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SUMMARY

N-myristoyltransferases (NMTs) cotranslationally transfer the fatty acid myristic acid to the N terminus of 
newly synthesized proteins, regulating their function and cellular localization. These enzymes are important 
drug targets for the treatment of cancer and viral infections. N-myristoylation of nascent proteins occurs 
specifically on N-terminal glycine residues after the excision of the initiator methionine by methionine 
aminopeptidases (METAPs). How NMTs interact with ribosomes and gain timely and specific access to their 
substrates remains unknown. Here, we show that human NMT1 exchanges with METAP1 at the ribosomal 
tunnel exit to form an active cotranslational complex together with the nascent polypeptide-associated com-

plex (NAC). NMT1 binding is sequence selective and specifically triggered by methionine excision, which ex-

poses the N-myristoylation motif in the nascent chain. The revealed mode of interaction of NMT1 with NAC 
and the methionine-cleaved nascent protein elucidates how a specific subset of proteins can be efficiently 
N-myristoylated in human cells.

INTRODUCTION

The correct cotranslational N-terminal modification of newly syn-

thesized proteins is a central cellular process that ensures the 

stability, function, and localization of proteins. 1–3 In eukaryotes, 

a large fraction of proteins requires two sequential enzymatic 

modifications: the removal of the N-terminal initiator methionine 

through methionine aminopeptidases (METAPs), followed by 

acetylation of the neo-N terminus by N-acetyltransferase A 

(NatA) or lipidation by N-myristoyltransferases (NMTs). 1–5 

METAPs have a large substrate pool (>40% of all cytosolic pro-

teins) encompassing virtually all proteins with a small and un-

charged amino acid at the second position (G, A, C, V, S, T, or 

P). 6,7 After methionine excision, most of these substrates are 

acetylated by NatA. 1,2,4 These include many substrates with a 

glycine residue at the neo-N terminus, with the exception of a 

small subset of proteins that require lipidation by NMTs. 8–10 

NMTs are highly conserved and essential enzymes that trans-

fer myristic acid, a 14-carbon saturated fatty acid, from the 

donor myristoyl-Coenzyme A (myr-CoA) to the free α-amino 

group of glycine residues of specific target proteins (>500

different substrates in human cells). 8–10 In certain substrates, 

NMTs can also myristoylate the ε-amino groups of lysine side 

chains. 11,12 NMT substrates share a characteristic N-terminal 

consensus sequence, MGxxxS (x = variable but with prefer-

ence/exclusion of certain amino acids; see Castrec et al. 8 ), and 

often have a positively charged residue at position 7. 8–10,13,14 

The hydrophobic lipid modification critically influences the 

function and cellular localization of NMT target proteins by regu-

lating their interactions with cell membranes. N-myristoylation of 

proteins by NMTs plays a key role in multiple biological pro-

cesses important for oncology, virology, and immune function. 

The two closely related human NMT paralogs, NMT1 and 

NMT2, 12,14 are proven drug targets and the subject of several 

current clinical trials for the treatment of cancer and viral infec-

tions. 15–19 The cotranslational mechanisms of action of these en-

zymes remain poorly understood.

Recent studies have revealed that cotranslational N-terminal 

methionine excision and acetylation are physically coupled pro-

cesses mediated by the nascent polypeptide-associated com-

plex (NAC), a ubiquitous heterodimeric (NACα/NACA + NACβ/ 

BTF3b) ribosome-associated protein biogenesis factor. 2,20,21

Molecular Cell 85, 2749–2758, July 17, 2025 © 2025 The Author(s). Published by Elsevier Inc. 2749 
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

ll
OPEN ACCESS

http://creativecommons.org/licenses/by/4.0/
mailto:martin.gamerdinger@uni-konstanz.de
mailto:sshan@caltech.edu
mailto:ban@mol.biol.ethz.ch
mailto:elke.deuerling@uni-konstanz.de
mailto:elke.deuerling@uni-konstanz.de
https://doi.org/10.1016/j.molcel.2025.06.015
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molcel.2025.06.015&domain=pdf
http://creativecommons.org/licenses/by/4.0/


NAC recruits both required enzymes, METAP1 and NatA, simul-

taneously to the ribosome tunnel exit using two different flexible 

tails, resulting in the formation of a cotranslational multienzyme 

complex that ensures the efficient two-step modification of 

nascent proteins. 20,21 However, NMTs also need to gain access 

to nascent chains after methionine excision, and NMTs must 

engage their specific substrates before NatA to prevent their po-

tential acetylation by this competing enzyme, which also targets 

N-terminal glycine residues. 8,22 How NMTs interact with the 

ribosome and how their binding is spatiotemporally regulated 

relative to METAP1 and NatA to ensure efficient and specific 

N-myristoylation of nascent proteins is unknown. In this study, 

we elucidate the cotranslational mechanism of action of human 

NMTs and their interplay with NAC, METAP1, and NatA.

RESULTS

NAC recruits NMTs to translating ribosomes

We sought to identify factors that regulate the binding of human 

NMTs to translating ribosomes. NMTs must act on nascent pro-

teins directly after the removal of the initiator methionine by 

METAPs. Since NAC facilitates the binding of METAP1 to trans-

lating ribosomes, 20,21 a functional interaction between NAC and 

NMTs is conceivable. To investigate this possibility, we per-

formed ribosome binding studies in vitro using purified human 

NAC and NMT1. NMT1 alone bound only weakly to ribosomes, 

whereas the addition of NAC strongly enhanced the ribosome 

interaction of the enzyme (Figure 1A). Similarly, ribosome binding 

of human NMT2 was strongly increased in the presence of NAC 

(Figure 1A). These results suggest that NAC physically interacts 

with the two closely related human NMT paralogs to facilitate 

their binding to the ribosome.

To quantitatively determine how NAC affects the binding affin-

ity of NMTs to ribosomes translating N-myristoylation sub-

strates, we purified translationally stalled ribosome-nascent 

chain complexes (RNCs) bearing the nascent chain of the 

proto-oncogene tyrosine kinase Src, a well-established NMT 

substrate. 14,23,24 The nascent chain contained residues 2–71 of 

Src and started with the 2 nd glycine residue (RNC Src-G ), the 

neo-N terminus after initiator methionine excision by METAP1 

(Figure S1A). Binding of NMT1 to RNC Src-G was measured using 

Fö rster resonance energy transfer (FRET) between a donor dye 

site specifically incorporated in the Src nascent chain and an 

acceptor dye on NMT1 (Figure S1; see STAR Methods). Equilib-

rium titrations showed high-affinity binding of NMT1 to RNC Src-G 

in the presence of NAC, with an equilibrium dissociation con-

stant (K d ) of 0.63 nM, whereas NMT1 binding was over 20-fold 

weaker in the absence of NAC (Figure 1B).

These in vitro observations suggest that NAC provides key in-

teractions to enable high-affinity binding for NMTs on ribosomes 

to facilitate N-myristoylation of nascent proteins in cells. Consis-

tent with such a role, knockdown of NAC strongly reduced the 

ribosome association of NMT1 and NMT2 in human cells 

(Figures 1C and S1D). Moreover, the N-myristoylation of a Src-

related model substrate (Src exon 1 fused to GFP; Figures S1E 

and S1F) was strongly reduced in NAC-depleted cells 

(Figure 1D). Therefore, in addition to METAP1 and NatA, 20,21 

NAC also recruits NMTs to translating ribosomes to ensure the 

efficient cotranslational N-myristoylation of proteins in cells.

Ribosome interaction mechanism of human NMTs

To understand how NMTs are positioned on ribosomes and co-

translationally engage their substrates, we determined the struc-

ture of NMT1 and NAC bound to RNC Src-G by single-particle 

cryo-electron microscopy (cryo-EM) to an overall resolution of

2.8 A ˚ . The cryo-EM map showed the stalled translating ribosome

with NAC and NMT1 bound at the exit region of the nascent poly-

peptide tunnel (Figures 2A and S2). NAC and NMT1 were solved

Figure 1. NAC recruits NMTs to translating ribosomes

(A) Co-sedimentation of human NMT1 and NMT2 with ribosomes in vitro in the presence and absence of NAC. Ribosomal pellet fractions were analyzed by 

immunoblotting.

(B) Equilibrium titrations to measure the binding affinity of NMT1 for RNC Src-G in the presence and absence of NAC (left). Binding was measured based on FRET 

between Cy3B (donor) labeled at position 28 in the Src nascent chain and Atto647N (acceptor) labeled on NMT1. The data are shown as mean ± SD (n = 3 for 

the − NAC sample and n = 9 for the +NAC sample) and were fit to Equation 3. The obtained K d values are summarized on the right, showing the values from 

independent titrations and in Table S1.

(C) Ribosome association of NMT1 after knockdown of NACβ in human HEK293T cells. Proteins in total and ribosomal pellet fractions were detected by 

immunoblotting.

(D) N-myristoylation of the NMT model substrate (Src N terminus fused to GFP) after knockdown of NACβ in human HEK293T cells. Protein levels were detected 

by immunoblotting.

See also Figure S1 and Table S1.
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to local resolutions of 5–9 A ˚ , enabling us to confidently dock

known structures of NAC and NMT1 (Figures 2B and S2). The 

N terminus of NACβ, which acts as a high-affinity ribosomal an-

chor, 25 was located at the same position at eL19 and eL22 as in 

previous structures (Figure S3A). The globular domain of NAC 

was positioned next to the tunnel exit but bound at a different 

angle than previously observed. Compared with the canonical 

position observed when NAC binds alone or in complex with 

METAP1 or NatA, 20,21 the globular domain was tilted by ∼22 ◦ 

(Figure S3A).

