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ABSTRACT 
The incorporation of histone variants, distinct paralogs of core histones, into chromatin affects all 
DNA-templated processes in the cell, including the regulation of transcription. In recent years, 
much research has been focused on H2A.Z, an evolutionarily conserved H2A variant found in all 
eukaryotes. In order to investigate the functional conservation of H2A.Z histones during 
eukaryotic evolution we transformed h2a.z deficient plants with three human H2A.Z proteins to 
assess their ability to rescue the mutant defects. We discovered that human H2A.Z.1 and 
H2A.Z.2.1 fully complement the phenotypic abnormalities of h2a.z plants despite the fact that 
Arabidopsis and human H2A.Z N-terminal tail sequences are quite divergent. In contrast, the 
brain-specific splice variant H2A.Z.2.2 has a dominant-negative effect in wild-type plants. 
Furthermore, H2A.Z.1 almost completely re-establishes normal H2A.Z chromatin occupancy in 
h2a.z plants and restores the transcript levels of more than 84 % of misexpressed genes. Finally, 
our hypothesis that the N-terminal tail of Arabidopsis H2A.Z is not crucial for its developmental 
functions was supported by the ability of N-terminal end truncations of Arabidopsis HTA11 to 
largely rescue the defects of h2a.z mutants.  
 
 
INTRODUCTION 
Nucleosomes, the basic units of chromatin organization, are comprised of approximately 147 bp 
of DNA wrapped around a histone octamer, which contains the two copies of each of the four 
canonical histones H2A, H2B, H3, and H4. While the core histones are synthesized during the S-
phase of the cell cycle for deposition onto a newly replicated DNA molecule, their counterparts, 
histone variants, are expressed throughout the cell cycle and replace evicted canonical histones in 
a replication-independent manner [1-3]. The incorporation of histone variants can have a profound 
effect on nucleosome dynamics and function, thereby affecting virtually all DNA-templated 
cellular processes, including the regulation of transcription [2-4].  

H2A variants represent the largest and most diverse family of histones [2, 4, 5]. One 
member of this family is H2A.Z, a highly conserved variant of canonical H2A histone found in all 
eukaryotic organisms. Even though H2A.Z shares about 60% amino acid identity with canonical 
H2A [6, 7], the primary sequence differences between these two histones, particularly in the C-
terminus of the proteins involved in intra- and internucleosomal interactions, led researchers to 
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hypothesize that incorporation of H2A.Z into chromatin could alter the stability of nucleosomes 
and affect DNA folding [7, 8]. H2A.Z has been extensively studied, especially in recent years, to 
elucidate its essential role in regulating diverse cellular processes, such as DNA repair and 
maintenance of genome stability, prevention of heterochromatin spreading, telomere silencing, 
cellular differentiation, as well as positive and negative regulation of transcription in both animals 
and plants [9-16]. 

In the human genome, two genes encode H2A.Z proteins: Homo Sapiens H2A.Z.1 and 
H2A.Z.2.1 (HsH2A.Z.1 and HsH2A.Z.2.1). Mammalian H2A.Zs are necessary for proper 
development as null mutations are embryonic-lethal [17].  HsH2A.Z.1 and HsH2A.Z.2.1 differ in 
only three amino acids, indicating a high level of functional redundancy. Interestingly, 
experimental evidence also suggests distinct functional roles for each HsH2A.Z protein [4, 16, 18, 
19]. Recently, an alternatively spliced form of HsH2A.Z.2.1, named HsH2A.Z.2.2, was discovered 
and found to be predominantly expressed in brain tissues [20, 21]. Thus, humans possess three 
functional H2A.Z proteins with both redundant and specific roles during development. 
 In Arabidopsis thaliana (At), three genes encode H2A.Z proteins: AtHTA8, AtHTA9, and 
AtHTA11. Arabidopsis H2A.Z proteins act redundantly since mutations in two of the most highly 
expressed H2A.Z genes (AtHTA9 and AtHTA11) are necessary to detect pleiotropic morphological 
abnormalities. H2A.Z mutant plants experience a variety of phenotypic defects, including early 
flowering, lack of shoot apical dominance, altered flower development and reduced fertility, 
serrated leaves, and inability to respond to various biotic and abiotic stresses [22-25]. However, 
unlike animals, Arabidopsis h2a.z mutants are viable. 
 Even though H2A.Zs are variants of canonical H2A histones, Arabidopsis H2A.Z proteins 
share more amino acid identity with human H2A.Zs than with other Arabidopsis H2A histones, 
indicating a high degree of H2A.Z evolutionary conservation [14]. The majority of sequence 
differences between Arabidopsis and human H2A.Zs are found at the N-terminal end of the 
proteins.  In humans, many amino acids at the N-terminus, including multiple lysine residues, are 
known substrates for post-translational modifications (PTMs), which are shown to play an 
important role in H2A.Z-mediated regulation of transcription [15, 26, 27]. For instance, H2A.Z 
acetylation of lysine residues has been positively correlated with gene activation in many studies 
[26]. An intriguing question is how much functional conservation exists between human and 
Arabidopsis H2A.Zs, considering that the most diverse parts of the proteins are at the N-terminal 
tails, which, in humans, harbor functionally significant amino acid residues.  

