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Abstract

Mono-methylation of histone H4 lysine 20 (H4K20me1) is catalyzed by Set8/KMT5A and regulates numerous aspects of genome organiza-
tion and function. Loss-of-function mutations in Drosophila melanogaster Set8 or mammalian KMT5A prevent H4K20me1 and disrupt de-
velopment. Set8/KMT5A also has non-histone substrates, making it difficult to determine which developmental functions of Set8/KMT5A
are attributable to H4K20me1 and which to other substrates or to non-catalytic roles. Here, we show that human KMT5A can functionally
substitute for Set8 during Drosophila development and that the catalytic SET domains of the two enzymes are fully interchangeable. We
also uncovered a role in eye development for the N-terminal domain of Set8 that cannot be complemented by human KMT5A. Whereas
Set820/20 null mutants are inviable, we found that an R634G mutation in Set8 predicted from in vitro experiments to ablate catalytic activity
resulted in viable adults. Additionally, Set8(R634G) mutants retain significant, albeit reduced, H4K20me1, indicating that the R634G muta-
tion does not eliminate catalytic activity in vivo and is functionally hypomorphic rather than null. Flies engineered to express only unmodifi-
able H4 histones (H4K20A) can also complete development, but are phenotypically distinct from H4K20R, Set820/20 null, and Set8R634G

mutants. Taken together, our results demonstrate functional conservation of KMT5A and Set8 enzymes, as well as distinct roles for Set8
and H4K20me1 in Drosophila development.
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Introduction
The formation of chromatin from DNA and histones regulates ge-
nome function and is critical for development of multicellular
organisms. The post-translational modification (PTM) of histone
N-terminal tails modulates the organization of chromatin and
thereby helps regulate replication, repair, and transcription of the
genome (Rothbart and Strahl 2014). Consequently, dysregulation of
histone PTMs is thought to disrupt animal development. However,
our understanding of how particular histone PTMs influence spe-
cific developmental processes is incomplete. For instance, methyla-
tion of histone H4 lysine 20 (H4K20me) has been implicated in the
control of transcription (Karachentsev et al. 2005; Kalakonda et al.
2008; Wakabayashi et al. 2009; Abbas et al. 2010; Congdon et al. 2010;
Brustel et al. 2011; Li et al. 2011a, 2011b, 2016; Yang et al. 2012; Beck
et al. 2012b; Kapoor-Vazirani and Vertino 2014; Yao et al. 2014; Lv
et al. 2016; Yu et al. 2019; Huang et al. 2021; Shoaib et al. 2018, 2021),

DNA replication and repair (Botuyan et al. 2006; Huen et al. 2008; Yin

et al. 2008; Brustel et al. 2011; Beck et al. 2012b; Dulev et al. 2014;

Hayashi-Takanaka et al. 2021), chromosome condensation during

mitosis (Karachentsev et al. 2005; Centore et al. 2010; Brustel et al.

2011; Beck et al. 2012b), and heterochromatin assembly (Nishioka

et al. 2002; Tardat et al. 2010; Brustel et al. 2011; Beck et al. 2012b;

Shoaib et al. 2018) However, the requirement for these putative

H4K20me functions has not been directly interrogated during ani-

mal development (McKay et al. 2015).
In most animal genomes, H4K20 monomethylation (H4K20

me1) is catalyzed by a conserved enzyme variably termed

KMT5A/Set8/SETD8/PR-Set7 that contains a catalytic SET do-

main (Fang et al. 2002; Nishioka et al. 2002). Subsequent di- and

trimethylation of H4K20 is carried out by SET domain-

containing Suv4-20 enzymes, of which there are two in mam-

mals and one in Drosophila (Schotta et al. 2004; Sakaguchi et al.
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2008; Yang et al. 2008; Beck et al. 2012b; Weirich et al. 2016).
Developmental roles for H4K20me are typically investigated by
mutations that eliminate or alter the activity of these enzymes.
Although most of this work has been performed using knock-
down methods in cell culture (Julien and Herr 2004; Jørgensen
et al. 2007; Tardat et al. 2007; Houston et al. 2008; Huen et al.
2008; Pannetier et al. 2008; Pesavento et al. 2008; Sims and Rice
2008; Wakabayashi et al. 2009; Abbas et al. 2010; Centore et al.
2010; Congdon et al. 2010; Oda et al. 2010; Tardat et al. 2010;
Spektor et al. 2011; Sakaguchi et al. 2012; Yang et al. 2012; Beck
et al. 2012a), a small number of studies were conducted using
mutant animals (Fang et al. 2002; Karachentsev et al. 2005;
Sakaguchi and Steward 2007; Schotta et al. 2008; Oda et al. 2009;
Li et al. 2011b; Bateman et al. 2012). For instance, loss of the
H4K20me2 methyltransferase Suv4-20h1 in mice causes early
developmental defects, resulting in either embryonic or perina-
tal lethality (Schotta et al. 2008). In contrast, animals that lack
the H4K20me3 methyltransferase Suv4-20h2 develop normally
(Schotta et al. 2008). Drosophila Suv4-20 null mutations display
no overt developmental defects, suggesting no essential re-
quirement for H4K20me2 and H4K20me3 in flies (Sakaguchi
et al. 2008). In contrast, loss of H4K20 monomethyltransferases
causes severe developmental phenotypes: Fly Set8 (FlyBase an-
notation PR-Set7; CG3307) and mouse KMT5A null mutants are
inviable and exhibit a developmental arrest that is accompanied by
reduction of H4K20me and a variety of defects including smaller lar-
val tissues in flies and increased apoptosis in mouse embryos
(Karachentsev et al. 2005; Sakaguchi and Steward 2007; Huen et al.
2008; Oda et al. 2009). Mutant cells also have defects in cell cycle pro-
gression and accumulate DNA damage (Brustel et al. 2011; Wu and
Rice 2011; Beck et al. 2012b). These cellular and developmental defects
have been attributed to loss of downstream functions that require
H4K20 methylation. Consistent with this interpretation, a KMT5A
R265G mutation predicted to abolish catalytic activity does not sup-
port mouse embryonic development (Oda et al. 2009), suggesting that
KMT5A catalytic activity is required for animal development.