The tilted NAC conformation was likely triggered by NMT1, 

which bound to the ribosome at a location that would sterically 

clash with the globular domain of NAC in its canonical position 

(Figure S3A). The central domain of NMT1 contacts the ribosome 

directly and orients its catalytic center toward the exit of the ribo-

somal tunnel, where nascent protein chains emerge (Figure 2C). 

The primary contact between NMT1 and the ribosome was 

mediated by a helix-helix interaction with ribosomal protein 

uL23 at the tunnel exit (Figure 2D). The cryo-EM map showed 

well-ordered density for this region, allowing building of the 

atomic model of the contact region and identification of key res-

idues (R322 and K325) that mediate the interaction. These resi-

dues are evolutionarily conserved in metazoans and are also pre-

sent in human NMT2 (Figure S3B). Structure-guided mutations in 

NMT1 designed to disrupt this interaction (R322A/K325A, 

referred to as NMT1 uL23mt) weakened the binding affinity of 

NMT1 to RNC Src-G over 60-fold in vitro (Figures 2E and S4A) 

and strongly decreased the ribosome association of NMT1 in 

cells (Figure 2F). These data suggest that uL23 serves as a func-

tional docking site for NMTs at the tunnel exit in metazoans. 

The cryo-EM reconstruction did not resolve the ∼100 amino 

acid long flexible N-terminal domain of NMT1, which has been 

reported to be involved in ribosome binding of the enzyme. 26,27 

The N-terminal region of NMTs is overall poorly conserved in 

metazoans, except for a distinct poly-lysine segment found in 

vertebrates (Figure S3B). Deletion of this motif (Δ55–65, referred 

to as NMT1 ΔLS) weakened NMT1 binding affinity for RNC Src-G

∼10-fold in vitro (Figures 2E and S4A) and reduced the ribosome 

association of NMT1 in human cells (Figure 2F). The interaction 

of NMT1 ΔLS with ribosomes was also reduced in the absence 

of NAC (Figure S4D). Thus, vertebrate NMTs appear to make 

two independent ribosome contacts: a flexible interaction via 

the N-terminal domain that likely ensures high local concentra-

tion of the enzyme in the vicinity of the ribosome, and a positional

Figure 2. Cryo-EM map of RNC Src-G in complex with NAC and NMT1

(A) Overview of the cryo-EM map of RNC Src-G (65 aa) in the ternary complex with NMT1 and NAC.

(B) Cross-section of the ribosomal tunnel exit. The map was lowpass filtered to 5 A ˚ .

(C) Potential path of the nascent chain from the ribosomal tunnel exit to the catalytic center of NMT1 (red dashed line). Residues that comprise the catalytic center 

of NMT1 are colored red.

(D) Close-up view of the interaction region between NMT1 and the ribosomal protein uL23. Key interacting residues are shown as sticks and the high-resolution 

map as gray mesh.

(E) Binding affinity of WT NMT1 and NMT1 ribosome binding mutants (R323A/K325A, uL23mt; Δ55–65, ΔLS) to RNC Src-G in the presence of NAC, measured using 

the inhibition assay (Figure S4A). Data are shown as mean ± SD, and the dots show the values from individual replicates.

(F) Ribosome association of indicated FLAG-tagged NMT1 variants in human HEK293T cells. Proteins in total and ribosomal pellet fractions were detected by 

immunoblotting.

See also Figures S2, S3, and S4 and Table S2.
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contact at uL23 that stabilizes and positions the catalytic domain 

at the ribosomal tunnel exit.

NMT1 is recruited by the flexible C-terminal arm of NACβ 
The two central globular domains of NAC and NMT1 were bound to 

the ribosome very close to each other but did not appear to make 

direct contact. This seemed surprising considering the strong sta-

bilizing effect of NAC on NMT1 ribosome binding observed in vitro 

and in cells. However, at lower contour levels of the cryo-EM map, 

a density could be seen protruding from the NAC globular domain 

toward a hydrophobic groove located on the central domain of 

NMT1 (Figure S5A). We hypothesized that this density might corre-

spond to one of the flexible tails of NAC that were previously shown

to recruit other cotranslational protein biogenesis factors. 20,21,25 

We therefore used AlphaFold2 28 to predict the structural basis of 

this potential NAC-NMT1 interaction.

Consistent with our hypothesis, AlphaFold2 predicted an inter-

action between the NMT1 central domain and the unstructured 

C-terminal tail of NACβ (Figures 3A and S5A), the same flexible 

tail of NAC that binds METAP1. 20 The predicted interaction is 

mediated by a conserved hydrophobic motif located within a 

negatively charged region near the C terminus of NACβ that binds 

in a hydrophobic groove on NMT1 flanked by positively charged 

residues (Figures 3B and S3C). The hydrophobic and basic resi-

dues in NMT1 predicted to interact with NACβ are highly 

conserved in eukaryotes and are also present in human NMT2

Figure 3. NMT1 is recruited by the flexible C-terminal tail of NACβ
(A) AlphaFold2 model predicts an interaction of the NACβ C-terminal tail with a hydrophobic groove on NMT1.

(B) Close-up of AlphaFold2-predicted NACβ-NMT1 binding interface. Predicted salt bridges (upper) and hydrophobic interactions (lower) are indicated. NMT1 

residues forming a hydrophobic pocket for NACβ F153 are colored red. NACβ L149 served as incorporation site of a photo-crosslinking amino acid for 

analysis in (C).

(C) Photo-crosslinking of NAC containing the UV-activated crosslinking amino acid benzoyl-phenylalanine (Bpa) at position L149 with WT NMT1 and an NMT1 

variant carrying charge reversal mutations (K252D/K253D/R258D, KKR/DDD) in predicted NACβ binding interface shown in (B). Proteins were detected by 

immunoblotting (IB).

(D) Ribosome binding of NMT1 (upper) and METAP1 (lower) in presence of NAC variants carrying mutations in NACβ C-terminal tail indicated in (B). Ribosomal 

pellet fractions were analyzed by immunoblotting. D143K/D148K/D154K, DDD/KKK; Δ140–162, ΔC.

(E) Binding affinity of WT NMT1 to RNC Src-G bound to the indicated NAC variants, measured using the FRET assay. Data are shown as mean ± SD, and the dots 

show the K d values from independent titrations. The − NAC and WT data are from Figure 1B and are shown for comparison.

(F) Binding affinity of WT and mutant NMT1 K252D/K253D/R258D (KKR/DDD) for RNC Src-G bound to WT NAC, measured using the inhibition assay (Figure S4A). 

Data are shown as mean ± SD, and the dots show the K i values from independent titrations. The WT data are from Figure 2E and are shown for comparison.

(G) N-myristoylation of NMT model substrate (Src N terminus fused to GFP) in human cells expressing indicated NACβ variants. Protein levels were detected by 

immunoblotting.

See also Figures S4 and S5.
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(Figure S3B). The predicted NMT1 interaction motif of NACβ 
partially overlaps with that of METAP1 but also includes NMT1-

specific contacts such as NACβ F153 (Figure S5B).

To test the AlphaFold2 model, we designed mutations in NACβ 
as well as NMT1. Charge reversal mutations were introduced 

either in NMT1 (KKR/DDD) or in NACβ (DDD/KKK) to disrupt 

the predicted salt bridges between the NMT1 residues K252, 

K253, and R258 and NACβ residues D143, D148, and D154 

(Figure 3B). To disrupt the predicted hydrophobic interaction, 

a point mutation was introduced in NACβ at position F153 

(substituted to serine, F153S). This residue was predicted 

to slip into a pocket formed by conserved hydrophobic 

residues of NMT1, including L152, P153, F156, V259, and 

V262 (Figures 3B, S3B, and S5B). NMT1 variants harboring mu-

tations at this pocket were unstable and could therefore not be 

investigated. Additionally, we constructed a deletion mutant 

lacking the entire C terminus of NACβ (Δ140–162, referred to 

as NACβ ΔC).

The binding of the NACβ C-terminal tail to the groove on NMT1 

was then tested using a NAC variant carrying a photo-crosslink-

ing probe at position L149 of NACβ, located in the predicted 

NMT1 binding motif (Figure 3B). This variant crosslinked strongly 

with wild-type (WT) NMT1 but not with the NMT1 KKR/DDD 

variant (Figure 3C). Reverse crosslinking with an NMT1 variant 

carrying Bpa in the hydrophobic groove at position F156 

(Figure 3B) led to the same results (Figure S5C). Thus, the 

NACβ C terminus indeed appears to bind NMT1 in the surface 

patch predicted by AlphaFold2. We then investigated the impor-

tance of the NACβ tail interaction for ribosome binding of NMT1. 

All mutations designed to disrupt the NACβ-NMT1 interaction 

(NMT1 KKR/DDD and NACβ F153S, DDD/KKK, ΔC) almost 

completely abolished the stabilizing effect of NAC on ribosome 

binding of NMT1 (Figure 3D). Similar results were obtained with 

human NMT2 (Figure S5D).

