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NAC guides a ribosomal multienzyme 
complex for nascent protein processing

Alfred M. Lentzsch1,4, Denis Yudin2,4, Martin Gamerdinger3, Sowmya Chandrasekar1, 
Laurenz Rabl3, Alain Scaiola2, Elke Deuerling3, Nenad Ban2 ✉ & Shu-ou Shan1 ✉

Approximately 40% of the mammalian proteome undergoes N-terminal methionine 
excision and acetylation, mediated sequentially by methionine aminopeptidase 
(MetAP) and N-acetyltransferase A (NatA), respectively1. Both modifications are 
strictly cotranslational and essential in higher eukaryotic organisms1. 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 complex2,3 (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 K4,5 (HYPK) to activate NatA on the ribosome, enforcing cotranslational 
N-terminal acetylation. Our results provide a mechanistic model for the cotranslational 
processing of proteins in eukaryotic cells.

N-terminal acetylation is a ubiquitous modification that occurs on 
80% of the human proteome1,6 and affects protein folding7, inter-
action8,9, localization10, half-life11,12 and aggregation propensity13–15. 
Dysregulation of N-terminal acetylation has been linked to severe 
developmental syndromes16,17, cancer18,19 and Parkinson’s disease20,21. 
N-terminal acetylation is carried out by eight classes of N-terminal 
acetyltransferases1,22, most of which act cotranslationally on nas-
cent proteins as they emerge from the polypeptide exit tunnel of 
the ribosome23–26. Among them, NatA mediates 50% of N-terminal 
acetylation1, with a specificity for N termini containing a small amino 
acid (A, S, T, V, C or G) after the initiator methionine (iMet) is excised 
by MetAPs1,6,27. NatA is a protein complex comprising the catalytic 
subunit Naa10 and the auxiliary subunit Naa1522,28. An additional cata-
lytic subunit Naa50, which contains an active site for acetylation of 
iMet-containing nascent chains (NatE activity), can further bind Naa15 
to form a multienzyme complex referred to as NatA/E22. Despite the 
cotranslational nature of N-terminal acetylation, how mammalian 
NatA/E complexes are recruited to and act on nascent proteins on 
the ribosome is poorly understood. MetAP1 and NatA must sequen-
tially process the nascent chain within a limited 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 
in vitro5,29,30 but paradoxically enhances NatA activity in vivo4,31,32, sug-
gesting that an unknown mechanism regulates NatA interaction and 
activity in the context of its in vivo binding partners. Here we resolve 
these questions and explain how cotranslational protein acetylation 
by NatA is coordinated with MetAP1 and spatiotemporally controlled 
by NAC, a ubiquitous 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 Förster resonance energy trans-
fer (FRET). We generated ribosome-nascent chain complexes by in vitro 
translation of mRNAs lacking a stop codon in rabbit reticulocyte lysate 
(RRL). The stalled ribosome–nascent chain complex (RNC) bearing 
the N-terminal 53 amino acids of RPL4 (also known as uL4) (RNCRPL4), 
a NatA 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 Naa10 active site was labelled near the N terminus with a  
FRET acceptor (Extended Data Fig. 1d–g). Initial experiments with puri
fied RNCRPL4 and NatA detected only weak binding (Fig. 1a,b, blue), 
consistent with previous ribosome co-sedimentation studies24.

We therefore 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 translation2,3. 
NAC comprises a central globular domain formed by dimerization of 
NACα and NACβ subunits, and flexible N- and C-terminal tails that are 
used for a range of interactions with protein biogenesis factors33–35. 
For example, the flexibly tethered C-terminal ubiquitin-associated 
domain (UBA) in NACα recruits signal recognition particle (SRP) for 
cotranslational protein targeting33,36.

In support of this hypothesis, efficient FRET (30–50%) was observed 
between NAC-bound RNCRPL4 and NatA (Fig. 1a, red). Equilibrium titra-
tions showed high-affinity binding of NatA to RNCRPL4 only in the pres-
ence of NAC, with an equilibrium dissociation constant (Kd) of less than 
1 nM (Fig. 1a,b, red). The same affinity was measured for the human 
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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 ribosome26. NatA–RNCRPL4 binding was 
around 100-fold weaker upon deletion of the UBA domain in NACα 
(NAC(ΔUBA); Fig. 1a,b, green), indicating an essential role of the UBA 
domain in recruiting NatA to ribosomes. These findings also indicate 
the formation of a high-affinity ternary complex between RNC, NAC and 
NatA/E, which is corroborated by the observation of RNC-induced FRET 
between the NACα 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 SNAP2537 
was severely impaired in vivo upon knockdown of NAC, similar to knock-
down of the NatA subunit Naa15 (Fig. 1d). These data suggest that the 
ribosome interaction and function of NatA depends on NAC in vivo.

A cotranslational multienzyme complex
To understand how NAC promotes NatA/E–ribosome binding, we used 
single-particle cryo-electron microscopy (cryo-EM) to solve the struc-
ture of the ternary complex comprising RNCRPL4 bearing a 53-amino-acid 

