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ABSTRACT: Protein N-terminal acetyltransferase D (NatD, NAA40, Nat4) that specifically acetylates the 

N-terminus of histone H4 and H2A has been implicated in various diseases, but no inhibitor has been 

reported for this important enzyme. Based on the acetyl transfer mechanism of NatD, we designed and 

prepared a series of highly potent NatD bisubstrate inhibitors by covalently linking coenzyme A to different 

peptide substrates via an acetyl or propionyl spacer. The most potent bisubstrate inhibitor displayed a Ki of 

170 ± 16 pM. We also demonstrated that these inhibitors are highly specific towards NatD, displaying 

10,000-fold selectivity over other closely-related acetyltransferases. High resolution crystal structures of 

NatD bound to two of these inhibitors revealed the molecular basis for their selectivity and inhibition 

mechanisms, providing a rational path for future inhibitor development. 
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INTRODUCTION 

α-N-terminal acetylation (Nα-acetylation) is a ubiquitous protein modification that occurs on 80 – 90% of 

human proteins.1 It is essential for various biological functions including protein-protein interactions, protein 

complex formation, cellular apoptosis, rDNA transcriptional regulation, protein subcellular localization, and 

degradation.2-4  This modification is catalyzed by protein N-terminal acetyltransferases (NATs) that transfer 

an acetyl group from the donor acetyl coenzyme A (AcCoA) onto the Nα-amino group of protein substrates. 

To date, eight members of eukaryotic NATs (NatA-NatH) have been reported.5 Among them, NatA NatD 

acetylate the nascent chain after the initiator methionine is cleaved.6 NatA is a multisubunit enzyme, 

acetylating ~40% of human proteins that contain small and uncharged first residues.1,6 In contrast, NatD is a 

monomeric protein showing extremely high substrate specificity for histone proteins H2A and H4 that have 

the same N-terminal sequence SGRGK.7,8   

NatD mediated Nα-acetylation on H4 has diverse biological functions and implications in 

tumorigenesis.2,9,7 Depletion of NatD induces apoptosis through the mitochondrial pathway in colorectal 

cancer cells.10 In addition, NatD is downregulated in hepatocellular carcinoma tissues and upregulated in 

primary human lung cancer tissues.11 As the function of histone H4 Nα-acetylation has recently come to 

light, it has been shown to regulate crosstalk with arginine methylation, lysine acetylation, and serine 

phosphorylation on H4.12,13 For example, Nα-acetylation of H4 stimulates ribosomal DNA expression by 

inhibiting asymmetric dimethylation of Arg3 on H4 (H4R3me2a), consistent with its critical role in cell 

growth.12,13 Nα-acetylation of H4 suppresses Ser1 phosphorylation and induces the expression of Slug 

transcription to promote the epithelial-to-mesenchymal transition in lung cancer, suggesting that the 

acetyltransferase activity of NatD is critical for Slug regulation.13 In addition, Nα-acetylation of H4 

promotes the expression of oncogenes through upregulation of protein arginine methyltransferase 5 in 

colorectal cancer cells.10 Bases on these disease connections, NatD has surfaced as a new therapeutic target. 

Hence, potent and selective NatD inhibitors would be valuable probes to interrogate its functions and 

therapeutical potential. However, there is no NatD inhibitor available to date.  

The co-crystal structure of the ternary NatD\CoA\SGRGK complex (PDB: 4U9W) revealed that its 
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substrate peptide (SGRGK) is inserted into a highly acidic binding pocket of NatD, and biochemical studies 

supported the importance of the first 4 residues (SGRG) of the cognate substrate for specific recognition.8 

Although the kinetic mechanism of NatD has not yet been elucidated, both NatA and NatE follow an ordered 

Bi-Bi mechanism.14–16 Structural alignment of NatD with NatA infers a similar mechanism as NatA.8 

Furthermore, upon mutation of an active-site C137,  a previously suggested catalytic residue that forms an 

acetyl-NatD intermediate, hNatD remained largely active, supporting a direct transfer of the acetyl group 

through a Bi-Bi mechanism.8 Based on these observations, we hypothesized that bisubstrate analogues could 

provide potent inhibitors for NatD. Bisubstrate analogues have previously been used to help elucidate the 

catalytic mechanism of other NATs and to develop valuable tool compounds, usually displaying IC50 values 

within a low micromolar to high nanomolar range against SpNatA,14 hNatB,17 hNatF,18 NatH19. In the study 

presented here, highly potent and selective NatD bisubstrate inhibitors (Ki values of 170 pM to 1.6 nM) have 

been developed. Moreover, the X-ray crystal structures of NatD bound to two of these inhibitors have been 

determined to confirm the key design features, thus paving the way for the structure-based development of 

more drug-like NatD inhibitors. 