When we investigated the impact of these mutations in NAC 

on ribosome binding of METAP1, we observed weaker binding 

for NACβ DDD/KKK and ΔC but not for the NACβ F153S mutation 

(Figure 3D). These results are consistent with the partially over-

lapping binding region of the NACβ tail interacting with both 

METAP1 and NMT1, while a key interaction mediated via the 

evolutionarily conserved F153 appears to be specific for interac-

tion with NMTs (Figure S5B). Consistently, quantitative FRET-

based measurements showed a significantly weaker binding 

affinity of NMT1 to RNC Src-G in the presence of the F153S-

NAC variant, similar to that observed in the absence of NAC 

(Figures 3E and S4B). Reciprocally, mutations on the NMT1 sur-

face that prevent its interaction with the NACβ tail (KKR/DDD) 

reduced the binding affinity of the enzyme to RNC Src-G more 

than ∼30-fold, comparable to the affinity observed without 

NAC (Figures 3F and S4A). Consistent with these data, ribosome 

binding of NMT1 KKR/DDD was also severely impaired in cells, 

similar to when the enzyme’s direct ribosome contacts were dis-

rupted (Figure S5E).

These data suggest that the NACβ C terminus provides key 

binding affinity for NMTs on ribosomes. We therefore tested 

the importance of this interaction for N-myristoylation of proteins 

in human cells. We found that N-myristoylation of the Src-based 

reporter in NACβ knockdown cells could be efficiently restored

by WT NACβ, whereas the NACβ mutants, including the F153S 

variant that does not affect METAP1 binding, showed no rescue 

effect (Figure 3G). Thus, the interaction of the flexible C-terminal 

NACβ arm with NMTs is critical for N-myristoylation of nascent 

proteins in cells.

Interplay of NMT1 with METAP1

N-myristoylation of nascent proteins requires well-coordinated 

binding of NMTs to translating ribosomes. NMTs must engage 

their substrates after methionine cleavage by METAP1 but 

before NatA to prevent the potential acetylation of the neo-N-ter-

minal glycine residue by this competing enzyme. 8 This raises the 

question of how NAC orchestrates the binding of these three en-

zymes in the correct order to ensure efficient and specific N-ter-

minal modification of nascent chains.

Both METAP1 and NMT1 are recruited by the same arm of 

NAC (NACβ C terminus 20 ), and their binding on the surface of 

the ribosome next to uL23 at the tunnel exit overlaps significantly 

(Figure 4A). This suggests that the two enzymes cannot bind to 

ribosomes simultaneously. In line with this, in vitro binding 

studies showed that the two enzymes can displace each other 

from the ribosome (Figure 4B). Therefore, a controlled exchange 

of METAP1 for NMT1 must take place after methionine cleavage 

to enable N-myristoylation of the nascent chain.

We hypothesized that this enzyme exchange could be trig-

gered by the nature of the N terminus of the nascent protein 

before and after the excision of initiator methionine. We therefore 

measured the affinity of NMT1 to NAC-bound RNCs containing 

residues 1–71 of Src so that the nascent chain starts with the first 

methionine residue (RNC Src-M ). Strikingly, the affinity of NMT1 

to RNC Src-M was almost ∼100-fold weaker compared with 

RNC Src-G (Figures 4C and S4C). Similarly, we observed a strong 

decrease in binding affinity upon mutation of the Src N-terminal 

N-myristoylation motif ( 2 GSNKSK 7 to 2 SVNKVE, 7 RNC Src-mut ) 

and with RNCs translating a NatA substrate ( 2 SACARPL 8 and 

RNC uL4 ) (Figures 4C and S4C). This suggests that the N-terminal 

sequence of a nascent NMT substrate contributes importantly to 

the binding affinity of the enzyme to the translating ribosome af-

ter methionine excision. The strong and specific binding can be 

explained by the confined substrate recognition pocket of NMTs, 

which accommodates N-terminal peptide stretches (8–9 aa) with 

specific consensus sequences (GxxxS+). 11 Consistent with this, 

an active site NMT inhibitor that binds in the peptide-binding 

pocket 29 strongly diminished the ribosome association of 

NMT1 in cell lysates translating RNC Src-G (Figure S5F). Likewise, 

an N-terminal methionine would sterically hinder the binding of 

the substrate sequence in the binding pocket of NMTs 

(Figure 4D). Thus, NMT1 strongly discriminates against METAP 

substrates and specifically engages the neo-N terminus of the 

nascent protein only after the N-myristoylation motif has been 

unmasked by excision of the initiator methionine. This specificity 

enables the controlled exchange of METAP1 for NMT1 on the 

ribosome.

Interplay of NMT1 with NatA

It was recently shown that NAC forms a quaternary complex at 

the ribosomal tunnel exit together with METAP1 and NatA, which 

ensures methionine excision and subsequent N-acetylation of
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the nascent chain N terminus. 21 The two enzymes are recruited 

by different tails of NAC and therefore likely bind to the ribosome 

simultaneously. This indicates that, initially, not only METAP1 but 

also NatA may bind next to the tunnel exit during the translation 

of N-myristoylation substrates in cells. This raises the question of 

whether the exchange of METAP1 for NMT1 after methionine 

excision may influence NatA binding, particularly considering 

that NMT1 induces a tilt of the NAC globular domain 

(Figure S3A).

We therefore used cryo-EM to investigate the structure of 

RNC Src-G in complex with NAC, NMT1, and NatA. The recon-

struction with an overall resolution of 3.4 A ˚ showed the stalled

translating ribosome with NAC, NMT1, and NatA bound at the 

polypeptide tunnel exit on the large ribosomal subunit 

(Figures 5A and S6). NAC, NMT1, and NatA were solved to local

resolutions of 6–10 A ˚ , enabling us to confidently dock known

structures of these factors (Figures 5B and S6). The position of 

NAC and NMT1 was the same as in the ternary complex 

described above, including the observed tilt of the NAC globular 

domain. NatA was bound to RNC Src-G at the same location and 

via the same interactions as in a previously observed complex 

together with NAC and METAP1 bound to an RNC translating a 

NatA substrate (RNC uL4 ), including interaction of the C-terminal 

ubiquitin-associated domain (UBA) of NACα that mediates

high-affinity NatA recruitment and the NACα helix (H2) that medi-

ates the catalytic activation of NatA (Figures 5B and 5C). 21 This 

suggests that despite the tilt of the NAC globular domain in the 

presence of NMT1, NatA could bind to the ribosome in an active 

conformation. 21 Consistent with this, we found that cotransla-

tional N-acetylation of a NatA model substrate (SNAP25) by 

NatA was not affected in vitro by the presence of high concentra-

tions of NMT1 (Figure S5G). Similarly, strong overexpression of 

NMT1 in human cells did not affect the N-acetylation of a NatA 

model substrate (Figure S5H). Therefore, recruited by NAC, 

NatA and NMT1 can simultaneously bind to translating ribo-

somes in an active state.

The strong and sequence-specific interaction of NMT1 with 

RNC Src-G with the 70 aa long nascent chain (Figure 4C) indicates 

that the neo-N terminus of a nascent NMT substrate is tightly 

bound by the enzyme at an early stage of translation. These re-

sults are consistent with the distance between the active site of 

NMT1 and the ribosomal exit tunnel, which is comparable to that

of METAP1 (∼50 A ˚ , Figure 5D), suggesting that N-myristoylation

can occur immediately after methionine excision (at nascent 

chain length of ∼60–70 aa). 20,21 On the other hand, the active

site of NatA is positioned ∼60 A ˚ from the ribosome tunnel exit

(Figure 5D), and efficient N-terminal acetylation was observed 

only when the nascent chain exceeded ∼100 aa in length. 21

Figure 4. NMT1 exchanges with METAP1 on RNCs after methionine cleavage

(A) Surface representations of METAP1 and NMT1 docked to the ribosomal tunnel exit around uL23.

(B) Ribosome binding of METAP1 (upper) and NMT1 (lower) in presence and absence of excess NMT1 and METAP1, respectively. Ribosomal pellet fractions were 

analyzed by immunoblotting.

(C) Binding affinity of WT NMT1 for the indicated RNC Src nascent chain variants and RNC uL4 (a NatA substrate) in the presence of WT NAC. Data are shown as 

mean ± SD, and the dots show the K d value from independent titrations. The − Met data are from the WT data from Figure 1B and are shown for comparison.

(D) N-terminal Src peptide with terminal glycine residue modeled into NMT1 active site based on crystal structure PDB: 6qrm. The Src peptide with N-terminal 

methionine (left) does not fit into the substrate binding pocket due to collision with the interior of the NMT1 pocket and myristoyl-Coenzyme A (myr-CoA). 

