled ball mill (Retsch)
and were resuspended in 10 ml of buffer A (20 mM Tris-HCI pH 7.5,
0.1mM EDTA, 25% glycerol, 100 mM KCI,1 mM DTT, 1x Mini protease
inhibitor cocktail tablet (Roche), 2 mM PMSF (Sigma-Aldrich)) and
stirredfor1 hat4 °C.Thelysate was clarified by centrifugation at 31,745g
inaJA20 rotor (Beckman Coulter) for 15 min at 4 °C and the soluble
portion was retained. This clarification step was repeated twice. The
clarified lysate was loaded onto a pre-washed/pre-equilibrated CM
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Sepharose HiTrap column (5 ml, GE Healthcare) on the Akta explorer
FPLC (GE Healthcare) system. The column was washed with 12 CV of
buffer A and then eluted with a 0-100% gradient of buffer B (20 mM
TrispH 7.5,0.1 MM EDTA, 25% glycerol,1 MKCI,1 mM DTT, 1x Mini pro-
tease inhibitor cocktail tablet (Roche) and 2 mM PMSF) over 10 CV.
Elution profile and SDS-PAGE analysis revealed that eEF1A eluted at
23.4% gradient of buffer B. The peak fractions were diluted to a final KCI
concentration of 50 mM with buffer C (20 mM HEPES pH 7.5, 0.1 mM
EDTA, 25% glycerol,1 mM DTT, 1x Mini protease inhibitor cocktail tablet
(Roche)) andfiltered (0.2 pm poressize). The solution was theninjected
onto a prewashed SP Sepharose HiTrap column (5 ml, GE Healthcare).
The column was washed with 20 CV of buffer D (20 mM HEPES-KOH
pH7.5,0.1 mMMEDTA, 25%glycerol, 50 mM KCI,1 mM DTT, 1x Mini pro-
tease inhibitor cocktail tablet (Roche)) and was then eluted through a
stepwise gradient with buffer E (20 mMHEPES pH 7.5,0.1 mM EDTA, 25%
glycerol,1MKCI,1 mM DTT, 1x Mini protease inhibitor cocktail tablet
(Roche)) as follows: 15% buffer E for 5 CV, 30% buffer E for 5 CV, 50%
buffer Efor 5 CVand100% buffer E for 5 CV. The eEF1A fraction eluted
at-30% buffer E and was exchanged to buffer F (20 mM HEPES pH 7.5,
0.1 mM EDTA, 25% glycerol, 100 mM KCI, 2 mM MgCl,, 1mM DTT, 1x
Mini protease inhibitor cocktail tablet (Roche)) using an Amicon Ultra
centrifugal filter unit with an MWCO of 10 kDa (MilliporeSigma). The
protein was further purified by gel-filtration chromatography on the
Superdex 7516/60 column with buffer F. The eEF1A-containing peak was
identified by 12% SDS-PAGE, pooled, concentrated and stored at -20 °C.

Purification of ribosomal subunits

Ribosomal subunits were purified from nuclease-untreated RRL (Green
Hectares) as described previously’? except that 40S and 60S subunits
were purified twice over a sucrose gradient and the middle ~10% of
each peak was takentoreducetrace 40S, 60S and 80S contaminantsin
each subunit preparation. These doubly purified 40S and 60S subunits
were used to test the activity of angiogenin dependent on 40S or 60S
subunits and various mRNAs (Extended Data Fig. 4). Double purifica-
tion of 60S subunits reduced the apparent activation of angiogenin
as compared to single sucrose-gradient purification of 60S subunits,
suggesting that fractional contamination by 40S/80S ribosome com-
plexesresults in apparent trace activation by 60S subunits.

Purification of total rabbit tRNA

Total rabbit tRNA was purified from the ribosome-depleted superna-
tant of RRL leftover from the first centrifugation step of ribosomal
subunit preparation described above andref. 72. Intotal, 200 pl of RRL
supernatant was purified per miRNAeasy column (Qiagen) according
to the manufacturer’s recommended protocol and eluting in 14 pl.
High-molecular-mass species (rRNA or contaminating DNA) were fur-
ther removed by diluting into 50 plin 0.3 M NaOAc then adding 0.54
volumes of isopropanol, incubating for 5 min at room temperature,
then precipitating in aroom temperature microfuge at 16,000g for
5 min. The supernatant was retained and the tRNA was precipitated
by supplementing isopropanol to 50%, incubating 10 min at room
temperature, then precipitating in aroom temperature microfuge at
14,000g for 15 min. The pellet was washed once with 80% ethanol, dried
andresuspendedin 25 pl of water and its concentration was determined
based onits absorbance at 260 nm. The total tRNA was supplemented
with 1x10 buffer (50 mM Tris-Acetate pH 7.0, 100 mM KOAc, 10 mM
Mg(OAc),) and was diluted to 0.8 OD ml™. The total tRNA was refolded
by heating to 90 °C for 1 min then cooling to room temperature in a
Thermomixer R (Eppendorf). The solution was used immediately for
cleavage assays or stored for future use at —80 °C.

Translationin RRL

RRL were used to study the inhibition of translation by angiogenin.
We monitored translation of an mRNA encoding nanoluciferase’ in
micrococcal-nuclease-treated RRL (Promega). In these experiments,

70% (final concentration) nuclease-treated RRL (Promega) was sup-
plemented with 0.02 mM amino acids (Promega), 1% Nano-Glo nano-
luciferase substrate (Promega) and the indicated concentration of
angiogenin or matching protein buffer with or without 0.8 U pl™ rRNa-
sin (Promega) for 15 min at 30 °C, similarly to the 15 min angiogenin
preincubation described previously™. Next, 10 ng pl™ (final concen-
tration) 6xHis-Nanoluciferase mRNA flanked with the 5’-and 3-UTR
from rabbit B-globin’™ was added, forming a 10 pl reaction mixture,
and translation was followed over time by measuring the luminescence
of Nanoluciferase using an Infinite m1000 PRO or a Spark microplate
reader (Tecan) for 15 minat30 °C. The slope of the luminescence signal
between 200 to 300 s (initial burst of nanoluciferase synthesis for an
uninhibited reaction) was measured in Prism 8 (GraphPad Software)
foreach conditionacross the indicated number of experiments and s
plotted as the rate of translation (RLU s ) in Fig. 1a and Extended Data
Fig. 3i,j. For Fig. 2k and Extended Data Fig. 3¢, the maximum rate of
translation (RLU s™) was calculated in Prism 9 (GraphPad Software) by
taking the maximum value of the first derivative of the RLU curve with-
out smoothing. The IC,, values for translation inhibition by WT, H13A
or K54E angiogenin (Fig. 2k) were obtained by fitting the maximum
rate of translation versus protein concentrationin Prism 9 (GraphPad
Software), using the [Inhibitor] versus response (three parameters)
model but constraining the bottom parameter to equal zero and asking
for symmetrical confidenceintervals, reporting IC, * s.e.InFig.1b, the
9 pl reaction mixtures containing RRL and angiogenin before mRNA
additionwere stopped at 15 min by 5 volumes of 8 M urealoading buffer
(8 Murea,2 mM Tris-HCIpH 8,20 mM EDTA). The reactions were heated
at 65 °Cfor 5 min, centrifuged, vortexed and 5 pl wasloaded onto a15%
pre-cast Novex Urea-TBE gel (Thermo Fisher Scientific) and runat180 V
for 60 minalongside SmallRNA Marker (AbNova). The gels were stained
in1x TBE with 1:20,000 SYBR Gold nucleic acid stain (Thermo Fisher
Scientific) for 30 minand imaged on a ChemiDoc MP system (Bio-Rad
Laboratories) using the UV light mode for SYBR Gold.

