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Abstract

Acetylation at the a-N-terminus (Na) is the most abundant modification detected on histone H4
and H2A, which is catalyzed by N-terminal acetyltransferase D (NatD or NAA40). Histone H4
and H2A contain an identical N-terminal SGRGK sequence that is enriched with post-translational
modifications (PTMSs) and frequently occurred oncogenic mutations known as “oncohistone”
mutations. However, there is a lack of information on how oncohistone mutations and other PTMs
affect NatD-catalyzed acetylation. Herein, we determined how the local chemical environment on
the N-terminal SGRGK sequence regulates NatD-catalyzed Na-acetylation on histone H4/H2A.
Our studies indicate that all oncohistone mutations at SGRG suppressed the acetylation catalyzed
by NatD. Meanwhile, H4 Serl phosphorylation and Arg3 methylation negatively impact the
NatD-mediated acetylation, but the Lys5 acetylation only has a marginal effect. This work reveals
the impacts of oncohistone mutations on NatD activity and unravels the crosstalk between NatD
and PTMs, implying potential regulatory mechanism of NatD and highlighting different avenues
to interrogate the NatD-mediated pathway in the future.
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Introduction.

Histone madifications alter the chromatin structures and DNA accessibility, serving

as a critical mechanism in the regulation of gene expression, DNA replication, and

DNA repair.12 Concerning the modification type and site, over 450 modifications have
been identified on histones, such as phosphorylation, methylation, and acetylation.3
Crosstalk among these modifications adds another dimension to the dynamical regulation
of transcription.2 The a-N-terminal (Na) acetylation is a dominant modification for
approximately 80% of proteins in humans.#-8 This modification is catalyzed by N-terminal
acetyltransferases (NATSs), which have been classified into NatA-H based on their subunit
compositions and substrate specificity profiles.> Among NATs, NatD (also known as
NAA40, Nat4, or Pattl) contains only one catalytic unit, NAA40, which specifically
acetylates an SGRG sequence at the protein N-terminus (Figure 1A). Until now, H4 and
H2A are the only two confirmed protein substrates for NatD.’”~10 Notably, Na.-acetylation
of H4 (Na-acH4) and H2A (Na-acH2A) were the most abundant marks of histone proteins
through quite a few proteomic investigations.}1-16 For instance, over 80% of H4 and H2A
were found Na-acetylated in mouse brains;1# and 97-98% of Na.-acH4 was reported in
breast cancer cell lines.11

Several recurrent mutations including H3K27M, H3G34R, H3K36M, and H2B-E76K have
been identified as epigenetic drivers of several cancers.1’~1° Thus, these histone mutants are
termed “oncohistone” mutations.2? Besides these four established oncohistone mutations,
the newly identified mutational landscape for all four core histones across different tumor
types has expanded the scope of oncohistones, although the underlying mechanisms of most
mutants remain uncharacterized.2° Interestingly, multiple mutations have been identified in
the SGRG recognition motif of NatD (Figure 1B).20-23 Notably, Ser1 and Arg3 are the top
two frequently mutated residues of H4; and Ser1 is the most frequently mutated residue of
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H2A.20 Nevertheless, the knowledge of how those newly discovered H4/H2A mutations spur
cancer is limited by the lack of understanding of how these mutations affect biological and
biochemical processes that converge on chromatin remodeling and accessibility. Therefore,
as a starting point, we undertake to investigate how oncohistone mutations at the N-terminal
regions affect NatD-catalyzed Na-acetylation.

