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Approximately 40% of the mammalian proteome undergoes N-terminal methionine
excision and acetylation, mediated sequentially by methionine aminopeptidase
(MetAP) and N-acetyltransferase A (NatA), respectively’. Both modifications are

strictly cotranslational and essential in higher eukaryotic organisms'. The interaction,
activity and regulation of these enzymes on translating ribosomes are poorly
understood. Here we perform biochemical, structural and in vivo studies to
demonstrate that the nascent polypeptide-associated complex** (NAC) orchestrates
the action of these enzymes. NAC assembles a multienzyme complex with MetAP1
and NatA early during translation and pre-positions the active sites of both enzymes
for timely sequential processing of the nascent protein. NAC further releases the
inhibitory interactions from the NatA regulatory protein huntingtin yeast two-hybrid
protein K** (HYPK) to activate NatA on the ribosome, enforcing cotranslational
N-terminal acetylation. Our results provide amechanistic model for the cotranslational
processing of proteins in eukaryotic cells.

N-terminal acetylation is a ubiquitous modification that occurs on
80% of the human proteome'® and affects protein folding’, inter-
action®’, localization®, half-life"? and aggregation propensity™ ™.
Dysregulation of N-terminal acetylation has been linked to severe
developmental syndromes'®?, cancer'®" and Parkinson’s disease??'.
N-terminal acetylation is carried out by eight classes of N-terminal
acetyltransferases"??, most of which act cotranslationally on nas-
cent proteins as they emerge from the polypeptide exit tunnel of
the ribosome? 2, Among them, NatA mediates 50% of N-terminal
acetylation’, withaspecificity for N termini containing a small amino
acid (A, S, T,V, Cor G) after the initiator methionine (iMet) is excised
by MetAPs"%¥, NatA is a protein complex comprising the catalytic
subunit Naal0 and the auxiliary subunit Naa15?>%, An additional cata-
lytic subunit Naa50, which contains an active site for acetylation of
iMet-containing nascent chains (NatE activity), can further bind Naal5
to form a multienzyme complex referred to as NatA/E*. Despite the
cotranslational nature of N-terminal acetylation, how mammalian
NatA/E complexes are recruited to and act on nascent proteins on
theribosome is poorly understood. MetAP1 and NatA must sequen-
tially process the nascent chain within alimited time window during
translation, but the timing of their actions is unknown. Finally, the
catalytic activity of NatA is controlled by HYPK, which inhibits NatA
invitro®?**°but paradoxically enhances NatA activity in vivo**'*?, sug-
gesting that an unknown mechanismregulates NatA interaction and
activity inthe context of itsin vivo binding partners. Here we resolve
these questions and explain how cotranslational protein acetylation
by NatAis coordinated with MetAP1 and spatiotemporally controlled
by NAC, aubiquitous ribosome-associated complex that is essential
for protein biogenesis.

NAC recruits NatA/E to the ribosome

To understand how mammalian NatA is recruited to translating ribo-
somes, we developed an assay based on Forster resonance energy trans-
fer (FRET). We generated ribosome-nascent chain complexes by invitro
translation of mRNAs lacking astop codoninrabbit reticulocyte lysate
(RRL). The stalled ribosome-nascent chain complex (RNC) bearing
the N-terminal 53 amino acids of RPL4 (also known as uL4) (RNCqgp.),
aNatA substrate, was labelled with BODIPY-FL (Extended Data Fig. 1a).
To capture the pre-chemistry steps in the enzymatic reaction cycle,
recombinant human NatA bearing catalytically inactivating muta-
tions at the NaalO active site was labelled near the N terminus with a
FRET acceptor (Extended Data Fig. 1d-g). Initial experiments with puri-
fied RNCgp 4, and NatA detected only weak binding (Fig. 1a,b, blue),
consistent with previous ribosome co-sedimentation studies*.

Wetherefore considered other factors that could modulate binding.
A candidate for this role is NAC, a conserved protein complex that is
bound at the ribosome exit site during early stages of translation?>.
NAC comprises a central globular domain formed by dimerization of
NACa and NACP subunits, and flexible N- and C-terminal tails that are
used for a range of interactions with protein biogenesis factors®>.
For example, the flexibly tethered C-terminal ubiquitin-associated
domain (UBA) in NACa recruits signal recognition particle (SRP) for
cotranslational protein targeting®,

Insupportofthis hypothesis, efficient FRET (30-50%) was observed
between NAC-bound RNCg; , and NatA (Fig. 1a, red). Equilibrium titra-
tions showed high-affinity binding of NatA to RNCg,, , only in the pres-
ence of NAC, with an equilibrium dissociation constant (K) of less than
1nM (Fig.1a,b, red). The same affinity was measured for the human

'Division of Chemistry and Chemical Engineering, California Institute of Technology, Pasadena, CA, USA. 2Department of Biology, Institute of Molecular Biology and Biophysics, ETH Zurich,
Zurich, Switzerland. *Department of Biology, Molecular Microbiology, University of Konstanz, Konstanz, Germany. “These authors contributed equally: Alfred M. Lentzsch, Denis Yudin.

*g-mail: ban@mol.biol.ethz.ch; sshan@caltech.edu

Nature | www.nature.com | 1


https://doi.org/10.1038/s41586-024-07846-7
http://crossmark.crossref.org/dialog/?doi=10.1038/s41586-024-07846-7&domain=pdf
mailto:ban@mol.biol.ethz.ch
mailto:sshan@caltech.edu

Article

¢ RNAi _EV naco. *Pa)

Naal5-Flag | w==

-
o o

USTO | w— —
Naa15-Flag

Total Pellet

©
S

RNAi EV naco. EV naal5
0

SNAP25

10 104 109 1072 107 10°
[NatA] (uM)

NAC , Naal0 Naa50
MetAP1; - g

Fig.1| The NACa UBA domainrecruits NatA/E to theribosome. a, Equilibrium
titrations tomeasure RNC-NatA binding affinity. Titrations contained1nM
BODIPY-FL-labelled RNCy;, 4, indicated concentrations of tetramthylrhodamine-
labelled Naal5/NaalO(E24Q/Y26F) (NatA) and 50 nM wild-type (WT) NAC or
NAC(AUBA) and 500 nM Naa50 asindicated. b, Summary of the Ky values of the
RNC-NatA complex. Dataare mean +s.d., with n=4 (no NAC), 12 (wild-type
NAC), 3 (+Naa50) and 3 (NAC(AUBA)) independent measurements. Black arrows
indicate that the K, value reached fitting limit. c, Ribosome association of NatA
after knockdown of NACa (encoded by icd-2, knockdownindicated as naca) in
C.elegans. TheFlag-tagged NatA subunit Naal5was detected byimmunoblotting
inthetotaland ribosomal pellet fractions. Empty vector (EV) served asa control.
RNAi, RNA-mediatedinterference.d, N-terminal acetylation of aNatA model
substrate (SNAP25) after knockdown of NACa (naca) or Naal5 (naal5) in
C.elegans. The N-terminally acetylated (NT-Ac) substrate was detected with an
epitope-specific antibody. Representativeimmunoblotsin c,d. Experiments
wererepeated three times. e, Overview of the cryo-EM map of RNCyp,, in the
quaternary complex with NAC, MetAP1and NatA/E. The map was lowpass-
filtered to estimated local resolution; the black outline shows the same map
lowpass-filtered to 8 A resolution. f, Top view of the quaternary complex model
showing how NAC positions nascent chain-processing enzymes around the
openingoftheribosomal polypeptide exit tunnel (PET). g, Schematic
representation of ternary and quaternary complexes on the 60S subunit
(lightblue) and the position of the nascent chainin the polypeptide exit

tunnel (dark grey) indicated as an asterisk. The following colours are used
throughout: rRNA, light grey; 40S ribosomal proteins, beige; 60S ribosome
proteins, light blue; P-site tRNA, red; NACq, yellow; NACB, orange; MetAP1,
slateblue; NatA/E, green shades.

NatA/E complex that additionally includes the Naa50 subunit (Fig.1a,b,
purple), suggesting that human Naa50 does not make additional sta-
bilizing interactions with the ribosome?®. NatA-RNC;,, binding was
around 100-fold weaker upon deletion of the UBA domain in NACa
(NAC(AUBA); Fig.1a,b, green), indicating an essential role of the UBA
domainin recruiting NatA to ribosomes. These findings also indicate
the formation of a high-affinity ternary complex between RNC, NAC and
NatA/E, whichis corroborated by the observation of RNC-induced FRET
between the NACa UBA domain and NatA (Extended Data Fig. 1h,i).
Consistent with the biochemical measurements, the ribosome asso-
ciation of NatA was strongly decreased in Caenorhabditis elegans and
human cells after knockdown of NAC (Fig. 1c and Extended Data Fig. 2a).
Moreover, N-terminal acetylation of the NatA model substrate SNAP25
was severely impaired in vivo upon knockdown of NAC, similar to knock-
down of the NatA subunit Naal5 (Fig. 1d). These data suggest that the
ribosome interaction and function of NatA depends on NAC in vivo.

A cotranslational multienzyme complex

Tounderstand how NAC promotes NatA/E-ribosome binding, we used
single-particle cryo-electron microscopy (cryo-EM) to solve the struc-
ture of theternary complex comprising RNCg,, , bearing a 53-amino-acid
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Fig.2|NatAinteracts withRNCvia acombination ofribosome and

NAC contacts. a, Overview of the quaternary complex, highlighting key
interactions between NatA/E, theribosome and NAC. The yellow dotted line
depicts the flexible linker between NACa H2 and UBA. The outline shows the
homogeneously refined cryo-EM map lowpass-filtered to 8 Aresolution.

b, Schematic of the quaternary complex. Rectangles highlight key contacts
shownin c-f. c-f, Magnified views of key contacts in the ternary complex
structure: the Naal5 basic helix docks onto ES7a of the 28S rRNA (c); the Naal5
N-terminal helical bundle contacts H19 and H24 of the 28S rRNA (d); the UBA (e)
and H2 (f) of NACa contact N-terminal TPRs of Naal5. The outline shows the
homogeneously (c,f; lowpass-filtered to 5 Aresolution) or locally (d,e) refined
cryo-EM maps. Theresidues that were biochemically tested are coloured and
numbered asing.g, Summary of the K, values for RNC-NatA binding with the
indicated mutationsin NACa or NatA. Details of the mutations are listed in
Extended Data Table 2. Values are obtained from titrations in Extended Data
Fig. 6.Individual data pointsare shown, and valuesrepresent mean+s.d.;n=3
independent measurements. The datawithout NAC and with wild-type NAC
arefromFig.1and shown for comparison. h, N-terminal acetylation of a NatA
modelsubstrate (SNAP25) in C. elegans expressing theindicated Flag-tagged
NACa (left) or Naal5 (right) variantsin the endogenous NACa or Naal5 RNAi
background. N-terminally acetylated substrate was detected by an epitope-
specificantibody. i, Viability of the same worms used in h. Graph shows the
number of progeny in each mutant strain relative to wild-type worms (set to
100%).Dataaremean £ s.d.; n =3 biological replicates.

nascent chain, NAC and catalytically inactive NatA/E (Extended Data
Fig. 4).In addition, we further structurally investigated whether the
upstream enzyme MetAP1 co-binds with NatA/E and NAC on the RNC.
Co-binding may be possible, since MetAP1 was recently found to be
recruited to the ribosome by the C-terminal tail of NACB**, whereas
NatA/E is recruited by the UBA domain of NACa as shown above. We
used catalytically impaired variants of MetAP1and NatA/E to capture
the enzyme complex prior to chemistry. Both structures were solved
to overall resolutions of 3-4 A (Extended Data Table 1 and Extended
DataFig. 3). The cryo-EM maps show stalled translating ribosomes
with NAC, NatA/E and MetAP1 bound at the polypeptide tunnel exit
on the large ribosomal subunit. In both cases, the nascent polypep-
tide chain could be traced throughout the exit tunnel of the ribosome
but not outside it. NatA/E, MetAP1 and NAC had local resolutions of
6-10 A (Extended Data Fig. 3), enabling us to confidently dock known
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Fig.3|MetAP1and NatA co-bind onthe RNC and sequentially modify the
nascentchain. a, Back view of the quaternary complex modelinsurface
representation. The clipping plane goes through the polypeptide exit tunnel
and the active sites of MetAP1and NaalO, the catalytic subunits of NatA. Pink
andbluecircles mark the positions of MetAP1and NatA active sites, respectively,
arrowsindicate the distance between these active sites and the opening of the
polypeptide exit tunnel.b, Inthe corresponding cartoon representation of
the quaternary complex, the solid pink arrow indicates the path of the nascent
chain N terminithatfirst hasitsiMet excised by MetAP1and thenis acetylated
by NatA.The dashed pink arrow shows the hypothetical path of nascent chain
Nterminithatare not cleaved by MetAP1and have theiriMet acetylated by
Naa50 (NatE) instead. NME, N-terminal methionine excision; NTA, N-terminal
acetylation. c,d, Measurements of the timing of iMet excision (c) and

structures of NAC, NatA/E and MetAP1. Contact points of NatA/E with
the ribosome and with NAC were resolved sufficiently well in some
regions to enable molecular modelling of secondary structure. The
conformationof NatA/E and its interactions with the ribosome are the
sameintheternary and the MetAP1-containing quaternary complexes
(Figs.1fand 2aand Extended Data Fig. 4). While processing the cryo-EM
datacollected ontheternary complex sample, we alsoidentified a set
of non-translating ribosomes with NAC-NatA/E bound (Supplemen-
tary Fig. 2). By performing a NatA/E-focused 3D classification on this
broader set of data (Supplementary Fig. 3), we could select a stack of
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N-terminal acetylation (d) in RRL using stalled RNCs with the indicated
nascent chain (NC) lengths. iMet cleavage was visualized by SDS-PAGE and
autoradiography. N-terminal acetylation was detected by western blot using
the SMI81antibody. Skd3-eGFP and RPL10 (also known as uL16) served as the
loading control (LC) incandd, respectively. RNCs with Trp or Pro as the second
residue (A2W or A2P), which are not processed by either enzyme, served as
negative controls. e, Scheme of the coupled iMet excision and N-terminal
acetylationreactionshowning. Details of reaction conditions are in Methods.
f,Domain diagrams of the NAC variants used in g. Arrows denote motifs
involved in enzyme recruitment. g, Representative western blot (top) and
time courses (bottom) of the coupled iMet excision and N-terminal acetylation
reactions mediated by MetAP1, NatA and the indicated NAC variants. Data
inc,d,garemean ts.d.from fourindependent measurements.

conformationally homogeneous particles to reconstruct a map of
the ternary 80S-NAC-NatA/E complex with better-resolved NatA/E
(Supplementary Fig. 3b-e). The structure and interactions of NatA/E
inthe 80S-NAC-NatA/E complex are the same as for the RNCgp ,~NAC-
NatA/E ternary complex, which we focus on below.