 

RESULTS AND DISCUSSION  

Inhibitor Design. Bisubstrate analogues that covalently connect cofactor and short peptide substrate with a 

linker have been reported for targeting a variety of transferases, such as methyltransferases and 

acetyltransferases.20,21 Based on the co-crystal structure of the NatD/CoA/SGRGK ternary complex (Figure 

1), the linear distance between the N⍺-amino nitrogen atom of Ser and the sulfur atom of CoA was measured 

to be about 3.1 Å.8 Therefore, we proposed to connect the N⍺-amines of different peptide substrates and the 

thiol group of CoA with either an acetyl or propionyl linker to prepare bisubstrate analogues for NatD.  
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 Figure 1. Inhibitor design strategy. The reported crystal structure of the NatD/CoA/SGRGK ternary 

complex (PDB: 4U9W) is shown in grey transparent surface, with the CoA and peptide fragment shown as 

magenta sticks. The distance between the sulfur atom of CoA and peptide N terminal nitrogen atom is 3.1 Å. 

The designed NatD bisubstrate analogues are illustrated. 

 

Inhibitor Synthesis. Peptides were prepared on rink resin following a standard Fmoc solid-phase peptide 

synthesis protocol. 2-bromoacetic acid or 3-bromopropionic acid was coupled with the free N-terminal 

amine of the peptide on the resin. Subsequent cleavage with the cocktail consisting of trifluoroacetic acid 

(TFA)/ water (H2O)/triisopropylsilane (95:2.5:2.5) and purification through high-performance liquid 

chromatography (HPLC) provided the purified bromopeptides, which were then reacted with coenzyme A 

trilithium salt dihydrate in the triethylammonium bicarbonate buffer. The resulting mixture was purified by 

HPLC to afford the desired bisubstrate analogues 1-9. 
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Scheme 1. Synthetic route for the bisubstrate analogues. 
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 Scheme 1. (a) 2-Bromoacetic acid or 3-Bromopropionic acid, DIC, HOBt, DMF, r.t., overnight; (b) TFA / 

TIPS / water (95 / 2.5 / 2.5), r.t., 4h, 34-56% in two steps; (c) CoASH, triethylammonium bicarbonate buffer, 

pH 8.4±0.1, r.t., 48 h, 33-55%. 

 

Structure-Activity Relationship Studies. All synthesized bisubstrate analogues were evaluated with an 

established fluorescence assay.22 Initial testing was performed in the presence of both AcCoA and peptide 

substrate SGRGK at their respective Michaelis constant (Km) values, but resulting IC50 values were close to 

the enzyme concentration. Thus, we optimized the condition to characterize IC50 values in the presence of 

both concentrations of AcCoA and SGRGK peptide at 4xKm values. All bisubstrate analogues 1-9 displayed 

IC50 values ranging from 79 nM to 218 nM for NatD, except when only Ser was incorporated in the 

substrate moiety, which resulted in no detectable inhibition (Table 1). When three to five amino acids were 

incorporated in the substrate moiety, there was less than a three-fold difference among all bisubstrate 

analogues between acetyl and propionyl linker. This suggested that both linkers can be accommodated by 

NatD. In addition, it indicated that the first three amino acids contribute significantly to the interaction with 

NatD. A bisubstrate analogue (9) that only contained a Ser showed an IC50 of over 500 uM, supporting the 

conclusion that the first three amino acids are important for inhibitor potency. Removal of the CoA moiety 

also abolished the inhibitory activity, as propionyl-SGRGK 10 exhibited an  IC50 of over 500 uM, also 

supporting the importance of the CoA moiety for inhibitor potency.  