Meanwhile, the H4 tail is abundant with post-translational modifications (PTMs), including
phosphorylation, methylation, and acetylation. Na.-acH4 has been found to affect other
PTMs at Serl, Arg3, and Lys5 on H4 to influence biological outcomes.24-29 For instance,
Na-acH4 interfered with asymmetrical dimethylation on H4 Arg3 residue (H4R3me2a) in
yeast.2425 Caloric restriction in yeast suppressed NatD expression and increased the ratio
of H4R3me2a to Na-acH4, promoting the expression of metabolic and stress-response
genes.25 Consistent with the findings in yeast, a biochemical study demonstrated that
Na-acetylation on H4 peptide reduced the rate of H4R3me2a catalyzed by protein

arginine methyltransferase 1 (PRMT1) and PRMT3 but had a marginal effect on the

Arg3 dimethylation by PRMT5 and PRMT8.27:29 |n colorectal cancer, loss of Na.-acH4
decreased symmetric dimethylation on H4 Arg3 (H4R3me2s) levels by downregulating
PRMTS5, but has a trivial effect on monomethylation (H4R3me1) or H4R3me2a.28
Na-acH4 has been demonstrated to block casein kinase 2a-mediated phosphorylation

at the Serl (H4pS1) in lung cancer cells, inducing Slug expression and metastasis.28
Additionally, knockdown of NatD increased H4pS1 and H4R3me2a but slightly reduced
H4R3me2s while H4K5ac remained unchanged based on western analysis. However, both
H4K5ac and H4R3me2a were decreased on the Slug promoter in NatD knockdown cells
according to ChIP analysis.2® Although Na-acetylation on H4 influenced Arg3 methylation,
Serl phosphorylation, and Lys5 acetylation, it remains elusive if the communication is
unidirectional or mutual. Because the first four residues SGRG are critical for substrate
recognition, we hypothesize that modifications on and adjacent to SGRG may affect NatD-
catalyzed Na-acetylation. Herein, we also set out to examine how the post-translational
modifications of H4S1, H4R3, and H4K5 affect Na-acetylation by NatD (Figure 1B).

RESULTS AND DISCUSSION.
Effect of histone H4/H2A length on NatD activity.

Previous studies suggested that yeast NatD requires a more extended substrate peptide
sequence for Na-acetylation than human NatD (hNatD).” Specifically, complete acetylation
was detected in yeast when the first 50 residues of H4 were present but incomplete in the
presence of the first 30 residues.’ In contrast, hNatD displayed a comparable catalytic
efficiency for H4 synthetic peptides consisting of the first 5, 8, and 19 residues in a
biochemical radioactive study.19 To systematically understand how substrate length affects
hNatD catalysis, we determined the steady-state kinetic parameters for both full-length

H4 protein and a panel of truncated H4/H2A synthetic peptides using recombinant hNatD
and a continuous fluorescence assay.30 The steady-state parameters are comparable for H4
protein and the cofactor acetyl coenzyme A (AcCoA) (Figure 2A). While hNatD exhibited
comparable kg, values for its substrates with variable lengths ranging from full-length
protein to a tripeptide (Figure 2B), the Aqai/ Ky values of hNatD varied for different lengths
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of substrates (Figure 2C), indicating that the substrate length affects the substrate binding by
NatD. But once substrates bind to the enzyme and form the substrate-enzyme complex (ES),
no major difference in the turnover number of NatD as A4 values are similar.

Notably, hNatD demonstrated equivalent activity and efficiency for both H4-21 and full-
length H4 protein, suggesting that the following sequence after Val21 does not contribute to
hNatD recognition. When peptide length decreased from H4-21 to H4-12, no changes were
observed for the catalytic activity of hNatD bound with substrate molecules as reflected by
keat values (11 = 0.37 min~1, 11 + 0.35 min~2, and 10 + 0.26 min1, respectively). However,
there was about a 2.5-fold decrease in the Aci/ Ky values for H4-12. A similar trend was
observed when the peptide length was reduced from 12 to 8 residues. When the peptide
length decreased from 5 to 4 and 4 to 3 residues, the At/ K values decreased about 5-fold
and 8-fold, respectively, which suggested the significant contribution of the last five residues
to the association by hNatD. Similar fold changes were observed for H2A peptides when
reduced from 21 to 12 and 12 to 8 residues, respectively. The first five residues SGRGK