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 NACβ34, whereas 
NatA/E is recruited by the UBA domain of NACα as shown above. We 
used catalytically impaired variants of MetAP1 and NatA/E to capture 
the enzyme complex prior to chemistry. Both structures were solved 
to overall resolutions of 3–4 Å (Extended Data Table 1 and Extended 
Data Fig. 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 Å (Extended Data Fig. 3), enabling us to confidently dock known 
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Fig. 1 | The NACα UBA domain recruits NatA/E to the ribosome. a, Equilibrium 
titrations to measure RNC–NatA binding affinity. Titrations contained 1 nM 
BODIPY-FL-labelled RNCRPL4, indicated concentrations of tetramthylrhodamine- 
labelled Naa15/Naa10(E24Q/Y26F) (NatA) and 50 nM wild-type (WT) NAC or 
NAC(ΔUBA) and 500 nM Naa50 as indicated. b, Summary of the Kd values of the 
RNC–NatA complex. Data are mean ± s.d., with n = 4 (no NAC), 12 (wild-type 
NAC), 3 (+Naa50) and 3 (NAC(ΔUBA)) independent measurements. Black arrows 
indicate that the Kd value reached fitting limit. c, Ribosome association of NatA 
after knockdown of NACα (encoded by icd-2, knockdown indicated as nacα) in 
C. elegans. The Flag-tagged NatA subunit Naa15 was detected by immunoblotting 
in the total and ribosomal pellet fractions. Empty vector (EV) served as a control. 
RNAi, RNA-mediated interference. d, N-terminal acetylation of a NatA model 
substrate (SNAP25) after knockdown of NACα (nacα) or Naa15 (naa15) in  
C. elegans. The N-terminally acetylated (NT-Ac) substrate was detected with an 
epitope-specific antibody. Representative immunoblots in c,d. Experiments 
were repeated three times. e, Overview of the cryo-EM map of RNCRPL4 in the 
quaternary complex with NAC, MetAP1 and NatA/E. The map was lowpass- 
filtered to estimated local resolution; the black outline shows the same map 
lowpass-filtered to 8 Å resolution. f, Top view of the quaternary complex model 
showing how NAC positions nascent chain-processing enzymes around the 
opening of the ribosomal polypeptide exit tunnel (PET). g, Schematic 
representation of ternary and quaternary complexes on the 60S subunit  
(light blue) and the position of the nascent chain in 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 
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NAC contacts. a, Overview of the quaternary complex, highlighting key 
interactions between NatA/E, the ribosome and NAC. The yellow dotted line 
depicts the flexible linker between NACα H2 and UBA. The outline shows the 
homogeneously refined cryo-EM map lowpass-filtered to 8 Å resolution.  
b, Schematic of the quaternary complex. Rectangles highlight key contacts 
shown in c–f. c–f, Magnified views of key contacts in the ternary complex 
structure: the Naa15 basic helix docks onto ES7a of the 28S rRNA (c); the Naa15 
N-terminal helical bundle contacts H19 and H24 of the 28S rRNA (d); the UBA (e) 
and H2 (f) of NACα contact N-terminal TPRs of Naa15. The outline shows the 
homogeneously (c,f; lowpass-filtered to 5 Å resolution) or locally (d,e) refined 
cryo-EM maps. The residues that were biochemically tested are coloured and 
numbered as in g. g, Summary of the Kd values for RNC–NatA binding with the 
indicated mutations in NACα 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 points are shown, and values represent mean ± s.d.; n = 3 
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are from Fig. 1 and shown for comparison. h, N-terminal acetylation of a NatA 
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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 
conformation of NatA/E and its interactions with the ribosome are the 
same in the ternary and the MetAP1-containing quaternary complexes 
(Figs. 1f and 2a and Extended Data Fig. 4). While processing the cryo-EM 
data collected on the ternary complex sample, we also identified 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 

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 
in the 80S–NAC–NatA/E complex are the same as for the RNCRPL4–NAC–
NatA/E ternary complex, which we focus on below.

NAC binds the ribosome in the same configuration as previously 
observed33,34, with the N-terminal basic motif of NACβ anchored at 
eL19 and eL22 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, the internal basic helix of Naa15, previously observed to be 
flexibly disposed5,26,29, becomes ordered upon binding the ribosomal 
RNA (rRNA) expansion segment 7a (ES7a) via multiple basic residues 
(Fig. 2c). In addition, two N-terminal helices of Naa15 contact 28S rRNA 
helices H19 and H24 (Fig. 2d), as previously suggested in biochemical 
studies24,25.

We observed two additional regions of density around the N-terminal 
tetratricopeptide repeats (TPRs) of Naa15: a density resembling a 
three-helix bundle and a tubular density connecting to the globular 
domain of NAC, suggesting the bound segments of NACα (Fig. 2a,e,f 
and Extended Data Fig. 4). Aided by the AlphaFold2-multimer predic-
tion38,39 of the Naa15–NACα complex (Extended Data Fig. 4f–h), we 
modelled these densities as the NACα C-terminal UBA domain and a 
helix in NACα that follows the NAC globular domain (termed H2). The 
bipartite interactions suggest distinct roles of these NACα 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/E26, suggesting an evolutionary divergence of 
the ribosome recruitment mechanisms for protein biogenesis factors 
(Extended Data Fig. 5).

We carried out structure-guided mutagenesis to test the functional 
relevance of the observed contacts of NatA with NAC and with the ribo-
some in vitro and in vivo. To analyse the role of the NAC UBA domain 
interaction in NatA–ribosome binding, two NAC variants carrying muta-
tions in a hydrophobic patch in the C-terminal α-helix of NACα 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 RNCRPL4 by 10- to 20-fold (Fig. 2g and Extended Data Fig. 6). 
Reciprocally, mutation of residues L73A/L77A of Naa15, which contact 
the NACα 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 NACα had modest 
or no effects (Extended Data Fig. 6), attesting to the specificity of the 
interaction interface. Thus, the hydrophobic interaction of the NACα 
UBA domain with Naa15 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 
Naa15–NACα H2 contact (mtNAC(H2); Fig. 2g, Extended Data Fig. 6 and 
Extended Data Table 2). Mutation of NatA contacts with the ribosome 
via the long positively charged helix of Naa15 (mtNatA(rRNA); Fig. 2g 
and Extended Data Fig. 6) also had a modest effect (3- to 4-fold). These 
results indicate that high-affinity NatA interaction with the ribosome is 
mediated predominantly through the flexibly disposed UBA domain of 
NAC, and that the electrostatic contacts of the positively charged helix 
in NatA 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 
Naa15–NACα 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 Naa15–NACα UBA inter-
action (Fig. 2h). Finally, the viability of the worms was also severely 
impaired (Fig. 2i). Therefore, the hydrophobic interaction of the UBA 
domain of NACα with Naa15 is essential for NatA–ribosome binding 
and function in vivo.

Coordinated MetAP1 and 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 (Naa10 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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bound as previously observed in the RNC–NAC–MetAP1 complex34. 
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 [35S]iMet (Fig. 3c 
and Extended Data Fig. 1b). The reactions also included fumagillin to 
prevent iMet excision by MetAP2, which acts redundantly to MetAP1 
but independently of NAC34,40. N-terminal acetylation mediated by 
endogenous NatA was detected using an antibody that specifically 
recognizes an acetylated N-terminal epitope37 (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 
MetAP41. 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 helix42, 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 rate43 of 5 amino acids  
per second.

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 deficient in either NatA recruitment (NAC(∆UBA)) or MetAP1 
recruitment (deletion of residues 140–162 in the C terminus of NACβ 
or NAC(∆C)). We carried out coupled enzymatic reactions that require 
both iMet excision by MetAP1 and N-terminal acetylation by NatA on a 
105-amino-acid-long RNCRPL4 in the presence of either wild-type NAC, 
the individual NAC mutants or their equimolar combination (Fig. 3e–g). 
If the 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(ΔC) alone and sig-
nificantly slower than the reaction with wild-type NAC (Fig. 3g). These 
results, together with the high-affinity NatA binding to RNC–NAC when 
the RPL4 nascent chain is around 53 amino acids in length (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.