Here, we address this question by first generating a complete h2a.z knockout in 
Arabidopsis using CRISPR methodology, followed by the transformation of h2a.z plants with each 
of the three human H2A.Z genes. We show that human H2A.Z.1 and H2A.Z.2.1 phenotypically 
fully rescue the severe pleiotropic defects of Arabidopsis h2a.z plants, while the brain-specific 
splice variant H2A.Z.2.2 fails to complement the defects and in fact has a dominant negative effect 
in wild-type plants. At the molecular level, human H2A.Z.1 occupied nearly 100% of normal 
Arabidopsis H2A.Z deposition sites. Out of 8,399 mis-expressed genes in h2a.z plants, human 
H2A.Z.1 restored the expression of more than 84% of those genes back to wild-type (WT) levels. 
Taken together, these results indicate a high degree of functional conservation between 
Arabidopsis and human H2A.Zs. Importantly, these results also led us to hypothesize that the N-
terminal tails of Arabidopsis H2A.Zs are not essential for their major developmental functions. 
Surprisingly, this hypothesis was supported by the ability of various N-terminal end truncations of 
Arabidopsis HTA11 to rescue the h2a.z phenotypic defects. Future experimental evaluation, 
including the full identification of post-translational modifications of H2A.Z amino acids, is 
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necessary to further dissect the role of the N-terminal tail in H2A.Z-mediated control of gene 
expression.  
 
RESULTS 
 
Human H2A.Z.1 and H2A.Z.2.1, but not H2A.Z.2.2, completely rescue the severe phenotypic 
defects of h2a.z plants 
Other studies, together with our phylogenetic analysis of the H2A family of proteins from 
Arabidopsis and humans revealed an interesting phenomenon: amino acid sequences of 
Arabidopsis H2A.Z proteins, AtHTA8, AtHTA9, and AtHTA11, are more similar to human 
H2A.Zs than to other Arabidopsis HTA (core H2A) histones (Figure 1A, [7, 14]). In fact, 
Arabidopsis and human H2A.Zs share about 80% amino acid identity, with the most diverse amino 
acid sequences among the proteins residing in their N-terminal ends (Figure 1B). This observation 
suggested a high degree of evolutionary conservation between human and Arabidopsis H2A.Zs 
and raised the intriguing question whether human H2A.Zs can function in plants and rescue the 
Arabidopsis h2a.z mutant defects. 

 To objectively assess the ability of human H2A.Z proteins to complement the phenotypic 
and molecular defects caused by the lack of endogenous H2A.Zs in Arabidopsis we needed to use 
complete loss-of-function h2a.z plants. However, except for one example [28], all h2a.z mutant 
plants described in the literature are T-DNA-based double and triple insertion mutants, which are 
not complete h2a.z knockouts. Therefore, we first produced h2a.z null plants by employing the 
Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) methodology. Arabidopsis 
plants identified as the CRISPR-generated h2a.z homozygous triple knockouts (or simply h2a.z 
plants) have much more severe phenotypic defects than h2a.z T-DNA mutants, including 
drastically delayed germination, extremely stunted growth, pointy and twisted leaves, and 
complete sterility (Figure 2A, Supplemental Figure 1). In fact, very few of the h2a.z plants 
transitioned to flowering and instead died prematurely. The few that do successfully transition to 
the reproductive stage of development have severely impaired flower development and are sterile 
(Supplemental Figure 1). We then identified the plants that are homozygous for CRISPR-generated 
mutant alleles of hta9 and hta11 and heterozygous for the hta8 CRISPR allele (hereafter named 
h2a.z +/- plants). These plants display phenotypic defects typical of h2a.z T-DNA mutants: 
serrated leaves, loss of apical dominance, aberrant petal number, partial fertility, and early 
flowering (Figure 2A, Supplemental Figures 1 and 2). Since h2a.z +/- plants are fertile, they were 
used for transformation with three plant codon-optimized human H2A.Z transgenes (HsH2A.Z.1, 
HsH2A.Z.2.1, and the HsH2A.Z.2.1 splice variant known as H2A.Z.2.2). Importantly, we also 
included the endogenous genomic HTA11 construct (AtHTA11) as our positive control for 
complementation, and a canonical H2A-encoding gene HTA2, as our negative control in rescue 
experiments. All constructs were driven by the native HTA11 promoter, except for HTA2, which 
was driven by the constitutively active 35S promoter. 