Each of these analyses is confounded by observations that
Set8 family enzymes have protein substrates in addition to
H4K20 (Shi et al. 2007; Huen et al. 2008; Takawa et al. 2012;
Dhami et al. 2013). Moreover, many of these other substrates,
such as p53 and proliferating cell nuclear antigen (PCNA), regu-
late critical aspects of genome function (Shi et al. 2007; West
et al. 2010; Takawa et al. 2012; Dhami et al. 2013). Finally, recent
work from our group using engineered Drosophila histone mu-
tant genotypes demonstrated that H4K20 is dispensable for
DNA replication and organismal viability (McKay et al. 2015).
Thus, the contributions of H4K20me to animal development
are not fully determined.

Here, we compare phenotypes caused by mutation of Set8 and
H4K20 in Drosophila. The data show that the essential function
played by Set8 in fly development is not entirely dependent on its
histone H4K20 methylation activity. We also demonstrate that
human KMT5A can functionally substitute for loss of Set8 in
Drosophila, indicating that flies can provide critical information
about evolutionarily conserved functions of H4K20 monomethyl-
transferases during development.

Materials and methods
Fly stocks and husbandry
Fly stocks were maintained on standard corn medium with mo-
lasses provided by Archon Scientific (Durham). The Set820 stock
used in this study was a generous gift from Ruth Steward. The

Set81 (#10278) stock was obtained from the Bloomington Stock
Center.

Set8, KMT5A, and chimeric transgenes
For the Set8WT transgene a 5,493-bp genomic fragment was am-
plified from a wild-type fly extract using the following primers 50

acttatacacttcattcct 30 and 50 tacccgcctgatgcgaattt 30. The genomic
fragment was cloned into pDEST wþ attB (Supplementary Fig. 2).
Set8RG and Set8RGHL were constructed using the Q5 site-directed
mutagenesis kit on pDEST wþ attB Set8WT (NEB E0554S). KMT5A,
Set8DN, N-KMT5A::Set8-C, and N-Set8::KMT5A-C sequences were
synthesized using GENEWIZ gene synthesis (Supplementary Fig.
3) and cloned into pDEST wþ attB digested with AgeI and MluI
(Supplementary Fig. 2). Transgenes were sequence verified and
injected into VK33 on chromosome 3L and screened for positive
transformants by BestGene. Recombinant flies were generated by
crossing transgenic flies with flies containing Set820 and screening
single F2 male progeny for the presence of both the appropriate
transgene and Set820.

Western blots
For Set8 western blots, 20 brains from third instar wandering lar-
vae of each genotype were collected in 1�PBS (137 mM NaCl,
2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4). 1�PBS was re-
moved, 100 ml of RIPA buffer (50 mM Tris pH 7.5, 0.1% SDS, 0.5%
sodium deoxycholate, 1% NP-40, 150 mM NaCl, 5 mM EDTA) was
added to each sample. Larvae were homogenized in RIPA buffer
using a pestle and incubated on ice for 30 min. Samples were
then centrifuged for 15 min at top speed at 4�C. Supernatant was
separated from pellet and protein concentration was assessed us-
ing a Bradford assay. Then 4� Laemmli sample buffer (BioRad
1610747) with 10% b-mercaptoethanol was added to each sample
at a 3:1 ratio. Samples were boiled for 10 min and equal protein
(�10 mg) was loaded on 12% SDS-PAGE gels. Proteins were trans-
ferred to a 0.45-nm nitrocellulose membrane for 60 min at 100 V.
Membranes were blocked with 5% milk in 1�TBS-Tween (10 mM
Tris, 150 mM NaCL, 0.1% Tween20) for 60 min then blotted with
primary antibodies (Set8: Novus Biologicals 44710002; b-tubulin:
Abcam ab6046) in 5% milk in 1�TBS-Tween overnight. Blots were
quickly washed 3� then for 10 min 3�. Blots were incubated with
goat anti-rabbit HRP secondary antibody (Chemicon) in 5% milk
in 1�TBS-Tween for 2 h at room temperature, then again quickly
washed 3� then for 10 min 3�. Blots were then incubated with
SuperSignal West Pico PLUS Chemiluminescent Substrate
(Thermo Scientific 34580) and imaged using a GE Amersham
Imager. Quantification was performed using FIJI. Briefly, the sig-
nal of each band on the Set8 blot and b-tubulin blot was quanti-
fied using a box of equal area. Background was subtracted from
each Set8 value, then divided by the corresponding background-
subtracted b-tubulin signal for each lane. Finally, the value of
Oregon-R was set to 1, so values of all other genotypes are rela-
tive to that genotype.

For H4K20me1 western blots, nuclei from 50 whole third instar
wandering larvae from each genotype were collected as described
previously (Penke et al. 2018; Leatham-Jensen et al. 2019). Nuclei
were briefly resuspended in 1�PBS for protein quantification by
Bradford assay. Then 4� Laemmli sample buffer (BioRad
1610747) with 10% b-mercaptoethanol was added to each sample
at a 3:1 ratio. Samples were boiled for 10 min and sonicated using
the Bioruptor Pico sonication system (Diagenode) for 10 cycles
(10 min on, 10 min off). Equal protein (�5 mg) was loaded on 15%
SDS-PAGE gels. Proteins were transferred to a 0.22-nm nitrocellu-
lose membrane for 10 min at 100 V, then 20 min at 60 V.

2 | GENETICS, 2022, Vol. 221, No. 2



Membranes were blocked with 5% milk in 1�TBS-Tween (10 mM

Tris, 150 mM NaCL, 0.1% Tween20) for 60 min then blotted with

primary antibodies (H4K20me1: Diagenode C15200147; Fibrillarin:

Abcam Ab5821, pan H4: Abcam Ab10158, and pan H3 Abcam

Ab1791) in 5% milk in 1�TBS-Tween overnight. Downstream

washes and imaging were performed as above. Goat anti-mouse

HRP secondary antibody (GE NA931V) was used for H4K20me1

blots and goat anti-rabbit HRP (Chemion) was used for Fibrillarin,

pan H4, and pan H3. Quantification was performed using FIJI.

Briefly, the signal of each band on the H4K20me1 blot and pan H4

blot was quantified using a box of equal area. Background was

subtracted from each H4K20me1, then divided by the corre-

sponding background-subtracted pan H4 signal for each lane.

Finally, the value of Oregon-R was set to 1, so values of all other

genotypes are relative to that genotype.