NAC binds the ribosome in the same configuration as previously
observed®?*, with the N-terminal basic motif of NACP anchored at
eL19and elL22 and the NAC globular domain at the tunnel exit (Fig. 2a).
NatA/E binds next to the NAC globular domain via specific contacts
with NAC and with the surface of the large ribosomal subunit (Fig. 2a,b).
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Specifically, theinternal basic helix of Naal5, previously observed tobe
flexibly disposed®**?, becomes ordered upon binding the ribosomal
RNA (rRNA) expansion segment 7a (ES7a) via multiple basic residues
(Fig.2¢).Inaddition, two N-terminal helices of Naal5 contact 28S rRNA
helices H19 and H24 (Fig. 2d), as previously suggested in biochemical
studies®*.

We observed two additional regions of density around the N-terminal
tetratricopeptide repeats (TPRs) of Naal5: a density resembling a
three-helix bundle and a tubular density connecting to the globular
domain of NAC, suggesting the bound segments of NACa (Fig. 2a,e,f
and Extended Data Fig. 4). Aided by the AlphaFold2-multimer predic-
tion®*?° of the Naal5-NACa complex (Extended Data Fig. 4f-h), we
modelled these densities as the NACa C-terminal UBA domainand a
helixin NACa that follows the NAC globular domain (termed H2). The
bipartite interactions suggest distinct roles of these NACa regions in
recruitment of NatA/E: the UBA domain captures the enzyme complex,
whereas H2 helps position it near the polypeptide exit tunnel of the
ribosome. Of note, these structures reveal a different mode of ribo-
some binding for the mammalian NatA/E determined here compared
with that of yeast NatA/E*, suggesting an evolutionary divergence of
theribosome recruitment mechanisms for protein biogenesis factors
(Extended DataFig. 5).

We carried out structure-guided mutagenesis to test the functional
relevance of the observed contacts of NatA with NAC and with theribo-
some in vitro and in vivo. To analyse the role of the NAC UBA domain
interactionin NatA-ribosome binding, two NAC variants carrying muta-
tions in a hydrophobic patch in the C-terminal a-helix of NACax UBA
domain (mtNAC(UBA-1) and mtNAC(UBA-2); Extended Data Table 2)
were investigated in vitro (Fig. 2e). Both mutations weakened NatA
binding to RNCgy,, by 10- to 20-fold (Fig. 2g and Extended Data Fig. 6).
Reciprocally, mutation of residues L73A/L77A of Naal5, which contact
the NACa UBA domain (mtNatA(UBA)), weakened RNC binding affinity
by around 100-fold (Fig. 2g and Extended Data Fig. 6b).

Mutations at other surfaces of the UBA domain of NACa had modest
or no effects (Extended Data Fig. 6), attesting to the specificity of the
interaction interface. Thus, the hydrophobic interaction of the NACa
UBA domainwith Naal5 drives high affinity NatA binding to ribosomes.
In contrast to this high affinity binding site, more modest (3- to 4-fold)
binding defects were observed with mutations designed to disrupt the
Naal5-NACa H2 contact (mtNAC(H2); Fig. 2g, Extended DataFig. 6 and
Extended Data Table 2). Mutation of NatA contacts with the ribosome
viathe long positively charged helix of Naal5 (mtNatA(rRNA); Fig. 2g
and Extended DataFig. 6) also had amodest effect (3- to 4-fold). These
resultsindicate that high-affinity NatAinteraction with the ribosomeis
mediated predominantly through the flexibly disposed UBA domain of
NAC, and that the electrostatic contacts of the positively charged helix
inNatA with rRNA near the polypeptide tunnel exit optimally position
the enzyme for nascent chain interactions.

Consistent with the biochemical data, the ribosome association
of NatA was strongly decreased in human cells upon mutation of the
Naal5-NACa UBA binding interface (Extended Data Fig. 2). Moreo-
ver, N-terminal acetylation of a model NatA substrate was strongly
reduced in C. elegans upon disruption of the Naal5-NACa UBA inter-
action (Fig. 2h). Finally, the viability of the worms was also severely
impaired (Fig. 2i). Therefore, the hydrophobicinteraction of the UBA
domain of NACa with Naal5 is essential for NatA-ribosome binding
and functionin vivo.

Coordinated MetAP1and NatA reactions

The structure of the quaternary complex reveals that NatA/E is
positioned next to the NAC globular domain, with the active sites
of both catalytic subunits (NaalO and Naa50) pointing towards the
polypeptide tunnel (Figs. 1f and 3a). MetAP1 is positioned across
the NAC globular domain from NatA/E (Figs. 1f, 2a and 3a) and is
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themechanism of HYPK derepression by NAC, as described in the text. The blue
circleindicates the unblocked active site of Naal0. g, Cryo-EM structure of
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quaternary complex is shownas asolid surface; additional density presentonly
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bound as previously observed in the RNC-NAC-MetAP1 complex**.
Together, the multienzyme complex forms a semicircle around the
nascent polypeptide exit tunnel, where newly synthesized proteins
emerge.

To understand the sequential actions of MetAP1 and NatA, which
process the same pool of nascent proteins, we determined the tim-
ing of their reactions during translation (Fig. 3c,d). Stalled RNCs with
varying nascent chain lengths were translated in RRL. iMet excision
by endogenous MetAP1 was measured by the loss of [*S]iMet (Fig. 3¢
and Extended Data Fig. 1b). The reactions also included fumagillin to
prevent iMet excision by MetAP2, which acts redundantly to MetAP1
but independently of NAC***°, N-terminal acetylation mediated by
endogenous NatA was detected using an antibody that specifically
recognizes an acetylated N-terminal epitope® (Fig. 3d and Extended
Data Fig. 1b). We found that iMet excision initiates when the RPL4
nascent chain is at least 60 amino acids long and peaked after about
70 amino acids (Fig. 3c), similar to observations with prokaryotic
MetAP*. N-terminal acetylation began when the RPL4 nascent chain
reached approximately 68 amino acids in length and peaked after
around 95 amino acids (Fig. 3d). With the SNAP25 nascent chain,
which folds into a rigid helix*, the onset of N-terminal acetylation
was delayed to over 80 amino acids (Fig. 3d). These results are con-
sistent with the distances of the exit tunnel to the respective enzyme
active sites (Fig. 3a) and show that the MetAP1 and NatA reactions are
separated by around 25 amino acids during translation elongation,
or about 5 s based on a translation elongation rate* of 5 amino acids
persecond.

We next tested whether NAC prepositions both enzymes to facilitate
nascent chain handover from MetAP1 to NatA in an in vitro comple-
mentation experiment. We generated two mutant NAC heterodimers
that are deficientin either NatA recruitment (NAC(AUBA)) or MetAP1
recruitment (deletion of residues 140-162 in the C terminus of NAC3
or NAC(AC)). We carried out coupled enzymatic reactions that require
bothiMet excisionby MetAP1and N-terminal acetylation by NatAona
105-amino-acid-long RNCg,, ,in the presence of either wild-type NAC,
theindividual NAC mutants or their equimolar combination (Fig. 3e-g).
Ifthe role of NAC is restricted to the ribosome recruitment of both
enzymes, the two mutant NAC heterodimers will complement one
another and rescue the sequential enzymatic reaction. However, this
is not what we observed: the reaction with the combination of NAC
mutants was no faster than the reaction with NAC(AC) alone and sig-
nificantly slower than the reaction with wild-type NAC (Fig.3g). These
results, together with the high-affinity NatA bindingto RNC-NAC when
the RPL4 nascent chainis around 53 amino acids inlength (Fig.1), sug-
gest that NAC prepositions both enzymes at the ribosome exit tun-
nel and facilitates handover of the nascent chain to ensure its timely
sequential processing.

iMet 19 H
I

Front (top) and back (bottom) views are shown to depict the protein
interactions and positions of the enzyme active sites relative to the exit
tunnel.Step 3, MetAP1-mediated iMet excision. Step 4, NatA-mediated
N-terminal acetylation of the nascent chain.

NAC activates NatA-HYPK on the ribosome

In higher eukaryotes, NatA activity is regulated by HYPK>**°, which
binds NatA via a C-terminal UBA domain that shares strong sequence
homology with the UBA domain of NAC« (Fig. 4a). HYPK further
sterically blocks and remodels the NaalO active site via its N-terminal
region (Fig.4a), inhibiting catalytic activity in vitro>**. However, HYPK
enhances N-terminal acetylation in three model organisms***?, sug-
gesting that an unknown mechanism relieves the inhibitory activity
of HYPK invivo. Using a FRET-based binding assay between HYPK and
NatA, we found that the NatA-HYPK complex has ultra-high affin-
ity, with K; <150 pM and a dissociation rate of approximately 10 s™
(Extended DataFig.7a-d). The presence of the ribosome or a high-salt
wash that contains ribosome-bound proteins did not drive dissociation
of NatA-HYPK (Extended Data Fig. 7e). Thus, NatA and HYPK form an
obligatory complex, and the de-repression of NatA activity is likely to
involve an allosteric mechanism rather than the dissociation of HYPK
from NatA.

To test whether and how HYPK and NAC regulate NatA activity on
theribosome, we reconstituted cotranslational N-terminal acetylation
reactions using purified protein complexes and RNC bearing the RPL4
nascent chain of 105 amino acids in length (Extended Data Fig. 1c).
We recapitulated the inhibitory effect of HYPK on NatA in reactions
with the RNC substrate (Fig. 4b, red). When NAC was additionally
present, however, N-terminal acetylation by the NatA-HYPK com-
plex occurred with efficiencies that were higher than those observed
for NatA alone (Fig. 4b). This reaction was abolished by deletion of
the NACa UBA domain or mutation of hydrophobic residues in the
NACa UBA domain that contact Naal5 (Fig. 4c), inagreement with the
critical role of these contacts in NatA recruitment to the RNC. Thus,
NAC relieves the inhibitory effect of HYPK and activates NatA on the
ribosome.

Consistent with the biochemical results, knockout of HYPK in C. ele-
ganspartially rescued the lethal phenotype in wormsin which NACa was
depleted by RNAi (Fig.4d). Moreover, the N-terminal acetylation defect
caused by NACa knockdown was partially reversed in HYPK-knockout
worms (Fig.4d). Therefore, the in vivo function of HYPK is inextricably
linked to that of NAC.

We next explored the mechanism underlyingthe NAC-induced acti-
vation of NatA-HYPK. The binding site of NACa. UBA on NatA, in the
N-terminal helices of Naal5, is distinct from that of HYPK UBA’, which
binds at the C-terminal TPR region (Fig. 4e,f, top and Extended Data
Fig. 8a-d), supporting the notion that NAC and HYPK can bind Naal5
simultaneously. However, structural superposition with the isolated
NatA-HYPK structure’ reveals that NACax H2 would sterically clash with
helix H2 of HYPK, which connects its UBA to the N-terminal region that
inhibits the NaalO active site (Extended Data Fig. 8c). Therefore, the
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binding to NAC could potentially release the inhibitory N terminus
of HYPK from the NaalO active site while both UBA domains of NAC
and HYPK remain anchored to distinct locations on Naal5 (Fig. 4f,
bottom).

To test this, we performed single-particle cryo-EM to solve the
structure of RNC-NAC-MetAP1 bound to NatA-HYPK (Extended
DataFig. 3 and Supplementary Fig. 2c). The overall configuration of
this assembly resembles that of the quaternary complex, with NACa
contacting NatA/E through both UBA and H2, which extends from
the globular domain of NAC (Fig. 4g and Extended Data Fig. 8e-j). We
identified anadditional globular density with a tubular extension that,
guided by the structure of isolated NatA/E-HYPK, were assigned to the
HYPK UBA domain and HYPK H2, respectively (Fig. 4f and Extended
Data Fig. 8e-j). The UBA domain of HYPK is positioned as in previous
NatA/E-HYPK structures®***°, However, induced by the steric clash
with NACa H2, H2 of HYPK is pushed upwards compared with previ-
ous structures, probably leading to derepression of NatA activity. In
agreement withthese structural observations, the mtNAC(H2) mutant,
which retains high-affinity NatA binding to the RNC via UBA contacts
(Fig.2), severely compromised N-terminal acetylation activity (Fig. 4c),
demonstrating theimportance of NACa H2 for the remodelling of HYPK
and de-inhibition of NatA.