are the same for both H4 and H2A at their N-termini, but three longer H2A peptides
(H2A-21, H2A-12, and H2A-8) exhibited an about 4-fold reduction in Aq/ Ky, values
compared to corresponding H4 peptides, inferring a modest preference of hNatD for H4
over H2A. In addition, we also synthesized a pentapeptide SGRGA derived from a predicted
protein substrate SMARCD2, an SWI/SNF-related chromatin regulator.31 Compared to H4-5
(also H2A-5), SGRGA demonstrated a similar Ayt and Aqat/ Kiy, Values within less than
2-fold difference. In summary, the A5t values were comparable for peptide substrates with
varying lengths from 3-21 residues, while the Ao/ Ky, values of nine investigated peptide
substrates were inversely proportional to their length (Figure 2B, C). This result agrees with
the previous study on the crucial contribution from the first four N-terminal residues to
NatD-specific binding.?-10 Nevertheless, the backbone interaction of the fifth residue also
plays a contributing role to the interaction.

Na-acetylation of Oncohistone H4 and H2A.

The H4 and H2A are the only two validated substrates of hNatD, containing an identical
SGRGK motif at their N-termini. The high-frequency mutations observed in the first four
residues of H4/H2A prompted us to investigate how Na- acetylation is affected by H4/H2A
oncohistone mutations.2? Hence, we synthesized pentapeptides derived from the N-terminus
of oncohistones H4/H2A and determined their steady-state kinetic parameters using a
continuous fluorescence assay (Figure 3A). Since the fluorescence assay monitors the
acetylation progression through detecting the thiol group in the CoA,30 the cysteine residue
in pentapeptides that carry S1C or R3C mutation would interfere with the assay. Therefore,
we utilized a previously developed MALDI-MS assay to directly detect acetylated products
for the peptides with S1C and R3C mutation (Figure S1).32 Because cysteine is prone to
oxidize, a reducing agent dithiothreitol (DTT) was added to the reaction mixture to prevent
dimer formation. For 1 mM of cysteine-containing peptides, 5 mM DTT was selected to
completely suppress the dimer formation. To compare the performance of two assays and
the effect of DTT, we used H4-5 as control and performed kinetic analysis for H4-5 using
the MALDI-MS assay in the presence or absence of 5 mM DTT (Figure S1A, B). The
steady-state kinetic parameters obtained from the MALDI-MS assay are comparable to

ACS Chem Biol. Author manuscript; available in PMC 2024 April 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ho and Huang

Page 5

those from the fluorescence assay, validating the feasibility of comparing results from two
different assays for the Cys-containing peptides.

Serl and Gly2 are two critical residues for substrate-binding with hNatD because the small
hydroxyl side chain of Serl and a specific angle of Gly2 enable the substrate to enter into
the substrate-binding pocket of hNatD.10 In H4 and H2A, S1C is one of the high-frequency
mutations detected in bladder, colorectal, lung, and liver cancers.2% As shown in Figure
3A, hNatD displayed an approximate Ay of 7 min~1 and ~100-fold reduction in Aga/ Km
value for S1C mutant that only replaces the hydroxy! side chain of Serl with a thiol group.
We also employed the MALDI-MS assay to determine the kinetics of S1F because of
unknown interference from S1F with the fluorescence assay (Figure S1). When the bulky
phenylalanine (F) is at the first position, hNatD exhibited a A of 6.8 min~1 and over
1,000-fold decrease in A/ Kiyy value. Mutations of Serl with Cys or Phe resulted in a
significant reduction in the substrate association with hNatD while marginally affecting
the turnover number. Compared to H4-5, the A4 values of S1L and G2E mutations were
decreased 5- and 3-fold, respectively (Figure 3B, Figure S2). Furthermore, S1L and G2E
mutations caused a dramatic reduction in A/ Kn, values by over 10,000-fold (2.5 x 102
and 1.4 x 102 M~Imin~1, respectively), suggesting that S1L and G2E mutations affect both
substrate-enzyme interaction to form ES and the turnover number (Figure 3C).