Viability assays
To investigate the requirement of Set8 and H4K20me for organis-

mal viability, we enriched cultures of each genotype for first in-

star larvae by manually separating them from their wild-type

siblings and monitored survival to pupal and adult developmen-

tal stages. All His4rD/D genotypes in this study are His4r15-4/15-4, ex-

cept H4K20A, His4rD/D which is the His4r transheterozygote

(His4r15-4/S9). Mean pupation and eclosion values and pairwise

comparisons for all genotypes in this study can be found in

Supplementary Table 3. Crosses to generate histone mutant gen-

otypes were the same as reported previously (Meers et al. 2018b;

Armstrong et al. 2019).

CRISPR for His4r
Two His4rD null alleles were utilized in this study. His4r15-4 was

generated by Armstrong et al. (2018). His4rS9 is an additional

CRISPR allele generated as in Armstrong et al. (2018) that results

in a deletion of the same size as His4r15-4. Here we generated a

point mutation allele (His4rK20A) using CRISPR-Cas9 mutagenesis.

The genomic region including His4r was amplified using the fol-

lowing primers 50-gctgcgccgttagataaagc-30 and 50-agcaatcggagtc-

catg-30 and TOPO cloned in pENTR. The codon for His4rK20 was

changed to Ala using the Q5 Site-directed Mutagenesis kit (NEB

E0554S). The same gRNA constructs in pCFD3 from Armstrong

et al. (2018) were coinjected with the K20A-mutated His4r repair

construct into Drosophila embryos expressing Cas9 from the nanos

promoter. Positive hits were screened using a BbsI site created by

the Lys to Ala mutagenesis.

Scanning electron microscopy
One- to three-day-old flies were deyhydrated in ethanol and

images of compound eyes were taken using a Hitachi

TM4000Plus table top SEM microscope at 10 kV and 150� magni-

fication. Total counts of penetrance included equal numbers of

males and females because both displayed rough eyes. The num-

bers of flies scored are indicated by the denominators in each

SEM figure. Expressivity varied amongst genotypes and was not

quantified. The eye images shown in the figures are representa-

tive of the population for each genotype.

FACS
Wing imaginal disc nuclei from third instar wandering larvae of

each genotype were sorted into G1, S, and G2 populations by a

FACSAria II or III based on DAPI intensity as described previously

(Meserve and Duronio 2017; Armstrong et al. 2018).

Protein sequence analyses
Figure 1a: PRDM and SET domain methyltransferase protein
sequences (Supplementary Table 1) were compiled and aligned
with ClustalOmega using the msa package (Bodenhofer et al.
2015). A distance matrix was calculated by identity using dist.a-
lignment in the seqinr package. A phylogenetic tree based on the
distance matrix was generated and then plotted using ggtree (Yu
et al. 2017, 2018; Yu 2020).

Figure 2c: A BLAST search of the full-length Drosophila mela-
nogaster Set8 protein sequence was performed against the
refseq_protein database using the default parameters. The top
1,000 hits were compiled and manually sorted to include only
one protein isoform per organism. Proteins with less than 50%
identity to the full-length D. melanogaster Set8 were discarded.
Human and mouse KMT5A proteins were retained for down-
stream analysis despite having percent identities lower than 50%.
The remaining protein sequences (Supplementary Table 2) were
aligned with ClustalOmega from the msa package (Bodenhofer
et al. 2015). Phylogenetic classification of each protein was per-
formed with the taxize package and merged with the alignment
information (Chamberlain and Szöcs 2013). Proteins with incom-
plete classification information were discarded. A phylogenetic
tree was generated using the classification information and plot-
ted using ggtree (Yu et al. 2017, 2018; Yu 2020). The alignment of
all remaining proteins was plotted in order of the phylogenetic
tree and each position in the alignment was colored based on
whether it matched the residue in the corresponding position of
D. melanogaster Set8 (blue), Human KMT5A (pink), both D. mela-
nogaster Set8 and KMT5A (maroon), or neither D. melanogaster
Set8 and KMT5A (black). Gaps in the alignment are represented
by white space.

Molecular dynamics simulations
Structural models of Drosophila WT and mutant Set8/KMT5A in
ternary complexes with SAH (S-adenosyl-L-homocysteine) and
H4 peptide were built using the crystallographic structure of hu-
man KMT5A in ternary complex (PDB ID: 1zkk) [PMID 15933070]
as template. These structural models were then used as starting
structures for molecular dynamics simulations. Four replicate
explicit solvent simulations with the same starting conforma-
tions but different velocity distributions were completed for WT
and each mutant using the Amber v18 software package (Case
et al. 2018). LEaP from the Amber software package was used to
generate the explicit solvent systems in an octahedral box with
charge neutralization while the GPU version of PMEMD was used
to complete the simulations (Götz et al. 2012; Salomon-Ferrer
et al. 2013). The ff14SB force field was used for parameterization
(Maier et al. 2015). A total of 5,000 steps of minimization were
completed, followed by 500 ps heating with an NVT ensemble,
and then density equilibration over 500 ps with an NPT ensemble.
The production run was in the NPT ensemble for a total of 500
ns. During the production run, Langevin dynamics with a colli-
sion frequency of 1.0 ps�1 was used for temperature regulation. A
Berendsen barostat with a relaxation time of 1.0 ps was used for
pressure regulation. The time-step was 2 fs with hydrogen atoms
constrained by SHAKE. Trajectories were analyzed for the dis-
tance between atoms in Set8/KMT5A and atoms in either the H4
peptide or SAH.

Full genotypes of strains used in this study

Set8WT: y-w-;;fSet8WTg, Set820/20

Set8RG: y-w-;;fSet8RGg, Set820/20

A. T. Crain et al. | 3



Set8RGHL: y-w-;;fSet8RGHLg, Set820/20

KMT5A: y-w-;;fKMT5Ag, Set820/20

Set8DN: y-w-;;fSet8 D1-339g, Set820/20

N-KMT5A::Set8-C: y-w-;;fKMT5A1-214::Set8555-691g, Set820/20

N-Set8::KMT5A-C: y-w-;;fSet81-554::KMT5A215-352g, Set820/20

HWT: y-w-; DHisC; f12xHWTg
HWT, His4rD/D: y-w-; DHisC; f12xHWTg, His4r15-4/15-4

H4K20A: y-w-; DHisC; f12xH4K20Ag
H4K20R: y-w-; DHisC; f12xH4K20Rg
H4K20A, His4rD/D: y-w-; DHisC; f12xH4K20Ag, His4r 15-4/S9

H4K20A, His4rK20A/D: y-w-; DHisC; f12xH4K20Ag, His4rK20A/15-4

H4K20R, His4rD/D: y-w-; DHisC; f12xH4K20Rg, His4r 15-4/15-4

Results
Set8 is the appropriate designation for the
Drosophila H4K20 mono-methyltransferase
The D. melanogaster genome encodes 14 SET [Su(var)3-9,

Enhancer-of-zeste, Trithorax] domain lysine methyltransferases

(FlyBase) (Schotta et al. 2004; Dillon et al. 2005; Mis et al. 2006;

Mohan et al. 2011; Shilatifard 2012; Jiang et al. 2017) (Fig. 1 and

Supplementary Table 1). A related family of proteins, called

PRDMs, is characterized by the presence of a PR domain [PRDF1

(positive regulatory domain I-binding factor 1) and RIZ1 (retino-

blastoma protein-interacting zinc finger gene 1)] along with a var-

iable number of Cys2-His2 (C2H2) zinc fingers (Tullio et al. 2021).