Our study suggests amodel of extensive cooperationbetween NAC,
MetAP1 and NatA to ensure the timely and efficient cotranslational
N-terminal modification of around 40% of the mammalian proteome
(Fig.5). Giventhe estimated cellular concentrations of NatA (0.66 pM)
and HYPK** (0.41 uM), the majority of NatAis tightly bound to HYPK and
catalytically inhibited. NACrecruits NatA to the ribosome early during
translation using the flexibly tethered UBA domainin NACa, whereas
the C terminus of NACP recruits MetAP1**. To optimally position their
active sites next to the exit tunnel, the two enzymes form additional
contacts with NAC and with the ribosome on opposite sides of the
NAC globular domain. In NatA, this positioning involves the additional
contact of NACa H2 with NatA and displaces HYPK H2, allowing the
release of the inhibitory HYPK N terminus from the active site of NaalO.
This leads to catalytic activation of NatA, enabling rapid N-terminal
acetylation following iMet excision by MetAP1. The catalytic inhibi-
tion of NatA by HYPK off the ribosome and the de-inhibition by NAC
on the ribosome further renders this essential modification strictly
cotranslational.

In addition to the role of NAC in the ribosome recruitment of SRP
and MetAP1, recent studies have reported that CHP1, a specialized
chaperone that safeguards the cotranslational folding of eEF1A, and
potentially PHD2, which mediates the hydroxylation of HIFa during
hypoxia response, are both recruited by NAC to the ribosome54,
Theresults here together with these recent findings support a central
role of NAC as a molecular interaction hub that controls the access of
nascent polypeptide to diverse components of the protein biogenesis
machinery at the ribosome exit site. Our data further suggest multiple
potential mechanisms of molecular interplay between SRP and nascent
protein processing enzymes, including the competition of SRP and
NatA for the NAC UBA, steric clashes between MetAP1 and the SRP
GTPase domain near the ribosome exit tunnel, and the position of the
NAC globular domain that can be regulated by sequence information
inthe nascent chain. These interplays, which could further modulate
the modification efficiency for subsets of the mammalian protein,
awaitinvestigation.

Online content

Anymethods, additional references, Nature Portfolio reporting summa-
ries, source data, extended data, supplementary information, acknowl-
edgements, peer review information; details of author contributions
and competinginterests; and statements of data and code availability
are available at https://doi.org/10.1038/s41586-024-07846-7.

6 | Nature | www.nature.com

20.

21.

22.

23.

24.

25.

26.

27.

28.

20.

30.

31

32.

33.

34.

35.

36.

Aksnes, H., Drazic, A., Marie, M. & Arnesen, T. First things first: vital protein marks by
N-terminal acetyltransferases. Trends Biochem. Sci 41, 746-760 (2016).

Wiedmann, B., Sakai, H., Davis, T. A. & Wiedmann, M. A protein complex required for
signal-sequence-specific sorting and translocation. Nature 370, 434-440 (1994).
Gamerdinger, M. et al. Early scanning of nascent polypeptides inside the ribosomal
tunnel by NAC. Mol. Cell 75, 996-1006.e8 (2019).

Arnesen, T. et al. The chaperone-like protein HYPK acts together with NatA in cotranslational
N-terminal acetylation and prevention of Huntingtin aggregation. Mol. Cell. Biol. 30,
1898-1909 (2010).

Gottlieb, L. & Marmorstein, R. Structure of human NatA and its regulation by the huntingtin
interacting protein HYPK. Structure 26, 925-935.e8 (2018).

Arnesen, T. et al. Proteomics analyses reveal the evolutionary conservation and divergence
of N-terminal acetyltransferases from yeast and humans. Proc. Natl Acad. Sci. USA 106,
8157-8162 (2009).

Oh, J.-H., Hyun, J.-Y. & Varshavsky, A. Control of Hsp90 chaperone and its clients by
N-terminal acetylation and the N-end rule pathway. Proc. Natl Acad. Sci. USA 114,
E4370-E4379 (2017).

Monda, J. K. et al. Structural conservation of distinctive N-terminal acetylation-dependent
interactions across a family of mammalian NEDD8 ligation enzymes. Structure 21, 42-53
(2013).

Scott, D. C. et al. Blocking an N-terminal acetylation-dependent protein interaction
inhibits an E3 ligase. Nat. Chem. Biol. 13, 850-857 (2017).

Behnia, R., Panic, B., Whyte, J. R. C. & Munro, S. Targeting of the Arf-like GTPase Arl3p to
the Golgi requires N-terminal acetylation and the membrane protein Sys1p. Nat. Cell Biol.
6, 405-413 (2004).

Hwang, C.-S., Shemorry, A. & Varshavsky, A. N-terminal acetylation of cellular proteins
creates specific degradation signals. Science 327, 973-977 (2010).

Shemorry, A., Hwang, C.-S. & Varshavsky, A. Control of protein quality and stoichiometries
by N-terminal acetylation and the N-end rule pathway. Mol. Cell 50, 540-551(2013).
Gottlieb, L., Guo, L., Shorter, J. & Marmorstein, R. N-alpha-acetylation of Huntingtin
protein increases its propensity to aggregate. J. Biol. Chem. 297, 101363 (2021).
Vinueza-Gavilanes, R. et al. N-terminal acetylation mutants affect alpha-synuclein
stability, protein levels and neuronal toxicity. Neurobiol. Dis. 137, 104781 (2020).

Kang, L., Janowska, M. K., Moriarty, G. M. & Baum, J. Mechanistic insight into the
relationship between N-terminal acetylation of a-synuclein and fibril formation rates by
NMR and fluorescence. PLoS ONE 8, €75018 (2013).

Rope, A. F. et al. Using VAAST to identify an X-linked disorder resulting in lethality in male
infants due to N-terminal acetyltransferase deficiency. Am. J. Hum. Genet. 89, 28-43
(20M).

Bader, I. et al. Severe syndromic ID and skewed X-inactivation in a girl with NAA1O
dysfunction and a novel heterozygous de novo NAA10 p.(His16Pro) variant — a case
report. BMC Med. Genet. 21,153 (2020).

Lee, C.-F. et al. hNaa1Op contributes to tumorigenesis by facilitating DNMT1-mediated
tumor suppressor gene silencing. J. Clin. Invest. 120, 2920-2930 (2010).

Kim, S. M. et al. NAA10 as a new prognostic marker for cancer progression. Int. J. Mol. Sci.
21, E8010 (2020).

Bu, B. et al. N-terminal acetylation preserves a-synuclein from oligomerization by
blocking intermolecular hydrogen bonds. ACS Chem. Neurosci. 8, 2145-2151(2017).
Lima, V., de, A., do Nascimento, L. A., Eliezer, D. & Follmer, C. Role of Parkinson’s
disease-linked mutations and N-terminal acetylation on the oligomerization of
a-synuclein induced by 3,4-dihydroxyphenylacetaldehyde. ACS Chem. Neurosci. 10,
690-703 (2019).

Deng, S. & Marmorstein, R. Protein N-terminal acetylation: structural basis, mechanism,
versatility, and regulation. Trends Biochem. Sci. 46, 15-27 (2021).

Gautschi, M. et al. The yeast N°-acetyltransferase NatA is quantitatively anchored to

the ribosome and interacts with nascent polypeptides. Mol. Cell. Biol. 23, 7403-7414
(2003).

Magin, R. S., Deng, S., Zhang, H., Cooperman, B. & Marmorstein, R. Probing the interaction
between NatA and the ribosome for co-translational protein acetylation. PLoS ONE 12,
€0186278 (2017).

Varland, S. & Arnesen, T. Investigating the functionality of a ribosome-binding mutant of
NAA15 using Saccharomyces cerevisiae. BMC Res. Notes 11, 404 (2018).

Knorr, A. G. et al. Ribosome-NatA architecture reveals that rRNA expansion segments
coordinate N-terminal acetylation. Nat. Struct. Mol. Biol. 26, 35-39 (2019).

Sandikci, A. et al. Dynamic enzyme docking to the ribosome coordinates N-terminal
processing with polypeptide folding. Nat. Struct. Mol. Biol. 20, 843-850 (2013).

Mullen, J. R. et al. Identification and characterization of genes and mutants for an
N-terminal acetyltransferase from yeast. EMBO J. 8, 2067-2075 (1989).

Deng, S., McTiernan, N., Wei, X., Arnesen, T. & Marmorstein, R. Molecular basis for
N-terminal acetylation by human NatE and its modulation by HYPK. Nat. Commun. 11,

818 (2020).

Weyer, F. A. et al. Structural basis of HypK regulating N-terminal acetylation by the NatA
complex. Nat. Commun. 8, 15726 (2017).

Miklankova, P. et al. HYPK promotes the activity of the N°-acetyltransferase A complex to
determine proteostasis of nonAc-X2/N-degron-containing proteins. Sci. Adv. 8, eabn6153
(2022).

Gong, X. et al. OsHYPK-mediated protein N-terminal acetylation coordinates plant
development and abiotic stress responses in rice. Mol. Plant 15, 740-754 (2022).

Jomaa, A. et al. Mechanism of signal sequence handover from NAC to SRP on ribosomes
during ER-protein targeting. Science 375, 839-844 (2022).

Gamerdinger, M. et al. NAC controls cotranslational N-terminal methionine excision in
eukaryotes. Science 380, 1238-1243 (2023).

Song, D., Peng, K., Palmer, B. E. & Leg, F. S. The ribosomal chaperone NACA recruits PHD2
to cotranslationally modify HIF-a. EMBO J. 41, 112059 (2022).

Hsieh, H.-H., Lee, J. H., Chandrasekar, S. & Shan, S.-O. A ribosome-associated chaperone
enables substrate triage in a cotranslational protein targeting complex. Nat. Commun. 11,
5840 (2020).


https://doi.org/10.1038/s41586-024-07846-7

37.

38.

39.

40.

41.

42.

43.

Connell, E., Darios, F., Peak-Chew, S., Soloviev, M. & Davletov, B. N-terminal acetylation of
the neuronal protein SNAP-25 is revealed by the SMI81 monoclonal antibody. Biochemistry
48, 9582-9589 (2009).

Jumper, J. et al. Highly accurate protein structure prediction with AlphaFold. Nature 596,
583-589 (2021).

Mirdita, M. et al. ColabFold: making protein folding accessible to all. Nat. Methods 19,
679-682 (2022).

Garrabrant, T. et al. Small molecule inhibitors of methionine aminopeptidase type 2
(MetAP-2) fail to inhibit endothelial cell proliferation or formation of microvessels from rat
aortic rings in vitro. Angiogenesis 7, 91-96 (2004).

Yang, C.-I., Hsieh, H.-H. & Shan, S.-O. Timing and specificity of cotranslational nascent
protein modification in bacteria. Proc. Natl Acad. Sci. USA 116, 23050-23060 (2019).
Chen, X. et al. Three-dimensional structure of the complexin/SNARE complex. Neuron
33, 397-409 (2002).

Ingolia, N. T., Lareau, L. F. & Weissman, J. S. Ribosome profiling of mouse embryonic stem
cells reveals the complexity and dynamics of mammalian proteomes. Cell 147, 789-802
(20Mm).

44.

45.

Kulak, N. A., Pichler, G., Paron, |., Nagaraj, N. & Mann, M. Minimal, encapsulated proteomic-
sample processing applied to copy-number estimation in eukaryotic cells. Nat. Methods
1, 319-324 (2014).

Minoia, M. et al. Chp1 is a dedicated chaperone at the ribosome that safeguards eEF1A
biogenesis. Nat. Commun. 15, 1382 (2024).

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds exclusive rights to this
article under a publishing agreement with the author(s) or other rightsholder(s); author
self-archiving of the accepted manuscript version of this article is solely governed by the
terms of such publishing agreement and applicable law.

© The Author(s), under exclusive licence to Springer Nature Limited 2024

Nature | www.nature.com | 7



Article

Methods

Protein purification

HYPK. Human HYPK fused to N-terminal SUMO was expressed from
pETm41-SUMO-HYPK. Freshly transformed BL21 (DE3) cells were ino-
culated in LB medium containing kanamycin (50 pg ml™) and grown
at37 °Ctoan OD,, 0f 0.6, at which time the temperature was lowered
to 18 °C and protein expression was induced by 1 mM isopropyl 3-D-
1-thiogalactopyranoside (IPTG) for 12-16 h. Collected cells were lysed
by sonication in lysis buffer (25 mM Tris-HCI pH 8.0, 150 mM NaCl,
10 mM B-mercaptoethanol, 30 mM imidazole) supplemented with
ProBlock Gold Protease Inhibitor Cocktail (Goldbio) and1 mM AEBSF.
The lysate was clarified by centrifugation in aJA-20 rotor (Beckman
Coulter) at 18,000 rpm for 1 h at 4 °C, followed by incubation with
1ml pre-equilibrated Ni Sepharose High Performance resin (Cytiva)
per 11 of culture for 1 h with rotation at 4 °C. The resin was washed in
batch 5times with 10 column volumes lysis buffer, and the proteinwas
eluted twice with 10 column volumes lysis buffer containing 500 mM
imidazole. The N-terminal SUMO tag was cleaved by addition of Ulp1,
and the mixture was dialyzed in HYPK Buffer A (25 mM Tris-Cl pH 8.0,
150 mMNaCl,1 mM TCEP) at 4 °C withrotation overnight. Cleavage was
confirmed by SDS-PAGE, and the protein was purified over aMonoQ
10/100 GL anion-exchange column (Cytiva) pre-equilibrated in HYPK
buffer Ausinga20 columnvolumelinear gradient to100% HYPK buffer
B (50 mM HEPES-KOH pH 7.5, 0.6 M NaCl, 1 mM TCEP, 10% glycerol).
Peak fractions were pooled and concentrated to 400-500 uM with a
3 KMWCO centrifugation concentrator (Amicon). Aliquots were frozen
in liquid nitrogen and stored at —80 °C. The protein concentration
was measured using an extinction coefficient of £,40=1,490 M cm™.