To validate the inhibitory activities of all bisubstrate analogues, we applied an orthogonal radioactive 

assay to directly monitor the production of acetylated peptide under a similar condition with both AcCoA 
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and peptide substrate at their 4xKm values. All bisubstrate inhibitors showed IC50 values less than 50 nM in 

the radioactive assay. In addition, the difference among this series of compounds was more salient, likely 

due to the higher sensitivity of the radioactive assay than the fluorescence assay. However, the IC50 values 

collected from these two different methods shared the same trends for the synthesized inhibitors. Compound 

6 that links CoA and SGRGK peptide through a propionyl linker showed the most potent inhibition activity 

(Ki of 170  pM) against NatD, which is 2-fold and 10-fold higher than 2 and 8, respectively. For bisubstrate 

analogues containing either a tetrapeptide SGRG or pentapeptide SGRGK, a propionyl linker was more 

favorable than an acetyl linker as inhibitory activity was about 5-fold better. However, acetyl and propionyl 

linkers showed more comparable inhibitor activity for the bisubstrate ananlogs that only contained a 

tripeptide SGR, as 7 was only about 3-fold more potent than 8. For the bisubstrate analogs containing a 

pentapeptide SGRGA, both linkers were acceptable and showed even more similar potency.  

 

Table 1. Inhibition activities of the bisubstrate inhibitors 

ID Structure Fluorescence assay Radioactive assay 

  
IC50 (nM)*  Ki (nM)  IC50 (nM)* Ki (nM) 

1 CoA-C2-SGRG 99.6 ± 11.9 3.9 ± 0.47 26.7 ± 3.90 1.1 ± 0.15 

2 CoA-C3-SGRG 119 ± 18.2 4.7 ± 0.73 7.11 ± 1.82 0.28 ± 0.073 

3 CoA-C2-SGRGA 128 ± 10.9 5.1 ± 0.43 25.2 ± 3.35 1.0 ± 0.13 

4 CoA-C3-SGRGA 112 ± 15.4 4.4 ± 0.61 35.4 ± 5.39 1.4 ± 0.21 

5 CoA-C2-SGRGK 218 ± 39.3 8.7 ± 1.6 19.5 ± 3.23 0.78 ± 0.12 

6 CoA-C3-SGRGK 164 ± 15.0 6.5 ± 0.60 4.13 ± 0.39 0.17 ± 0.016 

7 CoA-C2-SGR 79.0 ± 4.82 3.1 ± 0.19 15.8 ± 4.90 0.63 ± 0.20 

8 CoA-C3-SGR 118 ± 13.0 4.7 ± 0.52 41.2 ± 6.72 1.6 ± 0.26 

9 CoA-C2-S > 500 uM 
 

> 370 uM 
 

10 Propionyl-SGRGK > 500 uM  > 500 uM  
Note: * both AcCoA and peptide substrate were at 4 Km. 

* IC50 values were determined in triplicates (n = 3) and presented as mean ± standard deviation (SD).  

 

Selectivity Study. Two of the most potent bisubstrate analogues 6 and 7 were chosen to examine their 

selectivity against a panel of closely-related N-terminal acetyltransferases including NatA, NatB, NatC, 

NatE; and protein lysine acetyltransferases PCAF and hMOF, which all harbor an Ac-CoA binding motif. 

Both 6 and 7 did not show any inhibition towards NatB, NatC, NatE, and PCAF at 10 uM, indicating over 
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10,000-fold selectivity for NatD. Compound 8 demonstrated 10-40% of inhibition against both NatA and 

hMOF at 1.0 µM, indicating over 1,000 fold selectivity for NatD over NatA and hMOF. 7 displayed IC50 

values over 0.1 uM against both NatA and hMOF, suggesting that it was less selective than 6.  

 

 

Figure 2. Selectivity study of CoA-C3-SGRGK (6) and CoA-C2-SGR (7) against a panel of protein 

acetyltransferases in triplicate (n=3). 

 

Co-crystal Structures of Compounds 5 and 6 with NatD. To understand the molecular interactions 

between the bisubstrate inhibitors and NatD, the X-ray co-crystal structures of NatD complexed with 5 

(PDB ID: 7KD7) and 6 (PDB ID: 7KPU) were obtained at 1.44 Å  and 1.43 Å  resolution, respectively 

(Figure 3a-b). The structure refinement statistics for these structures can be found in Table 2. Overall, both 

structures showed high similarity to the previously reported NatD/CoA/SGRGK ternary complex (PDB ID: 

4U9W).8 Structural alignment of the 5-NatD  and 6-NatD binary complexes with the NatD/CoA/SGRGK 

ternary complex gave RMSD values of 0.255 Å and 0.217 Å, respectively.  Interestingly,  despite the 

different length of the linker region within the two bisubstrate inhibitors, the sulfur atom of the CoA and the 

nitrogen atom of the peptide Nα-amino group remain in the same position (Figure 3c). Thus, such similar 

positioning of these two atoms explains the comparable potency of the inhibitors with two different linkers 

as described above. Also noteworthy is that CoA-C2-SGRGK and CoA-C3-SGRGK adopt slightly different 