As expected, Arabidopsis HTA11 was able to fully rescue all phenotypic defects of h2a.z 
plants (Figure 2A). Interestingly, h2a.z plants carrying either human H2A.Z.1 or H2A.Z.2.1 
transgenes were also phenotypically rescued and indistinguishable from the WT and h2a.z + 
AtHTA11 transgenic plants (Figure 2A, Supplemental Figure 2). On the other hand, T1 transgenic 
h2a.z +/- plants carrying a brain-specific HsH2A.Z.2.2 variant had more severe defects than h2a.z 
+/- plants alone and more closely resembled h2a.z null phenotypes (Figure 2A). Moreover, 26 out 
of 29 T1 HsH2A.Z.2.2 transgenic h2a.z +/- plants died before transitioning to the reproductive 
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stage and, therefore, we were unable to analyze these plants further. Based on these results we 
hypothesized that the presence of human H2A.Z.2.2 in plants can somehow interfere with the 
normal function of endogenous Arabidopsis H2A.Zs. To test this possibility, we expressed 
HsH2A.Z.2.2 in WT plants and, as a control, we also expressed HsH2A.Z.2.1 in WT plants. We 
found that T1 plants carrying HsH2A.Z.2.2 phenotypically resembled h2a.z +/- plants, including 
the early flowering phenotype, while the primary transgenic plants expressing HsH2A.Z.2.1 were 
morphologically indistinguishable from WT plants (Figure 2A, Supplemental Figure 2). These 
results support the notion that, when expressed in plants, human H2A.Z.2.2 can hinder the function 
of endogenous Arabidopsis H2A.Zs.  

On the other hand, T1 h2a.z +/- plants that expressed the canonical Arabidopsis H2A 
transgene, HTA2, at high levels could not rescue h2a.z +/- phenotypes (Supplemental Figure 3), 
suggesting that only H2A.Z proteins, and not canonical H2A proteins, can complement the h2a.z 
+/- and h2a.z plant morphological defects. 

Overall, the results from our rescue experiments with human H2A.Zs suggest a high degree 
of functional conservation between Arabidopsis and human H2A.Z histones.  
 
Human H2A.Z.1 restores WT H2A.Z occupancy in h2a.z plants  
Since both HsH2A.Z.1 and HsH2A.Z.2.1 equally complemented the phenotypic defects of h2a.z 
plants, we decided to use h2a.z + HsH2A.Z.1 transgenic plants to examine the degree of molecular 
rescue in h2a.z plants mediated by human H2A.Z.1. To measure the ability of HsH2A.Z.1 to be 
deposited into chromatin, we performed two biological replicates of chromatin 
immunoprecipitation coupled with high-throughput sequencing (ChIP-seq) using a human-specific 
H2A.Z antibody on h2a.z + HsH2A.Z.1 transgenic plants, and on WT and h2a.z + AtHTA11 
transgenic plants using an Arabidopsis-specific H2A.Z antibody (Figure 2B). When we compared 
the average profiles and heat maps of H2A.Z enrichment across genes in WT plants, h2a.z + 
AtHTA11, and in h2a.z + HsH2A.Z.1 transgenic plants we found almost identical profiles, 
indicating that both AtHTA11 and human H2A.Z.1 are able to properly re-establish H2A.Z 
deposition sites in h2a.z plants (Figure 3A). To quantify these results, we examined a correlation 
of H2A.Z ChIP-seq read counts between WT and h2a.z + AtHTA11 plants, and between WT and 
h2a.z + HsH2A.Z.1 plants, and discovered that only four genes were differentially enriched for 
H2A.Z between WT and h2a.z + AtHTA11, and only 266 genes between WT and h2a.z + 
HsH2A.Z.1 transgenic plants (Figure 3B-C).  

Overall, these results suggest that human H2A.Z.1 is able to almost completely restore WT 
H2A.Z deposition sites in h2a.z plants. 

 
The expression of more than 84% of mis-expressed genes in h2a.z plants is restored to the 
WT levels by human H2A.Z.1  
To investigate the ability of human H2A.Z.1 to restore the expression of misregulated genes in 
h2a.z plants we performed RNA-seq experiments using three biological replicates of WT, h2a.z 
plants, h2a.z + AtHTA11, and h2a.z + HsH2A.Z.1 transgenic plants. We identified 8,399 
differentially expressed genes (DEGs) in h2a.z plants when compared to the WT, with 3714 
downregulated genes and 4685 upregulated genes (with p adj £ 0.05, and absolute log2 fold change 
³ 0.6), Figure 4A-B).  Significantly lower number of genes were misexpressed in h2a.z + AtHTA11 
plants (809 downregulated genes and 137 upregulated genes, total of 946 DEGs), and in h2a.z + 
HsH2A.Z.1 plants (1106 downregulated genes and 1332 upregulated genes, total of 2438 DEGs) 
when compared to the WT (Figure 4A-B). We then examined the overlap of all misexpressed genes 
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in h2a.z plants with all misexpressed genes in h2a.z + AtHTA11 plants and discovered that only 
593 genes, out of 8399, were still misregulated in h2a.z + AtHTA11 plants (Figure 4C). These 
results demonstrated that the AtHTA11 transgene restores the expression of 93% of misexpressed 
genes in h2az plants. Similarly, we analyzed the overlap of all misexpressed genes in h2a.z plants 
with all misexpressed genes in h2a.z + HsH2A.Z.1 plants and found that 1,313 genes were still 
misregulated in h2a.z + HsH2A.Z.1 plants (Figure 4C). Based on these results we calculated that 
human H2A.Z.1 is able to restore the expression of more than 84% of h2a.z mis-expressed genes 
back to the WT levels.  