Naa15 and Naa10 (NatA). A URA3 selectable and galactose inducible
pPRS plasmid co-expressing human 6xHis-Naal5and NaalO or 6 xHis—
Naal5 and the catalytically impaired Naal0 mutant E24Q/Y26F* were
used to transform Saccharomyces cerevisiae (strain BCY123). Individ-
ual clones were tested for expression and frozen as glycerol stocks at
-80 °C. Glycerol stocks were streaked out on uracil (Ura) dropout syn-
thetic defined (SD) agar plates and incubated for 48 hat 30 °C.Five to
ten colonies wereinoculated into SD-Uramedium supplemented with
2% glucose and grown overnight with shaking at 30 °C. The next morn-
ing, alarger-scale SD-Ura medium supplemented with 2% raffinose was
inoculated withthe overnight culture at aratio of1:40 and grown while
shakingat225rpmat 30 °Ctoan OD,, of approximately 0.8, at which
time protein expression wasinduced by addition of 2% galactose. After
growing overnight, the cells were collected and resuspendedin 1 mllysis
buffer (500 mM NaCl, 50 mM potassium phosphate pH 7.4,10% glycerol,
10 mM B-mercaptoethanol, 35 mMimidazole) supplemented with1 mM
AEBSF (Goldbio) and 1x ProBlock Gold Protease Inhibitor Cocktail
(Goldbio) per10 ml cell paste. The resuspension was slowly dripped into
liquid nitrogen using a 5-ml serological pipette. The frozen cell kernels
were lysed using a pre-cooled CryoMill (Retsch) at 25 Hz for 2 min. The
resulting cell powder was thawed with equal volume of lysis buffer until
allicecrystals disappeared and centrifuged at 42,000 rpm for 45 min at
4°CinaType45TiFixed-Anglerotor (Beckman Coulter). The clarified
lysate was then added to 1.5 ml Ni Sepharose High Performance resin
(Cytiva) per1lofcultureandincubated with rotationat4 °Cfor1h.The
resin was washed with 7 column volumes lysis buffer with 1 mM AEBSF
in batch for 15 min with rotation, and this step was repeated 4 times.
The protein was eluted with 8 column volumes lysis buffer containing
500 mMimidazole and dialyzed overnight into dialysis buffer 20 mM
HEPES-KOH pH7.4,250 mM NaCl, 5 mM 3-mercaptoethanol, 10% glyc-
erol) with 10 KMWCO SnakeSkin (ThermoFisher) dialysis tubing. The
dialysed protein was purified overaMono S10/100 GL cation exchange
column (Cytiva) using a20 column volume linear gradient from NatA
buffer A(20 mM HEPES-KOH pH 7.4,10% glycerol,1 mM TCEP, 250 mM
NaCl) to 90% NatA buffer B (20 mM HEPES-KOH pH 7.4,10% glycerol,

1mM TCEP, 1 M NacCl). Peak fractions were pooled and concentrated
using a 50 KMWCO centrifugation concentrator (Amicon), and aliquots
were frozeninliquid nitrogen. The protein concentration was measured
using an extinction coefficient of £, =132,480 M cm™.

Naa50. Human Naa50 carrying an N-terminal GST tag was expressed
from pGEM-GST-hNaa50 (agift from the Marmorstein laboratory) and
purified accordingto the protocolinref. 5, except for omitting the final
gel filtration chromatography step. The protein concentration was
determined using an extinction coefficient of £,50=13,410 M cm™.

NAC. The human NAC heterodimer consisting of NACa with an
N-terminal 6xHis tag and NAC[3 was expressed from a pET28b-NAC
plasmid. Freshly transformed BL21 (DE3) cells were grown in LB
medium containing kanamycin (50 pg ml™) to an ODg,, 0f 0.6, at which
time temperature was lowered to 18 °C, and protein expression was
induced by addition of 1 mMIPTG for 12-16 h. Cells were lysed by soni-
cation in NAC lysis buffer (50 mM HEPES-KOH pH 7.5,1 M NaCl, 6 mM
B-mercaptoethanol, 30 mM imidazole, 10% glycerol) supplemented
with 1x ProBlock Gold Protease Inhibitor Cocktail (Goldbio) and1 mM
AEBSF and clarified by centrifugationina]A-20 rotor (Beckman Coulter)
inan AvantiJ-E centrifuge (Beckman Coulter) at18,000 rpmfor1h. The
clarified lysate was incubated with 1 ml of Ni Sepharose High Perfor-
mance resin (Cytiva) per11of culture for 1 h with rotation at 4 °C. The
resin was washed in batch with 50 column volumes of NAC lysis buffer
and eluted twice with 5 column volumes of NAC elution buffer (50 mM
HEPES-KOH pH 7.5,100 mM NaCl, 500 mMimidazole,1 mM TCEP,10%
glycerol). The N-terminal 6xHis tag was cleaved using PreScission Pro-
tease with rotation overnight at 4 °C. The protein was purified over a
Mono Q10/100 GL anion-exchange column (Cytiva) pre-equilibrated
inNAC Buffer A (50 mM HEPES-KOH pH 7.5,100 mM NaCl,1 mM TCEP,
10% glycerol) and eluted with a 10 column volume linear gradient to
50%NAC Buffer B(50 mMHEPES-KOH pH7.5,1 MNaCl,1 mM TCEP,10%
glycerol). Peak fractions were pooled concentrated with a3 KMWCO
centrifugation concentrator (Amicon). Aliquots were frozen in liquid
nitrogenand stored at —80 °C. The protein concentration was measured
using an extinction coefficient of £,50=2,980 M cm™.

SFP. SFP was purified according to a previously established protocol
with modifications®. In brief, SFP with a PreScission Protease-cleavable
C-terminal 6xHis tag was expressed from pET29 Sfp-Pre-His. Freshly
transformed BL21 (DE3) cells were grown in LB medium containing
kanamycin (50 pg ml™?) at 37 °C to an OD,, of 0.6, at which point pro-
tein expression was induced by addition of 1mM IPTG. The culture
was grown at 25 °Cfor 6 hand at15 °Covernight. Clarified lysatein SFP
Buffer (20 mM Tris-HCI pH 8.0, 500 mM NacCl, 5 mM imidazole) sup-
plemented with1x ProBlock Gold Protease Inhibitor Cocktail (Goldbio)
was incubated with 2 ml pre-equilibrated Nickel NTA agarose resin
(Goldbio) for1 hwithrotation at 4 °C. The resin was washed in gravity
flow with 50 column volumes SFP Buffer, and the tagged protein was
eluted with 7.5 ml elution buffer (50 mM Tris-HCI pH 7.0,125 mM NacCl,
1mMEDTA, 1mM DTT, 500 mM imidazole). The eluted protein was
incubated with PreScission Protease at 4 °C with rotation overnight
and purified over aMonoQ10/100 GL anion-exchange column (Cytiva)
using a gradient of 125-500 mM NaCl over 20 column volumes. Peak
fractions were dialysed into SFP storage buffer (10 mM Tris-HCIpH 7.4,
1mMEDTA, 10% glycerol), and aliquots were frozen in liquid nitrogen
and stored at—80 °C.

MetAP1. MetAP1 and the catalytically impaired MetAP1D220N mutant®*
were purified essentially as previously described*. In brief, human
MetAP1 was expressed as a His-SUMO fusion protein in Escherichia
coli BL21(DE3) cells. After His affinity purification using a Talon
cobaltresin (Takara), the His-SUMO tag was cleaved by SUMO protease
(Ulpl) and MetAP1 purified by ion exchange chromatography. After



dialysis overnight into storage buffer (20 mM Na-PO, pH 7.4, 25 mM
NaCl, 6 mM MgCl,, 5% glycerol), the protein was frozen in liquid N,,
and stored at —80 °C.

RNC purification

In vitro transcription of mRNA. Templates for in vitro transcription
were generated by PCR, resultinginamplicons thatincludedaT7 pro-
moter at the 5’ end followed by an IRES sequence and the protein of
interest lacking a stop codon at the 3’ end. Amplicons were purified
using a Qiagen PCR purification kit. Transcription was performed for
4 hat 37 °C with 5 ng pl™ DNA template, 7.5 mM of each NTP, 40 mM
Tris-HCIpH 8.0,10 mM DTT, 2 mM spermidine (Sigma), 20 mM MgCl,,
0.015 U pl™ E. coli inorganic pyrophosphatase (NEB), 0.4 U ul ™' RNase
inhibitor (Ambion), and homemade T7 RNA polymerase. Transcription
reactions were cleaned up by LiCl precipitation, and the pellets were
resuspended in ddH,0 and stored at —80 °C.

Generation and purification of RNC. In vitro translation was per-
formedinRRLaccordingto established protocols*. Inbrief, the transla-
tionreactionwas performed for 30 minat 32 °C with 1x T2 mix contain-
ing the RRL, amino acids, and an energy mix (see ref. 48 for details),
1.5 mM MgCl,, 50 mMKClI, 0.3 mM spermidine (Sigma), 5 mMDTT, and
40 pM methionine. Afterin vitro translation, the reaction was supple-
mented to 15 mM magnesium acetate, 666 mM potassiumacetate, and
0.1% Triton X-100 (Sigma) and layered over a high-salt sucrose cushion
(50 MM HEPES-KOH pH 7.5,1 M potassium acetate, 15 mM magnesium
acetate, 0.5 M sucrose, 0.1% Triton X-100), followed by centrifuga-
tionina TLA100.3 rotor (Beckman Coulter) at 100,000 rpm for 1 h at
4 °C.Thepellets were resuspended with Resuspension Buffer (50 mM
HEPES-KOH pH7.5,100 mM potassium acetate, 2 mM magnesium ace-
tate), and the resuspension was centrifuged at 14,000g for 10 min to
remove large aggregates. RNCs with an N-terminal 3xFlag-SUMO tag
were incubated with anti-DYKDDDDK magnetic agarose resin (Pierce
A36797) for 1 h with rotation at 4 °C. Beads were washed 3 times with
3 column volumes wash buffer 1 (50 mM HEPES-KOH pH 7.5,300 mM
potassium acetate, 2 mM magnesium acetate), 3 times with 3 column
volume wash buffer 2 (50 mM HEPES-KOH pH 7.5,100 mM potassium
acetate,2 mM magnesium acetate, 0.1% Triton-X100), and once in 5 col-
umn volumes of resuspension buffer. RNCs were eluted with 2 column
volumes of elution buffer (50 mM HEPES-KOH pH 7.5,100 mM potas-
sium acetate, 2 mM magnesium acetate, 1.5 mg ml™ 3xFlag peptide
(Apex Bio. SKU: A6001-25)), and the tag was cleaved from the nascent
chainusing1 M Ulp1SUMO protease (homemade) for1 hat4 °C. After
cleavage, the RNCs were centrifuged through a 0.5 M sucrose cushion
in SRP buffer (50 mM HEPES-KOH pH 7.5, 150 mM potassium acetate,
5 mM magnesium acetate) ina TLA 120.2 rotor (Beckman Coulter) at
100,000 rpm for1h at 4 °C. The resulting pellet was resuspended in
SRP buffer (50 mM HEPES-KOH pH 7.5,150 mM potassium acetate,
5mMmagnesium acetate, 1 mM fresh DTT, 0.02% octaethylene glycol
monododecyl ether (Sigma)). RNCs were flash-frozen in liquid nitrogen
and stored at -80 °Cin single-use aliquots.