Association of angiogenin with ribosome

Separation of RRL translation reactions into supernatant and ribo-
some pellet fractions was performed in RRL left untreated with mic-
rococcal nuclease (Green Hectares), so that it contained endogenous
mRNA. Translation reactions (50 pl, containing 50% RRL, 30 puM hemin
(Sigma-Aldrich), 75 mMKClI, 0.5 mM MgCl,, 1 mM ATP, 0.2 mM GTP,
2.1 mg ml™ creatine phosphate, 30 pM of L-amino acid mix, 15 mg m|™
yeast tRNA, 6 mM BME, all final concentrations) were assembled adding
as the last component (1) buffer, (2) 1 uM of indicated angiogenin or
(3)1 uM angiogenin preincubated for 5 minwith 8 U ul™ (final concen-
trations) rRNasin (Promega). The reactions were performed in a heat
blockat37 °C. After 5 min, the reactions were terminated by addition of
100 plofice-cold1x10 buffer (50 mM Tris-Acetate pH 7.0,100 mM KOAc,
10 mM Mg(OAc),) with10 mM BME. The reactions were applied to 15%
(w/v) sucrose cushions in1x10 buffer with 10 mM BME and centrifuged
inan TLA-110 rotor in an Optima MAX-TL ultracentrifuge (Beckman
Coulter) at 408,800g (average) for 1 h at 4 °C. The top third (1 ml) of
the sucrose cushion was collected as the supernatant fractionand 2 pl
were loaded per lane on the western blot shown in Fig. 1c and Fig. 2j.
The ribosome pellet was washed in 1x10 buffer with 10 mM BME and
was then resuspended in 40 pl of 1x10 buffer with 10 mM BME using
amicrostirbar and pipetting. The A, of the ribosome fractions was
measured and 10 OD units were loaded per lane on the western blots
shownin Fig. 1c and Fig. 2j.

Alternatively, we assessed angiogenin or RNase A (Thermo Fisher
Scientific) interactions with ribosomes in the absence of competing
translation factors and tRNA. Here, we used the crude ribosomes from
RRL purified by asingle sucrose cushion pelleting step’. We incubated
20 pmol crude ribosomes with 20 pmol of angiogenin or RNase A for
5minat37°Cin100 pl of 1x10 buffer with10 mM BME. The ribosomes
were separated from free proteins on 15% (w/v) sucrose cushions



(as described above for RRL reactions). The top third (1 ml) of the
sucrose cushion was collected as the supernatant fraction and 5 pl
(1:200) or 40 pl (1:25) was loaded per lane on the western blot shownin
Extended Data Fig. 3b. The ribosome pellet was washed in 1x10 buffer
with10 mM BME and was then resuspended in 60 pl Laemmlibuffer and
10 plwasloaded onto the western blot shown in Extended Data Fig. 3b.

Western blotting

Samples alongside Precision Plus Protein Dual Colour Standard or
Xtra ladder (Bio-Rad Laboratories) were run on 4-20% Mini-Protean
TGX Precast Protein gels (Bio-Rad Laboratories) at 120 V for 1 h in 1x
Tris-Tricine-SDS running buffer. The gels were transferred onto a PVDF
membrane, 0.2 pm pore size (Bio-Rad Laboratories) in 1x Tris-Glycine
buffer with20%methanol. The membranes wereblocked in1x PBS + 0.1%
Tween-20 (1x PBST) buffer with 6% Blotto non-fat milk powder (Santa
CruzBiotechnologies). After 4 washesin1x PBST with shaking for 5 min
each, the membranes were incubated with either 1:500-1:1000 mouse
anti-angiogenin monoclonal antibody C-1 (sc-74528, Santa Cruz Bio-
technologies) or 1:500 mouse anti-ribosomal protein s5 monoclonal
antibody (A-8) (sc-390935, Santa Cruz Biotechnologies) in 1x PBST
with 6% milk powder for 1 h at room temperature or overnight at4 °C.
After four washes with shaking in 1x PBST for 5 min each, the mem-
branes were incubated with 1:10,000 goat anti-mouse IgG (H+L)-HRP
conjugate (62-6520, Thermo Fisher Scientific) secondary antibodies
in 1x PBST + 6% milk powder for 30 min. After four washes in 1x PBST
for 5 mineach, the blot was developed using SuperSignal West Femto
Maximum Sensitivity Substrate (Thermo Fisher Scientific) and imaged
onthe ChemiDoc MP system (Bio-Rad Laboratories) using the chemilu-
minescence setting for westernimaging and colorimetric setting to cap-
ture the ladder. For anti-RNase A blotting, procedures were amended
to block with 1x PBST with 0.1 mg mI™ BSA and detected with 1:1,000
rabbit anti-bovine pancreatic RNase A polyclonal antibody-peroxidase
conjugated (200-4388S, Rockland Immunochemicals). Full scans of
gelimages are available in Supplementary Fig. 1.

Cryo-EM sample preparation

For visualizing 80S-angiogenin in RRL, translation reactions (20 pl,
containing 33% RRL (Green Hectares), 60 pM hemin (Sigma-Aldrich),
75 mMKCI, 0.5 mMMgCl,,1 mMATP, 0.2 mM GTP, 2.1 mg ml creatine
phosphate, 30 pM of L-amino acid mix, 6 mM BME, 0.4% Nano-Glo
endurazine (Promega), all final concentrations) were supplemented
with either water or 1 uM angiogenin (in20 mM Tris-HCIpH 7.5 + 50 mM
NacCl; final concentration) (R&D Systems), then, 5 min later, with
2.5 ng pl™ 6xHis-Nanoluciferase mRNA (final concentration). After
incubation for 10 min at 37 °C, the RRL was placed onice and used for
cryo-plunging as described below. The remaining 10 plof each reaction
was flash-frozen and later thawed and applied to a 384-well plate for
readinginthe Spark microplate reader (Tecan). The luminescence sig-
nal from the water-supplemented sample showed translation occurred
(293,050 RLU) while with 1 pM angiogenin luminescence was at back-
ground levels (54 RLU).

For in vitro assembled complexes, Oryctolagus cuniculus (Euro-
pean rabbit) 80S ribosomes with angiogenin were prepared with or
without a ternary complex of eEF1A, Ala-tRNA*? and GDPCP. Rabbit
60S subunits (2 uM) were pre-incubated for 5 min at 30 °C in 1x10
buffer 20 mM Tris-acetate (pH 7.0),100 mM KOAc, 10 mM Mg(OAc),).
Meanwhile, 40S subunits were preincubated with a leaderless mRNA
encoding the start codon in the P-site and the UUC Phe codon in the
A-site (CCAC-AUG-UUC-CCC-CCC-CCC-CCC-CCC-CCC, Integrated
DNA Technologies) for 5 min at 30 °Cin the same buffer. £. coli tRNA™M
(Chemical Block) was added to 40S such that final concentrations were
1.2 uM 40S, 40 pM mRNA and 2.4 pM tRNA™<, The 40S and 60S reac-
tions were mixed 1:1and incubated for 5 min at 30 °C to form the 80S
ribosome with tRNA™* and AUG codon in the P site. Next, either 4 pM
WT angiogenin or ~400 nM angiogenin(H13A) (final concentrations)

was added while diluting the 80S complex by half in 1x10 buffer and
incubated for 5 min at 30 °C. The resulting 80S-angiogenin complex
(containing 0.5 pM 60S, 0.3 uM 40S, 10 uM mRNA, 0.6 pM tRNA™et
and 4 pM angiogenin or 400 nM angiogenin(H13A)) was flash-frozenin
liquid nitrogen, stored at -80 °C and was thawed immediately before
grid plunging. A ternary complex of eEF1A, Ala-tRNA*?and GDPCP was
assembled in 1x10 buffer by preincubation of eEF1A and GDPCP (Jena
Bioscience) for 5 min at 30 °C followed by addition of Ala-tRNA*" for
1min at 30 °C. The resulting ternary complex reaction (containing
24 uMeEF1A, 4 pM Ala-tRNA**and 1 mM GDPCP) was also flash-frozen
in liquid nitrogen and was stored at -80 °C.