See also Figure S4.
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Based on a translation elongation rate of ∼5 aa/s, 30 these 

observations suggest that NMT1 can engage the N terminus 

of a nascent chain ∼6 s before NatA. The time window 

available to NMT1 and its remarkably high affinity and specificity 

for methionine-excised NMT recognition motifs likely allow 

N-myristoylation of nascent proteins to proceed unaffected 

even when NatA is docked to the same ribosome in an active 

state. The simultaneous docking of NatA and NMT1 could also 

explain why some proteins containing weaker N-myristoylation 

motifs display both modifications in cells. 8,22

DISCUSSION

Based on our results, we propose a mechanistic model for how 

NAC coordinates the binding of NMT, METAP1, and NatA to the 

ribosome to enable efficient cotranslational N-myristoylation of 

proteins in cells (Figure 6). NAC is highly abundant and binds to 

virtually all translating ribosomes in the cytosol through its NACβ 
anchor and the central globular domain. 2 As the nascent chain 

emerges from the ribosomal tunnel, NAC initially forms a methio-

nine excision complex with METAP1. This enzyme is recruited by 

the C-terminal arm of NACβ and directly docks to the NAC globular 

domain in its canonical position. 20 NMT binding is disfavored at 

this stage due to its low affinity for nascent chains that still contain 

the initiator methionine, even when an N-myristoylation substrate 

is being translated. However, NatA can bind on the opposite side 

of the NAC globular domain and is recruited via the UBA domain 

in the flexible C-terminal arm of NACα. As previously shown, this 

quaternary ribosomal METAP1-NAC-NatA complex ensures the 

efficient N-acetylation of most methionine-cleaved substrates 

(>40% of the cytosolic proteome). 21 However, when methionine 

is cleaved from a nascent protein with a consensus N-terminal 

myristoylation motif, METAP1 is rapidly exchanged for NMT.

Figure 5. NMT1 and NatA can dock simulta-

neously to translating ribosomes

(A) Overview of the cryo-EM map of RNC Src-G in 

the quaternary complex with NAC, NMT1, and

NatA. The map was lowpass filtered to 8 A ˚ .

(B) Close-up view of the ribosomal tunnel exit. 

Ribosome is shown as surface, and NAC, NMT1, 

and NatA as cartoon. The outline shows the cryo-

EM map lowpass filtered to 8 A ˚ .

(C) Schematic representation of the quaternary 

complex.

(D) Cross-section of the quaternary complex to 

show positions of the active sites of the enzymes 

(blue circle, NMT1; green circle, NatA) relative to 

the ribosomal tunnel exit. Red line indicates 

nascent chain inside the ribosomal tunnel.

See also Figures S5 and S6 and Table S2.

This exchange is selectively triggered by 

a strong increase in the affinity of NMT to-

ward the processed N-terminal motif in the 

nascent chain and facilitated by the inter-

action with the NACβ C terminus and the 

ribosome. In the active complex, NMT sta-

bly docks to the binding site at the exit of 

the ribosomal tunnel, leading to the slight tilt of the NAC globular 

domain as observed in this study. Despite the conformational 

change of NAC, NatA can remain bound to the ribosome in an 

active state, which explains how a subset of proteins can be 

both acetylated and myristoylated in cells. 8,22

The identified ribosome binding mechanism of human NMT1 

and its cooperation with NAC are likely to be largely conserved in 

metazoans. Vertebrates appear to have evolved an additional flex-

ible N-terminal ribosomal anchor in NMTs that tethers the enzyme 

in the vicinity of the ribosome. This contact and interaction with the 

flexible NACβ C-terminal tail likely keep the enzyme near the ribo-

somal tunnel exit and thus promote a timely exchange of METAP1 

for NMT immediately after methionine excision. In addition to the 

N-terminal modification enzymes (NMT1, NMT2, METAP1, and 

NatA), NAC has also been shown to regulate the cotranslational 

binding of the endoplasmic reticulum targeting factor SRP and 

the chaperone CHP1 using its two flexible C-terminal tails. 25,31 

These tails of NAC thus appear to fulfill a more general function 

by increasing the local concentration of various protein biogenesis 

factors in the vicinity of the ribosomal tunnel exit to ensure rapid 

scanning and timely processing of nascent proteins by their appro-

priate factors. The globular domain of NAC, on the other hand, ful-

fills a regulatory role and controls the access of cotranslational fac-

tors to the ribosome tunnel exit in a nascent chain-specific 

manner. 20,21,25 Together, these mechanisms improve the effi-

ciency and specificity of cotranslational protein biogenesis pro-

cesses in eukaryotes.

N-myristoylation of proteins by NMTs plays a crucial process 

in several biological pathways found to be deregulated in cancer. 

For instance, the well-established proto-oncogene kinases Src 

and Abl require the lipid modification to efficiently transmit their 

growth signals. 32,33 In cell culture and mouse models, NMT in-

hibitors were found to be very potent in killing a wide range of
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different cancer cells. 34–36 Recently, a first in-human trial was 

started with the NMT inhibitor zelenirstat for the treatment of 

B-cell lymphoma. 16 NMT inhibitors were also shown to be effec-

tive against viral infections. Many viruses that infect humans, 

including HIV, SARS-CoV-2, and Mpox virus, require the activity 

of the host NMTs for efficient replication. 18,37 Moreover, inhibi-

tors targeting NMTs of protozoan parasites are currently being 

developed to treat diseases such as malaria, leishmaniasis, 

and African sleeping sickness. 38–40 The NMT inhibitors, which 

are currently entering early stages of clinical development, all 

target the catalytic center of the enzyme. The identified hydro-

phobic groove on NMTs, where the C-terminal tail of NACβ 
binds, could be a promising new druggable site. Targeting 

this binding site could be a means to selectively inhibit the co-

translational function of NMTs while sparing their described 

posttranslational activity. 14 Such selective inhibitors could 

potentially avoid the cellular toxicity associated with active site 

inhibition.

Limitations of the study

Protein synthesis in cells is a dynamic process in which 3–6 new 

amino acids are added to the nascent polypeptide chain every 

second. However, several experiments carried out in this study 

rely on artificially stalled RNCs. Although this system has reliably 

recapitulated many aspects of cotranslational protein biogen-

esis processes previously, we cannot exclude the possibility 

that the enzymes function differently to some extent during 

ongoing translation. In addition, many molecular interactions 

could affect the optimal positioning of the enzyme at the ribo-

some that is crucial for catalysis, and these effects may not 

be fully captured in binding measurements. Furthermore, in 

cells, several other cotranslational factors compete for access 

to the ribosomal tunnel exit. These factors could affect the 

binding mode of the enzymes and complexes investigated 

in this study and thus subtly alter the proposed mecha-

nistic model.
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STAR★METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-FLAG (ms) Merck Cat# F1804; RRID:AB_262044

Anti-MetAP1 (ms) Bethyl Laboratories Cat# A305-584A; RRID:AB_2891500

Anti-NMT1 (ms) Santa Cruz Cat# sc-393702

Anti-NACB (rb) Abcam Cat# ab203517; RRID:AB_2783867

Anti-NMT1 (rb) Biorbyt Cat# 11546-1-AP; RRID:AB_2153157

Anti-NMT2 (ms) Santa Cruz Cat# sc-136005; RRID:AB_2153300

Anti-SNAP25 (ms) Biolegend Cat# 836304; RRID:AB_2566521

Anti-uL22 (ms) Santa Cruz Cat# sc-515904; RRID:AB_3107048

Anti-uL4 (ms) Santa Cruz Cat# sc-100838; RRID:AB_2181910

Anti-GFP (ms) Roche Cat# 11814460001; RRID:AB_390913

Anti-uL16 (ms) Abcepta Cat# AP19053a

HRP-anti-mouse IgG (secondary) Jackson Cat# 715-035-151; RRID:AB_2340771

HRP-anti-rabbit IgG (secondary) Jackson Cat# 711-035-152; RRID:AB_10015282

Bacterial and virus strains

E. coli BL21 (DE3) Merck Cat# 69450-3

E. coli BL21 (DE3) Rosetta Merck Cat# 70954

E. coli DH5α Thermo Fisher Cat# 18265017

Chemicals, peptides, and recombinant proteins

14-Azido-myristic acid Iris Cat# RL-3230.0100

Biotin-PEG4-alkyne Merck Cat# 764213-5MG

Complete EDTA-free protease inhibitor 

cocktail

Roche Cat# 5056489001

DNase I Merck Cat# DN25

DTT (1,4-Dithiothreit) Carl Roth Cat# 6908.4

GFP-Trap® magnetic agarose Chromotek Cat# gtma

Human MetAP1 Gamerdinger et al. 20 N/A

Human NACA-NACB-

D143K_D148K_D154K (DDD/KKK)

This study N/A

Human NACA-NACB ΔC Gamerdinger et al. 20 N/A

Human NACA-NACB-Bpa L149 This study N/A

Human NACA-NACB F153S This study N/A

Human NMT1 This study N/A

Human NMT1-ΔK55-65 (ΔLS) This study N/A

Human NMT1-Bpa F156 This study N/A

Human NMT1-K252D_K253D_R258D 

(KKR/DDD)

This study N/A

Human NMT1-R322A_325A (uL23mt) This study N/A

Human NMT1-R322A_325A_ΔK55-65 

(uL23mt/ΔLS)

This study N/A

Human NMT1-yBBR 103 This study N/A

Human NMT2 This study N/A

IPTG (Isopropyl β-D -1-

thiogalactopyranoside)

Roth Cat# CN08.3

Ni-IDA matrix, Protino Macherey-Nagel Cat# 745210.30

para-benzoylphenylalanine (Bpa) Bachem Cat# 4017646.005

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Streptavidin-HRP conjugate Merck Cat# GERPN1231