The PR domain is an evolutionarily recent subtype of the SET do-

main, although not all PRDMs encode active methyltransferases

(Tullio et al. 2021). There are four PRDM proteins (Blimp-1,

Hamlet, CG43347, Prdm13) in insect genomes whereas this family

has expanded to 19 proteins in humans (Fumasoni et al. 2007;
Manes et al. 2017; Tullio et al. 2021).

In Drosophila, the protein encoded by PR-Set7/CG3307 is orthol-
ogous to the human H4K20 methyltransferase SETD8/KMT5A
and it neither contains a PR domain nor any predicted zinc finger

motifs (Fang et al. 2002; Nishioka et al. 2002; Brustel et al. 2011)
(Fig. 1, Supplementary Fig. 1). In contrast, human PRDM7 (PR/SET
Domain 7) is an H3K4 methyltransferase that is most closely re-
lated to the KRAB and Zn finger domain protein, PRDM9 (Blazer

et al. 2016) (Fig. 1). Moreover, human SETD7/Set7/Set9 is yet an-
other human H3K4 methyltransferase (Wang et al. 2001) distinct
from Drosophila PR-Set7/CG3307 (Fig. 1). To avoid further confu-
sion, we propose to officially rename CG3307 as Set8 and refer to

this protein as Set8 throughout the manuscript.

Human KMT5A rescues loss of Set8 in Drosophila
KMT5A and Set8 are essential for the development of mice and
flies, respectively, and mutating these enzymes results in defects

in cell cycle progression, DNA damage response, and chromatin
compaction in both organisms (Karachentsev et al. 2005; Oda et al.
2009; Sakaguchi et al. 2012). The SET domains of Set8 and human
KMT5A share 57% identical amino acids (with 72% conserved)

(Supplementary Fig. 1). Therefore, we hypothesized that KMT5A
and Set8 perform the same biological functions in Drosophila and
mammals and that human KMT5A would rescue loss of Set8 in
Drosophila. To test this hypothesis, we engineered a KMT5A open

reading frame that was codon optimized for translation in
Drosophila and expressed in the context of the native Set8 gene (a
4,774-bp genomic fragment including 1,325-bp upstream of the
ORF and 2,021-bp downstream of the ORF including both native

50 and 30 UTRs) (Supplementary Figs. 2 and 3). Using this
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Pupation of Set8WT, KMT5A, and chimera genotypes. Each circle represents the percentage of 40–50 larvae in a vial that reached pupation. The mean and
standard deviation of these percentages for 8–10 vials are shown for the indicated genotypes. All transgenic genotypes are in the Set820/20 homozygous null
background. “2�” indicates that each transgene is also homozygous. Significance was determined by a one-way ANOVA followed by Tukey’s multiple
comparison test. P-values for pairwise comparisons can be found in Table 1 and Supplementary Table 3. c) Eclosion into adults of Set8WT, KMT5A, and
chimera genotypes. Here, each circle represents a vial of 40–50 larvae, and 8 vials for each of the indicated genotypes were scored. Genotypes are as in panel
B. Significance was determined by a one-way ANOVA followed by Tukey’s multiple comparison test. P-values for pairwise comparisons can be found in
Table 1 and Supplementary Table 3. d) Annotated alignment of Set8-related proteins. A total of 301 homologous proteins with over 50% identity to Set8 as
identified via BLAST were aligned using Clustal Omega and ordered by phylogeny. Set8 and KMT5A schematics are shown at the top of the diagram with the
SET domains indicated by dark blue boxes. Residues of each protein in the alignment that match both Set8 and KMT5A exactly are colored dark red. Those
that match only Set8 are colored light blue, and those that match only KMT5A are colored pink. Residues that match neither are colored black. Gaps in the
alignment are indicated by white space. e) SEM images of adult eyes of flies of the indicated genotypes. The penetrance of flies displaying a phenotype like
that shown is indicated below each image. Both males and females were included in the penetrance calculation. “1�” and “2�” indicate flies containing
either 1 or 2 copies, respectively, of the transgene expressing Set8, KMT5A, or Set8/KMT5A chimeras in the Set820/20 homozygous null background.

A. T. Crain et al. | 5



engineered KMT5A allele and a wild-type Set8 allele (hereafter
Set8WT), we generated transgenes located on the same chromo-
some as the Set820 null allele (Karachentsev et al. 2005) (Fig. 2a).
Whereas Set820/20 mutants die as early pupae, animals expressing
KMT5A in a Set820/20 background pupate normally and complete
development at similar frequencies as wild-type animals or
Set820/20 animals rescued with a control Set8WT transgene (Fig. 2,
b and c and Table 1). Although Set820/20 animals rescued by
KMT5A are viable and capable of producing offspring, we ob-
served a rough eye phenotype in 69% or 29% of adult flies con-
taining one or two copies, respectively, of the KMT5A transgene
(Fig. 2e). The Drosophila compound eye is a highly organized tissue
containing �800 photoreception structures termed ommatidia,
each composed of eight photoreceptor neurons and a set of ac-
cessory cells. Many processes contribute to proper formation of
the adult eye, including cell cycle progression, cell death, and ul-
timately cell differentiation. Disruption of any one of these pro-
cesses can contribute to ommatidial irregularities that manifest
as a visible “roughness” of the adult eye (Wolff and Ready 1991;
Baker et al. 2014). Even subtle defects in gene functions required
for eye development can result in rough eyes, and thus we con-
clude that KMT5A fully rescues most, but not all, Set8 functions
in Drosophila.