Finally, we also examined the average H2A.Z enrichment in WT across the bodies of genes 
either downregulated or upregulated in h2a.z plants and discovered that the genes upregulated in 
h2a.z have higher H2A.Z levels compared to downregulated genes (Supplemental Figure 4). These 
results suggest that H2A.Z enrichment at gene bodies is negatively correlated with gene 
expression, which is consistent with the results from previous studies [13].  

Taken all together, our results suggest that human H2A.Z.1 rescues the molecular defects 
of h2a.z plants at a remarkably high level even though the amino acid sequences between 
Arabidopsis and human N-terminal ends are significantly different (Figure 1B).  
 
N-terminal truncated Arabidopsis H2A.Z proteins rescue the majority of severe phenotypic 
defects in h2a.z plants 
Because human H2A.Z.1 recapitulates the normal function of Arabidopsis H2A.Zs in transgenic 
plants so efficiently in spite of the divergent N-terminal sequences among these proteins (Figure 
1B), we hypothesized that post-translational modifications of the key amino acid residues in the 
N-terminal tail of Arabidopsis H2A.Zs are not critical for the overall function of H2A.Z in 
development. Since the PTMs on plant H2A.Z have only begun to be documented  [29], instead 
of replacing the individual key residues within the N-terminus, we decided to employ a more 
drastic approach of testing our hypothesis by truncating the amino acids of the N-terminal tail of 
Arabidopsis HTA11 to various lengths. We engineered four different AtHTA11 constructs, 
truncated for 7, 13, 21, or 28 amino acids at the N-terminus (see Figure 1B for reference), and 
transformed them into h2a.z +/- plants to assess their ability to rescue the mutant defects.  
 Phenotypic analysis of h2a.z plants carrying either of the four truncated AtHTA11 
constructs revealed that these plants morphologically closely resembled WT plants (Figure 5A). 
We have also shown that the truncated AtHTA11 proteins are successfully deposited into 
chromatin (Figure 5B). Based on these results we concluded that, surprisingly, the N-terminal tail 
of Arabidopsis H2A.Z appears to be dispensable for its major functions in plant development. 
 
DISCUSSION 
 
Human H2A.Z proteins rescue morphological and molecular defects of h2a.z plants at a 
remarkably high level 
We originally hypothesized that human H2A.Zs would not be able to rescue all phenotypic defects 
of h2a.z plants since the functionally significant amino acid residues found at the N-terminal tails 
of these proteins are very different in sequence (Figure 1B). However, we found that human 
H2A.Z.1, when expressed in h2a.z plants, complemented not only all morphological abnormalities 
of mutant plants but also rescued the molecular defects caused by the loss of endogenous H2A.Zs 
at a remarkably high level. On the other hand, human H2A.Z.2.2 had an opposite effect when 
expressed in plants and may interfere with the function of the endogenous H2A.Zs. Even though 
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the mechanism of this obstruction is not known, human H2A.Z.2.2, in the form of an inducible 
construct, could potentially be used to temporally disrupt endogenous H2A.Z functions in plants. 

Overall, these results clearly demonstrated that there is an incredibly high degree of 
functional conservation between Arabidopsis and human H2A.Z histones and raise an interesting 
question about the ability of Arabidopsis H2A.Zs to rescue any defects caused by the loss of 
H2A.Zs in human cells, or in other model organisms. 