Fluorescencelabelling

Cysteine-maleimide labelling of NAC and HYPK. Cys-less NAC and
HYPK were engineered to harbor a single cysteine (NACa(S186C),
NACPB(A57C) and HYPK(T92C)) and purified as the wild-type protein.
Single-cysteine mutants were labelled in labelling buffer (50 mM
HEPES-KOH pH 7.5,100 mM NacCl, 1 mM TCEP, and 20% glycerol) with
afivefold molar excess of maleimide-conjugated dye (BODIPY-FL (BDP),
maleimide (Invitrogen B10250), or tetramethylrhodamine-5-maleimid
e (TMR) single isomer (Invitrogen T6027)). Not incorporated dye was
removed with a homemade 40 ml Sephadex G25 fine column (GE
Healthcare). Peak fractions were pooled and concentrated withal0 K
MWOCO centrifugation filter (Amicon), and aliquots were frozen and
stored at -80 °C.

ybbR-SFP labelling of NatA. Coenzyme A (CoA) conjugates of TMR
were generated by reacting maleimide-conjugated dye witha1.75molar
excess of COASH in 0.25mIDMSO and 0.75 ml 100 mM Na-<Phosphate pH
7.0 whilestirringinthe dark for1 hatroomtemperature. The reaction
was purified by HPLC chromatography using a C18 wide pore column
(Supelco Analytical) with a 0-100% acetonitrile gradient. Peak fractions
were lyophilized for approximately 36 h, and purified CoA-dye conju-
gatewasresuspended in DMSO. The 11-residue ybbR tag**’ was append-
edtothe N terminus or inserted at residue 651 of Naal5. ybbR-tagged
proteins were purified similar to wild-type proteins and labelled in SFP
labelling buffer (50 mM HEPES-KOH pH 7.5,150 mM NaCl, 10 mM MgCl,)
with stoichiometric amounts of SFP enzyme and a 2.5 molar excess of
CoA-dye conjugate for1 hinthe darkatroomtemperature. Free dye and
SFP were removed using Ni-HP resin. Labelled NatA was exchanged into
storage buffer (25 mM HEPES-KOH pH 7.5,200 mM NaCl, 1 mM TCEP,
20% glycerol) using a PD10 column (Cytiva), concentrated using an
Amicon centrifugation concentrator, flash frozeninaliquotsin liquid
nitrogen, and stored at —80 °C.

RNC labelling. RNC bearing the N-terminal 53 amino acids of the RPL4
nascent chain (RNCpp4.53,,) Was labelled with BODIPY-FL (BDP) at residue
12. To generate fluorescent RNCs, an amber codon was incorporated
intothe mRNA, and an amber suppressor systemwas used toinsert the
noncanonical amino acid TCOK, which reacts with tetrazine-conjugated
BODIPY-FL (see ref. 36 for details on the optimization of the amber
suppression system). Labelled RNCs were purified as described for
unlabelled RNC.

Preparation of high-salt wash fractions of RNC-protein
complexes

The high-salt wash fraction of ribosome-bound cofactors were purified
from RRL according to previously established protocols®.

Biochemical measurements in extract

MetAP1 reaction in RRL. Amplicons of different sizes were gener-
ated by PCRand invitro transcribed to generate mRNAs encoding the
N-terminal 40, 45,50, 60,70, 80 and 100 residues of the RPL4 nascent
chain with a single iMet. A negative control, which encodes a trypto-
phanat position 2 representing a poor MetAP1 substrate®, was trans-
lated in parallel. mRNAs were translated in RRL as described in the
RNC purification section, except that RRL was pretreated with MNase
(homemade), supplemented with 0.1 uM fumagillin, and that 4 uM of
unlabelled Met and 0.25 uCi pl [*S]Met was used. Reaction products
were layered over a high-salt sucrose cushion (50 mM HEPES-KOH pH
7.5,1M potassium acetate, 15 mM magnesium acetate, 0.5 M sucrose,
0.1% Triton X-100) and centrifuged ina TLA100 rotor (Beckman Coulter)
at100,000 rpmfor1hat4 °C.Aradioactive loading control consisting
of Skd3-Ank fusion protein translated by the PURE system was added
prior to loading onto the gel.

The PURE system (NEB) was used to generate Skd3-eGFP fusion
protein as a loading control. 12.5 pl PURE-IVT reactions containing
5plsolution A, 3.75 plsolution B,1.6 U pl ™' RNase I (Ambion), 12 ng pl™
of the Skd3-eGFP fusion protein plasmid, 1.48 uCi pl™ [*S]Met were
incubated for 2 h at 37 °C. The reaction was diluted 1:16, and 2 pl was
addedto eachextractreaction prior toloading the entire reaction onto
a4-12% Bis-Tris gel (Genscript) using low pH loading dye. Gels were
imaged using autoradiography, and the resulting bands were quanti-
fied using ImageJ v1.53t.

NatA reaction in RRL. Amplicons of different sizes were generated
by PCRand invitro transcribed to generate mRNAs encoding SNAP25
nascent chainof 20, 60, 70, 84, 97,111,120 and 130 amino acids in length
or RPL4 nascent chains of 45, 68, 88, 95,105 and 115 amino acids in
length, which include the 11-residue N-terminal SMI epitope derived
from SNAP25. N-terminal acetylation was detected using the SMI81
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monoclonal antibody. A negative control, which encodes a proline
at position 2, a substrate that cannot be acetylated’, was translated in
parallel. mMRNAs were translated in RRL as described inthe RNC purifica-
tionsectionin125-plreactions. Thereactions were layered over a125 pl
high salt sucrose cushion and centrifugedina TLA100 rotor (Beckman
Coulter) for1hat100,000 rpm and resuspended in 20 pl equilibrium
buffer. One-hundred nanomolar RNCin10 plwasloaded onto a4-12%
Bis-Tris geland imaged by immunodetection. Theimmunoblots were
blocked for 1 hwith 3% BSA in PBS-T, and then probed simultaneously
with primary antibodies for RPL10 and SMIS8I. The blots were probed
for 45 min with the secondary antibodies, and bands were quantified
using ImageJ v1.53t.

Biochemical measurements using purified proteins and
complexes

Prior to all assays, proteins were centrifuged for 30 min at 4 °C at
100,000 rpminaTLA 100 rotor (Beckman Coulter) in an Optima TLX
Ultracentrifuge (Beckman Coulter). RNCs were centrifuged for 5 min
at4°Cat10,000 rpmina5425rotor (Beckman Coulter).

N-terminal acetylation reactions on peptide substrates. Reac-
tions were carried out using a previously described protocol® with
minor variations. Reactions contained various concentrations of
H4 peptide substrate (sequence SGRGKGGKGLGKGGAKRHR, Gen-
script), 80 uM acetyl-coenzyme A (acetyl-CoA) (Sigma), 20 pM [*C]
acetyl-CoA (60 mCi mmol™), 10 nM human NatA (hNatA) in reaction
buffer containing 100 mM HEPES-KOH pH 8.0, 50 mM NaCl,2 mg mI™
bovine serum albumin (BSA), 5 mM DTT, and 0.02% octaethylene
glycol monododecyl ether (Sigma). NatA was preincubated with
H4 peptide at room temperature for 2 min, and the reaction was
initiated by adding an equal volume of a 2x acetyl-CoA mixture for
afinal reaction volume of 125 pl. The reaction was stopped at vari-
ous time points in the linear range by blotting 20 pl onto a 1.5 cm?
P81 phosphocellulose paper (J. Oakhill) and immediately placing it
into wash buffer (20 mM HEPES-KOH pH 7.4). Unincorporated ["*C]
acetyl-CoA was removed with 3x 15 ml 5-min washes, and the paper
squares were air-dried for 2 h. The paper squares were then added
tolarge scintillation vials with 15 ml of safety-solve scintillation fluid
(Research productsinternational), vortexed for 3 min, and incubated
overnight. Scintillation counts were measured by a scintillation sys-
tem (Beckman Coulter LS6500) with anintegration time of 5 min. The
substrate concentration dependence of initial velocities was fit to the
Michaelis-Menten equation to obtain the turnover number (k) and
Michaelis constant (K,).

Reconstituted RNC acetylation assay. RNCs were generated in which
the nascent chain contains an N-terminal SUMO, followed by residues
2-12 of SNAP25 and residues 1-94 of RPL4. The N-terminally acetylated
11 residues of SNAP2S5 are specifically recognized by the SMI81 anti-
body?¥, providing areadout for N-terminal acetylation on the RNC after
the cleavage of SUMO by Ulpl. Reactions were carried out in RNC buffer
(50 MM HEPES-KOH pH 7.5,150 mM potassium acetate, 5 mM magne-
siumacetate,5mM DTT, and 0.02% octaethylene glycol monododecyl
ether (Sigma)) and contained 70 nM RNCgyapys_rers, 100 M acetyl-CoA
(Sigma), 10 nM hNatA or hNatA-HYPK complex (formed with 1:1.2
molar ratio), and 200 nM NAC where indicated. Reactions were initi-
ated by addition of acetyl-CoA. Reaction aliquots were removed at 10,
20,30 and 50 s and quenched in 4x low pH loading dye (30% glycerol,
250 mM Bis-Tris, pH 5.7, 0.04% bromophenol blue, 8% SDS, 200 mM
DTT) and flash freezing in liquid nitrogen. Reactions were analysed
by SDS-PAGE on 4-12% Bis-Tris gels run at 100 V to avoid hydrolysis
of the covalent nascent chain-tRNA bond, followed by western blot
using primary antibodies for RPL10 (1:2,000, Abcepta, AP19053a) and
SMI81(1:2,000 BioLegend, 836304). The blots were probed for 45 min
with the secondary antibodies Goat anti-Rabbit (1:20,000 Licor, IRDye

680RD) and Goat anti-Mouse (1:15,000 Licor, IRDye 8O0CW). Bands
were quantified using ImageJ v1.53t.

Coupled iMet excision and N-terminal acetylation reactions on the
RNC were carried out similarly using an RNC bearing a 105-amino-
acid-long RPL4 nascent chain withiMet. Reactions were carried outin
RNC,, buffer (50 mM HEPES-KOH pH 7.5,200 mM potassium acetate,
5 mMmagnesium acetate,2 mM TCEP,100 uM CoCl,, and 0.02% octa-
ethylene glycol monododecyl ether (Sigma)) and contained 100 nM
RNC, 200 nM ofthe indicated NAC variant, 5 nM NatAHYPK. Reactions
were initiated with an equal volume of 100 pM Acetyl-CoA and 5 nM
MetAP1 (final concentrations). 10 pl of the reaction was quenched
at 20,30 and 60 s with 4x low pH SDS-loading buffer and analysed as
above.

Fluorescence emission spectra. All fluorescence measurements were
carried outonaFluorolog3-22 or FluoroQM-75-22 spectrofluorometer
(HORIBA) at 25 °C in RNC buffer with 1 mg mI™ BSA. Datawere collected
using FelixFL v1.0.34.0 (HORIBA).Fluorescence spectrawere recorded
using an excitation wavelength of 485 nm and emission wavelengths
from 500-600 nm. FRET between BODIPY-FL-labelled RNCygp, , (RNCEPP)
and TMR-labelled at N-terminally ybbR-tagged Naal5-NaalO(E24Q/
Y26F) (NatA™R) was detected using samples containing 1nM RNC?"F,
100 nM NatA™R®, and/or 1 pM unlabelled NatA where indicated. FRET
between BODIPY-FL-labelled ybbR-Naal5-NaalO(E24Q/Y26F)
(NatA®°") and TMR-labelled NACa(S186C)-NACB (NAC™R) was detected
using samples containing 5 nMNAC™R®, 5 nM NatA®", 5 nM unlabelled
NAC(S186C), and 5 nM RNC bearing the N-terminal 53 amino acids of
RPL4 where indicated. FRET between NatA labelled with BODIPY-FL
in ybbR inserted at residue 651 of Naal5 (NatA®™") and HYPK labelled
with TMR at C92 (HYPK™R) was detected using 5 nM NatA®°® with and
without 50 nMHYPK™R,

Equilibrium titrations. To measure the binding affinity between RNC®”
and NatA™®, equilibrium titrations were performed in RNC buffer using
1nM RNCP®® or preformed RNC®”"-NAC complex and indicated con-
centrations of NatA™®, Fluorescence emission of RNC®® was recorded
using an excitation wavelength of 485 nm and emission wavelength
of 517 nm. A control titration with unlabelled NatA was carried out in
parallel. Raw fluorescence intensities were corrected for dilution and
buffer background, and FRET efficiencies (E) were calculated using
equation (1):

—1-foa
E=1 F @

inwhich F,, and F;, are the donor fluorescence intensities in the titra-
tions with NatA™® and unlabelled NatA, respectively. The NatA con-
centration dependence of E was fitted™ to equation (2):
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inwhich[A],and [T] are the total concentrations of analyte (RNC) and
titrant (NatA), respectively, £,,, is the FRET efficiency at saturating
titrant concentrations, and K, is the equilibrium dissociation constant.
K, was constrained to be greater than 0.1 nM during fitting. Datafitting
was performed using Prism v10.1.0.

To measure the K; between NatA and HYPK, increasing concen-
trations of HYPK™R® were incubated with 5 nM NatA labelled with
BODIPY-FL at 651. Donor fluorescence emission of individual reactions
were recorded on the SpectraMax iD5 plate reader (Molecular devices)
with opaque 96-well plates using an excitation wavelength of 485 nm
and an emission wavelength of 525 nm. Data were fit to equation (2).
To measure the effect of the ribosome on the NatA-HYPK complex,
acomplex pre-formed with 10 nM NatA®" and 50 nM HYPK™R was



incubated with increasing concentrations of 80 S. Fluorescence was
recorded using the plate reader as described above.

Dissociation rate constant measurements. A preformed complex
with 5nM NatA®®" and 100 nM HYPK™R was chased with 2 uM unla-
belled HYPK in RNC buffer. The time course of fluorescence change
was recorded on the plate reader as described above. The data were
fit to a single exponential equation.