Ulp1 peptidase This study N/A

Critical commercial assays

Click-&-Go™ Click Chemistry Reaction 

Buffer Kit

Vector laboratories Cat# CLK-CSTM

SFP enzyme Yin et al. 41 N/A

trans-Cyclooct-2-en – L – Lysine (TCOK) Sichem Cat# SC-8008

PylRS Hsieh et al. 42 N/A

Pyl tRNA Hsieh et al. 42 N/A

NAC Lentzsch et al. 21 N/A

Atto647N-maleimide ATTO-TEC Cat# AD 647N-41

Cy3B Tetrazine AAT Bioquest Cat# ABD-948

NatA Lentzsch et al. 21 N/A

HYPK Lentzsch et al. 21 N/A

NMT1 inhibitor IMP-366 (DDD85646) Cayman Cat# 1215010-55-1

Deposited data

Cryo-EM density map of Ternary complex 

of translating ribosome, NAC and NMT1

This study EMDB: EMD-53295

Cryo-EM density map of Quaternary 

complex of translating ribosome, NAC, 

NMT1 and NatA

This study EMDB: EMD-53296

Atomic model of the Ternary complex of 

translating ribosome, NAC and NMT1

This study PDB: 9QQA

Atomic model of the Quaternary complex of 

translating ribosome, NAC, NMT1 and NatA

This study PDB: 9QQB

Experimental models: Cell lines

HEK293T ATCC RRID: CVCL_0063

Oligonucleotides

siNACB-as (3 ′ UTR)

5 ′ -AAU AGC AGC UCC CAG UAA 

C-dTdT-3 ′

Biomers N/A

siNACB-s (3 ′ UTR) 5 ′ -GUU ACU GGG AGC 

UGC UAU U-dTdT-3 ′
Biomers N/A

siNMT1-as (3 ′ UTR) 5 ′ -AUU UUC AGU GGC 

UUU AUC C-dTdT-3 ′
Biomers N/A

siNMT1-s (3 ′ UTR) 5 ′ -GGA UAA AGC CAC 

UGA AAA U-dTdT-3 ′
Biomers N/A

siNMT2-as (3 ′ UTR) 5 ′ -AAU UUC ACU UGA 

GUU GUG C-dTdT-3 ′
Biomers N/A

siNMT2-s (3 ′ UTR) 5 ′ -GCA CAAC UCA AGU 

GAA AUU-dTdT-3 ′
Biomers N/A

siNS-as 5 ′ -ACG UGA CAC GUU CGG AGA 

A-dTdT-3 ′
Biomers N/A

siNS-s 5 ′ -UUC UCC GAA CGU GUC ACG 

U-dTdT-3 ′
Biomers N/A

Recombinant DNA

p3xFLAG-NMT1-ΔK+uL23mt+KKR/DDD This study N/A

p3xFLAG-NMT1-ΔK55-65 (ΔLS) This study N/A

p3xFLAG-NMT1-K252D_K253D_R258D

(KKR/DDD)

This study N/A

p3xFLAG-NMT1-R258D This study N/A

(Continued on next page)
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

HEK293T cells (RRID: CVCL_0063) were from ATCC. The cell line was frequently checked for proper morphology under the micro-

scope but was not authenticated. Cell line was negative for mycoplasma throughout all experiments. Cells were cultured in

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

p3xFLAG-NMT1-R322A_325A_ΔK55-65

(uL23mt/LS)

This study N/A

p3xFLAG-NMT1-R323A/K325A (uL23mt) This study N/A

p3xFLAG-NMT1-WT This study N/A

p3xHA-NACB D143K_D148K_D154K 

(DDD/KKK)

This study N/A

p3xHA-NACB F153S This study N/A

p3xHA-NACB-ΔC Gamerdinger et al. 20 N/A

p3xHA-NACB-WT Gamerdinger et al. 20 N/A

Src-Exon1-EGFP-FLAG (Src-GFP) This study N/A

pSOS5133 Src RNC 70aa amber 

@aa28 – iMet

This study N/A

pSOS5136 Src RNC 100aa amber 

@aa60 – iMet

This study N/A

pSOS5153 Src RNC 70aa amber 

@aa28 + iMet

This study N/A

pSOS5158 Src RNC 70aa amber @aa28 

mutant

This study N/A

pSOS5120

His_SUMO_NMT1_human_yBBR_103

This study N/A

pSOS5220 His-SUMO-NMT1_human Delta 

K (55–65 deletion) with Ybbr 103

This study N/A

pSOS5221 His-SUMO-NMT1_human UL23 

MT R322A,K325A with Ybbr 103

This study N/A

pSOS5223 His-SUMO-NMT1_human 

K252D, K253D, R258D with Ybbr 103

This study N/A

pSOS4828 IRES-3xFLAG-SUMO-SMI 

epitope-uL4

Lentzsch et al. 21 N/A

pSOS5573 IRES-3XFLAG-SUMO-M1S 

Rpl4 Amber 27

This study N/A

Software and algorithms

FelixFL HORIBA v1.0.34.0

EPU Thermo Fisher Scientific https://www.thermofisher.com/us/en/

home/electronmicroscopy/products/

software-em-3d-vis/epusoftware.html

CryoSPARC Punjani et al. 43 https://cryosparc.com/

USF Chimera Pettersen et al. 44 https://www.cgl.ucsf.edu/chimera/

download.html

UCSF ChimeraX Goddard et al. 45 https://www.cgl.ucsf.edu/chimerax/

Coot 0.9.8.5 Emsley et al. 46 https://www2.mrc-lmb.cam.ac.uk/

personal/pemsley/coot/

Phenix Adams et al. 47 https://www.phenix-online.org/

Other

DMEM (Dulbecco’s Modified Eagle 

Medium)

Gibco Cat# 41966-029

Opti-MEM® (Reduced Serum Medium) Gibco Cat# 31985-070

FBS Bio&SELL Cat# FBS.S.0615
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Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% fetal calf serum (FCS) and 100 μg/ml Normocin in a 5% CO 2 
atmosphere at 37 ◦ C. Sex of cell line is female.

METHOD DETAILS

Protein purifications

Human NAC (NACα/NACA + NACβ/BTF3b complex) and METAP1 were recombinantly expressed in E. coli BL21(DE3) and purified as 

previously described. 21,25,48 NatA (NAA10+NAA15 complex), and HYPK were purified as recently described. 21 For NatA, 6xHis-NAA15 

and NAA10 were co-expressed from a bicistronic plasmid in BYC123 yeast cells. Cells were lysed by cryo-milling and protein was 

purified using Ni-sepharose HP (Cytiva), followed by chromatography on a MonoS cation exchange column (Cytiva). For HYPK, 

6xHis-SUMO-HYPK isoform 2 was expressed in BL21(DE3) cells. HYPK in clarified cell lysate was purified by Ni-Sepharose HP 

(Cytiva) chromatography, followed by cleavage of the His-tag using Ulp1 protease and chromatography over a MonoQ anion 

exchange column (Cytiva). Fractions containing purified protein were pooled and frozen in aliquots using liquid nitrogen and stored 

at -80 ◦ C.

Human NMT1 and NMT2 (wildtype and mutants) were expressed as a His-SUMO fusion protein in E. coli BL21(DE3) cells. Cells 

were cultured at 37 ◦ C to an OD600 of 1.5, then shifted to 20 ◦ C, and expression was induced with 1 mM IPTG for 3 hours. Cells 

were resuspended in lysis buffer (50 mM Na-PO 4 pH 8.0, 300 mM NaCl, 6 mM MgCl 2 , 2 mM β-mercaptoethanol, 10 % Glycerol,

8 μg/ml Pepstatin, 10 μg/ml Aprotinin, 5 μg/ml Leupeptin, 2 mM AEBSF) followed by addition 5 mg DNase I. Cells were extracted 

using a high-pressure homogenizer (Avestin EmulsiFlex C3) and the lysate cleared by centrifugation (two times for 20 min, 

16.000 rpm, 4 ◦ C). His affinity purification was performed using a gravity column with Ni-IDA matrix (Protino; Macherey-Nagel). 

The column was washed with lysis buffer containing 750 mM NaCl until absorption at 280 nm reached the baseline. Protein was 

then eluted with elution buffer (lysis buffer containing 250 mM Imidazole) and dialyzed (20 mM Na-PO 4 pH 7.4, 25 mM NaCl,

6 mM MgCl 2 , 2 mM β-mercaptoethanol, 5% Glycerol) overnight in the presence of SUMO protease (Ulp1, 8 μg/mg protein). NMT 

protein was then purified by cation exchange chromatography using a MonoS 5/50 column (Cytiva). Fractions containing NMT 

protein were pooled, dialyzed overnight in storage buffer (20 mM Na-PO 4 pH 7.4, 25 mM NaCl, 6 mM MgCl 2 , 2 mM 

β-mercaptoethanol, 10% Glycerol), frozen in liquid N 2 , and stored at -80 ◦ C.

Human NAC and NMT1 carrying the photo-crosslinking amino acid p-Benzoylphenylalanine (Bpa, Bachem) at specific positions 

were recombinantly expressed and purified as previously described. 25,48

RNC Src purification and labeling for affinity measurements

mRNA transcripts for the translation reaction were generated as follows. Dpn1 treated and purified PCR amplicons 

encoding IRES-3xFLAG-SUMO-Src(2-71) were used as templates for in vitro transcription using the Megascript T7 protocol. Its 

mRNA was precipitated with an equal volume of 8M LiCl 2 at -30 ◦ C overnight and was pelleted by centrifugation at 4 ◦ C at 14k 

RPM for 30min. The RNA pellet was washed with ice cold 70% ethanol, dried and redissolved in 100 μL H 2 O at a concentration 

of 3-4 μg/μL.