The N-terminus of Set8 is dispensable for
Drosophila viability but plays a role in eye
development
Although the SET domains of Set8 and KMT5A are 57% identical,
the full-length proteins are only 21% identical (Supplementary
Fig. 1). The N-terminal region (554aa) of Set8 is predicted to be
largely unstructured and is not well-conserved with KMT5A
(Fig. 2a). A multiple protein alignment of 301 BLAST hits with
greater than 50% identity to the full-length Set8 protein revealed
that this N-terminal region of Set8 is unique to flies (order
Diptera), whereas the SET domain is highly conserved across all
represented organisms (Fig. 2d and Supplementary Table 2). To
test whether the N-terminal region of Set8 is necessary for
Drosophila development, we engineered a transgene encoding a
Set8 protein lacking the first 339 amino acids (Set8DN), which
would produce a protein the size of KMT5A (Fig. 2a and
Supplementary Figs. 2 and 3). The Set8DN allele retains regulatory
sequences including the PIP degron beginning at residue 517
(Jørgensen et al. 2007; Zouaz et al. 2018) and a putative Cdk phos-
phorylation site at residues 388–391. Because nothing is known
about the N-terminal region and no other motifs are identifiable
upstream of residue 388, we made the semi-arbitrary decision to
create a truncated Set8 protein that begins at residue 340 and
thus would be of equal size to human KMT5A (Fig. 2a and

Supplementary Figs. 2 and 3). The Set8DN transgene rescued
Set820/20 lethality resulting in viable, fertile adults with a highly
penetrant (82%) rough eye phenotype (Fig. 2, b, c, and e).
Although we were unable to assess the protein accumulation of
Set8(DN) because the epitope recognized by the Set8 antibody is
within the N-terminal region, these results indicate that the N-
terminal 339 amino acids are dispensable for normal develop-
ment except in the eye. To test whether the eye function could be
provided by KMT5A, we generated a chimeric transgene with the
Set8 N-terminus (1–554) fused to the KMT5A C-terminus
(N-Set8::KMT5A-C) and a reciprocal chimeric transgene with the
KMT5A N-terminus (1–214) fused to the Set8 C-terminus
(N-KMT5A::Set8-C). Both transgenes fully rescued viability and fer-
tility of Set820/20 mutants (Fig. 2, b and c). Further,
N-KMT5A::Set8-C animals displayed a rough eye phenotype like
KMT5A and Set8DN animals (Fig. 2e). By contrast, flies expressing
the N-Set8::KMT5A-C chimera were fully viable and fertile with
morphologically normal eyes, indicating the human KMT5A SET
domain is functionally equivalent to that from Drosophila Set8
(Fig. 2, b and c). We conclude that the N-terminal 339 amino acids
of Set8 are dispensable for Drosophila viability and fertility but
have a function in eye development that cannot be provided by
the first 214 amino acids of human KMT5A.

A SET domain mutation predicted to block
methyltransferase activity does not result in a
Set8 null phenotype
Many of the established roles for the KMT5A/Set8 lysine methyl-
transferase have been attributed to its catalytic activity, primar-
ily by using cell culture-based assays (Julien and Herr 2004;
Jørgensen et al. 2007; Tardat et al. 2007; Houston et al. 2008; Huen
et al. 2008; Pannetier et al. 2008; Pesavento et al. 2008; Sims and
Rice 2008; Wakabayashi et al. 2009; Abbas et al. 2010; Centore et al.
2010; Congdon et al. 2010; Oda et al. 2010; Tardat et al. 2010;
Spektor et al. 2011; Sakaguchi et al. 2012; Yang et al. 2012; Beck
et al. 2012a). SET domains are highly conserved and contain evo-
lutionarily invariant residues within the catalytic core (Fig. 3a).
As shown in Fig. 3b, two of these residues (R634 and H638 in fly
Set8) make critical contacts with the enzyme cofactor, S-adenosyl
homocysteine (SAH). Note that SAH was used to generate the
original crystal structure rather than the native methyl donor,
S-adenosyl methionine (Couture et al. 2005) Mutation of the ho-
mologous Arg residue in the human enzyme (R265) to Gly blocks
methyltransferase activity in vitro using nucleosomal substrates,
and this substitution has been used in numerous studies of Set8/
KMT5A proteins to create catalytically inactive enzymes
(Nishioka et al. 2002; Shi et al. 2007; Tardat et al. 2007; Houston
et al. 2008; Kalakonda et al. 2008; Sims and Rice 2008; Oda et al.

Table 1 Pairwise comparisons of pupation and eclosion frequencies among Set8WT, KMT5A, and Set8/KMT5A chimera genotypes

Genotype Pupation frequency
(%)

Eclosion frequency
(%)

1 2 3 4 5 6

Oregon-R 0.91 0.90 1 **** ns ** ns ****
Set820/20 0.66 0.00 2 **** **** **** **** ****
2x Set8WT 0.91 0.94 3 ns **** **** ns ****
2x KMT5A 0.82 0.74 4 ns * ns ns ns
2x N-KMT5A::Set8-C 0.91 0.86 5 ns **** ns ns ****
2x N-Set8::KMT5A-C 0.86 0.67 6 ns *** ns ns ns

Dark gray ¼ pupation, light gray ¼ eclosion.
**** P<0.0001,
*** P< 0.001,
** P< 0.01,
* P<0.05, ns ¼ not significant.
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Fig. 3. Generation Set8 proteins predicted to be catalytically inactive. a) Diagram of Set8 and conservation of the Set8 Arg634 and Leu638 residues
(orange bars) among KMT5A proteins from human, frog, and sea urchin, and among other SET domain proteins from these species. Gray inset indicates
region of Set8 SET domain shown in alignment. Numbers on the left and right of the gray box indicate the starting and ending amino acid positions for
each protein sequence. Asterisks mark where residues are identical across all 12 proteins. b) Modeling of Set8 with SAH and peptide from H4 bound to
the enzyme. Shown are representative structures after 500 ns of molecular dynamics for Set8, Arg634Gly and Arg634Gly, His638Leu mutations in Set8.
Ending structures for all replicates can be found in Supplementary Fig. 4. The 10-residue H4 peptide (A-K-R-H-R-K20-V-L-R-D) is yellow, SAH is magenta,
and the R/G634 and H/L638 amino acid side chains are cyan. c) Total length of time during 500 ns simulations that ligands remained in binding pocket
as measured by distances between key atoms. The two distance measurements shown were selected because they were the most stable interactions
between Set8 and H4 peptide and between Set8 and SAH. The selected hydrogen bond to the peptide was also the most stable interaction with the
peptide and one of the last to be broken. Circles represent values from four replicate simulations. Significance was determined by a one-way ANOVA
followed by Tukey’s multiple comparison test. * indicates P < 0.05, ** indicates P < 0.01, and all other comparisons are not significant.
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2009; Abbas et al. 2010; Congdon et al. 2010; Tardat et al. 2010; Wu
et al. 2010; Abbas et al. 2013; Dulev et al. 2014). Using in silico
structural models based on the solved human KMT5A structure
and molecular dynamics simulations (Fig. 3b, Supplementary Fig.
4), each of these amino acid changes were evaluated for their im-
pact on SAH binding and H4 peptide binding. While H4 peptide
binding was minimally impacted, the mutations were shown to
disrupt SAH binding and thus are predicted to reduce or elimi-
nate methyltransferase activity of the mutant Set8 proteins
(Fig. 3, b and c).