For angiogenin in RRL, 80S-angiogenin complex, 80S-
angiogenin(WT)-ternary complex and 80S-angiogenin(H13A)-ternary
complex, Quantifoil R2/1 holey-carbon grids coated with a thin layer
of carbon (Electron Microscopy Service) were glow discharged with
20 mA current with negative polarity for 30 s (with ternary complex
or RRL) or 60 s (without ternary complex) in a PELCO easiGlow glow
discharge unit. The Vitrobot Mark IV (Thermo Fisher Scientific) was
pre-equilibrated to 5 °C and 95% relative humidity and the blot force was
setto10.Forangiogenin-supplemented RRL reactions, 4 pl of lysate was
applied to the grid, incubated for 10 s, blotted and then plunged into
liquid-nitrogen-cooled liquid ethane. For the 80S-angiogenin complex,
asimilar procedure was used, but only 2.5 pl of the 80S-angiogenin
reactionwas applied to the grid. For the 80S-angiogenin(WT)-ternary
complex, 1.5 pl of 80S-angiogenin was mixed with 1.5 pl of ternary
complex in anice-cold tube with ice-chilled tips and was applied as
quickly as possible to the grid or with a 30 s delay. The solution was
incubated on the grid for 10 s, blotted for 4 s and then plunged into
liquid-nitrogen-cooled liquid ethane. The total elapsed time from mix-
ing 80S-angiogenin with ternary complex to cryo-plunging was either
25sor605s.15% TBE-ureagel electrophoresis analysis of atime course
ofthe same reactions (80S-angiogenin and ternary complex) showed
that cleavage of Ala-tRNA*" nearly saturates within 25 s (Extended
DataFig. 5e); thus, the 25 s timepoint was chosen for cryo-EM analysis.
For the 80S-angiogenin(H13A)-ternary complex reaction, 1.5 pl of
80S-angiogenin(H13A) was mixed with 1.5 pl of ternary complex and
wasincubated for 5 minat30 °C. Then, 3 pl of 80S-angiogenin(H13A)-
ternary complex reaction was applied to the grid for 10 s, blotted for
4 s and then cryo-plunged. Gel analysis showed no increase in tRNA
fragments in these HI3A samples (Extended Data Fig. 5f).

EM analysis

Datafor 80S-angiogenin and 80S-angiogenin(WT)-ternary complex
were collected on the Talos electron microscope (ThermoFisher Scien-
tific) operating at 200 kV and equipped withaK3 direct electron detec-
tor (Gatan) targeting 0.5 umto 1.8 umunderfocus. Data collection was
automated using SerialEM” using beam tilt to collect multiple videos
(forexample, five videos per hole at four holes) at each stage position.
The 80S-angiogenin dataset had 1,015 videos, at 20 frames per video at
11e A?2perframeforatotal dose of29.6 e~ A2onthe sample and yield-
ing 107,236 particles. The 80S-angiogenin-ternary complex dataset
had atotal of 20 frames per video, with 1.55 e A2 per frame for a total
dose of 30.9 e” A2 on the sample, comprising 5,044 videos yielding
273,774 particles. The videos were aligned during data collection using
IMOD”” to decompress frames, apply the gain reference, and correct
forimage drift and particle damage and bin the super-resolution pixel
by2t00.87 Ainthe final image sums.

Data for the angiogenin-supplemented RRL and 80S-angiogenin
(H13A)-ternary complex reactions were collected on the Krios elec-
tron microscope (Thermo Fisher Scientific) operating at 300 kV and
equipped with a Gatan Image Filter (slit width, 20 eV) and a K3 direct
electrondetector (Gatan) and atargeting 0.5 pmto 1.5 pm underfocus.
Data collection was automated using SerialEM” using beam tilt to col-
lect multiple videos (4-6 videos per hole at nine holes) at each stage
position”. The angiogenin-supplemented RRL dataset had 10,084
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videos, at 18 frames per video at 1.7 e~ A per frame for a total dose of
30 e” A on the sample. The videos were aligned during data collec-
tion using IMOD”” to decompress frames, apply the gain reference,
and to correct for image drift and bin the super-resolution pixel by 2
t00.83 Ainthe finalimage sums. The 80S-angiogenin(H13A)-ternary
complex dataset had atotal of 11,630 videos, with 18 frames per video,
with1.7 e” A2 per frame for atotal dose of 30 e” A2 on the sample, yield-
ing 451,181 particles. The hardware-binned videos were aligned during
data collection using IMOD”” to decompress frames, apply the gain
reference and correct for image drift in the final image sums.

Cryo-EM data classification and refinement

CTF determination, reference-free particle picking and stack creation
were performed in cisTEM, Particle alignment and refinement were
performed in Frealignv.9.11and cisTEM”’, The box size for all datasets
was 608 x 608 x 608. To speed up processing, binned image stacks (for
example, 8x,4x or2x) were prepared using the resample.exe part of the
Frealignv.9.11 distribution. Theinitial model for particle alignment of
80S maps was EMD-4729 (ref. 80), which was downsampled to match
the 8x-binned stack and low-pass filtered to 30 A using EMAN2®., Two
rounds of mode 3 search alignment to 30 then 20 A were performed
using the 8x-binned stack. Next, rounds of mode 1refinement were run
with the 4x-binned and eventually the 2x-binned stack as we gradually
added resolution shellsto 8 A.

For the reconstituted 80S-angiogenin dataset, focused 3D
maximum-likelihood classification into 6 classes (using the
high-resolution limit of 12 A and the 4x-binned stack, 30 rounds) witha
45 A spherical mask covering the A site of the ribosome (x, y, z = 225.405,
278.628,242.574) resolved different ribosome states, including two
angiogenin-bound classes. The particles from these two classes were
extracted using merge_classes.exe, setting a threshold of class occu-
pancy of 0.50 and score of 0. The resulting stack of 45,850 particles
wasindependently refined starting from the EMD-4729 starting model
until the high-resolution limit of 5 A and was further improved by one
round of per-particle CTF refinement to yield the final map at 3.04 A
resolution.

For the 80S-angiogenin-ternary complex dataset, focused 3D
maximum-likelihood classification into 8 classes (using the high-
resolution limit of 15 A and the 8x-binned stack, 50 rounds) with a
50 A spherical mask covering the A site and the GTPase-activating
centre of the ribosome (x, y, z=225.756, 296.851,200.364) resolved
different ribosome states (Extended Data Fig. 5a), including the three
80S-angiogenin classes, one 80S-angiogenin—-tRNA*?state. The three
80S-angiogenin classes were merged yielding a101,572-particle stack,
independently refined and improved with per-particle CTF refinement
followed by beam-tilt refinement to yield a map with a resolution of
2.81A (the high resolution limit for refinement was 4 A). The 80S-
angiogenin-tRNA" particles were extracted and further separated
using focused 3D maximume-likelihood classification into 6 classes
(using a high-resolution limit of 15 A and the 8x-binned stack, 100
rounds) using a 60 A mask around the A-site and GTPase-activating
centre and encompassing eEF1A (x, y, z=253.211, 303.049,190.051).
This classification yielded five 80S-angiogenin—-tRNA*" classes and
one 80S-angiogenin-Ala-tRNA**-eEF1IA-GDPCP state (Extended Data
Fig.5a). The five 80S-angiogenin-tRNA* classes were merged, yield-
ing a17,593-particle stack, independently refined and improved with
per-particle CTF refinement followed by beam-tilt refinement toyield
amapat3.09 Aresolution (the high resolution limit for refinement was
5A). The 80S-angiogenin-Ala-tRNA**-eEF1A-GDPCP particles were
independently extracted, yielding a 3,604-particle stack that, once
refined and beam-tilt corrected, yielded a map at 3.67 A resolution
(the highresolution limit for refinement was 9 A). Finally, the particles
from the rotated 40S class were extracted yielding a 36,105-particle
class that was further separated using focused 3D maximum-likelihood
classification into 6 classes (using a high-resolution limit of 15 A and

the 8x-binned stack, 50 rounds) and a 50 A mask around the head of
40S subunit and encompassing the three tRNA-binding sites (x, y,
2=194.690,263.751,232.504). This classification yielded three rotated,
hybrid-state classes with either one or two tRNAs (P/E or A/P and P/E)
and without angiogenin; two classes with partial subunit rotation (-8.5°
40S body rotation and -0°head rotation) and with classical-state-like
tRNAs in the E/E and P/P sites and angiogenin in the A site; and one
non-rotated class with two classical-state tRNAs and weak angiogenin
density. Angiogenin density was lower resolution in the partially
subunit-rotated classes than in the main maps described above, and
angiogenin interacts predominantly with H69.