NAC activates NatA–HYPK on the ribosome
In higher eukaryotes, NatA activity is regulated by HYPK5,29,30, which 
binds NatA via a C-terminal UBA domain that shares strong sequence 
homology with the UBA domain of NACα (Fig. 4a). HYPK further 
sterically blocks and remodels the Naa10 active site via its N-terminal 
region (Fig. 4a), inhibiting catalytic activity in vitro5,30. However, HYPK 
enhances N-terminal acetylation in three model organisms4,31,32, sug-
gesting that an unknown mechanism relieves the inhibitory activity 
of HYPK in vivo. Using a FRET-based binding assay between HYPK and 
NatA, we found that the NatA–HYPK complex has ultra-high affin-
ity, with Kd ≤ 150 pM and a dissociation rate of approximately 10−5 s−1 
(Extended Data Fig. 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 
the ribosome, 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 NACα UBA domain or mutation of hydrophobic residues in the 
NACα UBA domain that contact Naa15 (Fig. 4c), in agreement 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-
gans partially rescued the lethal phenotype in worms in which NACα was 
depleted by RNAi (Fig. 4d). Moreover, the N-terminal acetylation defect 
caused by NACα 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 underlying the NAC-induced acti-
vation of NatA–HYPK. The binding site of NACα UBA on NatA, in the 
N-terminal helices of Naa15, is distinct from that of HYPK UBA5, 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 Naa15 
simultaneously. However, structural superposition with the isolated 
NatA–HYPK structure5 reveals that NACα H2 would sterically clash with 
helix H2 of HYPK, which connects its UBA to the N-terminal region that 
inhibits the Naa10 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 Naa10 active site while both UBA domains of NAC 
and HYPK remain anchored to distinct locations on Naa15 (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 
Data Fig. 3 and Supplementary Fig. 2c). The overall configuration of 
this assembly resembles that of the quaternary complex, with NACα 
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 an additional 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 structures5,29,30. However, induced by the steric clash 
with NACα H2, H2 of HYPK is pushed upwards compared with previ-
ous structures, probably leading to derepression of NatA activity. In 
agreement with these 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 the importance of NACα H2 for the remodelling of HYPK 
and de-inhibition of NatA.

Our study suggests a model of extensive cooperation between NAC, 
MetAP1 and NatA to ensure the timely and efficient cotranslational 
N-terminal modification of around 40% of the mammalian proteome 
(Fig. 5). Given the estimated cellular concentrations of NatA (0.66 µM) 
and HYPK44 (0.41 µM), the majority of NatA is tightly bound to HYPK and 
catalytically inhibited. NAC recruits NatA to the ribosome early during 
translation using the flexibly tethered UBA domain in NACα, whereas 
the C terminus of NACβ recruits MetAP134. 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 NACα H2 with NatA and displaces HYPK H2, allowing the 
release of the inhibitory HYPK N terminus from the active site of Naa10. 
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 HIFα during 
hypoxia response, are both recruited by NAC to the ribosome33,35,45. 
The results 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 
in the nascent chain. These interplays, which could further modulate 
the modification efficiency for subsets of the mammalian protein, 
await investigation.
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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 µg ml−1) and grown 
at 37 °C to an OD600 of 0.6, at which time the temperature was lowered 
to 18 °C and protein expression was induced by 1 mM isopropyl β-d-
1-thiogalactopyranoside (IPTG) for 12–16 h. Collected cells were lysed 
by sonication in lysis buffer (25 mM Tris-HCl pH 8.0, 150 mM NaCl, 
10 mM β-mercaptoethanol, 30 mM imidazole) supplemented with 
ProBlock Gold Protease Inhibitor Cocktail (Goldbio) and 1 mM AEBSF. 
The lysate was clarified by centrifugation in a JA-20 rotor (Beckman 
Coulter) at 18,000 rpm for 1 h at 4 °C, followed by incubation with 
1 ml pre-equilibrated Ni Sepharose High Performance resin (Cytiva) 
per 1 l of culture for 1 h with rotation at 4 °C. The resin was washed in 
batch 5 times with 10 column volumes lysis buffer, and the protein was 
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 mM NaCl, 1 mM TCEP) at 4 °C with rotation overnight. Cleavage was 
confirmed by SDS–PAGE, and the protein was purified over a MonoQ 
10/100 GL anion-exchange column (Cytiva) pre-equilibrated in HYPK 
buffer A using a 20 column volume linear gradient to 100% 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 µM with a 
3 K MWCO centrifugation concentrator (Amicon). Aliquots were frozen 
in liquid nitrogen and stored at −80 °C. The protein concentration 
was measured using an extinction coefficient of ε280 = 1,490 M−1 cm−1.

Naa15 and Naa10 (NatA). A URA3 selectable and galactose inducible 
pRS plasmid co-expressing human 6×His–Naa15 and Naa10 or 6×His–
Naa15 and the catalytically impaired Naa10 mutant E24Q/Y26F46 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 h at 30 °C. Five to 
ten colonies were inoculated into SD-Ura medium supplemented with 
2% glucose and grown overnight with shaking at 30 °C. The next morn-
ing, a larger-scale SD-Ura medium supplemented with 2% raffinose was 
inoculated with the overnight culture at a ratio of 1:40 and grown while 
shaking at 225 rpm at 30 °C to an OD600 of approximately 0.8, at which 
time protein expression was induced by addition of 2% galactose. After 
growing overnight, the cells were collected and resuspended in 1 ml lysis 
buffer (500 mM NaCl, 50 mM potassium phosphate pH 7.4, 10% glycerol, 
10 mM β-mercaptoethanol, 35 mM imidazole) supplemented with 1 mM 
AEBSF (Goldbio) and 1× ProBlock Gold Protease Inhibitor Cocktail 
(Goldbio) per 10 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 
all ice crystals disappeared and centrifuged at 42,000 rpm for 45 min at 
4 °C in a Type 45 Ti Fixed-Angle rotor (Beckman Coulter). The clarified 
lysate was then added to 1.5 ml Ni Sepharose High Performance resin 
(Cytiva) per 1 l of culture and incubated with rotation at 4 °C for 1 h. 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 mM imidazole and dialyzed overnight into dialysis buffer (20 mM 
HEPES-KOH pH 7.4, 250 mM NaCl, 5 mM β-mercaptoethanol, 10% glyc-
erol) with 10 K MWCO SnakeSkin (ThermoFisher) dialysis tubing. The 
dialysed protein was purified over a Mono S 10/100 GL cation exchange 
column (Cytiva) using a 20 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, 

1 mM TCEP, 1 M NaCl). Peak fractions were pooled and concentrated 
using a 50 K MWCO centrifugation concentrator (Amicon), and aliquots 
were frozen in liquid nitrogen. The protein concentration was measured 
using an extinction coefficient of ε280 = 132,480 M−1 cm−1.

Naa50. Human Naa50 carrying an N-terminal GST tag was expressed 
from pGEM-GST-hNaa50 (a gift from the Marmorstein laboratory) and 
purified according to the protocol in ref. 5, except for omitting the final 
gel filtration chromatography step. The protein concentration was 
determined using an extinction coefficient of ε280 = 13,410 M−1 cm−1.