CoA binding modes, especially with respect to the β-mercaptoethylamine group (Figure 3c). Thus, we 

speculate that the flexibility of this CoA binding region endows NatD the ability to accept a bisubstrate 

inhibitor CoA-C3-SGRGK with a relatively long linker. Nevertheless, tight binding of bisubstrate analogues 
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supports the Bi-Bi mechanism of NatD. 

 

 

Figure 3. Structures of hNatD with Inhibitors. 

(a) Structure of hNatD with 5 (CoA-C2-SGRGK) bound. hNatD is shown in cyan as a cartoon and CoA-C2-

SGRGK as magenta sticks.  The 2mFobs-DFcal electron density around the bisubstrate is shown at a contour 

level of 1σ (gray mesh). 

(b) Structure of hNatD with 6 (CoA-C3-SGRGK) bound. hNatD is shown in yellow as a cartoon and CoA-

C3-SGRGK as blue sticks.  The 2mFobs-DFcal electron density around the bisubstrate is shown at a contour 

level of 1σ (gray mesh). 

(c) Overlay of the structure in (a) and (b). The zoom-in view shows the positions of the sulfur atom of  CoA 

and the nitrogen of the peptide amino group. 

(d) Interaction between CoA and hNatD residues is generated with LIGPLOT Hydrogen bonds are indicated 
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by dashed green lines, and van der Waals interactions are indicated with red semicircles. Waters molecules 

are shown as cyan spheres.  

(e) Interaction between SGRGK and hNatD residues is generated with LIGPLOT. Hydrogen bonds are 

indicated by dashed green lines, and van der Waals interactions are indicated with red semicircles. Waters 

molecules are shown as cyan spheres. 

 

Given the similarlity between both NatD/inhibitor structures , we focused on the structure of  NatD 

with CoA-C2-Ser1-Gly2-Arg3-Gly4-Lys5 to further examine the molecular basis of NatD inhibition. An 

extensive H-bonding network is observed for CoA recognition involving several water molecules and NatD 

residues Asn80, Val140, Leu142, Val146, Arg148, Lys149, Gly150, Leu151, Gly152, Lys153, Phe176, and 

Asn179  (Figure 3d). Hydrophobic interactions are also observed from NatD residues Met81, Gln141, Arg 

147, Leu173, Gly181, Ala182, Phe185, Phe186, and Ala189. These extensive interactions explain why 

inhibitory activity drops significantly when the CoA portion is removed (Table. 1, compare 6 and 10). NatD 

interacts with the peptide portion of the bisubstrate inhibitor through hydrogen bonding to the backbone of 

residues 1-5, and the sidechains of Ser1 and Arg3. These interactions involve several water molecules and 

NatD residues Tyr85, Asp127, Val128, Glu129, Tyr136, Cys137, Tyr138, Gln139, Thr174, and Tyr121 

(Figure 3e). In contrast, van der Waals interactions are significantly more limited, involving only several 

residues including Met80, Trp90, Ile213. The extensive NatD interaction with the first three residues is 

consistent with the biochemical inhibitory results: inhibition potency depends on the inclusion of Ser1 

through Arg3 (Table. 1, compare 9 to 1-8). The NatD/inhibitor structures also reveal that the sidechain of 

Lys5 does not mediate any interactions with the enzyme, which is consistent with the biochemical findings 

that a minimal effect on inhibitor potency was observed when Lys5 was replaced with Ala (Table. 1, 

compare 3-4 to 5-6). 
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Table 2. Data Statistics for NatD Crystal structures with inhibitors. 