Arg3 contributes to the binding of the substrate by hNatD through several interactions with
the side chains of Asp127, Glu129, Tyr136, and Tyr138 of hNatD.19 R3H mutant of H2A
has been observed in uterine and ovarian carcinomas.?! In comparison to H4-5, the Agat
values were decreased by 3-fold to 3.7 + 0.12 min~! for R3Q and 1.5-fold to 7.5 + 0.13
min~1 for R3H (Figure 3B). Interestingly, the R3H mutant displayed a moderate change in
Kkeatl K by 6.5-fold (2.9 x 10° M~1 min~1). Conversely, a 200-fold reduction in Aa/ K
(9.4 x 103 M~Imin~1) was observed in the R3Q mutant. Similarly, hNatD displayed a
17-fold reduction in Az Kpy, for the R3C mutant (1.1 x 10° M~min~1). This difference

in kg Km between R3Q, R3H, and R3C is consistent with the hNatD mutagenesis study
that demonstrated the importance of the positive charge at the third residue for substrate
binding.10

Like Gly2, Gly4 resides in a narrow groove that is tailored for glycine. Mutation of Gly4

to aspartic acid (G4D) or valine (G4V) resulted in slightly decreased Az, values by less

than 2-fold (8.0 + 0.66 and 7.7 + 0.13 min™1, respectively). Despite the similar A, values,
hNatD displayed a 7-fold higher A K, for G4V (2.1 x 10° M~ min~1) than G4D (2.9

x 104 M~ min1), suggesting G4D less favorable to ES formation than G4V. When Gly4
was mutated to serine (G4S), hNatD exhibited a 17- and 7-fold reduction in Acat/ Ky and Azat
values, respectively. The co-crystal structure of hNatD in complex with its substrate peptide
(PDB: 4U9W) indicated that Gly4 interacts with Trp90, Thr174, and Tyr211.10 However, it
is unclear why G4S resulted in a salient reduction in A4 value among three mutations at the
Gly4 residue.

Crosstalk between other PTMs and Na-acetylation.

Several PTMs have been demonstrated to be affected by Na-acetylation at the H4 to
induce different gene expression patterns.24:26.28 Knockdown of NatD increased H4pS1 and
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H4R3me2a but slightly reduced H4R3me2s in lung cancer H1299 cells according to western
blot analysis.28 However, reduction of Na-acH4 led to decreased H4R3me2a and H4K5ac
but increased H4pS1 on the Slug promoter through ChIP analysis.28 On the other hand,
Na-acH4 transcriptionally induces PRMTS5 expression and thus increases the H4R3me2s

in colorectal cancer cells.28 To determine how chemical modifications with charges and
steric properties on the substrate peptides affect hNatD activity, we thus synthesized and
determined the steady-state Kinetics of several H4 peptides carrying common PTMs (Figure
4A). hNatD showed a 2.3-fold drop in Az (4.6 = 0.090 min~1) and over 100-fold reduction
in Aeat/ K to acetylate H4pS1 peptide (Figure 4B, C). As hNatD has a restrictive size
pocket that favors a small side chain, phosphorylation on Serl may not be tolerable in the
pocket. In addition, the negatively charged phosphate group may also clash with the Glu139
of hNatD.10 Thus, it is not surprising that phosphorylation at Serl negatively impacts
Na-acetylation.

The guanidino group of the Arg3 side chain interacts with Asp127, Glu129, and Tyr138

of NatD through hydrogen bonds.1% Our biochemical studies showed that hNatD had

a similar A4 value for methylated HAR3 peptides despite different methylation states
(mel, me2a, or me2s) compared to unmodified H4-5 (Figure 4B, Figure S2). However,

the impacts of methylation states on A/ Ky, are different. Specifically, hNatD displayed
3.6-fold decreased Aqqi/ Ky for H4R3mel (5.2 x 10° M~1 min~1), while 8- and 17-fold
reduction in Agg/ K, were observed for H4R3me2a and H4R3me2s, respectively (Figure
4C). As previous biochemical studies reported that Na-acetylation of H4 slightly reduced
PRMT]Y, 3, 5, and 8 activity on Arg3 dimethylation, our findings suggest the effects between
Na-acetylation and Arg3 dimethylation are mutually inhibitory.27-2% On the occasion of
Lys5 acetylation (H4K5ac), hNatD exhibited comparable kinetic parameters for H4K5ac as
H4-5. One possible explanation is that the side chain of Lys5 has less contribution to NatD
substrate-binding because of its exposure to solvent,10 which is also supported by the result
that SGRGA peptide displays comparable parameters as SGRGK peptide (Figure 2).