Assembly of macromolecular complexes for cryo-EM studies
Allcomplexes were assembled in cryo-EM buffer (50 mM HEPES-KOH
pH 7.4,100 mM potassium acetate, 5 mM magnesium acetate, 0.02%
octaethylene glycolmonododecyl ether). For the RNCg; ,~NAC-NatA/E
complex, RNCgp, and NAC were mixed at final concentrations of 80 nM
and 500 nM, respectively. The mixture was incubated for 10 min at
room temperature, then mixed with the catalytically impaired NatA
(NaalO(E24Q/Y26F)) and Naa50 at final concentrations of 1 uM, incu-
bated at room temperature for 10 min and then placed on ice until
grid preparation. The RNCgp ,~NAC-MetAP1-NatA/E complex was
prepared similarly, except for the additional presence of 1 uM catalyti-
callyimpaired MetAP1(D220N mutant) in the finalincubation step. For
the RNCgp,~NAC-MetAP1-NatA/E-HYPK complex, the RNCgp ,~NAC-
MetAP1-NatA/E complex prepared as above was further mixed with
HYPK atafinal concentration of 2 uM, incubated at room temperature
for 10 min and then placed onice until grid preparation.

Cryo-EM grid preparation and data collection

For cryo-EM sample preparation, Quantifoil R2/2 Cu 300 grids were
washed with ethyl acetate, coated with a1 nm thick continuous layer
of amorphous carbon (produced in-house) and glow-discharged for
15 s at 15 mA using PELCO easiGlow glow discharge cleaning system
(Ted Pella). Grids were mounted into Vitrobot MK IV (Thermo Fisher
Scientific) with the chamber set to 4 °C and 95% humidity. Four microli-
tres of sample were applied to a grid and the sample was incubated for
30sinthe Vitrobot chamber, excess sample was blotted off grids for
2-4 swithablotforce of 15, and grids were plunge-frozenina mixture
of ethane and propane (1:2).

Grids were imaged in a Titan Krios G3i (RNCgp ,~NAC-NatA/E and
RNCpp ,—~NAC-MetAP1-NatA/E-HYPK samples) or Titan Krios G4
(RNCgp ,~NAC-MetAP1-NatA/E) transmission electron microscope
operating at 300 kV and equipped with a BioQuantum (Krios G3i) imag-
ing filter or a BioContinuum (Krios G4) imaging filter-mounted K3
directelectrondetector, operatingin 2x binned super-resolution mode.
The microscope was used with anominal magnification of 81,000x. The
energy filter slitwas setto20 e V, the defocus was set to shift between
-0.6and -2.4 pmin 0.3-um steps.

Automated data collection was set up in EPU software (Thermo Fisher
Scientific). For the RNCgp ,~NAC-NatA/E sample, atotal of 8,739 movies
were collected at a physical pixel size of 1.06 A per pixel with the total
electron dose of 60 e” A2 using EPU 2.10.0.5; for the RNCpp ,~NAC-
MetAP1-NatA/E sample, a total of 8,888 movies were collected ata
physical pixel size of 1.065 A per pixel with the total electron dose of
50 e” A2using EPU 3.0.0.4164; for the quaternary HYPK complex, a
total of 9,330 movies were collected at a physical pixel size of 1.06 A
per pixel with the total electron dose of 50 e~ A2using EPU 3.2.0.4776.

Cryo-EM data processing

RNCg; ,~NAC-NatA/E sample (ternary complex). Movie frames
were motion-corrected, dose-weighted and summed into micro-
graphs using CryoSPARC Live. Particles were picked with blob picker
(circular blob, 250-350 A blob diameter range) in CryoSPARC Live.
Picked particles were extracted withabox size of 560 pixels and binned
3 times to a box size of 186 pixels. Picked particles were subjected to
2D classification (number of classes set to 200) in CryoSPARC, and
457,759 particles from 2D classes were selected for further processing.

Following a homogeneous refinement in CryoSPARC, particles were
further subjected to 3D classificationin Relion 3.1 (ref. 53) tofirst select
translating ribosomes with a P-site tRNA (239,646 particles, 52% of
all ribosomes; non-default 3D classification parameters are listed in
Supplementary Fig. 2a) and then out of those the RNCs with NAC and
NatA/E bound (mask used in the 3D classification covered NAC and
NatA/E; non-default parameters are listed in Supplementary Fig. 2a).
The identified 37,434 particles with well-defined NAC-NatA/E (8% of
allribosome particles) were reimported into CryoSPARC*, reextracted
without binning, and used for ahomogeneous refinement (non-default
parameters are listed in Supplementary Fig. 2a) resulting in a map of
RNCgp,~NAC-NatA/E complex to an overall resolution of 2.9 A, esti-
mated using the Fourier shell correlation (FSC) = 0.143 criterion®.
The map was then further locally refined (non-default parameters are
listed in Supplementary Fig. 2a) first with a mask covering both NAC
and NatA/E, and then with a mask covering only the core of NatA/E
(non-default parameters are listed in Supplementary Fig. 2a), to an
overallresolution of 6.5 A (Extended Data Table1).

80S-NAC-NatA/E sample. As we saw NAC-NatA/E bound to ribo-
somes regardless of the translation state, we opted to pool ribosome
particles with these factors regardless of whether they contain a nas-
cent chain or not and performed 3D classifications on NatA/E using
CryoSPARC in order to improve the resolution of the NAC-NatA/E
segment of the map. First, 197,483 ribosomes with NatA/E (43% of all
ribosome particles) were selected through focused 3D classification
onthe binned data. Selected particles were then reextracted without
binning and homogeneously refined (Supplementary Fig. 3). Particles
homogeneous with respect to NAC-NatA/E conformation were then
selected by performing 3D classification with a focused mask covering
the core of NatA/E (non-default parameters are listed in Supplementary
Fig.3).20,439 particles (4.5% of all ribosome particles) of the 3D class
showing finer features of NatA/E structure were used to reconstructa
map with an overall resolution of 3.21 A (Supplementary Fig. 3b), and
the resolution of the NAC-NatA/E segment of 4.52 A (Supplementary
Fig. 3c), estimated using the FSC = 0.143 criterion. FSC for the NAC-
NatA/E segment of the map was calculated witha mask on the respec-
tive part of the map.

RNC;; ,~NAC-MetAP1-NatA/E sample (quarternary complex).
Movie frames were motion-corrected, dose-weighted, and summed
into micrographs using CryoSPARC Live. Particles were picked with
blob picker (circular blob, 250-350 A blob diameter) in CryoSPARC Live.
Picked particles were extracted with abox size of 560 pixels and binned
3 times to a box size of 186 pixels. Picked particles were subjected to
2D classification (number of classes set to 200) in CryoSPARC, and
360,184 particles from 2D classes were selected for further processing.
Following a homogeneous refinement, particles were further clas-
sified in parallel for presence of NAC-NatA/E (3D classification with
mask covering NAC and NatA/E, non-default parameters are listed
in Supplementary Fig. 2b) and NAC-MetAP1 (3D classification with
mask covering NAC and MetAP1, non-default parameters are listed
in Supplementary Fig. 2b) and for the functional state of ribosomes
(3D variability analysis, non-default parameters are listed in Supple-
mentary Fig. 2b). Subsets of particles corresponding to ribosome-
NAC-NatA/E or ribosome-NAC-MetAP1 complexes were intersected
to arrive at a particle stack for the ribosome-NAC-MetAP1-NatA/E
complex. Theresulting particle set was thenintersected with the RNC
subsetidentified in a parallel branch of classification toyield particles
corresponding to an RNC-NAC-MetAP1-NatA/E complex. The map
of the RNC-NAC-MetAP1-NatA/E complex was reconstructed from
selected 21,864 particles (6% of all ribosomes) and refined with particles
re-extracted without binning to an overall resolution of 3.7 A. The map
was then locally refined with a mask, covering NatA/E-NAC-MetAP1
toanoverall resolution of 6.7 A.
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RNCg, ,—~NAC-(MetAP1)-NatA/E-HYPK sample. Movie frames were
motion-corrected, dose-weighted, and summed into micrographs
using CryoSPARC Live. Particles were picked with blob picker (circular
blob, 250-350 A blob diameter) in CryoSPARC Live. Picked particles
were extracted withabox size of 560 pixels and binned 3 times to abox
size of 186 pixels. Picked particles were subjected to two rounds of 2D
classification (first with the number of classes set to 200, then to 50) in
CryoSPARC, and 156,452 particles were selected for further processing.
Following a homogeneous refinement, particles were further classi-
fiedin parallel for the presence of NAC-NatA/E (3D classification with
mask covering NAC and NatA/E, non-default parameters are listed in
Supplementary Fig. 2¢) and for the functional state of ribosomes (3D
variability analysis, non-default parameters are listed in Supplementary
Fig.2c).Subsets of particles corresponding to ribosome-NAC-NatA/E
and RNCswereintersected to arrive ataset of 23,034 particles (15% of
all ribosomes) for the RNC-NAC-(MetAP1)-NatA/E-HYPK complex
(the parentheses around MetAP1 denote that as we did not exclude
ribosomes without MetAP1bound during 3D classification, the MetAP1
cryo-EM density appears fragmentary due to partial occupancy). The
map of the RNC-NAC-(MetAP1)-NatA/E-HYPK complex was recon-
structed from selected particles, which were then re-extracted without
binning to refine the map to an overall resolution of 3.2 A. The map was
thenlocally refined with a mask, covering NatA/E-NAC-MetAP1toan
overall resolution of 5.8 A. To generate a difference volume between
locally refined maps of the quaternary complex and the RNC-NAC-
(MetAP1)-NatA/E-HYPK, both maps were aligned in ChimeraX®, then
the former was subtracted from the latter. The resulting volume was
multiplied by the mask used previously for refinement of both maps.

AlphaFold prediction of Naa15-NACa complex structure. Struc-
ture prediction of the human Naal5-NACa complex was done with the
ColabFold 1.3 (ref. 39) implementation of AlphaFold2-multimer-v2
(ref. 38) using default parameters. Amino acid sequences of Naal5
(sequenceid Q9BXJ9-1) and NACa (Q13765-1) were retrieved from the
UniProt database.

Model building and refinement. Models of ribosomal subunits (from
PDB 8P2K), NAC heterodimer (from PDB 7QWR), NatA and Naa50 (PDB
6PPL), HYPK (from PDB 6PW9) and MetAP1 (PDB 2B3H) were docked
asrigid groups into respective cryo-EM density maps. In the model of
the small ribosomal subunit, the P-site tRNA was remodelled with N
residues except for the CCA motif, a mRNA triplet of N residues was
built, and the E-site tRNA removed. In the model of the large riboso-
mal subunit, the nascent polypeptide within the ribosome exit tunnel
was built as a poly-UNK chain. The N-terminal segment (amino acid
residues 5-112) and the previously unresolved internal basic helix with
adjacent linkers (residues 574-637) of Naal5 were transplanted from
the AlphaFold*** model of the Naal5-NACa complex. NACa H2 (resi-
dues 135-145) and UBA domain (residues 178-215) were transplanted
from the AlphaFold model of the Naal5-NACa complex. The docked
models were manually adjusted in Coot* to better fit the EM maps
and then refined using Phenix*®. First, the RNC models were real-space
refined into homogenously refined EM maps for 5 macrocyclesinclud-
ing coordinate and ADP refinement with enabled secondary struc-
turerestraints. The NAC, MetAP1and NatA/E-HYPK models were first
real-space refined into the better resolved locally refined EM maps
using similar settings. The resulting models were then assembled by
transplanting the individually refined parts (RNCs and factors recruited
by NAC) into homogeneously refined EM maps, followed by real-space
refinement for 1 macrocycle with and 3 macrocycles without second-
ary structure restraints to remove side chain clashes. The final models
were validated using the MolProbity toolimplemented in Phenix* and
display good geometry and model-to-map fits (Extended Data Table 1
and Extended Data Fig. 3). The locally refined EM maps were aligned
with and resampled on grids of respective homogeneously refined

EM maps using ChimeraX for real-space refinements; the resampled
maps were deposited on Electron Microscopy Data Bank (EMDB) as
supplementary maps for the locally refined maps.

C. elegans and human cell experiments

Strains and transformation. Wild-type Bristol N2 strain was obtained
from Caenorhabditis Genetics Center. Worms were cultured accord-
ing to standard techniques®® with E. coli OP50 as food source at 20 °C.
Transgenic strains were generated using standard microinjection
protocols®. Single-copy transgene integration was performed using
the miniMos transposon method®. An RNAi-resistant gene encod-
ing C. elegans Naal5 (hpo-29) was designed using a codon adaptation
tool®. The gene was synthesized by Integrated DNA Technologies witha
C-terminal 3xFlag tag and three syntheticintrons. The sequenceis listed
in Supplementary Table 2. The gene was subcloned into the miniMos
pCFJ910 vector® under control of the endogenous hpo-29 promoter
and 3’ untranslated region (UTR). A separate fluorescent marker gene
(mCherry) was added to the constructs to identify knock-in worms.
The RNAi-resistant construct for C. elegans NACa was described pre-
viously*>*®. Transgenic strain expressing a NatA model substrate was
generated by single-copy integration of a YFP reporter gene containing
the first twelve N-terminal residues of human SNAP25 ‘MAEDADMR-
NELE™)and aC-terminal 3xHA tag. The SNAP25-YFP-3xHA transgene
was driven by the ubiquitous icd-2 promoter and 3’ UTR. HYPK knock-
out strain (VC440) carrying a large deletion in the C. elegans HYPK
orthologue F13G3.10 (allele gk228) was obtained from Caenorhabditis
Genetics Center. Worms were studied in the embryonal, larval and
adult stage. Randomization and blinding were not performed in the
C. elegans experiments. Detailed strain information is available in
Supplementary Table 3.