For the reconstituted 80S-angiogenin(H13A) dataset, focused
3D maximume-likelihood classification into 24 classes (using the
high-resolution limit of 16 A and the 8x-binned stack, 200 rounds)
with a 50 A spherical mask covering the A site of the ribosome (x, y,
z=231.443,277.244,193.718) resolved different ribosome states includ-
ing two angiogenin-bound classes and one class with angiogenin and
tRNA (Extended Data Fig. 5¢). The particles from the first two classes
were extracted using merge_classes.exe, setting a threshold of class
occupancy of 0.50 and score of 0. The resulting stack of 17,220 parti-
cles was independently refined and improved with per-particle CTF
refinement followed by beam-tilt refinement to yield amap at 2.84 A
resolution (the high resolution limit for refinement was 4.75 A). The par-
ticles from the remaining 80S-H13 angiogenin-tRNA*?were extracted
and further separated using focused 3D maximum-likelihood clas-
sification into 3 classes (using a high-resolution limit of 15 A and the
8x-binned stack, 100 rounds) using a 30 A mask around the tRNA*"®
(x,,2=230.083,293.639,194.267). This classification yielded improved
80S-angiogenin(H13A)-tRNA*? classes (Extended Data Fig. 5¢). The
class was extracted yielding a 2,613-particle stack, independently
refined to yield a map at 3.88 A resolution (the high resolution limit
used for refinement was 9 A).

Processing of the angiogenin-supplemented RRL was performed dif-
ferently compared with for the purified samples because the standard
cisTEM/Frealign pipeline did not yield high-resolution maps due to
poor particle picking. Other pipelines, including Relion, cryoSPARC
and other packages were also tried but did not yield the same diver-
sity of classes as the following method. CTF determination and ini-
tial reference-free particle picking were performed in cisTEM, but we
resorted to improving cisTEM picking by hand for the subset of ~600
micrographs, which had CTFFIND 4 fit resolution values between 2
and 3.2 A and, we reasoned, thinner, flatter ice. The improved picks
resultedina 6,216-particle stack that was auto refined in cisSTEM”® using
a60 A low-passed filtered EMD-4729 (ref. 80) as the initial model, and
yielded a 3.31 A overall map. The aligned parameters and stack were
exported from cisTEMto Frealign, where optimal separation of classes
was achieved using a focused 3D maximume-likelihood classification
into 6 classes (high-resolution limit of 16 A and the 8x-binned stack, 100
rounds) with a 60 A mask around the A-site (x, y, 2= 219.341, 306.909,
205.780). The two classes with angiogenin bound in the A-site were
combinedyielding al,960-particle stack. This stack wasindependently
aligned and refined to yield a3.36 A map (the limit for refinement was
10 A). The RRL-angiogenin map was alsoimproved by applying abinary
mask using standard procedures in EMAN2,

Structural model building and refinement

The cryo-EM structure of the (GR),,-bound O. cuniculus ribosome
complex (PDB: 7TOR), omitting (GR),, and P-tRNA, was used as the
starting model for structure refinement for all maps. Domains (60S,
40Sheadwith mRNA, 40Sbody, E-tRNA, L1stalk and P stalk) of the 80S
were rigid-body fitted into each cryo-EM map using Chimera®2. The
P-tRNA structure was modelled from PDB: SUYM (ref.53). Angiogenin
was modelled from PDB: SEOP (ref. 61), and was remodelled in Coot
(v.0.8.2)% to fit the density in the 80S-angiogenin map. Yeast tRNA*?
with the AGC anticodon was modelled in Coot (v.0.8.2), using yeast
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tRNAP crystal structure as a starting model (PDB: 1IEHZ)®. The yeast
eEF1A starting model was from AlphaFold (https://alphafold.ebi.ac.uk/
entry/P02994)%%¢ and the interaction of acceptor arm of tRNA*? with
eEF1A was modelled from the ribosome-bound ternary complex in
PDB:5LZS (ref. 51).

The models were refined using real-space simulated-annealing
refinement using RSRef®”%8 against corresponding maps. Refinement
parameters, such as the relative weighting of stereochemical restraints
and experimental energy term, were optimized to produce the opti-
mal structure stereochemistry, real-space correlation coefficient and
R-factor, which report on the fit of the model to the map®. Harmonic
restraints were used for the lower-resolution features of tRNA and eEF1A
to maintain secondary structure. The structures were next refined
using phenix.real_space_refine (Phenix v.1.14)°**' to optimize protein
geometry and B-factors. The resulting structural models have good
stereochemical parameters, characterized by low deviation fromideal
bond lengths and angles and agree closely with the corresponding
maps as indicated by high correlation coefficients and low real-space
R factors (Extended Data Table 1). Figures were prepared in Pymol®
and Chimera®,

To visualize the dynamics of tRNA and the P-stalk (Fig. 3e), cryo-EM
maps fromthe six-way classification that yielded the 80S-angiogenin-
tRNA*were low-pass filtered to 6 A and rigid-body fitted in Chimera®
using the final 80S-angiogenin-tRNA*? model (maps and fits are shown
inSupplementary Videos1and 2). For Fig. 3e, these rigid-fit models were
superimposed through the 28S rRNA excluding the flexible P-stalk and
L1stalks, and the differencesin tRNA positions at the acceptorarmand
tRNA elbow were measured in Pymol.

RRL-angiogenin and 80S-angiogenin(H13A) cryo-EM maps were
interpreted by rigid-body fits in Chimera® using our three in vitro
assembled models or PDB entries as noted in the figure panels.

Unstimulated angiogenin nuclease assay

Nuclease activity of refolded angiogenins against tRNA (Extended Data
Fig.3d) was measured by following the formation of acid soluble frag-
ments similarly to as described previously***. Yeast tRNA 2 mgml;
Sigma-Aldrich) was incubated with 500 nM refolded angiogenin with
orwithout 4 U pl™ of rRNasin (Promega) in 33 mM HEPES-NaOH pH 7,
33 mMNacl, 0.1 mg ml™ recombinant albumin (New England Bio Labs)
for 2 h at 37 °C. The reactions were stopped by addition of trichloro-
aceticacid to 10%, centrifuged at 16,000g and the acid soluble super-
natant was collected and then neutralized with 2 volumes of 1 M sodium
bicarbonate before measurement of the A,,, on athe NanoDrop 1000
(Thermo Fisher Scientific) system. The average value of reactions not
treated withangiogenin was taken as the background (0% activity) and
the average value of the WT reaction was normalized as100% activity.

Ribosome-stimulated nuclease assays
To ascertain whether angiogenin is activated by ribosome binding,
we tested tRNA cleavage by angiogenin under conditions similar to
those used for assembling the angiogenin-bound cryo-EM complexes,
using the same preparations of ribosomal subunits, various mRNA
sequences, preparations of angiogenin and tRNAs, at varied relative
concentrations. Materials were maintained and assays were performed
under conditions that limited RNase contamination, including use
of ultrapure water, RNase-free-rated plastic tubes and tips, limiting
dust in the work area, wiping down of pipettes with RNase Away and
frequent changing of gloves. Notably, the use of afacemask (KF94, KM)
reduced non-specific RNase activity as judged by the appearance of
wells having asmear rather than specific bands visible after SYBR Gold
staining. After lifting of the local mask mandate, experiments with
such contaminationincreasedin frequency. They were discarded and
repeated with masking.