NAC. The human NAC heterodimer consisting of NACα with an 
N-terminal 6×His tag and NACβ was expressed from a pET28b-NAC 
plasmid. Freshly transformed BL21 (DE3) cells were grown in LB  
medium containing kanamycin (50 µg ml−1) to an OD600 of 0.6, at which 
time temperature was lowered to 18 °C, and protein expression was 
induced by addition of 1 mM IPTG 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 
β-mercaptoethanol, 30 mM imidazole, 10% glycerol) supplemented 
with 1× ProBlock Gold Protease Inhibitor Cocktail (Goldbio) and 1 mM 
AEBSF and clarified by centrifugation in a JA-20 rotor (Beckman Coulter) 
in an Avanti J-E centrifuge (Beckman Coulter) at 18,000 rpm for 1 h. The 
clarified lysate was incubated with 1 ml of Ni Sepharose High Perfor-
mance resin (Cytiva) per 1 l of 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 mM imidazole, 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 Q 10/100 GL anion-exchange column (Cytiva) pre-equilibrated 
in NAC 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 mM HEPES-KOH pH 7.5, 1 M NaCl, 1 mM TCEP, 10% 
glycerol). Peak fractions were pooled concentrated with a 3 K MWCO 
centrifugation concentrator (Amicon). Aliquots were frozen in liquid 
nitrogen and stored at −80 °C. The protein concentration was measured 
using an extinction coefficient of ε280 = 2,980 M−1 cm−1.

SFP. SFP was purified according to a previously established protocol 
with modifications47. 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 µg ml−1) at 37 °C to an OD600 of 0.6, at which point pro-
tein expression was induced by addition of 1 mM IPTG. The culture 
was grown at 25 °C for 6 h and at 15 °C overnight. Clarified lysate in SFP 
Buffer (20 mM Tris-HCl pH 8.0, 500 mM NaCl, 5 mM imidazole) sup-
plemented with 1× ProBlock Gold Protease Inhibitor Cocktail (Goldbio) 
was incubated with 2 ml pre-equilibrated Nickel NTA agarose resin 
(Goldbio) for 1 h with rotation 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-HCl pH 7.0, 125 mM NaCl, 
1 mM EDTA, 1 mM DTT, 500 mM imidazole). The eluted protein was 
incubated with PreScission Protease at 4 °C with rotation overnight 
and purified over a MonoQ 10/100 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-HCl pH 7.4, 
1 mM EDTA, 10% glycerol), and aliquots were frozen in liquid nitrogen 
and stored at −80 °C.

MetAP1. MetAP1 and the catalytically impaired MetAP1 D220N mutant34 
were purified essentially as previously described34. 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  
cobalt resin (Takara), the His-SUMO tag was cleaved by SUMO protease 
(Ulp1) and MetAP1 purified by ion exchange chromatography. After 



dialysis overnight into storage buffer (20 mM Na-PO4 pH 7.4, 25 mM 
NaCl, 6 mM MgCl2, 5% glycerol), the protein was frozen in liquid N2, 
and stored at −80 °C.

RNC purification
In vitro transcription of mRNA. Templates for in vitro transcription 
were generated by PCR, resulting in amplicons that included a T7 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 h at 37 °C with 5 ng µl−1 DNA template, 7.5 mM of each NTP, 40 mM 
Tris-HCl pH 8.0, 10 mM DTT, 2 mM spermidine (Sigma), 20 mM MgCl2, 
0.015 U µl−1 E. coli inorganic pyrophosphatase (NEB), 0.4 U µl−1 RNase 
inhibitor (Ambion), and homemade T7 RNA polymerase. Transcription 
reactions were cleaned up by LiCl precipitation, and the pellets were 
resuspended in ddH2O and stored at −80 °C.

Generation and purification of RNC. In vitro translation was per-
formed in RRL according to established protocols48. In brief, the transla-
tion reaction was performed for 30 min at 32 °C with 1× T2 mix contain-
ing the RRL, amino acids, and an energy mix (see ref. 48 for details), 
1.5 mM MgCl2, 50 mM KCl, 0.3 mM spermidine (Sigma), 5 mM DTT, and 
40 µM methionine. After in vitro translation, the reaction was supple-
mented to 15 mM magnesium acetate, 666 mM potassium acetate, 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-
tion in a TLA100.3 rotor (Beckman Coulter) at 100,000 rpm for 1 h at 
4 °C. The pellets were resuspended with Resuspension Buffer (50 mM 
HEPES-KOH pH 7.5, 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 3×Flag–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−1 3×Flag peptide 
(Apex Bio. SKU: A6001-25)), and the tag was cleaved from the nascent 
chain using 1 µM Ulp1 SUMO protease (homemade) for 1 h at 4 °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) in a TLA 120.2 rotor (Beckman Coulter) at 
100,000 rpm for 1 h at 4 °C. The resulting pellet was resuspended in 
SRP buffer (50 mM HEPES-KOH pH 7.5, 150 mM potassium acetate, 
5 mM magnesium acetate, 1 mM fresh DTT, 0.02% octaethylene glycol 
monododecyl ether (Sigma)). RNCs were flash-frozen in liquid nitrogen 
and stored at –80 °C in single-use aliquots.

Fluorescence labelling
Cysteine-maleimide labelling of NAC and HYPK. Cys-less NAC and 
HYPK were engineered to harbor a single cysteine (NACα(S186C), 
NACβ(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 NaCl, 1 mM TCEP, and 20% glycerol) with 
a fivefold 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 with a 10 K 
MWCO 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 with a 1.75 molar 
excess of CoASH in 0.25 ml DMSO and 0.75 ml 100 mM Na•Phosphate pH 
7.0 while stirring in the dark for 1 h at room temperature. 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-
gate was resuspended in DMSO. The 11-residue ybbR tag47,49 was append-
ed to the N terminus or inserted at residue 651 of Naa15. 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 MgCl2) 
with stoichiometric amounts of SFP enzyme and a 2.5 molar excess of 
CoA-dye conjugate for 1 h in the dark at room temperature. 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 frozen in aliquots in liquid 
nitrogen, and stored at −80 °C.

RNC labelling. RNC bearing the N-terminal 53 amino acids of the RPL4 
nascent chain (RNCRPL4-53aa) was labelled with BODIPY-FL (BDP) at residue 
12. To generate fluorescent RNCs, an amber codon was incorporated 
into the mRNA, and an amber suppressor system was used to insert 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 protocols36.