RNAi. RNAi constructstargeting C. elegans endogenous genes (NACa,
icd-2; Naal5, hpo-29) were cloned by inserting the spliced coding
sequences into vector L4440 (Addgene plasmid #1654). Constructs
were then transformed into the RNAi feeding E. coli strain HT115
containing a modified lac operon for IPTG-induced expression of
double-stranded RNA (dsRNA)®*. For silencing of endogenous genes,
synchronized L1 larvae were fed RNAi bacteria for 2 days until the
L4/young adult stage. Bacteria were induced with 1 mM IPTG in LB
media for 2 hat 30 °C before feeding to worms. Control worms were
fed IPTG-induced HT115 bacteria containing the empty L4440 vector.
Atleast three independent biological replicates of all C. elegans RNAi
experiments were performed.

NatA reporter analysis. Transgenic worms expressing the SNAP25-
YFP-3xHA reporter were grown from hatching on RNAIi plates for
2daysat23 °C. Worms were extracted in SDS lysis buffer (62.5 mM Tris
pH 6.8,1 MM EGTA, 2% SDS, 1x protease inhibitor cocktail (Roche)) by
sonication and boiling for 5 min at 99 °C. Total amount of SNAP25-
YFP-3xHA substrate was detected by immunoblotting using a rabbit
anti-HA antibody (Covance, PRB-101P). HA antibody was removed
by incubating the membrane in mild antibody stripping buffer (1.5%
glycine, 0.1% SDS, 1% Tween-20 pH 2.2). N-terminally acetylated sub-
strate levels were then detected by immunoblotting using the SMI
antibody, which specifically recognizes the N-terminally acetylated
epitope on SNAP25 (BioLegend, 836304)%.

Progeny viability analysis. Worms were grown on plates contain-
ing respective RNAi bacteria from hatch at 20 °C. At least 20 animals
were used per condition and their progeny was scored until day 4 of
adulthood. Each group was analysed in three independent biological
replicates.

Ribosome binding analysis. Ribosome sedimentation analysis was
performed as previously described***. In brief, worms were extracted
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inribosome sedimentation buffer (30 mM HEPES-KOH pH 7.4,100 mM
potassium acetate, 5 mM MgCl,, 5% mannitol, 100 pg mi™ cyclohex-
imide, 2 mM B-mercaptoethanol, 1x protease inhibitor cocktail
(Roche)), and lysates were cleared by centrifugation and filtration
of the supernatant through a 0.45-pm nitrocellulose membrane.
Ribosomes were pelleted by ultracentrifugation (200,000g) through
a25% sucrose cushion for 2 hat 4 °C. Proteins in the total and ribo-
some pellet fractions were then analysed by standard SDS-PAGE and
immunoblotting techniques.

Human cell culture. Ribosome binding analyses in human cells
were performed as previously described®. In brief, HEK293T cells
(RRID: CVCL_0063) were cultured in Dulbecco’s Modified Eagle’s
Medium (DMEM) supplemented with 10% fetal calf serum (FCS)
and 100 pg ml™ Normocin in a 5% CO, atmosphere at 37 °C. Cells
were transfected with DNA and/or small interfering RNA (siRNA)
by electroporation in OptiMEM using a NEPA21 electroporator
(Nepagene). To knock down NACa and Naals5, cells were transiently
transfected with 1 pg siRNA duplex (Biomers) targeting the 3’ UTR
of NACa (5-AGGAGUAACUGCAGCUUGG-dTdT-3’) and Naal5
(5-GCUGCAUUGCUCUAACUUA-dTdT-3’), respectively. Control cells
were transfected with 1 ug nonsense siRNA (5-UUCUCCGAACGU
GUCACGU-dTdT-3"). NACa and Naal5 expression was restored in knock-
down cells by co-transfection of plasmids expressing N-terminally
3xFlag-tagged NACa and C-terminally 3xFlag-tagged Naal5 variants,
respectively, from the CMV promoter and SV40 3’ UTR. Cells were col-
lected 2 days after transfection and extracted in ice-cold lysis buffer
(30 mM HEPES-KOH pH 7.4,100 mM potassium acetate, 5 mM MgCl,,
5% mannitol, 0.04% Nikkol, 100 pg ml™ cycloheximide, 1 mM DTT,
1x protease inhibitor cocktail (Roche)). Ribosomes were pelleted by
ultracentrifugation (220,000g) through a 25% sucrose cushion
(prepared in lysis buffer) for 1.5-2 h at 4 °C. Proteins in the ribosomal
pellet were then analysed by standard SDS-PAGE and immunoblotting
techniques.

Antibodies. The following antibodies were used for immunoblot-
ting: anti-Naal5 (clone D-7) (Santa Cruz, sc-365931, 1:1,000 dilution);
anti-NaalO (clone A-10) (Santa Cruz, sc-373920, 1:1,000 dilution)
anti-uS10 (clone EPR8716) (Abcam, ab133776,1:1,000 dilution); anti-uL4
(clone RQ-7) (Santa Cruz, sc-100838, 1:2,000 dilution); anti-SNAP25
(clone Smi81) (BioLegend, 836304, 1:1,000 dilution); anti-Tubulin
(clone AA4.3) (DSHB, 1:20 dilution); anti-HA (Covance, PRB-101P,
1:1,000dilution); anti-Flag (polyclonal) (Sigma-Aldrich, F7425,1:1,000
dilution); anti-Flag (clone M2) (Sigma-Aldrich, F1804,1:1,000 dilution);
anti-C. elegans NAC (polyclonal) (in house, 1:5,000 dilution); anti-RPL10
(polyclonal) (Abcepta, AP19053a;1:2,000 dilution); Goat anti-Rabbit
(Licor, IRDye 680RD; 1:20,000 dilution) and Goat anti-Mouse (Licor,
IRDye 800CW; 1:15,000 dilution).

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.
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Extended DataFig.1|FRET of NatA with RNCand withNAContheribosome.
(a-c) Scheme of the nascent chain constructs used in this work. Grey depicts the
ribosome exit tunnel up to the PTC. The nascent chain for FRET between RNC
and NatA (a) contains an N-terminal 3xFLAG tag, SUMO, and residues 1-53 of
the RpL4 nascent chain with Metl mutated to serine. Anamber codon at
residue 12 allows for fluorescence labeling using BODIPY-FL (BDP). After FLAG
affinity purification, SUMO cleavage by Ulpl generates a 53 amino acid (aa)
long nascent chain with adefined N-terminus recognized by NatA. Nascent
chains for enzymatic assaysin RRL are shownin (b). Constructs to measure
iMet excision (upper) contained varying lengths of RpL4 with asingle iMet,
whichwas radioactively labeled with [**S] and detected viaautoradiography.
Constructs to measure Nt-acetylation (lower) contained residues 2-12 from
SNAP25, whichisspecifically detected by the SMlantibody upon Nt-acetylation
(SMI81epitope), followed by varyinglengths of the RpL4 nascent chain. The
nascent chain for measurement of Nt-acetylation reconstituted with purified
RNC and proteinsis shownin (c) and contains an N-terminal 3xFLAG tag, SUMO,
the SMI81epitope, a GSGS linker, and residues 1-90 of the RpL4 nascent chain.
After purification of RNC, SUMO cleavage by Ulpl generates a defined
N-terminus for acetylation. (d) Purified proteins (asindicated) were visualized
onal2.5%SDS-PAGE gel and Coomassie Blue staining. The dashed line indicates
that the two lanes were from the same gel. Similar protein quality was observed

Wavelength (nm)

Wavelength (nm)

from2,1,3,and 2independent preparations of NatA, Naa50, MetAP1, and
HYPK, respectively. (e) Steady-statekinetics of WT human NatA expressed and
purified from S. cerevisiae. Reactions contained the indicated concentrations
of the H4 peptide substrate (SGRGKGGKGLGKGGAKRHR), 20 pM [**C]-acetyl-
CoA, 80 pM [2C]-acetyl-CoA, and 10 nM NatA. The progress of the reaction was
monitored in thelinear range (<10% of product formation). The concentration
dependence of initial rates was fit to the Michaelis-Menten equation to obtain
the steady-state parameters. (f) The position of the N-terminal ybbR tag and
thesite ofacceptor dye (TMR) label are shown on the human NatA structure
(PDB: 6C9M) using adotted line. Naal5 and NaalO are colored in dark and
light green, respectively. The figure was generated with Pymol v.2.5.5.

(g) Fluorescence emission spectra of RNC®*" with the 53 aalong RpL4
nascent chain (green), NatA™R (purple), RNCEF with NatA™R (red), and
RNCEPP«NatA™R chased with excess unlabeled NatA (black). Where indicated,
thereactions contained1nMRNC®®", 100 nMNatA™R®, and 1 uM unlabeled
NatA. (h, i) Fluorescence emission spectra measuring FRET between NatA®>®
and NAC™Rin the absence (h) or presence (i) of 5nM unlabeled RNC with a

53 aalongRpL4 nascentchain.5nM NatA®" + 5nMunlabeled NAC are shown
ingreen, 5nMNatA®”" + 5nMNAC™Rin red, 5nMNAC™® alone in purple, 5nM
NatA®" + 5nMNAC™® + 250 nM unlabeled NAC in black, and buffer only in
brown.
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see Extended Data Table 2) and a deletion mutant lacking the entire UBA
domain (AUBA; see Extended Data Table 2) were analyzed. ns, nonsense siRNA

control. Representativeimmunoblotis shown. Experiment was repeated three
times. (c) Ribosome association of FLAG-tagged Naal5 variantsin human
HEK293T cellsin the endogenous Naal5 knockdown background. Amutant

variant carrying three point mutationsin the hydrophobic NACa UBA binding

interface (L73A/L77A/W83A) was compared with wildtype Naal5. Total and
ribosomal pellet fractions were analyzed by immunoblotting. Representative
immunoblotisshown. Experiment was repeated three times.
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Extended DataFig.4|Cryo-EMstructure and model of the RNCy,, ,-NAC-
NatA/Eternary complex. (a) Front view of the cryo-EM map of RNCg,,, bound
with NAC and NatA/E. The map shows the NatA/E complexbound tothelarge
ribosomal subunit next to the globular domain of NAC. The map was lowpass-
filtered to the estimated local resolution. The black outline shows the same
map lowpass-filtered to 8 A resolution. (b) Detailed view of the ternary
complexmodel depictedin (A) showing NatA/Eand NACon the 60 Sribosomal
subunit. Theyellow dotted linerepresents the flexible linker between NACx
helix H2 and the UBA domain. NatA/E contacts the ribosome throughits Naal5
auxiliary subunit via patches of positively charged residues within the basic
helix of Naal5and N-terminal helices that bind to the backbone of ribosomal
RNA. The NACa C-terminal tail forms a bipartite contact with Naal5 withits
UBA domainand H2. (c-e) Details of cryo-EM maps of the ternary complex
showingasegment of Naal5incontact with the NACax UBA domain (c), the

NACa-H2 density connecting to the globular domain of NAC (d), and the
N-terminal ribosome anchor of NACp (e). The locally refined map (c), the
homogeneously refined map lowpass filtered to 6 A resolution (d) and the
homogeneously refined map (e) are displayed as semi-transparent surfaces.
(f-h) ColabFold-predicted dimer model of the Naal5-NACa complex. The
AlphaFold modelis coloured by chain (f), with Naal5in green and NACain
yellow, and by the pLDDT confidence score (g). (h) shows the predicted Aligned
Error (PAE) plot for the predicted model, with Naal5 as chain Aand NACa as
chainB. The chainresidues are marked along the x and y axis, and the heatmap
indicates the estimated position error (in A) for residue x when predicted and
truestructuresare aligned onresiduey. Low PAE for residue pairs from NACa
UBA and Naal5 (marked on the plot with*) and NACa H2 and Naal5 (marked as **)
indicate that therelative positions of corresponding domains are well-defined
inthe AlphaFold prediction.
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mammals

Extended DataFig.5|Mammals and yeast employ distinct modes of NatA/E
recruitment toribosomes. Side (a, b) and top (c, d) views of the mammalian
ternary RNCg,, ,-NAC-NatA/E complex (a, ¢) and those of the yeast RNC-NatA/E
complex (b, d; PDB# 6HD5). The ribosomes are shown in surface representation,
bound factorsand selected expansion segmentsin cartoon. The NAC
heterodimeris showninyellow and orange, mammalian NatA/E in hues of
green, rRNA expansion segments coordinating NatA/Ein blue, and yeast
NatA/Ein hues of pink. While the N-terminal helical domain of Naal5 contacts
theribosome near the exit tunnel in both mammalian and yeast systems, all
other structural elements that mediate NatA recruitment and positioning on
theribosomeare distinctin the two organisms. Firstly, ribosome-bound NAC
capturesand helps position NatA/Ein mammals, whereasin yeast, the rRNA

S. cerevisiae

extension Es27is proposedtoactasa proteinrecruitment hub for NatAin place
of NAC.Secondly, the second catalytic subunit Naa50 mediates an additional
contact with the rRNA extionsion Es7a on the yeast ribosome, whereas Naa50 is
notinvolvedinribosome contactand hence does not contribute to theribosome
affinity of mammalian NatA/E as shownin Fig.1. Thirdly, thelocations of the
NatA/E complex at theribosome exit site are distinctin the two organisms.
Finally, the ribosome binding site of mammalian NAC heavily overlaps with that
ofyeast NatA/E, suggesting that yeast NAC antagonizes rather than facilitates
theribosomerecruitment of NatA/E. These differences, together with the
absence of the NatAregulator HYPKin S. cerevisiae, suggest that the ribosome
recruitment mechanisms for protein biogenesis factors are distinct between
yeast and higher eukaryotic organisms.
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Extended DataFig. 6 | Equilibrium titrations to measure the binding of
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Extended DataFig.7 | HYPK forms anultra-stable complex with NatA.