To assemble the 80S ribosomal complexes, 60S subunits were diluted
to1uMin1x10 buffer (50 mM Tris-Acetate pH 7.0,100 mM KOAc,10 mM

Mg(OAc),) with10 mM BME and the mixture wasincubated for 5 minat
37°C.Inaseparate microcentrifuge tube, 40S subunits were mixed with
aleaderless mRNA encoding the start (methionine) codon (AUG) in the
P-site and either a phenylalanine codon (UUC, marked F in Extended
DataFig.4),alysinecodon (AAA, marked Kin Extended DataFig.4)ora
strong, tetranucleotide stop codon (UAAA, marked X in Extended Data
Fig.4) inthe A-site followed by a poly-pyrimidine track of 19 cytidines
(forexample, for Phe: CCAC-AUG-UUC-CCC-CCC-CCC-CCC-CCC-CCC,
Integrated DNA Technologies) or by atruncated mRNA with a uridinein
the +1position of the A-site codon (marked +1in Extended DataFig. 4;
CCAC-AUG-U, Integrated DNA Technologies). The 40S and mRNA were
incubated for 5 minat 37 °Cin1x10 buffer then with tRNA™ for 1 min,
yielding the following concentrations: 1 uM 40S, 20 pM mRNA and
1.2 uMtRNA™, The 40S and 60S solutions were mixed 1:1and incubated
for 5 min at 37 °C to form 80S complexes. The solution was diluted
to 200 nM 80S in 1x10 buffer for use as a10x stock in tRNA cleavage
assays. 40S and 60S subunits were also preincubated in 1x10 at 1 uM
then diluted to 200 nM in 1x10 buffer for use in subunit-dependence
assays.

To assemble different ternary complexes, eEF1A, IVT tRNA*? or
Ala-tRNA™?, and GTP or GDPCP were assembled in 1x10 buffer with
10 mM BME by preincubation of eEF1A and GTP (Promega) or GDPCP
(Jena Bioscience) for 5 min at 37 °C followed by addition of tRNA*? or
Ala-tRNA*? for 1 min at 37 °C, and were then kept on ice until use. The
resulting ternary complex reactions contained 10 pM eEF1A, 2.5 pM
tRNA* or Ala-tRNA*®, and1 mM GTP or GDPCP and were used as a10x
stock in tRNA cleavage assays.

The tRNA cleavage reactions were mixed on ice in 1x10 buffer with
10 mM BME and Triton X-100 and were carried out at 37 °C. The order
of addition was 1x10 buffer, Triton X-100 (to 0.01% (v/v) all final con-
centration), rRNasin (to 0.8 U pl™), 80S ribosomal complex (to 20 nM),
angiogenin (to 10 nM), then, to start the reaction, tRNA*?, Ala-tRNAA®?,
eEF1A-tRNA*?-GTP, eEF1A-Ala-tRNA**-GTP, eEF1A-Ala-tRNAAR-
GDPCP or total rabbit tRNA as noted (tRNA concentration to a final
concentration of 250 nM for tRNA*?, 250 nM for either 17-mer or 33-mer
hairpin, or 0.8 A,,/1 cmfor total rabbit tRNA). After tRNA addition, the
tubes were shifted to 37 °C for theindicated times (0,1,10 or 100 min),
andthenalO plaliquot of the reaction was removed and quenched with
12 pl of 8 M urea loading buffer (8 Murea, 2 mM Tris-HCI pH 8,20 mM
EDTA). When all of the reactions were completed, the reactions were
heated at 65 °C for 5 min, centrifuged, vortexed and loaded onto a
15% pre-cast Novex Urea-TBE gel (Thermo Fisher Scientific) and runat
180 Vfor 60 minalongside small RNA marker (Ab Nova). The gels were
stained in1x TBEwith 1:20,000 SYBR Gold nucleic acid stain (Thermo
Fisher Scientific) for 5-30 min. The stained gels were imaged on the
ChemiDoc MP system (Bio-Rad Laboratories) using the SYBR Gold
setting. The resulting raw .tiff images were analysed in Fiji®* using the
Band/Peak Quantification Tool Macro® to measure the signal from
tRNA fragments and to the full-length tRNA. Data were exported to
Microsoft Excel 16, in which the ratio of signal from tRNA fragments
to full-length tRNA was calculated and then exported for graphing in
Prism 8 or Prism 9 (GraphPad Software).

Northernblotting

After SYBR Gold staining and detection, the nucleic acids on15% urea-
PAGE gels were transferred to the BrightStar-Plus Positively Charged
NylonMembrane (Thermo Fisher Scientific) through semi-dry transfer
in0.5x TBEat200 mA for 30 min. The membranes were UV cross-linked
(Stratalinker; automatic setting) and, after drying, were prehybridized
with ULTRAhyb-Oligo solution (Thermo Fisher Scientific) for1h at
40 °C.Themembraneswere then hybridized with100 nM 5’ biotinylated
DNA probes (anti-yeast 5 tRNA*"?: 5’ATGCTAAGGGAGCGCGCTACC
GACTACGCCACACGCCC; anti-rabbit 5 tRNA*P;.: GTGACAGGCGGGG
ATACTCACCACTATACTAACGAGGA; anti-rabbit 5’ tRNA%Y ... GTGGCAGG
CGAGAATTCTACCACTGAACCACCAATGC; anti-rabbit 5 tRNA"s:
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GCCACAACGCAGAGTACTAACCACTATACGATCACGGC, Integrated DNA
Technologies) in ULTRAhyb-oligo solution for 1 h (yeast tRNA??) or over-
night (rabbit tRNAs) at 37 °C. The rabbit tRNA probes were designed
by consulting the GtRNAdDb entries for O. cuniculus® and finding the
most common and similar tRNA gene sequences matching previously
characterized human tRNA targets of angiogenin'>*', The membranes
were washed twice at room temperature with 2x SSC + 0.1% SDS, and
the probes were then detected using the Chemiluminescent Nucleic
Acid Detection Module Kit (Thermo Fisher Scientific). The stained gels
were imaged ona ChemiDoc MP system (Bio-Rad Laboratories) using
the chemiluminescence setting.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

The structural models generated in this study have been deposited in
the RCSB Protein Data Bank under the following accession codes: 9BDL
(rabbit 80S ribosome with angiogenin), 9BDN (rabbit ribosome with
angiogenin and tRNA*?) and 9BDP (rabbit ribosome with angiogenin
and Ala-tRNA*?bound to eEF1A). The cryo-EM maps used to generate
models in this study have been deposited in the Electron Microscopy
Data Bank under the following accession codes: EMD-44461 (rabbit
80S ribosome with angiogenin), EMD-44463 (rabbit 80S ribosome
with angiogenin and tRNA*"?), EMD-44464 (rabbit 80S ribosome with
angiogeninand Ala-tRNA*?bound to eEF1A). Additional cryo-EM maps
have been deposited in the Electron Microscopy Data Bank under the
following accession codes: EMD-44457 (80S ribosome with angiogenin
in RRL), EMD-44458 (rabbit 80S ribosome with angiogenin, in vitro
complex assembled without substrate tRNA*?), EMD-44459 (rabbit 80S
ribosome with angiogenin(H13A)), EMD-44460 (rabbit 80S ribosome
with angiogenin(H13A) and tRNA*?). The coordinate files used in this
study are available at the PDB: 7TOR, 5EOP, 1EHZ, 5LZS, 5SUYM, 1A4Y
and 5RSA; or from the AlphaFold Protein Structure Database (https://
alphafold.ebi.ac.uk/entry/P02994; https://alphafold.ebi.ac.uk/entry/
P02994)%% The electron density map used in this study is available
from the Electron Microscopy Database (EMD-4729).
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Extended DataFig.1|Cryo-EM characterization of angiogenin interactions
withtheribosome. (a) Example of hand-picked ribosome particles (red circles)
ononeofthehigher contrast micrographs (n=600) containing rabbit
reticulocyte lysates treated with angiogenin. Representative micrograph had
adefocus of -1.4 um. Notice low contrast of ribosomes among concentrated
lysates. (b) Examples of automatic particle picking of ribosome in cisTEM (red
circles) onamicrograph containingin vitro assembled 80S-angiogenin(H13A)
ribosome complexes. Micrographwas taken on same microscope and has similar
defocus and CTF fitting resolution criteriato micrographin (a). (c) Maximum-
likelihood classification in Frealign of a dataset of in vitro assembled 80S
ribosome complexes with angiogenin reveals angiogenin bound to the Asite