In vitro translation was conducted at 32 ◦ C for 30 min in a 10 mL reaction containing 0.01 g/L mRNA, 1x T2 mix (for details see 

Lentzsch et al. 21 and Sharma et al. 49 ), 1.5 mM MgCl 2 , 50 mM KCl, 0.3 mM spermidine, 5 mM DTT, 40 μM methionine, 1x protease 

inhibitor (GoldBio) and an amber suppression system consisting of 1 μM PylRS, 0.1 g/L Pyl tRNA, and 0.1 mM trans-Cyclooct-2-en– 

L-Lysine. 42

Following translation, the reaction was supplemented with 15 mM Mg(OAc) 2 , 666 mM KOAc, and 0.1% Triton X-100 (Sigma), 

layered over a 10 mL sucrose cushion containing 50 mM HEPES-KOH, pH 7.5, 1 M KOAc, 15 mM Mg(OAc) 2 , 0.5 M sucrose, 

0.1% Triton X-100), and centrifuged at 58k RPM for 2 h at 4 ◦ C in a Ti70 rotor (Beckman Coulter). Ribosome pellet was resuspended 

in 1 mL Equilibration Buffer (50 mM HEPES-KOH, pH 7.5, 100 mM KOAc, 2 mM Mg(OAc) 2 ) and rotated for 15 min at 25 ◦ C. 

Aggregates were removed by centrifugation at 4 ◦ C for 5 min at 14k RPM. The supernatant was transferred to a fresh amber 

tube and incubated with 1 μM Cy3B-tetrazine dye conjugate (final concentration) for 20 min with rotation at 25 ◦ C in the dark. The 

reaction was added to 333 μL of equilibrated Anti-DYKDDDDK Magnetic Agarose (Pierce), and binding was conducted at 20 min 

at 25 ◦ C with rotation followed by 40 min at 4 ◦ C with rotation. The beads were spun down for 2 min at 1000 xg and washed 3 times 

with Wash Buffer 1 (50 mM HEPES-KOH, pH 7.5, 300 mM KOAc, 2 mM Mg(OAc) 2 ) and 3 times with Wash Buffer 2 (50 mM 

KHEPES-KOH, pH 7.5, 100 mM KOAc, 0.1% Triton X-100, 2 mM Mg(OAc) 2 ), each for 10 min with rotation at 4 ◦ C. Washed resin 

was re-equilibrated 3 times with 1 mL of Equilibration Buffer. RNC was eluted with 666 μL Elution Buffer (50 mM HEPES-KOH, pH 

7.5, 100 mM KOAc, 2 mM Mg(OAc) 2 and 1.5 mg/mL 3xFLAG peptide (Apex Bio. SKU: A6001-25)) for 1 hour at 4 ◦ C and a second 

time with 333 μL Elution Buffer for 15 min at 4 ◦ C. The 3xFLAG-SUMO tag of the RNC was cleaved with Ulp1 (25 μg/mL) for 1h at

4 ◦ C. This mixture was layered over a 2 mL 0.5 M sucrose cushion in RNC Buffer (50 mM HEPES-KOH, pH 7.5, 150 mM KOAc,

5 mM Mg(OAc) 2 ) and centrifuged in a TLA 100.3 rotor at 100k RPM for 1h at 4 ◦ C. The ribosome pellet was resuspended in RNC buffer 

supplemented with 1 mM DTT and 0.02% octaethylene glycol monododecyl ether (Sigma) at a final concentration of 200-400 nM. 

Single use aliquots were frozen in liquid nitrogen and stored at -80 ◦ C. Fluorescently labelled RNC uL4 (70 aa) were generated as pre-

viously described. 21
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Purification and fluorescent labeling of NMT1 for affinity measurements

For FRET measurements, human NMT1 was expressed as a N-terminally SUMO-fused protein (6xHis-SUMO-NMT1) in Rosetta 

BL21 (DE3) cells. 2 L of cells were grown at 37 ◦ C to an OD 600 of 0.66, when expression was induced with 1 mM isopropyl β-D-1-

thiogalactopyranoside (IPTG) and temperature was reduced to 25 ◦ C. Cells were harvested 16 h later and frozen at -80 ◦ C. For 

protein purification, the pellet was thawed and resuspended in 30 mL of B1 buffer (50 mM NaPO 4 , pH 8.0, 300 mM NaCl, 6 mM 

MgCl 2 , 2 mM β-mercaptoethanol, 10% glycerol, 1 mM AEBSF, 1x protease inhibitor cocktail (GoldBio)). The resuspended cell 

paste was lysed by sonication and clarified by centrifugation for 1 h at 16k RPM and 4 ◦ C in a JA20 rotor (Beckman Coulter). 

Clarified lysate was mixed with 2 mL Ni-NTA (Goldbio) resin preequilibrated in B1 buffer and incubated for 30 min with rotation 

at 4 ◦ C. The slurry was transferred to a column, and the resin was washed with 75 CV B2 buffer (B1 buffer with 750 mM NaCl 

without protease inhibitors) and 25 CV B3 buffer (B1 buffer with 25 mM NaCl without protease inhibitors). Protein was eluted 

with 4 CV B4 buffer (B1 plus 250 mM imidazole) with rotation in batch for 15min at 4 ◦ C. Ulp1 protease (homemade) was added 

to the eluant at 10 μg/mL to cleave 6xHis-SUMO, and the eluant was dialyzed overnight into B5 buffer with 25 mM NaCl (20 mM 

NaPO 4 , pH 7.4, 6 mM MgCl 2 , 2 mM β-mercaptoethanol, 5% glycerol) using 3.5 MW SnakeSkin Dialysis Tubing (ThermoFisher). 

Dialyzed protein was loaded onto a 1 mL HiTrap SP HP cation exchange chromatography column (Cytiva) at 0.5 ml/min, 

washed at 1 ml/min with B5 buffer with 25 mM NaCl and eluted at 0.5 ml/min with a 25 CV linear gradient of 25 mM to 

650 mM NaCl in Buffer B5. Peak fractions were then concentrated using a 10K MW cutoff Amicon Centrifugal concentrator 

(Millipore Sigma) to 1 ml and purified on a Superdex 75 Increase 10/300 GL size exclusion column (Cytiva) in buffer B6 

(20 mM NaPO 4 , pH 7.4, 25 mM NaCl, 6 mM MgCl 2 , 2 mM β-mercaptoethanol, 10% glycerol). Peak protein fractions were pooled 

and concentrated to 50 μM and frozen in single use aliquots in liquid nitrogen and stored in -80 ◦ C. NMT1 concentration was 

determined using an ε = 70,820 M -1 cm -1 at 280 nm.

To label NMT1, the 11 aa ybbR motif 41 was inserted between residues 103-104. YbbR-tagged NMT1 was expressed and 

purified as for WT NMT1. 10 μM ybbR-NMT1 in Buffer B5 with 25 mM NaCl was fluorescently labeled in a 1 ml reaction 

containing 20 μM Atto647N-CoA dye conjugate, 2.5 μM SFP enzyme (homemade 41 ) for 1 h at 25 ◦ C in the dark. The reaction mixture 

was centrifuged at 14k RPM for 15 min at 4 ◦ C, and supernatant was purified on Superdex 75 Increase 10/300 GL size exclusion 

column (Cytiva) in buffer B6. The peak NMT1 fractions were concentrated with a 10kd cutoff Amicon Centrifugal concentrator 

(Millipore Sigma) and frozen in single use aliquots in liquid nitrogen at -80 ◦ C. The concentration of labeled NMT1 was determined 

using Equation 1:

NMT1 concentration (M) = 
A 280 − (A 646 × CF)

ε 
(Equation 1)

where A 280 is the absorbance of the purified protein at 280 nm, A 646 is the peak absorbance of dye, CF is the correction factor at 

280 nm for Atto647N dye (0.04), and ε = 70,820 M -1 cm -1 at 280 nm for NMT1. The concentration of Atto647N was determined using

ε 646 = 150,000 M -1 cm -1 . Protein labeling efficiency was calculated as the ratio of the concentrations of Atto647N to NMT1 in the 

sample.

FRET measurements

Prior to all biochemical measurements, the proteins were centrifuged at 100k RPM for 30 min in a TLA 100 rotor (Beckman coulter). All 

fluorescent measurements were obtained on a FluoroQM-75-22 spectrofluorometer (HORIBA) with a PMT detector at 25 ◦ C in SRP 

buffer supplemented with 1 mg/ml BSA to reduce nonspecific binding.

Fluorescence emission spectra were acquired from 550 – 720 nm using an excitation wavelength of 535 nm. When indicated, 

reactions contained 2 nM RNC Src-G -Cy3B, 10 nM NMT1-Atto647N, and 50 nM NAC.