(a) Fluorescence emission spectra of 5 nM NatAP°" with (red) and without (green)
50 nMHYPK™R, (b) Equilibrium titrations to measure the binding of NatA®® to
HYPK™R, Data are shown as mean = SD, withn =3 independent measurements.
(c) FRET between NatA-HYPK was not changed by increasing concentrations of
the 80 Sribosome. (d) Kinetics of dissociation of NatA-HYPK. Thelineis afit of

thedatatoasingle exponential function assuming FRET = 0 at theend of the
reaction. (¢) Summary of the dissociation rate constant of the NatA-HYPK
complex, inthe absence and presence of the additional Naa50 catalytic subunit
orbyincreasing the concentration of the ribosome high-salt wash fraction
(HSW). Individual data points forindependent measurements are shown.
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Extended DataFig. 8|Structural modeling and cryoEM analysis of HYPK
bound to NatA on the RNC-NAC complex. (a-d) HYPK H2 in inhibitory
conformation would clash withbound H2 of NACa. In (a), the model of HYPK
from NatA-HYPK complex (PDB 6C95) is superimposed on the model of NatA/E
fromthe quaternary RNC-NAC-NatA/E-MetAP1 complex. Models were aligned
by Naal5, only HYPK from the isolated NatA-HYPK complex s displayed.

(b) shows the model of NAC-NatA/E from the quaternary RNC-NAC-NatA/
E-MetAP1complex. (c) shows the model of HYPK from NatA-HYPK complex
(PDB 6C95) superimposed on the model of NAC-NatA/E from the quaternary
RNC-NAC-NatA/E-MetAP1complex. Thebinding site of HYPK H2 iniits inhibitory
conformation on NaalSin partoverlaps with that of H2 of NACa, when NatA/E
isrecruited totheribosome. (d) shows amodel of NatA/E-HYPK-NAC from the
quaternary complex with HYPK. The N terminus of HYPK is remodelled upon

recruitment to the ribosome by NAC. The flexible linker connecting NACa H2
and UBA and displaced HYPK N terminus are shown as yellow and purple dotted
lines, respectively. (e-j) Comparison between cryo-EM maps of quaternary
complexes withand without HYPK. e-g, details of the locally refined cryo-EM
map of the quaternary complex showing the front view of the quaternary
complex (e), asegment of Naal5 with NACa UBA (f), and MetAP1(g). h-j, details
ofthelocally refined cryo-EM map of the quaternary complex with HYPK
showingthe front view of the complex (h) and a segment of Naal5 with NACx
UBA and HYPK UBA (i). A detail of ahomogeneously refined map, lowpass
filtered to 6 Aresolution, shows how NACa-H2 connects to the globular domain
of NAC (j). The maps are displayed as solid surfaces (e, h) or as semi-transparent
surfaces superimposed on models of the complexes (f-g, i-j). Colors are the
sameasinFig.le, withMetAPlinblue-grey and HYPKin purple.
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Extended Data Table 1| Cryo-EM data collection, refinement and validation statistics

Ternary complex — Ternary Temary Quaternary complex — Quaternary Quaternary complex Quaternary
RNC-NAC-NatA/E complex — complex — RNC-NAC-MetAP1- complex — w/HYPK — complex w/
EMD-50124 local 80S-NAC- NatA/E local RNC-NAC-MetAP1- HYPK -
PDB SF1B refinement NatA/E EMD-50125 refinement NatA/E-HYPK local
EMD-50127 EMD-50130 PDB 9F1C EMD-50128 EMD-50126 refinement
PDB SF1D EMD-50129
Data collection and
processing
Magnification %81,000 %81,000 %81,000 %81,000 %81,000 %81,000 %81,000
Voltage kV) 300 300 300 300 300 300 300
Electron exposure (e/4%) 60 60 60 50 50 50 50
Defocus range (um) -24t0-06 -24t0-06 -24t0-0.6 -24t0-0.6 -24t0-06 -24t0-06 -24t0-0.6
Pixel size (&) 1.06 1.06 1.06 1.065 1.065 1.06 1.06
Syrmmetry imposed c1 c1 c1 c1 c1 c1 c1
Initial particle images 457,759 457,759 457,759 360,184 360,184 156,452 156,452
(no.)
Final particle images 37,182 37,182 20,439 21,864 21,864 23,034 23,034
(no.)
Map resolution [¢:3) 3.01 6.45 321 378 6.67 3.26 575
FSC threshold 0.143 0.143 0.143 0.143 0.143 0.143 0.143
5to12
Map resolution range (&) 2.2to8 6to8 2.2to7 22to0 10 6to 10 2.2to 12
Refinement
Initial model used (PDB SP2K, TQWR, $P2K, TQWR, 6PPL, SP2K, 7QWR, 6PPL,
code) 6PPL 2B3H 6PW9, 2B3H
Model resolution (&) 3.1 39 34
FSC threshold 05 05 05
Map sharpening 5B factor 27.9 58.9 37.1
@
Model composition
Non-hydrogen atoms 234,232 236,684 237,089
Protein residues 13,274 13,584 13,638
Nuclectides 5,830 5,830 5,830
B factors (82
Protein 33.90/351.72/109.14 51.19/508.02/130.72 33.19/364.56/97.68
Nuclectides 36.25/639.20/100.84 51.11/1005.02/112.05 35.30/670.83/79.41
Ligand 35.10/413.36/127.48 51.25/440.34/129.05 33.79/571.90/95.12
R.m.s. deviations
Bond lengths (&) 0.002 0.001 0.001
Bond angles (°) 0.363 0.360 0.364
Validation
MolProbity score 1.27 128 1.24
Clashscore 5.03 522 4.64
Poor rotamers %6) 0.80 0.69 0.89
Ramachandran plot
Favored %) 9851 98.73 9857
Allowed (%) 148 126 1.40
Disallowed (%) 0.02 0.01 0.03




Article

Extended Data Table 2 | List of protein mutations used in this work

Protein | Mutant name Protein region | Species Mutated amino acid residues

NACa AUBA UBA H. sapiens Deletion of residues 176-215

NACa AUBA UBA C. elegans Deletion of residues 158-195

NACa mtNAC-UBA-1 UBA H. sapiens 1206A/V207A

NACa mtNAC-UBA-1 UBA C. elegans I186A/VISTA

NACa mtNAC-UBA-2 UBA H. sapiens M211A

NACa D180A/L183A UBA H. sapiens D180A/L183A

NACa Q187A/N189A UBA H. sapiens QI87A/NI189A

NACa T214W UBA H. sapiens T214W

NACa mtNAC-H2 Helix 2 H. sapiens QI136A/K142E/F143A

NACB AC C-terminal H. sapiens Deletion of residues 140-162

Naal5 mtNatA-(UBA) TPR H. sapiens, in vitro L73A/L77A

Naal5 mtNatA-(UBA) TPR H. sapiens, cell line L73A/L77A/W83A

Naal5 mtNatA-(UBA) TPR C. elegans L80A/L84A/WI0A
K590E/K593E/KS594E/RS96E/

Naal5 mtNatA-(rRNA) Basic helix H. sapiens K598E/R600E/R601E/K604E/
K605E

NaalO E24Q/Y26F Active site H. sapiens E24Q/Y26F

MetAP1 | D220N Active site H. sapiens D220N
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Materials & experimental systems Methods

Involved in the study n/a | Involved in the study
Antibodies D ChiIP-seq

Eukaryotic cell lines D Flow cytometry

D Palaeontology and archaeology D MRI-based neuroimaging

Animals and other organisms
D Clinical data

D Dual use research of concern

D Plants

NKXROKOOS

Antibodies

Antibodies used RPL10 (Abcepta, AP19053a),
SMI81 (anti-SNAP25; BioLegend, 836304),
Goat anti-Rabbit (Licor, IRDye 680RD),
Goat anti-Mouse (Licor, IRDye 800CW),
rabbit anti-HA antibody (Covance, #PRB-101P);
anti-Naal5 (clone D-7), Santa Cruz, sc-365931
anti-uS10 (clone EPR8716), Abcam, ab133776
anti-Tubulin (clone AA4.3), DSHB
anti-FLAG (polyclonal), Sigma-Aldrich, F7425 (used to detect mono FLAG-tagged proteins)
anti-FLAG (clone M2), Sigma-Aldrich, F1804 (used to detect triple FLAG-tagged proteins)
anti-Naa10 (clone A-10), Santa Cruz, sc-373920
anti-ul4 (clone RQ-7), Santa Cruz, sc-100838
anti-C. elegans NACalpha-beta (polyclonal), inhouse produced rabbit antiserum
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Validation RPL10 -- This RPL10 antibody is generated from rabbits immunized with a KLH conjugated synthetic peptide between 17-45 amino
acids from the N-terminal region of human RPL10. Purified polyclonal antibody supplied in PBS with 0.09% (W/V) sodium azide. This
antibody is purified through a protein A column, followed by peptide affinity purification. Biological Function of Ribosomal Protein
L10 on Cell Behavior in Human Epithelial Ovarian Cancer.

Author : ShiJ1,Zhang L1,2,Zhou D1,2,Zhang J1,2,Lin Q1,2,Guan W1,Zhang J1,Ren W1,2,Xu G1,2.
J Cancer. 2018 Feb 6;9(4):745-756. doi: 10.7150/jca.21614. eCollection 2018.

SMI81 -- The monoclonal antibody SMI81 binds the Nt-acetylated 11 amino acids of SNAP-25.
Connell et al., “N-Terminal Acetylation of the Neuronal Protein SNAP-25 Is Revealed by the SMI81 Monoclonal Antibody.”

Goat anti-Rabbit -- Isolation of specific antibodies was accomplished by affinity chromatography using pooled rabbit 1gG covalently
linked to agarose. Based on ELISA and flow cytometry, this antibody reacts with the heavy and light chains of rabbit IgG, and with the
light chains of rabbit [gM and IgA. This antibody was tested by dot blot and and/or solid-phase adsorbed for minimal cross-reactivity
with human, mouse, rat, sheep, and chicken serum proteins, but may cross-react with immunoglobulins from other species. The
conjugate has been specifically tested and qualified for Western blot and In-Cell Western™ Assay applications.

Goat anti-mouse -- Isolation of specific antibodies was accomplished by affinity chromatography using pooled mouse IgG covalently
linked to agarose. Based on ELISA and flow cytometry, this antibody reacts with the heavy and light chains of mouse IgG1, IgG2a,
1gG2b, and 1gG3, and with the light chains of mouse IgM and IgA. This antibody was tested by dot blot and and/or solid-phase
adsorbed for minimal cross-reactivity with human, rabbit, goat, rat, and horse serum proteins, but may cross-react with
immunoglobulins from other species. The conjugate has been specifically tested and qualified for Western blot applications.

rabbit anti-HA antibody (Covance, #PRB-101P) -- The HA tag (hemagglutinin) is an amino acid sequence derived from the human
influenza hemagglutinin surface glycoprotein, corresponding to amino acids 98-106. It is commonly used as a tag to facilitate
detection, isolation, and purification of proteins. The full amino acid sequence is: YPYDVPDYA.

anti-Naal5 (clone D-7): validated by manufacturer for immunoblot using several human cell lines (e.g. Hela). Used in 2 publications.

anti-Naa10 (clone A-10), Santa Cruz, sc-373920: validated by manufacturer for immunoblot using several human cell lines (e.g.
Jurkat). Used in 6 publications.

anti-uS10 (clone EPR8716), Abcam, ab133776: validated by manufacturerer for immunoblot against human samples. Used in 9
publications.

anti-Tubulin (clone AA4.3), DSHB: used for immunoblotting in over 123 publications across varoius different species (e.g. human, c.
elegans, drosophila etc)

anti-FLAG (polyclonal), Sigma-Aldrich, F7425: standard FLAG epitope antibody, used in numerous publications for immunoblotting,
species-independent

anti-FLAG (clone M2), Sigma-Aldrich, F1804: standard FLAG epitope antibody, used in numerous publications for immunoblotting,
species-independent

anti-uL4 (clone RQ-7), Santa Cruz, sc-100838: validated by manufacturer for immunoblotting using several human cell lines (e.g.




Hela). Used in 11 publications.

anti-C. elegans NACalphabeta: antiserum raised in rabbits against recombinant C. elegans NACalphabeta complex, validated inhouse
for detection of C. elegans NACalpha and NACbeta by immunoblotting. Used in 5 publications.

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) HEK293T cells (RRID: CVCL_0063) were from ATCC.
Authentication Cell line was not authenticated.
Mycoplasma contamination Cell lines were negative for mycoplasma.

Commonly misidentified lines  None used.
(See ICLAC register)
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Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals Caenorhabditis elegans (strains: N2 and VC440); animals were studied in the embryonal, larval, and adult stage.
Wild animals No wild animals are used in this study.
Reporting on sex Not relevant to this study. Only hermaphrodites were analyzed.

Field-collected samples  No field collected samples are used in this study.

Ethics oversight n/a

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

Plants

Seed stocks n/a

Novel plant genotypes  n/a

Authentication n/a
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