of ribosomesinthe non-rotated (classical) state. (d) Masked, Fourier shell
correlation curve as afunction of inverse resolution for the map derived from
45,850 particlesshownin Extended Data Fig.1c (FSC_part from Frealign v9)
(80S-angiogenin, black) or for the map fromrabbit reticulocyte lysates derived

from1,960 particlesshowninFig.1d,e (RRL-angiogenin, purple). (e-j) Examples
ofinteractions of angiogenin with the A-site. Model of 80S-angiogeninis shown
withthe 2.8 A cryo-EM map, sharpened by aB-factor of -50 A2and shown as mesh
atolevelsasnotedinindividual legends. (e) Interaction of angiogenin with H69
of 28SrRNA.Meshisshownat2.75o. (f) Interaction of angiogenin with 18S rRNA.
Meshisshownat2.750.(g) Binding of angiogenin near the universally conserved
decoding centreresidues of H69 (28S rRNA) and h44 (18S rRNA). Mesh for mRNA
isshownat 3 o; for angiogenin and h44, at 4 o; and for H69 and G626 at 50. mRNA
isgreen for wellmodelled residues, grey for disordered residues. (h) Interaction
ofangiogenin with the A-site codon (mRNA is green for wellmodelled residues,
grey for disordered residues). Meshis shown at 3.5 o bothmRNA and angiogenin.
(i) Interaction of angiogenin with P-site tRNA.Meshisshownat3.75o.

(j) Interactions of angiogenin with the first nucleotide of the A-site codon
adjacenttothe P-tRNA anticodonand codoninteraction. Meshisshownat4 o.
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Extended DataFig.2|Angiogenin cleaves various tRNAs but notisolated
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for ternary complex) shows good agreement of in vitro model with the complex
visualized directly in rabbit reticulocyte lysates. The density shows that the
C-terminal residues of angiogenin form an extended betastrand in lysates and
that the ribosome and ternary complex position the anticodon of tRNA near
theactive site of angiogenininlysates. (b) Activity of 10 nM angiogeninalone
ortogetherwith the 80S ribosome complex (including model mRNA encoding
phenylalanine) was checked against total rabbit tRNA purified from rabbit
reticulocyte lysates. After 100 min, cleavage reactions were separated by
denaturing15% Urea-PAGE gels stained with SYBR Gold (top) then later detected
viaNorthernblotting (bottom) for the 5’ end of three different rabbit tRNA as
noted (see Methods). tRNA fragments of all three tRNAs tested increase in the
presence of the 80S-angiogenin complex and are prevented by RNasin (n =2
independent experiments). (c) Activity of angiogenin alone or together with
the 80S ribosome complex (including tRNA™* and model mRNA encoding
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phenylalanine in A site) was checked usingin vitro translated yeast tRNA*?,

an extended 33-mer hairpinincluding the yeast tRNA*” anticodon stemloop,
oral7-merincluding only the yeast tRNA*? anticodon stemloop (see
Extended DataFig. 2d). At the specified time (in minutes), cleavage reactions
were separated by denaturing 15% Urea-PAGE gels stained with SYBR Gold.
Full-lengthtRNA*"?is depleted over time while fragments arise in the presence
of the 80S-angiogenin complex, but the 33-mer and 17-mer are not depleted
suggesting tRNA is cleaved more effectively than a simple hairpin. Weak
tRNA-fragment-sized bands appearing in 33-mer and 17-mer lanes likely arise
from tRNA™< which is present in the 80S complex for positioning in the P-site.
(n=2independent experiments). (d) Diagrams depicting the secondary
structure of in vitro translated yeast tRNA*?, the extended 33-mer hairpin
including the yeast tRNA*? anticodon stemloop, or the 17-mer hairpin used
inExtended DataFig. 2c. Larger, bold residues are the anticodon of tRNA*"?,

(e) Quantification of full length tRNA and hairpins from Extended Data Fig. 2c.
The amount of full-length tRNA decreased by 50-66% from1to 100 min while
the amount of hairpins stays constant. (bar shows mean of n=2independent
experiments).
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Extended DataFig. 3 |See next page for caption.




Extended DataFig. 3 | Purificationand characterization of WT, H13A and
K54E angiogenin. (a) SDS PAGE showing inclusion-body expressed, refolded
and purified WT, H13A and K54E angiogenin (“refolded” Angiogenin see
Methods, Preparation of Angiogenin) (n=1). (b) 200 nMWT refolded
angiogenin co-pellets with purified ribosomes more efficiently than
angiogenin(K54E). Bovine pancreatic RNase A does not co-pellet with
ribosome under these conditions (n=1). (c) RRL translation of nanoluciferase-
encoding mRNA is inhibited by 90 nM refolded WT but not H13A or K54E
angiogenin. These data, excluding RNasin controls, also appear in Fig. 2k.
(mean+/-s.d.,n=2for mutants or 6 for controls, independent experiments).
(d) Refolded WT angiogenin and angiogenin(K54E) but not angiogenin(H13A)
exhibit weak RNase activity against total yeast tRNA in the absence of
ribosomes, at high enzyme concentration and high tRNA concentration
(50 and 300 times higher, respectively, thaninthe ribosome-activated cleavage
assay), indicating that K54E mutation does not affect the basal catalyticactivity
(Methods) (mean +/-s.e.,n=2independent experiments). (e-f) SDS PAGE
showing recombinant, soluble WT angiogenin (e) and angiogenin(H13A) (f)

3,44

(“soluble” angiogenin, Methods, Preparation of Angiogenin) in comparison
with200 ng of R&D angiogenin. *is acontaminantin soluble angiogenin(H13A)
prep (n=1).(g) Westernblotting of soluble angiogenin(H13A) and R&D
angiogenin shows similaramounts are loaded (n =1). (h) Comparison of tRNAA"?
cleavage by R&D vs. soluble WT and H13A angiogenin (10 nM). A ternary complex
containing Ala-tRNA*"?, eEF1A and GDPCP was treated with angiogenin in the
presence or absence of the 80S ribosome complex with UUC-containing
mRNA and tRNA™<t, After 0 or 10 min, cleavage reactions were separated by
denaturing15% Urea-PAGE gels and stained with SYBR Gold. R&D and soluble
WT angiogenin exhibit the same activity, while angiogenin(H13A) isinactive.
(mean, n=2independent experiments). (i) Translation of nanoluciferase-
encoding mRNA isinhibited by soluble WT angiogenin (similarly to R&D
angiogeninshownin Fig.1a), but not by the soluble angiogenin(H13A) (RLU:
relative light units). Example traceis shown. (j) Apparent rate of translation,
measured as RLU/s (see Extended Data Fig. 3i),in the presence of soluble WT
angiogenin or angiogenin(H13A), (mean +/-s.d.,n =3 independent experiments
exceptbuffer control whichwas duplicated forn=6).
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Extended DataFig. 4 | Effects of ribosome complex composition on
angiogenin activation. (a) Production of tRNA*® fragments by angiogenin is
stimulated by an elongation-like 80S ribosome complex more efficiently than
by 40S or 60S subunits. A ternary complex containing Ala-tRNA*?, eEF1A and
GDPCP was supplemented to 80S ribosome complexes assembled using 40S,
60S, leaderless mRNA placing phenylalanine UUC codon in A site, tRNA™et
complementary to the P-site, and/or angiogenin. After 10 min, cleavage
reactions were separated by denaturing 15% Urea-PAGE gels stained with
SYBR Gold (top) then later detected viaNorthern blotting for the 5’ end of yeast
tRNA*? (bottom), n=2independent experiments. (b) Same reactions asin (a)
runseparately then probed for the 3’ end of yeast tRNA*"?, n =2 independent
experiments. (c) Close-up of lane 14 from (a) showing SYBR Gold and 5’ Northern
side-by-side. Two 5’ tRNA fragments are apparent with the more intense one
running above the 30 nt marker. (d) Close-up of lane 14 from (b) showing SYBR
Goldand 3’ Northernside-by-side. 3’ tRNA fragment runs close to the 40 nt