Biochemical measurements in extract
MetAP1 reaction in RRL. Amplicons of different sizes were gener-
ated by PCR and in vitro 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-
phan at position 2 representing a poor MetAP1 substrate50, 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 µM fumagillin, and that 4 µM of 
unlabelled Met and 0.25 µCi µl−1 [35S]Met was used. Reaction products 
were 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) and centrifuged in a TLA100 rotor (Beckman Coulter) 
at 100,000 rpm for 1 h at 4 °C. A radioactive 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 µl PURE-IVT reactions containing 
5 µl solution A, 3.75 µl solution B, 1.6 U µl−1 RNase I (Ambion), 12 ng µl−1 
of the Skd3–eGFP fusion protein plasmid, 1.48 µCi µl−1 [35S]Met were 
incubated for 2 h at 37 °C. The reaction was diluted 1:16, and 2 µl was 
added to each extract reaction prior to loading the entire reaction onto 
a 4–12% 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 PCR and in vitro transcribed to generate mRNAs encoding SNAP25 
nascent chain of 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 acetylated1, was translated in 
parallel. mRNAs were translated in RRL as described in the RNC purifica-
tion section in 125-µl reactions. The reactions were layered over a 125 µl 
high salt sucrose cushion and centrifuged in a TLA 100 rotor (Beckman 
Coulter) for 1 h at 100,000 rpm and resuspended in 20 µl equilibrium 
buffer. One-hundred nanomolar RNC in 10 µl was loaded onto a 4–12% 
Bis–Tris gel and imaged by immunodetection. The immunoblots were 
blocked for 1 h with 3% BSA in PBS-T, and then probed simultaneously 
with primary antibodies for RPL10 and SMI81. 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 rpm in a TLA 100 rotor (Beckman Coulter) in an Optima TLX 
Ultracentrifuge (Beckman Coulter). RNCs were centrifuged for 5 min 
at 4 °C at 10,000 rpm in a 5425 rotor (Beckman Coulter).

N-terminal acetylation reactions on peptide substrates. Reac-
tions were carried out using a previously described protocol51 with 
minor variations. Reactions contained various concentrations of 
H4 peptide substrate (sequence SGRGKGGKGLGKGGAKRHR, Gen-
script), 80 µM acetyl-coenzyme A (acetyl-CoA) (Sigma), 20 µM [14C]
acetyl-CoA (60 mCi mmol−1), 10 nM human NatA (hNatA) in reaction 
buffer containing 100 mM HEPES-KOH pH 8.0, 50 mM NaCl, 2 mg ml−1 
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 2× acetyl-CoA mixture for 
a final reaction volume of 125 µl. The reaction was stopped at vari-
ous time points in the linear range by blotting 20 µl onto a 1.5 cm2 
P81 phosphocellulose paper ( J. Oakhill) and immediately placing it 
into wash buffer (20 mM HEPES-KOH pH 7.4). Unincorporated [14C] 
acetyl-CoA was removed with 3× 15 ml 5-min washes, and the paper 
squares were air-dried for 2 h. The paper squares were then added 
to large scintillation vials with 15 ml of safety-solve scintillation fluid 
(Research products international), vortexed for 3 min, and incubated 
overnight. Scintillation counts were measured by a scintillation sys-
tem (Beckman Coulter LS6500) with an integration time of 5 min. The 
substrate concentration dependence of initial velocities was fit to the 
Michaelis–Menten equation to obtain the turnover number (kcat) and 
Michaelis constant (Km).

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 SNAP25 are specifically recognized by the SMI81 anti-
body37, providing a readout for N-terminal acetylation on the RNC after 
the cleavage of SUMO by Ulp1. Reactions were carried out in RNC buffer 
(50 mM HEPES-KOH pH 7.5, 150 mM potassium acetate, 5 mM magne-
sium acetate, 5 mM DTT, and 0.02% octaethylene glycol monododecyl 
ether (Sigma)) and contained 70 nM RNCSNAP25–RPL4, 100 µM 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 4× 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 800CW). 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 with iMet. Reactions were carried out in 
RNC200 buffer (50 mM HEPES-KOH pH 7.5, 200 mM potassium acetate, 
5 mM magnesium acetate, 2 mM TCEP, 100 µM CoCl2, and 0.02% octa-
ethylene glycol monododecyl ether (Sigma)) and contained 100 nM 
RNC, 200 nM of the indicated NAC variant, 5 nM NatA•HYPK. Reactions 
were initiated with an equal volume of 100 µM Acetyl-CoA and 5 nM 
MetAP1 (final concentrations). 10 µl of the reaction was quenched 
at 20, 30 and 60 s with 4× low pH SDS-loading buffer and analysed as  
above.

Fluorescence emission spectra. All fluorescence measurements were 
carried out on a Fluorolog 3-22 or FluoroQM-75-22 spectrofluorometer 
(HORIBA) at 25 °C in RNC buffer with 1 mg ml−1 BSA. Data were collected 
using FelixFL v1.0.34.0 (HORIBA). Fluorescence spectra were recorded 
using an excitation wavelength of 485 nm and emission wavelengths 
from 500–600 nm. FRET between BODIPY-FL-labelled RNCRPL4 (RNCBDP) 
and TMR-labelled at N-terminally ybbR-tagged Naa15–Naa10(E24Q/
Y26F) (NatATMR) was detected using samples containing 1 nM RNCBDP,  
100 nM NatATMR, and/or 1 µM unlabelled NatA where indicated. FRET 
between BODIPY-FL-labelled ybbR–Naa15–Naa10(E24Q /Y26F)  
(NatABDP) and TMR-labelled NACα(S186C)–NACB (NACTMR) was detected 
using samples containing 5 nM NACTMR, 5 nM NatABDP, 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 Naa15 (NatABDP) and HYPK labelled 
with TMR at C92 (HYPKTMR) was detected using 5 nM NatABDP with and 
without 50 nM HYPKTMR.

Equilibrium titrations. To measure the binding affinity between RNCBDP 
and NatATMR, equilibrium titrations were performed in RNC buffer using 
1 nM RNCBDP or preformed RNCBDP–NAC complex and indicated con-
centrations of NatATMR. Fluorescence emission of RNCBDP 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):

E
F
F

= 1 − (1)DA

D

in which FDA and FD are the donor fluorescence intensities in the titra-
tions with NatATMR and unlabelled NatA, respectively. The NatA con-
centration dependence of E was fitted52 to equation (2):
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in which [A]0 and [T] are the total concentrations of analyte (RNC) and 
titrant (NatA), respectively, Emax is the FRET efficiency at saturating 
titrant concentrations, and Kd is the equilibrium dissociation constant. 
Kd was constrained to be greater than 0.1 nM during fitting. Data fitting 
was performed using Prism v10.1.0.