 
NatD bound with 
CoA-C2-SGRGK 

NatD bound with 
CoA-C3-SGRGK 

PDB 7KD7 7KPU 

Crystal Parameters   

   Space group P212121 P212121 

   Unit cell dimension 
   a,b,c (Å) 

       () 

46.433 (90) 46.317 (90) 

74.349 (90) 74.164 (90) 

126.821 (90) 127.022 (90) 

Data collection 
  

   Wavelength 0.97918 0.97918 

   Resolution (Å) 
48.25 - 1.439 
(1.49 - 1.439) 

43.51 - 1.429 
(1.48 - 1.429) 

   Unique reflections 79843 (7732) 81274 (7793) 

   Rmerge 0.038 (0.661) 0.034 (0.244) 

   I/σ 23.1 (2.5) 35.9 (6.2) 

   Completeness 99.23 (97.07) 99.34 (96.72) 

   Redundancy 6.4 (6.0) 6.5 (5.7) 

Refinement   

   Rwork/Rfree 0.1614/0.1829 0.1626/0.1827 

R.m.s. deviations   

   Bonds (Å) 0.018 0.012 

   Angels (°) 1.587 1.24 

Average B factors (Å2) 25.24 20.26 

   Protein 24.05 18.26 

   Solvent 36.27 31.54 

   Ligand 36.13 30.25 

Ramachandran statistics (%)   

   Favored 97.79 98.72 

   Allowed 2.21 1.28 

   Outliers 0 0 

Values in parentheses are for the highest-resolution shell. 

 

 

CONCLUSION 

In this work, we designed and synthesized the first series of potent and selective NatD bisubstrate 

inhibitors 1-8, exhibiting Ki values ranging from 0.17-1.6 nM. The most potent inhibitor CoA-C3-SGRGK 
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showed a Ki of 170 ± 16 pM in the radioactive assay, exhibiting over 10,000-fold selectivity for NatD over 

other acetyltransferases including NatA-C, NatE, hMOF, and PCAF. Compared to reported bisubstrate 

inhibitors for other NATs including NatA and NatE using a similar bisubstrate strategy,20 high potency of 

NatD bisubstrate inhibitors further establish the uniqueness of NatD and strengthen the possibility to 

develop potent and specific inhibitors for NatD. Furthermore, the co-crystal structures of NatD in complex 

with CoA-C3-SGRGK and CoA-C2-SGR clearly demonstrate that the bisubstrate inhibitors engaged both 

substrate and cofactor AcCoA binding sites. The structural observations reveal that the NatD active site is 

specifically tailored for its histone substrate, explaining the selectivity of the NatD bisubstrate inhibitors. 

Comparable inhibitory activities and minor difference in the AcCoA binding site for bisubstrate analogues 

with either an acetyl or propionyl linker suggest active site plasticity, which may result from a subtle 

conformational change within the cofactor binding site of NatD. Moreover, these co-crystal structures of 

NatD-inhibitor binary complexes provide a structural foundation to guide the future development of drug-

like NatD inhibitors.  

 

EXPERIMENTAL SECTION 

Chemistry General Procedures. All chemicals and solvents were purchased from commercial suppliers 

and used without further purification unless stated otherwise. Preparative high pressure liquid 

chromatography (RP-HPLC) was performed on an Agilent 1260 Series system. Systems were run with 0-

95% methanol/water gradient with a 0.1% TFA modifier. High-resolution Matrix-assisted laser 

desorption/ionization (MALDI) spectra were performed on a 4800 MALDI TOF/TOF mass spectrometry 

(Sciex) at the Mass Spectrometry and Purdue Proteomics Facility (PPF), Purdue University. Peptides were 

synthesized on a CEM Liberty Blue peptide synthesizer. Compounds were also characterized and confirmed 

by TLC-MS or MALDI-MS. The purity of final compounds was confirmed on a Waters LC-MS system 

and/or Agilent 1260 Series system. Systems were run with 0-40% methanol/water gradient with 0.1% TFA. 

The purity of all target compounds showed >95%. 

General procedure A for solid-phase peptide synthesis. The Peptides were synthesized using a Liberty 

Blue automated microwave peptide synthesizer (CEM Corp., Matthews, NC, USA) following a standard 
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Fmoc protocol.23 A Rink Amide MBHA resin (0.05 mmol) was used as solid support and placed in the 

microwave tube. Standard couplings of amino acids were carried out at 0.2 M in DMF and external amino 

acids at 0.1 M in DMF using 0.5 M DIC and 1.0 M Oxyma in DMF for activation and 20% piperidine in 

DMF for deprotection. The resin was transferred to a filter-equipped syringe, washed with CH2Cl2 (3 mL) 

and MeOH (3 mL) three times, and dried under air. 