 
The N-terminal tail of Arabidopsis H2A.Z is not essential for its major developmental 
functions 
To explain the finding that human H2A.Zs are highly functional in Arabidopsis, we contemplated 
two possible scenarios, which are not mutually exclusive: 1) Post-translational modifications 
(PTMs) of amino acids at the N-terminal end of Arabidopsis H2A.Zs are important for their overall 
function and plant enzyme machinery that deposits those modifications can correctly recognize  
key residues within the N-terminal tails of human H2A.Zs to properly modify them, 2) PTMs of 
the key amino acid residues at the N-terminal tail of Arabidopsis H2A.Zs are not important for 
their function and, therefore, human H2A.Zs may function in plants as efficiently as endogenous 
H2A.Zs regardless of their ability to be post-translationally modified by plant machinery.  
 Since PTMs of amino acids at the N-terminal tail of Arabidopsis H2A.Zs are not well 
characterized [29], we utilized a more aggressive approach to test the second hypothesis by 
transforming four different N-terminally truncated constructs of Arabidopsis HTA11 into h2a.z +/-   
plants and assessing their ability to rescue the phenotypic defects of h2az plants. Surprisingly, all 
four constructs successfully recapitulated morphological defects, including D28 AtHTA11, which 
is practically an N-terminal tailless H2A.Z, indicating that the N-terminal end of Arabidopsis 
H2A.Z is not essential to support normal development. At first, these results were quite 
unexpected. However, a recent study in yeast has demonstrated that it is not the N-terminal tail but 
rather the specific set of conserved amino acids at the C-terminus that contributes to the unique 
functions of H2A.Z, at least in this organism [30]. Indeed, all Arabidopsis and human H2A.Zs, 
except for a few residues that are missing in HsH2A.Z.2.2, possess these conserved amino acids, 
while they are absent in Arabidopsis HTA2 histone (Supplemental Figure 5).  

It is difficult to imagine that the N-terminal tail, carrying many conserved amino acids 
known to be the substrates for PTMs, has no significance for H2A.Z biology in plants. For instance, 
Arabidopsis HTA11 contains 11 lysines at the N-terminus, which are known targets of numerous 
modifications and plants do possess enzymatic machinery capable of recognizing and modifying 
these residues. Therefore, it is reasonable to assume that many of the AtHTA11 lysines would be 
modified at some point during development. The question then arises, what role do modified amino 
acids at the N-terminus play in H2A.Z biology that we have not observed at the phenotypic level? 
One possibility is that the putatively modified residues may fine-tune H2A.Z function in response 
to diverse external and internal stimuli, such as the exposure of plants to various abiotic stresses. 
This scenario, together with the complete identification of post-translationally modified amino 
acids at the N-terminus of Arabidopsis H2A.Zs, remains to be tested and characterized in the near 
future. 
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MATERIALS and METHODS 
 
Plant material, growth conditions, and transformation 
Arabidopsis thaliana of the Columbia (Col-0) ecotype was used as the wild-type reference. 
Seedlings were grown either in soil or on half-strength Murashige and Skoog (MS) media agar 
plates [31], in growth chambers at +20°C under a 16h light/8 hour dark cycle. All plasmids used 
for plant transformation were introduced into Agrobacterium tumefaciens GV3101 strain by 
electroporation. T0 plants were transformed with plasmids using the floral dip method [32]. 
Primary transgenic plants were selected on half-strength MS media agar plates containing 25 mg/L 
BASTA and 100 mg/L timentin, and then transferred to soil.  
 
Production of h2a.z plants using CRISPR methodology  
To generate CRISPR-induced h2a.z null mutant plants we utilized an egg cell-specific promoter-
controlled Cas9 plasmid that contains two single guide RNAs, which can target two separate genes 
at the same time [33]. HTA9 and HTA11 were targeted first since hta9/hta11 double mutants have 
easily observable phenotypes. We sequenced the regions around the target sites using DNA 
samples isolated from T2 transgenic plants with h2a.z phenotypes and confirmed that these plants 
were indeed double homozygous mutants for hta9 and hta11. All mutations were simple base pair 
insertions causing a frame shift in the coding sequence leading to premature stop codons (Suppl. 
Figure 6). We then identified plants that were hta9/hta11 null without the Cas9 transgene and 
transformed them with the same egg cell-specific promoter-controlled Cas9 plasmid, this time 
targeting the HTA8 gene. After DNA regions around HTA8 target sites were sequenced, we 
identified new primary transgenic plants that were homozygous for hta9 and hta11 and 
heterozygous for HTA8, herein named h2a.z +/- plants. The HTA8 CRISPR allele was a simple 
base pair insertion causing a frame shift in the coding sequence (Suppl. Figure 6). We then 
identified h2a.z +/- plants that segregated out the Cas9 transgene and those were used for all 
transformation experiments. Eventually, we identified h2a.z null mutants among h2a.z +/- progeny 
plants and confirmed by Sanger sequencing that these plants indeed had mutations in all three 
H2A.Z genes.  
 