Inhibitory activities of mutant and modified H4 against NatD.

Although the oncogenic roles of oncohistone remain underexplored, recent studies found
that the oncohistone mutation affected the chromatin remodeling processes and thus
resulted in oncogenic gene dysregulation and carcinogenesis.19:33 Another profound effect
of oncohistone mutations is to inhibit the activities of chromatin-modulating enzymes.34
For example, H3K27M mutant represses H3K27 methylation through inhibition of the
enzymatic activity of enhancer of zeste homolog 2 (EZH2), a catalytic component of the
polycomb repressive complex 2 (PRC2).34 In addition, H3K27M also spreads H3K27me2/3
to cause tumorigenesis.34 To determine the effects of oncohistone mutations and modified
H4 peptides on NatD-mediated acetylation, we performed a competitive inhibition assay
in the presence of varying concentrations of competitors while H4-5 and AcCoA were
kept at their respective K, concentrations. Among all tested peptides, G4S mutant exerted
the strongest inhibition on NatD-mediated acetylation, displaying ~80% inhibition on
hNatD even at 33 uM (Figure 5). Since R3C has similar kinetic profiles with G4S, we
anticipated R3C might also have similar inhibitory activity with G4S, which will need
further investigation. Meanwhile, H4R3me2s demonstrated over 50% inhibition against
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NatD-mediated acetylation at 100 M, exhibiting the highest inhibitory effect among all
peptides carrying PTMs (Figure 5).

Conclusion.

In this study, we examined how the length, oncohistone mutations, and PTMs at the
substrate recognition motif affect Na-acetylation catalyzed by hNatD. Based on our results,
the oncohistone mutations at Serl and Gly2 of H4 and H2A strongly decreased catalytic
efficiency of Na-acetylation by hNatD and hampers substrate recognition by over 100-fold
(Figure 6A). Compared with mutations at Serl and Gly2, hNatD was moderately inhibited
by mutations at Arg3 but only slightly affected by the R3H mutant, which supports the
importance of the positive charge status at Arg3. Meanwhile, our studies provide evidence
of the negative impacts of phosphorylation of Serl and methylation of Arg3 on Na-
acetylation, uncovering the crosstalk between Na- acetylation and other PTMs. Specifically,
phosphorylation of H4S1 suppresses Na-acetylation by over 100-fold while dimethylation
of H4R3 leads to a 10-20 fold decrease in the turnover number of NatD activity. Meanwhile,
G4S and H4R3me2s demonstrated the strongest inhibition on NatD-catalyzed acetylation
(Figure 6B). As PRMTS5 is responsible for producing H4R3me2s and NatD has been shown
to regulate PRMTS5 expression, it would be interesting to elucidate the mechanisms of
interplay between PRMT5 and NatD. In addition to the oncohistone mutations, multiple
mutations in NatD were detected in cancer diseases according to a database of somatic
mutations in human cancer.3> Among them, more than 20 mutations occur in the NatD
active site, but it is unknown how these mutations affect NatD activity to impact cancer
development. Meanwhile, crosstalk between Na-acetylation and PTMs poses a challenging
question if NatD introduces Na-acetylation co-translationally or post-translationally or both.
Here, the proposed model based on our biochemical studies establishes a relationship
between Na-acetylation and local PTMs of histones and oncohistones, outlining the basis
for future investigation on the functions of the NatD-mediated pathway.

METHODS.

General.

The standard Fmoc-protected amino acids were purchased from CEM Corporation. Acetyl
coenzyme A lithium salt was purchased from Sigma-Aldrich. ThioGlo4 was purchased

from Berry & Associates. High-performance liquid chromatography (HPLC) grade solvents
were purchased from Fisher Scientific. Matrix-assisted laser desorption/ionization (MALDI)
spectra were acquired using positive-ion mode on a 4800 MALDI TOF/TOF mass
spectrometry (Sciex). Peptides were synthesized on a CEM Liberty Blue peptide synthesizer.
The purity of the peptides was confirmed by Agilent 1260 Series HPLC system, eluting

with a 0-40% acetonitrile/water gradient with 0.1% (v/v) TFA. All the purity of final
peptides showed >95%. The spectra of MALDI and HPLC are available in the Supporting
information (Figure S3).
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Peptide Synthesis.