General procedure B for the synthesis of bromoacetylated peptide.20 To a suspension of peptide on resin 

(0.05 mmol, 1.0 equiv) in DMF (2 mL) were added corresponding acid (0.1 mmol, 2 equiv), DIC (15.5 μL, 

0.1 mmol, 2 equiv), and HOBt (13.5 mg, 0.1 mmol, 2 equiv). The suspension was shaken at room 

temperature for 20 h. The solvent was filtered, and the resulting resin was washed with CH2Cl2 (3 mL) and 

MeOH (3 mL) three times and dried under air. The dried peptide was cleaved from the resin using a 

cleavage cocktail (TFA/TIPS/ddH2O = 95/2.5/2.5 v/v) (5 mL) for 0.05 mmol scale of resin for 4 h. The 

suspension was filtered, washed with TFA (2 mL) and the volatiles of the filtrate was removed under N2. The 

peptide solution was precipitated with cold anhydrous ether (10 mL), centrifuged at 4200 rpm for 10 min. 

The supernatant was discarded and the pellet was washed with cold ether, centrifuged, removed supernatant, 

and air-dried. The dried peptide was dissolved in ddH2O (5 mL) and filtered through a 0.2 μM filter 

membrane. The filtered sample solution was purified by preparative reversed-phase high performance liquid 

chromatography (RP-HPLC) using an Agilent 1260 Series system with a C18 column (5 μm, 10 mm × 250 

mm) at a flow rate of 4.0 mL/min. Two mobile phases (mobile phase A consisting of 0.1% trifluoroacetic 

acid in ddH2O; mobile phase B consisting of methanol) were used and monitored at 214 and 256 nm. An 

injection volume of 400 μL of the solution was injected into the column. The desired fractions were 

evaporated and the resulting solution was frozen (–85 °C) and lyophilized. 

General procedure C for synthesis of the bisubstrate analogues.20 The bromoacetylated peptide (1 equiv) 

was dissolved in 1 mL triethylammonium bicarbonate buffer, PH 8.4±0.1. The mixture is added with 

coenzyme A trilithium salt dihydrate ( 2 equiv) and the solution was allowed to react for 4 h at room 

temperature, and then overnight at 4 ℃. 100 uL of the reaction solution was purified by HPLC to obtain the 

desired product, which was detected by MALDI. 

Compound 1  (5.1 mg, 43% yield)  was synthesized by following the general procedure C as a foamy white 
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solid. MALDI-TOF (positive) m/z: calcd for C36H63N15O22P3S+ [M + H]+ m/z 1182.3200, found m/z 

1182.3802. 

Compound 2  (4.3 mg, 36 % yield)  was synthesized by following the general procedure C as a foamy white 

solid. MALDI-TOF (positive) m/z: calcd for C37H65N15O22P3S+ [M + H]+ m/z 1196.3357, found m/z 

1196.3724. 

Compound 3  (5.6 mg, 45% yield)  was synthesized by following the general procedure C as a foamy white 

solid. MALDI-TOF (positive) m/z: calcd for C39H68N16O23P3S+ [M + H]+ m/z 1253.3571, found m/z 

1253.3676. 

Compound 4  (4.8 mg, 38% yield)  was synthesized by following the general procedure C as a foamy white 

solid. MALDI-TOF (positive) m/z: calcd for C40H70N16O23P3S+ [M + H]+ m/z 1267.3728, found m/z 

1267.4188. 

Compound 5  (6.2 mg, 47% yield)  was synthesized by following the general procedure C as a foamy white 

solid. MALDI-TOF (positive) m/z: calcd for C42H75N17O23P3S+ [M + H]+ m/z 1310.4150, found m/z 

1310.4417. 

Compound 6  (4.8 mg, 36% yield)  was synthesized by following the general procedure C as a foamy white 

solid. MALDI-TOF (positive) m/z: calcd for C43H77N17O23P3S+ [M + H]+ m/z 1324.4306, found m/z 

1324.4221. 

Compound 7  (4.7 mg, 42% yield)  was synthesized by following the general procedure C as a foamy white 

solid. MALDI-TOF (positive) m/z: calcd for C34H60N14O23P3S+ [M + H]+ m/z 1125.2986, found m/z 

1125.2793. 

Compound 8  (3.8 mg, 33% yield)  was synthesized by following the general procedure C as a foamy white 

solid. MALDI-TOF (positive) m/z: calcd for C35H62N14O23P3S+ [M + H]+ m/z 1139.3142, found m/z 

1139.2950. 

Compound 9  (4.7 mg, 51% yield)  was synthesized by following the general procedure C as a foamy white 

solid. MALDI-TOF (positive) m/z: calcd for C26H45N9O19P3S+ [M + H]+ m/z 912.1760, found m/z 912.1606. 