Plasmid DNA constructs 
To produce all constructs that were driven by the native HTA11 promoter we first cloned 1855 bp 
of the AtHTA11 promoter sequence (1855 bp upstream from the AtHTA11 ATG start codon), with 
added NcoI restriction site at the 3’ end, into gateway-compatible pENTR-D/TOPO plasmid 
(Invitrogen). We then cloned 482 bp of the AtHTA11 terminator sequence (482 bp downstream 
from the AtHTA11 stop codon) into the same pENTR plasmid that contained the AtHTA11 
promoter just downstream of the NcoI restriction site. Various PCR-generated AtHTA11 constructs 
and synthesized and plant codon-optimized human H2A.Zs were then cloned into this plasmid 
using NcoI restriction site. All constructs were verified by sequencing and eventually subcloned 
into pMDC123 gateway destination plasmid [34] using the LR clonase II enzyme in LR 
recombination reaction (Invitrogen). To produce 35S::HTA2 construct we first cloned HTA2 gene 
sequence into pENTR-D/TOPO plasmid (Invitrogen). After the correct sequence of HTA2 was 
verified by Sanger sequencing, the construct was subcloned into pEG100 gateway destination 
plasmid [35] using the LR clonase II enzyme in LR recombination reaction (Invitrogen). 
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cDNA production and real-time RT-PCR (qRT-PCR) 
Total RNA was isolated from third and fourth pair of leaves from 35S::HTA2 transgenic h2a.z +/- 
plants using the RNeasy plant mini kit (Qiagen). 2 μg of total RNA was converted into cDNA with 
LunaScript RT SuperMix kit (New England Biolabs). The cDNAs were used as templates for real-
time PCR and ran on StepOnePlus real-time PCR system (Applied Biosystems) using SYBR Green 
as a detection reagent. The PP2A gene (AT1G13320) was used as the endogenous gene expression 
control [36], while primers specific for the 35S::HTA2 transgene were used to detect its expression 
in three individual T1 h2a.z +/- plants. 
 
Chromatin extraction and protein gel blotting 
To probe chromatin-associated proteins by western blotting we used the chromatin extraction 
protocol described by Luo and colleagues [37], with following modifications: 1) 0.5 grams of 
rosette leaves from each sample were ground in liquid nitrogen and homogenized in 5 ml of Honda 
buffer, 2) Homogenates were filtered through 70 µm cell strainer and centrifuged at 1,500g at + 
4°C degree for 20 minutes. The chromatin fractions from each sample were resuspended in 80-
100 μl of 1x Laemmli’s sample buffer. Western blotting was performed as previously described 
[38], using 1:1000 dilutions of following primary antibodies: N-terminal Arabidopsis H2A.Z 
antibody [22], in-house C-terminal Arabidopsis H2A.Z antibody, and human H2A.Z antibody 
(Abcam, ab188314). All blots were incubated with ECL detection reagents for 2 minutes (Thermo 
Scientific) and scanned for chemiluminescence signal using ChemiDoc MP imaging system 
instrument (BioRad). 
 
Chromatin immunoprecipitation (ChIP) with Arabidopsis and human H2A.Z antibodies 
ChIP experiments were performed in biological duplicates on WT, h2a.z + AtHTA11, and on h2a.z 
+ HsH2A.Z.1 leaf tissue (third and/or fourth pair of rosette leaves) as described previously [39], 
with following modifications: 1) For each sample, 0.5 grams of leaf tissue were used, 2) ground 
samples were lysed in 600 μl of buffer S, 3) around 400 μl of the slurry were transferred to 0.6 ml 
tubes and sonicated in the Bioruptor (Diagenode) at + 4°C for 1 hour on the “high” setting with 
sonication intervals set to 45 seconds on/15 seconds off, 4) The sonicated lysates were centrifuged 
at 20,000xg for 10 min at + 4°C and 300 μl of the supernatants were transferred to a fresh 5 ml 
tube where 2.7 ml of buffer F was added and mixed well, 5) 50 μl of this mixture was saved as the 
input sample while 1.5 ml was used for immunoprecipitation with specific antibodies, 6) 
Arabidopsis-specific H2A.Z antibody [22] and human-specific H2A.Z antibody (Abcam, 
ab188314) were added to the diluted lysates at a final concentration of ~2 μg/ml and incubated 
overnight at + 4°C with rocking, 7) 25 μl of washed Protein A dynabeads were added to each 
sample and incubated at + 4°C for 2 hours with rocking, 8) immunoprecipitated DNA fragments 
were purified using Qiagen Minelute kit and eluted in 14 μl of elution buffer. Eluted DNA samples 
were quantified using Picogreen reagents. 
  