To determine whether methyltransferase activity is required
for Set8 function during Drosophila development, we analyzed
mutations in the SET domain that are predicted to ablate cata-
lytic activity (Fang et al. 2002; Nishioka et al. 2002). We introduced
R634G single (hereafter Set8RG) and R634G, H638L double (hereaf-
ter Set8RGHL) mutations in the context of the rescuing Set8WT con-
struct and generated transgenes at the same chromosomal
landing site used for the KMT5A rescue experiments (Fig. 4a). We
assessed expression of these transgenes in a Set820/20 background
by immunoblot analysis of third instar larval brain extracts
(Fig. 4b and Supplementary Fig. 5). As demonstrated previously,
there is no detectable Set8 protein in Set820/20 homozygous null
mutant animals (Karachentsev et al. 2005) (Fig. 4, b and c). The
Set8(RGHL) mutant protein accumulates to about 10% of Oregon-
R wild-type control (Fig. 4, b and c), suggesting that binding of the
SAM cofactor stabilizes Set8 protein. Set8RGHL animals are pheno-
typically similar to Set820/20 null mutants, arresting development
as early pupae (Fig. 5, a and b). Interestingly, Set8RGHL wandering
larvae accumulate melanotic masses that we rarely observe in
Set820/20 animals (Fig. 5c). This phenotype is associated with im-
mune response and was previously reported to be variably ex-
pressive and penetrant in both Set820 and Set81/Df(3R)red3l
animals (Minakhina and Steward 2006). In contrast, levels of the
Set8(RG) missense protein are comparable to those of wild-type
Set8 expressed from a control Set8WT transgene (Fig. 4, b and c),
indicating that the R634G mutation does not impact protein sta-
bility. The Set8RG transgene rescues the early pupal lethality ob-
served in Set820/20 mutants, but only �50% of the Set8RG animals
eclose as adults compared to the Set8WT control (Fig. 5, a and b
and Table 2). A majority of Set8RG mutant flies had rough eyes
(86%, Fig. 5d), as was previously shown for flies harboring the
Set81 hypomorphic mutation, which is caused by a P-element in-
sertion in the 50-UTR (Fang et al. 2002; Nishioka et al. 2002;
Karachentsev et al. 2005). Set8RG also behaves as a hypomorphic
allele, as animals containing two Set8RG transgenes have a less se-
vere phenotype than those containing one (Fig. 5b).

Given that the Set8RG allele behaves as a genetic hypomorph,
we asked whether the Set8(RG) mutant enzyme was catalytically
active by assessing H4K20me1 levels in Set8RG larvae by western
blot (Fig. 4d and Supplementary Fig. 6). In contrast to previous
in vitro evidence predicting that Set8(RG) would be catalytically
inactive (Fang et al. 2002; Nishioka et al. 2002), Set8RG mutants
have about half of the H4K20me1 as control (Fig. 4, d and e). We
interpret this result to indicate that Set8(RG) is impaired, but not
inactive, for H4K20 methyltransferase activity in vivo, consistent
with our genetic data. Curiously, we also found that H4 levels
consistently appeared decreased relative to Fibrillarin and H3 in
Set820/20 and Set8RGHL mutants, although this decrease did not be-
come statistically significant because of high variability when us-
ing the anti-H4 antibody (Supplementary Fig. 7). We do not know
the basis for this observation, but it may suggest a role for H4K20
methylation in H4 protein accumulation or stability, or an inabil-
ity to efficiently recover unmethylated H4 protein from

chromatin using our extraction conditions. Nevertheless, these
data indicate that the Set8RG allele is not null, and that Set8(RG)
protein retains some H4K20me1 activity in vivo.

To further characterize the Set8RG mutant, we more closely
evaluated the process of pupariation in our collection of Set8
mutants. Easily recognizable developmental events occur during
the larval to pupal transition in Drosophila, including eversion of
the anterior spiracles and gas bubble translocation from the pos-
terior to anterior end of the pupa. Whereas Set8þ/20 heterozygotes
and Set81/20 hypomorphs progress normally through these devel-
opmental milestones, Set820/20 mutants fail to complete both an-
terior spiracle eversion and gas bubble translocation (Fig. 5f),
resulting in pupae with increased length compared to control
and Set81/20 hypomorphs (Fig. 5e). Set8RG animals displayed a
slight defect in completion of these pupariation events compared
to Set8WT control animals (Fig. 5f). Pupariation defects observed
in Set8RGHL animals were like those in Set820/20 mutants (Fig. 5f).
Interestingly, Set8RG mutants also displayed a slight increase in
pupal length compared to Set8WT controls that did not reach the
severity observed in Set820/20 mutants (Fig. 5e). These data dem-
onstrate that the SET catalytic domain mutant Set8RG displays in-
termediate pupariation defects between wild-type and null
alleles of Set8, consistent with it being functionally hypomorphic.