To measure the Kd between NatA and HYPK, increasing concen-
trations of HYPKTMR 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, 
a complex pre-formed with 10 nM NatABDP and 50 nM HYPKTMR 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 5 nM NatABDP and 100 nM HYPKTMR was chased with 2 µM 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
All complexes were assembled in cryo-EM buffer (50 mM HEPES-KOH 
pH 7.4, 100 mM potassium acetate, 5 mM magnesium acetate, 0.02% 
octaethylene glycol monododecyl ether). For the RNCRPL4–NAC–NatA/E 
complex, RNCRPL4 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 
(Naa10(E24Q/Y26F)) and Naa50 at final concentrations of 1 µM, incu-
bated at room temperature for 10 min and then placed on ice until 
grid preparation. The RNCRPL4–NAC–MetAP1–NatA/E complex was 
prepared similarly, except for the additional presence of 1 µM catalyti-
cally impaired MetAP1 (D220N mutant) in the final incubation step. For 
the RNCRPL4–NAC–MetAP1–NatA/E–HYPK complex, the RNCRPL4–NAC–
MetAP1–NatA/E complex prepared as above was further mixed with 
HYPK at a final concentration of 2 µM, incubated at room temperature 
for 10 min and then placed on ice 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 a 1 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 
30 s in the Vitrobot chamber, excess sample was blotted off grids for 
2–4 s with a blot force of 15, and grids were plunge-frozen in a mixture 
of ethane and propane (1:2).

Grids were imaged in a Titan Krios G3i (RNCRPL4–NAC–NatA/E and 
RNCRPL4–NAC–MetAP1–NatA/E–HYPK samples) or Titan Krios G4 
(RNCRPL4–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 
direct electron detector, operating in 2× binned super-resolution mode. 
The microscope was used with a nominal magnification of 81,000×. The 
energy filter slit was set to 20 e− V, the defocus was set to shift between 
−0.6 and −2.4 µm in 0.3-µm steps.

Automated data collection was set up in EPU software (Thermo Fisher 
Scientific). For the RNCRPL4–NAC–NatA/E sample, a total of 8,739 movies 
were collected at a physical pixel size of 1.06 Å per pixel with the total 
electron dose of 60 e− Å−2 using EPU 2.10.0.5; for the RNCRPL4–NAC–
MetAP1–NatA/E sample, a total of 8,888 movies were collected at a 
physical pixel size of 1.065 Å per pixel with the total electron dose of 
50 e− Å−2 using 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 Å 
per pixel with the total electron dose of 50 e− Å−2 using EPU 3.2.0.4776.

Cryo-EM data processing
RNCRPL4–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 Å blob diameter range) in CryoSPARC Live. 
Picked particles were extracted with a box 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 classification in Relion 3.1 (ref. 53) to first 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 
all ribosome particles) were reimported into CryoSPARC54, reextracted 
without binning, and used for a homogeneous refinement (non-default 
parameters are listed in Supplementary Fig. 2a) resulting in a map of 
RNCRPL4–NAC–NatA/E complex to an overall resolution of 2.9 Å, esti
mated using the Fourier shell correlation (FSC) = 0.143 criterion55. 
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 
overall resolution of 6.5 Å (Extended Data Table 1).

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 
on the 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 reconstruct a 
map with an overall resolution of 3.21 Å (Supplementary Fig. 3b), and 
the resolution of the NAC–NatA/E segment of 4.52 Å (Supplementary 
Fig. 3c), estimated using the FSC = 0.143 criterion. FSC for the NAC–
NatA/E segment of the map was calculated with a mask on the respec-
tive part of the map.

RNCRPL4–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 Å blob diameter) in CryoSPARC Live. 
Picked particles were extracted with a box 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. The resulting particle set was then intersected with the RNC 
subset identified in a parallel branch of classification to yield 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 Å. The map 
was then locally refined with a mask, covering NatA/E–NAC–MetAP1 
to an overall resolution of 6.7 Å.
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RNCRPL4–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 Å blob diameter) in CryoSPARC Live. Picked particles 
were extracted with a box size of 560 pixels and binned 3 times to a box 
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-
fied in 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. 2c) 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 RNCs were intersected to arrive at a set 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 MetAP1 bound 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 Å. The map was 
then locally refined with a mask, covering NatA/E–NAC–MetAP1 to an 
overall resolution of 5.8 Å. 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 ChimeraX56, 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–NACα complex structure. Struc-
ture prediction of the human Naa15–NACα complex was done with the  
ColabFold 1.3 (ref. 39) implementation of AlphaFold2-multimer-v2  
(ref. 38) using default parameters. Amino acid sequences of Naa15 
(sequence id Q9BXJ9-1) and NACα (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 
as rigid 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 Naa15 were transplanted from 
the AlphaFold38,39 model of the Naa15–NACα complex. NACα H2 (resi-
dues 135–145) and UBA domain (residues 178–215) were transplanted 
from the AlphaFold model of the Naa15–NACα complex. The docked 
models were manually adjusted in Coot57 to better fit the EM maps 
and then refined using Phenix58. First, the RNC models were real-space 
refined into homogenously refined EM maps for 5 macrocycles includ-
ing coordinate and ADP refinement with enabled secondary struc-
ture restraints. The NAC, MetAP1 and 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 tool implemented in Phenix59 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 techniques60 with E. coli OP50 as food source at 20 °C. 
Transgenic strains were generated using standard microinjection 
protocols61. Single-copy transgene integration was performed using 
the miniMos transposon method62. An RNAi-resistant gene encod-
ing C. elegans Naa15 (hpo-29) was designed using a codon adaptation 
tool63. The gene was synthesized by Integrated DNA Technologies with a 
C-terminal 3×Flag tag and three synthetic introns. The sequence is listed 
in Supplementary Table 2. The gene was subcloned into the miniMos 
pCFJ910 vector62 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 NACα was described pre-
viously3,33. 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 (1MAEDADMR-
NELE12) and a C-terminal 3×HA tag. The SNAP25–YFP–3×HA 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 constructs targeting C. elegans endogenous genes (NACα, 
icd-2; Naa15, 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)64. 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 h at 30 °C before feeding to worms. Control worms were 
fed IPTG-induced HT115 bacteria containing the empty L4440 vector. 
At least three independent biological replicates of all C. elegans RNAi 
experiments were performed.

NatA reporter analysis. Transgenic worms expressing the SNAP25–
YFP–3×HA reporter were grown from hatching on RNAi plates for  
2 days at 23 °C. Worms were extracted in SDS lysis buffer (62.5 mM Tris 
pH 6.8, 1 mM EGTA, 2% SDS, 1× protease inhibitor cocktail (Roche)) by 
sonication and boiling for 5 min at 99 °C. Total amount of SNAP25–
YFP–3×HA 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)37.