marker. (€) Secondary structure diagram of tRNA*? with the anticodon shown
inorange font. Triangles indicate potential cleavage locations in the anticodon
stembased on preference ofangiogenin to cleaved at pyrimidine-adenine
dinucleotides®. (f) Cleavage of tRNA*? by angiogenin is stimulated by multiple
80Sribosome complexes including ones lacking mRNA, lacking P-site tRNA,
and onesencoding amino acids phenylalanine (F, UUC) or lysine (K, AAA),ora
stop codon (X, UAA) aswell as by truncated mRNA (1, single uridine in A site).
Aternary complex Ala-tRNAA"?, eEF1A and GDPCP was supplemented to
ribosome complexes assembled using 40S, 60S, mRNAs as specified, tRNA™e
complementary to the P-site, and/or angiogenin, and after theindicated time
(inminutes) cleavage reactions were stopped then separated by denaturing
15% Urea-PAGE gels stained with SYBR Gold (top) then later detected via
Northernblotting (bottom) for the 5’ end of yeast tRNA*?, (mean, n =2
independent experiments).
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Extended DataFig.5|Cryo-EM of the 80S-angiogeninand 80S-
angiogenin(H13A) complexes with Ala-tRNA*"-eEF1A-GDPCP ternary
complex. (a) Maximum-likelihood classificationin Frealign of adataset of 80S
ribosome with angiogeninand ternary complex of Ala-tRNA**~eEF1A-GDPCP
reveals classes with angiogeninbound to the ribosomal Asite as tRNAis
presented to the angiogenin active site. (b) Masked, Fourier shell correlation
curves (FSC) asafunction of inverse resolution for the cryo-EM map described
in Extended Data Fig. 5a. (c) Maximum-likelihood classification in Frealign
of adataset collected from 80S ribosomes with recombinantly expressed
angiogenin(H13A) and ternary complex of Ala-tRNA**-eEF1A-GDPCP.

(d) Masked, Fourier shell correlation curves (FSC) as afunction of inverse
resolution for the cryo-EM maps described in Extended Data Fig. 5c. (e) Half
reactions for assembling the cryo-EM complexes in Extended Data Fig. 5a (Half
reaction1: 80Sribosome complexes with angiogenin; Half reaction 2: ternary

complex of Ala-tRNA*?-eEF1A-GDPCP as described in Methods) were mixedin
testtubes held onwetice. After theindicated time, the reactions were quenched
with 8 M Urealoading buffer. For the O-s time point, Half reaction 1and Half
reaction2were added directly to 8 M Urealoading buffer. The reactions were
separated onal5% Urea-PAGE gel to visualize full length and newly cleaved
tRNA. tRNAis cleaved nearly maximally by 25sonice under these conditions,
which mimic the conditions used to prepare cryo-EM grids (n =1). (f) Half
reactions for assembling the cryo-EM complexes in Extended Data Fig. 5c (Half
reaction 1: 80S ribosome complexes with recombinant angiogenin(H13A); Half
reaction2: ternary complex of Ala-tRNA**-eEF1A-GDPCP as described in
Methods) were mixed in test tubes at 30 °C. After the indicated time, the
reactions were quenched with 8 M Urea loading buffer and separated showing
lack of tRNA cleavage under these conditions, which mimic the conditions used
to prepare cryo-EM grids (300 s) (n=1).
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Extended DataFig. 6 | Cryo-EM density maps of the 80S-angiogenin(WT)
and angiogenin(H13A) complexes formed with Ala-tRNA**-eEF1A-GDPCP.
(@) 3.7-A cryo-EM map of 80S-angiogenin(WT)-Ala-tRNA**~eEF1A-GDPCP has
density consistent with GDPCP (cyan) bound to eEF1A (blue). GDPCP-bound
bacterial EF-Tu (cyan) (PDB: 5UYM) was aligned via the homologous domain1
todomainlofeEF1A. Meshisshownat2.75c. (b). The 2.8-A cryo-EM map of
80S-angiogenin (WT), sharpened by a B-factor of =50 A%, has well-resolved
density for the active site residue H13. Mesh isshown at 4 o. (c) The 2.8-A cryo-
EM map of 80S-angiogenin(H13A) (no sharpening) has well-resolved density
for theactive site of angiogenin supporting mutation of histidine 13 to alanine
(H13A) (mesh). The HI3A map was rigid-body fitted with our 80S-angiogenin
model. Meshisshown at 4 o. (d-f) Comparison of density for tRNA*? in the 3.7-A
cryo-EM map of 80S-angiogenin(WT)-Ala-tRNA*"-eEF1A-GDPCP (d), 3.1-A
cryo-EM map of 80S-angiogenin(WT)-tRNA*" (e) or 3.9-A cryo-EM map of
80S-angiogenin(H13A)-tRNA? (f) show that the anticodon stem-loop (ASL)
of tRNAis strongest in the H13A map with the catalytically inactive angiogenin.
The cryo-EM maps (grey mesh) are shown without sharpeningat 4 o.

(g-i) Comparison of cryo-EM density filtered to 5 A in the cryo-EM maps of
80S-angiogenin(WT)-Ala-tRNA**-eEF1A-GDPCP (g), 80S-angiogenin(WT)-
tRNA*? (h) or 80S-angiogenin(H13A)-tRNA*? (i) further supports that the ASL
of tRNAis stronger in the HI3A map with catalytically inactive angiogenin.

(j-1) The cryo-EM maps of 80S-angiogenin(WT)-Ala-tRNA*"-eEF1A-GDPCP
(j), 80S-angiogenin(WT)-tRNA*? (k) or 80S-angiogenin(H13A)-tRNAM ()
show anL-shaped density consistent with tRNA interacting with the P-stalk via
the tRNA elbow. The cryo-EM maps were each low-pass filtered to 5 A and shown
at30.(m) Cryo-EM map of 80S-angiogenin-Ala-tRNA*"-eEF1A-GDPCP shows
density for eEF1A (blue) bound to the shoulder of the 40S (gold). The cryo-EM
map was low-pass filtered to 5 A and is shown at 2.7 6. (n) The cryo-EM map of
80S-angiogenin-Ala-tRNA*"-eEF1A-GDPCP has an unidentified low-resolution
density (question mark) next to the anticodon arm of Ala-tRNA*" (green) and
the P-stalk (uL11, light blueis labelled for reference), which may correspond toa
dynamic element of the P-stalk. The cryo-EM map was low-pass filtered to 5 A
andisshownat2.50.
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Extended Data Table 1| Cryo-EM data collection, refinement and validation statistics