Mutants of H4K20 and Set8 are phenotypically
distinct
Mutation of lysine methyltransferases can result in disruption of
multiprotein complexes, causing pleiotropic phenotypes inde-
pendent of histone methylation (Zhang et al. 2015; Thandapani
et al. 2017; Hamidi et al. 2018; Cornett et al. 2019; Lukinovi�c et al.
2020; Sugeedha et al. 2021). In addition, Set8 has non-histone sub-
strates and non-catalytic functions (Shi et al. 2007; Huen et al.
2008; Sims and Rice 2008; Yin et al. 2008; Takawa et al. 2012;
Dhami et al. 2013; Dulev et al. 2014; Zouaz et al. 2018). Thus, one
cannot conclusively determine functional roles for H4K20me
solely by mutating Set8. Another genetic strategy to address the
contribution of H4K20me to various genomic processes is to
change H4K20 to a residue that cannot be modified by Set8.
However, this genetic strategy is not usually employed in meta-
zoan systems because in these organisms the replication-
dependent (RD) histones (H1, H2A, H2B, H3, and H4) are encoded
by multiple genes located at different loci, making genetic manip-
ulation extremely difficult. In contrast, in D. melanogaster all �100
RD histone genes are tandemly arrayed at a single locus that can
be removed with a single genetic deletion (DHisC, Günesdogan
et al. 2010). The early developmental arrest caused by homozy-
gosity of this deletion can be rescued with a single, ectopic trans-
gene encoding 12 tandemly arrayed histone wild-type gene
repeats (HWT; Fig. 6a, see Meers et al. 2018b for details on array
construction). This strategy allows us to engineer histone geno-
types encoding mutant histone proteins in which a given residue
is changed to one that is not a substrate for its cognate modifying
enzyme (McKay et al. 2015; Penke et al. 2016; Meers et al. 2017;
Armstrong et al. 2018; Penke et al. 2018; Meers et al. 2018a,b;
Leatham-Jensen et al. 2019).

Using this strategy, we demonstrated previously that H4K20A

mutant animals can survive to adulthood (McKay et al. 2015)
(Fig. 6, b and c). By contrast, 100% of Set820/20 null animals die as
larvae or early pupae (Karachentsev et al. 2005) (Fig. 2c). This
stark phenotypic difference between H4K20A and Set8 mutants
suggests that certain Set8 phenotypes might not be due to loss of
H4K20me, but rather to loss of methylation of non-histone sub-
strates or non-catalytic functions of Set8. To investigate this
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disparity further, we first generated H4K20R mutants (Meers et al.
2018b) and compared the resulting phenotypes to those of both
H4K20A and Set8 mutants. Whereas a fraction of H4K20A mutants
can survive to adulthood, we found that all H4K20R mutants fail to
eclose as adults, although some reach the pharate adult stage
(Fig. 6b and Table 3). In addition, H4K20R animals pupate much
less frequently than either H4K20A mutants or HWT controls
(Fig. 6c and Table 3). Notably, the H4K20R mutant pupae are much
smaller and shorter than either HWT control or H4K20A mutant
pupae, indicating a growth defect (Fig. 6, d and e). Despite this de-
fect, we did not detect a change in cell cycle progression by FACS
analysis of cells from H4K20R wing imaginal discs (Fig. 6f). In con-
trast, H4K20A cells accumulate in G2 relative to controls, with a
concomitant reduction in S phase (Fig. 6f). Notably, Set8-deficient
cells arrest in G2/M in both flies and mammalian cell culture
(Karachentsev et al. 2005; Brustel et al. 2011). Taken together with
the overall eclosion frequency differences, these data demon-
strate that the H4K20R mutation is more severe than the H4K20A

mutation developmentally, and that the developmental pheno-
types of H4K20A, H4K20R, and Set8 mutants cannot be explained
solely by effects on cell cycle progression.

One complication of these studies is that the fruit fly genome
contains a single-copy replication-independent H4 gene (His4r)
on chromosome 3 (i.e. located outside of the RD histone gene ar-
ray on chromosome 2). His4r encodes an H4 protein that is identi-
cal to the RD H4 (Akhmanova et al. 1996). Although this gene is
not essential (Fig. 6, b and c and Table 3), we and others have
found that His4r can partially compensate for loss of RD H4
(McKay et al. 2015; Armstrong et al. 2018; Copur et al. 2018; Faragó
et al. 2021). Therefore, we used CRISPR-Cas9 to engineer mutant
His4r alleles [two deletions, His4r15-4 (Armstrong et al. 2018) and
His4rS9 as well as a K20A mutant, His4rK20A] and we combined
them with the appropriate RD histone mutant genotypes (Fig. 6a).
As shown in Fig. 6, b and c, homozygous loss of His4r in an H4K20A

background (H4K20A, His4rD/D) reduces viability, but does not elim-
inate it, indicating that His4r expression is important for the ob-
served viability of H4K20A mutants but is not required. Expressing
one copy of His4rK20A further reduces viability (Fig. 6, b and c and
Table 3), suggesting a dominant toxicity of the H4K20A protein.
In contrast, deleting His4r in an H4K20R background did not appre-
ciably change the lethal period of H4K20R animals (Fig. 6, b and c
and Table 3).

We next compared H4K20 and Set8 mutant phenotypes, focus-
ing on pupariation and eye development. In contrast to Set820/20

null mutants, which display defects during pupariation, >80% of
the H4K20A and H4K20R animals complete proper anterior spiracle
eversion and gas bubble translocation (Fig. 6h). Similarly, the viable
Set8RG and Set81/20 mutants did not exhibit defects in anterior spira-
cle eversion or gas bubble translocation (Fig. 5f). Both Set8RG and

Set81/20 mutants have rough eyes (Fang et al. 2002) (Fig. 5d), indicat-
ing that Set8 is required for eye development. In contrast, none of
the H4K20A mutants had rough eyes when His4r was present,
whereas �21% of H4K20A, His4rD/D animals had only mild disorgani-
zation of interommatidial bristles (Fig. 6g). These results suggest
that the roles of Set8 and H4K20me in eye development are distinct,
and further highlight that the differential effects of Ala and Arg sub-
stitutions at H4K20. We conclude that H4K20me does not mediate
all functions of Set8 because mutating H4K20 and Set8 cause differ-
ent developmental phenotypes.

Discussion
We used genetic approaches in Drosophila to investigate how his-
tone PTMs, and the enzymes that install them, contribute to ani-
mal development. It is particularly informative to determine
where these contributions differ. Our results indicate that only a
subset of the essential functions of the H4K20 monomethyltrans-
ferase, Set8, are mediated by H4K20me. The data also reveal that
H4K20me is formally dispensable for completion of development,
although the lysine residue nonetheless plays an important role.