ChIP-seq library preparation, sequencing, and data analysis  
ChIP-seq libraries were prepared starting with ~1000 picograms of ChIP or input DNA samples 
using the ThruPlex DNA-seq kit (Takara) according to the manufacturer’s instructions. Libraries 
were pooled together and sequenced using paired-end 150 nt reads on an Illumina NovaSeq 6000 
instrument. Reads were trimmed of adapter content using Trimgalore [40] and mapped to the 
Arabidopsis thaliana Col-PEK genome assembly [41] using Bowtie2 [42] with the following 
parameters:  --local --very-sensitive --no-mixed --no-discordant --phred33 -I 10 -X 700. Aligned 
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reads were converted to the BAM file format and quality filtered using Samtools [43]. Duplicate 
reads were removed using Picard markDuplicates [44]. For visualization, deduplicated BAM files 
of each genotype were converted to bedgraph files using bedtools bamtobed followed by 
genomecov [45]. Samples were then normalized to the lowest read depth and converted to BigWig 
using bedGraphToBigWig [46]. Finally, the signal from each sample was expressed as the log2 
ratio relative to the corresponding input using bigWigCompare with –psuedocount = 1 to avoid 
0/x [47]. Profile plots and heatmaps of the resulting bigwig files were generated using Deeptools 
[47]. Mapped fragments overlapping with genes or peaks were counted using featureCounts [48]. 
Gene counts were then analyzed for differential enrichment using DESeq2 [49]. DESeq2 results 
were visualized using ggplot2 package in R [50]. 

RNA extraction, RNA-seq library preparation, sequencing, and data analysis 
Total RNA was isolated from the following plants: WT, h2a.z, h2a.z + AtHTA11, and h2a.z + 
HsH2A.Z.1. Five individual leaves (third or fourth pair of rosette leaves) were collected from 5 
different plants of WT, h2a.z + AtHTA11, and h2a.z + HsH2A.Z.1 genotypes. The leaves were 
ground in liquid nitrogen and powder was resuspended in 2 ml of RLT buffer from RNeasy Plant 
Mini kit (Qiagen). For each sample, three equal aliquots of 400 μl of this resuspension were further 
processed to extract total RNA, according to the manufacturer’s instructions. For h2a.z plants, 
aboveground tissue from three different plants were harvested and individually processed to 
extract total RNA following the manufacturer’s recommendations. Total RNA was DNase-treated 
(Ambion) and quantified using Nanodrop One (Thermo Scientific). 100 nanograms for each of the 
three replicates from every sample were then used as a starting material to generate RNA-seq 
libraries following the Universal RNA-seq with NuQuant protocol (Tecan). Libraries were pooled 
together and sequenced using paired-end 150 nt reads on an Illumina NovaSeq 6000 instrument. 
Reads were trimmed of adapter content using Trimgalore [40]. Trimmed reads were mapped to the 
Arabidopsis thaliana TAIR10 genome assembly, converted to the BAM file format, and sorted by 
coordinate using STAR [51]. Aligned reads were indexed and quality filtered using Samtools [43]. 
Mapped fragments overlapping with exons were counted using featureCounts [48]. Gene counts 
were then analyzed for differential enrichment using DESeq2 [49]. Significantly differentially 
expressed genes were defined as those having an adjusted p-value less than 0.05 and an absolute 
fold change greater than 1.5. DESeq2 results were visualized using ggplot2 and upsetR in R [50]. 

Data availability  
All sequencing data are in the process of submission to the NCBI GEO database. Accession 
numbers will be added to an updated version of this manuscript.  
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FIGURES 
 

 
Figure 1. Arabidopsis H2A.Zs share about 80% amino acid identity with human H2A.Zs and 
are more similar to human H2A.Zs than to the other Arabidopsis H2A histones. (A) 
Neighbor-joining phylogenetic tree of human and Arabidopsis H2A and H2A.Z proteins. (B) 
ClustalW alignment of three human H2A.Zs and three Arabidopsis H2A.Zs. Phylogenetic tree and 
sequence alignments were generated using DNASTAR. 
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Figure 2. Human H2A.Z.1 and H2A.Z.2.1 but not H2A.Z.2.2 rescue phenotypic defects of 
crispr-generated h2a.z null plants. (A) 2.5 week old WT and mutant plants were grown under 
long-day conditions and individually photographed. (B) Western-blot analysis using 10ul of leaf 
chromatin extracts from wild type (WT), h2a.z +/-, and transgenic plants, were probed with either 
plant specific (top panel), or human-specific (middle panel) H2A.Z antibodies. H3 antibody was 
used as a loading control (bottom panel). 
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Figure 3. Chromatin immunoprecipitation with sequencing (ChIP-seq) analysis reveals that 
human H2A.Z.1 restores H2A.Z deposition sites in h2a.z plants to nearly identical WT levels. 
(A) Heatmap of normalized ChIP-seq signal (H2A.Z/input) for 26,669 genes. Average ChIP-seq 
H2A.Z profiles of WT, h2a.z + AtHTA11,  and h2a.z + HsH2A.Z.1 plants were plotted over gene 
body coordinates of 26,669 genes, from the transcript start site (TSS) to the transcript end site 
(TES). 5 k-means clusters were sorted by mean signal value. One replicate is used as a 
representative of each genotype. (B and C) Correlation of H2A.Z ChIP-seq read counts at genes 
between WT and h2a.z + AtHTA11 plants (B), and between WT and h2a.z + HsH2A.Z.1 plants 
(C). Read counts at genes were defined by mapped reads from TSS to TES. Counts were 
normalized via DESeq2. Color represents log2 fold change of normalized counts in sample vs WT. 
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Figure 4. RNA-seq analysis reveals that human H2A.Z.1 restores the expression of more than 
84% of misregulated genes in h2a.z plants back to the WT levels. (A) Correlation of DESeq2 
normalized transcript counts between WT and h2a.z + AtHTA11 plants (left), WT and h2a.z + 
HsH2A.Z.1 plants (middle), and between WT and h2a.z plants (right). Color represents log2 fold 
change of normalized counts in sample vs WT. (B) Histogram representing total number of 
misexpressed genes in mutant and transgenic plants versus WT (C) Upset plot of differentially 
expressed genes across h2a.z + AtHTA11, h2a.z + HsH2A.Z.1, and h2a.z plants compared to WT. 
Differential expression is defined by |L2FC| > 0.6 and padj < 0.05.  
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Figure 5. N-terminal truncations of AtHTA11 largely rescue h2a.z defects. (A) 2.5 week old 
plants were grown under long-day conditions and individually photographed. (B) Western-blot 
analysis using 10ul of leaf chromatin extracts from wild type (WT), h2a.z +/- plant, and T2 h2a.z 
plants with four different truncated Arabidopsis HTA11 constructs probed with Arabidopsis 
H2A.Z specific antibody that recognizes the C-terminal end of the protein (top panel), and with 
H3 antibody that was used as a loading control (bottom panel). 
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SUPPLEMENTAL FIGURES 
 