Compound 10  (3.1 mg, 55% yield)  was synthesized by following the general procedure B as a foamy white 

solid. MALDI-TOF (positive) m/z: calcd for C22H43N10O7
+ [M + H]+ m/z 559.3311, found m/z 559.3316. 
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Protein Expression and Purification.  

Expression and purification of human PCAF, hMOF, NatA-E except NatC, were performed as previously 

described.8,17,24-27 

NatC: Ternary S. pombe NatC encoding NAA30FL, NAA3531-708, and NAA3848-116, was expressed in E. coli 

cells, and purified as follows. Cells were harvested by centrifugation, resuspended, and lysed by sonication 

in lysis buffer containing 25 mM Tris, pH 8.0, 300 mM NaCl, 10 mg/ml PMSF 

(phenylmethanesulfonylfluoride). The lysate was clarified by centrifugation and passed over a nickel resin 

(Thermo Scientific), which was subsequently washed with ~10 column volumes of wash buffer containing 

25 mM Tris, pH 8.0, 300 mM NaCl, 20 mM imidazole, 10 mM 2-mercaptoethanol. The protein was eluted 

with buffer containing 25 mM Tris, pH 8.0, 300 mM NaCl, 200 mM imidazole, 10 mM βME. After elution, 

His-tagged Ulp1 protease was added to the eluent to cleave the SUMO tag. The eluent was further dialyzed 

into a buffer containing 25 mM sodium citrate monobasic, pH 5.5, 10 mM NaCl and 10 mM 2-

mercaptoethanol. Protein was purified with a 5-mL HiTrap SP ion-exchange column and eluted with a salt 

gradient (10–1000 mM NaCl). Peak fractions were concentrated to ~ 0.5 mL with a 50 kDa concentrator 

(Amicon Ultra, Millipore), and loaded onto an S200 gel-filtration column (GE Healthcare) in a buffer 

containing 25 mM HEPES, pH 7.0, 200 mM NaCl, 1 mM dithiothreitol (DTT). Peak fractions were 

concentrated to ~ 15 mg/ml as measured by UV280 and flash-frozen for storage in −80 °C until use.  

 

Fluorescence Assays. A fluorescence-based assay was applied to study the IC50 values for all the 

compounds. The assay was performed under the following conditions in a final well volume of 40 µL: 25 

mM HEPES (pH = 7.5), 150 mM NaCl, 0.01% Triton X-100, 0.05 µM NatD, 0.5 µM AcCoA, and 15 µM 

ThioGlo4. The inhibitors were added at concentrations ranging from 0.15 nM to 10 μM. After 10 min 

incubation, reactions were initiated by the addition of 5.0 μM H4-8 peptide. Fluorescence was monitored on 

a BMG ClariOtar microplate reader with excitation 400 nm and emission 465 nm. Data were processed by 

using GraphPad Prism software 7.0.  
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Radioisotopic Acetyltransferase Assay. FL NatD was used for activity assays. NatD Acetyltransferase 

assays were carried out in 25 mM HEPES, pH 7.5, 150 mM NaCl, and 1 mM DTT. The H4 substrate 

peptide used in the assay corresponds to the first 19 residues of human H4 (NH2- 

SGRGKGGKGLGKGGAKRHR-COOH; GenScript). In the assay, 50 nM of hNatD was mixed with 2 μM 

of radiolabeled [14C]acetyl-CoA (4 mCi/mmol; PerkinElmer Life Sciences), 20 μM of the peptide,  and 

inhibitors of concentrations ranging from 0.15 nM to 10 μM, for a reaction of 30 minutes at room 

temperature. To quench the reaction, the reaction solution was applied onto negatively charged P81 paper 

disks (SVI, St vincent’s institute medical research) to trap the peptides, and the paper disks were 

immediately placed in wash buffer (10 mM HEPES, pH 7.5). The paper disks were washed three times, at 5 

minutes per wash, to remove unreacted acetyl-CoA. The papers were then dried with acetone and added to 4 

ml of scintillation fluid, and the signal was measured with a Packard Tri-Carb 1500 liquid scintillation 

analyzer. Each reaction was performed in triplicate. IC50 statistic values were determined with GraphPad 

Prism software 7.0.8 

 

Selectivity Assays. The selectivity studies of NatA, NatB, NatC, NatE, PCAF, and hMOF were performed 

as follows.  100 nM of hNatA was mixed with 30 μM of  [14C]acetyl-CoA and 30 μM of either H4 peptide 

or SASE peptide (NH2-SASEAGVRWGRPVGRRRRP-COOH; GenScript), with none, 0.1 μM, 1 μM or 10 

μM of inhibitors, for a 12-minute reaction at room temperature, in the buffer containing 75 mM HEPES, pH 

7.5, 120 mM NaCl, 1mM DTT.  