The peptides were synthesized using Rink Amide MBHA resin (0.05 mmol) and followed
a standard Fmoc protocol. Fmoc protected amino acids were coupled at 0.2 M in DMF
using 0.5 M of DIC and 1.0 M of Oxyma. Double coupling of Fmoc-Ser(HPO3Bzl)-OH
(ChemPep), Fmoc-Arg(me)(Pbf)-OH (AnaSpec), Fmoc-Arg(me),-OH (asymmetrical and
symmetrical) (AnaSpec), Fmoc-Lys(ac)-OH (Creosalus) were performed. Fmoc deprotection
was carried out by 20% piperidine in DMF. The resin was washed with CH,Cl, (5 mL) and
MeOH (5 mL) alternatively three times, and the peptide was cleaved by a cleavage cocktail
(TFA/TIPS/water/DODT = 94/1/2.5/2.5 viv) (5 mL) for 0.05 mmol scale of resin for 4 h.
The peptide suspension was filtered, and the filtrate was dried under N, and precipitated
with cold ether (10 mL). The peptide precipitation was pelleted by centrifugation at 4,200
rpm for 10 minutes, and the resulting supernatant was discarded. The crude peptide pellet
was dissolved in deionized water (10 mL), passed through a 0.45 pm filter, and purified

by preparative reversed-phase high-performance liquid chromatography (RP-HPLC) on an
Agilent 1260 Series system with a C18 column (5 pm, 10 mm x 250 mm) at a flow rate of
4.0 mL/min. Peptides were purified by two mobile phases consisting of 0.1% (v/v) TFA in
water and acetonitrile in a linear gradient.

Protein Expression and Purification.

Expression and purification of hNatD were carried out as previously described.30 Histone
H4 protein was a gift from Dr. Chongli Yuan from Purdue University.

Continuous Fluorescence-Based Acetylation Assay.

A fluorescence assay was adapted to study the kinetics of hNatD, which monitors the
formation of a ThioGlo4-thiol adduct that exhibits a strong fluorescence at 465 nm.36:37
hNatD activity was measured at 25 °C under the following conditions in a final reaction
volume of 40 pL: 50 nM hNatD, 15 pM ThioGlo4, and 50 uM AcCoA in reaction buffer
(25 mM HEPES, 150 mM NaCl, 0.01% (v/v) Triton, pH 7.5). For AcCoA characterization,
H4-8 was fixed at 50 uM. All components except for peptide substrate were mixed in a
volume of 36 UL and incubated at 25 °C for 10 min. The reaction was initiated by adding

4 uL of varying concentrations of peptide substrates. Fluorescence was monitored on a
BMG CLARIOstar microplate reader with excitation of 400-415 nm and 460-485 nm. For
quantifying the fluorescent signal, a previously reported standard curve (y = 5176x + 344.6)
was applied to convert arbitrary fluorescence units to the concentration of CoA.30 GraphPad
Prism 7 was used to fit the initial velocity to Michaelis-Menten or Substrate inhibition
model. The experiments were performed in at least duplicate (Figure S2).

MALDI-MS Acetylation Assay.

Acetylation of CGRGK and SGCGK were characterized with a MALDI-MS assay at 25
°C under the following conditions in a final reaction volume of 40 pL: 50 nM of hNatD
and 50 pM of AcCoA in reaction buffer (25 mM HEPES, 150 mM NaCl, pH 7.5). The