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 described3,34. In brief, worms were extracted 
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in ribosome sedimentation buffer (30 mM HEPES-KOH pH 7.4, 100 mM  
potassium acetate, 5 mM MgCl2, 5% mannitol, 100 µg ml−1 cyclohex-
imide, 2 mM β-mercaptoethanol, 1× protease inhibitor cocktail 
(Roche)), and lysates were cleared by centrifugation and filtration 
of the supernatant through a 0.45-μm nitrocellulose membrane.  
Ribosomes were pelleted by ultracentrifugation (200,000g) through 
a 25% sucrose cushion for 2 h at 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 described34. 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 µg ml−1 Normocin in a 5% CO2 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 NACα and Naa15, cells were transiently  
transfected with 1 μg siRNA duplex (Biomers) targeting the 3′ UTR  
of NACα (5′-AGGAGUAACUGCAGCUUGG-dTdT-3′) and Naa15  
(5′-GCUGCAUUGCUCUAACUUA-dTdT-3′), respectively. Control cells  
were transfected with 1 μg nonsense siRNA (5′-UUCUCCGAACGU 
GUCACGU-dTdT-3′). NACα and Naa15 expression was restored in knock-
down cells by co-transfection of plasmids expressing N-terminally 
3×Flag-tagged NACα and C-terminally 3×Flag-tagged Naa15 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 MgCl2, 
5% mannitol, 0.04% Nikkol, 100 µg ml−1 cycloheximide, 1 mM DTT, 
1× 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-Naa15 (clone D-7) (Santa Cruz, sc-365931, 1:1,000 dilution); 
anti-Naa10 (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, 
1:1,000 dilution); 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
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
Models and electron microscopy maps were deposited at the PDB and 
EMDB with accession codes 9F1B, EMD-50124 (homogeneously refined 
cryo-EM map), EMD-50127 (locally refined cryo-EM map) and EMD-
50130 (80S–NAC–NatA/E cryo-EM map) for the ternary complex, 9F1C, 

EMD-50125 (homogeneously refined cryo-EM map) and EMD-50128 
(locally refined cryo-EM map) for the quaternary complex, and 9F1D, 
EMD-50126 (homogeneously refined cryo-EM map) and EMD-50129 
(locally refined cryo-EM map) for the quaternary HYPK complex. Each 
EMDB entry holds either a homogeneously refined map or a locally 
refined map together with a set of lowpass-filtered or resampled maps 
presented throughout the manuscript as supplementary maps.
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Extended Data Fig. 1 | FRET of NatA with RNC and with NAC on the ribosome. 
(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 Met1 mutated to serine. An amber codon at 
residue 12 allows for fluorescence labeling using BODIPY-FL (BDP). After FLAG 
affinity purification, SUMO cleavage by Ulp1 generates a 53 amino acid (aa) 
long nascent chain with a defined N-terminus recognized by NatA. Nascent 
chains for enzymatic assays in RRL are shown in (b). Constructs to measure 
iMet excision (upper) contained varying lengths of RpL4 with a single iMet, 
which was radioactively labeled with [35S] and detected via autoradiography. 
Constructs to measure Nt-acetylation (lower) contained residues 2–12 from 
SNAP25, which is specifically detected by the SMI antibody upon Nt-acetylation 
(SMI81 epitope), followed by varying lengths of the RpL4 nascent chain. The 
nascent chain for measurement of Nt-acetylation reconstituted with purified 
RNC and proteins is shown in (c) and contains an N-terminal 3xFLAG tag, SUMO, 
the SMI81 epitope, a GSGS linker, and residues 1-90 of the RpL4 nascent chain. 
After purification of RNC, SUMO cleavage by Ulp1 generates a defined 
N-terminus for acetylation. (d) Purified proteins (as indicated) were visualized 
on a 12.5% 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 

from 2, 1, 3, and 2 independent preparations of NatA, Naa50, MetAP1, and 
HYPK, respectively. (e) Steady-state kinetics of WT human NatA expressed and 
purified from S. cerevisiae. Reactions contained the indicated concentrations 
of the H4 peptide substrate (SGRGKGGKGLGKGGAKRHR), 20 µM [14C]-acetyl- 
CoA, 80 µM [12C]-acetyl-CoA, and 10 nM NatA. The progress of the reaction was 
monitored in the linear 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 
the site of acceptor dye (TMR) label are shown on the human NatA structure 
(PDB: 6C9M) using a dotted line. Naa15 and Naa10 are colored in dark and  
light green, respectively. The figure was generated with Pymol v.2.5.5.  
(g) Fluorescence emission spectra of RNCBDP with the 53 aa long RpL4  
nascent chain (green), NatATMR (purple), RNCBDP with NatATMR (red), and 
RNCBDP•NatATMR chased with excess unlabeled NatA (black). Where indicated, 
the reactions contained 1 nM RNCBDP, 100 nM NatATMR, and 1 µM unlabeled 
NatA. (h, i) Fluorescence emission spectra measuring FRET between NatABDP 
and NACTMR in the absence (h) or presence (i) of 5 nM unlabeled RNC with a  
53 aa long RpL4 nascent chain. 5 nM NatABDP + 5 nM unlabeled NAC are shown  
in green, 5 nM NatABDP + 5 nM NACTMR in red, 5 nM NACTMR alone in purple, 5 nM 
NatABDP + 5 nM NACTMR + 250 nM unlabeled NAC in black, and buffer only in 
brown.
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Extended Data Fig. 2 | Ribosome binding of NatA in human cells depends  
on NAC. (a) Ribosome association of NatA after knockdown of NACα in  
human HEK293T cells. Total and ribosomal pellet fractions were analyzed by 
immunoblotting. ns, nonsense siRNA control. Representative immunoblot is 
shown. Experiment was repeated three times. (b) Ribosome association of 
NatA after knockdown of NACα in human HEK293T cells using siRNAs targeting 
the endogenous NACα mRNA in the 3′ UTR. NACα expression was restored in 
knockdown cells by transient expression FLAG-tagged NACα variants from 
plasmids containing a different 3′ UTR. Two NACα variants carrying point 
mutations in the NACα UBA-Naa15 binding interface (mtNAC-UBA-1 and -2;  

see Extended Data Table 2) and a deletion mutant lacking the entire UBA 
domain (∆UBA; see Extended Data Table 2) were analyzed. ns, nonsense siRNA 
control. Representative immunoblot is shown. Experiment was repeated three 
times. (c) Ribosome association of FLAG-tagged Naa15 variants in human 
HEK293T cells in the endogenous Naa15 knockdown background. A mutant 
variant carrying three point mutations in the hydrophobic NACα UBA binding 
interface (L73A/L77A/W83A) was compared with wildtype Naa15. Total and 
ribosomal pellet fractions were analyzed by immunoblotting. Representative 
immunoblot is shown. Experiment was repeated three times.
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Extended Data Fig. 3 | Local resolution estimates, orientation distribution 
and refinement statistics of cryo-EM maps. Each row shows, from the left to 
right: an overview and slice-through of the cryo-EM map, both filtered and 
coloured according to estimated local resolution, a viewing direction 
distribution heatmap, and Fourier shell correlations (between unmasked or 
masked half maps – blue and purple curves, respectively; between the map  
and the model after the final round of refinement – orange curves). The local 

resolution estimation and filtering was done in CryoSPARC. Maps were 
coloured on the same scale from 2.5 to 10 Å. The viewing direction distribution 
for each map was taken from corresponding CryoSPARC refinement outputs. 
For locally refined maps, only areas within refinement masks were coloured. 
The FSC curves for maps and map vs. model were obtained from outputs of 
map refinements in CryoSPARC and real-space refinements of models in 
Phenix, respectively.