 

100 nM of hNatB was mixed with 50 μM [14C]acetyl-CoA and 50 μM of MDVF peptide (NH2-

MDVFMKGRWGRPVGRRRRP-COOH, GenScript), with none, 0.1 μM, 1 μM or 10 μM of inhibitors, for 

a 10-minute reaction at room temperature, in the buffer containing 75 mM HEPES, pH 7.5, 120 mM NaCl, 1 

mM DTT. 

 

50 nM of SpNatC was mixed with 30 μM [14C]acetyl-CoA and 10 μM of MLRF peptide (NH2-ML 

RFVTKRWGRPVGRRRRPCOOH, GenScript), with none, 0.1 μM, 1 μM or 10 μM of inhibitors, for a 5- 
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minute reaction at room temperature, in the buffer containing 75 mM HEPES, pH 7.0, 120 mM NaCl, 1 mM 

DTT. 

 

300 nM of hNatE was mixed with 50 μM [14C]acetyl-CoA and 100 μM of MLGP peptide (NH2-

MLGPEGGRWGRPVGRRRRP-COOH, GenScript), with none, 0.1 μM, 1 μM or 10 μM of inhibitors, for a 

40-minute reaction at room temperature, in the buffer containing 75 mM HEPES, pH 7.0, 120 mM NaCl, 1 

mM DTT. 

 

100 nM of PCAF was mixed with 50 μM [14C]acetyl-CoA and 400 μM of H4 peptide, with none, 0.1 μM, 1 

μM or 10 μM of inhibitors, for a 20-min reaction at room temperature, in the buffer containing 40 mM Tris, 

pH 8.0, 100 mM NaCl, 1 mM DTT and 2 mg/mL BSA. 

 

50 nM of hMOF was mixed with 50 μM [14C]acetyl-CoA and 400 μM of H4 peptide, with none, 0.1 μM, 1 

μM or 10 μM of inhibitors, for a 20-min reaction at room temperature, in the buffer containing 100 mM Tris, 

pH 8.0, 50 mM NaCl, 1 mM DTT, 800 μM cysteine and 0.25 mg/ml BSA. 

.  

Co-crystallization and Structure Determination. For co-crystallization and structure determination of 5 

and 6 with NatD, a truncation construct of hNatD17–220 was used and purified similarly as described above. 

10 mg/ml of purified hNatD17-220  was incubated with 1 mM of either 5 or 6  for 30 minutes in ice before the 

crystal setup. The best crystals of hNatD17-220  with 5 bound was obtained with hanging-drop vapor diffusion 

at 20 °C in a well containing 0.1 M Bis-Tris, pH 5.5, 2 M Ammonium sulfate, in a drop containing a 1:1.5 

mixture of protein to a well solution. The best crystals of hNatD17-220  with 6 bound was obtained with 

hanging-drop vapor diffusion at 20 °C in a well solution containing 0.1 M Bis-Tris, pH 5.5, 2 M Ammonium 

sulfate, in a drop containing a 1.25:1 mixture of protein to a well solution. All crystals were cryoprotected 

by transferring them to their respective well solutions supplemented with 20% glycerol before being flash 

frozen in liquid nitrogen. Data were collected at the Advanced Photon Source (beamline 24-ID-E) and 

processed using HKL2000.28 
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Structure Determination and Refinement. Both structures were determined by molecular replacement 

using the structure of NatD/CoA/SGRGK (PDB: 4U9W) with ligands and solvent molecules removed from 

the search model. Molecular replacement was done using Phaser in Phenix.29 Initial Manual model building 

was done in Coot30 and all subsequent rounds of refinement were performed using Phenix refine and Coot 

interchangeably. Refinement statistics can be found in Table 2. The final model and structure factors were 

submitted to the Protein Data Bank. Distance calculations, as well as three-dimensional alignment r.m.s. 

deviations and graphics were generated in PyMOL (http:// www.pymol.org/). 
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