10 mM cysteine peptides (CGRGK and SGCGK) were allowed to reduce under 50 mM of
DTT at room temperature for 30 min. The peptides were then 2-fold diluted from 1 mM
(CGRGK) and 400 pM (SGCGK) with dilution buffer (25 mM HEPES, 150 mM NacCl, 10
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mM DTT, pH 7.5). All components except for peptide substrate were mixed in a volume

of 36 pL, and the reaction was initiated with 4 uL of varying concentrations of peptide
substrates. At desired time points, aliquots were quenched in a 1:1 ratio with the 0.1% (v/v)
of TFA aqueous solution and spotted with matrix solution (10 mg mI~1 of CHCA in water/
acetonitrile/TFA = 1:1:0.1% v/v/v) on the MALDI plate. The initial velocity was determined
by calculating the slope from aliquots taken at differing time points. GraphPad Prism 7

was used to fit the initial velocity to Michaelis-Menten or Substrate inhibition model. The
experiments were performed in duplicate.

Inhibition Assay.

The competitive inhibition study was performed using a previously described fluorescence
assay.38 hNatD activity was measured at 25 °C under the following conditions in a final
reaction volume of 40 pL: 50 nM hNatD, 15 uM ThioGlo4, 0.6 uM AcCoA, and 6 uM
H4-5 in reaction buffer (25 mM HEPES, 150 mM NacCl, 0.01% (v/v) Triton, pH 7.5). The
10X concentration of mutant or modified peptides was diluted with reaction buffer and
then 3-fold serially diluted with reaction buffer. All components (50 nM hNatD, 15 pM
ThioGlo4, and 6 uM H4-5) except for AcCoA were mixed in a volume of 32 pL. To the
reaction mixture was added 4 pL of the 10X mutant or modified peptides, and the resulting
mixture was incubated at room temperature for 10 min. The reaction was then initiated

by adding 4 pL of 6 uM AcCoA. Fluorescence was monitored on a BMG CLARIOstar
microplate reader with excitation of 400-415 nm and 460-485 nm for 10 min. The control
group was the reaction mixture without adding mutant or modified peptides. The reaction
rate was obtained by calculating the linear range of the slope generated from fluorescence
signals. The hNatD activity was calculated by normalizing the rate of the testing group to
that of the control group. The experiments were performed in duplicate.
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Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

NATs
N-terminal acetyltransferase

AcCoA
acetyl-coenzyme A

SMARCD2
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SWI/SNF-related matrix-associated actin-dependent regulator of chromatin subfamily D
member 2

H4pS1
histone H4 serine 1 phosphorylation

H4R3me2a

H4R3mel, histone arginine 3 monomethylation
histone H4 arginine 3 asymmetric dimethylation
H4R3me2a

histone H4 arginine 3 symmetric dimethylation

H4K 5ac
histone H4 lysine 5 acetylation

EZH2
enhancer of zeste homolog 2

PRC2
polycomb repressive complex 2
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Figure 1.

(A) Na-acetylation catalyzed by NatD. (B) Mutations of oncohistone H4 and H2A and
chemical modifications at residues Serl, Arg3, and Lys5 on the H4 substrate. Modifications
include phosphorylation (p), monomethylation (me), asymmetric dimethylation (me2a),
symmetric dimethylation (me2s), and acetylation (ac). Mutations detected on H4 and H2A:
yellow circle; mutations detected only on H4: green circle; mutations detected only on H2A:
blue circle.
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A
ID K. (uM) ko (min-) Kk /K, (M- min-)
Full length histone H4 0.80+£0.10 12+0.42 1.5 x 107
H4-21 SGRGKGGKGLGKGGAKRHRKY 0.83 £ 0.095 11 +£0.37 1.3 x 107
H4-12 SGRGKGGKGLGK 2.1+0.22 11 +£0.35 5.2 x 108
H4-8 SGRGKGGK 3.8+0.38 10+ 0.26 2.6 x 108
H4-5 SGRGK 5.9+ 0.59 11 £ 0.46 1.9 x 108
H4-4 SGRG 28+24 11 +£0.39 3.9x 105
H4-3 SGR 211 £ 21 9.5+0.48 4.5 % 104
AcCoA AcCoA 0.63+0.055 9.5+0.48 1.5 x 107
H2A-21 SGRGKQGGKARAKAKTRSSRA 3.5+0.52 11 + 0.46 3.1 x108
H2A-12 SGRGKQGGKARA 7.3+0.76 9.2+0.27 1.3 x 108
H2A-8 SGRGKQGG 13+1.2 7.5+0.23 5.8 x 105
SMARCD2-5 SGRGA 9.7+0.45 1 +£0.17 1.1 x 108
B C
1.00- 1.004 Keat K
(] [}
2 0.75 2 0.751
P 2
o 0.504 O 0.501
K K]
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Figure2.
Effect of C-terminal truncations of hNatD-catalyzed acetylation. (A) Steady-state parameters