Extended Data Fig. 4 | Cryo-EM structure and model of the RNCRpL4-NAC- 
NatA/E ternary complex. (a) Front view of the cryo-EM map of RNCRpL4 bound 
with NAC and NatA/E. The map shows the NatA/E complex bound to the large 
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 Å resolution. (b) Detailed view of the ternary 
complex model depicted in (A) showing NatA/E and NAC on the 60 S ribosomal 
subunit. The yellow dotted line represents the flexible linker between NACα 
helix H2 and the UBA domain. NatA/E contacts the ribosome through its Naa15 
auxiliary subunit via patches of positively charged residues within the basic 
helix of Naa15 and N-terminal helices that bind to the backbone of ribosomal 
RNA. The NACα C-terminal tail forms a bipartite contact with Naa15 with its 
UBA domain and H2. (c-e) Details of cryo-EM maps of the ternary complex 
showing a segment of Naa15 in contact with the NACα UBA domain (c), the 

NACα-H2 density connecting to the globular domain of NAC (d), and the 
N-terminal ribosome anchor of NACβ (e). The locally refined map (c), the 
homogeneously refined map lowpass filtered to 6 Å resolution (d) and the 
homogeneously refined map (e) are displayed as semi-transparent surfaces. 
(f-h) ColabFold-predicted dimer model of the Naa15-NACα complex. The 
AlphaFold model is coloured by chain (f), with Naa15 in green and NACα in 
yellow, and by the pLDDT confidence score (g). (h) shows the predicted Aligned 
Error (PAE) plot for the predicted model, with Naa15 as chain A and NACα as 
chain B. The chain residues are marked along the x and y axis, and the heatmap 
indicates the estimated position error (in Å) for residue x when predicted and 
true structures are aligned on residue y. Low PAE for residue pairs from NACα 
UBA and Naa15 (marked on the plot with *) and NACα H2 and Naa15 (marked as **) 
indicate that the relative positions of corresponding domains are well-defined 
in the AlphaFold prediction.
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Extended Data Fig. 5 | Mammals and yeast employ distinct modes of NatA/E 
recruitment to ribosomes. Side (a, b) and top (c, d) views of the mammalian 
ternary RNCRpL4-NAC-NatA/E complex (a, c) and those of the yeast RNC-NatA/E 
complex (b, d; PDB# 6HD5). The ribosomes are shown in surface representation, 
bound factors and selected expansion segments in cartoon. The NAC 
heterodimer is shown in yellow and orange, mammalian NatA/E in hues of 
green, rRNA expansion segments coordinating NatA/E in blue, and yeast 
NatA/E in hues of pink. While the N-terminal helical domain of Naa15 contacts 
the ribosome near the exit tunnel in both mammalian and yeast systems, all 
other structural elements that mediate NatA recruitment and positioning on 
the ribosome are distinct in the two organisms. Firstly, ribosome-bound NAC 
captures and helps position NatA/E in mammals, whereas in yeast, the rRNA 

extension Es27 is proposed to act as a protein recruitment hub for NatA in 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 
not involved in ribosome contact and hence does not contribute to the ribosome 
affinity of mammalian NatA/E as shown in Fig. 1. Thirdly, the locations of the 
NatA/E complex at the ribosome exit site are distinct in the two organisms. 
Finally, the ribosome binding site of mammalian NAC heavily overlaps with that 
of yeast NatA/E, suggesting that yeast NAC antagonizes rather than facilitates 
the ribosome recruitment of NatA/E. These differences, together with the 
absence of the NatA regulator HYPK in S. cerevisiae, suggest that the ribosome 
recruitment mechanisms for protein biogenesis factors are distinct between 
yeast and higher eukaryotic organisms.



Extended Data Fig. 6 | Equilibrium titrations to measure the binding of 
NatA to RNC•NAC with the indicated NAC or NatA variants. (a-c) Titrations 
contained 1 nM RNCBDP, indicated concentrations of WT NatATMR or NatATMR 

variants (a, b), and 50 nM NAC WT or NAC variants (c). (d) Close-up view of the 
interaction between Naa15 TPR and the NACα UBA domain. Mutated residues 
are colored as in (b) and (c).
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Extended Data Fig. 7 | HYPK forms an ultra-stable complex with NatA.  
(a) Fluorescence emission spectra of 5 nM NatABDP with (red) and without (green) 
50 nM HYPKTMR. (b) Equilibrium titrations to measure the binding of NatABDP to 
HYPKTMR. Data are shown as mean ± SD, with n = 3 independent measurements. 
(c) FRET between NatA-HYPK was not changed by increasing concentrations of 
the 80 S ribosome. (d) Kinetics of dissociation of NatA-HYPK. The line is a fit of 

the data to a single exponential function assuming FRET = 0 at the end of the 
reaction. (e) Summary of the dissociation rate constant of the NatA-HYPK 
complex, in the absence and presence of the additional Naa50 catalytic subunit 
or by increasing the concentration of the ribosome high-salt wash fraction 
(HSW). Individual data points for independent measurements are shown.



Extended Data Fig. 8 | See next page for caption.
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Extended Data Fig. 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 with bound H2 of NACα. In (a), the model of HYPK 
from NatA-HYPK complex (PDB 6C95) is superimposed on the model of NatA/E 
from the quaternary RNC-NAC-NatA/E-MetAP1 complex. Models were aligned 
by Naa15, only HYPK from the isolated NatA-HYPK complex is displayed.  
(b) shows the model of NAC-NatA/E from the quaternary RNC-NAC-NatA/ 
E-MetAP1 complex. (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-MetAP1 complex. The binding site of HYPK H2 in its inhibitory 
conformation on Naa15 in part overlaps with that of H2 of NACα, when NatA/E  
is recruited to the ribosome. (d) shows a model 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 NACα 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 with and 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), a segment of Naa15 with NACα UBA (f), and MetAP1 (g). h-j, details 
of the locally refined cryo-EM map of the quaternary complex with HYPK 
showing the front view of the complex (h) and a segment of Naa15 with NACα 
UBA and HYPK UBA (i). A detail of a homogeneously refined map, lowpass 
filtered to 6 Å resolution, shows how NACα-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 
same as in Fig. 1e, with MetAP1 in blue-grey and HYPK in purple.
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Extended Data Table 1 | Cryo-EM data collection, refinement and validation statistics
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Extended Data Table 2 | List of protein mutations used in this work
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