Equilibrium titrations were acquired using an excitation wavelength of 535 nm and emission wavelength of 577 nm, with 2 sec 

integration time. Reactions contained 2 nM RNC Src-G -Cy3B and NMT1-Atto647N at the indicated concentrations. As a control for 

environmental effects or fluorescence artifacts, titrations with unlabeled NMT1 were performed in parallel. After correcting for 

dilution, observed FRET efficiency (E) was calculated using Equation 2:

E = 1 −
F DA

F D
(Equation 2)

where F DA and F D are the fluorescence intensity in the presence and absence of NMT1-Atto647N, respectively. The NMT1 

concentration dependence of E was fit to Equation 3:

E = E Max × 
K d +[RNC] 0 +[NMT1] −

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅( 
K d +[RNC] 0 +[NMT1] 

) 2 
− 4[RNC] 0 [NMT1]

√ 

2[RNC] 0
(Equation 3)

in which E Max is the maximum FRET efficiency at saturating NMT1 concentrations, K d is the equilibrium dissociation constant (K d ) 

between NMT1 and RNC.
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For competition experiments, increasing concentrations of unlabeled WT or mutant NMT1 (I) was added to a solution containing

2 nM RNC Src-G -Cy3B and 30 nM NMT1-Atto647N (NMT1 L ). Observed FRET efficiency was plotted as a function of I concentration 

and fit to Equation 4:

E = E Max × 

K i 

(

1+ 

[ 
NMT1 L 

]

K d;L

)

[I]+K i 

(

1+ 

[ 
NMT1 L 

]

K d;L

) (Equation 4)

in which E Max is the FRET efficiency in the absence of inhibitor, K d,L is the K d of NMT1-Atto647N (set to 1 nM), and K i is the inhibition

constant for unlabeled NMT1. K i is equal to the K d of unlabeled NMT1 for RNC Src-G .

In vitro N-terminal acetylation reactions

Prior to the assay, proteins were centrifuged for 30 min at 4 ◦ C at 100k 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 14k RPM in a 5425 rotor (Beckman Coulter). 

RNC SNAP25-uL4 bearing a model NatA substrate were generated and purified as described 21 and contained residues 2-12 of 

SNAP25 followed by residues 1-94 or 1-124 of uL4 in the nascent chain. The Nt-acetylated 11 residues of SNAP25 are specifically 

recognized by the SMI81 antibody, 50 providing a readout for N-terminal acetylation on the RNC. Reactions were carried out in 

RNC buffer supplemented with 5 mM DTT and 0.02% octaethylene glycol monododecyl ether (Sigma) and contained 70 nM 

RNC SNAP25-uL4 (total nascent length of 105 or 135 amino acids), 100 μM acetyl-CoA (Sigma), 300 nM hNatA or hNatA-HYPK complex 

(formed with 1:1.2 molar ratio), 400 nM NAC, and with or without 300 nM NMT1. Reactions were initiated by the addition of acetyl-

CoA. Reaction aliquots were removed at 5, 10, 60 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). Reactions were analyzed by SDS-PAGE on 4-12 % Bis-Tris gels run at 200 V, 

followed by Western blot using primary antibodies for RpL10/uL16 rabbit (1:1,000, Abcepta, AP19053a) and SMI81 mouse 

(1:1,000 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 (1:20,000 Licor, IRDye 800CW) and the resulting bands were quantified using ImageJ v1.53t.

In vitro ribosome co-sedimentation analysis

Human ribosomes from HEK293T cells were purified as previously described. 48 Purified NAC and NMT variants were incubated with 

ribosomes (ribosomes 250 nM, NAC 500 nM, NMT 100 nM) for ∼10 min on ice in ribosome sedimentation buffer (30 mM HEPES pH 

7.4, 100 mM KOAc, 5 mM MgCl 2 , 1x protease inhibitor cocktail (Roche)) before loading the sample on a 25% sucrose cushion pre-

pared in the same buffer. For In the same manner NMT1-METAP1 ribosome binding competition studies were performed, except that 

one factor was added in 50-fold excess over the other. The ribosomes were then sedimented by ultracentrifugation (200.000 x g) for

2 hours at 4 ◦ C. Proteins in the ribosomal pellet and total fractions were then analyzed by standard SDS-PAGE and immunoblotting 

techniques. For the ribosome sedimentation analysis in Figure S5F non-stop mRNA encoding FLAG-SUMO-Src G (70 aa) was in vitro 

translated in reticulocyte lysate in presence and absence of NMT inhibitor IMP-366 (50 μM) for 30 min at 26 ◦ C. After translation, lysate 

was placed on ice and SUMO protease (Ulp1, 100 μg/mg protein) added for 1 h. Ribosomes were then sedimented as described 

above except using a 40% sucrose cushion prepared in 30 mM HEPES pH 7.4, 200 mM KOAc, 5 mM MgCl 2 . The control translation 

reaction lacking SUMO protease contained 2x protease inhibitor cocktail (Roche)) during translation to inhibit endogenous 

proteases.

In vitro photo-crosslinking

UV crosslinking of NAC and NMT1 containing Bpa at specific positions (L149 of NACβ and F156 of NMT1) was performed in a similar 

manner as described previously. 20 Factors were mixed in a 1:1 ratio (1.15 μM each, 17.5 μl total sample) in crosslinking buffer (20 mM 

HEPES pH 7.4, 100 mM NaCl, 5 mM MgCl 2 , 5 mM DTT, 1x protease inhibitor cocktail (Roche)) and incubated on ice for ∼10 min. 

Tubes were placed in a tight-fitting metal-rack on ice to provide intense cooling during UV irradiation. UV crosslinking was performed 

for 20 min at 365 nm using a Bio-Link UV crosslinker (Vilber Lourmat). Proteins were then analyzed by standard denaturing 

SDS-PAGE and immunoblotting techniques.

AlphaFold calculations

AlphaFold v2.2 was installed locally and used in multimer mode 51 for generating structural hypotheses for NAC-NMT1 interactions. 

The models were ranked according to model confidence (a weighted combination of inter-monomer and intra-monomer interaction 

scores) and subsequently analyzed with respect to their consistency with experimental results.

Human cell culture experiments

HEK293T cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% fetal calf serum (FCS) and 

100 μg/ml Normocin in a 5% CO 2 atmosphere at 37 ◦ C. Cells were transfected with DNA and/or siRNA by electroporation in 

OptiMEM using a NEPA21 electroporator (Nepagene). To knockdown NACβ, cells were transiently transfected with two different
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siRNAs (each 1 μg) targeting the 3’UTR of NACβ (5’-GUUACUGGGAGCUGCUAUU-dTdT-3’ and 5’-GAAGCCUGGGAAU-CAAGUU-

dTdT-3’). Control cells were transfected with nonsense siRNA (5’-UUCUCCGAACGUGUCACGU-dTdT-3’). NACβ expression was 

restored in knockdown cells by co-transfection of plasmids (20 μg) expressing C-terminally 3xHA-tagged NACβ variants from the 

CMV promoter and SV40 3’UTR. Cells were harvested 2 days after transfection and extracted in ice-cold lysis buffer (30 mM 

HEPES pH 7.4, 100 mM KOAc, 5 mM MgCl 2 , 5% Mannitol, 0.04% octaethylene glycol monododecyl ether, 100 μg/ml Cycloheximide, 

1x protease inhibitor cocktail (Roche)). Ribosomes were pelleted by ultracentrifugation (220.000 x g) through a 25% sucrose cushion 

(prepared in lysis buffer) for 1.5-2 hours at 4 ◦ C. Proteins in the ribosomal pellet and total fractions were then analyzed by standard 

SDS-PAGE and immunoblotting techniques. Ribosome binding of NMT1 mutants were analyzed by transient transfection of 

constructs (250 ng) encoding N-terminally 3xFLAG-tagged NMT1 variants (CMV promoter, SV40 3’UTR) in the endogenous NMT1 

siRNA background. Knockdown was performed for 2 days as described for NACβ using a siRNA targeting the 3’UTR of NMT1

(5’-GGAUAAAGCCACUGAAAAU-dTdT-3’).

Protein N-myristoylation was assessed by co-transfecting 10 μg of pEF-BOS vector 52 encoding human Src-exon 1 (amino acids

1-83) fused to GFP-FLAG. Cells were fed 100 nM azido-myristic acid (Iris Biotech) for 6 h (for inhibitor experiment) or 18 hours (for

knockdown experiments) before harvest. Cells were extracted in reporter lysis buffer (50 mM Na-PO 4 pH 7.5, 150 mM NaCl, 2 mM

EDTA, 1 mM EGTA, 0.5% NP40, 1x protease inhibitor cocktail (Roche)) and the lysate cleared by centrifugation (20.000 x g, 20 min,

4 ◦ C). The reporter protein was then immunoprecipitated using a nanobody GFP trap (ChromoTek). Lysates were adjusted to the

same protein concentration and incubated with the beads for 1-2 hours on an orbital shaker at 4 ◦ C. After several washing steps

with lysis buffer, proteins were eluted from the beads by denaturation (lysis buffer containing 2% SDS instead of NP40) and boiling

at 99 ◦ C for 5 min. Total reporter levels were assessed by anti-GFP immunoblotting (Roche). N-myristoylated reporter levels were de-

tected using Streptavidin-HRP (Merck) after copper-catalyzed cycloaddition of Biotin-PEG4-alkyne (Merck). Click chemistry was

performed according to instructions using Click-&-Go Click Chemistry Reaction Buffer Kit (Click Chemistry Tools).

Protein N-acetylation under strong NMT1 overexpression conditions was assessed by co-transfecting 5 μg of pEF-BOS vector

encoding the N-terminus of human SNAP25 (amino acids 1-12) fused to GFP plus/minus 10 μg 3xFLAG-NMT1 expression construct.

Total and N-acetylated reporter levels were detected by immunoblotting as described previously 21 using anti-GFP and anti-N-acetyl-

specific SNAP25 antibodies (see key resources table), respectively.