of AcCoA, C-terminal truncated H4, H2A, and SMARCD?2 peptides. Fold changes of (B)
Keat and (C) Aeat/ Ky normalized to full-length histone H4 (FL H4).
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A
ID M:‘tlation c:;;t Sequence K (UM) Kear (Min~") ko Ky (M- min-T)
H4-5 SGRGK 5.9+0.59 11 +£0.46 1.9 x 108
H4/H2A S1C 5 6 CGRGK > 500 >7
H4/H2A S1F 2 2 FGRGK >5mM >6.8
H2A S1L 0 4 LGRGK 8.8+1.9mM 22+0.29 2.5 %102
H2A G2E 0 3 SERGK 23+2.8mM 3.3+0.31 1.4 x 102
H4/H2A R3Q 1 1 SGQGK 393 + 35 3.7+£0.12 9.4 x 103
H2A R3H 0 5 SGHGK 26+1.4 75+0.13 2.9 %105
H4/H2A R3C 9 7 SGCGK 17 1.8 1.1 x 105
H4 G4D 4 1 SGRDK 272 £40 8.0 £ 0.66 2.9 x 104
H4/H2A G4V 1 4 SGRVK 37+1.6 7.7+0.13 2.1 %105
H4/H2A G4S 4 3 SGRSK 14 + 3.1 1.6+0.16 1.1 x 105
B C

1.00- Kyt 1.00- Keat/ Kim
i% 0.751 g' 0.75-
O 0.501 O 0.50
k= £
S 0.251 S 0.251

0.00- 0.00-
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Figure 3.

Effects of oncohistone mutations on N-terminal acetylation of H4/H2A peptides. (A) Kinetic
profiles of oncohistone H4/H2A pentapeptides. The mutation count of H4 and H2A was
extracted from a processed cBioPortal dataset.2? Fold change of (B) Acat and (C) Acat/ Kim

normalized to wild-type H4-5.
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i Sexuence (M) (min) (M min) & 0.50
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Figure 4.
Effects of PTMs on H4-5 peptide (SGRGK) histone on Na-acetylation. (A) Steady-state

parameters of chemically modified H4 pentapeptides. Fold changes of (B) A4t and (C)
Keat! Ky normalized to wild-type H4-5.
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Figure5.

Inhibitory effects of H4/H2A peptides carrying either oncohistone mutation or PTM on
Na-acetylation by hNatD. The competitive inhibition assay was conducted with a 3-fold
serial dilution of mutant and modified peptides starting from 300 UM in the presence of
6 UM of H4-5 and 0.6 uM of AcCoA. The activity was normalized to the activity in the

absence of competing peptides.
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G s """ 10-100 fold SGRVK ICs, >100 pM
X = ) e <10 fold

Impacts of H4/H2A peptides carrying oncohistone mutations or PTMs on NatD-

catalyzed acetylation. (A) NatD-catalyzed acetylation on various peptides. PTMs include
phosphorylation (p), monomethylation (me), asymmetric dimethylation (me2a), symmetric
dimethylation (me2s), and acetylation (ac). Mutations were detected on H4 and H2A
(yellow), only on H4 (green), only on H2A (blue). The charge status contains neutral (0
within in a gray circle), positive (+ within in a blue circle), and negative (— within in a red
circle). Solid red line with blunt end = over 100-fold decrease, red dotted line with blunt end
=10-100-fold decrease, and black dotted line = less than 10-fold decrease. (B) Inhibitory
effects on NatD-catalyzed acetylation of H4-5 (SGRGK) in a competitive inhibition assay.
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