Drosophila Set8 and human KMT5A are
orthologous
We showed that human KMT5A can substitute for all Set8 func-
tions during Drosophila development, except in the eye, where we
observe a minor disruption in ommatidial organization that man-
ifests as a rough eye in KMT5A-rescued adults. The eye pheno-
type in KMT5A-rescued adults may not result from changes in
methylation of substrates, as we found that the human KMT5A
SET domain can fully substitute for that of Set8, even in the eye.
In addition, we found that the rough eye phenotype was more
penetrant in Set8DN-rescued animals than it was in the KMT5A-
rescued animals. Thus, full developmental eye function requires
the non-catalytic amino terminal 339 amino acids of Set8, which
are conserved in other Diptera, but not in humans or other verte-
brates and invertebrates. One possible interpretation of these
results is that some aspects of eye development do not require
Set8 methyltransferase activity. However, Set8RG catalytic
mutants also display a rough eye phenotype. Consequently, an
alternative interpretation is that the N-terminal domain directs
Set8 to certain substrates important for eye development.
Because KMT5A can perform nearly all the biological functions of
Set8 in Drosophila, studies of Set8 could be applicable to human
biology and disease, particularly because aberrant levels of
KMT5A are implicated in the development of and increased risk
in certain breast, brain, prostate, and liver cancers (Shi et al. 2007;
Takawa et al. 2012; Yang et al. 2012; Dhami et al. 2013; Yu et al.
2013; Congdon et al. 2014; Yao et al. 2014; Nikolaou et al. 2015;

Table 2 Pairwise comparisons of pupation and eclosion frequencies among Set8 mutant genotypes

Genotype Pupation frequency (%) Eclosion frequency (%) 1 2 3 4 5 6 7 8

Oregon-R 0.91 0.90 1 ns **** **** ns **** **** ****
Set8þ/20 0.87 0.83 2 ns **** **** ns **** **** ****
Set820/20 0.66 0.00 3 **** **** **** **** ns **** ns
Set81/20 0.88 0.45 4 ns ns **** **** **** ns ****
2x Set8WT 0.91 0.94 5 ns ns **** ns **** **** ****
1x Set8RG 0.82 0.00 6 ns ns ** ns ns **** ns
2x Set8RG 0.90 0.45 7 ns ns **** ns ns ns ****
2x Set8RGHL 0.84 0.00 8 ns ns ** ns ns ns ns

Dark gray ¼ pupation, light gray ¼ eclosion;
****P< 0.0001,
**P<0.01, ns ¼ not significant
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Milite et al. 2016; Zhang et al. 2016). Other recent studies implicate
Set8 in neural stem cell reactivation (Huang et al. 2021), suggest-
ing flies could also contribute to our understanding of neuronal
function in humans.

Methyltransferase activity is important for the
in vivo function of Set8
Whether methyltransferase activity is required for all the cel-
lular and developmental roles of SET domain proteins remains
an open question in the field, and cases where the catalytic ac-
tivity of histone methyltransferases is not required for in vivo
function have been described (Dorighi et al. 2017; Rickels et al.
2017). This question is generally addressed by testing the
in vivo function of “catalytically dead” enzymes that contain a
mutation in the SET domain. Previous in vitro studies showed
that an R265G mutation eliminates catalytic activity of KMT5A
(Fang et al. 2002; Nishioka et al. 2002). We found that the corre-
sponding Set8R634G mutation reduces but does not eliminate
H4K20me1 and causes a hypomorphic rather than a null mu-
tant phenotype resembling that of the previously described
Set81 hypomorphic mutant (viable with rough eyes) (Fang et al.
2002; Karachentsev et al. 2005). Our structural analyses
revealed that R634G disrupts interactions within the SAM bind-
ing domain but do not eliminate the possibility that SAM and
K20 might still occupy the active site of the enzyme, albeit less
avidly. The simplest interpretation of these data is that the
R634G mutation impairs but does not eliminate Set8 methyl-
transferase activity, which is important for the in vivo function
of Set8. Our observation that the Set8RGHL mutant is genetically
null and reduces H4K20me1 to the levels of a Set8 null mutant
(i.e. very low or absent) is consistent with this interpretation.
However, the Set8(RGHL) protein does not accumulate to
control levels, confounding the straightforward conclusion
that this mutant is null because of a lack of methyltransferase
activity.

Comparative genetic analyses support distinct
developmental roles for Set8 and H4K20me
Our analysis of H4K20 mutants is consistent with the idea that
Set8 provides essential functions during metazoan development
that do not include H4K20 methylation. Animals entirely lacking
H4K20me (H4K20A, His4r D/D and H4K20A, His4rK20A/D) can develop
into adults with minimal morphological defects, whereas all ani-
mals lacking the Set8 H4K20 methyltransferase (Set820/20) die in
early pupal stages. This difference in phenotype supports the hy-
pothesis that Set820/20 unviability is due, at least in part, to loss of
non-histone substrate methylation and/or non-catalytic

functions of Set8. Nevertheless, H4K20 is clearly quite important,
as H4K20R mutants are inviable and only a small fraction of
H4K20A mutants complete development and have increased levels
of DNA damage in larval wing discs (Li et al. 2016). Moreover, ec-
topic expression of H4K20A mutant histones in cultured human
cells supports a role for H4K20me in S phase progression, particu-
larly in late replicating heterochromatin (Brustel et al. 2017).

The phenotypic differences we observe between H4K20A and
H4K20R mutants are intriguing, as both substitutions are expected
to eliminate H4K20me. The differences may well be attributable
to idiosyncratic structural properties of H4A20- versus H4R20-
containing nucleosomes, relative to wild-type. In particular, the
side chains of Alanine and Arginine differ in both size and charge
and thus may differentially impact interaction of the H4 tail with
chromatin binding complexes irrespective of H4K20 methylation.
For instance, proteins that bind unmethylated H4K20 (BRCA1-
BARD1) do not recognize H4K20A nucleosomes (Nakamura et al.
2019). Given the proximity of H4K20 to the nucleosome core,
these mutations may variably influence chromatin structure, or
affect the modification of other residues on the H4 tail or on other
histones within the nucleosome. Notably, the assumption that a
Lys for Arg substitution would be less detrimental than a Lys for
Ala substitution (because Lys and Arg have a similar side chain
structure and are both positively charged) is not born out by our
data. Regardless of the precise mechanism, our genetic analyses
provide important insight into H4K20me function in vivo, and
suggest that future biochemical, proteomic, and ultrastructural
studies of these histone mutants will be informative.

Data availability
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firm that all data necessary for confirming the conclusions of the
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