RNC purification for cryo-EM

RNCs were generated in vitro by translation of a non-stop mRNA. A plasmid encoding residues 2-65 of Src, fused to an N-terminal 

3xFLAG-SUMO tag used for purification, was linearized via PCR and DNA extracted using the QIAquick PCR Purification Kit (Qiagen) 

according to the manufacturer’s instructions. Purified DNA was transcribed in vitro using homemade T7 polymerase at 37 ◦ C for 2 h. 

Resulting mRNA was extracted via phenol-chloroform and lithium chloride purification, then resuspended in water. mRNA at a 

concentration of 1 μM was translated in 1 ml of Flexi Rabbit Reticulocyte Lysate (Promega), at 32 ◦ C for 20 min resulting in run-off 

RNCs. The RNCs were purified using FLAG-tag affinity chromatography. For purification, 0.3 ml of ANTI-FLAG M2 Affinity Gel 

(Sigma-Aldrich) was washed with buffer A (50 mM HEPES-KOH pH 7.6, 100 mM KCl, 5 mM MgCl 2 , 1 mM TCEP) and incubated 

with the translation reaction (diluted to 2 ml) for 1 h at 4 ◦ C in a rotating chromatography column. Afterwards, the supernatant was 

removed by gravity flow. The beads were washed with 10 ml of buffer B (50 mM HEPES-KOH pH 7.6, 500 mM KCl, 5 mM MgCl 2 ,

1 mM TCEP) and 10 ml of buffer A. The RNCs were eluted in four fractions (0.5 ml each) with elution buffer (buffer A containing 

0.1 mg ml –1 3×FLAG peptide). For each elution, the beads were incubated with the elution buffer for 15 min to improve recovery 

before collecting the fraction. All fractions were pooled and the RNCs were pelleted by ultracentrifugation in a TLA-55 rotor (Beckman 

Coulter) at 186,000 g at 4 ◦ C for 2 h. The resulting RNC pellet was resuspended in cryo-EM buffer (50 mM HEPES-KOH pH 

7.6, 100 mM KOAc, 5 mM Mg(OAc) 2 , 1 mM TCEP). The sample was flash-frozen in liquid nitrogen and stored at –80 ◦ C for further use.

RNC complex assembly for cryo-EM studies

Purified RNCs were incubated with a 10-fold molar excess of Ulp1-SUMO protease (purified in-house) in cryo-EM buffer for 35 min at 

RT to cleave the 3xFLAG-SUMO tag. To remove the cleaved tag, the RNCs were pelleted by ultracentrifugation in a TLA-100 rotor 

(Beckman Coulter) at 380,000 g at 4 ◦ C for 2 h. The RNC pellet was resuspended in cryo-EM buffer. For assembly of the RNC Src-G in 

complex with NAC and NMT1, RNCs (100 nM final concentration) were incubated with NAC (0.5 μM) at 30 ◦ C for 10 min. To minimize 

aggregation, 0.02 % octaethylene glycol monododecyl ether was added to the RNCs. Simultaneously, human NMT1 (Y180A mutant 

showing reduced enzymatic activity 11 ) was incubated with myristoyl-Coenzyme A sodium salt (Santa Cruz Biotechnology CAS 3130-

72-1) in a 1:2 ratio (10 μM NMT1 Y180A, 20 μM myristoyl-Coenzyme A) at 25 ◦ C for 15 min. Resulting NMT1-myristoyl-Coenzyme A 

complex, at a final concentration of 1 μM, was added to the RNCs on ice and the sample was kept on ice until cryo-EM grid prep-

aration. For assembly of the RNC Src-G in complex with NAC, NMT1 and NatA, RNCs (100 nM final concentration) were incubated with 

NAC (0.5 μM) at 30 ◦ C for 10 min. To minimize aggregation, 0.02% octaethylene glycol monododecyl ether was added to the RNCs. 

Human NMT1 WT at a final concentration of 1 μM was then added and incubated for 10 min at 30 ◦ C. This was followed by addition of 

NatA (1 μM), composed of the catalytically impaired Naa10 mutant E24Q/Y26F and the auxiliary subunit Naa15, 21 and incubation at 

30 ◦ C for 7 min. The RNCs were kept on ice until cryo-EM grid preparation.
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Cryo-EM grid preparation and data collection

Quantifoil R2/2 holey carbon grids were washed with ethyl acetate, coated with a continuous layer of 1 nm thick amorphous carbon 

produced in-house and glow-discharged for 15 s at 15 mA using PELCO easiGlow glow discharge cleaning system (Ted Pella, Inc.). 

Grids were mounted into Vitrobot MK IV (Thermo Fisher Scientific) with the chamber set to 4 ◦ C and 100% humidity. A 4 μl aliquot of 

the sample was applied to each grid and incubated for 30 s in the Vitrobot chamber. Excess sample was blotted off and the grids were 

plunge-frozen in a mixture of ethane and propane (1:2). Grids with varying blotting times were prepared and stored in liquid nitrogen 

until data collection.

Data was collected on a Titan Krios G3i transmission electron microscope (Thermo Fisher Scientific) operating at 300 kV and 

equipped with a BioQuantum imaging filter-mounted K3 direct electron detector (Gatan). The microscope was used with a nominal 

magnification of 81,000x. Energy filter slit was set to 20 e-V, the defocus was shifted between -0.7 and -2.2 μm in 0.3 μm steps. Data 

was collected using the EPU software (Thermo Fisher Scientific). For the RNC Src-G in complex with NAC and NMT1, a total of 11,424

movies were collected at a physical pixel size of 1.06 A ˚ /pixel with the total electron dose of ∼60 e-/A ˚ . 2 For the RNC Src-G in complex

with NAC, NMT1 and NatA, a total of 8,955 movies were collected at a physical pixel size of 1.06 A ˚ /pixel with the total electron dose of

∼60 e-/A ˚ .2

Cryo-EM data processing

All data processing was performed in cryoSPARC. 43 Collected movies underwent motion correction and CTF parameter estimation.

Particles were picked by template-matching to 80S rabbit ribosome templates low-pass filtered to 20 A ˚ . Picked particles were ex-

tracted at pixel size of 3.19 A ˚ /pix and subjected to 2D classification. Class averages that displayed ribosome-like particles were

selected, 3D refined and subjected to 3D variability analysis followed by a clustering of the particles. Particles with well-resolved 

P-site tRNA were selected and homogeneously refined. For the RNC Src-G in complex with NAC and NMT1, additional 3D variabilities 

with a spherical mask positioned at the ribosomal exit tunnel and subsequent particle clustering were performed to sort for the pres-

ence of factors. Particles displaying NAC-NMT1 density were re-extracted at 1.06 A ˚ /pix. The particles (87,143) were subjected to a

final non-uniform refinement with per-particle defocus and per-group CTF parameters estimation, resulting in a reconstruction at

2.82 A ˚ global resolution estimated using the FSC = 0.143 criterion (Figure S2). The NAC-NMT1 factors were resolved locally to

∼5-9 A ˚ (Figure S2). For the RNC Src-G in complex with NAC, NMT1 and NatA, 3D variabilities with a spherical mask positioned at 

the ribosomal exit tunnel were performed after 80S particle selection. Particles displaying NAC-NMT1 density (30,342 particles) 

were selected and homogenously refined. Further 3D variabilities with a spherical mask positioned in the NatA area were performed

to select the subset of particles containing all three factors. The particles (15,709) were re-extracted at 1.06 A ˚ /pix and subjected to a

final non-uniform refinement with per-particle defocus and per-group CTF parameters estimation, resulting in a reconstruction at

3.43 A ˚ global resolution estimated using the FSC = 0.143 criterion (Figure S6). The NAC, NMT1 and NatA factors were resolved locally

to ∼6-11 A ˚ (Figure S6). Low pass filtering of maps and resolution estimations were performed in cryoSPARC.

Model building and refinement

A recently published model of the rabbit 80S ribosome (PDB 8p2k) was docked into the cryo-EM maps using UCSF ChimeraX. 44,45 In 

the model of the large ribosomal subunit, the nascent polypeptide was rebuilt as a polyalanine chain. The E-site tRNA chain was 

removed from the model. For the RNC Src-G in complex with NAC and NMT1, models of the NAC heterodimer (from PDB 8p2k) 

and NMT1 (from PDB 5mu6) were docked into the map. Residues up to 156 were removed from the NMT1 crystal structure, as 

well as the inhibitor and myristoyl-CoA. Tyr180 was mutated to Ala in COOT. 46 Docked models were manually adjusted in COOT 

to better fit the observed cryo-EM maps. For the RNC Src-G in complex with NAC, NMT1 and NatA, NAC and NatA models were 

obtained and docked from PDB 9f1b. The crystal structure of the WT NMT1 (PDB 5mu6) was also docked, with residues 1-156, in-

hibitor and myristoyl-CoA removed.

The assembled models were refined in real space for five cycles using PHENIX (version 1.21.2) 47,53 with the side chain rotamer and 

Ramachandran restraints. MolProbity was used to validate the refined model geometry (Table S2).

QUANTIFICATION AND STATISTICAL ANALYSIS

All the experiments were conducted at least three times. Binding affinity data (mean ± s.d.) were plotted and analyzed using PRISM 

(version 10.3.1). The details of replicates and statistical analysis are mentioned in the corresponding figure legends and summarized 

in Table S1.
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