RRL-Ang 80S-Ang 80S-Ang 80S-Ang 80S-Ang 80S-Ang 80S-Ang
alone —RNAAR  _Ala- (H13A) (H13A)-
tRNAAE_ tRNAAR
eEF1A
EMDB Accession ID 44457 44458 44461 44463 44464 44459 44460
PDB Accession ID 9BDL 9BDN 9BDP
Data collection and
processing
Magnification 60,241x  57,471x  57,471x  57,471x  57,471x  60,241x  60,241x
Voltage (kV) 300 200 200 200 200 300 300
Electron exposure (e7A2) 30 30 30 30 30 30 30
Defocus range (um) 0.3-2.1 0.4-3 0.3-3.7 0.3-3.7 0.3-3.7 0.3-3.7 0.3-3.7
Pixel size (A) 0.83 0.87 0.87 0.87 0.87 0.83 0.83
Symmetry imposed C1 C1 C1 C1 C1 C1 C1
Initial particle images (no.) 6,216 107,236 273,774 273,774 273,774 451,181 451,181
Final particle images (no.) 1,960 45,850 101,672 17,593 3,604 17,220 2,613
Map resolution (A)** 3.36 3.04 2.81 3.09 3.67 2.84 3.88
FSC threshold 0.143 0.143 0.143 0.143 0.143 0.143 0.143
Map resolution range (A) 3.0->8 2.7->8 22->8 2.8->8 3.1->8 23->8 33->8
Refinement
Initial model used (PDB Not Not 7TOR 7TOR 7TOR Not Not
code) modeled  modeled modeled  modeled
Model resolution (A)" 2.8 3.1 3.7
FSC threshold 0.143 0.143 0.143
Model resolution range (A) 24->8 2.8->8 3.2->8
Correlation Coefficient 0.90 0.87 0.81
(cc_mask)"
Real-space R-factor 0.17 0.18 0.20
Map-sharpening B factor 0 0 0
(A?)
Model composition®
Non-hydrogen atoms 212,932 217,113 220,398
Protein residues 11,336 11,685 12,115
RNA residues 5,683 5,754 5,753
B factors (A%
Protein 110.5 125.9 152.4
RNA 113.6 128.8 148.2
R.m.s. deviations™$
Bond lengths (A) 0.007 0.005 0.005
Bond angles (°) 0.76 0.75 0.87
Validation”
MolProbity score 1.76 1.79 1.96
Clashscore 8.70 8.14 10.13
Poor rotamers (%) 0.1 0.09 0.37
Ramachandran plot’
Favored (%) 95.82 95.03 93.41
Allowed (%) 4.14 4.93 6.59
Disallowed (%) 0.04 0.04 0.0
Validation (RNA)’
Good sugar pucker (%) 98.9 99.2 99.1
Good backbone (%)* 727 81.7 76.2

* Statistics calculated by Phenix vs. 114%°%", ** FSC_part from Frealign v. 9.117°. t from RSRef. § root mean square deviations. # RNA backbone suites that fall into recognized rotamer conforma-

tions defined by Molprobity®®.
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Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

The structural models generated in this study have been deposited in the RCSB Protein Data Bank under the following accession codes: 9BDL (https://www.rcsb.org/
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structure/9BDL) (rabbit 80S ribosome with angiogenin), 9BDN (https://www.rcsb.org/structure/9BDN) (rabbit ribosome with angiogenin and tRNAAla), and 9BDP
(https://www.rcsb.org/structure/9BDP) (rabbit ribosome with angiogenin and Ala-tRNAAla bound to eEF1A). The cryo-EM maps used to generate models in this
study have been deposited in the Electron Microscopy Database under the following accession codes: EMD-44461 (https://www.ebi.ac.uk/emdb/EMD-44461)
(rabbit 80S ribosome with angiogenin), EMD-44463 (https://www.ebi.ac.uk/emdb/EMD-44463) (rabbit 80S ribosome with angiogenin and tRNAAla), EMD-44464
(https://www.ebi.ac.uk/emdb/EMD-44464) (rabbit 80S ribosome with angiogenin and Ala-tRNAAla bound with eEF1A). Additional cryo-EM maps that have been
deposited in the Electron Microscopy Database under the following accession codes: EMD-44457 (https://www.ebi.ac.uk/emdb/EMD-44457) (80S ribosome with
angiogenin in rabbit reticulocyte lysates), EMD-44458 (https://www.ebi.ac.uk/emdb/EMD-44458) (rabbit 80S ribosome with angiogenin, in vitro complex assembled
without substrate tRNAAla), EMD-44459 (https://www.ebi.ac.uk/emdb/EMD-44459) (rabbit 80S ribosome with H13A angiogenin), EMD-44460 (https://
www.ebi.ac.uk/emdb/EMD-44460) (rabbit 80S ribosome with H13A angiogenin and tRNAAla).
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Population characteristics Describe the covariate-relevant population characteristics of the human research participants (e.g. age, genotypic
information, past and current diagnosis and treatment categories). If you filled out the behavioural & social sciences study

design questions and have nothing to add here, write "See above."

Recruitment Describe how participants were recruited. Outline any potential self-selection bias or other biases that may be present and
how these are likely to impact results.

Ethics oversight Identify the organization(s) that approved the study protocol.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Cryo-EM Datasets for each complex were collected such that a resolution of ~3 A could be reached. Datasets of >100,000 particles were
sufficient to reach map resolutions of ~3 A, at which amino acids and nucleotides could be modeled. Datasets of >6,000 particles can produce
maps at 3.5 A resolution or better, sufficient to unambiguously assign secondary structure in well-resolved regions.

Data exclusions A cryo-EM dataset that yielded noisy reconstructions due to bad ice was excluded and the collection was repeated. In vitro cleavage
experiments were optimized with different Mg and tRNA substrate concentrations to achieve optimal tRNA cleavage and clear signal. RNase
assays with contamination (as judged by band smears throughout the lane) were excluded- these occurred as face mask mandate was
dropped. Subsequently assays were repeated with masking.

Replication For extract and in vitro cleavage experiments, experiments were repeated at least once and up to 3 times. Replicates were independent
(separate days, different extract lots from two different sources (Green Hectares and Promega), and multiple lots (R&D) and purification
(soluble vs insoluble with refolding) protocols for Angiogenin, and three different ribosome preparations as described in Methods). Replicates
were all successful except for technical failures like poor transfer to membranes or torn gels. Cryo-EM experiments were not replicated/
repeated unless map resolution needed to be improved. Multiple but different cryo-EM experiments (ribosome with angiogenin in extracts, in
vitro assembled ribosome complex with angiogenin without tRNA substrate, in vitro assembled complex with angiogenin and tRNA substrate,
in vitro assembled ribosome complex with H13A angiogenin ) all confirm that angiogenin binds to the ribosome.

Randomization  Randomization was not used for biochemical experiments, instead positive and negative controls were used for each type of experiment.
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Randomization  Computational approaches to unbiased particle classification (maximum likelihood classification) include randomizations. Classifications were
repeated multiple times typically by varying number of classes or mask position.

Blinding Blinding was not required because for each sample the structural data were all analyzed using the same methods.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies X[ ] chip-seq
Eukaryotic cell lines |Z| |:| Flow cytometry
Palaeontology and archaeology |Z| |:| MRI-based neuroimaging

Animals and other organisms
Clinical data
Dual use research of concern

Plants
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Antibodies

Antibodies used Mouse anti-angiogenin monoclonal antibody C-1 (sc-74528, Santa Cruz Biotechnologies, Dallas, TX); mouse anti-ribosomal protein s5
monoclonal antibody (A-8) (sc-390935, Santa Cruz Biotechnologies); goat anti-mouse 1gG (H+L)-HRP conjugate (62-6520, Thermo
Fisher Scientific Corp.), rabbit anti-bovine ribonuclease A polyclonal antibody-peroxidase conjugated (200-4388, Rockland
Immunochemicals, Inc., Philadelphia, PA, USA)

Validation Antibodies were validated against angiogenin and ribosomes obtained from independent sources and validated with appropriate
negative controls (see Fig. 1C, Extended Data Fig. 3b). See also the manufacturer's website: https://www.scbt.com/p/ang-i-antibody-
c-1; https://www.scbt.com/p/ribosomal-protein-s5-antibody-a-8 ; and https://www.thermofisher.com/antibody/product/Goat-anti-
Mouse-lgG-H-L-Secondary-Antibody-Polyclonal/62-6520; https://www.rockland.com/datasheet/?code=200-4388

Plants

Seed stocks Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Novel plant genotypes Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor
was applied.

Authentication Describe-any-authentication-procedures for-each seed stock tised-ornovel-genotype generated. Describe-any-experiments-used-to
assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.
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