 
Supplemental Figure 1. Complete loss-of-function h2a.z mutant plants have severe 
developmental defects. WT (left), h2a.z +/- (middle), and h2a.z (right) plants, grown under long-
day conditions, were individually photographed at four time points over eight weeks of growth. 
h2a.z mutant plants are dwarfed and have severely delayed development compared to h2a.z +/- 
and WT plants.   
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Supplemental Figure 2. The average number of rosette leaves of WT plants, h2a.z +/-, h2a.z 
+ HsH2A.Z.1, h2a.z + HsH2A.Z.2.1, WT + HsH2A.Z.2.1, and WT + HsH2A.Z.2.2 transgenic 
plants at flowering.  Flowering time (assayed as an average number of rosette leaves from 10 
different plants per genotype at the time of bolting) is significantly different between WT and h2a.z 
+/- (with p value=1.305e-05),  as well as between WT and WT + HsH2A.Z.2.2 plants (with p 
value=4.204e-05). T-test was used for statistical analysis. 
 
 

 
Supplemental Figure 3. Overexpression of Arabidopsis canonical H2A histone HTA2 does 
not rescue h2a.z +/- phenotypic defects. (A) Two weeks old plants were grown under long-day 
conditions and individually photographed. (B) The Ct values (expression) of the HTA2 transgene 
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(orange bars) in three individual T1 plants (three biological replicates) relative to the Ct values of 
the endogenous control gene PP2A (green bars), as measured by qRT-PCR. Each biological 
replicate/transgenic plant had two technical qRT-PCR replicates.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Supplemental Figure 4. WT H2A.Z levels are higher at upregulated genes vs downregulated 
genes. Violin plots showing average H2A.Z enrichment in WT across the bodies of genes either 
downregulated (n = 3714) or upregulated (n =4685 ) in h2a.z plants. Counts are averaged over 3 
DESeq2 normalized ChIP-seq replicates and corrected for gene length. Down and Up genes are 
defined as |L2FC| > 0.6 and padj < 0.05 with outliers excluded from each group.  
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Supplemental Figure 5. Conserved amino acids that contribute to H2A.Z unique function 
are found in both human and Arabidopsis H2A.Zs but not in Arabidopsis H2A histone. (A) 
Clustal Omega alignment between Arabidopsis HTA11 (H2A.Z) and HTA2 (core H2A) histones. 
Amino acids that are important for H2A.Z identity are highlighted in bold within the AtHTA11 
sequence and are not present in HTA2. (B) Clustal Omega alignment between human and 
Arabidopsis H2A.Zs. Amino acids that contribute to the H2A.Z unique function are highlighted in 
bold and are found in all Arabidopsis H2A.Zs and human H2A.Z.1 and H2A.Z.2.1, while in human 
H2A.Z.2.2. several key conserved residues at the C-terminal end are missing. 
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Supplemental Figure 6.  Graphical representation of Arabidopsis h2a.z CRISPR mutant 
alleles. For each H2A.Z gene the location and the type of CRISPR mutation is shown. All three 
genes have an addition of a single base pair causing a frame shift that leads to a premature stop 
codon.  
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